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Random decrement technique

Mode shape "
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Table 3: Experimental and Numerical Modal Parameters

Mode Frequency (Hz) Damping
number | Experimental Numerical ratio (%)
2 30.7 29.8 (-2.9 %) 6.3
3 54.2 54.0 (-0.4 %) 2.0

: 70.7 71.6 (+1.3 %) 0.97
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Table 2: Data labels for structural state conditions.

Label

State condition

Data samples (dataxxx)

State#01
State#02
State#08
State#09
State#10
State#11
State#12
State#13
State#14
State#15
State#16
State#17
State#18
State#21
State#22
State#23

State#24

Mass on the 1st floor
Mass at the base
Gap=0.13mm
Gap=0.10mm
Gap=0.05mm
Gap=0.15mm
Gap=0.20mm
Baseline condition
Gap=0.20mm + mass on the 1st floor
Gap=0.10mm + mass on the 1st floor
Gap=0.20mm + mass at the base
Column: 1BD — 50% stiffness reduction
Column: 1AD + 1BD - 50% stiffness reduction
Column: 3BD — 50% stiffness reduction
Column: 3AD + 3BD — 50% stiffness reduction
Column: 2AD + 2BD - 50% stiffness reduction

Column: 2BD — 50% stiffness reduction

11t0 20

21to 30

160 to 169

170t0 179

180 to 189

190 to 199

200 to 209

210to 219

220 to 229

230 to 239

240 to 249

251 to 260

26110 270

291 to 300

302 to 311

312 to 321

322 to 331
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function Result=MDOF_ simulation(M,C,K, f, fs)
if size(f,\)>size(f,Y)

f=f';
end
n=size (f,V);
dt=\/fs; %sampling rate
[Vectors Values]=eig (X, M) ;

Freg=sqrt (diag(Values))/ (Y*pi); % undamped natural frequency

steps=size (f,Y);

Mn=diag (Vectors'*M*Vectors); % uncoupled mass
Cn=diag (Vectors'*C*Vectors); % uncoupled damping
Kn=diag (Vectors'*K*Vectors); % uncoupled stifness

wn=sqrt (diag(Values));
zeta=Cn./ (sqrt (Y.*Mn.*Kn)); % damping ratio
wd=wn.*sqrt (\-zeta.”Yy);

fn=Vectors'*f; % generalized input force matrix
t=[.:dt:dt*steps-dt];

$forced vibration

for i=\a:n

h(i,:)=0/Mn(i)*wd(i))).*exp(-zeta (i) *wn (i) *t).*sin(wd(i)*t); %transfer function of
displacement

hd(i,:)=(\/(Mn(i)*wd(i))).*(-zeta (i) .*wn (i) .*exp (-
zeta (1) *wn (i) *t).*sin(wd (i) *t)+wd (i) .*exp (-zeta (i) *wn (i) *t).*cos(wd(i)*t)); Stransfer

function of velocity

hdd (i, :)=0/Mn(i)*wd(i))).*((zeta(i).*wn(i))"Y.*exp(-zeta (i) *wn(i)*t).*sin(wd (i) *t)-
zeta (i) .*wn (i) .*wd (1) . *exp (-zeta (i) *wn (i) *t) . *cos (wd (1) *t)-wd (i) .* ((zeta (i) .*wn(i)) . *exp (-
zeta (1) *wn (i) *t) . *cos (wd (i) *t))-wd (i) "Y.*exp (-zeta (i) *wn (i) *t) .*sin(wd (i) *t)); %transfer
function of acceleration

gg=conv (fn (i, :),h (i, :)) *dt;

ggd=conv (fn (i, :),hd (i, :)) *dt;

ggdd=conv (fn (i, :),hdd (i, :)) *dt;

q(i,:)=qqg(V:steps); % modal displacement

qgd (i, :)=gqgd(V:steps); % modal velocity

gdd (i, :)=ggdd(V:steps); % modal acceleration
end
x=Vectors*qg; %displacement
v=Vectors*qd; %velocity

a=Vectors*qgdd; %acceleration
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o

% Free vibration
o

xi=zeros(n,V); % displacement initial condition

[

vi=zeros(n,)); % velocity initial condition
xno=Vectors'*M*xi./Mn;

vno=Vectors'*M*vi./Mn;

for i=\1n:

AA=(vno (i) +xno (i) .*zeta (i) .*wn(i)) ./wd(i);

BB=xno (1) ;

gf (i, :)=exp(-zeta(i)*wn(i)*t).*(AA.*sin(wd (i) *t)+BB.*cos (wd(i)*t));

qdf (i, :)=wd (i) *exp (-zeta (i) *wn (i) *t) .* (AA.*cos (wd (i) *t)-BB.*sin(wd (i) *t)) -

zeta (i) .*wn (1) .*exp(-zeta (i) *wn (i) *t) .* (AA.*sin(wd (i) *t) +BB.*cos (wd (i) *

t));

gddf (i, :)=wd (i) "Y*exp (-zeta (i) *wn (i) *t) .* (-AA.*sin(wd(i)*t)-BB.*cos (wd(i)*t))-

Y*zeta (i) .*wn (i) .*wd (i) .*exp(-zeta (i) *wn(i)*t).* (AA.*cos (wd (i) *t)-

BB.*sin(wd (i) *t))+zeta (i) Y.*wn (i) "Y*exp(-zeta (i) *wn(i)*t).* (-AA.*sin(wd (i) *t)-

BB.*cos (wd (1) *t));

end

x=x+Vectors*qgf;

v=v+Vectors*qgdf;
a=a+Vectors*qddf;
Result.Displacement=x;
Result.Velocity=v;
Result.Acceleration=a;
Result.Parameters.Freg=Freqg;
Result.Parameters.DampRatio=zeta;
Result.Parameters.ModeShape=Vectors;

