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Abstract

At an earthquake event, a number of ground shakings with various intensities usually occur
within a certain period of time. In addition, in several earthquake events all around the world,
it is found that more than one strong ground shaking with almost equal intensity could occur
within a short period of time. For example, in the 2016 Kumamoto Earthquake, two strong
shakings occurred within a time interval of only 28 hours. That shocking event leads structural
engineers and researchers to ask how safe are the buildings designed using current seismic
codes in response to seismic sequence events. Since under this seismic sequence event, no
structural repair could be done so that the structure itself should utilize its available capacity to
sustain all the strong shakings. Until now, the influence of the multiple shocks to the building
damage has not been specifically considered in any seismic design codes. For example, the
current Japanese seismic design code ensures that a building will be able to sustain one severe
earthquake without collapse; however, its performance to sustain multiple severe earthquakes
needs to be clarified further. The main objective of this study is to comprehensively evaluate
the actual seismic performance of SMRFs under multiple earthquakes. To achieve the objective,

extensive numerical analysis and experimental tests are conducted.

Firstly, in Chapter 2, a numerical analysis is conducted using a non-deteriorated model. In
this model, any deterioration effect is not considered. Instead, the main focus is the ductile
fracture of beams because the application of the strong column weak beam concept is resulting
in the beam members weaker than the column members. Various non-deteriorated SMRF
models are analyzed by conducting a series of inelastic time-history response analyses that
simulate the occurrence of multiple earthquakes. The damage of the structure under multiple
excitations is evaluated by the cumulative damage at the beam end. Overall, it is found that the
structure could maintain stable behavior under multiple excitations. Although in a few cases,
it is found that the ductile fracture might occur or the ultimate state might be reached when the
input intensity is larger than the design level, the performance of the structure is satisfying. By
adopting the criterion of over 90% uncollapsed cases, the structure can resist up to five
excitations with an intensity of peak ground velocity (PGV) 0.75 m/s or three excitations with
PGV 1.0 m/s. Moreover, the beam-to-column connection test is conducted to further verify the

reliability of the cumulative damage evaluation method under random cyclic loading. The



loading history used in the test is created from the response analysis of the non-deteriorated
model and simulating the occurrence of multiple earthquakes. By calculating the cumulative
damage value of the test specimens, it can be verified that the reliability of the cumulative
damage evaluation method is acceptable.

Secondly, in Chapter 3, the numerical analysis is conducted using a deteriorated model
that considers the effect of strength deterioration due to local buckling of columns. Various
deteriorated SMRF models are created for the analysis. These models are designed considering
the combination of two main design parameters, i.e., the width-to-thickness ratio of the column
member (D¢/t) and the column-to-beam moment capacity ratio (¢:Mp/bMp). Then, an inelastic
response analysis that simulates the occurrence of multiple shocks is carried out. Overall, it is
found that the performance of SMRFs under multiple excitations is lower than that of the non-
deteriorated model because the weak story collapse is more likely to occur. The behavior of
the structure can be divided based on whether the structure reaches the deteriorated stage or
not. If the structure stays in the non-deterioration stage, then stable behavior can be achieved.
In general, it is found that in the cases where the structure is having a non-deterioration margin
of over 50% at the 1% excitation, the stable behavior can be achieved under five excitations.
Moreover, to achieve the same criterion of 90% uncollapsed cases, a lower D¢/t value or a
higher :Mp/bM, value is necessary. The combination of D¢/t and :Mp/sMp that can achieve the

criterion are provided.

Lastly, in Chapter 4, to further verify the analytical result, a full-scale steel frame test is
conducted. To simulate the occurrence of multiple earthquakes, one typical set of loading
history that corresponds to one earthquake is created. During the test, multiple loading sets
with various levels of intensities are loaded to simulate the occurrence of multiple earthquakes.
Two specimens are tested in the experiment. The specimens are single-floor, one-span
substructures of an intermediate story of typical current Japanese middle- or low-rise steel
buildings. In addition to the test, an inelastic response analysis is conducted by matching the
maximum story drift angle range (SDARmax) with those of the loading sets used in the test. It is
found that by limiting the SDARmax under multiple earthquakes to 4%, an acceptable
performance can be achieved. From the test result, until loading set with SDARmax 0f 4%, the
strength and stiffness of the steel frames barely deteriorate and only a small crack and local
buckling are found at the beam end. A similar result is obtained from the response analysis,
until the SDARmax Of 4%, the cumulative damage at the beam ends are all less than 25% and

the column is still in an early stage of deterioration.



As a conclusion, in Chapter 5, all the findings found in the numerical analysis and
experimental test are comprehensively summarized. Moreover, to ensure the performance of
SMRFs under multiple earthquakes, the reserved strength and deformation limits are
introduced for two levels of performance, namely, collapse prevention level and deterioration
prevention level. The reserved strength limit is represented by the minimum non-deterioration
margin at the 1% excitation (NM;), while the deformation limit is represented by the SDARmax
under multiple excitations. Both the reserved strength and deformation limits are provided for
a various number of excitations and various input intensities. The performance of SMRFs under
multiple earthquake excitation is ensured by designing the structure to fulfill both the reserved

strength and deformation limits.
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1. Introduction

1.1 Background

At an earthquake event, a number of ground shakings with various intensities usually occur
within a certain period of time. The ground shakings are commonly classified as foreshocks,
mainshocks, and aftershocks. The intensities of the foreshocks and aftershocks are generally
considered much lower than those of the mainshocks; thus, the influences of foreshocks and
aftershocks have been considered negligible in building design. However, in several earthquake
events all around the world, it is found that more than one strong ground shaking with almost
equal intensity could occur within a short period of time. Li and Ellingwood (2007) in their
paper noted several past events worldwide in which the main shock was found to be followed
by a considerably large aftershock, i.e., in Italy (Friuli, 1976; Umbria-Marche, 1997), Greece
(1986, 1988), Turkey (1992), and Mexico (1993, 1994, 1995). In addition to that, within the
last decade, there are also some notable earthquake events in which multiple strong shocks
occurred in a short period of time, such as in the 2012 Sumatera earthquake in Indonesia
(Earthquake Engineering Research Institute 2012), the 2016 Kumamoto earthquake in Japan
(Kato et al 2016), the 2016 Central Italy earthquake in Italy (Stewart et al 2016), and the 2019
Ridgecrest earthquake in the United States (Brandenberg 2019). In the 2016 Kumamoto
Earthquake, two strong shakings occurred within a time interval of only 28 hours, i.e., a strong
foreshock at 21:26 JST on April 14 and the main shock on April 16 at 01:25 JST (Asano and
Iwata 2016). Both shocks had a seismic intensity of 7 according to the Japan Meteorological
Agency (JMA) scale (or approximately equivalent to intensity X-XII on the Mercalli scale) in
the most damaged area, i.e., Mashiki Town. Japan Meteorological Agency (JMA) also noted
that thousands of ground shakings occurred from April 14 until April 20 which 16 of them have
seismic intensity larger than or equal to 5— (5 lower) according to the JMA seismic intensity

scale.

That shocking event leads structural engineers and researchers to ask how safe are the
buildings designed using current seismic codes in response to seismic sequence events. Since
under this seismic sequence event which usually occurred in a short period of time, no structural
repair could be done so that the structure itself should utilize its available capacity to sustain

all the strong shakings. Until now, the influence of the multiple shocks to the building damage
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has not been specifically considered in any seismic design codes. For example, the current
Japanese seismic design code ensures that a building will be able to sustain one severe
earthquake without collapse; however, its performance to sustain multiple severe earthquakes
needs to be clarified in detail. Moreover, the current seismic design of steel moment-resisting
frames under severe earthquakes commonly adopts the plastic design concept. This concept
utilizes the inelastic deformation capacity of steel members to dissipate the seismic energy by
damaging the designated members. As illustrated in Figure 1-1, theoretically, the structures
with this design will undergo some damage (i.e., plastic deformation) if shaken by an
earthquake with an intensity that is equal to or larger than the design intensity level.
Consequently, as the number of strong shocks increases, the damage within the structure
accumulates; thus, the structure becomes more vulnerable to collapse. In this situation, the
number of strong shocks that can be resisted by the structure before collapsing has become a

growing concern in recent years.

M Damage
N
_ O R |L._-._.__ e .- Limit
Plastic i
Hinge ifee?
Number of

4/\/\/\/+ —W\/ ‘W\/ Shakings

Main shock =~ Foreshock/Aftershock

Figure 1-1 Accumulation of damage under multiple earthquakes

1.2 Previous Studies on Performance of SMRFs Subjected to Seismic Sequence

In the past, some researchers have analyzed the influence of seismic sequence on structural
performance (Fragiacomo et al. 2004, Lee and Foutch 2004, Li and Ellingwood 2007, lancovici
and Ionica 2007, Hatzigeorgiou and Beskos 2009, Hatzigeorgiou 2010, Ruiz-Garcia and
Negrete-Manriquez 2011, Loulelis et al. 2012, Zhai et al. 2013, Li et al. 2014, Zhai et al. 2014,
Ruiz-Garcia and Aguilar 2015, Zhai et al. 2016, Abdollahzadeh et al. 2019). Fragiacomo et al.

2



Chapter 1 Introduction

(2004) evaluates the reduction in behavior factor (q) under the repeated seismic sequence. They
found that some reduction of g should be considered in the earthquake-prone regions where the
seismic sequences are highly possible to occur. Lee and Foutch (2004) evaluates the safety of
a damaged building using the brittle fracture of connections as the main safety criterion. They
mainly aim to provide an analytical tool to evaluate damaged buildings due to the mainshock.
Li and Ellingwood (2007) evaluates the damage ratio (number of brittle fractured connections)
under mainshock-aftershock sequences. They found that the probability of an aftershock
causing large additional damage is small if the initial damage from the mainshock is small.
Ruiz-Garcia and Negrete-Manriquez (2011) evaluates the drift demands under as-recorded
mainshock-aftershock sequence. They found that the as-recorded seismic sequences do not
increase the drift demands as significant as those of artificial sequences. Loulelis et al. (2012)
evaluates the maximum horizontal displacement and inter-story drift ratio (IDR) under
mainshock-aftershock sequences and found that a higher displacement demand is required
under the seismic sequences. Li et al. (2014) evaluates the collapse probability of SMRFs under
mainshock-aftershock sequences and found that the structural collapse capacity may reduce
significantly when the building is subjected to a high intensity mainshock; thus, the structural
collapse is likely to occur even if only a small aftershock follows the mainshock. Ruiz-Garcia
and Aguilar (2015) conducted an incremental dynamic analysis to evaluate the collapse
capacity under aftershock taking into account the postmainshock residual drift. They mainly
found that the aftershock collapse capacity decreases as the postmainshock residual drift
increases. Abdollahzadeh et al. (2019) compares the drift increment under mainshock-
aftershock sequences of SMRFs designed by elastic design method and performance-based
plastic design method and found that the performance of SMRFs designed by performance-
based plastic design method is better than that of design by elastic design method. Overall,
those past studies mainly consider “main shock—aftershock sequences” in which the intensity
of the aftershock is smaller than that of the main shock. The past studies are mainly focused on
analyzing the design demand under main shock only compared to that of under main shock—
aftershock sequences. However, in the 2016 Kumamoto Earthquake, two strong shakings with
an almost equal intensity occurred in a short period of time which shows the necessity to not
only consider the main shock-aftershock sequences, but also multiple strong earthquake

sequences.

