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P '+ ABSTRACT , -

»

~ 4 " rhe static properties of paneliéed structures have,

- . |
already been successfully investigated using the’ finite
. ‘a\ - N

] ‘ s . .
“1 element method. Here a preliminary attempt is made to .
analyze a'papélized structure for dynamic' response using

"well-known structural theory and programming procgdﬁreé.“

” . i

.

5 ) .. Since earthquake ground motions produée mainly lateral » __ =~ * |
\ - ’ C Id " ‘ v
N\ | ‘ forces, it is desirable to>§evelop a procedure which elimin- ’

" ates allldeg}ees of freedom but'the~1ater$1 ones . fherefore,‘-‘ ot

t

a reduced stiffness matrix which relates only lateral forces

’

.
’ \

N and displacements is developed. ) ' :

-] . ! L B
- .
b 1 . s . >
- '

-

o A computer program is described which first assembles

‘.

. ~ the comp}eté §tructur§1“§tiffness matrix of a panelized.

.
A -

* i - »
» structure and then dexives: the reduced stiffness matrix
v ) ‘ ' -

. .

applicable.féi lateral de&rees of freedom. . . .
~ . .
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CHAPTER 1

INTRODUCTION

S~

»

~ . N

Pénglized structures are a new type of building now

*in the process of being expefimentally and theoretically
. I

ihv&%tigated. Figure'l.l shows a typical examplé. ’

To ‘achieve regults similar to those obtained in .

investigations into framed structures, the finite element

¥

‘theory has to be applied. The large variety of different

element types offers analytically neafly an unlimited number
of possibilitiés. Considetg?le work has already‘beeﬂ %Pne .
for the Qeterﬁination'bf stresses due to static loading [1]7

whereas, the application of dynamic loading is onygénbh

/

beginning to be investigated. S -

[

This report is directed toward the analysis of
dynamic behaviour of panelized structures under earéhqpake

type lateral loading.-

K
¢ »

The funéément?l eéuation in.atructuigl‘dyﬁaﬁics is

the equation of motion: :

B N : .\ g
M+ CX+ KX = F

L}

)

TS

L e,
R

~where M, C and K represent the mass matr§£, théfdgppiqgsf

¥

>

‘matrix and the stiffpgqs¢mat;ix,nf?‘grgp:éaeqtg‘thgggpg}§gﬁ.

;
< 31
A
M . [ o L s .
. R St s

forces,

el 50,
shpa
7y s

S adia
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! .

.
- -
. B

The mass matrix M is easily found for any type‘pf.
' structure, by assuming lumped masses or rotational mass o

moments at storey levelswor at'joints. The dambing matrix
q' -
[ ‘incorporates structural characteristics which are very

. , o

,difflcult to predict such as joint slippage for panelized . g

structures. It is therefore based on experimental values. . )

s The 'stiffness matrix ‘for panelized structures. was :
. NN ‘»
already derived for the computation of static loading. For’

an earthquake analysis where only lateral inertia forces

s

are created, it is aesirable to establish a reduced stiff-

~
L hN -

ness~matr1x expressing only the. lateral degrees of freedom.

“e

The méln advantages of using a redyced stiffness matrlx is
the decreased size of that matrlxzv A lateral stiffness

; matrix fo} aeé degrees;of freedombsystem, is 1/36 of the °
' . . - “ ‘ ) .
size of th® original- stiffness matrix. ' | K

~

- ) In this report,a first approach is described for K

the development of a computer program to derive the lateral

5

stiffness matrix. Slnce'a 6 degree 'of freedom system requires ST

»

\. a large storage space and since no auxiliary storage was . L
' ~ ! \J < . IR

used, the application of the program is rather limited to a

o v - * 4 ' . \ S -

small size of panelized structures. - S TR

L . The sequence of the chapters, in this report,. .' R

corresponds to the/set~up of the computer programe (See”the.,' fg

W

,‘flbw chart in the Appendix). After the informatxon input




f N . <

a 24 by 24 element stiffness matrix is éstablishe@. This - ‘

,matrixiis renumbered and then assembled into the overall

° :

structure stiffness matrix.. The structure stiffness matrix

- has to be arranged in a partitioned:férm to make the necessary '

reduction procedure possible, in order to derive tﬁe lateral

stiffness matrix. . . .

