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CHAPTER |

INTRODUCTION

1.1 Background

The Seismic response of building deforms beyond the limitation of linearly
elastic behavior when subjected to earthquake excitation can be directly determined
from dynamic analysis procedure or a Non-Linear Response History Analysis (NL-
RHA). However, NL-RHA requires a./great" number of computational efforts;
therefore, the method is not pratical for engineers. Although NL-RHA is widely
regarded as the most rigerous procedure, several researchers attempt to develop a
Nonlinear Static analysis Precedure (NSP), a pushover analysis that is practical to
engineers to utilize with the result betng an approximation. In the application of
pushover analysis, the seismic/demand of buildings can be estimated by nonlinear
static analysis of the structure subjected xt:o @ single invariant force pattern until the
roof displacement reachs to the target::_roof displacement determined from the
deformation of an equivalentSDF system. 'I-'_hé:assumtion of NSP is that the structural
response is dominated by the fundamentél'i__ﬁqqe and that the mode shape remains
unchanged after the structure “ields. Thér‘efére, the response of buildings that
typically dominated.by the first mode, such éé_iéi/v-and megdium-rise buildings, can be
predicted well by pusheveranalyis (Chintanapakdee and Chopra, 2003a).

NSP can be classified into two major groups based on the type of lateral load
patterns applied to the Struetural model during the analysis: (1) invariant single load
vectors suchas the load pattern proposed by.Federal’Emergency-Management Agency
(FEMA-273, FEMA-356); (2) invariant multi-mode vectors, i.e. Modal Pushover
Analysis (MPA), Madified Modal Pushover Analysis (MMPA) déveloped by Chopra
and Geel (2002).

For FEMA lateral load patterns, the invariant force pattern which expect to
provide peak response of the building close to NL-RHA responses were shown in
Figure 1.1. However, as the structure becomes higher, the participation of higher
modes may increase. These higher mode effects may contribute to the structure’s

response significantly. In this case, the single invariant force distribution proposed by



FEMA-356 cannot represent the potential range of loading experienced in dynamic

response.
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Figure 1.1: FEMA-356 forge distributions for a 9-story generic frame: (a) first

“mode”; (b) ELF; (c).RSA; (d) uniform ((?hin_tanapakdee, 2003b).
;l L
However, as the structurg becomes high:({r_f_, the participation of higher modes may

increase. The limitation”of these paiternsis. the invariant force distributions do not

account for the contribution of-higher modes, which are significant in long period

structures, i.e. high-rise buiI:d_ipg.,Therefo_re_,_:_geyleral new analysis procedures have
been developed to overcome the limitations of conventienal pushover analysis that is
“MPA” procedure. The modal lateral load pattern that includes the contribution of

several “modes” of vibration shown in Figure 1.2.
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Figure 1.2 Modal expansion of the effective earthquake force for a 6-story frame

(m=story mass) (Chintanapakdee and Chopra, 2003b).



1.2 Literature Review

In last decade. The accuracy of seismic demands of building estimated by NSP
has been evaluated from several researchers. These results are summarized in this

section.

1.2.1 Pushover Analysis (PA)

Krawinkler and Seneviratna (1998) evaluated the accuracy of seismic demand
of the frame and wall structures height 2 to 40 stories when applied the triangular and
SRSS load patterns. The analysis result concidded that the triangular and SRSS load
patterns obtained in FEMA-273 provide good-estimation of the target roof
displacement especiallyin low=rise building (2 to 5 stories). However, the accuracy
tends to deteriorate”when" the building become higher because higher modes

contribution was significaniindong period building.

Kim and D’Amore (1999) investiéated the aceuracy of NSP, which employs
the capacity spectrumsmethod, delineatedii_n Applied Technology Council (ATC-40)
by comparing with the respanse détermined f'i-om NL-RHA. A six-story steel office
building was selected for a case study; and_litfslljpjected to near-fault ground motions.
The case study demonstrated that-the predicﬁo'r-{;s of the distribution of damage in the
structure between NSP and NL-RHA were hb'fé'igréement. In addition, the distribution

of damage pattern fromNSP-significantly differed from these of NL-RHA.

1.2.2 Modal Pushover Analysis (MPA)

Chintanapakdee jand, Ghapra;(2003a) evaluated-the-seismic demands of steel
moment-resisting “by “modeling" the' inelastic * material ‘property such as moment-
rotation relation of plastic hinge based on simple material model.s The evaluation
demanstrates that.MPA procedure is more accurate than FEMA force distribution in

terms of providing the seismic demand.

Goel and Chopra (2004) evaluated the seismic demands of 9-story and 20-
story steel moment resisting frames designed based on engineering guidelines of
Structural Engineering Association of California (SEAOC), the Applied Technology
Council (ATC), and the Consortium of University for Research in Earthquake

Engineering (CUREE). As a whole, this particular engineering guidelines are known



as SAC-building. SAC-building is compared with the results from Non-Linear
Response History Analysis (NL-RHA). These buildings were subjected to a set of 20
ground motions recorded in Los Angeles, CA, Seattle, WA, and Boston, MA. This
evaluation also demonstrates that the MPA procedure provides the seismic demand

more accurate than FEMA force distributions.

The 13-story RC building with steel braced frame was evaluated by Yu et al.
(2004). The FEMA force distribution and the MPA procedure were adopted to
estimate the seismic demands, and then compared with the results determined from
NL-RHA. The methods comparison to NL-RHA€onfirms the MPA procedure is more
accurate than the FEMA force distributions for estimating the story-drift demand,

plastic hinge rotation, and.floordisplacement of building.

However, Chepra gt al. (2004) modified the MPA procedure to be the
Modified Modal Pushover Analysis (Mi\/IPA) procedure by assuming that the
response of higher modes to be Iinearlyrjelai'stic. MMPA procedure is an alternative
procedure to estimate Seismic demands bedausg_ it tend to provides overestimatation of
seismic demands for a variety frame buildidg_and ground motion ensembles. In some
cases, MMPA procedure may: improve the'-adoyracy of MPA results, and increases
their conservatism as well. Frurthermore,__'_Ml_\ZlPA generally provides the seismic
demand, i.e. story drift much closer to the derﬁands from NL-RHA when compare
with using FEMA-356 lateral load pattern (Kalkan and. Kunnath, 2006); but it is
unable to reasonably predict plastic rotation demands in the upper stories because the

inelastic contribution of higher modes was ignored.

Although *MPA and" its--modified "version, '"MMPA, provide satisfied
estimatation of seiscmic demands«for steel moment resisting frame (SMRF), the
methods’ conclusion“may not support RC/structures because the. degradation in RC
member affects seismic demands of reinforced-concrete (RC) structures when they
are damaged due to ground motion or cyclic load. The cyclic behavior of RC structure

is described in section 1.2.1.



1.2.3 Cyclic Behavior of RC Members

According to experimental test of cyclic behavior of RC members (Sezen
2000, Pujol 2002, Lowes et al. 2003), when RC members are subjected to cyclic load,
the characteristic of degradation can be observed from the force-deformation
relationship. For example, experimental test of non-ductile column tested by Sezen
(2000) is shown in Figure 1.3, and the characteristic of degradation can be perceived
as follow:

400
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=

-200

-300-

i . \7 ’J I
-80 -60 =40 -20 == 20 40 60 80
Displacement,(mm)

-400 ; :

Figure 1.3 Force-deformation relationship of non-ductile column tested by Sezen
(2000)

1.2.3.1 The strength degradation

When “the inelastic deformation is increased and/or repeated at previous
maximum @amplitede, ghe resistance; of yield force-tends to idecrease due to concrete
crushing, rebar' buckling, and longtitudinal steel yrelding.~The reduction of resisting
force is called “strength degradation.” In figure 1.3, the strength degradation can be

observed when resisting force at “Loop-A,” R, =304 kN, deteriorate to “Loop-B,”

R =78KkN.



1.2.3.2 The stiffness degradation

This experimental result indicates that the stiffness was altered, both
unloading and reloading, due to the flexural cracking of concrete and the tensile
yielding of the longitudinal reinforcement. The reduction of stiffness is called
“stiffness degradation.” The unloading stiffness degradation and reloading stiffness
degradation can be observed in variant slope of force-deformation in unloading path

and reloading path respectively.
1.2.4 Cyclic Behavior of RC Structures

Degradation of REsstruciures has been studied by several researchers (Otani
1981, Shimazaki and Sezen.4985, Qi and Moehle 1991, Rahnama and Krawinkler
1993, Pujol 2002, Lowes et al. 2003) to understand the behavior and its effects on the
performance of RC _struetures durir:\g"; strong earthquakes. The degradation
characteristics in a reinforced-concrete st;lijctural member are primarily controlled by
the ratio of axial load and corresponding_axial capacity, amount of transverse and
longitudinal reinforcement, /and deformati_én{ductility encountered (Haselton and
Deierlein 2007). Many extensive researchég 7ha}ye been conducted to understand the
hysteretic behaviour of RC structural cqmbbnents such as flexural and shear
behaviour of RC columns and RC beam-ébl-ijfirin' joints by experiment on physical
models of RC member: The rate of degradation is controlied by damage index, which
had been proposed to predict the degradation behaviour based on dissipated energy,
number of cycles, and deformation ductility (Park and Ang 1985, Wang and Shah
1987)

1.2.5 Effect of Degradation on SDF System

Several‘researchers have studied the'influeice of ‘degradation‘en response of
SDF systems (Gupta and Krawinkler 1998, Aschheim and Black 1999, Song and
Pincheira 2000, Miranda and Ruiz-Garcia 2002, Pekoz and Pincheira 2004, Chenouda
and Ayoub 2008), and generally learned that deformations of short-period degrading
system are significantly larger than those of non-degrading system (i.e., bi-linear
system). Moreover, the effect of strength degradation is more important than stiffness

degradation.



1.2.6 Effect of Degradation on MDF System

Some researchers studied the influence of degradation on response of MDF
systems, and majority of these researchers emphasized on the influence of stiffness
degradation only (Chopra and Kan 1973, Anderson and Townsend 1977, Naeim et al.
2000), and they learned that the reduction of stiffness on structural members can
increase the maximum lateral displacement and relative floor displacement (story
drift) at the upper story; and ductility requirements of short-period building are

significantly larger than those of long-period building.
1.2.7 Cyclic Pushover-Analysis (CPA)

The seismic pesformance 1o resist the earthquake load and dissipate seismic
capacity of building canbe invesiigated by reversal load pattern proposed as a cyclic
pushover analysis (CPA). Some researchers adopt this procedure to evaluate the

hysteretic behavior and estimate the seismic demand of structure.

