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A U NI F I E D  APPROACH FOR MOD EL I NG Objective
INELAS T IC BEHAV IOR OF STRUC TU RAL T he object ive of t h us report is to develop a unifled
ME TALS U NDER COMPLEX CYC L IC approach for modeling t lue umiiaxia l inelastic hefuav utu r
LOADING S of structural metals appropuiate for irregular cy clic

hoadiui g comu (lit louis. Developmen I of aPPropriate mater
al parameters required for  such a model is also included
iii t h is objective. The model will be digital-computer-1 INTRODUC T ION oriented and suitable for miunierical procedures in struc-
tural mechanics and failure analysis.

Background Approach
The iinportam ice of amialyi.ing seismic structures for It is convenient to distinguish two features of cyclic

iuu e l astic response amid low-cycle fatigue has been idemiti- inelastic behavior of structural metals for the purpose
lied by several investigators. t ‘6 These structures are de- of modeling. These features are termed the “memory ”
si gned to respouid inelastically during strong-niotion phenomenon (C h uaptem 2) and “plastic hy s te t esus ” plie-
earth quakes both for economic reasons , and to provide nomnena (Chapter 3). Exce llent models of simulating
effective energy dissipation amid damping through plas- m e m ory are avai lable 7 t  and the one best suited f ’or

lid hysteresis , Analysis of ’ the inelastic response of such the present purpose will he adopted. By ext enduiug re-
structure s is complicated by t h e  cyc lic nature of earth- cent studies t 2 . 13  on the phastu e hysteresis phenomena .
quake loads. Current structural analysis procedures use a unitied approach f’or t heir quantitative desc rm pt u iiui
mater ial constitutive equations which are only adequate will be developed amid combiuied with the m emory mit’
for monotonic loadings. Under cyc lic loading condi- dcl to obtai:i a comnp lete characte nutatiomi of material
(ions, inelastic material response is com plicated by two behavior. Chapter 4 discusses t he iaterua l propert ies
factors: ( I )  uiouicoincidence of tetisile and compressive required by the mode l and t h e tet is for determninimig
stress-strain paths resulting mi hysteresis , and (2) strong those properties. Chapter 5 discus es the synthesis it t

dependence of stress-strain pat hs on prior deformation memory model amid plastic hystere is phenomnemia , some
history . This concept is illustrated iii Figure 1 , which appropriate sinaplifcations ni the m odel , acid typ ical
represents a typical stress-strain response of a unateria l simulations for two materials. Chapter 6 outlines three
subjected to a cyclic deformation history. There is no _____________

unique relationship between stress acid straimi or tami- 7W. I). Iwan . “On a Class of Models for tIme Yielding Iletia’
gent modulus arid stress (or strain)~ these quantities are vior of Continuous and Composite Syste ms .” Transactio,ms of

t’unctiutns of their time histories. Thus, analysis of cy- 1.~ 1E, J otir iial of Applied Mu’c/uantc.s (September t 9 t t 7 t .

chic inelastic response requires a unateria l model which 8P. C. Jennings, ”Earttiquake Response of a Yietdmn g Snru ’
can adequate ly simnu late the observed material behavior bure .” Proc eedings 1 SC ’E, Journal of Eungntmeerotg .11 e/ianui ’s

amid its prior history depem ideruce. Dim’ision , Paper No. 4435 , EM 4 (August b96 5) ,  pp 41 -68 .

9J , I”. Mart ui , T. H. Topper , auud ( .  M. Sincl ai r  , ‘‘( itunput uer
Based Simulation of (‘si’tk- Str ess- Surai ni tt ctu av jor With  Appli’u(; V. Berg and J. L. Stratt ia , .4,nchorag c and tiaska Ear th- eations to Fatigue ” Materials , Researc h a,uil Standard s . M I R S.l

quake (American Iron and Steel Institute . 1964). Vol I t .  Nit . 2 . (February I 971 ) . pp 23 29.
2~ A. Mihiut and V. V. Bertero, “Nontinear Seismic Re- iOU, R. Jt iansate and r. II. l’opper . “An I’ uguneer ing A nal

~~~ use I- v.it u.i t j o lT (‘luarau uunu Build log,’’ Pr ocI ’eilings .1 Sc ‘F. vsis of tt ui’ Inetasti c ’ Str es s Respomise ot a Stru c t m i t  S Ic - ta t  t mi~J i, utr tua i of Struc tural Dtu’isio,u (Juuie 1974) , PP 1225- 1242 . der Variable (‘yc tic Strains ,” ( ‘u i / I c  Str ess-Str a i,i Bi ’/n a u ’it, r tim -
‘~t . P. P ipitu . “ I. i\V (‘ycte Fati gue of (‘ inflections and l)e- alu ’sis , E.s ’peri nmcntatio ui and l”a ilu re Predic t ion , AS’t M sr p s i ’-i

ua ils .’’ / ‘r ,ii t ’ l u u ~,’~ tS(’b. / t  //SE J oint luutc ’r natio,mal (‘on/ er (American Society for resting and Materials IA S[M . 197 3t .
,‘n( ’u’ on P la,unom~’ an, ! f ) i ’ cj ,,’p t of Tail Buildiuug,c , S na te - tu t- utuc - ’Ar u ii R. M. W eteel , .1 Met/nod of Fatigue Da m ag e i ,ualu’ .ci.s,
Ret i t r i  Ni  3 , Ic - i t t .  ‘it tu ut un. N 1 8 , Vol 11 (1 9 72 1 , pt, 74 1.755. rect inical Report No. SR 7 I—t 0 7  U ord Motor (‘onupamly. Smu g

Pmn ktuj uus , “Proec’,t uu res oW Co ti -tO i t t  I art luquake Lust 1971).
Rm’stst. u uu u l ) c - s i c - u m l’arl I,” ltuildi, tg Pra ctices f ~,r 1) isasti ’r tlitig a - 1211 . R. ituansate , “A New Parameter tot  t h e  l lvst er c ’t i
lion, Bu,Idiutg S~ uc ’rucc ’ Sc-n i 46 (National tiuureau of Standards , Slress-Stra in Behavior of Metals ,” Tra,uxau ’t ii) , i.c of .4.S ,4 f I ~. Jour
t 1 7 3 u . np I 88-205 ,ual of E,tginc’eri,ng Material s and Iec/t,nolot u . Sot  97 , Series II .

51t . linc-ster . “tk’havior of Siructura l tTteu nents A Review ,” Nut . 1 (January 1975) , pp 33-38 .
Building Pr ai I u u’ u ’,s f t t t  1) isash-r .% litigo/ion , Building Seienue Ser- 13 t! K. Jti ,unsale . ‘‘A I-rid ion St res s M t  tuiid to t  ttu e (5 clue
cs 46 (Nauional Buurc’au of Sta mud.urc t c . 1973). pp 286-351 . In~tast ic Behavior it Mc- tals ,” !ra,Isa( ’zions of  the ~r I  I,mte r , ua

6N. M . Newuuua r k m u d  I .  Rosiruibluettu - I-’minda tne,nt a ls of tiona l (.o,uj ( ’r ( ’, i ( - m ’ on Str uii ’tuur al ‘L-i’ha,mic’s in Rt ’a, iiir / i m / t
/nart/ui/tiak( ’ i’tt~iuu i i’rt,u( ( Prentice Italt , Inc.. I 97 1 t . nolog u . Vol 5 . [.5/4 tSeptecnbcr 19751 .

7 

- . .-.—-- ~~~~- 



~ m~ —” -
~ 
- ~~ ‘T Z T ’~~~~ ~~~~~~~~~~~~~

‘
~~~~

‘‘

~~~ ~~
‘ -. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
“ ‘

app hicamiom is of structural mech anics amid failure anal y-
sts for ib is research .

Mode of Technology Transfer
Time results of this s m ud t , will impact I \l ~ -ME)- h E .

E St ’istflu ’ l) c ’sj v ”t J~ r Buildings’ . I 4

2 M E M O R Y  P H E N O M E N O N

The mlieuno ry pl ie no uu mei t iunm can he best describ ed by
two simnp le examp les . as shuowt u umi Figure 2. If the ma-

_________ 
7 len a1 is loaded through ()A . as sh own iii i’ iguire 2a . t hen

o umiloaded through AB. and f imiahly loaded in the tensile
direction . it apparently “reme mnbers Ihe previous

6 point - A , of u ci load imi g aim d f ’oll ows the path AC - w it ichi
would be time path if the material were not unloaded at
A. Thus . t here is a discontim muity in the stress-strain re-

4 sponsc during t h e  loading BC at A. Simiiilarh y. in the
second examp le (Fi gure 2b). t he Final stress-strain path ,

2 DL, is co m posed of two discomitinuiti es , C and A. Seg-
ments CA and AL are comitim iuat ions of BC amid OA , me-

STRAIN-TIME INPUT spectivel y. l’hue mem ory pliemiomnenon accounts for t h e
internal stress distribution caused by Ihe previous load-
ing history.

3 I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Model for Memory
A theological model consist itig of linear elastic

5 
‘
~~ spnimigs amid solid friction sliders suc hu as the tine shuown

imi Figure 3 is comiimonly used to si m ulate t h e  memory
phienomemmomi. By choosing an appropriate mutim iuber of
sprimig-s lider elememits. stiffnesses for the sprimugs , ami d
fr iction stresses for t h e  sliders . t h e  nomu linear stress-

____________________ 
stra in characteristic of time material cart be miiatc hed as

6 O~ acc uratel y as desired with a piecewise linear approxi-
uiiat ion. The model also exh ibits t h e  so-called l3aush mni-
ger ef fect . which is cliaracteriied by a decrease in the
yield stress level in the reverse direetktmi a f mer  plastic
deformiiatiomi . Based (In Iii us rhucolmi g ical miiodel . several
tuu r m u iI~m th ins for si m uulal mm m g t h e  memory ph uem im umu iemu tin
huave (mccii proposed - I S - I ~ ‘flue app ru iac iu wit ic lu ui \C ‘ a

4

2
m 4Sm’is,,iic’ l) esign f o r  Buildin i,’s , I M5-809 l It I h)epa rt rr t e ni

STRESS STRAIN RESPONSE of mIte .&runy. 1973) . This TM is also puhtistuc’cf b~ t h e  Nay ’, and
Air Force as NAVI”A (’ l’- 355 and (‘tuapter 13 ut S IS t $8 3 . re-
spectivel y.

5j , F. Martin , r. II. Topper, and G. M. Sinc’lmuir. “(‘ rmpu-
tCr Based Simulation of Cyclic’ Stress-S lrain ltutluavior with Ap-
ir ticmutions io l- ’~mti gue , ” Materials , Risc -ar c h an,! Sta,ndardx .
if i R S i .  Vol II . No. 2 . (February 197 1) , pp 23 29 .

16 R. SI. We u,eI -I Mi t/ to,! of J-’at igui ’ I) ar!ua~r ’ t ta / t iLt .
Technical Report Nun . SR 7 I - l t ) 7 h ird Motor (‘omiipa uty , Suc--

Figure I . Typical cvc im c t r t e h , ust  uc umi aterial respomise. usl 1 9 7 1 1 .

8
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(a) ( h)

Figure 2. Tw it  exam uiples of mnem umory piuemio niienout .

curves cami he appr six munai ed hm~ a set ci t  pm eces ~ ise hmr te ar

E E E ‘ E segm iments whose lengths , slopes , an d numm iber are s u u t t  -1 I fl ably chosen. ‘t~igtm re 4 i l I tmst ra tes a lu v e- s egnm ue num c urve .
T h e  memory :~~~s ~~ 

~::t.

t

~~ ::ent durimig ti me curre uut

~ fl loadin g pat h which is either tensile or com npressive de-
pemids on the prior loadimig huis lory and is denoted b~ aim

E “avai lability ciuc’f t k ic’m it ” mi that directi suu i.
‘~~~‘V~— Elastic Spring with Modulus,E

2. ‘flue absolute summi t ot ’ t h e  ava ilab ih ily dm ief itc iec its

- 
mum t lic m emi s u l e amid time comnp ressive directions mi t  m i t t /i

‘.—‘‘“ Solid Friction Slider, with segmni’nm i s a lw .mv s equal to Its ’ ’ . T ime initial ava ila hmh it ~
- ~~t d I t t c t c ’t t t  mu tension or imt comn pressiom i ton u ’~m ’/m seg-Friction Stress , a’ ni lem u l us once.

( 
~~~~

