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KISA OZET

KALICI SEKIL DEGISTIRMELERIN YAPININ TITRESIM OZELLIKLERI VE
STABILITESINE ETKILERI

Abdul Aziz Ein Larouzi

Bu tez, bir betonarme iki boyutlu yapmin kapasite egrileri ile temel periyot ve mod
sekilleri gibi serbest titresim parametrelerini, denge yiikleri (ikinci mertebe etkileri)
dikkate alarak karsilastirmali bir ¢alisma sunmaktadir. Analiz edilen ¢ergeve, x yoniinde
tic aciklik, y yoniinde bes aciklik ve bes kattan olusan bir betonarme binadan tiiretilmistir.
Bina, TS500 ve TBDY 2018 standartlarina uygun olarak tasarlanmistir. Kapasite egrileri,
kat kiitlesi ve mutlak yiikseklik, birinci mod sekli, tek modlu modal katki ve iki modlu
modal katilim olmak {izere dort farkli yatay yilik dagilimi altinda, ETABS yazilimi
kullanilarak elde edilmistir. Serbest titresim analizi, her mafsal olusumunda
gergeklestirilmistir. Tiim dort durumda, temel periyot genellikle her mafsal olusumunda
artis gdstermis, buna karsin denge yiikii parametresi, kirilma aninda sifira ulasana kadar
kademeli olarak azalmistir. Katilim faktorleri, analiz boyunca onemli bir degisiklik
gostermemistir. Yiik dagilimlari arasinda, kat kiitlesi ve mutlak ytikseklik temelli yontem,
mod sekillerinde en biiyiik degisimi gostermistir. Birinci mod sekli ve tek modlu modal
katki temelli dagilimlar benzer sonuglar iiretirken, iki modlu modal katilim yiik dagilima,
alt katlarda bir tarafa ve iist katlarda diger tarafa kayma seklinde belirgin bir degisim
gostermistir. Ayrica, burkulmaya kars1 giivenlik faktorii, yatay yiik parametresindeki artiga
kiyasla daha belirgin bir azalma sergilemis ve bu durum, basing kuvvetleri altinda
burkulma nedeniyle erken kirilmaya yol agabilme potansiyeline isaret etmistir.

Anahtar sozciikler: Serbest Titresim Analizi, Mod Sekilleri, Plastik Mafsallar, Artimsal
Yiik Analizi, Sismik Performans, Yatay Yk Dagilimi
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ABSTRACT

THE EFFECTS OF PLASTIFICATIONS ON VIBRATION CHARACTERISTICS
AND STABILITY

Abdul Aziz Ein Larouzi

This thesis presents a comparative study examining the capacity curves of a reinforced
concrete two-dimensional structure, as well as various free vibration parameters, including
the fundamental period and mode shapes, while accounting for stability loads (second-
order effects). The analyzed frame is derived from a reinforced concrete building with
three bays in the x-direction, five bays in the y-direction, and five stories. The building
was designed in accordance with TS500 and TBDY?2018 standards. The capacity curves
were obtained under four different lateral force distributions: based on story mass and
absolute elevation, first mode shape, single-mode modal contribution, and two-mode
modal participation, utilizing ETABS software. Free vibration analysis was conducted at
each hinge occurrence. In all four cases, the fundamental period generally increased with
each hinge occurrence, whereas the stability load parameter decreased progressively until
reaching zero at failure. The participation factors did not exhibit significant changes
throughout the analysis. Among the force distributions, the method based on story mass
and absolute elevation demonstrated the largest shift in mode shapes. The distributions
based on the first mode shape and single-mode modal contribution produced similar
results, while the two-mode modal contribution force distribution showed a notable shift:
to one side in the lower stories and to the opposite side in the higher stories. Furthermore,
the safety factor against buckling exhibited a more pronounced depreciation compared to
the increase in the lateral load parameter, potentially leading to early failure due to
buckling force

Keywords: Free Vibration Analysis, Mode Shapes, Plastic Hinges, Pushover Analysis,
Seismic Performance, Lateral Load Distribution



1. INTRODUCTION

1.1. Introduction

Earthquakes are one of the biggest hazards that structures could face, not only because of
the damage to the structure but also because of the risk that human life could face.
Earthquakes occur unpredictably when parts of the Earth’s crust collapse at seismic faults;
the resulting seismic waves transferred through the soil can vary in parameters such as
magnitude, depth, fault type, soil condition, and stress accumulation on rocks. Due to the
risk’s earthquakes impose, multiple methods exist to assess structural performance against
seismic excitations, one of which is static non-linear pushover analysis. This method
applies incremental lateral forces to examine structural behavior while accounting for

geometric and material non-linearity.

Capacity Curves (or Push-Over Curves) are essential for carrying out performance
analysis, providing engineers with realistic insights into a structure’s potential nonlinear
behavior. Structural behavior is significantly affected by plastifications in critical sections.
If the plastic hinge concept is valid for the analyzed structure, dynamic characteristics—
such as natural periods, modal participation factors, and mode shapes—will change after
plastic hinges form during proportional load increments. Consequently, the lateral load
distribution along the building’s height also shifts. In this research, these changes are
evaluated comparatively, emphasizing how hinge formation sequences and stability load

parameters influence dynamic response.