In addition, most of the studies on the influence of seismic sequence are using the simple

single-degree-of-freedom (SDOF) models as found in the study of lancovici and Ionica (2007),
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Hatzigeorgiou and Beskos (2009), Hatzigeorgiou (2010), Zhai et al. (2013, 2014, 2016), and
Kojima and Takewaki (2016). As an example, Zhai et al. (2014) conducted an inelastic analysis
of SDOF system considering various vibration period (T), strength reduction factor (R), and
hysteresis model. The vibration period is taken between 0.1 s and 5.0 s. The reduction factor
(R) is taken to equal to 2, 3, 4, 5, and 6. And the hysteresis model uses four different models,
i.e., elastic-perfectly-plastic (EPP) model, modified clough (MC) model, pinching model, and
stiffness strength degradation (SSD) model. The ductility demand (), normalized hysteretic
energy, and modified Park-Ang damage index are used to evaluate the damage of the structure.
Zhai et al. found that the influence of aftershock to the damage of the structure strongly depends
on the reduction factor (R) and the ratio of the intensity of the aftershock to the intensity of the
main shock, but in general, they found that the damage of structure due to main shock-
aftershock sequence is larger than the damage due to single main shock. A similar study by
Hatzigeorgiou and Beskos (2009) also found that the inelastic displacement ratio of SDOF
structure under seismic sequence is larger than that of under single main shock. Those simple
studies using the SDOF model have shown us the importance of considering the seismic
sequence. However, a more realistic response analysis using the multi-degree-of-freedom
(MDOF) model is necessary to understand not only the damage state or ductility demand but

also the seismic behavior of the structure under multiple earthquakes.

Up until these days, only a few researchers have analyzed a multi-degree-of-freedom
(MDOF) model of steel moment-resisting frames (SMRFs) such as Fragiacomo et al. (2004),
Lee and Foutch (2004), Li and Ellingwood (2007), Ruiz-Garcia and Negrete-Manriquez (2011),
Loulelis et al. (2012), Li et al. (2014), Ruiz-Garcia and Aguilar (2015), Abdollahzadeh et al.
(2019). However, most of those researchers mentioned above used the inelastic ductility
demand (u), behavior factor (q), force reduction factor (R), maximum roof displacement, or
maximum inter-story drift ratio (IDR) to measure the seismic performance. Those parameters
are mostly related to design and do not directly represent the actual damage state of the structure.
In addition, none of these researchers have focused on identifying the seismic behavior of

SMRFs under multiple earthquakes.

The seismic design of SMRFs commonly adopts a plastic design concept, especially for
the ultimate state. In other words, during severe earthquakes, damages are allowed to occur,
and the seismic energy will be dissipated by damaging the designated members. In the case of
multiple strong shakings, more seismic energy must certainly be dissipated, which in turn

further damages the structural members. Loulelis et al. (2012) have attempted to quantify the

4
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damage index using the Park and Ang (1985) and Krawinkler and Zohrei (1983) equations.
The Park and Ang (1985) damage index is defined by considering the combination of the
maximum displacement and the total energy dissipated; however, that equation is originally
defined for a reinforced concrete structure; thus, it might not be suitable for a steel structure.
Meanwhile, the Krawinkler and Zohrei (1983) damage index considers the low-cycle fatigue
phenomenon that occurs in a steel member. However, this criterion is outdated because as we
know a bunch of improvement in the quality of steel material, steel connection, and welding
has been made in the past decades following the occurrence of 1994 Northridge and 1995 Kobe
Earthquake to prevent the premature brittle fracture and develop a ductile fracture failure mode.
Therefore, the actual structural damage of SMRFs under multiple earthquake excitations needs
to be evaluated using the recent evaluation criterion that considers the ductile fracture failure

mode.

Moreover, most prior studies do not take into account the deterioration effect of the
damaged structural member, especially on the columns, and they mainly employ a bilinear or
trilinear model that considers only the material strain hardening without strength deterioration.
However, in the current seismic design practice, even under the sway mechanism, the
formation of a plastic hinge at the 1% story column base is allowed (Mazzolani and Piluso 1996,
Goel et al. 2010); thus, there is a possibility that the column may undergo a deterioration after
this plastification, and the limitation of the seismic performance of SMRFs are determined by
the deteriorated column members (Yamada and Akiyama 1994). If the strength and stiffness
deterioration of the column members are simulated in the analysis, how the structure behaves
and the damage accumulates under multiple strong ground motion excitations currently remain

unclear.

Li et al. (2014) and Ruiz-Garcia and Aguilar (2015) consider strength and stiffness
deterioration in their analytical model using a hysteretic model proposed by Ibarra et al. (2005)
and Lignos and Krawinkler (2011). Both of these studies focus on evaluating the collapse
capacity of a 4-story SMRF building model under main shock-aftershock sequences by
conducting the incremental dynamic analysis (IDA). They found that the collapse probability
of the SMRF model under main shock-aftershock sequences is higher than that under the main
shock only. This finding proves that a structure is more vulnerable to collapse under multiple
strong shocks; however, in both of those studies, the effect of strength deterioration of the
behavior and performance of SMRFs subjected to multiple strong motions has not been

analyzed in detail. In addition, the effect of column strength deterioration may vary depending

5
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on the structural design parameters of the models; however, in both of those studies, a wide
variety of SMRF models with various structural design parameters, such as the width-to-
thickness ratio and column-to-beam moment capacity ratio, have not been considered in the

analysis.

Furthermore, the effects of multiple earthquakes on the steel moment-resisting frames
(SMRFs) have been evaluated by several researchers through numerical analyses. All of these
numerical analysis results are valuable resources used to study the effects of multiple
earthquakes. However, the need to conduct experimental tests to further clarify the effects of
multiple earthquakes is inevitable because the experimental test provides an actual verification
by considering all the complex interactions within the structure that in some cases cannot be
captured by the analytical model. However, up until now, there is no experimental investigation

that specifically simulating the occurrence of multiple earthquakes.

The experimental investigation of beam-to-column connection mostly employed an
incremental loading protocol (Building Research Institute and Japan Iron and Steel Federation
2002, Krawinkler et al. 2000, American Institute of Steel Construction 2005) to measure the
plastic deformation capacity or a constant loading history to measure the low-cycle fatigue
performance of the connection (Kishiki et al. 2019). Meanwhile, in terms of an experimental
investigation on full-scale SMRFs, a number of experimental tests have been conducted
(Nakashima et al. 2006, Nakashima et al. 2007, Yamada et al. 2008, Suita et al. 2008).
Nakashima et al. (2006) conducted a cyclic-loading test of a full-scale, three-story SMRF to
acquire real information about the damage and strength deterioration of the structure and to
study the interactions between the structural and nonstructural components. In addition,
Nakashima et al. (2007) conducted another cyclic loading test of full-scale, two-story SMRF
to study the interaction (composite action) between the steel beam and the reinforced concrete
(RC) floor slab. Moreover, Yamada et al. (2008) and Suita et al. (2008) conducted a shaking
table test of a full-scale, four-story SMRF to evaluate the performance of the building against
the various levels of ground motion. However, an experimental test of full-scale SMRFs that

aims to specifically investigate the effect of multiple earthquakes has not been conducted.

1.3 Objectives and Research Scheme
The main objective of this research is to comprehensively evaluate the actual seismic

performance of SMRFs under multiple earthquakes. The seismic performance is evaluated in
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multiple factors, such as the behavior of SMRFs under multiple earthquakes, the actual damage
state and the accumulation of damage under multiple earthquakes, and the collapse fragility
under multiple earthquakes. To achieve the objective, extensive numerical analysis and

experimental verifications are conducted.

Figure 1-2 shows the overall research scheme of this research. The numerical analysis is
mainly divided into two parts considering the non-deteriorated model and deteriorated model.
The non-deteriorated model represents the steel moment-resisting frames with high ductility.
In this model, the deterioration effect caused by local buckling of column members is not
considered. Instead, the main focus is the ductile fracture of beam members because the
application of the strong column weak beam concept makes the beam members are generally
weaker than the column members. In the analysis using the non-deteriorated model, the
structure is expected to have high seismic performance under multiple strong ground motion
excitations. This kind of building model represents the upper-limit or the strongest structure

that could be provided by the current seismic design code.

Meanwhile, the counterpart deteriorated model considers the effect of strength and
stiffness deterioration due to local buckling of column members. This model is also important
to be considered because under strong shakings of the earthquake, in general, the occurrence
of local buckling on the column members is unavoidable. By considering such deterioration to
possibly occur between the excitations, the strength of the structure is expected to be weaker
when the number of earthquake excitations increases. Thus, the seismic performance is also

expected to be lower than that of the non-deteriorated model.

Moreover, to verify the analytical result, an experimental test of beam-to-column
connections and full-scale steel frames is conducted. The loading histories used in the
experimental test are created using the numerical analysis results. These loading histories
simulate the occurrence of multiple earthquakes. The beam-to-column connection test mainly
considers the ductile fracture failure mode of the beam connections. Through the beam-to-
column test, the reliability of the cumulative damage evaluation method used in the numerical
analysis will be verified. Meanwhile, in the full-scale steel frame test, not only the ductile
fracture but also other factors such as local buckling, the existence of concrete slab (composite
steel beam), and the nonstructural components are all accompanied in the test. The result

obtained from the steel frames test will be compared with those obtained from the numerical
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analysis. Through the comparison and verification, the overall seismic performance of SMRFs

subjected to multiple earthquakes will be comprehensively summarized and concluded.

