Evaluation of 9-Story Benchmark Building Shear

Model
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Figure 1. 9 DOF Shear Building Model
Building Plan NOTES \
Beams (245 MPa):
r—< b Ground- 2nd level W36x160;
I % 3rd - 6th level W36x135;
=N Tth level W30x99;
I I 8th level W27x84:
I % 9th level W24x68.
1. Columns (345 MPa):
N
al? “la column sizes change at splices
corner columns and interior columns the same,
Elevation _respectwely, throughout elevation;
@-R\ Restraints:
~/ columns pinned at base;
gth o ; =) al &) B structure laterally restrained at 1st level.
5| - I Splices:
8h . Y 1 * = © denoted with ¥;
i ) ) ) ) ) are at 1.83 m (6 ft) w.rt. beam-to-column joint
o . S &l : = = Connections:
th - g " - . . - - @nd!cates a moment r_esisting conne_ction.
----- — - - ' - —indicates a simple (hinged) connection.
Sth & Tes = . o @ Dimensions:
""" - e all measurements are center ling;
4th Z|m @) ) ) - basement level height 3.65m (12°-0);
T - Ground level height 549 m (180",
dd — 9m e z : = ) 1st — 8ih level heights 3.96m (130"
E: bay widths (all) 9.15m (30-0")
nd . E® = Gl Py Seismic Mass:
1ot , T . % o T aligms including steel framing, for both N-S MRFs;
o ) N ) N I Ground level 9.65x10° kg;
8 1st level 1.01x106 kg:
Gound  peel?  E|®@ @ : M 2nd — 8th level 9.89x10° kg;
& <H oth level 1.07x10% kg:
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Figure 2. 9-Story Benchmark Building®
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Introducing Mass and Stiffness Matrices

Mass elements are introduced based on the 9-strory benchmark FEM model

clear all; close all; clc
m = 1.01e6; % mass of 1st fl oor
m = 9.89e5; % mass of 2-8th fl oor
m =nm2; mM =n2;, nb =n;, nb = n2; n/7 = n2; nB = nk;
m = 1.07e6; % nmss of 9th floor
% Construction of mass nmatrix
M=[nlL O00O0O0OO0 O
On2 0O0O0O0O O O
OO0ONM O0O0O0O0 O O
0O0OO0OmMOOOO0 O
0O0O0ONBOO O O
0O0OO0OO0OOMNMOO O;
0O0O0O0OO0OINZ O O;
0O0OO0OO0OO0O0OODNB O
0000O0O0O0OO0 mMm];
% St ory Hei ght
L =1[5.49, 3.96, 3.96, 3.96, 3.96, 3.96,3.96, 3.96, 3.96];
% Currul ati ve Hei ght
H = cunmsum(L);

% Morment of inertia of columuns (990 reduction at splices)
lc = le-3*[3.41726, 0.90*3.1889, 2.9927, 0.90*2.6009, 2.2643,...
0.9*1.9061, 1.5983, 0.9*1.4998, 1.4152];

% Monent of inertia of beans
Ib = le-3*[4. 0624, 4.0624, 3.2466, 3.2466, 3.2466,...
3.2466, 1.6608, 1.1863, 0.7617];

% Modul us of elasticity

E = 200e9;
ro =1hb./(4*lc);
for i=1:9
k(i) = (1*(12*(12*r0(i)+) (12*ro(i)+4))*E*lc(i)+
g 4*(12*(12*2*ro(i ) +1)/ (12*2*ro(i)+4))*E*lc(i) 3*E*Ic(|))/L(|)"3
en
% Stiffness matrix
K=[k(1)+k(2) -k(2) 000 0 0 0 0;
-k(2) k(2)+k(3) -k(3) 0000 0 O
0 -k(3) k(3)+k(4) -k(4) 0 0 0 0 0;
0 0 -k(4) k(4)+k(5) -k(5) 00 0 0;
0 0 0 -k(5) k(5)+k(6) -k(6) 0 0 O;




