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Fig. S.4b shows the second mode of the combined 

structure. This is essentially the first mode of the 

columns deforming in opposite directions with very little 

beam deformation. The frequency of it is higher than the 

component frequency; 

Observation of the third mode (Fig. S.4c) indicates 

that this is essentially the combination of the first mode 

of the columns deforming in the same direction and the 

first mode of the beam. In this case, the sum of the cor­

responding frequencies of the components is nearly equal 

to the third frequency of the combined structure. 

The fourth mode (Fig. 5.4d) is primarily the second 

mode deformation of the beam with first mode of the columns 

deforming in opposite directions. This frequency is less 

than the sum of the corresponding frequencies of the component 

modes. 

Observation of the fifth mode (Fig. 5.4e) indicates 

that this is essentially the third mode of the beam with very 

little column deformation. The fifth frequency is similar 

to the third frequency of the beam. 

5.4.5 Column frequency > beam frequency 

The first mode of the combined structure is essen­

tially the first mode beam deformation with very little 

column deformation. The frequency of the combined structure 
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is close to the first frequency of the hinged-hinged beam. 

Fig. 5.Sb shows the second mode of the combined 

structure. This is the combination of the first mode of 

the columns deforming in opposite directions and the 

second mode of the beam. In this case, the second 

frequency of the combined structure lies between the first 

frequency of the column and the second frequency of the 

beam. 

The third mode is the combination of the first 

mode of the columns deforming in the same direction and 

the first mode of the beam. This frequency is greater than 

the sum of the corresponding frequencies of the component 

The fourth mode is the combination of the first 

mode of the columns deforming in opposite directions and 

the second mode of the beam. In this case the sum of 

the corresponding frequencies of the components is comparable 

to the frequency of the combined structure. 

Fig. 5.Se shows the fifth mode of the combined 

structure. This is essentially the combination of the first 

mode of the columns deforming in the same direction and 

the third mode of the beam. The fifth frequency of the 

combined structure is different from that of frequencies 

of the component modes. 



5.4.6 Column frequency >> beam frequency 

The first five modes of the combined structure 

are given in Figs. 5.6a to 5 . 6e with reference to the 

member x axis~ 
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The observation of the mode shapes indicates that 

they are essentially the beam modes with very small amount 

of column deformation. The frequencies of the combined 

structure, in this case, are nearly equal to the frequencies 

of the hinged-hinged beam. This shows that when the fre­

quency of the column is far greater than that of the 

beam, the frequencies of the combined structure is 

close to that of the hinged-hinged beam. 
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CHAPTER VI 

CONCLUSIONS 

The following conclusions are arrived at, based 

on the theoretical and experimental investigations. 

1. The comparison of the natural frequencies of the portal 

frames determined by finite element method and experi­

ment indicates good agreement between the two sets. 

Hence it is concluded that the theoretical approach 

used i~ reasonably accurate for practical purposes. 

2. The theoretical analysis by treating the structural 

connections as rigid gives reasonably accurate results 

in the working range. 

3. The comparison of the frequencies computed by the finite 

element method and the conventional method indicates 

good agreement for both beam and column. Therefore 

the finite element method can be u~ed to predict the 

dynamic properties of structural systems. 

4. The effect of added mass on the top of the columns is 

found to have more influence on the fundamental fre­

quency rather than on the higher frequencies. The 

different added masses result in different dynamical 

systems with different dynamic properties. This 
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indicates that the proper estimation of the mass 

of the structural system is important preceding the 

analysis and design. 
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5. When the column frequency is very small (Table 5.4) 

compared to the beam frequency, the first and second 

frequencies of the corresponding combined structure 

are nearly equal to the first frequency of the column. 

6. When the column frequency is very large (Table 5.9) 

compared to that of the beam, the observation of the 

frequencies of the corresponding combined structure 

indicates that they are very close to the hinged­

hinged beam frequencies. 
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APPENDIX I 

COMPUTER PROGRAM OUTLINE 
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A computer program was written to analyse a simple 

portal frame, by direct assembly technique. This program 

can be used for frames with rigid and non-rigid connections. 

DATA INPUT: 

The following data are needed in the analysis: 

a) Total number of nodes and total number of elements. 

b) Number of degrees of freedom for each element. 

c) Material properties: Young's modulus of elasticity, etc. 

d) Transformation matrix for each element. 

The following computer programmes were used in the 

analysis 

Subroutine SNARK: 

Subroutine SNARK transforms the 3 x 3 element matrices 

from local co-ordinate systems to global co-ordinate system. 