End

function [IRF)\, IRFYY, IRFYY, t\\,tYY, tY¥] = RDT(y,ys,T,dt)

oe

[IRF] = RDT(y,ys,T,dt) returns the impulse response function

oe

% triggering value ys, and for a duration T

oe

INPUT:

o

y: time series of ambient vibrations: vector of size [YxN]

oe

dt : Time step

oe

oe

T: Duration of subsegments (T<dt* (numel (y)-)))

oe

OUTPUT:

oe

IRF: impusle response function

oe

t: time vector asociated to IRF

ay

.RDT ot

(IRF) by

using the random decrement technique (RDT) to the time serie y, with a

ys: triggering values (ys < max(abs(y)) and here ys=\f\*std(y))



if T>=dt* (numel (y (), :)) V),
error ('Error: subsegment length is too large');
else
% number of time step per block
nT = round(T/dt); % sec
end
if ys==.,

error ('Error: ys must be different from zero')

elseif or(ys >=max(y(\,:)),ys <=min(y(\,:))) lor(ys >=max(y(Y,:
<=min(y (Y, :))) lor(ys >=max(y(Y,:)),ys <=min(y(¥,:))),

error ('Error: ys must verifiy : min(y) < ys < max(y)"')
else

o)

% find triggering value
indWW (), ) =find(diff (y (Vo :end-nT)>ys (V) ) ~=:)+\;
indyYy (), ;) =find(diff (v (Yd:end-nT)>ys (Yd) ) ~=-)+);
indyy (), :)=find (diff (y (Y :end-nT)>ys (Y) ) ~=:)+\;
end
% construction of decay vibration D))
IRFYY = zeros (numel (ind\Y),nT);
for ii=):numel (ind\\),
IREMY (11, )=y (V,ind\\ (ii) :ind\) (11)+nT=Y) ;
end
% construction of decay vibration DyY
IRFYY = zeros (numel (indyY),nT);
for ii=):numel (indyY),
IRFYY (i1, :)=y (Y, 1indYY (ii) :indYY (ii)+nT-)Y);
end
% construction of decay vibration DYY
IRFYY = zeros (numel (indYY),nT) ;
for ii=):numel (indyY),
IREYY (11, :)=y (¥, ind¥Y (ii) :ind¥Y (ii)+nT-Y);

end
Q

% averaging to remove the random part
IRFYY = mean (IRF\Y) ;
IRFYY = mean (IRFYY) ;
IRFYY = mean (IRFYY) ;

o)

% normalize the IRF

aA



%IRFYY = IRF\Y./IRFMW (V)
%IRFYY = IRFEYY./IRFEYY (V)

% time vector corresponding to the IRF

t\\ = linspace (-, T,numel (IRF\Y));
tYy = linspace (-, T,numel (IRFYY));
tYY = linspace (-, T,numel (IRFYY));

end

5 ke gy dlome g dil ds 05l S iy a8 (Gogmi o iwions Juad 50 sl (yge5]
16,55 D)ze 4 lm ile 55, 5l g39e JBC

clear all;

close all;

clc;

$Inputs

M=[Becoerjoocefoede];

C=Ve* [ewve; oY, =V, =\Y];
K=Feo e *[¥, =V s =\, =V 70, =V 5

sd=Y4;% subsegment duration

N = sd*6-*Y--; % number of time step
t = linspace(-,sd*s-,N); % time

dt = median(diff(t)); % time step
fs = \/dt;

o

% A white noise is used as an input

f= o6.*randn (Y, N);
[x]=MDOF_simulation(M,C,K, £, fs);

figure

subplot (¥\\)

plot(t,x.Acceleration(V,:));

xlabel ('time (s)')

ylabel ('Acceleration')

title ('Acceleration-first-level')

subplot (¥\Y)

plot (t,x.Acceleration(y,:));

xlabel ('time (s)')

ylabel ('Acceleration')

title ('Acceleration-second-level')

subplot (¥\Y)

19



plot (t,x.Acceleration(¥,:));

xlabel ('time (s)')

ylabel ('Acceleration')

title ('Acceleration-third-level')
Frequency=x.Parameters.Freq;
Dampingratio=x.Parameters.DampRatio;

modeshape=x.Parameters.ModeShape;

fprintf(V‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k************************ \nl)

fprintf (['Frequencies are

',numYstr (Frequency (V) ), ', ", numYstr (Frequency(Yd)), "', ", numYstr (Frequency(¥.\)), "' Hz','
\n'l);

fprintf(l****************************************************** \nl)

fprintf (['Damping ratios are

',numyYstr (Dampingratio (V) ), ', ', numyYstr (Dampingratio(Y.)), "', ', numYstr (Dampingratio (Ya)), "'
\n']);

fprintf(V‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k‘k************ \n')

fprintf ([ 'modeshapes are
', numYstr (modeshape ()\) /modeshape (V) ), ', ', num¥str (modeshape (Y.\) /modeshape (V.\) ), ', ', numYstr (

modeshape (Y.\) /modeshape (V) ), " \n']);

fprintf (['
', numYstr (modeshape ().Y) /modeshape (\.¥)), ', ', num¥str (modeshape (¥.Y) /modeshape (\.Y) ), ', ', numYstr (

modeshape (Y.¥Y) /modeshape (\.Y)),"' \n']);

fprintf (['
', numYstr (modeshape (\.¥) /modeshape (\&)), ', ', numv¥str (modeshape (¥.¥) /modeshape (\.¥) ), ', ', numyYstr (
modeshape (Y.¥) /modeshape (\¥)), "' \n']);

fprintf(l****************************************************** \nl)

o°
o°

figure
ft_ spect (x.Acceleration(),:),dt,'ap','red',-, 'deg')
figure
ft spect(x.Acceleration(y,:),dt, 'ap', 'red',-, 'deg"')
figure

ft spect(x.Acceleration(Y,:),dt,'ap', 'red',-, 'deg"')
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Acceleration filter\\=bandpass(x.Acceleration(),:), [
0], fs, 'stopbandAttenuation',A:, 'Steepness', -Y);

