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SAP2000.

Earthquake is a natural disaster that destroyed the large properties and two
deaths with many injuries during this decade, occurring at the north of Thailand. From
these incidents, this paper aims to evaluate the performance level of existing
reinforced concrete building and braced steel frames. A three-story building was
analyzed using SAP2000 and the Nonlinear Static Procedure. Four different evaluation
methods were chosen for this study. The first method is the Displacement Coefficient
Method presented in ASCE/SEI 41-13 and FEMA 440. This is used to calculate target
displacement to point out building performance levels. The second method, Capacity
Spectrum Method published. in- ACT 40, is used to identify deformation limits to
compare with total roof displacement ratio ( A rooftop / H) at the performance point to
classify various performance levels. The third method is the Inter-story drift ratio in
ASE41-06 is determined as the difference between the deflections of two adjacent
floors which can be expressed as a percentage of the story height. The last method,
ASCE/SEI 41-13 uses hinge rotation limit criteria to compare with maximum plastic
hinge rotation for member evaluation of the RC frames. According to the result before

retrofitting, the first, second and third methods meet the required Life Safety (LS)
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level, Immediate Occupancy (I10) levels and Life Safety (LS) level, respectively. The
results from the fourth method of this paper are separated into column and beam
performance levels, where both met the performance levels of LS levels. From the
experiment, it showed that if we use the concentrically braced steel frames to retrofit
the structure, it will lie in Immediate Occupancy (I0) level for all of the methods.
Furthermore, the construction works of outer steel frames do not stop the function of

the buildings. Mainly, it reduces the cost and the displacement of the building.
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CHAPTER

INTRODUCTION

1.1 Background

Many existing reinforced concrete have designed to use conventional code that
never considers earthquakes to combine with gravity and another load because they
believe that Thailand does not require seismic load for analyzing the building in the
past, but everything has changed after the earthquakes have occurred in the north part
of Thailand. By the way, many structures have collapsed and damaged that need to
redesign and to strengthen for the whole or element of the building. The new standard,
DPT.1303-57, is to assess and retrofit of the building structure in the area of the
earthquake zones, This standard referred from ASCE/SEI 41-06 that updated to
ASCE/SEI 41-13. Therefore, this paper has selected some standards, ASCE/SEI 41-
13, FEMA 440, ATC 40 and ASCE/SEI 41-06 to assess building performance levels.
After that, the nonlinear static analysis is one of the methods that use to evaluate the
structural performances. There are plenty of technologies that build up the structure to
resist the lateral load such as steel plate shear wall, damping, steel bracing, shear wall
and so on. Moreover, braced steel frames were chosen to research the reaction of the
building that opposed to the dynamic load. The evidence has seen clearly about the
characteristics of the structural behaviors before and after retrofitting braced steel
frames that to upgrade the strength, to increase the structural stiffness, to reduce
structural deformation, to reduce construction time and to construct outside the

building that does not affect building service. This paper is a case study that utilizes



many standards, separating into four different procedures like the Displacement
Coefficient Method, the Capacity Spectrum Method, Inter-story Drift Method, and
member-level performance Method to assess the building performance levels.
Additionally, these varied approaches obtained similar results before retrofitting and

the same results after retrofitting the building.

1.2 Research Objective

1.2.1 To calculate the value, evaluate, and compare the performance level of
the Displacement Coefficient Method, Capacity Spectrum Method, Inter-story Drift
Method, and Member-Level Performance Method for existing RC building.

1.2.2  To calculate the value, evaluate, and compare the performance level of
the Displacement Coefficient Method, Capacity Spectrum Method, Inter-story Drift

Method, and Member-Level Performance Method for strengthening RC structure.

1.3  Scope of research

Three-story, six-story, and nine-story building that locate in Chiang Rai city,
Chiang Rai province, assume an existing building for studying the structural
performance levels, is an ordinary reinforced concrete moment frame. The pushover
Analysis was used to analyze the building and used four methods to evaluate the
performance level of the existing building such as the Displacement Coefficient
Method, Capacity Spectrum Method, Inter-story Drift Method and Member-Level
Performance Method. The author selected the braced steel frames to strengthen the
existing RC building and used the same method as the existing RC building to assess

the performance level of the building.



1.4 Research Procedure

1.4.1 Study the previous research and related standards.

1.4.2 Using Department of Public Works and Town & Country Planning
(DPT) 1302-52 for calculating the lateral force.

1.4.3 3D Modeling of the existing RC building by using SAP2000.

1.4.4 3D Modeling of the strengthening RC building by using SAP2000.

1.4.5 Analyze both buildings by using pushover analysis in SAP2000.

1.4.6 Evaluate the building performance by using Displacement Coefficient
Method, Capacity Spectrum Method, Inter-story Drift Method and Member-Level
Performance.

1.4.7 Comparing the result of the performance evaluation of the structure.

1.4.8 Conclusion
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CHAPTER 11

THEORITICAL BACKWGROUND AND

LITERATURE REVIEW

2.1 Introduction

Many methods can evaluate the building performance like Linear Static
Procedure (LSP), Linear Dynamic Procedure (LDP), Nonlinear Static Procedure
(NSP), and Nonlinear Dynamic Procedure (NDP). This paper was used Nonlinear
Static Procedure (NSP) for evaluating the building performance. This method has
many different ways to evaluate the building performance level such as Displacement
Coefficient Method, Capacity Spectrum Method, Member-Level Performance, Inter-
story Drift, Energy Based Analysis and so on. This paper was chosen Displacement
Coefficient Method, Capacity Spectrum Method, Inter-story Drift Method, and
Member-Level Performance Method for studying the performance level of the
building. The nonlinear pushover analysis is carried out the analytical building model
that consists of gravity and lateral load pattern. Before running the lateral load, the
gravity load that considered as linear static is applied to the analyzed model in a step-
by-step following ASCE/SEI 41-13 equation 7.3. At the end of the analytical gravity
load, the lateral force continues to apply monotonically increasing in a stepwise till the
building reached a target displacement or collapsed condition.

The lateral load pattern is performed on the structure with two different types
the first mode shape of the analysis in the direction under consideration or the load

pattern defined by the user. The moment-curvature analyses are performed base on the



section properties and the reinforcement at the plastic hinges in all members. The
moment-rotation that to be instead of moment-curvature is used to performance
elevation levels all the members. The relationship between base shear and lateral
displacement of the control node is plotted to establish for control node displacements
multiple by 1.5 of the target displacement. The control node displacement increases
monotonically at every step of the analysis to reach the equilibrium between the
external and the internal force of the structural deformation at this step. When the
analysis reaches the equilibrium, then the analysis starts to the next step. During the
proceeded analysis, the analysis will be terminated when the analysis meets the
termination condition such as the target displacement, the maximum deformation of
element and component.

Therefore, deformation-controlled and force-controlled action compared to the

corresponding acceptance criteria to determine performance evaluations.

2.2 Displacement Coefficient Method

Displacement coefficient method was used to calculate the target displacement
of the control node on the roof . The building that used to evaluate the performance
levels is the symmetry configuration, needed only one direction for qualified its
performance. The Displacement Coefficient method modifies Jelasiic With coefficients
to calculate a target displacement, d;. The target displacement for ASCE 41-13, dt, at

each floor level shall be calculated in accordance with Eq. (2.1).

T 2
6,=C,C,C,S, (—j g (2.1)
2n



where: Period Determination for NSP The effective fundamental period in the
direction under consideration shall be based on the idealized force—
displacement curve defined in Fig. 2.2. The effective fundamental period, Te,

shall be calculated in accordance with Eq. (2.2):

Vv
Elastic Response Spectrum
> Capacity spectrum
Lateral force 4
6elastic &
Figure 2.1 Displacement Coefficient. ( ATC 40)
K.
T=T [— 2.2
[ 1 Kc ( )
where g :  acceleration of gravity.
Ti :  Elastic foundation period (second) in the direction under consideration

calculated by elastic dynamic analysis.



K; :

Ke:

Sa:

Elastic lateral stiffness of the building in the direction under
consideration calculated using the modeling requirements in Fig 2.2.
Effective lateral stiffness of the building in the direction under
consideration.

Response spectrum acceleration at the effective fundamental period
and damping ratio of the building in the direction under consideration.
Modification factor to relate spectral displacement of an equivalent
single-degree-of-freedom (SDOF) system to the roof displacement of
the building multi-degree-of-freedom (MDOF) system calculated using
one of the following procedures: The first mode mass participation
factor multiplied by the ordinate of the first mode shape at the control
node;

The mass participation factor calculated using a shape vector
corresponding to the deflected shape of the building at the target
displacement multiplied by ordinate of the shape vector at the control

node; or The appropriate value from Table 7-5;



Table 2.1 Values for Modification Factor Co

Other
Shear Buildings?
Buildings
Triangular Load
Number of Uniform Load Any Load
Pattern (1.1, 1.2,
Stories Pattern (2.1) Pattern
1.3)
1 1.0 1.0 1.0
2 1.2 1.15 1.2
3 1.2 1.2 1.3
5 1.3 1.2 1.4
+10 1.3 1.2 1.5

NOTE: Linear interpolation shall be used to calculate intermediate values.

2Buildings in which, for all stories, story drift decreases with increasing height.

Idealized Force-Displacement Curve for NSP The idealized force—
displacement curve is developed using an iterative graphical procedure to balance the
areas below the actual and idealized curves up to Aqg such that the idealized curve has
the properties defined in this section. The definition of the idealized force—
displacement curve was modified from the definition in FEMA 356 (2000) based on

the recommendations of FEMA 440 ( 2005 ).
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Base shear
Fy
Valm = = T T T T = - oapaKe
Vil =~ .

4ctual force—displaceme:nt curve
K. | |

\

Displacement

Figure 2.2 Idealized Force—Displacement Curves. (ASEC41-13)

Other way to calculate the Co coefficient accounts for the difference between
the roof displacement of a multi-degree-of-freedom (MDOF) building and the
displacement of the equivalent single-degree-of-freedom (SDOF) system. Using only

the first mode shape (¢1) and elastic behavior, coefficient Cy is equal to

c - o AP MHY 2.3)
C e M]{e)
=, T,

where @, : The ordinate of mode shape 1 at the roof (control node);

[M] : A diagonal mass matrix; and
It : The first modal mass participation factor.

Because the mass matrix is diagonal, Eq. 2.3 can be rewritten as



where

where

11

N
Z m®,
4

r N
2
Z m®;
T

m; :  The mass at level i and
®,,: The ordinate of mode shape i at level n.
Ci: DModification factor to relate expected maximum inelastic

displacements to displacements calculated for linear elastic response.
For periods less than 0.2 s, C1 need not be taken greater than the value

at T=0.2 s. For periods greater than 1.0 s, C1 = 1.0.

_ us rength -1
Cl—lthaT’i2 (2.4)
a : Site class factor:

130 Site Class A or B;
90 Site Class C;
60 Site Class D, E, or F;

Te :  Effective fundamental period of the building in the direction under
consideration, in seconds;

Ts :  Characteristic period of the response spectrum, defined as the period
associated with the transition from the constant acceleration segment of
the spectrum to the constant velocity segment of the spectrum.

Ustrength Ratio of elastic strength demand to yield strength coefficient

calculated in accordance with Eq. (2.6). Use of the NSP is not

permitted where Lstrength €xceeds tmax.



C

2
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Modification factor to represent the effect of pinched hysteresis shape,
cyclic stiffness degradation, and strength deterioration on the
maximum displacement response.

For periods greater than 0.7 s, C2 = 1.0;

2
1 l”lstrength _1 (2 5)
1800\ T, '

The strength ratio psiength shall be calculated in accordance with Eq. (2.5):

l’l’strength - W m

where Sa

Vy

Cn :

(2.6)

is defined above and

Yield strength of the building in the direction under consideration
calculated using results of the NSP for the idealized nonlinear force—
displacement curve developed for the building.

Effective seismic weight.

Effective mass factor. Alternatively, Cn, taken as the effective modal
mass participation factor calculated for the fundamental mode using an
eigenvalue analysis, shall be permitted. Cr, shall be taken as 1.0 if the

fundamental period, T, is greater than 1.0s.

For buildings with negative post-yield stiffness, the maximum strength ratio,

Umax, shall be calculated in accordance with Eq. (2.7) .
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-h

Ay (O
=Td 4 [Te 2.7
l’lmax A 4 ( )
y
where a. : Effective negative post-yield slope ratio.
Ad 1 Lesser of the target displacement, dt, or displacement corresponding to

the Maximum base shear defined in Fig. 2.2;
Ay : Displacement at effective yield strength defined in Fig. 2.2;
H : 1+0.15InTe; and
o : Effective negative post-yield slope ratio.

The effective negative post-yield slope ratio, e, shall be calculated in accordance with
Eq. (2.8):

o, =0, +7»(a2—ap_A) (2.8)

where o, : Negative post-yield slope ratio defined in Fig. 2.2. This ratio includes
P-A : effects, in-cycle degradation, and cyclic degradation.
a, , - Negative slope ratio caused by P-A effects; and

A . Near-field effect factor:

: 0.8 1f SX1 > 0.6 for BSE-2N;
: 0.2 if SX1 < 0.6 for BSE-2N.

The target displacement for FEMA 440, &, which corresponds to the

displacement at roof level, can be estimated as Eq. (2.9).

2
5, = C,C.C,C.8, (1] e (2.9)
2n



where g

Co : Modification factor to relate spectral displacement of an equivalent

SDOF system to the roof displacement of the building MDOF system.

Gravitational acceleration.

It can be calculated from

1. the first modal participation factor,

2. the appropriate value from Table 2.2 in FEMA 356.

Table 2.2 Values for Modification Factor Co'

Other
Shear Buildings?
Buildings
Triangular Load
Number of Uniform Load Any Load
Pattern (1.1, 1.2,
Stories Pattern (2.1) Pattern
1.3)
1 1.0 1.0 1.0
2 1.2 1.15 1.2
3 Ly 1.2 1.3
5 1.3 1.2 1.4
+10 1.3 1.2 1.5

1. Linear interpolation shall be used to calculate intermediate values.

2. Buildings in which, for all stories, inter-story drift decreases with increasing height.

C: :  Modification factor to relate the expected maximum displacements of an

inelastic SDOF oscillator with EPP hysteretic properties to displacements

calculated for the linear elastic response.
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1.0 for T, 2 T,

(2.10)

— b forT, <T,

but not greater than the values given in (Linear Static Procedure, LSP section) nor less than 1.

Values of C; are

for T,<0.1s

2.11
for T, > T, ( )

With linear interpolation used to calculate C; for the intermediate values of Te..

C2: Modification factor to represent the effect of pinched hysteretic shape,
stiffness degradation, and strength deterioration on the maxi mum
displacement response. Values of C; for different framing systems and
structural performance levels (i.e., immediate occupancy, life safety,
and collapse prevention) are obtained from Table 2.3 of the FEMA 356
document. Alternatively, C> can take the value of one in nonlinear

procedures.

Table 2.3 Values for Modification Factor C»

T<0.1 second® T>T; second’
Structural Performance Level Framing Framing Framing Framing
Type 1! Type 2? Type 1! Type 2*
Immediate Occupancy 1.0 1.0 1.0 1.0
Life Safety 1.3 1.0 1.1 1.0
Collapse Prevention 1.5 1.0 1.2 1.0
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1. Structures in which more than 30% of the story shear at any level is resisted by any
combination of the following components, elements, or frames: ordinary moment-
resisting frames, concentrically-braced frames, frames with partially-restrained
connections, tension-only braces, unreinforced masonry walls, shear-critical, piers, and
spandrels of reinforced concrete or masonry.

2. All frames not assigned to Framing Type 1.

3. Linear interpolation shall be used for intermediate values of T.

Cs : Modification factor to represent increased displacements due to
dynamic P-A effects. For buildings with positive post-yield stiffness,
Cs is set equal to 1. For buildings with negative post-yield stiffness,

values of C3 are calculated using the following expression:

3
Jof (R-1)2
C,= 1.0+ ——— (2.12)
where: R : Ratio of elastic strength demand to calculated strength capacity.
Te :  Effective fundamental period of the building computed in accordance
with Eq. (2.2):
Ts : Characteristic period of the response spectrum, defined as the period

associated with the transition from the constant-acceleration segment of
the spectrum to the constant-velocity segment of the spectrum.
Sa : Response spectrum acceleration, at the effective fundamental period

and damping ratio of the building.
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2.3 Capacity Spectrum Method

Two key elements of a performance-based design procedure are demand and
capacity. Demand is a representation of the earthquake ground motion. Capacity is a
representation of the structure's ability to resist the seismic demand. The performance
is dependent on the manner that the capacity is able to handle the demand. In other
words, the structure must have the capacity to resist the demands of the earthquake
such that the performance of the structure is compatible with the objectives of the
design.

Simplified nonlinear analysis procedures using pushover methods, such as the
capacity spectrum method, require determination of three primary elements: capacity,
demand (displacement) and performance. Each of these elements is briefly discussed
below.

Capacity: The overall capacity of a structure depends on the strength and
deformation capacities of the individual components of the structure. In order to
determine capacities beyond the elastic limits, some form of nonlinear analysis, such
as the pushover procedure, is required. This procedure uses a series of sequential
elastic analyses, superimposed to approximate a force-displacement capacity diagram
of the overall structure. The mathematical model of the structure is modified to
account for reduced resistance of yielding components. A lateral force distribution is
again applied until additional components yield. This process is continued until the
structure becomes unstable or until a predetermined limit is reached. For two
dimensional models, computer programs are available that directly model nonlinear
behavior and can create a pushover curve directly. The pushover capacity curve

approximates how structures behave after exceeding their elastic limit.



18

Demand (displacement): Ground motions during an earthquake produce
complex horizontal displacement patterns in structures that may vary with time.
Tracking this motion at every time-step to determine structural design requirements is
judged impractical. Traditional linear analysis methods use lateral forces to represent a
design condition. For nonlinear methods it is easier and more direct to use a set of
lateral displacements as a design condition. For a given structure and ground motion,
the displacement demand is an estimate of the maximum expected response of the
building during the ground motion.

Performance: Once a capacity curve and demand displacement are defined, a
performance check can be done. A performance check verifies that structural and
nonstructural components are not damaged beyond the acceptable limits of the
performance objective for the forces and displacements implied by the displacement
demand.

The nonlinear static analysis procedure has also included the capacity
spectrum method (CSM) that uses the intersection of the capacity-demand spectrum
curve to estimate maximum roof displacement at the performance point as shown in

figure. 2.3.
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Demand Spectrum Curve (Damped 5%)

L

Capacity Spectrum Curve

Demand Point

Sapi

Reduced Demand Spectrum Curve

Spectral Acceleration, Sa (g)

-
_—

Sdpi
i Spectral Displacement, Sd

Figure 2.3 Capacity Spectrum Method. (ATC 40)

Conceptual Development of the Capacity Spectrum Method

To use the capacity spectrum method it is necessary to convert the capacity
curve, which is in terms of base shear and roof displacement to what is called a
capacity spectrum, which is a representation of the capacity curve in Acceleration-
Displacement Response Spectra (ADRS) format (i.e., Sa versus Sq). The required

equations to make the transformation are:

" 2.13)



where
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0= =l = (2.14)
e JEe)
i1 =1
S, =—2 (2.15)
wa,
S, Oner (2.16)
l—‘lq)roof, 1
I't : modal participation factor for the first natural mode.
a1 : modal mass coefficient for the first natural mode.
m; : mass assigned to level i.
@, : amplitude of mode 1 at level i.
N level N, the level which is the uppermost in the main portion of the
Structure.
V . base shear.
W : building dead weight plus likely live loads.
Aroor : ToOf displacement (V and the associated Aot make up points on the
capacity curve).
Sa spectral acceleration.
Sd spectral displacement (S, and the associated Sq make up points on the

capacity spectrum).

Response Spectrum Conversion

Application of the Capacity-Spectrum technique requires that both the demand

response spectra and structural capacity (or pushover) curves be plotted. in the
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spectral acceleration vs spectral displacement domain. Spectra plotted in this format
are known as Acceleration-Displacement Response Spectra (ADRS). Every point on a
response spectrum curve has associated with it a unique spectral acceleration, S.,
spectral velocity, Sy, spectral displacement, Sq¢ and period, T. To convert a spectrum
from the standard Sa vs T format found in the building code to ADRS format, it is
necessary to determine the value of Sg; for each point on the curve, Sa, Ti as shown in

Figure 2.4. This can be done with the equation:

2

T
S, =—35.8 (2.17)
i 47[ i
Standard demand response spectra contain a range of constant spectral acceleration
and a second range of constant spectral velocity. Spectral acceleration and

displacement at period Tj, are given by:

SaifF@SV (2.18)
Ti

S, =1sv (2.19)
21

Equivalent Viscous Damping

The damping that occurs when earthquake ground motion drives a structure
into the inelastic range can be viewed as a combination of viscous damping that is
inherent in the structure and hysteretic damping. Hysteretic damping is related to the
area inside the loops that are formed when the earthquake force (base shear) is plotted
against the structure displacement. Hysteretic damping can be represented as

equivalent viscous damping using equations that are available in the literature.
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The equivalent viscous damping, [eq, associated with a maximum

displacement of d,i, can be estimated from the following equation:

In ADAS format,
lines radiating from
the origin have
constant periods.

=4 c 4

o TP P

E -

5 '8 %

o ]

2 Qa

2 7 ST A

2 B T,

7] iy o W o LY ol s~

2 3

] ! 0 -

T‘I T! T:‘!-
Period, T Spectral Displacement
L T=2 II| 2
L I 4t T = £T Eu
Traditional Spectrum ADRS Spectrum
(5, versus T) (5, versus S )
Figure 2.4 Response spectra in Traditional and ADRS formats. (ATC 40)
B, =B,+0.05 (2.20)
where Bo . hysteretic damping represented as equivalent viscous damping

0.05 : 5% viscous damping inherent in the structure (assumed to be constant)

The term Bo can be calculated as (Chopra 1995):

(2.21)

where Ep : energy dissipated by damping
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Eso : maximum strain energy
The physical significance of the terms Ep and Es, in equation 2.21 is illustrated in

Figure 2.5.

Ep = Energy dissipated by damping
= Area of enclosed by hysteresis loop
= Area of parallelogram

Eso, = Maximum strain energy

Capacity Spectrum

= Area of hatched triangle

= apidpi/ 2

[
=

B, = Equivalent viscous damping associated

Acceleration

L

with full hysteresis loop area

_LEy

P = E

Spectral Displacement

Ep

Bilinear representation of
capacity spectrum

Figure 2.5 Derivation of Damping For Spectral Reduction. (ATC 40)

Ep is the energy dissipated by the structure in a single cycle of motion, that is, the area
enclosed by a single hysteresis loop. Eso is the maximum strain energy associated with

that cycle of motion, that is, the area of the hatched triangle.
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Ep= Area of enclosed by hysteresis loop Formulas for designated arsas:
= Area of large parallelogram Ay =(ag-ay) “d,
= 4 times area of shaded parallelogram A=(a,"d)/2
s § 1 A=lea-2) du-d)
£ s
® 2
8
i [£]
E <
8 ®
. .
’ 7]
= B
pectral Di plar.e.ment w -
Spectral Displacement
Figure 2.6 Derivation of Energy Dissipated Figure 2.7 Derivation of Energy
disspated by Damping, ED. (ATC 40) by Damping, ED. (ATC 40)

Referring to Figures 2.5, 2.6 and 2.7, the term Ep can be derived as

E,=4(a,d,-da,) (2.22)

y o pi

Referring to Figure 2.5, the term Eso can be derived as

a.d.
ESOZM (2.23)

Effective Viscous Damping

In ATC 40, in order to be consistent with these previously developed
damping coefficients, as well as to enable simulation of imperfect hysteresis loops
(loops reduced in area), the concept of effective viscous damping using a damping

modification factor, K, has been introduced. Effective viscous damping, Pess, is

defined by:
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63.7x (a d,-da; )

y pi

B =xcBy+5= +5 (2.24)

apidpi
where Berr : Effective Viscous Damping

k : damping modification factor as shown in table 2.4.

