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ABSTRACT

Estimating Seismic Performance of
Friction Damped Braced Frames by Pushover Analysis

Er Mao Gong

In previous investigations [Chopra and Goel, 2001}, the Modal Pushover Analysis (MPA)
procedure was demonstrated to be accurate enough in estimating floor displacements and
story drifts, and identifying locations of most plastic hinges for Moment Resistant Frame
(MRF) systems. The principal objective of this investigation is to implement MPA

procedure to analyze Friction Damped Braced Frame (FDBF) Systems.

First, the pushover analysis procedure based on structural dynamics theory is introduced
to predict the performances of one-story FDBF systems. To extend the use of pushover
analysis from single-degree-of-freedom (SDF) systems to multi-degree-of-freedom
(MDF) systems, the basic theory and the detail procedure of the MPA is presented with

emphasis on applications to multi-story FDBF systems.

Comparing the nonlinear history responses computed by DRAIN-2DX [Allahabadi and
Powell, 1988] with that of the similar MRF system, the earthquake resistance of the
selected 10-story FDBF system, such as the lateral displacement resistance and the
damage control potential of the structure has been increased dramatically by the friction

damped bracing.
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The comparisons of the seismic responses of the FDBF determined by MPA with
Nonlinear Response History Analysis (NL-RHA) procedure illustrate that for a FDBF
system, the MPA procedure is probably accepted in estimating floor displacements, but
for the story drift of the structure, the accuracy of the MPA is too poor to be accepted.
This leads to the introduction of an improved modal pushover analysis (IMPA)

procedure.

Based on the MPA procedure, the IMPA procedure is implemented by pushing the
structure again to the roof displacement that has been estimated by the capacity spectrum
method from ATC-40 [Applied Technology Council, 1996] or by analysis of the
equivalent SDF system. Therefore, the modal floor displacement is not linearly related to
the mode shape. Comparing the results by IMPA and NL-RHA, the errors are much
smaller than that of MPA procedure, especially in calculating the story drift of the
structure. Comparing the seismic demands determined by IMPA procedure, FEMA-273
pushover analysis [Building Seismic Safety Council, 1997], and NL-RHA, it is
demonstrated that the IMPA procedure is also better than FEMA-273 pushover analysis
in determining the floor displacement, story drifts and the plastic slip of the friction

damped bracing.
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CHAPTER 1

INTRODUCTION

1.1 GENERAL
Over the past two decades, two subjects, 1) Pushover Analysis procedure, and 2) Friction
Damped Braced Frames (FDBFs) have become more and more popular in earthquake

engineering.

Pushover analysis is a nonlinear static procedure by which the structure is pushed to a
predetermined target displacement by increasing lateral forces with a constant static force
distribution. The predetermined target displacement can be estimated by the capacity
spectrum method (CSM) [Applied Technology Council, 1996], but the CSM procedure
itself also depends on pushover curve that is obtained from pushover procedure. For the
lateral force distributions, several pushover analysis procedures have been developed,
such as the FEMA-273 pushover procedure and modal pushover analysis procedure
(MPA). Modal pushover analysis procedure is a simplified computational method for
seismic performance evaluation of structures [Chopra and Goel, 2001]. For MPA
procedure, first of all, a Multi-Degree-of-Freedom (MDF) system is separated into
several equivalent Single-Degree-of-Freedom (SDF) systems, and each SDF system
represents one mode of the MDF system. By utilizing the orthogonal property of modes,
only the nth mode contributes to the response of the nth SDF system. The peak value of

the total response can be obtained by combining the several modal contributions by the



Square-Root-of-Sum-of-Squares (SRSS) rule. Up to now, many investigations [Saiidi and
Sozen, 1981; Rao et al., 1996; Tso and Moghadam, 1998; Kuramoto et al., 2000; Chopra
and Goel, 2001] have demonstrated that pushover analysis procedures are accurate
enough for practical evaluation and design for normal structures, such as Moment

Resistant Frames (MFRs).

By incorporating friction damped braces in a moment resistant frame, the seismic
performance of a FDBF System, such as the lateral displacement resistance and damage
control potential of the structure, are increased dramatically. During a major earthquake,
most of the seismic energy is dissipated by the friction damped braces which slip at
predetermined loads. Because this kind of slipping can be designed so that it occurs
before yielding in main members of the frame, beams and columns are protected from
yielding and hinge formation. Many researchers [Pall and Marsh, 1982; Baktash, 1989;
Pall and Pall, 1993; Adam and Ziegler, 1996; Pall and Pall, 1996; Lin et al., 2000] have
focused on comparisons of seismic performances of FDBF with that of MRF by dynamic
analysis. It was demonstrated that the FDBF systems have better seismic performance
than the MRF systems in resisting floor displacements, story drifts and decreasing

damage of the structures.

1.2 OBJECTIVE
However, little research has concerned combination of the above two issues, i.e., to
implement pushover analysis procedures to analyze the friction damped braced frames

(FDBF) systems. Hence, the principal objective of this investigation is an attempt to



apply pushover analysis procedures for determining the performance evaluation of FDBF
systems and check the accuracy by comparing the results calculated by MPA procedure,
Nonlinear Response History Analysis (NL-RHA) and FEMA-273 Pushover Analysis
procedure. Moreover, an Improved Modal Pushover Analysis procedure (IMPA) is
introduced to analyze FDBF systems, because the MPA procedure can provide good
estimate of floor displacements for the FDBF systems, but for the story drifts, the

accuracy is not acceptable.

1.3 SCOPE

1.3.1 Types of Structures

This research is focused on the behavior of FDBF systems, such as the earthquake
resistance, the control potential of the lateral displacement and damage of the structure.
For comparison purposes, two types of structures are considered in this investigation.
One is the moment resistant frame and another one is the friction damped braced frame.

Single-bay, one-story and 10-story structures are selected for detailed study.

1.3.2 Analytical Procedures

Nonlinear Response History Analysis (NL-RHA)

NL-RHA procedure is the most rigorous procedure to determine the response of
structures subjected to ground motions during an earthquake. The results computed by
NL-RHA procedure are considered as the references for comparisons with MPA and
FEMA-273 pushover analysis procedures. DRAIN-2DX [Allahabadi and Powell, 1988]

is used for NL-RHA for the structures during this investigation. Although the NL-RHA



procedure is becoming much easier than before, it is still time consuming especially when
the system is considered to be subjected to a long duration of ground motion (e.g. for a 1-
bay, 10-story FDBF system assumed subjected to a 30 seconds ground motion, the total

computer time for the structure is about 22 minutes).

Capacity Spectrum Method (CSM)

The capacity spectrum method (CSM) is a graphical and approximate method [Nagao et
al., 2000] that is used to find the performance point of a structure by comparing the
capacity spectrum of the structure and demand spectrum of the design earthquake.

In ATC-40, three procedures (procedure A, B and C) are introduced to determine the
performance point. In this thesis, procedure A is chosen for implementation in case
studies in Chapters 4 and 5 because it is the most direct application of the methodology

and the iteration can be done by hand or by spreadsheet methods.

The step by step procedure A of CSM [Applied Technology Council, 1996] for
estimating the performance point of a structure for nth-mode is illustrated in flow chart
1.1. This includes:

1. Develop the 5 percent damped (elastic) response spectrum appropriate for the site.

1.1. Develop the elastic traditional spectrum, with S, versus 7, by

(S, =25-C, T<T,
CV
18a == T>T, (1.1)
T =S
*T25.C,




where the seismic coefficients, C4, and, Cy, are depended on the soil profile type
and the shaking intensity ZEN. They can be obtained from Appendices B.1
[Table 4-7, ATC-40] and B.2 [Table 4-8, ATC-40]. 7y is the control period.

1.2. Transform the elastic traditional spectrum to the elastic response spectrum

(¢(=5%) with S, versus Sy, by

S, =S, (13)
1 2
Sa=7 8.7 (1.4)

where ¢ is the viscous damping ratio of linearly elastic system, S, and S, are the
spectral acceleration and displacement.
2. Develop the capacity curve by pushing the structure to a target roof displacement.
3. Transform the capacity curve into a capacity spectrum by

L/ f— S, =—"a (1.5)
Mn anZM Iﬂn'¢no

where a, and I, are respectively the modal mass coefficient and participation

factors for nth mode of the structure, M is the effective modal mass, ZM is the

total mass of the structure, ¢,, is the roof level amplitude of the nth mode, S, S,

are the horizontal axis and vertical axis of any point i in the capacity spectrum,
and u,, V; are the horizontal axis and vertical axis of any point i in the capacity
curve, respectively.

4. Plot the capacity spectrum for the nth mode on the same chart as the 5 percent

damped (elastic) response spectrum.



5. Select a trial performance point and develop the bilinear spectrum which
represents the portion of the capacity spectrum from the beginning point (0,0) to
the trial performance point.

6. Calculate the effective viscous damping éc ., Which will be used in equivalent

linear procedures

A 63.7 d,—d.a,
eg = K(ay b yapl)+5 (1.6)

a, d vi

where a,, d,, a,;, d,; are the coordinates of the yield point and the trial point for
any bilinear spectrum; x is the value for damping modification factor shown in
Appendix B.3 [Table 8-1, ATC, 1996].

7. Calculate the Spectral reduction factors SR4 and SRy by

. 3.21-0.681n(,,)
47 2.12

>Value in Appendix B.4 [ATC, 1996] 1.7)

o 231 0.411n(Z,,)

v 165 > Value in Appendix B.4 [ATC, 1996] (1.8)

where £, is the effective viscous damping ratio.

The demand spectrum is developed by

(S, =25-SR,-C, T<T,
_ SR, -C,
<S‘,_——T——— T>T, (1.9)
r__SR,-Cy
| ° 25-SR,-C,




8. Plot the demand spectrum on the same plot as the capacity spectrum.

9. Compare the intersection point of the demand spectrum and the capacity spectrum
with the initial trial performance point. If the error of the displacement between
these two points is less than 3%, i.e., the demand spectrum intersects the capacity
spectrum within acceptable tolerance. The initial trial performance point, a,;, d,/,
can be considered as the demand performance point, a,, d,.

10. If the demand spectrum does not intersect the capacity spectrum within acceptable
tolerance, then select the intersection point as a new trial performance point and
return to step 5, until the demand spectrum intersects the capacity spectrum within

acceptable tolerance.

FEMA-273 Pushover Analysis

FEMA-273 Pushover Analysis [Building Seismic Safety Council, 1997] is one kind of
non-linear static analysis procedure by which the pushover curves of structures are
developed. In this procedure, the structures are assumed to be subjected to three kinds of
distributions for lateral forces: 1) uniform force distribution, 2) equivalent lateral force
distribution and 3) SRSS force distribution. For each force distribution, the response of a
structure, such as floor displacements, story drifts, joint rotations and plastic hinge
rotations are simply calculated for a target roof displacement which can be estimated by

the capacity spectrum method described in ATC-40 [Applied Technology Council, 1996].



Modal Pushover Analysis (MPA)

In 2001, a modal pushover analysis (MPA) procedure was presented by Chopra and Goel.

In their report [Chopra and Goel, 2001], the detailed step-by-step MPA procedure was

listed as follows, and it is also shown in flow chart 1.2:

1.

Compute natural frequency, @,, and mode, {¢, } , for each mode by the modal analysis

of the building by modal analysis.

For the nth-“mode”, define the force distribution{s, } as

{s,} =[m]-{$,} (1.10)
where [m] is the matrix of the mass and {¢@, } is mode shape.

Applying force distribution incrementally, the pushover curve for the nth-“mode”, a
plot of the base shears and associated roof displacements, is developed by pushing the
structure just beyond the target roof displacement. Since the target roof displacement
may not be known at the start of the procedure, an assumption of it would be judged
and iterations may be necessary. The final target roof displacement for pushover
analysis should bigger than the roof displacement determined in step 7.

Idealize the pushover curve as a bilinear curve using the rule of equal area that is
described in FEMA-273 procedure [Building Seismic Safety Council, 1977].

Develop the properties of the equivalent SDF system with unit mass and stiffness
associated with the natural frequency.

Compute the peak deformation, Dy, of the nth “mode” inelastic SDF system.
Compute deformation history, Dy(t), and pseudo-acceleration history, 4,(¢), for the
nth-mode SDF system developed from step 5 by any software, e.g., DRAIN-2DX

[Allahabadi and Powell, 1988], SAP2000 [Willson, 1998] .



7.

10.

Calculate the peak roof displacement up, associated with the nth-mode inelastic SDF

system by
uno =rn¢noDno (1'11)
in which T, is the participation factor for nth mode and g, is value of the nth mode

at roof level,

. At uy, the values of floor displacements can be extracted by mode shape {¢} times

the peak roof displacement, uy,, and so on for the other responses of the structure.
Repeat step 4 to 8 for as many “modes” as required for sufficient accuracy. Typically,
the first three “modes” will be sufficient, which was demonstrated by Lopez and
Cruz, 1996.

Determine the total response by combining the peak “modal” responses using the
SRSS combination rule. From the total hinge rotation, subtract the yield hinge

rotation to determine the plastic hinge rotation.

The peak deformation, or the peak roof displacement, can also be simply estimated by

hand or in a spreadsheet using the capacity spectrum method which is described in detail

in ATC-40 [Applied Technology Council, 1996]. The capacity spectrum method directly

applies the concepts and does not require any structural analysis software so that it is

preferred for use for the multi-story FDBF system in this investigation.

Improved Modal Pushover Analysis (IMPA)

After the peak roof displacement for each mode is obtained by the capacity spectrum

method, in the IMPA procedure the structure is pushed again to the peak roof



displacement with the same modal lateral force distribution as MPA. The SRSS rule is
used to compute the peak responses of structures, such as floor displacements, story

drifts, joint rotations and plastic hinge rotations, etc.

1.4 ORGANIZATION OF THE THESIS
Chapter 1 Introduction
Chapter 1 provides the statement of the objective and scope of this investigation,

followed by the brief description of each chapter.

Chapter 2  Literature Review
Chapter 2 presents existing literature related to the FDBF system and pushover analysis
procedures. At same time, the detailed step-by-step implementation of FEMA pushover

analysis, MPA and IMPA procedure are introduced.

Chapter 3 One-Story Systems

The basic concepts of single-degree-of-freedom (SDF) system will be introduced in this
chapter; they are also the foundation of MPA since all the multi-degree-of-freedom
(MDF) systems finally transfer to the equivalent SDF systems according MPA procedure.
An approach to optimize the slip load and stiffness of the brace for the one-story FDBF
will be proposed. For the selected one-story FDBF system, the MPA procedure will be

implemented to demonstrate that it can provide good estimation for the seismic response.

Chapter 4 Multistory Moment Resisting Frame (MRF) System

10



Chapter 4 presents a case study of a single bay, 10-story MRF system for which the MPA
procedure is implemented. The capacity spectrum method from ATC-40 [Applied
Technology Council, 1996] is introduced and used to estimate the peak value of the roof
displacement for MPA for the MRF system. It is employed because it is the most direct

application of the concepts and it is not necessary to use any structural analysis software.

Chapter 5 Multistory Friction Damped Braced Frame (FDBF) System

In Chapter 5, a multi-story FDBF system is optimized for the maximum amount of
energy which will be dissipated by the friction damped braces. The comparisons of the
roof displacement and story drifts determined by MPA and NL-RHA are illustrated in
figures and tables. Because of the limitations of the MPA procedure, an improved modal
pushover analysis (IMPA) procedure is proposed in this chapter in order to obtain more

accurate estimation of the seismic performance of the FDBF system,

Chapter 6 Conclusions

The conclusions of this investigation are presented in chapter 6, and the

recommendations of the future work are also discussed in this chapter.
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CHAPTER 2

LITERATURE REVIEW

2.1 FDBF SYSTEMS

2.1.1 The Behavior of FDBF Systems

Different from moment resistant frames, each brace in a FDBF system is connected by a
friction joint. In order to obtain the behavior of the FDBF systems, it is necessary to
model the performance of the friction devices in earthquakes. Figure 2.1 illustrates the
simple hysteretic behavior of a friction joint which slips in tension and compression. It
shows that the force displacement relation of the friction brace is linear before the force
reaches the slip force, P;. After that, the brace slips at constant slip force; therefore, the
seismic energy is dissipated by the slipping joint which acts as a damper. Unloading from
the maximum displacement, the hysteretic loop of the force displacement relationship is
changed to a path parallel to the initial elastic branch until slip of the friction joint occurs

in the opposite direction.

By optimizing the slip force and the stiffness of the braces, maximum seismic energy can
be dissipated by the friction damped braces. For an earthquake considered, the main
frame can be pre-designed to be elastic so that no permanent damage will occur in the
main structure. If the shaking intensity in the site is higher than that of the design
carthquake, as the shear resistance increases, the main frame is brought into action which

leads to first yield in main elements of the frame. As yielding in the main frame provides

14



additional dissipation of the seismic energy, it is possible for FDBF systems to control

the margin of safety of the building compared to other frames.

2.1.2 Previous Research and Application of FDBF Systems

In 1982, an investigation of the response of FDBF system was presented by Pall and
Marsh [Pall and Marsh, 1982]. Three types of 10-story frames, namely moment resisting
frame (MRF); braced moment resisting frame (BMRF) and FDBF, were compared by
dynamic analysis assuming that the structures were subjected to the same earthquake
ground motion. The comparisons were focused on peak roof displacements and their
time-history responses, the maximum moments in the beams, the maximum shear
envelope of the columns and the damage of the structures. The results are summarized in
Table 2.1. It was shown that the earthquake resistance of FDBF was dramatically

enhanced by using the friction damped braces in the frames.

In 1989, a thesis of Friction Damped Braced Frames was presented by Baktash [Baktash,
1989]. In her research, three types of FDBF, Z-Braced, K-Braced and X-Braced frames
were analyzed. The methodology of optimizing the slipping loads of the braces was
introduced in order to dissipate maximum energy by friction damped braces. The
comparisons in tables and diagrams were also made by nonlinear dynamic analysis
between the FDBF and traditional frames without friction dampers. For all types of
FDBF systems, the floor displacements, the forces in elements and the damage of the
structures were much lower than that of the frames without friction dampers. In that

investigation, a steel model of FDBF was designed and tested on a shaking table. It was

15



shown that the performance of the FDBF system was in good agreement with the

computer predictions.

