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ABSTRACT

Earthquake engineering aims to control the building performance and viscous damping systems are recognized
for enhancing the seismic performance; however, performance is often assessed economically over other critical
metrics. This study evaluates the seismic building performance with fluid viscous dampers from a sustainability
perspective: economy, social factors, and environmental impact. It also identifies the optimal sustainable design
considering the damping parameters @ and C of the energy dissipation devices. Thus, a set of 28-story buildings
equipped with viscous dampers is designed, where the damping properties (i.e., « and C) are varied to produce
different structural alternatives. The FEMA P-58 methodology is utilized for evaluating the performance of the
case studies. Then, the optimal design is defined as the building associated with the damping properties that
minimize the expected annual loss considering repair costs, injuries, and carbon emissions. Results demonstrate
that proper damping parameters selection significantly reduces expected annual losses compared to structures

without supplemental damping system.

1. Introduction

Seismic codes for earthquake-resistant design of structures generate
structural designs that can withstand a broad range of static and dy-
namic loads. Moreover, their goal is to avoid the collapse of structures
subjected to high-intensity seismic event. Evidently, the objective is to
promote life safety over the preservation of the structure [1,2]. Never-
theless, complying with the codes requirements does not necessarily
guarantee the prevention of significant financial losses due to the
structural damage induced by a specific seismic event. Currently,
earthquake engineering employs performance-based methodologies for
the earthquake-resistant design of buildings. These methodologies
involve estimating and, even, controlling the performance of structures
through discrete performance levels (e.g., operational, immediate oc-
cupancy, life safety, and collapse prevention) [3-6]. The previous
approach allows quantification and delimitation of damage that a
building may sustain when subjected to a particular seismic intensity
level. However, stakeholders (e.g., owners, investors, developers, in-
surance companies, etc.) are not explicitly informed about the economic
consequences of repair activities or the resulting downtime, much less
the number of injuries or deaths that could occur due to seismic design

* Corresponding author.
E-mail address: mninol@ingenieria.unam.edu (M. Nino).

https://doi.org/10.1016/j.so0ildyn.2024.108450

actions or extraordinary seismic events.

Furthermore, it is widely recognized that the construction industry
substantially contributes to the depletion of natural resources and affects
the environment through the emission of greenhouse gases and waste
generation [7-10]. It is estimated that the construction sector is
responsible for approximately 40 % of global greenhouse gas emissions
(embodied carbon) annually [11]. Moreover, when a natural disaster
such as a seismic event occurs, repairing activities generate additional
carbon emissions due to the extraction of materials and their imple-
mentation to restore the building to its original shape. Therefore,
building projects are nowadays under public scrutiny regarding their
environmental impact. As a result, earthquake engineering has begun to
prioritize the integration of environmental impact associated with repair
and/or rehabilitation actions as a performance measure. The previous
empowers stakeholders to make design decisions from an
environmental-conscious perspective. Studies indicate that the con-
sumption of embodied energy (which encompasses the extraction of raw
materials, manufacturing of construction materials, transportation,
waste generation, etc.) used for repair actions resulting from structural
damage caused by a specific seismic event may represent up to 30 % of
the environmental impact generated during the initial construction
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phase [7,12-14].

Advanced methodologies in performance-based seismic design
expand the current approach, providing understandable metrics for
stakeholders to influence the final building design. The Federal Emer-
gency Management Agency (FEMA) recently introduced a methodology
for assessing the seismic performance of buildings contained in FEMA P-
58 [15]. This methodology probabilistically expresses the seismic per-
formance of a building in terms of repair costs, repair time, number of
casualties (injuries and/or deaths), environmental impact, and unsafe
placarding, known as performance measures. Simultaneously, this
methodology promotes sustainable seismic design, aiming for a balance in
building performance across economic, social, and environmental as-
pects [16-19]. Recent research has applied this methodology to evaluate
various structural systems, primarily focusing on economic losses. Sys-
tems include reinforced concrete frame structures [20], steel concen-
trically braced frame structures [21], steel buckling restrained braced
frame structures [22], steel moment-resisting frame structures [23], and
masonry buildings [24], with a few exceptions embracing the complete
methodology [25].

On the other hand, building structures equipped with fluid viscous
damping system are recognized for enhancing their seismic performance
[26-29]. Implementing these systems involves specifying the properties
of the viscous dampers, a and C, related to its non-linear nature and
damping constant, respectively. These devices are an appealing alter-
ative to control the seismic damage in a building, providing supple-
mentary damping, limiting interstory drift, and acting as fuse elements
by dissipating seismic energy through viscous liquids. Similarly, like
other structural systems mentioned above, their performance evaluation
using FEMA P-58 methodology [15] primarily focuses on monetary
losses and remains limited [30-33]. Consequently, it has not been
assessed casualties or carbon emissions resulting from repair actions in
buildings equipped with viscous dampers subjected to earthquake
events.

The objective of the present study is to assess the seismic perfor-
mance of buildings with fluid viscous dampers and identify the most
sustainable design based on the properties of these energy dissipation
devices (a and C). This assessment is conducted for a set of 28-story
buildings equipped with fluid viscous dampers located in Acapulco,
Guerrero, Mexico, where the properties of the energy dissipation devices
(i.e., a and C) are varied to produce different structural designs with
unique dynamic responses. FEMA P-58 methodology [15] is used for the
performance evaluation of each design, considering the three di-
mensions of sustainability: repair costs (economy), number of serious
injuries (social), and carbon emissions (environmental impact). Subse-
quently, the optimal design is selected based on sustainability criteria,
focusing on the building structure design associated with damping
exponent a that yields the lowest expected annual loss in terms of repair
costs, number of serious injuries, and carbon emissions.

2. Methodology

Phase 1. To achieve the stated objective, the first step focuses on
designing a set of 28-story buildings outfitted with viscous fluid
dampers, including the location and definition of the a and C values of
the viscous dampers. Several pioneering works have contributed to the
research on the optimal design, placement, and sizing of viscous
dampers over the past decades [34-39]. Detailed methodologies for the
optimal design and placement of viscous dampers in building structures
are comprehensively described in Refs. [40-43]. However, while these
methods may lead to an optimal damper configuration, their complexity
can sometimes make them impractical to be routinely used by engineers.
Consequently, practical methodologies for seismic design with viscous
damper devices in building structures have been proposed [44-51].
Moreover, various countries have published seismic design guidelines
offering simplified methods based on spectral modal analysis and
equivalent lateral forces for buildings with passive energy dissipation
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devices [1,2,52-54].

In present research, the design of the case of studies follows the
recommendations established in chapter 18 of the American Society of
Civil Engineers standards (ASCE/SEI 7-16) [1], including some adap-
tations set forth in the Manual for Civil Structures Design by the Federal
Commission of Electricity of Mexico (MCSD-CFE, acronym in Spanish)
[551, and the consideration of the influence of higher modes of vibration
according to Santos et al., [56]. This approach is based on spectral modal
analysis and enables the determination, through an iterative process, of
the parameters of the constitutive law that define the hysteretic
behavior of the fluid viscous damping devices (Eq. (1)) [57]:

Fp=C|V|*sgn(V) @

where Fp, represents the force of the damper. The damping exponent «a is
related to the nonlinearity of the viscous damper, while C is the damping
constant. The term V represents the relative velocity acting on the
damper, and sgn(V) is the sign function applied to the relative velocity.

The designer is responsible for determining the characteristics of the
viscous damping devices, that is, the values of constant C and the
exponent a, based on the dynamic properties of the structure. In this
study, these properties (i.e., « and C) are varied to establish different
design alternatives. Typically, C is iteratively computed for a given value
of a until the desired damping level is attained [58-61]. Basically, the
design process begins with a predesign of the structural system using the
spectral modal method. In this method, the design spectrum is adjusted
by a damping factor (f) to account for the presence of viscous dampers
[55]. This factor is determined by the ratio of critical effective damping
(), which encompasses both inherent structural and viscous damping,
and the fundamental vibration period of the building (T;) [55]. The
results of the spectral analysis (i.e., vibration period, mode shapes,
interstory drifts, interstory velocities) are used to determine the damp-
ing constant C based on an energetic approach [1]. This approach
focusses on establishing the relationship between the energy dissipated
over a full cycle of the viscous damper set and the strain energy expe-
rienced by the structural system at its maximum displacement [1].