Loading history

Numerical Analysis [=================== - Experiment
Ductile Fracture Local Buckling Ductile Fracture Various other
of Beams of Columns of Beams Factors*
Nondeteriorated Deteriorated Beam-to-column Full-Scale Steel
Model Model Connection Test Frame Test
I I I |
| Comparison & |
] Verification .
Analytical Result  [¢=================- -» Experimental Result

Overall Conclusion of
Seismic Performance

*) Such as local buckling, concrete slab, and nonstructural components

Figure 1-2 Research scheme

1.4 Systematics of Thesis

The organization of this thesis is mainly divided into five chapters. Chapter 1 covers the
introduction to the research to give an overview and the idea of the study. This chapter consists
of the background, statement of problems, objectives, research scheme, and systematics of the

thesis.

In Chapter 2, the response analysis using the non-deteriorated model is presented.
Through this chapter, the seismic performance of SMRFs under multiple earthquakes is
evaluated using the non-deteriorated model. The behavior of the structure, the actual damage
state, the accumulation of damage, and the collapse fragility is comprehensively evaluated. In
addition, the beam-to-column connection test is conducted. The loading history used in the test
is created from the response analysis of the non-deteriorated model. Through this experimental
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test, the reliability of the cumulative damage evaluation method used in the numerical analysis

is verified.

In Chapter 3, the response analysis using the deteriorated model is presented. Similar with
that of Chapter 2, in this chapter, the seismic performance of SMRFs under multiple
earthquakes is evaluated by considering the effect of strength and stiffness deteriorated caused
by local buckling of column members. The behavior of the structure, the actual damage state,
the accumulation of damage, and the collapse fragility is comprehensively evaluated and

compared with those of the non-deteriorated model.

In Chapter 4, the full-scale steel frame test is presented. The loading history used in the
experiment is created from the numerical analysis result and simulating the occurrence of
multiple earthquakes. Through this experiment, the performance of SMRFs is realistically
evaluated. The result obtained from the experiment is compared with the numerical analysis
result to further verify the performance of SMRFs under multiple earthquakes.

As a summary of all the obtained results, either through numerical analysis or experimental
test, a simple design recommendation and the overall conclusion of the seismic performance

of SMRFs subjected to multiple earthquakes is presented in Chapter 5.



2. Response Analysis of Non-deteriorated SMRF Model

Subjected to Multiple Earthquakes

2.1 Introduction

In this chapter, the seismic performance of SMRFs subjected to multiple earthquakes is
evaluated using the non-deteriorated models. In this non-deteriorated model, the effect of
strength deterioration of any structural members, e.g., due to local buckling, is not considered.
Six non-deteriorated SMRF models are analyzed by conducting a series of inelastic time-
history response analyses that simulate the case of multiple earthquakes. The models consist
of two parameters, i.e., the number of stories and the strength of the column base. The number
of stories is taken as one of the parameters because models with a different number of stories
are expected to have different natural periods and characteristic dissipated energy distributions.
In addition, the variation in the strength of the column base mainly determines whether slip
behavior occurs. The effect of the slip of the column base on the performance of SMRFs under
multiple earthquakes, in particular, has not yet been discussed by any researchers. Through the
inelastic response analysis, the behavior of the structure, the actual damage state, the
accumulation of damage, and the collapse fragility are evaluated. In this chapter, the damage
index of the member is represented by the cumulative damage at the beam end since the
application of the strong-column—weak-beam concept in the design results in the beams
becoming the weakest member of the SMRF. In addition, the influence of random and
incremental-decremental seismic sequence are also investigated. Moreover, the beam-to-
column connection test is conducted. The loading history used in the test was created from the
response analysis of the non-deteriorated model. Through this experimental test, the reliability

of the cumulative damage evaluation method used in the numerical analysis is verified.

2.2 Analytical Procedure
2.2.1 OQutline of Model

The infinite uniform plane frame model (YYamada et al. 1996) is used as the analytical
model with a typical story height of 3.5 m and span of 7 m, as illustrated in Figure 2-1(a). This

plane frame model assumes that an infinite number of SMRFs with uniform size exist
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throughout the plane so that simply taking one bay of the frame could represent the whole
response of the frame because the response will be uniform in every bay. For the numerical
modeling, the components are modeled as a rigid beam with elasto-plastic hinges at both ends
while the joints (panels and column bases) are modeled as an elasto-plastic hinge as illustrated
in Figure 2-1(b). The weight per story per span is assumed to be 400 kN. Columns and panel
zones have square hollow sections (SHSs) with BCR295 grade steel (nominal yield strength of
295 N/mm? and nominal tensile strength of 400 N/mm?), beams have wide-flange sections with
SN400 grade steel (nominal yield strength of 235 N/mm? and nominal tensile strength of 400
N/mm?), and the column base is an exposed-type of column base (with the bolt configuration
as shown in Figure 2-2). A more detail explanation about the infinite uniform plane frame
model is included in Appendix A. In the time history response analysis, the average
acceleration method is used for the numerical integration with a time step of 1/2000 s. In
addition, the 2% Rayleigh damping for the 1%t and 2" natural periods and the P-4 effect are

considered in this analysis.

11



Chapter 2 Response Analysis of Non-deteriorated SMRF Model Subjected to Multiple Earthquakes

35m

)

11

3.5m

—1

L

35m

elals

7m

m

(a) Infinite plane SMRFs

--- oJo o jo oJo ----
I o
@) (@ @
o o o

--- o[ Jo o[ Jo o[ Jo ----
@ @ @
) ) :

(b) Numerical model

Figure 2-1 Infinite uniform plane frame model

(|
o Elasto-plastic
° hinges

— Rigid beam

12



Chapter 2 Response Analysis of Non-deteriorated SMRF Model Subjected to Multiple Earthquakes

O / Column \J\\[

) | Anchor Bolts
@) @) N

/BasePlate |F| || (ami|
© 0 o g —

Figure 2-2 Configuration of exposed-type column base

2.2.2 Parameter and Building Model

Six types of SMRFs, named 3-13, 6-13, 9-13, 3-07, 6-07, and 9-07, are analyzed. These
frames consist of two main parameters, i.e., the number of stories and the ratio of the moment
capacities of the column base and the 1% story column. The first index of the models’ names
represents the number of stories. The last two indices indicate the moment capacity ratio of
column base to 1% story column, which is equal to 1.3 in the case of strong-type column base
and 0.7 in the case of the weak-type column base. The models are designed using a plastic
design method for severe earthquakes based on the Japanese seismic design code. In the code,
a severe earthquake approximately corresponds to PGV (peak ground velocity) = 0.5 m/s. Some
important assumptions and concepts used during the design are highlighted and summarized

as follows.

e The same size of beam and column are used in every three stories.

e The strong-column—weak-beam concept is applied and, according to the Building
Standard Law of Japan (2013a), the column-to-beam moment ratio (c:Mp/bMp) should
be greater than or equal to 1.5.

e The cross-section of columns and beams are designed to be in FA rank; thus, the Ds
value to calculate the required lateral strength is equal to 0.25 (Building Center of
Japan 2013b).

e The width-to-thickness ratio is taken as the limit value of the FA rank structural
members. For example, the width-to-flange thickness ratio of SN400 wide-flange
section should be less than or equal to 9.0 to be classified as FA rank. Then, during
the design, the width-to-flange thickness ratio is set as close to that value.

e For wide-flange section, the flange thickness is taken as 1.5 times the web thickness.

13
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e The yield strength of all members is assumed to be 1.1 times of the nominal yield
strength.

e Plastic hinges are assumed to be formed at the beams’ end, 1% story column lower end,
and top story column upper end.

e The total beams’ strength at one story is assumed to be distributed half each to the

upper and lower story.

The details of members’ cross section, ultimate lateral strength capacity (Qui), required
ultimate lateral strength (Quni), column-to-beam strength ratio (c(Mp/sMp), diameter and ultimate
strength of anchor bolts, and 1% and 2" mode natural period of each model are shown in
Appendix B. In addition, a pushover analysis is performed to check the capacity of the models
against the required ultimate lateral strength (Quni). The pushover analysis is conducted using
the force control method assuming that the force distribution at each story follows the A;
distribution (Building Center of Japan 2013c). The pushover analysis results are also shown in

Appendix B.

2.2.3 Hysteresis Characteristics of Structural Member

The hysteresis loop characteristic of the members is based on the decomposition of the
skeleton part, the Bauschinger part, and the elastic unloading part, as illustrated in Figure 2-3
(Kato et al. 1973, Akiyama and Takahashi 1990). The skeleton part corresponds with the load-
deformation relationship under monotonic loading (Kato et al. 1973, Akiyama and Takahashi
1990). Moreover, the Bauschinger part is modeled using the simplified model proposed by
Akiyama and Takahashi (1990). Last, the elastic unloading part is the unloading part of the
loops that are characterized by the same stiffness as the original elastic stiffness of the member.
The skeleton curve models of the columns and beams are shown in Figure 2-4, i.e., a tri-linear
model considering the strain hardening effect of the members. Note that even though local
buckling is likely to occur in the column section, in the present analysis, that type of
deterioration effect is not considered, and the column is assumed to be strong enough to
maintain its restoring force without any deterioration. For the exposed-type column base, the
hysteresis model is shown in Figure 2-5. The model uses a form of the slip-type model that
considers the effect of the moment resistance due to axial force (My) and strain hardening of
the anchor bolt (Kp) (Yamada et al. 1997).