00O0O0 -k(6) k(6)+k(7) -k(7) 0 0;
00000 -k(7) k(7)+k(8) -k(8) O0;
000O0O0O-k(8) k(8)+k(9) -k(9);
0000O0O 0 -k(9) k(9 1;

[fi,r] = eig(inv(M*K);

r = diag(r);

% Natural freq in rad/s

w = sqrt(r);

% Arrange NF in ascendi ng order

[w, index] = sort(w);

% Cetting natural freq in Hz

NF = w (2*pi);

% Rearrangi ng node shape order in accorance with NF
phi = fi(:,index);

% Normal i zi ng the node shape to nmake the Max entry 1 in each colum
for i=1:size(fi,2),

[fac n] = max(abs(phi(:,i)));

sgn(i, 1) sign(phi(n,i));

phi (:,1) sgn(i)*phi(:,i)./fac;

end

% Modal nass

Wn = phi'*Mphi;
% Modal stiffess
Kn = phi'*K*phi;
% Danping ratio

zeta = 0.02;

% Modal danpi ng

Cti=2*Mh. *zeta*. ..
[m({(1) 000O0O0OO0O;
0Ow2) 000O0O0 O O;
00w3 0000 O0O0;
00O0wW4) 00O O0O;
000O0MWMS5) 00O O;
000O0OMWS6) 00 O;
00000O0WM7) O0O;
0000O0O0O WS8) O0;
000000O0O0WM9I];

% Danpi ng matri x

C = inv(phi")*CQi*inv(phi);

% Modal mass
Cn = phi' *C*phi;
save node phi

Retrieving the FEM model

| oad Model

[fiF,rF] = eig(inv(M)*KF);

rFE = diag(rF);

% Natural freq in rad/s

wWF = sqrt(rF);

% Arranging NF in ascendi ng order
[wWF, index] = sort(wF);

% CGetting natural freq in Hz

NFF = wF/ (2*pi);

NFFEM = NFF(1:9);

%etting Percentage Error of NF's
NFError = abs((NFFEM NF) ./ NF)*100;
% Rearrange node shape order to correspond to NF
phi F1 = fi F(:,index);




for i =1:9
phi F2(:,i) = phi F1([23, 36, 49, 62, 75, 88, 101, 114, 127],1i);
end

% Normal i zi ng the node shape to nmake the Max entry 1 in each colum
for i=1:9,

[facF nF] = max(abs(phi F2(:,i)));
phi FEM:,i) = (phiF2(:,i)./facF);
g phi FEM:,i) = S|gn(ph|FEI\/(1 |)/ph|(1,i))* phi FEM:,i);
en
figure(1)
h =110 H;
N = 09;
for i = 1:9;
subpl ot (1,9,i1); pIot([O phi(:,i)],h,’ ——rs
[ O; phi FEM :,1)],h,’ --bs, L|nerth
Mar ker FaceCol or', b ' Mar ker Si ze' 5) "hol d on;
pl ot (zeros(N+1, 1), h, ' k' ' Li new dt h' 2);
xllrr([-2,2])
x| abel (' DISp| (m");
yl abel (" Height (m");
dt|tle([ Mbde int2str(i)])
en

| egend(' Shear Model','Finite El enment Model ')

figure(2)

subpl ot (211)

scatter([1:9],NF "rs","'LineWdth',3); hold on;
scatter([1:9],NFFEM ' b', "' LineWdth',3); xlim([0, 10])
yl abel (" Frequency (Hz)")

| egend(' Shear Model', 'Finite El enent Mbdel ')

subpl ot (212)

bar ( NFErr or)

x| abel (" Nat ural Frequenct |ndex')

yl abel (' Error (% ")
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Ground Excitation [Elcentro Intensity = 0.5]

fs = 100; Tmax = 60;
| oad el centro
| oad resp el centro

t =e(:,1);

% Ilntensity

int = 0.5;

%> ound Accel eration
zg = int*e(:,2);

np = length(ye(:,1));

% Creating state space form (earthquake fornm

AA = [zeros(N) eye(N;-inv(M*K -inv(M*C;

% Eart hquake 1 nput

BB = [zeros(N,1);-ones(N 1)];