In this study, the damping constant C remains the same for all stories
associated with a given damping exponent a. Additionally, simplified
design methods are not permitted by some seismic design codes for high-
rise buildings. To verify the correct structural behavior of the designs,
dynamic nonlinear analyses using ten synthetic accelerograms that
match the design spectrum were conducted according to ASCE/SEI 7-16
and MCSD-CFE [1,55].

As mentioned earlier, this study explores different values of a and
then calculates the corresponding damping constant C. However,
although simplified methods assist to define the parameters of the
constitutive law of viscous damping devices, the challenge lies in finding
the optimal values of C and « for the viscous damping devices, since even
if the strength and deformation demands of the structure are satisfied,
there is no guarantee that the characteristics selected for such devices
are optimal from a financial, social, and environmental perspective.

Phase 2. In light of the above, this stage involves evaluating the
performance of the structure in terms of economic losses, environmental
impact (carbon emissions), and the number of injuries. Subsequently, to
determine the optimal @ and C values that minimize the expected annual
losses. To accomplish this, the FEMA P-58 methodology is used [15],
which is based on the formulation developed by the Pacific Earthquake
Engineering Research Center (PEER) [62-64]. The PEER formulation,
through the total probability theorem, calculates the consequences
originated by the seismic action in terms of the probability of incurring
in specific values of performance measures (e.g., repair costs, number of
casualties, environmental impact, etc.). In this regard, this approxima-
tion can be expressed as the triple integral shown below [63]:

A(DV) = G(DV|DM)dG(DM|EDP)dG(EDP|IM)|dA(IM)| 2

im dm edp
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where G (x |y) is the complementary cumulative distribution function of
a random variable X given that the random variable Y takes a value
equal to y. Therefore, dG (x |y) represents the derivative of such distri-
bution function. On the other hand, A(x) is the mean ratio at which a
random variable X exceeds a certain value x per unit of time. DV is the
decision or consequence variable (e.g., repair costs, casualties, etc.); DM
is the damage measure associated with the building response; EDP is the
demand parameter that characterizes both the structural and the non-
structural response (e.g., story distortions, floor acceleration, etc.); IM
is the intensity measure used to describe the hazard of a seismic event (e.
g, Sa(T7), PGA, etc.). When equation (2) is examined, it becomes
apparent that the PEER formulation consists of the following analyses:
damage analysis, loss analysis, seismic hazard analysis, and structural
response analysis. On the other hand, the FEMA P-58 methodology con-
sists of the following steps:

Step 1. Building performance model. Constructing a performance
model involves gathering data that can be used to determine the
vulnerability of the components of a building (e.g., structural, and
non-structural elements), and the corresponding consequences, such
as economic losses, environmental impact, and the number of casu-
alties. This stage requires information that can be used to specify the
distribution of damage in the components that make up a building
given a demand level, G(DM|EDP) (i.e., fragility functions) and to
establish the distribution of the consequence variable given the level
of damage reached G(DV|DM) (i.e., consequence functions). Thus,
the construction of the performance model addresses both the dam-
age analysis and loss analysis of equation (2). This stage also includes
collecting initial data related to the building dimensions, replace-
ment costs, construction time, environmental impact, and occupancy
conditions as well as developing a model that characterizes the dis-
tribution of the number of people inside the building.

Step 2. Seismic hazard definition. To determine the seismic hazard of a
particular site, the FEMA P-58 methodology [15] suggests a proba-
bilistic seismic hazard analysis. Conceptually, this analysis combines
the probabilities corresponding that a specific intensity measure, IM,
exceeds a certain level of intensity, im, given the occurrence of
seismic events with potential magnitudes and locations associated
with each seismic zone that influences the seismic hazard of the site.
This combination results in seismic hazard curves that represent the
annual probability of exceeding a specific intensity level for a given
structural period. At this stage, suitable seismic records are also
selected for use in subsequent nonlinear time-history analyses. It is
crucial that these selected ground motion records are consistent with
the seismic hazard analysis performed, which means using seismic
records that can potentially generate the desired intensity value
identified in the hazard curve. This phase specifically addresses the
seismic hazard analysis, A(IM), outlined in equation (2).

Step 3. Analysis of the building response. The building response analysis
stage involves evaluating how a structure responds to a particular
seismic action and identifying the structural demand parameters
associated with damage to building components. The demand pa-
rameters commonly used to characterize damage are interstory drift
and floor acceleration. FEMA P-58 [15] presents two methods to
estimate these parameters: a) the simplified method based on the
ASCE 41-17 provisions for linear static analysis [6], and b) the
nonlinear time-history analysis, with the latter being used in this
study. This stage addresses the structural response analysis,
G(EDP|IM), specified in equation (2). The goal is to assemble a matrix
that represents the structural demand values obtained from an
analysis associated with a particular intensity and demand parame-
ters estimated at specific locations in the building (e.g., interstory
drift at the second level with a N-S direction). This matrix is used to
generate a set of simulated demands, which are then used to deter-
mine the building performance.
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Step 4. Definition of fragility to collapse. The collapse of a building is
the primary cause of fatalities or injuries during a seismic event.
Therefore, it is essential to determine the probability of structural
collapse to evaluate performance from this perspective. To achieve
this, the collapse fragility curve can be estimated, which indicates
the probability of building collapse at a particular level of intensity.
Various methods for obtaining the collapse fragility curve are pre-
sented in FEMA P-58 [15], with incremental dynamic analysis (IDA)
being the most accurate approach [65]. IDAs involve conducting a
series of nonlinear analyses at multiple intensity levels to produce
responses ranging from linear to those that result in the collapse of
the structure. This stage also involves defining collapse modes and
their probability of occurrence, as well as determining the affected
area and the corresponding likelihood of injury or fatalities in those
areas.

Step 5. Performance calculation. The FEMA P-58 methodology [15]
uses the Monte Carlo method and a matrix of simulated demands
(called realizations) to evaluate the seismic performance of struc-
tures and consider the inherent uncertainties in their estimation. The
performance calculation begins with the first realization and de-
termines whether the structure collapses or not. In case of collapse,
the losses are associated with replacement values. Otherwise, the
level of damage is evaluated, and the corresponding losses are
computed. This process is repeated for multiple realizations, and the
losses are sorted to obtain a distribution function of the decision
variable of interest. To facilitate the process, a software called Per-
formance Assessment Calculation Tool (PACT) is used. PACT [66] is
an electronic tool and repository of fragility and consequence func-
tions that performs the probabilistic and loss accumulation calcula-
tions described in the FEMA P-58 methodology [15]. In this research,
PACT was used for all probabilistic calculations.

3. Environmental impact

Although the Building performance model step implicitly includes
quantifying the environmental impact, this process is explained in detail
here. Environmental impact refers to changes in the environment caused
by human activity or natural events. The FEMA P-58 methodology [15]
utilizes two metrics to characterize the environmental impact: equiva-
lent carbon dioxide emissions (kg-CO2eq) and the energy required for
material production (MJ), also known as embodied carbon and
embodied energy. A life cycle analysis (LCA) is used to determine the
potential environmental impact of a product or process during a specific
stage or its entire lifespan.