Acceleration filter)vY=bandpass (x.Acceleration(),:), [#

Al , fs, 'stopbandAttenuation',A:, 'Steepness', - \Y);

Acceleration filter\v=bandpass (x.Acceleration (), :), [\

Y-],fs, 'stopbandAttenuation', V., 'Steepness"', V) ;
figure
subplot (¥\\)

hold on; box on;



plot (t,Acceleration filter\)y,'b');

xlabel ('time (s)'")

ylabel ('Acceleration')
title('Acceleration-first-level-first-frqg')

subplot (¥\Y)

plot (t,Acceleration filter\y,'b');

xlabel ('time (s)')

ylabel ('Acceleration')
title('Acceleration-first-level-second-frq')

subplot (¥\Y¥)

plot (t,Acceleration filter\Y,'b');

xlabel('time (s)'")

ylabel ('Acceleration')
title('Acceleration-first-level-third-frqg')

figure

ft spect (Acceleration filterVw),dt,'a','red',-,'deg');
figure

ft spect (Acceleration filter\v,dt,'a','red',-,'deg');
figure

ft spect (Acceleration filter\v,dt,'a','red',-,'deg');
% subsegment duration
Ts = round(t (end)/sd);
nT = round(Ts/dt);

% triggering value

xs (V) = V\fr*std(Acceleration filter)));
xs (Y)) = Vfi*std(Acceleration filter\Y);
xs(Yd) = V\fr*std(Acceleration filter\Y);

Acceleration filter=[Acceleration filter\)\;Acceleration filter\Y;Acceleration filter\v¥];
% RDT function

[IRF)), IRF\Y, IRF\Y, newT\), newT\Y, newT\¥] = RDT (Acceleration filter, xs,Ts,dt);
o

TFV\V=islocalmax (IRF\\) ;

TF\Y=islocalmax (IRF\Y) ;

TF\Y=islocalmax (IRF\Y) ;

figure

subplot (¥\\)

hold on; box on;

plot (newT\\, IRF\Y, 'b', newT\\ (TF\Y) , IRENY (TFVY) , "x* ") ;

xlabel ('time (s)')

ylabel ('Acceleration')

title ('RDT-first-level-first-frqg')

Ve



xlim([- 0]);

subplot (¥\Y)

plot (newT\Y, IRF\Y, 'b', newT\Y (TF\Y) , IRF\Y (TF\Y), 'r*') ;
xlabel ('time (s)')

ylabel ('Acceleration')

title ('RDT-first-level-second-frq')

xlim([- 8]);

subplot (¥\Y¥)

plot (newT\Y, IRF\Y, 'b',newT\Y (TF\Y) , IRF\Y (TEF\Y), 'cv*");
xlabel('time (s)'")

ylabel ('Acceleration')

title ('RDT-first-level-third-frqg')

xlim([- 8]);

Sfigure

$ft_spect (IRF\),dt, 'ap', 'red', -, 'deg’)

Sfigure

$ft_spect (IRF\Y,dt, 'ap', 'red',-, 'deg’)

$figure

$ft_spect (IRF\Y,dt, 'ap', 'red', -, 'deg’)

o
o°

o°
o°

aaV\=IREF\ (TF\Y) ;
avi=log (aa\) (V) /aayy (Y+)) * (V/ (Y*pi*Yd));
Fy=f,\YAY;
EFY=v,Yoay;
Fy=W\,\¢Y7;
syms am\\) g\
egns=[am\\*exp (-aW*F\*Y*pi*dt) . *cos (Y*pi*Fy*dt+qg)))==IRE\ (V), ...

am\)*exp (-
aW*FFVv*Yy*pi*find (IRFV\==aa\) (Y+)) *dt) . *cos (Y*pi*F\*find (IRF\\==aa\\ (Y-) ) *dt+qg\))==aa\\ (Y+) ],

S\Y = solve(egns, [am)\\ g\\]);
am\\\=vpa (S\).am\\) ;

gy\\=vpa (S\Vv.g\W) ;
am\\\Y=am\\\ (V) *cos (g (V) ) ;
SOV =gy (Y) ;

EEVMARRRRE

o
o

aa\Y=IRF\Y (TF\Y) ;

V¥



avY=log (aa\Y (\) /aa\Y (Y+))* (V/ (Y*pi*\a));
FA=F,\YAY;
Fy=v,yoay;
Fy=W,\¢v7;
syms am\Y q\v
eqns=[am\Y*exp (-a\Y*FY*Y*pi*dt) . *cos (Y*pi*FY*dt+q\V)==IRF\Y ()), ...

am\Y*exp (-
aV\Y*EY*Y*pi*find (IRF\Y==aa\Y(Y+)) *dt) .*cos (Y*pi*Fy*find (IRF\Y==aa\Y (Y-) ) *dt+q\Y)==aa\Y(Y:) ];

S\Y = solve(egns, [am\Y g\Y]);
am\Y\=vpa (S\Y.am\Y) ;

g\v\=vpa (S\Y.q\Y) ;
am\Y\y=am\¥\ (V) *cos (g\Y\ (V) ) ;

SPYN=IV (V) ;

o°
o°

aa\Y=IRF\Y (TF\Y) ;

a\v=1log (aa\v (V) /aa\w (Y-))* (\/ (Y*pi*\a));

Fyv=f,\YAY;

FY=v,Yoay;

EY=W,\¢Y7;

syms am\Y¥ g\Y¥

egns=[am\Y*exp (-a\W*FY*Y*pi*dt) . *cos (Y*pi*FY*dt+q\¥)==IRE\Y()), ...

