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146 pp. 

In 21st century, diagrid structures become more popular lateral force-resisting 
systems for high-rise buildings world-wide. It consists of several grids of diagonal 
members on building perimeter serving as both lateral bracing and vertical-load carrying 
members. Since the diagrid structure is a relatively new type of lateral force-resisting 
system, current building codes do not explicitly provide the seismic performance factors 
(SPFs) for this system to use in design process. This thesis aims to determine appropriate 
SPFs for the diagrid structure incorporating circular concrete-filled steel tube to enable 
structural engineers to design this system according to seismic performance expected in 
building codes. This research follows FEMA P695 procedure to evaluate SPFs by 
examining collapse performance of buildings based on nonlinear response history 
analysis considering various sources of uncertainties. The verified SPFs ensure an 
acceptably low likelihood of structural collapse under extremely rare earthquake ground 
motions or maximum considered earthquake. Sample buildings in this thesis are 18, 24 
and 36-story buildings using circular concrete-filled steel tube diagrid as lateral force-
resisting system. The buildings were assumed to locate in downtown Bangkok. Each 
sample building was subjected to 12 ground motion records based on its periods of 
vibration. The sample buildings designed with response modification coefficient equal to 
5 meet the acceptance criteria of FEMA P695. A deflection amplification factor can be 
used as 5, and a system overstrength factor can be used as 3. 
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CHAPTER 1 
INTRODUCTION 

1.1 Development of diagrid structure 

Structural systems for tall buildings can be divided into two categories: interior 
structures and exterior structures. When the main part of lateral load resisting systems 
locates inside of the building, the system is interior structures. On the other hand, when 
the main part of lateral load resisting systems locates at the building perimeter, the system 
is exterior structures. Examples of interior structures are moment-resisting frame, shear 
truss, and shear wall. The most typical exterior structure is the tube, which uses the entire 
building perimeter to resist lateral loads. The tube structure can be further classified to 
framed tube, braced tube, and more.  

In the late 20th century, exterior structures were initially applied to tall buildings. 
The first one was the 100-story John Hancock (1969) in Chicago (Figure 1.1). The John 
Hancock applied the idea of braced tube to configure exterior structure such that the 
diagonal brace locates along the exterior perimeter of the building.  

Since the early 21st century, some high-rises have been designed with 
triangulated exterior structures, named diagrid systems. Diagrid systems become more 
popular lateral force-resisting systems for high-rise buildings world-wide. It consists of 
several grids of diagonal members on building perimeter serving as both lateral bracing 
and vertical-load carrying members. The diagonal perimeter members are tied together 
to provide significant overall bending resistance and rigidity. The most famous diagrid 
high-rises are designed by Sir Norman Foster: the Swiss Re Building (2004) (Figure 1.2) 
in London and the Hearst Tower (2006) (Figure 1.3) in New York City. After completion of 
these two buildings, the diagrid structure became popular and replaced the old braced 
tube structure due to its architectural appeal. The major development from braced tube 
structure to current diagrid structure is that, for diagrid structure, external columns are 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2 

eliminated as shown in Figure 1.4 (Moon, Cornor, & Fernandez, 2007). The advantage of 
this new system is explained in chapter 3. 

 

Figure 1.1 John Hancock Center.  
(http://www.skyscrapercenter.com/building/875-north-michigan-avenue/345) 

 

Figure 1.2 Swiss Re Building.  
(http://history.swissre.com/item_detail.php?id=54) 
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Figure 1.3 The Hearst Tower. 
(https://www.popularmechanics.com/technology/gadgets/a904/4198919/) 

 

Figure 1.4 Development from braced tube to diagrid structure (Moon et al., 2007). 
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1.2 Motivations  

 For well-established structural systems, the current building code, ASCE 7-16 
(ASCE, 2016), addresses the seismic performance factors (SPFs): response modification 
coefficient ( R ), system overstrength factor ( 0 ), and deflection amplification factor  
( dC ). These factors greatly influence performance of seismic-resisting system which is 
explained in chapter 2. Since this diagrid system is a relatively new seismic structural 
system, not much research has yet been conducted to understand its performance 
thoroughly. In particular, ASCE 7-16 does not provide SPFs for designing a diagrid 
system. In practice, the diagrid system is designed as a dual system, and the response 
modification coefficient ( R ) is estimated about 5.5 to 8.0. This assumption is acceptable 
since the typical tall buildings combine an exterior diagrid frame with an interior core 
structure. The problem arises when one wants to design the entire building’s lateral 
system with standalone diagrid structure. In this case, reliable SPFs need to be quantified 
with appropriate procedure to better understand the behavior of diagrid system and use 
in the design of tall buildings. Since many researchers have conducted the similar study 
for steel diagrid structure, the author focuses the study to a CCFT diagrid structure which 
have not yet been exposed in previous studies. 

1.3 Goals of the research 

This thesis aims to investigate the seismic performance of diagrid structure 
incorporating circular concrete-filled steel tube (CCFT) and determine appropriate SPFs 
to enable structural engineers to design this system according to seismic performance 
expected in building codes. The author analyzes the seismic performance of standalone 
diagrid structure. Upon completion of this study, engineers would better understand the 
performance of diagrid exterior frame and further use the outcomes to design a 
standalone seismic system with reliable SPFs. 
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1.4 Scopes of the research 

This study focuses on high-rise buildings located on soft soil layers in downtown 
Bangkok. The full description of case study is explored in later chapters. This thesis 
examines the behavior of tall buildings with several different heights located on soft soil 
layers in downtown Bangkok with suitable ground motion records. 

1.5 Research methodology 

The methodology follows the Quantification of Building Seismic Performance 
Factors, FEMA P695 (FEMA, 2009). FEMA P695 is a method for reliably and reproducibly 
quantifying and establishing global seismic performance factors of new seismic force 
resisting systems absent in seismic codes to use in design process. The ground motions 
used in design and analysis of this study came from a study by Thailand Research Fund. 
The nonlinear response history analyses were performed by using appropriate ground 
motion records for Bangkok. To sum up, the author designed the number of buildings with 
a trial R  factor. These sample buildings went through nonlinear static analyses to 
determine the overstrength factor and ductility of systems. Consequently, sample 
buildings went through series of nonlinear dynamic analyses or incremental dynamic 
analyses to obtain collapse fragility curves. The fragility curves would determine whether 
the performance of this building is satisfied or not by verifying that, with the design by 
using a trial R  factor, the designed buildings would have a low probability of collapse at 
Maximum Considered Earthquake (MCE) intensity. The ultimate objective of the 
methodology is to find the value of R  that ensures an acceptably low likelihood of 
structural collapse under MCE motions. 

1.6 Outline of thesis  

This thesis contains six chapters which are described below. Chapter 1 describes 
the motivations, goals and scopes of work. Chapter 2 describes the theoretical framework. 
In this chapter, the methodology in FEMA P695 is explained. Chapter 3 examines the 
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diagrid structure. A complete study on quantification of SPFs of steel diagrid system is 
included here. In chapter 4, the structural models are generated with varying parameters 
associated with seismic performance. CCFT and hinge’s development and selection of 
ground motion records are discussed here. The results are presented and discussed in 
chapter 5. Finally, summary and recommendations for future research are in chapter 6. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER 2 
METHODOLOGY 

2.1 FEMA P695 

2.1.1 Objective 

The Quantification of Building Seismic Performance Factors, FEMA P695 (FEMA, 
2009), describes a method for reliably and reproducibly quantifying and establishing 
global seismic performance factors (SPFs) of new seismic force resisting systems absent 
in seismic codes to use in design process. Seismic performance factors (SPFs) consist of 
response modification coefficient ( R ), system overstrength factor ( 0 ) and deflection 
amplification factor ( dC ).  

The goal of this method is to determine SPFs that will provide equivalent safety 
against collapse in an earthquake, comparable to the inherent safety against collapse 
intended by current seismic codes, for buildings with different seismic-force-resisting 
systems with an acceptably low probability of structural collapse under Maximum 
Considered Earthquake (MCE) ground motions defined in ASCE 7-05 (ASCE, 2005) with 
reliable collapse margin ratios (CMR). MCE level ground motion is defined as 1.5 times 
the Design Basis Earthquake (DBE). As stated in the NEHRP Recommended Seismic 
Provisions (FEMA, 2004), “If a structure experiences a level of ground motion 1.5 times 
the design level, the structure should have a low likelihood of collapse,” FEMA P695 
intends to achieve this performance. The appropriate SPFs are directly associated with 
the level of uncertainties of the system including: uncertainties of ground motions, 
accurateness of design objectives, complete test data to quantify structural member 
strength, and accuracy of nonlinear analysis modeling. The key components of FEMA 
P695 methodology are summarized in Figure 2.1.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 

 

Figure 2.1 Key components of FEMA P695 methodology (FEMA, 2009). 

2.1.2 Seismic performance factors  

Seismic performance factors (SPFs) are three factors impacting the seismic 
performance of a specific structural system. Figures 2.2 and 2.3 explain and illustrate 
SPFs, and how they are used in the methodology. In Figure 2.2, the pushover analysis is 
performed.  

 

Figure 2.2 Illustration of SPFs in the commentary of the NEHRP recommended 
provisions (FEMA, 2009). 

First, the response modification coefficient ( R ) is the ratio of base shear developed under 
DBE assuming linearly elastic to design base shear (Eq. 2-1). Second, the system 
overstrength factor ( 0 ) is the ratio of the maximum base shear of the fully-yielded system 
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to design base shear (Eq. 2-2). Lastly, the deflection amplification factor ( dC ) is the ratio 
of the yielded roof displacement to the roof displacement at design base shear (Eq. 2-3). 

where   

V  = Required seismic base shear for design from ASCE 7-05  
EV  = Elastic seismic base shear at design basis earthquake (DBE) if the 

system remains linearly elastic 

maxV  = Maximum seismic base shear of the fully-yielded system 
  = Displacement of the yielded system under DBE 

max  = Displacement of the system under DBE if the system remains linearly 
elastic. Note: /E R  represents displacement of the seismic force 
resisting system at design base shear (V ). 

 

 

 

Figure 2.3 Illustration of SPFs in FEMA P695 (FEMA, 2009). 

 
 (2-1) 

 
 (2-2) 

 
 (2-3) 

V

V
R E=

V

Vmax
0 =

R
R

C
EE

d







==

/



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

10 

Figure 2.3 demonstrates the definition of SPFs in FEMA P695 and their relationship 
to MCE motions. R  relates MTS  to a seismic response coefficient ( )SC  by a factor of 1.5 
which accounts for the magnification from DBE to MCE level (Eq. 2-4). The overstrength 
factor ( ) is a ratio of maximum spectral acceleration of the fully-yielded system ( maxS ) 
to SC  (Eq. 2-5). 

where   

MTS  = MCE spectral acceleration at the fundamental period of the system, T   
maxS  = the maximum spectral acceleration of the fully-yielded system (or 

maxV

normalized by W ) 
W  =    Seismic weight of building 

SC  = Seismic response coefficient for DBE 

2.1.3 Collapse margin ratio 

The collapse level ground motion is defined in FEMA P695 as the intensity or 
spectral acceleration that causes a collapse of seismic force resisting system when 
subjected to a half or fifty percent of applied ground motions. In Figure 2.3, collapse level 
spectral accelerations are higher than MCE spectral accelerations. Therefore, MCE 
ground motions result in a lower probability of collapse. Then, the collapse margin ratio (
CMR ) is a ratio of the median spectral acceleration at collapse level, ˆ

CTS  (or 
corresponding displacement, CTSD ), to the spectral acceleration at MCE level, MTS  (or 
corresponding displacement, 

MTSD ), at the fundamental period of the system (T ): 

  (2-6) 

In other words, CMR   is the amount that MTS  must be increased to cause building 
collapsed by a half or fifty percent of applied ground motions. The probability of collapse 
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is influenced by many factors: variability of ground motions, accuracy of design 
objectives, comprehensive test data to quantify structural member strength, and accuracy 
of nonlinear analysis modeling. These factors are considered together in a collapse 
fragility curve which relates a probability of collapse to an intensity of ground motion. The 
definition of collapse fragility curve will be explained later.  

FEMA P695 specifies acceptable values of CMR  that will cause an acceptably 
low probability of collapse under MCE motions combining with collapse uncertainties by 
using a collapse fragility curve. If a structure has strict design requirements, a 
comprehensive experiment results that are used to develop nonlinear members and a 
complex and precise nonlinear model, a structure can achieve the same performance 
objective with smaller CMR  because it has less collapse uncertainty. If a value of CMR  
passes the performance requirements, then a trial value of R  used to design a structure 
is acceptable. Otherwise, another value of R  will be evaluated with the same method or 
consider other limitations of the system such as a restriction of height.   

2.2  Procedure in FEMA P695 

FEMA P695 procedure is summarized in Figure 2.4. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

12 

 

Figure 2.4 Procedure of FEMA P695. 

2.2.1 Conceptual development of structural system 

The specific type of structural system is determined with detailed design 
requirements. A value of R  is chosen for seismic design process. In this study, the 
specified structural system is a circular concrete-filled steel tube (CCFT) diagrid system. 
The sample SPFs of composite braced frames are in Table A.1. The trial value of R  was 
chosen as 5.0 since the composite steel and concrete concentrically braced frame has a 
value of R  as 5.0 in ASCE 7-05. The design method is modal response spectrum analysis 
(RSA) as specified in ASCE 7-05. The design response spectrum is developed by 
considering a specific site condition of Bangkok and is explained in chapter 4. In this 
study, seismic design category (SDC) is D, and important factor ( I ) is 1.0. The 
occupancy type is II.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

13 

2.2.2 Development of performance groups  

System behavior is characterized by structural system archetypes. Archetypes 
define a reference model with allowable configurations of the proposed system. 
Archetypes are collected into performance groups. Each group represents each major 
change in behavior within the archetype space. The performance objective is evaluated 
for each individual and each performance group. As shown in Table 2.1, the basic 
performance groups are organized to consider:  

1. Basic Structural Configuration. All permissible configurations that may greatly 
affect the seismic response are captured. An example is a variation in bracing 
configurations, such as, x-bracing and chevron bracing. 

2. Gravity Load Level. A variation in gravity load level can differ an amount of seismic 
weight of a seismic force resisting system. For example, usage of bearing walls 
can cause a different gravity load intensity compared to usage of non-nearing 
walls.  

3. Seismic Design Category. The full range of SDCs should be included to capture 
all permissible buildings. Nonetheless, it should be sufficient to check only the 
highest permissible SDC since higher SDC governs seismic demand.  

4. Period Domain. Sample buildings should include a range of buildings from short-
period to long-period configurations.  

Each performance group requires at least three sample buildings. If it is 
impossible to have three designs within one performance group, this requirement may be 
waived. 
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Table 2.1 Generic performance group (FEMA, 2009). 