The FEMA P-58 methodology [15] quantifies the environmental
impact resulting from the repair actions required to restore a building to
its pre-seismic damage condition. This is achieved directly from the
repair cost estimates in combination with the Economic Input-Output
life cycle assessment (EIO-LCA). This model associates the amount of
money spent by the industrial sectors that conform the economy of a
country with the environmental impact generated by their operations.
The procedure consists of the following steps: 1) estimate the resulting
costs of the repair actions carried out to restore damage induced by a
seismic event; 2) identify the industrial sectors involved in restoration
activities and their corresponding environmental impact factors per
dollar spent (e.g., 0.50 kg CO2eq/US$); 3) break down the estimated
repair costs and assign them to the different industrial sectors identified
previously; 4) add the costs associated with each industrial sector; and
5) multiply the cost obtained in each industrial sector by its corre-
sponding impact factor, and then add the impact of all sectors to obtain
the total environmental impact. It is recognized that the EIO-LCA may
overestimate the environmental impact, yielding conservative esti-
mates. This aligns well with the precision level of the FEMA P-58
methodology in its current state of development. Further information
regarding the discussed topic can be found elsewhere [67,68].

The FEMA P-58 methodology [15] also needs to establish
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replacement quantities based on the environmental impact associated
with the initial construction stage of the building (in case of collapse),
which is analogous to estimate the total replacement cost, as discussed
in subsequent sections. Therefore, embodied carbon and embodied en-
ergy must be estimated a priory. In this study, replacement quantities
were determined using a simplified EIO-LCA. This approach is simpler
but less precise, enabling the analysis without requiring comprehensive
data on the inventory of the structure and construction costs. Instead,
the total cost of the building is multiplied by an environmental impact
factor related to constructing a building for a particular occupancy
purpose (e.g., commercial office, healthcare, hospitality, etc.)

Several databases [69,70] contain environmental impact factors that
link to the amount of money spent in various industrial sectors present in
the economy of a country. They also provide impact factors for building
construction based on occupancy type. The FEMA P-58 methodology
[15] uses the database developed by Yang et al. [70] to estimate the
environmental impacts after calculating repair costs given the damage
state in the different building components (i.e., structural and no
structural elements). This database relates the economic interactions of
different industrial sectors in the United States (US) with their envi-
ronmental emissions and offers environmental impact factors associated
with the construction of buildings with various occupancy purposes.

In developing countries like Mexico, there is a lack of adequate data
to assess the environmental impact in the construction sector [71,72]. As
aresult, life cycle inventories from developed countries are often used to
evaluate the environmental impact of buildings [71,73-75]. To over-
come this limitation, this study employs the environmental impact
values available in the PACT database [66], which is based on the model
developed by Yang et al. [70]. Furthermore, the Yang et al. [70] model is
used to estimate replacement quantities associated with carbon emis-
sions and embodied energy during the initial construction phase of the
structure. In addition, only carbon emissions (embodied carbon/green-
house gases/potential for global warming) are considered for the envi-
ronmental impact assessment. It is noteworthy that equivalent of CO,
has been identified as a good predictor of other relevant environmental
impact indicators when evaluating the impact of repair actions on
earthquake-damaged buildings [76].

4. Phase 1: design of the case studies
Mexico experiences numerous seismic events annually, with the

Pacific coast being the region that suffers the most. According to the
National Seismological Service [77], 80 % of earthquakes recorded in
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2021 and 2022 occurred in this area. As a result, the construction of
structures in this region is controlled by lateral forces generated during
seismic events. Therefore, this study assumes that the building under
consideration is located in the port of Acapulco, Guerrero, and is
intended to be used as a hotel.

The case studies were based on a 28-story building with a steel-
concrete composite frame system. The dimensions of the building
structure are shown in Fig. 1a and b, and the location of the viscous
damping devices is depicted in Fig. 1c. To regulate the flexural behavior
of the building, a diagonal brace system (outrigger) has been added on
stories 15 and 28, both in the longitudinal and transverse directions.
This system enhances the stability and strength of the building, reducing
lateral drifts from earthquakes and wind loads [78]. No effort was made
to assess the seismic performance, with or without an outrigger system;
however, further insights into the benefits that the outrigger system
offers for structural performance can be found in other sources [79]. The
seismic design of the structure was initially carried out conventionally,
following the earthquake design guidelines presented in the MCSD-CFE
[55]. This preliminary design, without the consideration of a supple-
mentary damping system, was referred to as the “conventional
building”.

Subsequently, the buildings with fluid viscous damping devices were
designed using a simplified method based on spectral modal analysis, as
recommended by previous research studies [1,2,58,61]. Several
simplified analyses were conducted, varying the exponent « from 0.1 to
1.0 in increments of 0.1. The constant C (see Equation (1)) was then
determined to achieve an effective damping of 20 % of the critical
damping.

As a result, ten additional case studies were generated in addition to
the conventional building. These case studies were identified with letter
“E” followed by the value of exponent a. For example, E—01 corresponds
to the building with a equal to 0.1, E—00 refers to the conventional
structure without energy dissipation devices, and E—10 represents the
building with a linear viscous damping system when « is equal to 1.0.
The design of the building with and without energy dissipation devices
was executed with ETABS 18 software [80].

Tables 1-5 present the resulting sections for the conventional
building and those with supplementary damping devices. It is observed
that beam dimensions vary with building height. This variation is a
result of compliance with Mexican seismic design guidelines [2,55],
which recommend that beams integrated into the seismic force-resisting
system must contribute to the earthquake resistance and stiffness for
controlling building displacements. Furthermore, a superscript
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Fig. 1. Configuration of the building structure: a) elevation view in X-direction (longitudinal); b) elevation view in Y-direction (transversal); and c) location of the

damping system.



A. Rodriguez-Castellanos et al.

Soil Dynamics and Earthquake Engineering 178 (2024) 108450

Table 1
Columns for the conventional building (left) and with damping system (right).
Section Stories fc E. Section Stories f'c E.
(kg/cm?) (kg/cm?) (kg/cm?) (kg/cm?)
C1 (1.10x1.25)*8 * PB-N3 500 288885 C1 (0.90x1.10)>¢ * PB-N5 500 288885
C1 (1.10x1.25)0 % N3-N12 C1 (0.90x1.00)"¢ * N5-N10
€2 (0.95x1.10)"° * N12-N18 €2 (0.90x0.90)"7 * N10-N15
€3 (0.90x1.05)10 * N18-N25 €3 (0.80x0.90)>° * N15-N20
€6 (0.70x0.70)*0 * N25-N28 350 261916 €6 (0.70x0.70)"-0 * N20-N28 350 261916
Table 2
Beams (X direction) for the conventional building (left) and with damping system (right).
Section Stories fy Es Section Stories Fy Eg
(kg/cm?) (kg/cm?) (kg/cm?) (kg/cm?)
W30x116 N1-N8 3515 2039000 W30x90 N1-N6 3515 2039000
W30x99 N9-N13 W27x84 N7-N14
W27x84 N14 W24x76 N15-N26
W24x76 N15-N17 W27x84 N26-N28
W27x84 N18-N23
W24x76 N24-N26
W27x84 N27-N28
Table 3
Beams (Y direction) for the conventional building (left) and with damping system (right).
Section Stories fy E Section Stories Fy E
(kg/cm?) (kg/cm?) (kg/cm?) (kg/cm?)
W33x130 N1-N13 3515 2039000 W30x99 N1-N2 3515 2039000
W30X99 N14-N15 W30x108 N3-N7
W30x116 N15-N23 W30x99 N8-N19
W30X99 N24-N26 W27x84 N20-N23
W24X76 N27-N28 W24x76 N24-N28
Table 4
Outrigger system for the conventional building (left) and with damping system (right).
Section Stories fy E Section Stories Fy Eg
(kg/cm?) (kg/cm?) (kg/cm?) (kg/cm?)
W12x96 N14-15 3515 2039000 W12x96 N14-15 3515 2039000
W12x96 N27-28 W12x96 N27-28
involves constructing the performance model, which implies gathering
Table 5 . e
) . . X data related to the size of the structure, replacement quantities, intended
Properties of the dampers for the buildings with damping system. . e . 11
use and, fundamentally, the identification of the building components
Case Damping Damping Case Damping Damping and their vulnerability. This requires establishing the plan and elevation
study exponent, a constant, C study exponent, a constant, C . . f th h . . . v, it i
(ton (s/m) ) (ton (s/m) %) dimensions of the structure, as shown in Fig. 1. Additionally, it is
important to define the total replacement cost, which requires a detailed
E-01 0.1 150 E—06 0.6 696 e : :
quantification of its components. For the case studies, the costs of
E—02 0.2 207 E—07 0.7 925 1 el . fabricati d blv. electrical
E-03 03 284 E_08 08 1221 structura 1? em.ents, cqnnecnons, abrication and assembly, electrica
E—04 0.4 386 E—09 0.9 1595 and plumbing installations, tempered facade glass, and waste, among
E—05 0.5 520 E-10 1.0 2070 others, were included in the total replacement cost. Moreover, the total

indicating the percentage of steel in the columns is also included. The
Phase 1 has been finished, which involved designing a group of 28-story
buildings that are equipped with viscous fluid dampers.