Performing free vibration analysis at each hinge occurrence during static pushover
analysis offers valuable insights into structural performance during seismic events. This

includes tracking changes in natural periods, frequencies, first modal participation factors,

1



and the effect of hinge sequences on mode shapes, alongside stability load parameters. By
integrating these dynamic shifts with nonlinear static results, the study highlights the

evolving behavior of reinforced concrete structures under seismic loading.

This thesis provides critical insights into structural stability and dynamic response under
earthquakes, focusing on how plastic hinge development and lateral load redistribution
impact performance. By comparing different lateral load distributions and their evolution
due to nonlinear behavior, the research enhances understanding of building responses
during seismic activity. The findings contribute to safer, more resilient seismic design
practices by bridging the gap between theoretical assumptions and real-world nonlinear

structural behavior.

1.2. Motivation

This study is motivated by the critical need to understand the behavior of reinforced
concrete structures during earthquakes, particularly in terms of their stability and dynamic
response. Earthquakes present a significant threat to both human lives and infrastructure
and figuring how the structure responds to seismic forces is valuable to reach deeper
understanding to the structure behavior at each hinge occurrence to obtain more reliable
assessment under such event. The study aims to provide insights into the structural
response, especially in relation to hinge formation, stability load, and modal participation
and other free vibration analysis factors. The findings from this research will contribute

to a better understanding of how buildings respond to earthquakes.



1.3. Literature Review

The foundation of static analysis was established by Takeda and Sozen (1970), who
developed a conceptual model for predicting reinforced concrete member response using
static force-displacement relationships. Gulkan and Sozen (1974) further advanced this
work by introducing an equivalent single degree of freedom system approach. Kilar and
Fajfar (1996) contributed by proposing a computational procedure for determining base
shear-roof displacement relationships in large-scale elements. Habibullah and Pyle (1998)
provided practical guidelines for pushover analysis using ETABS, while Krawinkler and
Seneviratna (1998) evaluated the method's advantages and limitations. Mert et al. (2008)
validated performance assessment for RC buildings using Turkish code, achieving an
82.9% success rate. Abhilash et al. (2009) investigated different lateral load patterns on
four-storied RC structures using FEMA 356 and ATC 40 guidelines. Etedali and
Irandegani (2015) proposed new lateral load patterns for steel MRFs, while Kulkarni and
Babu Narayan (2018) emphasized the importance of sequential hinge formation in
analysis outcomes.The theoretical foundation of limit load analysis began with Neal
(1977), whose work, The Plastic Methods of Structural Analysis, established systematic
approaches to plastic analysis, mathematical frameworks for limit load calculations, and
practical applications in structural design. In the 1970s, Zienkiewicz and Taylor (1977)
revolutionized structural analysis with The Finite Element Method, introducing robust
numerical methods, systematic discretization, and frameworks for handling material
nonlinearity. Chen and Han (1988) advanced the field by integrating plasticity theory with
engineering practice in Plasticity for Structural Engineers, introducing advanced yield
criteria and methods for managing strain hardening. Modern computational approaches
began with Cook et al. (2007) in Concepts and Applications of Finite Element Analysis,
who introduced advanced formulations, nonlinear analysis guidelines, and error
estimation techniques. Belytschko et al. (2014) furthered nonlinear analysis with advanced

solution techniques, material models, and geometric nonlinearity.

Newmark and Hall (1975) advanced safety factors with design response spectra and
ductility-based reduction factors for nuclear facilities. The Applied Technology Council's
ATC-3-06 (1980) revolutionized seismic design with R-factors, performance-based

3



criteria, and site-specific considerations. Priestley et al. (2007) in Displacement-Based
Seismic Design of Structures integrated displacement-based design and performance-
level safety factors. Elnashai and Di Sarno (2008) expanded risk-based safety approaches
in Fundamentals of Earthquake Engineering. Finally, Chopra (2015) in Dynamics of
Structures introduced modern computational techniques and multi-hazard safety factor

integration.



2. METHODOLOGY

2.1. Static Load Analysis

The analysis reinforced a concrete 2D frame located at Istanbul, where the real frame
is taken from commercial residential building 5 story with 3 spans in x direction and 5
spans in y directions. The static design loads on the structure can be taken by following
TS498. Dead loads on the slabs included concrete leveling, concrete piles, concrete
plaster, and the self-weight of structural elements. Live loads and the live load reduction
factors can be found as per TS498. Earthquake parameters can be taken based on the
AFAD report. The importance factor (I) and structure usage class (BKS) can be
determined following TBDY?2018, while the earthquake design class (DTS) and structure
height class (BYS) can be calculated accordingly. The structure behavior factor (R) and
over strength factor (D) can be found based on the reinforced concrete design. Design

loads can be found using TS500 (Equation 6.3) and TBDY2018 (Section 4.11)

2.2. Material Properties

Linear material properties for concrete and steel can be defined according to TS500
as shown in table 2.1 and 2.2 respectively, incorporating design safety factors. Beam and

column dimensions must be designed according TS500 and TBDY2018.