, 3 I ) u m u icug .m specific ittad in ig, t ime st te s s s t u , uu , t  pat h ms
— 1 defim ue d by segu uueu u ts . s lartim ig with t h e  first , aci d p i t t —

- ceedmg in comi secutuv e order to time c’ x te m u l  h hual the seg—Figure 3. Rhmeo logical m odel. . . -men ts are avamla tile in I he direct ton s it load ill g um rut ml I hue
desired stress sir s t r a in limit us reac hued .

sd t mit simple ru les us ideall y sum ited t’si r digital couiipmu Ia-
lion and will lie adopted . t 7 These ruiles svull he ih h us t ra t — 4. ‘flue availabi l ity ii? a segment iii a give n dime cl i t im i
ed wit h ti me aid of time fol hi t wu u ug exau iip he. ( hetis ioc i mi t  c s tm i ipm ess it tn ) de cm eas c ’s 1st tI me e ’ t em i t  mm us

use d in Iluat c tuu e c t i s uc i , hut im icrease s bs t i m a t  a m u i s u m u m m i  r u
Methods of Memory Rules t h e  su ppos ite chuue ’ct ion its cs unf strn mity wills utile 2.

1 hue u i u u t m . i I  sI t e s s - s i  ra in i u m u V l ’ ’, for heumsisumu amt c h c i i i t t -

~ni ’s s m m t u t  au c ’ , us s um mn ed t i n  he ui,le mulm c a l .  l ime  sI m ess- s t u , i m n m in hum c ’t - t h e  pntc ’c’c lum re a n i mu t nunu t s h i t  a sun mip le t t m n t t k
- — - keep i n g  t u p e m a l m m t t u  m i t  t ime availabil i ty c o e f t m c u m ’ u u ts  .ms m l-

7R. SI \l,’t ,eI lm m s t n a h e d  mu Fi gu ure 4 . Wi t ert t ime tensmhe Ioadum ugsequeu ice
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Availability ( ‘ ociLicic’ nt of Elements

Loaching 
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0 0
Path T C T C T C T C ‘1’ C

S 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1,0
O \  T  —

E fLU 2,0 0.0 2.0 0.0 2.0 0. 2 t , 8 1. 0 1.0

S 0. 0 2.0 0.0 2,0 0,0 2.0 0. 2 1. 8 1.0 1.0
AR ( ‘ — — ______ -

~~~~~~~~~

F 2, 0 0. 0 1. 3 0. 7 0. 0 2. 0 0. 2 t . 8 1. 0 1. 0

S 2 .0  0,0 1,3 0.7 0.0 2, 0 0. 2 l .~ 1.0 1 ,0
tiC T — — — —

~~~~~~~~~~~~~~~
— — —  ____ —

I’ 0.0 2.0 0. 0 2,0 fLU LU 0,0 2, 1) o, o  LU

— St .  i- i . I — Enit , T — Tc ’nsiom i. ( ‘ — Compn’cs .siomi, Umiuseci Lhc ’ i ti cnn ~ tinmtc’rlined)

Figure 4. Examp le for il lustr at mui g mnem mmory rules . Reprinted wi th p~~~~~~on of’ Ford M i i i  I ut nipaiiv fro t im R -

I t l t/ i . /  f hit/gu s ’ l) amnaee . Inna l t ’ .s ’is. le : I im umL - .m I Repo rt \ ‘  SR7 1 - 1 1 ) 7  1 . \um ~ u usi l’~7 h I.
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MONOTONIC CURVE
HYSTERESIS CURVE
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EJ  
-

~ O- STRESS RANGE

~ E —STRAiN RANGE
0o —MEAN STRESS

(a) Stable c losed loop behavior under umiean stress. (h) Identically shaped iiystenesis branches (yield ran ge
is constant ).

Figure 5. Masing and stable responses of memory m odel.

OA begins . omme um m it of eac h segmeui l is available in ble (or saturatiom i ) slate in time limit , they usually cx-
tension and conipressiomi. Hence , time stress-strain path hibit a prior transient beh avior (to he h’uIly described in
OA consists of one-unmit lengths of elements I to 3 and Chapter 3)  during which hysteresis pat h s gradu ally
0.8 unit of 4 : at this stage , point A is reached, The avail- change front cycle to cycle. This transient behavior is
ability coefficients of ’ t huese segments in tensiom i are particularl y pronounced in the presence of a mimean
reduced by the aniounits of t iuese clenient lengths , but stress ,
at t h e  same time. th eir availability coefficients in
co mpression are c ( irresp mtm mdingly increased by the same The hysteresis curves produced by lime rheological
aniount. The availability coefilcients of segmenl 5 are model (or the nielhod of rules) are geom etricall y simi-
umia ltered , since t hat segment was not used. Time next lar to the tiionolumiic stress-stra imm curv e hut nnagniified
Ituadim ug sequ ence. AB, w h ich is csumpressive . uses t he by a sca le factor tuf tw mu . ‘flits succurs because hi order
t w i m ;mv :u ula h he u m m i i ts tu f segmuiemut I amid 1.3 tiumi ls 5)f seg — lit reverse the sh idmnug direction to m a slider , it us mmeces -
muiemit 2: at t h us stage . t iue desired limit B is reac h ed. ‘l’hue sary to appl ) a stress range w h ich ms twice t h at mi t t ime

mu cxt sequiecuce , BC. which u is temusi le . uses the twit units slider ’s t ui ct i u m u stress. Thu s property, originally p051mm-

tuf I. I .3 um u its of 2 , mi u tu t e it t 3 , 0.2 uuiils of 4 , amid one late d by Masiuig. is of ’lemi re ferred to as Masing postula-
u m umu l su f 5: at I luis stage , p uu m i l (‘ is reached. ‘t itus , the lion (or Masing beh mav is ur) . ltt It also im mlp lies m imat t h e  Ibm—
muieuu is ury phisrt tomi ueti unm has been successfully sim im uhated ear elastic portuon or yield ramige (which us twice the
by ue ct iguu m/ icug h u e  umn il mua d imig ptu int A and producing yield strength) us undepemident of the hystem ests lusop sm/c
sI t  ~‘ss-sI ma im i p :ut hu AC. w hich is tine comilinualion of ()A. (sir strain or stress amp litude). Fitr examp le , if varm m uus

sited hyshet esis loops produced by the model a me super-
Memory Modei Vs. Real Materials imposed mutt thueir lower tips , tIme upper i my s t e me s m s paliis

L i nud e m cs trns ta u i t  stress sir strain range cycling, tI me rite- are coincident. as s hms iwn in l’igure Sb. Maniv real m ater
ul ogica I munod m ’ or I hue tie I him id of rules) produces h’u I ly 

___________

ehu is .’ml us st m ’ uc ’s is stress-straim i loops . eveni in the presemi ce u
- 

(,. %1 .ist t i~ , l.ige ns patt ntu cuge n uutml S m ’ rtm ’siugung twin
itt m i uu e,m ci sI uCis or mcie ac i St rain as ullust rated in Figure Mi’ s s m u ’  ,‘‘ Pr ’,, , , j u n i ~’i t , I  f/ nt’ 2nd Inmt er nm alion nal ( ‘n cr ,  ii of I ft .

