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Abstract

Advancement to new construction technologies and invention of newer and more efficient
material made possible to construct lighter and flexible structures with irregular geom-
etry.Due to unsymmetrical distribution of mass and stiffness of irregular structure, it is
expected to behave differently as compared to regular geometry structure when subjected
to dynamic loading. Typically when irregular structures undergoes torsion, inducing addi-
tional shear to vertical structural elements.It has been found that many irregular struc-
tures are used for important building like school, hospital, industrial and commercial. This
offers seismic hazard hence it is important to study the behaviour of irregular structures

under dynamic loading.

In the present study, Irregular structures with irregularities plan geometries like L- and
T- shape are studied through Single Degree of Freedom Systems (SDOF) and Multi De-
gree of Freedom System (MDOF) scaled building model through shake table.SDOF and
MDOF building model are fabricated using Aluminum material and satisfies the planer
irregularities provisions defined in IS 1893 (part -1)-2002.Apart SDOF model with ma-
terial irregularity is also fabricated with three columns are made out of aluminum while
fourth is made of mild steel.Also SDOF and MDOF building modes are subjected to free
as well as forced vibrations to determine its behaviour in terms of Natural Frequency,

Damping constant and Acceleration response of the mass.

It has been observed that L- shape building model shows larger acceleration response as
compared to T-shape building model. Apart damping coefficient ( is observed to be highest
for building model with material irregularity followed by T-shaped building model and
least is building with L- shape geometry.Forced vibration study on SDOF and MDOF
systems indicates that for both the types transmissibility ratio is highest for L-shape
building model.Transmissibility ratio for T shape building model is smaller than trans-
missibility ratio for L shape building model, but is slightly higher than transmissibility

ratio of material irregularity building model.
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Abbreviation Notation and Nomenclature

LabVIEW ... .. ... ... ... Laboratory Virtual Instrument Engineering Workbench
SDOF Single Degree of Freedom
MDOF Multi Degree of Freedom
DME Dynamic Magnification Factor
DAQ Data Acquisition System
DR Transmissibility Ratio
O Centre of Mass
O Cenrtre of Stiffness
e Damping Coefficient
753 PP Damped Natural Frequency
i+ e e e e e e e e e e e e Natural Frequency
A Forcing Frequency
/P Frequency Ratio
1 Mass of Member
L Length of Member
K Stiffness of Member
PP Damping
Gl v v e e Critical Damping
M Mass Matrix
K Stiffness Matrix
Raduis of Gyration
B o Modulus of Elasticity
PP Moment of Inertia
PP Eigen Value
D Eigen Vector

O e Logarithmic Decrement
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Chapter 1

Introduction

1.1 General

Dynamic response of structure is very important phenomena in structure engineering
field. In practical, various structures give different response when they are subjected to

dynamic loading like earthquake, wind, strong gust etc.

Before designing any structure it is important to understand dynamic behaviour of that
structure. Dynamic behaviour of any structure can be determined by any of both of the

following ways:

1. Analytically

2. Experimentally

When structures are subjected to dynamic loading, inertia force are generated in the
structure to resist that dynamic loading. Dynamic behaviour of that structure should
be understand carefully. Regular Structures and Irregular Structures behave differently

when they are subjected to dynamic loading.

e Symmetric or regular structures: When mass and stiffness is uniformly dis-
tributed in plan as well as in elevation of the structure then the structure is known

as symmetric structure.
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e Asymmetric or irregular structure: When mass and stiffness is not distributed
uniformly in plan as well as in elevation of the structure then the structure is known
as asymmetric structure. Structures possess various types of irregularities which is

defined in IS:1893 (part-I)-2002.

1.2 Need of the Study

When structure is subjected to any type of dynamic loading, generated inertia force is
assumed to act through Center of Mass (C.M.) of the structure. Vertical members resist

these forces and resultant of these forces act through Center of Stiffness (C.S.).

When Center of Mass and Center of Stiffness do not coinside, eccentricities are developed
in the building which produces torsion in the structural system. Torsional coupling gen-
erates greater damage in the buildings. So it is necessary to understand the response of

structure having torsional coupling under dynamic loading.

1.3 Objective of the Study

Following objectives are identified for the present study.

e To study dynamic behaviour of Single Degree of Freedom (SDOF) building model

with plan irregularity as well as material irregularity.

e To study dynamic behaviour of Multi Degree of Freedom (MDOF) building model

with plan irregularity as well as material irregularity.

e To derive dynamic behaviour of SDOF and MDOF building model with different

types of irregularities analytically.

1.4 Scope of the Work

In order to achieve the above outlined objectives of study, following scope of work is

summarized:
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Study fundamentally different types of irregularities of building as defined in IS:
1893 (Part-1)-2002.

Fabricate SDOF Building Models of Aluminum material with plan irregularities of
different forms like L - shape T - shape. Also fabricate SDOF building model with
material irregularity where in one column of building model is made up of mild steel

material unlike Aluminum material.

Same as SDOF building model, fabricate MDOF Building Models of Aluminum
material with both plan irregularities of different forms like L - shape T - shape and
material irregularity where in one column of building model is made up of mild steel

material unlike Aluminum material.

Development of experimental setup consisting of Shaketable, Uniaxial Accelerome-
ters, Data Acquisition System, LabVIEW software, Computer Program connected

to SDOF/MDOF building models.

Extract dynamic response quantities like Natural Frequency, Damping Co-efficient
and Acceleration of SDOF/MDOF building model subjected to Free Vibration as

well as Forced Vibration.

1.5 Organization of the Report

The contents of major project report is divided into various chapters as below:

Chapter 1 presents the introduction and overview of Importance of understanding the

dynamic behaviour of irregular building. The need of the study is discussed. It also

includes objectives of the study and scope of the work.

Chapter 2 includes brief literature review of experimental work done previously using

shake table.Review of some books used for analytical solution.

Chapter 3 covers the fundamentals of structural Dynamics which is helpful for under-

standing the dynmaics of the project.
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Chapter 4 covers different types of irregularities and analytical problem formulation and

solution of SDOF as well as MDOF irregular building models.

Chapter 5 covers the Experimental programme of all SDOF and MDOF irregular build-
ing models includes Free and Forced vibration imparted on both SDOF as well as MDOF
irregular building models.

Chapter 6 covers results and discussion of the experimental work done on various models.

Finally, a summary of project, conclusion and recommendation for future work is discussed

in Chapter 7.



Chapter 2

Literature Review

2.1 General

Structure when subjected to time dependent loads, i.e. dynamic loads, undergoes high
level of stress developments. Thus it is important to measure dynamic response of the
structure.This is generally done by performing experiments on the prototypes of the build-
ings in laboratory. From the recent literature it can be seen that utilization of various
instruments like shake table, accelerometers, DAQ (Data Acquisition System) can help

to understand dynamic behaviour of structures under dynamic loadings very properly.

2.2 Literature Review

2.2.1 Experimental Evaluation of Dynamic Properties

Manohar and Venkatesha|l]| carried out experiment to understand the dynamics of
a one-storied building frame with planar asymmetry subjected to harmonic base mo-
tions.For study single story single bay frame model was considered having rigid rect-
angular steel slab at the top and supported on four columns. Three columns were from
aluminium and the fourth column was from steel material. Experimental set up is designed
in such a way that the angle of incidence of the base motion on to the frame can be varied

over 0 to /2 It is mounted on a table that is driven by an electric motor.
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Figure 2.1: Experimental Setup for One-Story Building Frame

Applied base motion.

—-— Reference Configuration (x=y=8=0)

Al - e
- - *, x
y -i;";:.
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o \
_— \ \
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Figure 2.2: Displacement of the Steel Slab in its Own Plane

Table 2.1: Notations for Studies on One-story Building Frame

Accelerometer | Measurements

Al Displacement along X axis (X)
A2 & A3 Rotation (X1, X2)
A4 Base Motion (Xg)
A5 Displacement along Y axis (V)

A6 Base Motion (Yg)
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Accelerometers

Signal
Conditioning
Amplifier

Oscilloscope

Figure 2.3: Setup for Studies on One-story Building Frame

Amplitude and phase spectra of absolute responses of one-story building frame subjected

to harmonic base motion; where a =0; responses along x, y and 6 direction as shown in

Figure 2.4

' fhﬂ-—um ) . : w D prascgm it o Diplacimim
E | € ¥
I|:'i i i i:m-
".; W W E] F ] El H" § L 5 x 5 Kok 5 q I ] = E
Op . i
3 'll 5 1 E
2| A #
] i i
% [ L] ) ) = ] % ] a % & T g ] ] L = = E
Fovqaeacy, He Fimgmcy, He Frequancy. fie
a ) X direction respanse b ) Y direction response c ) 6 direction response

Figure 2.4: Amplitude and Phase Spectra of Absolute Responses of One-Story Building

