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Abstract  : This paper proposes a modeling  method  of  stress  concentrated  members  for the first o;der  analysis(FOA).

When  a  complicate  solid  structure  is simplified  as  an  assemblage  ofsimple  beam elements  applied  to elemcnt  forces such
as  axial  force, shear  force, bending  moment  and  twisting moment,  the total stiffness  equation  for FOA  ef  the solid
structure  is construeted  and  solved  foT the  given boundary and  loading conditions  by  the  usual  FEM  manner.  Then, the

total deformatien ef  simplMed  model  is estimated  and  thc element  forces are  calculated  in the element  level, The  stress

concentTation  of  simplified  each  member  with  holcs, notches  and  variable  cross  section  is also  predicted by  the  suggested

appToximate  formulation, A  U-notched 3D-model is picked up  and  how  piecisely the suggested  formulas can  predict the
stress  concentration  will  be shown.  Ihese  formulas can  be used  to show  the influence df the design pararneter changes  to

the designer and  how the load transmission path will  change  by the design changes.

Klty -Q)rds: First Order Analysis, Stress Concentration Factor, Structural Optimization,

1. Introduction

     Computer-aidcd engineering  (CAE) has been widely  accepted

by industrial designers and  simulation  engineers,  and  the structural

optimizatien  software  such  as GENESIS  is frequently used  for the

design optimization  that satisfies the specification  by modeling  the

detailed structural  elements.  Howeyer  it is difficult for the designers

to interpTet why  the final desigri obtained  by the software  is optimum,
ancl  no  design knowlcdge is accllmulated  in the designer as  skillfu1

engineering  knew-how.  To  overcome  this pieblem, a new  comcept  of

design too! named  First Order Analysis (FOA) has been invented to
treat the  skeletal  structures  which consist  of  beams  and  panels such
as  car  bodyi). The developed FOA  tool providcs a  usefu1  aid  to

design of  the  load transmission  path and  tepology optimization  of

skeletal  structures  at vpstream stage  of  desigri precesses, because  the

tool includes a  variety  of  graphic interfaces using  MS  Excel for the

design engineers  arid  powerful topelogy  optimization  module.

     However  the  FOA  proposed by Toyota  Central R&D  lab[1]
includes only  beam  and  panel elements  as design element,  it is not
enough  to simplify  the design model  ef  cemplicate  solid  structures

such  as  machine  tools in al1 kinds of  structural  desigri optimization.

Moreover,  the suggested  FOA  can  treat only  the rigidity  of  the body

structure.  When  we  consider  the  optimum  desigri of  continuum

structures  in the  upstream  design precess, the stress concentratien  as

well  as  the  structural  rigidity  should  be taken  in to account  in the

design process and  the FOA  should  be extended  to proyide such

ability  fer the desigriers, The  objective  of  this research  is to develop
a  new  FOA  concept,  which  can  be applied  to the structural  desigri
analysis  and  optimization  of  general solid  structures  censidering  the

deformationlrigidity of  the structure  as  well  as  stress concentration.

The  main  objectives  of  FOA  for continuurp  structuTe  are: 1) to be
able  to predict total deformation and  load transmission  as  well  as

stiess concentration  of  complicate  structures  by the simplfied  model,

and  2) to  be able  to assist the design engineers  to optimize  the

structure,  to make  them  understandable  how the load is transmitted
rationally  to the  suppoit,  and  which  parameter is impertant for
optimizationofstructures.

     In the pTactical cases,  the  design engineers  are  expected

creative  design products, and  they have to check  the possibility ef

many  kinds of  structural  candidates  of  very  complicatq  machine

elements,  To Tealize  this design precess and  to assist them  for
creative  and  inteiactive thinking on  the computer,  software

embedded  the fo11ewing mcntioned  steps  with  graphical interface is
cxpected  to develop. To  achieve  such  kind of  design environment  for
the  engineer,  it is req"ired  to prepare the element  stiffness  library

and  stress concentration  factoi library as  functions of  the design

parameteTs and  the element  forces for the many  kinds of  elements

with  many  kinds of  notches,  defects, holes and  variable  cross

sectlons,

    To develop formulas of  stress concentratien  factor prediction,
we  have suggested  the estimatien  fiow of  new  FOA  and  have  shown

how  to predict the stress  concentration  of  complicate  members  in the
first report7).  In this report,  we  select  a U-notch in a  cylinder  for 3-
dimensional cases,  which  are  taken as examples  among  the different
many  kinds of element  shapes,  applied  tensile, bending er  shear

loading at the ends.  Tlie formulation wil1  be shown  briefiy in the
next  section.  By  using  the same  way  we  can  prepare formulas for
other  shape  ef  the model  1ike solids  with  othei  kind of  notch,  holes

or  any  defects.

