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ABSTRACT

Tge cumulative damage of aluminium alloys with different
yie]d strength and various duétility due to seismic loads has been
studies. The responses of an.idealized beam with a centered |
mass at one end and fixed af the other end to El Centro's and
Taftis earthquakes are computed by assuming that the alloys are
~perfectly elastoplastic materials and by using numerical tech-
nique. Consequently, the corresponding residual plastic strain
can be obtained from the stress-strain relationship. The re=
vised Palmgren-Miner cumulative damage theo?em is utilized to
calculate the fatigue damage. The numerical results show that
in certain cases, the hfgh ductility materials are more resistant
to seismic ioads than the high yield strength materials.
The results also show that ff a structure collapse during
the earthquake, the collapse always occurslfn the very early

stage.
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INTRODUCT | ON

There are two different approaches to structural désign.

One is based on the concept of allowable stress and elastic
behavior of materials and the other. on the concept of ultimate
load and inelastic behavior. Since the strﬁcture designed by
using plastic theory is more econbmi; than those by applying
elastic theory,'pla§Fic design concept has been gradually accepted
by most engineers and has been widely appliéd in constructions.

If the external forces are larée enough, the plastic-
design oriented structures, undoubtedly, will undergo plastic de-
formation and create residual plastic strain. The residual
plastic strain will gradually accummulate if the structure is
subjected to dynamic loads such as wind force, seismic loads,
eﬁc. If the cumulative - plastic strain reaches the critical
values; the structures will collaspe. This process is usually
termed Jow cycle fatigug failure. Hence thée study of low cycle fatigue
failure is of importance to the structures designed by using
the concept of plas%ic theory.

There are many papers dealing with ine]asti§ behavior of
mate;}als (2, 9, 10, 12, l3f and the fatigqué damage of structures
undef the action of seismic loads. (4, 5, 6, 10). Few of them
have str;ssed:the importance of the comparison of different fatigue
life among the same materials with different yield strength and

ductility.

“The numerals in parenthese refer to the list of references.




Since low cycle fatigue damage can'be expressed in terms of
plastfc strain, the fatigue life of s;ructqra] systems can always
be improved by choosing the mate}iéls with high ductility. However,
higﬁ ductile materials generally have low yield strength which
will cause the larger deformation than the materials with high
yield Streﬁgth. It becomes a comp]}cated problem to choose
material for structural member; to resist dynamic loading. Based
on the given: random behavior of plastic deformation, a method

for evaluation of alternative materials to be used in structures
subjected to randoh White Noise excitation was presented (15).
Since there is not any white noise excitation in reality, it is
desirable to study the fatigue damage of materials subjected to
earthquake laod in more details.

The purpose of this investigation is to study the fatigue
damage of materials with differeﬁt yeild strength and various
ductility due to seismic loads. The revised Palmgren-Miner
cum;{ative damage theorem expressed in terms of pfastiC'strain
is used,to compute }he fatigue damage. As an example, aiuminium
alloys (%OSZ,and 3030 gfoups) are considered on an ideal beam,

subjected to 1948 El1 Centro's and 1951 Taft's earthquakes.
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LOoWw CYCLE FATIGUE DAMAGE MODEL

In computing the fatigue damage, the Palmgren-Miner cri=-
terion-(8), because of its simplicity, has been most widely used
during'the past decades:. This theorem can be mathematically
expressed as follows:

- . N

;E: d; =D, : <1>

i=1

Where di is the fatigue damage during its cycle, and D is the
 total cu%u]apive damage underAN cycles. The theorem states

that the fat{gue failure will occur if the total damage D reaches
some critical level, which depends on material properties.

At present, this stqdy is concentrated on the low cycle

fatfgde life which usually is referred to the case with life

less than 105 cycles. |If a structure is supposed to collaspe
Qithin'5uch'a limited cyclé, the magnitude of cyclic loading may
be large enough to cause thg p]agtic strain in the materials.
‘Hence the Palmgfen-Miner cr;;erién for low cycle fatigue life

was developed to associate with p]égtic étrain. Manson

and Gfoss et. al. (3, 7) prqpos%d the follo@ing low cycle fatique
life criterion by introdubing_plastic strain for predicting the
total number of cycles of réversed-strain t§ cause fatigue fail-
urei |

N" (dey) = ¢ <2>

AWhere llgt is the plastic ten§il st}ain, m is a constant depend-

ing on material properties. N is the fatigue life and C is




i
some.constant. Later Yao and Munse (lh)gsuggested that, for

uniaxially loaded metal, thé cumulative damage can be expressed

in terms of material ductility and plastic strains as follows:

i = - <3>

Where.ef is the ultimate plastic strain and is constant for a

given material, zxet'is the plastic strain at. tensil cycle and

m is‘material constant dependent on ambient and loading rate.