 

2.2.3 Development of models 

Index archetype models or sample buildings are created to provide a range of 
typical configurations that can captures significant behaviors of the system. A range of 
buildings may be characterized by floor plan configurations, heights, and tributary areas. 
These characteristics of building can impact seismic performance of system. The system 
concept in section 2.2.1 is applied in design of sample buildings. 

2.2.3.1 Fundamental period 

The fundamental period of structure (T ) is used within the methodology in two 
ways. First, it establishes the seismic base shear. Second, it defines the ground motion 
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spectral acceleration from MCE response spectrum for dynamic analyses. As defined in 
ASCE 7-05, the fundamental period (T ) defines as: 

 ( ) 0.25x

u a u t nT C T C C h= =   seconds (2-7) 
where  

nh  = Building height to roof 

uC  = Coefficient value based on response spectrum (Table A.2) 
tC  = Coefficient value based on type of structure (Table A.3) 

x  = Coefficient value based on type of structure (Table A.3) 

2.2.3.2 Seismic base shear 

Index archetypes are designed using the seismic design base shear (V ) defined 
as: 

 
SV C W=  (2-8) 

 
DT

S

S
C

R
=  (2-9) 

where  

SC  = Seismic response coefficient for DBE Response Spectrum from ASCE 
7-05 

2.2.3.3 Design load combinations 

Design of index archetypes should consider gravity and seismic load by using 
load combinations of section 12.4 of ASCE 7-05. Only seismic load, dead load and live 
load are considered in this study. Detail deception of loads is in Appendix C. Basic 
seismic load combinations for strength design are: 

 1.2 ED Q L+ +  (2-10) 
 0.9 ED Q+  (2-11) 

where  

D  = Structural self-weight and superimposed dead load 
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L  = Reduced design Live load 
EQ  = Effect of horizontal seismic forces resulting from RSA 

2.2.4 Nonlinear static pushover analysis  

Nonlinear static pushover analysis is conducted to validate behavior of nonlinear 
model and estimate overstrength factor ( ) and period-based ductility ( T ) of each 
building using a pushover curve in Figure 2.5 and Eqs. 2-12 and 2-13. The expected 
gravity load for analysis is changed from design gravity loads and specified in Eq. 2-14. 
The expected gravity load is applied prior to pushover load to include a P-Delta effect. 
The lateral load pattern to push the structure is the first-mode shape of structure.  

 
max /V V =  (2-12) 

 
,/T u y eff  =  (2-13) 

 1.05 0.25D L+  (2-14) 
 where  

u  = Roof displacement used to approximate the ultimate capacity of the 
seismic force-resisting system as defined in FEMA P695 (Appendix 
A) at the point of 20% strength loss (

max0.8V ) 

,y eff  = Effective yield roof displacement of the seismic force-resisting system 
as defined in FEMA P695 (Appendix A) 

 

Figure 2.5 Idealized nonlinear static pushover curve (FEMA, 2009). 
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2.2.5 Incremental dynamic analysis  

Incremental dynamic analysis, IDA (Vamvatsioks & Cornell, 2002) is conducted 
for each sample buildings by conducting several nonlinear response history analysis 
(NLRHA) using ground motion records. The expected gravity load is applied prior to 
seismic load to include a P-Delta effect in the same way as pushover analysis (Eq. 2-14).  

NLRHA are repeated with ground motion intensities increased until collapse 
occurred to calculate median collapse capacities ( ˆCTS ) and to calculate CMR  as shown 
in Figure 2.6. Figure 2.6 shows an example of Incremental dynamic analysis’ results for a 
building subjected to a set of ground motions with increasing spectral accelerations. In 
this figure, the governing mechanism is sideway collapse which can be predicted by 
excessive lateral displacement. 

 

Figure 2.6 Sample incremental dynamic analysis (FEMA, 2009). 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

18 

2.2.6 Collapse fragility curve 

Using collapse data from IDA curves, one can construct a collapse fragility curve 
which is a cumulative distribution function (CDF), which relates the ground motion intensity 
to a collapse probability, based on lognormal distribution as shown in Figure 2.7. Note 
that a number of data points in Figure 2.7 equals to a number of ground motions used in 
NLRHA. This represents the probability that buildings will form a collapse mechanism 
given a value of intensity measure in term of spectral acceleration of specific ground 
motion at collapse level ( CTS ). Then, CMR  is computed by Eq. 2-15. 

  ˆ
CT

MT

S
CMR

S
=  (2-15) 

where 

CTS  = Spectral acceleration of specific ground motion at collapse level 
ˆ
CTS  = Median value of the estimated spectral acceleration at collapse or at 

fifty-percent probability of collapse  
MTS  = the MCE spectral acceleration at the fundamental period of the system 

(T ) 
For two-dimensional analyses, all record is applied twice to a structure. First, a 

ground motion record is oriented in one principal direction and then rotate it to another 
principal direction. If the structure is symmetric in horizontal directions, the ground motion 
may not rotate; therefore, reduce numbers of analysis.  

 

Figure 2.7 Sample collapse fragility curve (FEMA, 2009). 
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2.2.7 Adjusted collapse margin ratio  

Collapse capacity can be significantly influenced by the frequency content or 
spectral shape of ground motion record. To account for the effects of spectral shape, 
CMR  is modified to the adjusted collapse margin ratio ( ACMR ) by Eq. 2-16. of each 
sample building.  

 ACMR CMR SSF=   (2-16) 
where 

CMR  = Collapse Margin Ratio 
SSF  = Spectral Shape Factor is a function of SDC, T , and T  provided in 

Tables A.4-5. 

2.2.8 Total system collapse uncertainty 

Estimate uncertainties based on quality of each key elemetns in the collapse 
assessment process (FEMA, 2009): 

1. Record-to-Record Uncertainty (RTR). Record-to-record uncertainty is due to 
variability in the response of index archetypes to different ground motion records. 
Values of record-to-record variability, RTR , range from 0.35 to 0.45 typically. A 
fixed value of 0.40RTR =  is assumed in the performance evaluation of systems 
with period-based ductility greater than 3, 3T  . For systems with very limited 
ductility, values of record-to-record uncertainty can be reduced as follows: 

 0.1 0.1 0.40RTR T = +   (2-17) 

        where RTR  must be greater than or equal to 0.20. 

2. Design Requirements Uncertainty (DR). Design requirements uncertainty is 
related to the completeness and robustness of the design requirements, and the 
level of protection against unanticipated failure modes.  

3. Test Data Uncertainty (TD). Test data uncertainty is related to the completeness 
and robustness of the test data used to define the system.  
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4. Modeling Uncertainty (MDL). Modelling uncertainty is related to how well index 
archetype models represent the full range of structural response characteristics 
and capture structural collapse behavior.   
Each quality rating is calibrated in Tables A.6-8. The total collapse uncertainty

( )TOT  is computed using square root of sum of squares (SRSS) of each parameter since 
these uncertainties are statistically independent:  

  (2-18) 

2.2.9 Acceptable values of ACMR 

Set the performance objectives based on the acceptable values of ACMR : 

10%ACMR  and 20%ACMR . These values are computed based on TOT  in Table A.9. 

10%ACMR  represents an acceptable value of ACMR   for 10% probability of collapse. 

20%ACMR  represents an acceptable value of ACMR  for 20% probability of collapse.  

2.2.10 Evaluation of response modification coefficient 

Verify that the calculated ACMR  is greater than acceptable values of ACMR  
established by the performance objectives, 10%ACMR  and 20%ACMR . FEMA P695 set 
the requirements that acceptable performances are achieved when: 

1. The average value of adjusted collapse margin ratio for each performance group 
exceeds 10%ACMR  or the probability of collapse under MCE motions is about 
10%, or less, on average across a performance group: 

 

2. Individual value of ACMR  for each index archetype within a performance group 
exceeds 20%ACMR  or the probability of collapse under MCE motions is about 
20%, or less, for each index archetype within a performance group: 

 

If the calculated ACMR  satisfies the requirements, the trial R  is deemed 
appropriate. If not, the system needs to be re-defined, and the process is re-iterated until 

2222

MDLTDDRRTRTOT  +++=

%10ACMRACMRi 

%20ACMRACMRi 
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ACMR  is greater than the acceptable values of ACMR  by either modifying R  or 
changing the structural system concept in section 2.2.1. 

2.2.11 Evaluation of system overstrength factor and evaluation of deflection amplification 

factor 

FEMA P695 computes the overstrength factor ( ) based on nonlinear static 
pushover analysis. In general, a unique design of a same system will have different values 
of  . The mean value of each performance group ( group ) is computed for each 
performance group. The system overstrength factor ( 0 ) is the largest value of mean 
values of each performance group, and 0  should be conservatively and judgmentally 
rounded to half unit intervals. Since ASCE 7-05 provides the largest overstrength value of 
3.0, the computed overstrength factor has an upper limit of 3.0 in design process.  

 
0 max( )group =   (2-19) 

The deflection amplification factor ( dC ) is computed based on R  and inherent 
damping of the system as: 

 
d

I

R
C

B
=  (2-20) 

where  

IB  = Numerical coefficient found in ASCE 7-05 as set forth in Table A.10 for 
effective damping, I , and period, T  

I  = Component of effective damping of the structure due to the inherent 
dissipation of energy by elements of the structure, at or just below the 
effective yield displacement of the seismic force-resisting system in 
Table A.10 found in ASCE 7-05 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER 3 
DIAGRID STRUCTURES 

3.1 Static analysis of diagrid structures 

“Diagrid” structure is a new type of braced tube structures. Diagonal members 
are spread over the facade of the buildings while acting as a perimeter configuration. The 
diagonal perimeter members are tied together to provide significant overall bending 
resistance and rigidity. The triangulated sloped column and spandrel beam frame 
configurations are called “Diagrid” (W. Baker, Besjak, Sarkisian, Lee, & Doo, 2010). These 
closely spaced diagonal members represent both inclined columns to carry gravity loads 
and bracing elements to resist lateral forces efficiently. Due to their triangulated 
configuration, internal forces that arise in the members are mainly axial force, thus, thus 
minimizing shear racking effects.  

In a preliminary stage, one can analysis the diagrid structures by dividing the 
whole building into a module representing groups of stacking floors. Figure 3.1(a) shows 
the diagrid module under gravity loads ( G ) is subjected to the downward vertical force    
( ,modGN ) causing the two diagonals being both in compression and the horizontal chord 
in tension (Mele, Toreno, Brandonisio, & Luca, 2014). Figure 3.1(b) shows the diagrid 
module under horizontal load (W ). The overturning moment (

WM ) causes vertical forces 
at the peak joint of the diagrid modules ( ,modWN ) with direction and intensity of this force 
depending on the position of the diagrid module, with upward and downward direction 
and maximum intensity for the modules located on the windward and leeward façades, 
respectively (Mele et al., 2014). Figure 3.1(c) shows the diagrid module under the global 
shear ( WV ) causing a horizontal force in the apex joint of the diagrid modules ( ,modWV ) 
which an intensity depends on the position of the module with respect to the direction of 
wind load (Mele et al., 2014). To be precise, the real triangle module spans over a certain 
number of stories (floor), and transfer of services loads to the module happens on every 
floor. This load transfer causes concentrated loads along the diagonal length as shown in 
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Figure 3.2. Therefore, the moment and shear are expected to present within the module. 
However, in the actual structure, there is a girder at each floor; this chord (girder) allows 
for the absorption of the force transferring through the brace, and the moment and shear 
are minimized in the braces (Mele et al., 2014).  

 

Figure 3.1 Diagrid module: (a) effect of gravity load, (b) effect of overturning moment 
and (c) effect of shear force (Mele et al., 2014). 

 

Figure 3.2 Diagrid module: effect of gravity load along the diagonal length (Mele et al., 
2014). 
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3.2 SPFs for steel diagrid  

William Baker and his team from Skidmore, Owings & Merrill LLP, studied the 
seismic performance factors for steel diagrid system (W. Baker et al., 2010). The team 
followed the procedure in ATC-63 which subsequently published as FEMA P695. They 
investigated the seismic performance and behavior of steel diagrid framed system in high 
seismic regions. Typically, steel diagrid framed systems are configured as a dual system 
for the seismic force-resisting system and their response modification coefficients ( R ) are 
selected from 5.5 to 8.0 without further justification since the systems are typically 
composed of exterior steel diagrid frames in companion with ductile reinforced concrete 
core-wall frames. However, for standalone exterior diagrid frame, this system is currently 
classified as an “Undefined System” in ASCE 7-05 provision. Therefore, as an undefined 
system, it is necessary to establish a methodology to determine appropriate seismic 
performance factors using a more reliable procedure.  

3.2.1 Proposed methodology for steel diagrid framed system 

The structural system is considered to have variations in geometrical properties 
and configurations, such as, a variation of building height-to-width (aspect ratios), and, 
an angle of sloped columns with intervals of diagrid elements over story heights as shown 
in Figures 3.3 and 3.4. The total number of models is 300. W. Baker et al. (2010) modeled 
the diagrid frame as the inclined column. These inclined column elements were modeled 
using a “Column, Inelastic Fiber section” based on material properties defined as 
“Inelastic Steel Material, Buckling” in PERFORM-3D modeling space. This definition of 
section properties captured the tension yielding in a manner of idealized elastic-perfectly 
plastic yielding while the buckling strength of members was idealized based on the limited 
compression stress of 0.60 yF . The force-deformation relationship of typical column 
element modeling is shown in Figure 3.5 for both axial stress-strain and flexural moment 
relationships (W. Baker et al., 2010).   
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Figure 3.3 Parameters of interest for diagrid (W. Baker et al., 2010). 
 

 

Figure 3.4 Development of archetype models (W. Baker et al., 2010). 
 

 

Figure 3.5 Element behavior in analysis model (W. Baker et al., 2010). 
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3.2.2 Results of steel diagrid framed system 

W. Baker et al. (2010) considered the system collapse uncertainties as: 

1. Variability between ground motion records 0.40RTR =  (for structure with period-
based ductility greater than 3, 3T  )  

2. Uncertainty in the nonlinear structural modeling, 0.20MDL =  (the quality rating 
for modelling is judged good) 

3. Quality of test data used to calibrate the element models, 0.20TD =  (the quality 
rating is judged good since a confidence level is high in test results and most 
important testing issues are addressed).  

4. Quality of the structural system design requirements, 0.20DR =  (the quality 
rating is judged good since a confidence level is high in design requirements, and 
there are reasonable protections against unanticipated failure modes). 

 

Figure 3.6 Estimation of collapse margin ratio criteria (W. Baker et al., 2010). 
 

Total collapse uncertainty parameter: 

 
53.020.020.020.040.0 2222 =+++=TOT



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

27 

If the collapse margin ratio, CMR , is calculated as a 1.60 from the nonlinear 
response history analysis results, the ACMR   is calculated as:  

 

With the considered total collapse uncertainty, TOT , the 10-percent acceptable 
adjusted collapse margin ratio can be read as 1.96 as shown in Figure 3.6. Since the 
adjusted collapse margin ratio is greater than the demand required at 10 percent 
probability of collapse, the performance of a single archetype model is satisfied.  