Frame

Brown [2] presented her work in the process of rehabilitation a shake table for use in
seismic analysis of small scale model. LabVIEW 8.0 was used to write the controlling
program for the shake table. In order to test seismic response of a prototype building. A
7-story reinforced concrete building was modelled in piano wire and plywood and tested
on the shake table. The shake table recorded data from an accelerometer mounted on

the model. The model was built to have the same resonant frequency as the prototype
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building. The model clearly shows modal forms and shows exaggerated deflection, as well

as torsion caused by modelling inconsistencies. Reactions in the model correlate to the

prototype.
f-ét”:-dlm [ » A‘IIW
Figure 2.5: Model and Actual set up
Table 2.2: Testing Results of experiments
Earthquake/ | How the test
Test Result/ comments
Frequency was recorded
] Test recorded maximum deflections on Roof 6th
1 Northridge | Excel/ Notepad
, 3rd, and 2nd floors of model. 1/25/07
Accelerometer Test with Mass
2 1 Hz Excel/ Notepad
on Shake Table 11/29/06
Accelerometer Test with No Mass
3 1 Hz Excel / Notepad
on Shake Table 11/29/06
Accelerometer Test after reattaching
4 1 Hz Excel / Notepad
the accelerometer 11/29/06
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Butterworth et. al. [3] have presented an experimental investigation on the damping
properties of an 11 storey reinforced concrete shear core office building through forced vi-
bration tests. Excitation was applied by means of a rotating eccentric mass exciter driven
by a precisely controlled electric motor with electromagnetic and resistive braking capa-
bilities. The exciter has generated a sinusoidal force amplitudes of 40 kN. Accelerometers
along with data acquisition system were used to measure structural responses. Damping
ratio for the building was calculated using free vibration decay, i.e. logarithmic decrement
and half power bandwidth method. Figure 2.6 shows plan details of a building used for

experimental testing.

r0.914

096

106

~0.914

Figure 2.6: Plan of the Building used for Experiments

Here Figure shows the typical free vibration time-history of level 14 displacement
following excitation with in the 1st translational mode.

Free vibration decay of an ideal viscously damped system lies within an envelope

[u(t) = £Ae% (2.1)

Since value of wn is known, we can get the value of &.
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K‘[ Translational nm-de]

Do et g

Free vibration decay - 1" ranslational mode

Timas 5

Free vibration decay - 17 torsional mode

Torsional mode

Figure 2.7: First Translational and Torsional Modes of Free Vibration Decay

Table 2.3: Damping Values Deduced From Fitted Exponential Envelopes

1%t Translational 1%t Torsional

Resonant | Damping | Resonant | Damping

Frequency Ratio Frequency Ratio

(Hz) (%) (Hz) (%)
Trial 1|  1.88 1.7 2.447 1.56
Trial 2 1.9 1.56 2.463 1.43
Trial 3|  0.91 1.46 2.48 1.36

Sucuoglu and Akkar [4] described seismic analysis procedures and design principles
developed for building structures. Analytical solution of one storey and multi-storey
space frame structures subjected dynamic loading has been described. They considered
dynamic degrees of freedom are defined at each story by using the rigid diaphragm as-
sumption, leading to a diagonal mass matrix. Stiffness matrix is derived for 3D buildings
with unsymmetrical stiffness distribution in plan, leading to a coupled stiffness matrix.
The effect of unsymmetrical stiffness distribution on the mode shapes is discussed, with

emphasis on torsional coupling.



CHAPTER 2. LITERATURE REVIEW 11

Panchal D. B. [5] carried out experimental work to understand the control of dynamic
response for a building model using different types of bracing like concentric, eccentric.
The authors had carried out a small scale experiment was performed on a Shake Table in
the laboratory. There were four types of building models were considered in experimental
work: Uncontrolled SDOF, controlled SDOF, TDOF and MDOF. Response of all these
model were studied in detail by conducting free and forced vibration test through uni
axial shake table and Data Acquisition System LabVIEW 8.0. The dynamic properties
like Natural Frequency and Damping co-efficient were obtained for both braced as well as
unbraced building models. Various types of bracing eccentric as well as concentric bracing
were used. It has been observed that among all types of bracing V type bracing yields
maximum reduction in response quantities without much affecting natural frequency of

the system.

Patel H. Y. [6] carried out experimental work to understand the control of dynamic
response of MDOF a building model using different types of bracings like concentric, ec-
centric and tuned mass dampers like single tuned mass dampers and multi tuned mass
dampers. MDOF model has been prepared from aluminium and small scale experiment
was performed on shake table. Response of this MDOF model was studied in detail
by conducting free and forced vibration test through uniaxial shake table and Data Ac-
quisition System LabView 8.0.Natural frequency, damping coefficient for free and force
vibrations were obtained. Various types of bracings were provided in MDOF building
model. Eccentric bracing shows better reduction in all dynamic response quantities com-
pare to concentric bracings. Dynamic properties of MDOF system with single tuned mass
dampers and multi tuned mass dampers were studied in detail. Both single TMD and

multiple TMD shows maximum response reduction compare to bare model.

2.3 Summery

This chapter deals with understanding of various dynamic response of different types of
structural systems through technical papers and reports. Experimental work carried out

to determine dynamic properties like natural frequency, damping ratio etc was compiled.
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With the help of literature review basic understanding of developing experimental program

for capturing dynamic response of building models is developed.



Chapter 3

Fundamentals of Structural

Dynamics

3.1 General

Structural Dynamics deals with the time dependent forces and motions. When any struc-
ture is subjected to such time dependent force i.e. dynamic loading, it undergoes mo-
tion and produces internal forces. The dynamic equilibrium equation for these forces is
achieved through D’Alembert’s principle or Newton’s second law of motion for various

mass elements.

All the real structures have an infinite number of masses and all are elastically connected.
Thus all real structures consist of an infinite of degrees of freedom. This makes large
number of equations of motion and computationally intensive analysis. Thus in dynamic
analysis other coordinates are restrained and very few degrees of freedom is considered.
Simple mathematical model with few degrees of freedom (DOF) is prepared to solve dy-

namic equation of equilibrium.

13



14 CHAPTER 3. FUNDAMENTALS OF STRUCTURAL DYNAMICS

3.2 Free Vibrations of SDOF Systems [9]

3.2.1 Undamped Free Vibration

When a structure is disturbed from its static equilibrium position and then allowed to
vibrate without any external dynamic excitation then it is known as free vibration of the

structure.

Derivation of the Equation of Motion

kx| e—————{ms]

(a) Appliad force (b) Effective force

Figure 3.1: Free Body Diagram of Damped SDOF System

From the free-body diagrams, the equation of motion for the system is,
mi = —kx (3.1)

ma + kx =0 (3.2)

Free vibration is initiated by disturbing the system from its static equilibrium position
by imparting on the mass, some displacements x(0) and velocity #(0) at time zero, de-

fined as the instant the motion is initiated. x=x(0) and & = (0) are the initial conditions.

The solution to the homogeneous differential equation 3.2 is obtained using initial condi-
tions by standard methods.The solution of above differential equation 3.2 can be expressed

as,
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x (t) = Ajcoswpt + Assinwyt (3.3)

Here AjandAs are arbitrary constant. Above equation can also be expressed in the terms

of initial displacement and initial velocity.

x (t) = 2 (0) coswpt + [T (0) Jwy]sinw,t (3.4)
Where
P L (3.5)
n - m .
Amplitude of motion
A=A+ A2 (3.6)

Phase angle

tan™! (ﬁ—;) (3.7)

The time required for the undamped system to complete one cycle of free vibration is the

natural period of vibration T,,.

T, =— 3.8
- 38)
1
= — 3.9
Here [f,] is natural frequency in H,.
3.2.2 Damped Free vibration
For free vibration of SDOF system with damping, governing differential equation is,
mi + ct + kx =0 (3.10)
solution of this second order homogeneous differential equation is in the form of
r=e" (3.11)

Dividing equation by m gives

i+ 2Cwnd + wiu =0 (3.12)
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k
——AAAAA—

SO PN

(a) Applled force (b) Effective force

Figure 3.2: Free Body Diagram of Damped SDOF System

where

c c
= = — = Damping Ratio
2mwy, Cer

¢

Cor = 2mwy,, = 2V km = Critical Damping Coef ficient

roots of characteristic equation are

Sip=—— + [ir _k (3.13)

Siz = (—CE£V[® = Hw, (3.14)

The general solution of homogeneous equation can be written as,
z(t) = Aje™' + Aye®! (3.15)

3.2.3 Types of Motion

The actual form of the solutions depends on the nature of roots given by equations 3.15 or

3.16. Depending on the nature of the roots of Eq. 3.15 and 3.16 ,i.e., imaginary(complex
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conjugate roots), real distinct [( < 1] roots or real repeated roots [( = 1], three types of

motions are presented in Figure [3.3]

x(1) Overdamped § > 1)

Undamped (€ = 0)
Undamped ( < 0)

-

-
2
B

3

Figure 3.3: Response of Under Damped, Critically Damped and Overdamped Systems

CASE : 1 Under Damped System: If [( < 0], the system is termed as under damped

system. The roots of the characteristic equation are complex conjugates,corresponding to
oscillatory motion with an exponential decay in amplitude. The solution can be obtained

as,

z(t) = e A cos(wat) + Agsin(wat)] (3.16)

Where [A;] and [As] are arbitrary constants and can be determined by initial conditions

of the system, and [w,] is the damped natural frequency of the system given by,

wg = wp/ (1 —¢?) (3.17)

