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Abstract. With ongoing development of earthquake engineering research and the lessons learnt from a
series of strong earthquakes, the seismic design concept of “resilience” has received much attention.
Resilience describes the capability of a structure or a city to recover rapidly after earthquakes or other
disasters. As one of the main features of urban constructions, tall buildings have greater impact on the
sustainability and resilience of major cities. Therefore, it is important and timely to quantify their seismic
resilience. In this work, a quantitative comparison of the seismic resilience of two tall buildings designed
according to the Chinese and US seismic design codes was conducted. The prototype building, originally
designed according to the US code as part of the Tall Building Initiative (TBI) Project, was redesigned in
this work according to the Chinese codes under the same design conditions. Two refined nonlinear finite
element (FE) models were established for both cases and their seismic responses were evaluated at different
earthquake intensities, including the service level earthquake (SLE), the design-based earthquake (DBE) and
the maximum considered earthquake (MCE). In addition, the collapse fragility functions of these two
building models were established through incremental dynamic analysis (IDA). Based on the numerical
results, the seismic resilience of both models was quantified and compared using the new-generation seismic
performance assessment method proposed by FEMA P-58. The outcomes of this study indicate that the
seismic resilience of the building according to the Chinese design is slightly better than that according to the
US design. The conclusions drawn from this research are expected to guide further in-depth studies on
improving the seismic resilience of tall buildings.
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1. Introduction

With ongoing development of earthquake engineering research and the lessons learnt from a
series of strong earthquakes, the seismic design concept of “resilience” has drawn increasing
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attentions worldwide (Mieler et al. 2013, Jacques et al. 2014). The term “resilience” has been used
in many disciplines (Chang and Shinozuka 2004, Rose 2004, Deco et al. 2013). “Resilience” was
defined in PPD-8 (2011) as “the ability to adapt to changing conditions and withstand and rapidly
recover from disruption due to emergencies”. This concept was further expanded in PPD-21
(2013) to include “the ability to prepare for and adapt to changing conditions and to withstand and
recover rapidly from disruptions”. Bruneau et al. (2003) defined the seismic resilience as “the
ability of social units (e.g., organizations, communities) to mitigate hazards, contain the effects of
disasters when they occur, and carry out recovery activities in ways that minimize social disruption
and mitigate the effects of future earthquakes”.

After Christchurch was devastated by earthquake in 2011, none of the 51 tallest buildings in the
city collapsed owing to the rigorous seismic standards of New Zealand. Nonetheless, 37 of these
tall buildings had to be demolished due to their severe damage and potentially high costs to repair,
leading to enormous economic loss and negative social impact (Wikipedia Contributors 2015).
Therefore, the seismic design concept of “resilience” for tall buildings has become vitally
important for modern scientific community. In this regard, many studies have been conducted in
relation to the seismic resilience of buildings and healthcare systems (Cimellaro et al. 2010,
Biondini et al. 2015). At the UN World Conference on Disaster Risk Reduction in 2015, the UN
Development Programme (UNDP) announced a new 10-year global program to support the
national efforts in reducing the risks of disasters. The program, named “5-10-50”, is expected to
provide a strong support to 50 countries and communities over 10 years in delivering better
risk-informed development. The “resilient recovery” was also listed as one of the five strategic
areas on which the program will focus (UNDP 2015).

Rapid global urbanization has seen tall buildings being an important part of the urban
construction. The seismic resilience of tall buildings has become a critical issue in sustainable
urban development due to the dense population and property they contain. Currently, significant
progress has been made in relation to the seismic performance of tall buildings through long-term
research projects. For example, Lu et al. (2011, 2013a) studied the collapse resistance of several
typical super-tall buildings using the finite element (FE) method. The outcome of their work has
assisted in the design optimization of those buildings (Lu et al. 2016a). In addition, extensive
studies (Lu et al. 2007, Fan et al. 2009, Poon et al. 2011, Takewaki and Tsujimoto 2011, Chang et
al. 2013, Kim and Lee 2013, He et al. 2014, Jiang et al. 2014, Lu et al. 2013b, 2014, 2015a,
2016b) on structural seismic performance have been performed for tall and super-tall buildings
through experiments and numerical simulation, providing valuable practical advices on seismic
design. The research mentioned above shows that the structural seismic performance of tall
buildings, especially of frame-shear wall and frame-core tube buildings, can meet the safety
requirements set by the design standards.