William Baker started the trial value of R  from 1.0 to finally 3.64 when the 
performance no longer met the criteria in FEMA P695. The sample pushover analysis is 
shown in Figure 3.7. A summary of Results from Figure 3.7 and 3.8 is: 

Response Modification Coefficient,  R   = 3.64  

Fundamental Period,    T   = 0.8 sec 

Base Shear,    V   = 0.11g 

     
maxV   = 0.16g 

     max0.80V  = 0.13g  

Displacement,     ,y eff   = 3.8 inch 

     u   = 14.0 inch 

System Overstrength Factor,   

Period-based ductility,    

Spectral Shape Factor (SDC Dmax),  
0.212 (1.5 0.42) 1.26SSF e  −= =  

Since,      0.42
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Figure 3.7 Sample nonlinear static pushover curve (W. Baker et al., 2010). 
 

 

 

Figure 3.8 Iterative estimation of R-factor (W. Baker et al., 2010). 
  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER 4 
BUILDINGS AND GROUND MOTIONS 

4.1 Performance group 

As shown in Table 4.1, the archetype development includes these major grouping 
criteria: basic configuration, gravity load intensity, seismic design category, and period 
domain of archetypes. This results in a total of 24 performance groups varying each 
criterion. FEMA P695 (FEMA, 2009) requires a minimum of 3 archetypes per performance 
groups to come up with proper mean performance. However, the total of (3x24=) 72 
archetypes is infeasible to complete without computational support in this level of study. 
The author limits the number of performance groups as shown in Table 4.2: 

1. Low Gravity Load is neglected, and consider only one type of load 
2. When focusing on tall building, short period is neglected 
3. Min SDC is neglected since Max SDC tends to govern seismic demand 
4. Finally, to reduce sample size to perform an achievable study, B and C 

configurations need to be removed.   

The only remaining performance group is PG-2 or A-High-Max-Long, shortly, CFT-
A group. The total number of archetypes is three. The detail description of archetypes of 
CFT-A group is explained in the later subsection. In the future study, all neglected 
archetype needs to be included.  
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Table 4.1 Index archetype configurations. 
Performance Group Summary 

Group  
No. 

Grouping Criteria 
Number of Archetypes 

(3-6 per group) Basic Config. 
Design Load Level 

Period Domain 
Gravity Seismic 

PG-1 

A 

High 

Max SDC 
Short  3 

PG-2 Long  3 

PG-3 
Min SDC 

Short  3 

PG-4 Long  3 

PG-5 

Low 

Max SDC 
Short  3 

PG-6 Long  3 

PG-7 
Min SDC 

Short  3 

PG-8 Long  3 

PG-9 

B 

High 

Max SDC 
Short  3 

PG-10 Long  3 

PG-11 
Min SDC 

Short  3 

PG-12 Long  3 

PG-13 

Low 

Max SDC 
Short  3 

PG-14 Long  3 

PG-15 
Min SDC 

Short  3 

PG-16 Long  3 

PG-17 

C 

High 

Max SDC 
Short  3 

PG-18 Long  3 

PG-19 
Min SDC 

Short  3 

PG-20 Long  3 

PG-21 

Low 

Max SDC 
Short  3 

PG-22 Long  3 

PG-23 
Min SDC 

Short  3 

PG-24 Long  3 
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Table 4.2 Selected index archetype configurations. 
Performance Group Summary 

Group  
No. 

Grouping Criteria 
Number of Archetypes 

(3-6 per group) Basic Config. 
Design Load Level 

Period Domain 
Gravity Seismic 

PG-1 

A 

High 

Max SDC 
Short  3 

PG-2 Long  3 

PG-3 
Min SDC 

Short  3 

PG-4 Long  3 

PG-5 

Low 

Max SDC 
Short  3 

PG-6 Long  3 

PG-7 
Min SDC 

Short  3 

PG-8 Long  3 

PG-9 

B 

High 

Max SDC 
Short  3 

PG-10 Long  3 

PG-11 
Min SDC 

Short  3 

PG-12 Long  3 

PG-13 

Low 

Max SDC 
Short  3 

PG-14 Long  3 

PG-15 
Min SDC 

Short  3 

PG-16 Long  3 

PG-17 

C 

High 

Max SDC 
Short  3 

PG-18 Long  3 

PG-19 
Min SDC 

Short  3 

PG-20 Long  3 

PG-21 

Low 

Max SDC 
Short  3 

PG-22 Long  3 

PG-23 
Min SDC 

Short  3 

PG-24 Long  3 
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4.2 Earthquake ground motions 

The uniform hazard spectrum (UHS) at MCE level for rock site at downtown 
Bangkok was first determined. Then, conditional mean spectra (CMS) (J. W. Baker, 2011) 
at period of interest, called conditioning period, equal 0.2, 0.5, 1, 1.5, 2 and 3 seconds 
were constructed and ground motions from corresponding magnitude and distance at 
rock sites were selected to match these CMS spectra. These ground motions and 
corresponding CMS are shown in Appendix C. The rock ground motions were simulated 
to propagate through soft soil layers underneath Bangkok by software SHAKE 
(Jirasakjamroonsri, Poovarodom, & Warnitchai, 2018) and soft soil ground motions were 
obtained. UHS for soft soil at downtown Bangkok of four cases: DBE with damping ratio 
of 2.5 and 5 percent and MCE with damping ratio of 2.5 and 5 percent are shown in 
Figures 4.1 and 4.2. The spectral value at 0 second follows values from CMS 0.5s, and 
values after 3.0 second follow value from CMS 3.0s. The design of archetype building 
used DBE level earthquake which is 2/3 of this soft-soil MCE UHS spectrum. Spectral 
acceleration from this MCE spectrum for damping ratio of 2.5% at the fundamental period 
of a sample building is denoted by MTS  and used to compute CMR in Eq. 2-15. For each 
sample building, two sets of the CMS soft-soil ground motions conditioned at period closet 
to the period of the first and second modes of building were used in nonlinear response 
history analysis (NLRHA). Each component of ground motions was applied to the structure 
one direction at a time in analysis process. 

Ground motions used in dynamic analyses (NLRHA) were modified. The duration 
of ground motions was shortened by selecting the durations of 5 to 95 percent based on 
Arias intensity (Arias, 1970) (Appendix C). The second order baseline correlation (Chiu, 
1997) (Appendix C) was used to modify ground motion records, so the ground 
displacement was limited. By performing these modifications, the running time analysis 
was reduced such that many IDA can be performed with provided computational effort. 
The study by Chandramohan (Chandramohan, Lin, Baker, & Deierlein, 2013) shows that 
by using Arias intensity, the solution of systems may not be different from the whole 
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duration of record if the collapse failure is based on the intensity (spectral acceleration) 
of ground motions in incremental dynamic analysis framework. The detail descriptions of 
full records and analysis ground motions are in Appendix C. The computer software 
PRISM (Jeong, Lee, & Jang, 2017) was used to generate time history and response 
spectra in Appendix C. The time integration method was Newmark with 0.25 = and 

0.5 = . 

 

 

Figure 4.1 Response spectra at MCE level for Bangkok with damping ratio of 5%. 
 

 

Figure 4.2 Response spectra at MCE level for Bangkok with damping ratio of 2.5%. 
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Table 4.3 Bangkok response spectrums. 
Level  
(DR) 

aS  
(0 s) 

aS  
(0.2 s) 

aS  
(0.5 s) 

aS  
(1 s) 

aS  
(1.5 s) 

aS  
(2 s) 

aS  
(3 s) 

aS  
(3.5 s) 

aS  
(4 s) 

DBE 
(5%) 

0.079 0.141 0.185 0.211 0.108 0.132 0.69 0.081 0.064 

MCE 
(5%) 

0.118 0.211 0.278 0.317 0.162 0.198 0.104 0.122 0.096 

DBE 
(2.5%) 

0.079 0.167 0.238 0.279 0.143 0.170 0.086 0.108 0.081 

MCE 
(2.5%) 

0.118 0.250 0.357 0.418 0.214 0.254 0.129 0.161 0.122 

 

4.3 Description of buildings 

The total number of archetypes is three. Each archetype varies based on its 
height. The three buildings used in this study are 18, 24, and 36 stories. The foundation 
was assumed to be pin-support. The configuration A is the circular concrete-filled steel 
tube (CCFT) diagrid with an inclination of 74.5 degrees. All diagrid sections were 
designed to be compact and highly ductile as specified in section 3.3. The archetypes 
were designed by RSA method with trial SPFs by using software ETABS (CSI, 2015). In 
this study, R  is 5.0. In NLRHA, each building was subjected to two sets (6 pairs or 12 
records) of CMS ground motions whose conditioning periods are closed to the periods of 
the first and second modes of the building. For two-dimensional analysis, one direction 
(EW or NS) of ground motions was applied. Therefore, there is a total of (12x3=) 36 IDA 
curves. The summary of archetype profile is shown in Table 4.4. The modal periods were 
solved by using Ritz vectors. The story plan of buildings is symmetric in x and y directions 
and shows in Figure 4.4. All building models are shown in Figures 4.5 to 4.7. The detail 
descriptions of sample buildings are in Appendix C. The damping ratio of sample 
buildings is calculated using Eq. 4-1 and in Figure 4.3. Since all heights are higher than 
64 meters, damping ratios of all buildings are 2.5 percent. The name of archetype comes 
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from building’s story and R  used in design. For example, 18R5 means an 18-story 
building designed with 5.0R = . 

where 

H  = The height of the roof, excluding mechanical penthouses, 
above the grade plane, in meter. (For MCE level, the value need 
not be taken less than 0.025.) 

 

Figure 4.3 Equivalent viscous damping versus building height based on Eq. 4-1 (PEER, 
2017). 

 

Table 4.4 Summary of archetype descriptions. 

Archetype 
ID 

No. of 
Stories 

Height 
(m) 

Key Archetype Design Parameters 
MTS  

(g) SDC R
. 

T  

(sec) 
1T  

(sec) 
2T  

(sec) 
SC  

(g) 
CMS 
set 

CFT-A (74.5-degree inclination) 
18R5 18@3.6m 64.8 D 5 1.67 1.57 0.83 0.030 1.5s, 0.5s 0.227 
24R5 24@3.6m 86.4 D 5 2.06 1.98 1.00 0.033 2.0s,1.0s 0.2465 
36R5 36@3.6m 129.6 D 5 2.79 3.03 1.37 0.021 3.0s,1.5s 0.155 

 0.2
0.05critical

H
 =   (4-1) 
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Figure 4.4 Plan view of all buildings in FEM models (CSI, 2015). 
 

 

Figure 4.5 3D view of 18R5 in FEM model  (CSI, 2015). 
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Figure 4.6 3D view of 24R5 in FEM model  (CSI, 2015). 
 

 

Figure 4.7 3D view of 36R5 in FEM model  (CSI, 2015). 
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4.4 Fiber section of CCFT braces 

To develop nonlinear components of archetypes, composite braces of diagrid are 
defined by nonlinear axial-flexural fiber section hinge. The fiber hinges were developed 
based on stress-strain curves of steel and concrete. The sections of diagrid were chosen 
to be compact based on the compactness requirement of AISC 360-10 (AISC, 2010b), 
and the strength of section were also designed according to the specification of AISC 
360-10. The sections of diagrid were chosen to be highly ductile based on the ductility 
requirement of AISC 341-10 (AISC, 2010a). Furthermore, the expected strength of steel 
sections was based on AISC 341-10. All these requirements are in Appendix B. Fiber 
discretization of a CCFT cross section is shown in Figure 3.9. In every hinge, the number 
of fibers is 21 consisting of 12 steel fibers and 9 concrete fibers. 

 

Figure 4.8 Fiber discretization of CCFT cross section. 

4.4.1 Steel material 

Steel material was modeled by elastic-perfectly-plastic model as shown in Figure 
4.9. The steel grade is pipe ASTM A53b with yield strength yF  of 241 MPa and the 
expected strength is 1.6 times the nominal yield strength, or 386 MPa (Table B.3). The 
yield strain is at 0.0019, and the ultimate strain is assumed to be 0.23; then, strain at 
rupture is assumed to be at 0.251. For steel tube with infilled concrete, the local buckling 
of all designed sections was neglect when considering the study of local buckling effect 
(Denavit & Hajjar, 2014). The stress-strain is now identical in both tension and 
compression.  
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Figure 4.9 Elastic-perfectly-plastic steel material with expected strength equal to 1.6 
times nominal yield strength of 241 MPa. 

4.4.2 Concrete material 

The concrete model followed Denavit and Hajjar (Denavit & Hajjar, 2014) which 
was adapted from Chang and Mander (Chang & Mander, 1994) by using the monotonic 
backbone curve following Tsai’s equation (Tsai, 1988). The detail description of concrete 
model is in Appendix B. The tensile strength of concrete was assumed equal to zero in 
this study. The pre-peak and post-peak behavior of concrete is controlled by ratio of 
diameter to thickness of steel tube. The stress-strain relation is shown in Figure 4.10. The 
ultimate strain is assumed to be 0.05. All concrete has a specific compressive strength 
( '

cf ) of 6 ksi or 42 MPa. 

 

Figure 4.10 Stress-strain relation of confined concrete in CCFT based on D/t ratio. 
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4.4.3 Diagrid module  

Diagrid module represents two triangulated trusses spanning over six stories as 
shown in Figure 4.11. The braces are made of a circular concrete-filled tube (CCFT). The 
beams are typical steel wide flange. The axial-flexural fiber hinge is assigned at the middle 
of braces or relative length of 0.5. The hinge length equals to the length of member such 
that when the members fail in axial stress, there is no axial stress left in the whole member. 
The inclination of this study is 74.5 degree.  

 
Figure 4.11 Sample 6-story diagrid module.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER 5 
RESULTS 

5.1 Pushover analysis  

For each building, pushover analysis was using the first-mode shape as lateral 
load pattern to push the structure. First, a gravity load of 1.05DL+1.05SDL+0.25LL is 
applied by using nonlinear analysis considering P-Delta effect (Figure 5.1). Next, 
pushover analysis is conducted by using first-mode shape as lateral load pattern (Figure 
5.2). The analysis was considered complete when a base shear is dropped to 80% of 
maximum base shear or until the step size is less than 5E-5. Only one direction is 
considered since the models are symmetry in x and y directions. The overstrength 
parameter,  , and period-based ductility, T , then computed for each building as in 
section 2.2.4. Then, SSF for each building was computed based on Table A.5 in case of 
SDC D. The summary of pushover static analyses is in Table 5.1. The pushover curves 
are shown in Figures 5.3 to 5.5.  