In 1996, two semi-active schemes, the “off-on” friction damper and the “Semi-Active
Friction Damper”(SAFD), were proposed by Dowdell and Cherry. In the “off-on”
system, the slip force was switched between zero and a pre-determined constant value,
while in the SAFD system it was considered continuously in response to the deformation
state of the structure. It was demonstrated that these two systems could significantly

enhance the performance of a passive friction damped structure.

By redistribution of the slip load of the friction devices over the plan layout of the
building, the application of the FDBF was extended from symmetric structures to un-

symmetric structures [Martin and Pekau, 1996; Pekau and Guimond, 1991].

From the middle of the 1980’s, a novel Pall damper [Pall and Pall, 1996] had been
developed and, in 1987, it was applied for the first time in constructing the 10-story
concrete frames in Concordia University Library in Montreal. Up to 1996, it had been
extensively used in the seismic design, construction and retrofit of structures for more
than 15 buildings. The buildings with Pall Friction-Dampers were summarized in Table 1
[Pall and Pall, 1996]. The practical applications show that the FDBF systems are efficient

in energy dissipation, saving cost of construction and retrofit of structures.
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2.1.3 Simplified Method for FDBF

In 1996, a simplified design method for retrofit of gravity load design RC frame with
friction dampers was introduced [Rao et al., 1996]. In this study, the CSM [Applied
Technology Council, 1996] was introduced to predict the performance of a 3-story
retrofitted frame with friction damper in the report. It was also used to calculate the
slipping load for the dampers. It was shown that the earthquake performance of the
structure was great optimized by implementing the friction dampers, which can increase
the stiffness and control the strength of the structure. For design of building structures
with supplemental lead dampers, another group [Lin et al., 2000] proposed four types of
lateral load distributions for pushover analysis, such as only one lateral force acting on
the top floor (case-l), parabolic load distribution (case-II), inverted-triangular load
distribution (case-IlI) and uniform distribution (case-IV). The comparisons of the
structural responses were made in tables and showed that the simplified method using an

equivalent SDF system was efficient to predict the responses of the MDOF structures.

2.2 PREVIOUS RESEARCH AND APPLICATION IN FEMA-273 AND CSM

Over the past two decades, pushover analysis procedures have become more and more
popular as simplified computer methods for seismic performance evaluation of structures.
Up to now, there are so many investigations focused on the implementation of pushover
analysis procedures in the analysis of the seismic performances of structures [Kuramoto
et al., 2000; Kelly and Chambers, 2000; Kim et al., 1999; Nagao et al., 2000]. The results

of analysis proved that although these methods were not very accurate, they could

17



provide fair estimate for the evaluation of structural behavior during strong earthquakes,

such as the deflections and the plastic mechanism of the structure.

The application of pushover analysis procedures was also extended to different structures,
such as asymmetric structures, steel building, RC buildings and masonry buildings [Kilar
and Fajfar, 1997; Moghadam and Tso, 2000; Magenes, 2000; Sheu et al., 2000; Peter and

Badoux, 2000; Skokan and Hart, 2000].

To eliminate the errors in the ATC-40 (CSM) procedures, an improved CSM method
which used the well-known constant-ductility design spectrum for the demand diagram

was proposed by Chopra and Goel [1999].

To check the accuracy of pushover analysis procedures, a 1:12 scale 10-story reinforced
concrete frame was tested by Lee and Kang {2000]. The comparisons between the
experimental and analytical results showed that the pushover analysis can predict the
overall responses such as story shear versus inter-story drift with very high reliability, but

for the local inelastic behavior or damage patterns, it seemed to have some limitations.

2.3 PREVIOUS RESEARCH AND APPLICATION IN MPA

A simple nonlinear seismic analysis methodology for R/C structures was proposed by
Saiidi and Sozen in 1981, when the computer was not as powerful as today. It is
necessary to develop a simple procedure with conceptual simplicity and computational

economy. That kind of necessity led to the development of the Q-model by involving two

18



simplifications: (1) Reduction of a multi-degree-of-freedom (MDOF) model of a
structure to a single-degree-of-freedom (SDOF) oscillator; and (2) approximation of the
equivalent stiffness of the SDOF oscillator by a single nonlinear spring. The Q-model
illustrated in [Saiidi and Sozen, 1981] is shown in Figure 2.2. The two main attributes of
the Q-model procedure, conceptual simplicity and computational economy, are also the
principal objectives of the modern modal pushover analysis (MPA) procedure described
in [Chopra and Goel, 2001]. The Q-model procedure was tested by eight small-scale
reinforced concrete structures and the experimental results, as shown as in Figures and
Tables in [Saiidi and Sozen, 1981], demonstrated that the overall performance of this
methodology for estimating the response of structures subjected to strong ground motion

was satisfactory.

A 9-story SAC building was selected by Chopra and Goel [2001] and analyzed by MPA
procedure, FEMA-273 pushover analysis [Building Seismic Safety Council, 1997] and
rigorous nonlinear response history analysis (RHA) using DRAIN-2DX [Allahabadi and
Powell, 1988], respectively. The comparisons of the peak inelastic response determined
by those analysis procedures, as shown as in Tables 2.2, 2.3 and 2.4, demonstrated that
the MPA procedure provided better results than FEMA-273 pushover analysis procedure
in estimating the floor displacements, story drifts and identified locations of most plastic
hinges of the MRF structures. However, Chopra and Goel [2001] reported that both of
those two simplified pushover analysis procedures were less accurate in estimating the

plastic hinge rotations.
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2.4 IMPA PROCEDURE AND SOME RESULTS

Modal pushover analysis (MPA) procedure, as one of the pushover analysis procedures,
depends on two basic assumptions: (1) The response of the structure is related to the
response of an equivalent single-degree-of-freedom system, (2) the mode shape vector
remains constant throughout the time history response. Obviously, both assumptions are
incorrect, which led to an improved pushover analysis procedure presented by Yang and
Wang [2000]. In order to decrease the errors for these assumptions, a lateral load pattern
was introduced as the approximation of the distribution of the inertia force obtained from
results of dynamic analysis of the story equivalent MDOF system of the structure, which
was time dependent. It was similar to the SRSS distribution in FEMA-273 [Building
Seismic Safety Council, 1977], which will be introduced in case studies in Chapters 4 and

5.

The improved modal pushover analysis procedure (IMPA) will be emphasized and
implemented in this investigation. It is based on MPA procedure mentioned before
(Section 1.3.2). The only difference between MPA and IMPA procedures is in step 8,
which becomes:
8. After the peak roof displacement u,, associated with nth “mode” inelastic SDF
system is obtained by step 7, apply the same force distribution as step 2 and push the
structure again to the peak roof displacement, u,,. The responses of floor
displacements are calculated as well as the story drifts. It is noted that the distribution

of floor displacements of the nth mode is different from the mode shape of that mode,
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and this nonlinear distribution would be closer to the NL-RHA distribution than that

of MPA procedure.
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Figure 2.1. Axial Force/Displacement Behaviors of Braces in FDBF

[Baktash, 1989], Ps=slip force

Table 2.1. Behavior of MRF, BMRF and FDBF

Maximum | Maximum . Damage | Damage | Damage
Frame Dis :zggl:nent Base Base F':(éa; s in in in
P Shear Moment Beams | Columns | Braces
MRF 100.0% 87.5% 90.7% 60.0% 90.0% 10.0% -
BMRF 80.0% 100.0% 100.0% 100.0% | 80.0% - 100.0%
FDBF 40.0% 70.0% 68.0% 75.0% 40.0% - -

* Data developed from [Pall and Marsh, 1982]
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Figure 2.2. Q-Model [Saiidi and Sozen, 1981]
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Table 2.2. Peak Values of Floor Displacement Ratios (as % of building height=37.14 m) from
FEMA and MPA for 1.5 EI-Centro for the 9-story MRF[Chopra and Goel, 2001]

Displacement/Height (%) Error (%)
Floor FEMA MPA FEMA MPA
NL-RHA
Uniform | ELF | SRSS | 3 modes Uniform | ELF | SRSS | 3 modes

0 0 0 0 0 0.000 0 0 0 0
1 0.344 10195 0.209 0.263 0.270 276 27.7| -22.5 -2.6
2 0.597 |10.351 ] 0.355 0.466 0.490 21.8 -28.4 | -27.5 -4.8
3 0.809 | 0.524 | 0.487 0.667 0.686 17.9 [-23.7 | -29.1 -2.8
4 0.975 |0.708 | 0.611 0.854 0.836 16.7 |-153| -26.9 22
5 1.089 |0.875| 0.724 0.998 0.913 19.3 42 | -206 9.4
6 1178 |1.015| 0.840 1.109 0.953 23.7 65 | -11.9 16.4
7 1.262 1.154 | 1.007 1.214 0.998 26.5 15.6 0.9 21.7
8 1.341 1.294 | 1.221 1.330 1.098 222 179 | 11.2 21.2
9 1.399 11.399 | 1.399 1.436 1.199 16.7 16.7 | 16.7 19.8
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Table 2.3. Peak Values of Story Drifts Ratios (as % of story height) from FEMA and MPA for
1.5 El-Centro for the 9-story MRF[Chopra and Goel, 2001]

drift/story height (%) Error (%)
Floor FEMA MPA FEMA MPA
NL-RHA
Uniform | ELF | SRss | 3 modes Uniform | ELF | SRgs | 3modes

1 2.335 |1.323 | 1.417 1.783 1.830 27.6 27.7| -22.5 2.6
2 2.367 |1.462 | 1.372 1.927 2.064 14.7 -29.2 | -33.5 -6.6
3 1.992 ]1.623|1.234 | 1.938 1.858 72 |-12.6| -336 43
4 1.560 |1.730 | 1.168 | 1.860 1.414 103 | 223 | -17.4 31.5
5 1.067 | 1.562 | 1.061 | 1.530 1.207 116 | 294 | -12.1 26.8
6 0.839 [1.314] 1.083 | 1.310 1.128 256 | 165 | -3.9 16.2
7 0.789 | 1.306 | 1.566 1.5630 1.353 -41.7 -3.5 | 15.8 13.1
8 0.736 |1.318| 2.011 | 1.888 1.877 -60.8 | -298| 7.1 0.5
9 0.547 |0.984 | 1.672 1.673 1.515 -63.9 (-350] 104 10.5

Table 2.4. Peak Values of Plastic Hinge Rotations from FEMA and MPA for 1.5 EI-Centro for
the 9-story MRF[Chopra and Goel, 2001]

Rotation (rad) Error (%)
Floor FEMA MPA FEMA MPA
NL-RHA

Uniform | ELF | SRSs | 3 modes Uniform | ELF | SRSS |3 modes
4 | 153E-2 | 451E-3 | 4.94E-3 | 835E-3 | 123E-2 | 242 | -634 | -50.9 | -32.3
o | 1.10E-2 | 4.65E-3 | 2.34E-3 | 8.11E-3 | 1.04E-2 | 52 | -553 | -776 | -22.2
3 | 7.93E-3 | 7.03E-3 | 2.16E-3 | 9.00E-3 | 8.26E-3 | -40 | -148 | -73.8 | 9.0
4 |162E-3|545E-3| 000 | 519E-3 | 3.78E-3 | -572 | 44.1 |-100.0| 37.2
5 | 000 |3.09E-3| 000 | 1.23E-3 | 1.17E-3 | -100.0 | 163.4 | -100.0| 4.3
6 | 000 |452E-3|258E-4| 3.35E-10 | 9.19E4 | -100.0 | -50.9 | -71.9 | -100.0
7 | 000 |150E-3|659E-3| 3.55E-3 | 5.13E-3 | -100.0 | -70.8 | 28.4 | -30.8
g8 | 0.00 0.00 |5.78E-3| 3.88E-3 | 5.75E-3 | -100.0 |-100.0| 0.5 | -32.5
9 | 0.00 0.00 0.00 | 1.00E-10 | 0.00 0.0 00 | 0.0 -
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CHAPTER 3

ONE-STORY SYSTEMS

3.1 SINGLE-DEGREE-OF-FREEDOM SYSTEM

3.1.1 Idealized one-story structure

For any structure, the components of structural mass (m), stiffness (k) and damping
coefficient (c) are contributed to by each structural member, such as a beam, a bar, a
column, a wall. The idealized one-story structure which was selected in the investigation
in [Chopra and Goel, 2001] is shown in Figure 3.1. In this simplified structure, the total
mass (m) is considered to concentrate at the roof level, the frame is massless and provides

the stiffness (k) of the structure with a linear damper of damping coefficient (c).

3.1.2 Force-displacement Relation

In 1971, an experimental force-displacement relationship for a structural steel component
undergoing cyclic deformation was proposed by Krawinkler et al., as shown as in
[Figurel.3.4, Chopra, 2001]. It is obvious that the force-displacement relation for the
structural steel would be linear at small deformation but would change to be nonlinear as

the deformation increases.

For the linear system, the relationship between the lateral force fs and the lateral

displacement is still linear, that is,

fS =k-u (3.1)
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In this investigation, a bilinear hysteretic relationship is considered as the idealized lateral
force-deformation relation and shown in Figure 3.2. It is clear that the system is still
elastic with stiffness & before yielding, as the increasing load reaches the yielding force f,
the system begins yielding and the stiffness of the structure is reduced to ak, where
O<a<<l. Unloading the system from the maximum deformation, a path is taken parallel
to the initial elastic curve. Similarly, reloading the system from the minimum
deformation, another path would be taken parallel to the initial elastic curve. For the
lateral force-deformation relationship illustrated in Figure 3.2, the yield strength is

considered the same in the two directions of deformation.

After yielding, the structure is changed to an inelastic system where the force f; is not

single valued corresponding to the deformation #, i.e., the lateral force depends not only
the deformation itself but its velocities as well [Chopra, 2001]. That relationship can be

expressed as

fs = fs(u,n) (3.2)

3.1.3 Equation of Motion
Considering the behavior of the idealized one-story structure subjected to earthquake
ground motion, as shown as in Fig. 3.1, the total displacement of the mass at each instant

of time is
u' () =u(t)+ u, (1) (3.3)

where, u/'(?) is the total displacement of the mass, u,(?) is the ground motion.
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Differentiating Equation (3.3) twice, the total acceleration of the mass is,
i' (1) = ii(t) +ii , (t) (3.4)
For the free-body diagram of the forces shown in Fig.3.1.b, the equation of dynamic
equilibrium is
Si+fpo+f=0 (3.5)
where, the inertia force f; is related to the acceleration of the mass by
fi=m-ii' (t) (3.6)
The damping force fp is related to the velocity across the linear viscous damper by
Sp=c-u (3.7)
Substituting Equations (3.6), (3.7) and Equation (3.2) in Equation (3.5) gives
m-i(t)+c-u()+ fs(w)=-m-ii () 3.3
This is the governing equation for SDF non-linear system subjected to horizontal ground

motion. And the incremental equation of motion for the nonlinear system is

m- Adi(f) + ¢ - Ai(t) + k - Au(e) = —m - A, (1) (3.9)

3.2 GROUND EXCITATION CONSIDERED
All structures in this investigation are subjected to the north-south component of the El

Centro (1940) ground motion, shown in Figure 3.3 (data from http://www.vibration

data.com/elcentro.htm)
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3.3 ONE-STORY MRF SYSTEM

The one-story moment resistant frame considered in this investigation is chosen from
[Chopra and Goel, 2001] and shown in Fig.3.4.

Reviewing the results in [Chopra and Goel, 2001], the history response of the roof
displacement, u(?), is shown in Figure 3.5, with the damping ratio {=5%, the peak value
of the deformation is u,,=73.6 mm and the natural period of the structure is 7,,=0.502 sec.
The force-deformation relationship is illustrated in Figure 3.6, where the recycling
pushover curve is almost the same as that of dynamic analysis because the beam and the
columns in this case are designed to yield at the same time when fs reaches the yield

strength.

3.4 ONE-STORY FDBF SYSTEM

3.4.1 System description

The one-story Friction Damped Braced Frame (FDBF) considered in this investigation, as
shown as in Figure 3.7a, is similar to the one-story moment resistant frame from [Chopra
and Goel, 2001] with an additional friction damped brace. The concentrated mass,
m=17.32 k kg. The main properties of the elements: moment of inertia, I,=3.134x10’
mm?, ,=6.077x10" mm®, yield moment, Mp,=21.65 kN-m, Mp.=50.18 kN-m , for the
beam and columns, respectively. The yielding stiffness of each structural element is
defined as 3% of its initial stiffness, the Young’s modulus of elasticity E=2.0x10° MPa,

and the yield stress F,=250 MPa.
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3.4.2 Optimum Slip Load and Stiffness of the Brace
Slip Load of the Brace
It was demonstrated by [Baktash, 1989] that the friction damped bracing system provides
maximum energy dissipation when the shear resisted by the brace is equal to that of the
frame without bracing

V,=V, (3.10)
For one-story FDB-Frame shown in Figure 3.7a, considering the free-body diagram of

the forces shown in Figure 3.7b, the shear resisted by the frame is,

V, M, +M,

; . (3.11)

with Mp,=21.65 kN-m , Mp.=50.18 kN-m , the yield moments for the beam and column,
respectively, V, =39.26kN , so that, the shear resisted by the brace from Equation (3.10),
V, =39.26kN .

By the geometric relation, the slip load of the brace P; is

Vs
cos@

Ps:_

(3.12)

where, ¢ is the angle between the brace and the beam, cosp=0.8944, the slip load for

this example is P, =43.89kN .

Stiffness of the Brace
For the slip force determined in the previously paragraph, by the strength design formula,

the cross section of the brace is calculate by
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A4, =~ (3.13)

in which, the yield strength of the steel, F;,=250 MPa, so that 4, = 175.6mm”*.

The stiffness of the brace, Kj_is

K, = EZI” -cos’ @ (3.14)

where Young’s modulus of elasticity, £ =2.0x10° MPaand the bay length of the frame,

L=7.32m. Substituting all the components into Equation (3.14), the stiffness of the brace

isK, =3.838x10°N/m .