Nevertheless, to achieve the objective of resilience, the structures are required not only to
sustain a state of safety in earthquakes but also to be prepared for post-earthquake recovery to
ensure continued operation and functionality immediately thereafter (Almufti and Willford 2013).
Therefore, it is important to gather accurate information on the repair costs and repair time of the
buildings under earthquakes. In the conventional performance-based seismic design, the seismic
performance of the structural components was normally considered in detail, but that of the
nonstructural components was often neglected. Note that earthquake-induced repair costs of
nonstructural components and contents of modern tall buildings usually account for more than
50% of the total cost, due to the increasing expenses of these components (Liu and Jiang 2013).
For example, during the 1994 Northridge earthquake, nonstructural damages accounted for 50% of
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the total loss (i.e., approximately $18.5 billion of building damage) (Kircher 2003). Therefore, to
achieve a better prediction on the seismic losses of buildings in earthquakes, all structural
components and nonstructural contents of buildings should be considered. To address this issue,
the next generation performance-based seismic design method (i.e., FEMA P-58 Seismic
Performance Assessment of Buildings, Methodology and Implementation) (referred to as “FEMA
P-58 method” hereafter), was proposed by the Federal Emergency Management Agency (FEMA)
and the Applied Technology Council (ATC) of the United States (US) (FEMA 2012a, b). An
associated software (i.e., Performance Assessment Calculation Tool (PACT)), was also provided to
facilitate the implementation of the FEMA P-58 method. Based on this method, the repair costs,
repair time and casualties of buildings under earthquakes can be readily obtained, and such
information can also be easily understood by the stakeholders. For this reason, the FEMA P-58
method is adopted in this work.

China and the US have constructed a large number of tall buildings. Both countries have also
developed well-accepted seismic design codes according to their own practical conditions.
Therefore, it is a very meaningful task to make a thorough comparison of the seismic performance
of tall buildings designed according to the Chinese and the US codes. Recently, Lu et al. (2015b)
compared the seismic designs of two typical reinforced concrete (RC) frame-core tube buildings
based on the Chinese and US codes, which has provided valuable references to the structural
design of tall buildings. Nonetheless, while the structural seismic performance of these tall
buildings has been systematically investigated by Lu et al. (2015b), damage of nonstructural
components and building contents were not considered. Therefore, the work of Lu et al. (2015b)
was extended in this study where a quantitative comparison of the seismic resilience of the two RC
frame-core tube buildings were conducted using the FEMA P-58 method. Generally, a resilient
system exhibits reduced failure probabilities, reduced consequences from failures (in terms of life
loss, damage, and negative economic and social consequences), and reduced time to recovery
(Bruneau et al. 2003). These three key features are critical in assessing the seismic resilience of
building systems. For this reason, seismic resilience of tall buildings was quantified in this work
based on these three features. In Section 4.1, the failure probabilities of the buildings were
guantified through the collapse fragility curves obtained from IDA. In Section 4.2, the
consequences from failures were elaborated in terms of the repair costs and casualties. In Section
4.3, the time to recovery was illustrated in some detail. The conclusions drawn from this research
are expected to guide further in-depth studies on improving the seismic resilience of tall buildings.

2. Seismic design information of the case study buildings

To improve the practical applications of the performance-based seismic design methods for tall
buildings, the Pacific Earthquake Engineering Research Center (PEER) has launched the TBI
research plan (TBI 2010), conducted thorough investigations on the seismic design of tall
buildings, and provided a few representative engineering cases for researchers undertaking further
studies. One of the cases is a 42-story RC frame-core tube building with a height of 141.9 m above
the ground, as shown in Fig. 1(a). The building designed to the US code is named “Building 2A”.
Through a thorough investigation, Lu et al. (2015b) indicated that the seismic hazard of Building
2A was practically equivalent to the 8.5 degree seismic intensity zones specified in the Chinese
seismic design code (with a peak ground acceleration (PGA) of 0.30 g at a 10% probability of
exceedance at the 50-year hazard level). Subsequently, based on the specific design information,
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Building 2A was redesigned according to the Chinese codes (Lu et al. 2015b), named “Building
2N”. Detailed information of Buildings 2A and 2N, documented in Lu et al. (2015b), indicates that
although both buildings have an equivalent seismic hazard level, they differ significantly due to
the differences between the seismic design methods of China and the US, as given below.