From [A;] and [A3] can be determined

and )
A, = B0t CenTo (3.19)
Wd

This equation now can be written as in terms of [xo] and [

0 + Cwao

z(t) = e [zgcos(wat) +
Wq

sin(wqt)] (3.20)
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Logarithmic Decrement: In the free vibration of an underdamped system,displacement

amplitude decays exponentially with time. The rate of decrease depends on the damping

ratio [(].
x(t)
2n
-f_ :.:_T: - ?,,—..
x f h"‘,_‘-‘.-‘. xc-h“t
x 3 T
l . i x:lz\y R o IR
a1l o
H I e w ——
"l . _.u-“""‘"
-
¥

Figure 3.4: Displacement Response of SDOF System Under Free Vibration

if we consider displacement at time [t;] by [z1] [=] [z(¢1)],then

z(t) = Ae” " sin(wqty + ¢) (3.21)

The displacement at [t x| is given by
wd

_Cw”t1+QJ

x(tH%) = Ae “d sin(wgt1 + @) (3.22)

The ratio [u(t1)] to [t,, 2« | provides the measure of the decrease in displacement over one
wq
cycle of motion. The ratio is constant and does not vary with time. Its natural log with

time is called logarithmic decrement and is denoted as [§]. The value of [d] is given by,

Cwntl
6= In(—gr— ) (3.23)
d sin(wgt1 + @)
§ = om¢in (3.24)
W
§=2rm ¢ (3.25)
1-C2

For small values of [(] , [§ =~ 2n(]. If [0] is obtained from measurements and [(] is to be

evaluated, we can use,
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(=— (3.26)

(= (3.27)

Nrs

CASE : 2 Critically Damped System: If [( = 0], the system is termed critically

damped. The damping constant c is, in this case, denoted by [c..] and its value is given

by

C=cCo =2VEkm (3.28)

C= Cop = 2wy, (3.29)

The roots of Eq are now equal, so that

CCT
$] = §9 = Sy —Wp, (3.30)
The general solution is given by
x = (A] + Agt)e (3.31)

Where [A;] and [A,] are arbitrary constants to be determined from initial conditions.
Substitution of initial displacement and initial velocity, leads to the following values of

[A] and [As].

Al =X (332)
Ay =22 4 gy (3.33)
Wn
The general solution thus becomes,
_ ‘,L:O wnt
x(t) = [xo + (— + zo)wnt]e (3.34)

n

Since critical damping represents the limit of aperiodic damping, the motion returns to

rest in the shortest time without oscillations. This property can be advantageously used
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in many practical vibration problems such as large guns, measuring instruments and elec-

trical meters.

CASE : 3 Over Damped System:If [ > 0] or damping is greater than [c..] the system

is termed over damped system. The roots of the characteristic equation are purely real

and distinct, corresponding to simple exponentially decaying motion.

¢ =ceC (3.36)
¢ = 2mw,( (3.37)

Substitution of values gives,

s51 = —wp +wp/(C2—1 (3.38)

1= —wp( —wp\/ (2 —1 (3.39)

If we denote

wa/ P — 1= (3.40)

The general solution becomes

o(t) = e “rt (A + Age™) (3.41)

Where the arbitrary constants [A;] and [As] are again determined by initial conditions.

3.3 Forced Vibration of SDOF System [9]

3.3.1 Undamped Force Vibration

The response of any structural system subjected to external force called forced response.In

this fig simple SDOF undamped system is shown.
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k
k(A + x)
X
m i
(1)
mg + Fn
Figure 3.5: Forced Undamped Vibration of SDOF System
F(t) = Fysinwyt (3.42)
Equation of motion becomes,
mi + kx = F(t) (3.43)
F
z+ Ew = F(t) (3.44)
m m
k F
i+ —x= —Osinwft (3.45)
m m

Equation is a non homogeneous, second order differential equation with constant coef-

ficients.Hence, the complete solution is the sum of homogeneous solution xj(t) and a

particular solution x,(t) such that,

z(t) = xpt + xpt

(3.46)
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where,
. k
In+ —x,=0 (3.47)
m
and,
k Fy
t, + —x, = —sinwt 3.48
Zp + —ap = sinwy (3.48)

Equation is a differential equation of motion for free vibration of simple harmonic oscil-

lator, for which the solution is,

xp(t) = Ajcoswyt + Assinwyt (3.49)

In order to obtain the particular solution of equation, excitation force [F'(t)] is harmonic,
the particular solution [xp(t)] is also harmonic and has frequency [wy]. Thus we assume

the solution in the form,

z,(t) = Xcoswyt (3.50)

Where X is the unknown constant, which is obtained such that the assumed solution does
satisfy the differential equation. X denotes the maximum amplitude of [zp(t)]. Substitut-

ing equation in we obtain

X = (3.51)

Multiplying both numerator and denominator by m/k, we obtain

Fy i)
k k
T = — = = (3.52)
- (Fwi 11— (L)
Hence the particular solution is given by,
Fo
)= — >t 3.53
The complete solution for the motion of the mass is
Iy
xp(t) = Arcoswpt + Agsinw,t + k (3.54)

k(1= (30)?)

The constants [A;] and [As] are again determined by initial conditions. The result is
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F
Ay =19 — —02 (3.55)
k — mws
Lo
Ay = — 3.56
=2 (356)
Hence the complete solution is
F, Fy fo
.T(t) = (330 — (k_—mw%))coswft + w—nSZnLUft + k‘(l——(:j—fl)Z) (357)
The maximum amplitude can also be expressed as
T 1
— = 3.58
5515 1 - (Z_ﬁ)g ( )
Where,
X F()
— = — 3.59
5k (3.59)

denotes the static deflection of the mass under a force [Fp]. The quantity [;=] represents
the ratio of the dynamic to the static amplitude of motion and is called magnification

factor.

3.3.2 Forced Damped Vibrations

Consider a viscously damped SDOF spring-mass system shown in Figure [3.6

equation of motion is
mi + ¢t + kx = Fysinwyt (3.60)

kR
B — + — = ~sinw;t (3.61)
mx mx m

This is a homogeneous equation. The particular solution or the steady state solution [z,

can be assumed in the form,

x, = Aysinwst + Ascoswyt (3.62)

which gives the following equations for the velocity and acceleration
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m ——] - _1
l X l X
F(t) F(t)

(a) (b) Free body diagram

Figure 3.6: Forced Damped Vibration of SDOF System

Ty = wrAjcoswst — wpAssinwyt (3.63)

iy = wiAycoswst — wi Agsinwyt (3.64)

[(k — w]%m)Al — cwyAs)sinwst + [(k — w]%m)Ag + cwpAi|coswst = Fysinwet  (3.65)

Two algebraic equations in [A;] and [As]

[(k — wfm)As 4 cwpAr] =0 (3.67)

Dividing by stiffness coefficient

(1—1*) A1 — 2(nAs = X, (3.68)

(1= 1) Ay — 2(nA; = 0 (3.69)

Where
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wy
=1 3.70
= (3.70)
c c
= — = . 1
¢ Cor  2Mmwny, (3.71)
EF
Xo= =2 (3.72)
k
where, [c.] = [2mw,] is the critical damping coefficient. Solving these two algebraic
equations simultaneously gives the values of [A;] and [As].
(1 —n*))Xo
A = 3.73
PR )
(—2¢n)Xo
A = 3.74
R ey o
Hence, the steady state solution can be written as
XO 2\ -
T, = 1 —n%)sinwst — (2¢n)coswyt 3.75
p (1—n2)2+(2CT})2[( )sinwyt — (2¢n)coswyt] (3.75)
This can be written as
Xo :
T, = e (2C77)28m(wft — ) (3.76)
[Xo] is the amplitude and [¢] is the phase angle
i 20
¢ =tan™! 3.77
) (3.77)
x, = XoBsin(wst — @) (3.78)

Where, [3] is known as Magnification factor. Fig shows plot of Dynamic magnification

factor versus Frequency ratio [n].

3.4 Experimental Evaluation of Damping][8§]

Damping plays important role in influencing the dynamic response of structures.Its ac-

curate prediction is essential for most of the dynamic analysis. Note that, damping is
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Figure 3.7: Forced Damped Vibration of SDOF System

a property which cannot be determined from other structural properties. Also, it is a
quantity which is difficult to quantify. There are various types of damping that can be

modelled for structural dynamic analysis. However most common among all is viscous

damping which is a velocity dependent quantity.

Logarithmic OWE
decreement band-width
method method
= e
Obtained from Obtained from
| freevibration | forced vibration

Uses frequency
— domain data i.e.
tranfer function

Uses time-
domain data

Figure 3.8: Damping Evaluation Method
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3.4.1 Free Vibration Test : Logarithmic Decrement

In this method, SDOF and MDOF models are subjected to free vibration. For system
being under damped, dynamic response exponentially decays. Taking ratio of successive
peaks of response and considering logarithm of this values gives damping present in the

system.

3.4.2 Force Vibration Test: Half Power Bandwidth

In this method, SDOF and MDOF models are subjected to forced vibration. Considering
frequency ratios of excitation applied to natural frequency of system, dynamic magnifica-

tion and response is extracted. Tracking peak value of response, damping is estimated.

