
STRUCTURAL ANALYSIS OF 

BUILDING FRAMES

by

D. Page Cot ton J r .

A Thes is  Submi t ted to  the F a c u l t y  o f  the

DEPARTMENT OF CIVIL ENGINEERING 
AND ENGINEERING MECHANICS

In P a r t i a l  F u l f i l l m e n t  o f  the Requi rements 
For  the Degree o f

MASTER OF SCIENCE 
WITH A MAJOR IN CIVIL ENGINEERING

In The Graduate Co l lege

THE UNIVERSITY OF ARIZONA

1 9 7 0



STATEMENT BY AUTHOR

This t h e s i s  has been s u b m i t t e d  i n p a r t i a l  f u l f i l l ­
ment o f  requ i remen ts  f o r  an advanced degree a t  The. U n i ­
v e r s i t y  o f  A r i zona  and i s  dep os i ted  in  the U n i v e r s i t y  L i b r a r y  
to be made a v a i l a b l e  to  bor rowers under r u le s  o f  the L i b r a r y .

B r i e f  q u o t a t i o n s  f rom t h i s  t h e s i s  are a l l o w a b l e  
w i t h o u t  s p e c ia l  p e r m i s s i o n ,  p r ov id e d  t h a t  ac cu ra te  acknow l ­
edgment o f  source i s  made. Requests f o r  pe rm iss io n  f o r  e x ­
tended q u o t a t i o n  f rom o r  r e p r o d u c t i o n  o f  t h i s  manu sc r ip t  i n  
whole o r  i n  p a r t  may be gran ted by the head o f  the major  
depar tment  o r  the Dean o f  the Graduate Co l l ege when in  h is  
judgment  the proposed use o f  the m a t e r i a l  i s  i n  the i n t e r e s t s  
o f  s c h o l a r s h i p .  In a l l  o t h e r  i n s t a n c e s ,  however , pe rm iss ion  
must be o b t a in e d  f rom the a u t h o r .

......................APPROVAL BY THESIS DIRECTOR .

This t h e s i s  has been approved on the date shown below:

/  DR. R.M. RICHARD ^
P r o f e s s o r  o f  C i v i l  Eng inee r ing  

and Eng inee r ing  Mechanics

Date



ACKNOWLEDGMENT

The Author  wishes to  express h i s  g r a t i t u d e  to the 

f o l l o w i n g  f o r  t h e i r  encouragement and usefu l  c r i t i c i s m  which 

a ided i n  the development  and p r e s e n t a t i o n  o f  t h i s  t h e s i s :

Dr. Ralph M. R i ch a r d ,  P r o f e s s o r  o f  C i v i l  En g in e e r in g ,  

f o r  h is  o v e r a l l  guidance and h i s  a s s i s ta n c e  in  the t h e o r e t i c a l  

and programing aspects  o f  the t h e s i s .

W i l b e r  D. B i r c h l e r ,  g raduate s t u d e n t ,  f o r  h i s  h e l p f u l  

sugges t i ons  in  the b a s i c  mechanics used in  the program.

W. T. Hamlyn, P r o f e s s io n a l  Engineer,  and L e c t u r e r ,  f o r  

h i s  a id  in und ers ta nd in g  the p r a c t i c i n g  e n g i n e e r ' s  problems 

and f o r  h i s  he lp  in  s e l e c t i n g  the example s t r u c t u r e s .

Dale R. B i r t c h ,  A r c h i t e c t  and Eng ineer ,  f o r  h i s  c r i t i ­

cisms o f  the p r a c t i c a l  aspect's o f  the program.

Nancy Horwath,  Eng l i sh  Teacher ,  f o r  her  i n v a l u a b l e  

a s s i s t a n c e  i n p r o o f  read ing the m a n u s c r i p t . 1



TABLE OF CONTENTS

' ' Page

LIST OF ILLUSTRATIONS . . . . . . . „ . . . ;  . . . v

LIST OF TABLES'. „ . . . . ,  . . . . . . . . . . . . v i i

ABSTRACT. .     I  . . v i  i  i

CHAPTER I T INTRODUCTION...........................   1

CHAPTER I I  - THE DESIGN PROCESS . . . .  . . . . . . .  2

CHAPTER I I I  - THE PROGRAM . . . . . . . . . .  . . 6
The Basic  Theory.  . . . . . .  .......................  . 6
The Computer Program.     . 10

I n p u t  Data . . . .  ................   . . . 10
Format ion o f  the S t i f f n e s s  M a t r i x . .  . , 16
Format ion o f  the Load Ve c t o rs .  . . . .  . 23
S o l u t i o n  o f  the Equa t ions .  . . . . . . .  28
L ive  Load C o n s i d e ra t i o n s  34
Output  Data. .... . . . . .  ................................. . . 36

I n f o r m a t i o n  E v a l u a t i o n .  . . . . . . . . . . .  37

CHAPTER IV - I  EXAMPLES'.......................  . . . . . . . . .- . 38

CHAPTER V - POSSIBLE ADDITIONS. ! . . . . . . . .  . . 48

CHAPTER VI - CONCLUSION ....................  . . . .  . . . . . . .  52

APPENDIX A - FLOW CHART FOR COMPUTER ANALYSIS . . . .  54

APPENDIX B - INPUT INFORMATION. . . .  . . . . . . . .  58
Space Requi rements .  58
Inp u t  Data Formats . . .  ...........................   59
Load Types. . . ..... . . . . .  ............................ . . 61

APPENDIX C - OUTPUT DATA, . . . . . . . . . . . . . .  62

REFERENCES. . .......................  64

i v .



LIST OF ILLUSTRATIONS

F ig u re  Page

1. Typ ic a l  S t r u c t u r e  . . . . . . . . . . . . . . . .  7

2. Nodal Disp lacements  . . . . . . .  . . . . . . .  . 7

3. S t r u c t u r a l  I d e a l i z a t i o n  . . . .  . . . . . . . . . 12

4. Node Sepa ra t i o n  . . . . . .  . . . .  . . . . . . . 13

5. Member D e f i n i t i o n  . ........................ . . . . . . . . .  13

6. Disp l  a cement Number ing   . . . . . . . 15

7. Member S t i f f n e s s e s .  . . . .  . . . . . . . . . .  . 17

8. C o m p a t i b i l i t y  R e l a t i o n s h i p s  . . . . . . . . . . .  19

9. Member Placement .  . . .  . . . . . .  . . . . . .. . . 21

10. M a t r i x  Banding 1 . . . . .. . . . .  . . . . .  . . . 22

11. L a t e r a l  Load S t ress  . . .  . . . . .  . . . . . . . 26

12. Wind Loads. . . . . . . . . . . . . . . . . .  . . 26

13. M u l t i p l e  Bay I d e a l i z a t i o n  . . . . . .  . . . . . .  . 29

14. Maximum L ive  Load S t r e ss e s .  35

15. L ive Load S t r e s s . . . . . . . . . . .  . . . . . . 35

16. Example 1 . . . . . . . . . . . . . . . . . . . .  39

17. D e f l e c t i o n s  . . . . . . . . . .  . . . . . . .  . 40

18. Member F o r c e s ........................  . . .  .......................   40

19. Example 2 . . . . . . . .  . . . . . . . . . . . . 42

20. Example 3 ........................   44

v



. ■ : ■ ■ ... ' ' vi
LIST OF ILLUSTRATIONS--Cont inued

Fi gure Page

21. Example 4 . . . .  . . . . . . . . . . . . .  . . . 4 6

22. S u b s t r u c t u r e s  . . . . . . . . . . . . . . . . . .  50

23. Three Dimensional  C o n s id e ra t i o n  . . . . . . . . . 5 0



LIST OF TABLES

Tab le  Page

1. D e f l e c t i o n s  Example 1 . . . . . . ........... . .................  41

2- Member Forces Example 1 ........................  . . . . . . • 41

3. End Moments Example 2 » . . . . . . . .  . . . .  . 43

4« End Moments Example 3 ,  .  .................................   45

5. End Moments Example 4 . . . . . . . . .  . . . . 47

vi 1 .



ABSTRACT

A method to  program the s t r u c t u r a l  a n a l y s i s  o f  

b u i l d i n g  f rames was developed in  t h i s  t h e s i s .  Spec ia l  con­

s i d e r a t i o n  was g iven to  the problems encountered by the e n g i ­

neer  w i t h  r es pec t  to the b u i l d i n g  codes.  The program has 

been made encompassing enough to handle p r a c t i c a l  e n g i n e e r in g  

problems w h i l e  be ing s h o r t  enough to  ho ld  down computer  ex ­

penses . •

The d i r e c t  s t i f f n e s s  method o f  f i n i t e  e lement  a- 

n a l y s i s  i s  used to  f i n d  nodal  d i sp lacements  and member end 

f o r c e s . Separate dead, 1i ve , w in d ,  and s e i s m ic  load v e c t o rs  

are genera ted by the program. Member end fo rc e s  are so l ved 

f o r  each l o a d i n g  c o n d i t i o n .  Maximum and minimum end fo rc es  

are found f o r  any p o s s i b l e  p a t t e r n  o f  l i v e  l o a d i n g s ,  thus 

g i v i n g  the e ng in ee r  a complete f rame a n a l y s i s  f rom which to 

w o r k .

' The. program was a p p l i e d  to  example problems and the . 

r e s u l t s  compared by o t h e r  methods o f  a n a l y s i s .  Computer 

t ime to run the complete a n a l y s i s  o f  each example i s  given 

and c o n s i d e ra b le  sav ings  i n t ime and expense may be noted.  

S o l u t i o n s  were ob ta in e d  us ing the CDC 6400 computer  a t  the 

Computer C e n t e r , U n i v e r s i t y  o f  A r i z o n a ,  Tucson,  A r i z o n a .



CHAPTER I

INTRODUCTION

The i n c r e a s i n g  a v a i l a b i l i t y  o f  d i g i t a l  computers i s  

making access to  programed a n a l y s i s  p o s s i b l e  f o r  even the 

s m a l l e s t  e n g in e e r i n g  o f f i c e .  To da te ,  the emphasis on com­

p u t e r  methods i n  s t r u c t u r a l  e n g in e e r in g  has been l a r g e l y  

p ioneered by the aero-space i n d u s t r i e s . Designs can be w e l l  

de f i n e d  w i t h i n  r i g i d  o p t i m i z a t i o n  r e q u i r e m e n t s ,  by the com­

p u t e r .  Aero-space i n d u s t r i e s , be ing less o r i e n t e d  to  t r a ­

d i t i o n ,  are w i l l i n g  t o  i n v e s t  t ime and money f o r  research 

and development  o f  computer  p rog rams . The b u i l d i n g  i n d u s t r y  

on the o t h e r  hand i s  steeped in  t r a d i t i o n  as e x e m p l i f i e d  by 

the b u i l d i n g  codes. The need f o r  a h i g h l y  r e f i n e d  s t r u c t u r a l  

s o l u t i o n  i s  not  as c r i t i c a l  , .and few eng ineers  can a f f o r d  t o  

develop computer  programs excep t  f o r  the l a r g e s t  s t r u c t u r e s . 

Academic a t tempts  to w r i t e  a workab le  program have been so 

encompassing as to cause i t  t o  be uneconomical  to run the

program. An a t te mpt  i s  made here to  develop a program o f
!

p r a c t i c a l  s i g n i f i c a n c e ; ^  Emphasis i s  p laced on the maximum 

amount o f  s i g n i f i c a n t  o u t p u t  f o r  minimum amount o f  computer  

t ime .  The program i s  r e s t r i c t e d  to a n a ly s i s  o n l y ,  as p r o ­

grams o rgan ized  f o r  design o p t i m i z a t i o n  take an i n a p p r o p r i a t e  

amount o f  t im e .  A workable  program to  be o f  use to the smal l  

e n g in e e r in g  o f f i c e  i s  he re in  p resen ted .



CHAPTER I I  

THE DESIGN PROCESS

The development  o f  a b u i l d i n g  f rom i t s  concep t ion  to 

the comp le t i on  o f  the c o n s t r u c t i o n  i s  a complex p rocess.