- Alt  buuc ug ht real minim Ic ruals event I ually approacii I his sta— ~t/t t ’mi Meu -/ ia t t i i  s . /tnrmi’/m / 92s i I’i .‘ui u , pp 112 - I S 
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ma is . es~’ u u mu t ime stahihii.ed sta te , exhuibit a varia hio um of ’ several u t u v cshmg a t i tm s  du m nimi g time past tw o dC~~mde5 2 0 2 i

d c l t a mit e as .m I’ummuc t isumi m i t  loop si/ c. These m aterials cami t ie generally su mum mnari ted as follows. Si t i  tu ieta ls
.itc ’ demi mu m ed as m mom m-\l ~msu t te  mvpe . (e.g.. i to tw o rked ) c~ cl icahl ~ hi a rd e mu anmd ht a md m etals

(e .g.. co ldworked) c~ chuc _ ihl ~ s i t )  mdi i  I h, ct c ’veu , m ut m tm a h l y
Th ese Iws i features ( t ime tra t m s iem m t amid t h e  umom u— Nia sitig soft but s t m .m m u u -u g ed mna t e m ials.  suc lu as Imotwo rked couu u—

ch aracteristics w hu ici m distinguish real umiat er ials t romm i Instil struc m ura l s t eels . ex i u ml i u i  c~ chi c sm i t  ec u it ig at lower
t ime uumcuum om v m odel ) are desigciatcd as plastic hysteresis strain amplitudes and cvcluc hmarde n iiuug am hu i ghte m -~u r a u m u
pliemmomuena (see (‘luapter 3 ) .  amplitudes. Thuis apparetit aumon ialous s i t  te n  t u g  is

believed to he cauised by time gradumal uuupiumuii ng mit  dus’

locatit )t is w iuic hu wete  ls cked liv m i  lerst i t ial umuipu u ity
‘atom ns durmu ig t ime s lra i ui-aguuu g pr m ccss. ()mie t ea ture  iii a

si.uf ’t cut u t  g phemi omnent in thu at si motu lii be cml comic erru iii3 PLASTIC HYSTERESIS PHENO MENA clef ’orm uiat is iuu ai m . u ls sus us t u e  m e t th u at  w h a t  appears to be
a linear elastic tc ’Spmnuse dur imu g h u e  immu t u a l  pemiod m i f c v c l t ~
load m tug wm hl event I uma hi y develop imm Itt mum elastic liv s c  rests

.-~ re cc’ m ut sI lid) 0 sev e ral s i t  tuciu ra l  mu mem als I’~ s lu ,mwc d respouiSe with conti iued c v c h i mu g as i l lustramed iii Fi gure
t imat the vario us cycle-dependent transient phmen mtmn ena 7. Thuus . ana l su s based miii t ime imu i m m a l s lues s-s t t j um i  chuar-
ami d t i i i m u . Nlas i m ug behavior cam m he ch uaractert ,.ed mi term ius : ic lc r islmc could result iii nouico mmse rval uve estimates ofj of a s i m mg he ii istsury .de pettdem ih St mess pa ia. lcte r. The det ’o rm nafiom i resps utise .
present study huas s ickled additit unial insiehul imito time
quacimimative aspects of th is parat nemer amid it s  iu ist ,u rv The itm mtia l cyclic hiardeci mn ig or sof ’ten ing ph enom enon

clepemmdence. This ct uapt cn describes these f’ltmdimmgs and us tracisient , and a s ta te  o f ’ sa lurat ic utu is approached at a

provides :i suitable ‘it ide! f’sur c ima racteri t ing time plastic contmnucuus l~ dc’c reasm t ug rate with cyc les . Th us stable sur
hysteresis phi ecmtt m ne uua . sat urated state is usually mainmtained wit h comilimiued cy-
‘ c him ig at constant amp litude until fati gue crac ks initiate.

Observe d Transient Phenomena However , eac h linme time s t ress mit strain amiip hitude (iii

‘flue transient pluenom imemia are classitied imm lo tour himim it ) is chaumged f ’rs,un omue leve l 1st au us th m er , a transieru t

is pt ’s (Figure S i)  amid are desigumated as cyclic h ardening, behavior ensues even hluoumg hu the t mm ateri a ) has been imu-

cvc hc softem ming. cyc lic re laxatiomi , an d cyclic creep. As ifiahhy satt ura led . This i la l u s l e t i  t eh uavu o u us csit imp nm sed

illustrated in i- Lures 6a amid oh, cyc lic h ardening or o f both huarde ummtig or s m u t  l e t i t n ic  anid eh.m x _ mtiot i  it creep.

so fte n ing is denoted by a cycle-dependen t iuicreasc or ~~~~m t ~ ’ data mli u s tr . mt uu m g thme se various aspec Is 0 mi i i -

decre ase iii stress range under commstant strain range cy- served hran sie m m h l ie hi.us u t  are Ius~ msse, t  an tIme t i , h l , t t t  i tL ~

c titi~ Sim ilarly. tuumder constant stress range cycliumg. sectio n s dea hmmig w i t  I t ue qu lamu 1 1am ye li. u I sc t en  i / m i it

iuese i Si i u pIt mtti onuen a mima nil f’esl as c hatu ges iti t ime strain of I iuese pime cu t imflc’m t~i -

rami ge. (‘ veh i e re laxatiomi is denoted b~ a cyc hic-depemi- Analysis of Hysteresis Loops
dent dect ease in t h e  absolute mmi eami stress uuuder con- A It vst c t es u s hiuo lt m m ’  I it hi a clues mi m e t ippet bua nich
slant s m ra um i ramige e~ c lutig . w htereas cyclic creep is dem iut- es urr espsu uuds to t u e  tensile I . m dur i ~ dire ct i i i  amid t u e
en b -  :m cycle-dependent inc rease itt t u e  absolute uiiean Isuwer branei m c m i n t  esp ii~k to tIm e m uu t ; ’ u  e ss m c e d mne c i i ,  i t t
ci rau ui sun der constant stress range cycling. Figut c’s ftc t)urintg the m u . t t i s m e s i  I ci und mt ii m i s . ~ ii sieu esms k y ’  is ut 0
and fid sc huemi maticall y il lustuate cyclic relaxatiot i ot a 

~hsised . amid I b u m - lii slc ’ iesis brami~u~ -’ .miC m l ,  t t  mdem ~ m~ .ml
te u us i le mt u e : mmi s t re ss amid cyclic creep in tenusi mu n , res pec- (see i’ ig mire t i  I It ’  ‘w e t em mum the s ,i I ii u i e , i  s l a t e  - I uC I-
livel y. A uniaherial can sim ii mmhl anet uus l y exhibit cyclic
iu:mrdeniuig mn s tut tec u imug and cyclic creep or relaxation.

~~ t I 5 I i t  it - J r i t  I u I u - n radi i - I t s -  t Ii, 5 1 1

- - ‘ - ti uC . mr u m t I i t t - m m , - i Si l t s  ‘ / ,. i s, - , (11,11% .m ’ 1/u, t / . i . , , j ’~~,, ‘1I ‘s Ic  tusi vi . i..x pc run mi. mit m l ohsc rvations mit  tilt. transm c nt ii inn s I ‘i iu I n I is 9 pp
behavisur of m any dil’ferem il structural unetals made by . -2 i 1. K hal , ’, .a umd J \t , I l i It i t ( u,I, /).~~~. ~r .4 5 1  t I ’

li -l i ar ( i t  ,
~~ 

1,’ 1 . / i  I t. t \ t  If. ~- ~~ ‘s - ‘~ I t ’ c u u s e t s u t c  , it

d ims . S i t  Ii i ‘ i ij  ii

_________________ — 
2 ’21( St I . m l u m f e i . mi  ( ui / u ,  I) , !,r,,m,um,i’, ‘i i  / a t m u : i  mi I/ar,!

m um 11 K. .Ihians .uie. ‘‘ .5, N c  l’,ir~m iim ’ ic ’, in t h e  t t y s nc’ r c ’ nu ~i it ’~/ .S t ,,ii I ~~ \ ‘ih Rm’ l u t tF t  i 2 m u  ii i t t t m ’ i s t ’ ~ i t u l m i t s  I ’ii ii i

St r,’ss- Si ra i n  itet u, i v m, tr  it St , ’i,,k .’’ I’ru,i.vus ’t,o,n,s ’ r I  - 1 S t / I - . u nit . 2 ,m c , keslm.,s -,  ‘i ‘ ‘ i ,  s u m / i ,  s t i l t  ~l , -  / i,- i ii ‘ m i l l  t ; , j ’ , J  I
tnm ,/ ‘1 / ,r ’i t , , - m ’r t nc ’ i!,,teriu/ s itt ! I t , - / r t t t ,/ , i m i - Vo l ‘t7  , i’ c’r im ’s It , m~~t’ ml S i r , ,ma/ , , - l  tJ i I , I  1m!, t i  I ‘ I i  ‘ IL i,!,, ( n/ i r i s h ’ I i
N I l ru m , mr i  i ’ i?’ I . pp 3 1 - iS t t m s s m ’ ,n . i t u , m tu  l h r u u , - r s , t t  ‘i tt I - v .  i,- ,,- t t l , -, i ’i(,u,,
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CONTROL HISTORY 
CYCLIC HAP~DENING
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CYCLIC SOFTENING
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CONTROL HISTORY

CYCLIC RELAXATION
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CONTROL HISTORY
CYCLIC CREEP

Figure 6. (‘ l us su f mc _ mtm m t n i  m i t  cyc hu c Ira nnsie rm t ph i cim onmemmi.
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Figure 7. Gradual developm ent of inelastic Imys meresis from itm iti all y elasmic i)eb iaVi oi iii cychiea!! - softening materials.

teresis loop is fully t.lcised , and time two h ysteresis m ain unchiamuged du ring cyclic imiadi mig. T u e  imiva niamm l
branchues are idetmt ica l , one being time ummirro r immiage of nonlinear portmo im of lime l uys le te sis brami chi f imat is Un-
t he oth er. l~acbu branch is designated as a “reversal ,” and affec ted by time cyclic plastic s lra inmizm g represecu ls an
cyclic progress us denoted in terms of time nuummber of itmt nm nsic unatenial property. Deno tuumg suchu an iuitriums ic
reversa ls. Time first reve rsal is time hysteresis hra mm dm m m -  stre ss-strammi curve as “s ke le l m i tu stress-strain curve ,” t h e
tuie dia tel y fo llowimmg t Ime Ilrst mimomiotou iic ioadimig at time mmiva n iatmt mm oc ml iu iear hysteresis br a m mch m w uh h he gc mttmu eu -

begium m mi mig of time test.  As a rule , t ime first nimo molonic ricall y s uum milar to time skel- ~t o mm stress-stra lu m curve. hut
loadimmg patlm is treated separately fro m time oilier cyclic mmmagm uih led by a scale factor of ISV ,’ Chapter 4 disc ’ msse s

loadiumg pat lms . ami d rus, reversal mumuimb er is assigned tt u i t. detern iiumation su l t h e  skeheto c u S t r es s - s l rm ’ n t  cur ie -

