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SUMMARY

The l i te ra ture su r v e y ma in l y consists o f two p a r t s .

Chap t e r 2 d e a l s w i t h t h e construction of spectra f o r

l oads and loade f f ec t s . A l o a d spectrum may define
frequencies of veh ic le l oads t h a t a c t on a certain
r o a d sect ion . When t h e l oads pass t h e b r i d ge severa l
l o a d e f f e c t s may a r i s e as stressvariation in respec t
o f t ime f o r a cer ta in p o i n t o f t h e s t r u c t u r e . The Toad"
e f f e c t spectrum define s , i n t h e case o f s t r e s s e s , t h e

Jistribution of s t r e s s r a n g e s t h a t w i l l ä r i s e in a
cer ta in po i n t due to t h e l o a d spectrum.

Chap t e r 3 dea l s w i t h t h a t p a r t o f t h e l o a d - l oade f f ec t
spect ra p r ob l em , t h a t i s r e l a t e d t o t h e dynamic behav ‑
i o u r o f t h e v e h i c l e - b r i d g e system and t h e dynamic
e f f e c t s t h a t behaviour w i l l cause. This chap te r a l s o

contains a chap t e r ( 3 . 5 ) called "Man”s perception of
loadeffect".

F i n a l l y in Chap te r 1 and 5 is v e r y b r i e fl y discussed
t h e "measur ing equipment" bee i ng used and " j e s i g n and

des i gn principles" concern ing spectrum l o a d i n g .



1 - INTRODUCTION.

1 . 1 Background.

When a veh ic le is passing a b r i dge t h e r e w i l l a r i s e
stresses in different p a r t s of t h e s t ruc tu re which w i l l
v a r y in respect of t ime. If t h e r e is no r i s k of f a t i g u e
o r dynamic e f f ec t s , t he b r i dge can be designed to r e s i s t
a cons tan t l o a d . I f t h e r e is a r i s k o f f a t i g ue i t i s :
p o s s i b l e t o l e t t h e l o a d vary between two v a l u e sa c e r ‑

t a i n FuMber o f t imes. The a l l owab l e l o a d amplitude o r
i f t h e ampl i tude is fixed , t h e a l lowab le number of
l o a d r epe t i t i o n s t h e n can be determined f r om Wöhler
CcCurves.

The above made assumption abou t ö n e a l t e r n a t i n g maximal
l o a d is n o t v e r y favourab le and may l e a d to s t ruc tu res
w i t h t o o high s t r e n g t h .

The s t resses in t h e a c t u a l s t ruc tu re i s caused b y , besides

more l o c a l e f f e c t s by axle-bogie l o ad s . It is poss ib le to
r e p r e s e n t t h e app l y i ng f o r c e s w i t h a l o a d spectrum, which
f o r example t e l l s how many l o ad s , w i t h ampl i tudes exceed ‑

i n g ce r t a i n va lues , t h a t w i l l a c t on t h e s t ruc tu re .

The l o a d s a l s o cause e f f e c t s other t h a n st resses. Some‑

t imes i t m igh t be more sui table to d e a l w i t h t h e f o r c e s
a n d deformations and so on , t h a t w i l l a r i s e in a po in t of
t h e structure. A common name to a l l these ,o f t h e l o a d s

caused effec ts , is l o ade f f e c t s . I n t h e same manner a s
mentioned above, f o r t h e loads, one can cons t ruc t a spec ‑
t r um o f l o a d e f f e c t s t h a t t e l l s how many l o a d e f f e c t r e p e t i ‑
t i o n s w i l l occu r w i t h ampl i tudes exceeding ce r t a i n va lues .

When i t comes to des ign, t h e loadeffectspectrum can be
r ep r o du ced i n a test ing machine and one can g e t a n idea
about how many r epe t i t i o ns a s t r u c t u r a l member can w i t h ‑
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s t a nd , i f t h e amplitudes a r e d is t r ibu ted in accordance

w i t h t h e l o a d e f f e c t spectrum. Another way t o c a r r y ou t t h e
des i g n is to TäRe an estimate of t h e damage w i t h t h e h e l p

of some cänulative fa t igue hypothesis. In t h i s l a t t e r

case öns can either, ERthe shape o f t h e l o ade f f e c t spectrum
is g i v e n , determine the t o t a l number of permissible r e p e ‑

t i t i o n s or i f t h e number o f repe t i t i ons is g i v en , t h a t w i l l
a c t on t h e s t r u c t u r a l member , one can determine permissible
shapes of t h e spectrum.

Ås s t ee l qua l i t i e s w i t h h i ghe r u l t ima te s t r e n g t h and g r e a t e r

t e n d e n c yt o f a t i g u e have come t o u s e , f o r example a s p r e ”

s t r e s s i n g w i res in p res t ressed conc re te , t h e r e w i l l be a
g r e a t e r demand for a more q ua l i fi e d way t o a t t a c k t h e p r o ‑

b l e m as ha s been out l ined above.

In t h e more common used prefabricated bridge s t r u c t u r e s i t
m i g h t be a w ish to permi t h i g h s t resses to g e t sma l l d i ‑
mensions on t h e members. Since such a s t r uc t u re consists
of l e s s fi rmly connected elements t h a n a homogeneous s t r u c ‑
t u r e does , there is a r i s k t h a t t h e dynamic e f f é c t s w i l l
be mo r e pronounced in t h i s t y pe of s t r u c t u r e .

1.2 " O b j e c t i v e sand r e s e a r c h p lan.

The object ive of t h e investigation is
to pu t up a model f o r ca lcu la t ing t h e number and amp‑
l i t u d e s o f l o ads t h a t ac t s and i n t h e f u t u r e w i l l a c t
upon t h e b r i d ges t r u c t u r e , l o a d spectrum.

t o p u t u p a model which can b e used t o c a l c u l a t e e x ‑

p e c t e d l o a d e f f e c t spectra f o r d i f f e r e n t po in t s i n t h e

s t r u c t u r e , i f t h e expected l o a d spectrum i s known.

to a p p l y t h e theories to a theo re t i ca l mode l o f a
b r i d ge deck cons i s t i ng o f p re fab r i ca ted s l a b s . : I n

t h i s s t u d y t h e dynamic e f f e c t s w i l l be estimated and
f u r t he rmo re i t w i l l be shown how a design f o r spectrum

l oad i ng can be carr ied ou t .
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The wo r k w i t h pu t t i n g up su i tab le models f o r l o a d a n d

l o a d e f f e c t spec t r a is r unn ing p a r a l l e l w i t h t h e development
a nd t e s t i n g of t h e ana l y t i c a l models of t h e prefabr icated
b r i d g e de c k and the belfoler t h a t w i l l pass i t .

The l o a d and l o a d e f f e c t p a r t has been going o n a l i t t l e
more t h a n h a l f a y e a r , which has r e s u l t e d in an unpublished
i n t e r n a l r e p o r t ( i n swedish) /4/.

The i n v e s t i g a t i o n i s financed b y and car r ied ou t i n coopera‑
t i o n w i t h "The National Road Administration" in Sweden, S t a ‑

cens Vägve r k , t h a t in 1965 measured ax le-bog ie loads f o r a
number of d i f f e r e n t roads. Furthermeasurements a r e now p l aned ,
in consultation w i t h t h e author, at which s t resses in some

po in t s o f t h e b r i d g e s t ruc tu re w i l l be recorded t o g e t h e r

w i t h a t y p e c lass ificat ion of t h e vehicles, t r u c k s , and i f
poss ib le measurements of ax l e l oads . The l a t e r a l pos i t i on
of t h e vehic les when passing t h e bridge w i l l a l s o be r e c o r ‑

d e d .

The theo re t i ca l mode l f o r calculation o f l o a d e f f e c t spec t ra
w i l l l a t e r be t e s t e d against t h e fieldmeasurements and p r o ‑
b a b l y w i l l some spec t ra be simulated on computer w i t h a
Monte C a r l o method to p r o v e t h e v a l i d i t y o f t h e theor ies .

1.3 L i t e r a t u r e survey.

In t h e presen t l i t e r a t u r e su r vey is presented b ib l iog raph ies
t h a t I ha ve f o und either by manual sea r ch or in l i s t s r e c e i ‑
ved f r o m t h e SDI -serv ice , Se lek t i v De lg ivn ing av In fo rmat ion ,
(Se lec t i ve De l i v e r i n g o f In fo rmat ion ) . The SDI-serv ice means

t h a t a computer reads of magnetic tapes t h a t contain t i t l e s
o f a r t i c l e s written in jou rna ls . On l y t h o s e a r t i c l e s t h a t

ha ve a t i t l e c on s i s t i n g of t h e same wordcombination as in
t h e searchprofi le a r e c e u g h t . The searchprofi le consists
of expressions l i k e

A and B and (C or D)

where A, B, C and D define a g r oup of words w i th synonymous



meaning. Most r e f e r ences a r e found t h r o u g h manual search ing.

The s u r v e y is d iv ided i n t o 4 p a r t s . Chapter 2 dea l s w i t h
l i t e r a t u r e abou t l o a d and l o a d e f f e c t s pec t r a and p r o b a b l y

c o v e r s a g r e a t d e a l o f what has been done d u r i n g t h e l a s t

y e a r s and po i n t s o u t r e f e rences t h a t might be u s e f u l f o r
f u r t h e r s tud ies and deeper pene t ra t ion o f a spec i fi c fi e l d .

Chap t e r 3 dea l s w i t h t h e dynamic e f f e c t s caused by vehicles
pass ing a b r i d g e and a l s o show t h e influences some var iab les
ha ve on the magnitude of t h e s e e f f e c t s . Such r e s u l t s have

b een achieved b o t h f r om field t e s t s and t heo r e t i c a l s tud ies .
Chap t e r 3 a l s o g i ves an idea o f t h e theore t i ca l mode ls u s ed

by other authors f o r desc r i b i ng t h e bridgedecks, t h e veh ic ‑
l e s a n d t h e combined ac t ion when a vehic le passes t h e b r i d ‑
gedeck. C h a p t e r 3 i s n o t a s c omp l e t e a s c h a p t e r 2 because

o f t h e g r e a t e r researchfie ld i t covers. Chapter 3.5 "Man”s
percept ion of loadeffec t " i s t h o ugh r a t h e r comple te .

Chap te r 4 ma in l y g i v e s t i p s to re fe rences f o r f u r t h e r s tudy
as w e l l as c h a p t e r 5 does . In c hap t e r 5 is a l s o mentioned
some of t h e few des ignru les t h e r e a r e in t h e w o r l d conside‑
r i n g des ign f o r f a t i g u e .
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2 LOAD- AND LOADEFFECT SPECTRA.

2 . 1 General.

It is poss ib le t o da y to go ou t and by measurements determine
t h e d i s t r i b u t i o n o f l o a d s , t h a t i s t o t a l vehic le weights and

ax le -bog iewe igh ts , t h a t a c t on a spec ific roadsection and

a l s o i t is poss ib l e to measure and eva l ua te t h e t imevar ia ‑
t i o n s of s t r e s s f o r a ce r t a i n po i n t in a bridgestrueture.
How t h i s evaluation s h a l l be done or more p rec i se , how s h a l l
one r e p e t i t i o n o f l oade f f e c t b e defined , i s a quest ion which
i s very h a r d t o answer d e fi n i t i v e l y , a s i t i s s t r o n g l y

c o u p l e d to t h e f a t i g u e behaviour of t h e subjected mater ia l .

I f i t is possib le to b r e a k down t h e prob lem and t h e n p u t up
a n a l y t i c a l mode l s f o r construction of l o a d spec t ra and l o a d ‑

e f f e c t spec t ra two very important advan tages w i l l be gained,
besides t h e b e t t e r unders tand ing of t h e mechanism of t h e

p rob l em .

F i r s t , because o f t h e b r e a k down, t h e e f f e c t o f t h e i npu t
var iab les c a n be determined and t h e most impor tant ones

washed o u t .

Second, h o p e f u l l yone ean estimate t h e va lues t h a t t h e s e

var iab les w i l l g e t in t h e f u t u r e and a more accurate des ign
c a n b e made f o r t h e estimated l o a d e f f e c t spectrum.

N o t v e r y much is done to develop models which can be used
to t h e construct ion of l o a d spec t ra t h o u g h numerous m e a s u r e ”

ments ha v e been car r ied o u t .

Accord ing to Cudney /T/ t h e fi r s t s t r e s s histories, t h a t is
t h e va r i a t i on o f t h e s t ress i n respect o f t ime f o r a cer ta in
po i n t a t t h e s t r u c t u r e , was measured i n connection w i t h t h e

AASHO r o a d t e s t , bridge Fescarch 1956-1961. These stresses
were however induded by specia l törst vehic les and no t by
t r u c k s i n a r e g u l a r t r a f fi c fl o w .
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L a t e r , s t r e s s h i s t o r i e s or in o t h e r wo r d 1loadeffect p r o ce s ses ,

have been ana l y sed and spec t ra ove r s t r e ss r anges se t u p .