N
N
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| CHAPTER 2 | o
< \ '
9 INPUT ROUTINES, NUMBERING ARRAXS AND IR
‘RESTRAINT LIST \

[y

- . . \ .
2.1 STRUCTURE -INFORMATION \ %_

2.1.1 Partitioning of Structure
[ ® N

In general, panelized structures are already divided .

into rectangular elements. The natural joints are at the

same tiﬁe the structural joints or the mesh joints, thus

building the basis for the finite elehent analysis. Openings_ -

can be ?asily'dccommogated in the program as long as they fit -

the mesh. 1It.is then only a question!of defining the proper- . 1
‘ ) 1

ties of the elemént which represents the opening. ' ‘ - .

2.1.2 Numbering .and Locatioh of Nddeg

< qf

7

The numbering of the joints is basically arbitrary
and the program accepts' any kind of numbering. But it\is a, .
well known faét'thatjthe way of‘numbering the join€s of a . “b
§§ructure'ihf;uencqs the bandwidth oflthe stiffness matrix ’ .
directl& and'conééqueﬁtly,the required spac¢e to store this
ﬁatrix. This can be achieved by numbering the joints ih o Lot

. sequence along the narrow dimension of the structure, to -

minimize coupling [2]“ In Figure 2. 1 numbering aystems.are
'fshown which create the smallest possible handwidth in y

]
tpe stiffness matrix.‘_f



‘ P \ . . . *
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~ JSee also Figure 2.2). A rectangukmr element with '4-corner
nodes has therefore a total of 24 degrees Of freedom. The
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‘ - . ~2.1.4 Support C»bndli.'tions ' - Lo .

'
M " ' - ¢ .-
. . . - . N
. K v L. , - B

. Supﬁo;ta can’ only. occur .at nodes,- and according to -.
the 6 degrees of freedom, up, to 6 rqstrainfs can be’ assumed

¢

per node., The support restrain@:é\ of a .structure have to be

chosen-in such.a way .to resist all applied external loads
- - \

and the resulting overturning moments. °

.
o . 2.

The input which is necessary for support restraints

’ is demonstrated in Section 2.2.

2.1.5 Degrees of Freedom to Which the
Structure Will be Reduced

AR ! $

. <

N
3 7

z Si,l}ce this paper is dealing v'rith",the lateral stifwf-

.

ness matrix, we are mainly concerned with one degree of

freedom - displacements in x or y direction - whereas,

‘the other 5 degrees of freedom are to be eliminated.

.

However, the’'p ograzﬁ is written¥in such a way that any

1 -

combinatiqn of the 6 degrees of freedom can be chosen. In

general, all those degrees of freedom are eliminated ‘where e

no corresponding external loads are expected. Examples for

< Sl
- M PRPRETY

different combinations of chosen degrees of freedom are e

LR

shown in Table 1, where the basic joint numbering is the

"’same as in Figure 2.2.a. NE. and NEA(I)- are Iinput symbols x

. - ,as explained in Section 2.4. N représents, in this example, .

‘the. number of free joints. o e

[
s
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Example 4

NEA(I)

7

Example 3

TABLE 2

Example 2

Example 1

REARRANGED NUMBERING FOR EXAMPLES. SHOWN IN TABLE 1
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4 2.2 RESTRAINT LIST AND CUMULATIVE RESTRAIN -

o ) LIST ) . ., ‘ : . ) o ¢ " )

' This routine follows thefsame pringiple as it is

v *t

derived by Gere and Weaver [3] " ‘for framed structures.

.
. .
) . ~ A . . N
’ .
S 4 ‘,'3, . .
- » N . R o

. ‘ .

.

2.2.1 .Restraint Degrees of Freedom )

of. a Node - .

, IS N

1

The restraints of each restrained node are read in

the same sequence as the basic numbering (Figure 2,2).

-] .
. . o,
»

: ) Examples: . \ . ‘ ¥
. . T " . . Q . ’.;
. . ‘restraint against

. node i ND-= 1 2° 3 4 5 6 } lateral displace-
- R(ND) = 1 1 1 0'0 0 ° ments and uplift
o node, j : ND = 1 223 4 5 6 y fully restra&ned -
: .- . R(ND) = 1 1 1°1 1, 1 ° node

N

£ . L e
2.2.2 Restralnt List for, the Ent;re .. . C.
R . °  Structure ' . L o :

m T \
o - P .
. s .
o Py .
K ‘e

- « = Using the lnformation for’ restralﬁts (Section 2. 2; 1)

o , — and applylng a numbering sequence as explained before ST SO
(Sectlon 2.1.6)% the’ restraint list RL(I) for the whole ‘ f'ﬁﬁ

«structure is construlted, as demonstrated in an example in ‘;'” R

JFlgure 2.5, .The same array RL(I) is later used 1n the

6 °
. :

