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Abstract: An improved methodology for the condensation of Multi-Degree-Of-Freedom (MDOF)
systems to equivalent Two-Degree-Of-Freedom (2EDOF) systems is presented. The methodology is
applied to mid-rise buildings with Open Ground-Story and verified by means of Nonlinear Time
History Analyses. The buildings studied are divided into two main segments: (a) ground story,
whose stiffness and lateral strength are both provided only by reinforced concrete moment-resisting
frames; and (b) from the second story to the roof, whose stiffness and lateral strength are provided
by confined masonry walls. The proposed methodology allows us to do the following: (a) get the
closest approximation to the real behavior of the MDOF system through the use of hysteresis rules
with strength and stiffness degradation in the simplified system; (b) analyze the behavior of an OGS
whose lateral stiffness is lower than the stiffness of the stories above; and (c) identify in which of the
two subsystems (either the ground story with reinforced concrete frames or the second story with
masonry) the maximum seismic demand of non-linear behavior occurs. For most of the cases studied
and different scenarios of non-linear behavior, the 2EDOF simplified system reasonably approximates
the MDOF system’s response; however, when a local failure in an upper story causes the collapse
mechanism, the 2EDOF system does not adequately approximate the response of the MDOF system.

Keywords: buildings with open ground story; confined masonry walls; equivalent two-degree of
freedom systems; weak first story buildings; modeling of masonry walls; nonlinear dynamic analysis

1. Introduction

Open Ground-Story buildings are currently one of the most attractive structural
systems from the architectural point of view, because they offer a good space/performance
combination in zones with limited areas; however, such a structural system presents
a strong irregularity in height, which may provoke a deficient structural performance,
characterized in most cases by the presence of a Weak First Story (WFS).

The first story of a building with WFS has a discontinuity in lateral stiffness and
strength. Thus, the seismic demand for non-linear behavior that causes structural damage
tends to concentrate on the first story, provoking excessive damage there that may lead to a
sudden structural collapse.

On the other hand, given its vertical irregularity, a structure with OGS may be consid-
ered equivalent to a structure with WFS. This means that given its structural properties, the
seismic demand will be lower at its upper story than on the ground story; however, an OGS
structure is not necessarily a WFS system. In an Open Ground Story-Weak Second Story
(OGS-WSS) building, the seismic demand of non-linear behavior located in the ground
story tends to move towards the upper stories (primarily at the second story), provoking
a concentration of structural damage on that level that may produce a sudden failure.
Therefore, if the assumption is that OGS structures always develop a WFS mechanism,
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the upper-level seismic demand may be underestimated during the design process. The
present study analyzes mid-rise buildings with either a OGS-WFS or, alternatively, with a
failure mode on their Second Story (OGS–WSS).

OGS buildings can be analyzed by Nonlinear Time-History Analyses (NTHA); how-
ever, analyses of this type may require significant computing time when performing
parametric analyses or evaluating seismic structural reliability. This leads to the need for
formulating simplified Two-Equivalent-Degree-Of-Freedom systems capable of reproduc-
ing the seismic response of Multi-Degree-Of-Freedom buildings.

The fundamental hypothesis of this study is that through the utilization of the
improved methodology, simplified equivalent two-degree-of-freedom (2EDOF) systems
can be developed to reasonably approach the OGS-WFS and OGS-WSS mechanisms of
OGS buildings.

The simplified system is constructed with two degree-of-freedom systems: one repre-
senting the lateral behavior of the first story and another for the upper stories. Consequently,
by utilizing two degrees of freedom, we aim to offer a reliable alternative that enhances the
limitations and capabilities exhibited by one-degree-of-freedom-equivalent systems or by
other equivalent systems for finding the seismic response of OGS buildings.

2. Literature Review
2.1. Research on Open Ground Story Buildings

Research on the seismic behavior of buildings whose elevation is irregular has focused
on the dynamic analysis of structural frames subjected to lateral loads. In general, the
irregularity in the structure has been considered by applying a Modification Factor (MF)
to both the stiffness and the lateral strength of its regular version. Chintanapakdee and
Chopra [1], Al-Ali and Krawinkler [2], Fragiadakis et al. [3], and Valmudsson and Nau [4]
concentrate on the study of irregular plane frames between 5 and 20 stories using NTHA,
Modal Nonlinear Pushover Analyses (MNPA), and alternatively, Incremental Dynamic
Analyses (IDA). In those studies, the following points are highlighted: (a) in the case of
a WFS structure, the irregularity due to stiffness amplifies Interstory Drift Index on the
ground story, whereas such Interstory Drift Index is reduced in the rest of the stories;
(b) the damage level in an irregular building may be greater than or similar to that in
regular structures, depending on both the level of seismic intensity and the characteristics
of the irregularity story; (c) MNPA approximates the seismic demand in frames with WFS,
while in contrast, NTHA must rigorously determine the seismic structural demand when the
ground story is stiffer and stronger than the upper story (named Resistant First Story, RFS).

In Mexico, Ruiz and Diederich [5] perform parametric analyses on buildings of
5 and 12 stories. They conclude that a WFS may occur due to the following: (a) a close
relation between the dominant excitation period and that of the structural response;
(b) the ratio between the strength of the ground story and the strength of the story above
it; (c) the coefficient used for the seismic design. On the other hand, Esteva [6] studied the
response of structural systems of 7, 14, and 20 stories, with increased stiffness and strength
in the upper levels compared than those in the ground story. According to the author,
building non-linear responses are sensitive to the ratio between the upper story lateral
shear and the lower story lateral shear.

In most of the research papers listed above, plane structural models (2D) with concen-
trated plasticity were used. Usually, their nonlinearity was modeled with elastoplastic or
bilinear hysteretic behavior. In the present study, it is assumed that the mechanism devel-
oped at the first story (reinforced concrete moment-resisting frame) is primarily bending
with significant axial load interaction, while the mechanism at the upper stories (masonry)
is predominantly governed by shear force. Therefore, a nonlinear modeling based on con-
centrated plasticity elements with hysteresis models lacking cyclic degradation of stiffness
or strength is insufficient in approximating the lateral response in the buildings. Further-
more, vertical irregularity is not obtained by modification factors from the stiffness or lateral
resistance of the frame in its regular version; rather, it is explicitly modeled. Consequently,
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the lateral response is compromised when considering the degrading interactions between
the first and second stories.

2.2. Research on Simplified Equivalent Degree-of-Freedom Systems

Within the framework of seismic-resistant design, it is common to utilize analytical
models for evaluating lateral behavior and the stability of structural systems. Taking into
account the specified requirements, the degree of model refinement may become significant,
and in many cases, conducting a series of detailed seismic analyses becomes necessary to
obtain the model’s response. In this context, the development of simplified models that
replicate the response of refined analytical models becomes essential.

The primary objective of a simplified model is to produce results similar to those
obtained from the refined model while maintaining low computational demands and
offering the ability to have a greater parametric range. This objective has been studied by
many researchers who have developed analytical models that address their needs and have
proposed its simplification based on the lateral response in the elastic and inelastic ranges.

Procedures for the evaluation of the lateral buildings response have been proposed con-
sidering the results obtained from Nonlinear Pushover Analyses. Fajfar and Gašperšič [7]
propose a method named N2, which centers on approximating the response of a real
MDOF system using a One-Degree-of-Freedom-Equivalent system with initial stiffness
and elasto-plastic hysteresis, evaluating the displacement demand using inelastic spectra.
Afterward, this method is extended to consider the torsional effects in buildings with
irregular floor plans.