Usually m is defined4a$ function of plastic strain in tensile

and compressive cycies, deﬁoted by e. and et, respectively.
1/m =1 - 0.086 (_A_e_,._) <h>

Aec -

~ The byclic history of plastic strains in tensile and compressive

cycles is illustrated in .Figure 1. Equation <3> and <> will be

con;fdered as the fatigue damage criterion through this invest-

igation,

Plastic Strain

l X [ \\\ Cycle
A_e.c Aet

Figure 1. Cyclic History of Plastic Strain
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MECHANICAL MODEL
Consider a beam with a centered mass at one end and fixed
at the other end subjected to a fluctuating excitation as

shown in Figure 2.

x4

ATk o4

Figure 2. Mechanical Model

The equation of motion of this spring—dash-pot system is

well known.

M'>'<+cs’<+9(x)=MV - . <5>
i Where M is the concentrat<d mass of the Beam.

C is the damping of the mechanicaf system.

x is the deformationAqf the beam. -

Y is the accelerogram of seismic loads.

G(x) us téé f}rced-deformation function dependeﬁt on fhe
IR stress;strain curve.

The force=deformation”function, G(x), can be be derived from
_the stre;s-strain re]atibnshfp of a given material. For sim=-
plifyihg the computation, the ajuminium a]loys considered here
are assumed to be elasto-p]astic materials. The'stress--

strain diagﬁam of such a material is shown in Figure 3.
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Figure 3. Elasto-plastic stress-strain diagram

Lét A be the cross-sectional area of the -beam.

iE be the modulus of elasticity.

L ;e the length of beam.

e; be fhe residual strain.,

ey be thé yielding strain.
fYt be the yielding fensil stress.
Afyc be the compressive yielding stress.

If fyy =fyc = fy,” the force-deformation function can be formulated

as follows:

G(x) = EA (;-.ei). 1f | X - er | <|ey]
L , L 6>
G(x) = Afy if li “er | > ey|
_ ' L

Since the analytical solutidq of equaﬁion‘(S) is not available,
Ruge-Kﬁtta Numerical intergretion was used to obtain the defor-
mation, x. From the.knownrdeformatiqn and st}ess-strain.curve,
‘the-cyclic history of plastic stréin can be found, then the

fatigue damage can be calculated from equation <3> .



NUMERICAL EXAMPLES

In order to illustrate the low cycle fatigue damage of
structures subjected to dynamic ]dads,'several aluminium
alloys are studied. The mechanical properties of these ma-

terials are tabulated in Table (])ﬁ

Modulus of

Yield Elasticity
Alloy ° strength Ductility % 3

ksi 107 ksi
. Alclad 3003 - H12 18 20 10.0
Alclad 3003 - HlkL 2] 16 10.0
Alclad 3003 - H16 , . 25 14 10.0
Alclad 3003 - H18 27 10 10.0
. 5052 - H32 28 18 10.0
& 5052 - H3k . 31 14 10.0
’ 5052 - H36 35 10 10.0

5052 - H38 37 8 10.0

Table 1. Mechanical Properties of Aluminium Alloys
Since the natural frequency can not be well defined if the
structural systems allow to undergo plastic deformation, the

terminology of '"artificial frequency' is adopted. Let Py ba



the artificail frequency which is defined as I(AE) / (ML), 1 f

both sides of equation <5> are divided by the mass M, it becomes

- i

X+2cpyx+glx) =y <

Where c is the damping ratio, p, is the artificial frequéncy
and g(x) is G(x)/M.. It is to be noted that g(x) can be reformulated
in terms of artificial frequency.