14



Chapter 2 Response Analysis of Non-deteriorated SMRF Model Subjected to Multiple Earthquakes

— Skeleton Curve

o | Bauschinger Part

—— Elastic Unloading Part

Figure 2-3 Decomposition of hysteresis loops
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Figure 2-4 Tri-linear model of the beam and column
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Figure 2-5 Slip-type model of the exposed-type column base

2.2.4 Input Ground Motion

For the input ground motion in the inelastic analysis, ten ground motion records are used,
as listed in Table 2-1. All the records are scaled based on the PGV value to control their input
energy. Three intensities are considered, i.e., PGV = 0.5 m/s (design level), 0.75 m/s, and 1.0
m/s. The velocity response spectra of all records at the design level and the 1% mode natural
period of all models are plotted together in Figure 2-6. In every analysis, five repeated
excitations of the same input wave and the same intensity are considered to simulate multiple
earthquake sequences. The reason for using the same records and the same intensity is for the
simplicity in presenting the analytical result because the trend can be clearly shown. Meanwhile,
the limitation of the number of excitations to five excitations is because the occurrence of more
than five strong ground motions in a short period of time is considered as an extremely rare
case. To simulate the real condition of the seismic sequences, between excitations, 30 seconds
of zero acceleration was added to the original input ground acceleration. In other words, during
that 30 seconds, the structure will be freely vibrated until its response become constant (i.e.,

the structure has stopped vibrating).
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Table 2-1 Ground motion records used in the analysis

No. Earthquake M Seismic Record | Component | PGA (m/s?) | PGV (m/s)
1 | 1940 Imperial VValley | 6.95 El Centro North-South 3.42 0.38
2 1952 Kern County 7.36 Taft East-West 1.76 0.18
3 1968 Tokachi-oki 8.2 Hachinohe East-West 1.81 0.37
4 1989 Loma Prieta 6.93 | Gilroy Array #3 90 deg. 3.61 0.45
5 ) Newhall North-South 5.78 0.97

— 1994 Northridge 6.69 - -
6 Olive View North-South 8.26 1.29
7 1995 Kobe 6.9 JMA Kobe North-South 8.21 0.89
8 1999 Chi Chi 7.6-7.7 TCU129 East-West 9.81 0.55
9 2011 Tohoku 9 JMA Sendai North-South 4.10 0.54
2016 Kumamoto Kik-net
10 (Apr. 16) 7.3 Mashiki East-West 11.57 1.42
1.6 - Sy (m/s)
141 YN N T El Centro NS
1.2 e 1IN '-,— \:”‘\‘ ----- Taft EW
. I \’ L N .
P, Y \.*. /\*. " |~ — Hachinohe EW
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Figure 2-6 Velocity response spectra of the input ground motion at the design level (h = 5%)

2.2.5 Cumulative Damage Evaluation Method
The damage index of the structure is represented by the cumulative damage at the beam
end since the application of the strong-column-weak-beam concept in the design is resulting in

the beams are becoming the weakest member of the steel moment-resisting frames. To
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calculate the cumulative damage of the beams, a new cumulative damage evaluation formula
proposed by Kishiki et al. (2019) is used. The formula evaluates the low-cycle fatigue
performance of steel beam-to-column connections that have a ductile fracture failure mode by
considering the effects of decreasing the moment transfer efficiency at the beam web-to-
column connection due to the slip behavior of the bolts, the out-of-plane deformation of the
column flange, and the loss of web section due to the weld access hole. The proposed formula
is shown in Equation (1). Here, Ns is the number of cycles to failure; 46 is the peak-to-peak
amplitude rotation angle of the beam; and Jy, is the ratio of the effective yield moment at the
beam web-to-column connection and the yield moment of the beam flange to the yield moment
of the beam member. Jy is a factor that depends on the cross-section of the column and beam,
as well as the connection detail. In calculating Js, all the beam-to-column connection of the
models is assumed to have a fully welded connection with weld access hole detail of R35+10R
that conform to JASS 6 (Architectural Institute of Japan 1996).

Ny=2.6 % 102,272 41,6.06/-8:89 )

By combining Nt — 46y relationship with Miner’s Rule (Equation (2)), the cumulative
damage of beam to fracture can be computed. In Equation (2), D expresses cumulative damage,
and when the value of D equals 1.0, the beam is estimated to be fractured; ni is the number of
cycles with peak-to-peak amplitude rotation angle-i (46b-i); and N is calculated using Equation
(2). In the case of the random loading, the number of cycles (ni) and the corresponding peak-
to-peak amplitude rotation angle (46s-i) are counted using the rainflow counting method (Endo
et al. 1974).

D=} )

2.3 Analytical Result
The inelastic response is analyzed using the six models and ten input ground motions with
three different ground motion intensities, as mentioned in the previous sections, thus resulting

in a total of 180 cases. The damage index of the structure is represented by the cumulative
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damage of the critical beam (D), which was calculated by the previously described method.
The critical beam is the beam element that has the largest cumulative damage; this beam also
commonly has the largest amount of dissipated energy. The analytical result is mainly
presented in two major parts, i.e., the response of the structure caused by ground motion
excitations with an intensity equal to the design level (PGV of 0.5 m/s) and greater than the
design level (PGV of 0.75 m/s and 1.0 m/s).

2.3.1 Ground Motion Intensity of PGV 0.5 m/s

Under design-level excitations (PGV of 0.5 m/s), the structures show a stable behavior,
even after five repeated strong ground shakings. Figure 2-7 shows one of the examples of the
response of the non-deteriorated SMRFs excited by multiple ground accelerations; it is a 6-13
model that is excited by the design level of the JMA Sendai North-South (NS) record. In Figure
2-7(a), the increment in both the maximum and residual story drift angle (SDA) is relatively
small, so the structure can still maintain its stability. Moreover, Figure 2-7(b) shows the
cumulative damage of the critical beam (D) vs. the number of excitations (No. Exc.) and the
hysteresis response of the critical beam in some stages of excitation. Clearly, the cumulative
damage increases almost constant, i.e., the relation between D and the number of excitations is
approximately linear. In terms of the hysteresis response of the beam, at the 1% excitation, the
skeleton part can be observed, i.e., the beam’s rotation increases from the elastic to the inelastic
condition. However, usually starting from the 3" excitation, the skeleton could hardly be
observed, and the energy was predominantly dissipated by the Bauschinger part; thus, the
beam’s rotation is almost constant, as is the increment in the cumulative damage. Note that the
constant increment in the cumulative damage is also related to the usage of the same input

records of the five excitations.

19



Chapter 2 Response Analysis of Non-deteriorated SMRF Model Subjected to Multiple Earthquakes

Story «eeares 1Exc Res. D 1000 + M [KN.m]
6 i u «««M -+ 1Exc. Max. 15% r
@ [rad.]
—a— 5Exc. Res.
5 la im —m— 5Exc. Max.
] \ 10%
4 la ]

J .
/ 5%

™)
P

[ |
1 E\. - ;\I L fad] g, : : : '
0 0.005 0.01 0.015 0.02 0.025 1 2 3 4 5
(a) story drift angle (b) critical beam’s cumulative damage

Figure 2-7 PGV 0.5 m/s JMA Sendai NS excitation of the 6-13 model

In summary, the increment in maximum SDA is relatively small on average, i.e.,
approximately 0.005 rad, 0.0035 rad, and 0.003 rad for the 3-, 6-, and 9-story model,
respectively. Moreover, the residual SDA is less than 0.01 at the 5" excitation for all cases.
Regarding cumulative damage of the critical beam, it constantly increases in every excitation.
At the 5™ excitation, the cumulative damage of all cases ranges from 1.5% to 43.2%, and, on
average, the cumulative damages for 3-, 6-, and 9-story models are 16.0%, 6.9%, and 5.7%,

respectively.

Figure 2-8 shows a comparison of the critical beam’s cumulative damage for different
input ground motions. The cumulative damage results of the strong column base model excited
by various input ground motions are shown as examples (the other results are all included in
Appendix C, Figure C-1). It could be seen that the cumulative damage of the model with the
same natural period is varied depending on the characteristic of the input ground motion.
However, the increment in the cumulative damage still shows the same linear trend and stable

behavior, regardless of the input ground motion.
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Figure 2-8 Comparison of the cumulative damage of the strong column base model for different input

ground motions

A comparison of the critical beam’s cumulative damage related to the two parameters of
the models is shown in Figure 2-9. Figure 2-9(a) shows the comparison regarding the number
of stories, one of the examples of the analytical result, i.e., the strong column base model
excited by design level of JMA Sendai NS record, is shown. The 3-story building clearly has
the largest cumulative damage, followed by 6-story and then 9-story; the main reason for this
result is the concentration of dissipated energy. As shown in Figure 2-10, in the 3-story building,
the energy is mostly dissipated by the 1% story; however, for 6- and 9-story buildings, the
middle stories also absorbed a fair amount of energy. The influence of the type of column base
on the cumulative damage of the critical beam is shown in Figure 2-9(b), illustrating the
response of a 3-story model excited by JMA Kobe NS record as an example. In the weak
column base model, the column base is expected to slip, thus increasing the beam’s rotation in
every excitation. However, Figure 2-9(b) shows that the cumulative damages of the model
using strong and weak column bases are almost equal, and in almost all the cases, the difference
between the cumulative damage at the 5™ excitation of those two types is less than 8.4%, which
is relatively small. However, no definite trend is observed that indicates, e.g., whether the weak
column base model always suffered more damage or vice versa; the damage differs for each
combination of ground motion records and the number of stories. Figure 2-11 shows the
hysteresis response of the critical beam and the column base of the same case shown in Figure
2-9(b). At the 1% excitation, slip occurs; however, at the next excitation, the column base’s
maximum rotation angle does not significantly increase. In other words, even though a weak
column base is used, as long as the upper structure is ductile, a similar stable behavior could

be achieved.
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Figure 2-9 Comparison of the cumulative damage by the number of stories and the column base type
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Figure 2-10 Distribution of dissipated energy of PGV 0.5 m/s JMA Sendai NS exc. of the strong

column base type model
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Figure 2-11 Hysteresis response of PGV 0.5 m/s JMA Kobe NS exc. of 3-07 model

2.3.2 Ground Motion Intensity of PGV 0.75 m/s and 1.0 m/s

Under multiple excitations with the PGV of 0.75 m/s and 1.0 m/s, stable behavior (Figure
2-7) is still observed in most cases. However, in several cases, a collapse occurred within the
five repeated excitations. The collapse cases can be divided into two categories, i.e., local
collapse via fracture of the critical beam and a collapse due to reaching the ultimate state. The
critical beam is estimated to fracture when the cumulative damage (D) is equal to or greater
than 1.0. Moreover, the structure is assumed to reach the ultimate state when the maximum
SDA is 10% or higher. At the PGV of 0.75 m/s, the collapse occurred in 3 out of a total of 60
cases, i.e., Hachinohe EW excitation of the 3-07 and TCU129 EW and Hachinohe EW
excitations of the 3-13 models. Moreover, at the PGV of 1.0 m/s, the collapse occurred in 17
of a total of 60 cases, i.e., Gilroy Array #3 90 deg., Hachinohe EW, JMA Sendai NS, and Kik-
net Mashiki EW excitations of 3-07 model; TCU129 EW, Gilroy Array #3 90 deg., Hachinohe
EW, JMA Kobe NS, JMA Sendai NS, Kik-net Mashiki EW, Newhall NS, and Taft EW
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excitations of 3-13 model; Gilroy Array #3 90 deg. and Hachinohe EW excitations of 6-07
model; Hachinohe EW excitation of 6-13 model; Taft EW excitation of 9-07 model; and Taft
EW excitation of 9-13 model. The cumulative damage of the critical beam under PGV of 0.75
m/s and 1.0 m/s are included in Appendix C, Figures C-2 and C-3, respectively. The average
cumulative damages of the critical beam of the uncollapsed cases at 5" excitation are 44.5%,
19.8%, and 15.2% for the 3-, 6-, and 9-story models with a PGV of 0.75 m/s, respectively, and
69.5%, 39.6%, and 30.4% for the 3-, 6-, and 9-story models with a PGV of 1.0 m/s, respectively.