5. Phase 2: seismic performance assessment of the case studies
5.1. Performance model for the case studies (step 1)
During Phase 2, the main objective is to assess the seismic perfor-

mance of the case studies, using the FEMA P-58 methodology [15].
Accordingly, this approach consists of multiple steps. The first step

replacement cost should also include: the costs associated with demol-
ishing and removing debris from the site, in case of a collapse of the
structure. According to FEMA P-58 [15], demolition and waste removal
can increase the total replacement cost by approximately 20 %-30 %.
Therefore, a 25 % increase in the total replacement cost was utilized in
the present study to account for those costs.

Furthermore, in addition to determining the total replacement cost of
the building, it is also important to establish replacement quantities in
terms of environmental impact. To achieve this, a database developed by
Yang et al. [70] was used, which provides various environmental impact
factors related to structure construction for different building occu-
pancies (e.g., commercial office, healthcare, hospitality, etc.). According
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to the database, constructing a hotel generates a specific amount of
carbon emissions and embodied energy per US dollar spent of 0.326 kg
CO2eq/US$ and 5.791 MJ/USS$, respectively. It should be noted that this
database corresponds to the United States economy in 2013. Therefore,
taking into account inflation and the change in the value of the dollar
between June 2013 and January 2023 (which is 1.28 according to the U.
S. Bureau of Labor Statistics [81]), the amounts of carbon emissions and
embodied energy for January 2023 are 0.254 kg CO2eq/US$ and 4.524
MJ/US$, respectively. Subsequently, these environmental impact fac-
tors are multiplied by the total replacement cost of the building to obtain
the replacement amounts associated with carbon emissions and
embodied energy for the case studies.

Constructing the performance model also requires specifying the
building occupancy, as this information is useful to establish a model
that represents the distribution of people inside the structure at different
times of the day. This is important for assessing the potential for injuries
and fatalities when the building is occupied. As mentioned earlier, the
building is intended for hospitality use. In this sense, Seligson [82]
provides population models related to different occupation purposes and
one of them adapts well to the case study. Fig. 2 shows the selected
model, which defines the number of people inside the building on
weekdays and weekends as a function of the time of day. The model
establishes a maximum value of 2.5 people per approximately 100
square meters and has a dispersion of 0.2.

Likewise, specifying the occupational use of the structure facilitates
estimating the quantity of non-structural components and contents that
are in the building (windows, partition walls, ceilings, elevators, HVAC-
related pipes, etc.). In this regard, the FEMA P-58 methodology presents
a study of approximately 3000 buildings with different occupational
uses. The results of this study were translated into a tool that gives the
average quantities of non-structural components and contents in a
structure based on its occupancy. Hence, in this study, this tool we
utilized to estimate the aforementioned components [66].

Determining the vulnerability of both structural and non-structural
elements in the building is also necessary for constructing the perfor-
mance model. Vulnerability is determined using fragility curves, which
quantify the likelihood of an element being damaged at a particular
structural demand parameter [83]. The PACT database [66] provides a
repertoire of fragility curves for various structural and non-structural
elements, along with the associated consequences at different levels of
damage states that can be generated in terms of repair costs, repair time,
and environmental impact. These curves were developed based on
experimental test data [84,85].
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Fig. 2. Variation in the number of people in the building (related to the ex-
pected peak population) as a function of time of day for hospitality occupancy.
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In cases where there is no information available regarding the
fragility of building components, FEMA P-58 recommends a set of pro-
tocols for testing the behavior of both structural and non-structural el-
ements experimentally and determining their vulnerability using
fragility curves [15,86]. For the case studies conducted in this research,
fragility functions from the PACT database [66] were utilized. These
functions were chosen because of their experimental derivation and
probabilistic nature, which consider factors such as construction tech-
niques, material quality, and other variables that can affect the
vulnerability of both structural and non-structural elements. The
dispersion contained in the fragility functions accounts for the fact that
the tested specimens may not have been built using local construction
techniques and materials. Hence, the available data is a good approxi-
mation for characterizing the vulnerability of the components in the case
studies.

In this context, fragility curves for viscous dampers were not avail-
able in the PACT database. In this study, to consider the consequences of
failure of the damping devices, similar to Santos-Santiago et al. [33], it
was proposed using two different failure modes: 1) related to the
force-velocity levels that the devices can experience, and 2) associated
with the maximum relative displacement between their extremes.
Therefore, two analytical fragility curves were determined. The model
representing damping device failure considers the following:

e The model proposed by Miyamoto et al. [87] was used to determine
the maximum force that the viscous damper can generate.

e The maximum force that indicates the onset of the damping device
failure is associated with an over-velocity condition, as outlined in
Section 7.3.2 of the European code for anti-seismic devices (EN
15129) [52].

e The maximum displacement that the damper develops before failure
in tension is when the piston extension reaches the stroke limit. In
this study, a stroke limit of +40 mm was considered.

e The viscous damper does not fail as long as the displacements, ve-

locities, and forces of the damper remain lower than those obtained

when subjected to the design seismic intensity.

It is assumed that the steel diagonal brace connecting the viscous

damper to the structural system exhibits linear behavior and can

withstand the maximum forces that the damper can develop.

In this study, only one damage state was considered, specifically the

damage or failure of the viscous devices. In this context, the financial

consequences are associated with the replacement cost of the
damper. The replacement cost includes expenses related to

manufacturing, transportation, and device import. Additionally, a

sensitivity analysis was conducted to include the environmental

consequences based on those observed for steel braces within PACT
database. Moreover, as observed for same fragility specifications,
potential for non-collapse casualties were not included.

Fig. 3a and b displays the hysteresis loops (force-displacement) of
specific viscous dampers located in the lower stories of the analyzed
structures. The response corresponds to different ground motions (refer
to Table 6) scaled to a seismic intensity of 0.5g with selected values of a.
As expected, the figures demonstrate that the damping devices generate
significant forces and undergo failure when the piston’s extension rea-
ches the stroke limit (i.e., =40 mm).

The consequence functions related to repair costs were developed in
2011 for the northern region of California, United States (U.S.). Hence, it
is reasonable to assume that these costs need adjustment to the specific
geographical location of the structure, as well as the current economic
conditions. To address the issue of inflation, the change in the value of
the dollar between June 2011 to January 2023 is 1.33, according to data
reported by the U.S. Bureau of Labor Statistics [81]. To adjust the repair
costs from the PACT database [66] to the local situation, the following
approximation was utilized [88,89]:
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Fig. 3. Hysteretic behavior of viscous dampers showing damping device failure due to excessive displacement.