am\Y*exp (-
a\W*FY*y*pi*find (IRF\Y==aa\Y(Y:)) *dt) . *cos (Y*pi*FY*find (IRF\Y==aa\Y (Y-) ) *dt+q\¥)==aa\¥(v:) ],

S\Y = solve (egns, [am\Y g\Y¥]);
am\Y\=vpa (S\Y¥.am\Y) ;

g\¥\=vpa (S\Y.q\Y¥) ;

am\Y\\=am\¥\ (V) *cos (a\¥\ (V) ) ;

SAVYVV=ag\¥) (V) ;
mod\=[modeshape (V) /modeshape (), V) ,modeshape (Y.\) /modeshape (V.\) ,modeshape (¥.\) /modeshape (\.\) ];

mody=[modeshape ().¥) /modeshape (1.Y) ,modeshape (Y.¥) /modeshape ().¥) ,modeshape (Y.¥) /modeshape (\.¥) ];
modt=[modeshape ().¥) /modeshape (\.¥') ,modeshape (Y.¥) /modeshape (\.¥') ,modeshape (Y.¥) /modeshape (\,¥) ] ;
mod\y=[am\\ V) /ami\ VY, amy V) /amiyv vy, am¥ iy /amiy ]
modYy=[am\¥Y\\/amiy)), amyYy\)/am\yy), amyy\y /amivyy ] ;

mod¥Y=[am\¥\\/ami¥)), amy¥)) /ami¥yy, amyyyy /amivyy ] ;

VoY
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m=YA.-*b*h; $ro*b*h  (kg/m)
I=(b*h"Y)/\Y; % (b*h”Y) /'Y (m"¥)
E=Y* (\+"\\) ; SN/m”Y

L=\Y; sm

n=~06-;

1=L/n;

eksay=+,0;

sd=\v;

%% System matrices

%assembly mass matrix (Kb)

end

mb=(m*1/FY-) * [\8f YY*L1 OF —\W*1; YY*1 £* (1AY) \v*1 —v* (17Y); OF \W*L \af —YY*1; —\v*1 —v* (1°Y)
-YY*1 fx (17Y) 15

Mby=Mb\+horzcat (zeros ((Y*n+Y), (Y*i-Y)), vertcat(zeros((Y*i-Y),¥), mb, zeros((Y*n-

Y*i),¥%)), zeros ((Y*n+Y), (Y*n-Y*i)));

end

Moy (Y, 2)=[1;

Mb) (:, )

[1;

Mb\ (end-\, :)=1[];
Mb) (:,end-\)=[];
Mb=Mb\ ;

%assembly stiffness matrix (Kb)

end

kb= ((Y*E*I)/ (17Y))*[# ¥*1 - ¥*1; yv*1 v*(17Y) -v*1 17Y; -§ -Y*1 & -y*1; v*1 17y -v*1
YF(LIAY) 17

Kb\V=Kb\+horzcat (zeros ( (Y*n+Y), (Y*i-Y)), vertcat(zeros ((Y*i-v),¥f), kb, zeros((Y*n-
Y*i),¥%)), zeros ((Y*n+Y), (Y*n-Y*i)));

Vo



end

Kby (1, :)=1[];

Kby (:,V)=11;
Kb\ (end-), :)=[];
Kb) (:,end-\)=[];
Kb=Kb\;

%assembly damping matrix (Cb)

omegai= (pi”Y) *sqrt ((E*I)/ (m* (L F)));
omegaj=f* (pi"Y) *sqrt ((E*I)/ (m* (L"f)));
a=(Y*eksay*omegai*omegaj) / (omegaj+omegai) ;
b= (Y*eksay) / (omegaj+omegai) ;

Cb=(a*Mb) + (b*Kb) ;

fs=v ;
dt=\/fs;
t=-:(V/f38) : AO;

f= 0.*randn (Y*n, length(t));

o
o

$n=size (f,\);
dt=V/fs; %$sampling rate
[Vectors Values]=eig (Kb, Mb) ;

Freg=sqgrt (diag(Values))/ (Y*pi); % undamped natural frequency

steps=size (f,Y);

Mn=diag (Vectors'*Mb*Vectors); % uncoupled mass
Cn=diag (Vectors'*Cb*Vectors); % uncoupled damping
Kn=diag (Vectors'*Kb*Vectors); % uncoupled stifness

wn=sqgrt (diag (Values)) ;

%$zeta=Cn./ (sgqrt (Y.*Mn.*Kn)); % damping ratio
zeta= -+, Vie,oe0: (o, \F(Y*n=)) *-..d); % damping ratio
Szeta=[ 0, Ve, 0o Voo 0o Voo 00, o Fao o Bee e B 0o Fee 00, oo Ve ,O0ce o AT 5

wd=wn.*sqgrt (\-zeta."v) ;

[

fn=Vectors'*f; % generalized input force matrix
%forced vibration

h=zeros (Y*n, steps) ;

hd=zeros (Y*n, steps) ;

hdd=zeros (Y*n, steps) ;

for i=\:\.¥*n

h(i,:)=0/Mn(i)*wd(i))) .*exp(-zeta(i)*wn(i)*t).*sin(wd(i)*t); Stransfer function of

displacement

Ve



hd(i,:)=(\/(Mn(i)*wd(i))).*(-zeta(i).*wn (i) .*exp (-
zeta (i) *wn (i) *t) . *sin(wd (i) *t)+wd (i) . *exp (-zeta (i) *wn (i) *t) . *cos (wd (i) *t)); %transfer
function of velocity