Deformation response factur Ry
Resopant amplitude

2% = Half-power bandwidth

(1/42) Resonant amplitude

Frequency ratio o / w,,

Figure 3.9: Half Power Bandwidth Method

Estimation of damping in a structure can be carried in frequency domain through half
power band width approach. In this method, two forcing frequencies [w,] and [w,| are
extracted on either side of the resonant frequency considering amplitude [Ay = \/Li] times
the amplitude of resonant frequency amplitude [A;]. For small value of [¢],

Wq — Wy

2 = (3.79)

Wn
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3.5 Summery

Detailed fundamental study of single degree of freedom system as well as multi degree of
freedom system has been carried out. It is evident that damping plays very significant

role in the dynamic behaviour of structural system.



Chapter 4

Problem Formulation

4.1 General

In this chapter various types of irregularities and dynamic analysis of SDOF and MDOF
irregular models have been covered. Understanding about the dynamic analysis of any
irregular structure requires accurate measurement of dynamic properties. Eigen value
problem has been solved to determine mode shape of the structure and from the natural

frequency of the structure can be calculated.

To determine mode shape of the structure in irregular structure mass and stiffness matrix
of various irregular structure need to be calculated and from that, eigen value problem

can be solved.

4.2 Types of Irregularities in Building

4.2.1 Types of Structural Irregularities

Regular Structures and Irregular Structures behave differently when they are subjected

to dynamic loading.

e Symmetric or regular structures: Mass and stiffness is uniformly distributed in

plan as well as in elevation.

e Asymmetric or irregular structure: Mass and stiffness is not distributed uni-

formly in plan as well as in elevation.

29
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Buildings having irregularities show major damage during earthquakes. There are

various types of irregularities given in IS 1893 : 2002 (PART 1)[7].

Irregularities

Plan irregularities | M \ertical irregularities
e

e e,
_..--"'—---- e Hn %5_""--.‘_ ey = e
set Irregular
Strength
of mass

shapes stiffness

Figure 4.1: Types of Irregularities [7]

4.2.2 Definitions of Irregular Buildings — Plan Irregularities

Plan irregularities for a building includes Torsional Irregularity, Re-entrant Corners, Di-
aphragm Discontinuity, Out of Plane Offsets and Non Parallel Systems. In the following

section each of these irregularities are discussed in brief.

e Torsion Irregularity

To be considered when floor diaphragms are rigid in their own plan in relation to
the vertical structural elements that resist the lateral forces. Torsional irregularity
to be considered to exist when the maximum storey drift, computed with design
eccentricity, at one end of the structures transverse to an axis is more than 1.2

times the average of the storey drifts at the two ends of the structure.
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—
|

Figure 4.2: Torsion Irregularity of the Building [7]

e Re-entrant Corners

Plan configurations of a structure and its lateral force resisting system contain re-

entrant corners, where both projections of the structure beyond the re-entrant corner

are greater than 15 percent of its plan dimension in the given direction.

AlL> 0415-0-20 T AJL>015-0-20 ;‘I‘

Co ] L | A>o01s-020

RIgINNE

I-'I. -

}-—A1 —

re--—--

Figure 4.3: Re-entrant Corners for the Building [7]

e Diaphragm Discontinuity

Diaphragms with abrupt discontinuities or variations in stiffness, including those
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having cut-out or open areas greater than 50 percent of the gross enclosed diaphragm

area, or changes in effective diaphragm stiffness of more than 50 percent from one

storey to the next.

MASS RESISTANCE ECCENTRICITY

1
RIGID | =+ FLEXIBLE
DIAPHRABM: DIAPHRAGM OPE N

. : g
- I [ -/
N b
VERTICAL COMPONEMNTS OF SEISMIC RESISTING
SYSTEM

=— DPENING

FLOOR

Figure 4.4: Diaphragm Discontinuity for Building [7]

e Out-of-Plane Offsets

Discontinuities in a lateral force resistance path, such as out-of-plane offsets of

vertical elements.

l+— SHEAR
WALL

# 7
BUILDING SECTION

OUT OF PLANE
DISCONTINUITY

Figure 4.5: Out-of-Plane Offsets [3]
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e Non-parallel Systems

The vertical elements resisting the lateral force are not parallel to or symmetric

about the major orthogonal axes or the lateral force resisting elements.

|

SHEAR WALLS

BUILDING PLAN

Figure 4.6: Non-parallel Systems for a Building [7]

4.2.3 Definitions of Irregular Buildings — Vertical Irregularities

e Mass Irregularity

Mass Irregularities shall be considered to exist where the seismic weight of any storey
is more than 200 percent of that of its adjacent storeys. The irregularity need not

be considered in case of roofs.

SEISMIC
WEIGHT

T e A Wiz

HEAVY A A P NS g i
7R3 MASS—< 7

o I s bl

=
=

FESL e T L

MASS RATIO MASS IRREGULARITY
WHEN, W, > 20 W;_,
OR W= 20 Wi

Figure 4.7: Mass Irregularity of Building][7]
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e Stiffness Irregularity

A soft storey is one in which the lateral stiffness is less than 70 percent of that in
the storey above or less than 80 percent of the average lateral stiffness of the three

storeys above.

A extreme soft storey is one in which the lateral stiffness is less than 60 percent of
that in the storey above or less than 70 percent of the average stiffness of the three

storeys above. For example, buildings on STILTS will fall under this category.
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Figure 4.8: Stiffness Irregularity [7]

e Vertical Geometric Irregularity

Vertical Geometric Irregularity shall be considered to exist where the horizontal
dimension of the lateral force resisting system in any storey is more than 150 percent

of that in its adjacent storey.
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Figure 4.9: Vertical Geometric Irregularity [7]

e Discontinuity in Capacity — Weak Storey

A weak storey is one in which the storey lateral strength is less than 80 percent
of that in the storey above, The storey lateral strength is the total strength of all

seismic force resisting elements sharing the storey shear in the considered direction.
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Figure 4.10: Discontinuity in Capacity — Weak Storey [7]
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e In-Plane Discontinuity in Vertical Elements Resisting Lateral Force

An in-plane offset of the lateral force resisting elements greater than the length of

those elements.

UPPER
FLOOR
5
| o8
T

Figure 4.11: In-Plane Discontinuity in Vertical Elements Resisting Lateral Force [7]
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4.3 Analytical Problem Formulation

In this section Problem Formulation & Building model with plan irregularities is stated
analytically. Analytical approach to determine mass and stiffness matrix of Building
model is given in detail. By calculating Eigen values and Eigen Vectors for these space

frame structures, natural frequencies and mode shapes can be obtained.

To analyse the structure, floors are considered as rigid diaphragm that leads to diag-
onal mass matrix and stiffness matrix can be calculated from unsymmetrical stiffness
distribution that leads to coupled stiffness matrix.The effect of unsymmetrical stiffness
distribution emphasis on torsional coupling.The motion of the each slab is defined by
three dynamic degrees of freedom defined at the center of mass and whole mass of the
structure is confined at the slab.However distribution of the mass can be done evenly to

the adjacent floors.

(&)

(h) ¥

Figure 4.12: (a) Motion of a Rigid Slab in its Own Plane, (b) Motion of the Centre of
Mass [5]

4.3.1 Analytical Solution of Single Storey 3 D Structure

To carry out analytical solution of single storey structure mass and stiffness matrix has

been prepared and eigen values can be determined.
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Mass matrix can be calculated by considering two translation masses in both the x and
y direction . It is shown as [m;] and mass moment of inertia [;] can be calculated about
z-axis.As the translational and rotational masses of each story represents the translational
and rotational dynamic degrees of freedom of that story, mass matrix can be constructed
as a diagonal matrix since and hence there is no translational-rotational coupling between

the mass coefficients.

ma 0 0
0 mo 0
0 0 L

Stiffness matrix can be calculated by applying direct stiffness matrix and by choos-
ing three DOFs at the centre of the mass.The " column is located at distances x; and

y; from the co-ordinate center. Direct stiffness method is applied for each DOF separately.
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Figure 4.13: Calculation of Stiffness Coefficients for One Storey Space Frame [5]
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First of all applying unit displacement in x direction (u,=1, u,=0 , u,=0). All column
will resist this motion and inducing force kg;.1 = ky;. Where as kyy , Ky, kg, are the
coordinates that constrain the displacement in u,|=1, u, =0, u,. This can be represented

as,
Fow = Y ki kye = 0, kg = Y _(—kai) (4.1)

Same way applying unit displacement in y direction (u,=0, u,=1, u, =0) and calculating

coordinates.
by = 0,kyy = > kyikogy =Y (kyi;) (4.2)

when unit rotation is given in z direction (u, = 0,u,=0,u, =1), coordinated can be

calculated as below.

kzp = Z(_kxzyz), kyo = Z(k:yzml), kep = Z[(k;myf) + (kys.xd)] (4.3)

The complete stiffness matrix can be written as

> ki 0 > (—Fkai-yi)
0 > kyi Z(kw%)
So(—kaiyi) Do(kyiws) Do[(keiyi) 4 (Kyi?)]