Some a u t h o r s have ou t l i ned or developed theories dea l i ng
w i t h t h e t rans la t i on o f l o a d spe c t r a i n t o l o a d e f f e c t s p e c t r a .

Mos t of t h e wo rk in t h e a r e a seems to be done in t h e USA

and Grea t B r i t a i n . I n USA t h e theo re t i ca l s t r ess p red i c t i on
//16/ s tud ies a r e coordinated t h r o u g h t h e Fede ra l Highway Admini‑

s t ra t ion”s O f fi c e of Research, Galambos /16/. According to
t h e same r e f e r e n c e t h e r e s e a r c h i n USA abou t b r i dge behaviour
sub jec ted t o r e p e t i t i v e l o a d s can b e d iv ided i n t o t h r e e gene ‑

r a l a r e a s a s f o l l o w s

'M, L a b o r a t o r y f a t i g u e studies o n l a r g e welded members subjec ‑
t e d to b o t h constant and var iab le c y c l e l o a d s . Such s t u ‑
d ies a r e unde rway a t Leh igh U n i v e r s i t y , U . S . S t e e l C o r ‑

po r a t i o n Laboratories, t h e Un ive rs i t y of I l l i n o i s , and
to a leser degree w i th some o t h e r organ iza t ions . The
s tud ies inc lude l o n g t ime , sm a l l s t ress r a n g e t e s t up to
as many. as 200.000 c y c l e s .

2 . B r i dge l oad i ng h i s t o r y fi e l d t e s t s . Such studies a r e c o n ‑

t i n u i n g and have been conducted in t h e S t a t e s of Alabama,
Connect icut , I l l i n o i s , Iowa, Louisiana, Ma r y l a n d , M ich igan ,
Minnesota, ÖRTö: Ken t u c k y, Pennsylvania, V i r g i n i a and Ten ‑

nessee .

3 . Theore t ica l s t r e s s prediction studies. In t he se studies i t
i s desi red to f o r e c a s t t h e s t resses l i k e l y to be encountered

in a b r i d ge member. Some of t h e studies use computer simu‑
l a t i o n techn iques, and some use mathematical p r obab i l i s t i c
a p p r o a c h e s . The studies a r e a l l coordinated t h r o u g h t h e

F e d e r a l Highway Administration”s O f fi ce of Research."

T I . 18-12/ References T and 8-12 can serve a s guides t o g e t s t a r t i n g r e ‑
f e r e n c e s f o r f u r t h e r s t u d y o f what i s done, p a r t i c u l a r l y i n
USA, concerning subjects presented in chap t e r 2 of t h e s u r v e y.
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2 . 2 Charac te r i s t i cs o f loads, t r u c k s .

Pr iva te .cars a r e n o t included in t h e s t u d y because t h e y do no t
induce s t r e s s of such magnitude t h a t is of a n y importance.
I t i s i ns tead t h e heavy t r a f fi c , t r u c k s , busses and some d e l i ‑
v e r y v a n s t h a t a r e o f i n t e r e s t .

The r e a r e of course many var iab les to character ize a t r u c k .

B u t i f o ne does n o t t a k e t h e dynamic e f f e c t in considerat ion,
at t h i s s t a g e , t h e f o l l o w i n g var iab les a r e considered to be of
i n t e r e s t

t o t a l veh i c l e we igh t ,

a x l e - bog i e we igh t s , (Getributidh of g r o s s we igh t onaxles)
axlespacings (may define t ype of veh ic le ) ,

r a t i o g r o s s veh ic le we i g h t / t o t a l veh ic le weight ( i nd i ca tes
the load ing l e v e l , t h a t i s how much c a r g o t h e venic le
ca r r i e s )

d i s t r i b u t i o n o f vehic les (registered o r f o r a spec i fic
roadsect ion) due to weight and t y pe

d i s t r i b u t i o n o f l oad i ng l e v e l s f o r t r u c k s w i t h i n a c l a s s ,
as t y p e or t o t a l veh ic le we igh t .

I n F IG . 1 a r e l i s t e d d i f f e r e n t types o f t r u c k s t h a t wou ld b e
pe rm i t t e d t o d r i ve on roads designed according t o suggested

a l t e r n a t i v e r e g u l a t i o n s , i n Sweden, concerning a l l o w a b l e g r o s s ‑
we igh t s . (The al ternat ives and t hose cu rves v a l i d t oday a r e

f ound in "Vägplan 1970", B i l aga /26 / . )
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Figur 5: 2. Exempel på fordonskombinationer
vid bruttoviktsbestämmelser enligt kurva I i
figur 5: 1.
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F I G . 1 . D i f f e r e n t vehicle types t h a t can b e permi t ted due
to s u g g e s t e d a l l o w a b l e grossweight r e g u l a t i o n in
Sweden (see a l s o c h a p t e r 5 ) , f e6 :
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A X E L A V S T Å N D 1 1 =33 TON BRUTTOV

ON B R U T TO V I K T i

22 = 44 TON

20 10 20 10 = 60 TON

Figur 5 :5 a. Exempel på fordonskombinationer
vid bruttoviktsbestämmelser enligt kurvorna IV

0 TON och V i figur 5: 1.
i

Figur 5 :4 . Exempel på fordonskombinationer Figur 5 :5 b. Exempel på fordonskombination
- rs enligt kurva I I I i vid bruttoviktsbestämmelser enligt kurva V i
gur 5 : 1 . our 5 : 1 .

F I G . 1 . D i f f e r e n t veh i c l e t y pes t h a t can b e permi t ted due
(Cont.) to sugges ted a l l ow a b l e grossweight r e g u l a t i o n in

Sweden (see a l s o c hap t e r 5 ) , /26/.

FIG. 2 In F IG . 2 is shown a t r u c k t ype coding system used b y , among

1615 I5TI o t h e r s , Cudney / 6 / , Wittermore, ... /5T/ in USA.

Information concerning the number of existing t r u c k s and t h e i r
t o t a l we igh ts c a n be obtained r a t h e r eas i l y f r om o f fi c i a l i n ‑

/2/ s t i t u t i o n s . I n "Bilismen i Sver ige 1972" /2/ a r e f o r example
some s t a t i s t i c s o f t h i s k i nd g a t h e r e d .

The l o w e s t v a l u e o f (gross veh ic le we i g h t / t o t a l vehic le weight)



Figure B-1. Vehicle t y p e designation.

F I G . 2. Tr u c k coding' system (USA), / 6 / , /51/.
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/h/

/2/

F I G .  8

191-119/5/18/

2 : 2 1 2

i s v a l i d f o r a t r u c k d r i v i n g wi thou t any c a r g o . F I G . 3 shows

t h e r a n g e o f t h i s v a l u e , where t h e r a t i o i s p l o t t e d against
t h e minimum grossweight (no cargo). The scheme is v a l i d f o r

t r u c k s fabr icated i n 1971 w i t h t o t a l w e i g h t s o v e r 5000 K p ,

Chr is t iansson /bh/.

bTjänstevikt / Totalvikt (Minimumgross weight/total weight).

0,3
e Mercedes
o Volvo
x Scania

02

e 3 G 5 6 7 8 Tjänstevikt MP
(Minimum gross weight)

F I G . 3. Minimun g r o s s w e i g h t / t o t a l we igh t (3 manufactures)
p l o t t e d against minimum g r o s s weight (1971), I

I n r e f e r e n c e /2/ one c a n a l s o fi n d va lues f o r t h e mean v a l u e ,

one f o r e a c h years; of t h e r a t i o grossweight/ total w e i g h t , t h a t

i s t h e mean l o a d i n g l e v e l . See a l s o F I G . 8 i n c h a p t e r 2 . 3 ,
w h e r e mean l o a d i n g l e v e l s c a n b e f o u n d r e l a t e d t o ( t o t a l )
grossweights (94 of C a p . U t i l . , Canada).

Numerous numbers o f over loads a r e a l s o r e p o r t e d b u t a r e n o t
f o u n d i n t h e s t a t i s t i c s . Those loads a r e de tec ted a t t h e weigh ‑

i n g s ta t ions . More d e t a i l s abou t t h i s c a n be f o u n d in Doug las

/ 9 / , "Las tb i l o c h tax i " /19/ and Jonsson /18/. In g e n e r a l i t
c a n be said t h a t t h e over loads c a n be considerable.

In connection w i t h weighing of a x l e s , see c h a p t e r 2.4 "Con‑
s t ruc t i on o f l o a d spectra", c lass i fica t i on o f veh ic le types i s
o f t e n made. I t can be done e i the r au tomat i ca l l y ( t ransducers
o n t h e r o a d s u r f a c e , fi lming) o r v i s u a l l y . This k i n d o f c l a s ‑



/25/
/€/ 181-191
/10 / , / 11 / FIG.b
FIG.5

2 . 2 ; 1 3

s i fi c a t i o n seems t o b e r a t h e r common and r e s u l t s f r om Swedish
measurements made 1961-1963 can be found in "Fordonskombina‑
t ioner" /25/. Resu l t s of measurements made in USA can be found
i n Cudney / 6 / , Ch r i s t i a no , ... / 8 / , Doug l a s / 9 / , Heins, ...
/10/ and MeKeel, ... /11/. In F IG . 4 and F IG . 5 a r e schemes

f r om Cudney /6/ and Doug las /9/ presen ted .
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F I G . 4 . D i s t r i b u t i o n o f vehicle due to t ype , Cudney /6/.



US)

BRIDGE 1
24 hr. $somple=

622 trucks BRIDGE 3
24 hr. somple =

1048 trucks
Type I I I

Sok 20 IM 281 282 382 Other
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The characteristies of t r a f fi c fl ow does no t d i r e c t l y influence
t h e appearance of t h e l o a d spectrum. Bu t when loads, f o r
example axle loads , cause Sörcke i n a po i n t i n t h e b r i dges t r u c ‑
t u r e , t h e magnitude of these st resses depend on t h e s e c h a r a c ‑

t e r i s t i c s , because t h e influences o f many a x l e s may o v e r l a p .

The a x l e s don o t necessarily have to b e l o n g to one veh i c l e .

If one knows t h e position of t h e individual vehicle in t h e

t r a f fi c fl o w i t i s possible t o predict t h e p robab i l i t y t h a t

two vehicles w i l l meet w i th in a cer ta in l e n g t h of t h e r o a d

(briage).
/29/51301/ Stephenson /29/, /30/ , cealculates p robab i l i t i es ( t ime i n t e r ‑

v a l s between obeurence) f o r 2, å, 6 and ( 8 ) vehicles (speci‑
fi e d as heavy or nöt) to be w i t h i n a spec ified l e n g t h o f
r o a d , based upon t h e f o l l ow i ng assumptions:

1. Vehic les, b o t h individually and by t ypes , a r e d i s t r i bu ted
" at random in ord inary highway t r a f fi c .

2. The ave rage composit ion, volume and speed of t r a f fi c remain



FIG. 6

( X 3 /
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constan t du r i ng t h e time per iod under consideration. /29/

Stephenson uses Poisson f r e q u e n c y d i s t r i b u t i o n f o r desc r ib ing
time a n d dis tance spacings of vehic les. I n f F I G . 6 r e s u l t s f r o m

h i s calculat ions a r e shown.

BASED ON 250 VEHICLES PER HOUR (6000PER DAY)CONTAINING
52/0 HEAVY TRUCKS AT AVERAGE SPEED OF 39.5 MFH

250 VEHICLES PER HOUR EH
(6,000 PER DAY) =

5 PERCENT HEAVY TRUCKS SR
D AVG. SPEED-‐39.5 MPH =

F O Ro vS E OS ÅFt SSRR e  S SR E S A  |  R R  a l
T E R S E = =

1[0) F A R S ES OS SN ESSe0 FR RR2  S Evd BRN ISEN SRSI BRSEee SES BUSA Brr
UR S E R ASE SANNE SS SNwu GSE MSNfear [RR 5 (9(0[ N E ENE bog ng

E E  S N1  O R  S E  P T S
Re ES SE ENbo NS SS SSI OS
8 AE ST ANN& F F F PRENJ SN Rag
S E SSSR
lam 500 Yr, GR EE ES Pe VASANS (SEN
g o l a SISULCA TSEeF R  S E  R R  IL a S TN E N
> s AE Yr, REST SSR SI IR 9 0 ÄN BS LIEF 0 E N S ESIN SES E NS ÅI T E S SA NS S ASTENS OS RNfi (5IS 19JSESe EE SrRR lg aF R A S R R ÄSENRS SSNnS R K AST R R S N S

SRS ST SS ES

N S BIENfire E R (25f öI N S E R

S T R
1 0 2 0 3 0 5 0 - 1 0 0 200300 500

LENGTH X-FEET ‑
Figure 1 . Time i n t e r v a l f o r t y p i c a l spec ified vehicle groups occur r ing w i t h i n spec ified

leng ths .