Table 6

Ground motion records for the nonlinear time-history analyses.
Name Station Date Latitude Longitude My Depth
EQ-01 COYC 14/09/1995 16.31 98.88 7.2 22
EQ-02 COYC 11/01/1997 17.91 103.04 6.9 16
EQ-03 COYC 15/06/1999 18.18 97.51 6.5 69
EQ-04 CcoycC 30/09/1999 15.95 97.03 7.1 17
EQ-05 COYC 12/12/2011 17.84 99.98 6.5 58
EQ-06 ACAD 14/09/1995 16.31 98.88 7.2 22
EQ-07 ACAC 14/09/1995 16.31 98.88 7.2 22
EQ-08 ACAD 14/09/1995 16.31 98.88 7.2 22
EQ-09 ACAD 11/01/1997 17.91 103.04 6.9 16
EQ-10 ACAD 15/06/1999 18.18 97.51 6.5 69
EQ-11 ACAD 30/09/1999 15.95 97.03 7.1 17
EQ-12 ACAD 11/12/2011 17.84 99.98 6.5 58

C' tocat cost = C' s cost (1 = fia)-Tnar + fiab -Tiaw) 3)

where C%,,ml cost refers to the mean unit repair cost in the local
area, while Cig cost is the mean unit repair cost in the U.S. On the other
hand, fi5p denotes the fraction of the unit repair cost in the U.S. associ-
ated with labor. Porter et al. [88] recommends using a value of 0.9 when
repairing architectural, structural, and mechanical, electrical, and
plumbing systems if more precise information is not available. A value of
0.5 is recommended for actions involving the replacement of architec-
tural and structural components, and a value of 0.1 is suggested for the
replacement of mechanical, electrical, and plumbing equipment. These
values are determined based on the significance of the materials and
labor costs involved in the repair process. Additionally, the parameters
Tmat and rigp represent the ratios between the local cost of materials and
labor compared to their costs in the U.S. These parameters are estab-
lished using a report by Turner and Townsend [90] that compares
construction costs in various cities around the world. For this research,
San Francisco (California) and Mexico City are used as benchmark cities.
San Francisco was chosen due to its status as the most expensive place to
build (per square meter) in the United States, and Mexico City was
selected because it was the sole Mexican city included in the report.

5.2. Characterization of seismic hazard and ground motions selection
(step 2)

The FEMA P-58 methodology [15] proposes three techniques for
assessing the performance of structures: intensity-based, scenario-based,
and time-based. The intensity-based method assesses the expected per-
formance of the structure when exposed to a specific seismic intensity,
while the scenario-based approach evaluates the performance of the
structure during a seismic event with a particular magnitude and

distance. On the other hand, the time-based approach estimates the
probable performance of the structure over a specified period of time,
considering the probability of occurrence of all seismic events that could
happen during that time. This approach also includes the uncertainty
related to the magnitude, distance, and intensity of possible seismic
events. To conduct a time-based seismic performance evaluation, it is
necessary to carry out a probabilistic seismic hazard analysis.

A time-based analysis was performed in the study, as shown in Fig. 4,
which depicts the mean annual rate of exceedance of Sa(T;) corre-
sponding to the site of interest (Acapulco, Guerrero, Mexico) [91], and
the fundamental period of the building (i.e., hazard curve). The curve is
divided into ten equal Sa(T;) intervals represented by triangular
markers. In addition, the exceedance rate associated with the intensity
at the midpoint of each interval is identified by circles.

Then, the performance is evaluated using the intensity-based method
for each interval of the seismic hazard curve (triangles), where the target
intensity corresponds to the mean value of each interval (circles). The
computed performance data were then weighted by the exceedance rate
corresponding to each target intensity. The results of these evaluations
are summed up for each interval to obtain the mean annual rate of ex-
ceedance of a performance measure.

Furthermore, this stage involved collecting accelerograms from
earthquake events recorded on firm ground near the site of interest:
Acapulco, Guerrero, Mexico. According to the Mexican seismic design
guidelines [2], when using the nonlinear time-history method, eight to
twelve representative pairs of ground motions should be chosen based
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Fig. 4. Mean annual rate of exceedance (1) of Sa(T;) for the site of reference,
associated to the fundamental period of the structure T; = 4.7s.
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on dynamic soil conditions. These guidelines also suggest conducting a
probabilistic seismic hazard analysis and a deaggregation process to
identify the most probable combination of magnitude, source-to-site
distance, and focal mechanism associated with a specific intensity
[92], serving as the criterion for ground motion selection.

However, due to limited availability of ground motion data in the
region, selecting ground motions based on specific characteristics is not
feasible, nor is a formal ground motion selection procedure accessible (e.
g. Ref. [93]). Instead, ground motion records associated with moment
magnitudes (M,,) equal to or greater than 6.5 and epicentral distances of
approximately 30 km were chosen. This decision was based on our
observation that ground motions related to moment magnitudes below
6.5 and distances greater than 30 km did not produce significant seismic
responses in our case studies; moreover, incremental dynamic analyses
required significant scaling factors to induce nonlinear responses.
Additionally, it was verified that the records had a similar spectral
shape. This ensures scaling the ground motion records during subse-
quent nonlinear analyses from introducing bias in the nonlinear
displacement estimates, preventing an overestimation of structural
collapse probabilities.

Concerning the focal mechanism, the port of Acapulco, Guerrero,
experiences both interplate and intraslab seismic events. Interplate
earthquakes occur along the Cocos-North American plate boundary,
specifically along Mexico’s Pacific coastline. These earthquakes involve
rupture along a low-angle thrust plane at shallow depths of approxi-
mately 15-25 km [94]. Intraslab earthquakes, on the other hand, occur
within the subducted Cocos plate, typically at depths of 40-80 km
beneath the center of the country, and involve normal faulting. In
addition, steeply dipping thrust seismic events near the coast can also be
categorized as normal-faulting intraslab earthquakes due to the simi-
larity of their ground motions [95,96].

Therefore, in this study, twelve pairs of ground-motion records
associated with interplate and intraslab earthquakes were utilized,
categorized based on their focal mechanisms. Records corresponding to
depths less than 40 km were classified as interplate, while those with
depths equal to or greater than 40 km were categorized as intraslab,
following the classification criteria by Singh et al. [96]. The selected
ground motion records were then used to perform subsequent nonlinear
time-history analyses for the case studies. The Strong Motion Network of
the Institute of Engineering at UNAM, Mexico (RAII-UNAM), provided
the ground motions, which correspond to seismic events with moment
magnitudes (M,,) equal to or greater than 6.5, and epicentral distances of
around 30 km (Table 6).

All records underwent linear baseline correction and bandpass filter
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Fig. 5. Pseudo-acceleration response spectra associated with the ground mo-
tions records indicated in Table 6.
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with corner frequencies of 0.1 and 25 Hz. The duration of the ground
motions was also adjusted to correspond to a range between 5 % and 95
% of the Arias intensity. Fig. 5 shows the pseudo-acceleration response
spectra for the compiled seismic records.

On the other hand, scaling factors were used to modify the selected
accelerograms and achieve the desired intensity level when calculating
the spectral acceleration response spectra. This is a common practice
when performing nonlinear time-history analyses [97]. In this sense, the
seismic records were scaled using Sagy, intensity measure [98], which is
known for its ability to predict the seismic demand of nonlinear struc-
tural systems, particularly those that exhibit both influence of their
higher modes and degrading behavior [99-103]. The expression for
Saqyy is as follows:

N 1N
St (Ty...Ty) = (H Sa(T,)> @
i=1

where Sagy is the geometric mean of spectral acceleration values,
associated with N number of vibration periods, within an interval
defined by an initial period T; and a final period Ty. According to the
Mexican seismic design guidelines [2], in this study, T; corresponds to
0.2 times the fundamental period of the structure (T; = 0.2T,), while Ty
is 1.5 times vibration period (Ty = 1.5T,).

5.3. Nonlinear response for the case studies (step 3)

In this study, a time-history analysis is employed to determine the
structural response, which is a fundamental step in performance eval-
uation. Although the structural designs established in Phase 1 have been
useful in defining building sections, the non-linear response of the case
studies (i.e., E—00 to E—10) was obtained using the Ruaumoko 3D
program [104]. This program enables systematic multiple nonlinear
analyses of a structure subjected to various ground motion records.

The beams and columns of the building were modeled as frame el-
ements with concentrated plastic hinges in order to characterize their
non-linear behavior. To achieve this, the Ramberg-Osgood and the
modified Takeda hysteresis models were employed for beams and col-
umns, respectively [105,106]. The viscous damping devices were
modeled as damper type elements and the damping constant C and
exponent a were determined according to the simplified modal-based
method (see Table 5).