.In order to make'the compafision, two seismic loads are
Jg}lized in this study. One is 1948 EIl Centro's earthquake
NS cdmponent with maximum peak in the order of 0.312g, the other .
: is 1951 Taft's earthquake S69E component'with a peak value
in the order of 0.1579, where g denotes the grqvitational force.
Because of the high'peék value of El Centro's earthquake, the artifi-
cial frequency of the mechaﬁicé] system varies from 50 rad/sec to
70 rad/sec, and %or the case of Taft's eérthquake, the frequency
Qafies from 35 rad/sec to 45 rad/sec. With the length of beil, L,
being 10 inches and the information shown in Table 1, the fatigue
damages of aluminium alloys subjected to El Centro's and Taft's
earihquakes are computed by the aid of 360/65 IBM computer. The
computer program is {isted in Appendix.. The results are tabu]atéd

in Tables 2, 3, and &4, and also plotted in Figures 4, 5, and 6.
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DISCUSSION AND CONCLUSION

- For Table 2, 3, and 4 or Figures 4, 5,'6, they show that
in general, the fatigue damage!Q}ll increase as the stiffness
of the beam decreases. However, in some cases, the fatigue
damages of higher s;iffness member are smaller than that of
lowerjstiffness member as i< can be seen in frequencies 62.5
- rad/sec and 65.0 rad/sec for alloys~5052iH3?, and 5052-H36;
This ﬁhenomenon is dur to the fact that the frequency of the
beam coincide with the frequency of seismic load.

Since a structural system is usually défined as '‘coltapse"
if the cumulative fatigue,démage reaches oné, the discussion
here wjll concentrate 6n those]mgterials whose cumulative
-damage smailer than one. Under.Taftfs earthquake, the cumula-
tive damages increase as the yield strength of alloys 5052 group
decreases regardless the ductility of materials. But it is not
the case for t?e same materials.subjected to El Centro's earth-
quake. The results show that in certain frequency domain, the
material with high ductility is stronger toiresist seismic load
than the material with high yield strength.. For easy comparision,
the cumulative damage historigrams are plotted versus time as
shown in Figure 7 and 8 for ailoys 5052 group in the frequencies
of 60.0 rad/sec and 8 for alloys 5052 group-in the frequencies of
60.0 rad/sec and 62.5 rad/séc.

The damage historigrams are also plotted for alloys 5052 subjected

15:



to Taft's eérthquake in some frequency domain. It is very inter-
esting to note that the cumulative damages pile up very fast

in the early §£age of earthquéke action as shown in Figures

7, 8, 9, and 10. In other words, fatiéue damage is always
created durihg the first 5 - second period for the 30-second
duration El Centro's earthquake, and the first 12-second period
for'60-secoﬁd:duration Taft's earthquake. It can Be concluded
that if a strﬁcture tan survive during the first qQarter period
of earthquake action, it surely w}ll not collaspe and under this
earthquake. UOﬁ the contrary, it can be said that ff a structure

collaspses during the earthquake, the failure always occurs in the

very early stage.

5
i
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'PENDIX - COMPUTER PROGRAM
|

LEVEL 20 & UMAIN DATE = 72215 17/18/44
Lo | L ' . S
c FATIGU OAMAGE DUE TO EARTHQUAKE EXCIATATION (MECHANTCAL MODFL,

C

C
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READ(59905) TEN9OEL .\, .. o .. e et e s
7905 FORMAT(I5+F10.5) uﬂ“’””""fu,% ‘ '
. READ(5,9061 (PRMTII),I21,8) . o /L U,
906 FORMAT(5F1045] -mv'~wj_;,,—~~*~mm\_ LI
o PEAD(55903)_ (S(I)AC(ILal=Lo IENS" . - . s )
903 FORMAT(4(F602¢F12.701 AL e . L
J1=2 SN P
IR=0
IENL=TEN®1 ~
SUIENT)=PRMT(2)
~ACLIENL) =0,
00 110 TI=1,1lEN
_DI=(S(1+1)=-SC(1V)/DEL -
10=01
C110=D1+0.5 e i e e e E
IF (ID-1ID) 80990,100- AT SN i o : :
_80___ID=1D*1 . BT U Mo A - P
6N T0 .90 o R e -
- 100 WRITE (699040 1 . .l il
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22 AUX( T, 1) EDEPY(T)
AT 9

rnwou'ATtnM NF TEST VALUF nFLT

')‘! ' DELT= n

nn 24 ¢ l LoNDTHM .