Detail calculations for single storey L shape T shape and Material irregularity model is

discussed in Appendix A.

4.3.2 Analytical Solution of Multi Storey 3 D Structure

Analytical solution for multi storey space frame can be done same as per the solution car-
ried out for single storey structures. Mass matrix and stiffness matrix can be prepared.
Stiffness coefficients would be calculated according to the influence coefficient method for

multi storey structures.

Diagonal Mass matrix is prepared by calculating translation mass m; and rotational mass

I; for both the floors.Lumpled mass is considered for calculation of this mass matrix.
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_ml 0 0 0 0 0 ]
0O ma 0 O 0 O
o 0 L 0 0 O
0 0 0 mg O O
0 0 0 0 me O

I 0 0 0 0 O [2_

Stiffness matrix is prepared by calculating stiffness coefficients. Unit displacement in x
and y direction (u,=1) (u, = 1)as well as unit rotation (uy = 1) about z-axis is applied

at both the floors.

s
L (S /
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h / | uz !
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I H.'im !
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Figure 4.14: Two storey 3D space frame [5]
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Figure 4.15: Calculation of stiffness coefficients for two storey space frame [5]

Coefficients are calculated and stiffness matrix is prepared is shown below.

2032 ki) 0 203 —kaivi) (2 Kai) 0 (>° —keiyi)
0 2(32 Fyi) 2(3_ kyixi) 0 (32 kyi) (32 kyiw:)
2030 —kuiys) 20 kyiws) 200 kait?) + CCkyar?)  (=2)(30 —kaiys) (3 kyiza) (30 kwit?) + (3 kyia?)
(> ki) 0 (=2)(3 —kaivi) (3 kyix:) 0 (3" —kaiyi)
0 (32 kyi) (O kyiw:) 0 (32 kyi) (32 kyix:)
|2 Reys) O kyiw)  (Ckeiy?) + (T kyia?) (0 —keays)  (Ckyiwi) (0 ki) + (30 kyia?)

Detailed calculation of two storey L shape T shape and material irregular structures is

shown in Appendix A.
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4.4 Summary

In this chapter various types of irregularities defined in IS:1893 (PART :1)-2002 discussed
in detail.Plan irregularities such as Torsional Irregularity, Re-entrant Corners, Diaphragm
Discontinuity, Out of Plane Offsets and Non Parallel Systems are described in brief. Apart
analytical approach has been carried out to determine mass and stiffness matrix of building

model.



Chapter 5

Experimental Programme

5.1 General

Dynamic behaviour irregular structure can be well understood by performing Experiment
on scale model of buildings. A SDOF building model as well as MDOF building models
are considered in the present study and dynamic behaviour is studied through free and

forced vibration.

As a part of experimental work six building models having planar and material irregu-
larities are fabricated to study their dynamic behavior under free and force excitations.
Three building models each for SDOF and MDOF system are prepared at workshop fa-
cility, Institute of Technology, Nirma University.

5.2 Development of Scale Model

Dynamic behavior of these irregular building models are studied with the help of Shake
Table, Data Acquisition System and Computer program. All six irregular building models
are prepared as a lump mass model. Lump mass model is prepared by using Aluminum
flats having size 25mm x 3mm as a column of building model and Aluminum plate having

size 300mm x 300mm as a rigid floor in building model.

43
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5.2.1 Fabrication of SDOF Models

5.2.2 SDOF Irregular Building Model: L shape

L shape Aluminum plates and Aluminum columns are connected with alen screws.Fabrication
of this L shape building model has been done in workshop. As shown in Figure[5.1]the floor
dimension of L shape model is 300mm x 150mm and height of the building model 415mm.

J00mm

7

150mm

'm”zuﬂmm

Jmm-}

P

Smm A

)

Figure 5.1: SDOF Building Model with planar irregularity L-Shape

5.2.3 SDOF Irregular Building Model: T Shape

Aluminum plates are cut in T shape and Aluminum columns are connected with the plates
with the help of alen screws. Fabrication of model has been done in workshop. As shown
in Figure the floor dimension of T shape model is 300mm x 150mm. Width of web is
100mm and height of the building model 415mm.
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Figure 5.2: SDOF Building Model with planar irregularity T-Shape

5.2.4 SDOF Irregular Building Model : Material Irregularity

In this irregular model one column of mild steel material and other three columns from
Aluminum material is connected with the rigid Aluminum plate.The detailed dimensions
of the model is shown in following Figure|5.3] Dimension of rigid floor is 300mm x 150mm

and height of the building model 415mm.

Mild steel

150mm
Aluminium
Aluminium

Alumininm

Figure 5.3: SDOF Building Model with Material Irregularity
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5.2.5 Fabrication of MDOF Models

5.2.6 MDOF Irregular Building Model: L shape

L shape MDOF Building model is prepared from Aluminum plates and Aluminum flats
same as SDOF L model. Dimensions and diagram is shown in following Figure |5.4] Floor
dimension is 300mm x 150mm which is same as SDOF Building model and height of the

model is 830mm.

150mm ¢ 300”‘”17
_-h—_____
]ér [T3mm éggﬂgﬁmm
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D)l

S30mim

\ -
i

Figure 5.4: MDOF Building Model with Planar Irregularity L-shape

5.2.7 MDOF Irregular Building Model: T shape

T shape MDOF Building model is fabricated from Aluminum plates and Aluminum flats
.Dimensions and diagram is shown in following Figure[5.5] In floor dimension, size of web

is 300mm x 100mm, size of flange is 300mm x 150mm and height of the model 830mm.
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Figure 5.5: MDOF Building Model with Planar Irregularity T-shape

5.2.8 MDOF Irregular Building Model: Material Irregularity

Material irregular MDOF Building model is also fabricated by connecting Aluminum
plates with three Aluminum columns and one mild steel column. Dimensions are shown

in below Figure[5.6] Floor Dimension is 300mm x 150mm and height of the model 830mm.
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Figure 5.6: MDOF Building Model with Material Irregularity

5.3 Instrumentation for Experimental Setup

By performing this experiment on irregular SDOF and MDOF building model, Natural
Frequency and Coefficient of Damping of each of the building model is determined. Figure

shows instrumentation set up for experiments.

Figure 5.7: Instrumentation Set Up
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Following various instruments are used to carry out experimental work.
e Shake table
e Accelerometers
e Data Acquisition System

e Computer with data processing software

5.3.1 Shake Table

Shake table is a versatile tool used in earthquake engineering and structural dynamics for
small scale research work. Shake table is used to simulate the condition of earthquake
with known frequency and amplitude of vibration.it consist of four major part drive unit
,eccentric cam unit , shake table and control unit. Figure [5.8 shows the shake table avail-
able at structures laboratory of institute of Technology, Nirma university, Ahmadabad.

It is an uni-axial shake table having capacity of 30 kg.

Figure 5.8: Uni-axial Shake table



50 CHAPTER 5. EXPERIMENTAL PROGRAMME

Technical specifications of uni-axial shake table is shown in Table[5.1} Maximum operating
capacity of shake table is 25 Hz and with this frequency amplitude of motion can be

achieved is 10 mm.

Table 5.1: Technical Specifications

1 Motion Horizontal

2 Load capacity 30 Kg

3 Operating frequncy 0-25 Hz

4 Frequncy control (+/-3)

5 Amplitude 0-10mm

6 Resolution Imm

7 Table size 400mm x 400mm
8 | Roataing table diameter 390mm

5.3.2 Accelerometers

Accelerometer is a transducer whose electrical output is proportional to acceleration.It is
a very common device to measure the acceleration, produced due to dynamic motion of
structure or structural elements. It is available with connecting cable as well-as wireless
type. It is pasted onto the surface of the test element by either using magnetic base or

by using adhesive glue or by threaded screw.

The basic operating principle of the accelerometer is that, it measures the force exerted by
a body as a result of a change in the velocity i.e. acceleration. A moving body possesses
an inertia which tends to resist this acceleration. The force caused by vibration causes the
mass to “squeeze” the piezoelectric material present inside the accelerometer. An electrical
output of this piezoelectric element is proportional to the change in its length when the
it is in compression or proportional to the change in shear angle when the element is in
shear. Thus accelerometer converts a physical force into an equivalent electrical signal.
Accelerometer should be attached to the structural element whose acceleration is to be

measured in the direction parallel to the direction of motion as shown in Figure [5.9]
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Figure 5.9: Accelerometers

5.3.3 Data Acquisition System

Data acquisition is the process of sampling signals that measure real world physical condi-
tions and convert them into digital numeric values that can be manipulated by a computer.
These real conditions are mostly physical quantities such as temperature,pressure, wind,
distance, acceleration, etc. In civil Engineering applications the most common types of
sensors measure displacement(LVDT), acceleration(accelerometer),force(force transducer)
and strain(strain gauges). Data acquisition systems (abbreviated with the acronym DAS
or DAQ) convert analog waveforms into digital values for processing. In automated data
acquisition systems the sensors transmit a voltage or current signal directly to a computer

via a data acquisition board. Figure [5.10] shows Data Acquisition System.

