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The purpose of this wvestigation wae 1o study e fexural Tutigue

prrerngth of tes prestressed stesl Dobegens whink bad previowsly been

fabricated In conpection with 4 jolmtly sponsorsd project under the

E Y ¥Eas

auspicss of e lowse Btate Mighweay Co
The bewes were prestressed by dedlectiog ther weder fhe action of

g concentrated load al the center of 2 simple span. then welding w

#tressed high strength stesl plates to the top and bottorn DNanges o retaln

«% were volled sections

a predetermined amownt of prestress. The e

™ el

£ steel and the plates were

peated losding until s fatigue failure cccurred. The loading was desi
o proguce siressss squivalent to those which would have ocourred in a

sirmulated bridgs and armounted to 84 percent of 4 staodard H-156 Live load

ipciod Cme of the besms sustained 20469 100 repetitions of

ipacts
load to failure and the other sustained 2,756,100 eycles.

Following the fatigue tests, an sxperimental study was made to de-
termine the state of stress that had been retained in the prestressed stegl
beams. This informaetion, opon which the calculated siresses of the

test could be superimposed, provided & mmethod of correlating the faligue

ptrength of the bearmes with the fatigee indormation avallable on the oo

sleelis involved,



INTRCLUCTION

Enginesrs have been proposing various prestressing technigues to
wtilise moore Dally the new high strengeh steels. The lows State Fighway

Lormission has recently developed & method of prestressing rolled wide-

flange beams, thus possibly incressing economy for short span continuous
15

highway bridges Unstressed high strength steel vover plates are

welded to th

A project, ]
ricators, the lowa Highway Research Board, and the lowa Biate Bighway
Lopnynieslon, was establiehed to atady the problerms of falorboation, o
pubatantiate e thearerical analveles and 1o detarsnlae T logd-dellortios
characteristics of several prestiressed steel beame.

Five beamas werte fabricated, Three of 1he beams ware static test
loaded in the elastic elress range under the direction of the Heseareh
Engineer for the lowa State Highway Coomondesion. & za@gm’tg wi this work

e of the

Wwal presented at the annual Structural Engineering Conferenc

American Institute of Steel Construction 3t Minneapolis, Minpesota, on
Wheen the above testing was completed, the Department of Civil Ene
Plhoeering at fowa State University seas gheen the beama for dovestgation
of thele latbgoe strengbb.
Cinly the twe prestressed steel beams which gimulated the negative

rrerrsent sections (cowver plates oo top and bottorn Sanges ) werd used for the



study, Since litile resenrch has been done on the {atigue of such members,
this investigation was conducted with the following ohiectives:

{1} To predict = repeated loading for the presiressed steel beams that
~ woaddd be axgﬁﬁi&ﬁ to cause fatigue fallure near two miliion %ﬁ?%ﬁiﬁﬁ;

isé'i @;;Mﬁﬁ »r:i.:

REVIEW OF LITERATURE

The effect of repsated stress on engineering materiale has been of

concern to engineers for more than a century. FRepeated stress tests,

were condocted as sarly as 1829, and the first comprehenaive series

were condocted n the 8607, That sevies of tests regulted in the jol-

lowing conclusions 1%, pp. 915,

{3} For a given HOF maziniam unit 3%?‘%&& an increase of range of
atrain decranse i 3 NECEE pary for rupiure.

{4) For a given minimum or maxim
iémi%img range ﬁﬁ‘ siress which may be 2

wisit ptwdne thaere wppears Do ke b
slied indefinitely without pro-

55 M the maximurm applied unit strese increases, this limiting range
of strees decreases,

The first concluston explains the phenomenon commonly referred to

a8 fatigue failure; the term uwsually applied to the fourth conclusion is

fatigue strength, Recent investigators are man&imimg sindies %tﬁ;:ﬁ&aﬁiiw

ating and wutilizing these same goneral ﬁ:mgis;ﬁm,ﬁa:
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For the same maximum stress, the number of stress cycles to

produce failure increases as the stress ratio (range of stress) is

increased. This behavior is typical for most steels and demon-
strates the fact that fatigue failure is determined by three factors:

{a) the maximum stress in the stress cycle, (b) the stress ratio

or range of stress in the stress cycle, and (c) the number of appli-

cations of the stress cycle.

During the years that fatigue failures have been observed, many
theories have been developed attempting to explain the cause of the failure.
Three of these are presented as the theory of crysallization, the slip
band theory, and the progressive failure thﬁ:t'].rlz‘ PP+ 9-10  re theory
of failure by crystallization was based on the idea that under repeated
stress, metal changed from a ''fibrous' material to one having a crystal-
line structure, thus becoming brittle and subject to failure along planes
between the crystals. This theory has been thoroughly discredited. The
slip band theory stated that under severe stress the crystalline grains,
of which it has been established all golid metals are made, are split into
thin plates which slide on each other, the slip being visible at the surface
of the crystals in the form of fine lineg across the surfaces. It was as-
sumed that under the action of repeated stress some slip bands develop
into cracks. Further it was assumed that final failure of a piece of metal
was caused by the spread of one or more of these cracks. The progressive
failure theory was presented as being an extension of the slip band theory.