This development  process may be broken down i n t o  th ree  major  

s ta ge s :  the design s ta g e ,  the a n a l y s i s  s ta g e ,  and the con­

s t r u c t i o n  s tage.  The p r o s p e c t i v e  owner must f i r s t  recogn ize  

the need f o r  the b u i l d i n g  and engage the p r o f e s s i o n a l  pe rs on ­

nel  necessary  to c a r r y  o u t  the des ign .  P r e l i m i n a r y  schemes 

are pursued c o n s i d e r i n g  the p h y s i c a l  and economic l i m i ­

t a t i o n s ,  the l e g a l  r e q u i r e m e n t s ,  and the owner 's  d e s i r e s :  A

s o l u t i o n  i s  reached based on a q u a l i t a t i v e  a n a l y s i s  o f  the 

design c r i t e r i a .  In the second s t a g e ,  the des ign s o l u t i o n  i s  

r e f i n e d  based on a q u a n t i t a t i v e  a n a l y s i s .  "The a r c h i t e c t  co­

o r d i n a te s ,  the v a r io u s  e f f o r t s  making c e r t a i n  a l l  the p ieces 

o f  the p lan f i t  t o g e t h e r  and conform to the des ign s o l u t i o n .  

Working drawings and s p e c i f i c a t i o n s  are produced in t h i s  

s tage.  F i n a l l y  i n  the t h i r d  s ta g e ,  the c o n t r a c t o r  c o n s t r u c t s  

the b u i l d i n g  in  accordance w i t h  the drawings and s p e c i f i ­

c a t i o n s  under the s u p e r v i s i o n  o f  the a r c h i t e c t  and h i s  con­

s u l t a n t s .  The a e s t h e t i c  q u a l i t i e s ,  a r c h i t e c t u r a l  and s t r u c ­

t u r a l ,  and the ease o f  c o n s t r u c t i o n  w i l l  de termine  the suc­

cess o f  the design i n  the eyes o f  the b u i l d i n g  team; however,  

' ■ " ' - 2 ‘ ■



V . -  . , ; ' 3
the rea l  success can be measured o n ly  by the s a t i s f a c t i o n  o f  

those who must use the b u i l d i n g .  . »

A computer  program which handles the des ign stages 

o f  an a r c h i t e c t u r a l  problem i s  i m p r a c t i c a l .  There are too 

many v a r i a b l e s  and the t ime inv e s tm e n t  f o r  an a n a l y s i s  would 

be e c o n o m i c a l l y  u n f e a s i b l e .  Designs o f  s t r u c t u r e s  such as 

highway b r i d ge s  have been s u c c e s s fu l  because o f  the l i m i t e d  

number o f  c r i t e r i a  to  be s a t i s f i e d .  The so le  f u n c t i o n  o f  a 

b r i d g e  i s  t o  c a r r y  t r a f f i c  over  some b a r r i e r . Other  design 

f a c t o r s  such as span l e n g t h ,  s o i l  be a r in g  p r e s s u r e s ,  and ma­

t e r i a l  to'  be used are l i m i t e d  i n  number. Programs have been 

developed to design the s t r u c t u r e  f o r  some s p e c i f i e d  opt imum; 

f o r  example,  the most economical  span le n g th  and member s i z e s  

as compared to  a s p e c i f i e d  m a t e r i a l  and se t  o f  l o a d s . The 

design o f  a b u i l d i n g  c o n s i s t s  o f  the s y n t h e s i s  o f  many 

seeming ly  u n r e l a t e d  c r i t e r i a .  The f u n c t i o n  alone can be com­

p le x  and de t e rm in an ts  such as e s t h e t i c s  are d i f f i c u l t  to de­

f i n e .  The design s o l u t i o n  i s  based on s u b j e c t i v e  r e a s o n i n g , 

no t  o b j e c t i v e  re as o n in g .  The d i g i t a l  computer  i s  no t  the 

a p p r o p r i a t e  t o o l  f o r  s u b j e c t i v e  l o g i c  f o r  the i n t u i t i o n  o f  

the de s i g n e r  cannot  be programed.

The b u i l d i n g  design evo lves  as d i c t a t e d  by the owner 

and molded by the a r c h i t e c t .  I d e a l l y  the c o n s u l t i n g  e n g i ­

neers should  be p res en t  d u r i n g  the p la n n in g  s tages to i n f l u ­

ence the design toward a l o g i c a l  e n g i n e e r in g  s o l u t i o n .  A l l  

t oo  o f t e n , however , the s t r u c t u r a l  eng in ee r  i s  p resen ted w i t h



the a r c h i t e c t u r a l  pi  an and faces the problem o f  p r o v i d i n g  an 

adequate s t r u c t u r e  w i t h i n  the co n f i n e s  o f  t h a t  p la n .  The 

e n g i n e e r ' s  j o b  becomes one o f  mere l y  s i z i n g  the s t r u c t u r e  a l ­

ready des igna ted  by the a r c h i t e c t .

Convent iona l  methods o f  s t r u c t u r a l  a n a l y s i s  are based 

on a p r i o r  knowledge o f  the s t i f f n e s s  o f  the s t r u c t u r e .  The 

e ng in ee r  must f i r s t  complete an approx imate a n a l y s i s  f o r  the 

s t re s s e s  in  the s t r u c t u r e  to o b t a i n  some idea as to the s i z e  

r e q u i r e d  f o r  the members. The approx imate a n a l y s i s  i s  made 

in  p a r t  on the e n g in e e r s '  ex pe r ience  and i n t u i t i o n ,  and takes 

a r e l a t i v e l y  s h o r t  amount o f  t i m e . P r e l i m i n a r y  s e l e c t i o n  o f  

member s i ze s  i s  made and then a d e t a i l e d  a n a l y s i s  to  de­

te rm ine  the adequacy o f  the s e l e c t i o n  i s  a p p l i e d .  There are 

va r io u s  ex a c t  and approx imate methods o f  a n a l y s i s  a v a i l a b l e .  

Exact  a n a l y s i s  by c l a s s i c a l  methods such as s lope d e f l e c t i o n  

o r  moment d i s t r i b u t i o n  may be used. These methods,  though 

somewhat cumbersome, work q u i t e  w e l l  f o r  a n a l y z in g  s t r e s s e s  

due to  g r a v i t y  l o a d s .  A n a ly s i s  o f  s t r e s se s  due to l a t e r a l  

l o a d s ,  however,  i s  q u i t e  ano th e r  m a t t e r .  C l a s s i c a l  methods 

are unaccep tab ly  t e d io u s  e s p e c i a l l y  in  t a l l  b u i l d i n g s .  Ap­

p rox ima te  methods,  such as the c a n t i l e v e r  o r  p o r t a l  methods,  

may be used and these work reasonab ly  w e l l  exc ep t  f o r  t a l l  

b u i l d i n g s  o r  d i s c o n t i n u i t i e s  such as the top o r  bot tom o f  the 

f rame o r  se tba cks .  An exac t  e l a s t i c  a n a ly s i s  i s  a t ime con­

suming process which the computer  can be programed to per fo rm 

w i t h  much g r e a t e r  speed and accuracy .  The c r i t e r i a  o f  the



s t r e s s  a n a l y s i s  are a l l  we l l  d e f i n a b l e  and thus the problem 

i s  w e l l " s u i t e d  f o r  p rog raming .  The computer  can be programed 

to  g i ve  exa c t  s o l u t i o n s  f o r  any l o a d i n g  c o n d i t i o n  and p r o ­

grams can be developed to handle a plane f rame o f  the s t r u c ­

t u r e  o r  the e n t i r e  th ree  d imens iona l  f r a m e . Thus , t o r s i o n a l  

e f f e c t s  on the f rame due to l a t e r a l  l oads may be handled.

The e n g i n e e r ' s  j o b  does not  end w i t h  the comp le t i on  

o f  the s t r u c t u r a l  a n a l y s i s .  Some members may prove to  be i n ­

adequate and w i l l  need to  be r e s i z e d .  The computer  may be 

used to reana lyze  the m o d i f i e d  s t r u c t u r e .  When the member 

s i z es  have been f i n a l i z e d ,  the e n g in e e r  must design h i s  de­

t a i l s  and produce the  s e t  o f  s p e c i f i c a t i o n s  and drawings r e ­

l a t e d  to  the s t r u c t u r a l  p o r t i o n  o f  the b u i l d i n g .  Dur ing the 

c o n s t r u c t i o n  s t a g e , p e r i o d i c  i n s p e c t i o n s  to  ensure c o n f o r ­

mat ion to the des ign w i l l  be c a r r i e d  o u t .

Computer programing en te rs  the design process in  the 

a n a l y s i s  s t age .  I t s  p r i ma ry  f u n c t i o n  i s  to r e l i e v e  the e n g i ­

neer  o f  the mathemat ica l  c a l c u l a t i o n s  i n v o l v e d  i n  the s t r u c ­

t u r a l  a n a l y s i s  thus f r e e i n g  him f rom much o f  the ted ium o f  

a n a l y s i s .  H o p e f u l l y ,  the t ime saved cou ld  be spen t  i n the 

p r e l i m i n a r y  stages o f  the design h e l p i n g  to c o o r d i n a t e  and 

s o l i d i f y  the a r c h i t e c t s  ideas r e s u l t i n g  in an improved o v e r ­

a l l  s o l u t i o n .



CHAPTER I I I

THE PROGRAM 

The Bas ic  Theory

The program i s  based on a v a r i a t i o n  o f  the d i s p l a c e ­

ment method o f  a n a l y s i s  c a l l e d  the D i r e c t  S t i f f n e s s  Method 

( T u rn e r  e t  al_. , 1 956) .  The d i s p la ce men t  method con s ide rs  

the s t r u c t u r e  as an assemblage o f  f i n i t e  o r  i n d i v i d u a l  

members• (See F ig .  1 ) .  The co nn ec t i n g  p o in t s  o f  the members 

are c a l l e d  nodes and the unknowns are the d isp lacemen ts  o f  

those nodes. For the two d imens iona l  o r  p lane case,  t h ree  

d i sp lacemen ts  f o r  each node are c o n s id e re d :  h o r i z o n t a l ,

v e r t i c a l ,  and r o t a t i o n a l  (See F ig .  2 ) .

Nodal d i sp lacemen ts  and the member d i sp lacemen ts  o f  

those members a ss o c ia te d  w i t h  a p a r t i c u l a r  node must be con­

s i s t e n t .  A c o m p a t i b i l i t y  m a t r i x  c o r re la t e s ,  the d i sp lacemen ts  

so t h a t  •

V = B-D ( 3 - 1 )

where :

V i s  the member d i sp lacemen t  v e c t o r  

B i s  the c o m p a t i b i l i t y  m a t r i x  

D i s  the nodal  d i sp lacemen t  v e c t o r  

At the same t i m e ,  the member d i sp lacements  are r e l a t e d  to
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member f o rc e s  by a member s t i f f n e s s  m a t r i x  such t h a t

F = KV . (3 -2 )

w h e r e :
K i s  the element  s t i f f n e s s  m a t r i x  

F i s  the member f o rc es  vectoj *

E q u i l i b r i u m  must a lso  be s a t i s f i e d  when the f r e e  body

o f  a t y p i c a l  node i s  c o n s i de red .  Ex te rn a l  f o rc e s  a p p l i e d  to

the node must ba lance the member fo rc e s  a t  the node. The .

f o rce s  may' be r e l a t e d  th rough a geometry m a t r i x  C such t h a t

P = CF ( 3 -3 )

w h e r e : • -
P. i s  the e x t e r n a l  l y  a p p l i e d  f o r c e  v e c t o r  

C i s  the e q u i l i b r i u m  m a t r i x  

The above eq ua t ions  may be combined by back s u b s t i ­

t u t i n g  , y i e l d i n g  an eq ua t io n  r e l a t i n g  the nodal  d isp lacemen ts  

to the nodal  f o rc e s  as f o l l o w s :

P = [CKB] D -

i t  can be p r o v e n , us ing  the p r i n c i p l e  o f  v i r t u a l  d i sp lacemen t  

t h a t  C = ( the  t ranspose o f  the B m a t r i x ) ,  thus

P = [ bTk b ] D

o r ,  l e t t i n g  bTKB = SK, the above eq ua t ion  may be w r i t t e n  i n  

the fo rm
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P = SK-D ( 3 -4 )

t h u s , the nodal  f o rc e s  are r e l a t e d  to the nodal  d isp lacemen ts  

by the system m a t r i x  SK.