.24 PELT=NELT +AUX (R, [1%ABS {AUX (401}~ v(x)),__nn_wumm__““m”””mm”m”;mm_ww
1EINELT-PAMT (4)) 28, 28,25

Com . o e e 1 em e e e e eom e et o e

¢~ “Fronn Us Ton GREAT

25 JFE(IHLE=10126,36.36

26 DO 27 [=1,NDIM 7,

L2T ANXIL 1) =AUXL5, 1Y -,

I1STFP= lS*FP+ISTFP—4 L b

X=X-H _: : _;.,4.,.'.4.."__-,_ \J
TFEND=A ! T e

[ X%

DV VD VX VV IOV IV ADOY I O

- GNTA R - A e T i e
c . ) . ':;‘.7 . $”'/J’,,. . .-_'_.,r L, "‘. ' "-;{' .t :='.‘.. R‘
€ __RESULT VALYES 'ARE G0N0 ] 1 I S R

u'

28 CALL FOT(X,Y,DERY) ﬁfr},/q,”
DN 29 I=1,NDIM . S
AIXET o T)=Y (D) AN IV
ANX(2,F)=NFRY(])
AX{3,1)=8UX(6,4,1)
YUY =AUX(S 4 T) |
29 NERY{T)=AUX(T, 1) o (R ‘?' P SV
LCALL NUTPAX=H, Y, DFPY:IHLExND(M PRMTJMm, -_4“__“ e A
TF{PRMT (S)TEN, 30, 40 S y ' '
30 DN 21 1=1.NDIM
Y{Tr=rx(1leT1)
.3 DFRY(T)‘AUX(29‘2“
TPRC=THLF
1E(15N0)32¢12L19‘~

_C INCREMENT GETS DOURIED '~ 79, - e S R}
32 THLF=[HLF=-1 ‘ ey Y O R
_JSTEP=ISTEPR/2 _ : i . Ttrapgppanattt SRS -
H=H4+H : . : ' o R
e JFLIMILF)4,33,33 - R - T - 1.
31 [MON=[STFP/? R . : R
JELISTEP=1MON= MDY 453434\ ‘

14 tp(nFLT-.n7tgng(4)935.3594 : - Py

35 [HLF=IHLF=-1 AN : : RE
ISTEP=TSTEP/2 T L - RE
HzH4H s ' ~ R}
6GNTH & . R : R

pRn—=) . e e s me




6"

LEVEL . 20 . PKGS - - DATE = 72080 16722773

-.C..-.... e raE saw me b — E # — m s S . e ..'......F
c ' |
L FETHENS IGNCALLfNﬂ.PROQPAnuuL |
16 THLE=)] : - . ;
o L CALL FCTIX4Y, DFRY) e e ;
GATN 139. ) N ;
A7 _JHLF=12 j
AT 39 i ;
VAR THLFE=R e e e e e et e F
39 CALL OUTP(X,Y, DERY.IHLFoNDYMvPRMTp 't
80 PFTURN b - e e e e et e F
FND f
“y
B ! YL USERLEL PS Vo Ny T e
‘.
"3‘5 "'\!L________[I I&r 004 - e,
Q‘ "J ¥ R IR i ~{ LN
- A i o AN - ) A
K e S
SunnnUTINF FCT(X Y.DFRY) :
DIMENSION Y(4 )y DERY(4 )y ACCELI(3200)
CIPMGA(2) s FTAL2) o YMAX(2) 3 YMIN(2), Y LD(Z)oOMAX(?l9QMEN(2390K2398K1€23
C29SK2{21.QME(2) e o )
CﬂMWDN/VPIYMAX.YMIN.YELDvQMAXpQMlNerSKI9SK290ME
I CC“MON/VI/ACCEL|DMGAJEIA
XN X /(‘ O 1 " 1 [ ] . i -
MX=XN . “M“.A.],J_mmm e e e e e e

,;1ArrtLanx)»*(xN-TEMp»42.*ETAa2»*0MGA(2)*Y«@Joqs

TEMP =NX
CALL PIAS(QFloY(l)9YMAX(1‘9YMlN(1)9YELD(IP9QMAX(1)90MIN(lﬁaOﬂlia““Mh“

CISKI(1),SK201)4QME(1))

