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ABSTRACT
Earthquakes are one of the most devastating natural hazards that influence the well-being of
communities. The ability of communities to recover from extreme events depend primarily on the
condition of its infrastructure. Understanding damage to critical infrastructure, with occupancy
category VI, following different levels of earthquake events is particularly vital to recovery and
continued functioning of societies. Numerical finite element simulations are considered a reliable
tool for response assessment of structures under earthquake loading. When developing finite
elements models, various geometrical and behavioral assumptions are typically made to simplify
the modeling approach and to save on computational cost. However, the effect of these
assumptions on analysis results could be substantial and could significantly alter the decisionmaking process in terms of design, assessment, or retrofit of the structure
considered. Moreover, the inclusion or the exclusion of soil-foundation-structure interaction could
have substantial effect on the results. In this study, the seismic response of a six-story hospital
building with buckling restrained braces located in Memphis, USA, is evaluated. Differe nt
numerical finite element simulations for the hospital building are presented to evaluate the
effect of modeling resolution on building response. Various nonlinear features are considered in
the simulations including realistic hysteresis behavior of the connections, buckling-restra int
braces, and soil-structure interaction. Both 2D and 3D numerical models are used to highlight the
differences in the results. The effect of modeling resolution on the building fragilities for both
structural and non-structural components are also presented for each of the investigated model.
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ABSTRACT
Earthquakes are one of the most devastating natural hazards that influence the well-being of
communities. The ability of communities to recover from extreme events depend primarily on the
condition of its infrastructure. Understanding damage to critical infrastructure, with occupancy
category VI, following different levels of earthquake events is particularly vital to recovery and
continued functioning of societies. Numerical finite element simulations are considered a reliable
tool for response assessment of structures under earthquake loading. When developing finite
elements models, various geometrical and behavioral assumptions are typically made to simplify
the modeling approach and to save on computational cost. However, the effect of thes e assumptions
on analysis results could be substantial and could significantly alter the decision -making process in
terms of design, assessment, or retrofit of the structure considered. Moreover, the inclusion or the
exclusion of soil-foundation-structure interaction could have substantial effect on the results. In
this study, the seismic response of a six-story hospital building with buckling restrained braces
located in Memphis, USA, is evaluated. Different numerical finite element simulations for the
hospital building are presented to evaluate the effect of modeling resolution on building
response. Various nonlinear features are considered in the simulations including realistic hysteresis
behavior of the connections, buckling-restraint braces, and soil-structure interaction. Both 2D and
3D numerical models are used to highlight the differences in the results. The effect of modeling
resolution on the building fragilities for both structural and non-structural components are also
presented for each of the investigated model. The fragilities are then utilized to derive the and
compare the loss functions, comprising of social and economic losses, for all investigated models.

Introduction
Earthquakes are known to have catastrophic economic and social impacts on communities. This
has motivated research efforts to be placed on mitigating these impacts and ultimately minimizing
societal losses. This is realized through assessing the level of functionality of the infrastructure of
interest directly following the earthquake and during the recovery process. Estimating the
functionality, however, depends primarily on the fragility functions utilized, which represent the
probability of exceeding a certain performance limit states. The most common approach for
developing seismic fragility function is through using numerical finite element analysis (FEA).
Undoubtedly, the modeling approach utilized in a FEA will have an impact on the produced results.
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Different level of modeling resolution have been used in various studies to estimate building
fragilities [1–5]. Nevertheless, the effect of using different level of modeling resolution on the
calculated fragilities and the subsequently estimated losses has not been deeply investigated.
In this study, different levels of finite element modeling resolution are introduced, for a
total of five models, starting with basic modeling that is commonly used by designers up to more
comprehensive modeling that is usually used to simulate important structures. Different tools are
utilized to develop the models including ANSYS and OpenSees finite element software as well as
experimental and numerical studies available in the literature. The most enhanced model of the
hospital in this study includes representing the entire 3-D geometry of the structure while
implementing a comprehensive model for the material, braces, connections, and soil-structure
interaction. All five models were employed in incremental dynamic analysis (IDA) and the results
used to develop the corresponding fragility functions. The fragilities describe the probability of
exceeding a specific limit state for structural and non-structural components. The developed
fragilities are further utilized to estimate the economic and social direct losses to highlight the
effect of the modeling resolution on the expected losses resulting from a seismic event.
Building Description
A buckling restrained braced hospital building designed for the National Earthquake Hazard
Reduction Program (NEHRP) for Memphis, Tennessee, USA [6,7] has been selected in this
research to investigate the modeling resolution effect on the seismic fragility and losses estimatio n.
The building is seven stories including a basement floor with typical floor height is 4.27 m except
the first floor that have a floor height of 6.10 m. The typical floor plan has six bays in the N-S
direction and five bays in the E-W direction with typical main beam span of 9.14 m. A buckling
restrained brace attached in both the N-S and E-W directions to resist the lateral loads as shown in
Figure 2(a) and (b).
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Figure 1: (a) Typical floor plan, and (b) typical bracing elevation.
In this research, five different finite element models are used to simulate the behavior of the