The SK m a t r i x  i s  ob t a i ne d  through a chain o f  m a t r i x  

t r a n s f o r m a t i o n s  o f  the i n d i v i d u a l  member s t i f f n e s s e s .  The 

s t i f f n e s s  component (B^KD) o f  each member i s  found in  t u r n  

and packed i n t o  the  l a r g e r  system s t i f f n e s s  m a t r i x .  A f t e r  

each member has been co n s id e re d ,  the SK m a t r i x  i s  known; 

t h u s ,  i f  the nodal  loads (P) v e c t o r  i s  known, the nodal  d i s ­

placements can be found.

The e x t e r n a l  P l o a d s . a r e  found by a n a l y z in g  the 

l o a d i n g ;  dead, l i v e ,  w ind ,  and s e i s m i c ,  t h a t  occu r  on the 

s t r u c t u r e .  Loads are e i t h e r  p laced d i r e c t l y  on the nodes i n '  

the d i r e c t i o n s  o f  the nodal  d i s p l a c e m e n t s , o r ,  i n  the case o f  

loads a c t i n g  on a member i t s e l f ,  are reduced to  nodal  loads 

by s u p e r p o s i t i o n .  In the l a t t e r  case,  the nodes are f i r s t  

cons ide red  f i x e d  ( h e l d  a g a i n s t  r o t a t i o n  and t r a n s l a t i o n ) .

The f i x e d  end f o r c e s  are then c a l c u l a t e d  and super imposed on 

the node^.  The nodes are re leased  and the s t r u c t u r e  i s  a l ­

lowed to  deform to a p o s i t i o n  o f  e q u i l i b r i u m .

The d e f l e c t i o n s  can now e a s i l y  be found once the l oad 

v e c t o r  P and the s t i f f n e s s  m a t r i x  SK a r e •known,

D = SK- lp (3 -5 )

t h e r e  are v a r i o u s  method ( a l g o r i t h m s )  f o r  s o l v i n g  t h e  above



e q u a t i o n .  Gauss E l i m i n a t i o n  and back s u b s t i t u t i o n  have been 

used h e r e .

The member fo rce s  can be found once D i s  known by 

combining equa t ions  ( 3 -1 )  and ( 3 -2 )  so t h a t

' F = KBD ( 3 - 6 )

The f i x e d  end fo rc e s  super imposed on the nodes must f i n a l l y  . 

be s u b t r a c t e d  f rom the f o rc e s  found above and t h u s ,  a n a l y s i s  

o f  the s t r u c t u r e  i s  completed.  .

The Computer Program

The computer  program c o n s i s t s  o f  s u b r o u t i n e s ,  each 

s e r v in g  a purpose o f  i t s  own. In some cases a group o f  sub­

r o u t i n e s  w i l l  form a major  e lement  o f  the program such as as ­

sembl ing the SK m a t r i x  (See the f l o w  c h a r t  in  Appendix A) .  

Each segment o f  the program i s  presen ted here w i t h  e x p l a ­

n a t i o n  o f  the f u n c t i o n  and methods used. Spec ia l  i n f o r m a t i o n ,  

such as i n p u t  f o rma ts  f o r  ac t ua l  use o f  the program,  are r e ­

fe renced  to  the Appendix ,  which may serve as an o p e ra to r s  i n ­

s t r u c t i o n  manual .

I n p u t  Data

The f i r s t  s tep in  any program i s  to read in and s t o r e  

a l l  known data p e r t i n e n t  to the problem.  The s t r u c t u r a l  a n a l y ­

s i s  problem r e q u i r e s  i n f o r m a t i o n  as to the geometry o f  the 

s t r u c t u r e ,  the s t i f f n e s s  o f  the s t r u c t u r e ,  and the l o a d in g  on 

the s t r u c t u r e .  The i n f o r m a t i o n  i s  read in as f o l l o w s .  .



n
Geometry. The geometry o f  the s t r u c t u r e  must be con­

s i d e r e d  f i r s t  in  an i d e a l i z e d  form.  The number o f  node 

p o i n t s  i s  read i n .  There i s  some leeway here f o r  the e n g i ­

neer .  A l though a l l  the j o i n t s  c on ne c t i n g  members o r  any f r e e  

ends o f  members must be cons ide red  as a node, a p o i n t  a long 

a member cou ld  be o f  i n t e r e s t  ( t h e  d e f l e c t i o n s  m igh t  be use­

f u l )  and t h a t  p o i n t  can be cons ide red  as a node. ( See F ig .  3 ) .  

Each node p o i n t  i s  numbered. Th i s  number a long w i t h  the x 

and y c o o r d in a t e s  o f  the node p o i n t  are read i n t o  the com­

p u t e r .  The c o o rd in a t e s  are measured f rom an o r i g i n  l o c a t e d  

a t  the l ower  l e f t - h a n d  c o rn e r  o f  the s t r u c t u r e .  Care should  

be taken in number ing the nodes to keep node s e p a r a t i o n  to  a 

minimum. Node s e p a r a t i o n ' i s  the g r e a t e s t  d i f f e r e n c e  between 

the maximum and the minimum node p o i n t  numbers o f  nodes con­

nected by any member (See F ig .  4 ) .  A usual  procedure i s  to  

number the nodes f rom l e f t  t o  r i g h t ,  a f l o o r  a t  a t im e ,  f rom 

bot tom to  t o p .  A smal l ,  node s e p a r a t i o n  w i l l  mean a compara­

t i v e l y  s m a l l e r  s t i f f n e s s  m a t r i x ,  thus c on se rv i ng  s t o rage  

space in  the computer .

Members.' The number o f  members must be read in as an 

index  to  member o p e r a t i o n s . A member i s  d e f i n e d  by node 

p o i n t s  and always t e r m i n a t e s  at  a node, thus a beam w i t h  a 

node in  the midd le  i s  cons ide red  as. two members (See F ig .  5 ) .  

The number o f  members i n c lu d e s  a l l  the members, columns and . 

beams, i n  the s t r u c t u r e . A p r o v i s i o n  i n d e x in g  the number o f  

columns has been added. These members, be ing numbered and
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p laced in the beg inn ing  o f  the member i n f o r m a t i o n  data d e ck , 

are not  cons ide red  to have any a ss o c i a t e d  g r a v i t y  l i v e  loads 

and thus are o m i t te d  when the f i x e d  end l i v e  loads are c a l c u -  

1a ted .

A separa te  data card i s  made f o r  each member. The 

data c o n s i s t s  o f  the member number,  the nodes a ss o c ia te d  w i t h  

the member, the s e c t i o n  number which r e f e r s  to  a l i b r a r y  o f  

s tandard  shapes , and v a r io u s  dead l o a d i n g  and sup po r t  i n f o r ­

mat ion re g a r d in g  t h a t  member (See Appendix f o r  the s p e c i f i c s  

o f  the i n p u t  d a t a ) .  F ixed end loads can be c a l c u l a t e d  f o r  a 

v a r i e t y  o f  l o a d i n g  c o n d i t i o n s  (See Appendix f o r  l oad t y p e s ) .  

For a load type not  co v e re d , the f i x e d  end loads may be c a l ­

c u la t e d  i n d e p e n d e n t l y  by the e n g i n e e r  and then read i n t o  the 

program under the a d d i t i o n a l  l o a d i n g  types d i scussed  l a t e r  i n  

t h i s  s e c t i o n .

L i b r a r y . P r o v i s i o n s  f o r  a l i b r a r y  o f  data cards f o r  

s t an da rd  s e c t i o n  p r o p e r t i e s  have been i n c lu d e d  in  the program. 

At p r es e n t  o n l y  the data cards f o r  t he s t e e l  shapes l i s t e d  i n  

the A. I .  S. C. Handbook and the U. S. Stee l  Catalogue have 

been made up and the example t e s t  problems use s t e e l  members 

e x c l u s i v e l y .  Each s e c t i o n  has an ass igned l i b r a r y  number 

and the " p r o p e r t i e s  f o r  d e s ig n i n g "  are l i s t e d  f o r  t h a t  

s e c t i o n .  A l i b r a r y  o f  conc re te  shapes cou ld  be developed 

c o n s i d e r i n g  e i t h e r  r e l a t i v e  s t i f f n e s s  o f  members o r  ac tua l  

p r o p e r t i e s  o f  the conc re te  member..

S u p p o r t s . The member m u s t ■be suppor ted  and hence



suppor t  p o i n t s  must be read i n t o  the program. Est imated de­

f l e c t i o n s  o f  the suppor t  may a l so  be co ns id e re d .  Each node 

i s  capable o f  t h re e  d e f l e c t i o n s :  h o r i z o n t a l , v e r t i c a l ,  and

r o t a t i o n a l .  The nodal  d e f l e c t i o n s  are numbered c o n s e c u t i v e l y  

f o l l o w i n g  the node p o i n t  number ing.  A r o t a t i o n a l  number i s  

always the node number m u l t i p l i e d  by t h r e e .  The v e r t i c a l  

d e f l e c t i o n  number i s  always one less  than the r o t a t i o n a l  de­

f l e c t i o n  number f o r  a node and the h o r i z o n t a l  d e f l e c t i o n  

number i s  two less ( See F ig .  6 ) .  When a sup po r t  i s  added to 

the s t r u c t u r e , one o r  more d e f l e c t i o n s  a t  a node i s  re* ,  

s t r a i n e d .  The number o f  the r e s t r a i n e d  d e f l e c t i o n  i s  read 

i n t o  the program along w i t h  any p r e v i o u s l y  c a l c u l a t e d  or  

es t ima ted  d e f l e c t i o n .

dead loads on the member have been p rov ided  f o r .  A dead 

l o a d in g  not  covered under the load types p r o v i d e d ,  or  two 

more independent  sets  o f  loads such as wind fo rc e s  may be 

a p p l i e d  d i r e c t l y  to  the nodes. These loads are a p p l i e d  in 

the same d i r e c t i o n s  as the d e f l e c t i o n s  o f  the node and are

Node 1 Node 15

2 44

FIG. 6 DISPLACEMENT NUMBERING

Other  Loads. Loading c o n d i t i o n s  o t h e r  than those
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numbered in  the same o r d e r  as the d e f l e c t i o n s  as was ex ­

p l a i n e d  under the s u p p o r t  c o n d i t i o n s .

L i ve  l o a d i n g  on the members i s  cons ide red  s e p a r a t e l y  

f rom o t h e r  l o a d i n g .  Many members i n  a s t r u c t u r e  w i l l  have 

the same u n i fo rm  l i v e  load as p ro v id e d  f o r  by the codes.  The 

number o f  d i f f e r e n t  l i v e  loads i s  read i n ,  then each l i v e  

load a long w i t h  a l l  members s u b j e c t  to t h a t  l i v e  load are 

read i n t o  the computer .

Se ismic  C o n s t a n t s . Se ismic  cons tan ts  as p rov id ed  f o r  

by the code have been cons ide red  by a l l o w i n g  i n p u t  f o r :  the

se ism ic  zone,  the s t i f f n e s s  due to the b u i l d i n g  s ys t em , and 

the base shear  co n s t a n t  (Un i fo rm B u i l d i n g  Code, s e c t i o n  2312) .  

Format ion o f  the S t i f f n e s s  M a t r i x

Once the i n p u t  data i s  s t o r e d ,  the s t i f f n e s s  m a t r i x  

i s  c a l c u l a t e d .  As p r e v i o u s l y  s t a t e d , the s t i f f n e s s  o f  the 

s t r u c t u r e  i s  a composi te o f  the s t i f f n e s s  o f  a l l  the members. 

Each member i s  cons ide red  in  t u r n . Subrou t i ne  SYSTIF (See 

f l o w  diagram in Appendix)  zeros the s t i f f n e s s  m a t r i x ,  sets 

the i ndex f o r  a p a r t i c u l a r  member, and then c a l l s  su b r o u t i n e  

ELSTIF which generates the member s t i f f n e s s .