Steps in pushover analysis: 

1. Apply nonlinear gravity load case: 1.05(DL+SDL)+0.25LL  
2. Apply pushover load with load type as: 1st mode shape including P-Delta effect. 
3. Load application is displacement control with monitored displacement at roof’s joint.  
4. The target displacement is assumed to be at least 2% of building height. 
5. Increase the target displacement until the pushover curve passes through the peak 

point and falls. 
6. The building is assumed to collapse, and analysis is stopped when (a) base shear fall 

until 80% of maximum base shear or (b) after the peak point, the solution’s step size 
is shown to be smaller than 5E-5 sec (solution needs to be in negative slope). 
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Figure 5.1 Nonlinear gravity loads applied (CSI, 2015). 

 

Figure 5.2 Performing pushover by pushing in first mode direction (CSI, 2015). 
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Table 5.1 Pushover static results. 

ID T (s) T1(s) W (kN) Vmax (kN) 
dynV -str 
(kN) 

  u (m) ,y eff (m) 
T  SSF 

18R5 1.67 1.57 262077 125779 6705 18.8 3.301 0.499 6.62 1.54 
24R5 2.06 1.98 358475 151724 10190 14.9 4.105 0.669 6.13 1.52 
36R5 2.79 3.03 555088 133510 9952 13.4 7.529 0.823 9.15 1.61 

 
 
 

 
Figure 5.3 Pushover curve of 18R5. 
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Figure 5.4 Pushover curve of 24R5. 

 

Figure 5.5 Pushover curve of 36R5. 
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 From analysis, all buildings have a similar value of overstrength factor and period-
based ductility. All buildings do not show a limited ductility defined as period-based 
ductility less than 3. All buildings show a high value of overstrength; the detailed sources 
of overstrength are explained in Appendix D.  

5.2 Nonlinear response history analysis  

The modal type for dynamic analysis was solved by Ritz vectors with applied 
loads: all gravity load, all translational and rotational movement (Figure 5.6). First, the 
models were subjected to nonlinear time history of gravity load of 1.05(DL+SDL)+0.25LL 
represented by ramp function (Figures 5.7 to 5.8). Subsequently, the nonlinear response 
history analyses (NLRHA) were performed with ground motions on translational x direction 
(Figures 5.9 to 5.10). NLRHA were performed with increasing scale factor to ultimately 
perform incremental dynamic analyses (IDA) or pushover dynamic analyses. For each 
scale factor, NLRHA provided scaled spectral acceleration and corresponding maximum 
inter-story drift ratio of models. NLRHA were performed repeatedly with ground motions 
scaled by increasing scaling factors until the inter-story drift ratio exceeded 3% which is 
a recommended limit level for MCER shaking (PEER, 2017) for damage measure. 

 

Figure 5.6 Modal analysis with Ritz vectors based on gravity loads and horizontal 
accelerations (CSI, 2015). 
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Figure 5.7 RAMPQS function for static load pattern (CSI, 2015). 

 

Figure 5.8 Initial nonlinear gravity loads for response history analysis (CSI, 2015). 
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Figure 5.9 Sample time history function (CSI, 2015). 

 

Figure 5.10 Sample NLRHA (CSI, 2015) 
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5.3 Incremental dynamic analysis  

Incremental dynamic analyses (IDA) were performed to compute CMR of 
individual buildings. For each building, the selected ground motion records consist of a 
total of 2 CMS sets or 6 pairs or 12 records based on a first and second period compared 
to conditional periods of ground motions. Since the buildings were designed to be 
symmetric in x and y directions, only one direction of acceleration on building needed to 
be considered; therefore, twelve ground motion records were analyzed for each building 
individually. In this study, the damage measure is inter-story drift ratio and when it exceeds 
3%, the building fails life safety (LS) performance level, and collapse is assumed to occur 
(PEER, 2017). For each building, NLRHA were performed repeatedly with selected ground 
motions scaled by increasing scale factors of ground accelerations until the 
corresponding inter-story drift ratio exceeded 3%. In summary, one building has 12 IDA 
curves due to 12 ground motions. IDA curves for each building are shown in Figures 5.11 
to 5.13. 

Steps in incremental dynamic analysis: 

1. Create a Ramp function for nonlinear gravity load case  
2. Perform nonlinear response history analysis of gravity load: 1.05(DL+SDL)+0.25LL 

applied as a Ramp function. The constant modal damping for all modes is 99% as 
recommended in CSI manual (CSI, 2015). The time integration method is Hilber-
Hughes-Taylor.  

3. Then, perform nonlinear response history analysis of one ground acceleration in X 
direction (one direction in this study). Choose arbitrary scale factor for ground motion. 
For example, scale factor is chosen as 4g; this represents 4 times the intensity of MCE 
level. P-Delta effect need to be included. The constant modal damping for all modes 
is 2.5%. The time integration method is Hilber-Hughes-Taylor.  

4. In this study, the minimum solution substep size is chosen as 5E-5 sec. If the substep 
size yields this size, the building is assumed to occur, and the analysis is stopped.  
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5. After conducting NLRHA for a ground motion, check the corresponding maximum 
inter-story drift of building.  

a) if drift ratio is greater than 3%, the next scaling factor must be reduced. 
b) If drift ratio is less than 3%, the next scaling factor must be increased.  
c) If drift ratio is within 3 0.2%, the analysis stops. Obtain the required spectral 

acceleration that causes this drift ratio to collapse level ( CTS ) and go to step 
(8). 

6. Reperform NLRHA until obtain the result of step 5(c) or obtain 2 solutions that are 
relatively close to 3% drift (one less than 3% and one greater than 3%). In this study, 
after one obtains 2 solutions that are between 3% drift, one may compute the required 
spectral acceleration at collapse CTS  by linear interpolation between the point before 
and after 3% drift. 

7. Repeat steps 3-6 for other ground motions.  
8. Compute the geometric mean of all spectral acceleration that causes collapse CTS ;  

obtain ˆCTS . 

,
ˆ average(ln( ))CT CT iS S=  

9. Compute collapse margin ratio as a ratio of geometric mean of spectral accelerations 
to MCE spectral acceleration of building. 

ˆ
CT

MT

S
CMR

S
=
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Figure 5.11 IDA results of 18R5. 
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Figure 5.12 IDA results of 24R5. 
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Figure 5.13 IDA results of 36R5. 
 The results show that all buildings have a high value of collapse margin ratio. With 

the given limit state, all buildings show a high level of seismic performance and require a 
very high spectral acceleration to collapse them. Due to variations of ground motions, 
results may be different if one chooses different ground motions to conduct incremental 
dynamic analysis.   
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5.4 Collapse uncertainty  

These are assumptions used to estimate uncertainties of the system to evaluate 
seismic performance factors: 

- Uncertainty in variability of ground motions, 0.40RTR =  (since the period-based 
ductility of all sample building is greater than 3; 3T  ). 

- Uncertainty in accuracy of design objectives, 0.20DR =  (since the failure modes of 
nonlinear members were limited to only tension and compression failure due to 
compact and ductile section of members with moderate confidence in design 
requirements. The sample buildings were designed based on current design code. 
The quality rating was justified to be (B) Good). 

- Uncertainty in comprehensive test data to develop structural members, 0.20TD =  
(since the nonlinear model was developed from reliable and accurate fiber model. The 
quality rating was justified to be (B) Good). 

- Uncertainty in ability of nonlinear analysis modeling, 0.35MDL =  (limited numbers of 
sample building but the model comprehensively reflects the main modes of failure: 
tension and compression failure of diagrid. The quality rating was justified to be (C) 
Fair).  

Total system collapse uncertainty is computed as a SRSS of four uncertainties:  

2 2 2 2

TOT RTR DR TD MDL    = + + +  

2 2 2 20.40 0.20 0.20 0.35 0.60TOT = + + + =  

The acceptable values of ACMR  of 10% and 20% probability of collapse were 
computed from Table A.8.  
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Table 5.2 Collapse uncertainties of archetypes 

ID 

Variability 
of Ground 
Motions  

( RTR ) 

Quality of 
Design 

Requirements 

( DR ) 

Quality of 
Test Data 

( TD ) 

Quality of 
Nonlinear 
Modeling 

(
MDL ) 

Total System 
Collapse 

Uncertainty  

( TOT ) 

Group 
Criteria

10%ACMR  

Individual 
Criteria 

20%ACMR  

All 0.40 0.20 0.20 0.35 0.60 2.16 1.66 

 

5.5 Collapse fragility curve 

The collapse probability data points from IDA together with the fragility curves 
based on a lognormal cumulative distribution function (CDF) as defined in FEMA P695 are 
shown in Figures 5.14 to 5.16. From data points, one can follow the empirical CDF or 
combinatorial probability (Chompoothawach, 2009) which represents the equally like 
outcome for each sample. For FEMA P695 method, the lognormal CDFs are defined by 

using the mean (  ) equal to ˆln( )CTS  and the standard deviation ( ) equal to RTR . 

Steps in constructing collapse fragility curve: 

1. First, spectral acceleration data from each IDA curve are used to construct empirical 
CDF. This method will produce an equally like outcome or combinatorial probability. 
By order of magnitude, each spectral acceleration at collapse from each ground 
motion will increase a probability of collapse by 1/n.  

a) Rank value of spectral acceleration at collapse from each ground motion from 
smallest to largest. 

b) Then, assign a probability of each point by order and increase by 1/n; i.e., the 
first point has a probability of collapse of 1/n; the next point has a probability 
of collapse of 2/n. Finally, the final point will have a probability of collapse of 
1.0. 

2. Second, FEMA P695 uses a lognormal CDFs to construct collapse fragility curve. 
There are two parameters required to construct CDFs. 
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a) Mean value (  ): geometric mean of CTS : the average value of natural 

logarithm of CTS ; ,
ˆ average(ln( ))CT CT iS S= . 

b) Standard deviation ( ): RTR  as computed by Eq. 2-17. 
3. By plotting collapse fragility curve, one can interpret the probability of collapse of this 

building given the spectral acceleration value. Moreover, it visualizes a concept of 
CMR.  

 

 
Figure 5.14 Collapse fragility curve of 18R5. 
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Figure 5.15 Collapse fragility curve of 24R5. 
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 Figure 5.16 Collapse fragility curve of 36R5. 

 

 The lognormal CDF constructed from FEMA P695 method shows a good fitting to 
empirical CDF of sample buildings. Nonetheless, for 36R5, since many ground motions 
cause similar collapse level spectral accelerations, using an empirical CDF causes a 
graph to be steep. Using different ground motions for 36R5 can make the curve less 
steep. These collapse fragility curves are helpful to visualize how spectral acceleration of 
ground motion events relate to the probability of collapse of buildings. Without calculation, 
one can interpret roughly a probability of collapse at MCE level spectral acceleration. In 
this case, all sample buildings have a very low probability of collapse. 
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5.6 Seismic performance factors 

To evaluate the response modification coefficient ( R ), ACMR  of sample building 
and average value of ACMR  across the performance group must be checked. ACMR  
can be computed as a product of CMR  and SSF . To verify that seismic performance of 
sample buildings are acceptable or has a low probability of collapse at MCE intensity, 
values of ACMR  have to be greater than the acceptance value of adjusted collapse 
margin ratio at 10% and 20% ( 10%ACMR & 20%ACMR ) computed in section 5.4.  

In Table 5.3, seismic performances of sample buildings designed by using 5R =  
have been verified, and ACMR  is greater than the criteria for individual and average 
values; therefore, seismic performances of sample buildings are deemed acceptable. A 
value of R  can be used as 5.0. 

Next, the system overstrength factor ( 0 ), according to FEMA P695, needs to be 
greater than the average value across performance group and rounded up. In this study, 

0  needs to be greater than 13. Nonetheless, this value cannot be greater than 3.0 since 
the upper bound value prescribed in ASCE 7 is 3.0; therefore, the recommended value of 

0  to use in design is 3.0. 

Finally, the deflection amplification factor ( dC ) is evaluated by Eq. 2-20. For 
system with effective damping less than 5%, a damping coefficient, 

IB , is less than 1.0. 
This will produce a dC  value which is greater than R . This contradicts with values 
provided in ASCE 7. In ASCE 7, values of dC  have never been specified to be greater 
than R . Therefore, a value of dC  should be used as a value of R ; dC  can be used as 
5.0.  
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Table 5.3 Summary of collapse margins and comparison to acceptance criteria 

ID 
Analysis results Acceptance Check 

    1    T 1 SSF MTS  (g) ˆCTS  (g) CMR ACMR 
Acceptable 

ACMR 
Pass/Fail 

18R5 18.8 6.62 1.54 0.227 1.533 6.75 10.40 1.66 Pass 
24R5 14.9 6.13 1.52 0.2465 1.528 6.20 9.42 1.66 Pass 

36R5 13.4 9.15 1.61 0.155 1.199 7.74 12.46 1.66 Pass 
Average 15.7      10.76 2.16 Pass 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

CHAPTER 6 
CONCLUSIONS 

6.1 Summary  

 This study investigated the seismic performance of CCFT diagrid buildings: 18, 
24 and 36-story located in Bangkok. Each building was subjected to 2 sets of CMS ground 
motions based on first and second modal periods. Using methodology in FEMA P695, it 
is found that the appropriate SPFs for the regular floor plan buildings using circular 
concrete-filled steel tube diagrid located at the exterior frame are as follows: 5.0dR C= =  
and 0 3.0 = . These values are based on the assumed uncertainties. If the quality ratings 
were judged to be higher than assumed, then a higher value of R  may be plausible. 

 These SPFs are correlated with the values provided for composite concentrically 
braced frames in ASCE 7-05. CCFT diagrid systems can use the same SPFs values as 
the traditional composite braced frame systems. The result is consistent with the study by 
W. Baker et al. (2010) that steel diagrid systems can use the same SPFs values as steel 
braced frame systems.  

 The daigrid structure designed with load combinations in ASCE 7-05 (2005) 
provided an extra overstrength factor to the building because a load combination 
1.2DL+1.0LL with higher gravity load governs the design of diagrid structure, while the 
gravity load used in pushover analysis for computing the overstrength factor is 
1.05DL+0.25LL which is lower than design gravity load. Another main source of 
overstrength of pushover is the redistribution of force. After one member reaches its 
maximum capacity, an additional force will flow into other members that still have a 
capacity to support load. Due to a configuration of diagrid, when design a diagrid, the 
govern members are the one located in a first story of each module; on the other hand, 
members in the last story of each module have a low demand to capacity ratio (DCR). 

The outcome of this study is very limited since only one performance group of 
sample buildings was examined. The SPFs obtained from this study can only be applied 
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to similar buildings used in this study. To obtain more reliable SPFs applicable to more 
cases, more performance groups of sample buildings need to be analyzed.  

6.2 Recommendations for future research 

Further studies may involve the followings: 

1. More angles of inclinations of diagrid module need to be investigated. The range 
of angle may be 60-70 degrees.  

2. More buildings with different heights need to be considered. Either supertall 
buildings (60-story or higher) or short buildings (10-story or less) should be 
considered.   

3. Other sets of ground motions should be used. Increase ground motions to 4-6 
CMS sets of ground motions per sample building will highly cover more scenarios 
and the accuracy of results. 

