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ABSTRACT

In this‘study, an investigatiun'has been made of the staﬁic
and fatigue properties of@l/Qein,'270 ksi 7-wire prestressing strand,
The specific propertiés investigated‘Were the stress-strain relationship
up to,ultimate load,-fétigué life under lébdratdry conditions, énd the

effect of low temperature on the fatigue life.

- Samples of strand from five different manufacturers wete used
to establish the stress-strain relationships. The results indicate -

'wthét'allmsamples‘meet the minimum requirements specified in ASTM A416-64.

'Theiidqrelationéhips were developed for strand from three °

o

...of the manufacturers. 1In each case, two different minimum stress

e LINCTE

”leVE1S'(4O%‘and 60% of the'minimum-SPECifiéd ultimate ;;rength) were :5% ‘

used.,

A statistical analysiS'was made of the déta,Aand equations

are developed which express the fatigue life as a function of the

minimum and maximum stress levels. The re§ulting-S—N relatipnshipS' L
are compafed‘with those developed in earlier work for 7/16-in. 250 ksi'}v

- 7-wire strand. N o | o

“ture (0°F) on the fatigue life of the 1/2-in. 270 ksi strand. Samples

. Finally, a pilot study was made of the effect of low tempera-

- from all five manufacturers were incl@d?é;iﬂ@?ﬁiﬁ%?ﬁ?PMQiwﬁheMinV§$tiiw

<

gation. The specimens tested at low temperature were compared with-a




I
s ¢

group tested at normal laboratory temperature. One stress rénge

.

: § _ ] | . - . 1
(0556 fs-ms O,SQ,fS S) was used in all tests, The.resqlts indi-

=M

cate that this decrease in temperature apparently has little effect

on:the'fatigué 1ife of the strand.
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1. INTRODUCTTION

—

1.1 BACKGROUND

R In 1949, a new era in constrﬁction was begun‘with the start

of the erectibn‘of the Walnut Lane Bridge in Philadelphia. Completed

in 1951, it was the;first méjor prestressed.éoncrete structure to be ’

Pereétedﬂih the United States., Since that time,iP;estreésed concrete
‘has moved forwgrd and taken its place as é méjor construction method.

Its-importance is emphasized by the results of a U.S., Bureau of Public

Roads survey for the years 1957-60, which showed that 2052 prestressed

)

concrete bridges has been authorized for construction. In the years
1 | since then, prestressed concrete has gained significant importance in

other construction areas such as buildings, towers and foundations.

. The initial fabrication methods were adopted, in most cases,

from European practice where prestressed concrete has been used ex-

Aoy,

tensively since the 1930's. 1In the years since 1949, however, con-

- struction procedures and methods have been- geared to“American manu-

@)

-~ facturing and labor conditions, and~as~a~resu1t,1most.prestressed  ‘ f;?f§¥¥“5

}

coancrete flexural members in the United States are now manufactured

by the pre-tens 10 nin_ g ‘method ut:_ »]_:i_z:i ng 7-wire strands , ,(.Fi g. 1) ,-as . ﬁ _N R

\‘.

[~~~ ~compared-to the individual wire elements more commonly used in

Europe, - o o - | o 5' 3‘ ﬂ“,5_'« ;

‘With each new improvement ih material or technique, there

follows the necessity for research to inslre that the product meets

. F
Bt
’ -y
- - N X » .
. . v :
. "
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\

the standards established for safe, useable, and economical 1ife span

a0
¥

of the structure.

l/_h 7w

1.2 PREVIOUS RESEARCH

In the literature investigated, a common comment_ﬁéde by the

authors is that research in prestressed concrete has lagged behind

- actual usage. In many cases, what was termed research was generaIly

nothing more than user acceptance tests designed to indicate that a
particular member was safe under the design ‘loading which was simu-
1ated by the test conditions. In recent years this trend has changed

'S .

and actual test programs have been organized to obtain the relevant

properties, first, of the basic components, and.then, of the manu-

¥

factured members.