Table 2.1. Rebar Linear Material Property

Material Type fyx (MPa) fsu (MPa) | Modulus of Elasticity E; (MPa)

S420 420 500 200000

Table 2.2. Concrete Linear Material Property

Material Type fex (MPa) fetk (MPa) | Modulus of Elasticity E. (MPa)
C25 25 1.8 30000

2.3. Non-Linear Behavior

Nonlinear material properties can be taken as follows:

2.3.1 Concrete Nonlinearity

Modeled as per TBDY2018 (Section 5A.1) and can be shown in figure 2.1. The
confined concrete compressive stress the confined concrete compression stress (f;) is a

function of compression unit strain (&;).

JeeXxT (2.1

fc:r—1+xr

Confined concrete compression strength (f..) and unconfined concrete

compression strength (f.,) has the following relationship

fee = ¢ feo (2.2)

f f (2.3)
de =2.254 |[1+7.945— 225 1254
co fCO

Where (f,) is effective confinement compression which is taken as the average of

X in y direction for rectangular sections of (f,,) and (fe,)

fex = Ke Px fyw (2.4)




fey = ke Py fyw (2.5)

Where (fy,,) is stirrups yield strength while (p,) and (p,) are the volumetric

stirrups ratio in the corresponding direction. While (k) is the confinement effectiveness

factor ratio.

: .
I - I

Where (a;) the distance between longitudinal reinforcement in sections’ perimeter,
(bg) and (hy) are the left dimension between stirrups axes while (s) is the distance
between stirrups’ axes along the member and (Ay) is the area of longitudinal reinforcement

on the section.

The relationships for the normalized concrete unit strain in Equation (5A.1) with

respect to the variables (x) and (r) are

Lot (2.7)
Ecc
few = ke Py fyw (2.8)
Eec = Eco[l + 5(/10 - 1)] (2.9)
£,, = 0.002 (2.10)
. E. (2.11)
Ec - Esec
E, = 50004/ f. (2.12)
2.13
Esec = & ( )
Ecc
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2.3.2 Steel Nonlinearity:

Figure 2.1: Confined and Unconfined Concrete Comparison

Modeled as per TBDY2018 (Section 5A.2) with material property shown in table 2.3

and its stress-strain curve be shown in figure 2.2.

fs = Es & (& < &) (2.14)

fs = f:s‘y (Esy < & S &p) (2.15)

_ (Ssu - Ss)z (Esh < & = Esu) (2-16)

fo=fum Ga=f) (e
Table 2.3. Rebar Non-linear Material Property
Type f:sy (M p a) gsy Esh Esu ﬁsu/ f:sy

S220 220 0.0011 0.011 0.12 1.2
S420 420 0.0021 0.008 0.08 1.15-1.35
B420C 420 0.0021 0.008 0.08 1.15-1.35
B500C 500 0.0025 0.008 0.08 1.15-1.35
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Figure 2.2: Steel Stress-Strain

2.3.3 Geometric Non-linearity

Geometric nonlinearity should be considered in the analysis to account for P—A
effects, which increase deformation under axial loads. The effect can be shown in figure

23

P P
v 8Ly
- —» , —P ;
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/
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Figure 2.3: Geometrical Non-linearity Effect



2.3.4 Plastic Hinges and Moment-Curvature relationship

The moment-curvature relationships which can be shown in figure 2.4 for each
hinge must be calculated, incorporating nonlinear behavior of both concrete and steel.
Nonlinear hinges must be assigned at each end of structural members to represent non-
linear behavior under incremental lateral loading. The moment-curvature relationship

must be taken as P-M3, where axial forces and moments jointly influence the nonlinear

response.
Moment
A
Mu
Elastic Plastic ) 7
; il

» Curvatur

Qy @’y

Figure 2.4: Moment-curvature relationship and Bilinearization

The concept of concentrated plasticity which can be shown in figure 2.6 has been
used to simulate the non-linear behavior of the element. It assumes the nonlinearity of the
members concentrated at both ends at hinge length of the members while the rest of it
remains linear. The hinges occur when the internal force of the section exceeds the yield
limits, which will reduce its capacity to resist applied forces which can be shown in figure

2.5
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Figure 2.6: Concentrated Plasticity and Hinge Location
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2.4. Analysis

2.4.1. Pushover Analysis

Pushover analysis can be used to derive capacity curves for the structure which
can be shown in figure 2.7. Lateral forces must incrementally applied until hinges formed.

The capacity curve depicted the relationship between the lateral load parameter and top

roof displacement at each hinge occurrence.