5.3.4 Computer with Data Processing Software

LabVIEW stands for Laboratory Virtual Instrument Engineering Workbench. It is a
graphical programming language that allows data acquisition, and pre/post processing of
acquired data. Lab VIEW relies on graphical symbols rather than textual language to
describe programming actions. LabVIEW programs are called Virtual Instruments (VIs)

because their appearance and operation imitate actual instruments.
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New Latest from ni.com
") Blank Vi News
g, Empty Project Technical Content
) Vifrom Template... Examples
)= Training Resources
o Online Support
— Discussion Forums
— Code Sharing
vevi KnowledgeBase
practicevi Request Support
3 Browse... Help
Getting Started with LabVIEW ‘
LabVIEW Help
List of All New Festures
Q Find Examples...

Q Find Instrument Drivers...

Figure 5.11: Computer with Data Processing Software

5.4 Summary

In this chapter detail description about fabrication and all dimensions of Irregular build-
ing models are discussed. All fabricated building models are tested in the laboratory.
Experimental set up required to perform the test and various instruments are discussed

in detail.



Chapter 6

Results and Conclusion

6.1 General

Dynamic behaviour of SDOF and MDOF irregular building models can be determined by
carrying out Experimental programme. Free and Force Vibration test were performed on
both SDOF and MDOF irregular building models. Coefficient of Damping and Natural
Frequency of all the building models has been determined by applying Free and Force

excitations.

6.2 Evaluation of Dynamic Properties of SDOF Sys-

tems

6.2.1 Free Vibration Test

To determine the dynamic properties like Natural Frequency and Coefficient of Damping
more precisely Free Vibration Test was performed on regular building model as well as

irregular SDOF and MDOF building models on Uni axial Shake Table.

6.2.2 Bare Model

Simple SDOF Bare building model was mounted on the Shake table and subjected to
Free excitations. Experimental response was captured in LabVIEW. Figure [6.1| shows the
filtered extracted signal of SDOF bare model. Here gradual decrement in the Amplitude

23
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of the signal can be seen clearly.

Extracted Filterd =ignal HAcceleration (Extracted) m

2
w
=
=
g o
E
< _
-2 | 1 1 |
16:40:53.797 16:40:54.297 16:40:54.797 16:40:55.297 16:40:55.797
01-09-2016 01-09-2016 01-09-2016 01-09-2016 01-09-2016

Figure 6.1: Acceleration Response of Bare Regular SDOF Building Model Undergoing

Free Vibration

After getting Acceleration Response of building model, Fast Fourier Transform can be
produced in LabVIEW software. It is shown in Figure [6.2] Natural Frequency of the

structure is 6.3 Hz. After capturing the Natural frequency of the structure Coefficient

Factiounertansiorm———— 1 oot (EIWEL apectilim .
0.6-

Amplitude
=
i

o o
i

Frequency

Figure 6.2: Fundamental Frequency Extraction for Bare Regular SDOF Model Through

Fast Fourier Transform Techniques

of Damping (£) can be calculated with the help of Logarithmic decrement method.Here
Table shows the calculation for coefficient of damping (£) of SDOF bare model.

Damping from Logarithmic decrement method is 0.7413%.
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6.2.3 L shape SDOF Model

L shape SDOF Model was mounted on Uni Axial Shake Table and Free Vibration is
applied. Acceleration Response was captured in labVIEW. Figure shows the filtered
extracted signal of L. shape SDOF Model.

Wavefarm Graph T?p, cerj_1 gFiItered? -7 ] Wavefarm Graph 2 top corner_; 2 (Filterad;l m, ]
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- \\\/[\ /\ lull

02|

Amplitude
Amplitude

i U U’ l\J’ l\J/ \}

1 | [ 1 1 1

12:48:51.223 12:48:51.723 12:48:52.223 12:48:52.723 12:48:53.223 12:48:51.223 12:48‘.51 723 12:48:52.?_23 12:48:52.723 12:48:53.223
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Figure 6.3: Acceleration Response of L-Shape SDOF Building Model Undergoing Free

Vibration

Here, Fast Fourier Transform for L shape SDOF Model is generated in LabVIEW software.
It is shown in figure [6.4f Natural Frequency of the L shape SDOF Model is 6.4 Hz.

Fast Fourier Transform  Top cen_1 (Power Spectrum) EA¥ |
0.12-

0.1 -
w 0.08-
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=
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'D_l I 1 ] ] ] ] ] I 1 I
0 10 20 30 A0 50 &0 T0 80 G0 100
Frequency

Figure 6.4: Fundamental Frequency Extraction for L-Shape SDOF Building Model

Through Fast Fourier Transform Techniques

After capturing the Natural Frequency of the structure Coefficient of Damping (§) can
be calculated with the help of Logarithmic decrement method.Here Table shows the
Logarithmic decrement method for calculating Coefficient of Damping (£) of L shape
model. Damping Co-efficient (£) from Logarithmic decrement method is 1.07%.
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6.2.4 T shape SDOF Model

T shape model was given Free Vibration after it was Mounted on Shake Table. Accelera-
tion Response was captured in LabVIEW software. Figure[6.5/shows the filtered extracted
signal of Acceleration of T shape SDOF Model.
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Figure 6.5: Acceleration Response of T Shape SDOF Building Model Undergoing Free
Vibration

Here, Fast Fourier Transform for T shape SDOF Model is generated in LabVIEW software.
It is shown in Figure [6.6] Natural Frequency of the structure is 7.14 Hz.
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Figure 6.6: Fundamental Frequency Extraction for T-Shape SDOF Building Model

Through Fast Fourier Transform Techniques

After capturing the Natural Frequency of the structure,Co-efficient of Damping (&) can
be calculated with the help of Logarithmic decrement method.Here Table shows the
Logarithmic decrement method for calculating Damping Co-efficient (§) of T shape Model.
Damping Co-efficient (£) from Logarithmic decrement method is 1.68%.
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6.2.5 SDOF Model with Material Irregularity

On the Shake Table, Material Irregular model mounted and was subjected to Free Vibra-
tions. Acceleration Response was captured which is shown in figure [6.7] Filtered extracted

signal of Acceleration of Material Irregular model subjected to Free Vibrations.
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Figure 6.7: Acceleration Response of SDOF Building Model with Material Irregularity

Undergoing Free Vibration

Fast Fourier Transform for Material Irregular SDOF model can be produced in LabVIEW
software. It is shown in figure Natural Frequency of the structure is 6.31 Hz

Waveform Graph 5 Top left new (Power Spectrum) ERNg |
0.004-

0.003 -

Amplitude
=
;

Frequency

Figure 6.8: Fundamental Frequency Extraction for SDOF Building Model with Material

Irregularity Through Fast Fourier Transform Techniques

After capturing the Natural Frequency of the SDOF Building Model with Material Irregu-
larity, Damping Co-efficient (§) can be calculated with the help of Logarithmic decrement
method.Here Table[6.4]shows the Logarithmic decrement method for calculating Damping
Co-efficient (&) of Material Irregular model. Damping Co-efficient (§) from Logarithmic

decrement method is obtained 2.69%.
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6.2.6 Force Vibration Test

Force Vibration testing is carried out to understand the dynamic behaviour of SDOF
irregular building models under Harmonic Base excitations. In Force Vibration testing
all the SDOF irregular building models are mounted on the shake table. Shake table is

vibrated at various forcing frequency.

Dynamic behaviour of all the SDOF irregular building models at various frequency has
been observed. At the condition of resonance. All irregular building models give maximum

Acceleration Response.

6.2.7 L shape SDOF Model

L shape model mounted on shake table and base excitation is given through shake table

at various frequency. Maximum response captured at the resonance and it is shown in

Figure [6.9]

Response at Resonance Topcen 1 (Fitered) BRB | Response ot Resonance _top comer 2 (Fitered) IR |
10+

Amplitude
Amplitude

10 I | | | 04~ I | | |
13:28:34.787 13:28:35.287 13:28:35.787 13:28:36.287 13:28:36.787 13:28:34.787 13:28:35.287 13:28:35.787 13:28:36.287 13:28:36.787
16-02-2017 16-02-2017 16-02-2017 16-02-2017 16-02-2017 16-02-2017 16-02-2017 16-02-2017 16-02-2017 16-02-2017

Time Time

Figure 6.9: Acceleration Response of L-Shape SDOF Building Model Undergoing Force

Vibration

Transmissibility plot has been generated for L shape SDOF building model and Natural
Frequency has been obtained.Here in figure the transmissibility plot for L shape
SDOF model for vibrations capture in parallel directions as well as perpendicular direction

has been shown.
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Figure 6.10: Transmissibility Plot for L-Shape SDOF Building Model Obtained Through

Forced Vibration Test in Parallel and Perpendicular Directions

6.2.8 T shape SDOF Model

Force vibration of T shape model has been taken at various forcing frequency. Maximum

response has been captured at resonance condition shown in Figure [6.11]

Response at resonance I web end parallel (Frltered_]_m Response at resonance | Web per end (Filtered) _SJ
015+

0.05-

Amplitude
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=3 -0.15-

I i I I I i
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Tirme Time

Figure 6.11: Acceleration Response of T-Shape SDOF Building Model Undergoing Force
Vibration

Transmissibility plot has been generated for T shape SDOF building model and Natural
Frequency has been obtained.Here in Figure the transmissibility plot for T shape
SDOF model for vibrations capture in parallel directions as well as in perpendicular

direction.
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Figure 6.12: Transmissibility Plot for T-Shape SDOF Building Model Obtained Through

Forced Vibration Test in Parallel and Perpendicular Directions

6.2.9 SDOF Model with Material Irregularity

Material Irregular model has been taken on the shake table and various forcing frequency
were applied. Maximum response has been captured at resonance condition shown in

Figure [6.13
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: m\ p\ /\ 4ﬂl MA
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Figure 6.13: Acceleration Response of SDOF Building Model with Material Irregularity

Undergoing Force Vibration

Transmissibility plot has been generated for SDOF Building Model with Material Irreg-
ularity Undergoing Force Vibration and Natural Frequency has been obtained.Here in
figure the transmissibility plot for SDOF Building model with Material Irregularity
is shown. vibrations capture in parallel directions as well as perpendicular direction has

been shown.