2. Construction ef  FOA  for Continuum Structures

    Fer a cemplicated  continuum  structure  it is difficult to

understand  how the load is transmitted to the support,  and  the

influence of  change  of  design variables  to  thc  total deformation or
stress eoncentration  factor, So to satisfy these requirements,  the FOA

for the continuum  structures  is constructed  by the following steps:

(1) Simplify the whole  complex  model  as an  assemblage  of  a  various

 kinds of  simple  clements.  Figs.1 (a) and  (b) show  the total medel

 and  its simplified  rnodel  as  the assemblage  of  simple  clemcnts

 with  wholes,  notches  and  step  changes  of  cross  sections.

(2) Decompose  each  element  to  a  simple  element  applied  forces such

 as  axial  and  shear  forces, bending  moments  and  twisting. If the

 relationship  between element  stifihess  and  the design parameters is
 prepa:ed for a various  kinds of  simplified  clements  in the

 computer  library, we  may  invoke the stiffbess  matrix  for the

  specified  desigri parameters.
(3) Construct the total stififhess equation  as  an  assemblage  of  the

  simple  elements.  Fer example,  if a beam  element  with  a V-notch

  with  the  design parameters such  as  width  }Pl a  half ef  the distance

  between  the two  netch  roet  a, root  radius  of  notch  p, and  netch

  angle  a  as  shown  in Fig.1(c), the  element  stiffhess equation  is

  grven as

     Fe=Ke  Ue, (1)
  wheie  F. =  (Pi, Vi, Mi, P2, Vl, M!)T, U, =  (ui, vi,  ei, u2,  vz,  q)T
  when  Pi, 4, Mi (i =

 1, 2) denete axial  force, shear  force and

  bending  moment,  and  "i, vi, q (i =  1, 2} denote the axial  and

  vertical displacement, and  rotation,  respectivcly.  The  stiffness

  matiix  of  simple  element  should  be prepared as a functiDn of the

  design parameters as  K=  K(p, a,  PV; a)  in advance,  Then, the

  element  stifiiness matrix  is assembled  (summed) to obtain  thc  teta1

  stitEness matrix  and  thereby solved  for tbe  total displacement of

  the  structure  undel  the  given loading and  boundary  conditions.

(4) Calculate the element  forces to predict the stress concentration

  for the givep design parameters. To  do se, some  sophisticated

  fermulas are  prepared for the maximum  stress a..  
=
 a..<p,  a,  PV;

  a)  in advance,  which  are  described lateT in detail,
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(5) Display the deformation ancl element  forces. Then, the designei

 can  observe  how  the load is trallsmittecl, and  also  the stress

 coneentration  factor at  each  element.

(6) Change the  structural  topology  if needed  and  eptimize  the desigri
 parameters.

(a) Real sttucture. (b)Simplifie
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x2  ;  2p !D  are  considered  as  the  parameters (desigri variables).  The
tensile  and  shear  forces, and  bending m'ement  as  well  as  twisting
moment'are  applibd  at the ends,  and  the upper  and  lower bounds

(changcable ranges)  are  assigried  for each  design parameters as
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(c) Elg=}ent lib'rary'. , (d) Forces of  elerpent  with  a

                         hole'.
Fig,1Decompositionof2-diihensiorialcontiituumstructure,

    If we  have to ch'ange  any  dimcnsion  or shape  like alj preptiring
thc element  with both side.potch,  one  side.no!ch,  or holes. then we                                      '
have te go to fitgp 2. or  to step'1  if required  thc stry, ctural  model

change,

              3. ?olypemial Regression

    Approximating  model is based on  observed  data and  normally

illustrated.in a polynomial function, The polYnomial function of                         '
.secend-order response  surfacg  medel  with  two  variables  are   '                      '                                       '
  

'
 Y  "Bo +  filxl +  fi2x2 +  fi3x12 +  fi4x22,+ fisxlx2 +E  

'
 (2)

whcre  fii (i -- 1,,.., 5) are  Tegression  coefficients  and  E is a,random                       tt
         ! 2..･  ･ '

error, Let Xl  =Xs,F2=X4,XIX2=X                             s, thcn Eq.(?) b.ec.omes'                           '                                '                                          '

    Y=  6o+ Pixi+fi2x2+fi3x3+fi4x4+Psxs+e･' (3)
                ttt t
Suppose there. are  k regression  variables,  then t t

    YiPo  +fii xi  +fi2  x2  +'  
--L-----+fi.

 x'k + e  .. (4)
.This linear mbdel,may  be written  in rhauix  notat'ion as

    Y=Xb+e.  , (5)
In general, Y  is a (n'1).vector of  the ob'seivatipns,  X  is a.(n'k)
matTix  of  the levels of  the independeni variablcs,  b is a (kt1) vecter

of  the regression  coefficients,  and  e  is an  (n'1) vector  of  random

errors,  where  n  is thc numb'er  of  observations.