(1) Building 2N has more internal walls in the core tube and larger columns (Fig. 1). The
seismic design forces determined by the Chinese response spectrum are larger than the US
counterparts at the same seismic hazard level. In addition, a more rigorous requirement for the
story drift ratio is specified in the Chinese codes, thereby resulting in larger seismic design forces.
These two aspects lead to a larger lateral stiffness and a higher level of material consumption
(concrete and reinforcement) of Building 2N than those of Building 2A as shown in Fig. 2.

(2) Nonlinear time history analysis (THA) was performed by Lu et al. (2015b) for these two
buildings using the 22 far-field ground motion records recommended by FEMA (2009). The
corresponding PGA values of these selected ground motions were scaled to 0.11 g, 0.30 g and 0.51
g (i.e., the corresponding PGAs at respectively 63.2% (SLE), 10% (DBE) and 2% (MCE)
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Fig. 1 Three-dimensional view and typical floor plan of Buildings 2A and 2N (Lu et al. 2015b) (unit: mm)
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probability of exceedance at 50-year hazard level defined in the Chinese codes (GB50011-2010
2010)). The mean values and standard deviations of story drift ratio and floor acceleration of
Buildings 2A and 2N subjected to these ground motions are presented in Figs. 3 and 4. The two
buildings are found to perform similarly, except that the deformation of Building 2N is slightly
smaller due to the more rigorous serviceability requirements of the Chinese codes.

The foregoing comparison indicates that Building 2N (designed following the Chinese codes)
demonstrates a larger stiffness and a smaller deformation under earthquakes and exhibits better
structural seismic performance. On the other hand, the Chinese design results in a larger amount of
steel and more structural components. Thus, it is challenging to evaluate the Chinese and the US
designs based purely on the structural seismic performance and the construction costs. A thorough

performance-based evaluation is therefore required to quantify the seismic resilience of these two
buildings.

SLE

DBE MCE
\ \ p / \ !
aof 1/ o a0f ! \ awof o+ f !
v e I 2 1 !
} \ [ 4 o | ) B \
/ ' 1 v I Vi
| \ 1y V! I \
30 ! 30F 1 ¢! 30+ 1% A
i h 1 ! ! !
\ " 1! ] Vo il
) v 1 T | /
& v / 1 1 Yn Y
s20r | / 20F 1 1 20 M, '
7 L — L ‘, 1 Iy
{ Building 2A Mean ) T4 1y
' - =~ -2A Mean + StDev ?\ Ll L
¢ —— Building 2N Mean gl )
0 0 e i !
\ = = -2N Mean + StDev 1 ! I
\ V! ]
\\ g \\ ’I W\ / /
/ Ay 7 4
\\\ &7z 7 ik AN P 4
o o
. X L . L . . L .
-0.002 -0.001 0.000 0.001 0.002 -0.006 -0.003 0.000 0.003 0.006 -0.012 -0.006 0.000 0.006 0.012
Story Drift Ratio /rad Story Drift Ratio /rad Story Drift Ratio /rad
Fig. 3 Story drift ratio responses of Buildings 2A and 2N
SLE DBE MCE
2 =
40 - 40 -
30 - 30
E 20 t 20
w2

Building 2A Mean |

- - - 2A Mean+StDev
Building 2N Mean 10
— = 2N Mean+StDev

0

0.2 0.4
Floor acceleration /g

I L | | | L
0.2 04 06 0.8 02 04 06 08
Floor acceleration /g Floor acceleration /g

0.0 1.0

Fig. 4 Floor acceleration responses of Buildings 2A and 2N



930 Yuan Tian, Xiao Lu, Xinzheng Lu, Mengke Li and Hong Guan

3. Quantification method for seismic resilience

As mentioned in Section 1, the three key features of resilient systems (i.e., reduced failure
probabilities, reduced consequences from failures and reduced time to recovery (Bruneau et al.
2003)) are considered herein to quantify the resilience and performance of the two buildings. This
presents an important scientific advancement to the traditional seismic performance evaluation
based on engineering demand parameters (EDPs) (e.g., story drift ratio, floor acceleration, shear
force, et al.). Furthermore, the relevant evaluation results are can be very easily understood by the
building owners and government authorities.