For example, Intarakamheng and RUangrassamee (2003) used CPA procedure
and NSP procedure to estimate the floor diéplapement, inter-story drift, and damage
mechanism of a five-story reinfarced concréie "Bijilding by assuming that the building
was subjected to the 1940 Ef Ceniro, the 1985 Mexico SCT, and the 1995 Baiyoke
ground motion record. The result indicated that both CPA and NSP procedures
provide the maximum responses closed to that of NL-RHA procedure. The bias of
CPA procedure is about 5-26 % whereas NSA procedure provides bias by about 3-
30%. However, the sequence of yielding focations estimated by CPA is differeces
from that of NSP procedure due to the difference inforce distribution. In addition, the

strength degradation can be observed from CPA procedure as well.

Next, Jiavet al.!(2008) adopts' CPA procedure ‘to evaluate-the hysteretic
behavior and energy dissipation capacity of a Buckling-Restrained Braced Steel
Frame (BRBSF) whereas its seismic demands were estimated by MPA procedure.
They found that MPA procedure provides adequate predictions of peak roof
displacement whereas CPA procedure is a good method to evaluate the hysteretic

behavior of a structure.



1.3 Problem Statement and Objectives

It is well aware that the effect of degradation can lead to larger displacement
of structures. The basic Modal Pushover Analysis (MPA) for estimating global
seismic demands, such as peak (target) roof displacement, floor displacement, and
story-drift demand, are based on using response of non-degrading equivalent SDF
system. This method may not be suitable for application to degrade RC buildings that
are taken into effect of degradation. Therefore, this research aims to develop and
evaluate the modal pushover analysis to estimate the seismic demands of degrading

MDF structure with the following objectives:

1. To propose a methed io determine the parameters of equivalent degrading
SDF system'by cy€lie‘ptshover analysis.

2. To evaluaie theagcuracy of target roof displacements of RC frames
predicted by.using eguivalent dgdrading SDF system.

3. To develop the madal pushoverﬁan’élysis for RC frame.

4. To determine the accuracy off'g_eig_mic demand of RC frame by using

proposed method. .

1.4 Research Scopes and Limitations

The limitations ofresearch are stated as follows:

1. The structural system is only considered for one-bay frame of six different
heights: 3, 6, 9, 12, 15, and 18 stories, and five different ductility design based
on SDF systerm:1,1.5,2, 4,.:and 6.

2. Research assumes no shear failure, and only flexural behavior is considered.

3., The plastic hinge-forms.only .at,beam.ends, and the base.of the first-story is
based on'the strong-column vveak-beam philosophy; consequently, column-
hinges at another story is not reflected on.

4. Reseach considers only the response of building when subjected to a set of
LMSR ensemble.



1.5 Outlines

After an introduction in Chapter 1, the proposed procedure to estimate peak
roof displacement and seismic demands on RC frame by using response of equivalent
degrading SDF system is determined by Non-Linear Response History Analysis (NL-
RHA) presented in Chapter 2. Chapter 3 describes modeling of the structure including
the degrading behaviour, the ensemble of 20 ground motions used in the study, and
response statistics. The accuracy of e target roof displacement estimated by

ding / m and non-degrading SDF system
and comparison are presen \\ pter 5, the estimated seismic

demands of RC frame determined by p re is compared to ‘reference’

values obtained from NL- : is concluded in Chapter 6.

AULINENTNEINS
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CHAPTER I

THEORETICAL BACKGROUND

The seismic demand of building beyond elastic range is determined by two
major structural analysis procedures: 1) Non-Linear Response time History Analysis
(NL-RHA) — a response regarded as “reference” values for evaluating the propose
procedure. 2) Non-linear static analysis consists of Modal Pushover Analysis
procedure (MPA), Modified Madal Pushover Analysis (MMPA) procedures, and the

proposed procedures developed from MPA procedure are described in this chapter.
2.1 Response History Analysis (RHA)

The equations ofemotion for multistory building due to earthquake ground

acceleration (U, (t)) are as'follow:

For elastic system: 7
mii 4 e + ku=<mi, (1) (2.1a)

For inelastic system: k
Mg+ . (u,sigh €)= — M, (t) (2.1b)

where m, ¢, k, f,and._1 are mass, classical damping, stiffness, lateral forces at the N

floor levels depending on the history of the displacements, and the influence vector
equal to unity respectively. The solution determined from Eq. (2.1a) and Eqg. (2.1b) is
known as floor displacements relative to.the.ground., The solution regarded as “exact”

values can be solved directly fromthese equations.

The /right 'Sidey of "Egl: (2.1a)-and, (2.2b) fcanberinterpreted as effective earthquake

forces:

Perr (t) = —muliy (1) (2.2)

the spatial distribution of forces can be defined by vector s=mu; and this force can

be expanded into its modal components s, :

N N
s=)>s,=)T mg (2.3)
=1 =1

n n
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Where ¢, is the nth elastic mode shape of vibration of the multistory building, and

r, = M" L,=dm M, =4 mg (2.4)
Substituting Eq.(2.3) into Eq.(2.2), the effective earthquake forces can be expressed as

P (0. 510 Pogr (1) = D =,00, (1) (2.5)

n=1 n=1

For linear system, when the butlding subjected ie-modal effective earthquke force,

Pesr o (1), The displacement,-u(t), can be expressed.as the modal floor displacement,

u, (t) , which relate with™ ¢, .

4,0 = 0,0 (26)

where g, (t) is the modal cogrdinate of nthfmode
The total displacement, u(t), due to éﬁééctive earthquake force, p. (t), can be

expressed as the superposition of modal coordinates:

() = Y49, @.7)

Substituting Eq. (2.7).into Eq. (2.1a), and pre-multiplying both sides with ¢4, then
use orthogonality, propertiés of modes, 4 m¢ =0, 4 cg =0, and ¢ k¢ =0 where r

#N;
G H253ad, + @i0, = -Thd, )3/ n £1,2,1. 5 (2.8)

Eq. (2.8) can be interpreted as the governing equation of motion of single-degree-of-

freedom (SDF) system for elastic system.

In case of inelastic system, the floor displacement of building due to p ,(t)

can not be expressed as Eq. (2.6) because the coupling of modal coordinates due to
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yielding of the structure. The “modes” other than the nth-“mode” also contribute to

the system response:
N
u,(t)=> 4.4, (t) (2.9)
r=1

Consider Eq. (2.1b) subjected to p ,(t):
mi + U+ (u,sign U) = pg; , (1) (2.10)

Substitute Eq. (2.9) into Eg. (2.10), and pre-multiply with 4, then use orthogonality

properties of modes, ¢’ mg. =0, %' cg, =0 gives

a2l 640/~ W — I, (1) (2.11)
where 4

F/(d sign ) =9 fu(ussign, ) (2.12)

In Eq. (2.11), Although. using tHe brthogor_n-éli-t.y properties can expand the degree of
freedom in inertia and damping forces to bt-e_jr‘rig}jal inertia and modal damping forces
respectively, the modal coordinate remair_lg'_f_ <_:o_L_1pIe in part of resisting forces, f,,
because of yielding in structure. Typically, rfdr}nelastic system, Eq. (2.1b) is solved
direclty in stead of Eq- (2.11)

2.2 Modal Pushover Analysis (MPA)

Although the 'superposition-cannot be utilized in' non-linear problem because

of the coupling of modes due to ¥ielding of structure remain obtained in part of

resisting force, 4 Kd'= 0 where,r.# n;.the effect of coupling between modes may be

neglected when the contributions of “mode” other than the nth-mode are relatively
small (Chopra and Goel, 2002). With this assumption, the displacements of inelastic

system in term of modal coordinate can be approximated as

u()) = Y. 40,0 .13



13

Substituting Eq. (2.13) into Eqg. (2.10), and pre-multiplying by ¢’ , then by using the

orthogonality property of modes the equation yields

i +26,0,0,+ 2 B20G) g ) .19

n

The resisting force in Eq. (2.14) depend on the modal coordinate at nth-“modes”, q, .

As a result, Eq. (2.14) can be written to the governing equation of motion of SDF

system by using the follwing relation:
q,(t) =D, () (2.15)

With this relation, the solution of Eq. (2.14) can be expressed by Eq.(2.15) where
D, (t) is governed by =

;2 0Dy s <ty (1) (2.16)

n

F. =FE (D signD)=4f.(D,,sign D,) (2.17)

and

Eq. (2.16) can be construed as the governing equation of motion for the nth-“mode”
inelastic SDF system: In MPA procedure, the peak roof displacement of MDF system

can be estimated from the peak response of SDF system , D,, which is directly
determined from Eq. (2.16). The target roof/displacement of MDF system, u,,, can

be converted from¢the nth="“mode” peak displacement of SDFE system by using the

following relation:

u. =T ¢ D (2.18)

rno n—n

The force-deformation relation F,, /L, —D, for inelastic modal SDF
systems in Eq.(2.16) is determined from the nth-“mode” pushover curve for the lateral

force distribution s as following:

ST =mg, (2.19)
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the peak modal response, r

o+ Such as story drift, bending moment, shear force in
structural members can be determined by defining the modal force in Eq.(2.19)
pushing over the building height until the roof displacement reaches the target roof

displacement obtained in Eq.(2.18). The peak value, r, of the total response, can be

determined by using the Square-Root-of-Sum-of-Squares (SRSS), which is valid for

structures with well-separated natural frequencies.

Dt

N 1/2
[~ {Z rnzoj (2.20)

Step-by-step MPA Procedure

Step-by-step of conventional MPA procedure, which is‘regularly used to estimate the

seismic demand of building,is summarized as follow:

1. Compute the natural frequencieél,;-_ &)n, and modes shape vector, ¢, , for
linearly-elastic vibration of the bundmg

2. For the nth-“mode”, - develop tﬁéfipgse-shear versus roof-displacement
(Vy, — Uy, ) pushover curve by using _th'_fg,r;_lpdal force distribution in Eq. (2.19).

3. ldealize the pushover chve to be thre-bi;linear curve with post-yield stiffness

ratio «,, yield base shear V, , yield roof-displacement (u, ) (Figure 2.1)

my
that satisfies the two criterias [by any optimization algorithm]: (a) the first
linear segment shath intersect the actual curve at 60% of the idealized yield
force'and (b) the strain energy (area.under the curve) associated with the peak
response has to be the same as the area under the actual curve (Chintanapakee
and Chaopra} 2003b)
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(a) (b)
g F, /L,
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11 iy
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Urny A D"y b Umy /r”¢m "

Figure 2.1 (a) Pushowver cumve ~and (b) ldealized force-deforamtion relationship of

SDF system.

v

), vield displacement (u_ ) and post-

bny my

. Compute the resisting vield force'-ll(V'
yield stiffness ratio"( ¢, ) of MDFE ég/gstem from bi-linear curve in step 3. Next,

convert the idealized pushover curvesto the force-deformation (F,/L,-D,)

relation of the nth-“mode” by using F,, /L, =V,

S bny

IM_,and D, =u, /T 4,

where ¢, isthe value of mode shape at roof level.
Determine the peak deformation of SDF system, .D;, of nth-“mode” due to

ground exitation by using NL-RHA procedure.