The theory here presented is based on the idea that the failure of

metals under repeated stress is characterized by the spread of minute

cracks which may be the result of intra-crystalline slips, but which
are minute fractures {as distinguished from slips) which may occur
with or without slip at locations where stress is so intensified that

the ultimate limit of cohesion is reached between adjacent micro-

scopic parts of the metal.

Probably the two most accepted theories today are the slip band and the

progresgive failure theories.



Three general types of Joading induce futigue lallures: dlrect axial

Toading, flewural loading sud tersional loading. I has been chaerved
that the endurance limit of & metal sstablished by axiad loading i not the
garne as when satablished by flexural losding. It was g@g&@xt@élg vt

By PEVEFESL

the average value for the ratio of the sendurance Hmit u

axial stress fo the srsgdiurance limit under reversed fenural stress was

it = T ﬁiﬁm .&%3: rﬁwrwa flexural giwsa‘ }ir; mef:h case,
axial %mm lexural stress, the endurance Limit seeme to lie
within & navrow range of values of upit-giregs nside of which the
sirengthening inlluences and the destructive influences of repeated
gtrens are very nearly ced., Selow this » & the metyl does
oot full evern after an lodelinitely larvoe o of cycles of strogg;
and above this range the metal fails afier s comparatively smmall
rursher of eveles of stress. It does not seern anreasongble o asgune
that if the wetal i gubjected 1o yeversed axial stress, owlng o the
raore nearly aniforss distribation of strees over the entirs crogs-

spction, the probabillty of fatigue fallure developing from any local
weakness is g?%&t@? tham for metal g@&;@ﬁ%ﬁé o reversed ﬁﬁ&éfi’&%

In one of the most complete tests on Hlexural fatigue of steel beams

the purpose was to determine the relative fatigue strengihs of various types
tof @gamgmv The results of these tests that are of particular intersat

Lo Pk favvesbigationm are:

f1} i Carrying ﬁﬁ@&miy wf wariows types ol beams does not incrsase
directly with an incre in the ssction modulus of the beg;

{Z} The fatigue strength of the compression flanges of beams is gbout the
satne as that of the tensior flange.




(3} The fatigue strength at two million cycles is materially reduced with
intermittent fillet welding on the cover plates as compared to specimens
fabricated with continuous welded cover plates.

(4) The carrying capacity of fabricated beams is appreciably lower than
the capacity of a rolled beam.

(5} Stiffeners welded in the tension area of the beam can reduce the fa-
tigue strength considerably.

(6) The fatigue strength of a rolled beam is appreciably higher than one
with cover plates fillet welded. This is true even for continuous fillet
welding.

A study was conducted to obtain gquantitative data on the fatigue strength
and to evaluate the relative merits of the various end configurations on
flexural memheraﬁ. Fabricated beams of A-373-54T steel were used as
the flexural members in the tests. Cover plates containing various end
configurations were welded to the beams. The specimens were then sub-
jected to repeated loading until fatigue failure occurred. It can be con-
cluded from their investigations that gradual tranefer of stress at points
of changing cross-section are essential to long fatigue life. Abrupt
changes will greatly reduce the fatigue strength of a member.

In a study concerning stiffened beams, it was again pointed out that
welding to the tension flange does enhance a flange failure for which a
sudden failure could rt#ull:ln.

A search failed to disclose any information pertaining to the fatigue
of fillet welds connecting the recently developed high strength steels. The
lack of such inforrnation is further substantiated as fnllﬂw'54' P- I|;';i:
Another type of welded joint which must be considered is the fillet-
weld subject to fluctuating stresees. Although considerable informa-
tion obtained from tests is avallable on the fatigue strength of this
type of joint in structural carbon steel plates, the authors are not

aware of similar information on the fatigue strength of fillet welds
on T-1 steel plates.



Beveral studies of fatigue of welded specimens were reviewed. Thess

studies invelved welded structursl carbon steel plates but many of the more

generyl cheervabons that coan be made of Gwee sludios are probably valld

or &t least indicative of ohat should be expected Irom welded high streangth

ol .
Farbgne testn were conducted oo welded jolnts in stroctural steel
17

plates The type of weld studied was the bult weld. A sumeary of the

firnlings indicated that the lowest fatigue sirength was observed in the

plates tested in the as-welded condition. The fatigue strength was tm-

proved by removing the weld reinforcement. Machining ¥ off was mo

effoctive than removing it by grinding, Stress-relieving the weld had
fittle, if any, effsct on prolonging the life of the specimen. [ could be
concluded that any slight andercotting at the edge of the reinforcement,

1d oF indeniation in the surisce of the olate would

internal flaws in the

cause a concentration of stress, thus enbancing the posaibility of 2 fatigue

fracoire ar that particoular lovation,

A geries of tests was conducted to compare the fatigue and static

propertiss of butt welds produced with E6010 high«cellulose and ETO16

ansverse butt welds

nal god |

low-kydrogen electrodes. DBoth longito

WY stazeg ™ Pe 838,

ware tegted.