The lateral stiffness of any beam/column frame can be determined by [Chopra, 2001]

_24EI, 12p+1

K
TR 12p+4

(3.15)

where p = I, 4] is the beam to column stiffness ratio. I, =3.134x10"mm* and

[

I, =6.077x10" mm" are the moments of inertia for the beam and column, respectively,
the height of the frame h=3.66m, then p = 0.1289 and K, =2.732x 10N /m .

Denoting A as the stiffness ratio of the brace to the frame

A==t (3.16)

Here, A=1.4, which is too small, generally, to decrease the lateral deformation of the
system. The optimum stiffness ratio of the brace to the frame, A=4~5, so that the

optimum stiffness of the brace becomes K, = 4K , =10.928x 10°N/m.
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Substituting K, into Equation (3.14), the cross section of the optimum brace
is 4, = 500.4mm” .
Assuming the brace begins to slip as the axial force in it reaches the slip load, the normal

stress of the brace is

o, = (3.17)

Substituting the value of P, and A4, into Equation (3.17), the

stress,o, = 87.7MPa = 0.35F,, which is defined the slip or yield strength of the brace,

and it should remain constant as the brace slips.

3.4.3 Non-linear Response History Analysis

The optimized friction damped bracing frame from the previous section 3.4.2 is analyzed
by DRAIN-2DX [Allahabadi, and Powell, 1988]. The system is also subjected to the
north-south component of the El-Centro (1940) ground motion with the scaled factor of
2.0. The history response of the roof displacement u(#) is shown in Figure 3.8. The peak
amplitude of u(®) , u,=23.8mm with the elastic damping ratio {=5% and the natural

period of the system 7,=0.240 sec.

Comparing the history responses of friction damped braced frame (FDBF) with the
moment resistant frame(MRF) shown in Figure 3.5, the roof displacement of FDBF is
much smaller than that of MRF, with the peak value of the roof displacement only 32%
of that of MRF. The comparison is shown in Figure 3.9. It is demonstrated that the

friction damped member is very effective in controlling the deformation of the system.
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3.4.4 Modal Pushover Analysis (MPA)

In this section, the modal pushover analysis procedure [Chopra and Goel, 2001] which

was introduced step by step in section 1.3.2 will be implemented to compute the

responses of the FDBF mentioned in section 3.4.1.

L.

From the results of modal analysis of the structure, the natural period of the FDBF
system 7,=0.240 sec, and for one-story structure ¢;=1.0.
Define the force distribution related to the mode shape: sn*=m¢n, so that s1*=1.0, a

unit force distribution.

. Using DRAIN-2DX [Allahabadi, and Powell, 1988] push the system under the unit

force distribution until the roof displacement reaches a target displacement. In
engineering practice, however, the target displacement is unknown because there is
no dynamic analysis at the beginning, so the iteration method should be used. First,
assuming a target displacement for modal pushover, a calculated roof displacement
will be obtained at the step 7 of the MPA procedure. Comparing the assuming roof
displacement and the calculated roof displacement, if the error is less than 5%, the
assumed roof displacement sufficiently closes to the calculated roof displacement
which would be considered as the correct roof displacement for MPA procedure.
Otherwise, the calculated roof displacement is considered as the second assumed roof
displacement to push the system and repeat the procedure from step 3 to step 7 until
the calculated roof displacement can meet the assumed roof displacement with an

error less than 5%.

32



For this example, an assumed target roof displacement, #,=60mm is chosen. Plotting
the relation of the base shear and displacement in a diagram, the pushover curve will
be obtained as shown in Figure 3.10.

. The actual pushover curve of the one-story FDBF is not bilinear because the frame is
accompanied with a friction damped brace which slips before the main members of
the system yield. It should also be idealized as a bilinear curve using the FEMA-273
procedure [Building Seismic Safety Council, 1997]. Briefly, it is an area balance
procedure, by iterative method, the area under the idealized bilinear curve should
finally be equal to that under the actual pushover curve. The bilinear curve of the one-
story FDBF is also shown in Figure 3.10.

. In order to compute the response of the equivalent SDF system for the one-story
FDBF, as shown as in Figure 3.11, it is necessary to develop the properties of the
equivalent SDF system from the bilinear curve. They are:

the frequency, @,=22/T,=26.180 rad/s,

the damping ratio, £,=5%,

the post-yielding strain-hardening ratio, o, is

e W, /v,)-1
(u,/u,)-1

(3.18)
in which, u,, u, are the target roof displacement, displacement at yield point,
respectively and V,, V, are the base shears when the displacements reach u,, u,,

For this example, #,=0.060m, u,=0.006m, V,=98.56 kN, V,=74.28kN, and

a=0.038.

The stiffness of the equivalent SDF system with unit mass (m'=1.0), k is
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k=m0’ =0’ (3.19)
For the equivalent SDF system shown in Fig.3.11,

_12E, kK

k=" I=
h 12E

(3.20)

Substituting all the known components into Equation (3.20), the moment of inertia of
the column, 7, =1.4036x107° m"*.
The vyield force for the equivalent SDF system with unit mass (m*=1.0),

V; =4.289kN from

V.
v, —Y.m (3.21)
m

and the controlling yield moment of the column, M ; =7.8487kN — m by

. Vi-h
M, =— (3.22)

6. With all the properties obtained in step 5, the equivalent SDF system is very simple to
analyze by DRAIN-2DX [Allahabadi, and Powell, 1988]. The peak deformation, D,

of the 1¥-mode inelastic SDF system, D,=26.3mn.

7. The peak roof displacement is u,,=26.3mm. It is obvious that the calculated roof
displacement is not equal to that assumed target roof displacement, u,=60mm on step
3, so the iteration method should be used, and repeat step 3 to 7 again. Finally, the
peak roof displacement, up,=26.4mm is found. The history response of the roof

displacement is shown in Figure 3.12.
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For the one-story FDBF system, steps 8 to 10 of the procedure are not necessary. Figure
3.13 shows the comparison of the nonlinear history responses of roof displacement of
FDBF analyzed by the approximate MPA (Figure 3.12) and the nonlinear response
history analysis (Figure 3.8). The difference of the absolute peak value of the roof
displacement is about /7.0%. It is demonstrated that for the one-story FDBF system, the

MPA procedure can also provide good estimation for maximum seismic response.
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CHAPTER 4

MULTISTORY MOMENT RESISTING FRAMES (MRF)

4.1 THEORY OF MPA FOR MULTISTORY STRUCTURES
4.1.1 Linear MDF System
For a linear MDF system subjected to ground motion, the governing equation of motion
is

[m]-{ii(0)} + [c] - {a(®)} + [K] - {u()} = {m]-{1} -4, (1) (4.1)
where [m] is the mass matrix; [c] is the damping matrix; {ii(¢)},{u(?)},{u(?)} are the
relative acceleration vector, velocity vector and displacement vector, respectively; i, ()

denotes the ground acceleration history and {1} is the unity vector.

According to orthogonal property of modes that only the nth mode contributes to its
response, the floor displacement vector of the nth mode is defined by [Chopra and Goel,

2001]
{u, (O} =1{4.39,(® 4.2)
where {¢,} is the mode shape, g, (¢) is the modal coordinate, i.e., none of the modes other

than the nth mode contribute to the response of the nth mode.

Substituting equation (4.2) into equation (4.1), pre-multiplying by {¢, }" , then converting
it by dividing by {#, }" [m]{#,}, equation (4.1) is changed to

i,O+2¢,0,q, () +wlq, ()= =L, (@) n=12,..N 4.3)
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where(, , @, are the damping ratio and the natural vibration frequency for the nth mode.

The modal participation factor I, and the effective modal mass M," are expressed as

L, ={g,} [m}{1}, M, ={¢,} [mlig,} (4.4)
L N
I,=—t M =T,-I, 4.5)

For the nth-mode elastic SDF system, with the same vibration propetties, ¢, and®, , the
equation of motion is changed to be
D,(6)+2¢,0,D,(t)+ @} D, (t) = —ii, (f) n=12,..N (4.6)
Comparing Equation (4.3) and Equation (4.6) gives
q,)=T,D,() 4.7)
Substituting Equation (4.7) into Equation (4.2) also gives

{u,0;=T,{4,3D,(®) (4.83)

By the above equation, the floor displacements of the nth mode of the MDF system can
easily be obtained by analyzing the nth mode elastic SDF system. And similarly, other
response of the system, such as the story drift, internal element forces, etc., can be

calculated as well.

4.1.2 Non-linear MDF System

For a nonlinear MDF system, Equation (4.1) is change to be

[m]-{ii(0)} +[c]- {a(@)} +{f, ()} = -{m]- {1} -4, () (4.9)
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where { f, (u)} denotes the lateral force vector with nonlinear relationship to the lateral

displacement u(¢), and Equation (4.3) becomes

§.(6)+2¢,0,4, () + z—m = —Tii, (1) n=12.N (4.10)

n

The only difference between Equation (4.10) and Equation (4.3) is the resisting lateral

force F,

F, =F,(q,)={4,}" {f,®)} (4.11)

Equation (4.6) is changed to be

. ) F .
D, @) +2£,0,D, )+ - =i, (1) n=12,..N (4.12)

n

Equation (4.12) is the equation of motion of the nth-mode inelastic SDF system, Is”— is

defined as one of the properties of the nth mode inelastic SDF system. The equation can
be solved by any commercial structural analysis software; or the peak value of the

deformation, D, , can be simply estimated by hand or in a spreadsheet using the capacity

spectrum method (CSM) [ATC, 1996] which was described in section 1.3.2. In this
investigation, the capacity spectrum method is preferred because it is the most direct
application of the concepts and it is not necessary for any structural analysis software. In
ATC-40, the issue to determine the peak value of the deformation of the equivalent SDF

system, D

hno?

is changed to be the problem to develop the demand performance point for

the system for given earthquake ground motion, i.e., the peak value of the deformation is

equal to the spectral displacement at the demand performance point,
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D, =d (4.13)

no np

where d,, is the spectral displacement of the demand performance point for nth-mode.

4.2 SYSTEM DESCRITION
The single-bay, 10 story moment resisting steel frame chosen for this investigation is
from Workman [Workman, 1969] and shown in Fig.4.1, the frame dimensions and

properties of the elements are summarized as below.

Beams
The beams of the frame are steel wide-flange sections with yield strength F,=250 MPa.
The sections of the beams are W460x113, W460x89, W460x74 at the 1% level, the ond _sth

Jevel and the 6™ —10™ level, respectively.

Columns

The columns of the frame are steel wide-flange sections with yield strength F,=250 MPa.
The sections of the columns are W360x262, W360x179, W360x147, W360x110,
W360x79, W360x51 in the 1% floor, the 2™ -3 floor, the 4™ —5™ floor, the6™ —7™ floor,

the 8™ —9™ floor and the10™ (roof) floor, respectively.

Restraints

The two columns in 1% floor are fixed, that is the only restraint of the system.
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Dimensions
The bay width of the frame is 6,100 mm, all the heights of the floors are 3,600 mm and all

measurements are centerline.

Seismic Mass
The same value of the seismic mass, m;=60,000 kg, is assigned at each floor level of the
structure. The properties of the selected structure illustrated in Figure 4.1 are summarized

in Table 4.1.

4.3 NONLINEAR RESPONSE HISTORY ANALYSIS (NL-RHA)

For the 10-story MRF shown in Fig.4.1, the structural responses determined by DRAIN-
2DX [Allahabadi and Powell, 1988], such as the history response of the roof
displacement, the top story drift and the plastic hinge location, are shown in Figures 4.2,
4.3 and 4.4, respectively. It is assumed that the system is subjected to the north-south

component of the El-Centro (1940) ground motion with the scale factor of 1.5.

44 MODAL PUSHOVER ANALYSIS (MPA)

The step-by-step MPA procedure presented in section 1.3.2 [Chopra and Goel, 2001] is
implemented for the 10-story MRF in this section. In additional, the procedure A of CSM
in ATC-40 [ATC, 1996] is applied as an aid procedure for calculating the seismic

performance point, the roof displacement of the system.

45



Structural Dynamic Characteristics

The prerequisites for MPA procedure are the structural dynamic characteristics, such as

the natural frequencies @,, the modesg,, the modal participation factor /5, and the

effective modal mass M,,* for linear-elastic vibration of the structure. The structural
dynamic characteristics for the selected 10-story MRF are computed by DRAIN-2DX
[Allahabadi and Powell, 1988], and summarized in Table 4.2, where the modal
participation factor [, and the effective modal mass M, are calculated by Equations

(4.4), (4.5). Figure 4.5 illustrates the first three modes and frequencies of the system.

Modal Pushover Capacity Curves and Capacity Spectrum
The pushover capacity curve for the nth-mode, a plot of base shear versus roof
displacement, can be developed by pushing the structure to an assumed target

displacement with the lateral force distribution for the nth-mode.

The lateral force distributions of the first three modes are shown in Figure 4.6 determined
by

{s,}=[m]-{4,} “4.14)
For the lateral force distributions mentioned above, the system is pushed to the assumed

target roof displacements 540mm, [80mm and 90mm for the first three modes,

respectively and the coresponding modal pushover capacity curves are shown in Figure

4.7.
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The capacity spectrums for the first three modes, a plot of spectral acceleration versus
spectral displacement, which are converted from capacity curves by Equation (4.15), are
shown in Figure 4.8,

S = /. S, = (4.15)
Mn Fn ) ¢n0

where S, , S, are the horizontal axis and vertical axis of any point i in the capacity

spectrum, V;and u; are the horizontal axis and vertical axis of any point i in the capacity
curve, respectively. The modal participation factor I}, and the effective modal mass M,

are calculated by Equations (4.4), (4.5). ¢,, is the roof level amplitude of the nth-mode.

Modal Roof Displacement Determined by CSM
The following steps are involved for estimating the seismic performance point for the

first mode using procedure A of CSM in ATC-40 [ATC, 1996]:

1. Develop the 5 percent damped (elastic) response spectrum appropriate for the site.
1.1. Develop the elastic traditional spectrum, with S, versus 7, by equation (1.1).
For the ground motion considered in this investigation (1.5 X El-Centro ground
motion, 1940, N-S component), the site properties are: Z=0.3 for seismic zone 3,
E=1.5 for the maximum earthquake ground motion, and N=1.0 for no near-fault
effects. ZEN is equal to 0.45. For the normal soil profile type Sp, the seismic
coefficients C4and Cy are computed by (Appendices B-1 and B-2)

C,=1.0-(ZEN), C, =1.0-(ZEN) (4.16)
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For this case, C, =0.45, C, = 0.45. The traditional elastic spectrum is shown

in Figure 4.9.

1.2. Transform the elastic traditional spectrum to the elastic response spectrum
(¢=5%) with S, versus Sy, by equations (1.3) and (1.4). The elastic response
spectrum (4=5%), with S, versus Sy, is shown in Figure 4.10.

. Develop the capacity curve by pushing the structure to a target roof displacement.
The modal pushover capacity curves are shown in Figure 4.7.

. The converted capacity spectrums for the first three modes are shown in Figure
4.8.

. Plot the capacity spectrum for the model on the same chart as the elastic response
spectrum (¢=J5) as shown in Figure 4.11

. Select a trial performance point, a; d,; as shown in Figure 4.11.The first choice of
the trial performance point can be arbitrary. It could be the intersection of the
capacity spectrum and the elastic response spectrum, or the end point of the
capacity spectrum, or even any point on the capacity spectrum. Here, the end
point of the capacity spectrum is selected as the first trial performance
point,a,, =0.837g, d, =398mm. Develop the bilinear curve representing the
portion of the capacity spectrum from the beginning point (0,0) to the trial
performance point, using the rule of equal area, i.e., the area under the bilinear
curve is equal to that under the capacity spectrum. The bilinear curve is also

shown in Figure 4.11.
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10.

Calculate the effective viscous damping 42 o DY equation (1.6), where a,, d), ap;

dp; are the coordinates of the yield point and the trial point i on the bilinear curve,
Kk is the value for damping modification factor shown in Appendix B-3 [Table 8-
1, ATC, 1996].

Calculate the spectral reduction factors SR, and SRy by equations (1.7) and (1.8).
The demand spectrum is developed by equation (1.9).

Draw the demand spectrum on the same plot as the capacity spectrum as shown in
Figure 4.12.

Compare the intersection point of the demand spectrum and the capacity spectrum
with the initial trial performance point. If the error of the displacement between
these two points is less than 5%, i.e., the demand spectrum intersects the capacity
spectrum within acceptable tolerance, a,;, dpi, can be considered as the demand
performance point, a,, dj.

If the demand spectrum does not intersect the capacity spectrum within acceptable
tolerance, then select the intersection point as a new trial performance point and
return to step 4, until the demand spectrum intersects the capacity spectrum within
acceptable tolerance. Figure 4.13 illustrates the family of demand spectrums for
various effective damping and Table 4.3 lists the trials to find the demand
performance point, @y, dyp, for the 1* mode. Here, the seismic performance point

for the first mode is, a,, = 0.0796g and d,, = 307mm .
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Recall from equation (4.13) that the peak value of the deformation of the equivalent SDF
system, Dj,, is equal to the spectral displacement at the demand performance point, d,,p,
for the 1* mode
D, = dlp =307mm

and the peak value of the roof displacement for mode 1 can be obtained by Equation (4.8)
as

u, =14, D, =1.3557x1.0x307 = 416mm
where ¢,, =1.0 is the roof level amplitude of the 1* mode.
Similarly, the peak value of the roof displacement for mode 2 and mode 3 can be
estimated by this same procedure. For this system,

u,, =6Tmm, u,, =22mm

Comparison with NL-RHA

At the roof displacements,u, =416mm, u, =6Tmm, u, =22mm, the values of floor

displacements and story drifts for MPA are determined by Equation (4.8). The peak
values of floor displacements (as % of the building height=36.6m) are shown in Table 4.4
and the peak amplitudes of story drift ratios (as % of story height=3.66m) are shown in
Table 4.5. Table 4.6 illustrates the hinge rotations calculated by subtracting the yield

rotation from the total hinge rotations.