Reduced Response spectrum
Reduced Response Spectrum curve can be plotted from the Response

Spectrum curve by using spectrum reduction factor to change elastic response

2.5Ca

2.55RACA=2.5CA/Bs

SRyCyv/T=Cv/(TBL)

Elastic response
spectrum (5% damped)

Reduced response spectrum

Spectral Displacement

Figure 2.8 Reduced Response Spectrum. (ATC 40)

spectrum to equivalent inelastic response spectrum as shown in figure 2.8. the

spectrum reduction factors were shown in equation 2.25 and 2.26.
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_3.21-0.68 In (B )

SR 2.25
A 2.12 (2.25)
2.31-0.411
SR, = (P (2.26)
1.62
where SRa : spectral reduction value in constant acceleration range of spectrum as

shown in table 2.5.
SRy : spectral reduction value in constant velocity range of spectrum as

shown in table 2.5.

Effective Viscous Damping.

Betr :

Table 2.4 Values for Damping Modification Factor,

Structural behavior
Bo (percent) K
type!
<16.25 1.0
2
Type A ;. 051(a,d,da,)
>16.25 ad;
<25 0.67
Type B 0.446(a.d -d a
525 0.845- ( Al pl)
api pi
Type C Any value 0.33

See Table 2.6 for structural behavior types.

The formulas are derived from Tables of spectrum reduction factors, B (or BI), specified for
the design of base isolated buildings in the 1991 UBC, 1994 UBC and 1994 NEHRP
Provisions. The formulas created for this document give the same results as are in the Tables

in the other documents.



Table 2.5 Minimum Allowable SR and SRy values'

27

Structural behavior type? SRa SRy
Type A2 0.33 0.50
Type B 0.44 0.56
Type C 0.56 0.67

1. Values for SRa and SRy shall not be less than those shown in this Table.

2. See Table 2.6 for structural behavior types.

Table 2.6 Structural Behavior Types

Essentially New Average Existing Poor Existing
Shaking Duration
Building Building Building
Short Type A Type B Type C
Long Type B Type C Type C

Conceptual Development of the Method

ATC 40 uses three procedures to find the performance point, but this research

use the Procedure B. This procedure makes a simplifying assumption that is not made

in the other two procedures. It assumes that not only the initial slope of the bilinear

representation of the capacity curve remains constant, but also the point ay, dy, and the

post-yield slope remains constant. This simplifying assumption allows a direct

solution without drawing multiple curves because it forces the effective damping, Perr,

to depend only on dp;. The following steps are involved:
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1. Develop the 5 percent damped response spectrum appropriate for the site.

2. Draw the 5 percent damped response spectrum and draw a family of reduced
spectra on the same chart. It is convenient if the spectra plotted correspond to
effective damping values (Befr) ranging from 5 percent to the maximum value
allowed for the building's structural behavior type. The maximum et for Type
A construction is 40 percent, Type B construction is 29 percent and Type C
construction is 20 percent. Figure 2-9 shows an example family of demand

spectra.

Demand Curves for fer =5%, 10%, 15%, 20%, 25% and 30%

A

5% damped response
spectrum for the step 1

Spectral Acceleration, g

Lt

Spectral Displacement, inches

Figure 2.9 Capacity spectra Procedure “B” after step 2. (ATC 40)
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3. Transform the capacity curve into a capacity spectrum. using equations 2.13,

Spectral Acceleration, g

2.14, 2.15 and 2.16, and plot it on the same chart as the family of demand

spectra, as illustrated in Figure 2-10.

Demand Curves for Beit =5%, 10%, 15%, 20%, 25% and 30%

A

‘\ Capacity spectrum

for step 3

5% damped response
spectrum for the step 1

v I

Spectral Displacement, inches

Figure 2.10 capacity spectra Procedure “B” after step 3. (ATC 40)

. Develop a bilinear representation of the capacity spectrum as illustrated in

Figure 2.11. The initial slope of the bilinear curve is equal to the initial
stiffness of the building. The post-yield segment of the bilinear representation
should be run through the capacity spectrum at a displacement equal to the
spectral displacement of the 5 percent damped spectrum at the initial pre-yield
stiffness (equal displacement rule) point a*, d*. The post-yield segment should

then be rotated about this point to balance the areas A1 and As.
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Demand Curves for Beit =5%, 10%, 15%, 20%, 25% and 30%

A

Note: Area A1= Area Az
II
/
2 |
|
> \ 1
= |
£ /
g . ‘\ Capacity spectrum
————— -\’
§ a - \ZR for step 3
(] //
< / ‘\ 5% damped response
= S ke I As spectrum for the step 1
§ 1 A1 :
= |
n | |
| ! —
| |
Il l >
dy d*

Spectral Displacement, inches
Figure 2.11 capacity spectrum procedure “B” after step 4. (ATC 40)

1. Calculate the effective damping for various displacements near the point a*,
d*. The slope of the post-yield segment of the bilinear representation of the

capacity spectrum is given by:

*
a —ay

post yield slope= T (2.27)

y

For any point ap;i, dpi, on the post-yield segment of the bilinear representation,

the slope is given by:
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. _ay-a,
post yield slope= 1 (2.28)

pi Ty

Since the slope is constant, equations 2.27 and 2.28 can be equated:

_24 (2.29)

a .= - a (2.30)

This value can be substituted for ap into equation 2.24 to obtain an

expression for Pefr that is in terms of only one unknown, dpi.

63.7k (a,d,-d,a ')
eff ;
ad

+5 (2.31)

2. For each dpi value considered in step 5, plot the resulting dpi; Pefr point on the
game chart as the family of demand spectra and the capacity spectrum. Figure

2.12 shows five of these points.



Spectral Acceleration, g

32

Demand Curves for Bett =5%, 10%, 15%, 20%, 25% and 30%

dpi, Petf point plotted as

‘ ® specified in step 6 (5 total)
l/
/I'
|
/\ |
|
/
‘\ Capacity spectrum
a*[====—= v & for step 3
/ //’
/ I 5% damped response
== I N spectrum for the step 1
| |
' |
' |
' | —
' |
. >
dy d*

Spectral Displacement, inches

Figure 2.12 Capacity spectrum procedure “B” after step 6. (ATC 40)

As illustrated in Figure 2.13, connect the points created in step 6, to form a
line. The intersection of this line with the capacity spectrum defines the
performance point. This procedure provides the same results as the other
procedures if the performance point is at point a*, d*. The results will differ
slightly from the other procedures if the performance point is not at point a*,
d*. If the performance point is found to be distant from point a*, d*, then the

engineer may want to verify the results using procedure A or C.
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Demand Curves for Besr =5%, 10%, 15%, 20%. 25% and 30%

Line connecting points plotted
as specified in step 6

! . : :
| / Performance point at intersection
of capacity spectrum and line
"'| plotted as specified in step 7
|
AL
|
. Capacity spectrum for
) A "\, apacity sp
A¥ = ——-—- e step 3
i l_‘,/"'
: 5% damped response
Gy == " &s spectrum for the step 1
1 Al :
I i Step 2
[ ’
| [)ashcs:hnc for step 4 ===
: l -
dy d*

Spectral Displacement, inches

Figure 2.13 Capacity spectrum procedure “B” after step 7. (ATC 40)

2.4 Inter-story Drift Method

In inter-story drift is one of the most common methods used to categories the
mentioned three qualitative levels as >1 %, >2%, and >4%, respectively, (ASCE 41-
06). Besides, the Australian code (Standards Australia,2007) indicates 1.5% as the
maximum allowable story drift. in modal response spectrum analysis, combinations of
different structural modes are used to calculate the structure response in term of storey
deflection (Chopra, 2007). However, in time-history procedure, the following
approaches have been proposed to be employed by practicing engineers to calculate

inter-story drifts (AS Hokmabadi, B Fatahif and B Samali, 2012):
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1. Calculations of the storey drift according to the maximum absolute storey
deflection irrespective of occurrence time (first approach).
2. Calculations of the storey drift according to storey deflection when the
maximum deflection at top level occurs (second approach).
3. Calculations of the total maximum storey drift at each level considering all
time-steps during the earthquake (third approach).
In this study, we used the third approach to calculate the inter-story drift that followed

ASCE 41-06.

2.5 Acceptance Criteria

The acceptability of force and deformation actions shall be evaluated for each
component that classified as primary or secondary, and each action shall be classified
as deformation-controlled (ductile) action or force-controlled (nonductile) action. The
primary elements provide the capacity of the structure to resist collapse under seismic
forces induced by ground motion in any direction. The secondary elements do not
contribute significantly or reliably in resisting earthquake effects in any direction

because of low lateral stiffness, strength or deformation capacity.

01 3 Q 33 Q
; 1 '/] 1,2,3
Q, {r._.. goee- e R e i SR
| I\ § f
|| 5 ! I'.I
a RH""E.E | llll
| | a i
_ | b | | | b { b )
: 1\ 4 -——'L: —4 e i 4
0 g d ef A O q d,e f ao qde i A
Type 1 curve Type 2 curve Type 3 curve

Figure 2.14 Component force versus deformation curves. (ASCE 41-13)
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Deformation-controlled or force-controlled uses the force-deformation curves to

classify all the component actions as shown in figure 2.14.

A 10

<P]

o P,S lP

3 jP *s
- C

bt B

o

=

=

s

zZ D =

A

Deformation or deformation ratio

Figure 2.15 Generalized component force-deformation relations. (ASCE 41-13)

The type 1 curve in figure 2.14 is a ductile behaviour that there is an elastic behaviour
range (point 0-1), followed by plastic behaviour range (1-3 on the curve), and non-
negligible residual strength and ability to support gravity loads after 3. The plastic
range includes a work hardening or softening range (points 1-2-3). Primary
component actions with this behaviour that classified as deformation-controlled for
the flexural element depended on the plastic range for this value d>2g. The type-2
curve in figure 2.14 is the ductile behaviour that there is an elastic behaviour range
(point 0-1) and a plastic behaviour range (1-3) followed by loss of strength and ability
to support gravity loads beyond at point 2. The components with this behavior can

categorise as deformation-controlled if the plastic range is such that e > 2g, otherwise
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force-controlled. The type 3 curve as shown in figure 3 is a brittle (non-ductile)
behavior that there is an elastic behavior range (0-1 on the curve) followed by loss
capacity of seismic-force resistant and able to support gravity loads beyond at point 1.
The components with this behavior can consider as force-controlled. As shown in
figure 2.15, it explains the acceptance criteria for deformation ratio for primary and
secondary components that correspond to the target Structural Performance Levels of
CP, LS, IO to be called Collapse Prevention, Life Safety, and Immediate Occupancy,
respectively. According to ASCE 41-13, the criteria of earthquake- resistant structures
are as follows:

1. Immediate Occupancy, "10", When an earthquake occurs, the structure is able
to withstand the earthquake, the structure does not suffer structural damage
and does not experience nonstructural damage. So it can be directly used.

2. Level of life safety (Life Safety), "LS". When an earthquake occurs, the
structure is able to withstand earthquakes, with minimum structural damage,
humans living / residing in the building is safeguarded from earthquakes.

3. Level of structural stability (Collapse Prevention or Structural Stability), "CP".
When an earthquake occurs, the structure undergoes severe structural damage,

but has not collapsed.
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Table 2.7 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear

Procedures-Reinforced Concrete Beams

Acceptance Criteria®

Plastic Rotations Angle (radians)

Conditions Performance Level
10 LS CP
Condition i. Beams controlled by flexure®
p-p' Transverse AV
Phal Reinforcement® bwd\/E
<0.0 C <3 (0.25) 0.010 0.025 0.050
<0.0 C >6 (0.5) 0.005 0.020 0.040
>0.5 C <3 (0.25) 0.005 0.020 0.030
>0.5 C >6 (0.5) 0.005 0.015 0.020
<0.0 NC <3 (0.25) 0.005 0.020 0.030
<0.0 NC >6 (0.5) 0.0015 0.010 0.015
>0.5 NC <3 (0.25) 0.005 0.010 0.015
>0.5 NC >6 (0.5) 0.0015 0.005 0.010
Condition ii. Beams controlled by shear®
Stirrup spacing < d/2 0.0015 0.01 0.02
Stirrup spacing > d/2 0.0015 0.005 0.01

Condition iii. Beams controlled by inadequate development or splicing along the

span®

Stirrup spacing < d/2 0.0015 0.01 0.02

Stirrup spacing > d/2 0.0015 0.005 0.01

Condition iv. Beams controlled by inadequate embedment into beam-column joint®
0.01 0.02 0.03

NOTE: fc’ in Ib/in? (MPa) units.

2Values between those listed in the table should be determined by linear interpolation.
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"Where more than one of conditions i, ii, iii, and iv occur for a given component, use the minimum
appropriate numerical value from the table.

“C” and “NC” are abbreviations for conforming and nonconforming transverse reinforcement,
respectively. Transverse reinforcement is conforming if, within the flexural plastic hinge region, hoops
are spaced at < d/3, and if, for components of moderate and high ductility demand, the strength
provided by the hoops (V;) is at least 3/4 of the design shear. Otherwise, the transverse reinforcement is
considered nonconforming.

4V is the design shear force from NSP or NDP.

Table 2.8 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear

Procedures-Reinforced Concrete Columns

Acceptance Criteria®

Plastic Rotations Angle (radians)

Conditions
Performance Level
10 LS CP
Condition i.°
P A
E P~ b,s
<0.1 >0.006 0.005 0.045 0.060
>0.6 >0.006 0.003 0.009 0.010
<0.1 =0.002 0.005 0.027 0.034
>0.6 =0.002 0.002 0.004 0.005
P A, Vo
A | Tos | bydyt,
Condition ii.”
<0.1 >0.006 <3(0.25) 0.005 0.045 0.060
<0.1 >0.006 >6 (0.5) 0.005 0.045 0.060
>0.6 >0.006 <3(0.25) 0.003 0.009 0.010
>0.6 >0.006 >6 (0.5) 0.003 0.007 0.008
<0.1 <0.0005 <3 (0.25) 0.005 0.010 0.012
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Table 2.8 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear

Procedures-Reinforced Concrete Columns (Continued)

Acceptance Criteria®

Plastic Rotations Angle (radians)

Conditions
Performance Level
10 LS CP

<0.1 <0.0005 >6 (0.5) 0.004 0.005 0.006

>0.6 <0.0005 <3 (0.25) 0.002 0.003 0.004

>0.6 <0.0005 >6 (0.5) 0.0 0.0 0.0
Condition iii.°

P _A

AL, "5

<0.1 >0.006 0.00 0.045 0.060

>0.6 >0.006 0.00 0.007 0.008

<0.1 <0.0005 0.00 0.005 0.006

>0.6 <0.0005 0.00 0.0 0.00
Condition iv. Column controlled by inadequate development or splicing along the
clear height®

P _ A,

Af. |7 bs

<0.1 >0.006 0.00 0.045 0.060

>0.6 >0.006 0.00 0.007 0.008

<0.1 <0.0005 0.00 0.005 0.006

>0.6 <0.0005 0.00 0.0 0.00

NOTE: f;’ is in 1b/in? (MPa) units.

2Values between those listed in the table should be determined by linear interpolation.

PRefer to Section 10.4.2.2.2 for definition of conditions i, ii, and iii. Columns are considered to be

controlled by inadequate development or splices where the calculated steel stress at the splice exceeds

the steel stress specified by Eq. ( 10-2). Where more than one of conditions i, ii, iii, and iv occurs for a

given component, use the minimum appropriate numerical value from the table.
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‘Where P>0.7Af.’, the plastic rotation angles should be taken as zero for all performance levels unless
the column has transverse reinforcement consisting g ¢’ of hoops with 135-degree hooks spaced at < d/3
and the strength provided by the hoops (V) is at least 3/4 of the design shear. Axial load P should be
based on the maximum expected axial loads caused by gravity and earthquake loads.

4V is the design shear force from NSP or NDP.

According to ASCE/SEI 41-13, Plastic rotation limit criteria for member
evaluation of RC frames is provided for each performance level based on member
reinforcement ratio, confinement, and shear demand-to-strength ratio for beam and
columns controlled by flexure. The ASCE/SEI 41-13 plastic rotation limits for beams
and columns and maximum plastic rotations are summarized in table 2.7 and 2.8,

respectively.

2.6 Braced Steel Frame

Steel bracing is the best method for global retrofit of the existing building that
sees much lowrise, mid rise, and highrise building, using many types of steel bracing
to resisting the earthquake load. By the way, Soundarya N. Gandhi (2017) studied the
strengthening of reinforced concrete and steel structure by using steel bracing systems.
The objective of this paper is to evaluate the response of braced and unbraced
structure subjected to seismic loads and to identify the suitable bracing system for
resisting the seismic load efficiently. There are a numbers of possibilities to arrange
steel bracings such as X,V and Inverted V. The analysis of RC & Steel G+14 floors is
carried out using ETABS software for frame situated in zone V. The RC & Steel
G+14 structure is analyzed without bracings and with different types of bracings
system. Story shears, story drifts and story Displacement is compared for all type of

structural systems i.e. braced and unbraced structural system. Base won the result, the
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structure with inverted V Bracing gives minimum Storey drift as compared to other X,
V in both X and Y direction . The magnitudes of storey drift for all the stories are
found to be within limits, i.e. 0.004 times to storey height according to IS 1893:2002
(Part I).

Shachindra Kumar Chadhar (2015) studied the Seismic behavior of RC
building frame with steel bracing system using various arrangements. In this study, A
G+15 story reinforced concrete building of 4 bays have been considered for
investigating the effect of V type and inverted V type bracings and there arrangements
in various positions in the building. The reinforced concrete building with V type and
inverted V type bracing provided on various positions in the building are analyzed for
earthquake loading. Building is designed according to IS: 456-2008 and earthquake
loading is applied as per the recommendation of IS: 1893-2002. Building is assumed
to be located in seismic zone IV of India and rest on medium soil condition.
According to the result, Inverted V bracing system significantly reduces the bending
moment and shear force than V type bracing system. Node displacements and storey
drifts are minimum for inverted V braced frame as compared to V braced frame.

C. Taenseesaeng studied the Study of the Reinforced Earthquake Resistance
Building Structure in Sanklangvittaya School, Chiangrai Thailand. This study aims to
investigate the damage of reinforced concrete building brought by the earthquake on
5th of May 2014. This building was basically built following the school building
standard of the office of the Basic Education Commission. There are many building
like this one built in hazardous area of Thailand before the recent announcement of
ministerial orders. To reduce the damage from earthquake, this study investigates how

to resist and prevent the severe damage following the standard of Department of
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Public Works and Town & Country Planning. The study uses 3 steel frames to
strengthen the building and these are as follows: a) Braced b) Inverted c) Knee
Braced. ETABS 2013 program is used to analyze the building. The shear force is
23.20% of the total weight. According to the result, Knee Braced strengthening is
inappropriate. The inverted V models provide better engineering results and less
budget than others.

Therefore, we conclude that the inverted V is the best method for retrofitting

the existing building.



CHAPTER III

METHOD AND METHODOLOGY

3.1 Structural Modeling
In this study, we have use three-story, six-story, and nine-story building to
evaluate the building performance level.

3.1.1 Three-story building modeling

Three-story building that locates in Chiang Rai city, Chiang Rai
province, assumes an existing building for studying the structural performance levels,
is an ordinary reinforced concrete moment frame. This building are the symmetry
configuration, 4x4(@6 meters bays in both X and Y directions as shown in figure 3.1, a
low-rise structure that located in the high seismic zone in Thailand. The beam and
column dimensions are 30x50 cm and 50x50 cm. The slab thickness and story high are
20 cm and 350 cm. The material properties determined to be 23.54 N/mm? for
concrete compressive strength and to be 392.27 N/mm? for both longitudinal and
transversal reinforcement bars. Gravity and earthquake load that to be referred from
ASCE/SEI 41-13 used to account for the seismic assessment. The soil class for this
building is site class D with many parameters to determine earthquake load such as the
reduction factor (R) is 3, the overstrength factor (Qo) is 3, the deflection amplification
factor (Cq) is 2.5, and the importance factor (I) is 1.5. The others required parameters
are the spectral response acceleration parameter at short period is 0.798g, the spectral
response acceleration parameter at 1 s period is 0.232g and the fundamental period of

the building T is 0.21 seconds. The site coefficient F. and Fy that got from the spectral
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response acceleration parameter short and 1 s period on the site class D are 1.181 and
1.936, respectively. From table 1.6-1 and 1.6-2 of DPT 1302-52 (Thai Code), it shows
that Sps >0.5 and Sp1 > 0.2 used to point out the risk category, meet the high level of
seismicity and high level of seismicity that similar to the risk category D of ASCE 7,
respectively. All of the parameters used to calculate the base shear coefficient Cs is

0.315g to determine the pseudo seismic force then simulate as the pushover static load.
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Figure 3.1 3D view of three-story building. (SAP2000)
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3.1.2 Six-story building modeling

Six-story building that locates in Chiang Rai city, Chiang Rai province,
assumes an existing building for studying the structural performance levels, is an
ordinary reinforced concrete moment frame. This building are the symmetry
configuration, 4x4@6 meters bays in both X and Y directions as shown in figure 3.2, a
low-rise structure that located in the high seismic zone in Thailand. The beam and
column dimensions are 30x50 cm and 55x55 cm. The slab thickness and story high are
20 cm and 350 cm. The material properties determined to be 23.54 N/mm? for
concrete compressive strength and to be 392.27 N/mm? for both longitudinal and

transversal reinforcement bars.
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Figure 3.2 3D view of six-story building. (SAP2000)
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3.1.3 Nine-story building modeling

Nine-story building that locates in Chiang Rai city, Chiang Rai
province, assumes an existing building for studying the structural performance levels,
is an ordinary reinforced concrete moment frame. This building are the symmetry
configuration, 4x4@6 meters bays in both X and Y directions as shown in figure 3.3, a
low-rise structure that located in the high seismic zone in Thailand. The beam and
column dimensions are 30x60 cm and 70x70 cm. The slab thickness and story high are
20 cm and 350 cm. The material properties determined to be 23.54 N/mm? for
concrete compressive strength and to be 392.27 N/mm? for both longitudinal and

transversal reinforcement bars.
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Figure 3.3 3D view of nine-story building. (SAP2000)
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3.2 Structural Modeling of retrofitted building
In this study, we have use three-story, six-story, and nine-story retrofitted

building to evaluate the building performance level.

3.2.1 Three-story retrofitted building modeling
Steel bracing is the best method for global retrofit of the existing

building that sees much low-rise, mid-rise, high-rise building, using many types of

steel bracing to resisting the earthquake load. By the way, the structure with inverted

V Bracing gives minimum Story drift as compared to other X, V.
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Figure 3.4 3D view of the three-story braced steel frame. (SAP2000)
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The magnitudes of story drift for all the stories are found to be within
limits, i.e. 0.004 times to story height according to IS 1893:2002 (Part I) (Soundarya,
2017). For the story drift, it is not enough to choose inverted V that should be studied
for other cases to qualified as the best steel bracing. The results of the study and
analysis of the retrofit model to resist earthquakes from all data. Knee Braced
strengthening is inappropriate. The inverted V models provide better engineering
results and less budget than others (Channarong, 2016). Inverted V bracing system
significantly reduces the bending moment and shear force than V type bracing system
(Shachindra, 2015). Node displacements and story drifts are minimum for inverted V
braced frame as compared to V braced frame (Shachindra, 2015). This study is used
inverted V steel bracing that has yield strength is 245.17 N/mm?, ultimate strength is
392.27 N/mm?, and modulus of elasticity is 200055.66 N/mm?. The outer steel frames
have the column dimension of W300X300X94, beam dimension of W350X250X79.7,
and bracing dimension of HSS200X200X8.0 for both three-story as shown in figure
3.4.