- A reversal to reversal inicrease mur dec te ase mit ‘m RI nie-ece uu t st unhy t l  ccvii nil st ructu cab metals —4 sluowed - - -
- - notes huardenur u g or s i t  i c n tu t u e ,  respectivel y. it l ue n e . is aIhat tramu s u c tu l  ci mammges mum time !mvsi er e sus bramuches are es— , . .. -

- - 
- 

. . . .  relative dul feremuce iii YR 1 heti t -ce t i  tine uppc’c ami d lowersentia lly c. miisc’d by changes in lime le ntg t hi s of the m u t u a l  - - - -

- - ., . . ,  - hysteresis branches describes cyclic creep mum re laxamiomi ,linear elastic pa rts. lime slope it t  t ime linear elastic - -
- . . . . depending on time controlled h t uimm ts ( stress or 51 taun t ) ,  aspiui lion us amid time ~Ii ape of I hue mm onm hm umear port b u s  me tuma ini - - . , - - -

- . - — sc htenmm a l ica lly illustrated in Figure ‘) . i i i -  n / l u i m v m ’ dii -
y in  IuaIhv ummc iuaumged (see I- mgure ~ , itt w huichi time t u rs t  , -

- - . ference in YRIs between iii ,’ cs unsecsu l us - i.’ r eve I s .ils de-t hu tee l t vs t e r es ts  branc h es mi t  ii uvpmcal cyclic h ardening - -  - - -
- - 

‘ - 
. . creases as saturation us a ppRt ach me d . I Imene t o re . mci a sat-sit oa t h s itt i t t  c emum pa red I. Tine cit aumge mum t ime elastic part - . -

- . . . . .  urated iu y st e m es t s loop, t h e  ~ R Is umi time nm 1’ pe t am un i loweris desig umated as vu el d ramuge unmcr e m u iemut (‘
~ 

RI). sluice it - 
. - -

- . - - branmc hes are equal m um mimagnul tude. Iii t ncis n ci ma termals . t imedcc i st Ies a c Iman ge imm I be y meld i m i t  gi’ mul time mmma he rual , The - - -
- - - - . saturat ion value of \ RI mc de pe ndemm m on t h e  s tn c i s s  oryie ld range us Iwmcc tIme yield strengt h becatise s mt time - . - -  -

- . s ir a u n  am m m phitsm de . I hiese nnaterua ls w e r e  dc’sm t.’ tu . m u e ! .ussc ,m le f a c t o r  of two betweecm time tmmo n iti tomm ic acid I t y s u er -  . - ‘
- . . 

- 
- um s t t m- Masu mig type in ( hapter 2.

Ch ic shr css-shra m n i pat h s (r ice Cimapt mi r — I. !‘bmysica lh y. thus
c huamige iii time y ield str eum gt ii (or r:uiigc’ is cause d by sub— As pail ts f t h e  pr e setmu imivesti gah kmmi , all Ihie i,bsemv im-
structura l ciiam iges asssmciate mh wm tb m reversed plastic t iouis discussed -ahose luav i.’ beemu vet lim it ‘or a lai gm
s t r t m n t i n ng  inn a cycli c s i t u m a him t nm . T l u um s . tra n siemm l pl ie nom um— nunmher suf str s u e f mural mume la ls rat ig inig widely tn t sl re uig t h ms
c t t ~i i. ur t  he ,Iesi.- tuh ~’,t i t t  Icru rm s iii a sut u mp le pari mneler and esch i c  eh tan m eh e tus m ucs  . .-~ iu ,i l vsi s ii avauh ahle data tumu
\ ‘RI mu n ‘‘i ucis l s t r c ungt i t  u t t i .- t c ’ m uue tnt ’’ I \ ‘Si ) .  w l ti c hm is one— time e levat ed tetmu pen. mhm m mc ’ ci t m ui t i mm ue d c\ c h i c  ami d h isul m i
im al l  i t t  Y RI  I ui’ e l. m smi c  mu mtidmul t i s cau u ite assutnued to re— penisw h (sha h ic  n e l ; m ’ s a i t i i t u  e iee p )  hi.’sls si tu tw i u  b t t m ’’ i — Ic tm u—

perat s mr e a hhm t ~ stc ’iil’, .mlsmi  u u u d mc ’ i h e t h at b~ithi c’ )c l mc t ract -
- ,  

- - — 
- siemit amid s tat ic  cuec ’p rm’l , ix ,m n m i  beiiavic.mm caci lie de-

— i 11 K h I u , m m u s .m t,’ . ‘ ‘ 5  New h’ . m r . m nr u elc ’ r in utu e t l~~s tc ’r~ t ic - - .  - , -

S t t c ’s s S t r u m  t t , ’I i .ms ~~,j ,,t \t ,’t~m I s I r autum - tit ip ns mf t . ’i’i ii- .Jm,n,r- si- ru bmy d mu memm i m s ml c hta n igc ’s nm Y RI. lable I suin t m u m i arm ies
ima/ ,i / ii ,,,, - r i p ,  i ! , i - u , I c rt , / Ii’e/mno !t ;gt’ . S t  il , Se rum ’s I I . t h e  u mia l emmals ~t iz ~lue ,l au md ‘bsc ’t ’ i . it u ’ ru s .mhi t iut IIu~ m im . I I t t ! -
N ’  I m ., m . ~~v ;s

~ pp 33.38. t ypical t e s i m h m s  ame ilt sc - i ts s c ’iI inn t ime t~t l lm tw t t u g  se eluou i
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Table I
Summary of Hysteresis ioop Shape Study of Structural Metals
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Table I (Continued)
Summary of Hysteresis Loop Shape Study of Structural Metals

Conditions of Test
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Quant itative Characterization —
CHS 

R~ 
(Eq i J  of Plastic Hysteres is Phenomena

Tm) obta imi a comump le me c l ia tact e rmia t usiu i of time v-a m icius
du~ tr amusi emi I pheniouuuemia , ouue tuu lust km u s tw I me vat ma m umimu oh

w lmersi 
~

-j
~

— = rate of change of yield st rengdu per re- YRI (or yield stremugh lt )  buIlt trs i mt t  tev i .’i sa l to n ese t s t m l
versal ami d within etmchn reversal. T ue  duscuss iuitt pce semute .h imu

t u e  previous Sect imiui pt u iv iut es a l ,,ms ts m i t  t ime t i t r umie r  var ~= current yueld strengt lu iatiun: however , it is relativel y dif ’f ’icult to uuu easure t ime
vari a tion ~t’ YRI within a given mev ersa l . ami d flu) sucim

0yc saturation u value of yield strength experimental data are available. therefore , a ph ysically
ummotivated intuitive model will be assumed b r  lIme lal-

R = cul men it reversal tmumnber icr variation,

C115 = coef l’tc ient of’ hardening or softening The number of reversals is a umiean t iu mgl ’uh variable as
Iommg as the strain amplitude is comm stamu t . For examiuphe ,

amid mn anud p are suitab le exponents. itt liii. ’ most general variable stra i nu amuip h imud mi s i tsm a l i m ) m m .
iii wh ich the s lra inu amuip lifude differs f ’rmum um re versal to

Eq I applies to ‘a constant amplitude cycling situa- reversal, time mmunm m her of reversals at eac iu strain animp li-
tiomu , amid the values of C115, m , arid p are generall y tuude never exceeds one. Thus, muun imh er sit rec’ersals los-
functions of strain amplitude. If time equation is expect- es sigmuificauuce as aim in tl ucmi cimm g variable. Then mito re , Is)
ed to yield both the umia gmiitude and signi of time tale of keep t ime forn nulatiomm s i m ttp lc , t ime [ale of y ield sh r cm ug t h t
yield strengt h chmammg e , themi possible values of ’ j ul will be chiaumgc (or th aI of YSI I cvi ii he assumuied lit he pi.i.tpor’
restricted to odd integers. Ifonly m agnitude isobtuined , tissnal to time dif’f’erencc hetcv em.’ni the sa tu r at ish mt a m ud cur-
the mi such a restrictiom s of the possible value of’ un is nio t rent values of yield strength (or th at of YSI). TIme sat si-
necessary. By in tegrating tIme above equations , an equa- ration YSI will be assumed to be a ummi qum,i functiomi tf
tion i re iatummg yield stremigt hus amid tm ummmber of reversals strai um am usp litude amid in ’mdepem udecmt of’ pris)r cyclic his-
e.iu u be obtained as in Eq 2: tory. Furthermore , the cocf’ficienm t of hardeum imig/ sof ’teum-