Dolšek and Fajfar [8] propose a method for the probabilistic evaluation of irregular
structures in a plan, named IN2. This method is considered a simplified alternative to
Incremental Dynamic Analysis, IDA, due to its easy implementation and the degree of
pre-diction it offers. Three-story reinforced concrete buildings with irregular floor plans
were analyzed using the method. According to the results of this study, the IN2 method is
suit-able for evaluating asymmetric buildings.

Ruggieri et al. [9] propose a methodology for condensing mid-rise buildings with
irregular floor plans into simplified systems with n degrees of freedom. In their method,
the horizontal and vertical elements of the MDOF building are condensed into a series of
rectangular or quadrangular elements named Travolino. The methodology is applied to
15 reinforced concrete (R/C) buildings with irregular floor plans of 2 and 3 stories. From
Nonlinear Pushover Analyses performed on real buildings, the hysteresis parameters of
the Travolino models are calibrated and later used in a series of IDAs. Their results indicate
that the response of Travolino models adequately coincides with that of buildings within
the linear and nonlinear range.

As a result of this study, it was found that the Travolino model accurately captures
the effect of horizontal irregularities in the asymmetric-plan buildings. This improvement
in accuracy is achieved by utilizing 1DOF systems, resulting in reduced computational
requirements for performing IDAs on MDOF buildings.

Lin and Tsai [10] study irregular Multi-Degree-of-Freedom (MDOF) buildings in plan.
Based on the capacity curves obtained from Nonlinear Pushover Analyses in these irregular
buildings, the MDOF systems are condensed into Two-Degree-of-Freedom systems. The
simplified systems account for the torsional moment floor rotation relationship in asym-
metric MDOF systems using a mass eccentricity placed at one end of the element with a
rotational spring. The results indicate a better approximation of the translational response
as well as the rotational response of MDOF buildings.

Bakalis et al. [11] study the design simplification and lateral response assessment of
liquid storage tanks. They consider that the tank’s base plate can be discretized into rigid
beams. Each beam incorporates a tension-free elastic spring to represent soil stiffness, and
this simultaneously takes into account the phenomenon of base plate uplift. The “joystick
model” simplified system is constructed with an elastic bar with a concentrated mass at its
upper end. The lower end of this bar is connected to rigid beams that simulate the base plate.
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The simplified methodology is based on Nonlinear Pushover Analyses, and its evaluation
is performed by executing IDAs. Establishing a damage threshold demonstrates that the
simplified methodology reasonably approximates the elastoplastic buckling damage observed
at the tank’s lower perimeter. The results obtained from IDA and pushover fragility curves
indicate that the methodology can be used in a design code, providing conservative results
and reducing computation time in nonlinear analyses with finite elements.

In the context of buildings, the One-Equivalent-Degree-Of-Freedom model is fre-
quently used to estimate lateral deformation under seismic actions. Many research projects
have been conducted to determine its properties (linear and non-linear), most of them cen-
tered on regular MDOF buildings and in some cases on buildings with vertical irregularities.

Fajfar and Gašperšič [7] propose the use of the N2 method in the condensation of concrete
buildings with Weak First Story to One-Equivalent-Degree-Of-Freedom systems. The results
derived from this study indicate that analyses using the N2 method can provide reasonably
accurate predictions of global lateral displacement demand compared to those obtained from
Nonlinear Time History Analyses with MDOF systems. Therefore, the study indicates that
the proposed 1EDOF system can adequately detect the formation of a WFS mechanism.

Kuramoto et al. [12] propose a methodology based on the capacity spectrum for the
transformation of irregular buildings into 1EDOF simplified systems. Regular 6-, 10-, and
19-story reinforced concrete frames and 5-, 10-, and 20-story structural steel frames are
studied, considering three cases of irregularity: WFS, RFS, and Weak Story (WS). Both
MDOF systems and simplified systems are subjected to Nonlinear Time History Analyses.
Using such systems, lateral Interstory Drift Index demands can be approximated reasonably;
however, for tall buildings (19 and 20 stories) with RFS, the 1EDOF system is incapable of
reproducing results when an upper story deforms much more.

The 1EDOF system can be used to predict the response of both regular and irregular
buildings; however, in the present study, the sudden change in elevation is defined both by
elements that are highly degraded when subjected to seismic motions (masonry walls on
the upper stories) and by elements that have less stiffness on the ground story; therefore, a
1EDOF model cannot be applied in the solution of such structural systems.

For restoring force characteristics of the complete system and its structural components,
the 1EDOF system uses only one capacity curve and one hysteretic rule; however, only one
capacity curve and one hysteretic rule are not enough to adequately describe the response
of a system with different structural elements, hence the need to assign, in the present study,
a first degree of freedom to the first story and a second degree of freedom to the upper
stories. Thus, we consider that 2EDOF systems are necessary to reproduce the response of
MDOF systems with vertical irregularity (with OGS) as accurately as possible, considering
the non-linear interaction between the two types of substructures.

Xu and Yuan [13] analyze buildings with vertical irregularity with two types of
substructures: lower stiff structure and flexible upper structure. It is considered that MDOF
systems can be condensed to 2EDOF systems by means of an empiric process. This is done
by evaluating a factor called αu, which defines the interaction between the lower and upper
structures in terms of mass, stiffness, and the seismic force.

Tena and Hernández [14] condense a MDOF system into a 2EDOF system through a
calibrated curve with simulations of two-degree-of-freedom systems. The curve is built
with the statistical properties of MDOF systems with WFS. The 2EDOF system is obtained
by entering the period, mass, and target stiffness of a regular system into the calibrated
curve. Then, parametric analyses are performed with such simplified 2EDOF systems,
assuming perfect elastoplastic hysteretic behavior. A reasonable approximation for the
comparison of responses is reported in terms of the displacement between the real MDOF
building and its corresponding simplified system.

Lin et al. [15] propose a method for converting MDOF buildings with vertical irregu-
larity to simplified Two-Equivalent-Degree-Of-Freedom systems by adopting the capacity
spectrum method. The methodology is applied to structural steel buildings divided into
two substructures: (a) stiff/resistant lower structure, and (b) weak/flexible upper structure.
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A series of Nonlinear Time History Analyses are conducted on MDOF buildings and their
corresponding simplified systems. Their study indicates that the 2DOF system provides
a better approximation for the Interstory Drift Index of the upper structure in the MDOF
system compared to a 1DOF system, since the superposition of its modal response does not
align with the deformed configuration of the upper structure in the MDOF system, which
is less rigid and less resistant than the lower structure.

3. General Methodology

In the present study, the methodology by Lin et al. [15] is improved as follows:
(a) modifications to the spectral capacity method curves are introduced to include the anal-
ysis of buildings with OGS-WSS as well as of buildings with OGS-WFS; (b) hysteretic rules
are introduced, taking into account degradation of both stiffness and strength, in order to
better approximate the nonlinear seismic response of MDOF systems; (c) the methodology
is applied to buildings with a reinforced concrete (R/C) moment-resisting frame in the OGS
and confined masonry walls in the upper stories. It is noticed that these considerations
are not in implemented in reference [15], and we apply it to mid-rise OGS buildings with
mechanical properties like those that have failed in Mexico City during intense earthquakes.