Fow the speciroens teabed with the streas perpendiooalar to the direcs
thorm of welding, there was no sbgnificant diifersmce b the fatipue
gtrength of welds produced with the two tyoes of elecirode and tested
urktdy the rednforesrsent on or ofl.  For the apecimens tested with the
stress parallel to the direciion of welding, the scatter bs Large, Bk
the ET016 welde with the reinforcement sither on or off are geserally
more resistant fo vepeated loadings than the E6010 welds, sepesially
if failure occurs after & relatively low number of highly streeded
el .




About half of the fractures were reported to have orifinated where the
electrode had been changed. It was also observed that welds deposited
in the flat position had a significantly greater fatigue strength than those
depogited in the horizontal or vertical position.
In discussing the fabrication and fatigue stresses as they pertain to
high strength steels ™" P+ 0,
In considering all fabrication operations on steels of thie high strenpth
level, the importance of good and careful workmanship cannot be em-
phasized too strongly.... The ability of steel to withstand such (re-
peated) stresses is greatly impaired by the presence of surface notches
and irregularities. Typical of such stress raisers are rough balt heles,
under-cut or irregular weald beads, and misalignments which will
create bending stresses where none were intended.
A study was conducted on the determination of residual cooling stresses
in rolled uectinnsg. Results indicated that residual cooling stresces
were of considerable magnitude. The cutside edges of the flanges were
found to be in compression as high as 17, 500 psai; the center af the flange
near the web showed stresses as high as 11, 000 psi tension. The web
was in residual tension with a maximum stress of 16, 000 psi. Further
investigation to determine the variation of the residual cooling stresses
along the length of a beam showed that they were very nearly constant to
within about one foot of each end of the beam. It was noted that the magni-
tude and distribution of residual stressees present in a long beam were
preserved at the center part of a piece cut out of the beam, if the length
of the piece was about three times the depth of the section.
In a qualitative study of residual stresses in welds, the following
. 3ids

cornmment 15 madel L p

It is known that the physical properties of certiin steels are influenced
by their rate of cooling from the molten state. For a high cooling



rate, the yield point, hardness and ultimate strength increase while
the ductility is reduced. In welding, the metal is subjected to heating
and subsequent cooling. Thermal stresses set up by the large temp-
erature differences near a weld may produce large plastic deforma-
tione and result in residual stresses. The residual stresses together
with any change in properties of the material due to rapid cooling
represent a possible hazardous condition.

The effect of internal stress on the fatigue strength of a metal, is

ctated as I:}llﬂwsn' P: 1{14:

The presence of internal stress in a metal will be such as to increase
the resultant maximum stress above the computed stress, when the
applied stresg is of the same kind as the internal stress. There will
be an apparent reduction of the endurance limit as computed on the
bagis of the applied load.

With respect to relating laboratory fatigue tests and field fatigue testa,

7. p- 323

the following was reported on the AASHO Road Test about the

fatigue of their test bridpes:

Fatigue distress cbserved in the beams with partial length cover plates
of the steel bridges and in the reinforcing bars of the reinforced con-
trete bridges occurred in the same manner as that observed in lab-
oratory tests. The number of cycles to fatigue distress in these
bridge members agreed reasonably well with the number of cycles
computed from equations developed from simple laboratory tests of
beams. Thus, where 2 reasonable estimate of the magnitude and
number of repetitions of stress can be made, laboratory fatigue data
for the material can forecast the life to fatigue failure within reason-
able limits.

The steel bridge without cover plates subjected to 392, 400 trips of
test vehicles withstood the repeated stressing without fatigue cracking.
The mean stress ranges at midspan were 19,100 to 21, 000 pei and

the minimum stress was 12, 700 psi. According to laboratory data
these beams could have resisted approximately 2, 000, 000 repetitions
of 28, 000 psi stress range superimposed on the actual minimum
stress. Thus, the laboratory data indicated that a fatigue failure
under the conditions existing in the test bridge was improbable.

The literature search failed to uncover any previcus work on the
flexural fatigue testing of welded prestressed steel members. It also
failed to provide much related information on the fatigue characteristics

of the newer high strength steels. It did serve to provide a knowledge of
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fatigue terminoclogy, testing procedures, testing equiprnent, and the fac-
tors that influence the fatigue strength of a metal. All of these are im-

portant factors in undertaking an investigation of this type.

FABRICATION ANL STATIC TESTS

The detailed information concerning materials, fabrication, and
static load tests was available in the form of a repurt3 which was supple-
mented, for the following discussion, by means of direct contacts with

personnel of the Iowa State Highway Commission,

MATERIALS

The rolled section, from which the two beams were fabricated, was
an 18 inch wide-flange, weighing 50 lbs per foot. Both beams were 26
feet long. Cne was furnished by the Inland Steel Company and the other
by the Bethlahem Steel Company. The rolled sections conformed to the
minimurn reguirements of ASTI-.-:-—A.H-E—&EITE" PP 155136ﬂ.