. Calculate the peak roof displacementy u__, of nth-“mode” from Eq. (2.18).

rno ’

. Apply monotonic modal force, s, ,for ath-“mode” push along the building

height until the roof displacement reaches,to.the peak roof displacement, u

o’

in'step 6. The'peak respanse of nth="*mode’ will be recorded as, r,, .

Repeat Step 2 to 7 for as many “modes” as required for sufficient accuracy.
Determine the total response by combining the peak demands of each mode

using the SRSS modal combination rule in Eq. (2.20)
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2.3 Modified Modal Pushover Analysis (MMPA)

Modified modal pushover analysis (MMPA) procedure was developed by
Chopra et al. (2004) to reduce the computation effort of MPA procedure in estimating
seismic demands. The additional assumption of MMPA is that responses of higher

modes were assumed to be linearly elastic.

Summarized below are the steps of MMPA for estimating the peak inelastic

response of building subjected to ground excitation.

1. Compute the natural-frequencies, ., and modes shape vector, ¢ , for

linearly-elastic vibraion.of the building.
2. For the fundamenial mode (1° “mode”), calculate the peak response of first

mode, r,,, as‘descgibed’in step 2 to 7 in MPA procedure.

0!
3. Develop the base-shear versus roof-displacement (Vy, —U,,) pushover curve

by modeling the structural system as linearly elastic.

4. ldealize the pushever Curve in step 3 {0 be the force-deformation relationship

of elastic-SDF system

S

5. Determine the peak deformation ofie"laétic-SDF system, D,, of nth-“mode”

from RHA procedure.

6. Calculate the peak roof displacement, u,.., of nth-"mode” from Eq. (2.18)

mo ’

7. Apply monotonic modal force, s,, for nth-“made” push over the building

height until the roef:displacement reaches the peak roof displacement, u__, in

mo !

step 6. The'peak reSponse of nth-‘mode” is'recorded as,“r

8. Repeat Step 2 to 7 for as many “modes” as#equired for sufficiént accuracy.
9.4 Determing, the,total respanse by combining the peak demands of each mode

using the SRSS modal combination rule in Eq. (2.20)
2.4 Proposed Extension of MPA Procedure for Degrading Structures

In order to estimate seismic demands of building components due to an
earthquake ground motion in application of the MPA procedure, the peak (target) roof

displacement needs to be estimated to quantify the global seismic demand. Most of
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the methods for this estimation are based on using response of an equivalent single-
degree-of-freedom (SDF) system that does not explicitly account for degradation
behaviour; hence, they may not be suitable procedure for reinforced-concrete (RC)
buildings. This proposed procedure suggests that the equivalent SDF system should
include the effects of degradation, and its degrading properties can be determined
from cyclic pushover analysis. Therefore, the cyclic lateral load for developing the

cyclic pushover curve is included.
2.4.1 Cyclic modal pushover analysis (CMPA)

The main objective-for-using the cyclic-lead-to develop the cyclic pushover
curve is to investigate the characteristic of degradation on cyclic behavior of the
global system (whole steticture). ' The cyclic load “with an invariant vertical

distribution, s, of lateral.forees is applied to the buildings whereas the target roof

displacement is imposed by the displacement history protocol as shown in Figure 2.2,

and the description of this protacol is shoWn in Table 2.1.

125 T k4] F, T T T

o Jd ok
17 . ;1-; B
0.8} :

0.6F

rnc
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- 04 [ —
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g -02f V \/ \/ .
2 ‘
e -04r ’
& -06F
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_l 1
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Load history,

Figure 2.2 Displacement history of roof displacement according to the modified-1SO

protocol.
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Table 2.1: Displacement history of the modified-1SO protocol

No. of cycles 1 2 2 2 2 2 2 2

0.8u u

rnc rnc

Displacement 0.05u,. 0.1u, . 02u, 0.4u 0.6u

rnc

1.25u,

rnc

This displacement history protocol is modified from the ISO displacement protocol
that has been used in Krawinkler (2009).

1000 T T —h = T T T T
800 N
600 - 2 N
400

200 - / L 4E7
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o
T

-200
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Monotonic pushover curve
=~ Cyclic pushover curve
I

~1000 i I I I I I I I
-1 -0.8 =0,6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Roof Displacement (m)

Figure 2.3 1% mode-monotonic and cyclic pushover curve of a real RC 8-story

building due to the'invariant lateral force; s;

Figure 2.3 shows the skeleton of cyclic pushover curve including stiffness and
strength degradation. The monotenic pushaver curve can be interpreted as the envelop
curve of roof displacement-base shear relationship whereas the cyclic pushover curve
presents the rate of stiffness and strength deterioration. Therefore, the force-
deformation relation of an equivalent-degrading SDF system should be able to
represent the degradation behavior of the degrading-MDF system. The properties of
the degrading equivalent SDF system can be determined from non-linear static

pushover analysis of the MDF-system model of the building in 2 states: (1) monotonic
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pushover analysis to obtain the envelop curve, and (2) cyclic pushover analysis to

obtain the degradation parameters.

Step-by-step of Proposed Procedure

State 1: Monotonic pushover analysis
1. Compute the natural frequencies, o, , and mode shape vectors, ¢, , for linearly

elastic vibration modes of the building.

2. For the nth-‘mode’, develop the .base-shear versus roof-displacement

(Vy, — Uy, ) pushover-eurve by using the-medal-force distribution in Eq. (2.19).

3. ldealize the pushowver curve as a tri-linear curve obtaining yield base-shear

(Vo )» Yield roci=displacement i (u,, ), the post-yield stiffness ratio («),

ny rny

), [cdpping foof-displacement (u

it

capping base-shear (\/, ), and post-capping

ne rnc

( acap

) as shown in Figure.2.4a. that satisfies the three criterias: (a) the first
Y

linear segment shall intersect the :égtugl curve at 60% of the idealized yield
force and (b) thesStrain energy (area under the curve) associated with the peak

response has to be the same as the area;;upder the actual curve, and (c) capping

base-shear (V,

nc

) in idealized curve.:tp_ ‘be the same as the peak base-shear
obtained in pushover curve.

4. Convert the i}:iealized pushover curve, which is the eavelop curve, to the force-

deformation (F,, /L, — D, ) relation of the nth-‘mode’ inelastic-degrading SDF

system.(Figure 2.4b) by .F. /L =V,

by

IM,,and D, =u, /T ¢, where 4 is

the value of‘mode shape at'roof level.
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State 2: Cyclic pushover analysis

After developing the envelop curve by monotonic pushover analysis, cyclic
pushover analysis is the second stage for calculating the degradation parameters and

estimating target roof displacement of degrading-MDF system.

Summarized below are steps of cyclic pushover analysis for determining the

peak response, D, , of inelastic-degrading SDF system.

5. For the nth-‘mode’, develop the cyclic pushéver curve (V,, —u,) by using the

force distribution in Eq. (2.19) followed-by the load history protocol in Table 2.1.
6. At the same mode, determine. the degrading parameter of an equivalent degrading

SDF system by trial and‘error those values of degrading parameters until the cyclic

force-deformation (F,, AL, —Dn)relation'r_d‘f that mode is consistent with the cyclic

pushover curve (V,, —u, ) instep 5.

7. Compute the peak deformation, D, é}.;_the nth-‘mode’ inelastic system with the

degradation parameter determined from Stei);ﬁ-'by using NL-RHA.

8. Calculate the peak roof displacement urn;_'_zi-é]sgociated with the nth-‘mode” inelastic
degrading SDF system form Eq. (2.18). g

9. Extract other desifed—fesponses;—i-—from-the-pushover database when roof
displacement equalsrto Upno -

10. Repeat Steps 2-9 fbr as many ‘modes’ as required for sufficient accuracy.
11. Determined thie total response by using'Eq. (2.20).



CHAPTER Il

EXAMPLE STRUCTURES, GROUND MOTIONS, AND RESPONSE
STATISTICS

3.1 Introduction

The building systems that include the effect of degradation are selected from
two sets: (1) a real 8-story RC frame buil.t\lf.z}vhich was not designed for earthquake
resistance; and (2) Generic frames that ;deSi ned based on the strong-column
weak-beam concept. The details for thesg buildings are described in this section.

3.2 Example Structutgff/

3.2.1 Real 8-story

— st
The real 8-stor ,,ild.ing&is*;used for classrooms and offices in
ey

Chulalongkorn University, Bangkok: The total height is 27.9 m, the total length is 66

“d i LEAY 4
m and the total width is 17 m/as shown in,:l_,';-i?ure 3.1

Add x, J'If.

7|
Illfﬂ

/7
EEpgy —

L/ a2
a1 _’:{"!’f!

3 r—
— B

Figure 3.1 Photograph of the real 8-story building

The cross section of the left-most column has dimensions of 0.40 x 0.40 m
throughout the height, whereas the dimensions of the middle and right-most columns
(Figure 3.2) are 0.40 x 0.60 m. The slab between the middle and right columns is 12
cm thick, whereas the rest is 10 cm thick. The reinforcement in all beams and

columns are shown in Figure 3.2.
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Figure 3.2 Cross section of all beams and columns. All dimensions are in millimetres.
!
“DB” denotes deformed barsWhereas the following number indicates the diameter of

rebar in mm.

it

The lateral foree resisting systerﬁl__cbnsists of RC moment-resisting frames
which are rather regular/vertically and héi‘izéﬁntally. Therefore, the analysis of this
building considers the response of a typif:élf?-_dimensional frame along the shorter
dimension of the building floor :plan wﬁh.—tﬁé tributary width of 4 meters. The
concrete compressive strengfh"iS' 23.6 MgF"éi'*’éﬁd the nominal yield strength of
longitudinal steel 1s:392-MPa-TFhere-is-no-infil-masonry-in the typical frame where
the space between thelcolumns is used for classroom afid corridor. This building is
assumed to have Rayleigh damping with 5% damping ratio in the first and second
modes. The total, weight' of this frame. is.303, tons, The.maodal natural periods of

vibration are'shownin.Table 3.1.

Table 8.1 Modal natural periodsof thexreali8=story building:

Mode 1 2 3 4 5
Period (sec) 1.511 0.460 0.265 0.178 0.134

The nonlinear plastic-hinge elements were included at both ends of the beams
and columns to simulate plastic deformation when bending moment exceeds the yield
moment of the cross section as shown in Figure 3.3.
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Figure 3.3 Rlastic-hinge model of a real RC 8-story building.

3.2.2 Generic frames

C3
[7777

C3
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The second set of structures consists/of one-bay generic frames, which are 3-,
6-, 9-, 12-, 15-, and 18-story tall (Figure 3.4).

Figure 3.4 Generic one-bay 3, 6, 9, 12, 15, and 18-story frames used in this study.