The 2EDOF system methodology presented here is a more complete alternative com-
pared to the other simplified methodologies mentioned in this study (Section 2.2 for vertical
irregularities); some improvements are mentioned above.

The improved methodology is applicable to buildings that fulfil the following: (a) they
have a response dominated by the first mode of vibration; (b) they are regular in plan;
(c) buildings in which lateral deformation is controlled by global shear deformation; (d) they
have WFS or WSS as structural failure mechanisms, which are described as follows:

• Case I, mechanism OGS-WSS: Building with vertical irregularity, where the maximum
Interstory Drift Index is located at the upper stories.

• Case II, mechanism OGS-WFS: Building with vertical irregularity, where the maximum
Interstory Drift Index is located at the first story.

For both mechanisms, it is considered that the lateral stiffness at the first story is lower
than at the upper stories and that the lateral resistance at the first story can be greater or
smaller than at the upper stories.

Figure 1 illustrates the general methodology used for the condensation of MDOF sys-
tems into 2EDOF systems. This is divided into three parts: (1) analysis of MDOF systems;
(2) condensation of 2EDOF simplified systems; and (3) verification of seismic responses.

In the subsequent sections, the steps outlined in the proposed methodology are discussed.

3.1. First Part—Modeling and Nonlinear Analysis of MDOF Systems

In this section, the type of nonlinear modeling to be used in the concrete frames and
masonry walls is described.

This methodology acknowledges that in the nonlinear modeling of these types of
buildings, the capacity and stability of the columns may be compromised due to axial
compressive loads and the discontinuity at the top of the element. The theory of small
deformations is not acceptable because of the substantial displacements induced by seismic
forces in combination with vertical loading (geometric nonlinearity). Therefore, as we will
see later, this methodology does not permit the use of concentrated plasticity elements
constructed with moment curvature/rotation envelopes in reinforced concrete columns in
systems with WFS (Case I).

A three-dimensional nonlinear model is constructed to perform a series of Modal
Nonlinear Pushover Analyses and Nonlinear Time History Analyses. A MNPA should be
performed for each vibrational mode that significantly contributes to the overall response
of the building. The analysis will be conducted in a specific direction of interest and will
consider a lateral load pattern proportional to the modal shape of the n-th mode. Then, a
NTHA is executed in the same direction of interest, obtaining the system response in terms
of Interstory Lateral Displacement and Interstory Drift Index.
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3.2. Second Part—Condensation of 2EDOF Simplified Systems
3.2.1. Shear-Type MDOF System Division

Considering lateral deformation in MDOF systems governed by global shear deforma-
tions, it becomes feasible to statically condense degrees of freedom in three-dimensional
systems, resulting in an equivalent system of concentrated masses with one degree of free-
dom per level. This facilitates the identification of stiffness submatrices when the MDOF
system is divided.

The simplified system is built with the dynamic properties of the original irregular
MDOF system, dividing it into two sections: (a) Base Structure (BS), which is defined as
from the base of the building (ground) to the story in which the vertical irregularity is
located; and (b) Upper Structure (US), which is defined as from the upper part of the BS to
the roof. BS and US are schematically shown in Figure 2a.
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3.2.2. Simplified 2EDOF System

The 2EDOF model is shown in Figure 2b, and it is structured by two rigid bars;
the upper bar has a length lpn, and the lower bar has a length lbn. The system has two
concentrated masses in the final part of each bar, named mpn and mbn, and considers two
springs with rotational stiffness, located at the beginning of both the pn-bar and the bn-bar,
named kpn and kbn, respectively. The length of the pn-bar is fixed at 1 with a positive
orientation, and the length of the bn-bar is considered negative; in other words, the lower
rigid bar must be oriented downward [15].

The negative orientation of the bn-bar is necessary so that, within the elastic range, the
concentrated masses mpn and mbn remain in a single vertical line when pushed laterally. In
other words, the displacement Dpn = Dbn and rotation θpn = θbn conditions necessary for
the 2EDOF system to exhibit the same response as a 1EDOF system within the elastic range
are satisfied.

3.2.3. Equations Governing the Seismic Behavior of MDOF and 2EDOF Systems

The general equation of motion for the elastic case of both subsystems (BS and US) is
expressed as follows:

M
..
u + C

.
u + Ku = −Mı

..
ug(t) (1)

where

u =

[
up
ub

]
N×1

, M =

[
mp 0
0 mb

]
N×N

, K =

[
kpp kpb
kbp kbb

]
N×N

, C =

[
cpp cpb
cbp cbb

]
N×N

(2)

where [M], [C], and [K] are the matrices of mass, damping, and stiffness of the divided
MDOF system. The vector {u} represents the response with respect to the displacements
of US and BS. In each matrix, N is the number of elements, subscript p refers to the US, and
subscript b refers to the BS. Equation (1) may be adjusted to incorporate the modal shape
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{φn} for the vibration n-th mode, enabling us to analyze the distinct behaviors of US and
BS. The modal shape vector is defined by the following:

φn =

{
φpn
φbn

}
(3)

where φpn is the modal shape of the US and φbn is the modal shape of the BS. In this way,
the motion equation is reorganized to transform the dynamic properties of the MGDL
system into dynamic properties of two degrees of freedom. Assuming this, it is possible to
transform vector φpn into a modal matrix for the vibration n-th mode, as in Equation (4),
which contains the modal column vectors

({
φpn

}
, {φbn}

)
for the BS and US. Similarly,

Equation (5) expresses the connection between the matrix and vector in modal form, where
1 represents a vector with dimensions 2 × 1, and all elements are equal to 1.

φn
d =

[
φpn 0

0 φbn

]
N×2

(4)

φn = φn
d{1} (5)

Therefore, the response of the 2EDOF system for the vibration n-th mode is defined
as follows:

Dn(t) =
[

Dpn(t)
Dbn(t)

]
2×1

(6)

where Dbn and Dpn are the equivalent displacements of the BS and the US, respectively.
The relationship between the response of the divided MDOF system and the simplified
2EDOF system can be expressed as follows:

un(t) =
[

upn(t)
ubn(t)

]
=

[
φpnDpn(t)
φbnDbn(t)

]
=

[
φpn 0

0 φbn

]
·
[

Dpn(t)
Dbn(t)

]
= Γn

[
φn

d
]
{Dn(t)} (7)

where Γn is the modal participation factor corresponding to the vibration n-th mode.
Therefore, the linear dynamic equation of motion of the 2EDOF system is as follows:

∼
Mn

{ ..
Dn(t)

}
+

∼
Cn

{ .
Dn(t)

}
+

∼
Kn{Dn(t)} = −

∼
Mn{1} ..

ug(t) (8)

where
∼
Mn = [φn]

T [M][φn] =

[
φpn

T ·mp·φpn 0
0 φbn

T ·mb·φbn

]
2×2

(9)

∼
Cn = [φn]

T [C][φn] =

[
φpn

T ·Cpp·φpn φpn
T ·Cpb·φpn

φpn
T ·Cbp·φpn φpn

T ·Cbb·φpn

]
2×2

(10)

∼
Kn = [φn]

T [K][φn] =

[
φpn

T ·kpp·φpn φpn
T ·kpb·φpn

φpn
T ·kbp·φpn φpn

T ·kbb·φpn

]
2×2

(11)

Matrices
[ ∼

Mn

]
,
[∼

Cn

]
, and

[∼
Kn

]
correspond to the divided MDOF system for the

vibration n-th mode considering two degrees of freedom.