The cover plates which were furnighed by the United States Steel
Corporation, were high strength steel referred to as USS "T-1." The
top and bottom cover plates had the nominal cross-section dimensions of
6 x 3/4 inches and 9 x 1/2 inches, respectively. The over-all length of
each plate was 24 feet.

The details of the beams, as they were when received for this investi-

gation, are shown in figure 1. Physical properties of the materials are

given in table I.



Table .

roperties of materials. §
Tog Bottorn 9 x > b x %’“
erty  Llange Wab flangs plats plate

Frap
aterial

A%6 Adk Alb T-} T

9.4 8.5 28.0 &t 2 0. %

Yield point
{kei} 35.2  4b.6 360

Yield

strength

for €.2%

sifeet {ksi} 124.% 116.1

Tensile
strength

8.5 27.% 36.5

17. & 18.0

ﬁ%iﬂﬁiﬁf’ﬁ?

"Source: lows State Highway Gormr

FARBRICATICH CF TEET BEALE
The firat beam wag fabricated in Des Moines, Lowa, at the Piotshargh-

Des MMolees Steel Company's It is referved fo as the Des hicines

1 &8 shown with & 30, 000 16 jack load

applied at the center of the 25 foot simple span {figores 2, 3} The top

and bottors T=1 plates had previcuely been positioned in an upsiressad

condition and were held by clamps. While the jack force was still present,

the cover plates were welded to the flanges of the beam with continuous
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Table II. Welding data for h:ams.‘

Des Moines Beam Ames Beam
Item {automatic) {sermi-automatic)

Wire L-60 {5/32) L-60 (3/32)
Flux ThO Te
Voltage 34 32
Amperage 450 525
Speed (in. /min) 25 25
Fillet weld size (in.) 5/16 5/16
Welding tirae (hrs) 13/4 11/4

Source: lowa State Highway Cnrnmiﬂsinng.

fillet welds (table II}. This was accomplished by automatic welding in

the following sequence;

{1} The bottom {cum_f-r:#&inn} flange and the 9 x -:n'!- inch T-1 plate were
welded along side 2.

{2) Side |l of the bottomn flange and plate were welded.

{3} The top (tension) flange and the & x fql-iru:h T-1 plate were welded
alonpg side 1.

(4) Side Z of the top flange and plate were welded.

The jack force was removed after the welding was completed. The theoret-
ical stresses during fabrication at the center of the span were determined
for both beams (table ILI).

The second beam was fabricated in the lowa State Highway Commission
Laboratory at fimes, lowa. This beam is referred te as the Ames beam.
The prestressing arrangement was as for the Des Moines beam except a
39, 000 1b load was used to induce the initial stressea. The cover plates
were then tack welded to the flanges sufficiently to transmit the pre-

gtressing shear. This amounted to i-:{ 4 inch welds placed at 18 inch

; The sides of the beam were arbitrarily numbered 1 and 2 for purposes
of reference to the fatigue failures and state of atreas atudy.



Table 1. Theoretical sivesses during fabrication
Deg Muoines be:

| T@g T
Stresses  plate flange

Initial strens

kel +32. 9% -32.%
Frestress

{hai} ~fE. 0 #i6.2 <16l +17. &

ffter jacking.
" Plus démotes tension.
gﬁ o B
" hiinug denotes compression.

" After resmoving jack.

centers. The tack welding proceeded from the center of the bearm out to

the supports. The jack foroe was yomeowved sfter the tacking operation

was completed. Two welders, using & sermi-automatic procsss, com-

pleted the welding by stmoltanscusky weldisg both sides of the plate to

the top {tension} flange and then to the bottom {compression) flange.  The

results were continuous {llet welds the full lenpth of the

Both beams were instrumented, at predetérmined locations, 1o re-

cord strain and deflections during fabrication. & Whittermore moechanical

ary meantg of recording the etraine

sirain gege was ubed as the prim
BERw~4 electrical resistance gages providing supplementary information.

In sddition to sirains and deflections, temperature readings on the flan

ges
and cover plates were recorded while welding the Ame# beam.. The
temperatures were messured by means of temperature crayons varying

fro VOGYE 4o 1ODO*F {(figure 4&3?



A gories of static load tests were conducted on the fanes beam by

the lowa State Highway Commission. The purpose of thess tests waes to

determine its loade-dedlection che Btrain measorements and

deflection readings were taken g2 the begm was loaded gnd usloaded seve

Motnes bearn was nok gtatic tegted, sinee it wae un-

gral e,

likely that its fabrication procedure would be adopted. Both besmes were

subjected to the same lepding, bowever, since the Des dooires Beavn wan

3

ussd as & "strong back” asgalust which to apply the jack force.