Base Shear Force
A

»  Roof Displacement

Figure 2.7: Typical Pushover Capacity Curve

2.4.2. Free Vibration Analysis

Free vibration analysis can be at each hinge occurrence to evaluate natural

frequencies, mode shapes, and participation factors. These characteristics can be

calculated using:

det[k — w2 M] =0 (2.17)
o (2.18)

n — wn
([k] — wf [MD{$}, = {0} (2.19)

12



M, (2.20)
ro= () |

My

Buckling load parameters can be found from axial forces in columns under the
dominant load combination. These must be iteratively, modifying stiffness according to
second-order theory as can be shown in figure 2.8 and 2.10 respectively. The critical

buckling load can be found by solving:

det [k];; = 0 (2.21)
P b b
\Y% v \Y%
L LLLLiginng [NRRRRNRNTT]
[ [ ®
First Second Third n.th
Buckling Load Buckling Load Buckling Load Buckling Load

Figure 2.8: Geometrical Non-linearity Buckling Modes

The lumped mass idealization that can be shown in figure 2.9 has been
implemented to get the mass matrix which will be used to determine forces and
participation ratios.

13



Figure 2.9: Lumped Mass Idealization

Second Order Stiffness Matrix Determinant

A

[\

.

e
\First Bucking Load / . Third Buckling Load

0 10} \ - »  Stability Load Parameter
“‘ Second Buckling Load \\

\

Figure 2.10: Buckling Load Iteration

2.4.3. Lateral Force Distribution

Lateral load distribution along the frame can be categorized into 4 different cases:

Case 1 can be distributed according to mass and absolute which can be shown in figure

2.11

VE = mSup(TX) = 0.04m, I Sps g (2.22)
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Sae
S =
R R (T)

(Esu - ES)Z
(Ssu - Ssh)z

fs = fou — (f:s‘u_f:s‘y)

R T>T
R.(T) = T B
R T T<T
R T=D+(——D>— =B
a(T) ] T,
N
mt = zml
i=1
N
Vi = AR+ )
i=1
AF{: = 0.0075 N VX
m; H;
FX = (VX — AFX.)—— '
E ( tE NE) ;yzlmj Hj
Im~ |
Iml T
‘ H.
H
Imz
m

(2.23)

(2.24)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

Figure 2.11: Force Distribution According to Equivalent Seismic Force Method
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Where in case 2 the lateral forces can be distributed according to the first mode

with same base shear force in case 1.

In case 3 the lateral forces can be distributed according to modal contribution
taking into consideration only the first mode. While at each hinge occurrence the
distribution of forces will be modified according to the new first mode shape and free

vibration parameters. Both cases 2 and 3 can be shown in figure 2.12

Mixn = M; Gixn Ty (2.31)

N (2.32)
Fi)l{? = Z(FN din M Sq(Ty))?
n=1

+F,

Figure 2.12: Force Distribution According to First Mode

In case 4 similarly to case 3 while taking into consideration 2 mode shapes instead

of 1, and it can be shown in figure 2.13
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Fi5

Figure 2.13: Force Distribution According to Two modal

2.5. Software Utilized

XTRACT: Can be used to calculate the moment-curvature relationships of all concrete

sections.

ETABS: Can be used for buckling load analysis, pushover analysis, and free vibration

analysis.
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3. STUDY CASE

3.1. Geometrical and Material Properties

The study case is conducted for reinforced concrete 2D frame located at Istanbul. The
real frame is taken from a residential building 5 story with properties as shown below. The
study case aims to compare different lateral load distribution patterns effect on the
capacity curve of the structure and how sequence of hinge formation can affect the free
vibration analysis parameters, and stability load parameter using non-linear static
pushover analysis. The structure plane and frame dimension and cross section indices can

be shown in figure 3.1 and 3.2 respectively

® ©) ® ® ® ® Q)
!

—® J% ®
—(©) i 44 % — ()
—® i >

1
(S L. . V. . . .

Figure 3.1: Structure Plan and Dimension
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The dead load applied on the structure beside the structural elements self-weight

are shown in table 3.1:

Figure 3.2: Frames' Sections and Dimensions

Table 3.1. Dead Loads on Slabs

Material type Unit weight (%) Thickness (m)
Concrete Levelling 25 0.05
Concrete Pile 25 0.03
Concrete Plaster 12 0.02
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The live load on the structure have been taken according to TS498 as shown in table 3.2:

Table 3.2. Live Load on Slabs

Load type

Magnitude (%)

Reduction Factor

Magnitude (%)

Live Load

2

0.88

1.76

In figure 3.3 and 3.4 shows dead and live load respectively coming from slabs.

—> X

u .