I n f l u e n c e  c o e f f i c i e n t s  f o r  a c t i o n s  at  the ends o f  a 

r e s t r a i n e d  plane f rame member due to  u n i t  d isp lacemen ts  o f  

the ends o f  the member form the K m a t r i x .  The I t h  end 

d i sp lacemen ts  are shown w i t h  the a c t i o n s  due to  each o f  those 

d i sp lacements  (See F ig .  7 ) ,  The J th  end d isp lacemen ts  are 

s i m i l a r .  From t h i s ,  the e lement  s t i f f n e s s  m a t r i x  K can be
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formed f rom equa t ion  3 -2:

h
AE

L 0 0 i -4
l

0 0

(3 -7 )

' v f

F2 0 12EI
T T -

6 E I 
lT

1
0

li

-12EI  
L 3

6 E I
T T

V2

F 3 

F 4

0

-AE
L

6 EI
“1 7

0

4EI 
L

0

i
I 0
1

i “

- 6 EI 
L2

0

2EI
L

0
-

v3

V4

F5 0 - 1  2 EI 
L 3

- 6 EI 
' 12 0 1 2 EI 

L3
- 6 EI 12 V5

F 6 0 6 EI
I T

2 EI 
L

11 0
1

- 6 E I l 2 4 EI 
L

V6

where :

A = Area o f  the cross s e c t i o n  

E = Modulus o f  e l a s t i c i t y  

I = Moment o f  i n e r t i a

The c o m p a t i b i l i t y  m a t r i x  r e l a t e s  the member end d i s ­

placements to the nodal  system d i sp lacemen ts  as was p r e v i ­

ou s l y  s t a t e d  ( e q u a t i o n  3-1)  where

V = BO

t h u s ,  c o n s i d e r i n g  the diagram (See F i g .  8 ) ,  the f o l l o w i n g  

may be w r i t t e n
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TH END

E N D

Y
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FIG. 8 COMPATIBILITY RELATIONSHIPS
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( 3 - 8 )

'v f cos < s in  < 0 Dl '

v2 - = - s i n  < cos X 0 - 02

V3 0 0 1 03

L e t t i n g  cos4= x /L  and

s i  n=<= y /L

and c o n s i d e r i n g  the d isp lacemen ts  at  the J th  end which are 

s i m i l a r  to  those at  the I t h  end,  the t o t a l  c o m p a t i b i l i t y  

m a t r i x  may be w r i t t e n

(3 -9 )

Dl

D2 

• D 3  -

°4 

DS 

0 6

X y 0 0 0 0
V i L L

' V 2 - z . X 0 0 ' 0 0
L L

V 3 0 0 L 0 0 0

V4 0 0 0 X 0
L 1

Vs 0 0 0 -y . X 0
L L

Vs 0 0 0 0 0 L
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Remembering t h a t  the e q u i l i b r i u m  m a t r i x  i s  the t r a n s ­

pose o f  the c o m p a t i b i l i t y  m a t r i x ,  the su b r o u t i n e  MXMULT may 

now be c a l l e d  to o b t a in  B^KB thus fo rming the s t i f f n e s s  

component o f  the system due to the member being co ns id e re d .  

The c o e f f i c i e n t s  o f  the s i x  by s i x  m a t r i x  formed are placed 

in t h e i r  p rope r  p o s i t i o n  in the system s t i f f n e s s  m a t r i x  SK. 

Proper  placement  depends on which nodes (hence which d i s ­

p lacements)  are a ss o c ia te d  w i t h  the member (See F ig .  9 ) .

Thus the p lacement  o f  the member in the s t r u c t u r e  cor responds 

to the placement  o f  i t s  s t i f f n e s s  c o n t r i b u t i o n  in the t o t a l  

s t i f f n e s s  o f  the system.

Node 10 Node 15

43
30

member i

MEMBER PLACEMENTFIG. 9

Band ing . The form o f  the SK m a t r i x  w i l l  o f t e n  be 

s t r o n g l y  d iagonal  as can be seen in the F igure  10. The d i ­

mension N i s  dependent  on the node s e p a r a t i o n . The max i ­

mum d i f f e r e n c e  between I and J f o r  the member in the 

s t r u c t u r e  w i l l  have t h a t  maximum d i f f e r e n c e .  The m a t r i x  w i l l  

always be symmet r ica l  about  the d iagona l  ax i s  shown f o r  l i n e a r  

sys tems . Thus to save s t o r a g e , the f u l l  m a t r i x  i s  banded, 

i g n o r i n g  the zero terms and the i d e n t i c a l  terms on the l ower  

s ide  o f  the d i a g o n a l ,  i n t o  the form shown in F igure  10c. The
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sav ing  o f  computer  space t h a t  i s  r e a l i z e d  a l l o ws  f o r  a much 

l a r g e r  s t r u c t u r e  s i m u l a t i o n  to  be p laced in  the computer .  

Banding v e c to rs  are genera ted i n a separa te  s u b r o u t i n e  band 

and the s t i f f n e s s  c o e f f i c i e n t s  are s t o re d  d i r e c t l y  i n t o  the 

banded c o n f i g u r a t i o n .

The s t i f f n e s s  o f  the s t r u c t u r e  has now been , gener ­

a ted .  A f i n a l  o p e r a t i o n  i s  c a r r i e d  out  decomposing the SK 

m a t r i x  p r i o r  t o  a c t u a l l y  s o l v i n g  the eq ua t ions  f o r  the de­

f l e c t i o n s  . This o p e r a t i o n  w i l l  be e xp l a in e d  more f u l l y  w i t h  

the eq ua t ion  s o l v i n g  method. The l o a d i n g  ve c to rs  must now 

be generated,  be f o re  c o n t i n u i n g .  Two s u b r o u t i n e s  PLOADS and 

GENID accompl i sh t h i s .

Format ion o f  the Load Vectors

The b u i l d i n g  codes r e q u i r e  t h a t  a s t r u c t u r e  be de­

s igned to  w i t h s t a n d  not  o n l y  the s t r e s s e s  due to  the dead 

load o f  the b u i l d i n g  i t s e l f ,  bu t  the s t r e s s e s  due to l a t e r a l  

loads such as wind o r  ear thquake and the maximum s t re ss e s  due 

to  the c r i t i c a l  l i v e  l o a d in g  p a t t e r n  caus ing t h a t  s t r e s s .  As 

the s t r e s s  a l l o w a b l e  v a r ie s  w i t h  both the b u i l d i n g  code and 

the l o a d in g  case , each l o a d i n g  case i s  cons ide red  s e p a r a t e l y . 

Si x  l o a d i n g  v e c t o rs  are genera ted to  cover  the s t a t i c  l o a d ­

ings and a separa te  method i s  employed to  cover  the l i v e  

g r a v i t y  l oads .  A number o f  d i f f e r e n t  member f o r c e  combi ­

n a t i o n s  are a v a i l a b l e  and those a p p l i c a b l e  to each l o a d in g  

case are c o n s id e r e d . -

Dead Loads. The dead load assumed in  the design
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s h a l l  c o n s i s t  o f  the  w e i g h t . o f  the s t r u c t u r e  p rop e r  and a l l  

m a t e r i a l  permanent ly  f a s tened  t h e r e t o  o r  suppor ted  th e re by  

(A. I. S. C. s p e c i f i c a t i o n s ) .  The P] v e c t o r  i s  reserved 

f o r  the dead loads and the member f o rc e s  due to the dead load 

are p r i n t e d  ou t  under the head ing,  l oad c o n d i t i o n  one. The 

dead lo a d in g  on "each member must be determined by the e n g i ­

neer  and then may e i t h e r  be read in on the member i t s e l f  (See 

load types i n  Appendix A) o r  the f i x e d  end f o rc e s  may be 

c a l c u l a t e d  by the en g i ne e r  and read in on the nodes d i r e c t l y .  

I t  must be remembered, however,  i f  the l a t t e r  case i s  used,  

the f i x e d . e n d  f o rc e s  must be s u b t r a c t e d  f rom the computed 

member fo rc e s  by the e n g in e e r .  The load read in  d i r e c t l y  on 

the nodes are p laced in  the c o r r e c t  o r d e r  in the P-j v e c t o r  

at  the be g inn ing  o f  s u b r o u t i n e  PLOADS. Each member i s  then 

con s ide red  in  t u r n .  The index i s  s e t  f o r  a p a r t i c u l a r  

member and s u b r o u t i n e  GENLD i s  c a l l e d .  GENLD cons ide rs  the 

o r i e n t a t i o n  o f  the member, c a l c u l a t e s  the l e n g t h  o f  the 

member, cons ide rs  the loads on the member i n c l u d i n g  the 

we ight ,  o f  the member i t s e l f ,  and then c a l c u l a t e s  the f i x e d  

end f o rc e s  f o r  the member. Those f i x e d  end member fo rces  

are saved and the f i x e d  end f o rc e s  super imposed on the nodes 

are added to any f o r c e s  a l r e a d y  on the nodes. When each 

member i n the s t r u c t u r e  has been c o n s id e re d ,  the t o t a l  Py 

v e c t o r  w i l l  have been p o p u l a t ed .

L a t e r a l  Loads. A n a l y s i s  f o r  l a t e r a l  l oads by con­

v e n t i o n a l  methods d i f f e r s  f rom a n a l y s i s  f o r  v e r t i c a l  l oa ds .  .



I f  the t o t a l  s t r u c t u r e  were cons ide red  as a f r e e  s ta nd in g  

column,  the g r a v i t y  loads would cause on ly  an a x i a l  s t re s s  

in t h a t  column,  (»See F ig .  l l ' a ) .  The s t r u c t u r e ,  however,  

would act  as a " c a n t i l e v e r  when h o r i z o n t a l  loads are a p p l i e d .  

Hence a moment and a shear  would be c re a ted  a t  any h o r i z o n t a l  

cross s e c t i o n  o f  the b u i l d i n g  (See F ig .  l i b ) .

L a t e r a l  loads such as those due to  wind o r  e a r t h ­

quake are o f  impor tance p a r t i c u l a r l y  in t a l l  b u i l d i n g s .

Here the s t re s s e s  due to h o r i z o n t a l  loads may be c r i t i c a l ,  

e s p e c i a l l y  i n  the l ower  members.■ As wind and ear thquake need 

not  be assumed to ac t  s i m u l t a n e o u s l y ,  separa te  v e c to rs  have 

been ass igned f o r  each . Other  c o n s i d e r a t i o n s  i n the code 

such as load r e d u c t i o n s  make separa te  c o n s i d e r a t i o n  o f  each 

h o r i z o n t a l  load advan tageous . Both, h o r i z o n t a l  l o a d in g  con­

d i t i o n s  are analyzed s t a t i c a l l y  as p rov i ded  f o r  by the 

p res en t  codes .

Wind Loads . Two v e c t o r s ,  Pg and Pg have been 

se t  as ide f o r  wind l o a d s . I f  the b u i l d i n g  i s  symmetr ic  and 

the wind l o a d i n g  f rom e i t h e r  s ide  i s  the same, one v e c t o r  

o n l y  need be used. The second v e c t o r  i s  p r ov i ded  so winds 

f rom e i t h e r  d i r e c t i o n  may be cons idered . .  The wind fo rces  are 

c a l c u l a t e d  by the en g in ee r  and read in  d i r e c t l y  on the nodes.  

The d e f l e c t i o n s  and the member f o rc e s  due to  both se ts  o f  

wind loads (See F ig .  12) are p r i n t e d  out  under the headings 

load cases two and t h r e e , r e s p e c t i v e l y .  . .

Sei smi c Loads . Every b u i l d i n g  s h a l l  be des igned to
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r e s i s t  s t re s s e s  produced by l a t e r a l  f o rce s  due to e a r t h q u a k e .