3.2.2 Six-story retrofitted building modeling

This study is used inverted V steel bracing that has yield strength is
245.17 N/mm?, ultimate strength is 392.27 N/mm? and modulus of elasticity is
200055.66 N/mm?. The outer steel frames have the column dimension of
W300X300X94, beam dimension of W350X250X79.7, and bracing dimension of

HSS200X200X8.0 of six-story building as shown in figure 3.5.
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Figure 3.5 3D view of the six-story braced steel frame. (SAP2000)

3.2.3 Nine-story retrofitted building modeling

This study is used inverted V steel bracing that has yield strength is

245.17 N/mm?, ultimate strength is 392.27 N/mm? and modulus of elasticity is

The outer steel frames have the column dimension of

200055.66 N/mm?.

W500X300X114, beam dimension of W350X250X79.7, and bracing dimension of

HSS300X300X6.0 of nine-story building as shown in figure 3.6.
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Figure 3.6 3D view of the nine-story braced steel frame. (SAP2000)

Performance Evaluation of Existing Building

33

3.3.1 Displacement Coefficient Method of the three-story building

Nonlinear Static Procedure (SNP) use to analyze the Multi-Degree-Of-

Freedom system as shown in figure 3.7 to find the seismic response. But the NSPs use

“Equivalent” Single-Degree-of-Freedom (ESDOF) representations of structures to

estimate roof peak displacement and the response quantities associated with this roof

displacement as shown in figure 3.8. These ESDOF systems are generally based on

thus systematically excluding the effects of higher

9

the fundamental mode of response

modes (in the case of elastic response) or Multi-Degree-Of-Freedom (MDOF) effects
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(in the case of nonlinear response) on response quantities. Displacement coefficient
method was used to calculate the target displacement of the control node on the roof
that presented in both ASCE 41-13 Eq. 7-28 and FEMA 440 Eq. 3-9 (2005). The
building that used to evaluate the performance levels is the symmetry configuration,
needed only one direction for qualified its performance. The magnitude of the target
displacement that shown in table 3.1 obtained from the maximum value between

ASCE 41-13 Eq. 7-28 and FEMA 440 Eq. 3-9.

7 7

Figure 3.7 Multi-Degree-Of-Freedom Figure 3.8 Single-Degree of Freedom
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Table 3.1 Parameter and target displacement (;) of three-story building

Parameters | FEMA 440 | ASCE 41-13 Note
ASCE 41-13 Table 7-5. Values for
Co 1.233 1.350 _ _
Modification Factor
Modification Factor to relate the
Ci 1.133 1.090
expected max displacements
C2 1.011 1.009 Values for Modification Factor
Cs 1.000 Building with post-yield stiffness
Sa 0.628 0.628 Spectral Response Acceleration
Te 0.425 0.472 Effective natural vibration
G 9.81 9.81 Gravitational Acceleration
FEMA 440: 8t=C0C1C2C3Sa(Te/2n)2g
Ot 0.040 0.0517
ASCE 41-13: §=CC1C2Sa(Te/2m)’g

3.3.2 Displacement Coefficient Method of the six-story building

For the six-story building, it has the target displacement of the control

node on the roof roof that presented in both ASCE 41-13 Eq. 7-28 and FEMA 440 Eq.

3-9 (2005). The building that used to evaluate the performance levels is the symmetry

configuration, needed only one direction for qualified its performance. The magnitude

of the target displacement that shown in table 3.2 obtained from the maximum value

between ASCE 41-13 Eq. 7-28 and FEMA 440 Eq. 3-9.
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Table 3.2 Parameter and target displacement (5;) of six-story building

Parameters | FEMA 440 | ASCE 41-13 Note

ASCE 41-13 Table 7-5. Values for
Co 1.2397 1.2407

Modification Factor

Modification Factor to relate the
C 1.0599 1.0

expected max displacements
C2 1.00 1.00 Values for Modification Factor
Cs 1.000 Building with post-yield stiffness
Sa 0.628 0.628 Spectral Response Acceleration
Te 0.7852 0.7852 Effective natural vibration
G 9.81 9.81 Gravitational Acceleration

FEMA 440: 8t=CoC1C2C3Sa(Te/2n)2g
Ot 0.127 0.12

ASCE 41-13: §=CoC1C2Sa(Te/2n)’g

3.3.3 Displacement Coefficient Method of the nine-story building

For the nine-story building, it has the target displacement of the control

node on the roof roof that presented in both ASCE 41-13 Eq. 7-28 and FEMA 440 Eq.

3-9 (2005). The building that used to evaluate the performance levels is the symmetry

configuration, needed only one direction for qualified its performance. The magnitude

of the target displacement that shown in table 3.3 obtained from the maximum value

between ASCE 41-13 Eq. 7-28 and FEMA 440 Eq. 3-9.
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Table 3.3 Parameter and target displacement (8;) of nine-story building

Parameters | FEMA 440 | ASCE 41-13 Note

ASCE 41-13 Table 7-5. Values for
Co 1.2787 1.2787 ) )

Modification Factor

Modification Factor to relate the
C 1.00 1.00

expected max displacements
C2 1.00 1.00 Values for Modification Factor
Cs 1.00 Building with post-yield stiffness
Sa 0.628 0.628 Spectral Response Acceleration
Te 1.0821 1.0821 Effective natural vibration
G 9.81 9.81 Gravitational Acceleration

FEMA 440: 8t=CoC1C2C3Sa(Te/27:)2g
Ot 0.234 0.234

ASCE 41-13: §=CoC1C2Sa(Te/2n)’g

3.3.4 Capacity Spectrum Method of the three-story building

The nonlinear static analysis procedure has also included the capacity

spectrum method (CSM) that uses the intersection of the capacity-demand curve to

estimate maximum roof displacement at the performance point. The performance point

that found to check the structural performance levels of the IO, LS or CP depended on

deformation limits specified in ATC-40 were 0.01, 0.02 and 0.33(Vu/W) as shown in

table 3.4, respectively. Building design needs to consider the performance level that

bases upon the importance and function of the building such as the hospital to be

considered Immediate Occupancy (IO) level. A case studying the three-story building

used SAP2000, analyzed the pushover static analysis, determined performance point

that represents in the Acceleration-Displacement Response Spectra (ADRS) as shown
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in figure 3.9. To depend on figure 3.9, it shows that the magnitude of base shear and
tip displacement at the performance point are 6605789 N and 0.04 m, respectively. To
determine the building performance levels, it can use the deformation limits to
compare with the roof drift ratio at the performance point as follows: Roof drift ratio at

the performance point is 0.04/10.5= 0.0038.

Table 3.4 Deformation limits

Structural Performance Levels
Standard Inter-story drift limit g ollapse . Immediate
. Life Safety
Prevention Occupancy
Maximum total drift 0.33(Vi/Pi) 0.02 0.01
ATC 40
Maximum inelastic drift No limit No limit 0.005
Spectral Displacement
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Figure 3.9 Capacity spectrum curve of the three-story building. (SAP2000)



3.3.5 Capacity Spectrum Method of the six-story building

analysis,

Displacement Response Spectra (ADRS) as shown in figure 3.10. To depend on figure

3.10,

performance point are 6984303 N and 0.092 m, respectively. To determine the
building performance levels, it can use the deformation limits to compare with the roof
drift ratio at the performance point as follows: Roof drift ratio at the performance point

15 0.092/21=0.0044.
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Figure 3.10 Capacity spectrum curve of the six-story building. (SAP2000)
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3.3.6 Capacity Spectrum Method of the nine-story building

The nine-story building used SAP2000, analyzed the pushover static
analysis, determined performance point that represents in the Acceleration-
Displacement Response Spectra (ADRS) as shown in figure 3.11. To depend on figure
3.11, it shows that the magnitude of base shear and tip displacement at the
performance point are 8211036 N and 0.14 m, respectively. To determine the building
performance levels, it can use the deformation limits to compare with the roof drift

ratio at the performance point as follows: Roof drift ratio at the performance point is

0.14/31.5=0.0044.
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Figure 3.11 Capacity spectrum curve of the nine-story building. (SAP2000)
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3.3.7 Inter-story Drift Method of the three-story building

According to ASCE/SEI 41-06, Inter-story drift ratio is determined as
the difference between the defections of two adjacent floors which can be expressed as
a percentage of the story height. The inter-story drift is the most acceptable parameter
to control the displacement, the resulting damage, and in turn performance of the
structure. Thus, the importance of precise prediction of drifts in structural designs is
obvious. ASCE/SEI 41-06 suggests typical limits of 1% inter-story drift for immediate
occupancy (I0), 2% inter-story drift associated with Life Safety (LS) performance
level and 4% inter-story drift for Collapse Prevention (CP) performance. These values
are appropriate for well-detailed RC frames. The inter-story drifts of the frames at
different building drifts are shown in figure 3.13. Before calculating the inter-story
drift, we need to determine the deflection at level x (6x) as shown in equation 3.1. The
value of the deflection is shown in figure 3.12 According to ASCE 7-16, the inter-
story drift ratio (IDR) as determine in equation 3.2 shall not exceed the performance
limit as defined by ASCE/SEI 41-06. The figure 3.14 shows the determination of the

inter-story drift by ASCE standard.

xe (3.1)

where Cq : deflection amplification factor in Table 12.2-1 of the ASCE 7-16
Oxe : deflection at the location required by this section determined by an
elastic analysis

Ie : Importance Factor determined in accordance with Section

11.5.1 of the ASCE 7-16
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IDRZM (3.2)

X

where Lx : story height at the level x

0x : deflection at the level x
Ox-1 : deflection at the level x-1
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Figure 3.12 Story deflections (cm)
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Figure 3.14 Inter-Story Drift Determination. (ASCE 41-13)
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3.3.8 Inter-story Drift Method of the six-story building

According to ASCE/SEI 41-06, Inter-story drift ratio is determined as
the difference between the defections of two adjacent floors which can be expressed as
a percentage of the story height. The inter-story drift is the most acceptable parameter
to control the displacement, the resulting damage, and in turn performance of the
structure. Thus, the importance of precise prediction of drifts in structural designs is
obvious. ASCE/SEI 41-06 suggests typical limits of 1% inter-story drift for immediate
occupancy (I0), 2% inter-story drift associated with Life Safety (LS) performance
level and 4% inter-story drift for Collapse Prevention (CP) performance. These values

are appropriate for well-detailed RC frames.
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Figure 3.15 Story deflections (cm)
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The inter-story drifts of the frames at different building drifts are shown
in figure 3.16. Before calculating the inter-story drift, we need to determine the
deflection at level x (0x) as shown in equation 3.1. The value of the deflection is
shown in figure 3.15 According to ASCE 7-16, the inter-story drift ratio (IDR) as
determine in equation 3.2 shall not exceed the performance limit as defined by

ASCE/SEI 41-06.
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Figure 3.16 Inter-story drift (%)
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3.3.9 Inter-story Drift Method of the nine-story building

According to ASCE/SEI 41-06, Inter-story drift ratio is determined as
the difference between the defections of two adjacent floors which can be expressed as
a percentage of the story height. The inter-story drift is the most acceptable parameter
to control the displacement, the resulting damage, and in turn performance of the
structure. Thus, the importance of precise prediction of drifts in structural designs is
obvious. ASCE/SEI 41-06 suggests typical limits of 1% inter-story drift for immediate
occupancy (IO), 2% inter-story drift associated with Life Safety (LS) performance
level and 4% inter-story drift for Collapse Prevention (CP) performance. These values

are appropriate for well-detailed RC frames.
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Figure 3.17 Story deflections (cm)
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The inter-story drifts of the frames at different building drifts are shown
in figure 3.18. Before calculating the inter-story drift, we need to determine the
deflection at level x (6x) as shown in equation 3.1. The value of the deflection is
shown in figure 3.17 According to ASCE 7-16, the inter-story drift ratio (IDR) as
determine in equation 3.2 shall not exceed the performance limit as defined by

ASCE/SEI 41-06.
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Figure 3.18 Inter-story drift (%)

3.3.10 Acceptance Criteria of the three-story Building
3.3.10.1 Conditions of the Column

According to ASCE 41-13, it shows that the axial

compression of the column is classified as a force-controlled action. To know the
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column is adequate for axial compression, the lower-bound strength of column must
be more than the maximum requirement force at the target displacement. Shear of the
column has also classified as a force-controlled action. Both the axial and shear
capacity of the column are more than the maximum analysis force at the target
displacement. The conditions of the columns were shown in table 3.5. The value of the
transverse reinforcement details (Vp/Vo<0.6) that is a condition to be used for the
columns to which chooses the closed hoops with 90-degree hooks (ii). Other
requirement parameters used to determine performance levels of the column as shown

in table 3.5.

Table 3.5 Conditions of the columns of the three-story building

Conditions
Level P A \
E bwvs bwd\/E
3 0.075 0.005 0.137
2 0.149 0.005 0.255
1 0.221 0.005 0.442

3.3.10.2 Conditions of the Beam
The beam shear must be evaluated on three locations of the
beam, which are yield zones for two ends of the beam, and the center of the beam
known as a non-yield zone. After checking the result, it shows that the lower-bound
shear capacity of the beam is more than the shear demand of the beam at the given
performance objective. Moreover, the flexural of the beam must be checked at all

locations where the loads produce the maximum effects to the beam elements. The



66

beam was classified as positive and negative flexural demand that examined for
adequacy at the left, middle, and right of beam segments and the left and right of beam

segments, respectively.

Table 3.6 Condition of the beams of the three-story building

Condition
Level pp' A%
Pal Transverse reinforcement b, dyf,
3 0.00 C 0.111
2 -0.28 C 0.115
! -0.42 C 0.115

Before defining the performance levels of the beam, it must be examined for
the shear-controlled or flexure-controlled. Base on the result, the beam shear capacity
is more than the beam shear requirement, shown that the beam is the flexure-
controlled. The transverse reinforcing was classified as conforming and
nonconforming transverse reinforcement that abbreviated as "C" and "NC",
respectively. The other required parameters are shown in table 3.6.

3.3.11 Acceptance Criteria of the six-story Building
3.3.11.1 Conditions of the Column

According to ASCE 41-13, it shows that the axial
compression of the column is classified as a force-controlled action. To know the

column is adequate for axial compression, the lower-bound strength of column must
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be more than the maximum requirement force at the target displacement. Shear of the

column has also classified as a force-controlled action.

Table 3.7 Conditions of the columns of the six-story building

Conditions
Level P A \Y4

Af. bs b, dyf,
6 0.047976 0.00285 0.090017
5 0.096073 0.00285 0.119020
4 0.145851 0.00285 0.150307
3 0.196783 0.00285 0.180887
2 0.248912 0.00285 0.209455
1 0.287078 0.00285 0.258643

Both the axial and shear capacity of the column are more than the maximum
analysis force at the target displacement. The conditions of the columns were shown in
table 3.7. The value of the transverse reinforcement details (Vp/V0<0.6) that is a
condition to be used for the columns to which chooses the closed hoops with 90-
degree hooks (ii). Other requirement parameters used to determine performance levels
of the column as shown in table 3.7.

3.3.11.2 Conditions of the Beam
The beam shear must be evaluated on three locations of the

beam, which are yield zones for two ends of the beam, and the center of the beam
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known as a non-yield zone. After checking the result, it shows that the lower-bound
shear capacity of the beam is more than the shear demand of the beam at the given
performance objective. Moreover, the flexural of the beam must be checked at all
locations where the loads produce the maximum effects to the beam elements. The
beam was classified as positive and negative flexural demand that examined for
adequacy at the left, middle, and right of beam segments and the left and right of beam

segments, respectively.

Table 3.8 Condition of the beams of the six-story building

Condition
Pp' \Y
Poa Transverse reinforcement de\/E
Level

6 -0.17278 C 0.60945416
5 -0.38729 C 0.836492274
4 -0.56742 C 0.836565618
3 -0.65247 C 0.835603048
2 -0.71257 C 0.836212111
1 -0.78546 C 0.827938724

Before defining the performance levels of the beam, it must be examined for

the shear-controlled or flexure-controlled. Base on the result, the beam shear capacity
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is more than the beam shear requirement, shown that the beam is the flexure-
controlled. The transverse reinforcing was classified as conforming and
nonconforming transverse reinforcement that abbreviated as “C” and “NC”,
respectively. The other required parameters are shown in table 3.8.

3.3.12 Acceptance Criteria of the nine-story Building
3.3.12.1 Conditions of the Column

According to ASCE 41-13, it shows that the axial
compression of the column is classified as a force-controlled action. To know the
column is adequate for axial compression, the lower-bound strength of column must

be more than the maximum requirement force at the target displacement.

Table 3.9 Conditions of the columns of the nine-story building

Conditions
Level L A, v
Af, b,s b, dyf,
9 0.077645622 0.002243 0.088991952
8 0.154426133 0.002243 0.133105603
7 0.231379963 0.002243 0.187004287
6 0.308533819 0.002243 0.232305065
5 0.385974104 0.002243 0.268779468
4 0.463849896 0.002243 0.311109013
3 0.542266918 0.002243 0.320158638
2 0.621679032 0.002243 0.419869743
1 0.699213769 0.002243 0.245487742
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Shear of the column has also classified as a force-controlled
action. Both the axial and shear capacity of the column are more than the maximum
analysis force at the target displacement. The conditions of the columns were shown in
table 3.9. The value of the transverse reinforcement details (Vp/V0<0.6) that is a
condition to be used for the columns to which chooses the closed hoops with 90-
degree hooks (ii). Other requirement parameters used to determine performance levels
of the column as shown in table 3.9.

3.3.12.2 Conditions of the Beam

The beam shear must be evaluated on three locations of the
beam, which are yield zones for two ends of the beam, and the center of the beam
known as a non-yield zone. After checking the result, it shows that the lower-bound
shear capacity of the beam is more than the shear demand of the beam at the given
performance objective. Moreover, the flexural of the beam must be checked at all
locations where the loads produce the maximum effects to the beam elements. The
beam was classified as positive and negative flexural demand that examined for
adequacy at the left, middle, and right of beam segments and the left and right of beam
segments, respectively. Before defining the performance levels of the beam, it must be
examined for the shear-controlled or flexure-controlled. Base on the result, the beam
shear capacity is more than the beam shear requirement, shown that the beam is the
flexure-controlled. The transverse reinforcing was classified as conforming and
nonconforming transverse reinforcement that abbreviated as “C” and “NC”,

respectively. The other required parameters are shown in table 3.10.
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Table 3.10 Condition of the beams of the nine-story building

Condition
Level p_p' v
Pral Transverse reinforcement bwd\/E
9 -0.248 C 0.168998001
8 -0.4839 C 0.182389341
7 -0.5853 C 0.18132613
6 -0.688 C 0.180822911
5 -0.698 C 0.179572727
4 -0.715 C 0.177898254
3 -0.7432 C 0.175893145
2 -0.7643 C 0.173614005
1 -0.798 & 0.17041992

3.3.13 Stiffness Calculation Beam-Column Joints

Joint stiffness shall be modelled the joint stiffness implicitly by
adjusting the centerline model following by three different types as shown in figure
3.19. Moreover, the interior column was used to calculate the ratio of the column-
beam moments as shown in table 3.11. For example, it shows that the first story of the
building has XMpc /ZMnp, > 1.2, Using beam rigid end length offset is 0.00 and column
rigid end length offset is 1.00. The other stories of the building were shown in table

3.11.



Table 3.11 Joint stiffness of the interior columns

C) EMno/EM,, > 1.2

a) Example of explicit
) joirﬁ modelp

d) EM,J/EM,; < 0.8

b) Offsets for implicit
joint model

e) 0.8 < EMny/EM, ;< 1.2

| i__

Figure 3. 19 Beam—Column joint stiffness modeling. (ASCE 41-13)
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Z MnC P . .
Mie | Mw™ | Mw" | =Mne | =M |¥M,, | Rigid | Rigid
Level "1 Factor | Factor
Kgm | Kgm Kg.m Kgm | Kg.m Column | Beam
3 45500 | 25962 | 49493 45500 | 75454 | 0.75 0 1
2 94500 | 25962 | 49493 140000 | 75454 | 1.56 1 0
1 99000 | 25962 | 49193 193500 | 75454 | 1.64 1 0

1. For XMyc /ZMnp> 1.2, column offsets are rigid and beam offsets are not;

2. For XMy /ZMnp < 0.8, beam offsets are rigid and column offsets are not; and

3. For 0.8 < Mnc /ZMup < 1.2, half of the beam and column offsets are considered rigid.

where My is the nominal moment capacities at column and My, is the nominal

moment capacities at beam.



3.4 Performance Evaluation of Retrofitted Building

3.4.1 Displacement Coefficient Method of the three-story Building

displacement of the retrofitted building at the control node on the roof that similar the
procedure as the existing building. The target displacement of the FEMA 440 and
ASCE/SEI 41-13 equal 0.02 m and 0.0263 m as shown in table 3.12, respectively. We

use the maximum between to two these values to compare to point out the pushover

step that gets from the SAP2000.

Displacement coefficient method was also used to calculate the target

Table 3.12 Parameter and target displacement (3t) of three-story building

Parameters | FEMA 440 | ASCE 41-13 Note
ASCE 41-13 Table 7-5. Values for
Co 1.218 1.373
Modification Factor
Modification Factor to relate the
C 1.122 1.101
expected max displacements
C 1.006 1.005 Values for Modification Factor
Cs 1.000 Building with post-yield stiffness
Sa 0.628 0.628 Spectral Response Acceleration
Te 0.304 0.333 Effective natural vibration
G 9.81 9.81 Gravitational Acceleration
FEMA 440: §=CoC1C2C3Sa(Te/2m)*g
Ot 0.020 0.0263
ASCE 41-13: 8=C¢C1C2Sa(Te/2m)’g
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3.4.2 Displacement Coefficient Method of the six-story Building

Displacement coefficient method was also used to calculate the target
displacement of the retrofitted building at the control node on the roof that similar the
procedure as the existing building. The target displacement of the FEMA 440 and
ASCE/SEI 41-13 equal 0.068673 m and 0.072714 m as shown in table 3.13,
respectively. We use the maximum between to two these values to compare to point

out the pushover step that gets from the SAP2000.

Table 3.13 Parameter and target displacement (dt) of six-story building

Parameters | FEMA 440 | ASCE 41-13 Note
ASCE 41-13 Table 7-5. Values for
Co 1.2422 1.2371
Modification Factor
Modification Factor to relate the
C 1.000 1.0576
expected max displacements
C2 1.000 1.0053 Values for Modification Factor
Cs 1.000 Building with post-yield stiffness
Sa 0.628 0.628 Spectral Response Acceleration
Te 0.5949 0.5949 Effective natural vibration
G 9.81 9.81 Gravitational Acceleration
FEMA 440: 5=CoC1C2C3Sa(Te/2m)*g
Ot 0.068673 0.072714
ASCE 41-13: §=C¢C1C2Sa(Te/2m)’g
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3.4.3 Displacement Coefficient Method of the nine-story Building
Displacement coefficient method was also used to calculate the target
displacement of the retrofitted building at the control node on the roof that similar the
procedure as the existing building. The target displacement of the FEMA 440 and
ASCE/SEI 41-13 equal 0.155554 m and 0.163251 m as shown in table 3.14,
respectively. We use the maximum between to two these values to compare to point

out the pushover step that gets from the SAP2000.