The failure probabilities can be accurately assessed based on the collapse fragility curves of the
structures obtained from IDA, which will be discussed in Section 4.1 in detail. Notably, the major
challenge to quantify the seismic resilience is to acquire the accurate information of the repair
costs and repair time for the buildings. Such information cannot be obtained through conventional
THA. Instead, the FEMA P-58 method is used herein to determine the seismic losses and the repair
time. The basic procedure of the FEMA P-58 method is illustrated in Fig. 5.

Various parameters are needed to calculate the casualties, losses and repair times. Note that the
parameter values given in FEMA P-58 are determined statistically according to the practical
conditions of America and may be quite different from those of China. Notwithstanding, to ensure
comparability of these two buildings and facilitate understandability of the outcomes, the
parameters recommended by FEMA P-58 are adopted herein for both buildings.

To enable researchers to conveniently implement the seismic loss assessment procedure, an
associated software PACT (Performance Assessment Calculation Tool) has been developed
(FEMA 2012b) to facilitate the implementation of the FEMA P-58 method in the modeling and
analysis tasks. PACT is also adopted in this study to predict the seismic losses (repair costs, repair
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time and casualties) of Buildings 2A and 2N. Note that detailed definition of the parameters
mentioned below can be found in FEMA (2012a). The main analysis steps of PACT are:

Step 1 (basic project information): the region cost multiplier and date cost multiplier should be
defined according to the actual conditions, which will be used to modify the consequence function
of repair costs due to different regions and inflation. As the present study focuses on the
comparison of seismic losses of tall buildings designed according to different codes, the
discrepancies in cost caused by different regions and inflation are ignored. For this reason, both
multipliers are set to 1.0.

Step 2 (building information): certain building parameters, such as the number of stories, core
and shell replacement cost, total replacement cost, and replacement time, must be defined. The
core and shell components include the basic building structure and cladding, and all nonstructural
components that are not typically provided by the tenants, such as elevators, stairs, toilet rooms,
and basic electrical and mechanical services. The core and shell replacement costs are required to
replace all building core and shell items, including an allowance for building demolition and site
clearance. The total replacement cost covers the cost of core and shell constituents plus the cost to
replace tenant improvements and contents. The tenant improvements commonly involve office
partitions, ceilings, light fixtures, heating, ventilation and air conditioning (HVAC), and electrical
distribution within occupied spaces except in common areas, such as lobbies or central plants.
Moehle et al. (2011) and Davis Langdon (2010) provided, respectively, the core and shell
replacement cost and the total replacement cost, and a list of cost items for Building 2A. Because
of the identical building layout and occupancy function, all corresponding costs for Building 2N
are assumed to be the same as for Building 2A, except for the cost incurred by the amount of
structural material consumption. According to Comerio and Blecher (2010) and Comerio (2000), a
replacement time of 1500 days is adopted for both buildings. According to the recommended value
given in FEMA P-58 Volume 2 (FEMA 2012b), the height factor, which is used to reflect the
increases in the repair cost attributable to loss of efficiency due to working in high stories and the
additional cost incurred by the corresponding material transport and protection measures, is set to
be 1.00 for stories 1 to 4, 1.08 for stories 5 to 10, and 1.16 for story 11 and higher. The hazmat
factor, reflecting the additional cost due to various hazardous material premiums, is taken to be
1.0. The occupancy factor, referring to as the additional cost of working around ongoing building
operations, equipment, and the collateral protection required for some construction characteristics,
varies with the occupancy category. Here, the occupancy factor is set to 1.2 for retail and 1.1 for
residential categories (FEMA 2012b). The other factors are taken to be default.

Step 3 (population model): the population model is the distribution of occupants within the
building at various times of the day and is used for casualty assessment. The population models
provided in PACT are used. The retail population model is used for story 1, and the residential
population model is used for stories 2 to 42 following Moehle et al.’s (2011) work.