A damping ratio of 2 % was assumed for all modes that influence the
building response using the Rayleigh damping model. Additionally,
second-order effects (P-A) were also included. To simplify the analyses,
arigid foundation was considered at the base of the building, since soil-
structure interaction effects were not accounted. This was based on the
assumption that the structure was on a firm-ground site. The soil clas-
sification was identified as Type I, denoting a firm ground or rock site
with an average shear wave velocity >750 m/s, in accordance with the
soil classification criteria outlined in the Manual for Civil Structures
Design by CFE [55]. This site classification falls within the range of Site
Class B and Site Class C, as defined by the American Society of Civil
Engineers document (ASCE/SEI 7-16) [1].

The purpose at this stage is to obtain the nonlinear response for the
case studies (i.e., E—00 to E—10). As already mentioned, the buildings
were modeled using Ruaumoko 3D software [104], and were subjected
to 12 pairs of accelerograms (Table 6) scaled for different intensity levels
as described in the preceding section. The objective of these analyses
was to determine the interstory drifts and floor accelerations. Fig. 6
shows the maximum interstory drifts obtained for each floor of the E—06
structure (i.e., « = 0.6) in the E-W direction.

These results were obtained by subjecting the building to the
compiled seismic records (Fig. 5) scaled to an intensity of 0.50g (asso-
ciated with the last circle in Fig. 4). The maximum interstory drifts and
floor accelerations were calculated for both the N-S and E-O orthogonal
components, for each of the intensity values indicated in the seismic
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Fig. 6. Maximum interstory drift for the case study E—06 (i.e., @ = 0.6)
resulting from the seismic records scaled to an intensity level of 0.50g.

hazard curve (circles in Fig. 4), and for all case studies (E—00 to E—10).
It is worth noting that the significant reduction in interstory drifts can be
attributed to the inclusion of the diagonal brace system on stories 15 and
28.

Fig. 6 provides a graphical representation of the results. However,
what is needed is to assemble a demand parameter matrix. In this ma-
trix, the columns are associated with demand vectors belonging to story
level of the building, and the row vectors are related to the response that
each seismic record produces. This matrix serves as a seed for generating
a set of simulated demands are then used to compute the performance.
Hence, Table 7 illustrates the structure of this matrix.

5.4. Incremental dynamic analyses (IDAs) and collapse fragility curve
(step 4

The preceding section aimed to determine the seismic response of a
building at a specific intensity level through nonlinear analyses, which
enabled to assemble a demand parameter matrix employed to generate a
set of simulated demands to evaluate the performance. Nonlinear ana-
lyses also facilitate the implementation of IDAs (Incremental Dynamic
Analyses) as described by Vamvatsikos and Cornell [65]. By using the
results of these type of analyses, it is possible to establish the collapse
fragility curve, which allows the assessment of performance based on
the number of injuries and fatalities.

The following results were obtained from a sequence of IDAs. The
accelerograms used in the analyses were scaled to generate intensity
levels ranging from 0.05g to 2.0g (with 0.05g intervals). Fig. 7a and b
illustrate the IDA outcomes for the E—04 and E—08 case studies,
respectively. The solid lines in the figures represent the response, in
terms of the maximum interstory drift experienced on any of the story
levels, obtained for each of the scaled accelerograms until the collapse of

Table 7
Example of an EDP matrix for different seismic records (E—06, intensity of
0.50g).

Seismic EDP 1 EDP 2 EDP 3 EDP 4 EDP 28
record

EQ-01 0.0032 0.0050 0.0043 0.0033 0.0007
EQ-02 0.0048 0.0075 0.0076 0.0072 0.0005
EQ-03 0.0058 0.0075 0.0060 0.0047 0.0007
EQ-12 0.0047 0.0075 0.0079 0.0075 0.0015

Soil Dynamics and Earthquake Engineering 178 (2024) 108450

the structure is produced. In this research, it is assumed that the collapse
of the structure occurs when a) intensity levels greater than 2g are
reached; b) a convergence error is produced (generating excessive
response values); and/or c) the slope of the tangent line of the curve is
less than or equal to 20 % of the elastic slope [65].

On the other hand, the dashed line corresponds to the average of the
predicted response for each of the seismic records, which can be inter-
preted as a type of capacity curve. In general, all curves exhibit an elastic
region that ends once the first plastic hinge appears. Following the first
nonlinear incursion, some curves show a softening of the system, which
results in displacements increasing rapidly until the collapse of the
structure occurs. Similarly, there are curves that display successive
patterns of softening and hardening. However, collapse of the building is
eventually generated.

Based on the obtained results, it is possible to identify the number of
collapses that occur for each intensity level. Therefore, the collapse
probability given a certain intensity level, P(C|IM), can be calculated as
follows:

P(C|IM) = (5)

n
N
where n is the number of analyses that result in the collapse of the
structure for a specific intensity level, while and N refers to the total
number of analyses conducted for that intensity. Fig. 8a and b presents
the P(C|IM) values for case studies E—04 and E—08, respectively (dots).
A distribution function (continuous line) has been fitted to these values.
As a result, the probability of collapse is expressed using a lognormal
distribution function of IM. In this study, the collapse fragility curve was
established using the Collapse Fragility Tool provided by FEMA P-58
[66].

For case E—04, a mean value of # = 1.3g and a standard deviation
= 0.227 were obtained. For case E—08, a mean value of ¢ = 0.81g and a
standard deviation f = 0.291 were determined. This implies that, on
average, there is a 50 % of collapse probability when an intensity level of
1.3g and 0.81g is reached for case E—04 and E—08, respectively. In other
words, under the specified conditions in these case studies, the structure
with a damping system where the exponent a equals 0.8 is more sus-
ceptible to collapse than the system where a equals 0.4.

5.5. Performance evaluation for the case studies (step 5)

The FEMA P-58 methodology [15] employs the Monte Carlo method
and a matrix of simulated demands obtained from limited nonlinear
analyses to account for uncertainties in seismic performance evaluation.
These simulated demand vectors, known as “realizations”, contain
values of structural demand for each level and direction of analysis in
the building, and their number can range from hundreds to thousands.

Fig. 9 provides a flowchart to facilitate understanding of the per-
formance evaluation process (adapted from Ref. [15]).

The performance calculation begins with the first realization, which
determines whether the structure collapses based on a random number
and the collapse fragility curve. If collapse occurs, replacement values
are used to calculate losses, determine the number of injuries and deaths
based on building occupancy, and classify the structure as unsafe due to
instability. Another realization is then carried out.

If collapse does not occur, the level of damage generated by the
seismic action is evaluated to determine if it is reparable based on
maximum residual drift ratios and a fragility curve associated with the
feasibility to repair the building. If the structure is deemed irreparable, it
is classified as unsafe, and losses are calculated using replacement
values, along with the number of injuries and deaths. Another realiza-
tion is then performed. The FEMA P-58 methodology offers simplified
equations for calculating median residual drift ratios based on the peak
transient response of the structure [15]. However, Alehojjat et al. [107]
conducted a study to assess the accuracy of three approximate methods,
including the FEMA P-58 approach [15], in estimating residual
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interstory drift ratio demands in mid-rise steel structures equipped with
fluid viscous dampers; they concluded that FEMA P-58 [15] method
overestimated residual interstory drift ratio demands at the design
earthquake hazard level but underestimated them at the maximum
considered earthquake hazard level. Consequently, in this study, the
residual drift ratios obtained from nonlinear time history analyses were
utilized instead.

If the remaining damage is reparable, the fragility functions of the
structural and non-structural elements are used to assign a random
damage state and calculate losses accordingly. The sum of losses for each
component gives the total loss for that realization. This process is
repeated for all realizations, and the resulting loss values are sorted in
ascending order to obtain the distribution function of the decision var-
iable of interest. As this procedure is highly repetitive, the electronic tool
PACT [66] was utilized in this study to carry out probabilistic and loss
accumulation calculations using its collection of fragility and conse-
quence functions.