By the SRSS combination rule, the total responses of the floor displacements, story drifts
and hinge rotations for 1 mode, two modes and 3 modes are also included in Tables 4.4,

4.5 and 4.6, respectively.
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The comparison of floor displacement ratios estimated by MPA and NL-RHA is
illustrated in Figure 4.14 and also summarized in Tables 4.4. The comparison of story
drift ratios estimated by MPA and NL-RHA is illustrated in Figure 4.15.and also shown
in Tables 4.5. Figure 4.16 illustrates the comparison of plastic hinge locations estimated
by MPA and NL-RHA. It is noticed that the locations of plastic hinges from MPA for
two and three modes are exactly the same as that for the first mode because the system is
still elastic during the second and third modal pushover procedure for 1.5x El Centro

ground motion.

The comparisons demonstrate that, for a moment resisting frame (MRF), the MPA
procedure is able in estimating floor displacements, story drifts and most locations of the
plastic hinges for the structure subjected to a strong ground motion, such as 1.5 x El
Centro ground motion. But it cannot provide enough accuracy for estimating the hinge

plastic rotations.

4.5 FEMA-273 PUSHOVER ANALYSIS

4.5.1 Force Distributions for FEMA-273 Pushover Analysis

In FEMA-273, three force distributions are used in developing the pushover curves,
which are defined as uniform distribution, equivalent lateral force (ELF) distribution and
SRSS distribution. The calculations of the FEMA-273 force distributions are described in

detail in Appendix C in [Chopra and Goel, 2001].
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Uniform Distribution

The uniform distribution means that the lateral force at a floor is equal to the mass at that
floor. For this example, the uniform distribution is summarized in Table 4.7 and
computed by

. om,
o (4.17)

J
Zi m,

in which m, is the mass at the jth floor and Z‘_ m, denotes the total value of mass for the

system.

ELF Distribution

The equivalent lateral force (ELF) distribution is determined by

k

. mh;

Jj = k
E imihi

where m is the mass at the jth floor, and 4, is the height of the jth floor above the

s (4.18)

ground, and the exponent £ is related to the fundamental period T (sec) and determined

by
(k=1 T, <05
<k=1+%U}05)05<ﬂ<25 (4.19)
k=2 T, 225

For the selected 10-story MRF, T, =3.27secandk =2.0. The equivalent lateral force

(ELF) distribution is summarized in Table 4.8.
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SRSS Force Distribution
For SRSS distribution, the lateral forces at the floor levels are determined from the story

shears V; combined by SRSS rule

V=2, W) (4.20)

Here, n denotes the n modes which shears would be combined. The story shear, V.

jn?

depend on the lateral force for the nth-mode, f,, , calculated by
N
an = zizj ~fin (4.21)
Sn=L,mp,4, (4.22)
in which the capital N is considered as the total floors of the system,I’,is the modal
participation factor from Equation (4.5), m, is the mass at the jth floor,¢,, is the mode

shape of the nth-mode, and 4, is the pseudo-acceleration of the nth-mode SDF elastic
system determined by

A =D, (4.23)
The SRSS lateral force distribution of the 10-story MRF for first three modes is

calculated and summarized in Table 4.9.

The above three force distributions for FEMA-273 are illustrated in Figure 4.17.
4.5.2 FEMA-273 Pushover Analysis

With the force distributions mentioned in the previous section, the 10-story MRF is

pushed to a target displacement, which is the combined the peak value of roof
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displacements  for the first three modes by SRSS rule, e,

u, = Jul +ul, +ul, =422mm. The pushover curves, plots of base shear versus roof

displacement, are shown in Figure 4.18. At the target displacement, the peak values of
floor displacements (as % of the building height=36.6m) are shown in Table 4.10 and the
peak amplitudes of story drift ratios (as % of story height=3.66m) are shown in Table
4.11. Table 4.12 illustrates the hinge rotations calculated by subtracting the yield rotation

from the total hinge rotations for FEMA-273 pushover analysis.

4.5.3 Comparison of MPA and FEMA-273 with NL-RHA

For 1.5x El Centro ground motion, the comparison of floor displacement ratios estimated
by FEMA-273 pushover analysis with three force distributions, MPA with 3 modes, and
NL-RHA is illustrated in Figure 4.19 and also shown in Tables 4.10. The comparison of
story drift ratios estimated by the three different procedures is illustrated in Figure
4.20.and also shown in Tables 4.11.Tables 4.12 show the comparison of plastic hinge

rotations estimated by FEMA-273, MPA and NL-RHA.

The errors of floor displacement ratios for the FEMA-273 uniform force distribution are
between 3.63% and 26.20%, -36.27% and 11.69% for ELF force distribution, -27.46%
and 7.71% for SRSS force distribution, respectively. They are not better than that from

MPA which errors are between —14.98% and 13.28%.

Similarly, for the story drift ratios, the errors for the FEMA-273 uniform force

distribution are between —64.34% and 24.46%, -46.09% and 11.01% for ELF force
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distribution, and —29.05% and —0.54% for SRSS force distribution, respectively. For

comparison, the errors for MPA are between —23.14% and 12.24%.

And for the plastic slips of the friction bracing, the errors for the FEMA-273 uniform
force distribution are between —100% and 80%, -100% and -20% for ELF force
distribution, —100% and -28% for SRSS force distribution, respectively. The errors for

MPA are between —100% and —5.26%.

It is concluded that the FEMA-273 uniform, ELF and SRSS force distributions
underestimate the seismic response of the MRF system by more than MPA procedure for
the floor displacements and story drifts. For the plastic hinge rotations, all of the

procedures cannot provide acceptable estimations.
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Figure 4.1. 1-Bay, 10-Story MRF
System

56



Roof Disp. (mm)

Story Drift (mm)

Time (sec)

Figure 4.2. Roof Displacement History Response of 10-Story MRF System
to 1.5 El-Centro Ground Motion

Time (sec)

Figure 4.3. Top Story Drift History Response of 10-Story MRF System to
1.5 El-Centro Ground Motion
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Table 4.2. Modal Properties for 10-story MRF

Mode 1 2 3
. o Period, T, (sec) 3.270 |1.118| 0.626
Frequency, o, (rad/sec) 1.925 |5.622(10.035
Participation factor, T, 1.356 [0.537 ] 0.303

hd ¢ Effective mass, M, (k kg) 4470 | 734 | 265
10 (Roof) 1.000 ([1.000| 1.000
. . 9 0.939 |0.626 | 0.060
8 0.856 |0.153|-0.738
7 0.746 |-0.344|-0.975
. i Mode shape 6 0.628 |-0.697|-0.573
at story [evels 5 0.503 |-0.881} 0.130
) ) (normalized) 4 0.383 |-0.872| 0.682
- - 3 0.259 |-0.704| 0.890
2 0.140 |-0.426| 0.680
. . 1 0.042 [-0.136]| 0.245
0 (Base) 0.000 |0.000 0.000

[ ]
b d

Figure 4.4. Plastic Hinge Locations of
10-Story MRF System to 1.5 El-Centro
Ground Motion
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Figure 4.5. First Three Natural-vibration Frequencies and Modes of

10-story MRF
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Figure 4.6. Lateral Force Distributions {s } =[m]-{¢,},n=1,2,3
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Figure 4.7. Modal Pushover Capacity Curve for 10-story MRF:

(2) “Mode” 1, (b) “Mode” 2, (c) “Mode” 3
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Figure 4.8. Capacity Spectrum Curves for 10-story MRF:

(a) “Mode” 1, (b) “Mode” 2, (c) “Mode” 3
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Figure 4.9. Traditional Spectrum
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Figure 4.10. Elastic Response Spectrum ({=5%)
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Figure 4.11. Capacity Spectrum Procedure A after Step 4 for Mode 1
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Figure 4.12. Capacity Spectrum Procedure A after Step S for Mode 1
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Figure 4.13. Capacity Spectrum Procedure A after Step 7 for Mode 1

Table 4.3. Trial for Demand Performance Point for Mode 1

Trial| ay(g) |dy(mm)| a, () [du(mm)| Error (%) &q (%) SRa SRy Ts
0 5.0 0.998 1.000 | 0.401
1 10.0738 | 196 |0.0837| 398 216 0.528 0.636 | 0.482
2 |0.0722 | 192 |0.0774| 266 -33.2 14.0 0.668 0.744 | 0.446
3 100732 194 [0.0808| 332 24.8 18.7 0.574 0.672 | 0.468
4 [0.0727 | 193 |0.0791] 299 -9.9 16.7 0.612 0.701 | 0.458
5 (0.0730 | 194 |0.0800| 316 5.5 17.8 0.591 0.685 | 0.463

Final 0.0796| 307 2.7
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Figure 4.14. Comparison of Floor Displacement Ratios Determined by MPA

and NL-RHA

Table 4.4. Peak Values of Floor Displacements (as % of building height=36.6m) from MPA for
1.5x El Centro Ground Motion

Displacement/Height (%)

Modal Response Combined (MPA) Error (%
FloorMode #1 Mode #2 [Mode #3 |1 Mode 2 Modes |3 Modes |NL--RHA |1 Mode |2 Modes |3 Modes
0 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 0.00 0.00 0.00
1 0.047 | -0.025 | -0.015 | 0.047 | 0.054 | 0.056 | 0.049 | -3.38 | 9.22 13.28
2 0.159 | -0.078 | -0.041 | 0.159 | 0.177 | 0.181 0.193 |-17.80} -8.40 -5.98
3 0.294 | -0.129 | -0.053 | 0.294 | 0.321 0.326 | 0.383 |-23.18 | -16.14 | -14.98
4 0.435 | -0.160 | -0.041 | 0.435 | 0.463 | 0465 | 0539 |-19.27| -14.01 | -13.68
5 | 0572 | -0.161 | -0.008 | 0.572 | 0594 | 0.594 | 0630 | -9.22 | -569 -5.68
6 0.714 -0.128 0.034 | 0.714 | 0.726 0.726 0.710 0.61 2.20 2.32
7 0.848 | -0.063 | 0.059 | 0.848 | 0.850 | 0.852 | 0.804 5.45 5.75 6.00
8 0.973 | 0.028 | 0.044 | 0973 | 0973 | 0.974 | 0.926 5.03 5.07 5.18
9 1.067 | 0.115 | -0.004 | 1.067 | 1.074 | 1.074 1.005 | 6.22 6.83 6.83
10 | 1.137 | 0183 | -0.060 | 1.137 | 1.151 1.153 1.072 6.03 7.39 7.54
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Figure 4.15. Comparison of Drift Ratios Determined by MPA and NL-RHA

Table 4.5. Peak Values of Story Drift Ratio (as % of story height=3.66m) from MPA for 1.5x EI

Centro Ground Motion

Drift Ratio (%)
Modal Response Combined (MPA) Error (%)
FloorMode #1 [Mode #2 [Mode #3 1 Mode 2 Modes |3 Modes |NL--RHA |1 Mode 2 Modes 3 Modes
1 0.473 | -0.250 | -0.147 | 0473 | 0.535 | 0.555 | 0.495 | 435 | 8.12 12.14
2 1113 | -0.530 | -0.262 | 1.113 | 1.233 | 1.260 1437 |-22.54 | 1420 | -12.29
3 1.356 | -0.509 | -0.126 | 1.356 | 1.448 | 1.453 1.891 |-28.31| -23.43 | -23.14
4 1.409 | -0.307 | 0.125 | 1.409 | 1.442 | 1.448 1607 |-12.31| -10.25 | -9.92
5 1.368 | -0.016 | 0.332 | 1.368 | 1.368 | 1.407 1489 | -8.15 | -8.14 -5.48
6 1424 | 0336 | 0423 | 1.424 | 1463 | 1.523 1.637 |-12.99| -10.60 | -6.95
7 1335 | 0.647 | 0242 | 1.335 | 1.484 | 1.503 1.694 |-2117| -12.42 | -11.26
8 1247 | 0910 | -0.142 | 1.247 | 1.544 | 1.551 1.399 [-10.86| 10.37 | 10.84
9 0.949 | 0.865 | -0.480 | 0.949 | 1.284 | 1.370 1221 |-2228| 5.14 12.24
10 | 0.691 0.685 | -0.565 | 0691 | 0973 | 1.126 1.074 |-3562 | -9.36 4.80
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Table4.6. Peak Values of Hinge Plastic Rotations from MPA for 1.5x El Centro Ground Motion

Plastic Hinge Rotation (rad)

Modal Response Combined (MPA) Error (%)
FloorMode #1 Mode #2 Mode #3 |1 Mode 2 Modes |3 Modes [NL--RHA|1 Mode 2 Modes 3 Modes
1 | 0.0000 | 0.0000 | 0.0000 [0.0000| 0.0000 { 0.0000 | 0.0010 |-100.00{-100.00 | -100.00
2 | 0.0057 | 0.0000 | 0.0000 |0.0057 | 0.0057 | 0.0057 | 0.0070 |-18.567 | -18.57 | -18.57
3 | 0.0087 | 0.0000 | 0.0000 |0.0087| 0.0087 | 0.0087 | 0.0092 | -543 | -543 -5.43
4 | 0.0090 | 0.0000 | 0.0000 {0.0090| 0.0090 | 0.0090 | 0.0095 | -5.26 | -5.26 -5.26
5 | 0.0073 | 0.0000 | 0.0000 |{0.0073| 0.0073 | 0.0073 | 0.0100 |-27.00 | -27.00 | -27.00
6 | 0.0048 | 0.0000 | 0.0000 [0.0048| 0.0048 | 0.0048 | 0.0108 | -55.56 | -55.56 | -55.56
7 | 0.0008 | 0.0000 | 0.0000 |0.0008| 0.0008 | 0.0008 | 0.0073 |-89.04 | -89.04 | -89.04
8 | 0.0000 | 0.0000 | 0.0000 |0.0000| 0.0000 | 0.0000 | 0.0035 |-100.00{ -100.00 | -100.00
9 | 0.0000 | 0.0000 | 0.0000 |0.0000| 0.0000 | 0.0000 | 0.0004 |-100.00( -100.00 | -100.00
10 | 0.0000 | 0.0000 | 0.0000 |0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.00 0.00 0.00
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Table 4.7. FEMA-273 Uniform Force

Distribution

. m,
s =—

Floor, j Mass, m; (kg) |/ n

>

i=l
1 60,000 0.100
2 60,000 0.100
3 60,000 0.100
4 60,000 0.100
5 60,000 0.100
6 60,000 0.100
7 60,000 0.100
8 60,000 0.100
9 60,000 0.100
10 60,000 0.100

Table 4.8. FEMA-273 ELF Distribution

M ' mjhf
. ass, m. k Kk S, =
Floor, j "I hi(m)  |mh; (kg-m) ST
(kg) J Fabd Zmihik
i=1
1 60,000 3.66 803,736 0.003
2 60,000 7.32 3,214,944 0.010
3 60,000 10.98 7,233,624 0.023
4 60,000 14.64 12,859,776 0.042
5 60,000 18.30 | 20,093,400 0.065
6 60,000 21.96 28,934,496 0.094
7 60,000 25.62 39,383,064 0.127
8 60,000 29.28 51,439,104 0.166
9 60,000 3294 | 65,102,616 0.210
10 60,000 36.60 | 80,373,600 0.260
* k=20
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Table 4.9. FEMA-273 SRSS Distribution

Lateral Forces Story Shears Lateral Forces
._ )
Floor,| f; f; f; Va Via Vis V; S Si=w
) (kN) | (kN) | (kN) | (kN) | (kN) | (kN) | (kN) | (kN) Zfi
i=1
1 3.84 | 17.34 | 32.79 | 506.68 | 290.12 | 187.55 | 613.24 | 20.62 0.034
2 12.87 | 54.19 | 91.00 | 502.84 | 272.78 | 154.76 | 592.63 | 52.34 0.085
3 | 23.87 | 89.54 | 119.01 | 489.97 | 218.59 | 63.76 | 540.29 | 53.51 0.087
4 | 3530 |110.90| 91.24 |466.10 | 129.04 | -55.25 | 486.78 | 31.39 0.051
5 | 46.39 | 112.02 | 17.44 | 430.81| 18.14 |-146.49]455.39 | 27.07 0.044
6 | 57.95 | 88.68 | -76.60 | 384.41 | -93.88 |-163.93|428.32 | 44.22 0.072
7 | 6878 | 43.75 [-130.40| 326.47 |-182.56 | -87.33 | 384.10 | 38.45 0.063
8 | 78.89 | -19.52 | -98.75 | 257.69 {-226.31| 43.07 |345.66 | 37.68 0.061
9 | 8659 |-79.59 | 8.04 |178.80}-206.80| 141.82 | 307.97 | 101.62 0.166
10 | 92.20 (-127.21}133.78 | 92.20 |-127.21| 133.78 | 206.35|206.35| 0.336
10 » -
9 4 g
8 4 [
7 - [
g8 61
=
B 5 q
4 1 q
3 - : FEMA
2 5 ————o Uniform
o—————o ELF
1 - SRSS
0 . ; .
0 0.1 0.2 0.3 0.4

Figure 4.17. FEMA-273 Lateral Force Distributions

Lateral Force Distribution
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Figure 4.18. FEMA-273 Pushover Curves: (a) Uniform Force, (b) ELF,
(c) SRSS Force Distribution
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Figure 4.19. Errors in Floor Displacement Ratios Estimated by FEMA-273

and MPA

Table 4.10. Peak Values of Floor Displacement Ratios (as % of building height=36.60 m)
from FEMA and MPA for 1.5 El-Centro Ground Motion

Displacement/Height (%) Error (%)
Floor FEMA MPA FEMA MPA
NL-RHA
Uniform | ELF | SRSS | 3modes Uniform | ELF | SRSS | 3 modes