3.2.4. Elastic and Inelastic Properties of 2EDOF Systems

The simplified system’s mass is considered equal to the mass matrix
∼
Mn of the MDOF

system with two degrees of freedom for the vibration n-th mode; thus, mpn =
∼
Mn1,1

and mbn =
∼
Mn2,2. On the other hand, the simplified stiffness k is derived from stiffness

analysis using the simplified system; by equating matrix k with matrix (11), it is deduced

that the simplified stiffnesses in the linear range are kpn =
∼
Kn1,1 = φpn

T ·kpp·φpn and
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kbn = lbn
2·
(

φpn
T ·kbb·φpn −

(φpn
T ·kpb ·φpn)

2

φpnT ·kpp ·φpn

)
, where kpn represents the elastic stiffness of the

upper spring corresponding to the US and kbn represents the elastic stiffness of the lower
spring corresponding to the BS.

The non-linear properties of the 2EDOF system are obtained assuming that the maxi-
mum response under dynamic excitation can be obtained through an MNPA in the MDOF
system, obtaining capacity curves (VB − dn) which define the displacement of the US/BS
and the basal shear. Using the following expressions, capacity curves need to be converted
into a spectral format:

Dbn =
dn,tb

Γnϕn,tb
, Dpn =

dn,tp

Γnϕn,tp
, An =

VB

Γn
2Mn

, (12)

where Mn, un,tb, un,tp, ∅n,tb, and ∅n,tp are effective modal mass, displacement in the upper
part of the BS, displacement in the upper part of the US, modal form of the BS, and modal
form of the US, respectively. An represents the spectral acceleration for the vibration
n-th mode.

The capacity curves give information about the following:

• The behavior case: (I) OGS-WSS or (II) OGS-WFS.
• The restoring forces of the 2EDOF system.

The choice between Case I or II depends on the subsystem where the maximum Inter-
story Drift Index (IDI) occurs. When IDI occurs in the US, the behavior corresponds to
Case I, but to Case II if IDI occurs in the BS. The IDI value corresponds to the formation of
a collapse mechanism; therefore, it should be calculated using the final load step.

The restoring forces of the 2EDOF system are determined by idealizing the capac-
ity curves in spectral format An − Dn into curves in bilinear and/or trilinear format.
Figure 2c,d shows the bilinear and/or trilinear envelopes that govern the nonlinear be-
havior of buildings in Cases I and II, respectively. Considering the characteristics of these
curves, their lateral structural behavior simplifies into the following three stages:

• Stage 1: the behavior is elastic in both springs; the response of the 2EDOF system is
equivalent to the response of a 1EDOF system.

• Stage 2: the behavior is non-linear because one of the springs (US or BS) reaches the
non-linear range with its corresponding post-yield stiffness, k′n in a trilinear envelope.
The other spring remains elastic.

• Stage 3: the elastic spring (stage 2) reaches the non-linear range with its corresponding
post-yield stiffness k′n, in a bilinear envelope. The other spring is still in the non-linear
range with its second post-yield stiffness k′′ n, following its trilinear envelope.

The inelastic stiffnesses for the upper and lower springs in stages 2 and 3 of the 2EDOF
model are determined based on the post-yield slopes (α) of the idealized curves and on the
solution of the equation of flexibility (13), which is expressed in terms of displacement Dn.

ε
∼
Da =

(∼
K
′)−1

δ
∼
Fa

ε

(
Dpn
Dbn

)
= δ



mpn

k′pn
+

mbn

(
1 +

1
lbn

)
+ mpn

(
1 +

1
lbn

)2

k′bn

lbn
2

mbn + mpn

(
1 +

1
lbn

)
k′bn

lbn
2


(13)
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As the bar transits into the inelastic phase (stage 2), the flexibility matrix of Equa-
tion (13) changes so that an increase in δ results in an increase in displacement ε. Consider-
ing the behavior stages, the inelastic stiffnesses kn for Cases I and II are as follows:

Stage 1

k′pn =
mpn

mpn

kpn
+

mbn

(
1 +

1
lbn

)
+ mpn

(
1 +

1
lbn

)2

kbn

lbn
2

αpn1
−

mbn

(
1 +

1
lbn

)
+ mpn

(
1 +

1
lbn

)2

k′bn

lbn
2

k′bn = αbn1(kbn)

Stage 2

k′′ pn =
mpn

mpn

kpn
+

mbn

(
1 +

1
lbn

)
+ mpn

(
1 +

1
lbn

)2

kbn

lbn
2

αpn2
−

mbn

(
1 +

1
lbn

)
+ mpn

(
1 +

1
lbn

)2

k′′
bn

lbn
2

k′′
bn = αbn2(kbn)

(14)

where αpn1 and αpn2 correspond to the post-yielding slopes of the pn-bar capacity curve at
stages 1 and 2, respectively. The slopes αbn1 and αbn2 are associated with the bn-curve at
the same stages. In the methodology presented here, we propose to modify the value of the
post-flow slope αpn that governs the behavior stages of the idealized curve of the pn-bar to
include the WFS failure mechanism. In the methodology, the pn curve represents the lateral
behavior of the US in the MDOF system, and for the WFS mechanism, the US must remain
elastic or with little lateral deformation. Therefore, a value of αpn = 1 is assumed in the pn
curve shown in Figure 2d, indicating that the US in the 2EDOF system remains linear, once
the BS yields. On the other hand, the slope of the bn-curve is different from unity, which
indicates the yielding of the bn-bar.

Finally, the hysteresis of the 2EDOF system is defined by the moment Myn and the
rotation θyn of the upper and lower springs. These moments indicate the yielding of the pn
and bn bars at different stages in the capacity curves. Therefore, these are calculated with
the Ayn breakpoint points using the following expressions:

Stage 1

Mypn1 = Aypn1
(
mpn

)
Mybn1 = Aybn1

[
(1 + lbn)mpn + lbn(mbn)

] (15)

Stage 2

Mypn2 = Aypn2
(
mpn

)
Mybn2 = Aybn2

[
(1 + lbn)mpn + lbn(mbn)

] (16)

3.2.5. Hysteretic Rules for the Simplified 2EDOF System

In the present study, trilinear and bilinear hysteresis rules are applied, which differ
from those used in the publications related with 2DOF equivalent nonlinear systems men-
tioned above [10,15]. With the aim to improve the accuracy of the MDOF system response,
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the hysteresis rules used herein include both stiffness (δK) and strength deterioration (δR).
The rules were selected to explicitly consider the case where the structural members on the
first level of an irregular building exhibit different linear and nonlinear behavior than those
on the second story (a scenario studied in this study).

The bilinear and trilinear rules used in the Nonlinear Time History Analyses corre-
spond to the Hysteretic and Pinching4 rules, respectively. Hysteresis cycle parameters
are found in the Open System for Earthquake Engineering Simulation (OpenSees) [16]
software library (version 3.2.2). These parameters were integrated into a numerical routine
for solving Equation (1). Figure 3 shows the hysteresis backbone for both rules, as well as
the parameters utilized in this study to regulate the hysteretic cycles.
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A trilinear Pinching4 rule with δK and δR is used in the spring that first reaches the
non-linear range, and a bilinear Hysteretic rule with only δK for the other spring. To
simulate the strength loss in the first spring, an ultimate rotation value θu is used at the last
point of the backbone (descending branch with negative slope) of the Pinching4 rule, as
a percentage of the rotation associated with the maximum resistance reached, θMax. The
value θu should be calibrated empirically in each case study.