Figure 3.3: Applied dead load from slabs

20




> X

Figure 3.4: Applied dead loads from slabs

The seismic parameters of the taken location have been taken from AFAD map as shown

in table 3.3:
Table 3.3. Soil and Seismic Properties
Soil Type Ss S1 Sps Sp1
7D 1.165 0.318 1.205 0.630

The seismic design parameters have been taken in according to TBDY2018 as in table

3.4:
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Table 3.4. Seismic Design Parameters

Building Building Earthquake Building Structure Excess
usage class | Importance | Design Class Height Behavior | Resistance
(BKS) Factor (I) (DTS) Class Factor (R) | Factor (D)
(BYS)
3 1 la 5 8 3

The mass source of the structure has been taken as stated in TBDY 2018 table 4.3 as shown

in figure 3.5

Mass Multipliers for Load Patterns
Load Pattern Multiplier
Dead v 1 Add
Dead _Jr |
Live 0.3 Modify
Delete
Figure 3.5: Mass source
The design load combination that has been used as:
14G6G+1.6Q (3.1
G+Q+02S+E +03EP (3:2)
096 +H+E" -03E? 3.3)
Where

2
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The forces on the members of the dominant load combination is shown in figure

from 3.6 t0 3.14
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Figure 3.6: Axial forces due to forces from positive direction
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Figure 3.7: Axial forces due to forces from negative direction
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Figure 3.8: Maximum axial forces from all load combination
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Figure 3.9: Beam moment due to forces from positive direction
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Figure 3.10: Beam moment due to forces from negative direction
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Figure 3.11: Maximum beam moments from all load combinations
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Figure 3.12: Column moment due to forces from positive direction
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Figure 3.13: Columns moment due to forces from negative direction
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Figure 3.14: Maximum beam moments from all load combinations

According to the design load combinations, the column section has been chosen,

where it can be found at the appendix section.

The reinforced concrete columns total moment capacity of the columns connected

to each column-beam joint must be at least 20% greater than the total moment capacity of

the beams at their sections adjoining the column faces and it can be demonstrated in figure

3.15.:

(Mra + Mrl'i) =12 (Mri + Mrj)

—> M\ Ma
Deprem !
yoni I
|

f— _i_._._>
Mri I
I
MrUU

Figure 3.15: Strong column - weak beam moment capacities
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The material properties used in the design used can be shown in figure 3.5:

Table 3.5. Used Materials Properties

Material Type Grade Modulus of Elasticity (E)
Mpa
Concrete C25 30000
Steel S 420 420000

The sections’ details can be found in the appendix.
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The non-linear material properties of the column and beam section has been taken

as shown in table 3.6:

Table 3.6. Concrete Sections' Properties for Mander Calculations

Properties CL,C2 A B C D E F G H I J
Number of
Longitudinal 10 8 9 6 5 4 9 8 6 5 4

Reinforcement Bars

Number of Stirrups
Reinforcement Bars 2 2 2 2 2 2 2 2 2 2 2

in X Direction

Number of Stirrups
Reinforcement Bars 2 2 2 2 2 2 2 2 2 2 2

in Y Direction

Diameter of Stirrups
Reinforcement Bars 10 10 10 10 10 10 10 10 10 10 10

(mm)

Diameter of
Longitudinal
18 18 18 18 18 18 18 18 18 18 18
Reinforcement Bars

(mm)

Clear Concrete Cover
30 30 30 30 30 30 30 30 30 30 30
(mm)

Spacing Between
Longitudinal
116.3 102 102 204 204 204 102 102 204 204 204
Reinforcement Bars

in X Direction (mm)

Spacing Between
Longitudinal
210 322 322 322 322 322 322 322 322 322 322
Reinforcement Bars

in Y Direction (mm)

Spacing Between
Transversal 170 62 50.57 102 142 222 50.57 62 102 142 222
Reinforcement Along

X Member (mm)

Section Width (mm) 300 300 300 300 300 300 300 300 300 300 300

Section Height (mm) 500 400 400 400 400 400 400 400 400 400 400

Unconfined Concrete
0.002 0.002 0.002 0.002 0.002 | 0.002 0.002 0.002 0.002 0.002 | 0.002
Maximum Strain
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Confined Concrete
38.9 38.53 | 38.65 | 38.15 | 37.78 | 36.93 38.65 38.53 | 38.15 | 37.78 | 36.93
Strength
The Steel non-linearity parameters have been taken as shown in table 3.7:
Table 3.7. Steel Non-linear Properties
Type fsy (MPa) gsy Esh Esu fsu/fsy
S420 420 0.0021 0.008 0.08 1.15

Figures between 3.16 to 3.22 demonstrate the stress — strain curve variation between

confined and unconfined reinforced concrete sections used.

Congrete Strength (f_} [MPa]

Stress-5Strain Curve for Confined and Unconfined Concrete for Column Secticn
T T T T T I T

e - f.,) = {0.0076, 38.90 MPa)

{5 £.,) = (0.0020, 25.00 MPa)
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Q N {3 i '} el i i =3 %4 Ah b o Al AB AT 1 A D il
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Strain {1}

"
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Figure 3.16: Confined and Unconfined Strength of Columns' Sections
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Figure 3.17: Confined and Unconfined Strength of A Sections

[

Cancrete Strength (f ) [MPa]

Stress-Strain Curve for Confined and Unconfined Concrete for Section B
| 1 | 1 I I I | I | 1 I
Corfined Concrete
Unnanfined Concrete

fe, [, ) = (0.0075. 3865 MPa)

(e _)={0.0020, 25.00 MPa)
el = Y

| | | | | | | | | | | | | |
o 3 i ol b o 3l il il 3 M v 3 b A ] w1 Nl el L Nt
o g i g (i o (o o o oS e o e e P g e e 9 o ot