Step 4 (component fragility specifications and performance groups): PACT provides a dataset
of more than 700 individual fragility specifications, containing both structural and nonstructural
components. Typically, the peak story drift ratio and/or the peak floor acceleration are used to
determine whether a component is damaged. In the present study, the number of structural
components is calculated according to the actual situation. The number of nonstructural
components is estimated using the Normative Quantity Estimation Tool provided by FEMA P-58.
Note that the nonstructural components of the two buildings are assumed to be the same due to the
same building layout and occupancy function. The fragility specifications of the structural and
nonstructural components for Buildings 2A and 2N are given in Appendix A.
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Table 1 Parameters of collapse fragility curves for Buildings 2A and 2N

Building 2A Building 2N
Median value dg 4.011 4.261
Dispersion g 0.551 0.573
CMR 7.86 8.35

Step 5 (collapse fragility and mode): the median value & and the dispersion value S of the
collapse fragility curve, the collapse mode, and the fatality and injury rate of the building are
required. Using the IDA method, the collapse fragility curves of Buildings 2A and 2N can be
obtained (Fig. 6). Subsequently, the parameters of the collapse fragility curves can be determined
as summarized in Table 1. According to FEMA (2008), the mean fatality rate and the mean injury
rate are set to 10% and 90%, respectively, and the default value of 0.5 is used for the associated
COV.

Step 6 (structural seismic analysis results): according to the selected fragility specifications, the
demand parameters to be considered include the peak story drift ratio, the peak floor acceleration,
and the peak coupling beam rotation. These parameters have been determined by Lu et al. (2015b)
through a nonlinear THA for Buildings 2A and 2N using the 22 recommended (FEMA 2009)
far-field ground motion records with PGAs of 0.11 g, 0.30 g and 0.51 g. These parameters are
subsequently inputted into PACT.

Step 7 (residual drift fragility): the residual drift fragility represents the probability that for a
given value of residual story drift ratio, the building will be repaired. According to Lu et al.
(2015b), the obtained residual drifts under the aforementioned three earthquake intensity levels are
found to be fairly small. As such, the residual drift fragility is neglected in this work.

4. Comparison of the seismic resilience

In this section, the comparison of the seismic resilience of Buildings 2A and 2N is performed
based on the three key features of a resilient system (i.e., reduced failure probabilities, reduced
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consequences from failures and reduced time to recovery). Comparison results and discussion are
provided in relation to each feature, and an overall analysis is presented in Section 5.

4.1 Failure probabilities

To quantify the failure probabilities, the IDA is used in this work. This concept was initially
introduced by Bertero (1977), and further confirmed by Vamvatsikos and Cornell (2002). The IDA
method has been widely used in investigating the seismic performance of structures (Bazzuro and
Cornell 19944, b, Christovasilis et al. 2009, Asgarian et al. 2010, Eads et al. 2013, Hemsas et al.
2014, Nazri and Ken 2014, Shi et al. 2014). The IDA method refers to the structural system
subjecting to a set of earthquake ground motions, each of which is being incrementally scaled to
multiple levels of intensity. The nonlinear THA is implemented until dynamic instability is
reached. Then, the probability of collapse at a given intensity level is estimated as the proportion
of records causing collapse among the set of records selected at the given level. The collapse
fragility curve is a plot illustrating how the probability of collapse increases with increased ground
motion intensities (Eads et al. 2013). It also provides the cumulative distribution of collapse
intensities from selected records in the IDA. Hence, the failure probabilities are assessed in this
work based on the collapse fragility curves of the structures obtained from IDA.

As shown in Fig. 6 and Table 1, the collapse fragility curves of Buildings 2A and 2N are
provided based on the IDA method. The collapse margin ratio (CMR) is used herein to
quantitatively assess the collapse resistance of these two buildings (FEMA 2009). The values of
CMR are 7.86 for Building 2A and 8.35 for Building 2N. The failure probabilities of these two
buildings under MCE are both very close to 0. In addition, the results indicate that both buildings
have sufficient collapse resistance, with Building 2N exhibiting slightly better performance.