St resses  s h a l l  be c a l c u l a t e d  as the e f f e c t  o f  a f o r c e  a p p l i e d  

h o r i z o n t a l l y  a t  each f l o o r  o r  r o o f  l e v e l  above the f o u n ­

d a t i o n .  The f o r c e  s h a l l  be assumed to come f rom any h o r i ­

zo n t a l  d i r e c t i o n  {Un i f o rm  B u i l d i n g  Code).  Vectors  P4 and 

P5 have been s e t  as ide f o r  the s e i s m ic  loads coming f rom 

e i t h e r  s ide  o f  the p lane f ra m e . The magni tudes o f  the h o r i ­

zo n ta l  loads to be a p p l i e d  a t  each f l o o r  are c a l c u l a t e d  in  

accordance w i t h  Sec t i o n  2313 o f  the  Uni form B u i l d i n g  Code

Fx - (ZKCW) W%hx . The t o t a l  dead load per  f l o o r  i s  found 
Wh

from the • P] v e c t o r  p r e v i o u s l y  c a l c u l a t e d .  The dead load 

on a p a r t i c u l a r  f l o o r  Wx i s  m u l t i p l i e d  by:  the h e i g h t  o f

t h a t  f l o o r  hx , the se i s m ic  c o ns ta n ts  t h a t  were read i n ,  and 

the t o t a l  sum o f  the dead loads W. That  p r od u c t  i s  d i v i d e d  

by the sum o f  the f l o o r  we igh ts  m u l t i p l i e d  by t h e i r  ree 

s p e c t i v e  h e ig h ts  wh to  o b t a i n  the  f o r c e  Fx to  be a p p l i e d  

a t  the f l o o r  under c o n s i d e r a t i o n .  The f o r c e  i s  a p p l i e d  u n i ­

f o r m l y  to the nodes a t  t h a t  f l o o r  l e v e l .  To p r o p e r l y  con­

s i d e r  the t o t a l  loads and the h o r i z o n t a l  r o t a t i o n a l  e f f e c t  o f  

the se i s m ic  load on the s t r u c t u r e , a l l  o f  the p a r a l l e l  p lane 

f rames o f  the s t r u c t u r e  must be cons ide red  a t  the same t im e .  

An o r tho go na l  m u l t i s t o r y  b u i l d i n g  may be con s id e re d  as two 

sets  o f  p a r a l l e l  f rames i n t e r a c t i n g  at  r i g h t  a n g le s .  Each 

se t  o f  p a r a l l e l ,  f rames being cons ide red  as a s e r i e s  o f  p lane 

f rames in  a s i n g l e  p la n e .  The i n d i v i d u a l  f rames are con­

nected by r i g i d  p inned bars r e p r e s e n t i n g  the f l o o r  system
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( See F ig .  13) .  Thus l a t e r a l  f o rc e s  on one frame may be 

t r a n s f e r r e d  to  the nex t  p a r a l l e l  frame through the f l o o r  

system in p r o p o r t i o n  to  the f ra m e 's  r e l a t i v e  s t i f f n e s s e s .

A s e t  o f  o p e r a t i o n s  i n  s u b r o u t i n e  PLOADS l o c a t e s  the 

nodes a ss o c i a t e d  w i t h  each f l o o r  and sums the v e r t i c a l  dead 

loads on those nodes.  The m a n i p u l a t i o n s  r e q u i r e d  to c a l c u ­

l a t e  Fx are c a r r i e d  out  and two load ve c t o rs  P4  and P5 

are formed.  P4  c o n s i s t s  o f  the se i sm ic  loads to  the r i g h t  

and member f o rc e s  are p r i n t e d  o u t  f o r  the s e i s m i c  l oad s .

G r a v i t y  Loads. A s i x t h  v e c t o r  i s  p r o v i d e d  which i s  

the sum o f  the. dead loads P-j and a l l  o f  the l i v e  l oad s .

This would r e p r e s e n t  a l l  o f  the g r a v i t y  f o rc e s  dead and l i v e  

on the s t r u c t u r e .  A l though  the l i v e  load v e c t o r  i s  formed in  

e x a c t l y  the same manner as the dead load v e c t o r ;  the s o l u t i o n  

o f  the maximum o r  minimum member f o r c e  due to  d i f f e r e n t  l i v e  

l o a d in g  p a t t e r n s  i s  q u i t e  d i f f e r e n t  f rom the s o l u t i o n  f o r  

member fo rce s  due to dead lo a d s .  The l i v e  l o a d i n g  c o n d i t i o n  

w i l l  t h e r e f o r e  be e x p l a i n e d  a f t e r  the d i s c u s s i o n  on s o l v i n g  

member f o r c e s .  Wi th the s i x t h  load v e c t o r  p o p u la t e d ,  the de­

f l e c t i o n s  o f  the nodes may now be s o l v e d .

S o l u t i o n  o f  the Equat ions

There are va r i o us  methods f o r  s o l v i n g  the se t  o f  

s imu l taneous  eq ua t ions  (e q u a t i o n  3-4)

P = S K * D

f o r  the unknown d e f l e c t i o n s .  One method would be to so l ve



29

STRUCTURE

(a)

Y PIN CO NNECTED IN EXTEN SIBLE LINK 
REPRE5ENTINq THE FLOOR SYSTEM

p——o

o——c

'"J? S/)//; /////■ ?///X Zv//? */)//? rjr?; X

F R A M E  A F R A M E  0 F R A M E  C

IDEALIZED STRUCTURE

(b)

FIG. 13 MULTIPLE BAY IDEALIZATION



• -: /y 30

the eq ua t i on  in the form ( e qu a t io n  3-5)

D = SK"1 P

by i n v e r t i n g  the SK m a t r i x .  This  however takes t ime and 

s to rage  sp a c e , both o f  which are a t  a premium. Another  

method which i s  used i s  Gauss E l i m i n a t i o n  and back s u b s t i t u ­

t i o n  ( W y l i e ,  1 966). -  Given a system o f  s imu l taneous  l i n e a r  

equa t ions

a l l x l *  a12x2 <  • al n xn = b1

a2 1 x l ’ + a2 2 x 2  a2 nxn = b2

aml X 1 + am2 x 2 ^ » • » - amnxn ~ bm ,

a procedure c o n s i s t i n g  o f  a s e r i e s  o f  r e d u c t i o n s  w i l l  be ap­

p l i e d .  For  the f i r s t  r e d u c t i o n  o f  the e q u a t i o n s , the f i r s t  

e qua t ion  i s  d i v i d e d  by A]-j and then i n  t u r n ,  m u l t i p l i e d  by 

the f i r s t  term o f  each o t h e r  equ a t io n  and s u b t r a c t e d  f rom 

t h a t  eq ua t i on  u n t i l  the Mth equ a t io n  has. been co ns id e re d .  

For the second r e d u c t i o n ,  the f i r s t  eq ua t ion  i s  l e f t  alone 

and the second eq u a t i o n  i s  d i v i d e d  by A2 2  and then in t u r n  

m u l t i p l i e d  by the f i r s t  term o f  each new eq u a t i o n  and sub­

t r a c t e d  f rom t h a t  e q u a t i o n .  The r e s u l t  o f  the second r e ­

d u c t i o n  i s  the system



x 2 + a 2 3 x 3 + - • • • + A2 n x n = B2

a 3 3 x 3 *  • ' • +a 3 n x n
1 I

b

i i • i i •
a „x a x = b

m3 3 mn n m

The s e r i e s  o f  r e d u c t i o n s  t e rm i n a t e s  when the r e d u c t i o n  on the 

M-1. eq ua t i  oh has been completed,  y i e l d i n g  the f o l l o w i n g  se t  

o f  e q u a t i o n s :

X1 + A12x2 "•+ A13x3 + '• • • • + Al n xn = B1

x 2 +. A2 3 x 3 + . . . .• + AgnXn = B 2

x3  > . » . . + A3 nxn = B.

I I
xn can be so lved  by d i v i d i n g  the l a s t  equat ion  by a .

The r e s t  o f  the unknowns can now be found by a s e r i e s  o f

back s u b s t i t u t i o n s .  I t  must be noted t h a t  t h e re  can be no

zero terms on the d iagonal  ( i . e . :  a-, ^ o , .  . . . amm ^ o ) ,  f o r* » mni

an equa t ion  cannot  be d i v i d e d  through by z e r o . Due to the 

method of. f o rm ing  the s t i f f n e s s  m a t r i x  t h e re  can be no zero 

on i t s .  d ia g o n a l ,  A zero on the d iagona l  cou ld  come about  

on l y  by an i n c o n s i s t e n c y  in the s t r u c t u r e  o r  an e r r o r . i n  

the i n p u t  data.  I f  t h i s  happens , the program w i l l  p r i n t
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ou t  which term i s  equal  to zero and i t  i s  up to the en g i n e e r

to f i n d  the e r r o r .

I t  i s  n o t i c e d  t h a t  the s t i f f n e s s  m a t r i x  i s  des t royed 

in the process o f  s o l v i n g  f o r  the d e f l e c t i o n s .  To save 

hav ing to  regenera te  the s t i f f n e s s  m a t r i x  each t ime a se t  o f  

d e f l e c t i o n s  must be s o l v e d ,  the s t i f f n e s s  m a t r i x  can be 

p a r t i a l l y  decomposed. The d iagonal  terms are r e s t o r e d  to 

t h e i r  o r i g i n a l  va lue and the d e f l e c t i o n s  may be so l ved  by 

work ing  on the P v e c t o r  s e p a r a t e l y  w i t h o u t  f u r t h e r  de­

s t r o y i n g  the s t i f f n e s s  m a t r i x .  The s t i f f n e s s  m a t r i x  i s  de­

composed a t  the end o f  s u b r o u t i n e  SYSTIF. Work on the P 

v e c t o r  and the b a c k s u b s t i t u t i o n  are done in s u b r o u t i n e  EQSOLV.

Jus t  p r i o r  t o  s o l v i n g  the e q u a t i o n s ,  the  boundary 

c o n d i t i o n s  ( su pp o r t e d  p o i n t s  o f  known d e f l e c t i o n )  must be 

a p p l i e d .  The m a t r i x  eq ua t ions  may be w r i t t e n  i n  the form

Pf ree SK-ff SKf s Df  ree

^suppor ted SKg f SKSs ^suppor ted

where:

P f r e e " loads a t  the unsuppor ted nodes 

psuppor ted  = loads at  the suppor ted  nodes

The equa t ions  may be r e w r i t t e n  as f o l l o w s :

Dfree " SKf f P f  pee ~ SK^s Ds
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and the l a s t  term w i l l  drop out  i f  the s u pp or t  d e f l e c t i o n

v e c t o r  Dg i s  n u l l .  Rather  than rear range  the  equa t ions  in  

the p rog ram, the s u p p o r t  equa t ions  are zeroed o u t .  No d i ­

agonal  term o f  the s t i f f n e s s  m a t r i x  can equal  zero t h e r e f o r e  

the d iagona l  term i s  put  a t  one ( a j j  -  1 ) .

(support  equat ion)  ox] t  oxg + . . .  + 1Xj + . . .  oxnsD^j

D^j i s  a known d e f l e c t i o n  r e p l a c i n g  the P , v a lu e .  The above 

i s  achieved by m u l t i p l y i n g  the d ia g o n a l  term a j j  and the 

term by the l a r g e  number 1 0 ^  . When the e q u a t i o n - i s  

d i v i d e d  through by the d iagona l  term f o r  the Gauss Reduc t i on ,  

the above eq ua t i on  e s s e n t i a l l y  i s  l e f t .  The s u p p o r t  d e f l e c ­

t i o n  x j  t h e r e f o r e  w i l l  equal  the read i n  d e f l e c t i o n  D^j 

and the d e f l e c t i o n s  o f  the f r e e  nodes are a f f e c t e d  o n l y  in  as

much as the sup po r t  d e f l e c t s .

The R e a c t i o n s . The r e a c t i o n  v e c t o r  ^suppor ted  1 5  

found by s o l v i n g  the complete eq u a t io n  3-4

P » SK 0

where a l l  o f  the nodal  f o rc e s  are found .  The s t i f f n e s s  m a t r i x

must be regenera ted  as i t  was des t royed  in the equa t ion  so l ve

p rocess .  Any fo rc e s  a p p l i e d  d i r e c t l y  t o  the suppor ted  node 

must be added to the su p p o r t  r e a c t i o n  f o r  i t  w i l l  no t  be i n ­

c luded in  the s o l u t i o n  f o r  the d e f l e c t i o n s .  The r e a c t i o n s  

f o r  each Toad type excep t  the l i v e  l o a d in g  c o n d i t i o n s  are 

p r i n t e d  ou t  a long w i t h  an e q u i l i b r i u m  check.