    ,The methed  of  least squares  requires  minimizing the  scalar

sumofsquares

   e'.e=  (Y-Xb)' (Y-Xb)
      =yTy.bTxTy.y'xb;b'fxb  (6)
Minirnizing the  Eq,(6), we  get the square  estimator  of  the vectoT

   
･･
 . 

'.
 Fig,3AsolidbarwithU-notch.

                                      '

    To get observatien  matrix  X, 9 sainpljng-points  of  design
parameter-combination for 2dM  and  2PfD  are  analyzed,  and  the'stress,conceritratiQn

 factor fo.r..tens.ile, beriding, twisting and  sheaT

foTces aie  calculated  by keeping all other  parameters fixed, Then, we

get Jnaximum stress  occurs  at  the  notch  portion, and  the following
appro'ximated  formulas are'obtained.

    b =  orTx)'ixTy
thenr fitted regressign  model  is
 ･A
   

'Y
 =Xb  

'

4. Formutation  of  Stress Concentration Prediction

(7)

(8)

    Now  h day it is widelY  recggnized  that the stiess colicentration
affects  the lifetirpe of  machine  products' under  tensien;  bending,
andlor  shear,  arid'that the stress concentration  factoT ls of  param6unt
importince for assessing  fatigue strength  in notched  machine  parts.

   Here a eylinder with  
'deep

 U-notch shown  iri Fig.2 is conSidered.
An  approximate  formula is derived as  a' function of  design variables.
The  diameter of  the cylinder  D  is kept'constant, and  the ratios of  U-
notch  depth to the  diameter xi=  2dtD and  root  radius  to the diameter

Tensile foTce:

 atu,  !a. = 3.4819 +  12.4958x, - 11.g754x, - 16.6550x,' +  lo.8181x,'
 
-39.5939xrix2+e

 
･
 

',
 

'
 

'
           . (9)
Bendih'gforee: .
 a..  Ia, =  2.9006 l 6.op10x, -- 8.4533x, - 12.0235x,2 - 16.9534x,2      t tt tt                 '
.-9.8178xlX2+E 

'

         
･
 (10)

Shearing force: -

 T..  fT. ==  3･4689 +  2;1287r, - 11･3619X2 - 8･1378Xt2 - S･7140X22 '                '        '                    '                   '
 
'+9.2948x,x,+e

 ,'. , .'  
''

 

'.
 (11)                         tt

Twisting,force:

 rth,  frb ti 1.9389 +  3.4569x, - l,1190x, -- 4.896ixf - 3,9723x;

 
-17.8172x",+e

 
･
 (12)                                      tt t           t tt

where  no.Jru'nal stresses  are  u.  

'=
 Pt:cr] for tensile ferce P, ob  =

4M/Jtr3 for bending moment  M,  T. =  V7Jcr2for 
's,
 hear force V, and,･T'b t t

=  2T7:tb3 for twisting mement  T, in which  r  denotes radius  of  the                        t tt                          '                                      '
cylinder  at  notch  portion of  minimal bross section:

    To prove the Ieliability and  effecti"eness,  the derived forinulas
have bcen applied  for the-case 2dtO  =  O:225 and  2pM  =  O.1 when
the  nominal  Stress iatio of  tensien to bending moment,  q,lq =  1,937,
.are applied,  and  the nominal-  stress ratie  of  tension to twisting

-moment,
 cr.ltb =  3.875, are  applied.  Then, the maximum  stress.at the

.notch ponion  is predicted from ollr forinula as  cr../o,  =  8.347,
whereas  the cliiect CAE  

'analysis
 gives u../q,=  7.80, and  the  error  is

7.01%.  It is found that prediction by suggested  formulas is reliable
andusefu1fortheFOAofeomplicatecentinuumstructuies.

5. Conc]usions

    In this repert,  a  new.FOA  process for the  complicate  selid

structures  is proposed, and  the approximate  formulas of  stress

.concentration .factor of  element.)yith  notch  have been. descTibed,
which  w.ill be helpful for design purpeses. It has be,en confirmed  the
validityofsuggestedmethodnumerjcally  

'
 

'
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