Table 3.14 Parameter and target displacement (dt) of nine-story building

Parameters | FEMA 440 | ASCE 41-13 Note
ASCE 41-13 Table 7-5. Values for
Co 1.2824 1.2825
Modification Factor
Modification Factor to relate the
C 1.000 1.0494
expected max displacements
C2 1.000 1.00 Values for Modification Factor
Cs 1.000 Building with post-yield stiffness
Sa 0.628 0.628 Spectral Response Acceleration
Te 0.8812 0.8812 Effective natural vibration
G 9.81 9.81 Gravitational Acceleration
FEMA 440: 5=CoC1C2C3Sa(Te/2m)*g
Ot 0.155554 0.163251
ASCE 41-13: §=C¢C1C2Sa(Te/2m)’g
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3.44 Capacity Spectrum Method of the three-story building

Capacity Spectrum Method (CSM), primarily described in ATC 40,
was also used to evaluate the performance levels of the retrofitted building. Capacity
Spectrum Method (CSM) was described in section 2.3 that talked about the Capacity
Spectrum Method of the existing building. The structure with inverted V Bracing gives
minimum Story drift as compared to other X, V. The magnitudes of story drift for all
the stories are found to be within limits, i.e. 0.004 times to story height according to IS
1893:2002 (Part I) [1]. To depend on figure 3.20, it shows that the magnitude of base
shear and tip displacement at the performance point are 7218051 N and 0.019 m,
respectively. To determine the building performance levels, it can use the deformation
limits to compare with the roof drift ratio at the performance point as follows: Roof

drift ratio at the performance point is 0.019/10.5= 0.0018.
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Figure 3.20 Capacity spectrum curve of three-story building. (SAP2000)
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3.4.5 Capacity Spectrum Method of the six-story building

To depend on figure 3.21, it shows that the magnitude of base shear
and tip displacement at the performance point are 9532797 N and 0.066 m,
respectively. To determine the building performance levels, it can use the deformation
limits to compare with the roof drift ratio at the performance point as follows: Roof

drift ratio at the performance point is 0.066/21=0.00314.
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Figure 3.21 Capacity spectrum curve of six-story building. (SAP2000)

3.4.6 Capacity Spectrum Method of the nine-story building
To depend on figure 3.22, it shows that the magnitude of base shear
and tip displacement at the performance point are 11151768 N and 0.109 m,

respectively. To determine the building performance levels, it can use the deformation
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limits to compare with the roof drift ratio at the performance point as follows: Roof

drift ratio at the performance point is 0.109/31.5= 0.00346.
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Figure 3.22 Capacity spectrum curve of nine-story building. (SAP2000)

3.4.7 Inter-story Drift Method of the three-story building

According to ASCE/SEI 41-06, Inter-story drift ratio is determined as
the difference between the defections of two adjacent floors which can be expressed as
a percentage of the story height. The inter-story drift is the most acceptable parameter
to control the displacement, the resulting damage, and in turn performance of the
structure. Thus, the importance of precise prediction of drifts in structural designs is
obvious. ASCE/SEI 41-06 suggests typical limits of 1% inter-story drift for immediate
occupancy (I0), 2% inter-story drift associated with Life Safety (LS) performance

level and 4% inter-story drift for Collapse Prevention (CP) performance.
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Before calculating the inter-story drift, we need to determine the deflection as shown
in figure 3.23. According to the figure 3.24, it shows that the inter-story drift at the
first story, second story, and third story equal to 0.2%, 0.5%, and 0.6%, respectively.

3.4.8 Inter-story Drift Method of the six-story building

According to ASCE/SEI 41-06, Inter-story drift ratio is determined as
the difference between the defections of two adjacent floors, which can be expressed
as a percentage of the story height. The inter-story drift is the most acceptable
parameter to control the displacement, the resulting damage, and in turn performance
of the structure. Thus, the importance of precise prediction of drifts in structural

designs is obvious.
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Figure 3.25 Story deflections
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Figure 3.26 Inter-story drift (%)

ASCE/SEI 41-06 suggests typical limits of 1% inter-story drift for immediate
occupancy (I10), 2% inter-story drift associated with Life Safety (LS) performance
level and 4% inter-story drift for Collapse Prevention (CP) performance. Before
calculating the inter-story drift, we need to determine the deflection, as shown in
figure 3.25. The inter-story drift of the six-story building was shown in the figure in
table 3.26.

3.4.9 Inter-story Drift Method of the nine-story building

According to ASCE/SEI 41-06, Inter-story drift ratio is determined as
the difference between the defections of two adjacent floors, which can be expressed

as a percentage of the story height. The inter-story drift is the most acceptable
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parameter to control the displacement, the resulting damage, and in turn performance
of the structure. Thus, the importance of precise prediction of drifts in structural
designs is obvious. ASCE/SEI 41-06 suggests typical limits of 1% inter-story drift for
immediate occupancy (IO), 2% inter-story drift associated with Life Safety (LS)

performance level and 4% inter-story drift for Collapse Prevention (CP) performance.
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Figure 3.27 Story deflections
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Figure 3.28 Inter-story drift (%)

Before calculating the inter-story drift, we need to determine the
deflection, as shown in figure 3.27. The inter-story drift of the nine-story building was
shown in the figure in table 3.28.

3.4.10 Acceptance Criteria of the Three-story Building

3.4.10.1 Performance Evaluation of the Column

All the conditions that used to evaluate the performance
levels of the retrofitted building of the column were performed the same as the
performance levels of the existing building of the column. The acceptance criteria of
the retrofitted building are quite similar to the acceptance criteria of the existing

building. The most of the columns do not have the plastic hinge rotation (radian), and
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a little bit of the column has plastic hinge rotation (radian) in the first story. The
acceptance criteria were used to compare with the plastic hinge rotation (radian) of the
retrofitted building to classify the performance levels of the retrofitted building. Both
the axial compression and Shear of the column are classified as a force-controlled
action. Both the axial and shear capacity of the column are more than the maximum
analysis force at the target displacement. The value of the transverse reinforcement
details (Vp/V0<0.6) that is a condition to be used for the columns to which chooses the
closed hoops with 90-degree hooks (ii). Other requirement parameters used to

determine performance levels of the column as shown in table 3.15.

Table 3.15 Conditions of the columns of the three-story building

Condition
Level P A Vv
AL 17 b,dyf,
3 0.091 0.005 0.065
2 0.181 0.005 0.105
1 0.271 0.005 0.228

3.4.10.2 Performance Evaluation of the Beam

All the conditions that used to evaluate the performance
levels of the retrofitted building of the beam were performed the same as the
performance levels of the existing building of the beam. The acceptance criteria of the

retrofitted building is quite similar to the acceptance criteria of the existing building.
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The most of the beams have a little bit the plastic hinge rotation (radian) in the first
and second floor, and the columns do not have the plastic hinge rotation (radian) in the
third story. The acceptance criteria was used to compare with the plastic hinge rotation
(radian) of the retrofitted building to classify the performance levels of the retrofitted
building. Before defining the performance levels of the beam, it must be examined for
the shear-controlled or flexure-controlled. Base on the result, the beam shear capacity
is more than the beam shear requirement, shown that the beam is the flexure-
controlled. The transverse reinforcing was classified as conforming and
nonconforming transverse reinforcement that abbreviated as “C” and “NC”,

respectively. The other required parameters are shown in table 3.16.

Table 3.16 Condition of the beams of the three-story building

Condition
Level 0-p'
= Transverse reinforcement \4
pbal bwd fc
3 0.00 C 0.125
o) -0.28 C 0.155
1 -0.42 C 0.162

3.4.11 Acceptance Criteria of the Six-story Building
3.4.11.1 Performance Evaluation of the Column

All the conditions that used to evaluate the performance
levels of the retrofitted building of the column were performed the same as the

performance levels of the existing building of the column. The acceptance criteria of
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the retrofitted building are quite similar to the acceptance criteria of the existing
building. The most of the columns do not have the plastic hinge rotation (radian), and

a little bit of the column has plastic hinge rotation (radian) in the first story.

Table 3.17 Conditions of the columns of the six-story building

Condition
Level P A A%

E bwvs bwd\/E
6 0.04676 0.00285 0.06867
5 0.09507 0.00285 0.08263
4 0.14195 0.00285 0.08594
3 0.19004 0.00285 0.11519
2 0.23700 0.00285 0.14964
1 0.28439 0.00285 0.22077

The acceptance criteria were used to compare with the plastic
hinge rotation (radian) of the retrofitted building to classify the performance levels of
the retrofitted building. Both the axial compression and Shear of the column are
classified as a force-controlled action. Both the axial and shear capacity of the column
are more than the maximum analysis force at the target displacement. The value of the
transverse reinforcement details (Vp/V0<0.6) that is a condition to be used for the
columns to which chooses the closed hoops with 90-degree hooks (ii). Other
requirement parameters used to determine performance levels of the column as shown

in table 3.17.
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3.4.11.2 Performance Evaluation of the Beam

All the conditions that used to evaluate the performance
levels of the retrofitted building of the beam were performed the same as the
performance levels of the existing building of the beam. The acceptance criteria of the

retrofitted building is quite similar to the acceptance criteria of the existing building.

Table 3.18 Condition of the beams of the six-story building

Condition

bevel ik Transverse reinforcement b ;/ \/f_

Pral wiyle
6 -0.17278 € 0.071770926
5 -0.38729 C 0.09405271
4 -0.56742 C 0.101457197
3 -0.65247 » 0.100391389
2 -0.71257 C 0.099388685
1 -0.78546 C 0.097380781

The most of the beams have a little bit the plastic hinge
rotation (radian) in the first and second floor, and the columns do not have the plastic
hinge rotation (radian) in the third story. The acceptance criteria was used to compare
with the plastic hinge rotation (radian) of the retrofitted building to classify the
performance levels of the retrofitted building. Before defining the performance levels
of the beam, it must be examined for the shear-controlled or flexure-controlled. Base
on the result, the beam shear capacity is more than the beam shear requirement, shown

that the beam is the flexure-controlled. The transverse reinforcing was classified as
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conforming and nonconforming transverse reinforcement that abbreviated as "C" and
"NC", respectively. The other required parameters are shown in table 3.18.

3.4.12 Acceptance Criteria of the Nine-story Building
3.4.12.1 Performance Evaluation of the Column

All the conditions that used to evaluate the performance
levels of the retrofitted building of the column were performed the same as the
performance levels of the existing building of the column. The acceptance criteria of
the retrofitted building are quite similar to the acceptance criteria of the existing
building. The most of the columns do not have the plastic hinge rotation (radian), and

a little bit of the column has plastic hinge rotation (radian) in the first story.

Table 3.19 Conditions of the columns of the nine-story building

Condition
Level P A vV
Af, b,s N
9 0.157069735 0.002243 0.102645158
8 0.078981389 0.002243 109540.0004
7 0.235420938 0.002243 0.147501559
6 0.314041789 0.002243 0.17119631
5 0.393034058 0.002243 0.198183984
4 0.472466232 0.002243 0.228767807
3 0.552616889 0.002243 0.245246523
2 0.633492521 0.002243 0.241969124
1 0.715468139 0.002243 0.229677905




89

The acceptance criteria were used to compare with the plastic
hinge rotation (radian) of the retrofitted building to classify the performance levels of
the retrofitted building. Both the axial compression and Shear of the column are
classified as a force-controlled action. Both the axial and shear capacity of the column
are more than the maximum analysis force at the target displacement. The value of the
transverse reinforcement details (Vp/V0<0.6) that is a condition to be used for the
columns to which chooses the closed hoops with 90-degree hooks (ii). Other
requirement parameters used to determine performance levels of the column as shown
in table 3.19.

3.4.12.2 Performance Evaluation of the Beam

All the conditions that used to evaluate the performance
levels of the retrofitted building of the beam were performed the same as the
performance levels of the existing building of the beam. The acceptance criteria of the
retrofitted building is quite similar to the acceptance criteria of the existing building.
The most of the beams have a little bit the plastic hinge rotation (radian) in the first
and second floor, and the columns do not have the plastic hinge rotation (radian) in the
third story. The acceptance criteria was used to compare with the plastic hinge rotation
(radian) of the retrofitted building to classify the performance levels of the retrofitted
building. Before defining the performance levels of the beam, it must be examined for
the shear-controlled or flexure-controlled. Base on the result, the beam shear capacity
is more than the beam shear requirement, shown that the beam is the flexure-
controlled. The transverse reinforcing was classified as conforming and
nonconforming transverse reinforcement that abbreviated as "C" and "NC",

respectively. The other required parameters are shown in table 3.20.



Table 3.20 Condition of the beams of the nine-story building

90

-0.798

Condition
Level op! . vV
o Transverse reinforcement b.d \/E
9 -0.248 C 0.167021984
8 -0.4839 C 0.182547954
7 -0.5853 C 0.181392311
6 -0.688 C 0.180228881
5 -0.698 C 0.178965643
4 -0.715 C 0.177092685
3 -0.7432 C 0.174423932
2 -0.7643 C 0.171055808
C

0.16681199




CHAPTER IV

RESULT AND COMPARISON

4.1 Introduction

Performance Based Seismic Design (PBSD) is a design concept that is
currently being applied in seismic design on a variety of buildings and bridges. Its
main goal is to produce structures that will have predictable results in the event of an
earthquake. A defining parameter in PBSD is its performance objective: the acceptable
level of damage selected for a specified earthquake intensity level. A building may be
designed based on one or multiple performance objectives. In this study, we use the
four methods to evaluate building performance. The building performance divides into
three levels that call Immediate Occupancy (IO), Life Safety (LS), and Collapse
Prevention (CP). Immediate Occupancy, "IO," When an earthquake occurs, the
structure can withstand the earthquake, the structure does not suffer structural damage
and does not experience non-structural damage. So it can be directly used. Level of
life safety (Life Safety), "LS," When an earthquake occurs, the structure can withstand
earthquakes, with minimum structural damage, humans living/residing in the building
is safeguarded from earthquakes. Level of structural stability (Collapse Prevention or
Structural Stability), "CP," When an earthquake occurs, the structure undergoes severe
structural damage, but has not collapsed. A three storied building is used to assess the
building performance using Displacement Coefficient Method, Capacity Spectrum

Method, Inter-story Drift Method, and Member-Level Performance Method.
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Therefore, the result from the calculation of each method is compared with any
standards or codes that specified the performance levels. Base on the result, we can
know the performance level of the building that classified as global and local

performance.

4.2 Performance Evaluation of Existing Building

4.2.1 Displacement Coefficient Method of the Three-story Building
From table 3.1, the target displacement of the FEMA 440 and
ASCE/SEI 41-13 equal 0.040 m and 0.0517 m, respectively. We choose the maximum
value between both values to compare with performance levels that get from the
SAP2000 software as shown in table 4.1. The 0.0517 m of the target displacement
meets in step 3" of the 0.092645 m displacements in table 4.1. Therefore, the
performance level of the building meets in between Immediate Occupancy (1O) to Life

Safety (LS) levels.

Table 4.1 Pushover steps of the three-story building

Displac- A IO|LS|CP| C |D
Base-Shear B to
Step | ement to to | to | to | to | to | >E | Total
(Kgf) 10
(m) B LS|CP| C | D | E

0 2.6E-6 0.000 390 O 0]j]0]0]0]0| O 390

1 0.0149 | 291624.52 | 388 | 2 0]j]0]0]0]0| O 390

2 0.0499 | 83242350 (290|100 O | O | O | O [O ] O 390

3 0.0926 | 1127561.68 242|114 |34 | 0 | O | O | O | O 390

4 0.0965 | 114297945 1238|114 {38 | 0 | O | O | O | O 390

5 0.1012 | 1158335.73 1234|106 | 50 | O | O | O | O | O 390

6 0.1083 | 1174948.23 |222 {114 |54 | 0 | O | O | O | O 390
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Table 4.1 Pushover steps of the three-story building (Continued)

Displac- A IO|LS|CP| C |D
Base-Shear B to
Step | ement to to | to | to | to |to| >E | Total
(Kgf) 10
(m) B LS|{CP| C | D | E

7 0.1115 | 1179462.12 | 218 | 117 {55 | 0 | O | O | O | O 390

8 0.1116 | 1171650.64 (218 | 117 | 55| 0 | O | O [ O | O 390

9 0.1117 | 1171688.29 | 218 | 117 | 55| 0 | O | O [ O | O 390

10 | 0.1121 | 1174498.65 218 | 117 (55| 0 | O | O [ O | O 390

11 | 0.1142 | 118043495 (216|115 (59| 0 | O | O | O | O 390

12 | 0.1167 | 1183094.61 | 216|109 | 65| O | O | O [ O | O 390

13 | 0.1168 | 1137346.23 /1216|109 | 65| O | O | O [ O | O 390

14 | 0.1217 | 1178674.70 | 214|111 | 65| O | O | O [ O | O 390

15 | 0.1267 | 119428224 {208 | 114 |68 | O | O | O | O | O 390

16 | 0.1685 | 1243069.84 {202 | 114 (49| 0 | O |25 |0 | O 390

17 | 02077 | 121559498 {202 | 114 (24 | 0 | O |50 | O | O 390

18 | 0.2921 | 1040064.96 | 202 | 114 |24 | 0 | O |50 |0 | O 390

19 | 0.3549 | 910430.01 (202|114 |24 | 0 | O |50 |0 | O 390

20 | 0.3970 | 828796.53 202|114 24| 0 | O | SO | O | O 390

21 | 0.4200 | 788401.09 (202|114 1241 0 | O |50 | 0| O 390

4.2.2 Displacement Coefficient Method of the Six-story Building
From table 3.2, the target displacement of the FEMA 440 and
ASCE/SEI 41-13 equal 0.127 m and 0.12 m, respectively. We choose the maximum
value between both values to compare with performance levels that get from the
SAP2000 software as shown in table 4.2. The 0.127 m of the target displacement

meets in step 7th of the 0.1419 m displacements in table 4.2. Therefore, the
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performance level of the building meets in between Immediate Occupancy (I10) to Life

Safety (LS) levels.

Table 4.2 Pushover steps of the six-story building

Displac-

Base-Shear A B o IO|LS|CP| C |D

Step | ement to to | to | to | to | to | >E | Total
(Kgh 1
B LS| CP | C | D |E
(m)

0 0 0.000 780 | 0O 0 0 0] 00O 780
1 0.019 195538.84 | 780 | O 0 0 0] 00O 780
2 0.0265 | 27310634 | 776 | 4 0 0 0] 00O 780
3 0.0530 | 476687.22 | 656 | 124 | 0O 0 0O]0 |00 780
4 0.0766 | 629265.85 | 617 | 163 | 0 0 0] 00O 780
5 0.0964 | 737180.79 |595| 185 | O 0 0] 00O 780
6 0.1177 | 827406.63 | 561 | 219 | O 0 0] 00O 780
7 0.1419 | 927677.91 550|203 |27 | O 0|0 0] O 780
8 0.1633 | 1010938.92 | 537 | 192 | 51 | O 00|00 780
9 0.1899 |1081562.23 | 516 | 183 | 81 | 0 01000 780
10 | 0.1900 | 1081639.10 | 516 | 183 | 81 | O 01000 780

4.2.3 Displacement Coefficient Method of the Nine-story Building

From table 3.3, the target displacement of the FEMA 440 and

ASCE/SEI 41-13 equal 0.234 m and 0.234 m, respectively. We choose the maximum

value between both values to compare with performance levels that get from the

SAP2000 software as shown in table 4.3. The 0.234 m of the target displacement
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meets in step 4" of the 0.3013 m displacements in table 4.3. Therefore, the
performance level of the building meets in between Immediate Occupancy (I10) to Life

Safety (LS) levels.

Table 4.3 Pushover steps of the nine-story building

Displa A |l B|1O]|Ls|icp| € |D
Base-Shear
Step | -cemet to | to | to |[to | to | to |to Total
(Keh) E
(m) B |I0O|Ls|cP|C| p |E
0 1.3E-5 0 117 | 0 0 00 0 |0] 0] 1170
0

1 0.030 | 270796.96 | 116 | 4 0 010 0 |0] 0/ 1170

2 0.116 | 731388.17 | 888 | 282 | O 010 0 0|0 1170

3 0.216 | 11779594 | 843 | 312 | 15 | 0 | O 0 [0] 0/ 1170

4 0.301 | 14857335 | 797 | 173 | 200 | 0 | O 0 |00 1170

5 0.399 | 1818421.1 | 781 | 130 | 258 | 1 0 0 0|0 1170

6 0.399 | 1820853.1 | 779 | 132 | 258 | 1 0 0 0|0 1170

7 0.399 | 1816453.1 | 779 | 132 | 258 | 0 | O 1 0|0 1170

8 0.399 | 18182254 [ 779 {132 | 258 { O | O 1 |0 0] 1170

9 0.492 | 2122098.5 | 731 | 168 [ 259 | 0 | O 12 10| 0| 1170

10 | 0.573 | 22992904 | 686 | 157 {234 | 0 | O | 93 | O | O | 1170

11 0.622 | 2367856.5 | 663 | 150 | 245 | 0 | O | 112 | 0 | O | 1170

12 | 0.672 | 2416516.5 | 650 | 150 | 248 | O | O (122 | O | O | 1170

13 | 0.716 | 2468845.0 | 633 | 155|242 | 0 | O [ 140 | O | O | 1170

14 | 0.721 | 2472397.1 | 630 | 158 {237 | 0 | O {1450 | O | 1170
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Table 4.3 Pushover steps of the nine-story building (Continued)

Displa Al B |10 |Ls|cr| € |D
Base-Shear
Step | -cemet to | to | to | to | to | to |to Total
(Kgf) E
(m) B |I0O| LS |cP|C | p |E

15 | 0.724 | 2473416.7 | 627 | 160 | 236 | O | O [ 147 | 0 | O | 1170

16 | 0.764 | 2448202.5 | 616 | 157 {238 | O | O [159 |0 | O | 1170

17 0.798 | 22921443 | 614 | 149|235 0 | O | 172 | 0 | O | 1170

18 | 0.807 | 2009362.5 | 614 | 149 | 236 | O | O [171 | O | O | 1170

19 0.809 | 1957066.2 | 614 | 149 | 236 | 2 0 |169 | 0| 0| 1170

20 | 0.811 | 18924798 | 614 | 149 | 236 | 10 | 2 | 159 | 0 | O | 1170

21 0.811 | 1870173.4 | 614 | 149 | 236 | 18 | 2 | 151 | O | O | 1170

22 1 0.8111 | 18312819 | 614 | 149 | 236 | 33 | 2 | 136 | 0 | O | 1170

23 ] 0.8125 | 1833695.6 | 614 | 149 | 236 | 33 | 2 | 136 | 0 | O | 1170

24 | 0.8131 | 1833782.2 | 614 | 149 | 236 |33 | 2 | 136 | 0 | O | 1170

25 ] 0.8120 | 1767676.9 | 614 | 149 | 236 | 45 | 2 | 124 | 0 | O | 1170

4.2.4 Capacity Spectrum Method of the three-story building
To depend on figure 3.9, it shows that the magnitude of base shear and
tip displacement at the performance point are 6605789 N and 0.04 m, respectively. To
determine the building performance levels, it can use the deformation limits to
compare with the roof drift ratio at the performance point as follows: Roof drift ratio at
the performance point is 0.04/10.5= 0.0038. Base on table 3.4, the performance point
that found to check the structural performance levels of the 10, LS or CP depended on

deformation limits specified in ATC-40 were 0.01, 0.02 and 0.33(Vv/W), respectively.
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Therefore, the performance level of the building meets the Immediate Occupancy (10O)
level because of 0.0038<0.01.
4.2.5 Capacity Spectrum Method of the six-story building

To depend on figure 3.10, it shows that the magnitude of base shear and
tip displacement at the performance point are 6984303 N and 0.092 m, respectively.
To determine the building performance levels, it can use the deformation limits to
compare with the roof drift ratio at the performance point as follows: Roof drift ratio at
the performance point is 0.092/21= 0.0044. Base on table 3.4, the performance point
that found to check the structural performance levels of the 10, LS or CP depended on
deformation limits specified in ATC-40 were 0.01, 0.02 and 0.33(Vv/W), respectively.
Therefore, the performance level of the building meets the Immediate Occupancy (10O)
level because of 0.0044<0.01.