The Member Fo rc e s . Once the d e f l e c t i o n s  have been

s o lv e d ,  the member f o rc e s  can be found f rom eq u a t i o n  3 - 6

F = KBD

K and B are regenera ted  f o r  each member i n  t u r n  and m u l t i ­

p l i e d  by those node d e f l e c t i o n s  a s so c ia te d  w i t h  t h a t  member. 

Any f i x e d  end fo rc e s  on the member must be s u b t r a c t e d  f rom 

the F f o r c e s .  The member fo rc e s  are then p r i n t e d  ou t  and 

l a b e le d  as to  which l o a d i n g  c o n d i t i o n  caused them.

L i ve  Load C o n s id e ra t i o n s

The member f o rc e s  due to  the l i v e  l o a d in g  w i l l  now be

"discussed.  The codes s t a t e  t h a t  the ar rangement  o f  loads r e ­

s u l t i n g  i n  the h i g h e s t  s t re s s e s  i n the s u p p o r t i n g  member s h a l l  

be used in  des ign .  The h i g h e s t  a x i a l  f o r c e  p o s s i b l e  along 

w i t h  the h i g h e s t  moment p o s s i b l e  and i t s  a ss o c i a t e d  a x i a l  

f o r c e  (See F ig .  14 ) .

The program analyzes the maximum and minimum fo r c e  

c o n d i t i o n s  due to  any w o r s t  p o s s i b l e  l o a d in g  c o n d i t i o n .  Each 

l i v e  loaded member i s  cons ide red  i n  t u r n . A load v e c t o r  o f  

f i x e d  end f o r c e s  f o r  the one loaded member i s  generated in  

the same manner as the f i x e d  end fo rc e s  due to the dead lo a d s .  

The d e f l e c t i o n s  and hence the member fo rces  i n  a l l  the members 

i n  the s t r u c t u r e  are c a l c u l a t e d  due to the l oad  on t h a t  one 

member (See F ig .  15a) .  The member fo rc e s  are s t o r e d  in  one 

o f  two columns depending on the s ign  o f  the f o r c e .  The nex t  

member i s  now co ns ide red  and the process repeated (See F i g .
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LIVE:
LOADS
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FIG. 14 MAXIMUM LIVE LOAD STRESSES

-  M O M EN T

FIRST CONSIDERATION

(a)

+ MOMENT

SECOND CONSIDERATION 

(b)

FIG. 15 LIVE LOAD STRESS
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15b) .  For each cy c le  the load v e c t o r  Is ge ne ra ted ,  the

nodal d e f l e c t i o n s  are s o l v e d ,  and the member f o rc e s  are c a l ­

c u la t e d  us ing  the process d e s c r i bed  b e f o r e . The member 

fo rce s  are then summed f o r  each load t h a t  causes a s i m i l a r  

f o r c e . Those f o rc e s  w i l l  be maximum a f t e r  a l l  o f  the l i v e  

loaded members have been co n s i d e re d .  Other  non-maximum 

f o rc e s  a ss o c ia te d  w i t h  the maximum f o rc e s  are a l so  c a l c u l a t e d  

and hence the requ i re men t  above i s  s a t i s f i e d .

Output  Data

The f i n a l  s tep in  the program i s  to  p r i n t  ou t  a l l  the 

r e q u i r e d  data t h a t  has been f o u n d . The node d e f l e c t i o n s  are 

p r i n t e d  o u t  in  inches and are l a b e l e d  as to  the node. Re­

a c t i o n s  are p r i n t e d  ou t  f o r  each l o a d i n g  c o n d i t i o n .  The 

t o t a l  we ig h t  o f  the  s t r u c t u r a l  members i s  p r i n t e d  ou t  along 

w i t h  some o t h e r  m i sce l l aneous  b y - p r o d u c t s  o f  the se i sm ic  

c o n s i d e r a t i o n s  (See Appendix f o r  exac t  data o u t p u t  f o r m a t ) .

A l l  o f  the member f o rc e s  are p r i n t e d  o u t  i n  k ip s  o r  f o o t - k i p s .

A member i s  l i s t e d  and then the f o rc e s  acc o rd in g  to the l o a d ­

ing c o n d i t i o n  are p r i n t e d .  Maximum and minimum moments w i t h  

t h e i r  a ss o c i a te d  shears and a x i a l  f o rce s  f o r  each end o f  a 

member are p r i n t e d  ou t  under load cases seven and e i g h t .

Maximum and minimum a x i a l  f o rc e s  and shears are s i m i l a r l y  

p r i n t e d  o u t  under l oad  cases n ine  th rough t w e l v e .  The answers 

are l e f t  as member f o rc e s  r a t h e r  than s t re ss e s  f o r  c o n ve n i en ce , 

The v a r io u s  fo rce s  must be s t u d i e d  and the s t r e s s  c a l c u l a t e d  

f o r  the wors t  comb ina t ion  o f  f o r c e s  as r e q u i r e d  by the code.
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This process has not  been i n c l u d e d  in the program because o f  

the v a r i a t i o n  in  d i f f e r e n t  codes and changes t a k i n g  p lace as 

newer a d d i t i o n s  are adopted.

I n f o r m a t i o n  E v a lu a t i o n  

The e n g in e e r  must now e v a lu a t e  the i n f o r m a t i o n  sup­

p l i e d  by the computer  o u t p u t  and check the s t r e s s e s  o f  each 

member a g a i n s t  the s t r e s s e s  a l l owed  by the code. I f  a 

member i s  un ders i zed  a l a r g e r  s e c t i o n  must be used.  Over ­

s i ze d  members may a l so  be a l t e r e d .  The program can be rerun 

to check the adequacy o f  the r e s i z e d  s t r u c t u r e .  Design o f  

connect i ons  and f o o t i n g s  may now be c a r r i e d  o u t  in  the con­

v e n t i o n a l  manner. The program has r e l i e v e d  the eng in ee r  o f  

the ted ium o f  the ac t ua l  s t r e s s  a n a l y s i s  bu t  has not  r e ­

p laced h is  j udgment .



CHAPTER IV 

EXAMPLES

Presented he re in  i s  a l i s t  o f  s t r u c t u r a l  problems 

analyzed by the computer  program. Typ i ca l  s t r u c t u r e s ,  w i t h  

l o a d s ,  are shown in  the f i g u r e s .  Node d e f l e c t i o n s  o r  member

end fo rc e s  are g iven in the t a b l e s .

The f i r s t  problem i s  a beam f i x e d  a t  both ends w i t h  

the l o a d in g  c o n d i t i o n s  shown (See F i g .  16) .  The beam was 

used as the o r i g i n a l  t e s t  problem d u r i n g  the development  o f  

the program. Exact  s o l u t i o n s  in  the form o f  moment and 

shear  diagrams were c a l c u l a t e d  by hand and compared w i t h  the 

computer  o u t p u t .  A few s e le c t e d  compar isons are g iven i n  

t a b l e s  ( 1  and 2 ) .

The rema in ing  problems are examples taken f rom v a r i ­

ous t e x t b o o k s .  These problems demonst rate the r e l i a b i l i t y  o f  

the program compared to the o t h e r  methods o f  a n a l y s i s  noted 

i n  the t a b l e s .  Member end moments due to l a t e r a l  l o a d s ,  :v > 

g r a v i t y  l o a d s ,  and l i v e  l o a d in g  p a t t e r n s  are t a b u l a t e d  and 

compared. Two f a c t o r s  must be remembered however:  the p r o ­

gram takes i n t o  account  the e f f e c t s  o f  a x i a l  de fo rm a t io n  and

the o t h e r  methods o f  a n a l y s i s  used are app rox ima t ion s  at  

be s t .  As an added i n t e r e s t ,  the computer  t ime used f o r  the 

complete a n a l y s i s  i s  g iven w i t h  each problem.
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E X A M P L E :  P R O B L E M  NO.  1
B E A M  F IX E D  AT BOTH ENDS

I = 106.S

IO . o '

1 Y

STRUCTURE
( a . )

© , © ©  , ©  c
3 ■4 6

- z . o * - — 3. o ' — - 3 .6 *  — - 2 . S' —

ID EALIZED  STRUCTURE
( b )

IO Kl

POINT LOAD 

LOAD CASE 1

UNIFORM DEAD LOAD 

LOAD CASE I

I ,oK' I */FT.

POINT LOAD UNIFORM LIVE LOADS

LOAD CASE 3  LOAD CASE 4

LOAD C A S E 'S
Cc)

FIG. 16 EXAMPLE 1
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io

FIG. 17 DEFLECTIONS

Y

= t )  ( t =
© © 

i—  ' i -

FIG. 18 MEMBER FORCES
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SELECTED DEFLECTIONS

Loading D e f . Exact  S o l u t i o n Computer S o l u t i  on

1 5 .03002 .030021

8 .07329 .073294

1 1 .04122 .041228

2 5 .00765 .007653

8 .01027 .010277

3 8 .029195 .029195

TABLE 1 DEFLECTIONS Example 1

SELECTED MEMBER FORCES

Load Member-End Exact Computer
Case Force S o l u t i  on S o l u t i o n

1
("l-------- 1 1 -41 .84 -41.842

*” ■ — 0  2 -20.92 -20.921

1 -25.105 -25.105

2 1---------0  2 - 2 . 0 0 - 2 . 0 0

3 Cu------- 1 1 +12.50 +12.50

4 max ^  1 - 8.333 - 8.333

mi n 1..  0  1 + .3958 + .39583

max 1 D 1 + .7291 + .72916

mi n L" — + .072 + .072

max 1 3.072 3.072

TABLE 2 MEMBER FORCES Example 1
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EXAMPLE: PROBLEM NO. 2
SErEr M O R R I S  A N D  W IL & U  P. ( iS G O )  P.P. 3 0 4  -311

IO K-'PS x = 160

2 0

3 0 '

5TR.L3CTURB W ITH  L O A D IN Q

(a)

:-<5)

==<!&)

SEE: T A & LE  THREE FOR. THE MEMBER.
MOMENTS NOTED A B O V E

( b )

FIG. 19 Example 2
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SELECTED MEMBER FORCES

End
Mom.

"Exac t "
S o l u t i o n

P o r ta l
Method

S o l u t i o n

C a n t i l e v e r
Method

S o l u t i o n
Computer
S o l u t i o n

1 29.60 33.33 22.24 29.68

2 25.10 33.33 22.24 25.15

3 31 .60 45.83 30.57 31 .69

4 29.50 45.83 30.57 29.47

5 10.60 12.50 8.33 10.57

6 . 1 0 . 0 0 12.50 8.33 9.97

7 42.50 45.83 54.60 42.63

8 41 .30 45.83 54.60 41 .51

9 32.40 25.00 29.18 32.43

1 0 25.20 25.00 29.18 25.15

11 52.20 45.83 52.50 51 .96

1 2 53.60 45.85 52.50 53.59

1 3 68.30 66.67 77.92 68.32

14 76.80 66.67 77.92 76.74

15 40.10 33.33 38.20 39.97

16 45.60 33.33 38.20 ... 45..*.5.0... .

Computat ion Time For Complete A n a ly s i s  3 .83 seconds

Table 3 END MOMENTS Example 2
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E X A M P L E  P R O B L E M  N O . 3
5 £ B  0U LL  AMD SVErD (M 6 4 -) P. P. 70 - 8 Cj

l#<2,KIPS 10 UNIFORM LOAD A /ft.I = 8 l.i

UNIFORM LO AD  1.6 % T .

UNIFORM LOAD I.6K/ f T.

STRUCTURE: WITH L O A D l N q

(a)

(I>:

(T i> -

( M > r

■d>
( ± >  @

1< D

^-<jD

SEE TABLE FOUR FOR THE M EM BER . 
MOMENTS NOTED ABO VE 

( b )

FIG. 20 Examp 1e 3
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SELECTED MEMBER FORCES

Due To G r a v i t y  Loads Due To L a t e r a l  Loads

End
Mom.