Strain (eh

Figure 3.18: Confined and Unconfined Strength of B Sections
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Figure 3.20: Confined and Unconfined Strength of D Sections
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Figure 3.21: Confined and Unconfined Strength of E Sections
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Figure 3.22: Confined and Unconfined Strength of F Sections
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At each end on each member of the structure, non-linear relationship of moment-
curvature has been found. Figure 3.23 to 3.26 shows strongest and weakest beam and

column section

Displacement Control Parameters

Type
Moment/SF Rotation/SF © loment - Rotation
1711 -0.0597 O Moment - Curvature

1711 -0.0597
-0.00242

Hinge

Load Carrying Capacity Beyond Point E

© Drops To Zero
O s Extrapolated
. Symmetric Hysteresis Type and Parameters
Additional Backbone Curve Points Hysteresis Isotropic v
O Be - Betwsen Points B and C No Parameters Are Required For This
() cD- Between Points C and D Hysteresis Type
Scaling for Moment and Rotation
Posiive S Nogaiten; Sy
() Use Yiekd Moment MomentSF 1 [ KN-m
(O Use Yield Rotation RotatonsF 1 |
(Steel Objects Only)
Acceptance Criteria (Plastic Rotation/SF)
Posttive Negative
B immediate Occupancy 0.003 [
0 Life safety 0.012

Il cotpse Prevention oo1s (o< ) Cancs)

(O] Show Acceptance Criteria on Plot

Figure 3.23: Weakest Column Section

Displacement Control Parameters
Type
Point Moment/SF Rotation/SF © Moment - Rotation

(O Moment - Curvature
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() BC - Between Points B and C No P Are Required For This
() CD - Between Points C and D Hysteresis Type
Scaling for Moment and Rotation
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Figure 3.24: Strongest Column Section
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Figure 3.25: Weakest Beam Section
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Figure 3.26: Strongest Beam Section
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The mass matrix of the structure has been found as shown table 3.8:

Table 3.8. Lumped Mass of Structure

Story Mass (Tons)
5 38.62385321
4 41.68195719
3 41.68195719
2 41.68195719

1

44.74006116

3.2. Analysis

The lateral force distribution has been done according to 4 cases:

In case 1 one the lateral force distribution has been done according to story absolute

elevation from ground and the mass of it as and it can be shown in table 3.9:

Table 3.9. Lateral Force Distribution According to Equivalent Seismic Force Method

Equivalent Modal Lateral Forces

R 8 T, 0.104564315

3 Ty 0.522821577

I 1 Sae 0.73179231

SD1 0.63 Sar 0.091474039

SDS 1.205 Vtx 187.0186723

T1 0.8609 Vt,min 98.5449
mT 208.4097859 FNX 7.013200212 | Vi > Vimmin
Height (m) Mass of Story (ton) H; .m; F; (KN)

H5 20 ml | 38.62385321 772.4770642 | 63.72233248
H4 16 m2 | 41.68195719 666.911315 48.9593332
H3 12 m3 | 41.68195719 | 500.1834862 | 36.7194999
H2 8 m4 | 41.68195719 | 333.4556575 | 24.4796666
H1 4 m5 | 44.74006116 178.9602446 | 13.13784014
SUMMTION 2451.987768 | 187.0186723
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For case 2 the lateral force distribution has been done according to first mode and

it can be shown in table 3.10:

Table 3.10. Lateral Force Distribution According to First Mode

Story First Mode Shape Lateral Force Force
5 1 63.72233248 56.08548134
4 0.904932735 48.9593332 50.75358805
3 0.730044843 36.7194999 40.94491643
2 0.488789238 24.4796666 27.41397967
1 0.210762332 13.13784014 11.82070683
Sum 3.334529148 187.0186723 187.0186723

In case 3 the lateral force distribution is done according to modal superposition

method has been used in taken into consideration only first mode as shown in table 3.11.

Table 3.11. Lateral Force Distribution According to Single Moal Participation

Step Distribution Mode 1 mode; s:tlapes Participation Factor mode 1
47.33112179 1
46.22273104 0.904932735
0 37.28969581 0.730044843 1.365761303
24.96668822 0.488789238
11.55528784 0.210762332
43.92782939 1
43.22174317 0.911737944
1 35.45735817 0.747952684 1.395582306
24.58721917 0.518653321
11.52875405 0.226569609
42.29415995 1
42.4694137 0.930472103
36 30.24574482 0.662660944 1.159864555
15.55383509 0.340772532
0.210264259 0.004291845
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In case 4 the lateral force distribution has been done according to modal

superposition method has been used in taken into consideration only first two mode which

can be briefly demonstrated in table 3.12.