In Europe, as previously mentioned, individual wires of

various diameters are commOnly used as the primaryAprestressing ele-

'rf'the manufacturers ‘are prOdUClng hew strands of hlgher strength and -

“ments, and as“a“résult “their propertles are tabulated in most manuals“”’”“

on the subject,' Therefore, the use of the 7-wire.strand_in the_United,,a"

States has required a cempletely new series of tests to establish

Structural behavior-characteristics: To further compllca%e matters

AT

planned and conductedo As a result, the latest static test results

1arger dlameter at a faster rate than comprehen51ve tests can be

for 7-w1re ‘strand were reported by Lln @) Flsher and Vlest( ) for

3/8-in. 250 ksi strand Warner and Hulsbos( ) for 7/16-in. 250 ksi
N

strand, Hanson( 2) and Brecht( 3) for 7/16-in; 270 ksi strand, and




~ gripping devices due to stress concentration. Since the results of

 cifed,the1atteris probably the case. Fisher and Vies

the strand tests were of secondary emphasis in the investigations

requirements are: (1) a nﬁnimum\df 3.5% elongation must be developed

&
‘e

Badaliance and VanHorn( “) for 1/2-in. 270 ksi strand. 1In the tests
reported, no indication was explicitly given as to the mode 6f’3trand

failurey; that is, whether the test results represented a true ultimate

failure within the gage length, or the more common.failure in the

. (6)

the difference between the stress-strain relationship for the 7-wire

S

strand as compared with an individual wire element, while Warner and
Hulsbos,(l)'and Badaliance and VagHorn(zq) indicated the difference®
between the stress-strain relationship of one of the individual wires

of a /i-wire strand to that of the 7¥wire strand itself.

P . . e

The minimum requirements for the conventional 1/2-in. 7-wire

(17)

prestressing strand are set- forth in ASTM A416-64. The principal:

et e

{

~ factured and tested within the provisions-of this Standard, except

- in a 24-in. gage length, and »(2)’85%Ofgthg“nﬁnimMnISPeCified ultimate

-mthat-the~specified"minimunfultimatestrength,i3~2701ksi,»and'the-w

7

1oadﬁ%uSt be reached at 1% elongation., The 270‘ksi strand is manu-

cross-sectional areas are slightly larger than the conventional nomi-

.- nal sizes,

‘beams was reviewed and summarized by Nordby(S).in 1958. It would be

The research conducted on the fatigue behavior of concrete

duplication to review most of the literature covered prior to this

%

R ot ke e S et —tamr i — .




dateshbut,it is worthwhile to quote the summary of the results of pre-

‘vious research involving prestressed concrete structural elements:

‘Summary of Prestressed Concrete Results

Again, these statements should not be regarded
as definite conclusions.

1. In none of the tests did concrete fail by
fatigue. The current working stresses seem to.
give adequate protection in this regard.

2. Fatigue failure of stressing wires or

"‘4;;4;;;w; ~ tested,

strands was the cause of all failures reported.
These failures seemed to be related to the ex-
tent and severity of the cracks.

3. Bond failures were rare and were found
only under unusual circumstances, i.e., short
beams, short shear span.

4, The ultimate strength of prestressed beams f“n;;5 t-

for static 1 loads was unaffected by repetitive

loading if t they did not fail by fatigue. o
5. Safety factors seemed to be approximately

2 against fatigue failure for most of the beams

6. Prestressed beams seemed superlor to con-
ventional beams for resisting fatigue loading.
In fact, in a recent paper, Ekberg and Walther
analytically verified this by relating the modi-
fied Goodman diagram of both the concrete and
. prestressing steel to the theoretlcal stresses

A *“" "1[1 ‘both- types of beam—; o

i I o

7. Further research is needed on bond fallure
and the action around cracks, Little progress
can be made in this direction until these phe- L
nomena are understood for static loads, Efforts =
should be made toward establishing modified
. Goodman diagrams for both high strength con-