3.3. Third Part—Comparison of the Responses of MDOF and 2EDOF Systems

In accordance with the general methodology, OpenSees software (version 3.2.2) is
used to perform a series of Nonlinear Time History Analyses on simplified systems using
non-linear hysteretic rules.

4. Application of the Methodology to OGS Buildings

Part 1 of the general methodology is developed in this section. The non-linear seismic
responses of mid-rise buildings with OGS are obtained using a series of Nonlinear Time
History Analyses with seismic motions recorded in Mexico City. The structuring of the
buildings is similar to that of some buildings that collapsed during the Mexico earthquake
of 19 September 2017 (19S-2017). In the second part of the general methodology, MDOF
systems are condensed into 2EDOF simplified systems. Later, a comparison between both
systems responses is performed in the third part.

4.1. Description of Case Studies

The buildings studied are divided into two main segments: (a) ground story, whose
stiffness and lateral strength are both provided only by reinforced concrete (R/C) moment-
resisting frames; and (b) from the second story to the roof, whose stiffness and lateral
strength are provided by confined masonry walls (MW) and both vertical and horizontal
reinforced concrete elements (R/C tie columns and R/C tie beams). The height of each
story is 2.5 m, except for the ground floor, the height of which is 2.8 m. The structure has
5 bays in the X direction, and 3 bays in the Y direction. The structure’s long side is 15 m,
and its short side is 10 m. The buildings analyzed have 3, 5, and 7 stories. Figure 4 shows
the building plan view, together with three schematic elevation views that indicate both the
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total height and its structural configuration. Due to architectural design, masonry walls are
distributed the same on all levels. Consequently, section walls and confined R/C members
(tie columns, beams) remain constant.
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(c) total height, H.

As a result of the different mechanical properties of the masonry units, different
stiffness and strength ratios are determined between the ground story and the second
story. Five cases are assumed for the masonry: (P1) solid fired clay brick, which is con-
sidered a low-strength piece; (P2) hollow concrete block, which is a low-strength piece;
(P3) smooth, perforated concrete block, which is a high-strength piece; (P4) solid clay brick
with horizontal reinforcement in joints, which is a low-strength piece; and (P5) smooth,
perforated concrete block with horizontal reinforcement, which is a high-strength piece.
The mechanical properties of the pieces are shown in Table 1, where t, l, and h refer to the
pieces’ thickness, length, and height, respectively.

Table 1. Mechanical properties of masonry.

Case Dimensions t × l × h (m) f ′m (MPa) v′
m (MPa) Em (MPa) Gm (MPa)

P1 0.12 × 0.24 × 0.06 2.7 0.25 714.4 475.6
P2 0.15 × 0.40 × 0.20 3.8 0.28 3955.3 1939.9
P3 0.12 × 0.24 × 0.12 6.9 0.86 4930.7 986.2
P4 0.12 × 0.24 × 0.06 2.4 0.24 654.6 377.1
P5 0.12 × 0.24 × 0.12 9.3 0.91 5971.7 1194.3

The compression strength f ′m, modulus of elasticity Em, diagonal compression strength
v′m, and shear modulus Gm are representative of values obtained from laboratory tests carried
out in Mexico on masonry pieces commercially available in Mexico City. The low-/high-
strength classification refers only to the mechanical properties rather than design regulations.

The building is symmetrical in plant view, and it is assumed that the concrete slab
floor system works as a rigid diaphragm. The buildings were both analyzed and designed
according to the Mexico City Building Code 2017 [17] and its Supplementary Technical
Regulations for Seismic Design 2020 [18]. The numerical model was created using commer-
cial software. In structural modeling, frame type elements were used to represent concrete
elements; masonry walls were modeled using the wide column methodology [19].



Buildings 2024, 14, 1269 13 of 28

Seismic behavior factor Q = 2 was considered in all cases for the structural analysis
and design. This was except for cases P2, in which the value of Q was 1.5.

For structural analysis and design, a seismic behavior factor Q = 2 was considered for
solid masonry pieces, and a factor Q = 1.5 for hollow masonry pieces.

The value of Q is selected according to both the deformation capacity of the system
and the masonry piece classification (hollow/solid) assigned by the Regulations for Seismic
Design [18]. Both the elastic pseudo acceleration spectra and the reduced pseudo accelera-
tion spectra for seismic design are shown in Figure 5, where T is the period and Sa/g is the
pseudo acceleration, normalized to gravity, g.
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The Supplementary Technical Regulations for Seismic Design 2020 indicate that the
Interstory Drift Index value for the Collapse Prevention Limit State (CPLS) must be limited
to a value corresponding to exceeding the story deformation capacity, called the Maximum
Permissible Interstory Drift Index (MPIDI). The CPLS objective is that, for the design
intensity (SaD/g), the drift of all stories must not exceed its lateral deformation capacity.

Two MPIDI values are used in the present study because the structuring is mixed in
elevation. Table 2 shows the values of analysis and structural design for the case studies. It
also shows the first two periods (T1, T2) in direction X, with their respective participation
Mass Ratios (MR). The periods shown were calculated based on the design concrete and
masonry strengths.

Table 2. Design properties of the case studies.

Stories T1 (s) MR T2 (s) MR Q
MPIDI

SaD/g
R/C Frame Masonry Walls

Masonry P1

3 0.36 0.99 0.36 0.01
2 0.015 0.005

0.22
5 0.40 0.95 0.37 0.05 0.22
7 0.47 0.84 0.42 0.16 0.24

Masonry P2

3 0.30 0.99 0.29 0.01
1.5 0.015 0.004

0.21
5 0.33 0.95 0.31 0.05 0.23
7 0.42 0.82 0.34 0.18 0.26

Masonry P3

3 0.28 0.99 0.28 0.01
2 0.015 0.005

0.20
5 0.33 0.92 0.30 0.08 0.21
7 0.42 0.80 0.35 0.10 0.23

Masonry P4

3 0.37 0.99 0.36 0.01
2 0.015 0.01

0.22
5 0.40 0.94 0.38 0.06 0.22
7 0.48 0.83 0.43 0.17 0.24

Masonry P5

3 0.38 0.99 0.38 0.01
2 0.015 0.01

0.22
5 0.40 0.96 0.37 0.04 0.22
7 0.45 0.87 0.39 0.13 0.23
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According to Supplementary Technical Regulations for Concrete Design, strong
column-weak beam was used for designing the reinforced concrete frames. The resulting
transverse and percentage of transverse steel of the columns are shown in Table 3.

Table 3. Dimensions of reinforced concrete columns.

