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1. I N T R O D U C T I O N 

Loads a c t i n g on s t r u c t u r e s are genera.lly cauned by a l a r g e number of 

causes which cannot be controlled', t h e r e f o r e , loa,ds a.re vax^iable and of random 

na.tnre ( 1 ) . Loads d e f i n e d as those elements o f the environineni which cause 

stresses i n t h e structui-e can be d i v i d e d i n ( 2 ) 

1. imposed loads 

2 . loads r e s u l t i n g from f o r c e d deformation 

3. loads r e s u l t i n g from r e s t r a i n t o f deformations 

Another d i s t i n c t i - o n between loa.ds i s p o s s i b l e . They dan be regarded as 

simple loads 5 v a r y i n g only i n magnitude, and complex loads v a r y i n g i n magnitude 

l o c a t i o n and d i s t r i b u t i o n . F'urthermore , loads can be considered random i n t h e i r 

sim.ultaneous occurence. 

2_. T H E 0 R Y 

I n c l a s s i c a l r e l i a b i l i t y a n a l y s i s the p r o b a b i l i t y o f f a i l u r e P i s 
r 

obtained from ( 3 ) 

P. = 
1' 

f , ( s ) . f , , ( r ) ds.dr. ( l ) 



p = 
F 

O 

1 • - F g ( r ) d r ( 2 ) 

f g ( s ) ds - prob [s < S < s + ds' 

f ^ ^ ( r ) dr = prob [ r < R < r + dr' 

Fg(s) = prob [S < s' 

F ( r ) prob [R < r" 
JA L J 

Equation ( l ) i s deriA^ed assuming t h a t t h e l o a d and r e s i s t a n c e are 

independent. A p p l i c a t i o n o f Eq. ( l ) assumes "complete knowledge of the 

d i s t r i b u t i o n f u n c t i o n s o f loads and r e s i s t a n c e s . T h i s , however, i s impossible 

t o achieve. The t r u e f a i l u r e p r o b a b i l i t y cannot be determined because o f 

l i m i t e d l o a d data and knowledge o f the r e s i s t a n c e f u j i c t i o n . Therefore, 

approximate s o l u t i o n s are necessary. 

Tn l o a d f a c t o r design c a l c u l a t i o n s are done f o r a s p e c i f i c s afety l e v e l 

say, 10 ^ , 10 5 or lO"'*. The p r o b a b i l i t y o f f a i l u r e f o l l o w i n g from Eq. ( l ) or 

( 2 ) holds f o r the same time i n t e r v a l f o r which the d i s t r i b u t i o n f u n c t i o n s o f 

the loads and resistances are defined {k). I t i s g e n e r a l l y assimied t h a t the 

res i s t a n c e i s constant i n t i m e ; t h i s assumption seems j u s t i f i e d f o r s t e e l 

s t r u c t u r e s , except f o r f a t i g u e problems. This leaves the i n f l u e n c e o f the time 

i n t e r v a l on the l o a d d i s t r i b u t i o n t o be considered. To each l o a d i n g a basic 

time i n t e r v a l or n a t u r a l p e r i o d i s assigned ( 5 ) . I n t h i s i n t e r v a l the l o a d can 

be considered constant. The l e n g t h o f t h i s i n t e r v a l depends on the type o f 

loa d i n g . I t may be a 5 min p e r i o d f o r wind or a y r p e r i o d f o r occupancy l o a d i n g 

This problem o f basic time i n t e r v a l s i s c l o s e l y r e l a t e d t o the problem o f load 

combinations. I f t h e basic p e r i o d i s l a r g e , t h e p r o b a b i l i t y of simultaneous 

occurence o f maximum loa d values i s l a r g e . 

I n t h o basic time i . n t e r v a l concept, the d i s t r i b u t i o n f u n c t i o n of the l o a d can b 

regarded as t l i e d i s t r i b u t i o n f u n c t i o n o f the values which the load can take i n 

the successive basic tim.e i n t e r v a l s . The d i s t r i b u t i o n f u n c t i o n s are taken as 

continuous f u n c t i o n s . 
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The f i m c t i o n of i n t e r e s t i s 

p(s, 5 the p r o b a h i l i t y t h a t the load i s between 

Sĵ j a.nd 5-^,.^ i n "the Nth intervaal given t h e f i r s t load was S.| ( 6 ) . 