ing (C11~ I will be assumed to be a miia leria l c o nm st amth -

~~~ da~ ~~R dR Al though these assuuuip (istns will lead to a sonuie~~ima t imu -

f (
‘J~J )m 

= CHsJ -~~~
, 

(Eq 
~ accurate predictiou m s)f time tranisiemit tal es , time res uiltin ig 4

“vi ~ m model will be simimp he , amid i t svill always approach tIme
correct saturat ion State .

To c\am ii itt e imow well Eq 2 represents the observed
beh avior fm )r a specified set of rim amid p. it is only nieces- Dislocatioti th eories acid observed sus t red emmergy
sar v 1st eva iuate the heft - and rig lmt- huam md expressions at changes its cold work26’29 suggest that time initial par t
var iou’ , reversals and to examine time limmearity of their of a reversal after prim)r plastic defortiiati i i uu amid stra i nu
relationship on an x-y plot. Four va lues of rim and p (0, hmard e mmim mg sh ould be asssicia ted with sommie I ecove ry ( m i t

1 /2.  I , and 2) were consmdered , wh ich resulted in t ô  slight solteumingl tIme i’a t t e m part of time rev mirs a l where
c m tmnu hiniatiouis f u r  exam im im matiom m, The best combination
var ied frs,ni mnateri al to uimateria l and between strain 1ev- 2 m R L S e g a t I  acid J M I tn ,nes - ‘9Iie H ,mluon Bcisu c’cuu
d c  for each material; however , the one combination PIuS suc h Pr itpe ruucs and the tThset ciih 1)islmt catii tnu l )is lr ib uti mtt u

wtuic in provided a cs )nms istent and reasom mahh y good repre- mu I’at i gued \Im ’t ,ils .” ‘ tm / a tim ’tallurgiea , Vo l II (Juily i
senlatiomi between the three nuaterials amid different t’P 685 69(I.

strain ieve iswas in = 112 or I ,and p = - Figures 16 , ‘I~ 
Z’T I.. M. Ulmursibrough. ~ul. I - I t . mr m z rc ’, m umi s . anu mh ~st h I. I m r e t t i t

arid I ~ are typ ical plots of expressions of u m m e equat iomi L/ t m f l t s im s i,m / ,mtm ’r ?ual E,ue~rt - - 1 s .s m , m ’ua ts ’mi R’it lt Rim ‘ m i ii 1,2, 1 /s~m
- m - r i -s t a ll,:atimn o~ .%im ’ta ls (lu uie rss ’ mcnc -e . I 96 3), pp 63- I  2 1 -f o r un I , p = I for tIme t h ree unate rtals.

R. IlahIond , Storu ’mj l ,ni ’rr i- i i ?  ( ‘mild tI’tt m’/, C ‘Ita,m.t’u ’ -’ Ium
il ium,! hu ’ C ‘t i  (Em - Du ’f t i rnm atm on , b’h m l) . I lu st ’ ,  It  ntv .’rs i t )-  iFromu t u e  above analysis . it us reasonable to assum ne binutu c 1 966 1

thi ,m t under constant st ra im i ac iiphitude cycling, t he c imanuge , 
‘ ‘ 

-
- . - . . ~~ -S S Iyen anud P. ,m% n ml im t - ‘‘ Nm ilsi on ibm’ ( bauigm’ s nitrate of v te isl s I te  mmgt hi mc proport us)cua l hit I hue dml f i  rib I cc Snm ,red I ui.’re~ Imrmt dmim .cml hit Hi’’, c i  s,m t s m i t  I ls ih mtr tnn,u u m imi ,‘‘ Ira,m

he tweeni the sat ur atum )mi and c u urren m I v al u i es of s meld A ,~ ~~
- 0/ . tIu ’ta IIt,r ~m ’o l S m ,  E m - t i -  m l I Pi tt -r u -an I tm t t i t t i f u ’  i i !  l im i t

st rett gt Ii , amid mnmvc rsel s propsurt mom ial hi t  I lie mmmi unher m if uiuu ,’ lIm ’ra llurgim ’al . a,u,I i ’u ’t rmii i ’n mom / t t~ t,t - ,‘rc . \ ttl 52 I I ~)S 21 .
r e ver sa ts  pp I (($6 11197



—
~~~~

-
~~~~~

—“
~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~r~~~~~~ —-~’-—”

IC,
0
0
0

~
h 1J 

-
~~~~~~~

o
0
o

U’) ‘o
o -

~~~
0, - w

I’-

o
-~~

- Il)
5—
Q

~2

C
— 0

- ‘C

C
-:1

_~~~()

—

- cci 
-
~~~~~~~

-

~~~~~~~

sO

5”

U) 0 U) 0
Al — — 0 1~

L~-S kO’1 U~LIko - s~c,oJ



— — ‘
, 

- __ _r— -— —‘—~~~~~~~~ .~~-~‘-‘— ‘~~-== -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~ ~~~~~~~~~~~~
—‘-‘—--.--‘=

~“ ~~~~~~~~~~~~~~~ - - ______

30 -

1
,~.O.005

0 0075

20 -

c _i 0015 /

bt  / /

00 1 /

0 I I

0 i 2 3 4 5 6 7

In R

Fi gure 17 . Ohiserv ec I re l at isunishum p be mweemi \ RIs amid um uniuber of reversals of coum sl a nt straimu aummp hi t i ude du rimie c~ c hic
So t leutun ig of S-\ E hO4~ quem mc iue d anmd leuiipereih (710 0 F ~328 °Cj I ste e h .

4
•00157 (Horden ing)
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reversed plastic detormuia t io uu occ u rs slmould he associa- I - Monotoniic s mres s- shrain curve
te d wit iu work h~mrd e mmi mug. This mule -a ils tim -a t tIme yield
s t rem t gmhu  (or YSI I would immitially decrease anid then in- 2 . Ske don stress-strai n curve
crease in a ne c - c r c -al as re versed plastic defor mmmation
takes plact - ~du>ptimig t h is view , Figure  1~

) shows a con- 3. First reversal YRI (s ) r YSI) expressed as a func-

cept ual cyclic variation m)f t he yield strength s under com m- tuomu of ’ mno no tm u m mi c str a um u
t t am i t  amplitude cycl ic im~ir denmim ucu , cyclic soft emmimig, and
cyc lic Saturation conditions . To use a sinnple quanti la- 4 . Satura t mom i YRI (or YSI) expressed as a fuumctuon i
hi ve chiaracterii~it iotm , thue va rialiom i m~f YSI within each of strain amp litude
reversal is assii mm me d to be us shsow im in Figure 20. During
the iuuitial “hinscar ” elast ic psu rt iomu , t Ime YSI is assum imed 5. Coeff icieumt of cyclic hmarden mng/softem ming
to remna in unicimanged . A m time end of time “linear ” e l-as-
tic part , the YSI is assumed to suddenly reduce by ii 6, Coefficient of cyclic relaxation/creep,

smmiahl fraction of time reversal. The fraction CR C  by
which time YSI decreases at the cu d  of the elastic The t ’irst property - the monotomsic st ress -strauu i curve
part is designated as cs)etfI cie mmt of cyc lic relaxation! is obta lumed t’roun an ordinary tensile test. Since muom ni mmal
cree p timid is assu m ed to he a material constant. During strains exceeding approximately 0,02 are not of inter-
the hatter part of the reversal , the YSI is assumed to in- est in structural analysis , the stress-strai n curve cx -
crease linearly with shress . Time value of YSI at the end pressed in cnglneering units (based on origin-al specimemu
of t h e  revc rsa i is determined by the m odel for reve msal dimensions) is adequate. Time rest of t Ime prope ruies can
Isi reversal variation iii YSI discussed in the previous be termed “cyc lic ” properties whmich require special cy-
paragraph. TIme resulting expressions for time YSI at any c lic tests.
give uu poimit itt tIme reversal are listed in Figure 20. These
represent the inmi t ial YSIs for time subsequent reversal if Cyclic Tests
the loading directiom s is changed at time current position Two types of cyclic tests are of ’ interest imu determum imi-
of time present reversa l. The stress-strain path in each re- ing cyclic properties:
versa l is counpieteh y determined by the initial YSI of
thuti t reversa l, limos , a charact c rizat iomm of t ime trau msient I . Fully reversed constant am m mp litude les ls
phmeni su nm meni a requires twit ummaterial constants (C it~ and

~ R(’)~ 
the dete rtninat iozu of which will be discussed in 2. A multiblock dec remcumta l step tes l .

(‘lmapter 4.
mm bsnh of these tests , a uniaxial spec iulmenm is sumbjected

Ii is ther ef ’ore possible to quantittitively characterize to axial strain cycling between fully reversed specified
the various cvclc-dep endemmt transient phemionn ena and limits, and the zmsssoeialed stress-shrairm response is re-

time observed deviation of real mmi ateria ls from Masing cor ded on ~mmi X-Y recorder. The spe c im ime mm desugum. its

behavior in terms of ’ a single history-dependent par -ann- preparation . amid time procedures for test m nmg are de.

eter  time \‘Sl . This apprs)achm hi- as a reasonab le physical scribed m m  time f’ort hcoumming ASTM sta mm da rds 3° amid a

bas is . s ince the YSI represents time imistory-dependen it currently available AST M pubhica tiom m .JI Tlme refore.

var i’ah ist ni mi  t h e  imitercu a l friction stress s f  tIme m aterial such details are omitted here.
caimsem l by tt i m c rosl rm ichum ra l  c hmim miges dime to cyclic plastic

In t ime case of f oIly reversed cocm slan I stra in amnp hi-I a mut tut g.
lode tests , sever -al idemmt ica l speciu nem us are s l r a mui - cv c he d .
each at a dit ’fe renit strai n amim p htude . .-~t Iimo ug hu ml us sot-
fic iemi t to cycle time spec mm nem ms until sat ur : ilmoc i is reacim ed
ci)nlmnued cyc ling hi m fati que f’rac lure ~-uehd s add i t t m tm i , m l

4 
DETE RM I NATION OF MATE RI AL va luma bhe 1mm tor u mm a m tint for es la hlish iinug t~itiguie pnitpen t t e s
PROPERTIES  Sluice a real led m a y  never reach ami tcieal st a Ic  suf s i t

‘a0Ri -,’t,,, m,, mi-tm ,/ , - ,/ / ‘ ram - f m~
-
~- 

~~~ ( imf l i ta t t t  I m~t li ruum/ , - I - i ‘ m u - 1 m-
Ikpeui d mu ug mmmi t Ime t mum u u bet m u features to he iu uc s nr— 

~,e i- ’a,igue I m c t m i i ,m,’ . I - ‘ t r h h t m i i n t t m t t , ’  ,SSISI Su.mmt s l , unm ts . I’. m t l  Iii
piutal est . deve lopmu icmit oh’ a cyc lic Stre ss- t I t , u in t  rcpi)nse I -\S FXt i

mu mi ts lel us dmsc mis sed mum tIme prevuotis I wm u cimapler s re - 3~ - IS l i t  ,%ium,mmm al iii ( m i t t ’ C ‘ u i  li ’ Fmjti c’ tm ,  and i , ’mn ’ t r  \ S I SI
m~Uttc ’S sstmfid i t  .m lI m i t  t ime Im i l l su w - inug pr ipc ’ r h i es :  SF1 ’ 465 I -551 St . i lOt ill
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Lel~ Xo = lu O~

= ö1 yi t mi r ~~I;<

~Uy ( l c R ) m 5 uy i  fo r ,.~IJ= .,~o~
= ( I  - - - cR ) t 5o Y~ + t (cR - c 1t)~~u~ 1 + du5o }~Sd - I’~— for ,~ o>  ,~o,,,