F I G . 6 . Time i n t e r v a l s between over lap ing, Stephenson /30/.

D i t l e v s e n /13/ assumes t h a t in a fl o w , characterized as some- -:



/1T/

/25/

/32/

/18/
FIG. 7

FIG. 8, /23/

/20/

223 PE

t h i n g between c o m p l e t e l y undisturbed and compact (gqueues), t h e

distances w i t h i n a t r a f fi c b l o c k a r e constant and t h e distances
intermediate b l o c k s a r e exponent ia l l y d i s t r i b u t e d .

H a i g h t , ... /17/ propose t h a t a Pearson Type I I I , gamma , d i s t r i ‑
b u t i o n can be u s e d to describe t h e same intermediate t y p e of
t r a f fi c fl o w a s mentioned a b o v e . They a l s o have adop ted t h e
d i s t r i b u t i o n t o measured v a l u e s .

Measurements of frequencies and l e n g t h of gqueues can be f o u n d

in "Fordonskombinationer" /25/.

Ano the r f a c t o r of importance is t h e f a c t t h a t vehicles choose

d i f f e r e n t t r a c k s i n t h e l a n e and t h e r e f o r e cause more o r l e s s

i n fl u e n c e , especially f o r secondary members. No t v e r y much i s
f o u n d a b o u t t h e l a t e r a l distribution of vehicles. Dur ing t h e

AASHO r o a d t e s t , b r i d g e r e s e a r c h /32 / , t h e l a t e r a l p o s i t i o n
was d e t e c t e d , w i t h p r e s s u r e höges w i t h vary ing l e n g t h s i n 1 2 i n . ‑
increment ( 0 . 3 m), when t h e vehicles passed t h e b r i d g e . Ekb ladh,
... /14/ v i s u a l l y and b yfi l m i n g determined t h i s d i s t r i b u t i o n
f o r c a r s , when leaving a highway b y a n o f f - r a m p . F I G . 7 g ives
an example of a t y p i c a l r e s u l t . One must n o t f o r g e t t h a t t h e

measurements were made on c a r s and t h a t t h e roadsec t ion is
r a t h e r s p e c i a l .

I f one w i l l cons t ruc t l o a d spec t ra outgoing f r o m a s t a t i c
d i s t r i b u t i o n o f vehicles (as veh ic le d i s t r i b u t i o n due t o t o ‑
telveight) öne migh t beinterested in knowing t h e average

l e n g t h o f annua l dr ives f o r d i f f e r e n t groups o f vehic les. I n
F I G . 8 is p r e s e n t e d a table f r o m Richardson, ... /23/ t h a t

t e l l s t h e annualmileage p e r t r u c k (average) c o r r e l a t e d to
grosswe igh t .

Perhaps one c a n expect d i f f e ren t compositions of veh ic le ‑
types i n d i f f e r e n t a reas . Lynch /20/ f o r example, who uses

loadometerstudies conducted in Kentucky as basis f o r h i s
calcu lat ions, p resen ts pe rcen tfigu res f o r d i f f e ren t types
of vehic les (6 types of t rucks ) in u rban e&nd r u r a l reg ions .
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TABLE 1
TRUCK TRAFFIC IN CANADA BY TYPE OF OPERATION AND GROSS WEIGHT GROUPS, 1 9 5 7»

Miles Per Gallon b CargoUse€
Annual rm =Revenue
Mileage Gasoline Diesel O i l Goods Net Gross Fnof p e r

per ‐ ‐ ‐ = Carried Ton- Ton- Cap. Ton-Mile b
Category Truck d U.S. Imp. U.S. Imp . (tons)? Miles d Miles b ‐Util.? ( $ )S n r SANSS NN A S A S RRENO E RA ST SRNE r s R SARR R ERT R B S R Rr SR ISES ERA E I

( a ) ToTAL, BY TYPE OF OPERATION

6.6 2 -100,700 = 213;900
.6 15,200 44,900
4 4,800 20,400
2 1,300 $,600
5 12,600 33;300

For-hire .3
Private:

In te rc i t y vå
Urban 3
Farm .0

Total .6

1,600 2,600
8,200 33,700

18,200 54,000
28,500 76.500
59,300 ‐-136,300

157.800 = 321,100
275,200 = 750,109
1 0 0 , 0 0 ‐ 213,900

0- 5,000 Ib 13.9
5,001-10,000 Ib

10,001-15,000 Ib
15,001-20,0006 Ib
20,001-30,000 Ib
30,001-50,000 1b
50,001-over
Total

ROSS VEHICLE WEIGHT

1.000 13.200
2,500 20,300

13,200 45.700
22,700 65,100
44,400 = 109,500

107,700 = 2253,300
272,200 570.500

15,200 41,300

( e ) TOTAL PRIVATR INTERCITY, BY REGISTERED

0- 5,000 1b
5,001-10,000 Ib

10,001-15,000 1b
15,0091-20,000 Ib
20,001-30,000 Ib
30,001-50,000 1b
50,001-over
Total

a From "Motor Transport Traffic Statistics,” Dominion Bureau of Statistics, Ottawa, Canada.
PP Average.
€Per truck.

F I G . 8: A n n u a l m i l e a g e p e r t r u c k , Richardson, ... /23/.

A v e r y impor tan t f a c t o r i s t h e annua l t ra f ficvo lume expec ted
/1V/ to p a s s a roadsect ion. Abe les , ... /1/ is r e f e r r i n g to

E . R . Leonard , Grea t B r i t a i n , when h e s a y s , t h a t a p r a c t i c a l
u p p e r l e v e l o f fl o w of a l l veh ic les in one l a n e is a b o u t

20 .000 veh ic les p e r d a y , and maximum percen tage of commercial
vehic les observedis about 60 p e r c e n t , g i v i n g 12.000 commer‑

c i a l veh ic les p e r d a y as an u p p e r l i m i t ( t h a t i s a b o u t 200

m i l l i o n s i n 5 0 years).

2.4 C o n s t r u c t i o no f load s p e c t r a .

Numerous measurements of ax le -bog ie weights have b e e n conduc ‑

föds m a i n l yb y offic ia l i n s t i t u t i o n s , f o r s e v e r a l y e a r s ,

which h a v e b e e n used to c o n s t r u c t l o a d spectra. Measurements
/3/ made i n Sweden about:. 1965 a r e r e p o r t e d i n Brinck /3/. F I G .

F I G . 9 , F I G 1 3 +<9 (see a l s o F I G . 13) and f r o m K e n t u c k y, USA, b y Lynch /20 / ,
/ 2 0 / , F I G 1 0 F I G ] 108
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F I G . 115 /T1/

/20/

F IG .  12

2.4

Abe les , ... /1/ says t h e f o l l o w i n g about research-needs

" (1 ) L o a d Spectrum:

More r e s e a r c h i s needed g e n e r a l l y , b u t p a r t i c u l a r l y a b o u t

p ropo r t i ons o f heavy l o a d s . Some br idges l o c a t e d n e a r f a c ‑

t o r i e s , cement wo rks , g u a r r i s , e t c . wou ld undoubted ly e x ‑

"pe r ience a l a r g e r p ropor t i on t h a n 5 / o f heavy t r u c k s a n d

t h i s w o u l d l i k e l y e f f e c t f a t i g u e considerations."

I t s h a l l be po in ted out t h a t t h e l o a d s p e c t r a a r e n o t cons tan t
f o r a roadsect ion or area b u t changes between h o u r s , d a y s ,

weeks a n d y e a r s depending on t h e composition of vehic le types
a n d p e r h a p s due to o t h e r l o a d i n g condit ions ( loading l e v e l ,
t y p e of cargo). There can a l s o be a big di f fe rence depending
o n w h a t l a n e i s l o o k e d a t , a t l e a s t i n t h e number o f l o a d i n g s .
See F I G . 11 f r o m McKeel; ... /I1/.

Figure 3. Percentage of trucks by weight range on 1-95 bridge.

5 ES30 49 50 60 7075 k p s : $ 1 0 20 30 40 5 60 70753 kips
Truck Weights Truck Weigbls

LANE 1 LANE 3

$,916 Trucks

LANE 3 ; ALL LANES

F I G . 11. Percentage of t r u c k s by weight , r a n g e and l a n e
(3 northbound lanes) , McKeel, ... /11/.

Lynch /20/ modifies measured l o a d s p e c t r a f o r a x l e s to be
v a l i d f o r c r i t i c a l a x l e l o a d s . C r i t i c a l load ing combination
on two l a n e b r i dge is shown in FIG. 12. He t h e n makes assump‑
t i ons a s : The vehic le a x l e s and t h e i r spacings occur randomly
w i t h respec t t o time and each o t h e r , and t h a t a l l a x l e s a r e

22
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considerred as single a x l e s whether t h e y be s i n g l e or tandem.

F I G . 12. " C r i t i c a l l o a d i n g combinations on tw o - l a n e Bridges";
Ly n c h /20/.

As mentioned beforeit is of g r e a t importance to know t h e

connection between the l o a d spectrumand t h e l o a d e f f e c t

spect rum caused. As w i l l be seen in chap te r 2.6 "Analysis
of l o a d e f f e c t p r ocess . Construction of l o a d e f f e c t spectra."
most of t h e measured loadeffect spec t ra a r e compared w i t h
t h e corresponding l o a d spectra. It is t h o u g h n o t t h a t easy

to weigh t h e corresponding a x l e s , because most equipment
used a r e s t a t i o na r y weighingstat ions si tuated apa r t f r om
t h e b r i d g e . There a r e some equipments t h a t can measure w i t h ”
ou t i n t e r f e r i n g t h e t r a f fi c ( t he speed i s n o t reduced) and

which a l s o are sma l l and mobi le , see a l s o chapter 4 "Mea‑
su r i ng methods and Measuring accuracy".

To p red ic t a l o a d spectrum requ i res some knowledge of d i f ‑
f e r e n t va r iab les . The more complex t h e s e var iables a r e t h e
h a r d e r i t is to determine t h e i r f u t u r e v a l u e . Christ iansson
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13. Measured and c a l c u l a t e d l o a d spectra f o r 1965,
Christ iansson /5 / .

TIG:
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/4/ has p u t up a s imp l i fi e d mode l w i t h input -var iab les as
we igh t d i s t r i b u t i o n o f "ex i s t i ng " veh ic les , a ve r age l e n g t h

o f d r i v e and d i s t r i b u t i e n o f l o ad i n g l e v e l . F IG . 1 3 shows
c a l c u l a t e d spectra Ö ) = Ö ) and measured 1965 t a k en f r om

Br inck /3/.

2 .5 L o a d e f f e c t s on bridgestructure, vehic le and man.

As mentioned ea r l i e r t h e loads (veh ic les ) t h a t pass t h e

b r i d g e cause o t h e r l o a d e f f e c t s t h a n s t resses i n d i f f e r e n t
s t r u c t u r a l members.

Deformation of t h e b r i d g e s u r f a c e is an e f f e c t t h a t m igh t
cause f a t i g u e on aspha l t s u r f a c i n g , espec ia l l y i f t h e b r i d g e
deck i s weak o r i s f o rmed o f e lements somehow h inged t o g e t h e r .

Sometimes i t i s more c o n v e n i e n tt o express t h e l o a d e f f e c t a s
a f o r c e . F o r example t h e i n t e r a c t i n g f o r c e , between whee l

and bridge su r f a c e , which may cause f a t i g u e on a s pha l t s u r ‑
f a c i n g , Ra i t hby, ... /22/.
The l o a d e f f e c t s expressed a s deformation spec t r a o r f o r c e
s p e c t r a c a n b e used f o r t h e des ign o f ce r t a i n s t r u c t u r a l

members whose t a s k among o t h e r t h i n g s is to wi thstand t h e s e

e f f e c t s , as j o i n t s and supports.

When a veh ic le i s passing t h e s t r u c t u r e in a c raw lspeed one

does n o t expect dynamic e f f e c t s . Bu t when t h e speed i s h i ghe r
s e v e r a l dynamic e f f e c t s a r i se .

The l i t e r a t u r e survey cover ing dynamic effects w i l l b e found
in c h a p t e r 3, "Dynamic e f f e c t s . Prefabricated bridge slabs".

The most obvious dynamic e f f e c t s a r e those which magn i fies
t h e amplitudes of the above mentioned l o a d e f f e c t s . Hope f u l l y
it is poss ib le to t a k e t h e s e e f f e c t s i n t o consideration by
c a l c u l a t i n g dynamic amp l i fi ca t i on f a c t o r s . But t h e r e a r e a l s o

o t h e r t ypes o f dynamic e f f e c t s .
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Due to t h e v ib ra t i on o f t h e b r idge-veh ic le system add i t i ona l
r e pe t i t i o n s o f loadeffects may a r i s e t h a t perhaps can no t
b e n e g l e c t e d , Galambos /16/. One possib le way t o t a k e t h i s
k i n d of e f f e c t s i n t o account is to mult ip ly t h e number of
l o a d effect r e p e t i t i o n s , w i t h amplitudes i n t h e l o w e r r a n g e

w i t h amp l i fi ca t i on f a c t o r s .