0 0 0 0 0 0 0 0 0 0
1 0.0563 | 0.033| 0.038 0.056 0.049 8.16 | -32.65|-22.45 13.28
2 0.200 |0.123 | 0.140 0.181 0.193 363 |-36.27 | -27.46 -5.98
3 0.401 | 0.257 | 0.282 0.326 0.383 470 |-3290|-26.37| -14.98
4 0.601 | 0.416 | 0.435 0.465 0.539 11.50 |-22.82|-19.29| -13.68
5 0.767 | 0.581 | 0.583 0.594 0.630 2175 | -7.78 | -7.46 -5.68
6 0.896 | 0.749 | 0.731 0.726 0.710 26.20 549 | 2.96 2.32
7 0.988 |0.898 | 0.866 0.852 0.804 2289 | 11.69 | 7.71 6.00
8 1.062 |1.016| 0.984 0.974 0.926 14.69 9.72 6.26 5.18
9 1.115 | 1.095 | 1.077 1.074 1.005 10.95 896 | 7.16 6.83
10 1.153 | 1.153 | 1.153 1.153 1.072 7.56 7.56 7.56 7.54
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Figure 4.20. Errors in Floor Story Drift Ratios Estimated by FEMA-273

and MPA

Table 4.11. Peak Values of Story Drifts Ratios (as % of story height) from FEMA and MPA
for 1.5 EI-Centro Ground Motion

Drifts Ratio (%) Error (%)
Floor FEMA MPA FEMA MPA
Uniform | ELF | Skes | 3modes | MR m e T ELF | sres | 3modes

1 0.533 [0.328 | 0.377 0.555 0.495 7.68 -33.74 | -23.84 12.14
2 1464 ([ 0.907 | 1.025 1.260 1.437 1.88 -36.88 | -28.67 -12.29
3 2.008 | 1.339| 1.418 1.453 1.891 6.19 -29.19 | -25.01 -23.14
4 2.000 | 1.585| 1.525 1.448 1.607 24.46 -1.37 | -5.10 -9.92
5 1.661 1.653 | 1.481 1.407 1.489 11.55 11.01 | -0.54 -5.48
6 1292 | 1.686 | 1.489 1.523 1.637 -21.08 2.99 -9.04 6.95
7 | 0923 |1.486| 1.347 | 1.503 1694 | -4551 |-12.28 | 2048 | -11.26
8 | 0735 |1.175|1.175 | 1.551 1.399 | -47.46 |-16.01|-16.01| 10.84
9 0.530 | 0.795 (| 0.929 1.370 1.221 -56.59 | -34.89 | -23.91 12.24
10 0.383 | 0.579 | 0.762 1.126 1.074 -64.34 | -46.09 | -29.05 4.80
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Table 4.12. Peak Values of Plastic Hinge Rotations from FEMA and MPA for 1.5 El-Centro

Ground Motion

Plastic Hinge Rotation (rad) Error (%)

Floor FEMA MPA NL-RHA FEMA MPA

Uniform | ELF | SRSS |3 modes Uniform | ELF | SRSS |3 modes
1 | 0.0018 |0.0000 | 0.0000 | 0.0000 | 0.0010 | 80.00 |-100.00 | -100.00 | -100.00
2 | 0.0104 |0.0035 | 0.0048 | 0.0056 | 0.0070 | 48.57 | -50.00 | -31.43 | -18.57
3 | 0.0124 | 0.0064 | 0.0066 | 0.0086 | 0.0092 | 34.78 | -30.43 | -28.26 | -5.43
4 | 0.0099 |0.0076 | 0.0063 | 0.0088 | 0.0095 | 421 | -20.00 | -3368 | -5.26
5 | 0.0058 | 0.0075 | 0.0055 | 0.0071 | 0.0100 | -42.00 | -25.00 | -45.00 | -27.00
6 | 0.0016 |0.0068 | 0.0050 | 0.0046 | 0.0108 | -85.19 | -37.04 | -53.70 | -55.56
7 | 0.0000 | 0.0036 | 0.0027 | 0.0007 | 0.0073 | -100.00 | -50.68 | -63.01 | -89.04
8 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0035 | -100.00 | -100.00 | -100.00 | -100.00
9 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0004 | -100.00 | -100.00 | -100.00 | -100.00
10 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.0000 | 0.00 0.00 0.00 0.00
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CHAPTER §

MULTISTORY FRICTION DAMPED BRACED FRAME (FDBF)

5.1 SYSTEM DESCRIPTION

The single-bay, 10-story Friction Damped Braced Frame (FDBF) shown in Figure 5.1 is
compose of two systems. The main structure is the moment resisting steel frame which is
the same as shown in Fig.4.1and the second part is the bracing system with a friction
damped brace in each story. The optimum of these friction damped braces is described in

the next section.

5.2 OPTIMUM SLIP LOAD AND STIFFNESS OF BRACES
Slip Load of Braces
By the approach presented in the thesis of [Baktash, 1989], the slip load is optimized
when the maximum amount of energy is dissipated by the brace. It was demonstrated that
the friction damped bracing system provides maximum energy dissipation when the shear
resisted by the brace is equal to that of the frame without bracing

V,=V, Gy
For the weak beam/ strong column single-bay, 10-story FDB-Frame shown in Figure 5.1,

the shear resisted by the frame is

v, =V, =2 (5.2)

where M, is the yield moment for the beam.
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By the geometric relation, the slip load of the braces P; is

2M
p=tr (53)
cosp hcosp

where @ is the angle between the brace and the beam at each floor.

For the FDBF system shown in Figure 5.1, ¢ =31°,h=3660mm, M, = 650kN - mfor
1** floor, M o =S00kN -m for 2" o 5" floor, M » =410kN -m for 6 to 10" floor,

giving the slip loads, P, =415kN for 1% story, P, =320kN for 2™ to 5™ story,

P, = 260kN for 6™ to 10" story.

Stiffness of the Braces

The braces of the FDBF are chosen the same as in the thesis of [Baktash, 1989], i.e., for
1%t to 2 story, the brace is 2L150x150x13,2L150x150x10 for 34 1o 6
story,2L125x125x13 for 7™ to 10" story, respectively. After dynamic analysis by
DRAIN-2DX [Allahabadi and Powell, 1988], the comparison of the stiffness of FDBF

with MRF is obtained as

KFDBF — _CBZE_ (54)
Kyrr @y

where K ., K, - are the stiffnesses of the FDBF and MRF, w; , @,, are chosen as the

2
first natural frequencies of the FDBF and MRF, respectively. Here, the ratio of w—': is
Y

equal to 4.97.
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Recall the Equation (3.16), the stiffness ratio of the brace to the frame is,

A= K, _497-1_ 3.97. That is acceptable.
K, 1

5.3 NONLINEAR RESPONSE HISTORY ANALYSIS (NL-RHA)

Assuming the 10-story FDBF shown in Figure 5.1 is subjected to the north-south
component of the El-Centro (1940) ground motion with the scaling factor of 1.5, the
structural responses computed by DRAIN-2DX [Allahabadi and Powell, 1988] are shown
in Figures 5.2, 5.3. Figure 5.2 also illustrates the comparison of roof displacement
response of 10-story FDBF with that of MRF system, For MRF system, the peak roof
displacement, u;, =392.4mm, but for FDBF system, u; =210.6mm, i.e., the roof
displacement of FDBF system is only about 54% of that of MRF system. Similarly, the
top story drift of FDBF system is only about 33% of that of MRF system, the comparison
is shown in Figure 5.3. Figure 5.4 illustrates the plastic slip locations of the friction
bracing for FDBF system. It is noted that there are no plastic hinges formed in the beams

or columns, the main element of the system.

It is obvious that the FDBF system has better seismic performance than the MRF system,

in terms of roof displacements, story drifts and plastic hinges.

5.4 MODAL PUSHOVER ANALYSIS (MPA)
Pushover Capacity Curve and Spectrum
Recalling the procedure of MPA in section 1.3.2, the structural dynamic characteristics

for the FDBF shown in Figure 5.1, are determined by DRAIN-2DX [Allahabadi and
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Powell, 1988], and summarized in Table 5.1.The first three natural-vibration frequencies
and modes of the system are illustrated in Figure 5.5. Pushing the structure to assumed
target displacements with the lateral force distributions shown in Figure 5.6, the pushover
capacity curves for the first three modes, a plot of base shear versus roof displacement,

are shown in Figure 5.7.

Accordingly, the capacity spectrums for the first three modes, a plot of spectral
acceleration versus spectral displacement, which are converted from capacity curves by

Equation (4.15), are illustrated in Figure 5.8,

Modal Roof Displacement
Similar to the MRF system, the modal roof displacements for the first three modes are
determined by estimating the seismic performance points using procedure A in ATC-40

[ATC, 1996].

The capacity spectrum for the modelof FDBF system is plotted on the same chart as the
elastic response spectrum (£=5%, shown in figure 4.10) as shown in Figure 5.9. And the

idealized bilinear capacity spectrum, based on the end of the curve considered as the first

trial point, is illustrated on the same diagram.

For the first idealized bilinear capacity spectrum as shown in Figure 5.9, the effective
damping ratio for the first trial point can be determined by

n 63.7x(a,d , —d a,,
= ( y% pi yap1)+5 (5.5

apl.dp,.
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where & ., 15 the effective viscous damping ratio andxis the value for damping

modification factor from Table 8-1 [ATC, 1996] and shown in Appendix B-3. Here, B.s
=22.1%. Then the first demand spectrum for the damping ratio of 22.1% is developed by

Equations (1.7), (1.8) and (1.9) and illustrated in Figure 5.10.

Comparing the intersection point of the demand spectrum and the capacity spectrum with
the initial trial performance point, if the error of the displacement between these two
point is less than 5%, i.e., the demand spectrum intersects the capacity spectrum within
acceptable tolerance, then the trial performance point, ay;, dpi, can be considered as the
demand performance point, a,, dp. If the demand spectrum does not intersect the capacity
spectrum within acceptable tolerance, then select the intersection point as the next trial
performance point and return to try it again, until the demand spectrum intersects the
capacity spectrum within acceptable tolerance. Figure 5.11 illustrates the family of
demand spectrums and Table 5.2 lists the trials to find the demand performance point, a,,
dp. For the FDBF system as shown in Figure 5.1, the seismic performance point for the

first mode is a,, = 0.1421g and d,, =160.0mm .

Recall from Equation (4.13) that the peak value of the deformation of the equivalent SDF

system, D,,, is equal to the spectral displacement at the demand performance point, dy,
D,, =d,, =160.0mm

and the peak value of the roof displacement for mode 1 and be obtained by Equation (4.8)

as

u,, =T\, D,, =1.468x1.0x160.0 = 229.7mm
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Similarly, the peak value of the roof displacement for mode 2 and mode 3 of the FDBF
system can be estimated by this same procedure. For this system

u,, =31.1mm, u,, =4.7mm

At the roof displacements, u,, =229.7mm,u,, =31.1mm,u,, =4.7Tmm, the values of

floor displacements and story drifts for MPA are determined by Equation (4.8). The peak
values of floor displacements (as % of the building height=36.6m) for the first three
modes of the FDBF system are summarized in Table 5.3 and illustrated in Figure 5.12.
Similarly, the story drift ratios (as % of story height=3.66m) for the first three modes of

FDBF system are shown in Figure 5.13 and summarized in Table 5.4.

Comparison of Results Determined by MPA with NL-RHA
By the SRSS combination rule, the total responses of the floor displacement ratios and
story drift ratios for 1 mode, 2 modes and 3 modes are also included in Tables 5.3 and 5.4

and Figures 5.12 and 5.13, respectively.

Comparing the results determined by MPA, with that by NL-RHA procedure, the errors
of the floor displacements for the combined 3 modes are between -25.79 % and 10.24 %.

The accuracy of the MPA results is considered acceptable.

Similarly, the comparisons of the story drift ratios estimated by MPA and NL-RHA show
that the errors of the story drift ratios for the combined 3 modes are between -33.20 %

and 157.58 %, which is too poor to be acceptable. But the result is to be expected,
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because one of the basic assumptions which assume that the mode shape vector remains
constant throughout the time history response is not correct, especially after the first
plastic hinge/slip has been formed. This kind of limitation of MPA procedure leads to

produce an Improved Modal Pushover Analysis (IMPA) procedure.

5.5 IMPROVED MODEL PUSHOVER ANALYSIS (IMPA)

Difference between MPA and IMPA

The Improved Modal Pushover Analysis (IMPA) procedure implements similar steps as
the MPA procedure in developing the pushover capacity curves and capacity spectrum of
the system, and estimating the modal roof displacements using the capacity spectrum
method (CSM) in ATC-40 [ATC, 1996]. After the modal roof displacements are
obtained, the values of floor displacements for IMPA are not simply determined by

Equation (4.8), {u,}=1,{¢,}D,

. » 1-€., the modal floor displacements are not linear to the
mode shape of the system. In IMPA procedure, the structure is pushed again to the
obtained roof displacements with the lateral force distributions the same as shown in

Figure 5.6, and the response of each floor is considered as the floor displacement of the

system. Simultaneously, the story drifts are calculated.

For this example, at the roof displacements, u,, = 229.7mm ,u,, =31.1mm,u,, = 4. 7Tmm,

the values of floor displacements and story drifts for IMPA are calculated by one more
pushover analysis. The peak values of floor displacements (as % of the building
height=36.6m) for the first three modes of the FDBF system are summarized in Table 5.5

and illustrated in Figure 5.14. Similarly, the story drift ratios (as % of story

81



height=3.66m) for the first three modes of the FDBF system are shown in Figure 5.15
and summarized in Table 5.6. Respectively, Figure 5.16 and Table 5.7 illustrate the peak
values of the plastic slip of the friction bracing estimated by IMPA procedure for the

FDBEF system.

Comparison of Results Determined by IMPA with NL-RHA
By the SRSS combination rule, the total responses of the floor displacement ratios, story
drift ratios and plastic extensions of friction damped bracing for 1 mode, two modes and

3 modes determined by IMPA are summarized in Tables 5.5, 5.6 and 5.7.

The comparison of floor displacement ratios estimated by IMPA and NL-RHA is also
illustrated in Figure 5.14. For response consisting of combined 3 modes, the errors for
IMPA to the NL-RHA results are between -15.47 % and 9.34 %. Thus, the accuracy of
IMPA results is better than that of MPA which was compared with NL-RHA in the

previous section.

The comparisons of story drift ratios estimated by IMPA and NL-RHA is shown in
Figure 5.15. For response consisting of combined 3 modes, the errors for IMPA to the
NL-RHA results are between -14.51 % and 32.90%, i.e. the IMPA procedure can provide
much better estimates than the MPA procedure in estimating the story drifts of FDBF

systems.
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The comparison of the plastic slips of the friction damped bracing estimated by IMPA
and NL-RHA is illustrated in Figure 5.16. For response of combined 3 modes, the errors
for IMPA to the NL-RHA results are between -34.47 % and 39.32 %. The accuracy of

IMPA results is also acceptable.

5.6 FEMA-273 PUSHOVER ANALYSIS

Force Distributions for FEMA-273 Pushover Analysis

The three force distributions for the FDBF system for FEMA-273 pushover analysis, the
uniform force distribution, the equivalent lateral force (ELF) distribution and the SRSS
distribution, are summarized in Table 5.8, Table 5.9 and Table 5.10, respectively. All are
illustrated in Figure 5.17. The uniform force distribution for FDBF system is same as that »
for MRF system as shown in Table 4.7 because this force distribution depends only on
the distribution of mass to each floor. Compared with the MRF system, the equivalent
lateral force (ELF) distribution and the SRSS distribution for the FDBF system have
changed because of the difference in the dynamic properties between the FDBF and the

MREF system.

FEMA-273 Pushover Analysis for FDBF
Similar to the MRF, the target roof displacement for FDBF for FEMA-273 pushover

analysis is determined by combining the peak value of roof displacements of the first
three modes by SRSS rule, i.e., u, =+/u’, +u;, +u;, =231mm. The pushover curves for

the three force distributions are developed and illustrated in Figure 5.18. At the target

displacement, u, = 231mm, the peak values of floor displacements (as % of the building
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height=36.6m) are shown in Table 5.11, and the peak amplitudes of story drift ratios (as
% of story height=3.66m) are shown in Table 5.12, respectively; and Table 5.13
illustrates the peak values of plastic slip of the friction damped bracing calculated by

subtracting the yield slip from the total slip for FEMA-273 pushover analysis.

5.7 COMPARISON OF RESPONSE BY IMPA, FEMA-273 WITH NL-RHA

The comparison of floor displacement ratios estimated by FEMA-273 pushover analysis
with three force distributions, IMPA combined with 3 modes, and NL-RHA procedure is
illustrated in Figure 5.19 and also summarized in Tables 5.11. The errors for the FEMA-
273 uniform force distribution are between 10.14% and 38.48%, -30.09% to 10.14% for
ELF force distribution, and —11.60% to 10.14% for SRSS force distribution. The errors of
the floor displacement ratios by IMPA are between -15.47 % and 9.34 %., so that, the
FEMA-273 pushover analysis with the SRSS force distribution and IMPA are acceptable

for estimating the floor displacement for FDBF system.