3-story 6-story 9-story 12-story15-story 18-story
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These frames are used to extend the accuracy evaluation of the proposed procedure to
more cases of structural periods and strength levels. They are similar to the ‘regular’
generic frames used by Chintanapakdee and Chopra (2003) with the exception that the
strength level of the frames in this study is defined in term of yield-strength reduction
factor (R) equals to 2, 4, and 6. Each building corresponds to the fundamental

vibration period, T, , equals to
T, =0,028H°° (3.1)

where H is the height of the frame measured in feet

The stiffness distribution.of these frames is designed to achieve equal drifts in
all stories under the lateral forces specified in the International Building Code
(IBC2000)

2y, (32)
I\¢ k
, ;thj
1 1, <0.5sec
where k=1{(T,+15)/2  05<T,<2.55ecC (3.3)
2z T, = 2.5sec

F., w, h,and V, are lateral forces, story weight, the elevation at ith-floor, and total

base shear respectively.

In each story, the second m@ment of cross.sectional area of the beam and its
supperting columns are assumed to be the same. Each frame has-the story height of
3.66 miand the beam span of 7.32 m. The weight of each floor is 90806 kg (200 kips).
These frames were designed according to the strong-column weak-beam concept, so
plastic hinges would occur only at the beam ends and the base of the first story

columns (Figure 3.5).
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Figure 3.5 Beam-hinge model of the 3-story one-bay.generic frame.

The modal vibration period, T, of the first-five modes for these frames is

shown in Table 3.2.

Table 3.2 First-five modal natural periodS‘df generic frames

Modal vibration period, T,

Mode "= - Number of stories
3 6 9/, 12 15 18
1 0.492 0.857 1186 ¢ 1492 1.784 2.064
2 0.164 0.323 0.458 . 0.580 0.693 0.799
3 0.074 0.178 0.268 0.348 0.422 0.491
4 - 0.109 0.177 0.238 0.294 0.346
5 - 0.073 0.125 0.174 0.219 0.261

3.3 Modeling of Degrading Structures

The nonlingar-material ‘model including ‘the ‘effect of stiffness and strength
degradations is described in this section. In this study, the nonlinear behavior of
structure is appeared when the bending moment of building component due to

earthquake force exceed the yielding moment.

3.3.1 Plastic hinge model
The moment-rotation relation of the plastic hinge was selected to denote the

inelastic behavior of the structural members. Typical moment-rotation hysteretic rule



27

of the plastic hinge in degrading systems used in this study can be shown
schematically in Figure 3.6.

Plastic-hinfe moment
0, —>t—0 —>

(C ()
] | (fmax )l

cap | J
7 f ).
M y ’ ( max )I
kO

'

-
\ Rotation, &

Figure 3.6 Moment-rotation relationship of the plastic hinge in the degrading system.

The envelope curveswhich delineaes the upper bound of the moment-rotation
relation, is defined by/a tfi-linear .curve governed by four parameters: yielding

moment (M, ), maximum:mamnient capaéi}'y, (M, ), plastic rotation capacity (6,,,)

cap

and post-capping rotation capacity-{&, ). D(_ét__ermination of these paremeters and their

a2 Al

degrading parameters that define the hystereéis_ behavior of plastic hinge are described

o el

in the next section.

3.3.2 Types of degradation behaviors

In this study, the moment-rotation relation of the blastic hinge model includes
three damage, irules:* (1) unloading “stiffness 'degradation,: (2) reloading stiffness
degradation and (3) strength degradation. From the hysteretic rule, the degree of
degradation. in, each damage.rule, is controlled, by-a damage .index“according to the
following equations:

ki =k, -(1-5k;) (3.4)

(e ), = (), (1 50,) (35)

(fra); = (Frac )y (1= F,) (3.6)
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where k;, (d,.),. and (f,,), are initial unloading stiffness, maximum historic

0’ 0

deformation, initial envelope maximum strength respectively; k., (d.) , and

max Jj

(e ), @re unloading stiffness, deformation defining the end of the reloading cycle,

current envelope maximum strength respectively at time t,; ok, dd,, and of, are

damage indices of unloading stiffness, reloading stiffness, and strength degradation
respectively as proposed by Park and Ang (1985). Each damage index depends on
four parameters (yK1,yK2, yK3, and yK4 for ok;; yD1, yD2, yD3, and yD4 for

5d;and yF1, yF2, yF3, and yF4 for &%), peak ductility (dmax :dmax,i/dcap) and

accumulated dissipated energy(‘E; ) as the following equations:

c
ok £ b KiAdeg)" Fka. EElT J o0
4 4 yDl~(d '!r*)yD3+yD2- E, jme (3.8)
: Db (o) E. oo
—— e )"
5t & 7F1-(dmax);"lf+7F2' Et] ] o9

where maximum energy dissipation capacity Is defined by, energy dissipated under

monotonic loading multiplied by an additional parameter (E ):

Emonotonic I~ 7E J. dE (310)
monotonic loadhistory

This' hysteretic rule<is <availabletas ay material imodel «called “Pinching4”
(Lowes et al." 2003)" in" Open "System" for Earthquake™ Engineering Simulation
(OpenSees) software, which is used as the main structural analysis program for this
research.

3.3.3 Real 8-story RC building.

For real 8-story RC building, the shear capacity of cross section was assumed

to be larger than moment capacity. Therefore, the failure mode of RC members was



29

occured only in flexure mode. The example for calculating the bending and shear
capacity of RC column was shown in Appendix C.

The moment-rotation relation parameters governing the envelop curve for the
real 8-story RC building can be determined from Panagiotakos and Fardis (2001) for

yeiding moment (M ), and from predictive equation developed by Haselton and

Deierlein (2007) for other parameters.

Currently, there is no method to calculate the value of degradation parameters:
yK1,7K2, yK3, yK4, yD1, yD2, yD3,7D4 vF1, yF2, yF3, yF4, and yE,
appropriate for a real structure, so those values used in this study were obtained by
calibrating the above hystereticrule with test results from a physical model of a non-
ductile RC column tested by«Sezen (2000). The force-displacement relation of the

column specimen subjectto cyclic loading is plotted as a solid line in Figure 3.7.

400

i ;
} - = - Analytical
/74, — Experimental

300+ B 1

200
100

ok

Lateral Load (kN)

-100+

-200

-300
Rotational spring

4 i i i i i ; i
Q%O -60 -40 =20 0 20 40 60 80
Displacement (mm)

Figure 3.7 Comparison of force-displacement ‘relation from*laboratory test of a
physical model (Sezen 2000) and numerical modelsconsidering stiffress and strength
degradation of the,plastic hinge.

The analytical model of the column specimen was modelled as cantilever
column with a degrading plastic hinge at the base. The degrading parameters were
determined by trial and error until the force and displacement relationship in
analytical model became consistent with the experimental results. The calibrated
degradation parameters of a plastic hinge are shown in Table 3.2; and they will be
used for all plastic hinges in this study.
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Table 3.3 Stiffness and strength degradation parameters of the plastic hinge model

obtained from the calibration against experimental results of Sezen (2000)

Degrading Parameters for a plastic hinge

yK1 0.00

Unloading Stiffness yK2 1.00
Degradation 7K3 0.00
K4 1.00

D1 0.50

Reloading Stiffness ¥ D2 0.00
Degradation /D3 1.00
yD4 0.00

yE1 0.00

Strenfth/Degradation- 8 1.00
® XFR 0.00

R4 1.10

Energy Dissipation .. & sy E 4.50

3.3.4 Generic frames ety

In case of generic frames, the capping moment (M plastic rotation

cap )'

capacity (6,,,) and-post-capping rotation capacity (@, ) were calibrated from the

ap
experimental results as shown in Table 3.4, while the degradation parameters were

also used in a real 8-story RC building.

Table 3.4 Moment=rotation‘relation-parameters'of the'generic'frame.

M -6
paraimetérs 1M & 6.4 0y
values L1-13M, " 70.0115 © '0.0555

3.4 Ground Motions

A set of 20 Large-Magnitude-Small-distance (LMSR) records used in this
study were selected from California earthquake records of magnitude ranging from

6.6 to 6.9 recorded at distances of 13 to 30 km on firm soil (Chintanapakdee and
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Chopra 2003b). The ground acceleration time histories of the LMSR ensemble
(Listed in Table 3.5) are shown in Figure 3.8.

LP89%gw (No. 1) LP89cap (No. 2) LP899g03 (No. 3) LP89g04 (No. 4)

BT Yt
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Figure 3.8 LMSR ensemble of 20 ground motions: ground accelerations.
(Chintanapakdee and Chopra, 2003).
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Table 3.5 Lists of ground motion records in LMSR enéé‘fmsz,e
_all

o : Distance to PGA

No. Earthquake Name | Recording.station Magnitude | fault rupture (cm/s?)

= k (km)

1 1989 Loma Prieta .+ /| Agnews State Hospital 6.9 28.2 169
2 1989 Loma Prieta " /| Capitola 6.9 145 435
3 1989 Loma Prietas” & /' | Gilroy Array #3 6.9 14.4 360
4 1989 Loma Prieta o ' /| Gilroy Array #4 6.9 16.1 208
5 1989 Loma Prietal’ & | | Gilroy Array #7 6.9 24.2 221
6 1989 Loma Prieta & | | Hollister City Hall 6.9 28.2 242
7 1989 Loma Prieta & . - [‘Holister Diff Array 6.9 25.8 274
8 1989 Loma Prieta. . | Sunnyvale—Colton Ave. 6.9 28.8 203
9 1994 Northridge . | €anoga Park=Topanga Canyon 6.7 15.8 412
10 1994 Northridge ~ LA-N Faring Rd 6.7 23.9 268
11 1994 Northridge . = {"LA-Fletcher Dr 6.7 29.5 236
12 1994 Northridge Flendale-Las Palmas_/ 6.7 25.4 202
13 1994 Northridge——————-LA-Holywood-SiorFF 6.7 25.5 227
14 1994 Northridge La Crescenta—New York 6.7 22.3 156
15 1994 Northridge Northridge—Saticoy St 6.7 13.3 361
16 1971 San Fernando LA-Hollywood Stor Lot 6.6 21.2 171
17 1987 Supersitition Hills Brawley! 6.7 18.2 153
18 1987 Supersitition Hills El Centro Imp. Co. Center 6.7 13.9 351
19 1987 Supersitition Hills Plaster City 6.7 21.0 182
20 1987 Supersitition Hills Westmorland Fire Station 6.7 133 169
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when analyzing the example 8-story RC building, these ground motions are scaled to
three different intensity levels such that the spectral acceleration at the fundamental
period of the building, A(T,), equal to 0.208g, 0.50g, and 0.70g to investigate the
deterioration of the method as the structure experiences more yielding and damage.
The value of A(T,)=0.208g corresponds to the elastic design spectrum for Chiang

Mai province in the northern part of Thailand, which has the highest seismic risk.