CC = [eye(N) zeros(N); zeros(N) eye(N);-inv(M*K -inv(M*C];
% Eart hquake i nput

DD = zeros(3*N, 1);

si m(' Model ") ;
figure(3)
for i =1:3
subplot (3,1,i); plot(time,yout(:,i), ' r',t_out,ye(:,3*i)," --b");
ylim[- 04,0 4])
x| abel (" Tine (sec.)");
ylabel ("displ. (m")
title(['El centro// floor' int2str(i) ' //Max relative disp. = ...
nunstr (max(yout (:,i))) 'm1]);

end
| egend(' Shear Model','Finite El enent Model ")

]Eigu_re(_4)
o !squIot( 3, ,|); plot(tinme,yout(:,i+3),'r',t_out,ye(:,3*(i+3))," --b");
ylin([-0.4 0.4])

x| abel (' Tine (sec.)");

yl abel (" displ. (m")
title(['Elcentro// floor' int2str(i+3) ' //NMax relative disp.
y i

g nunstr (max(yout (:,i+3))) 'm]);
en
| egend(' Shear Model','Finite El enent Model ")
figure(5)
for i =1:3
subplot(3 1,i); plot(tine,yout(:,i+6), r',t_out,ye(:,3*(i+6)), --b");
ylim([-0.4,0.4])
x| abel (" Tine (sec.)");
ylabel ("displ. (m")
title(['Elcentro// floor' int2str(i+6) ' //Max relative disp. ='...
g nunstr(max(yout (:,i+6))) 'm]);
en
| egend(' Shear Model','Finite El enent Model ")
figure(6)
for i = 1:3
subplot(3,1,i); plot(time,yout(:,i+9),"'r',t_out,ye(:,3*i-1),"'--b");
ylim([-0.6,0.6])
x| abel (" Tine (sec.)");
yl abel (" velocity (m's)")
title(['El centro// floor' int2str(i) ' //Max relative veloc. =" ...
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nunstr (max(yout (:,i+9))) 'ms']);

end
| egend(' Shear Model',' Finite El enment

flgure(7)
for i = 1:3

subplot (3,1,i); plot(time,yout(:

ylln([-O 6,0.6])

xl abel (" Tinme (sec.)');

yl abel (" vel ocity (nis)

title(['El centro// floor' |nt25t
nun@str (max(yout (:,i+12)))

end
| egend(' Shear Model',' Finite El enment
figure(8)
for i = 1:
subpl ot (3, ,|); plot(tine,yout(:
ylln([-O 6,0.6])
xl abel (" Tine (sec.)');

yl abel (" vel ocity (n1s) )
title(['El centro// floor' |nt23t
nunst r (max(yout (:,i+15)))
end
| egend(' Shear Model',' Finite El enment

flgure(9)
for i = 1:3

subplot(3,1,i); plot(time,yout(:

ylim([-4,4])
xl abel (" Tine (sec.)"');
yl abel (" abs. acc. (nisZ) )

title(['El centro// floor' int2str(i)
‘nis2']);

nunst r (max(yout (:,i+18)))
end
| egend(' Shear Model',' Finite El enent

figure(10)
for i = 1:3

subplot(3,1,i); plot(time,yout(:

ylinm([-4,4])
x|l abel (" Tine (sec.)");
yl abel (' abs. acc. (m's2)")

title(['El centro// floor' int2str(i+3)
‘nis2']);

nun2str (max(yout (:,i+21)))

end
| egend(' Shear Model',' Finite El enment
figure(1l)
for i = 1:3
subplot(3,1,i); plot(tine,yout(:
ylin([-

x| abel (' T|nE (sec.)");
yl abel (' abs. acc. (nisZ)

title(['El centro// floor' int2str(i+6)

Model ')

i +12),"'r',t_out,ye(:

( +3) " //Max relative vel oc.

s'1);
Model ')

i +15),"'r',t_out,ye(:

( +6) " //Max relative vel oc.

s'1);
Model ')

i +18),'r',t_out,ye(:, 3*i-2),

Model ')

i+21),'r',t_out,ye(:

Model ')

L1 +24) ' r' ,t_out, ye(:

// Max abs acc. ='..