Similarly, for the story drift ratios summarized in Table 5.12 and Figure 5.20, the errors
for the FEMA-273 uniform force distribution are between —34.66% and 45.58%, -30.50%
and 16.32% for ELF force distribution, and —12.12% to 69.21% for SRSS force
distribution. In contrast, the errors of the story drift ratios by IMPA are between -14.51 %
and 32.90%, thus, IMPA can provide better results than FEMA-273 pushover analysis in

estimating the story drifts of the FDBF systems.
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For the plastic slip of the friction bracing shown in Table 5.13 and Figure 5.21, the errors
for the FEMA-273 uniform force distribution are between —100% and 60.28%, -44.16%
and 21.71% for ELF force distribution, and —20.24% and 232% for SRSS force
distribution. For IMPA, the errors of the plastic slip of the friction bracing are between
-34.47 % and 39.32 %.. Although they are quite poor, the results of IMPA are still more

accurate than that determined by all the FEMA-273 pushover analysis procedures.
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Figure 5.1. 1-Bay, 10-Story FDBF System
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Roof Displacement (mm)

Story Drift (mm)

Time (sec)

Figure 5.2. Comparison of Roof Displacement History Response of 10-
Story FDBF with MRF to 1.5 El-Centro Ground Motion

Time (sec)

Figure 5.3. Comparison of Top Story Drift History Response of 10-Story
FDBF with MRF System to 1.5 El-Centro Ground Motion
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Table 5.1. Modal Properties for 10-story FDBF

Mode 1 2 3

Period, T, (sec) 1468 |0.429]0.225

Frequency, o, (rad/sec) 4281 14.636|27.960

Participation factor, I', 1436 |0.621|0.317

Effective mass, M, (k kg) 421.7 11104 | 30.7

10 (Roof) 1.000 | 1.000 | 1.000

9 0.891 |0.555]0.152

8 0.774 | 0.062 |-0.680

7 0.653 |-0.398|-1.054

Mode shape 6 0.531 |-0.745}-0.794

at story levels 5 0.411_|-0.936-0.076
(normalized)

4 0.299 [-0.950| 0.670

3 0.195 [-0.801] 1.087

2 0.104 |-0.524| 0.971

1 0.038 {-0.226| 0.480

0 (Base) 0.000 | 0.000 | 0.000

Figure 5.4. Plastic Slip Location of Friction
Braces for 10-story FDBF System to 1.5 El-
Centro Ground Motion
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Figure 5.5. First three natural-vibration frequencies and modes of

10-story FDBF
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Figure 5.6. Lateral Force Distributions {s.} =[m]-{¢,},n=1,2,3
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Figure 5.7. Modal Pushover Capacity Curve for 10-story FDBF:

(a) “Mode” 1, (b) “Mode” 2, (¢) “Mode” 3
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Figure 5.8. Capacity Spectrum Curves for 10-story FDBF:
(a) “Mode” 1, (b) “Mode” 2, (¢) “Mode” 3
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Figure 5.9. Capacity Spectrum Procedure A After Step 4 for

FDBF Mode 1
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Figure 5.10. Capacity Spectrum Procedure A After Step 5 for

FDBF Mode 1
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Figure 5.11. Capacity Spectrum Procedure A After Step 7 for
FDBF Mode 1

Table 5.2. Trial for Demand Performance Point for Mode 1

Trial | ay(g) | dy(mm) | a,(g) | du(mm) | Error (%) 42 e« (%) | SRa | SRy Ts
0 5.0 0.998 | 1.000 | 0.401
1 0.1025 54.9 0.1652 250.7 221 0.521 | 0.630 | 0.484
2 | 0.0820 43.9 0.1376 150.8 -39.8 18.0 0.587 | 0.682 | 0.465
3 0.0897 48.0 0.1445 165.0 94 19.1 0.568 | 0.667 | 0.470
Final 0.1421 160.0 -3.0

93




Floor

9 -
g Jr NL-RHA <
7 4 MPA L.
1 Mode o
6 - 2 Modes ..
5 4 »—= 3 Modes .
4 -~
3 # .
2
1] /
0 T T T T
0.00 0.10 0.20 0.30 0.40 0.50 0.60

Displacement/Height (%)

0.70

Figure 5.12. Comparison of Floor Displacement Ratios Determined by MPA
and NL-RHA for FDBF

Table 5.3. Peak Values of Floor Displacement Ratios (as % of building height=36.6m) from
MPA for 1.5x El Centro Ground Motion

Displacement/Height (%)
Error (%)
Floor Modal Response Combined (MPA) NL—-RHA
Mode #1 |Mode #2 |Mode #3 |1 Mode|2 Modes |3 Modes 1 Mode |2 Modes |3 Modes
0 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.00 0.00 0.00
1 0.024 | -0.019 | 0.006 | 0.024 | 0.031 | 0.031 0.034 |-29.41| -9.97 -8.26
2 | 0.065 | -0.044 | 0.012 | 0.065 | 0.078 | 0.079 | 0.107 |-39.25| -26.64 | -25.79
3 | 0122 | -0.068 | 0.014 | 0.122 | 0.140 | 0.140 | 0.180 |-32.22| -22.40 | -22.02
4 | 0.187 | -0.081 | 0.009 | 0187 | 0.204 | 0.204 | 0.248 |-24.60| -17.83 | -17.75
5 0.258 | -0.080 | -0.001 | 0.258 | 0.270 0.270 0.314 |[-17.83| -13.98 | -13.97
6 0.333 -0.063 | -0.010 | 0.333 | 0.339 0.339 0.390 |-1462| -13.10 | -13.06
7 0.410 | -0.034 | -0.014 | 0.410 | 0.411 0.412 0.459 |[-10.68| -10.37 | -10.32
8 | 0486 | 0.006 | -0.009 | 0.486 | 0.486 | 0486 | 0514 | -545 | -5.44 -5.42
9 | 0559 | 0.047 | 0.002 | 0.559 | 0.561 0.561 0547 | 219 2.55 2.56
10 | 0.628 | 0.085 | 0.013 | 0.628 | 0.634 | 0.634 | 0.575 | 9.22 | 10.21 10.24
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Figure 5.13. Comparison of Drift Ratios Determined by MPA and NL-RHA
for FDBF

Table 5.4 Peak Values of Story Drift Ratios (as % of story height) from MPA for 1.5x El Centro
Ground Motion

Drift Ratio (%)
- Error (%)
Floor Modal Response Combined (MPA) NL_.RHA

Mode #1 |Mode #2 |Mode #3 {1 Mode |2 Modes |3 Modes 1 Mode |2 Modes |3 Modes
1 0.237 | -0.192 | 0.062 | 0.237 | 0.305 | 0.311 0.342 |-30.70| -10.81 | -8.99
2 0.416 | -0.253 | 0.063 | 0.416 | 0.487 0.491 0.735 |[-43.40} -33.76 | -33.20
3 | 0569 | -0.235 | 0.015 | 0.569 | 0.616 | 0.616 | 0.762 |-2533| -19.21 | -19.19
4 | 0.651 | -0.127 | -0.054 | 0.651 | 0663 | 0665 | 0.716 | -9.08 | -7.36 -7.06
5 | 0.704 | 0.012 | -0.096 | 0.704 | 0.704 | 0.711 0.708 | -0.56 | -0.55 0.37
6 0.753 0.162 | -0.092 | 0.763 | 0.770 0.776 0.776 -2.96 -0.74 -0.04
7 0.765 0.295 -0.033 | 0.765 | 0.820 0.821 0.689 11.03 | 19.00 19.10
8 | 0.763 | 0.391 0.048 | 0.763 | 0.857 | 0.859 | 0.552 | 38.22 | 55.32 | 55.56
9 | 0733 | 0420 | 0.107 | 0.733 | 0.845 | 0.852 | 0.352 [108.24 | 140.00 | 141.92
10 | 0683 | 0.378 | 0.109 | 0.683 | 0.781 0.788 | 0.306 |123.20| 155.11 | 157.58
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Figure 5.14. Comparison of Floor Displacement Ratios Determined by
IMPA and NL-RHA for FDBF

Table 5.5. Peak Values of Floor Displacement Ratios (as % of building height=36.6m) from
IMPA for 1.5x El Centro Ground Motion

Displacement/Height (%)
Error (%)
Floor Modal Response Combined (IMPA) NL—RHA
Mode #1|Mode #2|Mode #3|1 Mode|2 Modes |3 Modes 1 Mode |2 Modes | 3 Modes

0 0.000 0.000 0.000 | 0.000 ; 0.000 0.000 0.000 0 0 0

1 0.024 | 0.015 | -0.005 | 0.024 | 0.028 | 0.029 | 0.034 |-29.41| -16.76 | -15.47
2 | 0.088 | 0.049 | -0.011 | 0.088 | 0.101 0.101 0.107 |-17.76 | -5.87 -5.31
3 | 0167 | 0.074 | -0.012 | 0167 | 0.183 | 0.183 | 0.180 | -7.22 1.48 1.70
4 | 0.251 0.081 | -0.007 | 0.251 | 0.264 | 0.264 | 0.248 1.21 6.35 6.39
5 0.333 0.080 0.001 0.333 | 0.342 0.342 0.314 6.05 9.07 9.07
6 0.420 0.073 0.011 | 0.420 | 0.426 0.426 0.390 7.69 9.31 9.34
7 0.497 0.060 0.014 | 0.497 | 0.501 0.501 0.459 8.28 9.07 9.1
8 | 0.558 | 0.033 | 0.010 | 0.558 | 0.559 | 0.559 | 0.514 8.56 8.75 8.77
9 0.595 | -0.013 | -0.002 | 0.595 | 0.595 0.595 0.547 8.78 8.80 8.80
10 | 0.628 | -0.023 | -0.010 | 0.628 | 0.628 0.629 0.575 9.22 9.29 9.30
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Figure 5.15. Comparison of Drift Ratios Determined by IMPA and NL-RHA

for FDBF

Table 5.6. Peak Values of Story Drift Ratios (as % of story height) from IMPA for 1.5x El Centro

Ground Motion

Drift Ratio (%)
Error (%)
Floor Modal Response Combined (IMPA) NL—RHA
Mode #1|Mode #2|Mode #3|1 Mode |2 Modes | 3 Modes 1 Mode |2 Modes | 3 Modes
1 0.243 | 0.153 | -0.055 | 0.243 | 0.287 | 0.292 | 0.342 |-28.95| -16.04 | -14.51
2 | 0634 | 0336 | -0.055 | 0634 | 0.718 | 0.720 | 0.735 |-13.74| -2.38 -2.09
3 | 0798 | 0251 | -0.014 | 0.798 | 0.837 | 0.837 | 0.762 4.72 9.78 9.80
4 | 0833 | 0063 | 0.046 | 0.833 | 0.835 | 0.837 | 0.716 | 16.34 | 16.67 | 16.85
5 | 0.814 | -0.005 | 0.085 | 0.814 | 0.814 | 0.818 | 0.708 | 1497 | 1497 | 15.60
6 0.872 0.071 0.098 | 0.872 | 0.875 0.880 0.776 12.37 | 12.74 13.45
7 | 0773 | -0134 | 0.030 | 0773 | 0.785 | 0.785 | 0.689 | 1219 | 13.86 | 13.95
8 | 0609 | -0.268 | -0.041 | 0.609 | 0.665 | 0.667 | 0.552 | 10.33 | 20.54 | 20.77
9 0.372 | 0268 | -0.093 | 0.372 | 0.458 | 0.468 | 0.352 568 | 30.25 | 32.90
10 | 0.325 | -0.169 | -0.096 | 0.325 | 0.366 | 0.379 | 0.306 6.21 19.71 23.75

97




Floor

0
g 1 Sty
8 | -
VAR T — NL-RHA ~
° IMPA N
° 1 Mode ‘.:
4 1 2 Modes R \
»——= 3 Modes
. z
. =
1 | e mp—— e T T
O T T T . I | |
0.0 2.5 5.0 7.5 10.0 125 15.0 17.5

Plastic Slip (mm)

Figure 5.16. Comparison of Plastic Slips of Braces Determined by IMPA and

NL-RHA for FDBF

Table 5.7. Peak Values of Plastic Slips of Braces Determined by IMPA for 1.5x El Centro
Ground Motion

Plastic Slip (mm)

Error (%)
Floor Modal Response Combined (IMPA) NL—RHA
Mode #1|Mode #2|Mode #3 |1 Mode|2 Modes |3 Modes 1 Mode|2 Modes |3 Modes
1 4.7 24 0.0 47 5.3 5.3 8.1 -41.82 | -34.47 | -34.47
2 15.6 8.3 0.0 16.6 17.7 17.7 19.0 |-17.67| -6.85 -6.85
3 18.8 5.3 0.0 18.8 19.5 19.5 17.9 4.86 8.94 8.94
4 18.5 0.0 0.0 18.5 18.5 18.5 15.3 | 21.07 | 21.07 | 21.07
5 16.8 0.0 0.0 16.8 16.8 16.8 14.1 19.47 | 19.47 | 1947
6 18.0 0.0 0.7 18.0 18.0 18.0 15.5 15.97 | 15.97 16.05
7 14.2 0.0 0.0 14.2 14.2 14.2 12.1 17.38 | 17.38 17.38
8 8.5 -3.3 0.0 8.5 9.1 9.1 7.9 732 | 1537 | 15.37
9 0.7 29 0.0 0.7 29 29 21 -68.86 | 39.32 39.32
10 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00

98




Table 5.8. FEMA-273 Uniform Force

Distribution

* m;
s, =—2

Floor, j Mass, m;(kg) |/ &

Zm,.

i=l

1 60,000 0.100
2 60,000 0.100
3 60,000 0.100
4 60,000 0.100
5 60,000 0.100
6 60,000 0.100
7 60,000 0.100
8 60,000 0.100
9 60,000 0.100
10 60,000 0.100

Table 5.9. FEMA-273 ELF Distribution

. mh jk
Floor, j Mass, m, h; (m) mjhj’.c (kg-m*) 57 = &
(kg) > mhf
i=1
1 60,000 3.66 411,488 0.007
2 60,000 7.32 1,151,027 0.020
3 60,000 10.98 2,100,899 0.037
4 60,000 14.64 3,219,691 0.057
5 60,000 18.30 4,483,619 0.079
6 60,000 21.96 5,876,702 0.103
7 60,000 25.62 7,387,248 0.130
8 60,000 29.28 9,006,224 0.158
9 60,000 32.94 10,726,377 0.188
10 60,000 36.60 12,541,722 0.220
* k=1484
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Table 5.10. FEMA-273 SRSS Distribution

Lateral Forces Story Shears Lateral Forces

N
Floor,| f; f; /i Vi Vi Vis Vi i 15 =3

j (kN) | (kN) | (kN) | (kN) | (kN) | (kN) | (kN) | (kN) Zlf;'
1 0.56 | 90.15 | 98.42 |1236.84|1182.32| 360.05 |[1748.51| 84.93 0.049
2 | 26.31 | 208.98 | 199.01 |1227.28|1092.16| 261.63 |1663.57| 171.51 0.098
3 | 49.23 | 319.56 | 222.68 |1200.97| 883.18 | 62.62 (1492.07|199.86( 0.114
4 | 75.45 | 379.31 | 137.22 |1151.74| 563.62 |-160.06 |1292.21| 160.50 | 0.092
5 |103.81|373.50 | -15.60 |1076.29| 184.31 |-297.28(1131.70| 101.72| 0.058
6 |134.11|297.21 |-162.48| 972.48 |-189.19|-281.68 [1029.98| 53.42 0.031
7 |164.91]|158.88 |-215.90| 838.38 | -486.41|-119.19| 976.56 | 38.85 0.022
8 |195.64| -24.58 |-139.32| 673.46 |-645.28| 96.71 [ 937.71 | 119.60| 0.068
9 |[225.16|-221.62| 31.12 |477.82 |-620.71| 236.03 | 818.11 | 303.23| 0.173
10 |252.66 |-399.09| 204.91 | 252.66 |-399.09| 204.91 | 514.88 | 514.88 0.294
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Figure 5.17. FEMA-273 Lateral Force Distributions
for FDBF System
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Figure 5.19. Errors in Floor Displacement Ratios Estimated by FEMA-273 and
IMPA for FDBF

Table 5.11. Peak Values of Floor Displacement Ratios (as % of building height=36.60 m)
from FEMA and IMPA for 1.5 El-Centro Ground Motion

Displacement/Height (%) Error (%)
Floor, FEMA IMPA FEMA IMPA
NL-RHA
Uniform{ ELF |SRSS| 3 modes Uniform | ELF | SRSS| 3 modes

0 | 0.000 | 0.000 | 0.000 0.000 0.000 0.00 0.00 0.00 0.00
1 10.041 | 0.024 | 0.030 0.029 0.034 19.74 -30.09 |-11.60| -15.47
2 | 0.138 | 0.086 | 0.101 0.101 0.107 29.21 -19.82 | -5.52 -5.31
3 10249 | 0.164 | 0.181 0.183 0.180 38.43 -8.62 0.49 1.70
4 10343 | 0.247 | 0.254 0.264 0.248 38.48 -0.41 2.35 6.39
5 10419 0.328 | 0.319 0.342 0.314 33.31 4.59 1.72 9.07
6 | 0.488 | 0.416 | 0.391 0.426 0.390 25.05 6.77 0.25 9.34
7 10541 | 0.496 | 0.463 0.501 0.459 17.86 7.98 0.90 9.11
8 | 0.577 | 0.560 | 0.537 0.559 0.514 12.27 8.92 4.40 8.77
9 | 0.606 | 0.600 | 0.596 0.595 0.547 10.79 9.69 8.99 8.80
10 | 0.633 | 0.633 | 0.633 0.629 0.575 10.14 10.14 | 10.14 9.30
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Figure 5.20. Errors in Story Drift Ratios Estimated by FEMA-273 and
IMPA for FDBF

Table 5.12. Peak Values of Story Drifts Ratios (as % of story height) from FEMA and
IMPA for 1.5 El-Centro Ground Motion

Drift Ratio (%) Error (%)
Floor FEMA IMPA FEMA IMPA
: 3 modes | NERHA == 3 modes
Uniform| ELF | SRSS Uniform ELF |[SRSS
1 0.407 | 0.238 | 0.301 [ 0.292 0.342 19.04 -30.50 |-12.12] -14.51
2 0.975 | 0623 | 0.713 | 0.720 0.735 32.71 -15.24 | -2.98 -2.09
3 1.109 | 0.787 | 0.798 | 0.837 0.762 45.58 3.27 470 9.80
4 0943 | 0.825 | 0.730 | 0.837 0.716 31.65 15.24 1.89 16.85
5 0.751 | 0.814 [ 0.656 | 0.818 0.708 6.13 15.00 | -7.38 | 15.60
6 0.691 | 0.880 | 0.716 | 0.880 0.776 -10.92 13.37 | -7.75 | 13.45
7 0.530 | 0.792 | 0.721 0.785 0.689 -23.07 15.00 4.69 13.95
8 0.361 | 0.642 | 0.735 | 0.667 0.552 -34.66 16.32 | 33.15 | 20.77
9 0.292 | 0.402 | 0.596 | 0.468 0.352 -16.95 1410 | 69.21 | 32.90
10 | 0.273 | 0.333 | 0.372 | 0.379 0.306 -10.71 8.93 2143 | 23.75
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Figure 5.21. Errors in Plastic Slips of Braces Determined by FEMA-273 and
IMPA to 1.5 El-Centro Ground Motion for FDBF

Table 5.13. Peak Values of Plastic Slips of Braces Determined by FEMA and IMPA for
1.5 El-Centro Ground Motion

Plastic Slip (mm) Error (%)
Floor FEMA IMPA FEMA IMPA
NL-RHA
Uniform| ELF | SRSS |3 modes Uniform | ELF | SRSS |3 modes
1| 98 45 | 65 5.3 8.1 21.09 |-44.16| 20.24 | -34.47
2 | 264 | 152 | 180 | 177 190 | 3911 |-1977| -5.01 | -6.85
3 | 287 | 184 | 187 | 195 | 179 | 6028 | 255 | 444 | 894
4 | 223 | 182 | 152 | 185 153 | 4571 |19.13| -0.38 | 21.07
5 | 154 | 168 | 118 | 1638 14.1 9.18 | 18.80 | -16.36 | 19.47
6 | 131 | 182 | 130 | 180 155 | -15.61 | 17.25 | -16.11 | 16.05
7 | 76 | 147 | 124 | 142 121 | -37.60 | 21.71| 220 | 17.38
8 | 18 93 | 119 | 91 79 | -76.99 | 1825 | 51.04 | 15.37
9 | 00 15 | 70 2.9 21 | -100.00 | 29.94| 232.19 | 39.32
10 | 00 00 | 00 0.0 0.0 0.00 | 0.00 | 000 | 0.0

104




CHAPTER 6

CONCLUSIONS

6.1 CONCLUSIONS

Focusing on case studies, this investigation was aimed at applying the Modal Pushover
Analysis (MPA) procedure for determining the performance evaluation of Friction
Damped Braced Frame (FDBF) Systems and checking the accuracy by comparing MPA
with Nonlinear Response History Analysis (NL-RHA) and FEMA-273 Pushover
Analysis for FDBF systems. For the limitations posed by the assumption of MPA
procedure, an Improvement Modal Pushover Analysis procedure (IMPA) was introduced

and developed to provide better estimate of story drifts than MPA procedure.