Subroutine STIFF: 

This subroutine calculates the 6 x 6 stiffness matrix 

for each element. Expressions for the matrix are taken from 

reference 7. The 6 x 6 matrix is partitioned to 4 submatrices 

of sixe 3 x 3. Each submatrix is transformed from local 

co-ordinate system to global coordinate system by calling 

the subroutine SNARK. Then the submatrices are assembled to 



get the 6x6 element matrix in 9lobal system. 

Subroutine AMASS: 
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Subroutine AMASS calculates the 6x6 mass matrix for 

each element, in global coordinate system; consistent mass 

matrix is taken from reference 7. 

Subroutine INVMAT: 

INVMAT is a library subroutine used for the inversion 

of the assembled stiffness or mass matrix. 

Subroutine EBERVC: 

The library subroutine EBERVC calculates the eigen­

values and eigenvectors of an unsymmetric matrix. 

Main Program: 

The main program utilizes the above programs to 

compute eigenvalues and mode shapes, and also displacements. 



RUN(S) 
LOADER(PPIOADK> 
SETINDF. 
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J 0 I I\ T = 3 * N JO l ,\ 
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75 Ful~ ;-';ATCJFlUeil 
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1J5 CONTlrWt 



c 
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c 

GO TO 15 
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\-J R I f E C 6 , 16 l 
FUk~ATClXtl~Xt*AMA~*) 
WRI Tt. <6tlvlt\i•,A.5 
FORMAT<1Xt9El0.2l 
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UMAT ( I ,Jl =L>1•iAT {I ,J>+Ai•iA:, ( I ,i<.)* 5 A1•dKtJl 

2 3 <.ON l i i~U t: 

698 DO 7U3 I:lt~ 

{)0 7V3 .J=ltN 
VAL< I ,Jl =U e L­
lF(J .tU .JJVAL( i 1.Jl=l•'"' 

703 CONTl~Ut: ' · 
CALL tb ~ R VC(UHAJ,3j, l ,lu ~,.0 1,.u0lt l U~u•t~3,V ~L•l) 
DO 70 4 I=lt N 

7u4 AFR E~ (Il = ~~RTCA8~(D~AT(ltl l ll/6.2d3l 
PRI NT 72 1 

721 FORMAT ClH ~ t*E I G EN VALU ES I~ kA O /~~C* tl/l 
PRI NT 7u6 tCAF ~~U {lltl=lt N l 

706 FO RhA1 <1X tlvll2.4/) 
PRii'H 7iJ7 

7~7 FORMA T<l H vt * ~l G E N VECT0K* tll 
PR I i>J T 7 v 8 t ( ( VJ\ L ( I ' J l t I = 1 ' 1" l 'J = l t N ) 

708 FORMAT C1 Hu tll E12 .4t/l 
CALL l NV 1' i f\ T < 1\ • "•A~ t 3 3 ' j J t l E - U 7 ' 11:. r< R ' N l ) 
DO 9v u l=lti'l 
L> 0 '-) v \) ..J = l ' f~ 
ALr H ,~ ( I)= •j • v 

tJ(lt J ): 1.1 e V 
I>( I , J ) =\,. -..· 
DO 9Ju K=ltN 

9 0 () b { I , .J l = ) < I , J l+ V A L ( "' , I ) ·:i- Ah A.'.:> C K ' J l 
P l-{l Nl <,;.._ltb 

911 f 0KMAT ( l X,l lll 2. 4t/l 
0 0 9v 1 I = 1 ' I\ 

DO 9 0 1 J=l tN 
9Ul Al i->!-IA ( I l= 1\LPHA( l )+ tj{ l tJl 

PRI NT 912 



912 FOr<i'•1AT ( lXt*ALI'~ ;~ lS*d l 
PIUNT 9uz,(~\LPHA(Jld=lti\ll 

9U2 FORMATClXtlulli.~t/l 
DO 9u3 l=.i..'" 
!:':' ~~~ J=.1. ,N 

.9u ·_; u(l,J)=u.c 
uO 9 0 4 I = 1 t ~! 
DO 9G4 .J=ltN 

904 B(J,Jl=VAL(ltJ)*ALPH~<~l 
PRINT 9G:ltl3 

9J5 FOl<i.,d\f(1Xtllt:l2e4•1l 
DO 9 0 b J = l, i'i 

l)U6 CNLJ)=u.u 
Gt: T J.\=u.vU6 
XS02=C.'i/lvu.v 
~J l = I\ Fl' E C.i ( 2 l l 
DO 9G7 J=lti'i 
W2=AFf..ZEQ< J l 
XXX=~~RT( <l.v-~l**i/~2**2l**2+4.0*(~ETA~Wl/~2l**~l 
CNCJl=XS02*(1.0/XXX-l.Ul 