Figure 3.7 shows the median spectrum of the scaled ground motions.

3.5r B
o
D
3r L
Lo
i

|- y IIH -
25 -

|
ﬂast:ic design spectrum for Chiang Mai

A(T )=0.70g
~ A(T,)=0.50g
Y/ — AT,)=0.208g

=
o
T

Pseudo—Acceleration, A/g
N

[E=

0.5

0 05 — 3 25 3
Vibration period, Tn(sec)

Figure 3.9 Median of the scaled ground motion such that A(T,)=0.208g, 0.50g, and
0.70g.

For analysis of the generic frames, each record was scaled such that A(T,)

equateto the” medianvalue“of ‘the elastic spéctral acceleration of un-scaled ground
motions because this value was used as the reference elastic demand In the strength
design of the generic frames. Figure 3.8 shows the pseudo-acceleration spectra of the
scaled ground motions used in the analysis of the 3-, 6-, 9-, 12-, 15-, and 18-story

generic frames.
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Figure 3.10 Pseudo-acceleration spectra of individual recards and their median value
used in the analysis of the=3-, 6-, 9-, 12-, 15-, and 18-story generic frame; damping
ratio, ¢ =5%.

3.5 Response Staiistics

The seismic demands of each structural system to each set of a 20 ground
motions were determined by the two procedures: 1) the nonlinear static analysis
asscoiated with the MPA procedure and the proposed procedure. 2) the nonlinear
reponse time history analsysis (NL-RHA) which its solution regarded as “reference”

values. The seismic demands estimated by the MPA, and the propose procedure will

*

be compared with the NL-RHA solution in term of the ratio: I, = fypa + Ny _rua s
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*

r

Proposed —

estimated from the MPA, proposed procedure, and NL-RHA respectively. The data
was evaluated in term of the median of the response ratio. If the ratio is close to unity,

=

Proposed

+ Ty _rua Where r,, . and ry ... are denoted as the response

Proposed !

the proposed procedure provides good estimate seismic demand. In this study,
Assuming that the distribution of the data is lognormal, the median of 20 response
values is calculated as the geometric mean and the dispersion is calculated as the

standard deviation of the logarithm of the data:

&

(3.12)
(3.12)

3.5.1 Number of “modes™ posed procedure
In this studﬁhe sufficient nu vill be considered to two sets

story building, 3 forEstory puild and 12-%ry buildings, and 5 for 15-

and 18-story buildings. ’a

ﬂummmwmm
’Q‘W’Waﬁﬂ‘im UAIINYA Y



CHAPTER IV

TARGET ROOF DISPLACEMENT OF DEGRADING STRUCTURES

4.1 Estimating Target Roof Displacement by Using Response of Degrading
Equivalent SDF System.

According to the proposed procedure, the peak (target) roof displacement of a
degrading-MDF system is relevant to the'deformation of an equivalent degrading-
SDF system. The stiffness and strength degradation parameters, controlling the force-
deformation relation of an-equivalent degrading-SBFsystem, can be calculated from

the cyclic pushover curve as explained in Chapter 2.

Chapter four_ investigates the basic premise that the roof displacement of the
degrading structure can he determined:from the deformation of an equivalent
degrading-SDF system by only considering the fundamental period. The target roof
displacement of a real 8-story building and the generic frames estimated from the
proposed procedure are compared 0 the “_r_gf_e:rence” value determined rigorously by
NL-RHA. The statistics described.in chapter 3 is adopted to evaluate the accuracy of
this procedure. >

4.1.1 Using Monotenic Pushover Analysis Develops the envelop curve

Only the fundamental mode is considered in this Chapter; thus, the vertical

force distributionzproportional to the effectivesmodal force insthe fundamental mode

(s, =mg ; n=1)is used in‘all pushover analyses in this Chapter.

Refer ta the proposed.procedure! described.in section 2.4, .the envelope curve
of global system (degrading MDF system) can be developed by the monotonic
pushover analysis. In figure 4.1, the envelop curve of the example 8-story building is
shown as a dashed line. This curve is idealized to a tri-linear system (solid line) in

order to determined yield base-shear (V,,, ), yield roof-displacement (u,,, ), the post —

rly

yield stiffness ratio (« ), capping base-shear (V,,. ), capping roof-displacement (u,,.),

and post-capping (a.,,)-
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Figure 4.1 Monotonicspushover curve of the real RC 8-story building idealized as a

tri-linear force-displacement relationship. '

The envelop curve of global syétém, (V,=u,) is converted to force and
deformation relation of equivalent SDF Systé.ﬂﬁl?!(:Fs /L,-D,) by
F /L =V, /M, ‘and D,=u; /Ty, (4.1)

JFalL =V /M, and D, =u /T4, 4.2)

ca

where M, is the effective modal mass (Chopra and Goel 2002).

4.1.2 Using Cyclic Pushover Analysis determines degradation parameters

The next-step is' to determing 'the degrading parameter-0of an equivalent-
degrading SDF system. The cyclic pushover curve is developed by applying the cyclic
modal force, s, along the buidling height, and control the roof displacement by

modified-ISO displacement history protocol. The cyclic pushover curve of the

example 8-story building is shown in Figure 4.2.
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Figure 4.3 Comparisons of cyclic pushover curves and hysteresis loop of equivalent
SDF system using modified-1SO load history protocol.
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The degrading parameters of an equivalent SDF system for the real RC 8-story

building are shown in Table 4.1.

Table 4.1 Stiffness and strength degradation parameters for the real RC 8-story

building determined from cyclic pushover curve.

gﬁggﬂ;ﬂ Modified-1SO

xK1 1.22

K K2 0.30
7K3 0.82

yK4 0.90

7Dl 0.00

D 7 DR 1.78
ybs . L2l

yD& 1,02

= 0.42

g YE2 0, 4 072
yESAy 1.08
yE4EEEh 065

7E B, 284

D

1,cap’

Then, contain the parameters D, F

Bep: @5 and a, that control the
envelop curve; and the degradation parameter controlling hysteresis loop into the
analytical model and . Determined the maximum deformation of an equivalent

degrading-SDF system, D, by using'NL-RHA. The result of“this example building

and the accuracy of this procedure will be discussed in section 4.3.

4.2 Sensitivity of.Degradatian Parameters

To capture the degradation behaviour of the structure, the cyclic loads with an
invariant vertical distribution of lateral forces were applied to the buildings, while the
roof displacement was being monitored and controlled. The roof displacement history
(protocol) can be chosen in many possible ways, so this study refers to three load
history protocols that have been used in the literature (Krawinkler 2009): (1) ATC-24,
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(2) 1SO, and (3) SPD protocols as shown in Tables 4.2 to 4.4, and Figures 4.3a to

4.3c, respectively.

Table 4.2 ATC-24 displacement history

No.of cycles 3 3 3 3 3 3 3

Displacement 0.5u,,, 0.8u Up 2U,, 3U, 4u, 5u

my my my my my my

Table 4.3 ISO displacement history

No.of cycles 1 2 3 8 3 3 3 3

Displacement 0.05u,,, 0.1u.. 0.2u .0.4u, 06U .08u, . u,. 125u,
Table 4.4 SPD displacement.hisiory.
No.of cycles 3 2 3 1 h '\ 1 3

Displacement 0.25 U,y 05y, 0.8umy Um;lZVO.S Uy 0.5 Uy 0.25u,, u

my

(a) ATC#24 Protocol. (b) 1SO Protocol
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Figure 4.4 Displacement history of roof displacement according to the (a) ATC-24,
(b) ISO, (c) SPD, and (d) modified-1SO protocol.
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The cyclic pushover curves obtained from using these protocols are shown as

solid lines in Figures 4.4a to 4.4c, respectively.

Base Shear(kN)
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Figure 4.5 Compgﬁ;éons of cyclic pushover curves and h)étgresis loop of equivalent

SDF 'system using various displacement history protocols.

The degradationsparameters as appeared in Equations (3.7) to (3.9) can be

obtained by @ptimization minimizing the sum of squares of differences between the

force-deformation relationships obtained from cyclic pushover curve and the

equivalent-SDF system (Rigure.4,.5).Theyvalues of thase;parametersyobtained from

using different pretocols‘are compared‘in Table 4.5.
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Table 4.5 Stiffness and strength degradation parameters for the real RC 8-story
building

8-story building

Degradation

Parameters  ATC24 10 spp  MOdRed

7K1 1.21 1.22 1.22 1.22

/K rK2 0.30 0.30 0.30 0.30
7K3 0.82 0.82 0.82 0.82

yK4 0.90 0,90 0.90 0.90

yD1 0.00 0/00 0.00 0.00

/D yD2 175 L8 1.78 1.78
yD3 23 T  dwdd 1.21 1.21

yD4 1102 1.02 1.02 1.02

yFl 042/ \ 042 0:42 0.42

JF r52 072 ~= 072 0:72 0.72
yF3 fl p3 —=""1\08 1.08 1.08

yF4 065 | 0.65 0.65 0.65

yE 2.834 % 284 2.70 2.84

As the results in"Table 4.5, the degradation parameters is very similar though
using different protocols. Therefore, these ﬁa'r&'meters are not sensitive to the load
history protocol. Figure 4.5b shows that ISE;)’_Qrotocol can capture the post-capping
behaviour in relatively fewer cycles, so this protocol is more preferable. We could
also simplify it, namely modified-1SO protocol, by redueing the number of cycles
being repeated at a certain displacement to further reduce the computation effort
(Figure 4.4d). The results for this proposedprotocol are shown along with the other

protocols in Table 4.5 and Figure 4.5d.

4.3 Accuracy-of Target-Roef-Displacement of\Degrading Structtires

After the properties of the degrading equivalent SDF system are obtained, the

peak deformation (D,) can be determined by solving the governing equation of

motions of the equivalent SDF system (Equation 2.16). In this study, the nonlinear

response history analysis (NL-RHA) of SDF system is adopted to determine D, and

the peak (target) roof displacement is estimated according to Equation (2.18).
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The accuracy of the proposed procedure to estimate peak roof displacement of
degrading RC building will be examined next by applying the method to the real RC
8-story building subjected to a set of 20 ground motions and compare the results to
the ‘reference’ value determined by NL-RHA of MDF-system model of the building.
Subsequently, the proposed procedure will also be applied to generic one-bay 3-, 6-,
9-, and 12-story frames with three different strength levels to investigate the accuracy

in more cases.
4.3.1 Real 8-story RC building

Figure 4.6 plots the-peak roof displacements-of the 8-story building estimated

by NL-RHA of equivalent SDF systems (u, ... ) versus the value determined by NL-

RHA of the MDF-system#model (u, ,,.2). The median and dispersion of the ratios

(ur),,, are also noted.