LALLL RLAS(QFZ!!LZLLXMAXLZLLXMLNLZl&lﬁLQLZl&QﬂAXlZl&QﬂJmlgl&QiZlﬂ_——__
1SKT1(2),5K2(2),QME(2} )
DERY(1)=Y(2)

DERY{2)=-2, *ETA(I)*OMGA(I?*Y(Z)-QFI ACCEL(NX)-(ACCEL(N%?IP-

..,...4., ,\ 4..._ ce el e eimie eameeene

DERY(3i=Y(4&)

DEDY(4)‘-4.*ETA(2)*0MGA(2J*YE4)-?Q§Q~£_
RETURN ' : w4
(END

el

\ ¢ 4. Lot
29 f' ", , -t

Tetonyngny ;770!




 LEVEL. 20 MAIN. . DATE = 72215 © 14/09/07

c - i Tt e e e am —— e aaar s

SURRDUTINE DAMAGE(YOYELDvDAMGC DAMGVvaKTiMEvTLoDULTYgNLoKTgID?P
DIMENSION Y(3000"DPP(BOOOYvDPN(300099K7(30009
KTIME=0 .
NPP(T)=0e / ' ~
— 401 DPN{ 1)=04- :
SK':lo/TL

- YMAX=04 “L”.mmw-wmm;_MMmm_,“mm_“_fmmuwnhm__m__“r_mmm_m"wm“m"¢mm_w”.M
YMIN=0, - . ) )
- FPP=0o . . e e e e e @ s o ottt e a2 s st a1t o 3 n oo e e
- EPN=0.# Co

e DAMG V=0 g o e
ODAMGC=0. . II

N=1 . '.........J.......A-., e i e ’“\IVW”'”"R““ o B YO

J=1 ) \1»""
...... 402 IF (ABS(Y(N)D-YELD) 40394039404 %ﬂ~-%VL-~u:" lmf e
401 =N+1 . S ‘“'w !

< K
._-m<u—-lf (N—NL)w402,402+420 PO TR - ;;%3
N6 IF (Y(N)) 419,405,405 g et o ’

- 405 YYEsY(N)=YELD .. i il

406 EPP=YYEX%SK LY
YMAX=Y{N) ST UL

' DPP{J)=EPP-EPN

— e KT V=N —.

407 N=N+1 S T T T

IF {N-NL) 408,408,420 - ~ - ““,“"‘“\"‘ el

408 1IF (Y(N)}-YMAX) ‘0101‘909’409 S : ',.,., ‘..

. 409 VYYE=YYE+Y(N}-YMAX. e e e ..;‘.‘..:‘.A;....:...'..'. e s e D e e
GO 'TO 406 . ':‘4 '-.,'\.,\. '."f; ,' * ; . .

G100 .  YYN=VIN)—(VMAY-D &yCint i A : ; -'.' . ‘ _

IF (YYN) ‘0119‘9079407 . ' . :‘:"i_ i,:."_*..:,",
411 EPN=YYN%SK L "muwm"mgf;ﬂih;a;.ﬁuhn
YMIN=Y(N) : S ! ;
_ IF (DPP(J)} 412.4141413 S
412 WRITE(6,999) .
——999._FORMAT.. (lOlebH—ER
RETURN
413 J=J+1 . I
414 OPN{J)=EPN-EPP S S . o
415 N=N+1 ... A : ‘ et
IF (N-NL) 416p416 420 N S :
416 —IF (Y{N)=-YMIN)-417,417,418 \ _

417 YYN=YYN+Y(N)-YMIN- : :
e EPN=YYN®SK e : - B T
YMIN=Y{N) ST - : :

e GO.T0O. 4164 _. : e o m e —
418 YVE=sY{N)=-YMIN-2,%YELD I : - :

— /'
4. ’
— B Tr T rvupupa——
— - - T
'
-
y . e 2. satm e mases - ow
- °
-~ - 3 . '
— .
T
N |
- - et e / o . - ——— -
30~ '




EVEL 20, ; - DAMAGE - , DATE = 72215 14/09/07

. IF (YYE) 615,415,406 e e — eeerreeeen eemmreareaniee
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