In the static tests two ranges of load were applied to the beam, The

Toad was applled a8 & single concentration at the center of & 25 foot slmple
Epan. The imposed stressed dus o & imaxitowm koad of 70, 000 lhe were
31, 600 pei and 30, 000 pat tension in the bottom plate and bottorn flange,
respectively. The corresponding computed net stresses were 49, 200 psi

tengion in the bottorn plate and 13, BO0 pei tension in the bottom fange.

anent sef or loss of cammber of 0. 06

The loading testz vesulied in a perm

inch at the centerline of the span. No damage to the beams war a

a% & result of the siatic lesls,

The vrder of events amounted to & dewlgn of & repeated loading which

wonld simulate an actual highwey bridge loading, the fatigue tests, and

finally the experimental determinstion of exigting stresses in the beames.
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Since the beams were fabricated

reprodent bridge members, they

were stressed much the same a8 I they ware In an actus] bridge. This

meant that a mindmern Ioad was malntained to slmulate the action of the
supersiructore dead load. The range of vepested losding then would be
similar to maximum service loads on the bridge. Other factore to be

considered in designing the tests were the desirability of o fatigue failure

scourring at about two million cycles, and the load-deflection capabilities

of the testing equipment. The significancs of two million eyclas of de~

sign boading in terme of the useful life of & bighway bridge is highly

speculative and reguires ponsiderable Dature study,

a 150 = 24 fpot, J-span contipucus [-besrn bridpe, This sseumed the

beams io be resisting negative m

JEE

terior stringers for & four stringer cross-soction. The caleulations

migde were congistent with sccepted bridge design practices, standaxd
gg@ﬁifﬁﬁ@iﬁﬁﬁsi anel theoretical methods of determining fexural

14,
BLrE5548

The stress-load diagrar (flgure 3) shows the effect of external loads

ow the stresses in the bottorm fange and the boltom cover plate of the

beamE .

7 except opposite in sigh. The stress shown for

are the spme gs 5hown

zero load vepresants the theorstical presiresg at the center of the span

T ve Joad as used throughout this report includes an allow
ance for the dynamic effect {fmpact) of the depign vehicle,
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{table III} in that particular element of the beam. Since the Ames beam
showed the higher prestress value, it was considered as governing in
the designed loading. Both beams were planned for the same test loading.
The repeated test loading as it was designed is equal to an H-15 live
load (figure 5). This loading, when superimposed upon the dead load,
results in theoretical repeated stresses in the bottom cover plate of
about 34, 000 psi to 52, 000 psi tension. The corresponding minirmum and
maximum loads are 24, 400 lbs and 51, 900 1bs, respectively. As will
be noted later, it was mot possible to obtain these exact loads during the
actual tests.
Predicting the stress range that would be expected to cause a fatigue
failure at about two million cycles involved the consideration of test

data on ag-received US55 T=1 steel platei‘!‘ e AR

as well as a report cmn
fatigue of steel beams with welded cover platum. Stresses from 34, 000
pei to 64, 000 psi tension (30, 000 psi range) in the bottor cover plate

are indicated as being the range for fatigue of as-received T-1 plates
{figure 5). This was reduced by 40 percent or 0, &7 live load to arrive

at the designed range for the tests. This reduction was justified by data
available on fatigue tests of steel beams with welded cover plateslﬁ.
These data alse indicated that the stress ranges in the A3 flanges due to
the designed loading were substantially lower than a critical range for
fatigue failure. Therefore, it wae reascned that the stress range chosen

for the tests should produce a failure in the bottom T-1 cover plate at

about two million cycles.



The lopd-deflection characteristics of the baagrne ingdicates that the

the deaipned loading if the

beams were supported on & 42 fool span and the logde were positioned

{figure 5}, The designed loading for the tests met the reguirernents.

spfnrmed ot the desociation of American

The fablgnue teuts we e

Bailroads Bosearch Cenmter in Chicago, Wnois. The besting eoqulproent

el ey by the repeated Toading was ar Rley varisble speed pulsator

[figure &) and tao 50, 000 b hydraoiie jaoks,

The Des beolnes Bearn and the funey Bearn were both subjected Lo

the test Loading ures 7, 1L Each beam was supported with a kaife

edpe 4t one repction and & roller at the other, thus assuring that simpie

baars action would result {figure 15). The jack heads, which were [ree

to ewivel, transmitted the load directly to the top cover plate of the baam.

‘Web stiffeners were placed on both sides of the web at the end bearings

These were tack welded to the inside of

woth the lop

and bottorn flanges. stiffeners that had been placed during fabrication
were not removed., Steel strape were placed at the third-points of the
test span and provided lateval support for Ihe compression lange. The
lateral support seemed advisable at least from & safety standpoint.

The instrumasantation iovelved was four 854 electrical resistance
strain gages, two placed on the top amd two on the botbom cowver plite
between the load points and s taut wire and scale arrangement to cheerve

ths centerline deflection. A check on the static load-sirain and static



loaé-deflection characteriatics of the beam was maintained by the in~
strormentation.

The repeated Ioad was applivd simultssecusly through both hydraciic
jaeks gt the rate of 130 cycles per minute, The pulsptor, working at its

capacity, varied the load from & minimum of 26, BOO Ibs per jack to a

rinasien oy

of 50, 000 [be. Thus, the exact degigned loading was not

realized {figure 16).

Daring evach test day the repeated loading tock 16 consscutive hours.

The tegting was conducted only on the normal work days. A typlesl day

]

progeeded in the following manney:

(L} %ﬁﬁiﬁ%ﬁ guéamsivﬁ readinsg fﬁir Qﬁ}f&ix&ﬁ mﬁ‘ cen

'{3._} Started the repeatsd tewt loading.