CHAPTER 6. RESULTS AND CONCLUSION 65

TRANSMISSIBILITY PLOT TRANSMISSIBILITY PLOT

02

0.18
E 0.16
=014
0.12
01
% 008
Z 0.06
& 0.04

0.02

TRANSMISSIBILITY
OS2 NWAO O N®O
MISSIB

0
0.000 0.200 0.400 0.600 0.800 1.000 1.200 1.400
FREQUENCY RATIO

0.000 0.200 0.400 0.600 0.800 1.000 1.200 1.400
FREQUENCY RATIO

Figure 6.14: Transmissibility Plot for Material Irregular SDOF Building Model Obtained

Through Forced Vibration Test in Parallel and Perpendicular Directions

6.3 Evaluation of Dynamic Properties of MDOF Sys-

tems

6.3.1 Free Vibration Test

To determine the dynamic properties like Natural Frequency and Coefficient of Damping
(&) more precisely, Free Vibration Test was performed on regular building model as well

as irregular SDOF and MDOF building models on Uni axial Shake Table.

6.3.2 L shape MDOF Model

L Shape MDOF model was mounted and tested on shake table and Free Vibration was
given to the building model. Figure [6.15 shows the filtered extracted L. shape MDOF
model .

Here, Fast Fourier Transforms graph can be generated in LabVIEW software. It is shown
in figure [6.16] Natural frequency of the structure is 3.3 Hz

After capturing the Natural frequency of the structure, Co-efficient of Damping (&) can
be calculated with the help of Logarithmic decrement method. Here Table [6.5| shows the

Logarithmic decrement method for calculating damping of L. shape MDOF model.
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Response at resonance top parallel (Filtered) m, I Waveform Graph Top plate per (Filtered) m, l
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Figure 6.15: Acceleration Response of L Shape MDOF Building Model Undergoing Free

Vibration
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Figure 6.16: Fundamental Frequency Extraction for L-Shape MDOF Building Model

Through Fast Fourier Transform Techniques
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Damping Co-efficient (£) obtained from Logarithmic decrement method is 0.7236%

6.3.3 T shape MDOF Model

T shape MDOF model was tested first on Shake table and experimental response was

captured, figure [6.17] shows the filtered extracted signal of T shape MDOF model.
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Figure 6.17: Acceleration Response of T-Shape MDOF Building Model Undergoing Free

Vibration

In LabVIEW software, Fast Fourier Transform can be obtained. It is shown in figure[6.18]

Natural frequency of the structure is 4.07 Hz

55 Y R Top para (Power Spectrum) ¥ |

0.012-

0.01+

Amplitude
o 2 o
2 8 2

ﬂ_l 1 I 1 1 1 1 1 1 1 I 1 1 I 1 1 1 1 1 I 1
0 25 5 7.5 10125 15175 2022.5 25 27.5 30 32.5 35 37.5 40 42.5 45 47.5 50
Frquen!:_y_ 3

Figure 6.18: Fundamental Frequency Extraction for T-Shape MDOF Building Model

Through Fast Fourier Transform Techniques

After capturing the Natural frequency of the structure Damping Co-efficient (£) can be
calculated with the help of Logarithmic decrement method.Here Table shows the
Logarithmic decrement method for calculating damping of T shape MDOF model.
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Damping Co-efficient (£) calculated from Logarithmic decrement method is 1.24%

6.3.4 Material Irregular MDOF Model

On the Shake Table MDOF model with material Irregularity is mounted and Free vibra-
tion is given to the structure. Experimental response was captured, figure shows the

filtered extracted signal of Material Irregular MDOF mode.
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Figure 6.19: Acceleration Response of MDOF Building Model with Material Irregularity

Undergoing Free Vibration

Fundamental Natural frequency of the structure is 4.3 Hz which is obtained by generating

Fast Fourier Transforms in LabVIEW software.

Fast Fourer Franstorm-Materakre———— | ' 2P Polo \rUWeTJpectiLimy:
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Figure 6.20: Fundamental Frequency Extraction for Material Irregularity MDOF Building

Model Through Fast Fourier Transform Techniques

After capturing the Natural frequency of the structure Damping Co-efficient (£) can be
calculated with the help of Logarithmic decrement method. Here Table|6.7|shows the Log-

arithmic decrement method for calculating damping of Material Irregular MDOF model.
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Damping Co-efficient (£) calculated from Logarithmic decrement method is 1.94%

6.3.5 Force Vibration Test

Force vibration of all MDOF model has also been carried out and response at various

frequency measured. At resonance condition maximum response has been captured.

L shape MDOF Model

L shape model was mounted on shake table and base excitation is given through shake

table at various frequency. Maximum response captured at the resonance and it is shown

in figure [6.21]

Respanse at resonance L md parallel (Filtered) NG Response at resonance L  mid per (Fitteree) [0 |

1541 i 1 i -0.008-) ! i i

13:53:29.437 13:53:30.437 13:53:31.437 13:53:32.437 13:53:20.437 13:53:30.437 13:53:31.437 13:53:32.437

06-04-2017 06-04-2017 06-04-2017 06-04-2017 06-04-2017 06-04-2017 06-04-2017 06-04-2017
Time Time

Figure 6.21: Acceleration Response of L-Shape MDOF Building Model Undergoing Force
Vibration

Transmissibility plot has been generated for L shape structure in parallel as well as per-

pendicular direction and Natural frequency has been obtained.

6.3.6 T shape MDOF Model

T shape model mounted on shake table and base excitation is given through shake table

at various frequency. Maximum response captured at the resonance and it is shown in

Figure [6.23]

Transmissibility plot for parallel and perpendicular direction has been generated for T

shape structure and Natural frequency has been obtained.
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Figure 6.22: Transmissibility Plot for L-Shape SDOF Building Model Obtained Through

Forced Vibration Test in Parallel and Perpendicular Directions
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Figure 6.23: Acceleration Response of T-Shape MDOF Building Model Undergoing Force

Vibration
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Figure 6.24: Transmissibility Plot for T-Shape SDOF Building Model Obtained Through

Forced Vibration Test in Parallel and Perpendicular Directions
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6.3.7 Material Irregular MDOF Model

After mounting MDOF model with Material Irregularity on Shake table,base excitation
is given at various forcing frequency. Maximum response captured at the resonance and

it is shown in Figure [6.25]
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Figure 6.25: Acceleration Response of MDOF Building Model with Material Irregularities
Undergoing Force Vibration

Transmissibility plot for parallel and perpendicular direction has been generated for Ma-

terial Irregular model and Natural frequency has been obtained.
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Figure 6.26: Transmissibility Plot for MDOF Building Model with Material Irregularity
Obtained Through Forced Vibration Test in Parallel and Perpendicular Directions

6.4 Results

The results of an experimental work which includes Free and Force Vibration on SDOF

and MDOF building models is shown in Table [6.8]
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6.5 Summary

In this chapter results of whole experimental work has been presented. Free and Force
vibration results of all SDOF and MDOF irregular Building model has been presented and
transmissibility plot has been generated for both SDOF irregular and MDOF irregular

structure.



Chapter 7

Summary, Conclusions and Future

Scope

7.1 Summary

Advent of lighter building materials and new construction techniques have led to the more
flexible structural systems now a days. Dynamic response of these structural systems
subjected to Earthquake, Strong gust, Wind is very important. Dynamic properties such
as Natural Frequencies, Mode Shapes, Damping Properties, Transmissibility are highly
responsible for dynamic response of any structural system. Thus, to understand the dy-
namic behaviour of any structural system, it is essential to understand these dynamic
properties very well. While mass and stiffness of any structural system can be estimated
analytically, damping property of the structural system one of the difficult to estimate
analytically.Hence, dynamic behaviour of structural system and damping property are

determined Experimentally with greater reliability.

In the present study attempt is made to study effect of planar and material irregularities
on dynamic behaviour through scaled building models.T'wo scaled building models repre-
senting planar irregularity with L-shape and T-shape diaphragm each for both SDOF and
MDOF system, respectively are fabricated from Aluminum material. One scaled building
model, representing material irregularity with one column made from mild steel material
unlike aluminum material material each for both SDOF and MDOF system respectively

are fabricated.