- 

- 
‘ w h ere ~~~~ = elastic stress rammge

~~~v sj  = saturatiomi yield stren gth of range i - - 1 to i

chi = cocf ’ficicnt of cyclic Imardem ming s)r soften imig

c~ = coefficient of ’ cyclic relaxation or creep

= yield strengths increnmuent

Figure 20. A sunnp le model I’or t ime cyclic va r ia t i on  it t  yie t m l SI reu ugth ( mur YSI ) -

i i ra hmo mu . s u c h a comu sl ut iou m unay he defined as cor res- Cr ut it im u mio us record us subtaim ied dur mu ig t h ese c y c les . As
piumidi m ug to uui mm ui mna h clm amige s iii time stress—sl r z imnm I my s teue -  cycl imig c ituul i nuuu es , it is adequate Isa record l ic - s t e m e s t s
s is loops. 1mm souiue cases , t ime stage c(t rresps )mudimig to  one- Isuops al Iog a rit hmu imic increullents of cycles sur reve n sa ls .
h a l t ’ o f lime tat  iguue life himi s beemi adopted as the state of
saturat iomi .32 . 33 Figure 21 shuows a typic-al record of Figure 22 illustrates a typical strain Imis mory imoposed
sln et s- sl rij im i h ysteresis res pon se obtained tor A-3( steel un .m mulllblock dec remimem ilal step test.  A simmgl e spec imemu
durimm g blue f i rst  f utu r cycles. Simuce chimuiges im i t h e  hi~ s t e m -  t s stra m um-c ycled ti t various strain amp litudes. s h un t nnmg
CS i S 1)-allis are significant durinig the t irsh hew cycles, a Irst nm t ime largest mimagmiitud e . At etichu st r~m iuu ~um u i plitiude ,

- - - - t ime cs cl unn g mc continm ued umitil satumnml ion mc acimueve d al
3 2~ t,,, I ,m mt ,I~ r .mt - C m m t u m  / )m ’!m,r,puaf,,mn , iu m , i  i-i 1t5’ ime oJ F/ar- t hi - at level antd t hue sat urates i im~ s IC rests lstop us rec si md e mh

h u m ’,! Stm ‘u / s  I’& A NI Rep, ru 1 211 i t , - muic m - r su n oh I tt uc umtms . I ‘ii, -~ i sun itt ‘I rem,’ su n mi en - l i me tim.’ \ t  is wer strai tS animplit ode icc el
:m:i 5 km ’s b i m u m ,  ‘ i l l s -  Sl i m / i in 1 / l i  lt ,- t im r ,p tm j t t ,m, m an,! is , mlta imie m i by m . m i n t l t t u u i t i t s  decrem u memuts as mhl ust i t i te sl  mmm

/ ‘ t ,  Our t m f  \ ,m r u t , , ; / t ’ , /  .5!,,! In / i t ( i/ i t  m ’ , m , / t ! l . m i i Iii It i m i m i c  11 1 mm mc , it is pmu s m mb le lit mu bta urm s . i uum ’ - i t e m l  i u’ms-
I ) ts sm ’ t t . u n u , t m n  1 iu m s , ’ r s u t c  .11 tS . i tm ’I I’s , . Ii,- ,- i i m l , - l i i i, neICt u ’ ,  l i t m t p s  m i u l i ’ ’ , lm t, u ,t u n t , . ’  t m u  si’ mm. ’ na l  s Im; i ut t  amru phi lu is lcs
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Figure 21. ‘l’ypica l reco rm l ot ’ h ysteresis respumise of A-36 steel under full y reversed c uu m msta nm l t hu  a lum h i m m u i t s  c y chmumg .

- I. 
~ STABLE LOOP
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Irsuiu i a si t u glm. ’ iesh i ms w’eveu , t h is lcd dste s mu ot provide Wh eim approx im namimug thue skelc tit mi sImt- ss . s lt.tmti curve
aut s  init mur uu iat i i imm sun lime Imanusmem i t  properties. 1m m caseS by piecewise hitm e ,m r se gnu ucm ut s , it is desirable lit juu m se

w h ere o uul ~ sa l mira h i u tmu properties are mieeded , t hus lest a rbi t rary leum g li ms m u s’:gmumemils im i ta ndem hut ac cu na tc l ~
is sim t ’f lc mm _’ m mt 1st derive all the m.vc l t c  umma merial pr s ) penume s . repnes eml t time 4- n m r c e  w it h a t uui nt m mmiun n umumniber ot

meumts ; t h us is s igmmiti c auut for reduciiug co mti pu m at is mial
Determination of Cyclic Properties c ut t I ( ‘ lu .uplm.’t S i h i i t s t t , mncs  tw i t  cxamui ples itt pmcc e mmite
l tkm ’lm ’ t i i i t  Stress-Strain (‘tm r m ’ m ’ lim icar app roXim ulal im )t t .

As exp laummed u t  ( ‘ imapmer 3 - mime ske iets nu ‘ ,tre st-sl rai m m
curve us stm me . lualf m i t  t i me imuv ,im u, mnul ps ) rtiomm of a imyst e res is First Reu ’s ’rsal and Saturatio n
br a i mc ht . S u itce all the s _ i n  i_ol in ~.mus e~ bc tr -,ins mc mi i -ami d YR/s g,r
t t m u i i - ~ 1,isutuii heh u avum mi  us assm t cm ,m le d with tu e elastic hior- Since time skeleton str ess -straimi ct m rve is i s s m~ m .m te d
lion, time c kc le t s u uu s t m e s s - s t n a i m i  cu t s - c  us m.’ s in uupru s ed of ’ t Ime wi lh m time least ela s t ic pm )rlioti , by defImmutmomu , the YSI
lm.’,ms l m.’ lJsl p m ur h is i mm l i t  de ne rmn um nme th u s . um w ill hie umec es- corresponding Is) the .‘,kelct o im curve is ic mo imenice, \ RI
sa t \  m i  cmimmi p a te a ll lime On st u even s ,ml t u~ s ue t e t us  branches I or YSI 1 csurrespo umding 1st anm ~ m u t huer hv s nct  m.’s us ht .u nu 4 Ii
m u m  11 m m.’ casc ~it c\ 5 hic iu a r dem uu mm g tu ta t er i .ml s , suc im ms 21)24- is always posIt iv e Fime YRI ci mrrespm cud uu ig to anu \ gmv m.’ti
14 alumum i mmum m i , amu d all time s~t li t i, m t t m i n i  h u ~ stere s ms bratmch es h ys te res is  hrammch c_ i t t  he dete rtumimied by nne asurim mg blue
mi t Ime c isc mi t  s u ufte r mitmg mn m al en i_ Is . suic im as cold-f ormimed diff ’erenuc c im m the elastic ps irtioums be iween t the h u~ shemest s
stee ls. In time case s) t materials svhucit exh mibit eithe r branch ammd mlouhled ske le lomi d Iets- s i t a i n t  c ut ’  c in ‘m t l e s s

tm ’ t l enmunu g  or iuar m. henim ru g. It h a s  be miccuissary ts ) comimpare uniits. As their nmam mic s indicate , t he tirs l e m .  J s.il amid s i t -

both tl ue first n evv msa l  amid .salu rat isnu hm y sl erm ism s branches . urah iouu YRIs corr es pommm l to ti mose bra mmc l ies . S u t ic e uiach
lhuuwever , Imase d miii t h e  observation of ’ t lmree norummal strai mu auimp litude is associated wi tl m a first t m. ’ ve ts a l  ~~~
steels SAL 1015 uus mrmna h m Led steel . S .-\l~ 1045 normal- teresis anmd a s~utura I ionm i ty sm et es is  Ism op . t ime t u r s t  reven-
izem.h steel, and A.3(m stee l , all of wh ich exh ibit either s-al -amid sa l ura m is u n m YRIs camu be expressest as t lm ni c t is ) mu s
sm) f lemming i)r iiiirdemuinug it was su fficient to co m pare the of straimm amnp hitude . F’ igu tes 10 . I I  - amid I 2 we re oh-
saturat ion h ysteresis bratichues ot t imese uu m a me rizmhs to de- ta m ed mi th is um mam m n m em
ternn ine the skeleton stress-stm auu m curve.

Gom ’Jf k ’k ’nt o~ ( t ~ ’1im ’ / I a rd cuting/ SoJ tc ’,uin g
Figures 14 amid I 5 illu st ra te  a cuinive ulient procedure .-\s disc u ssed m m  Chapter 3 . time coe f f i c iemm n m t  ~ mc

t’or det ernm m nm nug lime skclets tni s i t  stress—straimm c s m n c e  f’ruu uiu i mard em m m u u g , ssii ’tctm intg is eeu ue nall  niol ont lv a funicimom i oh
a eonmparissiit ol Ih ue sal sun a Ii oni huv s te resis hranclmes of time unateriah h UI is alsmi de peumden I Oti st ra inm a umu p h il udm.’ -
..\-$

~~ steel. 1’iue pritced ure wm >uhd be sinuiihm r itt time case h i muwe ven , lit keep Ihue ca lc uh at im iuu sumiuple . t h i s  m.’ m m e t t t -

suf f i rs t  re v e t s: m l br :m nic hme s. Time vario u s sii.ed h ysteresis ciemut is beimig treated at a nmuateria l cs t uus h i iu i t .  l ime Imnll stw -
hstop s are super iunpstsed mint Iheir lower (mur upper) lips imug procedure unay be used ts u select a reat i i nu. ib le v a l u e
as si mm wuu mn Figure 1 4 . amid m hm e nm I ranisla ted al onig lIme for t h is coeft iciemi t . Based oim I lie assumiu p1 im i nu I im .m t I hue
e las t ic shutpe lint nl all b lue supper (or lower) hrartchiu’s are nile muf chamige imm V j Cl ml S m t e nu ~ut hm per t evet t.ml us proptur-
nuatc ite mi . ms well _ is nst ’ , smhh e . as s h imiwni  in Figuire I _ S . t is mia l ts i t h e  d i t t e t e t i c e  beiw m.’em t t ime sa lu rat io tu  antd m.’un ~