hdd (i, :)=(\/ (Mn (i) *wd (i))) .* ((zeta (i) .*wn (1)) "Y.*exp (-zeta (i) *wn(i)*t).*sin(wd (i) *t)-
zeta (i) .*wn (i) .*wd (1) . *exp (-zeta (i) *wn (i) *t) . *cos (wd (i) *t)-wd (i) .* ((zeta (i) .*wn(i)) . *exp (-
zeta (1) *wn (i) *t).*cos(wd (i) *t))-wd (i) "Y.*exp(-zeta (i) *wn (i) *t) .*sin(wd(i)*t)); Stransfer
function of acceleration

gg=conv (fn (i, :),h (i, :)) *dt;

ggd=conv (fn (i, :),hd (i, :)) *dt;

ggdd=conv (fn (i, :),hdd (i, :)) *dt;

g(i,:)=gg(V:steps); % modal displacement

o

agd (i, :)=gagd (V:steps); % modal velocity

o

gdd (i, :)=ggdd (V:steps); % modal acceleration
end
x=Vectors*qg; %displacement
v=Vectors*qgd; %velocity
a=Vectors*qgdd; %acceleration
% Free vibration
xi=zeros (Y*n,\); % displacement initial condition

o

vi=zeros (Y*n,\); % velocity initial condition
xno=Vectors'*Mb*xi./Mn;

vno=Vectors'*Mb*vi./Mn;

for i=\:\:.¥*n

AA= (vno (1) +xno (i) .*zeta (i) .*wn (1)) ./wd (i) ;

BB=xno (i) ;

gf (i, :)=exp(-zeta(i)*wn(i)*t).* (AA.*sin(wd (i) *t)+BB.*cos (wd(i)*t));

agdf (i, :)=wd (i) *exp(-zeta (i) *wn(i)*t).* (AA.*cos (wd(i)*t)-BB.*sin(wd(i)*t))-
zeta (i) .*wn (i) .*exp(-zeta (i) *wn(i)*t).* (AA.*sin(wd(i)*t)+BB.*cos (wd(i)*t));

qddf (1, :)=wd (1) *Y*exp (-zeta (i) *wn (1) *t) . * (-AA.*sin (wd (i) *t) -BB. *cos (wd (1) *t) ) -
Y¥zeta (i) .*wn (i) .*wd (i) .*exp (-zeta (i) *wn (i) *t) .* (AA.*cos (wd (i) *t) -
BB.*sin(wd(1i)*t))+zeta (i) "Y.*wn (i) "Y*exp(-zeta (i) *wn(i)*t).* (-AA.*sin(wd(1i)*t)-
BB.*cos (wd (i) *t));

end

x=x+Vectors*qgf;
v=vt+Vectors*qgdf;

a=at+Vectors*qgddf;

o
o

figure
plot ([+;Vectors (Y:Y:end-\) ;1)
figure
plot ([+;Vectors (Y:Y:end-\.Y);-])
figure
plot ([-;Vectors (YY:end-\yY) ;1)

figure

Vs



plot ([+;Vectors (Y:Y:end-\.f) ;1)

oo
o

figure

subplot (Y\))

plot(t,x(Y,:));

xlabel('time (s)')

ylabel ('Displacement’')
title('Displacement-first-point')
subplot (Y\Y)

plot(t,x(f,:));

xlabel('time (s)')

ylabel ('Displacement')
title('Displacement-second-point')
subplot (Y\Y)

plot(t,x(#,:));

xlabel('time (s)')

ylabel ('Displacement')

title('Displacement-third-point")

oo
o°

figure
ft_spect(x(y,:),dt,'a','red",.,"'deg")
figure
ft spect(x(f,:),dt,'a','red",.,"'deg")
figure

ft_spect(x(#,:),dt,'a', 'red', -, 'deg")
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FV=V,AVYA;

Fy=vy,Ad4.;

EY=V\AfPf;

n=06-;

sd=\v;

for i=\:\:n

Displacement filter\=bandpass(x(Y*i,:), [V 4],fs, 'stopbandAttenuation',A-,'Steepness’',-yV);

Displacement filterY=bandpass (x(Y*i,:), [Yd Yo], fs, 'stopbandAttenuation',A-,'Steepness', V)’

Displacement filterY=bandpass (x(Y*i,:), [#- A-],fs, 'stopbandAttenuation',VY-, " 'Steepness"',-)Y);

%figure

$ft spect (Displacement filter),dt,'ap','red',-,'deqg"');

%figure

AR



$ft spect (Displacement filtery,dt,'ap','red',-,'deg');
%figure

$ft spect (Displacement filterv,dt,'ap','red',-,'deqg"');

oo
oo

SRDT
% subsegment duration
Ts = round(t(end)/sd);
nT = round(Ts/dt);

% triggering value

xs(V,1) = Vf\*std(Displacement filter));
xs(Y,1) = Vfr\*std(Displacement filterY);
xs(Y,1) = \fr*std(Displacement filterY);

Displacement filter=[Displacement filter);Displacement filterY;Displacement filterY];
% RDT function

[IRF\, IRFY, IRFY, newT), newTY, newT¥] = RDT (Displacement filter,xs(:,1i),Ts,dt);
TF\=islocalmax (IRF)) ;

TFY=islocalmax (IRFY) ;

TFY=islocalmax (IRFY) ;

figure

subplot (Y\))

hold on; box on;

plot (newT), IRFY, 'b',newT\ (TFY), IRF\ (TEFY), "r*");
xlabel ("time (s)"')

ylabel ('Displacement’')

title ('RDT-first-frq')

xlim([+ ¥]);

subplot (Y\Y)

plot (newTY, IRFY, 'b', newTY (TFY) , IREY (TFY), 'r*');
xlabel ('time (s)')

ylabel ('Displacement')

title ('RDT-second-frqg')

xlim([- V]);

subplot (¥\Y)

plot (newTY, IRFEY, 'b',newTY (TFY), IREY (TEY), 'r*");
xlabel ('time (s)')

ylabel ('Displacement’')

title ('"RDT-third-frqg')

xlim([+ -0]);