.}aasembly routlne since restraxned degrees of freedom.have'to




. & N = i DR .
v w . g

“ oy

2.2.3 Cumulative Restraint List . '

N

' The cumulative restraint list CRL(I) "is directly-
' . A derived from ‘the restraint list RL(I) as shown in -

Figure 2.5. The following formulae are applied [3]

. ' NS
RL(1) : “ o
CRL(I31) +‘RL(I) for I = 2 to ND*NJ

~

- . CRL(1)
g CRL (1)

. Bl

The array CRL(I) is later used to determine the -

location of each element when assembling the structural i

stiffness matrix.’ : -

2.3 ELEMENT INFORMATION
8

2.3.1 Properties

'Proper;ieé of an element are modulus of elésticity,
’*Poisson's ratio and the thickness.‘ Three arrays store
this -information, so that each element can have differént ’
properties. High rigidity of an element can be simulated ' ) e
by increasing the thickness or the modulus of elasticity. '
Openings are 51mulated by extremaly flexible elements, i.e.

the nmdulus_of elastlcxty'or the thickness is nearly zefd,

- . ‘ ‘v
‘

'2.3.2 lNumberiﬁg'of Element Nodes “f‘~.;.f L

'.l'he nnmbering of the elemnt nodegg: 'eorrespondn. o

5"‘ b : ?‘«"

the, at:uctural n\m\bexi.ng as dérs.ved :m SQ

2
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3

ith the symbols

The four nodes are labelled w

JK(I), JL(I)

JJ(I) ,,

'JI(I),

i

See Figure

-

and the numbering is read in -the same sequence.
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16
f ! -
M Number of elements C IN
NJ Number of joints (- IN
x(I) ) . . \ vy s . -
Y(I) | Coordinates of joint I - RE
% (1) ) T .
NRJ | Nuymber of restraint joints & IN
‘ND |'Number of degrees of freedom per joint. IN
4 } For a 3-dimensional structure ND = 6
NR ‘Number of restraints. IN
| When only fully restrained joints dre N
occurring, NR = NRJ*ND A
NE Number of degrees of. freedom to which the IN
.| structure will be reduced. For lateral
stiffness matrix NE = 1 g
NEA(I)F Indicates which degrees of freedom are the IN
reduced ones. For I = 1 to NE
- R(L) | Support restraints, for I = 1 to ND IN
E(I) | Modulus of elasticity for element I RE
P(I) | Poisson's ratio for element I RE
“P(I) | Thickness for element I . RE
JI(I) ‘ ‘ K . 3
JI (1) Numbering fox&lefr\ent I IN
JK(I) ;
JL(I) ) '
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CHAPTER 3 '

ELEMENT STIEFNESS MATRIX . o

With the available element information, it is now

.

possiblé to construct for each element the element stiff- o,
ness matrix. In a lodp which incluéeé all the steps‘of‘/ N
Chapters 3 and 4,.the element stiffness matrix of each
'element is éstablished, rearranged and assembled into the
structure stiffness matrix. The result of this is that
. . -

only one storage space is continuously used for all element-

stiffness matrices. (See also the flow chart in the

Appendix) . \ o : - - .
.3.1 DETERMINATION OF PLANE AND | E :
DIMENSIONS ,

v
3

:

In a panelizéd structure, there are basicélly three
_e}ement locations, the x-y, x-z and y-z plane. Using the ';”
coordinates for each element node, length a and width.b for’ |
the element are calculated. At the same time, a code IP is

“getermined to identify the plane of the element. ]

Ip =1 %X~y plane
IP = 2 X-2 plane
DIP = 3

"y-z plane

. {See also Figure 3.1). . o



oo x-y plane ~————y=-2 plane o
L Tl =21 o LIP = 3 - " :
) - ~' - . \‘ - A” e T W'—-_""‘_\ ——""""‘“'P‘x - . ’/:_________._
. ! T . v , . . // )
- ) //, ~ . ., ‘. - )
/i'/' \\\ ' ) : ‘ ' o 2 . .
oo e S e Lo AU '
o , - _ s ) ST # “ . R .
. .4FIG. 3.1 IDENTIFICATION OF PLARES . = ' = . »
L 3.2 ASSEMBLY -OF ELEMENT STIFFNESS MATRIX ) y o
= : S NER '-"”? ‘ - Lo
" ... Due to .the. law “of superpositlon in the theory of o
e T ezlasticlty, it is possible to build up a rectangular elenment ’
K : having 24 degrees of .freedom which describes bend:.ng, as !
. well” as membrane action. This is true only for small de-— T
i R formatlons which means that both“actions are uncoupled. x "

CE Stiffness matrices--for prectically ;.any kind of .eleme#’s

vy -

are described in seve:al ﬁ:}.ﬁite’ e}emgnt publicationa [4]1[513* &
N {

£

"
'

C,
s



- 3.2.1 Bending Stiffness Matrix [K ] e
i o '

‘ The e%ggggt/beﬁding stiffngfs matrix can be deriyed-
as a 12 x 12 matrix for compatible and for non-compatible I
-~ 8lopes along the edges.’ In this program, a matrikx was used
basgd on non-compatible élopes.publisyed by Przemieniecki Eﬁi.