4.2 Repair costs and casualties

Despite the fact that there are many types of seismic losses, only the direct seismic losses (i.e.,
the repair costs and casualties) are considered herein due to the complexity of other indirect losses.
Following the FEMA P-58 method mentioned above, the repair costs and casualties of Buildings
2A and 2N under earthquakes are evaluated qualitatively. Three earthquake intensities (i.e., SLE,
DBE and MCE of the 8.5 degree seismic intensity zones given in the Chinese codes) are selected.
According to FEMA P-58 Volume 1 (FEMA 2012a), the sample number of the Monte Carlo
method is set to 1000. The simulation results show that no collapse occurs during the Monte Carlo
analysis, which also indicates that both buildings have sufficient seismic safety. Detailed
comparison results are illustrated below.

4.2.1 Repair costs

The median repair costs of Buildings 2A and 2N at three different earthquake intensities are
shown in Fig. 7. By definition, the summation of the median structural and nonstructural
component repair costs may not be equal to the median total repair costs. From Fig. 7, the
following results can be obtained.

(1) At all three earthquake intensities, the repair costs of the nonstructural components account
for the majority of the total. At the SLE and DBE levels, seismic losses caused by the structural
components are very small, which means that the performance of these buildings meets the
corresponding code requirements. At the MCE level, the losses in the structural components



934 Yuan Tian, Xiao Lu, Xinzheng Lu, Mengke Li and Hong Guan

increase significantly.

(2) At all three earthquake intensities, the repair costs of the nonstructural components in
Building 2A are larger than those in Building 2N.

(3) At the SLE and DBE levels, the total repair costs mainly depend on the damage to the
nonstructural components. According to Lu et al. (2015b), the stiffness of Building 2N is larger
than that of Building 2A due to the more rigorous serviceability requirements set by the Chinese
codes, leading to a smaller inter-story drift in Building 2N. Thus, the total repair costs of Building
2N are smaller.

(4) At the MCE level, severe damage occurs in the structural components, leading to higher
corresponding repair costs. In addition, there are more structural components (more internal walls,
coupling beams and frame beams) in Building 2N. Consequently, the repair costs of the structural
components of Building 2N are larger, and the discrepancies in the total repair costs decreases
between Buildings 2A and 2N.

The repair costs of different components at the three earthquake intensities are presented in Fig.
8. As the summation of median structural and nonstructural component repair costs does not equal
the median of the total costs, Fig. 8 shows the mean values of the Monte Carlo simulation. The
following results can be obtained from Fig. 8.

(1) At the SLE level, the repair costs are mainly caused by the damage to the HVAC, the
partitions and the wall finishes. In the HVAC, the chillers, cooling towers, and compressors, which
are acceleration-sensitive components, contribute the largest proportion to the total losses. The
nonlinear THA indicates that the roof acceleration of Building 2A is larger (Fig. 4). Thus, the
repair cost proportion of HVAC in Building 2A is larger than that in Building 2N.

(2) At the DBE level, the HVAC, the partitions and the wall finishes still contribute the most to
the total repair costs, yet the damage in the shear walls and coupling beams cannot be neglected.
Some losses are also caused by the damage in ceilings and elevators.

(3) At the MCE level, the proportion of the repair costs of the HVAC decreases, whereas the
repair costs of other components increase. Among the nonstructural components, the exterior
enclosure, ceilings and elevators occupy a larger proportion. Among the structural components, all
the moment frame joints, flat slab—column joints, shear walls and coupling beams experience a
certain degree of damage, and the repair costs of the shear walls contribute the most. The repair
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Fig. 7 Comparison of median repair costs in Buildings 2A and 2N
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cost proportion of the moment frame joints, shear walls and coupling beams in Building 2N is
larger than that in Building 2A because of the larger number of internal walls, coupling beams and
frame beams and the larger span-depth ratio of the coupling beams in Building 2N. This
conclusion agrees with the higher repair costs in the structural components of Building 2N shown
in Fig. 7.