The complete l o a d i n g h i s t o r y i s tahen i n t o account by d e f i n i n g 

I f the s t r u c t u r e f a i l s i n the Nth i n t e r v a l , i t i s necessary t h a t 

S,r > \ S., < < Rg:. S3 R, . S 
N--1 < R 

N~ 1 ' 

The p r o b a h i l i t y o f a l l combinations i s given 

p(R^).p(S^),p(R2|R^,S^) r 1^1 r f 

•JJ • r 

P i s prob. of f a i l u r e 
. N 
m the Nth i n t e r v a l 

p(S2|s.j,R^) . 

. dS^ dR^ (3) 

I f the r e s i s t a n c e does not change w i t h time ( t h a t i s from one i n t e r v a l t o 

another) and i f the loads and resistances are independant 

p(S2|R^, S.|) - p(S^) 

p(R2lR^, S^) - 1 i f R^ R̂  

= 0 i f R̂  5̂  R, . 

This reduces Eq. (3) t o : 

P(R) 

N-1 

N 

p(S)ds 

o 

p(S)dE dR ih) 

Eq. {k) describes the x ' r o h a b i l i t y o f f a i l u r e at e x a c t l y the Nth i n t e r v a l . 

The p r o b a b i l i t y o f s u r v i v i n g N interva.ls i s equal t o 

N 

P(R) p(S)ds dP ( 5 ) 



The p r o b a b i l i t y o f f a i l i u - e i n the f i r s t W i n t e r v a l s : 

P - "1 - P 
FW SW 

p(R) 1 p(s)cls dR 

p(R) 1 - Fg(R)^ 
dli ( 6 ) 

since 

R 
p(R) dR = 1 

The same r e s u l t vas derived by Loof ( 5 ) . 

The above formula also a p p l i e s t o p r o b a b i l i t y o f f a ^ i l u r e a,fter W loa.d 

a p p l i c a t i o n s . 

Load combinations are importa,nt i n r e l i a b i l i t y a n a l y s i s . L i t t l e i s knovm. 

however, about combinations o f instamtaneous loa.d A^alues. Tlie d i s t r i b u t i o n 

f u n c t i o n s of combined loads cannot be derived from the d i s t r i b u t i o n f u n c t i o n s 

of the i n d i v i d u a l loads i f the covariance f u n c t i o n s are not a v a i l a b l e , 

as i s g e n e r a l l y t r u e . 

Combined loads are g r e a t l y i n f l u e n c e d by the d u r a t i o n o f each load. High 

wind loads occur i n short time i n t e r v a l s . The p r o b a b i l i t y o f simultaneous 

occurrence of high wind load and h i g h l i v e load dei^ends mainly on the d u r a t i o n 

of t l i e l i v e load. The basic time i n t e r v a l (or n a t u r a l p e r i o d ) concept provides 

a means of t a k i n g t h i s i n t o account. The basic time i n t e r v a l s should be syn

chronized i n such a way t h a t a number of smaller i n t e r v a l s f i t s i n t o one l a r g e r 

i n t e r v a l . The l o a d i n g i n the l a r g e r i n t e r v a l may then be regarded as permanent. 

The p r o b a b i l i t y o f f a i l u r e i n the l a r g e r i n t e i - v a l i s determined from Eq. ( 6 ) . 

Next t h e procedure i s repeated f o r a number of l a r g e r i n t e r v a l s . The important 

f e a t u r e of thi.s procedure i s t h a t f i r s t the loads are superposed and then the 

t r a n s i t i o n t o a l a r g e r i n t e r v a l i s done. 
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I t has heen suggested (3,^0 t h a t i f the p r o b a h i l i t y of surArlA^ing the f i r s t 

i n t e r v a l i s 

vals i s found from 

Pgi ~ '1 - ' then the p r o b a h i l i t y o f sui-viving K inter--

and i f i s small: h^^^ % N P^^ 

Thi s , however, i m p l i e s t h a t at the beginning o f each time i n t e r v a l a new i-esistance 

i s chosen. This i s d e f i n i t e l y not t r u e . The res i s t a n c e might be changed by the 

previous loadings and time ( f a t i g u e ) but i s not chosen independently at each time 

i n t e r Aral. 