Case
3-Story 5-Story 7-Story

Dimensions As/Ag (%) Dimensions As/Ag (%) Dimensions As/Ag (%)

P1 0.30 × 0.30 3.1, 3.5 0.35× 0.35 3.5 0.40 × 0.40 2.6
P2 0.35 × 0.35 2.2 0.40 × 0.40 2.2 0.45 × 0.45 2.7
P3 0.35 × 0.35 2.8 0.40 × 0.40 1.7 0.45 × 0.45 3.0
P4 0.30 × 0.30 4.5 0.35 × 0.35 3.5 0.40 × 0.40 2.7
P5 0.30 × 0.30 4.5 0.35 × 0.35 3.5 0.40 × 0.40 3.8

4.2. Non-Linear Buildings Modeling

The tridimensional MDOF systems are analyzed with OpenSees software (version 3.2.2).
For the numerical solution of Equation (1), the Newmark average acceleration method is
used, with a diagonal mass matrix and a damping matrix given by the Rayleigh model. A
critical damping percentage of 5% is considered in the first two vibration modes in the X
direction (see Figure 4). The P-Delta effects are included in the reinforced concrete columns,
and the base supports are totally restrained.

4.2.1. Modeling of R/C Frames

The reinforced concrete elements (beams and columns) in the frame system are modeled
using distributed plasticity force-based elements with 5 Gauss–Lobatto integration points.
The transverse section is discretized into fibers, which use concrete and steel constitutive
relations of define their non-linearity. The uniaxial material Concrete02 defines concrete’s
stress–strain curve. For column-type elements, three confinement levels are used, following
Ezequiel [20]: confined concrete, partially confined concrete, and unconfined concrete. For
beam-type elements, only unconfined concrete is used. The concrete constitutive relation is
built using the Mander model [21]. Concrete rebar is modeled with uniaxial Steel02 Giuffrè–
Menegotto–Pinto material, strain hardening elastoplastic model. The constitutive relation of
reinforcing steel is built using Rodriguez and Botero’s [22] values.

4.2.2. Modeling of Masonry Walls

A beam-truss model by Panagiotou et al. [23,24] is used to represent non-linear behav-
ior in confined masonry walls. The idealization of masonry is archived through a geometric
arrangement of vertical, horizontal, and diagonal elements forming a quadrangular or
rectangular perimeter, which is referred to as a panel in this study. The beam-truss model
was developed mainly for non-linear modeling of reinforced concrete walls; however,
studies performed by Williams [25], Ayala [26], and Moharrami et al. [27], demonstrate the
use of such models in confined masonry walls and diaphragm walls.

ConcretewBeta is the uniaxial material that represents the constitutive relationship
of masonry and concrete in the panel element. Steel02 material is the constitutive relation
of rebar in tie columns. The uniaxial material Steel01, whose hysteretic behavior is elasto-
plastic, is used to represent the horizontal reinforcing steel present in the masonry joints in
cases P4 and P5 (see Table 1).

The vertical elements that represent both the masonry and the tie columns are modeled
using distributed plasticity force-based elements with 2 Gauss-Lobatto integration points.
The horizontal elements that represent masonry are modeled using the Corotational Truss
element. The diagonal elements are modeled using the Corotational Truss2 element. The
Truss element was used to model reinforcing steel present in masonry joints.

To obtain a better approximation of masonry response, non-linear models were cali-
brated with experimental data. Five masonry wall specimens tested in the laboratory were
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considered: (1) M-0-E6 (Aguilar and Alcocer, 2001 [28]); (2) 421 (Treviño et al., 2004 [29]);
(3) MB-0 (Cruz et al., 2015 [30]); (4) M-1/4-E6 (Aguilar and Alcocer, 2001 [28]); and (5) MB-3
(Cruz et al., 2015 [30]). Figure 6 illustrates specimen MB-3 (with horizontal reinforcement)
and its corresponding beam-truss model.
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A calibration process was empirically performed at the maximum resistance point
of the stress–strain experimental curve. The stress–strain values corresponding to the
post-maximum resistance states were validated considering three criteria: (a) no numerical
instability in the beam-truss model due to the value of stress or strain; (b) the value of stress
or strain that enables a reasonable approximation of experimental shear at the base of the
wall; and (c) the value of stress or strain that permits the energy for each analytical cycle to
coincide as much as possible with the energy in every experimental cycle. In the analytical
models, the experimental values associated with the elastic and maximum strength states
were maintained.

The research presented here establishes a level of refinement capable of analytically
simulating the behavior of structural elements relevant to the lateral performance of the
building. The results are presented in Figure 7, which shows a comparison between the
analytical and experimental hysteretic curves, corresponding to the five specimens. It can
be seen that the results of experimental hysteresis for masonry walls can be reasonably
approximated using beam-truss modeling.

4.3. Seismic Motions

A total of 22 seismic motions recorded in Mexico City were selected to perform the
Nonlinear Time History Analyses. Such records are historical, and most of them were
registered during the 19 September 2017 earthquake (19S-2017), in the ground with a
dominant period close to 1 s. Figure 8a shows the pseudo acceleration response spectra
for a critical damping percentage of 5%. Such seismic motions were scaled according to
the uniform hazard spectrum in an interval of interest as a function of the fundamental
period of the building T1. The uniform hazard spectrum used in the present study has
been developed by software associated with the Supplementary Technical Regulations for
Mexican Seismic Design specifically for the construction site.
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There are several ways to scale the seismic ground motions [31–34]. Here, these
were scaled in accordance with the Supplementary Technical Regulations for Mexican
Seismic Design Guidelines, based on uniform hazard spectrum, with the average intensity
measured Savg [31] in an interval of interest between 0.1 T1 and 1.5 T1.

Figure 8b shows the response spectra of the 22 seismic motions scaled to a Savg/g = 0.28
corresponding to T1 = 0.26 s. Both the elastic design spectrum and the uniform hazard
spectrum are also shown.
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4.4. Condensation of MDOF Systems to Simplified 2EDOF Systems

In the second part of the methodology, the MDOF building is transformed into a
two-dimensional global shear deformations-type structure, reducing the stiffness matrix to
only consider a translational degree of freedom in the X direction (Figure 1e). To validate
the bidimensional system, both the fundamental period of vibration Tn and mode shape
profile {φn} are compared with the corresponding values of the MDOF original system;
these should be equal. Then, the matrices of mass [M], stiffness [K], and damping [C] of
the system are divided into two parts and substituted in Equations (9)–(11) to obtain the
linear dynamic properties of the 2EDOF system, corresponding to the n-th vibration mode.

4.4.1. Linear Properties of the 2EDOF System

Matrices
[ ∼

M
]

and
[∼

C
]

are both obtained directly. However, the elastic stiffnesses

kpn and kbn are obtained by equating matrix k (derived from a stiffness analysis with the

2EDOF system) to the elements of matrix
[∼

K
]

. Table 4 shows the most relevant linear

properties of the simplified systems. The vibration periods, T, shown were calculated based
on the expected concrete and masonry strengths; these values differ from those in Table 2,
which correspond to nominal properties.

Table 4. Linear properties of the 2EDOF systems.