hospital, starting with the most basic and ending with the most comprehensive. OpenSees is used
to develop and analyze the presented models. Table 1: shows the components of each modeling
approach used.
Table 1: Detailed summary of the different models used
Model ID
Material modeling
of steel elements
BRB element

BRB-to-beam or to
beam-column
connection
Rigid beam-tocolumn connection
Pinned and semirigid beam-tocolumn connection
Column bases

*B-2D-NS
Elastic-plastic w/o
fatigue damage effect
Truss element and
exclusion of the nonyielding zones
Ture pin

*E-2D-NS
*E-2D-WS
*E-3D-NS
*E-3D-WS
Elastic-plastic with strain hardening and fatigue damage

Fully rigid

Initial stiffness and rotational capacity are based on numerical
modeling
Initial stiffness and rotational capacity are based on numerical
modeling and literature

Ture pin

Fully fixed

Beam-column element and inclusion of the non-yielding and
connection zones
Initial stiffness and rotational capacity based on an analytical
solution

Fully fixed

Beam on
Winkler soil

Fully fixed

Beam on Winkler
soil

*Note: B = Basic; E = Enhanced; 2D = T wo-dimensional; 3D = T hree-dimensional; NS = No soil; WS = With soil

The material models utilized for representing the various building components include
Steel02 material used to model the steel elements, Concrete02 used to model the concrete members
and Steel04 material used to model the BRBs. Strain hardening and low cycle fatigue effects,
however, are only implemented in the enhanced models. The BRB members are separated into
three zones based on the expected behavior of each zone. The connection and the non-yield ing
zones are usually designed to be in the elastic range. The yielding zone is designed, however, to
yield during loading of the BRB. Therefore, both the connection and the non-yielding zones are
modeled using elastic elements and the yielding zone is modeled using Steel04 material as shown
in Figure 2(b). Four different connection types exist in the investigated building based on the
design drawings [7]. They include rigid, semi-rigid, pinned, and BRB connections. Differe nt
springs are used to model the BRB connections to simulate the connection’s in-plane and out-ofplane behavior as shown in Figure 2(c). Tsai’s [8] calculation method is used to estimate the inplane behavior of the BRB connections and Koetaka’s [9] set of equations are utilized to obtain
the out-of-plane behavior of the BRB connections. In addition, the rigid and the semi-rigid
connections’ behavior in the enhanced models are estimated using 3-D non-linear finite element
models, developed using ANSYS software, as shown in Figure 2(d) and (e). The ANSI/AISC 34105 seismic provision’s [10] cyclic loading protocol is used to investigate the hysteretic behavior
of connections. The pinned connections are modeled using rotational springs based on the
proposed model by Astaneh-Asl [11] as shown in Figure 2(f). Unlike the enhanced models, in the
basic models the connections are presented as either full rigid or simple pin connections. The soilstructure interaction behavior captured using the Beam-On-Nonlinear-Winkler-Founda tio n
(BNWF) Model, which is commonly used to simulate shallow foundations as shown in Figure
2(g). The underneath soil classifications mentioned in the NEHRP report [6] and the corresponding
soil properties is estimated based on ATC-40 [12]. More detailed descriptions of the presented
models and the implemented modeling approach can be found in Hassan and Mahmoud [13].
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Figure 2: Hospital building: (a) general configuration, (b) buckling restrained brace material
model, (c) buckling restrained brace connection model, (d) rigid connection proposed
model, (e) semi rigid connection proposed model, (f) pinned connection model, (g)
soil-structure interaction model.
Losses Framework
Loss estimations due to hazards are commonly subdivide into two main categories: direct losses
(LD) and indirect losses (LI). Direct losses pertain to all expected losses immediately after the
hazard and comprise of economic losses (LDE) and social losses (LDS ). Indirect losses cover all
losses that accumulate over a longer period and comprise of indirect economic losses or business
interruption (LIE) and indirect social losses (LIS ) as noted by Cimellaro et. al. [14]. This study