The f i r s t time i n t e r A ^ a l (or load a p p l i c a t i o n ) plays a dominant r o l e i n 

r e l i a b i l i t y a n a l y s i s . I f a s t r u c t u r e i s put i n t o s e r v i c e , s u r v i v a l of t h e f i r s t 

i n t e r v a l means' t h a t the s t r e n g t h o f the s t r u c t u r e i s not extremely low. A s t r u c t u r e 

t h a t does not f a i l i n the f i r s t t i B i e i n t e r A r a l h a s a much l a r g e r p r o b a b i l i t y o f 

surA^iving the next i n t e r v a l s . 

An improvement t o Eq. ( 7 ) A-rould be t o emphasize the importance of the f i r s t ' 

i n t e i ' v a l . 

N 
P = P + y P ( 8 ) 
FN Fl "F S1 

P̂_, i s t h e p r o b a b i l i t y o f f a i l u r e 

given s u r v i v a l f o r S = S.̂  

The loads i n each ti.me i n t e r v a ] . (or aiDplica^tion) haA'̂ e been considered 

independently; i f , hovrever, the loads are i d e a l l y dependent, siu-vival of t h e 

f i r s t i n t e r v a l i m j j l i e s s u r v i v a l o f a l l i n t e r v a l s . Therefore: 

P = P 
FN Fl 

C.A. C o r n e l l has given these bounds on the p r o b a h i . l i t y o f f a i l u i ' e ( 7 ) 

N 
p < p < p + y p s (Q) 
Fl " FN ~ Fl F 1 

n=2 
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3> F i r s t Order, Second Momoit Theory 

Because o f blie almost impossible t a s k of c o l l e c t i n g enough- ciaba to dei-ive s, 

complete d i s t r i b i i t i o n f u n c t i o n f o r the ].oading, methods have been developed which 

are 3 i n a p r o b a b i l i s t i c sense, less severe. 

E s p e c i a l l y Cornell's f i r s t order, second, moment theory lias been wi d e l y d i s 

cussed ( 8 , 9 , 10 J 1 1 ) . The only parameters i n t h i s theory are the f i . r s t two 

moments of the d i s t r i b u t i o n f u n c t i o n or mean value m, and ( i f taken around the 

mean) variance a • The r e l a t i o n s between the v a r i a b l e s are linearized.. A 

d i s t i n c t i o n i s made between .load and load e f f e c t . The l a t t e r r e s u l t i n g from t h e 

f i r s t a f t e r s t r u c t u r a l ana,.lysis. Load e f f e c t s are described i n terms o f 

c h a r a c t e r i s t i c values. 

S " = m,., + ko m. - mean value 
2 s s 

0 = stand, dev. 
s 

m 

s 
1 + k.V 

s 

mg 

( 1 0 ) V = -— = c o e f f i c i e n t of v a r i a t i o n (C.O.V. 
S 0 

V not only represents the v a r i a l i i l i t y i n the load, i t s e l f but also un¬
s 

c e r t a a n t i e s i n s t r u c t u j - a l ana.lysis. I t i s proposed tha.t the loa.d e f f e c t i s a 

f u n c t i o n of the f o l l o w i n g parameters 

S ^ c . T . E ( 1 1 ) 

c = constant tha,t f o l l o w s from- a n a l y s i s 

T - environmenta,l l o a d 

E = f a c t o r r e f l e c t i n g p r o f e s s i o n a l engineering 
uncertainti.es 

I f these f a c t o r s are assumed independent 

2 2 2 

The c h a r a c t e r i s t i c load, i s w r i t t e n as 

m 

s 

2 2 
/ \' ^E 
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can be found from l o a d a n a l y s i s w h i l e V can be found comparing c a l c u l a t e d 

l o a d e f f e c t s v;ith measured load e f f e c t s ( 1 2 ) 

(Vj., i s a f u n c t i o n o f the assujnptions i n s t r u c t i u - a l a n a l y s i s ) 

Load comljinations ( i f both occur i n the same time intei'va].) can be ea.sily 

accounted f o r . As an example consider t l i e combined e f f e c t o f dead load and l i v e 

load. 