5.5.1. Performance functions for the case studies

The precise calculation of the seismic performance of a building
cannot be done due to the inherent uncertainties involved in the process.
However, it is possible to define the probability that the performance
variable is less than or equal to a specific value as a result of a particular
level of seismic intensity. Fig. 10a-d presents various performance
curves in terms of repair costs associated to different levels of seismic
intensity and case studies. It is important to point out that the repair
costs were normalized with respect to the total cost of replacement of the
structure, which gives a more intuitive understanding of the
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consequences of the damage produced.

The distribution functions shown in Fig. 10a correspond to the
“conventional building” structure, with no viscous damping devices
(E—00). In this regard, if the objective is to determine the average repair
costs for intensity levels ranging from 0.1g to 0.2g (i.e., associated with a
50 % probability of non-exceedance), the estimated costs would be
around 2.5 % of the total replacement cost of the building. Similarly, for
the same intensity levels but associated with a 90 % probability of non-
exceedance, which implies a higher degree of certainty, the average
repair costs would be approximately 5 % of the total replacement cost of
the structure. This suggests that if a seismic event of this intensity were
to occur, the maximum probable cost would be 5 % of the total cost for
these intensity levels (i.e., 0.1g and 0.2g). Conversely, the repair costs
associated with a 90 % probability of non-exceedance for intensity levels
ranging from 0.4g and 0.5g would be approximately 25 % and 60 % of
the cost of the structure, respectively.

The inclusion of energy dissipation devices is recommended to
enhance building performance, as mentioned earlier. Fig. 10d illustrates
the results obtained for structure E—10, which includes a linear viscous
damping system (@ = 1.0). The results indicate that for seismic in-
tensities of 0.4g and 0.5g, the repair costs related to a 90 % probability of
non-exceedance are around 25 % and 50 % of the building total cost,
respectively. These results demonstrate an improvement in performance
of 10 % compared to the E—00 case but only for a seismic intensity of
0.5g. On the other hand, Fig. 10c shows the performance results of
structure E—05 (a = 0.5). In this case, utilizing the same analysis con-
dition as E—10, the repair costs are estimated to be roughly 10 % and 25
% of the total cost of the building, respectively. This suggests that E—05
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outperforms the two previous case studies (i.e., E—00 and E—10). Lastly,
referring to Fig. 10b, under identical analysis conditions, the repair costs
are nearly 7.5 % and 15 % of the cost of replacing the structure. Hence,
structure E—03 (a = 0.3) exhibits superior performance compared to the
three prior case studies (i.e., E-00, E-05, and E—10).

Additionally, the assessment of building performance is also
expressed in terms of its environmental impact, specifically its equiva-
lent carbon dioxide emissions (kg-CO2eq) and the number of injuries. In
this regard, Fig. 11a and b depict the performance functions that
represent carbon dioxide emissions resulting from repair actions to
restore the building to its initial condition. These performance functions
correspond to various seismic intensity levels and two specific case
studies (E—00 and E—03). It should be noted that the carbon dioxide
emissions are normalized based on the total carbon dioxide produced
during the construction stage of the building.

It is possible to conduct an analysis similar to the one described
earlier. However, for the sake of brevity, some specific observations are
made. For instance, Fig. 11a shows the case study where damping de-
vices (E—00) are not implemented. It indicates that the environmental
impact for intensities of 0.4g and 0.5g, with a 90 % probability of non-
exceedance, is respectively 50 % and 80 % of the carbon dioxide emis-
sions emitted during the construction phase. On the other hand, the
incorporation of energy dissipation devices (Fig. 11b) reduces the
environmental impact resulting from repair actions to approximately 25
% and 35 % for the same intensity levels, respectively. If this information
is related to that obtained for the case where repair costs were evaluated
(Fig. 10b), it can be established that the repair costs for intensities of
0.4g and 0.5g, considering a 90 % probability of non-exceedance, are
approximately 7.5 % and 15 % of the total replacement cost. Corre-
spondingly, those repair actions would generate an environmental
impact close to 25 % and 35 % of the carbon dioxide emissions emitted
during the construction phase, respectively.

Fig. 12a and b presents the performance functions in terms of the
number of injuries. In Fig. 12a, which represents the case study without
damping devices, the analysis shows that for intensities of 0.4g and 0.5g
with a 90 % probability of non-exceedance, the number of people
injured is 5 and 15, respectively. On the other hand, the implementation
of viscous damping devices, as shown in Fig. 12b, reduces the number of
injuries to less than 5 people for both intensities.

5.5.2. Probability of exceedance of performance measures and expected
annual losses

In the preceding section, the distribution functions were derived by
utilizing the intensity-based method to assess performance. While these
performance curves provide valuable insights for a specific seismic in-
tensity level, they do not consider the probability of occurrence of such
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intensity levels. To address this, a time-based evaluation is necessary.
This approach takes the performance results from the intensity-based
method (Figs. 10-12) and weights them with respect to the probabil-
ity of exceedance of each analyzed intensity (circles in Fig. 4). The re-
sults of these evaluations are then summed for each intensity, and the
outcome is expressed as the mean annual rate of exceedance for a
particular performance measure. The following equation represents this
process mathematically (all variables involved have been previously
defined):

P(DV > dv) = / P(DV > dv|IM = im)dA(IM) ©)

A

Figs. 13-15 present the mean annual rate of exceedance associated
with repair costs (normalized), environmental impact (normalized), and
the number of people injured, respectively. These results correspond to
the case studies E—00 (Figs. 13a, 14a and 15a) and E—05 (Figs. 13b, 14b
and 15b). Additionally, the contribution of every intensity level (rep-
resented by circles in Fig. 4) to the total exceedance rate (envelope) is
also included.

The analysis above indicates that low seismic intensity levels make
the most significant contribution to the total exceedance rate, particu-
larly in terms of repair costs (Fig. 13) and environmental impact
(Fig. 14). Conversely, higher intensity values have a lower impact on the
total exceedance rate. This can be attributed to the reduction in the
derivative of the seismic hazard curve (dA(IM) in equation 10) as seismic
intensity values increase (represented by circles in Fig. 4), resulting in a
smaller contribution. Fig. 15a, which illustrates the number of injured,
exhibits a similar trend. However, for structure E—05 (Fig. 15b), in-
tensity levels ranging from 0.05g to 0.20g do not contribute to the
number of injuries, as these intensity levels generate zero losses in terms
of injuries.

As anticipated, the probability of exceeding a certain performance
value, such as repair costs, environmental impact, and the number of
injuries, is higher for the structure without an energy dissipation system
(E—00), in comparison to the structures equipped with a damping sys-
tem (E—01 to E-10).

6. Optimal sustainable design based on expected annual losses

While Figs. 13-15 enable the identification of the probability of
exceeding a particular performance value and comparison of results
between the two study cases (i.e., with and without damping system), a
comprehensive comparison scenario is possible through the expected
annual loss (EAL). The EAL corresponds to the area under the curve of
the mean annual rate of exceedance and represents the total loss that is
expected to occur within a year. It is a useful measure in determining
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From a sustainability perspective, the optimal design is assumed to
be the one that minimizes the expected annual loss in terms of repair
costs, environmental impact (emissions of CO2eq), and the number of
injuries. As a result, Table 8 displays the expected annual losses for each
of the case studies, calculated based on the performance variables
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Table 8
Expected annual loss due to repair costs, environmental impact, and the number
of people injured.

Case Repair Carbon emissions Serious
studies cost ($) (kg-CO2eq) injuries
E-00 0.208 % 0.66 % 0.00705
E-01 0.075 % 0.15 % 0.00030
E-02 0.075 % 0.13 % 0.00042
E-03 0.070 % 0.128 % 0.00024
E-04 0.15% 0.22 % 0.00050
E-05 0.11 % 0.37 % 0.00054
E-06 0.20 % 0.59 % 0.00058
E-07 0.09 % 0.18 % 0.00104
E-08 0.09 % 0.14 % 0.00448
E-09 0.10 % 0.15 % 0.00636
E-10 0.10 % 0.18 % 0.00648

examined in this study.