A(Tl):O.ZOSg A(T.1)=Q.509 A(Tl):ojog
03— & ST 32—
(U)gyp = 1.035 (U)o =0:730 (U)gp = 0.529
— §6=0.183 6= 0,512 44 241 6=0.805
= 0.2 L L
E * . . . hrd __'_ :__ . 16
a , : -
57 0.1 0.5 - il £
o ° - . g X
a '- - XA ... >><< » Xg)((
Non-degrading SDF 0 Non-degrading SD 0 Non-degrading SDF
0 0.1 0.2 0TS 0.5 ) 15 0 08 16 24 32
03— 15— 32—
(U)o = 1.006 (U) gop 710:892 (U)gp = 0.752
— 6= 0150 3 £01420 2741 &= 0.642 X
g 02 1% 1% <
B e 16 %
2 .
s- 0.1 ) 0.5 . L
); 3 0.8 £
os e A4 X X
0 Degrading SDF 0 Degrading SDF 0 J Degrading SDF
0 0.1 0.2 03 0 0.5 1.0 15 0 08 16 24 32
Yr moF (m) Yr moF (m) Ur MDF (m)

Figure 4.6 Plots of peak roof displacement estimates using equivalent SDF systems
versus the ‘reference’ values from NL-RHA of MDF-system model of the 8-story

building (‘x’ data point denotes collapse indicated by numerical instability).
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There are 20 data point corresponding to the responses due to the 20 ground
motions. Data points located near the diagonal line indicates accurate estimation. The
upper row of plots shows the estimates from using a non-degrading (bilinear)
equivalent SDF system, whereas the lower row shows the estimates from using a
degrading equivalent SDF system. The NL-RHA of MDF system also considers P- A
effects and the building collapses in some cases when the ground motions are strong.
Those collapse cases are marked by ‘x’ data point. In such cases, the peak
displacements shown are the last.values befare numerical instability occurs and the
statistics of peak roof displacements are based.on these values. It can be observed
that the accuracy deteriorates as the ground motions become stronger, or as inelastic
deformations become larger:” The use of degradingequivalent SDF system as shown
in the bottom row of Eigure 46 ean provide significantly more accurate estimation of

peak roof displacement:

To demonstraie this superiority, Figure 4.7 shows the response history of roof
displacement of the 8-story building when -subjected to the Agnews State Hospital
ground motion record from 1989 L'oma ‘Prieta earthquake determined by three
methods: (1) NL-RHA of MDF-system, (ZE)V-NVLRHA of degrading equivalent SDF
system, and (3) NLRHA of non-degrading (ﬁijiﬁéar) equivalent SDF system.

10 T i T T ! T T
0.8 =
06
04r
0.2
0
_02 -
oar MDF |
06 ' — —»= Degrading SDF )
-0.8- 1 f ] i i Non—Degrading SDF |
_10 | | L | i | | | | | 1
0 5 10 15 20 25 30 35 40
Time (second)

Roof Displacement (m)

Figure 4.7 Roof displacement response history of the 8-story building from NL-RHA
of (a) MDF-system model, (b) degrading equivalent SDF system, and (c) non-
degrading (bilinear) equivalent SDOF system when subjected to Agnews State

Hospital ground motion from 1989 Loma Prieta earthquake (scaled to A(T, ) =0.5g).



45

It is clear that result from using degrading equivalent SDF system can follow
the result of NL-RHA of MDF system surprisingly well, whereas the result from
using non-degrading equivalent SDF system can not. However, we can not always
achieve such excellent accuracy; the estimation could be inaccurate in some cases as
shown in Figure 11. If the median displacement ratio shows that the bias is small, but
dispersion is large, then there can be inaccurate estimation in for individual ground

motions.

When the base-shear force is plotted versus roof displacement as a hysteresis
loop for each of those threg methods in Figure.4:8, we can observe that the result from
using degrading equivalent SDE systeni" are quite similar to the result of NL-RHA of
MDF system, whereas using.non-degrading equivalent SDF system resulted in a
different shape. Therefore; using a degrading equivalent SDF system should be more
appropriate than non-dggrading /SDF “system in the estimation of target roof

displacements of degrading RC buildings.

(a) bt 24 () (c)
900 ‘ =08 Degrading SDF 900 Non-degrading SDF

__ 60p| MDF system 600 systonites, | 600/ system
Z sy
= 300 300 : 300
g 0 0 0
& :
g -300 =300 4 300
fis]

—-600 =600 4 =600

-900 =900 : : -900

-1 -05 0 05 1 e——— 0.5 M -1 -05 0 05 1
Roof Displacement (m) Roof Displacement (m) Roof Displacement (m)

Figure 4.8 Base-shear-force versus roof displacement hysteresis loop of the 8-story
building calculated by NL-RHA of (a) MDF-system model, (b) degrading equivalent
SDF:system;, and«(e) nen=degrading equivalent-SDF,systemisubjected to Agnews State
Hospital ground motion from 1989 Loma Prieta earthquake(scaled'to A(T,)= 0.59) .

4.3.2 Generic frames

The proposed procedure is applied to the 3-, 6-, 9-, and 12-story generic
frames with three strength levels to expand the accuracy evaluation to more cases of

structural period and strengths. Figure 4.9 plots u VErsus U, .- Similar to Figure

r,SDF
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4.5, but these results are for the generic frames with R= 6 when subjected to the
LMSR set of 20 ground motions. As observed earlier, the use of degrading equivalent
SDF systems led to more accurate estimation of peak roof displacement than non-

degrading systems.

3-story 6-story 9-story 12-story
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Figure 4.9 Plots of peak roof disblaéement-iegtiar:nate using equivalent SDF systems
versus the ‘reference’ value from NE-RHA Jo;fMpF-system model of the 3-, 6-, 9-,
12-story generic frames with R =6. T

The accuracy _detferiorates as the frame height increases because of more
contributions of higher modes, similar trend as noted by Chopra et al. (2003). The
bias and dispersion #a' the case of generic frames are smaller than the real 8-story
building partly, because”degradation in generic frames is less severe than the real 8-
story building as .the columns of generic frames;are assumee to be stronger than

beams and plastic hinges do not occur in columns except at the base.of the first story.

To 'summarize' the bias ‘and- dispersion “of I the—proposed ‘procedure, the

histograms of roof displacement ratios (uf)SDF are plotted for all generic frames

considered in Figure 4.10.
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The accuracy-tends to deteriorate as the frame he@ﬁt increases or the strength
becomes weaker. However, the bias in estimating the pé&k (target) roof displacement
for all cases of generic frames_considered™is less than 15% and tends to be under-

estimation. For thedallest and weakest generic frame considered (12-story with R =6),

the bias, indicated by median of roof displacement ratios (u:)SDF, is less than 5

percents, but the dispersion is large. This means that the error in estimating the target

roof displacement due to an individual ground motion could be large.



CHAPTER V

EVALUATION OF MPA PROCEDURE FOR DEGRADING STRUCTURES

As results in previous Chapter, using an equivalent degrading SDF system can
predict the target roof displacement of degrading structures more accurately than
using non-degrading, or bilinear equivalent SDF systems. The target roof
displacement estimated from degrading SDF system are implemented to determined
another seismic demands, i.e. floor displacement, and story drift demand. In this
Chapter, The accuracy of the proposed procedure is evaluated by compare with the

“reference” values determined from NL-RHA.

5.1 Modal Pushover Analysis for: Degrading Structures

For the degrading structures, Wh;oée cyelic behavior has an effects on the
seismic demands, the suitable modal lateral forees, and monotonic or cyclic, utilized

to extract have not been proposed. -

In this section, the seismic responsé'éif- degrading structures is determined by a
set of 3-MPA procedure: 1) Modal Pushovzer'-Analysis (MPA), 2) Modified-Modal
Pushover Analysis{(MMPA), and 3) Cyclié ‘Modal Pushover Analysis (CMPA). In
this comparative evafuation of analysis procedures,; the target roof dispalcement of
each building is determined by using an equivalent-tegrading SDF system as

proposed previously.

Figure 5.1 and Figure 5.2 show the.medianvalues of floor displacement and
bias of 3-, 6-, 9-, and 12-story building designed for the strength reduction factor R =
2, 4/ and 6 deterfained by NL-RHA,"MPA; MMPA ‘and CMPA danoted as Uy, s

Unpa s Unmpa s and Ucmpa - By comparing Uvpar Uwmpa and Uowpa 10 Uy guas the

comparisons demonstrate that modal pushover analysis procedures provide similar
values of floor displacement, and the values are underestimation in short period
frames when compared to reference value. For longer period frames and larger
strength reduction factor, these procedures tend to overestimate floor displacement.
Particularly, the bias of CMPA procedure is larger than others by 20% for 12-story
building.
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Figuré'5.1 Median floor displacement of 3, 6, 9, and 12 story building determined by
NLRHA, MPA, MMPA, and CMPA, each strength designed for R =2, 4, and 6.
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Flgure 5.2 Median floor-displacement ratios Uy, , Uy,es > and U, for 3, 6,9, and

12-story buildings, each designed for R=2, 4, and 6.
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Figure 5.3 and Figure 5.4 show the median values of story-drift demand and
bias of 3-, 6-, 9-, and 12-story building designed for the strength reduction factor R =
2, 4, and 6 determined by NL-RHA, MPA, MMPA and CMPA. Most of modal
pushover analsysis procedure provide overestimation story drift demand in the lower
half whereas underestimate in upper half about 20% for 3-story and 40% for 6-,9-,
and 12-story building. The tendency of bias provided by these procedures is quite
similar in 3- and 6-story building whereas these tend to different for longer period
buildings (12-story building), In this case, bias of MMPA is smaller than others about
20%.