4.2.6 Capacity Spectrum Method of the nine-story building

To depend on figure 3.11, it shows that the magnitude of base shear and
tip displacement at the performance point are 8211036 N and 0.14 m, respectively. To
determine the building performance levels, it can use the deformation limits to
compare with the roof drift ratio at the performance point as follows: Roof drift ratio at
the performance point is 0.14/31.5= 0.0044. Base on table 3.4, the performance point
that found to check the structural performance levels of the 10, LS or CP depended on
deformation limits specified in ATC-40 were 0.01, 0.02 and 0.33(Vv/W), respectively.
Therefore, the performance level of the building meets the Immediate Occupancy (10O)

level because of 0.0044<0.01.
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4.2.7 Inter-story Drift Method of the three-story building

According to table 4.4, the inter-story drift ratio of the existing building
equal 2.0% inter-story drift for first floor, 1.6% inter-story drift associated with second
floor, and 0.8% inter-story drift for third floor. Depending on table 4.7, ASCE/SEI 41-
06 suggests typical limits of 1% inter-story drift for immediate occupancy (IO)
performance level, 2% inter-story drift associated with Life Safety (LS) performance
level, and 4% inter-story drift for Collapse Prevention (CP) performance level.
Therefore, the performance level of the existing building was classified in each story
level such as the first story, the second story, and the third story met Life Safety (LS)

level, Life Safety (LS) level, and Immediate Occupancy (IO) level, respectively.

Table 4.4 Inter-story drift ratio (IDR)

Deflection Inter-story Drift Performance
Floor Drift (cm)
(cm) ratio (%) Level
3 9.268 15.446 0.8 10
2 7.657 12.761 1.6 LS
1 4.297 7.161 2.0 LS

4.2.8 Inter-story Drift Method of the six-story building
According to table 4.5, the inter-story drift ratio of the existing building
equal 1.5% inter-story drift for first floor, 1.8% inter-story drift associated with second
floor, 1.5% inter-story drift for third floor, 1.1% inter-story drift for fourth floor, 0.6%
inter-story drift associated with fifth floor, and 0.3% inter-story drift for sixth floor.
Depending on table 4.7, ASCE/SEI 41-06 suggests typical limits of 1% inter-story

drift for immediate occupancy (IO) performance level, 2% inter-story drift associated
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with Life Safety (LS) performance level, and 4% inter-story drift for Collapse

Prevention (CP) performance level.

Table 4.5 Inter-story drift ratio (IDR)

Deflection Inter-story Drift Performance
Floor Drift (cm)
(cm) ratio (%) Level
6 14.2 23.67 0.3 10
5 13.55 22.58 0.6 10
4 12.21 20.35 1.1 LS
3 9.99 16.65 1.5 LS
2 6.93 11.55 1.8 LS
1 3.24 5.4 1.5 LS

Therefore, the performance level of the existing building was classified
in each story level such as the first story, the second story, and the third story, the
fourth story, the fifth story, and the sixth story met Life Safety (LS) level, Life Safety
(LS) level, Life Safety (LS) level, Life Safety (LS) level, Immediate Occupancy (IO)
level, and Immediate Occupancy (10) level, respectively.

4.2.9 Inter-story Drift Method of the nine-story building

According to table 4.6, the inter-story drift ratio of the existing building
equal 1.4% inter-story drift for first floor, 2.1% inter-story drift associated with second
floor, 2.3% inter-story drift for third floor, 2.2% inter-story drift for fourth floor, 2.0%
inter-story drift associated with fifth floor, 1.7% inter-story drift for sixth floor, 1.3%
inter-story drift for seventh floor, 0.9% inter-story drift for eighth floor, and 0.5%

inter-story drift for ninth floor. Depending on table 4.7, ASCE/SEI 41-06 suggests
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typical limits of 1% inter-story drift for immediate occupancy (IO) performance level,

2% inter-story drift associated with Life Safety (LS) performance level, and 4% inter-

story drift for Collapse Prevention (CP) performance level. Therefore, the performance

level of the nine-story building was classified in each story level, as shown in table

4.6.

Table 4.6 Inter-story drift ratio (IDR)

Deflection Inter-story Drift Performance
Floor Drift (cm)
(cm) ratio (%) Level
9 30.04 50.07 0.5 10
8 28.99 48.32 0.9 10
7 27.16 45.267 1.3 LS
6 24.46 40.767 1.7 LS
5 20.96 34.933 2.0 LS
4 16.80 28.000 22 CP
3 12.15 20.250 23 CP
2 7.33 12.2167 2.1 CP
1 2.89 4.8167 1.4 LS

Table 4.7 Structural Performance Levels and Damagel,2,3-Vertical Elements

Structural Performance Levels

Collapse Prevention | Life Safety Immediate
Elements Type
(CP) (LS) Occupancy (10)
4% transient 2% transient; 1% transient;
Concrete Frames | Drift Negligible-

or permanent.

1% permanent.

permanent.
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"Damage states indicated in this table are provided to allow an understanding of the severity of damage
that may be sustained by various structural elements where present in structures meeting the definitions
of the Structural Performance Levels. These damage states are not intended for use in post-earthquake
evaluation of damage or for judging the safety of, or required level of repair to, a structure following an
earthquake.

2Drift values, differential settlements, crack widths, and similar quantities indicated in these tables are
not intended to be used as acceptance criteria for evaluating the acceptability of a rehabilitation design
in accordance with the analysis procedures provided in this standard; rather, they are indicative of the
range of drift that typical structures containing the indicated structural elements may undergo when
responding within the various Structural Performance Levels. Drift control of a rehabilitated structure
may often be governed by the requirements to protect nonstructural components. Acceptable levels of
foundation settlement or movement are highly dependent on the construction of the superstructure. The
values indicated are intended to be qualitative descriptions of the approximate behavior of structures
meeting the indicated levels.

3For limiting damage to frame elements of infilled frames, refer to the rows for concrete or steel frames.

4.2.10 Member-Level Performance Method of the three-story building
4.2.10.1 Performance Level of the Column

From table 3.5, we use the conditions to determine the
acceptance criteria of the column at ASCE/SEI 41-13, table 10-8. Values between
those listed in the table should be determined by linear interpolation. The acceptance
criteria on the first floor have Immediate Occupancy (IO), Life Safety (LS), and
Collapse Prevention (CP) that equal 0.004, 0.018, and 0.0231, respectively. The
acceptance criteria on the second floor have 0.0041 for immediate occupancy (I1O),
0.021 for Life Safety (LS), and 0.0272 for Collapse Prevention (CP). The acceptance
criteria on the third floor have Immediate Occupancy (IO), Life Safety (LS), and

Collapse Prevention (CP) that equal 0.005, 0.0275, and 0.0360, respectively. Plastic
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hinge rotation in table 4.8 gets from SAP2000 that equal 0.0093 for the first floor,

0.0015 for the second floor, and 0.0000 for the third floor. We use the value from the

Table 4.8 Numerical acceptance criteria for plastic hinge rotation of the columns of

the three-story building

Acceptance Criteria
Condit Plastic Rotations Plastic
onditions i
Angle (radians) Hinge Perform
Level Performance Level Rofat-
-ance
ion
P A vV (radians) Level
- = radians
AT, p bs | b dyr. 10 LS CP
3 0.075 | 0.005 0.137 | 0.005 | 0.027 | 0.036 | 0.0000 10
2 0.149 | 0.005 0.255 | 0.004 | 0.021 | 0.027 | 0.0015 10
1 0.221 0.005 0.442 | 0.004 | 0.018 | 0.023 | 0.0093 LS

acceptance criteria compare with plastic hinge rotation to determine the performance
level of the column. The columns of the three stories building were classified in each
story level such as the first story, the second story, and the third story met Life Safety
(LS) level, Immediate Occupancy (IO) level, and Immediate Occupancy (I0) level,
respectively. The 3™ step of the pushover analysis of the column with plastic hinge
rotation was shown in figure 4.1.
4.2.10.2 Performance Level of the Beam

From table 3.6, we use the conditions to determine the
acceptance criteria of the beam at ASCE/SEI 41-13, table 10-7. Values between those
listed in the table should be determined by linear interpolation. The acceptance criteria

on the first floor have Immediate Occupancy (IO), Life Safety (LS), and Collapse
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Prevention (CP) that equal 0.01, 0.025, and 0.05, respectively. The acceptance criteria
on the second floor have 0.01 for immediate occupancy (IO), 0.025 for Life Safety
(LS), and 0.05 for Collapse Prevention (CP). The acceptance criteria on the third floor
have Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP) that
equal 0.01, 0.025, and 0.05, respectively. Plastic hinge rotation in table 4.9 gets from
SAP2000 that equal 0.0101 for the first floor, 0.0047 for the second floor, and 0.0006

for the third floor.

Table 4.9 Numerical acceptance criteria for plastic hinge rotation of the beams of the

three-story building

Acceptance Criteria
i . Plastic
Plastic Rotations
.. Hi
Conditions Angle (radians) nee Perfor-
Rotat-
Level Performance Level 'O a Mance
ion
op TR! )" 10 LS CP di bevel
Po b.d \/E (radians)
3 000 | C 0.111 0.01 | 0.025 | 0.05 0.0006 10
2 -028| C 0.115 0.01 | 0.025 | 0.05 0.0047 10
1 -042 | C 0.115 0.01 | 0.025 | 0.05 0.0101 LS

TR (Transverse Reinforcement)

We use the value from the acceptance criteria compare with
plastic hinge rotation to determine the performance level of the beam. The beams of
the three stories building were classified in each story level such as the first story, the
second story, and the third story met Life Safety (LS) level, Immediate Occupancy

(IO) level, and Immediate Occupancy (IO) level, respectively. The 3rd step of the
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pushover analysis of the beam with plastic hinge rotation was shown in figure 4.1.

—t—

Figure 4.1 Performance levels of the three-story building

4.2.11 Member-Level Performance Method of the six-story building
4.2.11.1 Performance Level of the column

From table 3.7, we use the conditions to determine the
acceptance criteria of the column at ASCE/SEI 41-13, table 10-8. Values between
those listed in the table should be determined by linear interpolation. The acceptance
criteria of the six-story building were shown in table 4.10. Plastic hinge rotation in
table 4.10 gets from SAP2000 that equal 0.006 for the first floor, and 0.0000 for the
second to sixth floor. We use the value from the acceptance criteria compare with
plastic hinge rotation to determine the performance level of the column The

performance evaluation of the columns of the six-stories building was classified the
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performance level in table 4.10. The 7th step of the pushover analysis of the column

with plastic hinge rotation was shown in figure 4.2.

Table 4.10 Numerical acceptance criteria for plastic hinge rotation of the columns of

the six-story building

Acceptance Criteria
Plastic Rotations
Conditions Plastic
Angle (radians) Perfom-
Hinge
Level Performance Level . Ance
Rotation
Level
P _ A A% 0 Ls cp (radians)
Af. | P b | bLdyr
6 0.048 | 0.00285 | 0.090 | 0.0047 | 0.041 | 0.054 0.000 10
5 0.096 | 0.00285 | 0.119 | 0.0044 | 0.036 | 0.049 0.000 10
4 0.146 | 0.00285 | 0.150 | 0.0041 | 0.032 | 0.043 0.000 10
3 0.197 | 0.00285 | 0.181 | 0.0038 | 0.028 | 0.038 0.000 10
2 0.249 | 0.00285 | 0.209 | 0.0035 | 0.024 | 0.032 0.000 10
1 0.287 | 0.00285 | 0.259 | 0.0033 | 0.021 | 0.027 0.006 LS

4.2.11.2 Performance Level of the Beam
From table 3.8, we use the conditions to determine the
acceptance criteria of the beam at ASCE/SEI 41-13, table 10-7. Values between those
listed in the table should be determined by linear interpolation. The acceptance criteria
on the first floor to sixth floor have Immediate Occupancy (IO), Life Safety (LS), and
Collapse Prevention (CP) that equal 0.01, 0.025, and 0.05, respectively. Plastic hinge

rotation in table 4.11 gets from SAP2000 that equal 0.0109 for the first floor, 0.0091
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for the second floor, 0.0066 for the third floor, 0.0036 for the fourth floor, 0.0008 for
the fifth floor, and 0.0000 for the sixth floor. We use the value from the acceptance
criteria compare with plastic hinge rotation to determine the performance level of the
beam. The beams of the six stories building were classified in each story of the
performance level, as shown in table 4.11. The 7th step of the pushover analysis of the

beam with plastic hinge rotation was shown in figure 4.2.

Table 4.11 Numerical acceptance criteria for plastic hinge rotation of the beams of

the six-story building

Acceptance Criteria
Plastic Rotations
iti Plastic Hi Perform-
Conditions Angle (radians) astic Hinge erform
Rotati
Level Performance Level otation ance
(radians) Level
p-p' \
— | TR! 10 LS Cp
Pral bwd\/E
6 -0.17| C | 0.00152 | 0.01 | 0.025 | 0.05 0.0000 10
5 -0.39 | C | 0.00209 | 0.01 | 0.025 | 0.05 0.0008 10
4 -0.57| C | 0.00209 | 0.01 | 0.025 | 0.05 0.0036 10
3 -0.65| C | 0.00209 | 0.01 | 0.025 | 0.05 0.0066 10
2 -0.71 | C | 0.00209 | 0.01 | 0.025 | 0.05 0.0091 10
1 -0.79 | C | 0.00207 | 0.01 | 0.025 | 0.05 0.0109 LS

ITR (Transverse Reinforcement)
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LS

Figure 4.2 Performance levels of the six-story building

4.2.12 Member-Level Performance Method of the nine-story building
4.2.12.1 Performance Level of the Column

From table 3.9, we use the conditions to determine the
acceptance criteria of the column at ASCE/SEI 41-13, table 10-8. Values between
those listed in the table should be determined by linear interpolation. The acceptance
criteria of the nine-story building were shown in table 4.12. Plastic hinge rotation in
table 4.12 gets from SAP2000 that equal 0.0051 for the first floor, and 0.0000 for the
second to nine floor. We use the value from the acceptance criteria compare with
plastic hinge rotation to determine the performance level of the column The

performance evaluation of the columns of the six-stories building was classified the
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performance level in table 4.12. The 4th step of the pushover analysis of the column

with plastic hinge rotation was shown in figure 4.3.

Table 4.12 Numerical acceptance criteria for plastic hinge rotation of the columns of

the nine-story building

Acceptance Criteria
Conditi Plastic Rotations
onditions i
Angle (radians) Plastic Perform-

Level Performance Level Hinge ance

Rotation Lovel

P A \Y4 ) eve

v 10 LS cp | (radians)
Af, b,s bwd\/f_c

9 0.078 | 0.0024 | 0.08899 | 0.0045 | 0.039 | 0.051 | 0.000 IO
8 0.154 | 0.0024 | 0.13311 | 0.0041 | 0.032 | 0.043 | 0.000 IO
7 0.231 | 0.0024 | 0.18700 | 0.0036 | 0.026 | 0.034 | 0.000 IO
6 0.309 | 0.0024 | 0.23231 | 0.0031 | 0.019 | 0.025 | 0.000 IO
5 0.386 | 0.0024 | 0.26878 | 0.0027 | 0.013 | 0.017 | 0.000 IO
4 0.464 | 0.0024 | 0.31111 | 0.0022 | 0.006 | 0.008 | 0.000 I0
3 0.542 | 0.0024 | 0.32016 | 0.0026 | 0.007 | 0.008 | 0.000 IO
2 0.622 | 0.0024 | 0.41987 | 0.0026 | 0.007 | 0.008 | 0.000 I0
1 0.699 | 0.0024 | 0.24549 | 0.0026 | 0.007 | 0.008 | 0.0041 LS

4.2.12.2 Performance Level of the Beam
From table 3.10, we use the conditions to determine the
acceptance criteria of the beam at ASCE/SEI 41-13, table 10-7. Values between those
listed in the table should be determined by linear interpolation. The acceptance criteria

on the first floor to sixth floor have Immediate Occupancy (IO), Life Safety (LS), and
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Collapse Prevention (CP) that equal 0.01, 0.025, and 0.05, respectively. Plastic hinge
rotations get from SAP2000, as shown in table 4.13. We use the value from the
acceptance criteria compare with plastic hinge rotation to determine the performance
level of the beam. The beams of the six stories building were classified in each story
of the performance level, as shown in table 4.13. The 4" step of the pushover analysis

of the beam with plastic hinge rotation was shown in figure 4.3.

Table 4.13 Numerical acceptance criteria for plastic hinge rotation of the beams of

the nine-story building

Acceptance Criteria
_ Plastic Rotations
Conditions \
Angle (radians) Plastic Hinge | Performa
Level .
Performance Level Rotation nee
(radians) Level
PP | ni |V
TR 10 LS CpP
Phal bwd\/E
9 -025| C | 0.16899 | 0.01 | 0.025 | 0.05 0.00064 10
8 -048| C | 0.18239 | 0.01 | 0.025 | 0.05 0.0029 10
7 -0.59 | C-| 0.18133 | 0.01 | 0.025 | 0.05 0.0056 10
6 -0.69| C | 0.18082 | 0.01 | 0.025 | 0.05 0.0084 10
5 -0.70 | C | 0.17957 | 0.01 | 0.025 | 0.05 0.0109 LS
4 -0.72 | C | 0.17790 | 0.01 | 0.025 | 0.05 0.0129 LS
3 -0.74 | C | 0.17589 | 0.01 | 0.025 | 0.05 0.0141 LS
2 -0.76 | C | 0.17361 | 0.01 | 0.025 | 0.05 0.0139 LS
1 -0.80 | C | 0.17042 | 0.01 | 0.025 | 0.05 0.0117 LS

TR (Transverse Reinforcement)
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Figure 4.3 Performance levels of the nine-story building

4.3 Performance Evaluation of Strengthening Building
4.3.1 Displacement Coefficient Method of the three-story building
From table 3.12, the target displacement of the FEMA 440 and
ASCE/SEI 41-13 equal 0.020 m and 0.0263 m, respectively. We choose the maximum
value between both values to compare with performance levels that get from the
SAP2000 software as shown in table 4.10. The 0.0263 m of the target displacement
meets in step 2" of the 0.0266 m displacements in table 4.14. Therefore, the

performance level of the building meets the Immediate Occupancy (I10) level.



Table 4.14 Pushover steps of the three-story building
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Displac- | Bage 0| Ls|CP| C D
Step | ement Shear | ™' B to | o | to | to |10 for
B 10 1
(m) (Kgf) LS| CP | c | D |E
0 | 7.0E-06 0 5580 00| 0] 0] 010 558
1 | 0.01355 | 52409 | 556 | 2 | 0| 0 | 0 | 0 |O 558
2 | 0.0266 | 96006 | 495 | 63 | 0 | 0 | O | O | O 558
31003438 | 111040 | 462 | 90 | 0 | 0 | 0O | 6 | O 558
4 ] 0.04489 | 122221 | 446 | 102 | 0 | 0 | O | 10 | O 558
5 10.04489 | 122223 [ 446 [ 102 | 0 | 0 | 0 | 10 | O 558
6 | 005221 | 127953 | 420 | 126 | 2 | O | O | 10 | O 558
7 1006750 | 13433.0 | 408 | 111 [ 29 | 0 | 0 | 10 | © 558
8 | 0.07056 | 13498.4 | 406 | 104 | 38 | 0 | 0 | 10 | O 558
9 |0.07875 | 13489.8 | 406 | 91 |51 | 0 | 0 |10 | 0 558
10 | 0.07895 | 13499.6 | 406 | 91 |51 | 0 | 0 | 10 | 0 558
11 | 0.07932 | 13511.2 | 406 | 90 |52 | 0 | 0 | 10 | 0 558
12 | 0.07990 | 13536.2 | 406 | 90 | 52| 0 | 0 [10 | 0 558
13 | 0.08367 | 13628.0 | 402 | 90 | 56 | 0 | 0 | 10 | 0 558
14 | 0.08845 | 13643.9 | 402 | 86 | 60 | 0 | 0 | 10 | 0 558
15 | 0.08966 | 13682.9 | 399 | 89 |60 | 0 | 0 | 10 | 0 558
16 | 0.09062 | 13703.4 | 396 | 91 |61 | 0 | 0 | 10 | 0 558
17 | 0.09424 | 13686.3 | 396 | 91 |61 | 0 | 0 | 10 | 0 558
18 | 0.09523 | 13700.5 | 394 | 93 |61 | 0 | 0 | 10 | 0 558
19 | 0.09695 | 13713.3 | 393 | 92 |63 | 0 | 0 | 10 | 0 558
20 | 0.09959 | 13685.3 | 392 | 93 |63 | 0 | 0 | 10 | 0 558




Table 4.14 Pushover steps of the three-story building (Continued)
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Displac- | Bage 0| Ls|CP| C D
Step | ement Shear | ™' B to | o | to | to |10 for
B 10 1
(m) (Kgf) LS| CP | c | D |E
21 | 0.09963 | 13686.5 | 391 | 94 | 63| 0 | 0 | 10 | 0 558
22 | 0.10041 | 13698.5 | 390 | 95 | 63| 0 | 0 | 10 | 0 558
23 | 0.10280 | 13700.0 | 386 | 98 | 64 | 0 | O | 10 | 0 558
24 | 0.10480 | 13690.1 | 386 | 98 | 64 | 0 | 0 | 10 | 0 558
25 | 0.10539 | 13701.5 | 386 | 98 | 64 | 0 | 0 | 10 | 0 558
26 | 0.10572 | 13705.1 | 386 | 98 |64 | 0 | 0 | 10 | 0 558
27 | 0.10573 | 13670.3 | 386 | 98 |64 | 0 | 0 | 10 | 0 558
28 | 0.10573 | 13668.1 | 386 | 98 | 64 | 0 | 0 | 10 | 0 558
29 | 0.10467 | 13687.2 | 386 | 98 | 62| 0 | 0 | 12 | 0 558
30 | 0.10749 | 13692.0 | 386 | 98 |62 | 0 | 0 | 12| 0 558
31 | 0.11401 | 13608.7 | 386 | 98 | 61 | 0 | 0 | 13 | 0 558
32 | 0.11847 | 13631.6 | 385 | 97 |62 | 0 | 0 | 14 | 0 558
33 | 0.12277 | 13564.0 | 384 | 96 |64 | 0 | 0 [14 | 0 558
34 | 0.14291 | 133853 {380 | 96 |37 | 0 | 0 | 45 | 0 558
35 | 0.20574 | 111393 | 380 | 96 |10 | 4 | 0 | 62 | 0 558
36 | 0.26859 | 10070.8 | 376 | 98 | 12| 0 | 0 | 66 | 0 558
37 | 0.35192 | 8509.50 | 374 | 96 | 14| 0 | 0 | 68 | 0 558
38 | 0.39436 | 775320 | 374 | 96 | 14| 0 | 0 | 68 | 0 558
39 | 0.42005 | 7278.13 | 374 | 96 | 14| 0 | 0 | 66 | 2 558
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4.3.2 Displacement Coefficient Method of the six-story building
From table 3.13, the target displacement of the FEMA 440 and
ASCE/SEI 41-13 equal 0.068673 m and 0.072714 m, respectively. We choose the
maximum value between both values to compare with performance levels that get
from the SAP2000 software as shown in table 4.15. The 0.072714 m of the target
displacement meets in step 7% of the 0.08251 m displacements in table 4.15.
Therefore, the performance level of the building meets the Immediate Occupancy (10)

level.