This matrix is shown in Figure 3.2. The different numberiﬂg °
. ) : I
system is adapted by rearrangement. :

'Y -
L}

Y

3.2.2 Membrane'gglffness Matrix [K_]

An- 8 x 8 matrix published by the same author [5]
was used as ‘the membrane stiffness matrix, see Figure 3.3.
4 |

The numbering sequence shown is the same as'in,Fiéure 3.2,

|
R 3.2.3 Superposition of Bending and Membrane .
B . " Action in One Matrix , ,

P

. . Bending and membrane actions so. far represent L .

’

’ ." 5 degrees of -freedom and not 6,. as is required for a space I
structure, The missing in-plane rotations 92' have tobe -
introduced by a 4 x 4 matrix [K ], see Figure 3.4. The - . ’

values of thmsxmatrix can be arbitrary but have to be very -‘ff o

- 'small. The iddltional requlrements for every stiffness
matrix - summation over moments and forces in each column

- 'has to be zerq - carrbe checked easily. g values_ /f‘o‘rm yg‘

o 'are auggested 1n public.ations {4]

e ,,,y was chosex) to be 3*10“{



| . " The superposition of the three uncoupled actions .. S
} ' ' can be fepresented by the followiné-matrix equaéion: o X o
L , - N - . ' > l‘ - ° 4
| K, 0 o : v .
v L .~[K1 ) \0./Rm 0 °~4. .
o o ¢ 0 K : -
z . Do ,
At the end of this assembly subroﬁtiqe, a reayrangement is ,
performed which leads to the basic element numbeffiné used in . 1

the program (Figure 2.3).

BT
.-Y*"'ﬁz*

W,
,-1 e
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CHAPTER 4

ASSEMBLX OF STRUCTURE STIFFNESS -




CHAPTER 4.

v

ASSEMBLY OF STRUCTURE STIFFNESS
MATRIX

COORDINATE TRANSFORMATION

To make the forces at a nade compatible, so that

they can be added up, a transformatlon of the element Stlff"

ness matrix has to be performed. ,{he code IP which

specifies the locatn.on in the plane initiates this coord:.nate

»

transformationx. The general form of a transformation matrix

for a 3-dimensional coordinate system at node i is

L [

- . )-1

cos (x; ,x,*) cos(x; ,y;*)  cos(x;,z;*
gos(yi,'xi*) ;cos(yi,Yi*) ,cos(_yi,zi*)

:’bs(ti’xi*) cos'(zi,yi*) ‘cos(zi,zi*)

where x,*, y,* and z;* are the structure or global axes. -

.

‘For h panelized structure, the following 3 matrices) li;ve to :

be created:

v

. for x-y plane, IP = 1, (Bl =

L4

. .
for x-z plane, IP = 2, [LB]




a 1 .0 o0 .
for  y-z plane, IP = 3, - [LBJi = 0 0. =1

M 3
> ¢

If IP = 1, the identity matrix is created, which means -
there ;‘Le no transformatiofi for the x-y. plane. To achieve

a comp1e£e~transformation of the 24 'x 24 element stiffness.
’ ‘ A

. 'matrix, the followihg operations““ are necessary: - .
. . . ° . — "
B N . oy LBi 0 . ‘
P for one node: _ [L]i = . * .
) o . 0 LB,
¢ - : .
| --Li-' 6 0 0™
. s 0 Li 0 0.
for all. four nodes: [L] 7=
: ! - 0 0 L,
., . *
° v \ e < .
S AN . : Lo 0 0 Lti..a
and ” [ .
© L IKJ-= [LINKIE]

-
o J - N a
s 3

where [K},‘] is the transtrmed element stiffness matrix. Fig-

. ure 4.l1.shows the transformat:.on of ‘a node in. 3 dlffe?ent

S

planés, with corresponding ‘renumber:mg arrays‘.

v ’ “ b o hl

. 4.2 'REARRANGING OF ELEMENT -NUMBERING: - | e

e o ut

.