pertains only to direct economic and social losses.
Direct Economic Losses
The direct economic losses (LDE) are expressed as a combination of the structural content losses
(LS,DE), non-structural component losses (LNS,DE), and content losses (LC,DE) as shown in Eq. (1).
Eq. (2), (3) and (4) are used to calculate the structural, non-structural, and content losses,
respectively. In addition, Hazus-MH 2.1 [15] is used to estimate the reference values of the
building losses as a function on the structural, non-structural drift sensitive and non-structure
acceleration sensitive fragilities. The structural losses are associated with damage to structural
elements such as beams, columns, and bracing. The non-structural losses pertain to equipment,
mechanical components, stairs, and alike. The content losses include elements such as furniture,
partitions, and doors.
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Where, RS , RNS and RC are the replacement costs for the structural components, the nonstructural components, and contents, respectively; CS ,j is the repair cost ratio for the structural
components as percentage of the building replacement cost at damage state j; PS ,R(I) is the
probability of exceeding the limit state for the structural components; Ti is the building age in years
before earthquake occurrence; δi is the annual depreciation rate; ri is the annual discount rate; wk
is the weighting factor for the non-structural component k; CNS ,j is the repair cost ratio for the nonstructural components as percentage of the building replacement cost at damage state j; PNS ,R(I) is
the probability of exceeding the limit state for the non-structural components; NNS is the total
number of non-structural components in the building; CC,j is the content damage ratio as percentage
of the building replacement cost at damage state j; PC,R(I) is the probability of exceeding the limit
state for the building contents.
The hospital building is assumed to have been built in 2012 and struck by the earthquake
in 2017. The values for the structural repair cost are obtained from Hazus-MH 2.1 [15]. The total
construction cost is obtained from the NIST report [6] as $408.14 per square feet with a total cost
of $77,138,000. Therefore, the replacement cost can be computed as $14,777,000 for the
superstructure, RS, $30,955,000 for the equipment, stairs and elevators including the mechanica l
and electrical components, RNS , and $14,971,000 for the interior partitions and finishes, RC. In
addition, a design and general site work cost of $16,435,000 is considered and is unifor mly
distributed to each building’s component. The annual depreciation and discount rates are assumed
as 1% and 4%, respectively. Because of the significance of non-structural components in a typical
hospital building, the estimated losses from damage to non-structural components have higher
weighting factor, wk.
Direct Social Losses
The direct social losses (LDS ) can be simply presented as a ratio between instantaneous number of
injured or dead to the total number of building occupants before earthquake occurrence (casualty
rate) as per Cimellaro [14]. Based on Hazus-MH 2.1 [15], the number of people injured or dead
inside (indoors-Ni,in ) or outside (outdoors-Ni,out) the building can be assumed as a function of the
damage level and the building occupancy type as shown in Eq. (5) and (6), respectively.
𝑁𝑖,𝑖𝑛 = 𝑁𝑖𝑛 . 𝑃𝑖,𝑖𝑛

(5)

𝑁𝑖,𝑜𝑢𝑡 = 𝑁𝑜𝑢𝑡 . 𝑃𝑖,𝑜𝑢𝑡

(6)

Where, 𝑁𝑖𝑛 is total number of indoor occupants; 𝑃𝑖,𝑖𝑛 is the probability that the severity
level i will exist for indoor occupants; 𝑁𝑜𝑢𝑡 is the total number of outdoor pedestrians; 𝑃𝑖,𝑜𝑢𝑡 is the
probability that the severity level i will exist for outdoor pedestrians. The casualty rate can be
divided into four severities per Hazus based on the injury description, ranging from severity 1 for
the instantaneously killed to severity 4 for the injured that require basic medical aid. Because the
hospital building occupants rate depends on the time of the day, different time scenarios are
selected to represent the earthquake occurrence time. Subsequently, the total number of indoor
(Nin ) occupants and outdoor (Nout) pedestrians associated with the hospital is estimated based on
Eq. (8) and (9), respectively, as a function of the total number of the people employed or served
by the hospital.
𝑁𝑖𝑛 = 𝑄𝑖𝑛 . 𝑁𝑡𝑜𝑡

(7)

𝑁𝑜𝑢𝑡 = 𝑄𝑜𝑢𝑡 . 𝑁𝑡𝑜𝑡

(8)