(a) Building 2A at the SLE level

Moment frame joints 0.28% Coupling beams Shear walls 5.24%
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(e) Building 2A at the MCE level

(b) Building 2N at the SLE level
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(d) Building 2N at the DBE level
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Fig. 8 Composition of total repair costs for Buildings 2A and 2N
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4.2.2 Casualties

At the SLE and DBE levels, no casualties are found in the two buildings. The extent of
casualties at the MCE level is given in Table 2. The casualty number is very small and close to 0.
The casualties are mainly caused by the falling of the suspended ceilings and the damage to the
elevators. Therefore, more attention should be paid in the design and construction of the
nonstructural components.

4.3 Repair time

Downtime, an important aspect of resilience, is the time required to achieve a defined recovery
state after an earthquake has occurred (Almufti and Willford 2013). In addition to the repair time,
the delay between the earthquake event and the initiation of repairs, referred to as the “impeding
factors”, is also a part of downtime. As the present study focuses on the seismic resilience
comparison between the two tall buildings, the impeding factors are not considered essential for
the purpose of this study. Thus, only the repair time of the two buildings is considered herein. The
repair time is characterized by the number of workdays required for building restoration. One
workday represents the labor quantity of one worker in one day. At the three different earthquake
intensities, the median values of the repair workdays are displayed in Fig. 9, and the following
outcomes can be obtained:

(1) Similar to the findings on the repair costs, the median repair time of the nonstructural
components contributes the most to the total cost because significant damage occurs in the
nonstructural components.

Table 2 Casualties of Buildings 2A and 2N under severe earthquakes

Building 2A Building 2N
Median 90% percentile quantity Median 90% percentile quantity
Injury number 0.0577 0.447 0.0285 0.418
Casualty number 0.00157 0.0253 0.00166 0.0249
SLE DBE MCE
8000 |- 8000 8000
[ ] Building 2A 7197 7326
I Building 2N
>
§ 6000 6000 6000 - bl2g
§
-
Z 4000 | 4000 |- 3287 4000 |
1 3148 3147 3033
&
]
g
g 2000 2000 2000 -
=1
625 546 625546
113g4
0 0 0
Total cost Structural Non-structural Total cost Structural Non-structural Total cost Structural Non-structural

Fig. 9 Comparison of median repair workdays in Buildings 2A and 2N
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(2) At the SLE and DBE levels, the repair workload of the structural components is small.
However, it increases significantly at the MCE level. At the SLE and DBE levels, when the
nonstructural components dominate the repair time, the median repair workload of Building 2A is
larger than that of Building 2N. However, at the MCE level, the repair workload of Building 2N
becomes larger. This is mainly due to the increase of damage to the structural components and the
fact that Building 2N has more structural components. Note that more time is usually required to
repair the structural components than the nonstructural ones.

Fig. 10 shows the distribution of the median repair workload of Buildings 2A and 2N, leading
to the following findings.

(1) At the SLE level, the inter-story drift of the lower stories is smaller. Only story 27 and
higher require to be repaired to some extent. The maximum of the median repair workload takes
place at the top of the building due to the more vulnerable contents (chillers, cooling towers, and
compressors) there. The median repair workload of Building 2N is smaller due to the smaller
inter-story drift and peak floor acceleration than those of Building 2A (Figs. 3 and 4).

SLE DBE MCE

4 L I
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35 35 35
30 30 30
25 25 25
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P 20 20 20
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Median repair work day/Day
(a) Building 2A
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(b) Building 2N
Fig. 10 Distribution of median repair workdays in Buildings 2A and 2N
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(2) At the DBE level, all stories were damaged and must be repaired. In addition, a larger
median repair workload appears on the higher stories. The median repair workload at the top of the
building is the largest, and the corresponding value of Building 2A is larger than that of Building
2N. Furthermore, the median repair workload at the bottom story is the second largest because of
the damage to the elevators, which is assumed to be at the bottom of the building when the
earthquake occurred. The shear walls, the partitions and the wall finishes are displacement
sensitive. Therefore, their damage states are dependent on the inter-story drift. In this assessment,
these components account for the second-largest proportion of the total repair workload (the
HVAC takes the largest proportion). According to Fig. 3, Building 2A has a larger inter-story drift
at the higher stories, whereas Building 2N has a larger inter-story drift at the lower stories. The
distribution of the inter-story drift in Building 2N is more uniform. Therefore, the median repair
workload at the higher stories of Building 2A is larger, whereas the repair workload at the lower
stories of Building 2N is larger. The distribution of the repair time is more uniform in Building 2N.