Figure 5.5 and Figure 5.6 show dispersion of floor displacement and story-
drift demands estimated by*MPRA, MMPA, and CMPA. In short period building (3-,
and 6-story building), the dispersions of these procedures are quite similar values
through the building height whereas those tend to different value for longer period
building. Surprisinglys dispersion of MMF’AJis smaller than others when the buildings

are designed with low sirength level (R:G)'i;_ '

The overall of the results indicates tb_a_t the MIMIPA procedure can estimate the
seismic demand with lesS bias -and dispe'réjpn than others. Therefore, MMPA
procedure is selected for estimating the seis_r_;fi_q;dermand of degrading structure in this
study. In addition, MMPA is also reduce the -cofnputational effort of MPA procedure
in estimating seismic. demands of degrading structures in step for developing the

cyclic pushover curve in order to calculate the degradation parameters.
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Flgure 5.3 Median story-drift demand of 3, 6, 9, and 12 story building determined by
NLRHA, MPA, MMPA, and CMPA, each strength designed for R =2, 4, and 6.
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Flgure 5.4 Median story-drift ratios A,p,, Ayyes aNd Agye, for 3, 6, 9, and 12-story

buildings, each designed for R=2, 4, and 6.
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and 12-story buildings, each designed for R=2, 4, and 6.
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Figure 5.6 Dispersion of story-drift ratios Ayps, Ayyes aNd Agye, for 3, 6, 9, and 12-
story buildings, each designed for R=2, 4, and 6.
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5.2 Real 8-Story RC Building

Figure 5.7 and Figure 5.8 show median floor displacement and its bias of a
real 8-story RC building subjected to three scaled ground motions. The results
indicate that the proposed procedure provide overestimation of floor displacement
when the building subjected to ground motion with low intensity level

,A(T,)=0.208g (behavior of most RC members remain elastic). When the RC
members are damaged due to severe ground motion (A(T,)=0.70g), the use of
proposed procedure tends to underestimate #loer displacement through the building
height. 3

(a) A(T,)=0.208g (b) A(T))=0:5009 (c) A(T )=0.700g
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Figure 5.7 Median floor dlsplacement of areal RC. 8 story building determined by

NLRHA, MMPA
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Figure 5.8 Median floor displacement ratios of a real RC. 8 story building determined
by NLRHA, MMPA
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The story drift demands estimated by the proposed procedure are shown in
Figure 5.9 and the bias of story drift demands, which shown as the story drift ratios, is
shown in Figure 5.10. these results demonstrate that the proposed procedure tend to
provide underestimation of story drift demand though the building is subjected to low
intensity level of ground motion. In case of severe ground motion, the proposed

procedure provides underestimation of story drift demand by about 60% of NL-RHA.

(2) A(T )=0.208 (b) A(T )=0.500g (c) A(T )=0.700g
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Figure 5.9 Median story drift demands of a'real RC. 8 story building determined by

NLRHA, MMPA
(a) A(T,)=0.208g (b) A(T,)=0.500g : (c) A(T,)=0.700g
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Figure 5.10 Median story-drift ratios of a real RC. 8 story building determined by
NLRHA, MMPA
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Next, the seismic demands of a real RC building determined by proposed
procedure are compared to the conventional MPA procedure. In conventional MPA
procedure, the target roof displacement determined from the peak response of an
equivalent non-degrading SDF system. The seismic demand of building which
extracted from the target roof displacement calculated from non-degrading SDF
system is denoted as “BI-MMPA” whereas detemination of those responses from

degrading SDF system is denoted as “PH-MMPA”.

Figure 5.11 shows the comparison of imedian floor displacement of a real 8-
story RC building determined by PH-MMPA-and BlI-MMPA. This building is also
subjected to three scaled ground motions with different intensity levels 0.208g, 0.50g,
and 0.70g. These results«indieate that floor displacement of PH-MMPA is quite
similar to Bi-MMPA ia* case /of ‘the | building excited with low intensity level

A(T,) =0.208g . The proposed /procedure (PH-MMPA) predicts floor displacement

more accuratly than BI-MMPA when the B:ui__lding subjected to severe ground motion.

(a) A(T,)=0.208g 4 (b) A(T,)=0500g (c) A(T,)=0.700g
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Displacement/Total height (%) Displacement/Total height!(%) Displacement/Total height (%)

Figure 5.1 Median floerdisplacementof ayreal RC.8/story building determined by
NLRHA;PH-MMPA, and BI-MMPA.

Figure 5.12 shows the comparison of median story drift deamand of a real 8-
story RC building determined by the proposed procedure (PH-MMPA) and the
conventional MPA (BI-MMPA). The results demonstrate that the proposed procedure
provides less bias story drift demand in lower half of building whereas provides large

bias in upper half of building.
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(c) A(T,)=0.700g

0 1.0203.04.05.06.0
Story Drift (%)

Figure 5.12 Median story-deift demand of a real RC. 8'story building determined by
NLRHA, PH—I\/II’lAPA, and BI-MMPA.

Figure 5.13 shows the hias of medifin floor displacements of a real-8 story RC

building. In case of estimated floor dlsplapemt the proposed procedure provide more

accuratly than the conventional MPA procedure The maximum bias of the proposed

"

procedure less than 10% for Iow |ntenS|ty '-quel and reach to 25% when the building

subjected to severe ground metlon whereas the maximum bias of the conventional

procedure equal to 25% and 40 % for fow- ﬁ‘ hlgh intensity level, respectively.

" "l-"“

(@) A(T)=0. 26139—(@4“@—05009—
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g 4 £l ‘-
n n \
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(c) A(T,)=0.700g

Story:
OHI\)OJJ}U'IO\IOO

Figure 5.13 Comparison of median floor-displacement ratios, uy,., for a real RC. 8-

story building determined by PH-MMPA and BI-MMPA.
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5.3 Generic Frames

The one-bay generic frames 3-, 6-, 9-, 12-, 15-, and 18-story tall are used to
extend the accuracy evaluation of the proposed procedure to more cases of structural
periods and strength levels defined in term of yield-strength reduction factor (R)lequal
to 2, 4, and 6.

Figure 5.15 and Figure 5.16 _show the median floor-displacement and the
median floor-displacement ratios (bias).” Fhese results show that the proposed
procedure provides good estimate for the frame with R=4, and 6. For this case, the
bias of floor displacemeni-estimated by-the propesed-procedure is not more than 20%.
while R=2, the proposed procedure provides overestimation of floor displacement by
about 40% in 12-story building

Next, Figure 5.47 and Figure 5.18;s'how the median story-drift and the median
story-drift ratios. For fixed designed strerj.gth level, The proposed procedure tends to
provide overestimate ‘Story-drift demand ét___th__e upper half and underestimate at the
lower half of building when @designed strengt_h_ reduction factor R = 2 whereas the bias
tends to underestimate through the building’he_'jght when designed strength level is
decrease. Except for 3-story, the bias tend;_t_c_)_decrease when the frame heigth is
increase because the effect of degradatioh -aré more significant in shorter period
structures. For fixed the frame height, the bias tends to increase when the designed
strength level decrease because inelastic behavior becomes more sinificant. In worse
case, the proposed procedure provides underestimation of story-drift demand by less
than 40%.

Figure.5.19 and Figure.5.20 show the dispersion.of. floor displacement rations
and of" story drift ratios of 3=story.ta 18-story building, each designed with R=2, 4,
and 6. the dispersion of both demands tend to increase when the height of building is
increase because inelastic behavior becomes more sinificant by more than 30%

though the height of building is only 6-story building.
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Figure 5.15 Median floor displacement of 3, 6, 9, 12, 15, and 18 story building
determined by NLRHA and MMPA, each strength designed for R =2, 4, and 6.
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Figure 5.16 Median floor-displacement ratios, u,,,., for 3, 6,9, 12, 15, and 18-story
buildings, each designed for R=2, 4, and 6.
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Figure 5.17 Median story drift demand of 3, 6, 9, 12, 15, and 18 story building
determined by NLRHA and MMPA, each strength designed for R =2, 4, and 6.
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Figure 5.18 Median story-drift ratios A, for 3, 6, 9, 12, 15, and 18-story

buildings, each designed for R=2, 4, and 6.
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Figure 5.19 Dispersion of floor-displacement ratios uy,,., for 3, 6,9, 12, 15 and 18-
story buildings, each designed for R=2, 4, and 6.
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Figure 5.20 Dispersion of story-drift ratios A, for 3, 6, 9, 12, 15 and 18-story
buildings, each designed for R=2, 4, and 6.
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5.4 Approximation of Incremental Dynamic Analysis for Degrading Structure

by using The Proposed Procedure

In 2002, Vamvatsikos and Cornell proposed the method to estimate the
structural performance under seismic loads. This method offers thorough seismic
demand and capacity prediction capability by using a series of nonlinear dynamic
analysis (NL-RHA) under a multiply scaled ground motion records. More details of
this procedure can be found in Vamyvatsikos and Cornell (2002). This may spend a lot
of time to develop the IDA curve if a large number of ground motion record is
considered. In order to reduce the time speni=for developing the IDA curve, the
proposed procedure is tried _to-apply for estimating the maximum interstory drift
demands of the real 8-stopybuilding subjected to several intensity level of a set of 20
LMSR ensemble. Thesesapproximated tdemands are compared with the IDA curve
determined by NL-RHA.

Figure 5.21 shaows the maxmimuh']_ iahterstory drift of the real RC 8-building
subjected to the multiple Scaled intensity level estimated by the proposed procedure
and compared with the exact responses.’-"’-'lf-hese results show that the maximum
interstory drift demands estimated by the pr-iép-t’)ged procedure are quite similar to the

exact responses when the ground moetions are'sealed to intensity level A(T,) less than

0.4g. For the intensity-tevel-more-than-0.4¢;-the-Aumericalinstability are occurred due
to collapse of structures. It can conclude that using the proposed procedure can

extimate the IDA curve in case of the building does not collapse.

The limitation of the proposed |procedure, for estimating the IDA curve is to it
can not indicate the real inelastic limit state when the building collapse (numerical

instability)in‘thepushover,analysis.
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(a) Incremental dynamic analysis
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Figure 5.21 The maximum interstory drift ratio of the real RC 8-story building

subjected to the scaled 20 LMSR ensemble determined by (a) the incremental

dynamic analysis, and (b) the incremental nonlinear static analysis.
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5.5 Comparative Evaluation of Bias in MPA when Apply to Severe vs Mild

degrading Frames

To explore the trend of bias of the proposed procedure that affect the rate of
degradation. The reinforced-concrete bridge column tested by Singhasut and
Ruangrassamee (2009) was adopted to calibrate the moment rotation ralationship of
the plastic hinge model. The description of this column consist of

(1) Dimension of cross section = 0.40x0.40 m.,

(2) The longitudinal reinforcement fa@ﬁ; 0.0123,

(3) The axial force ratio = 0.057 G

: o .
(4) The transversiai_[_gi_nforcemen ratios==.0.00424

The experimental an %ﬂesults 'Rf ductile column are shown in Figure 5.24.
100 £ 1t
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/ - - — = Analytical
80 —
'I_ni 5 l‘.'
W W,
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60

40

20

0

Force (KN)

-120 —80 =40 0 40 80 120
Displacement (mm)

Figure '5.22 Comparison of force-displacement relation from laboratory test of a

ductile RC column and numerical model for plastic hinge.

The degrading parameters of plastic hinge model calibrated against the
experimental result of the mild degrading column and severe degrading column
(Sezen, 2000) are shown in Table 5.1.
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Table 5.1 Degrading parameters of plastic hinge model calibrated from experimental

results of mild and severe degrading RC column

Degrading Parameters for a plastic Severe Mild
hinge degradation  degradation

rK1 0.00 1.00

Unloading Stiffness rK2 1.00 0.10
Degradation 7K3 0.00 1.00
rK4 1.00 1.00

yDY 0.50 0.03

Reloading Stiffness 7D2 0.00 0.00
Degradation 7D3 100 5.00
yD4 0.00 0.00
AFL 0.00 1.00
F2 1.00 0.37

Strength.Degradation 5 ;

vES 0.00 1.00
7B4 P 1.10 0.43

Energy Dissipation 7B, 4.50 54

Following the step by step of the proposed procedure to estimate the seismic
demand of degrading structure-in section 2.4_:13('Stage 2), the degrading parameters of
the equivalent degrading SDF system for-m_ild; and severe degradation systems are

shown in Table 5.2.