m u s e  ( ( - \ B mIs - t u n i c s  m imuu ihhe si sk m.’!e mi t uu st re s S -str a mum curve, remit v :u h u m e s of ’ yield sl rem m gli u presemuted iii (‘hia ptem 3 ,t iue
following ex p n e ss i i tu m f ’or t he c m ueff ic uemi l ut m,’\ c h u c 1mar-

11 Is m i t  m t u t i ’ me ’ , t  to  u tmu m e mIme d mt ’f ’ere nmce belss -eeni b lue demmim mg/ sof ’tenm mnig, 
~
‘ lIs - cani be den ic-ed

s k ehm ,’ I iu mu s t :  C’ s - st n.mh t t  cuu ye aum d the cycl ic shr es s-st ra imi
d u d e  d~ t i t ueml mn hu i ss -c ~ cle lal i guc l i leuahu i r e . 34 The cv- h II
e lm s ’ sl r m.’s t -s l ra m nt  m d c  ts mim.’ fn uued as t ime liucus i t t ’ ti ps s u f  t t s  = - -

~~
———j

~~
— — I I ml 3 1

s, m n im t , m t e d in s s neues ms  hium ips . .u u n d th ic re l ’snr e , t ime curve
l uuuu i t m g t hu s ’ I t , us i t t  m n . i n ic iu Im ps let utue s time doubled m. ’,- svhere I = slegnee m i t  S ,m i t l rat ion i e x press cml .iS .1 t t . uc .
cl n c sl tes s - snn .m t t t ,- tu t v e . I t e i t u e  13 u h l u s t r a tes h u e  d OTer — lisini (I = I nm. ’ pr c sent l s cstunu phcle situra-
c t i c e  ‘i,’ id% i’,’ uhte s k m.’l e lu uu t  acid time m.’vc lt m.’ slr ess-s ur :uin t ui c i l
cu rV es t u t u  t h i s ’ t h inee I’m ~)m.’t i t t  u t ta l c i  i_ i l’,. ‘lime dt f ’f ’ere nic m.’
tnt sin , ’’,’, levels him ,’ t w m ’u.’ t I  t imes e Iwo curve ’ , at a spccif ’ied H = mium um ber of cys t s_ i l ’, no me , i c li h uts degmee
pla m b Im.’ s I r _ i t t  Ievei us thu s’ s,ii u m n , m i t m t n m  \ SI m.’i)rres ponmhin]g mit ’ s . u u t u r a huu in t  um nid er c mm utst , u nt l s t nat n m,’ v.
l i t  t l u , mI ‘ l_ i s l  u~ sum , mumu - 

—

ch u g.
m R  %i, u , m m t ’ ’ i . m I . I \l ’ n t ’ m n  . mm iii I I- nnm t m i , ‘‘Iis’ t er nu mj nu , u_

m i  t im ’ ( c l i ,  S t t m ’ss - S I n . m t m i  5 ’ uursm ’,’’ Jmtui rpmm,/ mu ! llati ’tia/s , i- mi t  m.’ im, itn u hiie . lit .ic lt tev e a itt )  pm’ rce nu l s,iuui ra l uo tm iii

c / u / i l l / c I V - I  .i~ 5’’ ’ I S l u r s - It I ’ib’-t I ,pp 176 - l I t tI. 10 n m ’vs ’t ’ S ,u l’,. ~
‘ t is ~ 1( 25 Is res l ui re ml . Ii us pmi s su l ’ l m ’ I t t
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pick a reass umuable set of f ammd R v~u lues t’romm i the oh- A E
servi ’sI t uamusient hiehavior iii conusta nt strain cycling
tests . Iii tlue absem uce of such data , a reasoniuiile value of c(‘its i)ased st um time obse rved beh avior sO t h ree miiat eriiuls

(see (‘iuapler 3) appears to be 0. 1 to 0,2.

(ot ’Jj zm ’it ’nI 01 C’, ’dk’ Relaxation/ creep
.\s explaiuued imm (.‘iiapmer 3 . th ere are no quantitative

mu iea su ir cuu mem ils sit ’ t Ime degree of recovery on uum loadiumg
a llen prior piaslic def ’mtr i m mat is mu. ilium. kuu s wledge abstut
t he c m ue t l ’icieuit ut cyclic relaxation/creep related to this
phiemuoun e mmomi is incomnp lete . A value s)f 0,1 to 0.5 ap-
pears to be reasonable , sim mc e the use of such a value in o ~ Ea uimodel results ic m a qualitatively reasonable simulation
of observed cyclic relaxation/creep behavior of A-36
steel ami d 2024-14 ahu mninum um (see Ch apter 5).

Therefore , time various mmuateria l parameters (sir prop-
ert ies) required by time inelastic respoumse model cams be
dete rm immed from a set of simp le cyclic unulaxial tests of
constant strain amplitude. B

5 MODELING CYCLIC STRESS-STRAIN Figure 24. Lf ’f’ect of relaxation otm miieuiiory phmenom netmon.
RESPON SE

l’lmis chapler discusses thir ee aspects of tIme mns)de l for m u  addit miu mi Is) time ahmtv e m num idut ie a m m mt mu . it us uus’ces-
c~ c liv str ess-s traim i respoumse : sary to uusod if ’y t he t h i e u t l m u t 5  m u u hes shug l m m l y liii ti me _ iv ,iul,m-

hilities ot ’ cerla imu seguu ueiu ls ds urum tg ui ’ ha x , u m tm m nu c me s ’h) lit

I . Development sufa uniodel to sitimulate both uneuiiory properly s iuus ulat e s hserved immaterial behi a y u itn - h - mg uu ne
ami d plastic hmysheresis phem msnume uma 24 illustrates t l mis probletuu for tIme case mut re laxa limuci.

The diff ’ere mice be t ’xe e nm t ime brua umc iues Al ) and B(’ ms du ue
2 . l)eg rees of approx imat iotu/siiusphificat ioru in time to YRI of BC bemmmg less h i_ti Y RI m)f -‘i B. II ls nusl m uig us

cfls)del amid appropriate -areas of application contiuuued beyond (‘ . h ue  uuueunory model (or rules I will
descr ihie tu paths Cl) parallel to Al’.. w h ich is a contmmm uia-

~ . Typical simulations s)f two different muaterials ’ Iiomi of OA: lmowever , real materia ls fsdls,w a path sumti i-
hebuavisur. lar to CD.35 Aht h ms uuig hu Ihuim appemars to lie a m u u l mus , n dus-

cre pammcy imi tIme exaunp le illustrated , it scmll ca u se siguuifi~
Combined Model for Memory and c-ant errors in t h e  s inmuiahistn ot cyclic cneep.
Plastic Hysteresis Phenomena

TIme mimeinory imiosic h iiresem uted in Ch apter 2 can be T he observed unaterial belmuivior camu be s int i uul , iued his
sium i pl~ nuiouhif led to immcorporate t h e  transient and umon- recovering time availabilities mit thuos e s e gt tu e tums bhutu l a me

~t a s in t g ch aracter is t ics  ol reah nn~uter ials by vum ryimmg the either partially available m) r tm ui . i l h v m m cuav am la l ths ’ to t ime
Ism ug I Ic mc I hi t s ~ f irst I inis’.u r scg iuuecm I of time stress—S I rain cxl em u I of decrease mu YR i . h i m . ’ t oIl m iw m c i g add ml mo mual
,‘ h t i  c m ’ is iis’ c u i u tem l bs tIme van _i I isumu imu YSI . ‘lIme m odel mneu ims )ry ruhcs ( museum-tory rule 5)  ts added I mu liii uss’ pm e-

hum ’ l c m s h m ’ m v - mhs ’pt ’ n m mhs ’mi l  c , u t t . i l t u ’ m i  suf ’ \‘Sl was slid - seuule d imi (‘huapter 2.
,- i u ’ s m ’,I utu (iu.m 1’ is ’t 3 1 1mm ’ lu _ isis ’ Ieu ugt hu and slope it t  11w
I t u s t  sm ’ g tu iu ’ tu u . m mid th is ’ ie img l ius _ iui d sImuhies u I  iut lmet seg.
iu1~’ muIs u s ’ sI s’ hict t . ’mh mv l ime m k eh e tmumu n mt rc s s . s t ua imm curve

- II - K Jli,uns,ulm’. him, - /mj ill, /)i’/or nnmjumun ml’,,! / ,i i t m.’ tu  ,
,umu ml .u t e I Itt ’ is’ h u m  rs’ I mu slin ry -u mu de iie mud emil mum -a t er m _ il comi- c,mm mit _ mi - m ,J .5 , ’, ’ trti t,, / mi mi ,!, - ,! 5( rm m m,m ( i’ s  Omit! ,  - 1  -l m a !  mzm um / /- tm s mura l
s t _ incus  l /m ’p im/ m m r u  I’S ii Im issi ’ ,h .utu ,tn t ii i i u m , n s u i ~ mit  , m i m ’ i I , m . ’  li i i
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Fab le 2
il lustration of the A pp licat ioum of Memory Rule 5 to the Simulation E~sampIe for Figure 27(a)

for the Last Reversal Between Strain Limits +0.01 and +0.02 (A-36 Steel)

i Segment Nit. I 2 3 4 S 6 7 8

A 1 Stress ins - r s’tn i s’nt of
segmnent in ksi (M15,m) 20 (1(1 (0.00 5, 11(1 5. 0(1 5 1( 15 2.50 1 11(1 h~SIt

( 137. 91)) (68. 95) (34 .47) (34 .47) (34.47) ( 17 .24) (6.89) II iI . 34 u

~ 
Av ii t . ih m it m nv oh ss’gmumeuui
lms ’ Imm ’  - , m h m t ml i , - ,mi mi ni mi t
numem nory rut s ’ 5 2 011  2 1111 2,00 2,110 1.73 111111 0.00 (1,95

(‘
~ Max iuni tutu sl im’s’, t In.ut eami

be n csm t mers ’mi m um ksn )MPu ) 0 011 (1.01) 0.1)1) (1.01) 1.35 500  2 ) 5 1 1  1.575
u il .IIIIt (( I.hi It) (0.00) ((( (11)) (9.3 1) (34 .47)  II 3.79~ ( 10859 )

h)~ Acl uat  sin ,’ss cit _ ut us
is’s m u m ’r m ’m I as per tnus ’t uuu ir i
ruk 5, mu K su I SI P~ i i ( .11(1 11.110 1) 00 0.00 (1.49 (( .00 It 00 0,00

iII . i( I i )  ( 11 .00) (0 .110) (1) 1)0) ( 3.38) (0.1)0) (( .1(0) (0.00)

t 1 - \maml . m l im lmnc mii ‘Ss’t,’mlictum