4. Different gravity systems (beam and column) configurations may affect the 
performance of diagrid structures. 

5. Different range of diagrid module may affect the global performance of diagrid 
structures: 4-story or 8-story should be considered. 

6. influence of vertical ground motions to seismic performance of diagrid module 
needs to be investigated; 

7. And irregular buildings should also be investigated.
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APPENDIX A 
FEMA P695 
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Table A.1 SPFs of composite braced frames in ASCE 7-05 (ASCE, 2005). 

Seismic Force-Resisting System 
Response 

Modification 
Coefficient, R  

System 
Overstrength 
Factor, 0  

Deflection 
Amplification Factor, 

dC  

BUILDING FRAME SYSTEMS    
Composite steel and concrete 
concentrically braced frames 

5 2 4½   

Ordinary composite steel and concrete 
braced frames 

3 2 3 

 
 

Table A.2 Coefficient Cu (ASCE, 2005). 
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Table A.3 Coefficient Ct and x (ASCE, 2005). 
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Pushover Plot (FEMA, 2009) 

Figure A.1 shows a sample pushover curve and explanations of the maximum 

base shear, 
maxV  and the ultimate displacement, u . 

maxV  is the maximum base shear 

the pushover curve, and u  is the roof displacement at 20% strength loss  

(
max0.8V ). ,y eff  is an effective roof displacement used to approximate full yield of the 

seismic force resisting system: 

2max
0 1, 2

(max( , ))
4

y eff

V g
C T T

W




 
 
 

=  

where 

0C  = Coefficient relates fundamental-mode (SDOF) displacement to roof 
displacement. The coefficient 

0C  is based on Equation C3-4 of ASCE/SEI 
41-06 as follows: or using table in ASCE 7-05. 

0C  can read from Table 3-2 in 
ASCE 41-06. For other buildings, with any load pattern, 

0C  is 1.5 for buildings 
with 10 or more stories. 

max /V W = the maximum base shear normalized by building weight 
g  = the gravity constant  
T  = the fundamental period 

1T  = the fundamental period of the archetype model computed using modal 
analysis 

 
Figure A.1 Idealized nonlinear static pushover curve (FEMA, 2009). 
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Table A.4 Spectral shape factor (SSF) for archetype designed for SDC B, C, or Dmin 
(FEMA, 2009).   

 

Table A.5 Spectral shape factor (SSF) for archetype designed for SDC Dmax (FEMA, 
2009). 
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Construction of collapse fragility curves 

After performing Incremental Dynamic Analysis (IDA), the next step is to use those 

computed spectral accelerations and corresponding maximum interstory drift ratio to 

construct a fragility curve. The procedure for constructing the curve refers to Fragility 

Assessment of High-Rise Reinforced Concrete Buildings Thesis by Hezha Sadraddin 

(Sadraddin, 2015). The sample of a fragility is shown in Figure A.2 by Chompoothawach 

(Chompoothawach, 2009). Figure A.2(a) illustrates the IDA curves providing spectral 

accelerations and corresponding maximum interstory drift ratio. Figure A.2(b) illustrates 

the probability of collapse given the specific spectral acceleration from Figure A.2(a). For 

example, in this study, the collapse defines at the maximum interstory drift ratio of 4 

percent; the 100 percent probability of collapse occurs at a spectral acceleration of 

1.720g as shown in Figure A.2(a). After completing the fragility curve, if one examines the 

spectral acceleration of 0.425g, this spectral acceleration will be corresponding to 1/20 

or 5 percent of collapse.  

 

 

Figure A.2 Fragility curve constructing from spectral acceleration and maximum inter-
story drift ratio (Chompoothawach, 2009). 
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Procedure for Constructing Fragility Curves (Sadraddin, 2015) 

1. Create the IDA curves for all ground motions. Determine the value of Intensity 

Measure (IM) or , in this case, the spectral acceleration, , which is the 
function of fundamental period and five-percent damping, of the buildings’ 
response from the IDA curves.  

2. Choose type of distribution function. In this case, the lognormal distribution is 
used. Therefore, the chosen parameter, spectral acceleration, is taken by natural 
logarithm to become , where  is the specific spectral acceleration.  

3. Compute the mean and the standard deviation for : 

 1

ln( )
n

i

i

x

n
 ==


 

 
2

1

(ln( ) )

1

n

i

i

x

n



 =

−

=
−


 

where,  

   = mean of  

   = standard deviation of  

  = specified parameter for IM, in this case, Spectral Acceleration,  

4. Calculate  of the lognormal data: 

 ln( )x
s





−
=  

5. Define the random variable,  which is less than or equal to the specific value, 
. Define the Cumulative Distribution Function (CDF) represents the probability of 

a random variable, . The Probability Density Function (PDF) defines as the 
derivative of the CDF. This PDF will be expressed as the normal distribution which 
will represent the probability distribution in this study.  
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2

1 1
( ) ( ) exp

22

x
X X

xX

xd
f x F x

dx



 

  −
 = = −  
   

 

In this study, we are interested in the lognormal value, so the PDF will become: 

 
2

ln1 1
(ln ) exp

22

x
X

xX

x
f x



 

  −
 = −  
   

 

6. Introduce the parameter  in the equation and call this variable, : 

 
( )

21 1
( ) ( ) exp

22
Ss f s s



 
− 
 

= =

 
In normal distribution domain, the mean equals to zero, and standard deviation 
equals to one. 

7. The CDF is now expressed as: 

 ln( )
( ) ( )X

X
P X x F x






−
 = =  

8. If we only interested in the probability under the damage level ( ), the probability 
will become: 

 ln( )
( )

x
P D






−
 =  

where,  

 = the damage level (the drift limit) 
9. Plot fragility curve with probability at vertical axis and spectral acceleration (IM) at 

horizontal axis.  
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Table A.6 Quality rating of design requirements (FEMA, 2009). 

 
 

 

 

 

Table A.7 Quality rating of test data (FEMA, 2009). 
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Table A.8 Quality rating of index archetype models (FEMA, 2009). 
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Table A.9 Acceptable values of adjusted collapse margin ratio (FEMA, 2009). 
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Damping Coefficient (ASCE, 2005) 

Where the period of the structure is greater than or equal to 0T , the damping 

coefficient described in ASCE 7-05 shall be as prescribed in Table A.10. When the period 

of the structure is less than 0T , the damping coefficient is computed by a linear 

interpolation between a value of 1.0 at 0-s in Table A.10. 

Effective Damping at design displacement:  mD I Vm D HD    = + +  

Effective damping at maximum displacement:  mM I Vm M HM    = + +  

where  

D  = Effective ductility demand on the seismic force-resisting system in the 
direction of interest due to the design earthquake  

M  = Effective ductility demand on the seismic force-resisting system in the 
direction of interest due to the maximum considered earthquake   

HD  = Component of effective damping of the structure in the direction of interest 
due to post-yield hysteretic behavior of the seismic force-resisting system 
and elements of the damping system at effective ductility demand, D  

HM  = Component of effective damping of the structure in the direction of interest 
due to post-yield hysteretic behavior of the seismic force-resisting system 
and elements of the damping system at effective ductility demand, M  

I  = Component of effective damping of the structure due to the inherent 
dissipation of energy by elements of the structure, at or just below the 
effective yield displacement of the seismic force-resisting system 

VM  = Component of effective damping of the mth mode of vibration of the 
structure in the direction of interest due to viscous dissipation of energy by 
the damping system, at or just below the effective yield displacement of the 
seismic force-resisting system  
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Table A.10 Damping coefficient (ASCE, 2005) 
Effective damping,   (percentage of 

critical) 
1 1 1, , , , ,V D R M mDB B B B B+ or mMB  (where 
period of the structure 0T ) 

2 0.8 
5 1.0 
10 1.2 
20 1.5 
30 1.8 
40 2.1 
50 2.4 
60 2.7 
70 3.0 
80 3.3 
90 3.6 

100 4.0 
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APPENDIX B 
DIAGRID 
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Compactness 

 The strength of concrete-filled tube is computed based on the steel specification 

(AISC 360-10) (AISC, 2010b). Since the Round section can easily achieve compact 

criteria, the author will use only compact section. In Table C.1, the compactness 

requirement of the section is:  

Round filled composite members:    

Table B.1 Compactness of steel section (AISC, 2010b). 

 
Strength 

 The tensile strength of axially loaded filled composite braces includes only the 

area of steel section; the area of confined concrete is neglected in the design. A gross 

area of section equals to area of steel in this case. The area of reinforcing steel is 

neglected in this steel and equals to zero. The design tensile strength of a circular 

concrete-filled steel tube (CCFT) brace is (AISC, 2010b): 

 

yF

E

t

D
15.0

90.0,)( =+= tysrsrgytnt FAAFP 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

81 

 The compressive strength of axially loaded filled composite braces accounts the 

compressive strength of confined concrete filled inside the steel section (AISC, 2010b). A 

gross area of section equals to the area of steel plus concrete.  

 

When ,   

When ,   

For compact sections, 

  

  = 0.85 for rectangular sections and 0.95 for round sections 

   =  

   =  

   =  coefficient for calculation of effective rigidity of filled   

   composite compression member 

   =   

   =  ksi   ( 1.5 '0.043 c cw f  MPa) 

   = 150 lbs/ft3 (2400 kg/m3) assumed 

   = 29,000 ksi (200,000 MPa) assumed 

   =  designed area with designed thickness 

   =  area of reinforcing steel, equal to zero in this study 

   = , designed thickness is 93% of nominal thickness0 
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Ductility 

 Steel seismic provision (AISC 341-10) (AISC, 2010a) requires composite columns 

and braces to be highly ductile members. Since the Round section can easily achieve 

highly ductile criteria, the author will only use highly ductile steel section in this study. The 

ductility requirement of this section is as shown in Table C.2: 

Round filled composite members:    

Table B.2 Ductility of steel section (AISC, 2010a). 
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Brace Strength 

 Since the requirements for highly ductile member are more restricted than 

compact section, the value for ductility requirement governs the selection of section. The 

expected yield strength value combined with previous design strength equations further 

define the nonlinear hinge in composite braces. The expected strength of steel sections 

defines in Table B.3. 

Round Section 

 Type of steel:  ASTM A53/A53M: 1.6yR =  and 1.2tR =  
 A53 Gr. B: Yield Strength   = 35 ksi (241 MPa) 
   Tensile Strength = 60 ksi (415 MPa) 
 

Table B.3 Expected strength of steel material (AISC, 2010a). 
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Monotonic Steel Stress-Strain Relation with Local Buckling (Denavit & Hajjar, 2014) 

 Under compression, the compressive response of CCFT section can be modified 

to account for local buckling. The beginning of local buckling is assumed to start when 

the compressive strain reaches a local buckling value, 
lb . Then, there is a linear strength 

degradation with a slope of a local buckling modulus, slbK . After local buckling occurs, 

the stress will be a constant ultimate residual stress,  ulbF . 

120
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u
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Figure B.1 Monotonic steel stress-strain relationship including local buckling  (Denavit & 
Hajjar, 2014). 
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Monotonic Concrete Stress-Strain relation for analysis purpose (Denavit & Hajjar, 2014) 

The compressive strain at peak stress for unconfined concrete:  

' 0.25
' ( ) [ ]

710

c
c

f ksi
 =  

Concrete Compressive Pre-Peak Shape Factor ( '
c cc  ):   

'

,

[ ]
1.9

0.75

c
n pre

f ksi
r = −  

Concrete Compressive Post-Peak Shape Factor ( '
c cc  ):  

'

, 0.4 0.016 c
n post

y

fD
r

t F
= +  

Confinement Pressure ( lf ):      

2

2

y

l

F
f

D

t


=

−

 

0.138 0.00174 0
D

t
 = −   

where  D = the outer diameter of section (inch) 

t = the thickness of tube (inch) 

Peak Stress in Compression '
ccf : 

For CCFT where a symmetric state of confinement ( 1 2l lf f= ) may be assumed, 

' '

' '
1.254 2.254 1 7.94 2l l

cc c

c c

f f
f f

f f

 
 = − + + −
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Strain at peak stress '
cc :   

'
' '

'
1 5 1cc

cc c

c

f

f
 

  
 = + − 

  
  

 

 

Tsai’s Equation to compute stress from strain and shape factor  

( )

1 for r 1
( ) 1 1

1 1 ln( ) for r 1

rr x
n x

D x r r

n x x

  
+ − +   

= − −  
 + − + =

   where 
'

,

'
,

n pre c cc

n post c cc

r
r

r

 

 

 
= 



 

'

c

cc

x



=   

'

c

cc

f
y

f
=   

'

'

c cc

cc

E
n

f


=  

( )

nx
y

D x
=  '

c cc x =  '
c ccf f y=  

where  

c  = Strain 
'
c  = Strain at peak stress in compression of unconfined concrete 
'
cc  = Strain at peak stress in compression of confined concrete 

cf  = Stress 
'

cf  = Specific compressive strength of concrete of unconfined concrete 
'

ccf  = Peak stress in compression of confined concrete 

cE  = Initial modulus of elasticity  
x  = Normalized strain 

y  = Normalized stress 
n  = Normalized modulus  
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APPENDIX C 
BUILDINGS AND GROUND MOTIONS 
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Ground Motions for Response Spectrum and analysis  

Bold = name of record for analysis purpose  

CMS Event Station Comp PGA(g) CMS Event Station Comp PGA(g) 

0.2s 

Kobe - Japan OKA 
EW 0.129 

1.5s 

Tokachi-
oki 

YMT015 
EW 0.062 

NS 0.163 NS 0.066 

Hector Mine 
Anza – Tripp 
Flats Training 

[HEC] 

EW 0.062 
Tohoku SIG007 

EW 0.064 

NS 0.102 NS 0.052 

Northridge-
01 

Rancho 
Cucamonga – 

Deer Can 
[NOR] 

EW 0.159 

Tohoku HKD06 

EW 0.054 

NS 0.093 NS 0.061 

0.5s 

Kocaeli-
Turkey 

Tekirdag 
[KOC] 

EW 0.140 

2.0s 

Tohoku HKD048 
EW 0.077 

NS 0.120 NS 0.063 

Hector Mine 
Anza-Tripp 

Flats Training 
[HEC2] 

EW 0.069 
Tohoku 

SIG007 
[SIG0072] 

EW 0.065 

NS 0.112 NS 0.053 

Hector Mine 
Pacoima 

Kagel Canyon 
[HEC24] 

EW 0.099 
Tokachi-

oki 
FKS02 

EW 0.071 

NS 0.136 NS 0.075 

1.0s 

Hector Mine 
Pacoima 

Kagel Canyon 
[HEC18] 

EW 0.087 

3.0s 

Tohoku OSK004 
EW 0.068 

NS 0.124 NS 0.055 

Chi-Chi- 
Taiwan 

TAP078 
[CHI] 