In Chapter 3, the basic concepts of single-degree-of-freedom (SDF) system were
introduced because, according to MPA procedure, all the multi-degree-of-freedom
(MDF) systems would finally transfer to the equivalent SDF system. The north-south
component of El Centro (1940) ground excitation was used for the analysis for all
structures in this research. An approach to optimize the slip load and stiffness of the brace
for the one-story FDBF was presented. For the selected one-story FDBF system, the
MPA procedure was implemented and shown to provide good estimation for the seismic

résponse.

In Chapter 4, the theory of MPA procedure for multi-story structures was presented and

implemented in detail for a selected multi-story MRF system. In particularly in this
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investigation, the peak value of the roof displacement for pushover analysis was
estimated by the capacity spectrum method (CSM) which is described in detail in ATC-
40 [ATC, 1996] because it is the most direct application of the concepts and it is not
necessary for any structural analysis software to be used. Thus, the issue to determine the
peak value of the deformation of the equivalent SDF system in MPA is changed to be the
problem to develop the demand performance point for the system for given earthquake
ground motion in ATC-40, i.e., the peak value of the deformation is equal to the spectral
displacement at the demand performance point, D, =d,,,.
In Chapter 5, a multi-story FDBF system was optimized for the maximum amount of
energy dissipated by the braces to protect the main elements of the structures from
yielding. The system was also analyzed by MPA, FEMA-273 and NL-RHA methods. In
order to obtain more accurate prediction of seismic performance of the FDBF system, an

improved modal pushover analysis (IMPA) procedure was proposed in this chapter.

The research has led to the following conclusions which are based on only El-Centro
ground motion:

1. Comparing the time history responses of the one-story FDBF with MRF, the peak
value of the roof displacement of FDBF is just only 32% of that of MRF. It is
obvious that the friction damped brace in the FDBF is effective in controlling the
deformation of the system.

2. Because the beam and the columns of the selected one-story MRF were designed to

yield simultaneously, the pushover curve of the system is exactly the bilinear curve,
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so that the roof displacement of the system determined by MPA is almost the same as
that computed by NL-RHA procedure.

. For the one-story FDBF with fiction damping, the pushover curve is changed to be a
tri-linear curve, the peak value of roof displacements estimated by MPA is 11.0%
more than that by NL-RHA procedure, which is acceptable.

. Similarly for the multi-story structures, the roof displacement of the 10-story FDBF
is only about 54% of that of MRF system. The top story drift of FDBF system is only
about 33% of that of MRF system. It is noted that there are no hinges formed in the
beams and columns, the main elements of the system. It is obvious that the multi-
story FDBF system has better seismic performance than the MRF system, in terms of
the roof displacements, story drifts and plastic hinges.

. Comparing the seismic response of the 10-story MRF determined by MPA with NL-
RHA procedure, the errors of floor displacements are between -14.98% and 13.28%,
the errors of story drifts are between -23.14% and 12.29%, and the errors of plastic
hinge rotations are between -100% and 0.0%. It is demonstrated for a moment
resisting frame (MRF), the MPA procedure is acceptable in estimating floor
displacements, story drifts and most locations of the plastic hinges for the structure,
but it cannot provide enough accuracy for estimating the hinge plastic rotations.

. The seismic performances for the MRF system estimated by FEMA-273 pushover
analysis with three force distributions, MPA combined with 3 modes, and NL-RHA
procedure are compared in Figures and Tables. The peak errors of the displacements
determined by the FEMA-273 three force distributions to NL-RHA procedure are

26.20%, -36.27% and —27.46%, all of them poorer than that by MPA procedure of -
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14.98%; the peak errors of the story drifts is —64.34%, -46.09% and —29.05%, all of
them poorer than that by MPA procedure of -23.14%; and the peak error of the
plastic hinge rotations for all FEMA-273 three force distributions is /100%, the same
as by MPA procedure of 100%. 1t is evident that for a multi-story MRF, the MPA is
more accurate than FEMA-273 pushover analysis in estimating floor displacements,
story drifts and hinge locations, but both of them are not accurate enough for
estimating the hinge plastic rotations.

. Comparing the seismic response of the 10-story FDBF determined by MPA with NL-
RHA procedure, the errors of floor displacements for the combined 3 modes are
between -25.79% and 10.24%, but the errors of story drifts are between -33.20 % and
157.58 %. 1t is concluded that for a FDBF system, the MPA procedure is probably
acceptable in estimating floor displacements, but for the story drifts of the structure,
the accuracy of the MPA is too poor to be acceptable.

. As an improved modal pushover analysis procedure, the IMPA can provide better
estimates than MPA for determining the seismic performance of the FDBF system.
The differences of the roof displacement for the combined 3 modes between IMPA
and NL-RHA are between -15.47% and 9.34%, the differences of the story drifts of
that two procedures are between -/4.51% and 32.90%, and the differences of the
plastic slips of friction bracing determined by IMPA and NL-RHA are between -
34.47% and 39.32%.

. The comparisons of response of the FDBF system by IMPA and FEMA-273 with
NL-RHA are illustrated in Figures and Tables in Chapter 5. The peak difference of

floor displacement ratios estimated by the FEMA-273 three force distributions from
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NL-RHA is 38.48%, -30.09% and —11.60%, two of them poorer than that for IMPA
procedure of -15.47%. Thus, both the FEMA-273 pushover analysis wich the SRSS
force distribution and IMPA are acceptable for estimating the floor displacements for
FDBEF systems.

10. Compared to the NL-RHA, the peak error of story drift ratios of the FDBF for the
FEMA-273 three force distributions is 45.58%, -30.50% and 69.21%, two of them
larger than that for IMPA procedure of 32.90%. It is suggested to use the FEMA-273
pushover analysis with the ELF force distribution and the IMPA procedure for
estimating the story drifts for FDBF systems.

11. The comparison of peak values of plastic slips of friction damped bracing
determined by FEMA-273 pushover analysis with three force distributions, IMPA
combined with 3 modes, and NL-RHA procedure shows that IMPA procedure can
provide better estimates than the FEMA-273 pushover analysis procedure, because
the peak errors of plastic slips for all the FEMA-273 three force distributions are

poorer than that for IMPA procedure.

6.2 RECOMMENDATIONS FOR FUTURE WORK

From the previous discussions, pushover analysis procedures consist of three parts: lateral
force distributions, target displacement and pushover results. Even for IMPA, the results
for FDBFs are not so satisfied. So that, there is still much work to do in the future, such
as to define a more appropriate static lateral force distribution, to find a better way to
calculate the target displacement and finally to get the more rigorous seismic

performance of FDBF systems.
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APPENDIX A

A 5-BAY & 9-STORY FDBF SYSTEM

A.1 SYSTEM DESCRIPTION

A.1.1 Main Structure-MRF

The main structure of the 5-bay & 9-story FDBF is similar and simplified to the 9-story
MREF that was designed by Brandow & Johnston Associates [Chopra and Goel, 2001] that
is described in Table A.1 and shown in Figure A.1. The simplified 5-bay & 9-story FDBF
which will be analyzed in this investigation is illustrated in Table A.2 and shown in

Figure A.2.

A.1.2 Optimum Slip Load and Stiffness of Braces

Slip Load of Braces

Similarly to the single bay FDBF system in section 5.2, the friction damped braces for the
multi-bay FDBF system can provide maximum energy dissipation only when the shear

force resisted by the brace at each floor is equal to that of the frame without bracing
v, =7, (A1)

The free-body diagram of forces of the MRF system is illustrated in Figure A.2. For the

weak bean/ strong column structure, the shear resisted by the frame is

5
. Z,-= M, 10M,,
Ve= ZH Vi= lh = £ (A2)

where M, is the yield moment for the beams.

By the geometric relation, the slip loads P of the braces are
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10M
p=te _—m (A3)
cosg hcosp

where o is the angle between the brace and the beam.

At optimum, the cross sections of the braces for this case are: for 1* floor, 4, = 0.120m’,
for 2™ -6 floor,4, =0.114m*, for 7" floor, 4, =0.070m*, for 8"-9"
floor, 4, = 0.056m’, respectively. These sections of the braces are just chosen for

analysis but they are too large to be acceptable in practical engineering.

Stiffness of the Braces
After dynamic analysis by DRAIN-2DX [Allahabadi and Powell, 1988], the comparison

of the stiffness of FDBF with MRF is obtained from Equation (5.4)

2
Kepgr _ OF

2
K MRF a)M

where K .5 , K, ,are the stiffnesses of FDBF and MRF, @, andw,, are the first natural

2
frequencies of FDBF and MREF, respectively. Here, the ratio of —a—)f— is equal to 2.86.
@

Recalling Equation (3.16), the stiffness ratio of the brace to the frame is

K .86 — . .
A=—Lt= 2 8? L 1.86. The reason that 1 << 4.0 ~ 5.0is because, in the 5-bay MRF

system, there is only one bay with bracing.
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A.2 NONLINEAR RESPONSE HISTORY ANALYSIS (NL-RHA)
Figure A.4 illustrates the comparison of roof displacement response of the 9-story FDBF
with that of the MRF system, computed by DRAIN-2DX [Allahabadi and Powell, 1988].

For the MRF system subjected to the north-south component of the El-Centro (1940)

ground motion with the scaled factor of 1.5, the peak roof displacement,u;, = 459.0mm,

but for FDBF system,u, =180.0mm, i.e., the roof displacement of the FDBF system is

only about 39% of that of the MRF system. Similarly, the top story drift of the FDBF
system is only about 55% of that of the MRF system. The comparison is shown in Figure

As.

It is demonstrated again that the FDBF system has better seismic performance than the

MRF system in controlling the roof displacements and story drifts.

A.3 MODAL PUSHOVER ANALYSIS (MPA)

Pushover Capacity Curve and Spectrum

The modal properties for the 5-bay & 9-story FDBF are summary in Table A.3. The force
distributions of the first three modes are summarized in Table A.4 and the modal
pushover capacity curves and spectrums are illustrated in Figure A.6 and Figure A.7,

respectively.

By the capacity spectrum method from ATC-40 [ATC, 1996], the peak value of the
deformation for the equivalent SDF systems of the first three modes are obtained,

D,, =135mm for mode 1, D,, =47.4mm for mode 2 and D,, =22.1mm for mode 3,
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respectively. The procedures for developing the peak values of the deformation for mode
1 are illustrated and summary in Figures A.8, A.9, A.10 and Table A.5. According to
Equation (4.8), the peak roof displacements of the first three modes for the MPA

procedure are determined as u,, =189.3mm for mode 1, u,, =27.5mm for mode 2 and

u,, = 6.4mm for mode 3, respectively.

At the roof displacements,u,, =189.3mm ,u,, =27.5mm,u,, = 6.4mm, the values of

floor displacements and story drifts for MPA are determined by Equation (4.8). The peak
values of floor displacement ratios (as % of the building height=37.17m) for the first
three modes of the FDBF system are summarized in Table A.6 and illustrated in Figure
A.11. Similarly, the story drift ratios (as % of story height) for the first three modes of

FDBF system are shown in Figure A.12 and summarized in Table 8.7.

Comparison of Results Determined by MPA with NL-RHA
By SRSS combination rule, the responses of the floor displacement ratios and story drift
ratios for 1 mode, two modes and 3 modes are summarized in Tables A.6 and A.7, and

illustrated in Figures A.11 and A.12, respectively.

For response of the FDBF system combined by 3 modes, the errors of floor displacement
ratios estimated by MPA compared with that by NL-RHA are between —39.73% and
8.54%; and for story drifts ratios, the errors are from —39.73% to 55.85%; i.e., the seismic

responses at some levels are much underestimated and at other levels, they are much
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overestimated. That is obviously not acceptable and it is necessary to introduce the

improvement modal pushover analysis (IMPA) procedure.

A.4 COMPARISON OF RESULTS DETERMINED BY IMPA WITH NL-RHA

The differences between MPA and IMPA procedure were described in section 5.5.

As seen in Table A.8, for response of the FDBF system combined by 3 modes, the errors
of floor displacement ratios estimated by IMPA compared with that by NL-RHA are

between 1.69% and 14.93%. They are much better than that of MPA procedure.

As seen in Table A.9, for story drifts ratios, the errors of IMPA compared with NL-RHA
procedure are from 1.69% to 38.76%. At first sight, they are not so correct but they are

acceptable because they are overestimated and lead to a higher degree of safety.

As for the plastic slip in the friction bracing, the errors of IMPA compared with the NL-
RHA procedure shown in Table A.10 and Figure A.15 are from -100% to 94.73%. They

are not good and therefore not acceptable.

A.5 COMPARISON OF RESPONSE BY IMPA, FEMA-273 WITH NL-RHA

The three force distributions for FEMA-273 pushover analysis are summarized in Table

A3.
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The comparison of floor displacement ratios estimated by FEMA-273 pushover analysis
with three force distributions, IMPA combined with 3 modes, and the NL-RHA
procedure is illustrated in Figure A.16 and also summarized in Tables A.11. The errors
for the FEMA-273 uniform force distribution are between 6.17% and 54.22%, -5.65%
and 12.49% for ELF force distribution, and —6.44% and 6.17% for SRSS force

distribution.

Similarly, for the story drift ratios summarized in Table A.12 and Figure A.17, the errors
for the FEMA-273 uniform force distribution are between —37.58% and 53.49%, -12.70%
and 32.84% for ELF force distribution, and —10.04% and 32.35% for SRSS force
distribution. For the plastic slip of friction bracing shown in Table A.13 and Figure A.18,
the errors for the FEMA-273 uniform force distribution are between —100% and 210.5%,
-100% and 68.42% for ELF force distribution, and —100% and 0.00% for SRSS force

distribution.

It is demonstrated again that the FEMA-273 and all three force distributions
underestimate the seismic response of the FDBF system by more than IMPA, such as the
floor displacements and story drifts. But for the plastic slips of friction bracing, all of

these procedures cannot provide acceptable estimations.
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Figure A.1. 5-bay & 9-story FDBF System [Chopra and
Goel, 2001]



Table A.1. System Description of 5-bay & 9-story MRF[Chopra and Goel, 2001]

Beams (248MPa) Connections:
Ground-2nd level Wo20x238 | @ indicate a moment resisting connection;
o indicate a simple (hinged) connection
3rd-6th level W920x201
7th level W760x147 | Dimensions:
8th level W690x125 | all measurements are center line;
9th level W610x101 basement level height 3.650 m
Columns (345MPa) Ground level height 5490 m
column size change at splices 1st-8th level heights 3.960 m
Level (m) Section bay widths (all) 9.150 m
-3.65~+7.32 W360x744 | Seismic Mass:
+7.32~+15.24 W360x677 | including steel framing, for one N-S MRF;
+15.24~+23.16 W360x551 Ground level 4.825x10° kg
+23.16~+31.08 W360x421 1st level 5.050x10° kg
+31.08~+37.17 W360x382 2nd-8th level 4.945x10° kg
Splices: oth level 5.350x10° kg
o Tot, raen & Tthlovel | entre sg:‘:&‘;"f) (@bove | 4 506x10° kg
Restraints:

columns pinned at base; structure laterally restrained at ground level
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Table A.2. System Description of Simplified 5-bay & 9-story MRF

Beams (248MPa)

Connections:

e indicate a moment resisting connection;

Ground-2nd level W920x238 o indicate a simple (hinged) connection
3rd-6th level W920x201
7th level W760x147 | Dimensions:
8th level W690x125 | all measurements are center line;
9th level W610x101 No basement
Columns (345MPa) Ground level height 5.490 m
column size change at splices 1st-8th level heights 3.960 m
Level (m) Section bay widths (all) 9.150 m
1+0.00~+7.32 W360x744 | Seismic Mass:
+7.32~+15.24 W360x677 | including steel framing, for one N-S MRF;
+15.24~+23.16 W360x551 Ground level 4.825x10° kg
+23.16~+31.08 W360x421 1st level 5.050x10° kg
+31.08~+37.17 W360x382 2nd-8th level 4.945x10° kg
Splices: oth level 5.350x10° kg
i ﬁ‘i‘i“&'ﬁé‘%&ri”‘%ﬁm niaer | entir Sg:‘ocj‘r“ge) (bove |4 505x10° kg
Restraints:
columns fixed at ground level
<> £ & & <& <&
Q Mpot & } Mpb2 ) M3 t——} M;b4 é——'—} Mpus é— h
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Figure A.3. Free-body Diagram of One Floor of MRF System

125



Roof Displacement (mm)

Story Drift (mm)

300

200 +
100 -

-100 -
-200 -
-300 -
-400 -
-500

Time (sec)