As t h e veh ic le begins to o s c i l l a t e t h e passengers in t l e

veh ic le f e e l discomfort to some deg ree . In chap t e r 3.35
"Man”s percept ion of l o a d effects" a r e r e s u l t s p r e s en t e d

f r om r e s e a r c h i n t h i s fi e l d .

There a r e of c ou r s e more e f f e c t s t h a n t hose mentioned above,
a s e f f e c t s o n t h e vehicle t h a t w i l l a c t o n t h e r o a d ho l d i n g
(Sinha / 5 3 / ) b u t t h o s e e f f e c t s w i l l n o t b e d e a l t w i t h
h e r e .

2.6 Analysis of l o a d e f f e c t process. Construct ion of l o a d ‑

e f f e c t spectra.
Th is c h a p t e r ma in ly dea l s w i t h t h e l o a d e f f e c t c a l l e d s t r e s s .
I f t h e st ressampl i tude is p l o t t e d in respec t of t ime a so
c a l l e d l o a d e f f e c t p rocess i s achieved. F IG . 1 4 shows a n idea ‑
l i z e d p a r t o f s u c h a l o a d e f f e c t p r o c e s s , o r l o a d e f f e c t h i s t o r y .

Maximum trough
Figure 10.Simplewaveform illustratingsome terms used in statistical countingmethods. x, Positivepeak;

O, negative peak; A, positive trough; 7], negative trough.

F I G . 14. Ideal ized p a r t o f l o a d e f f e c t p r o c e s s , Merce r, ... /21/.

The l o a d e f f e c t p rocess can b e gene r a t e d e i the r t h e o r e t i c a l l y,
( f o r examp le s t a t i s t i c a l or by s imulat ion) , or by a r e a l stream
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/6/+ /10/

/29/5-130/,131/
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o f veh ic les . In b o t h cases i t h a s to be ana lysed and r e p r e ‑

s e n t e d i n some w a y, f o r example a s a l o a d e f f e c t s p e c t r u m ..

The ana lys is c a n be cärpied o u t in many ways , depending on
w h a t t h e l o a d e f f e c t spectrum s h a l l b e used f o r . I f t h e l o a d ‑

e f f e c t causes fat igue one is interested in how many r e p e t i ‑
t i o n s of c e r t a i n amplitudes t h a t occur and if one be l ieves
in a cumulat iv fa t i gue hypothesis that does n o t t a k e i n t o
account t h e o r d e r i n which r e p e t i t i o n s t a k e p l a c e , Miner”s
h y p o t h e s i s , some k i n d o f s t a t i s t i c a l count ing method can

b e  u s e d .

Merce r, ... /21/ discuss 1 2 kinds o f s t a t i s t i c a l count ing
methods a n d a l s o compare them w i t h Four ie r ana lys is a n d

Power S p e c t r a l Dens i t y ana lys is . They f o u n d t h a t t h e s t a t i ‑
s t i c a l c o u n t i n g methods a r e super iour t o t h e a n a l y t i c a l
analysis. I n most o f tie i n v e s t i g a t i o n s p r e s e n t e d b e l o w t h e

s t ress range h a s been defined (roughly) as t h e difference
between the maximum and minimum st ress t h a t o c c u r s when t h e

veh i c l e passes t h e b r i d g e , t h u s d e fi n i n g one l o a d e f f e c t

r e p e t i t i o n . This k i n d o f statistical count ing i s o f t e n p r e ‑

c ised of t h e measuring equipment used .

One main task is to fi n d t h e connection between t h e l o a d

spect rum and thé Ioadeffect spectrum caused . N o t many
at tempts have been made to do t h i s . The a u t h o r o f t h i s
s u r v e y h a s s t a r t e don t h i s by t r e a t i n g t h e influence. f u n c ‑

t i o rs ( i n fl u e n c e l i n e s ) , c a u s e d b y one o r s e v e r a l veh ic les ,
i n a p a r t l y s t a t i s t i c a l w a y.

Linear reg ress ion ana lys is have a l s o been made to fi t t h e

g r o s s veh ic le w e i g h t sto the induced s t ress r a n g e s , b u t i s
of a more empirical nature, Cudney / 6 / , Heins, ... /10/.

Stephenson /29 / , / 30 / , Tung /31/ a t t a c k s t h e p r o b l e m f r o m

a n o t h e r a n g l e .

The r e s u l t o f t h e l o a d e f f e c t analysis can a l s o b e p r e s e n t e d

as one v a l u e , namely t h e number o f y e a r s t h e s t ruc tu re w i l l
s t a n d b e f o r e . a s e v e r e damage o r c o l l a p s i s e x p e c t e d (see



/ 2 9 / , 130/

FIG. 15

161, IT/
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c h a p t e r 5 "Design and des ign pr inc ip les") .

Be low i s g i v e n a b r i e f survey o v e r ana lys is o f l o a d e f f e c t s
t h a t a r e f o u n d i n t h e l i t e r a t u r e .

Stephenson / 2 9 / , /30/:

As mentioned in c h a p t e r 2 .3 Stephenson made t h e assumption
t h a t t h e t r a f fi c fl o w was Poisson d i s t r i b u t e d . H e c a r r i e s
o u t t h e ana l ys i s f o r maximum bending s t resses o f a simple
s p a n s t e e l beam b r i d g e , b y t h e means o f t r a n s l a t i n g t h e

a c t u a l veh ic le l o a d to an "equivalent" H - t r u c k , Hx . The Hx
load ing induces t h e same maximum bending s t r e s s , caused by
X xt o n s , i n a s p a n o f a p a r t i c u l a r l e n g t h , a s t h e a c t u a l

veh ic le d o e s . He a l s o says t h a t ( / 2 9 / ) : " I t s h o u l d be
mentioned a l s o t h a t Poisson”s l a w h a s a l s o b e e n f o u n d to
"provide a good estimate o f t h e f requency d i s t r i b u t i o n o f
var ious i n t e n s i t i e s o fheavy veh ic le l o a d s measured i n
terms of t h e i r H t r u c k l o a d i n g equivalencies on a g i v e n
span". I n F I G . 1 5 ( f rom / 3 0 / ) a r e shown r e s u l t s f r o m t h e

ca l cu la t i ons . A t o t a l o f 500 vehicles/hour (two lanes) a r e

assumed w i t h 5 4 h e a v y t r u c k s , t h a t is a b o u t 11 m i l l i o n
r e p e t i t i o n s i n 5 0 y e a r s . The impact f a c t o r s a r e c a l c u l a t e d
outgo ing f r o m existing design f o r m u l a . Not more t h a n two
veh ic les a r e on t h e br idge at t h e same t ime. F I G . 15 a l s o

: inc ludes s p e c t r a w h e r e "vehicles a r e assumed to be p o s i ‑
t i oned l a t e r a l l y accord ing t o some l o g i c a l pa t te rn" .

Cudney /6/+ /T/:

In t h i s fi e l d s t u d y a r e the f a t i g u e l i f e s of longitudinal
s t r i n g e r s sstineted, f o r 8 br idges (2 w e l d e d p l a t e g i r d e r s ,
5 r o l l e d beam w i t h t a p e r e d end c o v e r p l a t e s and 1 p r e s t r e s ‑
s e d conc re te I-beam) w i t h spans 14-39 mete rs . The s t r e s s r a n g e

was defined as "the algebraic difference between t h e peak max‑
imum s t r e s s a n d the maximum peak h a l f - c y c l e o f negative o r r e ‑

bound stress f o r any vehicle or combination of vehicles p r o d u ‑

c i n g t h i s stress".

The vehic les t h a t passed t h e br idges were t y p e c l a s s i fi e d .
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FIG. 16. "Gross l o a d and maximum stress range frequency
WEi o n p o i nd is t r ibut ions at s t ress concentrat

w i t h we lded cover p l a t e structure", Cudney / 6 / , /1/.
most h i gh l y s t ressed s t r i n g e r o f r o l l e d bean
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Vehic le weights and ax le-spaces were measured about 50 km
away in suplementary t e s t s f o r bridge 1 and 2 and t h e da t a

we re used in a l inear reg ress i on ana l y s i s , f o r maximum l i v e
l o a d s t r e s s of t h e mid-point versus g r o s s vehicle we igh t .

F IG . 16, 1 7 F IG . 1 6 and 17 show measured l o a d - and l o a d e f f e c t spec t ra

F IG . 18 F IG . 18shows d i s t r i bu t i on o f ex t ra osc i l l a t i ons . Cudney

sa y s t h a t " i t was no t ed t h a t cer ta in vehicles and veh ic le
combinations p roduced supplementary s t r e ss c y c l e s w i t h
g r e a t e r ampli tudes t h a n t h e maximum peak s t ress ampli tude
caused by o t h e r vehic les " . . " t h e 600 p s i to 900 p s i r a n g e
. . « W e r e p r ima r l y t h e r e s u l t o f t h e f r e e v ib ra t i on mode o f
t h i s p a r t i c u l a r structure"

I n /6/ a r e a l s o f ound r e s u l t s f r om drives w i t h a spec i a l
test veh ic le showing l a t e r a l s t ress distribution in t h e

b r i dges f o r d i f f e r en t speeds o f t h e test vehicle.

Poadedrtetenkrakendedrdntetslteleteknetndeteneeee E R E

i E R I D G E

END OF COVER PLATE
STRESS RANGE ( C r )
NUMBER OF EVENTS: 2 0 6 3
T I M E :96HB C(S IXTEEN 6 - H R
SAMPLE P E R I O D S )

M IO : PO INT STRESS RANGE £0r? DEAD LOAD STRESS: 7 6 0 0 PS INUMBER OF EVENTS: 20632 DESIGN LIVE LOAD FLUS IMPACT
TIME. Y6HA ( S I X T E E N 6 - H R SPRESETSSOCKST ST
SAMPLE P E R I O D S )
DEAD LOAD STRESS: 9 5 2 0 P S I
DESIGN LIVE LOAD PLUS IMPACT
STRESS: 7730 PSI

Ord OEI GRE
1300 2 7 0 0 3900 5 0 0 5 0 0 >... 2 7 0 0 3900

STRESS RANGE,PS I STRESS RANGE,PSI

F IG . 17. Measured l o a d e f f e c t s pec t r a , b r i d ge 2 , Cudney /6/.
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Fu r t h e r t h e r e a r e showed osci l lograph r e co r d s of t y p i c a l
s t ress h i s to r i es f o r most common vehicle types .

END OF COVER PLATE
"STRESS RANGE ( F n )
1 9 9 8 CYCLES
5 6 0 VEHICLE FVENTS
t =: 24 HR
FOUR 6-MHR SAMPLE PERIODS

750 1050 1350 1650 1950 2250 2559 2850 3150 3450
STRESS RANGE , PSI

I

F IG . 18. "Distribution of e x t r a osci l lat ions of stress
r ange at t h e stress concentration Point";
b r i dge 2 , Cudney /6/.

Tung /31/ has out l ined a p robab i l i s t i e c model f o r t h e c a l ‑

. cu la t ion of f a t i g u e l i f e s w i t h t h e help of a response ‑

f unc t i on f o r t h e b r i dge , w i t h t h e input variables weight
and t y pe of v e h i c l e g .Åsanexample he calculates t h e

f a t i g u e l i f e under s imp l i fi e d assumptions f o r one of t h e
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F IG. 19

/8/.191/-/10/
/11/

/8/

/9/

2.6

br idges in t h e Cudney inves t iga t ion , and g e t s a somewhat

more favorab le r e s u l t .

Galambos, ... /15f/:

I n t h e a r t i c l e i s r e p o r t e d l o a d e f f e c t s p e c t r a based upon

d i f f e r e n t defin i t ions of s t ress r a n g e , see F I G . 19. - In t h e

' s a m e fi g u r e is a l s o shown t h e corresponding l o a d e f f e c t:
s p e c t r a m e a s u r e d on:a s t e e l beam of a th ree-span continous
s t r u c t u r e . I f t h e s t ress ranges be low 3 k . s . i . were n o t i n ‑
c l u d e d i n t h e spectrum t h e r e were n o s i g n i fi c a n t di fference
in shape.

In "Loading h i s t o r y o f b r i dges , 7 repor t s " , Highway Research
Records, Number 382, 1972, a r e r e p o r t e d fi e l d studies d e a l ‑

i n g w i t h measureing of l o a d e f f e c t spec t ra föls FOIs 1 0 ]
a n d /11/. Below a r e g iven s h o r t descr ipt ions of t h e i nves t i ‑
g a t i o n s .