14 ' ©

f' ' 'l‘he renumbered arrahwhich was explained :i.n Section
T 2 1.6 is now used to rearrange the element stiffness matrix.

k‘.‘ K o All the reducad degrees -of freedom are assembled in the upper

ot
o
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i

left quadrant of the element stiffness ﬁqtrix. The eliminat-
ed ones are agsembled in th€ lower right quadrant. The inter-
related degrees of freedom occupy both the lower left and

the upper right rectangle.

s

4.3 GLOBAL NUMBERING - ' A

Up to now the numbering was done lobally on'the‘
-element, i.e. numbering ipdices were used only from 1 to 24.
A new numbering array is no& created, which uses the input
information from Section ?.3.2. All degrees of freedom are
‘renumbered and prepared f&f assemblf into the overall stiffness

matrix. The new numbering is temporarily stored in an array

called NDF (I), for I.= 1 to 24.(See column 4, in Table 3).
‘ ‘ \

’

4.4 ASSEMBLY ROUTINE ; "~

| o ” e
This routine creatés the overall joint stiffness
.~ i "

l ' . ’
matrix -or structural stiffﬁess matrix for all free movable .

hd . v ¢ -7

ﬁOints or non-restrained degrees'of freedom. ‘All'restrained

ones are eliminated. In a further developed program, the .

. r

Lo 4
matrix elements representigg the restrained degrees of

-

freedom could be easily t Wen 1nto account if support dxs- o

placemeﬁ&s ‘have to be cons dered.

-
. ' AL

The assembly routine takes each ?lement of the
element stiffness matrix SM(I,J) and adds its value to a‘

v% s




\ oo,

\ ‘ 1 .
S(ROW,COL) , of which the location has to be detexﬁined‘. . ‘)

Three arrays are necessary to determihe that new location:

e
-l

RL(I), CRL(I) from Section 2.2, and NDF(I) from Section 4.3.
The assembly procedure is based on two formylas, originally
used for framed structures [3]: . Loy

- ’
. . - .

ROW: or COL

NDF(I) - CRL(NDF(I)) for free movable
’ degrees of free-
. - dom, when RL(I)=0

. and ROW or COL = N + CRL(NDF(I)) for restrained
| for N NJ*ND ~ NR degrees of free-
] dom, when RL(I)=1l

.
. 4
.

Table 3 demonstrates the determination of the new

. . location (RbW,COL), using the 2 elements of the example shown
+ ’ 5 v -
in Figure 2.5. ’ o

>

An example for an assembly of a 2- dimensional plate
bending. problem of which the lateral stiffness matrix shall
3 be developed‘is shown in Figure 4.2. Since only the lateral
displacements are of interest, and since bendlng actions «
‘and, membrane actions are uncoupled,-only 3 degrees of freedom
. have t6 be considered. - To demonstrate a 3-dimensional struc- CF

: M . :(
\ ' .

‘ture having: 6 degrees of freedom would be too complex to'use ~ . %

as an example. , Co SR TJ”'

: . s . .. . o i'l';'5-‘ S
v o The described.renumbering.of thé elament 1ndiceaf ‘t%f;5~

' © ; : ““-‘.“
}stiffness matrix, as shown in Figura 4 z(a)‘ The lower+'¢ ,

; ‘-’em

ﬂileads to an assembly ot"the upper triangle of ‘the structure ﬁifx‘



. A TABLE'3 - - [ . . ‘
PROCEDURE OF STRUCTURE NUMBERING (FOR ELEMENTS
. SHOWN IN FIGURE 2.5) '
‘ Element. Joint I NDF(l) A RL(NDF(I)) CRL(NDF(I)) Index for] -
. No. * Numbexr 8 Renumber-
- ‘ . b : : ing
) 1 JI(1) =1 1 - 7 1 3 [31]*
* n- 2 8 1 4 [32]
" 3 1 1 1 [29]
\ " 4 9 - 1 5 ‘ [33]
‘ n 5 10 0o - 5 '5
" 6 11 0 5 6
JI(l) =3 7 17 - \\~;71 ' 6 [34] ,
n 8 18 ‘1 7 [35]
~ w 9 3 1 : 2 [30]
. " 10 19 1 8 [36]
" 11 20 0 8 12
" 12 21 0 8, 13
JK(1) =213 12 ~* 0 5 7
" 14- 13 0 5 . -8 |
" 15 2 0 1 1 .
. " 16 14 0 5 9 |
-~ _ " .17 15 .0 _ 5 10 |
oo 18 16 .0 5 - 11 a
JL(1) = 4 19 22 0 8 : 14 :
\ " 20 23 0 8 15
” " 21 4 0 . 2 .2
: ‘ 22 24 0 . 8 .. ‘16
. » 23 25 0 8 17
" 24 26 0 8 18

.