4] © W@ Wﬁ%ﬁiia‘:ﬁﬁy on the maxhroms
o for farip

{5} %i:s:i&g@wﬁ the pulsator et the close of the test day.

and rpdnirmuarn loads as well

Each of the two boarns fatled in fatigoe due to the applied loading;

they were then returned to lows State University for an experimental
determingtion of their existing stresses. Damage to the bepme was

limnited to the rmmediate region of one of the losd points where o tensile-

type ereck cocurred.
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STING £7T ES

PETEBMINATION OF

wk speculation belore and throughout

the tests as to the potusl state of stress in the beams. It was realized

that the actusl stresses and computed stresses were not identical. To

perirnental investigation of th&? stresges in the beams afler the Iatigoe
tests ware completed. A combinstion of the following would be prezent:
regidusl cooling stresges, welding stresges, and prestregs.

To determioe experimenislly the state of stresg. 3 methed was
adopted that reguired paging the portions of the beam to be lovestigated,
‘hen measuring the resulting strain sfter sach paged sirip had been .
emoved by mwmg% The corresponding average stress was obiained

& Whitternore mechanical strain gage with a2 10 inch gage length was

ved to measures the strains thet occurred a8 & result of the cutting,

Fhittemore was 0. 000! inch; therefore each division

e Jeast count of the ¥
¢ the dial represented a undt strain of 10 micro inches per Inch. An
war reference bar was wsed throughout, The gage holes to accommodate
te Whittermore were made by drifling & hole about %“iﬁﬁi?ﬁ deep with 2

sanber 56 drill, then finlshing by gently center-punching. This lelt &

shoulder for the podnte of the gage o that congistent readings
would be obtalned.
Figure 17 shows the spwing and gaging locations for the three 11.5

inch segrnents which were gaged and cut from each beam. This was done

in an effort to study the variation of the state of siress slong the length
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of the beams. The cross section shows the location of the age lines

and sawing lines as arranged in ¢ach segraoent, This arrangement made
it possible to study the distribution of stress up and down the web of the
bearm as well as across the flanges and cover plates. The basic strip
width was alzinc.h in the flanges and cover plates and 2 inches in the web.
The only exception to this was at the junction of the flange and weh and
also the extrerne outside strips of the cover plates. These outside strips
were not gaged on the Ames beam. The T-shaped pieces at the junction
of the flange and web each had two gage lines while the other strips had
only one.

4An identification systern was devised to define the location of each
gage line completely. This may be illustrated by considering an example
such as ABP3I-24. (figure 23). The letters ABFP denote that the gage lin=
is in the bottorn plate of the Ames beam. The number 3 to the left of the
hyphen represents the third segment along the beam (figure 17) while
the £ at the right of the hyphen denotes eide 2 of the beam. The papge
number 4, represents the fourth gage line from the outside of the flange
or plate. The gapge numbering for the web ig from the bottom of the beai-
to the top {figures 21, 26).

The sequence for taking readings on the gage lines involved an initial
set alter cutting the beam at the fracture and before sawing into segments,
a second set after removal of the three segments, and a final set when
the individual strips were completely removed from each of the segments,
The air temperature where the readings were taken was very nearly con-
stant at all times; consequently no corrections for temperature were

neCessary.
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To ascertain what effect the fatigue crack had on the state of stress
in the individual segments, strain readings were obtained after successively
cutting the Des Molnes beam into shorter lengths. The initial set of
readings was taken in the bottom plate at segment 1 after the beam had
been cut at the fracture location to a length of about 15 feet. This is
denoted as segment AF (fgure 18). Successive sets of readings were
taken in the bottom plate of segment 1 following sawing te form segments
aF; bF; cF; dF,; ee, ff, gg, and hh. Each set of readings was averaged
and expressed as a percent of the total change occurring after final cutting.
These were plotted (figure 18), and the resulting curve show s that very
little change occcurred until segment £ff, which is 3 feet long, remained.
Therefore, it is apparent that the state of stress was not appreciably

affected when the fatigue fracture occurred.

RESULTS AND DISCUSSION

The results of this investigation are in four parts. In the first part
the behavior of the beams under repeated loading and their subsegquent
failures ie given. The second part presents the results of the determina-
tion of existing stresses. In the third phase test data are analyzed and
the fatigue strength is evaluated. The fourth part presents some possi-

bilities for fufure study.
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Each beam feiled g8 5 result 6 o suddeén fatigus Hadcture which was
acoompanied by 2 loud report. The dally strais and dellection readings

gave oo indication of ap impending failure or of 3 change in the slastic

properties of the Beam (able IV

Table IV, 5w
Sumrnary D

ary of theoretica!l stresses and {atigue fallures.

og begrn  Des Moines bears

irmisrn tane

irpurn tengile sbm . in A36 {y
- f iref neeurred

Crpervations raads severs]l hours before the franture of the Ames

beam failed to detsct the fovmation ol r minute cracks. This doss not
menn that there were no such cracks but that if there were they wers

st digcovered.