Christl iano, ... /9/:

The s t r e s s r a n g e is defined t h u s : algebraic difference b e ‑

tween p e a k to fi r s t v a l l e y below z e r o . The vehicles were
t y p e c l a s s i fi e d and some weighings were made a t a weighing
s t a t i o n about 1 3 k maway (much o f t h e t r a f fi c h a d t h e n l e f t
t h e r o a d ) . The b r i d g e was a 3-span continuous-stringer h i g h ‑
way b r i d g e (11.5 , 18.6, 11.5 meters) w i th a t o t a l of 24
strain 'gauges insta l led. Runs w i t h two testvehicles were
made atdifferent speeds. Stress range spec t ra a r e shown

f o r t h e 5 d i f f e r e n t s t r i n g e r s , a t two sections, under t h e
same t r a f fi c . Good correlation is found between t h e frequency
distr ibut ion of stress ranges in t h e most severely s t ressed
s t r i n g e r at midspan and t h e frequency distr ibut ion of

"veh ic les accord ing to grossweight.

Douglas /9/:

Two simple span and one 3-span s t e e l g i r d e r b r idge were

33
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CC ) Fawa
UNIVERSITY OF SN : TOTAL NUMBER OF TRUCKS- 350

II MARYLAND‐ | DATA ISFOR GAGE IB - POSITIVE
J 152 EVENTS MOMENT REGION .

[ C J ]F r w a - 296 Even t s

0.587 0.65N

3 ,0
TO
3.6

STRESS RANGE, KSI STRESS RANGE, KSI

F igure 8. ‐Stress ranges above 3.0 k.s.i. / Figure 5.‐Comparison of stress range histograms.

F IG . 19. Measured loadeffec t spec t ra . Two stress range defini t ions,
Galambos, ... /15/.
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s e l e c t e d . S t r e s s r a n g e were defined a s t h e algebraic d i f f e ‑
r e n c e between maximum and minimum stresses. Three s t r e s s
r a n g e spectra a r e p r e s e n t e d . F I G . 2 0 .

Heains, s s . 107:

Measurements made in 1968 f o r f o u r b r i d g e s , simply suppor ted

composite s t r u c t u r e , o f veh ic le weights and s t ress ranges
were u s e d in l i n e a r reg ress ion ana lys i s . The f o l l o w i n g' for‑
m u l a was assumed

0, (S/L) = A+ B(G) ;

where

ER induced dynamic s t r e s s range on g i r d e r , K s i ;
- = g r o s s we igh t of vehicle t h a t induces s t r e s s range ,

k i p s ; .
S = e l a s t i c sect ion modulus o n b o t t o m fl a n g eo f g i r d e r ,

in.3; ;
L = g i r d e r span l e n g t h , i n . 3 and

A , B= c o e f fi c i e n t s obtained f rom a regression ana lys is o f
d a t a .

So lu t ions were obtained for d i f f e r e n t veh ic le types and
measuring p o i n t s .

McKeely i : e t ) :

Two t y p i c a l highway spans were studied. One 23 meter s t e e l

beam composite span and one 1 8 meter p r e s t r e s s e d concrete
beam span. Stresses as well as a x l e spacing and l a t e r a l

p o s i t i o n o f t he t r u c k s were recorded a t t h e b r i d g e . About

85 4 of t h e t r u c k s were a l s o weighed åt a permanent we igh ‑
i n g s ta t i on near t h e b r i dge . Load spectra o v e r t r u c k weights
f o r each lane were presented (see FIG. 11) as w e l l as s t ress
r a n g e speet ra f r o m d i f f e r e n t sections o f t h e s t r i n g e r s . A
d i f f e r e n t d e fi n i t i o n o f s t ress range was made. "A s t r a i n
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r a n g e was measured f r om peak to v a l l e y ; t h e computer s ough t

a peak s t r a i n when t h e s ignal exceeded t h e minimum t e s t
l e v e l , and i t sough t a v a l l e y when t h e s i g na l dropped to or

b e l ow t h e ze r o l e v e l . An event was coun ted each t ime t h e

s i g n a l passed t h e minimum t e s t l e v e l and r e t u r n e d t o z e r o .

It was n o t uncommon f o r a s i n g l e t r u c k to produce more t h a n

one s t r a i n r a n ge above t h e minimum t e s t leve l " . (Compare to
F IG : 10 . )

Figure4. Distribution of stress range at
end-of-cover-plate point on interior stringer.
40

BRIDGE I

Figure3. Typical strain or stress response of
bridge 1.

Stress Range, S;

In ter ior S t r i n g e r ,
Maximum Moment BRIDGE 2

Inter ior S t r inger,
End of Cover Plate

. Exterior Stringer,
Maximum Moment ‑

Exterior St r inger,
End of Cover Plate

BRIDGE +3

250 1250 2250 3250 4250 3250 6250 7250
STRESS RANGE, p s i

F IG . 20 . Measured l o a de f f e c t s p e c t r a . Stress r a nge ,
Doug las /9/.
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3 DYNAMIC EFFECTS. .PREFABRICATED BRIDGE SLABS.

SK General.

Chapter 3 covers a much g r e a t e r fi e l d t han chap te r 2 and

w i l l therefore be p r e s e n t e d more summarily. Many of t h e

references mentioned g i v e p o s s i b i l i t i e s f o r f u r t h e r studies
in t h e d i f fe rent areas..

A g r e a t d e a l of dynamic l o a d studies have been carr ied ou t .
Va r ney, . . . . /55 / g i ve a summaryof "Field Dynamic Loading
Stud ies of Highway b r i dges in t h e U.S . 1948-1965", Armstrong
/33/ g i v e s a t a b l e o ve r nine field-tests of c u r v e d g i r d e r
b r i dges which have been p e r f o rm e d i n U.S.A. since 1964,
"AASHO Road Te s t , Bridge Research" /32/ contains 'informa‑
t i o n about, Tes t s w i t h r e p e a t e d stresses and Dynamic l o a d

t e s t s .

C h a p t e r :3.2 "Analysis o f p r e f a b r i c a t e d b r i dge slabs" dea ls
w i t h t h e s t a t i c ana l ys i s of b r idge decks, mainly consist ing
o f s l a b s j o i n t e d t o g e t h e r . Some dynamic p r ope r t i e s o f
b r i dges a r e found in chap t e r 3.h. "Theoretical ana l y s i s of
vehicles passing a b r i dge . Influences of different variables
on dynamic effects".

"Distribrution of Whe&l Loads onHighway Bridges", National
Coope r a t i v Highway Research Program, Report 83, 1969, /39/ ,
includes a bibliography with 29T references, covering a
wide a r ea o f the t i t l e s i n chap te r 3 except f o r chap te r 3.5
"Man”s percep t ion o f dynamic effects" .

In chap te r 3.5 a r e criterions p r e s e n t e d t h a t make it po s s i b l e
to estimate t h e subjectiv riding comfort f o r Ppassengers as

a funct ion of t h e vibrational mode of t h e vehicle.

3.2 Analysis o f p re fab r i ca ted bridge s labs .

Br idge decks consist ing of elements j ö i n t e d t oge t he r a re
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/38/,/50/

/45/

F I G .  2 1

/36/
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o f t e n r e f e r e d as mult ibeam b r i d g e s . They a r e f o r example

used i n USA a n d t h e t r a f fi c l a n e t h e n goes p a r a l l e l t o

t h e elements. The t r a n s v e r s e d i s t r i b u t i o n o f l o a d s i s
obta ined by s h e a r k e y s be tween t h e elements or by t r a n s ‑

v e r s e p r e s t r e s s i n g . A c o n c r e t e continuous i n s i t u c o v e r ‑

i n g may be p u t on and w i l l t h e n cont r ibu te to t h e l o a d

d i s t r i b u t i o n .

T h e r e a r e m a i n l y two ways to h a n d l e t h e ana lys i s o f t h i s
k i n d o f d e c k , w i t h o r t h o t r o p i c p l a t e t h e o r i o r t o t r e a t :
t h e d e c k as beams or p l a t e s connected somehow.

Th is c h a p t e r o n l y d e a l s w i t h t h e s t a t i c ana lys is of t h e

decks . I n t a b l e 1 b e l o w a r e t h e r e f e r e n c e s and a u t h o r s

l i s t e d , t h a t a r e mentioned in t h i s c h a p t e r .

Cusens, Pama /38 / , /50/ d e v e l o p solut ions f o r t h e deck

assuming no transverse fl e x u r a l s t i f f n e s s , which is equ i ‑
v a l e n t to having hinges between t h e beams, so c a l l e d

a r t i cu l a ted p l a t e t h e o r y . The ana l ys i s a r e compared w i t h
l a b o r a t o r y t e s t /38/ and f u l l s c a l e t e s t /50/. The a u t h o r s

say t h a t "articulated p l a t e t h e o r y , as p r e s e n t e d , provides
a n e f f e c t i v e method o f p r e d i c t i n g t h e d i s t r i b u t i o n o f
l o a d t o t h e d i f f e r e n t members o f a multibeam b r i d g e o f
l o w t ransve rse fl e x u r a l stiffness".

Hudson, ... /45/ h a v e developed a method, us ing d i sc re te
e l e m e n t s ,which "provides f o r d i s c o n t i n u i t i e s , f r e e l y

va r i ab le s t i f f n e s s , a n d va r i ab le foundat ion suppor t . A n
a l t e r n a t i n g - d i r e c t i o n i t e r a c t i o n (ADI) method o f s o l u t i o n
1 8u s e d .; P G . . 2 :

Baner jee , ... /36/ presen ts a s o l u t i o n f o r t h e coup led
e lements in terms of Four ier s e r i e s , The elements have

r i g i d sect ions and a r e h inged t o g e t h e r with shea r k e y s

t h a t c a n t a k e o n l y v e r t i c a l j o i n t f o r c e s and cannot

r e s i s t moment. The elements a r e f r e e l y suppo r ted a t

t h e i r ends . The so lu t i on was compared to h a l f s c a l e exper i ‑
ments a n d g o o d co r re la t i on was found i f t h e quo t i en t
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( fl e x u r a l r i g i d i t y / t o r s i o n a l r i g i d i t y ) , which was v e r y

Duberg , ... /10/ ana l y s e beam elements h inged t o g e t h e r ,

F I G . 2 2 , and present influence l i n e s f o r moment in mu l t i ‑
beam b r i dges having two , t h r e e and t e n beam elements w i th
a square sec t i on . The shear k e y can t a k e f o r c e s in t h e

t h r e e p r i n c i p l e d i r e c t i ons . The ana lys is i s ca r r i ed ou t
w i t h t h e h e l p a f Four ier ser ies and t h e f o l l ow i n g assump - ”

t i o n s a r e made:



"1. The beam elements a r e made up of homogeneous, i s o t r o p i c ,
and e l a s t i c ma te r ia l .

2 . The . s h ea r s t ra ins a r e s m a l l and can b e n e g l e c t e d .

3. The c ross sect ion of each element is r i g i d , t h a t i s ,
t h e r e l a t i v e deformation of t h e p a r t s forming t h e beam

element is sma l lin comparison w i t h t h e deformation of
t h e beam element as a who l e .

hj. A l l beam elementshave t h e same cross-sect ional p r o p e r ‑
t i e s and a r e o f t h e same ma te r i a l .

5. Each beam element is s imply-supported over t h e a b u t ”

ments o r p i e r s .

6 . The beam elements a r e p r i smat i c .

T. The e x t e r n a l f o r c e s a r e c on cen t r a t e d loads and a c t v e r ‑
t i c a l l y down."

(b) Cross-Bection of t h e Idee l i zed Structure

ge FRE

(e) Defilected Shape of t h e Ideal ized Structure
Due to Downward Loads

F IG . 22 . "Idealised structure", Dube rg , ... / h O / .

40



/51/

/KT/

FIG.  23

/34/ , /35/

FIG 24

Se 41

P o o l , ... /51/ have on t h e bas is o f t h e theories presented
in /40/ ana lysed multibeam b r i d g e s . The beams have s o l i d
o r b o x sections and warping i s t h e r e f o r n e g l e c t e d . Solut ions
a r e shown f o r b r i d g e s w i t h 4 and 8 etements, suppor ted w i t h
fi g u r e s showing t h e d is t r ibu t ion o f j o i n t f o r c e s .

In Khachaturian, ... /4T/ t h e theor ies a r e extendedto be
v a l i d f o r o p e n sect ions (channel sec t ions) a n d warping is
a l l o w e d . So lu t ions a r e g iven f o r two 4 element b r i d g e s w i t h
fi g u r e s showing t h e d i s t r i b u t i o n o f j o i n t f o r c e s . F I G . 2 3

F I G . 23. Multibeam b r i d g e w i t h elements of c h a n n e l sec t ion ,
Khachaturian, ... /4T/.

In references A r y a , ... /34 / , /35/ a r e l a b o r a t o r y exper i ‑
ments compared to t h e theor ies and good cor re la t ion a r e

r e p o r t e d . I n /35/ i t i s sa id t h a t t h e l o n g i t u d i n a l d i s t r i ‑
b u t i o n o f j o i n t f o r c e s d i f f e r s between channe l a n d c l o s e d

sections in t h a t t h e forces d i e ou t f a s t e r f o r c l osed s e c ‑

t i o n s , F I G . 24.