Moment
D i s t r i b u t i o n

S o l u t i o n
Computer
S o l u t i o n

Moment
D i s t r i b u t i o n

S o l u t i o n
Computer
S o l u t i o n

1 + 40.2 +40.94 - 1 .84 - 1 . 9 5

2 + 33.9 +33.63 - 0.91 - 1 .04

3 -2 7 . 7 -27.76 - 3.79 - 3.87

4 -23 .7 -23.75 - 2.63 - 2.69

5 - 1 1 . 1 -13.14 - 1 .97 - 2 . 0 1

6 - 9.5 -10.90 - 1 .63 - 1.63

7 - 6 0 . 8 -62.49 + 6.97 + 7.11

8 + 82.2 +79.71 + 6 . 6 8  • + 6 . 8 6

9 -39.9 -36 .88 + 7.93 + 7.85

1 0 + 16.6 +19.23 + 7.51 + 7.49

11 - 1 8 . 4 -19.08 - 11 .98 - 1 2 . 0 1

1 2 - 2 0 . 1 -20.32 - 9.79 - 9.88

1 3 + 26.7 +27.24 - 11.71 -11.89

14 + 1 2 . 2 +12.87 - 17.27 -17.47

15 - 6 . 1 - 7.04 - 8.15 - 8.06

16 - 3.7 - 4.01 - 10.52 -10.44

Computat ion Time For Complete An a ly s i s  4. 06 seconds

Table 4 END MOMENTS Example 3
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EXAMPLE: PROBLEM NO. 4
S £E : M A M T E L L  AN D  M ARRON ( M 6 2 )  F?f?

' Y 

21 22 23 24- 2E
© @ @ @ 1

© © © © @  1o'

16 17 ia 14 2 0  -

© © @
© © 0 ® ©  1o'

II 1-2 12, 14- IE

©
© © © © ©  1<D*

Co 7 a io

@ @ © @
© © © © ©  Ko'

1 2
7 - T

3
V - 77

4-
77 7Z

Sy- —

Q IV E N  :

MULTISTORY F R A M E  

CO LUM N K 's ~  ’A  B E A M  K's 

D E A D  LOAD =  'Z k/ f t .

L IV E  LO A D  =  S k/ f t .

F I N D  :

M A X IM U M  END M O M ENTS IN THE BEAM S OF FLOOR 3

r<j FLOOR.

X

FIG. 21 Example 4
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M
23

r r...... .
3 0 31

Z*, "X
• 32

( i .. - i ) ( ! 1 ) r  i ) ( i  i )V  V V  J v  ..............J V ..............  V

1 4 5 . 0 7 2 . 0 7 2 . 0 7 6 . 7 7 6 . 7 1 0 5 . 1 1 0 5 . 1 7 0 . 3

2 31 . 0 7 3 . 5 6 6 . 1 7 4 . 0 8 0 . 6 1 0 2 . 8 1 0 9 . 5 4 9 . 5

3 3 3 . 0 71 . 5 6 8 . 0 7 3 . 6 81 . 2 9 9 . 9 1 0 8 . 8 5 2 . 1

4 51 . 5 7 69_ .0Z 72_64_ ... 7_9^2J. _9_0_88L 9 8 . 6 0 1 0 4 . 9 8 Z X .2 9

MAXIMUM END MOMENTS IN THE BEAMS OF FLOOR 3

S o l u t i o n s  in K i p - F t

M - Method o f  A n a ly s i s

1 - Example 10-1 Moment C o e f f i c i e n t s

2 - Example 10-2 S i m p l i f i e d  S t r u c t u r e
U n i t  Loads

3 - Example 10-6 Two cyc le  method o f
moment d i s t r i b u t i o n

4 - Computer Output

Computat ion Time For Complete A n a ly s i s  13.64 seconds

Table 5 END MOMENTS Example 4



CHAPTER V

POSSIBLE ADDITIONS

A program o f  t h i s  type evo lves w i t h  use. Many 

changes and in n o v a t i o n s  cou ld  be made, some to  f T t  i n d i v i d u ­

al  p r e f e r e n c e s ,  some to f i t  a p a r t i c u l a r  s t r u c t u r e , some to 

f i t  a p a r t i c u l a r  b u i l d i n g  code , and some to f i t  a p a r t i c u l a r  

computer .  A few ideas f o r  f u r t h e r  i n v e s t i g a t i o n  are l i s t e d  

here.

a. A s u b r o u t i n e  to  a u t o m a t i c a l l y  genera te  the geome­

t r y  o f  the s t r u c t u r e  would e l i m i n a t e  the read in g  in  o f  each 

node p o i n t  w i t h  i t s  co r res po nd in g  x and y c o o r d i n a t e s .  

This would be p a r t i c u l a r l y  u s e f u l  in  l a r g e ,  u n i f o r m ,  g r i d  

s t r u c t u r e s . A s imp le  " i f "  s ta temen t  cou ld  g iven the o p e r a t o r  

a cho ice  o f  i n p u t  methods o r  p o s s i b l y  a comb ina t ion  o f  

methods.

b . A s t r e s s  r o u t i n e  cou ld  be added and the o u t p u t  

would then be the maximum s t r e s s  f o r  each member r a t h e r  than 

the maximum f o r c e  in  the member,

c. A r o u t i n e  cou ld  be added to f i n d  the fo rces  a t  

midspan o r  even the q u a r t e r  p o i n t s  o f  each member, by us ing  

the known l o a d in g  c o n d i t i o n  and the c a l c u l a t e d  end fo rces  f o r  

t h a t  member. This can be ach ieved now by. p l a c i n g  node p o i n t s  

along the-member where the f o rc e s  a r e .wan ted, however the

48 '
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i n p u t  data i s  i nc re ase d  and the i nc re as e  in  node p o in t s  w i l l  

decrease the s i z e  o f  the s t r u c t u r e  a l l o we d .

d. A p l o t t i n g  s u b r o u t i n e  cou ld  be added and the o u t ­

pu t  would i n c l u d e  a p l o t  o f  the d e f l e c t e d  s t r u c t u r e  a long 

w i t h  the member f o rc e s  l i s t e d  on the member. An a l t e r n a t i v e ,  

would be to  draw the moment diagram an d /o r  shear  diagram f o r  

each member.

e . A j o i n t  s t i f f n e s s  f a c t o r  cou ld  be i n c o r p o r a t e d  

i n t o  the element  s t i f f n e s s  m a t r i x .  This f a c t o r  would con­

s i d e r  the per  cent  r o t a t i o n a l  s t i f f n e s s  o f  a j o i n t  f r o m ' zero 

per  cent  f o r  a p inned connec t i on  to  one hundred per  cent  f o r  

an i d e a l l y  f i x e d  c o n n e c t i o n . Each end o f  a member would 

have a f a c t o r  t h a t  would be. co ns ide red  when c a l c u l a t i n g  end 

a c t i o n s  due to  end d i s p la c e m e n ts .  Fixed end f o rc e s  sup er ­

imposed to  the nodes would a lso be m o d i f i e d .

f .  Tape s to rag e  i s  a must i f  a s t r u c t u r e  o f  any 

s i z e  i s  t o  be ana lyzed .  When us ing  e x t e r n a l  s t o r a g e , the 

s t r u c t u r e  i s  broken down i n t o  s u b s t r u c t u r e s  (See F ig .  22 ) .

The s t i f f n e s s  f o r  each s u b s t r u c t u r e  i s  c a l c u l a t e d  and then 

s t o r e d  bn tap e .  Each plane f rame o f  the s t r u c t u r e  would be 

cons ide red  as a s u b s t r u c t u r e .  For a n a ly z in g  g r a v i t y  l o ad s ,  

each p lane frame i s  cons ide red  s e p a r a t e l y ,  but  when ana­

l y z i n g  l a t e r a l  l o a d i n g ,  a l l  o f  the f rames must be cons idered
i -

t o g e t h e r .  F u r t h e r  breakdown i n t o  s u b s t r u c t u r e s  would prove 

d i f f i c u l t  due to  the method o f  a n a ly z in g  the l i v e  l o a d in g  

and to  the computer  t ime i n v o l v e d  i n  s w i t c h i n g  f rom i n t e r n a l
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SUBSTRUCTURE: SUBSTRUCTURE SUBSTRUCTURE:
A  & C

FIG. 22 SUBSTRUCTURES

3 D1MEMSIONAL FRAME:
(a )

!>-0

>-o

X Y  PLANE: FR A M E.
O )

D-C -

o-c

p-Or

f>-c

D-Or

X

Y Z  PLANE: FRAM E: 
( C )

FIG. 23 THREE DIMENSIONAL CONSIDERATION
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to  e x t e r n a l  s to rage  and back a g a i n .

g. The node p o in t s  cou ld be read in in  t h e i r  t h ree  

d imens iona l  l o c a t i o n s .  The computer  would then be programed 

to s e l e c t  the f rames p a r a l l e l  t o  the  xy p lane and ar range 

them in the c o r r e c t  o r d e r  as a se t  o f  p lane f rames connected 

by i nextens i b le  l i n k s  (See F ig .  23 ) ,  The process would be 

repeated f o r  the yz plane f rames.  Each o r th og on a l  s e t  o f  

f rames would be analyzed s e p a r a t e l y .  Thus the whole b u i l d i n g  

w i l l  have been ana lyzed.

Some o f  the above ideas must be added to  b r i n g  the 

program from the r o l e  o f  an academic answer to  the r o l e  o f  a 

p r a c t i c a l  answer use fu l  to  the a r c h i t e c t ' s  o f f i c e  and the 

a f f i l i a t e d  s t r u c t u r a l  e n g in e e r .  Care,  however,  must be 

•taken to  keep the program s imp le  and to keep computer  t ime to  

a minimum. The va lue  o f  any change must ba lance advantages 

a g a i n s t  c o s t .



CHAPTER VI 

CONCLUSION

The program p resen ted i s  not  meant to r ep l ace  the 

s t r u c t u r a l  e n g in e e r  bu t  i s  to f a c i l i t a t e  the mathemat ica l  

c a l c u l a t i o n s  o f  the design a n a l y s i s .  A pr ime c o n s i d e r a t i o n  

has been to  keep the runn ing  t ime o f  the program as. s h o r t  as 

p o s s i b l e ,  y e t  s t i l l  cover  the areas o f  a n a l y s i s  n e c e s s i t a t e d  

by s tandard  e n g in e e r in g  p r a c t i c e s  o r  r e q u i r e d  by the b u i l d i n g  

codes. G r a v i t y  and l a t e r a l  l o a d i n g  c o n d i t i o n s  have each been 

cons ide red  and a f r e e d o m . o f  s t r u c t u r a l  c o n f i g u r a t i o n s  has 

been a l l owed  f o r .  The program i s  n o t  p r a c t i c a l  f o r  smal l  

s i n g l e  s t o r y  f rames no r  i s  i t  des igned f o r  nonframed s t r u c ­

t u r e s .  I t  has been designed to  handle the i n t e r m e d i a t e  

framed s t r u c t u r e s ,  two o r  more s t o r i e s  in h e i g h t .  Very 

l a r g e  s t r u c t u r e s  are i m p r a c t i c a l  due to  the computer  s to rage  

l i m i t a t i o n s .  The program a t  p rese n t  i s  l i m i t e d  to  s t e e l  

members. In t i m e ,  v a r i a t i o n s  e i t h e r  i n  the p r e s e n t "program 

o r  in s i s t e r  programs a l l o w i n g  f o r  a n a l y s i s  o f  c o n c r e t e . d e ­

s ign o r  i n c o r p o r a t i o n  elements such as shear  w a l l s ,  can be 

added.