%figure

VoA



$ft_spect (IRFW,dt, 'ap', 'red', -, 'deg"')
$figure
$ft spect (IRFYY,dt, 'ap', 'red', -, 'deg"')
Sfigure

$ft spect (IRF\Y,dt, 'ap', 'red', -, 'deg")

oo
oo

aa\=IRF\ (TEF));

a\ (i,V)=log(aa\ (V) /aa\ (¥-))* (\/(Y*pi*Ya));

syms am) g\

egns=[am\*exp (-a) (i,)) *EV*Y*pi*dt) . *cos (Y*pi*Fy*dt+qg))==IRF\()), ...

am\*exp (-
aV(i,V) *Fyv*v*pi*find (IRF\==aa) (Y:)) *dt) . *cos (Y*pi*F\*find (IRF\==aa)\ (Y:) ) *dt+q))==aa\ (Y-) ];

S\ = solve(egns, [am\ g\]);
am\\=vpa (S).am)) ;

g\\=vpa (S\.q)) ;

am\\) (1,))=am\) (V) *cos (g (V) ) ;
SAVNY=gW ) (Y) ;

Famiyv=

oo
o°

aaY=IRFY (TEY) ;

ay(i,V)=log(aavy (V) /aay(v¥+))* (\/ (Y*pi*Yd));

syms amy gv

egns=[amY*exp (-aY (i,)) *FY*Y*pi*dt) .*cos (Y*pi*Fy*dt+qY¥)==IREY ()), ...

amY*exp (-
ay (i,V) *Ey*v*pi*find (IRFY==aa¥ (Y-)) *dt) .*cos (Y*pi*FyY*find (IRFY==aaY (Y+)) *dt+qY)==aa¥ (Y:) ];

SY = solve (egns, [amY gY]);
amy\=vpa (SY.amy) ;

gYy=vpa (SY.qY) ;

amy\\ (i,Y)=amv) (\) *cos (g¥\ (1)) ;

SAVYWN=a\YY (V) ;

oo
o

aaY=IRFEY (TEY) ;

ar (i,V)=log(aa¥(\) /aaY¥(v-))* (\/(Y*pi*\a));

syms amy qgY

egns=[am¥*exp (-a¥ (i, )) *FY*Y*pi*dt) .*cos (Y*pi*FyY*dt+q¥)==IREY ()), ...

amY*exp (-
av (i, V) *Ey*v*pi*find (IRFY==aaY¥ (Y:)) *dt) . *cos (Y*pi*FY*find (IRFY==aaY (Y-) ) *dt+q¥)==aa¥(y:) ];

SY = solve (egns, [amY q¥]);

amY\=vpa (SY.amY) ;

Ve



g¥y=vpa (SY.qY) ;
amy\) (1,))=amy) (V) *cos (gv) (V) ) ;

SOTN=aItY (V) ;

end

%clear am¥\) am¥Y\)) ami))
close all;
clc;

figure

: RDT 5l Jol> (6050 JIS&| (¢ dnmslono

plot ([+;Vectors (Y:Y:end-\.\) /max (Vectors (Y:¥:end-V));-1);

figure

plot ([+;Vectors (Y:¥:end-\.¥) /max (Vectors (Y:¥:end-\vY));-1);

figure

plot ([+;Vectors (Y:¥:end-\.¥) /max (Vectors (Y:¥:end-\&));-1);

if (size (am\\\.Y) ==))
am\\Y=am\\\';
end

am\\Vy=double (am\\\) ;

oo
o

if (size (amy\).y)==\)
amyY\\=amy\\';

end

amY\\=double (amY\)) ;
amYmin=islocalmin (amv\\) ;
amYmina=amy\\ (amyYmin) ;

if (min (amyyy) >-)

am¥\\) (Vo) : find (amY\Y==amYmina ())))

end

o
o

if (size (am¥V\.y)==))
amy\y=am¥\\';

end

amY\\=double (am¥\)) ;
am¥min=islocalmin (amY\\) ;
amYmina=amy\\ (am¥min) ;

if (min (amyyy) >-)

—am¥\) (V) : find (amY\Y==amYmina (\))) ;

VY.



am¥\\ (), find (amy¥V\\==amYmina (V) ) : find (am¥\\==am¥mina (V) ) ) =—

amy\) (V, find (amy¥V\\==am¥mina ()) ) : find (am¥\\==am¥mina (Y))) ;

end

oo
oo

figure

plot ([+,am\\) (Vo)) :end-)) /max (am\)) (V,Vy:end=V) ), 1),

figure

plot ([+,amv\) (Vo) :end-)\) /max (am¥\) (Vo) :end=V) ), +1) ;

figure

plot ([-,amr) (Vo rend-)) /max (am¥)\ (\a:viend-V)),-1) 5
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figure

ft spect(acc(:,V),dt,'a','red', -, 'deg")

figure

ft spect(acc(:,0),dt,'a', 'red', -, 'deg")

figure

ft spect(acc(:,%),dt,'a','red', ., 'deg')

figure

ft_spect(acc(:,\Y),dt,'a', 'red', -, 'deg")

oo
oe

fs=\V/dt;

t=.:(\/fs) :Duration;
figure

subplot (f\))

hold on; box on;
plot(t,acc(:,V),'b");
xlabel ('time (s)')

ylabel ("Acceleration')

subplot (f\Y)
plot(t,acc(:,0),'b");
xlabel ('time (s)')
ylabel ('Acceleration')
subplot (f\Y)
plot(t,acc(:,9),'b");
xlabel ('time (s)')
ylabel ('Acceleration')

subplot (f\f)

plot(t,acc(:,\Y),'b");