, 3 (i +3)-1),'--b");

3*(i+6)-1),"'--b");

t--b);

, 3 (1 +3)-2), ' --b");

// Max abs. acc. ='..

,3*(i+6)-2),"'--b");

// Max abs. acc. ='..

nun@str(max(yout (:,i+24))) 'ms2']);
end
| egend(' Shear Model','Finite El ement Model ")
for i = 1:9
rnsEl (i,1) = (1/np)*sqrt(sun((yout (:,i)-ye(:,3*%i)).”2)); YRVS Error Elcentro
rnsEl (i,2) = (1/np)*sqrt(sun((yout (:,i+9)- ye( ,3*1-1)).72)); YRV5 Error Elcent
rmsEl (i,3) = (1/np)*sqgrt(sum((yout(:,i+18)-ye(:,3*i-2)).72)); YRVS Error Elcen




PRe(i,2) = max(yout(:,i)); %eak Response Shear Model

PRe(i, 1) = max(ye(:,3*i)); % eak Response FEM Model
end
PREr = abs(PRe(:,1)-PRe(:,2))./(PRe(:,2))*100; %eak Response Error
figure(12)

subpl ot (311)

bar (rnmsEl , ' group');

legend(' Rel. Disp.',"Rel. Vel.'," Abs. Acc.")
yl abel (" RVS Error (m")

title("RMS Error 50% intensity Elcentro')
subpl ot (312)

bar (PRe, ' group');

yl abel (' Peak Response (m")

title(' Peak Response')

| egend(' Finite El enent Mdel',' Shear Model ")
subpl ot (313)

bar (PREr); xlabel (' Fl oor No.');

yl abel (' Peak Response Error (%"

title(' Peak Response Error')
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Ground Excitation [Hachinohe Intensity = 0.5]

fs = 100; Tmax = 60;

| oad hachi nohe

| oad resp hach|nohe

t = h(:

%IntenS|ty

int = 0.5;

%> ound Accel eration

zg = int*h(:, 2);

% Creating state space form (earthquake forn)
AA = [zeros(N) eye(N);-inv(M*K -inv(M*C|;
% Eart hquake 1 nput

BB = [zeros(N,1);-ones(N,1)];

CC = [eye(N) zeros(N); zeros(N) eye(N);-inv(M*K -inv(M*C];
% Ear t hquake i nput

DD = zeros(3*N, 1);

si m(' Model ") ;

figure(13)
for i =1:3
subplot (3,1,i); plot(time,yout(:,i),'r",t _out,ye(:,3*i),"'--b");
inn([O,Tmax])
ylim([-0.3,0.3])
xl abel (" Tinme (sec.)');
yl abel (" displ. (m

title([' Hachinohe// floor" int2str(i) " //Max relative disp. = ...

nunstr(max(yout(:,i))) 'm]);
end
| egend(' Shear Model','Finite El ement Model ')
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figure(14)
for i = 1:3

subplot(3,1,i); plot(tinme,yout(:,i+3),"'r',t _out,ye(:,3*(i+3)),'--b");
xIim([0, Tmax])

ylim([-0.3,0.3])

x|l abel (" Time (sec. }

yl abel (' di spl . (n)

)
title([' Hachinohe// floor' int2str(i+3) ' //Max relative disp. ='..
nun@str (max(yout (:,i+3))) 'm1]);
end
| egend(' Shear Model','Finite El ement Model ")

figure(15)

for i = 1:3
subpl ot (3, 1,
xlim([0, Tnax
ylim([-0.3,0.
x| abel (' Ti me
yl abel (' di spl .
title([' Hachi nohe/ /” f1 oor" int2str(i+6) ' //NMax relative disp. = ..

nun@str (max(yout (:,i+6))) 'm1]);

i ; plot(time,yout(:,i+6),'r',t _out,ye(:,3*(i+6))," ' --b");