In Table 5.2, the degradation level of degrading structures can be identified by
the dissipated energy paremeter (yE ). The small value of yE indicate the severe
degrading structure whereas the mild degrading structure is display by the large value
of yE.
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Table 5.2 Degrading parameters of plastic hinge model calibrated against from the

experimental results of mild and severe degrading RC column.

Story
N w » (6] o

1

Degrading Parameters for a plastic Severe Mild
hinge degradation  degradation
7K1 0.00 1.00
Unloading Stiffness rK2 1.00 0.10
Degradation K3 0.00 1.00
yK4 1.00 1.00
yDY 0.50 0.03
Reloading Stiffness rD2 0.00 0.00
Degradation 7D3 100 5.00
D4 0.00 0.00
y AR 0.00 1.00
F2 1.00 0.37
Strength.Degradation = _
7ES: 0.00 1.00
7T 4 110 0.43
Energy Dissipation 7B, 4.50 54
() A(T,)=0.208g {b) A(Tl)%O.tSJO'Og (c) A(T,)=0.700g
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Figure 5.23 Median floor displacement of a real RC. 8 story building determined by

NLRHA and the proposed procedure. The degrading parameters of plastic hinge-

rotation relation are calibrated from mild degrading RC. Column.
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Figure 5.23 shows the median floor displacement of 8-story building
determined by the proposed procedure. These results demonstrate that the proposed
procedure provides overestimation of median floor displacement of the real RC
building though the building are excited in high intensity level (0.7g). Consider Figure
5.24, the overestimation of floor displacement tends to increase when the intensity

level is increased by about 10% in A(T,)=0.5g and 40% in A(T,)= 0.70g. In contrast,

the bias of the severe degrading structure tends to underestimate when the intensity

level is increased.

(@) A(T1)=0.2089 (b) ACT: 1):0.5009 (c) A(T1)=O.7OOg
8 8 ¥ 8 ¥
7 : 7 ' 7
6 F 6 6
5 i 5 5
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g 4 : g 4 5 4
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3 q 8 ¥ 3
2 . 2 ’ 2
—¥— Severe degradation
L Mild degradation 4 \ 1 >
G ! G i G
0 1 2 0 =1 2 0 1 2
Univipa ; ul\-/ll.\/IP-.A: Univipa

Figure 5.24 Comparison of median floor d'i'sb,lacement ratio of the real RC. 8 story
building when the moment-rotatien relationshibf'of plastic hinge are modeled as mild

and severe degrading systems.
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Figure 5.25 Median story drift demand of the real RC. 8 story building determined by
NLRHA and the proposed procedure when the plastic hinge-rotation relation are

modeled as the mild degrading system.
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Next, the bias of median story drift demand are shown in Figure 5.27. In each
intensity level, the proposed procedure provides overstimation of story drift demand
in lower half whereas underestimates in upper half of building. Consider in Figure
5.28, the bias of the severe degrading structure tends to increase when the intensity
level is increase. In contrast, the bias of mild degrading structure in terms of

underestimation tends to decrease when the intensity level is increased.

€] A(Tl)=0.208g (b) A(T1)=0.5009 (c) A(T1)=0.7009
8 8 8
7 7 7 /
6 6 6
5 2 5
> o \ >
S 4 Sa S 4
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3 3 3
2 2 2
—*— Severe degradation
1 ——— Mild degradation 1 1
G L G G
0 1 2 0 L 2 0 1 2
A i y

MMPA AMMPA AMMPA

Figure 5.26 Comparison of median story difift ratio of the real RC. 8 story building
when the moment-rotation relaticaship of plé,sti';:" hinge is modeled as mild and severe

degradation systems. Y-

According ‘o' comparative response of mild and severe degrading structure
estimated by the proposed procedure. When the degrading structures are excited in
high intensity level, thesbias of mild degrading structure in terms of underestimation
tends to decrease. In-contrast; the bias of, severe. degrading “structure in terms of

underestimate‘tends to increse when the intensity level is increased.

5.6 Comparative ‘Evaluation-of-Bias'in the'Real RC'8-Stery Building'vs Generic

Frames.

Figure 5.27 shows the bias of median story drift demands of generic frames
and a real RC 8-story building. the results show that the shape of bias of 9-story
generic frame designed with low strength level (R=4 and 6) is quite similar to those of

a real RC frame subjected to severe ground motion ( A(T,)=0.5g and 0.7g). In the
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lower half of both buildings, The bias of a real RC buildng is larger than those of

generic frame in the lower half of building because the inelastic behavior in a real

building becomes significant.

(a) 6-story (b) 9-story
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Figure 5.27 Compariﬁw of 6- ;:] , 12-story generic frames
and a real RC 8-story U|Id|ng subjected to a set of LMSR ensemble.
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CHAPTER VI

CONCLUSIONS

The objectives of the research are to develop and to evaluate the modal
pushover analysis (MPA) procedure in estimating seismic demands of degrading

structures for practical implementation.

The procedure to estimate the peak (iarget) roof displacement of a degrading
RC frame building by using deformation of a“degrading equivalent SDF system has
been presented. The force-deformation relation-of-the degrading equivalent SDF
system can be determined by .monotonic and cyclic pushover analysis, and its
parameters are not sensitive tothe displacement history used in the cyclic pushover
analysis. Investigation'of the accuracy of the proposed procedure led to the following

conclusions:

1. Using degrading equivalent SDF éystems In estimation of peak (target) roof
displacement of degrading RC build-i;ng's provides more accurate estimatations

than using non-degrading SDF syste_r'._r_'lg;l._.

2. The accuracy of the-proposed procedure for estimating target roof
displacement-deteriorates when the strength of the structure is weaker, and the

structure experiences significant inelastic deformation.

3. The accuracy of the proposed procedure deteriorates when the structure

becomes taller; and the effect of higher'modes increases.

4. Among all generic frames considered, the=largest bias in term of median of
peak roofidisplacement ratios Is ha/more than 15% occurred in the case of 9-
story frame with R=6. However, for the real 8-story building when the
spectral acceleration at the fundamental period equals to 0.7g, the bias is as
high as 25% due to severe degradation and collapses indicated by numerical

instability.

5. The degrading parameters of the equivalent degrading SDF system are not

sensitive to the load history protocol.
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6. Using the proposed method can estimate the seismic demand more accurate
than the conventional MPA procedure, especially for the building excited by
ground motion with high intensity level.

7. The bias of the non-ductile structure tends to increase when the intensity level
increases. In contrast, the bias of ductile structure in terms of underestimation

tends to decrease when the intensity level increases.

8. For ductile structure, provides good estimate seismic
demand. The bias ' sed 40% for the floor displacement
T—

and the story

9. The proposed
structure when ‘is-exeited to a large displacement because of the

AULINENTNEINS
RINNIUUNIININY
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Mode 1: Cyclic pushover curve of the 3-story building with R=4 due to s, = mg,
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3. 9-Story Building

md,

F% “u T 3

[a) m W

L i L

NSl

N o

— |
hetre! o Ik
N = & ]
5 8§ § § &8 @& sl: 8§ &

(NY) feays oseg (N¥) seays sseq

Mode 1: Cyclic pus

Roof Displacement (m)

4dueto s, =mg,

Mode 1: Cyclic pushover curve of the 9-story building with R



87

SN

IS

Il

n *

7 =S — = w)

| N & o

b (5]

A HI =]
—— L S =

\ oz ©o

\ \ =>u 11
o ——t—— | o
5- | =
| X | =

RN

Zﬂf@!“l

T

300

N\

| | = | 0

o o o o o o0

=] =] o o ol

« = =1 N [52]
(N¥) reays aseg

Mode 1: Cyclic push

4. 12-Story Building

T T
m
a
ol L
L
c
<Q
= s
u 2
(A
=uw
|
A I
H ,
I
o =) =) =) o ﬂ ﬂ =) o o
1S] 1] 1] IS] 1<) 1] IS} 1]
IS] @ @ S Q o ® IS
= ) =

0.6

0.4

0.2

-0.2

-0.6

Roof Displacement (m)

md,

2dueto s, =

Mode 1: Cyclic pushover curve of the 12-story building with R



88

TN
S\

BN
\

TN A

N

//ﬁ
NN
ﬂ.-ﬂ././/

MDF

\/

e

ASY
Il
* A
] [%]

o o
5 =}
L ()
= =]
. 2
5/ <
= 1
| [a
| £
| =
.

iy
/

I
o o o

I I

o
o o o
— - ﬂ_/_
(N>)) Jeays aseg

Mode 1: Cyclic pushove

300
200
100~

(N>)) Jeays sseg

0.8

-0.2 0 0.2 0.4 0.6

-0.4

-0.6

Roof Displacement (m)

6 due to s; = mg,

Mode 1: Cyclic pushover curve of the 12-story building with R



89

5. 15-Story Building
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1. Column C1

1.1 Determine P-M Interaction
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1.4 Shear Capacity of Section

Nominal shear strength of column subjected to axial compression provided by
concrete (V. ) can be determined as Eq. (11-4) in ACI 318-08

N .
V,=2(1+ 4 |[f.bd
: (+2000A9J o

where N, = 1030 kN (231,471 Ib), A =248 in?, f = 34136 psi, b, = 15.75in,

d =14.06 in.

Nominal shear s

Eq. (11-15)

Where A, =0.487 in’

-(0.85x 49,474)

o

Therefore, gV, > Vo aps umn C r:] ontrolled by flexure mode.
i
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2. Column C3

2.1 Determine P-M Interaction
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2.4 Shear Capacity of Section

Nominal shear strength of column subjected to axial compression provided by
concrete (V. ) can be determined as Eq. (11-4) in ACI 318-08

N .
V,=2(1+ 4 |[f.bd
: ( ZOOOAJ o
where N, = 1776.42 kN (399,214 Ib), A =372 in?, f,=3413.6 psi, b, = 15.75 in,

W

ar rﬁnt (V,) can be determined as

d=21.91in.

Nominal shear s

Eq. (11-15)

Where A =0.263 in? 5 psi 9843 in

7

.. The shear strength of colu ose to horizontal shear force

(Vpn ) which develop thﬁifﬁstic hinges. The‘gore, the failure mode of column C1 is
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Determine ¢, , @, of
degrading MDF system

Monotonic
MPA

P
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roof displacement)
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relation of SDF
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Find degrading
parameters by trial
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A 4

Convert D, to u,,,
Using Equation/(2.18)
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to seismic demand/of
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Equation (2.20)
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