Table 4.15 Pushover steps of the six-story building

Displac- | Base IO | LS| Cp| C | D
Ato | Bto
Step | ement Shear to to to | to | to | >E | Total
B 10
(m) (Kgf) LS| CP| C | D | E
0 0 0 1068 | 0O 0 0 0 0| 0| 0| 1068

1 0.0125 |2383.75| 1068 | 0O 0 0 0 0| 0 | 0 |1068

2 0.025 | 4767.50 | 1066 | 2 0 0 0 0| 0 | 0 |1068

3 0.02642 | 5037.38 | 1064 | 4 0 0 0 0| 0| 01068

4 0.03899 | 7259.03 | 974 | 94 0 0 0 0| 0| 01068

5 0.05414 | 9180.56 | 924 | 144 | O 0 0 0| 0] 0| 1068

6 0.06715 | 10330.1 | 889 [ 171 | O 0 0 8 0 | 0 | 1068

7 | 0.08251 | 11326.5| 863 | 193 | O 0 O 12| 0 | O | 1068

8 0.08237 | 111759 | 863 | 191 | 2 0 0 | 12| 0 | 0 | 1068




114

4.3.3 Displacement Coefficient Method of the nine-story building
From table 3.14, the target displacement of the FEMA 440 and
ASCE/SEI 41-13 equal 0.155554 m and 0.163251 m, respectively. We choose the
maximum value between both values to compare with performance levels that get
from the SAP2000 software as shown in table 4.16. The 0.163251 m of the target
displacement meets in step 3™ of the 0.176885 m displacements in table 4.16.
Therefore, the performance level of the building meets the Immediate Occupancy (10)

level.

Table 4. 16 Pushover steps of the nine-story building

Ste | Displac- Base B |IO|LS|CP|C |D
Ato > | Tota

P ement Shear to to to to | to | to
B E 1

(m) (Kgf) IO | LS| CP| C | D | E
0 8.7E-05 0 1602 | 0 0 0 0 0| 0 |0]1602

1 | 0.030175 | 414161.24 | 1599 | 3 0 0 0 0| 0 |0]1602

2 | 0.085106 | 984365.31 | 1312|290 | O 0 0 0| 0]0]1602

3 | 0.176885 | 1579450.1 | 1201 | 363 | 31 0 0 7 10 |0]1602

4 | 0.246495 | 1882413.5 | 1143|293 | 141 | O 0 | 25] 0 |0]1602

5 ] 0.349343 | 2220528.1 | 1092 | 190 | 288 | O 0 | 32] 0 |0]1602

6 | 0362324 | 2259457.2 | 1089 | 189 | 291 | 1 0 | 32] 0 |0]1602

4.3.4 Capacity Spectrum Method of the three-story Building
To depend on figure 3.20, it shows that the magnitude of base shear and
tip displacement at the performance point are 7218051 N and 0.019 m, respectively.

To determine the building performance levels, it can use the deformation limits to
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compare with the roof drift ratio at the performance point as follows: Roof drift ratio at
the performance point is 0.019/10.5= 0.0018. Base on table 3.4, the performance point
that found to check the structural performance levels of the 10, LS or CP depended on
deformation limits specified in ATC-40 were 0.01, 0.02 and 0.33(Vb/W), respectively.
Therefore, the performance level of the building meets the Immediate Occupancy (10)
level because of 0.0018<0.01.
4.3.5 Capacity Spectrum Method of the six-story Building

To depend on figure 3.21, it shows that the magnitude of base shear and
tip displacement at the performance point are 9532797 N and 0.066 m, respectively.
To determine the building performance levels, it can use the deformation limits to
compare with the roof drift ratio at the performance point as follows: Roof drift ratio at
the performance point is 0.066/21= 0.00314. Base on table 3.4, the performance point
that found to check the structural performance levels of the 10, LS or CP depended on
deformation limits specified in ATC-40 were 0.01, 0.02 and 0.33(Vv/W), respectively.
Therefore, the performance level of the building meets the Immediate Occupancy (10)
level because of 0.00314<0.01.

4.3.6 Capacity Spectrum Method of the nine-story Building

To depend on figure 3.22, it shows that the magnitude of base shear and
tip displacement at the performance point are 11151768 N and 0.109 m, respectively.
To determine the building performance levels, it can use the deformation limits to
compare with the roof drift ratio at the performance point as follows: Roof drift ratio at
the performance point is 0.109/31.5= 0.00346. Base on table 3.4, the performance
point that found to check the structural performance levels of the 10, LS or CP

depended on deformation limits specified in ATC-40 were 0.01, 0.02 and 0.33(Vv/W),
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respectively. Therefore, the performance level of the building meets the Immediate
Occupancy (10) level because of 0.00346<0.01.
4.3.7 Inter-story Drift Method of the three-story building

According to table 4.17, the inter-story drift ratio of the existing
building equal 0.6% inter-story drift for first floor, 0.5% inter-story drift associated
with second floor, and 0.2% inter-story drift for third floor. Depending on table 4.7,
ASCE/SEI 41-06 suggests typical limits of 1% inter-story drift for immediate
occupancy (IO) performance level, 2% inter-story drift associated with Life Safety
(LS) performance level, and 4% inter-story drift for Collapse Prevention (CP)
performance level. Therefore, the performance level of the existing building was
classified in each story level such as the first story, the second story, and the third
story met Immediate Occupancy (10) level, Immediate Occupancy (IO) level, and

Immediate Occupancy (10) level, respectively.

Table 4.17 Inter-story drift ratio (IDR)

Deflection ) Inter-story Drift Performance
Floor Drift (cm) _
(cm) ratio (%) Level
3 2.67 4.45 0.2 10
2 2.15 3.58 0.5 10
1 1.16 1.93 0.6 10

4.3.8 Inter-story Drift Method of the six-story building
According to table 4.18, the inter-story drift ratio of the six-story

building equals 0.876% inter-story drift for first floor, 0.933% inter-story drift
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associated with second floor, 0.986% inter-story drift for third floor, 0.548% inter-
story drift for fourth floor, 0.367% inter-story drift associated with fifth floor, and
0.219% inter-story drift for sixth floor. Depending on table 4.7, ASCE/SEI 41-06
suggests typical limits of 1% inter-story drift for immediate occupancy (10O)
performance level, 2% inter-story drift associated with Life Safety (LS) performance
level, and 4% inter-story drift for Collapse Prevention (CP) performance level.
Therefore, the performance level of the six-story building was classified in each story
level such as the first story, the second story, and the third story, the fourth story, the
fifth story, and the sixth story met Immediate Occupancy (IO) level, Immediate
Occupancy (I0) level, Immediate Occupancy (IO) level, Life Safety (LS) level,

Immediate Occupancy (10) level, and Immediate Occupancy (10) level, respectively.

Table 4.18 Inter-story drift ratio (IDR)

Floor Deflection Drift (cmm) Inter-story Drift Performance
(cm) ratio (%) Level
6 8.25 13.75 0.219 10
5 7.79 12.98 0.367 10
4 7.02 11.70 0.548 10
3 5.87 9.78 0.986 10
2 3.80 6.33 0.933 10
1 1.84 3.07 0.876 10

4.3.9 Inter-story Drift Method of the nine-story building
According to table 4.19, the inter-story drift ratio of the existing

building equal 0.9286% inter-story drift for first floor, 0.9571% inter-story drift



118

associated with second floor, 0.9752% inter-story drift for third floor, 0.9971% inter-

story drift for fourth floor, 0.9705% inter-story drift associated with fifth floor,

0.9619% inter-story drift for sixth floor, 0.9238% inter-story drift for seventh floor,

0.8952% inter-story drift for eighth floor, and 0.7095% inter-story drift for ninth floor.

Depending on table 4.7, ASCE/SEI 41-06 suggests typical limits of 1% inter-story

drift for immediate occupancy (IO) performance level, 2% inter-story drift associated

with Life Safety (LS) performance level, and 4% inter-story drift for Collapse

Prevention (CP) performance level. Therefore, the performance level of the nine-story

building was classified in each story level, as shown in table 4.19.

Table 4.19 Inter-story drift ratio (IDR)

Floor Deflection Dift (erm) Inter-story Drift Performance
(cm) ratio (%) Level
9 17.47 29.1167 0.7095 10
8 15.98 26.633 0.8952 10
7 14.1 23.50 0.9238 10
6 12.16 20.267 0.9619 10
5 10.14 16.90 0.9705 10
4 8.102 13.5033 0.9971 10
3 6.008 10.0133 0.9752 10
2 3.96 6.60 0.9571 10
1 1.95 3.25 0.9286 10
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4.3.10 Member-Level Performance Method of the three-story building
4.3.10.1 Performance Level of the Column

From table 3.15, we use the conditions to determine the
acceptance criteria of the column at ASCE/SEI 41-13, table 10-8. Values between
those listed in the table should be determined by linear interpolation. The acceptance
criteria on the first floor have Immediate Occupancy (IO), Life Safety (LS), and
Collapse Prevention (CP) that equal 0.0037, 0.0159, and 0.0200, respectively. The
acceptance criteria on the second floor have 0.0038 for immediate occupancy (10),
0.0196 for Life Safety (LS), and 0.0252 for Collapse Prevention (CP). The acceptance
criteria on the third floor have Immediate Occupancy (IO), Life Safety (LS), and

Collapse Prevention (CP) that equal 0.005, 0.0275, and 0.0360, respectively.

Table 4.20 Numerical acceptance criteria for plastic hinge rotation of the columns of

the three-story building

Acceptance Criteria
Plastic Rotations Plastic
Conditions ' Perform-
Angle (radians) Hinge
Level : Ance
Rotation
Performance Level
. Level
(radians)
LA v 10 LS CP
AfL, | P bus [bdyr
3 0.091 | 0.005 0.065 | 0.005 | 0.028 | 0.036 | 0.0000 10
2 0.181 | 0.005 0.105 | 0.004 | 0.02 | 0.025 | 0.0000 10
1 0.271 | 0.005 0.228 | 0.004 | 0.016 | 0.020 | 0.0004 10
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Plastic hinge rotation in table 4.20 gets from SAP2000 that
equal 0.0004 for the first floor, 0.0000 for the second floor, and 0.0000 for the third
floor. We use the value from the acceptance criteria compare with plastic hinge
rotation to determine the performance level of the column. The columns of the three
stories building were classified in each story level such as the first story, the second
story, and the third story met Immediate Occupancy (10) level, Immediate Occupancy
(IO) level, and Immediate Occupancy (IO) level, respectively. The 2nd step of the
pushover analysis of the column with plastic hinge rotation was shown in figure 4.4.

4.3.10.2 Performance Level of the Beam

From table 3.16, we use the conditions to determine the
acceptance criteria of the beam at ASCE/SEI 41-13, table 10-7. Values between those
listed in the table should be determined by linear interpolation. The acceptance criteria
on the first floor have Immediate Occupancy (IO), Life Safety (LS), and Collapse
Prevention (CP) that equal 0.01, 0.025, and 0.05, respectively. The acceptance criteria
on the second floor have 0.01 for immediate occupancy (10), 0.025 for Life Safety
(LS), and 0.05 for Collapse Prevention (CP). The acceptance criteria on the third floor
have Immediate Occupancy (I0), Life Safety (LS), and Collapse Prevention (CP) that
equal 0.01, 0.025, and 0.05, respectively. Plastic hinge rotation in table 4.21 gets from
SAP2000 that equal 0.0025 for the first floor, 0.0003 for the second floor, and 0.0000
for the third floor. We use the value from the acceptance criteria compare with plastic
hinge rotation to determine the performance level of the beam. The beams of the three
stories building were classified in each story level such as the first story, the second
story, and the third story met Immediate Occupancy (10) level, Immediate Occupancy

(IO) level, and Immediate Occupancy (IO) level, respectively.
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Table 4.21 Numerical acceptance criteria for plastic hinge rotation of the beams of

the three-story building

Acceptance Criteria
Plastic Rotations
Conditions o
Angle (radians) Plastic Hinge | Perform-
Level Performance Level Rotation ance
: (radians) Level
PP g . I0 | LS CP
Pral bwd\/ﬁ
3 0.00 | C 0.125 | 0.01 | 0.025 | 0.05 0.0000 10
2 -028 | C 0.155 | 0.01 | 0.025 | 0.05 0.0003 10
1 -042 | C 0.162 | 0.01 | 0.025 | 0.05 0.0025 10

I'TR is Transverse Reinforcement

The 2™ step of the pushover analysis of the beam with plastic hinge rotation was

shown in figure 4.4.

il

LS

EL_

Figure 4.4 Performance levels of the three-story building
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4.3.11 Member-Level Performance Method of the six-story building

4.3.11.1 Performance Level of the Column

From table 3.17, we use the conditions to determine the

acceptance criteria of the column at ASCE/SEI 41-13, table 10-8. Values between

those listed in the table should be determined by linear interpolation. The acceptance

criteria of the first to the sixth floor were shown in table 4.22.

Table 4.22 Numerical acceptance criteria for plastic hinge rotation of the columns of

the six-story building

Acceptance Criteria
Plastic Rotations Plastic
Conditions ' Perform-
Angle (radians) Hinge
Level . ance
Performance Level Rotation
Level
(radians)
L p= 2y ’ 10 LS CP
Af, b.s | bydyF,
6 0.047 | 0.0029 | 0.06867 | 0.004 | 0.041 | 0.054 | 0.000 10
5 0.095 | 0.0029 | 0.08263 | 0.004 | 0.037 | 0.049 | 0.000 10
4 0.142 | 0.0029 | 0.08594 | 0.004 | 0.033 | 0.044 | 0.000 10
3 0.190 | 0.0029 | 0.11519 | 0.003 | 0.029 | 0.038 | 0.000 10
2 0.237 | 0.0029 | 0.14964 | 0.003 | 0.025 | 0.033 | 0.000 10
1 0.284 | 0.0029 | 0.22077 | 0.003 | 0.021 | 0.028 | 0.0012 10

Plastic hinge rotation got from SAP2000 that equal 0.00123 for

the first floor, and 0.000 for the second to the sixth floor. We use the value from the

acceptance criteria compare with plastic hinge rotation to determine the performance

level of the column. The columns of the six stories building were classified in each
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story level, as shown in table 4.22. The 7th step of the pushover analysis of the column
with plastic hinge rotation was shown in figure 4.5.
4.3.11.2 Performance Level of the Beam

From table 3.18, we use the conditions to determine the
acceptance criteria of the beam at ASCE/SEI 41-13, table 10-7. Values between those
listed in the table should be determined by linear interpolation. The acceptance criteria
of the first to the sixth floor had Immediate Occupancy (I10), Life Safety (LS), and
Collapse Prevention (CP) that equal 0.01, 0.025, and 0.05, respectively. Plastic hinge
rotations got from SAP2000, as shown in table 4.23. We use the value from the
acceptance criteria compare with plastic hinge rotation to determine the performance
level of the beam. The beams of the three stories building were classified in each story
level such as the first story, the second story, and the third story met Immediate
Occupancy (I0) level, Immediate Occupancy (IO) level, and Immediate Occupancy
(I0) level, respectively. The 7% step of the pushover analysis of the beam with plastic
hinge rotation was shown in figure 4.5.

4.3.11.3 Braced steel frames of six-story building

The author had a trial and error a lot of the steel section
properties to find the appropriate section properties. The author got the steel section
that made the existing RC building met immediate occupancy (1O) level. It means that
the load was transferred to the braced steel frames instead of the existing RC structure.
If the author uses a small steel section, It will make the existing RC building don't
meet immediate occupancy (IO) level. If the author uses a big steel section, It will
make the existing RC building don't meet immediate occupancy (IO) level. In this

research, some braced steel frames met C to D for a rectangular box. The line from C
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to D shows the starting failure of the component/element (A.Q. Bhatti & H.Varum.,

2012), as shown in figure 2.15. The braced steel frame was shown in figure 4.6.

Table 4.23 Numerical acceptance criteria for plastic hinge rotation of the beams of

the six-story building

Acceptance Criteria

Plastic Rotations

Plastic-
Conditions Angle (radians) , Perform-
Hinge
Level Performance Level . ance
Rotation
, v ) Level
PP | R 10 | Ls | cp | (radians)
Phal bwd\/E
6 -0.17 | C | 0.00018 | 0.01 | 0.025 | 0.05 0.000 10
5 -0.39 | C | 0.00024 | 0.01 | 0.025 | 0.05 0.000 10
4 -0.57 | C | 0.00025 | 0.01 | 0.025 | 0.05 0.00052 10
3 -0.65| C | 0.00025 | 0.01 | 0.025 | 0.05 0.0022 10
2 -0.71 | C | 0.00024 | 0.01 | 0.025 | 0.05 0.0042 10
1 -0.79 | C | 0.00024 | 0.01 | 0.025 | 0.05 0.0053 10

I'TR is Transverse Reinforcement
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Figure 4.5 Performance levels of the six-story building

€10 B parfonmance level

LS

Figure 4.6 Plastic hinges of the braced steel frame



126

4.3.12 Member-Level Performance Method of the nine-story building

4.3.12.1 Performance Level of the Column

From table 3.19, we use the conditions to determine the

acceptance criteria of the column at ASCE/SEI 41-13, table 10-8. Values between

those listed in the table should be determined by linear interpolation. The acceptance

criteria of the first to the sixth floor were shown in table 4.24. Plastic hinge rotations

got from SAP2000, as shown in table 4.24.

Table 4.24 Numerical acceptance criteria for plastic hinge rotation of the columns of

the nine-story building

Acceptance Criteria
Plastic Rotations Angle
) Plastic
Conditions (radians) , Perform
Hinge
Level Performance Level . ance
Rotation
Level
P A, AV4 :
L 10 Ls | cp |(radians)
o WS | bdyf,
9 0.079 | 0.0024 | 0.10265 | 0.0045 | 0.038 | 0.051 | 0.000 10
8 0.157 | 0.0024 | 0.11936 | 0.0041 | 0.032 | 0.042 | 0.000 10
7 0.235 | 0.0024 | 0.14750 | 0.0036 | 0.025 | 0.034 | 0.000 10
6 0.314 | 0.0024 | 0.17119 | 0.0031 | 0.019 | 0.025 | 0.000 10
5 0.393 | 0.0024 | 0.19818 | 0.0027 | 0.012 | 0.016 | 0.000 10
4 0.472 | 0.0024 | 0.22877 | 0.0022 | 0.005 | 0.007 | 0.000 10
3 0.553 | 0.0024 | 0.24525 | 0.0020 | 0.003 | 0.004 | 0.000 10
2 0.002 | 0.0024 | 0.24197 | 0.0026 | 0.007 | 0.008 | 0.000 10
1 0.002 | 0.0024 | 0.22968 | 0.0026 | 0.007 | 0.008 | 0.000 10
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We use the value from the acceptance criteria compare with
plastic hinge rotation to determine the performance level of the column. The columns
of the three stories building were classified in each story level such as the first story,
the second story, and the third story met Immediate Occupancy (10) level, Immediate
Occupancy (I0) level, and Immediate Occupancy (I0) level, respectively. The 3rd
step of the pushover analysis of the column with plastic hinge rotation was shown in
figure 4.7.

4.3.12.2 Performance Level of the Beam

From table 3.20, we use the conditions to determine the
acceptance criteria of the beam at ASCE/SEI 41-13, table 10-7. Values between those
listed in the table should be determined by linear interpolation. The acceptance criteria
of the first to the sixth floor had Immediate Occupancy (10), Life Safety (LS), and
Collapse Prevention (CP) that equal 0.01, 0.025, and 0.05, respectively. Plastic hinge
rotations got from SAP2000, as shown in table 4.25. We use the value from the
acceptance criteria compare with plastic hinge rotation to determine the performance
level of the beam. The beams of the three stories building were classified in each story
level such as the first story, the second story, and the third story met Immediate
Occupancy (I0) level, Immediate Occupancy (IO) level, and Immediate Occupancy
(IO) level, respectively. The 3rd step of the pushover analysis of the beam with plastic

hinge rotation was shown in figure 4.7.
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Table 4.25 Numerical acceptance criteria for plastic hinge rotation of the beams of

the nine-story building

Acceptance Criteria
Plastic Rotations
Conditions o
Angle (radians) Plastic Hinge | Perform-
Level Performance Level Rotation ance
' (radians) Level
PPl p | Y I0 | LS | CP
Pra b d\/f.
9 -0.25| C | 0.16702 | 0.01 | 0.025 | 0.05 0.00002 10
8 -0.48 | C | 0.18255 | 0.01 | 0.025 | 0.05 0.0015 10
7 -0.59 | C | 0.18139 | 0.0L | 0.025 | 0.05 0.0029 10
6 -0.69 | C | 0.18023 | 0.01 | 0.025 | 0.05 0.0043 10
5 -0.70 | C | 0.17897 | 0.01 | 0.025 | 0.05 0.0056 10
4 -0.72 | C | 0.17709 | 0.01 | 0.025 | 0.05 0.0069 10
3 -0.74 | C | 0.17442 | 0.01 | 0.025 | 0.05 0.0078 10
2 -0.76 | C | 0.17106 | 0.01 | 0.025 | 0.05 0.0077 10
1 -0.80 | C | 0.16681 | 0.01 | 0.025 | 0.05 0.0057 10

I'TR is Transverse Reinforcement

4.3.12.3 Braced steel frames of nine-story building
The author had a trial and error a lot of the steel section
properties to find the appropriate section properties. The author got the steel section
that made the existing RC building met immediate occupancy (1O) level. It means that
the load was transferred to the braced steel frames instead of the existing RC structure.
If the author uses a small steel section, It will make the existing RC building don't

meet immediate occupancy (io) level. If the author uses a big steel section, It will
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make the existing RC building don't meet immediate occupancy (IO) level. In this
research, some braced steel frames met Life Safety (LS) level for a circle box and C to
D for a rectangular box. The line from C to D shows the starting failure of the

component/element (A.Q. Bhatti & H.Varum.,2012), as shown in figure 2.15. The

braced steel frame was shown in figure 4.8.
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Figure 4.7 Performance levels of the nine-story building
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Life Safety (LS) performance level

LS

Figure 4.8 Plastic hinges of the braced steel frame

4.4 Comparison of the result

4.4.1 Existing and strengthening of the three-story building
From the result, the first floor of the existing building met the Life
Safety (LS) level for three methods except the capacity spectrum method met
Immediate Occupancy (IO) level. But the second floor met the Immediate Occupancy
(I0) level for the three methods except for the inter-story drift method met the Life
Safety (LS) level. The third floor met the Immediate Occupancy (10) level for the four
methods. For the strengthening building, the first, second, and third floors met the

Immediate Occupancy (10) level for the four methods.
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4.4.2 Existing and strengthening of the six-story building
From the result, the three methods met Life Safety (LS) level except the
capacity spectrum method met Immediate Occupancy (IO) level for the existing
building. For the result of the strengthening building, it met the Immediate Occupancy
(I0) level for the four methods.
4.4.3 Existing and strengthening of the nine-story building
From the result, the two methods met Life Safety (LS) level for the
existing building. The capacity spectrum method met Immediate Occupancy (IO) level
for the existing building. The inter-story drift method met Collapse Prevention (CP)
level for the existing building. For the result of the strengthening building, it met the
Immediate Occupancy (10) level for the four methods.
Therefore, all method is a good tool for strengthening the structure
when we compared these methods. Because all methods met Immediate Occupancy

(I0) level for strengthening the structure.



CHAPTER V

CONCLUSION

5.1 Conclusion

This case study was evaluated the seismic performance of the three-story, six-
story, and nine-story R/C existing building located in Thailand considering to use steel
bracing to improve the structural performance levels of the existing building. It was
used many standards such as ASCE/SEI 41-13, ASCE/SEI 41-06, ACT 40, FEMA
440, FEMA356, and FEMA 273 that separates into four different methods for the first
method is displacement coefficient method, the second method is capacity spectrum
method, the third method Inter-story Drift Method, and the four method is member-
level performance Method to determine the performance levels. Depend on the result
of these four methods, and it shows that the building meets the Immediate Occupancy
(IO) after using the steel bracing to improve the seismic performance in the following.

1. The displacement coefficient method can improve the performance levels
from Life Safety (LS) to Immediate Occupancy (1O).

2. The capacity spectrum method meets the Immediate Occupancy (IO) for
both existing and retrofitted building.

3. The performance of the column changes from the Life Safety (LS) of the
existing building to Immediate Occupancy (IO) of the retrofitted building.

4. The performance of the beam changes from Life Safety (LS) of the existing

building to Immediate Occupancy (I0) of the retrofitted building.
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5. The braced steel frames could be designed to the desired performance limit
states specified in FEMA, ASCE, ATC and Thai earthquake standard, and utilized for
seismic retrofitting the existing building in Thailand.