(3) At the MCE level, compared to the results at the DBE level, the damage becomes more
severe, whereas the repair workload distribution along the height remains similar. The median
repair workload at the higher stories is larger than that at the lower stories, and the maximum value
appears at the top story and the bottom story. Building 2A has a larger median repair workload at
the higher stories, whereas Building 2N has a larger median repair workload at the lower stories
and more uniform distribution of the repair time along the height. The causes of these phenomena
are similar to those at the DBE level.

5. Conclusions

The seismic resilience of two RC frame-core tube buildings designed according to the Chinese
and the US codes are systematically quantified and compared in the present study, using the
FEMA P-58 procedure and the associated software PACT. Detailed quantifying analysis was
conducted based on the three key features of a resilient system (i.e., reduced failure probabilities,
reduced consequences from failures, and reduced time to recovery). The analysis results provide a
guantitative comparison of the seismic resilience of the two buildings, and can be easily
understood by the building owners and government authorities. To this end, the present study
demonstrates an important scientific advancement to the traditional seismic performance
evaluation. Overall, both buildings are found to exhibit similar seismic resilience, yet Building 2N
performs slightly better in most seismic cases. Detailed conclusions are drawn as follows:

(1) Both Buildings 2A and 2N display sufficient collapse resistance and seismic safety.
Building 2N performs slightly better in terms of the failure probabilities.

(2) At the three earthquake intensities, the repair costs of Building 2N are smaller than those of
Building 2A. For both buildings, no casualty was observed at the SLE and DBE levels, and very
few casualties were discovered at the MCE level.

(3) Building 2N requires less repair time at the SLE and DBE levels. This is mainly because of
the larger stiffness and smaller inter-story drift and floor accelerations of Building 2N. However,
Building 2N necessitates a longer repair time at the MCE level because more structural
components of Building 2N are damaged.

(4) At the three earthquake intensities, the repair time and repair costs of the nonstructural
components, such as HVAC, partitions and wall finishes, constitute the majority of the overall time
and cost. When no building collapse occurs, the suspended ceilings and elevators may be the main
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cause of casualties. Thus, more attention must be paid to these nonstructural components in the
design. Further, more reliable design methods and construction detailing for the nonstructural
components are highly recommended to improve the seismic resilience of the whole structures.
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Appendix A Fragility specifications for Buildings 2A and 2N
The fragility specifications of the structural components of Buildings 2A and 2N are provided

in Table 3. The fragility specifications of nonstructural components for Buildings 2A and 2N are
given in Table 4.

Table 3 Fragility specifications of structural components in Buildings 2A and 2N

Component Type Fragility Number

Building 2A Building 2N

B1041.001a, B1041.001b

Moment frame joint B1041.002a. B1041.002b

B1041.002a, B1041.003b

Flat slab—column joint B1049.031 -
Coupling beam B1042.011a, B1042.011b B1042.002b, B1042.012b
Shear wall B1044.021, B1044.022, B1044.101 B1044.011, B1044.021

B1044.022, B1044.101

Table 4 Nonstructural component fragility specifications used in PACT models

Nonstructural component name Fragility specification

. Exterior nonstructural wall B2011.201a
Exterior enclosure i .

Exterior window system B2022.001
Partition C1011.001a
. Stair C2011.021b

Interiors .
Wall finish C3011.002a
Ceilings and ceiling lighting C3032.003b
Conveying Elevator D1014.011
Cold water piping D2021.013a
Hot water pipin D2022.013a

Plumbing . P p. g
Sanitary waste piping D2031.013b
Chilled water piping D2051.013a
Chiller D3031.011c
Cooling tower D3031.021c
HVAC ducting D3041.021c
HVAC

HVAC drop D3041.032c
VAV box D3041.041b
Air handling unit D3052.011c
Fire protection Fire sprinkler drop D4011.033a
Motor control center D5012.013a
Electrical service and distribution Low-voltage switchgear D5012.021a
Distribution panel D5012.031a

Equipment and furnishings

Not considered
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