1)
sec

)
)
3
(

end

| egend(' Shear Model','Finite El ement Model ")

figure(16)

for i = 1:3
subplot(3,1,i); plot(tinme,yout(:,i+9),'r',t _out,ye(:,3*i-1),'--b");
xlim([0, Tmax])

ylin([-1,1])
xl abel (" Tine (sec.)');
yl abel (" velocity (ms)")
title(['Hachinohe// floor' int2str(i) ' //NMax relative veloc. =" ..
g nun@str (max(yout (:,i+9))) 'ms']);
en
| egend(' Shear Model','Finite El ement Model ")

figure(17)
for i = 1:3
subplot(3,1,i); plot(tinme,yout(:,i+12),'r"',t _out,ye(:,3*(i+3)-1),'--b");
xlim([0, Tmax])
ylim([-1,1])
xl abel (" Tine (sec.)');
yl abel (' vel ocity (nis)
title([' Hachinohe// floor' int2str(i+3) ' //Max relative veloc. = ..
nun@str(max(yout (:,i+12))) 'm's']);

end
| egend(' Shear Model','Finite El ement Model ")
figure(18)
for i = 1:3
subplot(3,1,i); plot(tinme,yout(:,i+15),'r",t _out,ye(:,3*(i+6)-1),'--b");
xlim([0, Tmax])
ylim([-1,1])
xl abel (" Tine (sec.)');
yl abel (" velocity (ms)")

title([' Hachinohe// floor' int2str(i+6) ' //Max relative veloc.. = ..
nun@str (max(yout (:,i+15))) 'm's']);

end
| egend(' Shear Model','Finite El ement Model ")

figure(19)
for i = 1:3
subplot(3,1,i); plot(tinme,yout(:,i+18),'r',t _out,ye(:,3*i-2),"'--b");
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xLinm([0, Tmax])
ylim[-3,3])
xl abel (" Tinme (sec.)');
yl abel (' abs. acc. (nfs2)")
title([' Hachi nohe// floor" int2str(i) ' //Max abs. acc. =..
nunstr (max(yout (:,i+18))) 'ms2']);
end
| egend(' Shear Model','Finite El ement Model ')
figure(20)
for i =1:3

subplot (3,1,i); plot(time,yout(:,i+21),'r"',t _out,ye(:,3*(i+3)-2),'--b");
xLinm([0, Tmax])
ylim[-3,:

xl abel (" Tine (sec.)');
ylabel('abs. acc. (m
title([' Hachi nohe//

floor' int2str(i+3) ' //Max abs. acc. ='..
nunst r ( max(yout (:

i+21))) 'm's2']);
end
| egend(' Shear Model','Finite El ement Model ')

;lgure(Zi)3
o ;qulot(s,l,i); plot(tinme,yout(:,i+24),'r',t _out,ye(:,3*(i+6)-2),"'--b");
xIim([0, Tmax])
ylin([-3,3])

xl abel (" Tinme (sec.)');

ylabel('abs. acc. (ms2)'

title([' Hachi nohe// floor" int2str(i+6) ' //Max abs. acc. =..
nunstr (max(yout (:,i+24))) 'n]);

end
| egend(' Shear Model','Finite El ement Model ')

for i =1:9
rnmsHa(i, 1) = (1/np)*sqrt(sunm((yout (:,i)-ye(:,3*i)).”"2)); YRVS Error Hachi nohe
rnmsHa(i,2) = (1/np)*sqrt(sun((yout (:,i+9)-ye(:,3%i-1))."2)); Y%RN5 Error Hachin
rnsHa(i,3) = (1/np)*sqrt(sun((yout (:,i+18)-ye(:,3%i-2))."2)); %NB Error Hach
PRh(i,2) = max(yout(:,i));

. PRh(i, 1) = max(ye(: 3*|))

en

PREr = abs(PRA(:,1)-PRA(:,2))./(PR(:,2))*100;

figure(22)

subpl ot (311)

bar (rmmsHa, ' group');

legend(' Rel. Disp.',"Rel. Vel.',"Abs. Acc.')
yl abel (' RVS Error')

title(' RMB Error 50%intensity Hachi nohe')
subpl ot (312)

bar (PRh, ' group');

yl abel (' Peak Response (m")

title(' Peak Response')

| egend(' Finite El emrent Model',' Shear Mbodel ")
subpl ot (313)

bar(PREr) x| abel (" Fl oor hb.')'