Table 3.12. Lateral Force Distribution According to Two Modal Participation

Distribution | Distribution mode shapes RO esrinol | Ser oo
Step Factor mode | Factor mode
Mode 1 Mode 2 1 )
L.st 2.nd
47.3311 -18.1028 1.0000 1.0000
46.2227 -4.8746 0.9049 0.2495
0 37.2897 12.9422 0.7300 -0.6625 1.3658 -0.5224
24.9667 20.7075 0.4888 -1.0600
11.5553 13.8106 0.2108 -0.6586
48.3646 -13.8475 1.0000 1.0000
47.5872 -4.0652 09117 0.2720
1 39.0386 9.3900 0.7480 -0.6284 1.3956 -0.3996
27.0706 15.7168 0.5187 -1.0517
12.6932 10.4784 0.2266 -0.6533
48.3646 -14.6360 1.0000 1.0000
50.7510 -6.0596 0.9724 0.3836
29 46.4222 14.4415 0.8894 -0.9143 1.3956 -0.4223
25.0770 15.4565 0.4805 -0.9786
0.6409 6.8013 0.0114 -0.4012
3.3. Results

The analysis produced five main results:

Displacement and Base Shear Force Behavior

Case 1: Exhibited the highest top roof displacement of 340 mm with a lateral load

parameter of 2.873.

Case 2: Produced slightly less displacement at 335.144 mm, with a higher lateral load

parameter of 2.905.
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Case 3: Demonstrated a significant change in P—A curve behavior, showing a displacement

of 306 mm and a marked increase in P to 3.810.

Case 4: Showed the smallest displacement at 210 mm with lateral load parameter of 3.692.
Early hinge formation in the bottom columns of Story 2 and the top of Story 4 affected

the results, leading to reduced lateral force capacity.

The comparison can be shown in figure 3.27

Capacity Curve Compraison of Different Cases

Load Parameter
5
R
I

n

126 -

0.75 —

| 1 | L L L | L | L L L |
(i 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 30 360 380 400
Top Story Displacement (mm)

Figure 3.27: Capacity Curve Comparison of Four Cases

Natural Period and Base Shear Force Behavior

Case 1: Achieved a lateral load parameter of 2.873 before failure, with a natural period of

7.35 seconds.

Case 2: Reached a lateral load parameter of 2.905, with the natural period extending to

10.051 seconds—possibly due to a greater number of hinges compared to other cases.
Case 3: At lateral load parameter of 3.810, the natural period was 8.656 seconds.

Case 4: Displayed the lowest natural period at 5.93 seconds with a lateral load parameter
of 3.692. Early hinge formation in columns led to failure before significant structural

stiffness reduction could occur.

The comparison can be shown in figure 3.28
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Natural Period Compraison of Different Cases
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Figure 3.28: Natural Period Change Comparison of Four Cases

Stability Load Parameter
Initial Value: All cases started with a stability load parameter of 16.26153.
Case 1: Reached zero after 37 hinges formed.

Case 2 and Case 3: Showed similar stability load parameter reduction, with Case 2

reaching zero after 39 hinges and Case 3 after 37 hinges.

Case 4: Displayed the steepest reduction, reaching zero after only 30 hinges due to faster

failure of critical nodes, resulting in an earlier mechanism state.

The comparison can be shown in figure 3.29
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Figure 3.29: Stability Load Change of Four Cases

First Modal Participation Factor

Across all cases, the first modal participation factor initially increased, followed by a

significant decrease.
Case 1: Showed the largest reduction, starting at 1.366 and ending at 1.16.

Case 2 and Case 3: Displayed similar trends, with Case 2 ending at 1.194 and Case 3 at
1.159.

Case 4: Experienced minimal reduction, starting at 1.366 and concluding at 1.365 in the

final step.

The comparison can be shown in figure 3.30
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Participation Factor Comparioson of Different Cases
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Figure 3.30: Participation Factor Change for Four Cases

Effect on Mode Shape Sequence
After each hinge formation, mode shapes shifted from their original positions.

Case 1: Showed the most significant shift in one direction between earlier and later mode

shapes.

Case 2 and Case 3: Displayed similar results, where Stories 1, 2, and 3 shifted in one

direction.

Case 4: Exhibited different behavior. Stories 1 and 2 experienced less shift compared to

other cases, while Stories 3 and 4 displayed significant shifts in the opposite direction.

The hinge sequence of all cases can be demonstrated in figures 3.31 to 3.35
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The initial structure mode shape can be shown in figure 3.35, while a comparison
between initial and last mode shapes of the structure can be found in figures 3.36 to 3.39

L

Figure 3.35: Initial structure mode shape
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— nitia| Struciure
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0 L |
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Mode Shape
Figure 3.36

: Initial and last mode shapes comparison for case 1
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Figure 3.37: Initial and last mode shapes comparison for case 2
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Figure 3.38: Initial and last mode shapes comparison for case 3
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Case 4 Differences Between initial structure and Damaged Structure 1.st Mode
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Figure 3.39: Initial and last mode shapes comparison for case 4

A comparison between all mode shapes of the structure can be found in figures
3.40 to 3.43