Using longhand methods,  an eng in ee r  w i l l  spend ap­

p r o x i m a t e l y  f o r t y  hours a n a l y z in g  the s t re ss e s  f o r  the 

s i n g l e  p lane frame shown in  Example Number 3. This t ime can
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be t r a n s l a t e d  to  about  f i v e  hundred d o l l a r s  in  cos t  o f  

a n a l y s i s .  The computer  can be programed to  ana lyze the same 

frame w i t h  the same lo a d s ,  a r r i v i n g  at  more exac t  answers 

w i t h  no chance o f  e r r o r  in  about  twe lve  seconds o r  f o r  less  

than f i v e  d o l l a r s  in  computer  c o s t s .  This re p r e s e n ts  a con­

s i d e r a b l e  sa v in gs .  Based on the above rough c o s t  e s t i m a t e ,  

programs o f  the type p resented  here d e f i n i t e l y  have a p r a c ­

t i c a l  commercial  va lu e .



APPENDIX A 

Flow Char t  For Computer Ana ly s i s

PROqGAM FRAME.

R E A D  IN
IN D E X  CONSTANTS

LIBRARY INFORMATION

NODE POINT GEOMETRY

MEMBER. INFORMATION 
COLUMNS AND BEAMS 
WITH LOADS

L IV E  L O A D S  

N O D E  L O A D S

SUPPORT INFORMATION 
SUPPORT POINTS 
DEFLECTIONS

SEISMIC CONSTANTS

CALL B A N D  ~^> 

(JANDIN4 VECTORS'̂

NCALL = I
T ~ ~

C ALL SY5T1F- >  

CSTIFFNESS M ATR IX^-

~CALL P LOADS >  
("LO AD  VECTORS

CALL FRM5QL ~^>

E N D
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SU&ROUTINe 6A N D

FO R M ATIO N OP THE: 
B A N D IN iq  V&CTO R.9

SUBROUTINE EL5TIF
FORM & M ATRIX

FORM SK. MATRIX

R E T U R N

SUBROUTINE SYSTIF

Z E R O  S S K  M A T R I X

i
CALL ELSTIF >

S (j^&M6 E:R 5HFFNEsT]>-*
rnU

£
oQ

CALL M XM ULT~>-

CALL STUP&O y
(^S Y S T£M  STIFFNESS ^)-  

 — -Q

A NCALL>
DECOMPOSE STIFFNESS 
MATRIX PRIOR TO SOLVING 
THE DEFLECTIONS

RETURN

SUBROUTINE MXMULT

S K  *  Eb

<N C A L U  ^

CALL FORCE
(j^ g M S E rR  FORCES Y ~

-E<[~mcah. y^~

6 ' * S K *  6

R E T U R N

SUBROUTINE STUF&D

F O R M S  SSK M ATRIX 
( STORES BOSKS')

RE TU R N
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SUBROUTINE: PLOAD5

ZER O  P VECTORS

PLACE NODE LOADS

ZERO MISC. VECTORS

L ive  LOADS
MCALL = 1

N C A L L  = 'L

CALL q& N LD >
5
id
$n

1
2
o
o

( T lX E P  END LIVE LOApir)-

CALL SQSQLV

C  D E F LE C T IO N S  %> 

____
CALL &L5TISu tU

s i
8 i

>
CALL MXM'JLT >

FORC&S 2)

 1
Z E R O  P VECTOR 

= $

DEAD LOADS

tutV
tv"’ '
S5
8 i

M CALL = 1

---------- 1
CALL QENLD y

(F IX E D  END DEAD LOADS%)-

I

QENERATE SEISM 
LOAD VECTORS

1C

FORM DEAD -t- LIVE: 
LOAD VECTOR

WRITE P VECTORS

R E T U R N

SUBROUTINE GENLD

MEMBER FUNCTIONS •

M C A L L

DEA D LOADS L IV E  LOADS

—<^LO AO  TY P E :

LOAD TYPES
1 QENERATION
' I OF FIXED END
3 - FORCES FOR -
4- EACH LOAD
5 TYPE
G
7

O R IENTATIO N

FORM P V E C T O R

SAVE FIXED END FORCES

R ETU R N



SUBROUTINE: FRM50L

CALL E Q 5 Q L V

C DEFLECTIONS %>

M C A L L c  |

NCALL = 2

CALL SY5TIP V
( j>TlFF-M5 ^  MATRIX %)-

SOLUTION OP 
( p = ssv

REACTIONS 
C + d )

W RITE OUT DATA

MEMBER FORCES 
BY LOAD INC CONDITION

EQUILIBRIUM CHECK

PRINT REACTIONS

NODE DEFLECTIONS

MEMBER. 
BY EACH M

FORCES
EMBER.

RETURN

SUBROUTINE EQ50LV

APPLY BOUWOXRY CONDITIONS

SOLUTION OP EQUATIONS 
BY QAUSSIAN ELIMINATION 
AND BACK SUBSTITUTION 

( D SSK"4*  P )

R E TU R N

SUBROUTINE FORCE
S&L&C T D VECTO R. 
FOR I th M E M B E R

5K*5*0

LO A O IN q C O N D IT IO N  

1 G

SUBTRACT E N D  
D E A D  LO ADS

M C A L L >
SUBTRACT END LOADS 

DEAD AND LIVE

SUBTRACT END LIVE 
LOADS

STORE MAXIMUM AND 
MINIMUM FORCES IN 
VECTORS 7 THRU II

RETURN



APPENDIX B

INPUT INFORMATION

SPACE REQUIREMENTS 

Size l i m i t a t i o n s  f o r  i n  core s torage must be main­

t a i n e d  as f o l l o w s :

No. o f  NODE POINTS 100

No. o f  MEMBERS 200

Maximum NODE SEPARATION 19

Space requ i remen ts  are d imensioned as f o l l o w s :

TOTAL SPACES
NAME DEPENDENCE QUAN. SPACE/PER DIMENSION!

General  Indexes - 1 6 1 16

Work Ar rays - 4 36 144

Work Vectors - — 9

S t i f f n e s s  M a t r i x . Nodes 60. 300 18,000

Banding Vectors .Nodes 2 0 300 6 , 0 0 0

Node Po in ts Nodes . 4 1 0 0 400

L i b r a r y L i b r a r y 8 50 400

Suppor ts 7 1 0 0 700

F loors 4 30 1 2 0

Members Members 27 2 0 0 5,400

Member: Forces Members 72 2 0 0 14,420

Mi seel  1aneous 1 1 0 0 1 0 0

Mi s cel  1aneous
TOTAL

. 2 , 0 0 0  
47,639

The l i m i t s  o f  the CDC 6400 i s 48,000
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INPUT DATA FORMATS

General  I n f o r m a t i o n
N O . OF N O . O F  NO. O F N O - O P  N O D E  NO OP
N O D E S  COLUMNS M E M B E R S  SUPPORTS SEPARATION LIBR A RY

IO -20  3 0  4 0  S O  G O

Node P o in t  I n f o r m a t i o n
N O D E  PT. X -COORD Y -C O O R O  

N O . ( F T )  (F T )
IO - z o  30

L i b r a r y  o f  Sec t i ons
C D . SECTION VVEICNT A R E A  DEPTH  
NO. N A M E  (165 /F T ) (SQ .IN.) ( IN )

4- 11 I I  16 33

r ~ i  r  ~ i  i -

Ixx
( IN 4")

S I  34

lY V
( I N 4") 

C,<2> 73

Member I n f o r m a t i o n
MEM P Q SECT LOAD UNIFORM LD. P O IN T  LD. I P O IN T  10.-2 A  DIMENSION 6 DIMENSION END COHO. 
NO. END END NO TYPE (K IP S /F T ) . (  K IP S ) ( K I P S )  (  FEET) ( F E E T )  S L S L4 a  I I  16) 20 30  4 0  5 0  CeO 70 I t  74 70 78

COLS

 4  a  I I  16___ 20____________ 30____________4 0 ____________ SO____________CO____________70 72 74 76 73

BEAMS

L ive  Load I n f o r m a t i o n
N O . O P
D IP F E R tN T  L IV E  LOADS  S IF Z E R O  O M IT  F O L L O W IN G  C A R D

L IV E  LO A D S  NO OP T H E  M E M B E R . N U M B E R S
( K I P S / F T . )  M E M .

IO 13 10 2 3  3o  3S  4 0  48 50 5S 6,0 OS 70 7S SO

Loads At The Node Po in ts
NO. O F LOS. NO.OP LOS. NO. CP LDS. 

VECT. I VECT. -z VEC T 3
IO -20 3 0

-2 C A R D S  B E L O V / F O R  G A C U  LO A D  V E C T O R . 
O M IT  IF  Z& R .O  N O  O F  LO S

THE L O A D E D  P O IN T S  IN O R D E R
5 lo 16 20 15 30 35 4 0  4 3 50 53 CcQ 0 6 70 75 So

THE L O A D S  C O R R E S P O N D IN G  TO  T H E  P O IN T S  A B O V E  
IO 20  SO 4 0  6 0 CO 7 0 6 0
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Suppor t  I n f o r m a t i o n
T H E  S U P P O R .T & D  P O IN T S

6 10 19 'lo T$ 0̂ 39 40 49 90 63 60 63 ' 70 73 80

THE D & F -L & C T IO N 9  A S S O C IA T E D  W IT H  THE P O IN TS  A & O V E

IO 60  30  4 0  8 0  6 0 7 0 BO

Seismic Constants

ZO NE K CIO 60 30
( see  uniform euiLoiNq cooe)
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LOAD TYPES
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P LD  hpi’l'V'HV'f
m©  p

PLD2
sm ... -i: ix-O LD

aaaI*- A bb>b H*

_jC pldi
l! *!; -- ULD ̂ S.  ̂ U L.

( z )  P :    ^ 4  Q

]:i’’;';r!ii!ii[i!iiin

M lt K jmnWli

C O M B IN A T IO N S  OP (T)

PLDI • r P L D 2

@  P f - '  f V ^  |  ! ^
H aaaM bbb  (-

©

 % 1

1=

u l p

Fiy.E:D “  ^  COS «<

M E M 6 B R .  ORIE NTATIO N

/P L D 2

n
< ^ 4 ^  Q R A V IT  Y LOAD AND 

N O R M A L  LO A D S

PLDI
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APPENDIX C 

OUTPUT DATA

DEFLECTIONS

J —  - 6 -
+ Y  1 

1

FOR. BACH NODE POINT 

 \

+ X

ROT AT 1.0 W

MEMBER END FORCES 
3

I r

p e.MD
1 A X IA L  FO R C E:

2 S H E A R ,

3 M O M E N T

FOR. EACH M BM &BR.

Q E N D
4- A X IA L  F O R C E :

5 SHEAR

6 M O M E N T

LOADING CONDITIONS

d e f l e c t i o n s  are g i ven f o r  l o a d in g  c o n d i t i o n s  one t h ru  s i x  
member f o rc e s  are given f o r  l o a d in g  c o n d i t i o n s  one t h r u  

e leven

1 DEAD LOADING - generated f rom member loads o r  a p p l i e d
d i r e c t l y  to nodes in load v e c t o r  one

2+ WIND LOADS - a p p l i e d  to nodes in  load v e c t o r  two

3- WIND LOADS - a p p l i e d  to nodes in load v e c t o r  t h ree

4+ SEISMIC LOADS - genera ted ,  load v e c t o r  f o u r

5- SEISMIC LOADS - genera ted ,  load v e c t o r  f i v e
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6 . GRAVITY LOADS - sum o f  dead p lus l i v e  l o a d i n g s .

7 MAXIMUM MOMENT DUE TO LIVE LOADING
w i t h  as so c ia te d  a x i a l  f o rc e  and shear

- ( T l  ' ! ) »

8  MINIMUM MOMENT DUE TO LIVE LOADING
w i t h  a s so c i a te d  a x i a l  f o rc e  and shear

4»1_. . —  " 14-

MAXIMUM AXIAL FORCE - COMPRESSION 
w i t h  as so c i a te d  shear  and moment

-&-L:___  i +/

10 MAXIMUM SHEAR DUE TO LIVE LOADING

11 MINIMUM SHEAR DUE TO LIVE LOADING

REACTIONS
r e a c t i o n s  are g iven and an e q u i l i b r i u m  check i s  made f o r  
l o a d in g  c o n d i t i o n s  one t h r u  s i x

TOTAL WEIGHT
o f  s t r u c t u r a l  members i s  g iven
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