EW 0.102 
Tohoku HKD006 

EW 0.043 
NS 0.093 NS 0.047 

Hector Mine 
Anza – Tripp 
Flats Training 

[HEC17] 

EW 0.061 W. Coast 
of 

Nortern 
Sumatera 

PYAY 

EW 0.041 

NS 0.099 NS 0.028 
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ID Event Year Station MW Mecha-
nism 

Repi 

(km) 
Scale 
Factor 

Comp. PGA 
(g) 

PGV 
(mm/s) 

PGD 
(mm) 

Record 
Length 

(s) 

∆t 
(s) 

0.2s/1 Kobe-Japan 1995 OKA 6.9 Strike-Slip 86.9 0.8891 EW 0.129 100 27.5 
163.82 0.02 

NS 0.163 127 25.4 
0.2s/2 Hector Mine 1999 Anza-Tripp 

Flats Training 
7.13 Strike-Slip 102.4 1.1524 EW 0.062 139 87.8 

163.835 0.005 
NS 0.102 142 59.6 

0.2s/3 Northridge 
-01 

1994 Rancho 
Cucamonga 
-Deer Can 

6.69 Reverse 80 1.0221 EW 0.159 84.8 7.45 
81.91 0.01 NS 0.093 124 26.9 

0.5s/1 Kocaeli-
Turkey 

1999 Tekirdag 7.51 Strike-Slip 165 1.3575 EW 0.140 185 66.8 
81.91 0.01 

NS 0.120 161 48.7 
0.5s/2 Hector Mine 1999 Anza-Tripp 

Flats Training 
7.13 Strike-Slip 102.4 1.3186 EW 0.069 158 100 

163.835 0.005 
NS 0.112 161 68.9 

0.5s/3 Hector Mine 1999 Pacoima 
Kagel Canyon 

7.13 Strike-Slip 186.3 1.2584 EW 0.099 146 66.4 
103.83 0.01 

NS 0.136 215 125 

1.0s/1 Hector Mine 1999 Pacoima 
Kagel Canyon 

7.13 Strike-Slip 186.3 1.054 EW 0.087 129 55.9 
163.83 0.01 

NS 0.124 192 105 
1.0s/2 Chi-Chi- 

Taiwan 
1999 TAP078 7.62 Reverse-

Oblique 
120 0.7251 EW 0.102 219 151 

163.835 0.004 
NS 0.093 154 93.3 

1.0s/3 Hector Mine 1999 Anza-Tripp 
Flats Training 

7.13 Strike-Slip 102.4 1.1045 EW 0.061 133 84.3 
131.068 0.005 

NS 0.099 136 56.9 
1.5s/1 Tokachi-oki 2003 YMT015 8.3 Thrust 550 3.66 EW 0.062 147 240 

327.67 0.01 
NS 0.066 158 520 

1.5s/2 Tohoku 2011 SIG007 9.0 Thrust 689 1.85 EW 0.064 206 433 
327.67 0.01 

NS 0.052 226 748 
1.5s/3 Tohoku 2011 HKD06 9.0 Thrust 663 2.38 EW 0.054 265 829 

327.67 0.01 
NS 0.061 233 802 

2.0s/1 Tohoku 2011 HKD048 9.0 Thrust 655 2.33 EW 0.077 208 3072 
327.67 0.01 

NS 0.063 175 1118 
2.0s/2 Tohoku 2011 SIG007 9.0 Thrust 689 1.90 EW 0.065 215 1099 

327.67 0.01 
NS 0.053 215 1668 

2.0s/3 Tokachi-oki 2003 FKS02 8.3 Thrust 550 4.36 EW 0.071 197 8655 
327.67 0.01 

NS 0.075 223 1916 
3.0s/1 Tohoku 2011 OSK004 9.0 Thrust 747 2.35 EW 0.068 287 785 

327.67 0.01 
NS 0.055 232 476 

3.0s/2 Tohoku 2011 HKD06 9.0 Thrust 663 1.73 EW 0.043 177 684 
327.67 0.01 

NS 0.047 190 848 
3.0s/3 W. Coast of 

Northern 
Sumatera 

2004 PYAY 9.0 Thrust 1625 2.58 EW 0.041 355 1930 
327.67 0.01 NS 0.028 275 1598 
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Buildings 

 

Figure C.1 Story plan for all buildings at ground level. 

 

Figure C.2 Story plan for all buildings in-between module. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

106 

 

Figure C.3 Story plan for all buildings at mid and end module level. 
 

 
Figure C.4 Sample diagrid module expands to six stories for all buildings. 
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Figure C.5 Elevation view of 18R5 with plastic hinges (CSI, 2015). 
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Figure C.6 Elevation view of 24R5 with plastic hinges. 
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Figure C.7 Elevation view of 36R5 with plastic hinges (CSI, 2015). 
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Figure C.8 3D view of 18R5 (CSI, 2015). 
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Figure C.9 3D view of 24R5 (CSI, 2015). 
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Figure C.10 3D view of 36R5 (CSI, 2015). 
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Summary 

ID Story Height 
Diagrid Story 
per module 

Diagrid 
inclination 

18R5 18@3.6 m 64.8 m 6 74.5 
24R5 24@3.6 m 86.4 m 6 74.5 
36R5 36@3.6 m 129.6 m 6 74.5 

Design Parameters 

ID R T=CuTa (s) T1 (s) T2 (s) Cs (g) CMS set SMT (g) 
18R5 5 1.67 1.57 0.83 0.030 1.5s,0.5s 0.227 
24R5 5 2.06 1.98 1.00 0.033 2.0s,1.0s 0.2465 
36R5 5 2.79 3.03 1.37 0.021 3.0s,1.5s 0.155 

Base shear for RSA 

Assume 5dC =  

 ID W (kN) 
SC  K V  

(kN) 
dynV  

(kN) 

dynV – 
strength 

design (kN) 
dyn  

d dynC    

Limit 
(ASCE 
7-05) 

18R5 262077 0.03 1.585 7862 6090 6705 
0.000577 
(~0.06%) 

0.002885 
(~0.3%) 

2% 
OK 

24R5 358475 0.033 2.0 11830 9312 10109 
0.000799 
(~0.08%) 

0.003995 
(~0.4%) 

2% 
OK 

36R5 555088 0.021 2.0 11657 8542 9952 
0.000775 
(~0.08%) 

0.003875 
(~0.4%) 

2% 
OK 

W = Seismic weight of structure 
K  = Coefficient for equivalent lateral force method 
V  = Static base shear computed as a product of W and SC  

dynV  = Dynamic base shear computed based on modal periods 

dynV – strength design = Base shear required for strength design of members requiring 
at least 85% of static base shear. 

dyn  = Maximum inter-story drift ratio of structure subjected to dynamic base shear 
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Base Shear Calculation 

Example: Base shear calculation of 24R5 

86.4H = m 

358,475W = kN 

5.0R =  

1.0I =  
0.750.0488aT H= (ASCE 7-05) [H in meter] 

0.750.0488(86.4m) 1.383aT = = sec 

Assume 1.5uC =  

1.5 1.383 2.06u aT C T= =  = sec 

 

1
0.166 0.0332 0.033

5
S DT

I
C S

R
=  =  =   

11,830SV C W= =  kN (Equivalent Lateral Force: base shear) 

(85%) 10,109dynamic strengthV V−  = kN (Dynamic base shear for strength design) 

 

 

 

 

 

 

 

 

 

 

(0.086 0.170)
( 2.06s) 0.170 (2.06 2) 0.166

(3 2)
DTS T

−
= = + − =

−
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Gravity load and mass in design and analysis 
 

 Design Phrase (RSA) Analysis Phrase (Nonlinear) 

Gravity load 1.4(DL+SDL) 

1.2(DL+SDL)+1.6LL 

(ASCE 7-05) 

1.05(DL+SDL)+0.25LL 

(applied prior to seismic load) 

(FEMA P695) 

Seismic load 1.2(DL+SDL)+1.0LL+1.0Ex+0.3Ey 

1.2(DL+SDL)+1.0LL+0.3Ex+1.0Ey 

0.9(DL+SDL)+1.0Ex+0.3Ey 

0.9(DL+SDL)+0.3Ex+1.0Ey 

(ASCE 7-05) 

1.0Ex 

(applied in one direction only) 

P-Delta load 
combination 

(ETABS) 

1.2(DL+SDL)+0.5LL 
(CSI Manual) 

1.05(DL+SDL)+0.25LL 
(use this load combination to 

be consistent with gravity 
load) 

Seismic weight 
of structure (W) 

1.0(DL+SDL) 1.0(DL+SDL) 

 

Note: DL = self weight, SDL = superimposed deadload, LL = Liveload 

 

Load Case Distributed Load (kN/m2 = kPa) 
Office (typical floor) SDL = 3 

LL = 2.5 (office floor, ASCE 7-05) 
Roof (roof floor) LL = 1.5 (roof floor, ASCE 7-05) 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

116 

Diagrid  

(underlined = nonlinear hinge applied for nonlinear analysis model) 
All Steel sections are A53b, yF = 245 MPa (35 ksi) 

All concrete specific compressive strength, '

cf  = 42 MPa (6 ksi)  

18R5 

Module Story 
Diameter of tube 

(inch/mm) 
Thickness of tube 

(inch/mm) 
D/t 

1 1-6 20 / 508 0.5 / 12.7 40 
2 7-12 16 / 406.4 0.625 / 15.9 25.6 
3 13-18 14 / 355.6 0.625 / 15.9 22.4 

24R5 

Module Story 
Diameter of tube 

(inch/mm) 
Thickness of tube 

(inch/mm) 
D/t 

1 1-6 22 / 558.8 0.625 / 15.9 35.2 
2 7-12 20 / 508 0.625 / 15.9 32 
3 13-18 18 / 457.2 0.5 / 12.7 36 
4 19-24 14 / 355.6 0.625 / 15.9 22.4 

36R5 

Module Story 
Diameter of tube 

(inch/mm) 
Thickness of tube 

(inch/mm) 
D/t 

1 1-6 26 / 660.4 0.625 / 15.9 41.6 
2 7-12 24 / 609.6 0.625 / 15.9 38.4 
3 13-18 22 / 558.8 0.5 / 12.7 44 
4 19-24 20 / 508 0.5 / 12.7 40 
5 25-30 18 / 457.2 0.5 / 12.7 36 
6 31-36 14 / 355.6 0.5 / 12.7 28 

 
Slab 

Slab Thickness (mm) '

cf  (MPa) EI eff 
A 300 35 0.25 
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Exterior Beam (A992 Fy = 50 ksi, 345 MPa) 

Beam Section 
Total Depth 

(mm) 
Web thickness 

(mm) 
Flange Width 

(mm) 
Flange thickness 

(mm) 
A W21x50 528.3 9.7 165.9 13.6 

 

Reinforced Concrete Column 

EIeff = 0.70EI of gross section 

All Rebar size: #18 = 57.3 mm. All Rebar grade is A615Gr60, 410yF =  MPa 

All column’s concrete specific compressive strength, '

cf  = 60 MPa (8.7 ksi) 

18R5 

Module Story 
Height / Width 

(in) 
Height / Width 

(mm) 
# Rebar along  

2-dir Face 
# Rebar along  

3-dir Face 
1 1-6 45x45 1143x1143 6 6 
2 7-12 35x35 1000x1000 4 4 
3 13-18 25x25 635x635 4 4 

24R5 

Module Story 
Height / Width 

(in) 
Height / Width 

(mm) 
# Rebar along  

2-dir Face 
# Rebar along  

3-dir Face 
1 1-6 60x60 1524x1524 6 6 
2 7-12 50x50 1270x1270 6 6 
3 13-18 35x35 1000x1000 4 4 
4 19-24 25x25 635x635 4 4 

36R5 

Module Story 
Height / Width 

(in) 
Height / Width 

(mm) 
# Rebar along  

2-dir Face 
# Rebar along  

3-dir Face 
1 1-6 70x70 1778x1778 10 10 
2 7-12 70x70 1778x1778 8 8 
3 13-18 60x60 1524x1524 6 6 
4 19-24 50x50 1270x1270 6 6 
5 25-30 40x40 1016x1016 4 4 
6 31-36 25x25 635x635 4 4 
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Example Calculation of Diagrid Strength 
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Modal Period 

18R5 
Case Mode Period (sec)  

X
U  

Y
U  

Z
U  

X
R  

Y
R  

Z
R  

Ritz 

1 1.567 0.7104 0.0494 0 0.0124 0.1788 0 
2 1.567 0.7598 0.7598 0 0.1913 0.1913 0 
3 0.827 0.7598 0.7598 0 0.1913 0.1913 0.8381 
4 0.536 0.9077 0.7872 0 0.2852 0.6979 0.8381 
5 0.536 0.9352 0.9352 0 0.7919 0.7919 0.8381 
6 0.493 0.9352 0.9352 0.5318 0.7919 0.7919 0.8381 
7 0.443 0.9352 0.9352 0.574 0.7919 0.7919 0.8381 
8 0.440 0.9570 0.9354 0.574 0.7921 0.8094 0.8381 
9 0.440 0.9573 0.9573 0.574 0.8096 0.8096 0.8381 

10 0.418 0.9573 0.9573 0.7578 0.8096 0.8096 0.8381 
11 0.386 0.9573 0.9573 0.7654 0.8096 0.8096 0.8381 
12 0.317 0.9573 0.9573 0.8107 0.8096 0.8096 0.8381 
13 0.229 0.9573 0.9573 0.8107 0.8096 0.8096 0.8381 
14 0.109 0.9573 0.9573 0.9532 0.8096 0.8096 0.8381 
15 0.016 0.9573 0.9573 0.9533 0.8096 0.8096 0.8381 

Eigen 

1 1.567 0.7192 0.0404 0 0.0102 0.1811 0 
2 1.567 0.7597 0.7597 0 0.1913 0.1913 0 
3 0.837 0.7597 0.7597 0 0.1913 0.1913 0.7953 
4 0.573 0.8727 0.781 0 0.2538 0.5230 0.7953 
5 0.573 0.894 0.894 0 0.5855 0.5855 0.7953 
6 0.511 0.894 0.894 0.1905 0.5855 0.5855 0.7953 
7 0.494 0.894 0.894 0.2073 0.5855 0.5855 0.7953 
8 0.489 0.894 0.894 0.2218 0.5855 0.5855 0.7953 
9 0.489 0.894 0.894 0.2219 0.5855 0.5855 0.7953 

10 0.488 0.894 0.894 0.2219 0.5855 0.5855 0.7953 
11 0.488 0.894 0.894 0.2219 0.5855 0.5855 0.7953 
12 0.487 0.894 0.894 0.2219 0.5855 0.5855 0.7953 
13 0.487 0.894 0.894 0.2236 0.5855 0.5855 0.7953 
14 0.486 0.894 0.894 0.2236 0.5855 0.5855 0.7953 
15 0.485 0.894 0.894 0.2287 0.5855 0.5855 0.7953 
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24R5 