6. The braced steel frames were rigidly connected to the foundations and
columns of the existing building, but this study did not detail the type of the
connection that used to connect between the braced steel frames to the existing
structure.

7. The braced steel frames can improve the performance level of the structure
from Life Safety (LS) of the existing building to Immediate Occupancy (IO) of the
retrofitted building.

8. The inter-story drift changes from Collapse Prevention (CP) of the existing

building to Immediate Occupancy (IO) of the retrofitted building.

Therefore, the displacement coefficient and member-level performance
methods met the Life Safety (LS) for the existing building and the Immediate
Occupancy (I0) for the retrofitted building. However, the capacity spectrum method
met the Immediate Occupancy (IO) for both existing and retrofitted building. On the
other hand, Inter-story drift method met the collapse prevention (CP) for the existing

building and the Immediate Occupancy (IO) for the retrofitted building.

5.2 Recommendation

This research used the same shape as the existing and strengthening building.
The author thinks that the other researchers should change the position of the

strengthening structure and the shape of the existing building.
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Structural modeling using SAP2000

1. Beam section property

2 Rectangular Section
Section Name BS0X30 Display Color .
Section Notes Modify/Show Notes...
Dimensions Section
Depth (13) 0.5 b
Width (12) 0.2
3
Properties
Material Property Modifiers Section Properties...
Fc240 Set Modifiers... Time Dependent Properties...

Concrete Reinforcement...

Cancel

Figure A.1 Beam section property
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2. Reinforcement property data

Rebar Material

Longitudinal Bars
Confinement Bars (Ties)

Design Type
() Column (P-M2-M3 Design)
® Beam (M3 Design Only

Concrete Cover to Longitudinal Rebar Center

Top

Bottom
Reinforcement Overrides for Ductile Beams

Top

Figure A.2 Reinforcement property
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3. Column section property

COLS0XS0

| Modify/Show Notes...

Figure A.3 Column section property



141

4. Reinforcement property data

Rebar Material
Longitudinal Bars
Confinement Bars (Ties)

Reinforcement Configuration Confinement Bars

® Rectangular

{ ) Circular Spiral

Longitudinal Bars - Rectangular Configuration

Clear Cover for Confinement Bars
Number of Longit Bars Along 3-dir Face
Number of Longit Bars Along 2-dir Face
Longitudinal Bar Size

Confinement Bars
Confinement Bar Size
Longitudinal Spacing of Confinement Bars
Number of Confinement Bars in 3-dir
Number of Confinement Bars in 2-dir

< Check/Design
’ein fpcament to-be Checked
@) Reinforcement fo'ee Desionad!

Figure A.4 Reinforcement property
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Structural modeling using SAP2000

1. Beam section property

Figure B.1 Beam section property
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2. Reinforcement property data

Rebar Material

Longitudinal Bars
Confinement Bars (Ties)

Design Type
() Column (P-M2-M3 Design) |
(® Beam (M3 Design Only)

Concrete Cover to Longitudinal Rebar Center
Top

Bottom
Reinforcement Overrides for Ductile Beams

Top IO.

Figure B.2 Reinforcement property
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3. Column section property

COL70X70

| Modify/Show Notes...

Figure B.3 Column section property



4. Reinforcement property data

Rebar Material
Longitudinal Bars
Confinement Bars (Ties)

Design Type
@ Column (P-M2-M3 Design)

Beam (M3 Design Only

® Rectangular

Longitudinal Bars - Rectangular Configuration

Clear Cover for Confinement Bars
Number of Longit Bars Along 3-dir Face
Number of Longit Bars Along 2-dir Face
Longitudinal Bar Size

Confinement Bars
Confinement Bar Size
Longitudinal Spacing of Confinement Bars
Number of Confinement Bars in 3-dir
Number of Confinement Bars in 2-dir

< Check/Design
Redh iofCamentdobe Checked
@ Reinforcement to'be Desighet

Figure B.4 Reinforcement property

Reinforcement Configuration Confinement Bars

Circular Spiral

146
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C.1  Displacement Coefficient Method

Depend on DPT 1302-2009, Thai standard defines the spectral response
acceleration at short period (Ss) and the spectral response acceleration at 1 s period
(S1) for each district all of the province in Thailand. The three stories building locates
in Chiang Rai city, Chiang Rai province. The Ss and S; of the Chiang Rai city are
shown in table C. 1. In this method, we need to change the Ss and S; as shown in

figure C.1.

Table C.1 Spectral response acceleration Ss and S

Acceleration (g)
Province Districts
Ss Si
Doi Luang 0.924 0.270
Wiang Chiang Rung 0.833 0.241
Khun Tan 0.650 0.169
Chiang Rai Chiang Khong 0.706 0.191
Chiang Saen 0.935 0.273
Thoeng 0.619 0.157
Pa Daet 0.618 0.154
Phaya Mengrai 0.672 0.180
Phan 0.656 0.173
Mueang Chiang Rai 0.798 0.232
Mae Chan 0.940 0.278
Mae Fa Luang 0.929 0.275
Mae Lao 0.735 0.211
Mae Suai 0.749 0.209
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Acceleration (g)
Province Districts
Ss S
Mae Sai 0.933 0.273
Wiang Kaen 0.683 0.175
Chiang Rai

Wiang Chai 0.753 0.215

Wiang Pa Pao 0.759 0.194

»

3 Parameters For FEMA 440 Displacement Modification

Pushover Parameters Name Units
Name F440PODM1 KN, m, C v

Demand Spectrum Definition

Effective Viscous Damping (0<Damp < 1) 0.0

() Defined Function

¥ Ra Cror T8

(®) FEMA 356 General Response Spectrum

—
Mapped Spectral Accel at Short Period, Ss 0.798
Mapped Spectral Accel at 1 Sec Period, S1 0.232
Site Class rD v1
[_Include Soil-Structure Interaction Effects S

Figure C.1 Spectral response acceleration Sg and S; of the Chiang Rai city
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D.1  Capacity Spectrum Method

The three stories building locates in Chiang Rai city, Chiang Rai province.
Depend on the Department of Mineral Resource, Thailand 2005, this province is in the
seismic zone factor Z “2B” as shown in figure D. 1. The seismic zone factor 2B equals
to 0.20 as shown in table D.1. In SAP2000, we need to change some parameters for
adapting to the Thai zone. The parameters have seismic coefficient Cy and C,, as
shown in table D.2 and D.3, respectively. We can see the changing of the C, and C, as

shown in figure. D. 2.

D

Deparment of Minem) Resorces, Thiokird 20403
Ministry of Matural Resources und Tinvinomeoeat

EEed

=

e

=

1. Deparmem of Miserl Resowcs, 2
2 The Metealoragicul Deparmmes LR

3, Hasonal Cathguakes Infomason ©anler (L58)

Iumsry 2024

Figure D.1 seismic zone factor Z



Table D.1 seismic zone factor Z
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Zone 1! 2A! 2B! 3 4
Z 0.075 0.15 0.2 0.3 0.4
1 Seismic zones I, 2A and 2B are not applicable to sites in California
Table D.2 Seismic Coefficient, Ca
Shaking Intensity, ZEN'-2
Soil Profile Type | =0.075 =0.15 =0.20 =0.30 =0.40 =0.40

Sa 0.08 0.15 0.20 0.30 0.40 1.0(ZEN)
Sc 0.09 0.18 0.24 0.33 0.40 1.0(ZEN)
Sp 0.12 0.22 0.28 0.36 0.44 1.1(ZEN)
SEe 0.19 0.30 0.34 0.36 0.36 0.9(ZEN)
Sk Site-specific geotechnical investigation required to determine Ca

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 Ca should be determined by linear interpolation for values of the product

ZEN other than those shown in the table.

Table D.3 Seismic Coefficient, Cy

Shaking Intensity, ZEN'-2
Soil Profile Type | =0.075 | =0.15 =0.20 =0.30 =0.40 =0.40
Sa 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)
Sp 0.18 0.32 0.40 0.54 0.64 1.6(ZEN)




153

Table D.3 Seismic Coefficient, Cv (Continued)

Shaking Intensity, ZEN':2
Soil Profile Type | =0.075 =0.15 =0.2 =0.3 =0.4 =0.4
N 0.26 0.50 0.64 0.84 0.96 2.6(ZEN)
S Site-specific geotechnical investigation required to determine Cv
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 L25 (Zone 4 sites) or 1".5 (Zone
3 sites) for the Maximum Earthquake.

2 Seismic coefficient C, should be based on the linear interpolation of values for shaking

intensities other than those shown in the table.

Pushover Parameters Name Units
Name 1A40PO1] KN, m, C v
Plot Axes Axis Labels and Range

@ sa-sd () sa-T () Sd-T [ S_ethisData...

Demand Spectrum Definition

() Function r SF

(® User Coeffs |Ca 0.28 Ccv (0.4 I
Damping Parameters Definition

Inherent + Additional Damping 0.05 J

Structural Behavior Type

Oa @8 Oc O user Modify/Show

Figure D.2 Seismic coefficient Cy and Ca
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Shear force at grid 5-D

Member-Level Performance Method
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Figure E.2 Live load case shear force of the column as shown in the rectangular box
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Axial force at grid 5-D
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Figure E.5 Dead load case axial force of the column as shown in the rectangular box
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Figure E.6 Live load case axial force of the column as shown in the rectangular box
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Figure E.8 Lateral load case axial force of the column as shown in the rectangular box
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Moment at grid 5-D

Figure E.9 Dead load case bending moment of the column as shown in the rectangular

box
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Figure E.10 Live load case bending moment of the column as shown in the

rectangular box
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Figure E.11 Super impose dead load case bending moment of the column as shown in

the rectangular box
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Figure E.12 Lateral load case bending moment of the column as shown in the

rectangular box
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1. Column

500 mm

500 mm

16DB25 mm
3DB10 mm@150 mm

Figure E.13 Column Section of the first floor

Cover =40 mm
Column length =3500 mm
f/ = 22.54 MPa

f, =392.29 MPa

Using first floor to assess the building performance

Determine 10, LS, and CP for flexural capacity (given the axial and shear stress
ratios):

Determine Axial Stress Ratio:

Puot= Pdead + PspL + 0.25Pjive + P
Puo=42139.07+47585.37+0.25%16338.88+39115.62

Puot=132924.78 kg

Ptop= Pdead + PspL + 0.25P1ive + PE
Pip=40039.07+45485.37+0.25*16338.88+37000.09

P0p=126609.25 kg

Axial stress ratio using demands from the load combination
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P _132924.78%9.81
A, 500%500%23.54

Determine shear stress ratio:

Shear reinforcement: DB10@ 10 cm, shear stirrups, with 3 legs resisting shear.
V=Viead + VspL + 0.25Viive + VE

V=7.22+10.75+0.25*10.6+38397.87

V=38418.49 kgf

Shear stress ratio using demands from the load combination

\% 38418.49%9 81
= =0.442
b,dyJf, 500%351.244/23.54

Find shear reinforcing ratio

A, 3%0.785

b,s 30*15

=0.005

Determine condition using Table 10-11:

In order to determine the condition from Table 10-11, the flexural demands
must be computed. According to §10.3.3, flexural loading is a deformation-controlled
action. Therefore, demands will be computed using Eq. 7-34. Note that there are
significant flexural demands at the base of the column, which is very different from
the moment being 0 kg.m if modeled with a pinned base and no grade beams.

To determine Vp in ASCE 41-13 Table 10-11, run a commercially available P-M
interaction analysis program with f' = 23.54 MPa, fy = 392.29 MPa, and ¢= 1.0. Capacity-

based design principles require that the maximum shear demand from seismic loading
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cannot be larger than the shear demand when the column has reached its expected
flexural capacity (Vp). Also by capacity-based design principles, if the column reaches
its flexural capacity, then the column will experience the associated shear based on the

flexural capacity of the column.

- Bottom flexural capacity of the column
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Figure E.14 Bottom flexural capacity of the column
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- Top flexural capacity of the column
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Figure E.16 Design shears for beams and columns. (ACI 318-14)
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VO :Vs +Vc

g ALd 6\/7 .

° s 6\/7A

M=8.96+12.21*0.25+13.03+76627.24=76651.67 kg.m

M _ 76651.67 7754

Vd 0.351x28300

the largest ratio of moment to shear times effective depth under design loadings for the
column but shall not be taken greater than 4 or less than 2.

Nu is the axial compression force (set to zero for tension force)

Nu=42139.07+47585.37+0.25*16338.88=93809.16 kg

% % %
v = 30.785%400035.1 (64240 \/1 L 938016 1) gwrs00
10 4 6:/240*4000

V,=88033.34 kg

&20.32
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Table E.1 Transverse Reinforcement Details: Condition to Be Used for Columns in

table E.2
Other (Including
ACI 318 Conforming Closed Hoops
Lap-Spliced
Shear Capacity Seismic Details with | With 90-Degree
. Transverse
Ratio 135-Degree Hooks Hooks
Reinforcement)
Vp/V0=0.6 it il il
1.0>Vp/Vo>0.6 il il il
Vpe/Vo>1.0 iii iii il

2To qualify for condition i, a column should have A,/bys > 0.002 and s/d < 0.5 within flexural plastic

hinge region. Otherwise, the column is assigned to condition ii

For V,/V, > 0.6, the condition is adjusted from condition i to ii for columns
with 90-degree hooks or lap-spliced transverse reinforcement to reflect the observation
from experiments that poor transverse reinforcement details can result in decreased
deformation capacity. Assume that the transverse reinforcements of the column are
closed hoops with 90° hooks. According to ASCE 41-13 Table C.1, the condition to be
used in ASCE 41-13 Table C.2 as shown in figure 3.5 is Condition (ii) (flexure-shear

failure, where yielding in flexure is expected before shear failure), because of the

combination of Vp/V, > 0.6 and the assumed closed hoops with 90-degree hooks.
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Table E.2 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear

Procedures-Reinforced Concrete Columns

Acceptance Criteria®
Plastic Rotations Angle (radians)
Conditions
Performance Level
10 LS CP
Condition ii.?
P A, Vo
Al PTous | budyf.
<0.1 >0.006 <3 (0.25) 0.005 0.045 0.060
<0.1 >0.006 >6 (0.5) 0.005 0.045 0.060
>0.6 >0.006 <3 (0.25) 0.003 0.009 0.010
>0.6 >0.006 >6 (0.5) 0.003 0.007 0.008
<0.1 <0.0005 <3 (0.25) 0.005 0.010 0.012
<0.1 <0.0005 >6(0.5) 0.004 0.005 0.006
>0.6 <0.0005 <3 (0.25) 0.002 0.003 0.004
>0.6 <0.0005 >6 (0.5) 0.0 0.0 0.0

NOTE: f¢'is in 1b/in.2 (MPa) units.

2Values between those listed in the table should be determined by linear interpolation.

bRefer to Section 10.4.2.2.2 for definition of conditions i, ii, and iii. Columns are considered to be
controlled by inadequate development or splices where the calculated steel stress at the splice exceeds
the steel stress specified by Eq. ( 10-2). Where more than one of conditions i, ii, iii, and iv occurs for a
given component, use the minimum appropriate numerical value from the table.

‘Where P A £> 0 7 ., the plastic rotation angles should be taken as zero for all performance levels
unless the column has transverse reinforcement consisting g ¢’ of hoops with 135-degree hooks spaced
at < d/3 and the strength provided by the hoops (V) is at least 3/4 of the design shear. Axial load P
should be based on the maximum expected axial loads caused by gravity and earthquake loads.

4V is the design shear force from NSP or NDP.
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According to table C.2, the conditions have axial stress ratio, shear reinforcing
ratio, and shear stress ratio that equal to 0.221, 0.005, and 0.442, respectively. By
using these conditions, we can determine the performance level at the condition ii. The
performance levels have Immediate Occupancy, Life Safety, and Collapse Prevention
that equal to 0.004, 0.018, and 0.0231, respectively. Values between those listed in the
table should be determined by linear interpolation. These values used to compare with
the plastic hinge rotation, gotten from the SAP2000 that equal 0.0093 radians. The

performance level in the first story is Life Safety ( LS ) performance level.

2. BEAM

Shear force at grid 5-D
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Figure E.17 Dead load case shear force of the column as shown in the rectangular box
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Figure E.20 Lateral force load case shear force of the column as shown in the

rectangular box

Determine if beam is shear controlled

The shear demand at the flexural yielding of the beam is found for both
directions of loading and compared to the shear capacity of each side of the beam. The
beam may not be shear controlled in one direction of loading and shear controlled in
the other if the longitudinal reinforcing is different on the left side of the beam from
the right side. Also the shear reinforcing may be different on the different sides of the
beam causing one side of the beam to have more shear capacity than the other side. In
the example building, the shear reinforcing is the same, but the longitudinal

reinforcing is slightly different on each side of the beam.
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Figure E.21 Beam section of the first floor

Concrete shear capacity:

V,=0.53/ b, d=0.53*/240*30*41 3

V.=10173 kg
Shear reinforcement capacity:

* * *
v=ap, 4-210.785 142000 41.3
S

V,=21613.67 kg

Reduction of shear reinforcement effectiveness due to spacing:

For S=—12 —08750.5 , use osy=2%(1-0.87)=0.26
d 138

V. =V +_V.=10173+0.26*21613.67

c sp s

V. =15792.55 kg
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Mn=0.85fc'ab(d-%j +ALf (d-d')

Determine longitudinal reinforcing ratios:

=—=————=0.0182
bd 30*41.3
AL 3928 o
bd 30*41.3

p-p =-0.0108

(0-p').. ~0.85p,| L= (ij 0120 |4 026
mi £, )\d ) 6120-f,

p-p'<(p—p') . the compressive steel noy reach the yielding point

mij

o OBSBE[ 6120 ) o
£ 6120+,

Determine ratio of difference in longitudinal reinforcing ratios to balanced reinforcing

ratio:

p-p'_ 0.182-0.029
P 0.026

=-0.42

Shear stress ratio using demands from the load combination

V=1078.86+1083.6+0.25%14.22+4878.88=7044.9 kg=69110.42 N
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v 69110.42

= =0.115
bydyJf,  300%413%/23.54

According to footnote C in Table E.3, the transverse reinforcing is conforming if the
spacing of the hoops is less than d/3 in the regions where flexural plastic hinges are
expected to occur and if (for components with moderate- to high-ductility demand) the

strength provided by the hoops is at least 75% of the design shear demand.

3 3

At this stage in the analysis, the ductility demand on this component is unknown.
However, it can be reasonably assumed that the ductility demand will be at least
moderate for this component for the given hazard. If the spacing of the hoops was less
than d/3, the transverse reinforcement capacity must be at least 75% of the design
shear in order to be considered conforming for the purposes of determining the value

of IO, LS and CP in Table E.3.
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Table E.3 Modeling Parameters and Numerical Acceptance Criteria for Nonlinear

Procedures-Reinforced Concrete Beams

Acceptance Criteria®
Plastic Rotations Angle (radians)
Conditions
Performance Level
10 LS CP
Condition ii. Beams controlled by flexure®
pp Transverse V_ 4
Pral Reinforcement® bwd\/E
<0.0 C <3 (0.25) 0.010 0.025 0.050
<0.0 C >6 (0.5) 0.005 0.020 0.040
>0.5 C <3 (0.25) 0.005 0.020 0.030
>0.5 C >6 (0.5) 0.005 0.015 0.020
<0.0 NC <3 (0.25) 0.005 0.020 0.030
<0.0 NC >6(0.5) 0.0015 0.010 0.015
>0.5 NC <3 (0.25) 0.005 0.010 0.015
>0.5 NC >6 (0.5) 0.0015 0.005 0.010

NOTE: f¢' in 1b/in.2 (MPa) units.

2Values between those listed in the table should be determined by linear interpolation.

"Where more than one of conditions i, ii, iii, and iv occur for a given component, use the minimum
appropriate numerical value from the table.

“C” and “NC” are abbreviations for conforming and nonconforming transverse reinforcement,
respectively. Transverse reinforcement is conforming if, within the flexural plastic hinge region, hoops
are spaced at < d/3, and if, for components of moderate and high ductility demand, the strength provided
by the hoops (V) is at least 3/4 of the design shear. Otherwise, the transverse reinforcement is
considered nonconforming.

4V is the design shear force from NSP or NDP.
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According to table E.3, the conditions have ratio of difference in longitudinal
reinforcing ratios to balanced reinforcing ratio, transverse reinforcement, and shear
stress ratio that equal to -0.442, C, and 0.115, respectively. By using these conditions,
we can determine the performance level at the condition i. The performance levels
have Immediate Occupancy, Life Safety, and Collapse Prevention that equal to 0.01,
0.025, and 0.05, respectively. Values between those listed in the table should be
determined by linear interpolation. These values used to compare with the plastic
hinge rotation, gotten from the SAP2000 that equal 0.0101 radians. The performance

level in the first story is Life Safety ( LS ) performance level.
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ABSTRACT

Earthquake is a natural disaster that destroyed the large property and two deaths
with many injuries during this decade, occurring at the northern of Thailand. By this
cause, this paper aims 1o evaluate the performance level of existing reinforced concrete
building by retrofitting with the braced steel frames. Moreover, d three-story building
is analysed in SAP2000, used the Nonlinear Static Procedure Method. Therefore, three
different methods are chosen-io study in this paper: The first of all, Displacement
Coefficient Method presented in ASCE/SEl 4113 and FEMA 440, used to calculate
targer displacement 1o point out building performance levels. The second method,
Capacity Spectrum Method published in ACT 40, used deformation limits 1o compare
with 1otal roof displacement ratio (4 puy wp /H) at the performance point 1o classify
various performance levels. The last one, The ASCE/SEI 41-13 uses plastic rotation
limit criteria to compare with maximum plastic hinge rotation for member evaluation
of the RC frames. According to the result before retrofitting, the first and second
methods meet Life Safety (LS) and Immediate Occupancy (10) levels, respectively. The
third method of this paper separated into column and beam performance levels which
mee! performance levels in both Life Safety (LS) levels. From the experiment, It shows
that if we use the concentrically braced steel frames to retrofit the structure, it will lie

http/iwww.iseme.comfUJCIET/index.asp editor@ iaeme.com
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in Immediate Occupancy (10) level for all of the methods. Furthermore, the
construction works of outer steel frames do not stop the function of the buildings.
Keywords: Nonlinear static procedure, Braced steel frame, Retrofitting, Seismic
performance evaluation, SAP2000.

Cite this Artide: Rithy Khouy, Moagkol Jiravacharadet and Menglim Hoy, Seismic
Performance Evaluation of Existing Rc Building Using Braced Steel Frames,

Intemational Journal of Civil Engineering and Technology. 1(01), 2019, pp. 1758-
17
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L INTRODUCTION

Many existing reinforced concrete have designed to use conventional code that never considers
earthquakes to combine with gravity and another load because they believe that Thailand does
not require seismic Joad for analyzing the building in the past, but everything has changed after
the earthquakes have occurred in the north part of Thailand. By the way, many structures have
collapsed and damaged that need to redesign and to strengthen for the whole or element of the
building. The new standard, DPT.1303-57, is to assess and retrofitting of the building structure
in the area of the earthquake zones, This standard referred from ASCE/SEI 41-06 that updated
to ASCE/SEI 41-13. Therefore, this paper has selected some standards, ASCE/SEI 41-13,
FEMA 440, ATC 40 1o assess buliding performance ieveis. Afier thai, ihe noniinear siaiic
analysis is one of the methods that use 1o evaluate the structural performances. There are plenty
of technologies that build up the structure to resist the lateral load such as steel plate shear wall,
damping, steel bracing, shear wall and 0 on. Moreover, braced steel frames were chosen to
research the reaction of the building that opposed to the dynamic load. The evidence has seen
clearly about the charactenistics of the structural behaviors before and after retrofitting braced
steel frames that to upgrade the strength, 10 increase the structural stiffness, to reduce structural
deformation, to reduce construction time and to construct outside the building that does not
affect building service.