- crete and steel as an aid to the analysis. of _

prestressed_beems subjected to fatigue loading.

i look for in their experiments. More research is

Most of the research up to this time has been
exploratory and investigators now know what to

needed in every phase of fatigue of concrete and
future investigations should be well organized
to isolate a particular variable. Research on

Conclusions : S A WV




the fundamental properties of concrete fatigue
to descrlbe the mechanism of fatigue failures
may be particularly fruitful. An understand-
ing of this mechanism would make previous tests
more valuable as well as improving those made
in the future.
More research is needed to 1nvest1gate the
~ effect of m01stu1e aggregates, aggregate bond,
curlng,_rest perlods mlcrocracks_in the paste,
different environments ot corrosive agents,
specimen size, range of stress, combined loading,
freezing and thawing, air entrainment, admixtures,
- temperature cycles, moisture cycles, accumulative
fatigue damage, and previous stress histories on
fatigue of both plain and reinforced concrete.
In reinforced concrete efforts must be toward
understanding the mechanism of bond and the mech-
anism of failure around tension cracks. A solu-
tion to this problem may be found in the newer
x-ray methods pioneered by Evans., Other work
must relate the _results of fundamental properties
to reinforced concrete structures,
The potential economic return for evaluation of
these _problems is almost fantastic. The saving

in highway construction alone would be enormous
if the life 6f concrete pavements could be pro-

o But greater funding for fundamental research
= willbe necessary from both state and federal
governments as well as industry to accomplish

f;chf - longed 10 years by an uﬁderstanding of fatigue, MW;@;;;;ef;x}i~7r'“

“the task, Industry especially must modify 1ts'

viewpoint to consider such investigations as
long-time investment which will pay dividends
in increased use of concrete over the years,

It is intereeting to note that in all of the literature

. *;*c'it'ed’“”t o "thaft“““dataf‘;“'”nb""mé'nt'ib“ﬁ'ﬁ‘“"W‘a s made on the ‘fé‘ti“‘g’ﬁe ”pffdpé‘ffti es of

p

conducted in Europe are hot of much value, since the properties'of

individual'straight wires are considerably different from those of

(7) (8)

/-wire strand, as indicated by Preston and Lin.

R

',rthe<1nd1v1dual strands The fatlgue studles on the 1nd1v1dua1 W1res




‘conclusions vere reflected in the trends in research which followed

its publication,

were used for one curve, and the results from six specimens with a

minimum sfress of 65,2% were used for the other. The number of test

nnfihéiaVéiénifiééﬁéfgbnclusion,‘but‘this study represented the important . -

not extensive enough to give Endurance Limits, but it 'did indicate - — - . |

- that under reasonable working loads, mearly 1,000,000 stress cycles |

The material covered in the above review, and the resulting

In 1956, Nuwaysir(a) conducted a pilot study to detérmine,
among other things, the best method for gripping prestressing strand.

Using the results of seven tests incorporating 7/16-in., /-wire strand,

all havihg_a minimum stress of 55.6% of static ultimate%strength; but
with different maximum_stresses, an S-N curve was plotted, This pilbt
study Was ;hen used by Lane and'Ekberg(3) td conduct a more extensive
Stﬁdy bf creep. In this study9 thirtgén specimenS'weretested,and
two S5-N curves were plotted for the 7/16-1in, 7-ﬁire strandjusede

/

Test results from seven specimens having a minimum stress of 54.5%

frrnegA

specimens used tbvdeGélop these three curves did not permit the draw-

first step upon which later research could be built. This study was

A'thefproblem~of scatter was mentioned, although not in detail due to

the lack of information.

The next significaqtreséarchNWaSvthat of the AASHO Road .