Figure 2-12 shows an example where the critical beam is estimated to be fractured, i.e., 6-
13 model excited by Hachinohe EW record with the PGV of 1.0 m/s. Figure 2-12(a) shows that
the maximum and residual SDA of the building continue to increase significantly as the number
of excitations increases until the structure starts to lose its stability. This result is demonstrated
by the relationship between D vs. No. Exc. shown in Figure 2-12(b), which is no longer linear;
for comparison, the corresponding results with the PGV of 0.5 m/s are shown in the same graph.
Figure 2-12(c) shows the hysteresis response of the critical beam at several stages of excitation,
revealing that the skeleton part is observed at every stage. In other words, in every stage of
excitation, the beam’s rotation angle becomes increasingly large, so the cumulative damage

increases exponentially instead of constantly.
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Figure 2-12 PGV 1.0 m/s Hachinohe EW excitation of the 6-13 model

Figure 2-13 shows an example where the structure reaches the ultimate state, i.e., 3-07
model excited by Hachinohe EW record with the PGV of 0.75 m/s. Figure 2-13(a) illustrates
the weak story mechanism that occurred at the 1% story as the structure reaches the ultimate
state. At the 1% excitation, the building remains stable, and plastic hinges are formed at the
beam end and column upper end of the 1% story. However, at the 2" excitation, the structure
suffers large residual SDA, as shown in Figure 2-13(b). Finally, at the 3" excitation, the
maximum SDA reaches over 10%, causing the story to completely lose its stability and reach
the ultimate state. Figure 2-13(c) shows the story shear vs. story drift relationship of the 1%
story at the three stages of excitation; the black circle indicates the peak story shear, which is
located at the 2" excitation. This figure shows that somewnhere during the 2" excitation, the 1%
story reaches the maximum capacity (indicated by the black circle in the graph) and starts to
suffer large deformation until it finishes at approximately 0.05 rad of residual SDA at the end
of 2" excitation. Because the deterioration effect caused by the local buckling of members is

not considered in this case, the story shear capacity is almost constant, and only a small
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decrease occurs via the P-4 effect. Figure 2-13(d) shows the cumulative damage of the critical
beam, which exhibits a trend similar with that of the cumulative damage of beam fractured case
(Figure 2-12(b)).
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Figure 2-13 PGV 0.75 m/s Hachinohe EW excitation of the 3-07 model

2.3.3 Collapse Fragility

The collapse fragility of the non-deteriorated SMRF models under multiple earthquake
excitations is investigated in this section. Figure 2-14 shows the percentage of uncollapsed
cases by the number of excitations for various intensities. As shown in the figure, under the
one excitation, almost all cases do not collapse. However, as the number of excitations increase,
the percentage of uncollapsed cases decreases. In this study, the simple and uniform criterion
of more than or equal to 90% (> 90%) of uncollapsed cases is used. 90% is considered to be
high enough since the occurrence of multiple strong ground motions in a short period of time
is not very common. By using that simple criterion, it can be seen that in the case of the non-

deteriorated SMRF models, the number of excitations that could be resisted by the structure
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before collapsing is five excitations of PGV intensity of 0.75 m/s or three excitations of PGV

intensity of 1.0 m/s.
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Figure 2-14 Percentage of uncollapsed cases by number of excitations and input ground motion

intensity

2.4 Random and Incremental-Decremental Sequences

In the previous section, the inelastic time-history response analysis was conducted using
the simple repeated input ground motion with the same intensity to simulate the occurrence of
multiple earthquakes. However, the real earthquake sequences might occur with different wave
characteristics and different intensities. Thus, in this section, the effect of random sequences
(different input records but same intensity) and incremental-decremental sequences (same

input records but different intensity) will be investigated.

2.4.1 Random Sequences

To investigate the effect of random sequences, two groups that consist of ten different
random sequences are created. The records for the 1%, 2" until 51 excitations are chosen
randomly among the ten input ground motion records listed in Table 2-5 by assuming the
uniform probability density function (each record has the same chance to be chosen). The list
of records for random sequences group 1 (G1) and group 2 (G2) are shown in Table 2-2 and
Table 2-3, respectively. Same with the previous analysis, three different intensities are used,
i.e.,, PGV of 0.5 m/s, 0.75 m/s, and 1.0 m/s. Then, the inelastic response analysis is conducted

using the random sequence input ground motions on the six non-deteriorated SMRF models.
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Table 2-2 List of random sequences group 1 (G1)

Case 18t Exc. 2" Exc. 39 Exc. 4™ Exc. 5t Exc.
1 Kik-net Mashiki El Centro JMA Sendai Gilroy Array #3 JMA Sendai
2 Newhall JMA Sendai Hachinohe JMA Kobe Olive View
3 JMA Sendai JMA Sendai Gilroy Array #3 El Centro Taft
4 Olive View Kik-net Mashiki Newhall Gilroy Array #3 | Gilroy Array #3
5 El Centro JMA Kobe El Centro JMA Sendai El Centro
6 El Centro Hachinohe Newhall JMA Kobe JMA Kobe
7 Newhall El Centro Kik-net Mashiki Newhall Gilroy Array #3
8 Gilroy Array #3 JMA Kobe Gilroy Array #3 Olive View Newhall
9 Hachinohe Newhall Hachinohe TCU129 JMA Sendai
10 JMA Kobe JMA Sendai Olive View JMA Sendai TCU129

Table 2-3 List of random sequences group 2 (G2)

Case 1' Exc. 2" Exc. 39 Exc. 4™ Exc. 5t Exc.
11 JMA Kobe Olive View Newhall Kik-net Mashiki Taft
12 JMA Sendai El Centro Taft El Centro Hachinohe
13 Olive View Olive View Taft Gilroy Array #3 | Kik-net Mashiki
14 Hachinohe Olive View TCU129 Taft Newhall
15 | Gilroy Array #3 Hachinohe Gilroy Array #3 JMA Kobe Olive View
16 Hachinohe JMA Sendai Taft TCU129 Newhall
17 Olive View Newhall Newhall Hachinohe Taft
18 Olive View El Centro Hachinohe JMA Sendai TCU129
19 | Kik-net Mashiki | JMA Sendai TCU129 JMA Kobe TCU129
20 El Centro JMA Sendai Taft Newhall Kik-net Mashiki

The cumulative damage of the critical beam under the random input sequences is
computed using the same damage evaluation method used in the previous section. Figure 2-15
shows the comparison of average cumulative damage for PGV intensity of 0.5 m/s. The
complete results of the cumulative damage under random sequences are included in Figures C-
4 to C-6 and Figures C-7 to C-9 (Appendix C) for random sequence group 1 and group 2,
respectively. As shown in Figure 2-15, the average cumulative damage under the repeated or

random sequence is almost the same, especially in cases where the structure stays stable, and
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as found in the previous section, the structure can maintain its stable behavior under PGV

intensity of 0.5 m/s. To compare the result in cases where collapse might occur (under PGV

intensity of 0.75 m/s and 1.0 m/s), the comparison of collapse fragility is investigated, as shown

in Figure 2-16. As shown in the figure, the percentage of uncollapsed cases under repeated and

random sequences are almost the same. The largest difference of percentage is between

repeated and random sequence group 2 under PGV intensity of 1.0 m/s at the 3™ excitation

which is around 8.3% difference or 5 cases of the total of 60 cases. Overall, the results found

by using the repeated and random sequences are not shown a significant difference in terms of

average cumulative damage and collapse fragility. Thus, using the simple repeated sequence

could be more favorable considering the easiness in analysis and presenting the result.
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Figure 2-15 Comparison of average cumulative damage under input ground motion intensity of PGV

0.5 m/s by sequence types
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Figure 2-16 Comparison of collapse fragility by sequence types

2.4.2 Incremental-Decremental Sequences

In this section, the effect of variation in the intensity is specifically investigated. Two types
of sequences called the incremental and decremental sequences, are created. For the
incremental sequence, the intensity of the 1%, 2", and 3" excitations are 0.5, 0.75, and 1.0 m/s,
respectively, while for the decremental sequence, the intensities are being reversed (1.0, 0.75,
and 0.5 m/s for the 1%, 2", and 3" excitations, respectively). The incremental and decremental
sequences can also be seen as the representative of the foreshock-main shock and main shock-
aftershock type of sequences, respectively. For the 1%, 2", and 3" excitations, the same records
are used. Then, the inelastic response analysis is conducted on the six non-deteriorated SMRF
models and the cumulative damage is computed. The complete results of the calculated
cumulative damage of the critical beam are shown in Figure C-10 of Appendix C. Figure 2-17
shows the comparison of cumulative damage under incremental and decremental sequences at
the 3" or the last excitation. All cases are plotted in the figure except for the case of 3-13 model
excited by Hachinohe EW records because the cumulative damage under the decremental
sequence has reached over 100% at the 1% excitation. As shown in the figure, the cumulative
damage at the last excitation is almost the same except for two cases in the gray dashed line
circle in which the cumulative damage under incremental sequences is much higher than that
of decremental sequences. This is caused by excessive deformation under the incremental
sequence. As found in the previous section, the structure generally starts to lose its stability
when the residual story drift is around 4% or larger. In those two cases, the residual story drift
angle under the incremental sequence is 5.8% and 6.16%, which indicates that the structure no

longer stable. Aside from those two cases, in all the other cases where the structure is still able
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to maintain its stability, the difference of cumulative damage under incremental and
decremental sequences is shown in Figure 2-18. As shown in the figure, the difference of
cumulative damage for all cases is less than 10% which is relatively small. Thus, it could be
concluded that as long as the structure can maintain the stable behavior, the influence of
incremental type or decremental type of input intensity is not significant. However, even
though only two cases are found in the current analysis, the incremental type of sequence might

result in higher cumulative damage in cases where the structure loses its stability.

m3-07 0O3-13 46-07 A6-13 e9-07 09-13
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Figure 2-17 Comparison of cumulative damage at the 3" (last) excitation under incremental and

decremental sequences
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2.5 Steel Beam-to-Column Connection Test Simulating Multiple Earthquakes

To further verify the reliability of estimation of cumulative damage on beam end under
random cyclic loading that is the basis of the evaluation of the performance of non-deteriorated
SMRFs under multiple earthquakes, an experimental test of the subassembly of a beam-to-
column connection is conducted. The beam-to-column connection is designed to fail via ductile
fracture which is the same as the failure mode considered in evaluating the performance of the
non-deteriorated SMRF models. During the test, multiple sets of cyclic loading are conducted
to simulate the occurrence of multiple earthquakes. The one typical loading set is created using

the response analysis result of the non-deteriorated models.