It is worth noting that the expected annual losses for repair costs and
carbon emissions were normalized based on the total cost of the building
and the total amount of equivalent carbon dioxide emitted during the
construction phase, respectively. As a result, case study E-03 (a = 0.3)
had the lowest losses across all performance variables considered and is
thus established as the optimal design.

Regarding the E—03 model, the results show a significant reduction
in annual losses of 65 % and 80 % for repair costs and environmental
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impact (Fig. 16a and b) compared to the building without an energy
dissipation system (E—00). Additionally, the number of injuries also
decreased substantially, although the expected annual loss for injuries
was low for both cases.

On the other hand, concerning the structure without damping de-
vices as a reference (E—00). The expected annual losses associated with
repair costs are lower for those cases where the exponent a, which re-
lates to the non-linearity of the damper, ranges from 0.1 to 0.3.
Furthermore, estimated annual losses for structures with « values in this
range (E—01 to E—03) are similar. This is evident in Fig. 16a, which
displays the ratio between estimated annual losses for each case study
with respect to the loss obtained for the reference structure. Conversely,
when the exponent a takes values close to 0.4 and 0.6, the reductions
compared to the reference case are less significant (see Fig. 16a).

The previously described trend in « values has been consistently
reported in prior studies. For instance, Wang and Mahin [31] investi-
gated the potential for retrofitting a 35-story existing steel building with
fluid viscous dampers to minimize economic losses during a significant
seismic event. Their research showed that nonlinear dampers with a
damping exponent a of 0.35 effectively achieved structural control
without generating excessive forces in either the dampers or structural
elements. Additionally, Kolour et al. [108] introduced an algorithm for
the optimal design of steel moment frames equipped with nonlinear
viscous dampers with the aim of minimizing the total cost. Their find-
ings indicated that the optimal damping exponent « fell within the range
of 0.3-0.5 for the analyzed structures. Furthermore, Santos et al. [33]
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Fig. 16. Expected annual loss ratio between each case study and the reference case (E—00): a) repair costs, and b) carbon emissions.
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presented a methodology for assessing the financial losses of
steel-concrete composite frame structures equipped with fluid viscous
dampers, considering seismic and wind hazards, cumulative structural
damage, and repair-related downtime. Their findings revealed that the
optimal design corresponds to structures with dampers, having a
damping exponent a of 0.2 and a glass thickness of 10 mm.

Similarly, the expected annual losses attributable to environmental
impact exhibit a similar pattern (refer to Fig. 16b). It is evident that the
environmental impact is influenced by the repair costs, with higher
repair costs usually leading to greater environmental impact, although
this is not always the case. For instance, in the case of E—04 and E—05,
where the estimated annual repair costs were 0.15 % and 0.11 %,
respectively, the corresponding environmental impacts were 0.22 % and
0.37 %. This disparity can be attributed to the fact that the nonlinear
response of buildings is different, therefore, the structural and non-
structural components susceptible to being damaged are also different.
Consequently, the repercussions for damaged components may be
related to either a greater or a lower environmental impact.

Finally, the building structures equipped with damping systems
(E—01 to E—10) exhibit lower expected annual losses associated with
the number of injuries compared to the reference building (E—00).
Nonetheless, it should be noted that these losses are deemed insignifi-
cant. This is because seismic design guidelines primarily prioritize life
safety, and in this respect, these design guidelines achieve their intended
purpose.

7. Conclusions

The aim of this research was to identify the optimal sustainable
design for a set of building structures that included viscous fluid
dampers. To create a range of design alternatives, the hysteretic prop-
erties of the devices were varied (@) and the seismic performance of each
option was evaluated. The FEMA P-58 methodology was utilized to
assess the seismic performance of the case studies in economic, social,
and environmental terms. To achieve the three dimensions of sustain-
ability, the seismic performance of each design was evaluated based on
repair costs (economic), number of injuries (social), and carbon dioxide
emissions (environmental impact). The optimal design was identified as
the one with a specific value of a that minimized the expected annual
loss based on the previously defined performance variables. According
to the results, the following conclusions can be drawn:

e Time-based performance evaluation should primarily focus on
moderate intensity values with less emphasis on high seismic in-
tensity levels (relative to the seismic hazard of the place). This is due
to the fact that the probability of exceeding a specific performance
threshold is mostly influenced by moderate seismic intensity levels.
A performance evaluation centered solely on high intensity levels
could lead to underestimation of the results as significant informa-
tion from the seismic hazard curve associated with low intensities
would be omitted. Low intensities result in higher exceedance rates.
The E—03 model (o = 0.3) resulted in the case study with the lowest
expected annual losses in terms of repair costs, environmental
impact, and number of injuries, thus being determined as the optimal
design. The results indicate a reduction in expected annual losses of
65 % and 80 % in terms of repair costs and carbon emissions,
respectively, compared to the structure without an energy dissipa-
tion system (E—00). Additionally, there is a significant reduction in
the number of injuries; however, the expected annual losses in both
cases are minimal.

In general, buildings with a viscous damping system (E—01 to E—10)
have better seismic performance than those without an energy
dissipation system (E—00). In this regard, the exponent a, related to
the nonlinearity of the damper, has a significant influence on the
performance of the analyzed cases. Structures with the highest per-
formance indices are related to a values between 0.1 and 0.3 (i.e.,
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E—01 to E—03). However, this conclusion corresponds to a high-rise
building (28 levels) and to dynamic characteristics of a particular site
(Acapulco, Gro.). Therefore, it is necessary to analyze structures of
different heights and verify if indeed such a values produce the best
performance.
e Carbon emissions are strongly related to repair actions (i.e., repair
costs) and often, the higher the repair costs, the greater the envi-
ronmental impact. However, the environmental impact produced in
a structure with higher repair costs than another building may be
lower due to the different response of the buildings. Therefore, the
structural and non-structural components susceptible to damage are
also different, and consequently, the repair actions of those compo-
nents may generate more or less carbon emissions to the environ-
ment. On the other hand, Mexico has a scarce database to carry out
life cycle analysis, therefore, life cycle inventories of developed
countries were used to evaluate the environmental impact related to
the construction sector. Regarding this issue, a national database is
required to represent local materials and processes and thus char-
acterize the environmental impact with greater certainty.
Expected losses associated with the number of injuries are lower for
buildings with a supplementary damping system (E—01 to E—10)
compared to the building that does not include an energy dissipation
system (E—00). Nevertheless, the expected losses related to the
number of injuries are minimal for both systems. Certainly, current
seismic design guidelines of structures prioritize life safety, thus,
from this point of view, these design guidelines fulfill their objective.

Finally, it is important to point out the following:

The widely used EIO-LCA method tends to overestimate the envi-

ronmental impact, while Process-Based Life Cycle Analysis (PLCA) is

more precise but less practical, requiring extensive data on product
life cycle processes. A comprehensive comparison of EIO-LCA and

PLCA, which includes adequate data to assess the environmental

impact specifically for site of interest, would be valuable.

e The repair costs database in PACT was established for the United
States. Despite adjustments made to account for the geographical
location, some bias in the repair cost estimates may persist. A valu-
able approach would involve a comparative study that directly de-
termines the economic consequences of damage states for the site of
interest.

e Due to the scarcity of ground motion records in the area of study, a

formal ground motion selection procedure was not feasible. A

comparative study that considers multiple ground motion records

from a similar region or even synthetic accelerograms would be
worthy to assess the consistency of nonlinear displacement
estimates.

Since the highest performance indices are associated with a values

between 0.1 and 0.3, a comparative study of viscous dampers with

different damping constants and damper locations, all characterized
by exponents in the range of 0.1 and 0.3, would be of great interest.
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