This paper is a case study that utilizes many standards, separating into three different
procedures like the Displacement Coefficient Method, the Capacity Spectrum Method, and
member-level performance 0 assess the building performance levels. Additionally, these
varied approaches obtained similar results before retrofitting and. the same results after
retrofitting the building.

2. PARAMETERS INFORMATION FOR SEISMIC ASSESSMENT

A three-story building that locates in Chiang Rai city, Chisng Rai province, assume an existing
building for studying the structural performance levels, is an ordinary reinforced concrete
moment frame. This building is the symmetry configuration, 4x4@6 meters bays in both X and
Y directions as shown in figure | and 2, a low-rise structure located in the high seismic zone
in Thailand. The beam and column dimensions are 30x50 cm and 50x50 cm. The slab thickness
and story high are 20 cm and 350 cm. The material properties determined to be 23.54 N/mm?
for concrete compressive strength and to be 392.27 N/mm? for both longitudinal and transversal
reinforcement bars. Gravity and earthquake load that 1o be referred from ASCE/SEI41-13 used
to account for the seismic assessment. The soil class for this building is site class D with many
parameters to determine earthquake load such as the reduction factor (R) is 3, the overstrength
factor (Qo) is 3, the deflection amplification factor (Cy) is 2.5, and the importance factor (1) is
1.5. The others required parameters are the spectral response acceleration parameter at short
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period is 0.798g, the spectral response acceleration parameter at | s period is 0.232g and the
fundamental period of the building T is 0.21 seconds. The site coefficient Fa and Fv that got
from the spectral respoase acceleration parameter short and | s period on the site class D are
1.181 and 1.936, respectively. From table 1.6-1 and 1.6-2 of DPT 1302-52 (Thai Code), it
shows that Sps >0.5 and So: > 0.2 used to point out the risk category, meet the high level of
seismicity and high level of seismicity that similar to the risk category D of ASCE 7,
respectively. All of the parameters used to calculate the base shear coefficient C, is 0.315g 10
determine the pseudo seismic force then simulate as the pushover static load.

: ) ) ) >
. N ¢ ° t

Figure. 1 Plan view Figure. 2 Elevation view
3. PERFORMANCE EVALUATION OF EXISTING BUILDING

3.1. Nonlinear Static (Pushover) Analysis

The nonlinear pushover analysis is carried out the analytical building model that consists of
gravity and lateral load pattem. Before running the lateral load. the gravity load that considered
as linear static is applied to the analyzed model in a step-by-step following ASCE/SEI 41-13
equation 7.3. At the end of the analytical gravity load, the lateral force continues to apply
monotonically increasing in a stepwise till the building reached a target displacement or
collapsed condition. The lateral load pattern is performed on the structure with two different
types the first mode shape of the analysis in the direction under consideration or the load pattern
defined by the user. The moment-curvature analyses are performed base on the section
properties and the reinforcement at the plastic hinges in all membess. The moment-rotation that
to be instead of moment-curvature is used to performance elevation levels all the members.
The relationship between base shear and lateral displacement of the control node is plotted to
establish for control node displacements maltiple by 1.5 of the target displacement. The coatrol
node displacement increases monotonically at every step of the analysis to reach the
equilibrium between the external and the internal force of the structural deformation at this
step. When the analysis reaches the equilibrium, then the analysis starts to the next step. During
the proceeded analysis, the analysis will be terminated when the analysis meets the termination
condition such as the target displacement, the maximum deformation of element and
component. Therefore, deformation -controlled and force-controlled action compared to the

corresponding acceptance criteria to determine performance elevations.
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3.2. Displacement CoefTicient Method of the Existing Building

Displacement coefficient method was used to calculate the target displacement of the control
node on the roof that presented in both ASCE 41-13 Eq. 7-28 and FEMA 440 Eq. 3-9 (2005).
The building that used to evaluate the performance levels is the symmetry configuration,
needed only one direction for qualified its performance. The magnitude of the target
displacement that shown in table | obtained from the maximum value between ASCE 41-13
Eq. 7-28 and FEMA 440 Eq. 3-9 to compare with the data in cach step as shown in table 2. The
maximum target displacement between two standards equals 0.0517 m, uses to point out in
table 2 that meet in step 3 of the 0.092645 m displacements, and performance level of the
structure is met in between Immediate Occupancy (10) to Life Safety (LS) levels.

Table 1 Parameter and target displacement (8) of the existing building

Parameter| FEMA 440 |ASCE 41-13 Note

Co 1233 1.350 41-13 Table 7-5. Values for Modiication Factor

Cy 1.133 1090  [Modification Factorto relate the expected max disp

C; 1011 1009  |Values for Modfication Factor

Cy 1.000 Bulding with post-yield stiffness

Se 0628 0.628 | |Spectral gesponse acceleration

T, | 0425 | 0472 [Fffective satwal vibration
PR SA sl B PN T S Y -
FEMA YW 0, = Lotylalyd i/ ini g

8 s 0.0} 41-13:8, = CoC,C:5.(T,/2n) g

Table 2 Pushover steps of the existing building

Step |Disgloconns| BaseForce | AwoB | B30 1OWIS 1510 CP PwC| CuD | DwE Beyosd E| Tetal
L
0 | 261E06 oko‘o 390 0 0 0 0 0 0 0 390
1| 0014988 | 20163442 | 38 b 0 o ) 0 0 0 %0
3 004999 | 832420 % | 2%0 100 0 0 0 0 0 0 %0
3| 009648 | 1iavseies 0| 0 o 0 0 0 %0
4 | ooosss1 | 11axas | 8 134 38 0 B 0 0 0 390
s | 0100278 | 115833873 | 234 106 50 0 0 0 0 0 350
6 | 010838 | 117494823 | 22 114 [ 0 o 0 0 0 390
T | oansrs | 1ees2a2 1 s 117 58 0 [ 0 0 0 %0
$ [ 01138% | 11716906 | 218 1? 4 0 0 0 0 0 %0
9 | oandeer | 117168820 T 18 17 1] 0 0 0 0 0 390
10 | 0212192 1 31709868 | 218 1" se 0 0 a 0 0 390
1| 0114282 [/1isptnass | 216 11¢ 9 0 0 0 0 0 390
12 | 0016748 | NsRIBL-L 216 109 68 0 [ 0 0 0 30
13 | 0116%9 | 1137346280 2is 109 [ ° [ 0 0 0 %0
14 | 0121738 | 117867430 | 213 111 8 0 0 0 0 0 0
15 | 0126788 | 11928234 | X8 114 [ 0 0 0 0 0 390
16 | 0168823 | 124306988 | 202 114 19 0 0 28 0 0 390
17 | 020791 | 121889498 | 202 114 u 0 0 <0 0 0 390
18 | 020217 | 104006496 | 202 14 M 0 0 <0 0 0 390
19 | 0384992 | 91043001 202 104 M 0 0 <0 0 0 %0
M | owmr | 289685 | 2 114 4 0 0 0 0 0 %0
31 | 042008 | *sse0109 | 22 114 1] 0 0 40 0 0 %0

3.3. Capacity Spectrum Method of the Existing Building
The noalinear static analysis procedure has also included the capacity spectrum method (CSM)
that uses the intersection of the capacity-demand curve to estimate maximum roof displacement
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at the performance point. The performance point that found to check the structural performance
levels of the 10, LS or CP depended on deformation limits specified in ATC-40 were 0.01,
0.02 and 0.33(Vi/P:) as shown in table 3, respectively. Building design needs to consider the
performance level that bases upon the importance and function of the building such as the
hospital to be considered Immediate Occupancy (10) level. A case studying the three-story
point that represents in the Acceleration-Displacement Response Spectra (ADRS) as shown in
figure 3. To depend on figure 3, it shows that the magnitude of base shear and tip displacement
at the performance point are 6605789 N and 0.04 m, respectively. To determine the building
performance levels, it can use the deformation limits to compare with the roof drift ratio at the
performance point as follows: Roof drift ratio at the performance point is 0.04/105=
0.0038<0.01. Referring to this value, it can point out the structural performance level, meets
the immediate occupancy (10) level.

Table 3 Deformation himats
| = Strechrd Performance Lewss
Stadwd | leterstory et hesk | Comapse Prevestion Uite Safety Damage Costrol prmediate Oc
R o.n% o 001-002 00
ATC 40 :
llln—n'-dnh:“ ™ el m bne 00050018 003
Spectzal v placement
12- —l
'“": 4 y- o ed. ] 4
0“-:' v V-] '_X- W B
0“': i N =1 I_ ¥ A .
3 | ' -
: ‘ l I . +
orzir__.\ | <l
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s ¢ F\ S e ——il
. IR ! | ]
YT a— q,._.\_._ | N -
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Figure. 3 Capacity spectrum curve of the existing building

3.4. Acceptance Criteria of the Existing Building

The acceptability of force and deformation actions shall be evaluated for each component that
classified as primary or secondary, and each action shall be classified as deformation-controlled
(ductile) action or force-controlled (nonductile) action. The primary elements provide the
capacity of the structure to resist collapse under seismic forces induced by ground motion in
any direction. The secondary elements do not contribute significantly or reliably in resisting
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carthquake effects in any direction because of low lateral stiffness, strength or deformation
capacity. Deformation-controlled or force-controlled uses the force-deformation curves to
classify all the component actions as shown in figure 4.

Figure. 4 Component force versus deformation curves

The type | curve in figure 4 is a ductile behaviour that there is an elastic behaviour range
(point 0-1), followed by plastic behaviour range (1-3 on the curve), and non-negligible residual
strength and ability to support gravity loads after 3. The plastic range includes a work hardening
or softening range (points 1-2-3). Primary component actions with this behavior that classified
as deformation-controlled for the flexural element depended on the plastic range for this value
d>2g. The type-2 curve in figure 4 is the ductile behavior that there is an elastic behavior range
(point {-1) and a piastic behavior range ( i-3) foiiowed by ioss of strength and abiiity to support
gravity loads beyond at point 2. The components with this behavior can categories as
deformation-controlled if the plastic range is such that ¢ > 2g. otherwise force-controlled. The
type 3 curve as shown in figure 4 is a brittle (no ductile) behavior that there is an elastic
behavior range (0-1 on the curve) followed by loss capacity of seismic-force resistant and able
to support gravity loads beyond at point |. The components with this behavior can consider as
force-controlled. As shown in figure 3, it explains the acceptance criteria for deformation ratio
for primary and secondary components that correspond to the target Structural Performance
Levels of CP, LS, 10 to be called Collapse Prevention, Life Safety, and Immediate Occupancy,

respectively.

10
les LS
» [; cP
P s

B Cc

force

A D
Deformasion or deformation ratio

Figure. 5 Generalized component force-deformation relations

3.4.1 Performance Evaluation of the Column
According to ASCE 41-13, it shows that the axial compression of the column is classified as a

force-controlled action. To know the column is adequate for axial compression, the lower-
bound strength of column must be more than the maximum requirement force at the target
displacement. Shear of the column has also classified as a force-controlled action. Both the
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axial and shear capacity of the column are more than the maximum analysis force at the target
displacement. The performance levels of the columns were shown in table 4. The value of the
transverse reinforcement details (Ve/Vo<0.6) that is a condition to be used for the columns to
which chooses the closed hoops with 90-degree hooks (ii). Other requirement parameters used
to determine performance levels of the column as shown in table 4. The columns of the three
stories building were classified in each story level such as the first story, the second story, and
the third story met Life Safety (LS) level, Immediate Occupancy (10) level, and Immediate
Occupancy (10) level, respectively. The 3™ step of the pushover analysis with plastic hinge
rotation was shown in figure 6.

Table 4 Numerical acceptance cnitenia for plastic hinge rotation of the columas of the existing

building
Acceptance Crberia
Condtroen Plastc Rotasoas Aagle (rodass) | Plantic Hinge
L4 A v Performance Level Rotstios  [Performance
Level| Ao/ o YA Ls | cp (rackanss) Leved
3 | 0078 0.004 0.137 | 00050 | 002785 | 0036 0.0000 10
2 | 0149 0.008 0255 | 0004) | 0021 | 00272 | 0.0018 10
1 | 0221 0 005 0442 | 00080 | 0018 | 00231 00093 LS
A
e o} ) § X 'y

Figure. 6 Performance levels of the existing building

3.4.2 Performance Evaluation of the Beam

The beam shear must be evaluated on three locations of the beam, which are yield zones for
two ends of the beam, and the center of the beam known as a non-yield zone. After checking
the result, it shows, that the lower-bound shear capacity of the beam is more than the shear
demand of the beam at the given performance objective. Moreover, the flexural of the beam
must be checked at all locations where the loads produce the maximum effects to the beam
elements. The beam was classified as positive and negative flexural demand that examined for
adequacy at the left, middle, and right of beam segments and the left and right of beam
segments, respectively. Before defining the performance levels of the beam, it must be
examined for the shear-controlled or flexure-controlled. Base on the result, The beam shear
capacity is more than the beam shear requirement, shown that the beam is the flexure-controlled
(condition i). The transverse reinforcing was classified as conforming and nonconforming
transverse reinforcement that abbreviated as "N" and "NC", respectively. The other required
parameters are shown in table 5 that the first story, the second story, and the third story met
Life Safety (LS) level, Immediate Occupancy (10) level, and Immediate Occupancy (10) level,
respectively. The performance levels of the beams were shown in table 5.
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Table § Numerical acceptance criteria for plastic hinge rotation of the beams of the existing

building
Acceprance Criteria
ConSnoes Plastc Rotaticas Aagle (radians) | Plastic Hinge
2 =0 |Trassverse v Pesfornance Level Rotsica  [Performance;
Level| Pru  premforcement| .47, | 10 Ls CP | (alass) | Level
) 000 C 0111 001 0028 008 0 0006 10
2 | 038 C 0115 001 0.025 0.08 00047 10
1 | 042 C 0115 001 0.025 0.08 00101 LS

3.4.3 Stiffness Calculation Beam-Column Joints
Joint stiffness shall be modelled the joint stiffness implicitly by adjusting the centerline model
following by three types as shown in figure 7. Moreover, the interior column was used to
calculate the ratio of the column-beam moments as shown in table 6. For example, it shows
that the first story of the building has TMo/EMa > 1.2, Using beam rigid end length offset is
0.00 and column rigid end length offset is 1.00. The other stories of the building were shown
in table 6.

1. For DM /EMa> 12, column offsets are rigid and beam offsets are not;

2. For DMu /IMa <03, beam offsets are rigid and column offsets are not; and

3. For 0.8 € Ma mMa <12, half of the beam and column offsets are considered rigid.

Where: Mac is the nominal moment capacities at the column and Mg is the nominal
moment capacities at the beam.

S EMSIM, > 12 ¢) IMYIM <08 9)08 < EMJIM, 512

Figure 7 Beam=Column joint stiffness modeling

Table 6 Joint stiffness of the interior columns
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| My | M| Mo | £ | M, | EM,.. | Rigd Factor | Rigid Factor

kgm | kgm | kgm | kgm | kgm | TM. | Column Beam
3 | 45500 [25961.6|49492.8| 45,500 | 75454 | 0.75 0 1
2 | 94500 [25961.6|49492 8| 140000 | 75454 | 1.56 1 0
1 | 99000 |25961.6|49492 8| 193500 | 75,454 | 164 1 0

4. PERFORMANCE EVALUATION OF RETROFITTING BUILDING

Steel bracing is the best method for global retrofit of the existing building that sees much
lowrise, mid rise, highrise building. using many types of steel bracing to resisting the
carthquake load. By the way, the structure with inverted V Bracing gives minimum Storey drift
as compared to other X, V. The magnitudes of storey drift for all the stories are found to be
within limits, i.e. 0.004 times to storey height according to IS 1893:2002 (Part I) [1). For the
story drift, it is not enough to choose inverted V that should be studied for other cases to
qualified as the best steel bracing. The results of the study and analysis of the retrofit model to
resist earthquakes from all data. Knee Braced strengthening is inappropriate. The inverted V
models provide better engineering results and less budget than others [2). Inverted V bracing
system significantly reduces the bending moment and shear force than V type bracing system
[3). Node displacements and storey drifts are minimum for inverted V braced frame as
compared to V braced frame [3]. This paper is used inverted V steel bracing that has yield
strength is 245.17 N/mm?, ultimate strength is 392.27 N/mm’®, and modulus of elasticity is
200055.66 N/mm’*. The outer steel frames have the column dimension of W300X300X94,
beam dimension of W350X250X79.7, and bracing dimension of HSS200X200X8.0 as shown

in figure 8.

Figure. 8 3D view of the braced steel frame
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4.1 Displacement Coefficient Method of the Retrofitted Building

Displacement coefficient method was also used to calculate the target displacement of the
retrofitted building at the control node on the roof that similar the procedure as the existing
building. The magnitude of the target displacement of the retrofitted building that computed by
using the method of ASCE 41-13 and FEMA 440 was shown in table 7. The result from table
7 needed to compare with the data in each step
displacement of ASCE 41-13 equals t0 0.0263 m used to point out in table 8 that met in step 2
of the 0.026578 m displacements, and performance level of the structure is met in Immediate

Occupancy (10) level.

Table 7 Parameter and target displacement of the retrofitted building

as shown in table 8. The maximum target

Parameter | FEMA 440 |ASCE 41-13 Note
Co 1218 1373 |ASCE 41-13 Table 7-2. Values for Modificasion Factor
G 1122 1101 Modiication Factorto relate the expected max disp
C: 1.006 1005  |Vabues for Modiicasion Factoe
Cy 1.000 with post-yield stiffness
Se 0628 0628  |Spectral response acceleration
T, 0304 0333  |Effectrve natural vibeation
FEMA 4408, = CoCyC:C;5,(T,/2%)°g
Y, Y,
S | 0020 | 0026 | B oIN85, = ColyColelT/20) 8
Table 8 Pushover steps of the retrofitted building
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4.2. Capacity Spectrum Method of the Retrofitted Building

Capacity Spectrum Method (CSM), primarily described in ATC 40, was also used to evaluate
the performance levels of the retrofitted building. Capacity Spectrum Method (CSM) was
described in section 3.3 that talked about the Capacity Spectrum Method of the existing
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building. The structure with inverted V Bracing gives minimum Story drift as compared to
other X, V. The magnitudes of story drift for all the stories are found to be within limits, i.e.
0.004 times to story height according to IS 1893:2002 (Part I) [1). To depend on figure 9, it
shows that the magnitude of base shear and tip displacement at the performance point are
7218051 N and 0.019 m, respectively. To determine the building performance levels, it can use
the deformation limits in table 3 to compare with the roof drift ratio at the performance point
as follows: Roof drift ratio at the performance point is 0.019/10.5= 0.0018<0.01. Referring to
this value, it can point out the structural performance level, meets the Immediate Occupancy
(10) level.

Spectral Displacoment
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Figure. 9 Capacaty spectrum curve of the retrofitted building
4.3. Acceptance Criteria of the Retrofitted Building

4.3.1 Performance Evaluation of the Column

All the conditions that used to evaluate the performance levels of the retrofitted building of the
column were performed the same as the performance levels of the existing building of the
column. The acceptance eriteria of the retrofitted building are quite similar to the acceptance
criteria of the existing building. The most of the coluring do not have the plastic hinge rotation
(radian), and a little bit of the column has plastic hinge rotation (radian) in the first story. The
acceptance criteria were used to compare with the plastic hinge rotation (radian) ef the retrofitted
building t0 classify the performance levels of the retrofitted building. The braced steel frame that
used to retrofit the existing building can reduce the performance levels of the column from Life

Cafatw 41 €y 1 Immadiata Mevamnancy (IO lavale Tn tahla @ it chaue that tha firet ctorv tha
SRRy VRS WO WAL RPRRIL Y 1) sTURS. Al AU T, B SUWS Waas il aa5s Sy, waw

second story, and the third story meet Immediate Occupancy (10) level, Immediate Occupancy

(10) level, and Immediate Occupancy (10) level, respectively. The 2* step of the pushover analysis of
the retrofitted bullding with plastic hinge wis shown in Ggare 10,

Table 9 Numencal acceptance critenia for plastic hinge rotation of the columns of retrofitted building
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Acceptance Criteria
Coaditcas Plhastic Rotstions Angle (radians) | Plastic Hinge
4 A, , 4 Perfoemance Level Rotatica

dl AL (R YARD LS cp (radans)
0091 | 0008 0.065 | 0.00%0 | 00275 | 0.0360 | 0.0000
0181 | 0005 0.105 | 0.0038 | 00196 | 0.0252 | 00000
0271 | 0008 0228 | 00037 | 00159 | 00200 | 00004

o] ]2

.
[ ]

4.3.2 Performance Evaluation of the Beam

All the conditions that used to evaluate the performance levels of the retrofitted building of the
beam were performed the same as the performance levels of the existing building of the beam.
The acceptance criteria of the retrofitted building are quite similar to the acceptance criteria of
the existing building. The most of the beams have a little bit the plastic hinge rotation (radian)
in the first and second floor, and the columns do not have the plastic hinge rotation (radian) in
the third story. The acceptance criteria were used to compare with the plastic hinge rotation
(radian) of the retrofitted building to classify the performance levels of the retrofitted building.
Moreover, the steel bracing that used to strengthen the existing building can reduce the
performance levels of the beams from Life Safety (LS) to Immediate Occupancy (10) levels.
In table 10, it shows that the first story, the second story, and the third story met Immediate
Occupancy (10) level, Immediate Occupancy (10) level, and Immiediate Occupancy (10) level,
respectively.

Table 10 Numencal acceptance critenia for plastic hinge rotation of the beams of retrofitted building

[r—
>
\
S —
3 & 8 o o m
Ilmms 1 ..
aaaii

Acceptance Criterin
Cooditions | Plassc Rotations Angle (radians) | Plastic Hinge
P =P [Tramsverse v Perfoemance Level Rotatoa  [Performance
Level| Pra lremfoccement| b.4)7 .| 10 LS CP | (adans) | Level
3 | 000 C 0.125 0.01 0.025 0.05 0.0000 10
2 | 0328 C 0.155 0.01 0025 0.05 0.0003 10
1 | 042 C 0162 0.01 0028 0.0 0.0028 0

5. CONCLUSION
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This case study evaluated the seismic performance of a three-story R/C existing building
located in Thailand considering to use steel bracing to improve the structural performance
levels of the existing building. This paper uses many standards such as ASCE/SEI41-13, ACT
40, FEMA 440, FEMA356, and FEMA 273 that separates into three different methods for the
first method is displacement coefficient method, the second method is capacity spectrum
method, and the third method is acceptance criteria to determine the performance levels.
Depend on the result of these three methods, and it shows that the building meets the Immediate
Occupancy (10) after using the steel bracing to improve the seismic performance in the
following.

1. The displacement coefficient method can reduce the target displacement of the R/C
building from 0.0517 m to 0.0263 m that equal to 50% of the target displacement. This method
also improves the performance levels from Life Safety (LS) - Collapse Preveation (CP) to
Immediate Occupancy (10).

2. The capacity spectrum method can reduce the performance point of the R/C building
from 0.0038 m to 0.018 m that equal to 47% of the performance point. This method meets
Immediate Occupancy (10) for both existing and retrofitted building.

3. The performance of the column changes from Life Safety (LS) of the existing building
to Immediate Occupancy (10) of the retrofitted building.

4. The performance of the beam changes from Life Safety (LS) of the existing building to
Immediate Occupancy (10) of the retrofitted building.

5. The braced steel frames could be designed to the desired performance limit states
specified in FEMA, ASCE, ATC and Thai carthquake standard, and utilized for seismic
retrofitting the existing building in Thailand.

6. The braced steel frames were rigidly connected to the foundations and column of the
existing building. but this study did not detail the type of the connection that used to connect
between the braced steel frames to the existing structure.

7. The braced steel frames can improve the performance levels of the structure from Life
Safety (LS) of the existing building to Immediate Occupancy (10) of the retrofitted building.
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