o

. * Elements in brackets are not assembled. . . . . ! S

. [ N [YRY < et

o P

K :‘;f;‘,‘,-s“,x 4
',\ 3"»’




PROCEDURE OF STRUCTURE NUMBERING (FOR ELEMENTS -

TABLE 3
T———

“(continued)

SHOWN IN FIGURE 2.5)

3

Element Joint I NDF(l) RL(NDF(I)) CRL(NDF(I)) Index for
No. Number - . : Renumber-
’ . ing
) JI(2) =3 1 3 1 2 [30]
5 n 2 18 1 7 {35].
" 3 17 1 6 [34]
n 4 21 0 8 13
. " 5 20 0 8 12
" 6 19 1 8 [(36]
JJ(2) =5 7 5 0 2 3
, oo 8 28 0 8 .20
Lo . 9. 27 0 8 19
‘ " 10 31 0 . 8 23
& om 11 30 0 8 22
( .o 12 29 0 8 21 ,
JK(2) = 4 13 4 0. 2 2
e 14 23 0 ’ 8 15
- 15 22 0’ 8 ‘14 1
" 16 24. 0 © 8 16
" 17 25 0 8’ 17
, . 18 26 0 8 18
JL(2) = 6 19 6 0 . 2 4
" 20 33 0 8 25
" 21 32 0 8 24
" 22 34 . 0 . 8 26’
" 23 35 0 8 27
" 24 36 1} 8 .28




F;>~

30

'3

D o Lok e gt ERFOE

30

Complete Structure- Stiffness Matrix
Upper Band Width
Condensed Storage,

Storage’ Arrangement in Core

1\/\:,,;?2:. >
H | T
T ' :

L

b e

€

y W SR

SECEEERTENR A




.n,
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«r‘(

- .

triangle is created by symmetry. The upper left qhédrant

SAA represents laﬁera‘ degrees of freedom; the lower fight

.quadrant SBB repreee ts the eliminated degrees of freedom

and the rest of the matrix SAB, SBA shows a combination.of
) !

the .two. 'This‘part#tionedlarrangement is ‘necessary for the

reduction ﬁ}ocedure which is explained in Chapter 5. -

Symmetry and the banded form of thlS matrlx can ‘be

used to decrease the core storage (see Figure 4. 2(b)) Each
of ‘the three blocks is then Ttored as a one-dimensional array

applylng a certain mapplng pattern, Figure 4.2(c). Matrix

SBA is derived by, transposing SAB = SBA = SABT.Q e !

«
- v

1

- o~

H

™~

.,
T e
L2 AR RIS
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,» . - . CHAPTER 5 -

L : REDUCTION ROUTINE \ *

5.1 STATIC CONDENSATION ' : ' . . 3

|
|

.

The transformation from the overall joint stiffness

matrix to the lateral stiffness matrix is done by reduction

‘qr.static condensation [4],[6]. \This transformation is
usually applied, when the stiffness matrix includes -more
degrees of freedom than are required for the solution of ’
the problem. To achieve a condensation, a partitioned set

of a stiffness matrix K, displacements r and forces R are

+ -
K}

necessary.

K12 K2 r; Ri e 7

K21 Ka2f -Jr2|. |R2 ‘ b

. . . s

»

‘§§mbols with index 1 represent a set in which one ‘wants to t

'

establish a céndensed stiffness. matrix. - T z‘*]

-~ . "

Multiplication'léa§s¢to

Ki11rg + Kiera = R,

. o K21r; + K2z:xe = Rp

Elipiﬁgﬁingﬁfs ,?‘



- : B . ‘ -} . —; ' I.L,
l g . ..+ (K1 = K21 K2 Ki2) ) ‘

| , = Ry - K12 K22 Rz - ;
} a . ' .‘ '\ ) ,‘ K*rl a2 R* ) . i

- . ‘ . . . .

o . . -1 reduced
‘ CL g ' .K* = K; - K21 K22 K12 stiffness
' o s matrix
’ , -1 7 . Qﬂ
. ‘ C N R* = R; - K12 K22 Ra. -
. 'Normal]:y - e R = 0 -
;;""a_ T
T, .
! ) R¥* = R,

5.2 MATRIX OPERATIONS S - )

~ . ©

L4 ‘ '
. 2

.

, *  The partitioned stiffness matrix shown' in Figure 4.2(a) :

N . . i

. suits the requirements for a.condensation. Appi‘ying’ the \

formula derived in Section 5.1 leads to the lateral stiffness

L . . \
* matrax. . f ] |

' .

. - K* = SAA - SAB SBB™’ SBA .