Case Mode Period (sec)  
X

U  
Y

U  
Z

U  
X

R  
Y

R  
Z

R  

Ritz 

1 1.979 0.6717 0.0652 0 0.0209 0.2151 0 
2 1.979 0.7369 0.7369 0 0.2360 0.2360 0 
3 0.992 0.7369 0.7369 0 0.2360 0.2360 0.8236 
4 0.668 0.8985 0.7618 0 0.3057 0.6892 0.8236 
5 0.668 0.9234 0.9234 0 0.7589 0.7589 0.8236 
6 0.506 0.9234 0.9234 0.5240 0.7589 0.7589 0.8236 
7 0.452 0.9234 0.9234 0.5777 0.7589 0.7589 0.8236 
8 0.450 0.935 0.9235 0.5777 0.7591 0.7703 0.8236 
9 0.450 0.9352 0.9352 0.5777 0.7705 0.7705 0.8236 

10 0.422 0.9352 0.9352 0.7649 0.7705 0.7705 0.8236 
11 0.386 0.9352 0.9352 0.7698 0.7705 0.7705 0.8236 
12 0.328 0.9352 0.9352 0.8164 0.7705 0.7705 0.8236 
13 0.241 0.9352 0.9352 0.8168 0.7705 0.7705 0.8236 
14 0.125 0.9352 0.9352 0.9459 0.7705 0.7705 0.8236 
15 0.015 0.9352 0.9352 0.9459 0.7705 0.7705 0.8236 

Eigen 

1 1.979 0.6716 0.0652 0 0.0209 0.2152 0 
2 1.979 0.7368 0.7368 0 0.2361 0.2361 0 
3 1.003 0.7368 0.7368 0 0.2361 0.2361 0.7832 
4 0.710 0.8652 0.7527 0 0.2781 0.5747 0.7832 
5 0.710 0.8812 0.8812 0 0.6167 0.6167 0.7832 
6 0.520 0.8812 0.8812 0.2543 0.6167 0.6167 0.7832 
7 0.494 0.8812 0.8812 0.2877 0.6167 0.6167 0.7832 
8 0.490 0.8812 0.8812 0.3191 0.6167 0.6167 0.7832 
9 0.489 0.8812 0.8812 0.3196 0.6167 0.6167 0.7832 

10 0.488 0.8812 0.8812 0.3199 0.6167 0.6167 0.7832 
11 0.487 0.8812 0.8812 0.3199 0.6167 0.6167 0.7832 
12 0.487 0.8812 0.8812 0.3199 0.6167 0.6167 0.7832 
13 0.487 0.8812 0.8812 0.3200 0.6167 0.6167 0.7832 
14 0.487 0.8812 0.8812 0.3202 0.6167 0.6167 0.7832 
15 0.487 0.8812 0.8812 0.3252 0.6167 0.6167 0.7832 
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36R5 

Case Mode Period (sec)  
X

U  
Y

U  
Z

U  
X

R  
Y

R  
Z

R  

Ritz 

1 3.032 0.0227 0.6717 0 0.2858 0.0097 0 
2 3.032 0.6945 0.6945 0 0.2955 0.2955 0 
3 1.374 0.6945 0.6945 0 0.2955 0.2955 0.7604 
4 1.029 0.7003 0.8579 0 0.6274 0.3073 0.7604 
5 1.029 0.8638 0.8638 0 0.6392 0.6392 0.7604 
6 0.551 0.8638 0.8638 0.4862 0.6392 0.6392 0.7604 
7 0.517 0.8641 0.9333 0.4862 0.7286 0.6396 0.7604 
8 0.517 0.9336 0.9336 0.4862 0.729 0.729 0.7604 
9 0.498 0.9336 0.9336 0.616 0.729 0.729 0.7604 

10 0.480 0.9336 0.9336 0.616 0.729 0.729 0.9334 
11 0.460 0.9631 0.934 0.616 0.7308 0.8926 0.9334 
12 0.460 0.9634 0.9634 0.616 0.8944 0.8944 0.9334 
13 0.440 0.9634 0.9634 0.8073 0.8944 0.8944 0.9334 
14 0.391 0.9634 0.9634 0.8124 0.8944 0.8944 0.9334 
15 0.383 0.9634 0.9634 0.8133 0.8944 0.8944 0.9334 
16 0.337 0.9634 0.9634 0.8147 0.8944 0.8944 0.9334 
17 0.229 0.9634 0.9634 0.8892 0.8944 0.8944 0.9334 
18 0.198 0.9634 0.9634 0.8917 0.8944 0.8944 0.9334 
19 0.113 0.9634 0.9634 0.9494 0.8944 0.8944 0.9334 
20 0.014 0.9634 0.9634 0.9494 0.8944 0.8944 0.9334 

Eigen 

1 3.032 0.0227 0.6717 0 0.2858 0.0097 0 
2 3.032 0.6945 0.6945 0 0.2955 0.2955 0 
3 1.374 0.6945 0.6945 0 0.2955 0.2955 0.7602 
4 1.030 0.7385 0.8180 0 0.5463 0.3849 0.7602 
5 1.030 0.8620 0.8620 0 0.6357 0.6357 0.7602 
6 0.594 0.8643 0.9101 0 0.7225 0.6398 0.7602 
7 0.594 0.9124 0.9124 0 0.7267 0.7267 0.7602 
8 0.553 0.9124 0.9124 0.4534 0.7267 0.7267 0.7602 
9 0.524 0.9124 0.9124 0.4534 0.7267 0.7267 0.8774 

10 0.509 0.9124 0.9126 0.4534 0.7477 0.7271 0.8774 
11 0.509 0.9126 0.9126 0.4534 0.7482 0.7482 0.8774 
12 0.507 0.9126 0.9126 0.6000 0.7482 0.7482 0.8774 
13 0.493 0.9126 0.9126 0.6011 0.7482 0.7482 0.8774 
14 0.490 0.9126 0.9126 0.6119 0.7482 0.7482 0.8774 
15 0.489 0.9126 0.9126 0.6131 0.7482 0.7482 0.8774 
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16 0.488 0.9126 0.9126 0.6204 0.7482 0.7482 0.8774 
17 0.488 0.9126 0.9126 0.6209 0.7482 0.7482 0.8774 
18 0.487 0.9126 0.9126 0.6209 0.7482 0.7482 0.8774 
19 0.487 0.9126 0.9126 0.6209 0.7482 0.7482 0.8774 
20 0.487 0.9126 0.9126 0.6209 0.7482 0.7482 0.8774 
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Arias Intensity (Arias, 1970) 

Arias Intensity is a measure of the strength of a ground motion. It was proposed 

by Chilean engineer Arturo Arias in 1970. AI  (Arias Intensity) derives as the integration of 

the square of whole acceleration record; therefore, AI  includes the characteristics of 

duration of ground motion, frequency content and amplitude. It represents the total energy 

per unit weight stored by undamped simple oscillators at the end of motions. The most 

common case of Arias Intensity is a case of zero damping in single degree of freedom 

oscillators. Given this condition, Arias Intensity is: 

 2

0

2
( ) d

dT

AI a t t
g


=   (m/s) 

 where 

 g  = the acceleration due to gravity (m/s2) 

 dT  = the duration of signal above threshold  

The study by Chandramohan (Chandramohan et al., 2013) found, “with regard to 

duration, the 5 to 95% significant duration (
5 5t t− ) was identified as the duration metric 

best suited for use within the performance-based framework, where the collapse capacity 

is conditioned on ground motion intensity.” In this study, assuming inter-story drift ratio of 

buildings are increasing as the ground motion intensity increases, a duration of ground 

motion can be reduced based on Arias Intensity of 5 to 95%. 
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Baseline Correction (Chiu, 1997) 

 Since most digital strong-motion data has many baseline errors. Chiu identified 
the major baseline errors and proposed three steps to correct these errors. The major 
baseline errors found in digital data consists of constant drift in the acceleration, low-
frequency instrument noise, low-frequency background noise, small initial values for the 
acceleration and velocity, and manipulation errors. The three-step algorithm for baseline 
correction are:  

1) The least-squares fitting in acceleration. This step removes the linear trend in the 
acceleration. This step slightly shifts the baseline, but the baseline errors are 
significantly reduced. The second order method refers to the second order least 
squares estimation. 

2) High-pass filtering in acceleration. This step removes the remaining and high-order 
random noise. If a proper high-pass filter is selected, the filtering can remove most of 
the errors in acceleration. The change in acceleration is small, but the baseline errors 
have been significantly reduced, although the displacement still exhibits a clear linear 
trend.  

3) Subtracting of the initial value in the velocity. This step subtracts the initial velocity 
estimated from the integration of acceleration functions by the Fourier expansion. 

Let ( )x t  represent the time series of acceleration. The Fourier expansions of ( )x t  is: 

0

1

( ) [ cos(2 ) sin(2 )]
2

N

n n n n

n

a
x t a f t b f t 

=

= + +  

Where na and nb are coefficients corresponding to the even and odd functions of ( )x t . 
The integration of ( )x t  from 0 to t  gives:  

0

( ) ( ) (0)

t

x t dt x t x= −  

0

1 10

1
( ) [ sin(2 ) cos(2 )]

2 2 2

t N N
n

n n n n

n nn n

a t b
x t dt a f t b f

f f
 

 = =

= + − +   

The second summation corresponds to the initial velocity. If this summation does not 
vanish, the initial velocity will not be zero.  
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APPENDIX D 
RESULTS 
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Pushover 

ID T  
(s) 

1T  

(s) 
W  
(kN) 

maxV  

(kN) 

dynV - 

strength 
design 
(kN) 

  
u  

(cm) 
,y eff  

(cm) T  SSF 

18R5 1.67 1.57 262077 125779 6705 18.8 330.1 49.89 6.617 1.54 
24R5 2.06 1.98 358475 151724 10190 14.9 410.5 66.95 6.131 1.52 
36R5 2.79 3.03 555088 133510 9952 13.4 752.9 82.31 9.147 1.61 

 

 

Example calculation of ,y eff : 

 

2max
, 0 12

[ ](max( , ))
4

y eff

V g
C T T

W



=  

 0 1.5C = (Assumption) 
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NLRHA  

Values in underline are values obtained from linear interpolations from adjacent points. 
 

18R5 (T=CuTa=1.67s) 

 

*= inter-story drift ratio 

ID Comp. SF 
max  min  

CMS 1.5s, 1 
[YMT015] 

ew 8 0.0284 0.0270 

9 0.0303 0.0317 

ns 6 0.0296 0.0270 

8 0.0357 0.0283 

CMS 1.5s, 2 
[SIG007] 

ew 
4 0.0213 0.0242 

6 0.0288 0.0279 

6.5 0.0293 0.0285 

7 0.0294 0.0305 

ns 
4 0.0174 0.0174 

6 0.0278 0.0234 

6.48 0.0300  

8 0.0368 0.0312 

CMS 1.5s, 3 
[HKD06] 

ew 
5 0.0254 0.0155 

5.65 0.0300  

6 0.0324 0.0238 

ns 
5 0.0241 0.0247 

5.66 0.0300  

6 0.0331 0.0296 

8 0.0451 0.0368 

CMS 0.5s, 1 
[KOC] 

ew 
5 0.0126 0.0092 

9 0.0249 0.0254 

9.76  0.0300 

10 0.0263 0.0315 

ns 10 0.0296 0.0283 

CMS 0.5s, 2 
[HEC2] 

ew 
10 0.0182 0.0276 

10.46  0.0300 

11 0.0198 0.0329 

ns 

5 0.0123 0.0142 

10 0.0252 0.0188 

12 0.0289 0.0217 

12.39 0.0300  

13 0.0316 0.0236 

CMS 0.5s, 3 
[HEC24] 

ew 
10 0.0277 0.0271 

10.30  0.0300 

11 0.0285 0.0368 

ns 
6 0.0236 0.0212 

6.73 0.0300  

7 0.0324 0.0280 

10 0.0439 0.0417 
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IDA results 

ID Comp. 
( )aS g

[ 2.5%] =  
SF 

max  CT aS SF S=   ( )MTS g  CMR 

CMS 1.5s, 1 
[YMT015] 

ew 0.2831 9 0.0303 2.5475 0.227 11.22 

ns 0.2725 6 0.0296 1.6349 0.227 7.20 

CMS 1.5s, 2 
[SIG007] 

ew 0.2839 7 0.0305 1.9876 0.227 8.76 

ns 0.3181 6.48 0.0300 2.0614 0.227 9.08 

CMS 1.5s, 3 
[HKD06] 

ew 0.1824 5.65 0.0300 1.0309 0.227 4.54 

ns 0.2225 5.66 0.0300 1.2583 0.227 5.54 

CMS 0.5s, 1 
[KOC] 

ew 0.0671 9.76 0.0300 0.6551 0.227 2.89 

ns 0.0780 10 0.0296 0.7800 0.227 3.44 

CMS 0.5s, 2 
[HEC2] 

ew 0.1457 10.46 0.0300 1.5239 0.227 6.71 

ns 0.1708 12.39 0.0300 2.1169 0.227 9.33 

CMS 0.5s, 3 
[HEC24] 

ew 0.2504 10.30 0.0300 2.5789 0.227 11.36 

ns 0.2657 6.73 0.0300 1.7872 0.227 7.87 

    ˆ
CTS =  1.5328 0.227 6.75 

    SSF =  1.54 ACMR =  10.40 
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CFC parameters 

ID 
CTx S=  ln ln CTx S=  ( )P x  

 0  0 

KOC-ew 0.6551 -0.4229 0.083 

KOC-ns 0.7800 -0.2485 0.167 

HKD06-ew 1.0309 0.0305 0.250 

HKD06-ns 1.2583 0.2298 0.333 

HEC2-ew 1.5239 0.4213 0.417 

YMT015-ns 1.6349 0.4916 0.500 

HEC24-ns 1.7872 0.5806 0.583 

SIG007-ew 1.9876 0.6869 0.667 

SIG007-ns 2.0614 0.7234 0.750 

HEC2-ns 2.1169 0.7500 0.833 

YMT015-ew 2.5475 0.9351 0.917 

HEC24-ew 2.5789 0.9474 1.000 

ˆ 1.533CTS g=  

ˆln 0.427CTS = =  

0.40RTR = =  
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24R5 (T=CuTa=2.06s) 