9U7 CONTINUL 
PRINT 90dtCC~(J),~=ltNl 

· 906 FOk MAT<lXtllEl2.3t/l 
DO 9u<J I=ltf'r 
IJO 9U9 J= l ti~ 

909 D(J,Jl=b(l,~l*CN (Jl 

PRINT 9lu ,( ID(l,~ltl=lt~),J=l•Nl 
91 ll F Ol< r·iA T ( l H l , I U 1t:12 • 4' /l l 
711 PRINT 71 2 ,IEkR 
712 FOR ,·:,M f ( l ~ l 

:TCP 
E :~D 



SJLi~0i.JTINE .::.ii !Ft-F<XltYltr..~tY2.H.,(;,\,)..;,Ah:,ALt"'-•~i') 
c0t .. 1•i01\J/t:3LOt'1 n (:; '3) /t:3L<J"'l-/ TI ( ~ '3) /13l.C"'-3 I ~F ( 6 t6) /JU.iK 7 I A1' 1 ( 6, u) 

DI~-ENSION ~~(~,3),~K(3,3),~~(3,3),U~(J,j) 

WrHTEC6t25lT 
2 5 F OFc~';A T ( l X , 3 E 1 .~ • 4 l 

DO 7 l=lt3 
DO ·1 .J = 1 , 3 
t<K(l,.J)=v.v 
SK<I,Jl=u.u· 
OK(J,.J>=v.v 
UK( J .,.J)=0.0 

7 CONTINUE 
JF(KNT .~Q. 51~0 TO 601 
IF<~NT .Eu. lvlG0 TO 002 
Ri<..(l.,11=12.v*E*Y/AL/AL/AL 
RK(lt3l=6.U*t*Y/AL/AL 
RK(Z,Zl=G*YJ/AL 
RK ( 3, 1 l =f-(K ( 1, 3 l 
RK(3.,3)=4.0*E*Y/AL 
SK< 1, 1 I =- i~K ( 1' 1 l 
SK ( l t 3 l =l<K ( 1, 3 l 
SK ( 2, 2) =-1-<K ( L '2 l 
SK ( 3, l l =-h:i<.. ( 3, l l 
~K(3,3)=u.~*RK(3t5l 

UK ( l t 1 l =SK ( l ' l l 
QK(l,3l=S K <3tll 
UK(2t2l=SK(2t2l 
C.J K. < .J , l l =SK ( 1 ' j l 
Q I( ( 3 ' 3 ) = ::; :~ \ '.:: ' ;) ) 
u K ( 1 , 1 l = 1·d''.. ( l , l l 
U:<.. ( l, 3) =:::if... ( .>, i l 
u .<.. < c. , 2 1 -= r < ,, c ;:. , c.. 1 
U K ( 3 , l l ::: ..) ~~ C ~ , l I 
ui<C3t3)=RKC3t3l 
GO Tv 1uo 

6 '· ~ EJ=E--;~) I (AL*flKl l 
EJ=[ .:< Y I ( l\L *~Kl l 
f, .:. = 1 • -.. + E J 
/121=l•0+2.. 0-1:· ..;..J 
A31= 1 .u+j. 1*C..J 
A22= 1 .0 
"'-{2 = l. 0 
AA= 1. 0+4. t; -:i-...:..; 

GO TO 6 ·J3 
602 EK= [ *Y/CAL*A~2l 

EK=E-:f Y/ (AL*Af. t..) 
Al=l.V+ f. r~ 

/,t!_ l = l • u 
J\31=1.:; 
A22=1. 0+2.u*[K 
1\32=1.U+-3.U-ll[K 
AA=l.J+4.V-i-EK 

603 ~K(l, l l~(l2.v*E*Y/AL* * 3l * (Al/AAl 
~~(l, 3 l=<6.v*E*Y/AL* * Ll*CA2l/AAl 



c 

,, "' ( 3 ' l ) = ,, ,, ( l ' 3 )· 
hKC~t2l=u*YJ/AL 
~K(3tJl=(4eu*L*Y/AL>*CA3~/AA) 
Sr( l l, 1 l = -KK ( l t l l 
SKClt3l=RKC3tl>*<A22/A2ll 
SK ( 2, 2 l =-1-<K ( 2 t 2 l 
SK(3,ll=-RK(3,ll 
5K(3,3}=2.J*~~Y/(~L*AA) 
UK ( l, l) :;_,;~ ( 1 t l) 
t.iK ( l, 3) =-K·'- f 3t1 l 
(.JKC.2,0:: )=5:\.l2 '~) 
UKC3tl)=:..,t....( ... ,j) 

Q K ( 3 ' J ) = ~ '" I .) ' 3 l 
Ui( ( l t 1) =!~1'.. ( l, 1) 
UK ( l t 3) ;.;-~»K ( l t .3 l 
UK ( 2., i.) =!~I... ( .... , ~) 
UK ( ..>, l l =-JK ( 1 t .;I) 