S = S 
DL LL 

/ ^'DL '•^'LL = \ W 

a i s a f a c t o r necessary t o ca r r y out the l i n e a r i z a t i o n , Tlie value o f o; depends 

on t h e r a t i o 
_DL 

I L 

. A value a = 0 .7b seems most apiJropr ia,te, 

S = m 

= m 

1 + k V 
s s 

k 

m_ = r,i^j^ + m 
L L 

12) 

The same procedure i s f o l l o w e d f o r the resistance f u n c t i o n . The p r o b a b i l i t y 

o f f a i l u r e i s calcij-lated from 

Rosenblueth and Esteva ( 1 1 ) have a p p l i e d Cornell's t h e o r y t o combinations o f 

dead and l i v e load. Their m o d i f i e d l o a d e f f e c t i s described as: 

S. = \i . 
l O O l 

a. f dA 
1 o 

i = DL; LL 

w .a. load i n t e n s i t y 
Ol 1 

f ~ i n f l u e n c e f u n c t i o n 
o 

a. i s a f u n c t i o n o f t h e l o c a t i o n , 
1 

S. ••= w . f dA 
l O Ol o 

V(S, 
rv''(«,) 

u" + V"(v .) 
Ol 

A " t r i b u t a r y area 

2 
taken over A 
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For most cases > o u = 1.2 i s a good approximation, Ff the t o t a l 

l i v e l o a d i s considered OA''er A f = 1 and u - 1 . 
o 

I n t l i e i i ' o r i g i n a l paper Rosenhlueth and Esteva suggest t h a t i f the pro b a h i l 

i t y o f having no l i v e l o a d on a, given area, i s mucli gi'eater than the p i ' o h a h i l i t y 

of f a i l u r e (which i s g e n e r a l l y t r u e ) then t h e maximimi l o a d i s computed assuming 

t h a t l o a d i s a c t i n g only on those poi'ti.ons o f the t r i b u t a r y area which have the 

S8.me sign . 

Mean va.l\ie and C.O.V, are r e s p e c t i v e l y : 

^LO ^̂ "OL 
f ÖA 
o 

v ^ ( » 0 p o 1V2 

The summation i.s over every p o r t i o n o f the t r i b u t a r y area where f has the 

same sign. 

' Loading as a random process 

I t has been a.ssimied i n the previous sections t h a t a s t r u c t u r e w i l l f a i l i f 

S > R. I t i s -possibl.e,, however, t h a t f a i l i u - e occurs g r a d u a l l y due t o damage 

a.ccimiulation. The amomit of damage at the end of a preset time i n t e r v a l i s t h e 

l i m i t i n g s t a t e . The p r o b a b i l i t y o f reaching t h i s s t a t e should be s u f f i c i e n t l y 

small. I n order t o c a r r y out such an a,.nalysis , the l o a d i n g as a, f u n c t i o n of time 

must be a v a i l a b l e (1 ) . 

I t shou-ld be understood t h a t the concexit o f l i m i t s t a t e s and l o a d i n g f u n c t i o n s 

discussed before are s p e c i a l cases o f t h i s general t h e o i y . I f t h e l o a d i n g i s 

considered a f u n c t i o n o f tim.e, so i s the process o f doinage accumulation. This 

k i n d o f a n a l y s i s a p p l i e s mainly t o f a t i g u e and seismic problems. 