'
’

To evaluate t’us formula requires matJrlx inversion,’ K ‘ _v: 5
mat'fix multlpla.cation and matrix-subtraction. The eff:.ciency -
. of the program depends mainly, on the method used to mvert ) \

SBB. A procedure commonly used is inversi{n by Gauss—Seldel L
L E method or by Gauss eliminatlon‘ _ The first is used in this S ‘
| -prégram:. Since a st:.ffness matrix is symmetric and "positive '

definite", usually ‘a’ more efficient procedure isv appl;ed
known as the "Cholesk:. 9ecompositio . [7] [8}.

o that.} a deccm\poaition o




. triangular matrices is possible : A = vt v, o

If the condensed form of Figure 4.2(b) is used, the
same inversion procedures can be applied [8]. Multiplication
and subtraction for the condensed matrices can be performed, -

using the corresponding mappings.

s

The descgibed'methods tan be used so far only for a
ratﬁef limited size of structure. The inversion maEEs it
necessary to keep the complete matrix SBB in core storage;
that means the size of the available storage in the computer
limits the size of’the structure. In a further gevelopmeqt of
this program, the main emphasis sﬁould be put into finding
a way to invert SBB in a paftipioned form, where different
parts of SBB are stored'in a&xiliary storage and only one
part occupies the core. A second possibility to be invesfi‘
gated is the development of an elimination procedure by -
forward and backward subééitution, similar to that which is

usually known as "solution by substructures” (73,091]. .

. e

5.3 LATERAL STIFFNESS MATRIX - ’
. » < “ . . \ ' . '
- : - - )
The described reduction process leads in this case,
to the lateral stiffness matrix. All properties of th&g‘

matrix correspond to those of a structural stiffness matrlx: S .

L &, N R "":)‘1
y .

P ' .
1) - symmetry . ]’
c2) ‘Positivéadeﬁinitp[ 1’



i
d .

3) Sum of forces and moments for each col .
, has to be zero = except for element nodes: |
where the element is connected to a
support restraint. .

This matyix furnishes correct solutions, when only .
. )

lateral forces are involved} or if R* (see Section 5.1) is

calculated. 1In earthquake problems, ‘lateral inertia forces
arise due to horlzontal acceleratlons of points where‘the
lumped masses are‘assumed‘to be copcentrated. These 1atera1

forces correspond to the stiffness factors represented by

'

the lateral st;ffness matrix. For earthquake problems, the
P ~ - -

s .
1atera1 stiffness matrix is therefore suff1c1ent to study

the ‘dyhamic behaviour” of a structure. ' X
. . }

i

© e,

, The real advantage of the lateral stiffness matrig\ .
; - ' i S

. . L4
is the reduced storage which'is required. The gtorage space

1
i
1

of a 6 degree of freedom structure, where only one degree !
of freedom is selected is 1/36 of the original size. The

\
size of a stiffness matrix for a panelized building'with \»

"N free movable joints is N*N.°

*‘m

LR
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) ' ) ' s h‘:.!'. . )
) l‘- - . .o * ¢ "
b ' CHAPTER 6 Coe. - >
» _— ' SUMMARY AND CONCLUSIONS . . - g C
T ' ' N b (- - 4 = ‘ )
' '_'o" " A coriputer.program to derive a reduced- stiffnegs .
.- ! 3 ! ‘ ‘ . ra

matrix ‘for a panelized structure is described. The main .
! " .

eémphasis-is put on the derf;ation of the lateral stiffnesé

t -« -

matrix. Rectangular“elementf are used,fombining benqing and

. Y . .
membrane-action. - e N .
'a A : M § - ’ . ° - A &
. L :

This‘ieport explains all fundamental. steps - mainly vy

4

nuhbering systems - which aretneceqeary td\urite %’program
. ’ . ) , q » i , ‘
of that type. It huilds, at the same time, the base for ‘ '

L - .
a computer program of larger capa01ty whlch is to be wrltten

for future ‘work. Thls program is limited by the size of o
-the matrix which has to be,inverteé. An ‘elimination - ‘
procedure whﬁ&e auxiliary storage’fg\esed needs further v .
_devgyxment.l | @jﬂ gl e . ‘ o

Sow N\ ’ o T ' L ) R
The lateral Stlffn&SS matrix Smellﬁies the ' - ' >

0 N ‘ 2

equatlon of motion-if. 1t applles to the solutlon of earthn . :

\e

quake problems where, only lateral degrees otggnéedom are
A ! N »

requlred R < o - ' . _ ;

. . - . . L e

L A ’ - T . Y~ ‘ !