U~(~t~l=(~.~*(~)/ALl~,Aj~/AAl 

l \) v iJ (" 8 l = l ' 3 
Go 8 J=ltj 
TTCJ,ll=TlltJl 

8 CONTINUE 
CALL SNARKCRKtltll 
CALL SNAi\K(SKtl,ll 
CALL S~AR~l~K,1,ll 

CALL ~NARKCUKtltll 

uO 2i.J I=lt3 
DO ;2u J=lt3 
SF ( I , J l = f\ K ( I 'J l 
SF(!,J+3l=SK(l,Jl 
5Fl1+~,~l=QK1l,Jl 

~FCI+3,J+3l=u~(l,Jl 

20 CONT~NUl 
KETUKi"l 
ENL> 



SUUkUUTIN~ A~A~~(A~,M~tYJtR~Ut~~TJ 
C01v.t•i J1~/bL01<.. l I l \.;, 3) /ULIJ~L IT 1 ( 3, J) 

COi"11-iOd/bLuK l I A1' , ( 6, t-1) 

UlMlN~I~~ h~l3tJ'•o~{Jt3ltl~l3•~>·~~1~tj) 

IJO 7 I=1t3 
DO 7 J=lt'3 
AKlltJl=v•C. 
Gld I ,J)=v.J 
CK(I,Jl=V.J 
:)Kllt..Jl=v.u 

7 lCNTINUE 
B=RHU*AL*AR/C4~v.J*386.u> 

AK<ltll=l56.J-* B 
AK<lt3l=22.u ~AL*ti 

AK(2,2l=l40.U*YJ*e/~k 

AKC3tll=22.v~AL*U 

A(l3t31=4.u*AL*AL~ci 

t:jK<lt.il=!:A.u*U 
UK(l,3l=-13.u*AL*L 
BK ( 2, 2) = 7u. \.i-:<y J*:J/ A i ~ 

6 K ( 3 tl l = -bK. ( l t 3 l 
BK(3t3l=-3.u*AL*~L*d 
CK< 1, l l =oK ( 1 t l l 
CK(lt3l=t>i<.C3tll 
CK(2,2l=UKl2t2l 
CK(3,ll =i:.lK(.i.t31 
CKC3,3l=b"(j,3) 
l.)K ( l t l l =AK ( l 'l l 
DK(l,3l=-AK(lt3) 
DKUt2l=AKC..'.•Ll 
OK ( 3, l l =-'"'K ( . .:it l l 
D I( ( 3 , 3 l = ,;., K ( 3 ' 3 l 

6J CALL S f\l/\ ,\K(AKtltll 
CALL :,, N;, ,<f,(L;, 1-,. ,ltll 
CALL .:.) i'. ;, , ~ t- ( C r-- ' l t l l 
CALL SN;'...F:f. (UK, l tl l 
1)0 2 0 l=lt3 
DO 20 .J=lt3 
Ai'v1 ( l 'J l =Ai<.. ( l , J l 
AM(J,J+ 3 l~ LiK(l,Jl 

AMlI+3tJl=CK(I,Jl 
AM(l+3tJ+~l=U~(ltJ) 

2~; CONT I NUL 
[-\!.: TUFU~ 

i:::ND 



!:> U 13 r< Cl u r I N .;. :::, 1 •A I~ t~ ( 1\ , l l , J l l 
co;v1o'-101 I I ...,LC I<. 7 I Ai'•1 ( t, A 1 
co;-111:,o ... 1L1...c"11T < 3, 3 > /clLuj(..~/ r r' 3 d l' bL '-'"3/ .5i· ( 6 ,b > 

DI M!:1\I ~ hl1-. A ( 3, J l , o < 3, 3 l , u f 3 , 3 > 

DO 12 I:: l '3 
('10 i 2 j:: 1 '~ 
U(ltJl=v.L 
I)< I , J l = u • ', 

l '" '-\.Ir~ f I i~ U E. 
DO ::.4 I=lt.:> 
DO 14 J=lt3 
DO 14 K=lt3 
3( I tJl=l3C I tJl+A( I .:<.)*TCt>..tJ) 

14 CONTINUE 
DO 16 I= 1, 3 

. DO 16 J=lt3 
IJO 16 :<.= 1, j . · 

l) C I 'J l =D < l t .J l +TT ( I , K l*.) ( r-... t J l 
16 <.ONTI Nut. 

DO 1 7 I= l t 3 
00 17 J=lt3 

· A( l tJl= U( I t.Jl 
17 1_ •• m1!1~lio.:. 

RETUi~N 
ENl; 
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