2.5.1 Test Setup and Specimens

Two beam-to-column connection specimens with the same structural and connection
details are tested in this test. The test specimen and connection details are shown in Figure 2-
19. The beam is a wide-flange section of 500 mm (depth) x 200 mm (width) x 10 mm (web
thickness) x 16 mm (flange thickness) SN400B steel grade (nominal yield strength is 235
N/mm?, and nominal tensile strength is 400 N/mm?), while the column is a rectangular hollow
section of 400 mm (depth) x 400 mm (width) x 12 mm (thickness) BCR295 steel grade
(nominal yield strength is 295 N/mm?, and nominal tensile strength is 400 N/mm?). The beam
is connected to the column using through diaphragms with weld access hole details of
35R+10R that conform to JASS 6 (Architectural Institute of Japan 2018). Stiffeners are
attached 120, 220, and 320 mm from the column face to prevent local buckling. Thus, the
failure will be controlled by the ductile fracture. Tensile coupon tests of the flange and the web
are conducted using JIS-1A testing samples (Japanese Industrial Standard Committee 2011),

and the material test results are shown in Table 2-4.
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Figure 2-19 Test specimen
Table 2-4 Material test result
Section Yield Strength | Tensile Strength
[N/mm?] [N/mm?]
Flange 278 447
Web 318 463

The test setup is shown in Figure 2-20. A half-span beam with cantilever loading is used
to represent the double curvature bending characteristic of the beam under lateral/seismic
loading. The specimen was rotated 90° so that the beam is standing vertically and the column
lying horizontally. An oil jack is attached at the beam’s free end to load it, and a screw jack is
attached at the other end to receive the reaction force. To prevent out-of-plane and torsional
deformation of the beam, lateral supports are attached at two positions, i.e., near the loading

point and near the beam-to-column connection.
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Figure 2-20 Test setup

2.5.2 Loading History

The loading history used in the test is created from the response analysis result using the
non-deteriorated model. The 3-story non-deteriorated model (with the strong-type column base)
is used because from the previous result, it shows the largest amount of cumulative damage.
The story height of the model is 3.5 m which is the same as the original story height; however,
the span is adjusted to match the total span of the specimen. Since the half-span of the specimen
is equal to 2 m, the total span used in the analytical model is 4 m. The section of the column
and the beam is also adjusted to be the same as that of the specimen. For the input ground
motion sequences, two real sequences obtained from the 2016 Kumamoto earthquake and 2011
Tohoku earthquake is used. The sequences are shown in Table 2-5. For the 1% specimen, the
input sequence is the records measured at the Kik-net Kumamoto station (NS direction) due to
foreshock on April 14, main shock on April 16, and aftershock on April 16. Meanwhile, for the
2" specimen, the input sequence is the records measured at Kik-net Sendai station (NS
direction) due to main shock on March 11 and aftershock on April 7. Since the real sequences
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have a high intensity, they were scaled down to PGV of 0.9 m/s and 0.5 m/s for the Kumamoto

and Sendai records, respectively.

Table 2-5 Input ground motion used to create loading histories

Input Seq. Foreshock Main shock Aftershock Scaled PGV
1% (Kik-net
Kumamoto NS) 2016/04/14-M6.5 | 2016/04/16-M7.3 | 2016/04/16-M5.9 0.9 m/s
nd ile
2" (Kik-net 2011/03/11-M9.0 | 2011/04/07-M7.1 0.5 mis
Sendai NS)

The inelastic time-history response analysis is conducted using the adjusted 3-story non-
deteriorated model with the two scaled input sequences. Then, the rotation response history of
the critical beam (beam at the 1% story) is extracted. Considering the time limitation in
executing the experiment, most of the elastic cycles are sorted out. Those elastic cycles are
considered to have a relatively small contribution to the cumulative damage. After sorting out
most of the elastic cycles, the loading set, as shown in Figure 2-21, is obtained for the 1% and
2" specimen. Both loading sets consist of eight peak points.
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2 oS
g 0 s 0
c c
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3 3
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(@) 1% specimen (Kumamoto seq.) (b) 2" specimen (Sendai seq.)

Figure 2-21 Loading history

2.5.3 Test Result

During the test, the typical loading set shown in the previous section is performed multiple
times until one side of the flange is fully fractured. Figure 2-22 shows the crack progression as

the number of loading sets performed increases. For both specimens, the crack was initiated at
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the bottom of the weld access hole. For the 1% specimen the crack was first found at the 16"
set; at the 23" set, the crack almost penetrated through the flange thickness; and the flange was
fully fractured at the 28" set before reaching the 5" peak point. Meanwhile, for the 2" specimen,
the crack was first found at the 10" set; it almost penetrated through the flange thickness at the
17" set; and finally, the flange was fully fractured at the 19" set before reaching the 2" peak

point.

234 set: crack almost
penetrated through
S !f& I3

16 set: crack initiated 28t set: fully fractured

(a) 1%t specimen

17t set: crack almost
penetrated through
R

19t set: fully fractured

RN

(b) 2" specimen

Figure 2-22 Crack progression to ductile fracture

The load-deformation relationships obtained from the experiment are shown in Figure 2-
23. The calculated plastic moment (M) is also plotted in the graphs. The graphs are divided
based on crack progression. The left graphs contain the load-deformation relationship from the
1% set until the set where the crack is firstly initiated; the middle graphs contain the sets where
the crack is first initiated until the crack almost penetrates through the flange thickness; and
the right graphs contain the sets where the crack almost penetrates through until the flange is

fully fractured. Moreover, Figure 2-24 and Figure 2-25 shows the strength and elastic stiffness
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transition under multiple sets, respectively. In Figure 2-24, the strength of each set is taken as
the maximum strength within the set (absolute value of positive and negative side); then, the
strength value is normalized by the strength at the 1% set. Meanwhile, in Figure 2-25, the elastic
stiffness of each set is calculated by averaging the unloading stiffness within the set (the
unloading stiffness is calculated from the start point of the unloading (Gunioad) until it reaches
Ounioad + Gp for unloading to the positive side or Gunicad — Gp for the unloading to the negative
direction; where 6, is the rotation that corresponds to My; then, the elastic stiffness value is
normalized by the elastic stiffness at the 1% set. It can be seen from the graphs that the strength
and stiffness of the beam-to-column connection are very stable until it reached the set where
the crack almost penetrates through the flange thickness. In all sets before the crack almost
penetrates through, the normalized strength and normalized elastic stiffness value are more
than 0.95, while at the last set where the flange is fully fractured, the normalized strength and

elastic stiffness decrease until the minimum value of 0.82 and 0.91, respectively.

To verify the reliability of the cumulative damage evaluation method used in the analysis,
the cumulative damage of both specimens until fracture is computed. The rainflow counting
method is performed to the load-deformation (M-6) relationship of both specimens; then, the
cumulative damage is calculated using the miner’s rule and the low-cycle fatigue cumulative
damage evaluation formula as described in Section 2.2.5. It is found that the cumulative
damage (D) of the 1% and 2" specimens are around 99.1% and 87.6%, respectively. The D
value is very close to 100% for the 1% specimen. Although the value is a little bit lower for the
2" specimen, the D value is close to 90%. Overall, these results verify the reliability of the

cumulative damage evaluation method even under the random cyclic loading.
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Figure 2-23 Load-deformation relationship
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Figure 2-25 Elastic stiffness transition by number of sets
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2.6 Summary

The seismic performance of non-deteriorated steel moment-resisting frames under
multiple earthquakes is evaluated in this chapter by considering the cumulative damage to
fracture of the beam as the main damage index. Six non-deteriorated SMRF models are created
considering two parameters, i.e., the number of stories and the strength of the column base.
The building models are designed using a plastic design method for severe earthquakes based
on the Japanese seismic design code. Then, an inelastic time-history response analysis
simulating the occurrence of multiple earthquakes is conducted to the six SMRF models
considering three different input ground motion intensities (i.e., PGV of 0.5 m/s, 0.75 m/s, and
1.0 m/s), and the seismic performance of those SMRF models is evaluated using the beam
cumulative damage evaluation method proposed by Kishiki et al (2019). The findings of the

analysis are summarized below.

® In most of the cases, the structures are found to be able to dissipate the energy with stable
behavior under multiple earthquakes which is indicated by the linear increment in
cumulative damage, particularly in the case in which the ground motion intensity is equal
to the design level (PGV of 0.5 m/s). However, when the ground motion intensities are
larger than the design level (PGV of 0.75 m/s and 1.0 m/s), collapse might occur in several
cases.

® The collapse can be a local collapse caused by the fracture of a critical beam or a collapse
due to reaching the ultimate state, both of which are related to the occurrence of large
residual story drift angle.

® The influence of the two model parameters (i.e., the number of stories and the column base
type) is identified. The 3-story building is found to experience the largest cumulative
damage at the critical beam, followed by the 6-story and then the 9-story buildings due to
the concentration of dissipated energy in a certain story. Moreover, the influence of using
either a weak or a strong column base on the cumulative damage is not significant; as long
as the upper structure is ductile, similar stable behavior can be achieved.

® By adopting the simple criterion of > 90% uncollapsed cases, the number of excitations
that can be resisted by the structure before collapsing is obtained which is five excitations
under PGV intensity of 0.75 m/s or three excitations under PGV intensity of 1.0 m/s.