Where, 𝑄𝑖𝑛 is the ratio of the building indoor occupants; 𝑄𝑜𝑢𝑡 is the ratio of the building
outdoor pedestrians; and Ntot is the maximum number of hospital users during normal operation.
In this study, the ratio of building indoor occupants is estimated using FEMA P-58-1 [16] and the
ratio of the building outdoor pedestrians estimated using Hazus-MH 2.1 [15].
𝐿 𝐷𝑆 (𝐼 ) = [∑4𝑖=1 (𝛼𝑖 . 𝑁𝑖,𝑖𝑛 ) + ∑4𝑖=1(𝛼𝑖 . 𝑁𝑖,𝑜𝑢𝑡 )]/𝑁𝑡

(9)

Where, Nt is the total number of people using the hospital at the time of earthquake and αi
is a weight factor associated with each severity level i. The weighting factors are assumed as 100%,
50%, 25% and 1% for severity levels 1 to 4, respectively. The total direct losses, 𝐿 𝐷, of the hospital
building can be presented as a combination of the direct economic losses and the direct social
losses as per Cimellaro [14] as shown in Eq. (10). Where, αDE and αDS are weighting factors. More
detailed descriptions of the losses estimation framework can be found in Hassan and Mahmoud
[17].
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Results and discussions

The results presented in this section include the seismic fragilities and the corresponding direct
losses for different modeling approaches. The IDA is conducted using the far field ground motions
listed in FEMA P695 [18]. Using the IDA results and the structural and non-structural damage
limits, the seismic fragilities are developed for all models as shown in Figure 3. From the figure,
the differences between the results obtained using the 3-D models versus the 2-D models are
evident. The figure also shows the effect of the soil-structure interaction on building fragility to be
significant at higher earthquake intensity. The effect of modeling resolution on structural damage
is more significant than the non-structural acceleration sensitive components damage. Moreover,
using 2-D models and ignoring the soil-structure interaction results in the probability of the failure
being underestimated.

N-S direction

Non-structural
drift sensitive
fragility

Structural
Damage fragility

Non-structural
acceleration
sensitive fragility

E-W direction

Non-structural
drift sensitive
fragility

Structural
Damage fragility

Slight
B-2D-NS

Moderate
E-2D-NS

Extensive

E-2D-WS

Non-structural
acceleration
sensitive fragility

Complete

E-3D-NS

E-3D-WS

Figure 3: Seismic fragilities for structural, non-structural drift sensitive and non-structural
acceleration sensitive components in both the N-S direction and the E-W direction for
different modeling resolution.
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Figure 4(a) and (b) show the direct economic losses for the different models in the N-S and
the E-W directions, respectively, for the structural components, non-structural components, and
contents. As shown in the figures, non-structural component losses are a major contributor to the
total direct economic losses; not only because of the higher cost of non-structural components in
such critical infrastructure building but also because of the importance of these components. The
total direct losses (LD), which are combination of economic and social losses of the hospital, for
the 2:00 AM scenario, are shown in Figure 4(c). The results show the hospital to be more
vulnerable to earthquake excitation in the E-W direction than the N-S direction. The 2-D models
without soil-structure interaction are not conservative compared to the E-3D-WS model.
(c)

N-S direction
E-W direction

Figure 4: Comparison between different losses: (a) N-S direction and (b) E-W direction (c)
comparison between the estimated total direct losses ratio for different modeling

resolutions.
The direct social losses are function on the earthquake time scenario. Different earthquake
time scenarios are investigated including: 2:00 AM, 2:00 PM weekday, 2:00 PM weekend, 5:00
PM weekday and 5:00 PM weekend. The reason for choosing these scenarios is that they are very
distinct and represent peak and low operating time for the hospital during and after rush hours.
Figure 5(a) and (b) show the direct social losses based on different earthquake time scenarios for
the N-S and E-W directions, respectively. While the results show increase in losses for the
weekday scenarios, the losses are still minor overall.
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Figure 5: Estimated direct social losses based on different earthquake time scenarios: (a) N-S
direction and (b) E-W direction.
Conclusions
This study pertains to investigating the effect of modeling resolution on the seismic fragility and
the corresponding direct economic and social losses of a steel hospital. The following conclusio ns
can be drawn from this study:
 Enhanced finite element models in which materials, connections, braces, and structurefoundation-soil interactions are accurately represented are essential for proper
estimation of infrastructure damage, particularly for critical systems such as a hospital
building.
 The effect of modeling resolution on the produced fragilities is substantial.
 The estimated losses for the hospital building are function of the resolution of the finite
element model used in addition to the earthquake shaking direction.
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