I f t h e j o i n t f o r c e s in two d i rec t ions a r e removed (q and r
i n F I G . 24) and o n l y the v e r t i c a l f o r c e s a r e l e f t t h e r e w i l l
o n l y be 5 4 change in l a t e r a l d i s t r i bu t ion o f l o a d in a
multibeam b r i d g e cons i s t i ng o f c l o s e d sections.
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. o f . forces.q

Positive direct ion Concentroted load : Concentrated load
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Positive direction

of forces s&

F I G . 24. "Typ ica l d i s t r i b u t i o n o f j o i n t f o r c e s i n t h e l o n g i ‑
t u d i n a l d i rect ion", A r y a , ... /35/.

/L6/ Ji rousek /46/ a l s o h a s ana lysed multibeam bridges, with t h e

h e l p o f fi n i t e element method, f o r element h inged t o g e t h e r

hav ing b o x sect ions. He carr ies out some calculat ions f o r
o r d i n a r y a n d skew bridges and makes comparisons w i t h e x p e r i ‑
m e n t a l so lu t ions and so lu t ions w i t h o t h e r methods.

F o r f u r t h e r r e f e r e n c e s s e e /34/ , / 3 5 / , /38 / , /51/.

3.3 Theore t ica l models o f t r u c k s . Truck properties.

Depending on in what kind.o f analysis t h e t r uckmode l w i l l
be u s e d , one is in te res ted in d i f f e r e n t character is t ics of
t r u c k behaviour. The models p r e s e n t e d in t h i s c h a p t e r a r e

among o t h e r t h i n g s sui ted f o r evaluating interacting f o r c e s
( f o r c e s between whee ls and roadsurface) and vibration of
t h e sp rung and unsp rung masses.

The number o f d e g r e e s - o f freedom w i l l increase f a s t w i t h

h2
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t h e complexity of t h e model . The p r i n c i p a l motions of t h e

veh ic le a r e r e f e r r e d a s

bounce, v e r t i c a l oscillation of t h e vehic le body

p i t e h , a n g u l a r osc i l l a t i ons o f t h e veh ic le body

in t h e " long i tud ina l " v e r t i c a l p l a n e
whee l h o p , o sc i l l a t i ons o f t h e a x l e s and whee ls i n

t h e v e r t i c a l d i r e c t i o n .

F I G . 25, /52/ F I G . 2 5 , f r o m "Shock and v i b ra t i on handbook", / 52 / , shows

a schematic diagram of t r u c k and i t ” s suspension system.

: . CG COMB SPRUNG AND
DRIVER UNSPRUNG MASS (LOADED)

SPRING FRICTION

SPRING
FRICTION UNSPRUNG MASS

SPRING EQUIV C.G COMB SPRUNG AND
TO TIRES UNSPRUNG MASS (UNLOADED)

”"SUSPENSION SPRING

Fic. 45.2. Schematic diagram of-a truck and its suspension system. The sprung mass includes
the body and chassis of the truck, the unsprung mass the tires and axles. The spring friction
representsinterleaf friction of the suspension springs. (R. N.Janeway.!)

F I G . 25. Schematic diagram of a t r u c k and i t s suspension
system, "Shock and v i b ra t i on handbook", /52/.

F I G . 26 I n F I G . 26 a r e t h e mode l s shown used i n t h e t heo r e t i c a l
s tud ies made in connection w i t h t h e AASHO r o a d t e s t , b r i d ge

/32/>, /M/ r e s e a r c h , /32/. See a l s o Fenves, ... /M1/.
F I G . 2 1 , /56/ The mode ls shown in F I G . 27 were used by Wa lke r, ... /56/.

As shown in t h e fi g u r e s t h e suspension system i s r ep resen ted
b y a sp r i ng p a r a l l e l t o a f r i c t i o n a l damper and a t i r e ‑
sp r ing .
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Figure 127. Models of test vehicles.

F IG. 26. Vehicle models, AASHO r o a d t e s t , b r idge r e s e a r c h
I32f:

kg

; k,
ET EL

(a) S ing le -Ax le Load Un i t (b ) Two-Ax le Veh ic le

FIGURE 2 . 2 IDEALIZATION OF VEHICLE

' F IG. 27. Vehicle models, Walker, « . . 567.

/ h / Fenves, ... /H1/ say t h a t t h e tiredamping can be considered
as viscous and of t h e magnitude 1 2 of cr i t ical damping.

/56/ Walker, ... /56/say:" " I t has been no t e d t h a t t h e st i ffness
characteristics of t h e suspension springs are u s u a l l y

constant, a l l t hough seldom l i nea r f o r a g iven vehicle.

hl
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The t i r e s t i f fness is a l s o non- l inear a n d is l a r g e l y depen‑
dent upon t h e l o a d l e v e l and t i r e p ressu re . "

/M/ Fenves, ... /H1/ r e p o r t f r om measurements on 14 testvehicles
i n t h e AASHO r o a d r e s e a r c h :

Sp r i n g s t i f f n e s s o f t i r e s ( 2 o r h åt i r e s p e r a x l e )
8.9 t o 29.0 k i p s / i n ch

S p r i n g s t i f f n e s s o f suspens ion spr ings
3.6 t o 2 4 k i p s / i n c h

From t h e same reference a r e t y p i c a l l o a d deflec t ion Cu r v e s
F IG. 28 f ö r . t i r e and suspension spr ing taken, F IG 28.

"VEHICLE 415
DRIVE AXLE.

TIRES SUSPENSICN ‐ SPRINGS

0.2 04 0 0.4
AVERAGE - DEFLECTION, INCHES

F IG . 28. "Typical l o a d deflect ion curves", Fenves, ... /MT/.

Corresponding measurements on one of t h e testvehicles used
/IST/> F IG . 29 in Whittermore, ... /51T/ a re shown in FIG. 29.

TAB 2. Tab le 2 shows ranges of n a t u r a l f requenc ies and coefficients
o f i n t e r l ea f f r i c t i o n Gi) f r om a survey on t rucks , among

/56/ o t h e r s those used in t h e AASHO r o a d t e s t , Walker, ... /56/.
Tab le 2 does n o t r e fl e c t "any r e cen t development in t h e area
Of air-suspension system". It is f u r t he r sa id "The unsprung
weight of ordinary t r u c k t r a i l e r combinations seem to be
f r om 10 to 15 p e r cent o f t h e t o t a l ax l e load. The higher
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precen tage is app l i cab le to t h e d r i ve axles."

Slope + 16,000 i b / i n . ; 'Slope = 2500 1d/in.

F r i c t i on Level = 1500 1b XX

230 40 .$50 69 20
5 1.0 1.3 2.0 2.5 3.0 3.5

TIRS. DEFLECTION, INCHES 7: SPRINC DEFLECTION, INCHES

Figure S-3. Nonrolling load-deflection curve for a rear dual tire Figure S-2. Load-deftection curve for rear leaf spring on Test
set on Test Vehicle No. I. : Vehicle No. 1.

F I G . 29. Load d e fl e c t i o n curves of t e s t vehic le, Whittermore,
5 3 : O N ;

T h i s i n f o r m a t i o n c a n b e summarized a s f o l l o w s :

Frequency, C p s

On T i r e s On Ti re -Sp r i ngs
Two-Ax le Veh ic les

F r o n t 4 0 d d .5
R e a r of Tractor 8 0 0 2 4 5
l e a y r o f Tra i ler 3 . 4 - . 4 . 3

Value of pu
0::05-t0-0, 10

R e a r o f T r a c t o r 0 . 1 0 t o 0 .30
R e a r o f Tra i le r 0:10 to 0 .30

Tab le 2. N a t u r a l frequencies f o r t r u c k s . F i r s t column w i t h
blocked spr ings , Walker, ... /56/.
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PIG: 315-151
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3.4
From "Shock and v ib ra t ion handbook", /52/ one can see t h a t

t h e p i t c h i n g f requenc ies a r e somewhat h igher than t h e c o r ‑

responding n a t u r a l f requenc ies o f v e r t i c a l osc i l l a t ions .

From Gauss /h2/ is F IG . 30 p icked , showing n a t u r a l f requencies
f o r body on tandem a x l e and f o r tandem a x l e aga ins t body
( v e r t i c a l and angular).

F IG . 30. Na t u r a l fregquencies f o r body on tandem-axle and
f o r jus t tandem a x l e , Gauss /h2/.

3.4 Theore t i ca l analysis o f vehicles passing a bridge.
I n fl u e n c e so f d i f f e r en t variables o ndynamic e f f e c t s .

Ve r y seldom can simple a n a l y t i c a l solut ions b e obtained f o r

t h e combined ac t i on when a vehicle passes a b r idge s t ruc tu re .
S imp l i fi ca t i o n s must be made and models pu t u p . An important
a i d in solving che equat ions o f f e r t h e compute rs , which f o r

example make i t p r a c t i c a l t o make stepwise so lu t ions o f t h e
d i f f e r e n t i a l equat ions i n fespect o f t ime. The a n a l y t i c a l
so lu t ions t h e n never have to be evaluated.

The a u t h o r of this survey intends to estimate t h e dynamic

e f f e c t s o f t h e p r e f a b r i c a t e d b r idge slabs i n u s i n g models

p r e s e n t e d in FIG. 31, Christiansson /5/.

There a r e many important parameters which a r e d i f fi c u l t to

estimate, such as i n i t i a l osc i l l a t i on conditions o f t h e
vehic le, which p r o p e r l y accounted f o r w i l l cause a g r e a t
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d e a l of sca t t e r in t h e solut ions. Ye t t h e re l a t i ve impor‑
tance of t h e different parameters can be estimated as
w e l l as which parameters a r e c r i t i c a l . It w i l l a l s o be
po s s i b l e to g e t an idea of t h e magnitude of t h e dynamic
e f f e c t s a s w e l l a s t h e p r i n c i p l e behaviour o f t h e veh i c l e ‑
b r i d g e system in respec t o f time.

F IG . 31. Schematic model o f veh ic le -br idge system,
Christiansson /5/.

Many i nves t i ga t i ons have been made t h r o u g h ou t t h e y e a r s

on t h e dynamic behaviour of t h e vehic le-br idge system.

Jus t a f ew a r e mentioned in t h i s su r vey. They a l l d e a l w i t h
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t h e response o f simple span highway br idges , and more r e f e ‑
r ences a r e found in Walker, ... /56/.
H i l l e r b o r g /44/ has ana l y sed l oads pass ing a simply suppo r t e d

g i r d e r and made corresponding exper imental model studies.
The vehic le models mainly consisted of one mass car r ied of
a sp r i ng . Comparisons between ana lys is and experiment show
f a i r l y g ood ag r e emen t .

Biggs /3T/ uses abou t t h e same mode l . He means t h a t i t i s

p o s s i b l e t o r e p r e sen t t h e vehicle a s a one degree system i f

the ax lespac ing is sma l l i n comparison to t h e b r i d ge span

( r a t i o l e s s t h a n 1 / 5 ) . H e a l s o says t h a t i t i s enough t o
s t u d y t h e fundamental mode of t h e b r i dge "since t h e h i ghe r
modes contr ibute l i t t l e to deflec t i on of bending moment at
midspan". The most important vehic le motion, w i t h respec t to
b r i dge v ibra t ion, is t h a t when a l l elements o f t h e vehicle
a c t i n phase , t h e r e f o r e t h e vehicle can b e r e p r e s e n t e d a s a

one degree system.

The above mentioned solut ions have been obtained in an ana ‑

l y t i c a l way.

In Fenves, ... /M/ a re t h e most important findings of t h e
AASHO b r i dge resea r ch discussed. FIG. 32 shows t h e analyt ical
model of t h e vehicle-br idge system and t h e solutions were
obtained numerical in a computer.

MASSLESS
PRISMATIC BEAM CONCENTRATED MASSES

Figure '13. Analytical model.

F IG . 32. "Analy t ica l model", Fenves, ... /M1/.
Good co r re l a t i on was found between measured and computed

va l ues , and t h e auhthors mean t h a t t h i s was a v e r y important
r e s u l t o f t h e AASHO br idge resea rch .
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F I G . 3 3 shows t h e p r i n c i p l e o f what happens when a l o a d

passes t h e b r i d g e .

P

TOTAL DYNAMIC / MAX. DYNAMIC = MAXIMUM
RESPONSE RESPONSE = AMPLIFICATION

| | FACTOR

NN

SN MAXIMUM
CRAVWL = 1.00

RESPONSE

CRAWL
RESPONSE ‑

VARIATION OF MOMENT AT MIDSPAN

DYNAMIC INCREMENTS FOR
MOMENT AT MIDSPAN

Figure 1.