First Mode Shapes for Case 1
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Figure 3.40: Mode Shapes at Each hinge of First Case
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First Mode Shapes for Case 2
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Figure 3.41: Mode Shapes at Each hinge of Second Case
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Figure 3.42: Mode Shapes at Each hinge of Third Case
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First Mode Shapes for Case 4
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Figure 3.43: Mode Shapes at Each hinge of Fourth Case
In general case 4 shows most, realistic results compared to the other cases because it
traces the real behavior of the structure. When hinge happens, the stiffness of the whole
frame changes, which will lead to change in lateral forces as shown in cases 3 and 4. While
in case 4 the second mode shape taken into consideration brings us a step closer to having

a more realistic simulation.
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4. CONCLUSION AND FUTURE
IMPLEMENTATION

The primary goal of this study was to compare the pushover capacity curve and free
vibration analysis parameters—fundamental period, mode shapes, modal participation
factors, and load stability—derived from second-order analysis of axial loads on columns.
By conducting free vibration analysis at each hinge occurrence, valuable insights were
gained into the structural behavior under seismic actions. The procedure was applied to

four distinct lateral load distribution cases:

Case 1: Lateral force distributed by story mass and absolute elevation.
Case 2: Based on the first mode shape.

Case 3: Based on first-mode modal contribution.

Case 4: Incorporating contributions from two modes.

The study produced five key findings:

Displacement and Base Shear Force Behavior

Case 1 exhibited the highest displacement but the lowest base shear force, while Case 2
showed marginally lower displacement and slightly higher base shear force. Case 3
resulted in a significant increase in base shear force with only a small change in
displacement compared to Cases 1 and 2. Case 4, on the other hand, demonstrated the
least displacement and the highest base shear force. These contrasting behaviors

underscore the structural variability under different lateral loading scenarios.

Natural Period and Base Shear Force
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The formation of hinges during the pushover analysis reduced rotational stiffness, leading
to an increase in both the natural period and base shear force. Cases 1 and 2 showed
comparable pushover curve behaviors, while Case 4 demonstrated lower natural period
and base shear force values than Case 3. This variation can be attributed to the number

and location of hinge formations before structural failure.

Stability Load Parameter

The stability load parameter diminished as hinges formed during the pushover analysis.
The rate of decrease was influenced by hinge locations and configurations. Case 1
exhibited the least reduction, while Cases 2 and 3 showed similar moderate reductions.
Case 4 experienced the most significant reduction, particularly in the early stages, making
the structure more susceptible to failure due to P—A effects under compressive forces. This
highlights the reduced safety margin against buckling, which can occur before the

structure reaches its limit load.

First Modal Participation Factor

The first modal participation factor fluctuated during the pushover analysis due to hinge
formations. Case 1 remained the most stable, maintaining the highest values throughout
the analysis and up to collapse. Cases 2 and 3 experienced moderate fluctuations before
significant reductions, whereas Case 4 exhibited the steepest reductions, particularly in

the final stages.

Effect on Mode Shape Sequence

The sequence and configuration of hinge formations notably impacted the mode shape
sequence. Case 1 showed the most substantial shifts in mode shapes. Cases 2 and 3
exhibited similar behaviors, with moderate shifts. In Case 4, the upper and lower stories
shifted in opposite directions, emphasizing the impact of hinge formations on the dynamic

behavior of the structure.
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Future Implications

This study highlights the need for further exploration of seismic responses in steel frame
structures, which differ significantly from concrete frames due to material properties.
Future research should focus on the modal characteristics, seismic responses, and stability
of steel frames under varying lateral load distributions. Such investigations will contribute

to the development of optimized designs for seismic-resistant steel frame buildings.
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APPENDIX A.
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Figure 0.1: Section C1 Dimensions and reinforcement
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Figure A.2: Section C2 Dimensions and reinforcement
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Figure 0.5: Section C Dimensions and reinforcement
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Figure A.7: Section E Dimensions and reinforcement
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Figure 0.8: Section F Dimensions and reinforcement

57




0.120

£0.030

O 0O O O
5¢18

3¢ 18

0.300

0400
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Figure 0.11: Section I Dimensions and reinforcement
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Figure A.12: Section J Dimensions and reinforcement
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Figure 0.13: Section C1 story 1 moment curvature relationshop
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Figure 0.14: Section C2 story 2 moment curvature relationship
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Figure A.15: Section C3 story 3 moment curvature relationship
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Figure 0.16: Section C4 story 4 moment curvature relationship
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Figure A.17: Section C5 story 5 moment curvature relationship
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Figure 0.18: Section C2 story 1 moment curvature relationship
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Figure A.19: Section C2 story 2 moment curvature relationship
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Figure 0.20: Section C2 story 3 moment curvature relationship
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Figure A.21: Section C2 story 4 moment curvature relationship
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Figure A.22: Section C2 story 5 moment curvature relationship
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Figure A.23: Section A moment curvature relationship
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Figure A.24: Section B moment curvature relationship
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Figure A.25: Section C moment curvature relationship
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Figure 0.26: Section E moment curvature relationship
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Figure 0.27: Section F moment curvature relationship
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Figure A.28: Section G moment curvature relationship
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Figure 0.29: Section H end moment curvature relationship
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Figure A.30: Section I end moment curvature relationship
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Figure A.31:Section J end moment curvature relationship
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