Case Linear Properties Three Story Five Story Seven Story

P1

T(s) 0.265 0.344 0.489
lpn, lbn 1, −4.671 1, −1.801 1, −1.287
kpn, kbn 26,451.58, 137,745.34 7248.92, 6247.10 2648.83, 766.60

mpn, mbn 10.065, 3.310 11.967, 0.411 12.291, 0.068
Hysteresis rule pn Hysteretic Pinching4 Pinching4
Hysteresis rule bn Pinching4 Hysteretic Hysteretic

P2

T(s) 0.215 0.268 0.368
lpn, lbn 1, −10.328 1, −3.674 1, −1.674

kpn, kbn
108,084.70,

1,458,995.54 30,074.37, 88,224.35 7407.83, 5109.64

mpn, mbn 12.118, 4.893 14.634, 1.032 15.250, 0.139
Hysteresis rule pn Hysteretic Pinching4 Pinching4
Hysteresis rule bn Pinching4 Hysteretic Hysteretic

P3

T(s) 0.194 0.230 0.293
lpn, lbn 1, −12.610 1, −5.109 1, −2.204

kpn, kbn
135,028.39,

2,323,906.77 46,726.45, 218,211.46 13,615.12, 17,045.47

mpn, mbn 10.018, 4.449 12.280, 1.346 13.359, 0.285
Hysteresis rule pn Hysteretic Hysteretic Pinching4
Hysteresis rule bn Pinching4 Pinching4 Hysteretic

P4

T(s) 0.264 0.355 0.504
lpn, lbn 1, −3.731 1, −1.690 1, −1.221
kpn, kbn 21,765.02, 82,860.15 6404.66, 4770.45 2331.13, 528.17

mpn, mbn 10.273, 2.962 11.992, 0.382 12.297, 0.055
Hysteresis rule pn Hysteretic Pinching4 Pinching4
Hysteresis rule bn Pinching4 Hysteretic Hysteretic

P5

T(s) 0.257 0.266 0.314
lpn, lbn 1, −23.569 1, −10.201 1, −3.878

kpn, kbn
154,026.61,

5,095,370.09 67,493.73, 736,079.20 20,516.173,
62,158.648

mpn, mbn 10.920, 4.870 11.892, 1.989 13.053, 0.509
Hysteresis rule pn Hysteretic Hysteretic Pinching4
Hysteresis rule bn Pinching4 Pinching4 Hysteretic

It is considered that the two first vibration modes in the direction of the analysis are
sufficient to approximate the response of the MDOF systems studied herein.
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4.4.2. Behavior of the 2EDOF Simplified System

The selection of Case I or II depends on the subsystem that presents the Maximum
Interstory Drift Index (MIDI). As a result of Modal Nonlinear Pushover Analyses performed
on the MDOF systems, Figures 9–11 illustrates the MIDI profiles associated with the
Collapse Prevention Limit State. This a performance level proposed by the Supplementary
Technical Regulations for Mexican Seismic Design related to building collapse. Its definition
corresponds to the drift that exceeds the Maximum Permissible Interstory Drift Index.
Therefore, MIDI (Table 2) is considered to be the acceptance criteria for the global building
response for this limit state.
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The pattern of lateral load corresponds to the first mode shape in the X direction. The
results for the cases studied are summarized in Table 5.
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Table 5. Cases corresponding to the non-linear behavior of the 2EDOF system.

Stories P1 P2 P3 P4 P5

3 II II II II II
5 I I II I II
7 I I I I I

In most MIDI profiles, a specific case is clearly illustrated. For example, in the selection
of behavior P3 (Figure 11c) for the seven-story building, the masonry wall fails before the
reinforced concrete frames, corresponding to Case I.

4.4.3. Non-Linear Properties of the 2EDOF System

The non-linear properties of the simplified 2EDOF system, which are calculated with
the idealized capacity curves, are different depending on the Case (I or II). According to
Figure 1(k), the idealized curves are built as a function of the capacity curves An − Dn
in spectral format (Equation (12)), which are derived from the VB − dn capacity curves,
obtained from the Modal Nonlinear Pushover Analyses performed on the MDOF systems.
Figures 12–14 show the cases of An − Dn idealized curves in both bilinear and trilinear
formats for the first vibration mode considered. An − Dn curves that represent the US
are shown with a continuous line, whereas the dotted line represents the BS curves. To
distinguish behavior cases (Table 5), a black curve represents Case I, and in grey is the
curve representing Case II.
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Figures 12–14 show that relations An − Dpn and An − Dbn superpose at the beginning,
which indicates that both the reinforced concrete frames and the masonry walls remain
elastic. Thus, up to this point, it is possible to calculate the response by means of a 1EDOF
system. Then, the curves are divided, showing that displacements Dpn and Dbn are no
longer the same, meaning that one of the two subsystems presents nonlinearity, so the
1EDOF system is no longer adequate to calculate the response at this stage.

The methodology employed in the present study considers that in buildings like
those studied here, an OGS-WFS or an OGS-WSS mechanism occurs depending on the
lateral shear resistance value and the deformation capacity of masonry compared to that
of concrete frames when the number of levels exceeds three. The prediction of these
mechanisms can be readily determined by means of capacity curves such as those shown in
Figures 12–14, regardless of the building’s complexity. Notice that when the BS (dotted line)
yields first, the mechanism corresponds to a WFS; on the other hand, if the US (continuous
line) yields first or nearly simultaneously with the BS, the mechanism corresponds to a WSS.
For buildings with other materials, more complex structural distributions and/or more
levels, the choice of the mechanisms must be made based on Modal Nonlinear Pushover
Analysis, considering all elements that can significantly contribute to lateral resistance.

4.4.4. Analysis of the Hysteretic Behavior of the Simplified 2EDOF System

Figure 15 shows the moment–rotation M − θ hysteresis cycles of both rotational
springs of the 2EDOF system. The hysteresis curves correspond to the most representative
responses shown in Figures 16–18. For each case (masonry type), the figure shows, from
left to right, the curves associated with the first and second vibration modes. The hysteresis
curve for the upper spring pn is shown in grey, and the curve for the lower spring bn is
shown in black.

In Figure 15a,b, the lower spring bn (BS) reaches the non-linear interval in the first mode,
whereas the upper spring pn (US) remains linear. As will be seen below, Figures 19 and 20
indicate that the MIDI in MDOF systems is present in the OGS. That is, the maximum seismic
lateral deformation is concentrated in the OGS. Therefore, the behavior of the spring bn (BS)
that represents the OGS in the hysteresis curves is reasonable.

Figure 15c displays the hysteresis cycles of the seven-story 2EDOF system. It is
observed that, in the first mode, the hysteresis rule used in the upper spring pn of case P1
shows the drop in strength through a negative slope (which denote the hysteretic rule with
strength degradation). This is because such rule establishes a point at which the spring no
longer increases its strength, unlike the bilinear rules. The use of a bilinear rule implies that
strength may become infinite at very high rotation values; however, such behavior is not
considered by the MDOF systems studied herein.
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It is highlighted that in all cases, the response is dominated by the 2EDOF system
associated with the first mode. Therefore, the 2EDOF system behavior for the second mode
is elastic. This is due to two aspects: (a) T1 has a higher spectral ordinate than T2 (see
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Figure 6b); and (b) T1 moves more seismic mass that T2, as indicated by its participation
Mass Ratios shown in Table 2.

4.5. Comparison between the Responses of the MDOF Systems and the 2EDOF Systems

This section deals with the third part of the methodology shown in Figure 1. A series
of Nonlinear Time History Analyses is done using the 2EDOF systems, and the seismic
motions previously mentioned. The response in terms of story Interstory Drift Index history
is examined first, as shown in Figures 16–18, which display both the MDOF system and the
2EDOF system responses. The history on the left corresponds to the open ground story,
and the history on the right is for the second story (SS). The histories shown are the most
representative in each case.