I n seismic a n a l y s i s the event o f i n t e r e s t i s t h e excursion of the load OA^er 

a c e r t a i n l e v e l , t l i c s t r e n g t h o f t h e s t r u c t u r e . To ease the c a l c u l a t i o n s the s t r e n g t h 

i s regarded as a. d e t e r m i n i s t i c A^a'tue; 
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T h i s , however, i s no drawhack of the general theory because i t i s simple t o 

introduce t h c d i s t r i b u t i o n f u n c t i o n of I n f a t i g u e a n a l y s i s t h e strengt)) f u n c t i o n 

i s defined by a "ciunalated damage theory". Such a theory r e l a t e s the damage t o a 

number o f times a c e r t a i n load value occiu;s, Therefore^ the f o l l o w i n g events are 

o f i n t e r e s t . Let the l o a d i n g f u n c t i o n be defined as: 

S -̂ s ( t ) 

P (s > 5 I T) ~ prob. o f at l e a s t one 

excursion' o f s over leA^el 

S i n the l i f e t i m e T 

P (S I T) = prob. d e n s i t y f u n c t i o n 

of overloads S i n T 

K (S) - mean number of overloads 
o 

per u n i t time 

S.O. Rice has shovm t h a t the meaii number o f excursions o f a time f u n c t i o n 

s ( t ) through i n t e r v a l dS.ds per u n i t time equals {'\h) 

s| p(S, s, t ) ds 

The mean nurober of excursions o f s ( t ) over- l e v e l S per u n i t time I S : 

o 
sp(S, s, t ) ds 

The mean number o f excrn-sions over B i n time T i s : 

(•T |-™ 

N(S|T) - dt sp(S, è, t ) ds 

o-* 0-' 

For s t a t i o n a r y r'audom processes t l i i s reduces t ( ; 

/OJ 

N(S|T) - T . p(s) s p ( s ) dt 

0-' 

because f o r s t a t i o n a r y i)rocesscs bhe cor'relation between s ( t ) and s ( t ) i s zero. 

p ( s , s) = p ( s ) . p ( s ) . 
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J.]^. Rice cleriverl t h a t ( 1 5 ) 

p ( s | t ) dt - W^(S) exp M^(S).t 

p(S t ) dt •-- proh, t h a t the f i r s t 

excursion of S take place 

i n time int e r v a , l t , t + dt 

The p r o h a h i l i t y o f no excursion o f S i n T 

rT 
F ( S | T ) = 1 - p ( s l t ) dt 

- exp N (S).T 
o 

P(S T) = ̂ ^i, 
DS exp 

Moses has shown thab i n r e l i a b i l i t y a.nalysis t h e i n f l u e n c e o f a p a r t i c u l a r 

random model i s s l i g h t ( 1 6 ) . I t i s suggested, t h e r e f o r e , t o choose a Gaussian 

random process t o c a r r y out t h e above a n a l y s i s . 

I f P(s) -

p(è) 

V 7̂T . a 

>/ 2ira, 
exp 

(S-a) 

20- 2 

O 

2i 

2 ö . 
s 

then exp 

(S-a)^ 

" m 

1 
exp 

(S..a)% 

20 

md p(S T) 
(S-a) T r (S-a)' 

a e ^ 2a 
exp 

'MO 

a. 
s 

A Ga.us s i an random process i s completely determined by i t s power spectrum. 

Tl i i s spectrxmi i s e a s i l y determined by moa.surements on s t r u c t u r e s . 



Awaiting r e s u l t s of Covimiittee 5. 

Earthquake loading_ and resi'Ojise 

Awaiting r e s u l t s of Coimnittee 6 . 

Xip.'iL._i.'^i^i']ii_8U'^JS:dJi?JL o f f e e t s 

Await i n g resu.lts of Cominittee T. 

Conclusions 
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C. E, C .,M. • G. Ï. Ponder.-j t i o n . 1 . S t r a t i n g 

STRUCTURAL JiH;ii,̂ '̂ 2'ïfL̂  i'WIu 1 •OADFACTOR 

Loadfactors are determined according to the l i m i t s t a t e dcsi;?,n philosophy. 

Their value depends on the l i m i t .state con.sidered; f o r example, s t a b i l i t y 

L i m i t s t a t e , maximum st i - f n j ; t h l i m i t s t a t e or def oriaa t i o n l i m i t s t a t e . 

The s t r e n g t h f u n c t i o n of a compression element d i f f e r s from the s t r e n g t h 

f u n c t i o n of a bending element.. The loading fi n - i c t i o n , however, w i l l bo 

the same. Tluirefore, l o n d f t i c t o r s of various magnitude, must bc assigned 

to th.e l i m i t s t a t e s . 