ARR



xlabel ('time (s)'")

ylabel ('Acceleration')

5 ,» 65, » RDT Jlosl g lis ol )3 slo adlge 2l g3l acd b )5 ol o505

sd=\4;

fs=\V/dt;
t=-:(V/£fs) :¥-;

for i=\yang
Acceleration filter)=bandpass(acc(:,1i), [V V-],fs, 'stopbandAttenuation',A-,'Steepness"',-yV);
Acceleration filterY=bandpass (acc(:,1), [\A Y-],fs, 'stopbandAttenuation’', A+, 'Steepness’',-\V);
Acceleration filtert=bandpass(acc(:,1i), [YY fA],fs, 'stopbandAttenuation',V., 'Steepness’',-VY);

o

% subsegment duration

Ts = round (t (end)/sd);

nT = round(Ts/dt);

o

% triggering value

xs(V,1) = -0*std(Acceleration filter\');
xs(Y,1) = -0*std(Acceleration filterY');
xs(Y,1) = -0*std(Acceleration filterY');
xsm(),1) = \¥*std(Acceleration filter))/max (Acceleration filter));
xsm(Y,1i) = \X*std(AccelerationifilterY)/max(Accelerationifilterﬂ;
xsm(Y,1) = \f*std(Acceleration filterY)/max (Acceleration filterY);

Acceleration_filter=[Acceleration filter)\';Acceleration filterY';Acceleration filterY'];

% RDT function

[IRF), IRFY, IREY, newT), newTY, newTY] = RDT (Acceleration filter,xs(:,1i),Ts,dt);
IRFVW (1, :)=IRF\;%first freq

IRFYY (i, :)=IRFY; %second freqg

IRFYY (i, :)=IRFY;%third freq
TF\=islocalmax (IRF)) ;

TFY=islocalmax (IRFY) ;

TFY=islocalmax (IRFY) ;

figure

subplot (Y\))

hold on; box on;

plot (newT), IRFY, 'b',newT\ (TFY) , IRF\ (TEY) , "r*");

xlabel ('time (s)"')

WY



ylabel ('Acceleration')
title ('RDT-first-frqg')
$Sxlim([- Y]);

subplot (Y\Y)

plot (newTY, IRFY, 'b',newTY (TFY), IREY (TEY), "'r*");

xlabel ("time (s) ')
ylabel ('Acceleration')
title ('RDT-second-frqg')

Exlim([- V]);

subplot (Y\Y)

plot (newTY, IRFY, 'b',newTY (TFY), IRFY (TEY), 'r*");

xlabel ('time (s)')

ylabel ('Acceleration')

title ('RDT-third-frqg')

Sxlim([- -0]);

aa\=IRF\ (TFY);

av\ (i,V)=log(aa) (V) /aay (A))* (\/ (Y*pi*Y));
aavY=IRFY (TEY) ;

avy (i, V)=log(aav (V) /aaY (A))* (\/ (Y*pi*Y));
aa¥=IRFY (TFY) ;

avy (i,V)=log(aaY (V) /aay (\#))*(\/ (Y*pi*\o));

end

for i=\:\:f

syms a b c
egqns=[-IRF\ (f*i-Y.\)==a-c*\Yo,
IREY) (F*i-Ya) ==b+c*),
IREMY (f*i-Va)==b-c*\];
S\Y = solve(eans, [b a c]);
a=vpa (S\\.a);
b=vpa (S\\.b) ;
c=vpa(sS\\.c);
IRFY\u- (i, ) =double (a) ;
IRFVW\v-. (i,V)=double (b);
teta-\) (i, V) =double (c);
end
for i=\:\:f

syms a b ¢

eqgns=[-IRFEYY (f*1i-Y.\)==a-c*\Yo,

VY
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IRFEYY (f*i-Ya)==b+c*),
IRFYY (f*i-Va)==b-c*\];
SVY = solve(egns, [b a c]);
a=vpa (S\\.a) ;
b=vpa (S\\.b) ;
c=vpa(sS\.c);
IRFYYu- (i,))=double(a);
IRFEYYv-. (1,))=double (b);
teta-YyY (i, \)=double (c);
end
for i=\:f

syms a b c
eqgqns=[—-IREYY (f*i-V.\)==a-c*\Y0o,
IRFEYY (f*i-Ya)==b+c*),
IRFYY (f*i-Va) ==b-c*\];
S\Y = solve(eagns, [b a c]);
a=vpa (S)\y.a) ;
b=vpa (S\\.b) ;
c=vpa (S\\.c);
IRFYYu- (i,V)=double(a);
IRFYYv. (1, V) =double (b);

figure

plot(x, [+;-IRF\\u-/max (-IRF\\u-)]1, '-b*"',x, [+;-IRFYYu-/max (-IRFYYu-) 1, '--g*',x, [+; -
IRFYYu-/max (-IREFYYu-)], '-.r*");

grid on
legend('mode)', 'modeY', 'modeY") ;
title ('EW MODE') ;

figure

plot (x, [+; IRFWv./max (IRF\\v-) ], '-b*',x, [-; IREYYv:/max (IRFYYv-) ], '--
g*',x, [+; IRFYYV./max (IRFYYv:) ], "'—=.x*");

grid on

legend('mode\', 'modeY', "'modeY") ;

title('NS MODE') ;

figure

plot(x, [+;teta-\\/max (teta-\\) 1, '-b*',x, [-;teta-YY/max (teta-YY) ], '--g*');
grid on

legend ('mode)', 'modeY', 'modeY"') ;

title ('TOR MODE') ;

WY
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close all

dt=-,--Y\;

fs=\V/dt;

t=-:dt:voyary;
data=load('datav\-.txt');