ylabel( Peak Response Error(@@ )

title(' Peak Response Error")
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velocity (mis) velocity (mis)
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Mass Variation

| oad el centro
t =e(:,1); int =0.5 %lntensity

zg = int*e(:,2); %>ound Accel eration

| oad Low

AA = [zeros(N) eye(N);-inv(M*K -inv(M*C];

BB = [zeros(N, 1);-ones(N, 1)]; % earthquake i nput

CC = [eye(N) zeros(N); zeros(N eye(N;-inv(M*K -inv(M*C;
DD = zeros(3*N, 1); % ear t hquake i nput

si (' Model ") ;

Y(:,1:27) = yout;

| oad Med

AA = [zeros(N) eye(N;-inv(M*K -inv(M*C;

BB = [zeros(N, 1);-ones(N,1)]; % earthquake input
CC = [eye(N) zeros(N); zeros(N) eye(N);-inv(M*K -inv(M*C];
DD = zeros(3*N, 1); % earthquake i nput

si m(' Model ") ;
Y(:,28:54) = yout;

| oad Hi gh
AA = [zeros(N) eye(N);-inv(M*K -inv(M*C];

BB = [zeros(N, 1);-ones(N,1)]; % earthquake input
CC = [eye(N) zeros(N); zeros(N eye(N;-inv(M*K -inv(M*C;
DD = zeros(3*N, 1); % eart hquake i nput

si m(' Model ") ;
Y(:,55:81) = yout;

figure(23)
for i = 1:3
subplot (4,1,i); plot(time, Y(:,i)," 'r",time,Y(:,i+27)," ' b",time, Y(:,i+54)," k');
ylim([-0.4,0.4])
xl abel (" Tine (sec.)');
yl abel (" displ. ")
title(['El centro// floor' int2str(i)]);
mdis(i,1:3) = max([Y(:,i),Y(:,i+27),Y(:,i+54)]); %bex D spl acenent
end
x| abel (" Tine (sec.)");
| egend(' -10% ,' M ,"' +10%
subpl ot (4,1,4); bar(ndis(1:3,:)," group")
x|l abel (" Floors (1-3)"); ylabel (' Max. Displacenent(n)")
| egend(' -10% ,' M ,"' +10% )

figure(24)
1:

f i = 1:3
o bpl ot (4 1|) plot(time, Y(:,i+3), ' r",time,Y(:,i+30)," b ,tinme, Y(:,i+57)," k');
yllﬁ([-O 4]
yl abel (' |spl (m")
tltle([ El centro// floor' int2str(i+3)]);
mdi s(i+3,1:3) = max([Y(:,i+3),Y(:,i+30), Y(:,i+57)]); %ex D spl acenent

end

xl abel (" Tinme (sec.)');

| egend(' -10% ,' M ,"' +10%

subpl ot (4,1,4); bar(ndis(4:6,:)," group")

x|l abel (" Floors (4-6)"); ylabel (' Max. Displacenent(n)")
| egend(' -10% ,' M ,"' +10% )

Flgure(ZEi)g
o IsquIot(4 1, |) plot(time,Y(:,i+6), ' r', time, Y(:,i+33),"'b",tine,Y(:,i+60)," k');
ylin([- 41)
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ylabel ("displ. (m")
title(['Elcentro// floor" int2str(i)]);
g ndi s(i+6,1:3) = max([Y(:,i+6),Y(:,i+33),Y(:,i+60)]); %bx D splacenent
en
xl abel (" Tine (sec.)"');
l egend(' -10%,' M ,'  +10% )
subplot(4,1,4); bar(mdis(7:9,:), group")
x|l abel (" Floors (7-9)"); ylabel (' Max. Displacenent(n)")
| egend(' -10% ,' M ,"' +10% )

Elcentrod! floor
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E |:| _ T T T T T
e e e
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= ] [ | [ | [
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