Test as reported by Fisher and Viest;(6) - In this test series) 18 speci-




mens of 3/8-in, 7-wire strand were tested, along with individual

| . ' ’ . . I. Q" ' .
wires and normal reinforcing material. Although the number of samples o

e

wass small, the test series was devised so as to bring out the maximum

effect, This was achieved by using a 2 x 2 factorial arrangement in-

volving two minimum stress levels and four maximum stress levels,

From this data, two graphs were plotted using the mean of three values

for each of the six points, Two straight lines were then drawn be- g

tween each set of three mean values and the following mathemat{iq o

model was obtained for.the range of stresses covered by the 1

log N

9.354 - 0.0423 S_ - 0,0102 S .
r min

where ‘ ,," N = number of cycles to failure ;1' _ _ 7 .;‘

Sy = range of stress, (S, ~Spin)-

S maximum stress T R RN

S

. minimum stress
min ¥

. v

0 0 S

‘A statisitcal analysis was made to obtain the standard Error of Esti-

- mate and Coefficient of Correlation. The effect of Smin was sigﬁifi-f

cant at the 10% level, but not at the 5% level, of the goodness-of-

_” ",‘f it h tes t 9 o It . Was’ (S, ta ted R j:n’ . the ’ “Sumary that U jt he Str eSS - ra nge z Wa S"' -~

“ﬁgjftlf,c1earlyﬂthe;mqst,importantwindependent;variable,,wwf;@mmwwﬁfw”.m uf.ww‘ﬁww»4wéa:»;f

~ Closely following Fisher's work was a tést_program reported

¢5)

by Warner and Hulsbos in which 122 specimens were tested;' Of the

total, 69 were tested in a constant-cycle fatigue test series, while
, | |

the remainder were part of a cumulative damage fatigue test. The

spegim@ns incorporated 7/164in° 250 ksi /-wire strand, and ﬁere'sub-

e




v Y

/:.v.,,
3

- -10-

v 7

J

jected to either .of two minimum stress levels, 40% or 60% of static

: | ‘ ' T ~\,\ _ .
ultimate strength obtained by testing, and several maximum stress

ranges, ‘The tests were grouped so as to have at least six repeti-

tions of the same test in each of seven groups. To simulate infi-

nite testing, four specimens were tested at stress levels low enough =

to insure no failure at less than three million cycles, One of the .

seven groups, having 20 specimens to enable a goodness-of-fit to be

| made,lyiélded a v%}ue well within the 5% significance'le,vel° The

teést results obtained indicated that only a statistical approach would

provide answers with some degree of meaning,

Warner usedAthé fatigﬁe stuéies made by Freudenthal,(lg)'
Muller=Stock$(20) Weibulis(ZI) and Grover, et 51,(25)'55 the Bésis
for his statistical approach. These studies indicate that the log-
normal relétig§§hip is_éenerally indicative of the statistic pro-

perty of fatigue studies., Considering the small number of test speci-

mens and the inherent scatter that was obs erved in fatigue studies, — = =

the log-normal distribﬁtion was considered suitable and -adequate,

M~A~second“goodneSSwofafit“testmwasmdonducted“on“allwoffthe '

constant cycle test results by reducing all of the data for the

different stress ranges to _a common parameter Z, given by the

expression: - ' [ o ”“*

log N - 10§;N§3 
- D

>
il

| L D , —
where —= % (log N - log N)°
n-1 1 |

ql/2




D .

-11-

and ” log N = log Qfﬂmmmber’of cycles N to failure

log N

il

mean of log N

A o D = standard deviation_of log N

‘ VMH'¥MnﬁﬁBéf@df-épéciﬁéns in group ” a
The parameter Z reduces the varidus-groups,to'oneAwith a mean of
- zero and a standard deviation of unity. Using these results, a :
| histogramﬁwas'plotted and compared to a normal frequency distribu- =
tion curve. e
The normal S-N cutrves were also plotted and Endurance  ’fi' '
Limits were estimated to be 55% and 71% for the two minimum stress o %
. levels of 40%wand,60%,respectively. The Endurance Limit was assumed

| The stress range R was then defined as follows:

" to be a linear variation betweenfthese,two levels, as expressed by

"the equation:

8. =0.8S ., +23
L min ‘

T S

"R =S5 - S

max ) L o '-‘.'7"' § T " LTI :‘":;*.,::.'_'.::_-1'-::.‘~ ——:_ _ _4, | -.l n«». m,:;,__—;xi,—_, e Feiete e e

—where=-

Endurance Limit as a percent of-

v
I

~static ultimate strength

minimum stress as a percent of
static ultimate strength

i

1
7, T .
P

min

max- -

Y D g R e T T e e g 5

‘static ultimate strength

The values of R Wére then plotted with log N and an equa-

. <

tion was obtained by a least squares method as follows:

_ 1.4332
-~ R

log N + 5.5212 + 0.0486 R

L T it o o o e . . . e e e s et i e e et s




t | ‘ - -12-

Similarly, a least squares fit was also used to obtain an

',équatiqn for the results of a plot of R versus Dg'and‘wasugiven

as;

© D =0.2196 - 0.0103 R.

 ~A_1ﬂ-»l9653HilmeS and Ekbefg(2> published a report in which

56 specimens of 7/16-in, 250 ksi, 7-wire strand w:ereltested° All
specimens had a minimum stress level of 50% of static ultimate strength

obtained by testing. Various maximum stress levels were used, —_—

In this study,Aaimdre refined statistical approach was taken,_,mm;ﬁ

'i"in the preparation of the program. A probit testfwas based on 5 groups

 specimens in variable group sizes. The normal goodness-of-fit test

as a basis to determine the percentage of tests that would survive ~

at each level, the values of percent pasSing‘at each level and maxi-

of specimens. The result indicated the requirement of at least 50

was conducted to test the reliability,of the results obtained.

" An assumed Enduranée.Limit of 2,000,000 cycles was used” .

“to the ASTH recommendations. *®) The results were plotted, and a

~w1eastwsquares:fitWwaS“used“tbmobtaiﬁ“afSample“Stahdard”deviatibﬁf”w

mum-stresses-were-transformed-to-develop-a-response-curve-according——

?

Using the results to obtain values of percent survival, along with

- double logarithmic scale, Stress range Sr was used as the ordinate,

instead of maximum stress, and was defined by;

S

tabulatédwvéiﬁééifiaﬁ;ﬁéf;;zsyms-Ngenvélgpéggweréwplottedfon T




s =60 - 1155 )

B ‘effect of temperature on the static or fatigue properties of the

»\M/

S oy = Maximum stress as—a percent
. of static ultimate strength

minimum stress as a percent
of static ultimate strength.

S o
min

'll

 The results obtained indicated curves formed By“two straight lines

with bfeaks at 400,000 cycles. The equations'of,thecurvesobtained

were as follows: - | - f

Nf00320<

N < 400,000

IA

r 10

(115.5 - 0.78 S_, )N;0é1154 N > 400,000.

e

B

The equations obtained included data fromfwarnér{and Hulsbos(l) and

therefore, have the limitations 40% < S .

< 60%. ‘The test data
min "~ .

agreed to within 5% of the values given by the equations. o _N\vﬁ

J

In the literature reviewed, no mention was made of the

/-wire prestressing strand. As a result, only a general metallur-

v;5gica1‘fatigue”concept‘Will“be réviewed;” In“genera15*the'strength*fww~—

of steél increases as thé.temperature’changes'from a high of SOOOF

p— N, |

 ad indicated by AISC'

'givén~5y Parker,

) and Timoshenko

(12)

: Strength is greatly reduéed, as reflected by the change in failure

shear to cleavage failure.