In a s t r u c t u r e , more than one l i m i t s t a t e i s po s s i b l e , Each, l i m i t s t a t e 

must be provided f o r . This means t h a t a s t r \ i c t u r o .should be analysed f o r 

each loading system corresponding t o one of the L i m i t s t a t e s . The question 

a r i s e s whether i t i s possible to pass, i n a simple way, from one l o a d f a c t o r 

to another, wit.hout r e p e a t i n g the complete a n a l y s i s . 

This depends g r e a t l y on the complexity of the a n a l y s i s . Generally the 

anal y s i s i s of the f i r s t order. The r e s u l t s (load a c t i o n s or deformations) 

are l i n e a r f u n c t i o n s ot the design load. A tr a n s f o r m a t i o n to another lo.y.d-

f a c t o r i s simple. 

Second order a n a l y s i s proofs more d i f f i c u l t . There i s no l i n e a r r e l a t i o n s h i p 

between load a c t i o n s , deformations and design loads, Tt i s iiecessary, t h e r e 

f o r e , t o repeat the complete a n a l y s i s f o r each loading system. 

An exception can be made, i f a n a l y t i c a l expressions are a v a i l a b l e r e l a t i n g 

loads and load actions (or deformations). 

The r e v i s e d Dutch Code includes the f o l l o w i n g r e l a t i o n f o r design of columns 

i n braced frames: 

a> F , „ n M 
- — -1- a. -—• . - <_ o 
A n-I W ^ 

(0 f a c t o r f o r c e n t r a l l y loaded simple columns 

3 = f a c t o r accounting f o r differ.^.nt end laoments 0,4 <_ P < 1 

0'.̂  = y i e l d stress 

V load a c t i o n r e s u l t i n g from fao-lored loading 

=̂ load f a c t o r 

M - load a c t i o n " " " " 



A area 
Fcr 

F̂ .̂-' c r i t i c a l column loadiny ( = 
.hi 

The amplif ica l;i ou f a c t o r --y accounts f o r non-linear e f f e c l i s . 

Becaiiae F and M ar<i f i r s t order terms, another load f a c t o r can be 

introduced by sinioly changiaig the value of F and M i n the formula, 

I t i s not necessary to r e c a l c u l a t e the s t r a c t u r e . 

I f such a n a l y t i c a l expressions are not a v a i l a b l e , another s i m p l i f i c a 

t i o n i s possit'lc. 

Suppose i t i s l;nown that the r c l a t i o ) ! . Ijetwef-a 1' and 6 (deformation) i 

of thc shane sho\^n i n f i g . 1 (convex type) 

8 

Analysis has shown t l i a t f o r P P^ •> o ^ 6 j . P a ^ P ^ w i t h 

PQ - c h a r a c t e r i s t i c load. 

Now the r e s u l t i s desired f o i anotiier l i m i t Ktat:e w i t h o' <o:. . I t 
a 2 

I S c l e a r t h a t P = a,, P - — P and P„ < P.. The deformation 6„ 
z / U u J 1 I \ 2 

corresponding to P., i n shown i n f i g , 1. I f one does not want to 

repeat the analys-^ s i t i s possible to l i n e a r i s e the P-6 diagram s t a r t i n g 

from the highest P value. The deformation corresponding to P^ vvHl than 

be 0,-,' , which r e s u l t overe.stimates the t r u e ö^-value. The amount of 

o v e r e s t i m a t i o n depends on the degree of non l i n e a r i t y . 
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I f the P-Ö r e l a t i o n i s knov/n t o be of the concave shape sliown i n 

f i g . 2, the f i r s t a n a l y s i s should be done f o r the lov/est P v a l u e , 

i P 

Again the t r u e def orraa t i on i s overestimated. 

One saves c a l c u l a t i o n time but yjays w i t h a less economic slnrncturc. 

I t should not be forgotl;en however, t h a t one of the reasons to i n t r o 

duce l o a d f a c t o r s i s to account i n a .simple manner f o r non-linear e f f e c t s . 

ACTION: I t i s suggested t h a t t l i i s \TOrkinggroup does not trouble, i t s e l f 

w i t h t h i s problem but to leave i t t o the judgement of the 

engineer. 