al me’r apt) bmc a l Imtn m u
nmm emuury rubs’ 5 2 III 2. 1) 1) 2. 0(1 2.Oht I .~ 3 (1.1)1) 11 1) 11 0.95

Legend: ( uses S~. I) u ’ ans i ~_ t )~. sv ti cit us Ibui~ Im m Ial , m m u m  suit I mit  ida Sa m iumn bet wes’n prs ’v m m us aums t surren I rs ’vers_i Is .
clu e m i uaun m u n us’s ( ‘~ - 1)~. a num l l’.~ are calculated bronn u I bus’ ummllowing equations:

I. I ~, = i_ Ii)) Ib~) ‘ -~~~

2

8
3, ~, I)~ = 11 .49 ) Knumw um )

-
~ m

+

It ’ un , i nm s j e u t l  fealuins ’s are simulated , amid it’ the YRI at described ins the sectis ’mui Typ ical Models amid Simulation
lime he gi m m mninm g m i t  time cnirreum t reversal us less tlman that at for Two Materials.
t ime h eg tm u nttnn mz i t t  Ihe previous reversal , tIme -availabili ty
:m i e t f mc i e m t l s  m i t  the se g uti dn u ls -.us s mt c i:ited wit h time current Time umsonotonic s lress-strain curves of ss)ften iumg amid
reversal a te  imic tease u l _ i s follows. Start ing wit h tIme first , sbr um imm- ’aging mimat en ials are different its sh ape f rom time

mmmd im u c mt musecum l uv e  unrder , time availability coefficients smf rest it t  tIme hysteresis hruumuch ues described by tIme skele-
us tuu .u mt \  su.’ gm ttemi Is _i~ requir ed are imm e reased Si) thmu i t tIme ton stre s s .sbra u m u curve. I’hmeret ’itre . to sim nulate tIme im uitial

l ut i . u i  su u m m u 0 im mc re. use s uni stress incre m ents is equal 1mm muomus uti mnic path -accurately,  it is necessary to immi t iall y
t Ime s h m t t s ’ n s ’ ut cs ’ im i YR Is between time begiummmim mg suf ’ time assugnu time various scguii emuts sit ’ the sl n m.’ ss - s l r .u in i  m.I mus’e . it

s’ s u m t u m s  _ uu ts h c h irrs ’nt l neve rc , i l’m flue n i che _ ic e in avail_ i- us Ihu ec u mmeeessary h ut  chianige these values 1st lh mmuse gm s’emu

/m t i mh ~ m.’u t m.’ lt icmc n i ls ( m i t  e,ic hm ss’ ui ut ienul ns l im um ited hm~ t Ime by t he sk eheto ms sm ue s s -s hr am ni curs’s’ tO t he emud of tnom so—
condit iutu i tim _ it the avanI , ibihnI ~ ciuet ’t icieuit does not cx . I stmmi s ’ hoad imug.
ceesl tsi ’m m mum s’ont’o nn u i i t y cvtlhu tnie n t m m i r \ - rule 2. The avail-
, uh mt hu t ~ c ims ’t ’t l cme nmls mO s e g muuenn btu esurr e s pmm nidunig ti m stppsu . Approximations and Appropriate
d I e  shire cl iu utu are . ip ptmi ~m t t , i I s ’lv reduced. l’he app h ica. Applications
110m m m i t  n l t ms  rule is i l lustrated in ‘fable 2 lor time last re- Wh us - ne a s  .m unmud e l .up .i h m lm ’ u I  si m um ulati mug all lIme s ut i-

ce r s_ ih sit’ the example preseniled in f i gure 2~ a , w imic h u ~ 
served m nm ate t i a i  hi iu dnuumu ime nm a ns genus ’ n , m l h v useful , siuump hifl’

_ _ _ _  --.-- ~~~~ 
_ _



I’able 3
Poss ib le Degrees of .-~pprox inuati on/Simp Iifi cat iou in Modeling

Material Behavior and Appropriate Applications

Materi al Properties I’tua t
Are Needed and the Mini-

Model/t)egree Material Features That m u m  Number of Materi al Ap p lication(s ) Whi ch
of Approximation Can Be Simutated a Characterization Tests b Require This Model

I -511 fs ur he- ,ulures: -‘sIt sic Pu psi t im ’s . 1 - It lk’ii,ruuiahuon an ma I~ sm’s wit h
-‘s to 1) Nunnbt’i’ mit  is Is , 6 -1) rs’ ta m iv s ’I> ice, cys -Is’s ml

uns’I.m s u e  bm m ads

2 l - e at um r s s II Iii I) Properl mc s . 3  no 6 I)etornmia m m o mu .-na lyses with
Nmumnm be r mu f tests. 2 semin al cy~ is-s m ul lmximtlmig

1-atugu s’ .mtt. m l’m sus wtu u.’rs’ numean
Slit’s’, u.’ t t s ’ s I is unnpi urtami u -

3 1- e a m ur es: C & 1) l’rm m pe rtm e s 5 & 6 1)etornuahuon ana lysts where
Nunnber mm f tests: I - 2 transient bs’havmor is unumpu)r’

lant. l- a nmgue ,u nauvsm s iflVm) IV ifl g
muon-Ma cm ug nima ic rutm bs where
uns’an st idss el’feci is not
umporian t .

4 l ’ea iur s ’ I) only Cyclmc mures s-scr ;uin curve Saunm s’ .us tuir mui,tmieb 3 . exce pu
Nuniber ot’ ts’s ts I tIme ,mp p ltc _ mn m m t um is timi led ( it

\ I .i s m um iz nim, iten ials

aMaterial Features: - ‘ s.  fum ihiaf cyclic buardening/softenmmig; 1!. (ransient betiavimtr due ni ErreguLur s’yslk’ bias)-
imig : C. stable non-Masing beh avior; m d  I). stable Masing behav ior.

hMaterial Properties: I - Mmtnst lonus ’ stie ss -sl raimm curve : 2, first reversal ut ~us’td str e ng ch mns’retiuenl ; 3. sue t ’-
fu c uem t t .1’ cyel mc Imardening/soi’menmng; 4. coeftucient suf s’yct ic rc’I: i\ ahimm n/s ’rs ’s’p; 5. skel s’tmuui stre ss -s tr .ui f l
curve : and 6 suituratim un yield stre ngth increment or cyclic stress ~st rai n curve.

cations or approximations may still provide adequate ussaterial features described above and is thm c refore geum-
nnodels for cert ai ms app hictu t isimus . Frsum time point of view era hiv usefum l fsur all app hic .mliomus listed imm time last csth su m mi n
of’ sum ch m simphiflea lmons. the observed m aterial plmenom- of Table 3. Models 2. 3 , ami d 4 cm mrresps um s l to iumcr easimug
emma discussed and aumalyi.cd in time previous cim tu pteus cams degrees ot apprst x iumiatio m m or sin imphitication . Model 2
he divided unit) four features: ignores the initial cs’ch ic ima rdemming or sot ’te cm icm g feature ,

ami d hims ’ unateria l is um ob assumned to he imm it uallv at 11mm. -
- Initial cyclic ima rdemiinmg mtr softenimmg sI:ute m)f saturati om i, Models 3 and 4 are mmstt capable m m t

simm m u latim ’ug tr a musmemm l behmavi s) r. A lthough mmm ea mm shi esses
2. Tra n isienit helmavim u r due to irregular cyclic ioadimug ate im ump m tm tuu n m t umm s mm m mme sm bu a t io u ms . tramisuemut phus ’mmo mi iemm a

wiuic lu includes commsbined cyclic lmardemmimmgor s it f ’t - are umol usmua lly csn ms s id s’rc d to  he sigu mu t lcam l t mum cummiula .
em m ing and cyclic relaxatisun sir creep (see (‘hmapter live fatigue damim age :mmmahy si s. T imt .’netmmr e,  miso de is 3 amid 4
3) wsmuld be adequtule I or susc imm ta h i gm ic ,ut m a hy’ scs prohlenims .

where meamm sI ress el te d us miu mb im i mpsin tumn t .

3’ Memms imry phmem m onm eumom s wi ilm ns n-Mtusimsg cimar’,uc-
terist ics l’ma ble 3 uulsst lisis tIme re q u im m esi niua t e n ua l pr m u pe rt ues

turid t he number of hests hit determt um nte time properties of
4. Memory pheumomecmon with Mas ingcharacle ristics . eac lm mimodel. Obviousl y. muso del I requires all s ix pm u n pe t .

ties (see Chapte m 4) amid this ’ m u t l mem mum ui de ls requime ous ly
Fsmur ntis_ id~ls whmic h incitude tbirce ds’grees itt simphifi- some of t h ese proper lmes It us of Interest to h ole t lmtu t

cat isun result from time mubove categorization , as shmowum t ime muumm s ber m i t  mulch ml c l mara .ie ruza tiomm ls’sIs requ ired
in Table 3. Model I is capable suf ’ simulating all the f’our  t im Imu run u late mm um ms lc ’l 2 its ’ a i i mm i ih time s,im nis’ is t h mim s s ’ f u r

.:13
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mu mmu dei s 3 amid 4 . h u t  mum i um he l 2 is m uch superior to mumodels Table 4
mm! 4. \ t s m . 1st uu mmprs u ve trm ) uii mumsm d e h 2 to unmodel I , a Cyc lic Material Prop erties of 2024-T4

~mtmi side t ab le um)c t s.’:use its mime immaterial chuaracter ization Aluminum for Model I
te sl s us nee ded -

- Mmunsmtiunu c st res s ’st ra in curve us ilus’ saints ’ as skete m mi um s I rs ’s ’ ,-

- ‘ 
s l rammu curve.

Typical Models and Simulation
for Two Materials 2. Sks’le ts n st ress -s t rain cur ve (pies’cwiw line-ar apprucmnnia-

l ime dist immgumis h miut e t ramusmemu t beh avior teal ores m u Imsm n).
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