77
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All these SDOF and MDOF scaled building models are subjected to free as well as force
vibration to derive basic dynamic properties that includes natural frequency, mode shapes
Acceleration response and damping coefficients. The above dynamic properties are derived
through measurement of acceleration response from SDOF and MDOF system through
Accelerometers, Data Acquisition System, LabVIEW software, computer system. Experi-

mental results obtained are supported with analytical formulation and solution for SDOF

and MDOF system.

7.2 Conclusion
Following conclusions are derived based on the present study carried out

e Natural frequency of L- shape SDOF irregular system determined analytically and
experimentally shows good agreement.Apart,natural frequencies derived for L shape
MDOF irregular system through Analytical and Experimental methods also shows

agreement.

e Damping Co-efficient evaluated using Logarithmic decrement shows marginal in-
crease for L shape building model as compared to regular building model. This is
attributed to increase in number of columns for L-shape model.For both L-shaped
SDOF and MDOF systems logarithmic decrement method yields more fair estimate

as compared to half-power bandwidth method.

e Transmissibility of L-shape SDOF and MDOF system is significantly high as com-
pared to regular model. The higher transmissibility values in L. shape SDOF and
MDOF irregular building model is due to planar irregularity.

e Natural frequency of T-shape SDOF irregular system is determined analytically as
well as experimentally. Both the results obtained accorded well with each other.Apart,
natural frequencies derived for T shape MDOF irregular system through Analytical

and Experimental methods also shows agreement.

e Co-efficient of Damping is evaluated using Logarithmic decrement method. The

results show minor increment in damping for T shape building model as compared
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to SDOF bare model. This increment is due to increase in number of columns for
T-shape model.Logarithmic decrement method gives more fair estimate of damping

coefficient as compared to half-power bandwidth method.

e Transmissibility of T-shape is higher for SDOF and MDOF system as compared to

regular building model.

7.3 Future scope of work
Following work may be attempted as future scope of work to present work.

e In the present study two types of irregularity namely planar and material irregu-
larities are studied.However, other types of irregularity for the building model as
described in IS:1893(Part-1)-2002 can be adopted to study their effect on dynamic

behaviour of the building, both analytically and experimentally.

e Mitigation of ill-effects of planar and material irregularity for building models can
be attempted. These may be done by either identifying critical parameters of the

building models or employing response control techniques in the building models.

e Effect of different types of boundary conditions of support on dynamic behaviour of

SDOF and MDOF building model may be studied.






Appendix A

Detailed Calculation of SDOF &
MDOF Building Models

A.1 Calculation for Single Storey Models

Mass matrix and Stiffness matrix can be prepared for single storey structures.

A.1.1 Planer Irregularity Models

Following Data are taken for Planer Irregularity model.
L-Shape

Mass Matrix can be prepared as below

1
M = Wiate + §Wcol (A.1)
2. o L
Iy = Myr©;r® = I;]ZZ = Ly + 1y (A.2)

Here, M; = Mass of the Top plate , I., = Mass Moment of Inertia , r = Radius of

Gyration and A= area of plate
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MODELS

Table A.1: Data for Planer Irregularity Model

Width of Flat b = 0.025 m
Thickness of Flat d = 0.003 m
Modulas of Elasticity E | = 6.90 x 10" | N/m?
Height of Column L = 0.42 m
I, =563 x 10711 m?
Moment of Inertia
I, =391 x 1079 m4
Stiffness in X Direction | K, | = 651.64 N/m
Stiffness in X Direction | K, | = 45252.86 N/m
M, | = 2.26 kg
Mass of the Model
M, | = 2.06 kg
Iem; | = 0.0310 mm?
Mass Moment of Inertia
Icmy | = 0.0283 mm?
2.138 0 0
M = 0 2.138 0

0 0 0.0293

Stiffness matrix is generated as below

3771.84 0 75.43
K = 0 2.61 x 10° 7845.48
75.43 7845.48  4087.31

Natural Frequency can be obtained by eigen value analysis.

6.6835
wp = |49.8879
64.3194

T shape

For T shape single storey mass matrix is calculated as below.
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1
M = Wplate + §Wcol (AS)
2.,.2 ]ZZ
I, = Mire;r° = R I,=1,+1, (A.4)
1.88 0 0

M=1|0 188 0
0 0 0.0224

Stiffness matrix is generated as below

3909.84 0 150.87
K= 0 2.61 x 10° 0
150.87 0 2179.3

Natural Frequency can be obtained by eigen value analysis.

7.1187
Wp = 149.7552
59.3009

A.1.2 Material Irregularity Models

Data required For material irregularity model analysis
Material Irregularity Type

Mass matrix can be calculated as below

Mslab = (palu + Aplate + tplate) (AS)
h h
Mcol = 3(palu + Acol§) + Psteel + Acol§ (AG)
2 b2
[cm = colT% + A]\4slab7d%7a2 = ¢ 1—; (A7)

mass matrix can be written as below



APPENDIX A. DETAILED CALCULATION OF SDOF & MDOF BUILDING

84 MODELS
Table A.2: Data For Material Irregularity Model
Width of Flat ba 0.025 m
Thickness of Flat dy 0.003 m
Modulus of Elasticity Eu 6.90 x 10 | N/m?
Modulus of Elasticity E, 2.00 x 10" | N/m?
Height of Column L 0.415 m
L, 5.63 x 10711 m*
Moment of Inertia
I, 391 x 107% | m*
Cross-sectional Area of Aluminium | Ay 0.000075 m?
Cross-sectional Area of Steel A, 0.000075 m?
Longer Dimension of plate a 0.3 m
Shorter Dimension of plate b 0.15 m
t 0.010 m
Density of Aluminium al 2830 Kg/m?
Density of Steel S 7850 Kg/m?
Stiffness in X direction Kxg 651.64 N/m
Stiffness in X direction Kyu 45252.86 N/m
Stiffness in X direction Kx, 1.89 x 10* | N/m
Stiffness in Y direction Ky, 1.31 x 10> | N/m
Mass of Aluminum Column 0.044041875 Kg
Mass of Steel Column 0.122165625 Kg
Mass of Aluminium Slab 1.2735 Kg
Mass moment of Inertia 0.08808375
Mass moment of Inertia 0.24433125
2083 0
M = 0 2.083
0 0

Stiffness matrix is generated as below.
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3708.7 0 —89.51
K = 0 2.61 x 10° 12362.1
—89.51  12362.1 5800

Natural Frequency can be obtained by Eigen value analysis.

6.7136
wnp = [51.3010
83.5611

A.1.3 Calculation for Two Storey Models

A.1.4 Planer Irregularity Models

L shape
Mass Matrix

2255 0 0 0

0 0

0 2.255 0 0 0 0

M 0 0 0.0310 O 0 0

0 0 0 2055 0 0

0 0 0 0 2055 0

I 0 0 0 0 0 0.0283_
Stiffness Matrix
[ 6516.41 0 162.91 —3258.21 0 81.46 ]
0 452528.65 11313.22 0 —226264.33 5656.61
I 162.91 11313.22  8649.27  —81.46 5656.61  5438.58
—3258.21 0 —81.46  3258.21 0 81.46

0 —226264.33 5656.61 0 226264.33  5656.61
I 81.46 5656.61 5438.58 81.46 5656.61 5377.90_

Natural frequency can be obtained by solving eigen value problem in MATLAB.
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[ 104.79 |
82.30
3.8560
W, =
9.9155
33.8646
_29.1740
T shape
Mass Matrix
(1728 0 0 0 0 0 |
0 1.728 0 0 0 0
A 0 0 0.0206 0 0 0
0 0 0 1.704 0 0
0 0 0 0 1.704 0
0 0 0 0 0 0.0203]
stiffness Matrix
i 7819.70 0 293.24  —3909.85 0 —146.62_
0 543034.38 0 0 —271517.19 0
I 293.24 0 8726.34 —146.620  4363.17
—3909.85 0 —146.62  3909.85 0 146.62
0 —271517.19 0 0 271517.19 0
| —146.62 0 4363.17  146.62 0 4363.17 |

Natural frequency can be obtained by solving eigen value problem in MATLAB.

1187579
12.2259
4.7016
45.5216

102.2774

| 30.1878

Wp =
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A.1.5 Material Irregularity Models

Material Irregular Model

Mass Matrix

(172 0 0 0o 0o 0 |

0 1782 0 0 0 0

[P A R R B

0 0 0158 0 0

0 0 0 0 1528 0

0 0 0 0 0 002

stiffness Matrix

[ 7687.48 0 18558 —3843.74 0 9279 |
0 533852.64 2577446 0 —4500.87 —12887.23
o | -18558 257746 1205493 0270 1285723 602746
384374 0 0279 3843.74 0 —92.79
0 —4500.87 12887.23 0 26692632 12887.23
| 9270 —12887.23 6027.46 —9279  12887.23 602746 |

Natural frequency can be obtained by solving eigen value problem in MATLAB.

142.43
92.67
4.82
Wy, =
12.20
31.14

63.08
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