ID Comp. SF 
max  min  

CMS 2.0s,1 
[FKS02] 

ew 
3 0.0173 0.0116 

3.5 0.0197 0.0127 

5 0.0248 0.0187 

8 0.0309 0.0237 

ns 
5.5 0.0264 0.0252 

6.75  0.0315 

8 0.0347 0.0379 

CMS 2.0s, 2 
[HKD048] 

ew 

2 0.0101 0.0103 

3 0.0119 0.0110 

6 0.0279 0.0202 

7 0.0301  

8 0.0323 0.0255 

ns 
10 0.0276 0.0292 

11 0.0305 0.0306 

12 0.0345 0.0322 

CMS 2.0s, 3 
[SIG0072] 

ew 
1 0.0057 0.0058 

6 0.0148 0.0188 

10 0.0306 0.0291 

ns 6 0.0230 0.0168 

7 0.0320 0.0207 

CMS 1.0s, 1 
[HEC18] 

ew 
11 0.0258 0.0283 

12 0.0261 0.0294 

14 0.0276 0.0342 

ns 
8 0.0198 0.0257 

9  0.0321 

10 0.0224 0.0386 

15 0.0390 0.0720 

CMS 1.0s, 2 
[CHI] 

ew 

5 0.0103 0.0123 

6 0.0132 0.0192 

6.5 0.0168 0.0234 

7 0.0197 0.0289 

7.1  0.0301 

7.2 0.0218 0.0313 

ns 
7.6 0.0191 0.0149 

9 0.0208 0.0175 

12 0.0277 0.0216 

13 0.0294 0.0224 

CMS 1.0s, 3  
[HEC17] 

ew 
7 0.0145 0.0152 

12 0.0171 0.0215 

16 0.0214 0.0313 

20 0.0264 0.0410 

ns 
14 0.0257 0.0214 

16 0.0272 0.0227 

20 0.0312 0.0273 

 

*= inter-story drift ratio 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

135 

IDA results 

ID Comp. 
( )aS g

[ 2.5%] =  
SF 

max  CT aS SF S=   ( )MTS g  CMR 

CMS 2.0s, 1 
[HKD048] 

ew 0.3401 7 0.0301 2.3807 0.2465 9.66 

ns 0.1995 11 0.0306 2.1945 0.2465 8.90 

CMS 2.0s, 2 
[SIG0072] 

ew 0.3252 10 0.0306 3.2520 0.2465 13.19 

ns 0.2101 7 0.0320 1.4707 0.2465 5.97 

CMS 2.0s, 3 
[FKS02] 

ew 0.1955 8 0.0309 1.5640 0.2465 6.34 

ns 0.2986 6.75 0.0315 2.0156 0.2465 8.18 

CMS 1.0s, 1 
[HEC18] 

ew 0.078 12 0.0294 0.9360 0.2465 3.80 

ns 0.1092 9 0.0321 0.9828 0.2465 3.99 

CMS 1.0s, 2 
[CHI] 

ew 0.0909 7.1 0.0301 0.6454 0.2465 2.62 

ns 0.0864 13 0.0294 1.1232 0.2465 4.56 

CMS 1.0s, 3 
[HEC17] 

ew 0.0919 16 0.0313 1.4704 0.2465 5.97 

ns 0.1052 20 0.0312 2.1040 0.2465 8.54 

    ˆ
CTS = 1.528 0.2465 6.20 

    SSF = 1.52 ACMR = 9.42 
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CFC parameters 

ID 
CTx S=  ln ln CTx S=  ( )P x  

 0  0 

CHI-ew 0.6454 -0.4379 0.083 

HEC18-ew 0.9360 -0.0661 0.167 

HEC18-ns 0.9828 -0.0174 0.250 

CHI-ns 1.1232 0.1162 0.333 

HEC17-ew 1.4704 0.3855 0.417 

SIG007-ns 1.4707 0.3857 0.500 

FKS02-ew 1.5640 0.4472 0.583 

FKS02-ns 2.0156 0.7009 0.667 

HEC17-ns 2.1040 0.7438 0.750 

HKD048-ns 2.1945 0.7860 0.833 

HKD048-ew 2.3807 0.8674 0.917 

SIG007-ew 3.2520 1.1793 1.000 

ˆ 1.528CTS g=  

ˆln 0.424CTS = =  

0.40RTR = =  
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36R5 (T=CuTa=2.79s) 

ID Comp. SF 
max  min  

CMS 3.0s, 1 
[OSK004] 

ew 
7 0.0210 0.0277 

7.88  0.0300 

9 0.0239 0.0330 

ns 
6 0.0275 0.0265 

6.87 0.0300  

8 0.0333 0.0341 

CMS 3.0s, 2 
[HKD006] 

ew 
8 0.0255 0.0219 

8.92 0.0300  

10 0.0353 0.0281 

ns 
8 0.0220 0.0292 

8.28  0.0300 

10 0.0258 0.0351 

CMS 3.0s, 1 
[PYAY] 

ew 
8 0.0280 0.0273 

8.5 0.0287 0.0283 

9.19 0.0300  

10 0.0316 0.0317 

ns 10 0.0268 0.0229 

12 0.0289 0.0292 

CMS 1.5s, 1 
[YMT015] 

ew 
14 0.0201 0.0258 

16 0.0223 0.0301 

20 0.0299 0.0402 

ns 
11 0.0220 0.0243 

12.98  0.0300 

16 0.0265 0.0387 

CMS 1.5s, 2 
[SIG007] 

ew 8 0.0183 0.0258 

10 0.0213 0.0301 

ns 8 0.0207 0.0302 

10 0.0256 0.0365 

CMS 1.5s, 3 
[HKD06] 

ew 6 0.0300 0.0235 

8 0.0380 0.0293 

ns 6 0.0209 0.0305 

 

*= inter-story drift ratio 
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IDA results 

ID Comp. 
( )aS g

[ 2.5%] =  
SF 

max  CT aS SF S=   ( )MTS g  CMR 

CMS 3.0s, 1 
[OSK004] 

ew 0.1594 7.88 0.0300 1.2554 0.155 8.10 

ns 0.1008 6.87 0.0300 0.6917 0.155 4.46 

CMS 3.0s, 2 
[HKD006] 

ew 0.1659 8.92 0.0300 1.4793 0.155 9.54 

ns 0.1720 8.28 0.0300 1.4251 0.155 9.19 

CMS 3.0s, 3 
[PYAY] 

ew 0.1634 9.19 0.0000 1.5022 0.155 9.69 

ns 0.1144 12.00 0.0292 1.3723 0.155 8.85 

CMS 1.5s, 1 
[YMT015] 

ew 0.0882 20.00 0.0299 1.7630 0.155 11.37 

ns 0.0713 12.98 0.0300 0.9247 0.155 5.97 

CMS 1.5s, 2 
[SIG007] 

ew 0.0953 10.00 0.0301 0.9529 0.155 6.15 

ns 0.1506 8.00 0.0302 1.2050 0.155 7.77 

CMS 1.5s, 3 
[HKD06] 

ew 0.2020 6.00 0.0300 1.2121 0.155 7.82 

ns 0.2158 6.00 0.0305 1.2947 0.155 8.35 

    ˆ
CTS = 1.199 0.155 7.74 

    SSF = 1.61 ACMR = 12.46 
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CFC parameters 

ID 
CTx S=  ln ln CTx S=  ( )P x  

 0  0 

OSK004-ns 0.6917 -0.3686 0.083 

YMT015-ns 0.9247 -0.0783 0.167 

SIG007-ew 0.9529 -0.0482 0.250 

SIG007-ns 1.2050 0.1865 0.333 

HKD06-ew 1.2121 0.1923 0.417 

OSK004-ew 1.2554 0.2274 0.500 

HKD06-ns 1.2947 0.2583 0.583 

PYAY-ns 1.3723 0.3165 0.667 

HKD060-ns 1.4251 0.3543 0.750 

HKD060-ew 1.4793 0.3916 0.833 

PYAT-ew 1.5022 0.4069 0.917 

YMT015-ew 1.7630 0.5670 1.000 

ˆ 1.199CTS g=  

ˆln 0.182CTS = =  

0.40RTR = =  
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Evaluation of Deflection Amplification Factors 

In FEMA P695 procedure, a deflection amplifcaition factor can be computed as: 

d

I

R
C

B
=  

For 2.5% damping ratio, from Table A.10, 
IB  can be computed by linear 

interpolation: 

0.8 1.0
(2.5 5.0) 1.0 0.833

2.0 5.0
IB

−
= − + =

−
 

In this study, a trial R  is chosen as 5.0: 

5.0
6.0

0.833
d

I

R
C

B
= = =  

This dC  value is found to be higher than R  since the system has less damping 

ratio than a traditional 5%. Nonetheless, in  ASCE 7, there is no system that dC  is 

specfified to be higher than R . Therefore, it is more approparite to not use a value of dC  

to be greater than R . The recommended value of dC  is the same value as R .  

5.0dC R= =  
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Source of overstnregth in the system 

 There are many factors causing the strength of sample buildings to be higher than 
the elastic model designed from specification. These factors result in a higher base shear 
capacity of the buildings obtained from pushover analysis. There are three portions of 
overstrength from design base shear to maximum base shear.  
 
(1) The overstrength from a design level to a first yield level. 

• This portion represents the overstrength from a design force level to a nominal 
capacity of section. 

• This overstrength comes from: 
i. The difference in design load combination to analysis load 

combination. In this study, the sample buildings were designed with 
gravity load of 1.2DL+1.0LL; however, the gravity load in analysis 
process was 1.0DL+0.25LL. For a particular member D242 in 24R5, 
the axial force in brace was reduced from 5410 kN for design load to 
4244 kN for analysis load.  

ii. The material overstrength causes a higher nominal capacity of section 
from elastic model to inelastic model. For steel, the minimum specific 
yield strength of steel ( yF ) is modified to expected yield strength  
( y yR F ); as a result, steel’s strength increases from 241 to 386 MPa. 
For concrete, the specific compressive strength of concrete ( '

cf ) is 
modified to the compressive strength of confined concrete ( '

ccf ): as a 
result, concrete’s strength increases from 41.4 to 52.6 MPa for 
diameter to thickness (D\t) = 35.2.  

iii. The nominal capacity from neglecting a factor of safety ( -factor). In 
compressive circular concrete-filled steel tube (CCFT) member, a  -
factor is 0.75. Therefore, the nominal capacity is greater than the 
design capacity by 1/0.75 = 1.33. 
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(2) The overstrength from a first yield level to a maximum force in member level. 

• This portion represents the overstrength from a nominal capacity of section to 
an actual inelastic capacity of a section. The demand that a section can 
support is usually higher than the capacity computed from steel’s 
specification.  

• This overstrength comes from: 
i. Reduction of compressive strength due to not fully concrete-steel 

interaction. In AISC-360, the compressive strength of concrete in 
a circular concrete-filled steel tube can be used only 95%. 

ii. Reduction of thickness of steel tube in design process. In AISC-
360, a design thickness uses as 93% of a nominal thickness of 
steel tube. 

iii. Consideration of Euler’s buckling. With the consideration of Euler’s 
buckling, this selected short column cannot design with a short 
column’s strength. A designed strength uses a nominal strength 
which considers a buckling effect.  

 

(3) The overstrength from a maximum force in member level to maximum base shear 
level. 

• This portion represents the overstrength from a redistribution of force. When a 
demand reaches a capacity of one member in the building, the demand flows 
into other members that can still support the force.  

• This overstrength comes from an overdesigned of sections that still have 
demand-capacity ratio (DCR) much less than a DCR of a govern member in 
each module. For example, in module 1 (story 1-6) of 24R5, the section is 
governed by a design of a first story member with has a higher DCR whereas 
the section in story 6 has a DCR of 0.66. This causes a capacity higher than 
the actual required section by a factor of 1/0.66 = 1.5.  
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ACRONYMS 

ACMR  = adjusted collapse margin ratio 

10%
ACMR = acceptable value of the adjusted collapse margin ratio ( ACMR ), on average, 

for the performance group of interest  

20%
ACMR = acceptable value of the adjusted collapse margin ratio ( ACMR ) for an 

individual archetype of the performance group of interest  
CCFT  = circular concrete-filled steel tube 
CDF  = cumulative distribution function 
CMR  = collapse margin ratio 
CMS  = conditional mean spectra (J. W. Baker, 2011)  
DBE  = design level earthquake as specified in ASCE 7 
IDA  = incremental dynamic analysis (Vamvatsioks & Cornell, 2002) 
MCE  = maximum considered earthquake as specified in ASCE 7 
NLRHA  = nonlinear response history analysis  
PGA  = peak ground acceleration of ground motion record  
PGV  = peak ground velocity of ground motion record  
PGD  = peak ground displacement of ground motion record  
RSA  = response spectrum analysis as specified in ASCE 7 
SDC  = seismic design category as specified in ASCE 7 
SF  = record scale factor required for collapse evaluation of an individual building  
SPFs  = seismic performance factors 
SSF  = spectral shape factor 
UHS  = uniform hazard spectrum 
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SYMBOLS 

IB  = numerical coefficient as specified in ASCE 7  

dC  = deflection amplification factor as specified in ASCE 7  

SC  = seismic response coefficient for DBE as specified in ASCE 7 

tC  = approximate period coefficient as determined in ASCE 7  

uC  = upper-limit period coefficient as determined in ASCE 7 

0C  = coefficient relating fundamental-mode (SDOF) displacement to roof (MDOF) 
displacement of an index archetype model as defined in ASCE 7 

E  = modulus of elasticity  

yF  = specified minimum yield stress of steel section  
'

cf  = specified compressive strength of concrete 
g  = constant acceleration due of gravity  
H  = height of building to roof  
I  = important factor as specified in ASCE 7 
R  = response modification coefficient as specified in ASCE 7 

aS  = spectral acceleration 

CTS  = collapse level spectral acceleration of specific ground motion at fundamental 
period of the system (T ) 

ˆ
CTS  = median spectral acceleration of the collapse level ground motion 

DTS  = DBE spectral acceleration at fundamental period of the system (T ) 

maxS  = maximum spectral acceleration of the fully-yielded system (or maxV  normalized 
by W  

MTS  = MCE spectral acceleration at fundamental period of the system (T ) 

CTSD  = spectral displacement at the collapse level ground motion 

MTSD  = spectral displacement at MCE 
T  = fundamental period of the system 

1T  = first modal period of vibration 

2T  = second modal period of vibration 
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V  = required seismic base shear for design as specified in ASCE 7 

EV  = elastic seismic base shear developed for DBE if the system remains linearly 
elastic  

maxV  = maximum seismic base shear of the fully-yielded system 
W  = effective seismic weight of the structure  

I  = component of effective damping of the structure as specific in ASCE 7  

DR  = design requirement uncertainty 

MDL  = modeling uncertainty  

RTR  = record-to-record uncertainty represents the variability of ground motions 

TD  = test data uncertainty  

TOT  = total collapse uncertainty  
  = displacement of the yielded system corresponding to DBE 

E  = displacement of the system corresponding to DBE if the system remains 
linearly elastic 

,y eff  = effective yield roof displacement of the seismic force-resisting system as 
defined in FEMA P695 

u  = roof displacement used to approximate the ultimate capacity of the seismic 
force-resisting system as defined in FEMA P695 

  = inter-story drift ratio in the context of seismic analysis  
  = arithmetic mean in the context of statistics  

T  = period-based ductility  
  = damping ratio  
  = standard deviation in the context of statistics  
  = overstrength factor for individual building 

0  = system overstrength factor as specified in ASCE 7 
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