& small orack was phserved in the Des Moines beam spproximately

178, 000 eyeles before {f caused a complete fnilure. This crack was con-

Pl dee the poytion of the bottoen T-1 plate extending bayond the odge

of the flange and on side 2 of the beay

the visibls portion of the fillet weld but not through the fused portion of

the flange and cover plate. In later sbaervations on the Des Moines beam

ancther crack was foond on the lower flonge of the A6 besrm at a point

s welded. Thiz crsek was

i foot from mid-span where a stiffener had

ghout 2 dmches long and extended {nto the cover plate. The crack appar -
ently bad started In the weld sssociated with & stiffener placed during

fabrication.



In cbeerving the fractures severgl sindlarities were apted:

il} ﬁm&z {ractures ﬁzmwmé in the shear span sdjacest 1o the poller
The fracture wag approsimately & nches from the load point
wh 1 foot from the load point in the Deg

raes bearn (Figore i,?%f;§
e (i guare B).

§2§ The fractures forrmed ot points of hiph stress concentration. In the
iz was chserved to be an abrust change in the weld asras
iﬁgi@gﬁm 13 14}, while Dge bioines beam bad a small ooich on the
edge of the boltlom cover plate.

{3] The fractures were smooth on one side {&gzﬁ@g 14, 13}, on the Q’ﬁ’iéf
they were jagged and Wra." Gures *?; E%} T ' he two
fraciures and th Fit ]

B oot %x nié@ ez:;f z-'

g %ﬁf&i:; aﬁ}amat to
as & result of fatigue.

: ol 1 g to be rust, was on certain areas of the
fma:ﬁmx@xzﬁ *wmié% indioati g & rminute Iracture before the fatigue tests

T grann.

DA b W N CLN I LN

i1

The results of the =rimental study to determine the state of stress

in the bensns were photbed (Deores 19 to 28). 4 modules of elasticity of
iy D0, Gy ol owns wsord i comverting all the ot setraios Do wndt eor e e .

Gowraral -&%ﬁﬁgrﬁﬁﬁﬁﬁa ghonakd be poted:

g the strip fr s were not ’giﬁﬁﬁﬁy

The welde were arvess of exiy

before ..%EE n

{2}

{2} An zecurate determination of the stress in the hiph siress aress was
nod possible doe bo the rapid change in its mepuitode.

ﬁ};y bigh tensile stresses.

{4) Rapid stress variation wak evidenced within individual strips by
theiy distortion alter sawing.

15} The straln measured o each strip was assuwmed to be the average
strain for that strip.

{6 COnly olsstle gtralny could be sneagured,



1t hae been noted” that fatigus failure is determined by three factors:
1at) the maxirmum strese in the stress cycls, Znd) the stress ratio or
range of stress in the stress dycle. snd Jrd) the sumber of spplications

of the styees cycle.

There have been various graphical methods devised by which these
Tactors may be related lnto 2 weelyl combinetion. Delove proceeding

zint the reader with

with the anglyvezis of the dats, it i deglrable {0 z2cg

the disgram that will be wsed o make this analyais. The et drect

m an elemental §-N dlagram {figure

approach is through lts derlvation fne
2%}, For discusslon purposes it is assurmed that the material in the
nens hag an uitirmete teneile strenpgth of B0, 000 pai. It ie doopoy-

sptely

tant to realize that all the specimens referrred 1o are of the same ms-

terial.

The curves in figpure 29 represent the fatigue propertics of the ma-
terial as determined by four groups of tests. Curve | represents resulis
that might be obtzined by subjecting the specimens to a zero to tension
stress oycle, The maximum stresses in the stress oycles would be rep-
regented by the ordinates of the curve. Thiz curve could be deseribed

ag the 5~ curve for zero to tension Ioading., Curves Z, 5. and 4 repre-

sent & tenslon to tension loading with sach one belng established by main-

taining a different minlmum stress and using verious magimuwn stresses

for the different speclmeons. As before, the ordinetes fnr the carve are

the maximum sfressas.

Ueing information from the B-N curves, o diagram ¢an be plotted

that will provide the minlmum and maxtmum tensile stresses to which




[y}

Phe roaterial moy e subjected any given nomber of thoes before fatlore.

A fatigus strength dagram of this nature for lallure at two million cycles,

for example. can bé obtained by plotiing the indormation from the 5-M

curves st polmts a, b, ¢, and & {figure 30). The best curve to {it this

to be a straight line .« It bs evident that the

type of plot bas bean fotmnd

line must pass through the uitimate strenpth of the material. Any point

o live ae Ban a8 s coordinates the miniraurs and maximurn stresses 1o

gpecimen could be subjected two million times belore a faligus
failure would be expectad. A praphical repressnistion of the allowable

stress range can be obtained by & vertical line between the two million

cycle line and the static strength line. For s

I stress corresponding to s minimam styess of 15 kel tension is

found at point f to be 38 ksl tension. The leagth of line fg repregents 23
ket which Is egual to the allowable stress range. The minimumn stress
ig at g snd the maximurm stress is at { as indicated. |

The preseniation of the fatigue information {Hgure 30] lends itoell

readily to a pictorial study of the fatigue strength of a specimen. This

of diagram will be ueed in discussing the fatigve results of the pre-
stressed steol Deams.