3 Oiﬁif-imporpant parts .of the eguation of motion are . ,Lh .

. \ * \ - . . . . N o “
the mass and damping m;trix,fwhich are problems not consider- AR
) ¢ - o Y Co v 0y

‘ed here. \. ‘ Lo A e e

.,\, f\.t_,—,\.k\, xjv'\a,f -&.téx
g“ N'*“ H ‘I}E"[or‘”a
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APPENDIX

./ Tmeur o

Structure Information
Restraints

Element Information

T I

Restraint List RL(I)
Cumulative
Restraint List CRL(I)

.l,_ ) ; )
—_r=1m >
| t

Determination of Plane

N

I3

1

Element Stiffness Matrix

. ._.‘ .

Coo. Transformation

’ #

Renumbering of
Element Stiffness Matrix

\ —

Global Numbering of

Element Stiffness Matrix

Assembly into
Structure Stiffness Matrix

| !

. Assembled Matrices
SQA, SAB, .8BA, SBB

.

Reduction _; -
K* = SAA - SAB.SBB~ .SBA

1 L

ouTPUT - |-

sedyem Gl tEnans satis xe|

’4.1

4.2

4.3.

4.4




. I . . .  APPENDIX® : : ‘
LT | © . TLLUSTRATIVE EXAMPLE FOR PLATE BENDING SR
. b . ’ . ’ , !

| . ey | | |
. The' 27~-degree of freedom system will be reduced to

.
a

a lateral ,9—deg}rees of freedom-system.

/ .
i )Z 3 -
v . . ‘ .

INPUT * ) ’ . . .
M NI C NRJ NR ND - NE . NEA E(ksi) P  T(in)
S : ;. : : I :
6 . 12 3 9 3 1 1, f.3xr0® .3 -1

ELEMENT NO. NODE JI 'NODE JJ NODE JK 'NODE JL
1 . 1 2
2 2 3 5.
r 3 : ) 4 5 ° -7
r 4 . A y o6 8
5 7 . 8
6 8 9

s,
ST ek i R

TNt
i s
et

5
.ol
0 ]




| . ’ 39 .
, . o . ' %
L o : , APPENDIX
NODE NO. ' X(in) Y(in) . NODE NO. RESTRAINTS
1 0. 0 1 1 1 1
, 2 3. . 0 2 1 1 1
3 6. ~ 0 3 1 1 1.
4 0. 2. ’
5 3. 2.
"6 . . 6. 2. »
7. 0. 4. B
8 3. 4.
9 6. 4,
¢ lo 0- 6.
ll < 3. 6-
12, 6. 6. .
v . 1. H 4 .
N ) y.
OUTPUT L{ ‘ e
. REDUCED STIFFNESS MATRIX -
\ (. . ! ' ' | ‘
1 .8ROTE+N] =,5S546E+00 wSBS3E=01 -.287§Eonl -+3526E400 ,
- 2 ~,5546E+N0 L1813E402 ~.5546FE¢00 ~.2276E400 ~-.6297E+0) W
3 .5853E-01 -.5546F+00. JBRO7F+01 o4043F-01 -.3526E.00 5
. b~ 2B76FE+0]1 - 22T6E+00 L4043E=01 ,5103F+01 -,6115E4+00 .
5 .:;35$ﬁEOOOWe.6297E?OI,-.35266000_roﬁllSE'OO «1260E402 L
6§ L4043E-01 =,2276F ¢00 =.2B76F 01 ,2284F+00 ~,6115E40@ NG
7 JT49TE+00  ,3469E400 L.1972E=-01 ~,1966F+01 -.5525€-0 -
; 8 | ,2B97E+00 ,1404E+¢01 L2897F+00 ,3205F+00 -~,4163F+01 N
R P o1972E-01 . ,3469E+00~ .7497€+00 -.1120£-01 “-SSﬁFE*“z ' '
1 ' 2 s T ' s
T 17 L4043E-01 © JT49TE00 .2897E600 . 19726-01 IR L
2 ~l,227RE400  ,3469E+00 ' J1404E«01 .3469E+0 DU T
1 ~.2876E¢01  L1972E-01 .2897TE+00 +T497(+00 = . ..ot
b L22RGE0D -,1966FE+01 ' 4320SEs00 -.}120E-Q1 . L o L
57 £ 6115F400 = §525FEm02 =o4163Fel] =¢5525F=02 - . | .0 n .l
6 JST0IF+01 =,1120E=01 - .320SE¢00 -.1966E+01
7 ,-.1lan-01 1401401 =.T147E400° .1BO4E+00 "'
8. ,3205E400 =,7147F ¢00 " .296BE+0) =.714TE+00 '
9 -.1966F*Ol .16045000 —.1147F.oo \.i401e‘p1,;
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