Figure A.4. Comparison of Roof Displacement History Response
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Figure A.5. Comparison of Top Story Drift History Response of
9-story FDBF with MRF to 1.5 El-Centro Ground Motion
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Table A.3. Modal Properties for 9-story FDBF

Mode 1 2 3
Period, T, (sec) 1.295 0.443 0.256
Frequency, o, {rad/sec) 4.853 14177 | 24.572
Participation factor, T, 1.402 0.58 0.289
Effective mass, M, (kkg) | 3400.0 637.4 211.7
9(Roof) 1 1 1
8 0.898 0.048 -0.238
7 0.777 -0.093 | -1.029
Mode shape 6 0.653 -0.528 | -0.905
at story 5 0.535 -0.771 -0.297
levels 4 0.413 | -0.847 | 0.468
(normalized) 3 0291 | -0.756 | 0.97
2 0177 -0.535 0.951
1 0.074 -0.247 0.512
Ground 0 0 0
Table A.4 Force Distributions
Floor MPA FEMA-273
Mode#1 | Mode#2 | Mode #3 | Uniform | ELF | SRSS
9 (Roof) 1.000 1.000 1.000 1.000 | 1.000 | 1.000
8 0.831 0.444 -0.220 0.925 0.785 | 0.519
7 0.719 -0.086 -0.952 0.925 | 0.651 | 0.159
6 0.604 -0.489 -0.837 0.925 | 0.526 | 0.006
5 0.495 -0.713 -0.275 0.925 0.410 | 0.072
4 0.382 -0.784 0.433 0.925 | 0.304 | 0.237
3 0.269 -0.700 0.898 0.925 | 0.208 | 0.341
2 0.163 -0.495 0.880 0.925 | 0.125 | 0.302
1 0.070 -0.233 0.484 0.944 | 0.057 | 0.157
Ground 0.000 0.000 0.000 0.000 0.000 | 0.000
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Figure A.6. Modal Pushover Capacity Curve for 9-story FDBF:
(a) “Mode” 1, (b) “Mode” 2, (c) “Mode” 3
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Table A.5. Trial for Demand Performance Point for Mode 1

400

Trial afg) | dy(mm) | an(g) | des(mm) | Error (%) éc (%) | SRa SRy | Ts(sec)
0 5.0 0.998 | 1.000 | 0.401
1 0.2481 | 103.3 | 0.3257 171.2 11.8 0.724 | 0.788 | 0.435
2 0.2059 | 85.7 | 0.2757 125.5 -26.7 7.7 0.858 | 0.892 | 0.416
3 02203 | 91.7 | 0.2995 142.7 13.7 9.0 0.811 | 0.855 | 0.422
4 0.2133 | 88.8 | 0.2852 132.0 -7.5 8.2 0.839 | 0.877 | 0.418
Final 0.2920 135.0 23
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MPA and NL-RHA for FDBF

Table A.6. Peak Values of Floor Displacement Ratios {(as % of building height=37.17m) from
MPA for 1.5x El Centro Ground Motion

Displacement/Height (%)

Error (%)
Floor Modal Response Combined (MPA) NL-RHA
Mode #1 | Mode #2 | Mode #3 |1 Mode |2 Modes | 3 Modes 1 Mode |2 Modes | 3 Modes
0 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000 | 0.00 0.00 0.00
1 0.038 | -0.018 | 0.009 | 0.038 | 0.042 0.043 0.071 |-46.87 | -41.02 | -39.73
2 0.090 | -0.040 | 0.016 | 0.090 | 0.098 0.100 0.127 |-29.01 | -22.44 | -21.37
3 | 0148 | -0.056 | 0.017 | 0.148 | 0.158 | 0.159 | 0.178 |-16.69 | -10.95 | -10.46
4 0.210 | -0.063 0.008 | 0.210 | 0.219 0.220 0224 | -6.29 -2.22 -2.156
5 | 0.272 | -0.057 | -0.005 | 0.272 | 0.278 | 0.278 | 0.268 | 1.63 3.84 3.86
6 0.333 | -0.039 | -0.016 | 0.333 | 0.335 0.335 0.309 7.69 8.43 8.54
7 | 0.396 | -0.007 | -0.018 | 0.396 | 0.396 | 0.396 | 0.373 | 6.27 6.28 6.39
8 | 0457 | 0.036 | -0.004 | 0.457 | 0.459 | 0.459 | 0.439 | 4.30 4.61 4.62
9 0.509 0.074 0.017 | 0.509 | 0.515 0.515 0.485 4.93 6.03 6.09
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Figure A.12. Comparison of Drift Ratios Determined by MPA and NL-RHA for FDBF

Table A.7. Peak Values of Story Drift Ratios (as % of story height) from MPA for 1.5x El Centro

Ground Motion

Drift Ratio (%)
Error (%)
Floor Modal Response Combined (MPA) NL-RHA
Mode #1|Mode #2|Mode #3 |1 Mode |2 Modes | 3 Modes 1 Mode |2 Modes | 3 Modes
1 0.256 | -0.124 | 0.060 | 0.256 | 0.285 | 0.291 | 0.483 |-46.87 | -41.02 | -39.73
2 0.489 | -0.200 | 0.071 | 0.489 | 0.528 | 0.533 | 0.520 | -6.04 1.54 2.45
3 0.546 | -0.153 | 0.003 | 0.546 | 0.567 | 0.567 | 0.480 | 13.85 | 18.25 | 18.25
4 0.583 | -0.063 | -0.081 | 0.583 | 0.586 | 0.592 | 0.437 | 3344 | 3422 | 3550
5 0.583 | 0.053 | -0.124 | 0.583 | 0.585 | 0.598 | 0.409 | 4245 | 43.04 | 46.20
6 0.566 | 0.168 | -0.098 | 0.566 | 0.590 | 0.598 | 0.384 | 47.34 | 53.73 | 55.85
7 0.595 | 0.302 | -0.020 | 0.595 | 0.667 | 0668 | 0.598 | -0.61 | 1149 | 11.54
8 0.577 | 0.398 | 0.128 | 0.577 | 0.701 0.712 | 0619 | -6.81 | 13.24 | 15.10
9 0.487 | 0.361 0.200 | 0487 | 0606 | 0.638 | 0.439 | 10.86 | 37.98 | 4530
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Figure A.13. Comparison of Floor Displacement Ratios Determined by
IMPA and NL-RHA for FDBF

Table A.8. Peak Values of Floor Displacement Ratios (as % of building height=37.17m) from
IMPA for 1.5x El Centro Ground Motion

Displacement/Height (%)
Error (%)
Floor Modal Response Combined (IMPA) NL-RHA
Mode #1|Mode #2 | Mode #3|1 Mode | 2 Modes | 3 Modes 1 Mode |2 Modes | 3 Modes
0 0.000 | 0.000 | 0.000 | 0.000 { 0.000 | 0.000 | 0.000 | 0.00 0.00 0.00
1 0.070 | -0.017 | 0.009 | 0.070 | 0.072 | 0.072 | 0.071 | -2.01 0.93 1.69
2 0.128 | -0.037 | 0.016 | 0.128 | 0.133 | 0.134 | 0.127 | 0.74 4.97 5.77
3 0.187 | -0.053 | 0.017 | 0.187 | 0.194 | 0.195 | 0.178 | 5.05 9.18 9.58
4 0.245 | -0.059 | 0008 | 0.245 | 0.252 | 0.252 | 0.224 | 9.1 12.26 | 12.32
5 0.300 -0.054 | -0.005 | 0.300 | 0.304 0.304 0.268 | 11.78 | 13.58 13.60
6 0.353 | -0.037 | -0.016 | 0.353 | 0.355 | 0.355 | 0.309 | 1419 | 1482 | 14.93
7 0.409 | -0.007 | -0.018 | 0.409 | 0.409 | 0.410 | 0.373 | 9.86 9.88 9.98
8 0.464 | 0.038 | -0.004 | 0.464 | 0465 | 0.465 | 0.439 | 571 6.07 6.07
9 0.509 | 0.074 | 0.017 | 0.509 | 0.515 | 0.515 | 0.485 | 4.93 6.03 6.09
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Figure A.14. Comparison of Drift Ratios Determined by IMPA and NL-RHA

for FDBF

Table A.9. Peak Values of Story Drift Ratios (as % of story height) from IMPA for 1.5x El Centro
Ground Motion

Drift Ratio (%)

Error (%)
Floor Modal Response Combined (IMPA) NL-RHA
Mode #1|Mode #2 | Mode #3 [1 Mode |2 Modes | 3 Modes 1 Mode |2 Modes | 3 Modes
1 0.473 -0.117 0.060 | 0.473 | 0.487 0.491 0.483 | -2.01 0.93 1.69
2 0.542 | -0.189 | 0.071 | 0.542 | 0.574 | 0.579 | 0.520 | 4.28 1044 | 11.27
3 0.555 | -0.145 0.003 | 0.555 | 0.574 0.574 0.480 | 15.74 | 19.63 19.63
4 0.544 | -0.060 | -0.081 | 0.544 | 0.548 | 0.554 | 0.437 | 2459 | 25.35 | 26.72
5 0.513 | 0.049 | -0.124 | 0.513 | 0.516 | 0.530 | 0.409 | 25.52 | 26.09 | 29.66
6 0.499 0.168 | -0.098 | 0.499 | 0.523 0.533 0.384 | 30.01 36.38 38.76
7 0.532 | 0.283 | -0.020 | 0.532 | 0.603 | 0.603 | 0.598 |-11.10| 0.69 0.74
8 0.509 0.423 0.128 | 0.509 | 0.662 0.674 | 0.619 |-17.76 | 6.95 8.93
9 0429 | 0.338 | 0200 | 0429 ( 0.546 | 0.581 | 0.439 | -2.36 | 2423 | 32.31
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Figure A.15. Comparison of Plastic Slips of Braces Determined by IMPA and NL-
RHA for FDBF

Table A.10. Peak Values of Plastic Slips of Braces Determined by IMPA for 1.5x El Centro
Ground Motion

Plastic Extensions (mm)
Error (%)
Floor Modal Response Combined (IMPA) NL-RHA

Mode #1 {Mode #2 | Mode #3 |1 Mode| 2 Modes | 3 Modes 1 Mode {2 Modes | 3 Modes
1 14.0 -4.6 0.0 14.0 14.7 14.7 146 | -4.11 0.93 0.93
2 5.8 0.0 0.0 5.8 5.8 58 5.3 9.43 9.43 9.43
3 3.7 0.0 0.0 3.7 3.7 37 1.9 9474 | 94.74 | 94.74
4 1.5 0.0 0.0 1.5 1.5 1.5 0.0 - - -
5 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.00 0.00 0.00
6 0.0 0.0 0.0 0.0 0.0 0.0 0.1 |-100.00(| -100.00 | -100.00
7 0.3 0.0 0.0 0.3 0.3 03 12.9 -97.67 | -97.67 | -97.67
8 0.0 2.3 0.0 0.0 23 2.3 14.0 |-100.00| -83.57 | -83.57
9 0.0 0.0 0.0 0.0 0.0 0.0 1.9 |[-100.00{ -100.00 | -100.00

136




Floor
[6;]

10

20

Error (%)

30

40

50

60

Figure A.16. Errors in Floor Displacement Ratios estimated by FEMA-273 and
IMPA for FDBF

Table A.11. Peak Values of Floor Displacement Ratios (as % of building height=37.17
m) from FEMA and IMPA for 1.5 El-Centro Ground Motion

Displacement/Height (%) Error (%)

Floor FEMA IMPA FEMA IMPA

unifor | ELF | srss |3 modes NLURAAT Uniform | ELF | SRss |3 modes
0 |0.000] 0.000 | 0000 | 0000 | 0.000 | 000 | 0.00 | 0.00 | 0.00
1 0109 | 0067 | 0.068 | 0.072 | 0071 | 5422 | -565| -3.75 | 1.69
2 0187|0123 | 0121 | 0134 | 0127 | 4744 | 340 | -510 | 577
3 | 0251|0180 | 0167 | 0195 | 0178 | 4117 | 1.27 | 644 | 958
4 |0303| 0238 | 0213 | 0252 | 0224 | 3548 | 617 | -512 | 12.32
5 |0.351| 0293 | 0259 | 0.304 | 0268 | 31.00 | 942 | -353 | 13.60
6 |0.395|0.348 | 0307 | 0.355 | 0.309 | 27.81 | 12.49| -0.74 | 14.93
7 | 0439 0400 | 0374 | 0410 | 0373 | 17.71 | 963 | 018 | 9.98
8 |0480| 0467 | 0456 | 0465 | 0439 | 939 | 627 | 394 | 6.07
9 |0515]| 0515 | 0515 | 0515 | 0485 | 617 | 617 | 617 | 6.09
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Figure A.17. Errors in Story Drift Ratios Estimated by FEMA-273 and
IMPA for FDBF

Table A.12. Peak Values of Story Drifts Ratios (as % of story height) from FEMA and

IMPA for 1.5 El-Centro Ground Motion

Drifts Ratio (%) Error (%)
Uniform | ELF SRSS Uniform ELF | SRSS
1 0.741 | 0.454 | 0.463 0.491 0.483 | 53.49 -6.10 | -4.21 1.69
2 0.730 | 0.523 | 0.490 0.579 0.520 | 40.35 052 | -579 | 11.27
3 0.601 | 0.540 | 0.432 0.574 0.480 | 25.21 12.58 |-10.04| 19.63
4 0490 | 0.540 | 0.432 0.554 0.437 12.11 2366 | -1.19 | 26.72
5 0.447 | 0520 | 0.432 0.530 0.409 9.28 2719 | 558 | 29.66
6 0412 | 0.510 | 0.452 0.533 0.384 7.19 32.84 | 17.71 | 38.76
7 0.414 | 0.576 | 0.603 0.603 0.508 | -30.75 | -3.72 | 0.84 0.74
8 0.386 0.540 | 0.674 0.674 0.619 -37.58 | -12.70 | 8.89 8.93
9 0.326 | 0.455 | 0.581 0.581 0.439 | -25.80 354 | 3235 32.31
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Figure A.18. Errors in Plastic Slips of Braces Determined by FEMA-273 and
IMPA to 1.5 El-Centro Ground Motion for FDBF

Table A.13. Peak Values of Plastic Slips of Braces Determined by FEMA and IMPA for

1.5 El-Centro Ground Motion

Plastic Slip (mm) Error (%)
Floor FEMA IMPA FEMA IMPA
NL-RHA

Uniform| ELF |SRss| 3 modes Uniform | ELF | SRSs |3 modes
1] 263 | 131 | 135 14.7 146 | 80.14 | -10.27 | -7.53 0.93
2 | 128 | 50 | 4.0 5.8 53 | 14151 | -566 | -24.53 | 9.43
3 | 59 32 | 0.1 3.7 1.9 | 21053 | 68.42 | -94.74 | 94.74
4 0.9 1.2 0.0 15 0.0 - - 0.00 -
5| 00 | 00 | 00 0.0 0.0 0.00 0.00 0.00 0.00
6 | 00 00 | 00 0.0 0.1 | -100.00 | -100.00 | -100.00 | -100.00
71 00 14 | 4.0 0.3 12.9 | -100.00 | -88.98 | -68.50 | -97.64
8 | 00 05 | 7.8 2.3 14.0 | -100.00 | -96.43 | -44.29 | -83.57
9 | 00 00 | 0.0 0.0 1.9 | -100.00 | -100.00 | -100.00 | 0.00
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APPENDIX B

B.1. Seismic Coefficient, C,

Shaking Intensity, ZEN"*
Soil Profile Type = 0.075 =0.15 | =0.20 | =0.30 | =0.40 >0.40
Sp 0.08 015 | 0.20 | 0.30 | 0.40 1.0(ZEN)
Sc 0.09 018 | 0.24 | 0.33 | 0.40 1.0(ZEN)
Sp 0.12 022 | 028 | 0.36 | 044 1.14(ZEN)
Se 0.19 030 | 034 | 036 | 0.36 0.9(ZEN)
Sk Site-specific geotechnical investigation required to determine C,

1. The value of E used to determine the product, ZEN, should be taken to be equal to 0.5 for the
Serviceability Earthquake, 1.0 for the Design Earthquake, and 1.25 (Zone 4 sites) or 1.5 (Zone 3 sites) for
the Maximum Earthquake

2. Seismic coefficient C, should be determined by linear interpolation for values of the product ZEN other
than those shown in the table.

B.2. Seismic Coefficient, Cy

Shaking Intensity, ZEN"?
Soil Profile Type = 0.075 =015 | =0.20 | =0.30 | =0.40 > 0.40
Se 0.08 0.15 0.20 0.30 0.40 1.0(ZEN)
Sc 0.13 0.25 0.32 0.45 0.56 1.4(ZEN)
So 0.18 032 | 040 | 054 | 064 1.6(ZEN)
Se 0.26 0.50 0.64 0.84 0.96 2.4(ZEN)
Sk : Site-specific geotechnical investigation required to determine C,

1. The value of E used to determine the product, ZEN, should be taken to be equal to 0.5 for the
Serviceability Earthquake, 1.0 for the Design Earthquake, and 1.25 (Zone 4 sites) or 1.5 (Zone 3 sites) for
the Maximum Earthquake

2. Seismic coefficient Cy should be determined by linear interpolation for values of the product ZEN other
than those shown in the table.
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B.3. Values for Damping Modification Factor, k

Structural B1ehavior g;q "
Type (percent)
Type A 016.25 1.0
05a.d.—d.a.
>16.25 - @,d, ~d,3,)
a pid o
Type B 125 0.67
- ) 0.446(a,d , —d a,)
a p,.d i
Type C Any Value 0.33

1. See Appendix B.5 for structural behavior types.

B.4. Minimum Allowable SR, and SRy Values'

Structu.’r_;:’ 22ehavior SR, SRy
Type A2 0.33 0.50
Type B 0.44 0.56
Type C 0.56 0.67

1. Values for SR, and SRy shall not be less than those shown in this table.

2. See Appendix B.5 for structural behavior types.

B.5. Structural Behavior Types

Poor Existing

Shaking Essentially New Average Existing

Duration Building Building Building
Short Type A Type B Type C
Long Type B Type C Type C
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