The right portion of figures 31 and 32 show the fatizue strength dia-

neg beam and the Des Molnes beam, respectively.

grams for the &

Twe materiale were involved in this investigetion, namely T-1 and 434

gteel. Dueé 1o the limited fatigue data available dnly two poliite on & two

million eyele failure line could be established for sach steel. These two

points were the Iatigue strength for sevo to tension loading and
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the static oltirmate strengths of the materiales (table L}, Consecting the

hndwn points with 4 straight line provided suitable information for

the left in each figure is 3 stress=load dinpram. The

vite 1 and Z lox

thenreticgl siresaeg 5t the renfey-

used in the state of stress stady. T

line of the span for the bottorn Oenge and the bottorn cover plate are also

B

The use of these cormbinsd disgrams {figures 31, 32] will be fllustrated

by congidering the results shown for DEBPL-22. This strip wes chserved
to have an gverage residual tensile stress of B3, 000 pei while it was in
the beaom (Hgure 28],

to the mintmurn load of 26, 800 Ibhe

Buperimposing the stresses due

and the maximurm load of 50,000 Ibe per lack., results in stresses as

bown sf pointe & sad b, respectively. When thess minimum and maximum

repeated stresses are projected horlzontally to the fatigue streagth dla-

prace {a' and b, it is dncdicated that the stress ranpge ts critical for

fgilure in less than two million cycles [figures 31, 32 table V). It is

interesting to note that the A36 steel in the bottom flangs of either be
was not stressed in a critical range for fallure af two million cycles.
For this reaxson it is logiecsl to assurne thgt both failures started in
gither the welds or the bottom T-1 stesl cover plates,

The reason the fatigue fallures cocurred in the beams bedomes pp-

parent from the sbove discussion sven when it is realised that the stress



Hable V., Critlcal strezees for the Loes bearm and the Dee Moines heam.

Two million
cycle failure
expecied

Hesidusl

tengile

Gage des«  siress in atm&s - In stress
ignation Flemi} cvele (ksi} ﬁys:}.& {kﬁi}

ABP1- ;3,;* 14. 1 107.2 yes
; : T8.7 92,9 L

%2.0 7.9 T
212.4 4%, % 2]

B3.2 115.7 yes

o £ I06.2 120.4 fEn
ﬁ@§‘i wgé F.d 6.5 5 0x )
2=-21 2.7 40. 6 0

This strip s comparable in location and stresses to the actual fatigue
fractarse.

riange appliod was anly 50 percent of the predicted rangs for as-received

T-1 plates i&g%w 5}, There were hégh tenpile stresses in the vicinity of

ﬁﬁiﬁ;ﬁri_ rination of the stute of stress theoreticully provides culy the average

stress across any section. Buch information iz inadeqguate whers futigue

fallures are of concern. It is the highest stress présant ot any section,

combined with the repeated range of stress at the same location, which

determines whether or pot that section will fail in fatigue.

As 5 result of this m’%ahﬁ%ﬁwx& several areas for possible fature

study are as follows:

. W??#ﬁféf%&%ﬁﬁé sawx Bearms 1o
br fatigue strengih.



{3} Study the fatigue strength of fillet welds connecting the new high
sfrength steels.

The method sped to make this investigation proved to be very satis-

factory. The minor difficulties that srose were mostly dae to the size of

very fruitiul. Ao adegiete number of gage lines were wsed eitvept lu the
high stress areas. An lmprovement would be o take narrower strips,

bt wxtrerne care would be mecessary while sawing.

1. The flexural fatigue strength of o presiressed siedl Beao can

Be com

puted. The fatigue strength depends largely on the maximum
residoal stress in the tension cover plate.
Z. The stress conditions werye such that fetigue failure might have

ecourred in the outside edges of the bottom cover plate at eny location

within the middle ope-third of the span.

pekor inothe sefosl los

3, A stress concentration was the declding &

cation of each fatigue fracture. In the Asrves beawn the fallure apparently
began at 2 seciion where there was an abrupt change in the area of the
fillet weld. The {fallure crack in the Das Molnes beam slaried in g

veeng studisd bere does not

4. Although the small number of specin

make it conclusive, it appeare that prestressing did improve the fatigue

gmﬁmmm;@ of the A3E beam &y poducing the weld stresses In the Bottam
flange of the baam.

5 Each of the beams sustained over two million repetitions of load
eguivalent t6 84 percent of an H-15 tve load plug impact. This wag con-

gidered to be an acceptable registance o fatipus fnllure.
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Fig. &. Armsler viri- Fig. 7. Elevaron of
gble speed pulsatar. Das Modnss beam (side 1) dorleg
abizoe beit,

I e e i

Fig. E. Elevatlon of Des Moines beaas (glde 1) after fatigne fail-
LETE =

Fig. 9, Fatigue Fig. 0. atigue
frocture in De: Moines baam fractare in Des Moines bedm
(side 1} [side 2}
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