%data=double (tablevarray (data¥-Y)) ;

figure

ft spect(data(:,V),dt,'a','red',., 'deg'")
figure

ft spect(data(:,Y),dt,'a','red', -, 'deg"')
figure

ft spect(data(:,Y),dt,'a','red', ., 'deg"')
figure

ft spect(data(:,f),dt,'a','red',, 'deg"')
figure

ft spect(data(:,s),dt,'a','red',., 'deg'")
figure

subplot (oVY)

hold on; box on;

plot(t,data(:,V),'b");

xlabel ('time (s)')

ylabel ('force')

subplot (8\Y)

plot(t,data(:,Y),'b");

xlabel ('time (s)')

ylabel ('data-acceleration')

subplot (8\Y)

plot(t,data(:,¥), 'b");

xlabel ("time (s) ')

ylabel ('data-acceleration')

subplot (8\f)

plot(t,data(:,f),'b");

xlabel ('time (s)')

ylabel ('data-acceleration')

subplot (8Vf)

plot(t,data(:,08),'b");

xlabel ('time (s)'")

ARIA



ylabel ('data-acceleration')
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close all

sd=\4;
dt=-,--Y\;
fs=\V/dt;

t=-:dtvayan;
for j=\14a
$3=14
acc=k (((F=Y) *AVay) +V: (FJ*AVAY) , V)
for i=Y:\
Acceleration filter\=bandpass(acc(:,1), [YY Yf],fs, 'stopbandAttenuation',VY-, 'Steepness’',-y)
Acceleration filterv=bandpass(acc(:,1i), [¥f 0o],fs, 'stopbandAttenuation',V.,'Steepness’', .\Y)

Acceleration filterY=bandpass (acc(:,1), [#Y Yb],fs, 'stopbandAttenuation',A., 'Steepness', A)

SRDT

% subsegment duration

Ts = round (t (end)/sd);
nT = round(Ts/dt);

o

% triggering value

xs(V,1) = -p0*std(Acceleration filter\');
xs(Y,1) = -0*std(Acceleration filterY');
xs(Y,1) = -0*std(Acceleration filterY');
xsm(),1) = \f*std(Acceleration filter))/max (Acceleration filter));
xsm(Y,1i) = \X*std(AccelerationifilterY)/max(Accelerationifilterﬁ;
xsm(Y,1) = \f*std(Acceleration filterY)/max (Acceleration filterY);

Acceleration_filter=[Acceleration_ filter\';Acceleration filterY';Acceleration filterY'];
% RDT function

[IRFY, IRFY, IREY, newT), newTY, newTY] = RDT (Acceleration filter,xs(:,1i),Ts,dt);
IRFVW (1, :)=IRF\;%first freq
IRFYY (i, :)=IRFY; %second freq

IRFYY (i, :)=IRFY;%third freqg

I3
]

TFy=islocalmax (IRF)) ;
TFy=islocalmax (IRFY) ;
TFY=islocalmax (IRFY) ;

figure

V¢



subplot (Y\))

hold on; box on;

plot (newT), IRFY, 'b',newT\ (TFY) , IRF\ (TEY) , "r*");
xlabel('time (s)')

ylabel ('Acceleration')

title ('RDT-first-frqg')

xlim ([« -,\0]1);

subplot (Y\Y)

plot (newTY, IRFY, 'b', newTY (TFY) , IRFY (TFY), 'r*');
xlabel('time (s)')

ylabel ('Acceleration')

title ('RDT-second-frqg')

xlim([- -¥y0]);

subplot (YY)

plot (newTY, IRFEY, 'b',newTY (TFY), IREY (TEY), "r*");
xlabel ('time (s)')

ylabel ('Acceleration')

title ('RDT-third-frqg')

xlim ([ -Y0]);

oo
oe

aa\=IRF\ (TF\) ;

avy (i-),J)=log(aa) (V) /aay (Y))* (\/ (Y*pi*#));

oo
oe

aaY=IRFY (TEY) ;

avyy (i-y,j)=log(aay (V) /aay(y-))* (\/ (Y*pi*v1));

oo
oe

aaY=IRFY (TEY) ;
ary (i-\, j)=log(aav (V) /aar (¥«)) * (\/ (Y*pi*¥\));

end

oo
o

x=[\V:f]";

plot ([IRFVY (Y:0)) ], x, "=b*", [IREYY(Y:0)) ], x, "=—g* ", [IREYY (Y:00)) ],x, "'—.x%");
grid on

legend ('modeY', 'modeY', 'modef"') ;

title ('MODE SHAPE');

VY



mrs\¥ (:,3) =IRFYY (V) ;

mfs\Y (:, ) =IRFYY (YD) ;

end

VYA



Abstract

Structural health monitoring is one of the important fields in civil engineering for
evaluation and long-term maintenance of structures. It is important to pay attention
to small damages and timely prevention of damages, both economically and safely.

One of the important methods of the health monitoring of structures is the dynamic
method. Since the vibrational properties of a structure, including the frequency and
modal shapes, are a function of its physical properties, so a change in the physical
properties of a structure causes changes in its vibrational properties, so these
changes can be considered as a sign Be considered as structural damage.

Therefore, in this thesis, using the developed algorithm of Random decrement
method, the properties of the structure and Modal shapes are obtained in order to be
able to detect the failure of the structure by detecting changes in these vibrational
properties.

Random decrement method, in addition to eliminating noise, due to averaging,
reduces the data needed for processing, which leads to a reduction in processing
time.

In this thesis, with three different tests, a three-storey building, a hinged beam and a
four-storey building with real data, the proposed algorithm is validated and then
with using the actual response data of a four-storey structure in Healthy and
damage mode, the characteristics of the structure have been obtained and compared
with the results of the article. Finally, it can be seen that the characteristics of the
structure obtained from the algorithm in a short time and accurately equalizes the

output of other methods.

Keywords: Health monitoring, Random decrement technique, Mode shape
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