F I G . 33 L o a d passing a b r i d g e , Fenves , ... IWAJa

In Wa l k e r , ... /56/ a r e s im i l a r computations made. The

b r i d g e was represented as a beam w i t h concentrated masses.
E f f e c t s of shear ing deformations and a x i a l f o r c e s were
n e g l e c t e d a s w e l l a s t h e rotary i n e r t i a . The computer p r o ‑
gram c o u l d a l s o t a k e i n t e account i r r e g u l a r i t i e s o f t h e

b r i d g e s u r f a c e .

20
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F o l l o w i n g parameters were used

Wweight' r a t i o > R

f requency r a t i o vv.

S p e e d p a r a m e t e r  a

damping of b r i d g e

( t o t a l weight o f b r i d g e / t o t a l
we ight o f veh i c l e )

3 f . / f , VER = f . / f ,
where f. and fs denote, r e s p e c ‑

t i v e l y , frequency of t h e vehic le
v i b r a t i n g o n i t s t i r e a lone , and

on t h e combined t i r e a n d suspen‑
s ion and fy. n a t u r a l f requency
o f  b r i d g e .

where v = speed of vehicle (con ‑
stant dur ing passage)

T o = 1/8,
= span l e n g t h

i n t e r l e a f f r i c t i o n coe ffic ien t o f vehic le

There was a l s o a second group o f paramete rs namely i n i t i a l
c o n fi g u r a t i o n of t h e vehicle-bridge sys tem:and t h e s t a t e
o f t h e roadway s u r f a c e ,

vehicle i n i t i a l va lue of in teract ing f o r c e
(each a x l e ) : (plus i t s change w i t h t ime)

i n i t i a l va lue o f i n t e r l e a f f r i c t i o n a l
f o r c e

b r i d g e su r face : c r i t i c a l d e fl e c t e d shape

i n i t i a l v e l o c i t y destr ibut ion

p r o fi l e o f u n - p a r a b o l i c f o r m o r

l o a d e d b r i d g e : sinusoidal shape.

F IG . 3h, /M1/ F I G . 34, Fenves, ... /M1/, shows dynamic increment curves

f o r d e fl e c t i o n a t midspan ( a = 0.105 means 33.7 mph)
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F I G . 34. Va r i a t i on o f dynamic increment w i t h a , Fenves,
s e n SUTfS

F IG : 3 5 I n F I G . 3 5 a r e t h e maximum e f f e c t s g a t h e r e d w i t h a computed

c u r v e f o r the vehic le runn ing smoo th l y on t h e r o a d b e f o r e
en t e r i n g t h e b r i d g e . I n t h e fi g u r e i s seen s ca t t e r due t o
i r r e g u l a r i t i e s o f t h e r o a d su r f a ce that causes i n i t i a l
osc i l l a t i ons o f t h e c a r .

0.05 0.10 0.15 0.20
SPEED PARAMETER «<

F IG . 35. Amp l i fi c a t i o n f a c t o r s f o r deflec t i on a t midspan,
Fenves, ... /M/ :

/56/ Walker, ... /56/ s a y :

Gene r a l l y t h e dynamic e f f e e t increases w i t h s p e e d f a c t o r .

The a x l e spacing considered in r e l a t i o n to speédfactor is
a l s o impor tan t .

Weight and frequency r a t i o s t a ken sepa r a t e l y may have con ‑

siderable e f f e c t on t h e response.But weight and n a t u r a l
f requenc ies a r e in ter re la ted which must be kep t in mind
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in t h e ana lys i s .

Initial.conditions f o r veh ic le a r e v e r y impor tan t . Wa l ke r,
... /56/ f ound i n t h e i r s t u d ya n e a r l y l i n e a r r e l a t i o nsh i p
be tween t h e amplitude of t h e i n i t i a l motion and t h e magni‑
t u d e o f t h e r e s u l t i n g maximum response i n t h e b r i d ge .

The same a u t h o r s say t h a t t h e r o a d unevenness parameter is
of a b o u t t h e same importance as i n i t i a l veh ic le conditions.
B u t in t h e case of r e g u l a r uneveness it seems as if t h e

effect can be considerable.

Th is chap t e r w i l l fi n a l l y g i v e som "dynamic" d a t a of b r i dges
a c co r d i n g t o a su r v e y made by Wa l k e r, . - . . /56/. The b r i d ge

damping i s ne i t he r p u r e l y viscous o r f r i c t i o n a l , b u t can
in most prac t ica l cases be t r e a t e d as viscous. The b r i d g e

damping i s u s u a l l y l e s s t h a n 3 54 7o f c r i t i c a l and a r e p r e ‑

sen ta t i v v a l u e is 1 -2 4 . The logar i thmic decrement f o r

r e i n f o r ced concrete s t r uc tu res i s abou t doub l e t h a t f ö r s t e e l .

The unevenness o f t h e dominat ing waves o f t h e b r i d ge su r f a ce

c o u l d be expressed as

ampli tude/length = 0.001-0.002

w i t h max ampli tudes of 0 . 1 - 1 i nch

I t s h a l l b e said t h a t t h e above mentioned r e f e r e n ce s d e a l

möre w i t h t h e response of t h e b r i d g e t h a n t h e response of

t h e veh ic le

3.5 Man”s perception o f l o ade f f e c t .

A s t h e veh ic le body v ib ra tes due t o i r r e g u l a r i t i e s o f t h e

r o a d s u r f a c e and deformation of t h e b r i d g e , t h e passenger
w i l l a l s o o s c i l l a t e and f e e l uncomfor t t o ' s om e deg ree . The
v ib ra t i ons have to be transmit ted t h r o u g h a seat to t h e

human b o d y.

Through subject iv t e s t s where man is subjected to a harmonic
o s c i l l a t i o n , i n most cases v e r t i c a l , some cr i ter ions concer ‑
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/53/

/39/

FIG. 36

/h8/

3.5 : 54

n i n g c o m f o r t and s ta te o f osc i l l a t ion have been achieved.
The s t a t e o f osc i l l a t i on i s t h e n most commonly described
w i t h t h e parameters, frequency and amplitude of a c c e l a ‑

r a t i o n .I t is a l s o desirable to g e t a transfer funct ion
so t h a t t h e vehicle body osc i l l a t ions can be t r a n s f e r e d
t o . t h e human b o d y.

M i t sche , ... /49/ make a s u r v e y o v e r i n v e s t i g a t i o n s i n
t h e fi e l d and i n Sinha /53/ c a n r e f e r e n c e s a l s o b e found.
In t h e l a t t e r re fe rence , d i f f e ren t c r i t e r i ons (seven) a r e
expressed a n a l y t i c a l l y and a l s o some discussions about

transferfuncetions and absorbed power of human body is
c a r r i e d  o u t .

Mi tschke, ... /49/ have made a n i n v e s t i g a t i o n about v i b r a ‑
t i o n o f man t r a v e l l i n g i n a c a r . They present t h e VDI -R ich t ‑
l i n i e 2057, F I G . 36, which i s m a i n l y based o n l a b o r a t o r y

t e s t s of R e i h e r, Meister and Dickman. The dashed p a r t of
t h e curves inc lude t h e resonance area of t h e human b o d y.

They f u r t h e r s a y :

Human b o d y is a h i g h l y damped system.

The corresponding acceleration of man can be g r e a t e r t h a n

o f t h e c a r b o d y.

Vib ra t ions of t h e c a r w i t h frequencies o v e r 5 Hz were

s t r o n g l y damped b y t h e sea t .

The v e r t i c a l osc i l l a t i ons had a resonance peak a t about

3.5 H z f o r s e a t , + man and abou t 5 H z f o r man.

The f a c t t h a t subject ive measurements a r e based on h a r ‑

monic o s c i l l a t i o n s does n o t seem t o make t h e c r i t e r i o n s
l e s s u s e f u l l to random vibrations.

Leht inen /48/ presents f u r t h e r curves for subject ive
response . He studies ' seve ra l i nves t i ga t i ons and pu ts up
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f o l l o w i n g c r i t e r i o n s v a l i d f o r 1 0 H z

t h r e s h o l d of percept ion 0.003
"| ”

” ”
annoyance

t o l e r a n c e

0:05 = "8
0:25 > gg

a n d t h e n uses an ISO p r o p o s a l f o r t h e r e s t o f t h e f requency
F I G . 37 domain, F I G . 37.

starkark spörbarSR 0.25
NG &

gct sälar ZzB e e> | ;
> spärbar £| = dd-‐‐ llvw4

ä FdS E E NSEIN Sennichtspurbar ij NN
SA

0.5 1 2 s 1 0 - 2 0 5 0 100
‐ + Frequenz flHzJ

gerade spurbar

| Bild 1. Kurven öleicher Wahrnehmungsstärke K för Sinusschwin‑
' gungen im Frequenz-Beschleunigungsdiagramm, aus VDI-Richt‑
linie 2057

Wahrneh‑
mungs- Stufe
störke K

Erträglichkeit der
Einwirkung

Beschreidungder
Wahrnehmung

nicht spärbar

(Fihlschwelle)‐-‐ ‐ (Fihlschwelle)

gerade spärbar

Aufenthalt in Wohnungea bei
kurzen oder ohne Unterbre‑
chungen der Schwingungsein‑
wirkung

Aufenthalt in Wohnungen
beilängeren Unterbrechun‑
gen

körperliche Arbeit ohne
: stark spärbar Unterbrechungen

körperliche Arbeit mit
kurzen Unterbireckungen

gut spärbar

körperliche Arbeit mit
längeren Unterbrechungen,
Fahrt in Fahrzeugen iber
längere Zeit

sehr
stark

spärbar

Fahrt in Fahrzeugenäber
kärzeve Zeit

Tabelle 1, Zusammenhänge 2wischen gemessaner Schwingunas‑
stärke, subjektiver Wabrnehmungsstärke und Erträglichkeit von
Schwingungen nach der VDI-Richtlinie 2057

F I G . 36. VDI-Richtlinien, Mitschke, ... /h9/.
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Threshold of to le rance

Ha i t t a ra j a
T h r e s h o l d  o f  a n n o y a n c e

Tun to ra ja
1 0 Threshold o f p e r c e p t i o n

TAAJUUS, Hz
FREQUENCY, c p s Kuva 44. Haitta-asteikon lukuarvojen sidonta

Kuva 4 5 . Haitta-asteen riippuvuus värähtelytaajuudesta piirrettynä ISOn | havaitsemisvoimakkuuden rajoih in.
normiehdotuksen [29 ] mukaan. Fig. 44. Suggested scale for the degree of
Fig. 45. Dependence of the degree of annoyance on the frequency of | annoyance with thresholds of subjective re‑
vibration, presented after I S O [29]. Sponses,

F I G . 37. Comfor t c r i t e r i o n f r o m a s u r v e y b y Lehtinen /h48/.

/54/ T h i e r y /54/ h a s made comfo r t studies f o r t ruckd r i ve rs in
t h e r a n g e + 1 g a n d 0-100 H z , i n c l u d i n g a method t h a t makes

i t p o s s i b l e t o o b j e c t i v e l y determine t h e d e g r e e o f comfort
f o r t h e d r i v e r , t h r o u g h measurements of t h e v ib ra t i ons of
t h e a t t achmen t o f t h e sea t , F I G . 38.

The v i b r a t i o n o f man was measured o n t h e ches t i n t h r e e

p r i n c i p l e directions. The testperisons h a d to fi l l in a f o r m

cover ing character ist ics of t h e experienced vibrations. The
i n p u t osc i l l a t i ons were reco rded ea r l i e r du r i ng dr i ves on
d i f f e r e n t r o a d s and were t h e n inpu t t h r o u g h t h e seat a t t a c h ”

F I G . 39 ment in t h e simulator. Results a r e presentedin FIG. 39
showing t h e levels which the inpu t spectrum of vibrat ions

FIG. 40 no t may exceed f o r a certain degree o f comfo r t . F I G .10 shows
measured t r a n s f e r functions man-seat.
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Fig. 5 ‐ Vibrat ions v e r t i c a l e sdu t h o r a x . Zones de confort. Fig. 7 ‐ Vibrations longitudinales du thorax .

F I G .

2 0 N E S de CONFORTPR BER RERS Ä SSACANE

f r å q u e n c e |
‐ P ‑



Mouvemon ts Ve r t i c a u x

f r å q u e n c e

Fig. 11 ‐ Fonc t ion de transfert homme-sieége.

F I G . 40. Transferfuncetion man-seat , Th ie ry /5h4/.

F u r t h e r references can a l s o be go t t h r o u g h G r i f fi n , ...
/13/ /43/. F i n a l l y one more.o f t h e numerous comfor t c r i t e r i ons
/52/ i s shown.I t i s f r om "Shock and v i b ra t i on handbook" /52/.

m
INTOLERABLE

I
UNPLEASANT

fl l SooodTHRESHOLDOF
PERCEPTION

10-23
I 2 5 10 20 50 100

FREQUENCY, CPS

Fia. 44.20. Average peak accelerations at
various frequencies at which subjects per‑
ceive vibration (ID); find it unpleasant a D ;
or refuse to tolerate it further ( I I I ) . Expo‑
sures of 5 to 20min. Shaded areas are about
one standard deviation on either side of
mean. Data averaged from seven sources.
(Goldman.??)