Figures 16–18 indicate that, in most cases, the 2EDOF system reasonably approximates
maximum IDI values. The MDOF system histories shown in Figure 18 the cases P1 and P4
show an abrupt ending in the IDI history. As a result of the seismic demand exceeding the
capacity of the beam-truss elements, some panel elements were disconnected from the main
structure on the second story; this resulted in the OpenSees software failing to converge
and terminating the analysis. Hence, it is concluded that the simplified 2DOF system has
the limitation of not approximating the response of MDOF systems when they present a
local failure in the story, showing IDI values for instants of time greater than the instant of
time associated with the local failure of the MDOF system, as displayed in Figure 17.

Figures 19–21 show the validation of the 2EDOF systems. These are categorized
according to the type of masonry used and to the number of building levels. In each case,
the figure on the left corresponds to the Maximum Interstory Drift Index (MIDI) profile,
and the figure on the right corresponds to the error margin obtained in model validation.
These profiles are called MIDIN profiles.
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Figure 21. Comparison of MIDI profiles of MDOF and 2EDOF systems. Left: average MIDI profile.
Right: normalized average MIDI profile. Number of stories: seven stories. Cases: (a) P1; (b) P2; (c) P3;
(d) P4; (e) P5.

MIDI profiles are constructed using the response obtained from the Nonlinear Time
History Analyses performed using the 22 seismic records scaled with respect to their design
intensity. The Maximum Interstory Drift Index is used as a global response indicator,
calculated as the average of the individual responses from seismic records. In the MIDI
profiles, the 2EDOF system’s response is represented by a continuous gray line, and the
MDOF system’s response by a dotted black line.

MIDIN profile is constructed by normalizing the 2EDOF system’s response with respect
to that of MDOF and corresponds to the average of the normalized ratios of each seismic
record. In each figure, the black dashed line represents the MIDIN average profiles, and in
each case, the continuous gray line provides a unitary benchmark to gauge the error extent
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in the simplified response. When the average values are close to the benchmark, the 2EDOF
system’s response is the same as that of the MDOF system. On the other hand, an average
value far from 1 represents a large difference in the individual response per seismic record.

The MIDI profiles show that the scenarios corresponding to cases WFS and OGF–WSS
are successfully reproduced by the simplified 2EDOF system. The simplified system studied
adequately reproduces the drastic Interstory Drift Index change between the ground story and
the second story. However, for cases P1 and P4, with seven stories, and case I, the simplified
system can only approximate the IDI of both the ground story and the second story, as seen in
Figure 21a,d. Such figures also show that, in their corresponding IDI profiles, the degree of
freedom assigned to the US does not consider the scenario in which a story presents an IDI
demand considerably greater than the rest of the stories do; that is, the modal superposition
approach of the simplified system does not reproduce the changes in the lateral strength of its
stories because the US response is obtained as the product of displacement Dpn calculated
through an elastic modal form, similarly to that in a 1EDOF system.

Generally, the shape of the lateral deflection observed by the 2EDOF system is consis-
tent with the requirements established by the MDOF system. Although there is a certain
variation in an individual record’s response at the upper stories, the MIDI and MIDIN
profiles clearly demonstrate a high level of precision at the first and second stories.

5. Future Studies Applying the Proposed Methodology

A parametric analysis is currently being conducted at the National Autonomous
University of Mexico using 2EDOF systems which represent the lateral behavior of mid-
rise buildings with OGS that could fail due to OGS-WFS or OGS-WSS. In the future, it is
planned to propose guidelines for the design of these type of buildings. The studies are
oriented to the following:

• Improve the knowledge about the influence of stiffness and lateral strength ratios,
considering an extended classification range.

• Establish lateral deformation limits considering stiffness and strength ratios supported
by predictive seismic demand analysis, using 2EDOF simplified systems.

• Include axial load level control at the first story to avoid premature instability of the
OGS-WFS systems.

• Limit the maximum ductility capacity of the OGS building in response to a specified
seismic intensity.

In summary, the guidelines would increment the constraints in the practical design of
mid-rise buildings with OGS constituted by masonry walls and concrete frames, in order
to enhance their seismic performance.

6. Conclusions

An improved methodology for condensing Multi-Degree-Of-Freedom buildings with
Open Ground Story has been proposed and successfully applied to obtain simplified Two-
Equivalent-Degree-Of-Freedom systems. The systems studied herein approximate, under
certain restrictions, the behavior of buildings with vertical irregularities. These buildings
are susceptible to developing either an OGS-WFS or an OGS-WSS. It is noticed that the
non-linear analysis of such buildings structured with different masonry types and different
number of stories, located in Mexico City, had not been studied in detail before.

The main contributions of this study are the following:

1. The demand for non-linear behavior in buildings with OGS does not always occur
on the ground story. The Nonlinear Time History Analyses showed that both the
linear and non-linear structural properties used in the upper stories influence the
lateral behavior of the ground story. It also shows the impact that the properties of
the masonry used in the upper stories may have on the seismic response of OGS
buildings. This makes evident the fact that the failure mode may be different from a
WFS building, depending on the linear and/or non-linear structural properties and on
the number of stories in the building. In most of the buildings analyzed, the MIDI is
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not exceeded; however, the results obtained for a seven-story building structured with
low-strength masonry clearly indicate that when the design focuses on OGS behavior,
it can underestimate the seismic demand in the upper stories. So, it is recommended to
perform Nonlinear Time History Analyses in tall buildings with vertical irregularities.

2. The use of hysteresis rules with degradation of both stiffness and strength in the
rotational springs of the 2EDOF system allows it to adequately approximate the
behavior of OGS-WSS and OGS-WFS cases corresponding to MDOF systems. The
application of a descending branch in the hysteretic rule to define the ultimate state in
the spring that displays the greatest Interstory Drift Index contributes considerably to
approximate the seismic response of masonry walls or reinforced concrete structures
under high seismic intensities.

3. The responses of the 2EDOF systems obtained from Nonlinear Time History Analyses
satisfactorily reproduce the drastic change in Interstory Drift Index between the
ground story and the second story. Likewise, such responses reasonably capture the
migration of the Interstory Drift Index from the ground story to the second story as
seismic intensity increases; however, the 2EDOF simplified model has the following
limitations: (a) the maximum nonlinearity is located in the first or in the second degree
of freedom, not in both; (b) it is incapable of reproducing the local failure of MDOF
system elements; (c) the simplified US system is unable to reproduce the evolution of
the damage on the different stories; (d) because the response of the simplified systems
is governed by the non-linear behavior of the interstory, they cannot approximate the
response to excessive in-plane torsion; and (e) a failure mechanism in the OGS does
not damage the stories above it.

4. The local failure observed in the Interstory Drift Index profiles of seven-story build-
ings P1 and P4 represents a mechanism that impacts the limits of application of the
improved methodology. The response in these buildings cannot be adequately ap-
proximated by the 1EDOF nor the 2EDOF systems. Therefore, the results derived from
the application of this methodology in real buildings whose behavior is governed by
this type of failure must be approached with caution.

5. The simplified 2DOF model is permitted to be applied only in cases where no significant
local interstory failure has occurred due to a certain level of seismic demand. It is noticed
that the 2DOF simplified model demonstrates reasonable accuracy in predicting two
mechanisms: (a) OGS-WFS, and (b) OGS-WSS, and that the model is inadequate when
the Maximum Interstory Drift Index is concentrated above the second story.
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