® The effect of sequence with different input records (random sequences) and different input
intensity (incremental-decremental sequences) are also investigated. By comparing the

average cumulative damage and collapse fragility, it is found that the result of analysis
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using repeated and random sequences do not differ significantly. In addition, from the
comparison of cumulative damage under incremental and decremental sequences, it is
found that as long as the structure can maintain its stable behavior, the difference of
cumulative damage at the last excitation is less than 10%.

® The reliability of the cumulative damage evaluation method is further verified by
conducting a steel beam-to-column connection test considering the ductile fracture failure
mode. By calculating the cumulative damage value until fracture of the test specimens, it
can be confirmed that the reliability of the method under random cyclic loading is

acceptable.
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3. Response Analysis of Deteriorated SMRF Model

Subjected to Multiple Earthquakes

3.1 Introduction

In this chapter, the seismic performance of SMRFs subjected to multiple earthquakes is
evaluated using the deteriorated models. In this deteriorated model, the effect of strength
deterioration of column members due to local buckling is considered. To simulate the strength
deterioration due to column local buckling, the hysteretic model proposed by Yamada et al.
(2018) is employed in the response analysis model. This hysteretic model specifically simulates
the hysteretic behavior of a square hollow section (SHS) column. The hysteretic model includes
a non-deterioration range and a deterioration range. The deterioration range simulates the
hysteretic behavior of the SHS column undergoing strength deterioration caused by local
buckling. This model is chosen because the accuracy of this model has been verified by
comparing it with the experimental test results of SHS columns subjected to various loading

histories, including a random cyclic loading history.

To evaluate the seismic performance of SMRFs under multiple strong ground motions,
various SMRF models are created for analysis. These models are designed considering the
combination of two main design parameters that may affect the strength of the column, i.e., the
width-to-thickness ratio of the column member and the column-to-beam moment capacity ratio.
In addition to those two main parameters, three variations of the number of stories are also
considered to cover a wider range of low-rise to mid-rise buildings. Then, an inelastic time-
history response analysis that simulates the occurrence of multiple shocks is carried out for
each model. The effect of the column strength deterioration on the behavior of SMRFs under
multiple excitations is investigated. Moreover, the state of deterioration, cumulative damage,
and collapse fragility are computed considering a various number of excitations and input
intensities. In addition, the influence of random and incremental-decremental seismic sequence

are also investigated.
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3.2 Analytical Procedure

3.2.1 Parameter and Building Model

The analytical model is an infinite uniform plane frame model (Yamada et al. 1996), the
same type of model that is used in Chapter 2, Figure 2-1. The analytical frame has a typical
height of 3.5 m, typical span of 7 m, and typical weight per story per span of 400 kN; the
column section and panel zone are SHSs with BCR295 steel grade (nominal yield strength of
295 N/mm? and nominal tensile strength of 400 N/mm?); the beam section is a wide-flange
section with SN400 steel grade (nominal yield strength of 235 N/mm? and nominal tensile
strength of 400 N/mm?); and the column base is an exposed-type column base. The sizes of the
columns, beams, and column bases are designed according to the parameters of the model.
Three variations of the number of stories are investigated: 3, 6, and 9 stories. For the column
width-to-thickness ratio (Dc/t), three variations are investigated: D¢/t = 29.45, 25, and 20. D¢/t
= 29.45 is the limit value of the ductile SHS column (called the FA rank column in the code)
with BCR295 steel grade according to the Japanese Building Code (Building Center of Japan
2013b). Meanwhile, for the column-to-beam moment capacity ratio (c<Mp/bMy), five variations
are investigated: c<Mp/bMp > 1.1, 1.25, 1.5, 1.75, and 2.0. (Mp/bMp > 1.5 is the recommended
value in the Japanese Building Code (Building Center of Japan 2013a). Combining all the

variations of the three parameters, a total of 45 SMRF models are analyzed in this study.

The models are named according to the three design parameters with the format A-XX-
YYY. The first index (A) indicates the number of stories (3, 6, or 9); the second index (XX)
indicate the D¢/t (29 (for 29.45), 25, or 20); and the last index (YYY) indicates the cMp/sMp
(1.1,1.25, 1.5, 1.75, or 2.0). All the models are designed to comply with the Japanese seismic
design code. The assumptions and concepts used in the design are the same with those used to
design the non-deteriorated models (as described in Section 2.2.2), except for the D¢/t and
<Mp/bMp which follow the values for each model. In addition, the same exposed-type column
base model used for the non-deteriorated model is also employed in the analytical model.
However, since the deterioration of the column is the main focus in the analysis, the column
base is designed to be stronger than the 1% story column to prevent the column base from
slipping; thus, the damage is concentrated in the column. During the analysis, the column base
remained elastic, and the elastic stiffness of the column base is considered in the analytical
model. The details of members’ cross section, ultimate lateral strength capacity (Qui), required
ultimate lateral strength (Quni), column-to-beam strength ratio (:Mp/sMp), and 1%t and 2" mode

natural period of each model are shown in Appendix D. In addition, a pushover analysis is
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performed to check the capacity of the models against the required ultimate lateral strength
(Quni). The pushover analysis is conducted using the force control method assuming that the
force distribution at each story follows the A; distribution (Building Center of Japan 2013c).
The pushover analysis results are also shown in Appendix D.

In the time history response analysis, the average acceleration method is used for the
numerical integration with a time step of 1/2000 s. In addition, the 2% Rayleigh damping for

the 1%t and 2" natural periods and the P-4 effect are considered in this analysis.

3.2.2 Hysteretic Model of Structural Members

For the beam members, the same hysteretic model that is used in Chapter 2, Figure 2-4, is
employed in the analytical model which is based on the decomposition of hysteretic loops into
the skeleton part, the Bauschinger part, and the elastic unloading part (Figure 2-3). Meanwhile,
for the column members, the deteriorated hysteretic model proposed by Yamada et al. (2018)
is employed. This model also adopts the same concept of hysteretic loop decomposition (Kato
et al. 1973, Akiyama and Takahashi 1990). However, the model is divided into two ranges: the
non-deteriorating range and deteriorating range as shown in Figure 3-1. The non-deteriorating
range is the range before reaching the maximum strength (cMy); the hysteretic behavior in this
range is the same as that in the hysteretic model of the beam (Figure 3-2(a)). Additionally, the
deteriorating range is the range after reaching the maximum strength. In this deteriorating range,
the Bauschinger part no longer exists; instead, this part is replaced by the strength increasing
part. Every progression of plastic deformation associated with the strength increasing part
corresponds to the progression in the skeleton curve (Figure 3-2(b)). Thus, once the column
enters the deteriorating range, every progression of plastic deformation contributes to the
strength deterioration. The comparison of skeleton curves of the 1% story column by D¢/t and
<Mp/bM, are shown in Figure 3-3. As shown in the figure, models with larger cMp/bM, have
stronger capacity due to having a larger cross-section, while models with lower D¢/t have higher
ductility (in both non-deteriorating and deteriorating range) and slightly higher maximum
strength (peak moment before deterioration).
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Deteriorating range

l Non-deteriorating range

Figure 3-1 Idealized skeleton curve model of column members

3.2.3 Input Ground Motions

The same ten earthquake records listed in Table 2-5 of Chapter 2 are used as the input
ground motion. To standardize the input energy, all the input ground motions are scaled based
on the peak ground velocity (PGV). Three different intensity levels are chosen, PGV = 0.5 m/s,
0.75 m/s, and 1.0 m/s which is the same with those used in Chapter 2. The intensity of PGV =
0.5 m/s is also known as the design level in Japan because the time history analysis for building
design is conducted with the intensity of PGV = 0.5 m/s. To simulate the occurrence of multiple
strong earthquakes, an earthquake sequence is created by repeating the same ground motion
with the same intensity for five excitations, and 30 s of zero acceleration is inserted between
two consecutive excitations to allow the structure to stop vibrating before responding to the
next excitation. The repeated sequence consisting of the same ground motion is chosen because
it is useful to simply evaluate the effect of column strength deterioration on the structural
behavior of SMRFs, while the same intensity within the sequence is applied to consider the
extreme condition where multiple strong shocks with almost equal intensity occur in a short
period of time during an earthquake event. In addition, the limitation of a maximum of five
excitations is used to standardize the number of excitations performed during the analysis, and
five excitations are considered to be appropriate because the occurrence of more than five

strong excitations in a short period of time is extremely rare.
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Figure 3-2 Decomposition of hysteretic loops of column hysteretic model
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Figure 3-3 Comparison of skeleton curves of the 1% story columns

3.3 Analytical Results

3.3.1 Typical Structural Behavior

Inelastic earthquake response analysis is conducted on the aforementioned 45 SMRF
models using ten different input ground motions with three different intensities; thus, this
analysis includes a total of 1350 cases. Regardless of the model, input ground motion, and input
intensity, the analytical result can be divided into two typical cases: (i) column strength
deterioration does not occur within five excitations, and (ii) column strength deterioration
occurs within five excitations. For case (ii), in many cases, story collapse might occur due to
the significant column strength deterioration. Story collapse is defined to occur when the story

stiffness is negative and the story shear (Q) becomes zero.

Figure 3-4 shows the analytical results of model 6-29-1.5 excited by the El Centro NS
record with a PGV intensity of 0.5 m/s; this case corresponds to the typical case (i). From the
moment-rotation (M-6) relationship between the 1% story beam end and column lower end, the
energy is mainly dissipated by the Bauschinger part. During the 1% and 2"¢ excitations, a small
portion of the skeleton part can be observed; however, starting from the 3" excitation, the
hysteresis response is completely dominated by the Bauschinger part which means that there
is no significant increment in terms of maximum deformation of the 1% story column and beam.
This response tends to become stable during the 4™ and 5" excitations. A similar trend can also
be observed from the story drift angle and the distribution of dissipated energy. As shown in
the figure, the maximum story drift angle hardly increases from the 1% to 5" excitations, and
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the residual story drift angle is relatively small. In addition, the distribution of dissipated energy
barely changes from the 1% to 5" excitations. In this case, the structure can maintain the sway
mechanism throughout the five excitations of strong ground motion. This behavior agrees with
the stable behavior observed in the analytical results of SMRFs under multiple strong ground

motions using a non-deteriorated hysteretic model (Chapter 2).