F I G . 11. Comfor t c r i t e r i ons , "Shock and v i b ra t i on handbook,

29

/52/.



/24/

/5T/

/21/

lj MEASURING EQUIPMENT.

Be l ow a r e b r i e fl y mentioned r e f e r e n c e s t h a t contain i n ‑
f o rma t i o n and fu r the r r e f e r e n c e son measuring equipments.

The measurements may be more o r l e s s au toma t i ca l l y pe r fo rmed .
Due to t h e computer and t h e f a s t f o rwa rd stepping e l e c t r o ‑

n ique d i g i t a l technique t h e measuring equipments a r e beeing
mo re and mo re r e fi n e d .

Rörbeck /24/ g i ves a b r i e f su r vey o f d i f f e r e n t t r ansduce r s
u s e d in connection w i t h t r a f fi c measurements.

The we igh t of veh ic le and a x l e s may be measured on permanent
we igh ing s ta t ions , r e qu i r i n g reduced speed o r n o t .

Whi t termore, .../5T/ b r i e fl y discuss a weighing p l a t f o r m

(no speed reduct ion) b u i l t down i n t o t h e su r face and w i t h
a maximum reso lu t i on o f about + 8 4 .

Such p l a t f o r m s may use e lec t ron ique s t r a i n gauges as t r a n s ‑
d u c e r s . The re a r e t h r e e such p l a t f o rm s i n use i n Denmark,
one is de l i ve red by Bo f o r s AB, Sweden.

There a r e a l s o sm a l l mobile weighing s ta t ions (no reduct ion
o f speed) which use a capacitor t ransducer imbedded in h a r d

r u b b e r t h a t i s g l u e d t o t h e r o a d s u r f a c e .

When it comes to r e g i s t e r i n g qguanti t ies, t h a t has a more

complex v a r i a t i o n i n respec t o f time one has t o choose

e i t h e r to l e t t h e measuring, equipment do some predefined
ca l c u l a t i o n s o r have them done l a t e r . When i t i s poss ib le
" t o define t h e ca lcu la t ions b e f o r e t h e measuring i t i s obv ious l y
an advan tage to l e t t h e equipment do t h e calcvulations t h u s

sav ing t ime and reducing t h e amount of output d a t a .

Me r c e r, ... /21/ g i v e an example o n s t a t i s t i c a l coun t ing
used i n connection wi ths t r a i n - h i s t o r i e s and mention equip‑
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ment t h a t c a n do t h i s , (Vickers Armst rong s t r a i n r a n g e

counter ) .

Cudney /6/ g o t t h e r e s u l t s f rom t h e strain-gauges on an
osc i l l og raph f o r f u r t h e r t rea tment .

Cudney /T/ says f u r t h e r : "Recent developments in t h e

mechanies invo lved in t h e measurement and s t o r a ge of
t r a n s d u c e r d a t a , i . e . , s t r a i n , p r e s su r e f o r c e , e t c ., h a ve

r e s u l t e d i n a mobi le , automatic e lectronic d a t a a c qu i s i t i o n
system owned by t h e U . 5 . Depar tment o f Transpor ta t i on ,
Bureau of Pub l i c Roads",

Christrano,. sc 0 /5 Mekeel, ... /I17/ and Galambos, ...
/15/ used an equipment (owned by t h e Fede r a l Highway Admi‑
n i s t r a t i o n ) t h a t ma in l y cons is ted of wheatstonebr idges,
a n a l o g to d i g i t a l conver ter (10 channels) a computer and

a t e l e t y p e ( typewri ter) a l l housed in a t r a i l e r .

Acco rd ing to Galambos /16 / , Road Research Labora to ry in

E n g l a n d "have deve loped b r i d ge v ib ra t i on equipment and

t r u c k whee l l o a d dynamic weighing platforms".
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5 DESIGN AND DESIGNPRINCIPLES.

The re are v e r y f e w des ign r u l e s f o r spectrum load i ng at
t h i s t ime i n t h e wo r l d . Most o f t h e f a t i g u e des ign methods

seem to be based on cumulative f a t i gue hypothesis, such as
Miner”s hypothesis.

The fo l l ow ing au t h o r s i n t h e r e f e r e n ce l i s t have c a l c u l a t e d
or discussed f a t i g u e l i f e s :

Abeles, s a s 1 / 5 CUdney /6/. Ch r i s t i ano , ... /8/., Doug las
/97. Heins, ... /10/; MeKe&l3: ... / 11 / , Ga lambog, s s .

15/5; Me r c e r , »..« Je1/, Re i t hby, + . . . /22/ and Tung /31/:

Galambos /16/ made a s tudy in 19T2 cover ing USA, Eng l and ,
F r ance , Swi tze r land , Germany, Belgium and t h e Nether lands
on "Fa t igue , Fractureand S t r e s s corrosion prob lems o f h i g h ‑
way br idges" . He concludes t h e su r vey by saying "There
appears to be no t r a f fi c r e l a t e d f a t i g u e problem in h i g h ”

way br idges" . The same conclusions a r e drawn by Galambos

/ 1 2 / , in t h e c l o s i n g remarks to /8/-/11/ b u t "Some au t h o r s

be l ieve t h a t i t w i l l o n l y be a v e r y short time be f o r e f a t i g u e
c rack ing on cer ta in br idges w i l l be a major problem", b e ‑
cause of " the v e r y high-volume, heav y - t r u c k a r t e r i e s in t h e

conges t e d u r b a n areas o f t h e country".

F o l l ow i n g i s f r om Galambos /16/ abou t f a t i g u e prob lems i n
t h e U .S . "The g r ea t ma j o r i t y o f highway br idges are se rv ing
t h e i r in tended funct ion w i t h o n l y a minimum of maintenance.
Ye t i n recent y ea r s seve ra l t r a f fi c induced f a t i g ue f a i l u r e s
have come to l i g h t which a r e of concern, since t h e y may be
t h e f o r e r u n n e r o f a more widespread problem. The g rea te r
p a r t o f t hese f a i l u r e s have been i n fl o o r beams and l o a d

d i s t r i b u t i o n members, and a r e t he r e f o r e t h e Basuit o f whee l
l o a d s r a t h e r than t o t a l t r u c k loads".

I t s h a l l be mentioned t h a t t h e AASHO br i dge spec i fica t i ons ,
/2T/ iné lude a simple fo rmu la wi th which an a l l owab le maxi‑
mum f a t i g u e s t r ess can be ca l cu l a t ed .



/28/> /16/

In Sweden t h e r e i s a prov iso ry ed i t i on o f b u i l d i n g we l d ‑

des ignru les which takes i n t o account design f o r spectrum
l o a d .

Below a r e fi n a l l y t h r e e pages , p icked f r om "Steel G i rder
Bridges" /28/ (England), which according to Galambos /16/
a r e "probably t h e most de ta i l ed and comprehensiv f a t i g u e
r u l e s f o r b r i d g e s i n t h e worla".
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BS 153: Parts 3B & 4: 1972
(2

Table 1. Total variation in allowable stresses
Case I refers to all loadings excluding Type HB loadingand the 112 kN force wheel loads of Type HA !ocading.
Case II refers to all loadings when combined with Type HB loading or the 112 kN force wheel loads of

Type HA loading.2
Increaseor decrease of
allowable stresses given in
Clauses 7 to 18 inclusiveStress combination (but see Clauses 6 and 11.2).

Case I Case IISESSIONoeSEESonneSn S E E N SSR EE
SE vd Zz

A. Solidweb girders andVierendeel trusses
Combination of forces (1) no increase ‐ +25

(2) 05 2 30
(3) 30 =

B. Triangulatedstructures.
1. Primary stresses only or where primary stresses are combined with
calculated secondary stresses of 3.1(1) (self weight and wind on
member ignored)andwith secondary stresses of 3.1(2) left uncalculated
but provided for asin 3.4.
a. All members except tension web members where stresses due to live
load and its dynamic effects are greater than those due to dead load.
Combinationof forces (1) no increase +25

(2) +25 +30
G) +30 E

b. Tensionwebmembers where stresses due to live load and its dynamic
effects are greater than those due to dead load.
Combination of forces (1) ‐10 +12.5

(2) +12.5 +17
(3) +17 =

2. Where primary stresses are combined with calculated secondary stresses
of both3.1(1) (includingself weight of members and wind onmembers)
and 3.1(2).

Combination of forces (1) +20 +50
(2) +50 +56
(3) +56 ‑

At the discretion of the
engineer

; .

C. Maximum stresses due to Combination (4)

6. Fluctuationsof stress (fatigue)
NOTE. Members which are subjected to fluctuations of stress are liable to suffer from fatigue failure, and this may becaused by
loadswhich are very much lower than those which would be necessary to cause failure under a single application. The initiation of
fatigue cracks is due, primarily, to stress concentrations introduced by the constructional details. Discontinuitiessuch asbolt or
rivet holes, welds and other local or general changes in geometrical form set up such stress concentrations from which fatigue
cracks may be initiated, and these cracks may subsequently propagate through the connected or fabricated member.

6.1 General. All details shall be designed to avoid, as far as possible, stress concentrations likely to result in
excessive reduction of the fatigue strength of members or connections. Care shall be taken to avoid sudden
changes of shape of a member or part of a member, especially in regions of tensile stress or local secondary
bending, and steps shall be taken to avoid aerodynamic and similar vibrations. |

R



6.2 Loads and stresses to be eonsidered. Working stresses shall be reduced, where necessary, to allow for the
effects of fatigue, as described below. Allowance for fatigue shall bemade for combinations of stresses due to
dead load, live load, impact, lurching and centrifugal force, including secondary stresses asdefined in 3.1(1).
Stresses due to wind, temperature and longitudinal and nosing forces, and secondary stresses, asdefined in 3.1(2)
may be ignored in considering fatigue.

Elements of a structure may be subjected to a very large variety of stress cycles varying both in range
(fmin/fmax) and in magnitude (fmax)Ofmaximum stress. Eachelement of the structure should bedesigned for the
number of cycles of different magnitudes to which that element is liable to besubjected during the expected life
of the structure. The number of cycles of each magnitude must be estimated by the engineer in the light of
available data regarding the probable frequency of occurrence of each type of loading. For bridges carrying
railway tracks on British Railways and LondonTransport, these are given in Appendix Eof Part 3A.

The working stresses referred to below are the principal stresses at the point under consideration. Thus, in the
design of girder wehs, the combined effect of both bendingand co-existent shear stresses shall be considered.
In order to aliow for the effect of fatigue the procedure set down in 6.4 shall be followed, using the

information supplied in Table 2. This table covers mild and high yield stress steels fabricated or connected by
welding, riveting or bolting, as described below, giving the maximum allowable stress p for different values of
fminlfmax andN, or, conversely, values of N for different values of Smin/fmax ANA fmax, Where

p = maximum allowable tensile or compressive working stress;
min = the minimum stress in the element duringa particular stress cycle;
max = the maximum stress in the element during the same stress cycle;
N = the allowable number of repetitions of this stress cycle.

63 Allowable working stresses
6.3.1 In the case of members subjected to a number of repetitions, n, of a single stress cycle, the allowable
working stresses shall be those given in Table 2, takingn = Nandfmax =p. In such cases, if the stress levelfmax iS
smaller than the allowable stress p specified for 107 cycles, fatigue need not beconsidered.

6.3.2 In the more general case of members subjected to astress spectrum, i.e. to numberof cycles n , , na etc. of
different maximum stress levels fi , fa, etc., or of different ratios of fmin/fmax, Orboth, the following design
method shall beused:

(1) All cycles with amaximum stress equal to or lower than the allowable stress quoted in Table 2‐Class G
for 10? cycles and for the relevant ratio of fmin//max shall beignored.
(2)Where the loading conditions do not give rise to groups of clearly defined stresses, all stresses greater S

than the allowable stress obtained from Table 2‐Class G, asdefined in (1) above, shall bedivided into at least
five selected representative stress levels approximately equally spaced between the minimum and the
maximumof the stresses to be considered.
(3) For each of the stress cycles the maximum allowable number of cycles M,, 3, etc., shall be

determined from Table 2, by graphical interpolation if necessary.
NOTE. If the stress level under consideration (f'max)is smaller than the allowable stresspspecified for 10” cycles, or larger than
that specified for 105 cycles, the relevant value of NMcan be found by extrapolating the design curve for the particular detail and
value of fmin/fmax by means of the formula:
i 108,0fs ‐ 108,of'max ‑

l0g,of3 -I0B:0Ss
where f, andf, are the allowable stresses for 107 and 10" cycles respectively,asgiven in Table 2.

l o g iM=

(4) Designating the expected number of cycles for each stress level n ; , n , , etc., the element shall be
designed so that

lgMEN Ne

6.3.3 Under no circumstances shall the basic permissible stresses given in Clause 7, or lower stresses required by ”
any other clause in this standard, beexceeded.
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