Figure 3-5 shows the analytical results of model 6-29-1.5 excited by the El Centro NS
record with a PGV intensity of 1.0 m/s. In this case, which corresponds to the typical case (ii),
both column strength deterioration and story collapse occurred within five excitations. As
shown in the figure, during the 1% and 2" excitations, no deterioration occurs at the 1% story
column lower end hinge, and the 1 story column upper end hinge remains elastic. However,
during the 3" excitation, strength deterioration occurs at the 1% story column lower end, and
during the 4" excitation, the deterioration proceeds until the 1% story upper end hinge is formed.
Additionally, during the 4™ excitation, the distribution of dissipated energy changes drastically
and result in the concentration of damage to the 1% story. Finally, during the 5" excitation, the
1%t story column lower end hinge completely loses its restoring force and behave like a pin joint;
this effect causes moment redistribution to the upper end of the 1% story column. Hence, the 1%
story column upper end hinge also deteriorates, which causes a shift from the sway mechanism
to the weak story mechanism. This deterioration continues until the 1% story completely lost its
resistance, as shown by the story shear of the 1% story becoming less than zero. Note that the
story shear can become less than zero even before both column end hinges completely lose

their strength because of the P-4 effect.
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Figure 3-4 Analytical results for a case in which column strength deterioration does not occur (model
6-29-1.5 excited by EI Centro NS record with PGV of 0.5 m/s)
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Figure 3-5 Analytical results for a case in which column strength deterioration and collapse occur
(model 6-29-1.5 excited by El Centro NS record with PGV of 1.0 m/s)
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3.3.2 Stages to Collapse under Multiple Strong Ground Motions

Based on the explanation provided in the previous section, the stage to collapse for a
deteriorated model of SMRFs under multiple strong ground motion excitations can be
summarized as illustrated in Figure 3-6. There are three main stages. In stage 1, plastic hinges
are formed at the beam end, and the 1% story column lower end without strength deterioration.
In this stage, the structure has a stable behavior and can maintain its sway mechanism. However,
in stage 2, strength deterioration occurs at the 1% story column lower end hinge and causes
moment redistribution to the 1% story column upper end. Additionally, in this stage, because
the 1% story shear resistance continues to decrease, the story drift continues to increase and
causes damage to concentrate at the 1% story. In stage 3, both column end hinges deteriorate,
which causes the mechanism to shift to a weak story mechanism, and 1% story collapse might
occur when both column end hinges lose a considerable amount of strength.

Excitationl —  Excitation2 — ... —  ExcitationN

|:> |:> Plastic hinge state

O No deterioration
® Deteriorated

Stage 1: No deterioration Stage 2: 1% story column Stage 3: 1% story column
» Sway mechanism lower end hinge deteriorated upper end hinge deteriorated
« Stable behavior » Damage concentration « Shifting to weak
to 1% story story mechanism
* Moment redistribution + Story collapse
at 1% story

Figure 3-6 Stages to collapse under multiple strong ground motion excitations

As an example, Figure 3-7 shows the stages to collapse for the A-29-1.5 series models
under various ground motion intensities. Comparing the model results in terms of the number
of stories, Figure 3-7 shows that the 3-story model is the most vulnerable, followed by the 6-
story model and then the 9-story model. The main cause of this difference is the differences in
the patterns of the dissipated energy distribution. Figure 3-8 shows the dissipated energy
distribution at the 1% excitation of models with a different number of stories. As shown in the
figure, for the 3-story model, the dissipated energy concentrates at the 1% story. Meanwhile, for

the 6-story and 9-story models, the amounts of energy dissipated by the 1% story are much
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smaller than that of the 3-story model; the rest of the energy is dissipated by the beam end

hinges at the middle or upper-middle stories. This characteristic shows the vulnerability of the

3-story model to weak story collapse; the process of damage concentration at the 1% story in

stage 2 naturally occurs from the 1% excitation.
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Figure 3-7 Stages to collapse of A-29-1.5 series models under various intensities
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Figure 3-8 Comparisons of the distribution of dissipated energy at the 1% excitation by the number of

stories

By grouping all the cases based on the :Mp/bM; and D¢/t, the comparison of the percentage
of cases reaching stages 2 and 3 are shown in Figure 3-9 and Figure 3-10, respectively. In
general, either increasing the ¢<Mp/sMp or lowering the D¢/t, both can improve the performance
of SMRFs under multiple excitations. In addition, as shown in the figure, the improvement is
more significant under the higher intensity ground motions. Increasing the :My/sMp by one step
(1.1>1.25; 1.25>1.5; 1.5->1.75; 1.75->2.0) is averagely decreasing the percentage of cases
reaching stage 2 by 5.8%, 10.6%, and 10.5% for the PGV of 0.5, 0.75, and 1.0 m/s, respectively,
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and the percentage of cases reaching stage 3 by 4.2%, 10.6%, and 13.7% for the PGV of 0.5,
0.75, and 1.0 m/s, respectively. Moreover, lowering the D¢/t by one step (29->25; 25->20) is
averagely decreasing the percentage of cases reaching stage 2 by 14.8%, 19%, and 17.7% for

the PGV of 0.5, 0.75, and 1.0 m/s, respectively, and the percentage of cases reaching stage 3
by 7.1%, 17.3%, and 21.7% for the PGV of 0.5, 0.75, and 1.0 m/s, respectively. From those

comparisons, to achieve the same percentage reduction, lowering D¢/t by one step almost

equals to increasing cMp/sMp by two steps.
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Figure 3-10 Comparison of percentage of cases reaching stages 2 and 3 by D/t

3.3.3 Cumulative Damage Under Multiple Excitations

The stage to collapse shown in the previous section indicates that the hinge state of the 1%
story column can be a good index to represent the whole condition of the structure to collapse
because the changing of 1% story column hinge state greatly affects the response of the whole
structure. Thus, the 1% story column hinge state is used as the main cumulative damage index.
This index ranges from —100% to 100% and is the combination of two values called the non-
deterioration margin (NM) and deterioration index (DI), which are computed using the method
explained in Figure 3-11. NM ranges from 100% to 0% and indicates when the margin reaches
the maximum moment (cMy) or starts to deteriorate. A value of 100% means that the 1% story
column end hinges remain elastic. Meanwhile, DI ranges from 0% to —100% and indicates how
much the strength of the 1% story column has deteriorated. Since both end hinges of the column
contribute to the strength, DI is calculated by averaging the DI values of the 1% story column
lower end and upper end hinges. A value of —~100% means that the 1% story column has
completely lost its strength. However, as explained in the previous section, 1% story collapse

may occur even before all the column strength deteriorates because of the P-4 effect.

56



Chapter 3 Response Analysis of Deteriorated SMRF Model Subjected to Multiple Earthquakes

In stage 1 (i-th exc.)

>3 Rig = CMI_CM
M

&Vl ¢ p

In stage 2 & 3 (j-th exc.)

(Md/ - ('M,l
> Dl =~

& u

0 0

c” skeleton-i ¢ skeleton-j

Figure 3-11 Definitions of the non-deterioration margin (NM) and deterioration index (DI)

Figure 3-12 shows the comparison of cumulative damage of several selected cases (all the
other cases are shown in Figures E-1 to E-15 of Appendix E). As shown in the figure, the
progression of column strength deterioration can typically be identified according to the stage
to collapse. In stage 1, no strength deterioration, the progression of NM tends to be asymptotic.
At this stage, if NM at the 1% excitation is approximately higher than 50%, generally, the
structure can maintain its stable behavior within five excitations (no deterioration). In stages 2
and 3, the progression of DI can be differentiated by the degree of decrement. In stage 2, DI
tends to decrease slowly, but when the mechanism shifts (stage 3), DI decreases more sharply
than before. Increasing the :My/bM, is generally increasing the NM value at the 1 excitation
and slowing down the transition to stage 3 because, as shown in Figure 3-3(a), increasing the
<Mp/bMp mainly improves the maximum strength (peak moment) of the column at both ends
(lower end and upper end). Meanwhile, lowering the D¢/t is increasing the NM value at the 1%
excitation and slowing down the rate of deterioration (decrease in DI) because, as shown in
Figure 3-3(b), lowering the D¢/t improves the ductility of the column (in both non-deteriorating
and deteriorating range) significantly and the strength slightly. Thus, both improvements can

contribute to decreasing the cumulative damage under multiple excitations.
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Figure 3-12 Comparison of NM and DI under multiple excitations

3.3.4 Collapse Fragility

In Chapter 2, the seismic performance of non-deteriorated SMRF models excited by
multiple strong ground motions has been evaluated. In the non-deteriorated model, the effect
of column strength deterioration is not considered. Thus, the damage is concentrated on the
beam members because the beam is weaker than the column. In Chapter 2, it is found that when

the intensity of the input ground motion is larger than the design level (> 0.5 m/s), in a few
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cases, collapse might occur. The collapse might be a local collapse due to the ductile fracture
at the beam end or a collapse due to reaching the ultimate state of maximum SDA of 10%. All
the ductile SMRF models analyzed in Chapter 2 are designed with D¢/t = 29.45 and Mp/oMp >
1.5. In this chapter, the collapse is evaluated using similar criteria, i.e., ductile fracture at the
beam end and the weak story collapse due to strength deterioration of columns. The story
collapse occurs when the story stiffness is negative and the story shear has deteriorated until
less than zero as shown in Figure 3-5. Meanwhile, the ductile fracture is evaluated using the
same cumulative damage evaluation method in Chapter 2, Section 2.2.5.

Figure 3-13 shows the comparison of the percentage of uncollapsed cases of the non-
deteriorated models (Chapter 2) and the deteriorated models analyzed in this chapter under
various intensities. A-29-1.5 series models (Figure 3-13(a)) have the same design parameters
as the ductile models. However, since the weak story collapse is more likely to occur in the
deteriorated models due to the column strength deterioration, the percentage of the uncollapsed
cases is lower than that of ductile models. To cope with the effect of the column strength
deterioration under multiple strong ground motion excitations, the design parameters need to
be improved, either by increasing the :Mp/bM; or lowering the Dc/t. For example, as shown in
Figure 3-13, A-29-2.0, A-25-2.0, and A-20-1.75 series models have similar performance (in
terms of percentage of uncollapsed cases) with those of non-deteriorated models under the
intensity of PGV 0.5, 0.75, and 1.0 m/s, respectively.

Table 3-1 shows the combination of D¢/t and minimum <Mp/sMp to achieve the acceptance
criterion. The acceptance criterion is the same as that used in Chapter 2 which is more than or
equal to 90% (> 90%) of uncollapsed cases. For every D¢/t value, Table 3-1 shows the
minimum ¢Mp/bMp needed to