Beyond this range of temperatures, ultimate

e e g

{,S - » | 0 .., | ] ‘.
mode., Parker states that below -250 F there is a transition from |

-

(14)

states that the fatigue strength is
- é

increased as the témpérature is reduced within approximately th

‘Similarly, Forrest

same bounds, ”This concept is generally difficult to envision, since .

down to a low of -250°F |




=14

the tendency is to associate brittle fracture with fatigue failure,

‘Finaf%yé.to emphasize that this is not the case, it is appropriate

to.quoteﬂJastrzebski:( 3) . | S

-

"There is no relation between increasing
| L brittleness of steel at low temperatures RN Lo R |
oo 8nd the fatigue stremgth. - o oo -

,"4"'.‘ .

ez T I

'''''
.
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2, OBJECT AND SCOPE

9.1 OBJECT

- In general, the object of this research was to- deﬁte_r.mi-ne@-thew~

static and fatigue properties of 1/2-in, 270 ksi, 7-wire prestressing
strand, The sPecific' areas investigated are as follows:

1) The stress-strain relationships of prestressing strand -
up to ultimate load and ‘elongation.

2) The fatigue life of thel»prestréésiﬂrig: ‘strand under labora-

tory conditions.

., 0 | o o
ture of the test specimens to OF. oo

4) Comparison of the results obtained in 2) above with

results obtained by Warner and HulSEos, (1) and Hilmes and Ekbergo(z.). o

2,2 SCOPE | S

___The test series consisted of 16 accepted static test results

“and 178 fatigue test specimens. The tests were conducted on samples

~ . of prestressing strand obtained from five manufacturers of prestressing

strand in the United ,States'; The manufacturers are listed alphabeti-
‘cally in Table 1, and the order has no correlation to the designations *
A, B, C, D, and E, used in the tables and figures. As a result, the

manufacturer is not directly identified, as the intent of the investi-

gation was to obtain results generally applicable to 1/2-in. 270 ksi,

o~

-15-
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/-wire prestressm.ng strand produced in the Um.ted States within the

' .ASTM desrgnatlon A416 64-

| The__;stat:i.c te StéwiWere conducted on samples obtained from . . S

| aill' five Q_f the manufa?cturers Il'isi:eda of these five groups of sampies',ﬁ"»

r——at—

four gruuPs represented samples taken from one roll of strand from

-each of the manufacturerso 'l‘he flfth group of samples was taken from

- two separate rolls, manufactured two years apart

!,

- 0f the fatigue specz.mens tested 140 comprised the main testt

. serles that is, those tested at the laboratory temperature (70 F)

The specimens for this series were d1V1ded into three approx1mate1y

—equal groups representlng the prestre551ng strand manufactured by

*flrms A B and C Each group of specimens was fabricated from an

individual roll of prestressing strand, R

The remaining 38 fatigue specimens were used to investigate
~ the effect of low temperature on the fatigue properties of prestress-

ing strand. This series was divided into five groups, which in turn

Were-separdted into two equal groups, one group being tested at.labora-

tory ‘tempferature‘ _’_(7’0,017)_& and the other at 0°F. The five groups repre-
| | .
~sented one roll from each of the five manufacturers.




e 3, TEST"SPECIMENS‘AND_/’J

TESTING PROCEDTURES

By
W

3.1 SIATIC TESTS

The’prestressingstrandspécimens ust'for thg static tests
were take@ from différent 16éétions_along the 1ength of theisampiesA
;W;gb?ained from tha pfe#iouSIy meﬁtioned manufacturers, ‘Eaéhyspecimen
was examined to insure that-tﬁere were no obvious faﬁlts such as nicks

or weldments within the gage length,
A requirement of the static test procedure was the develop-
‘ment of the ultimate load, defined as the failure load occurring when

- the strand failed in the gage length. The most common method of test-

ing prestressing strand was simply to use a commercial type of grip
positioned tightly against a steel plate., In most cases, the teeth

of the gripwould cut into the strand, and the resulting stress con-

“CenﬁrationswaroundwthewindentationsmWould;causewpremature*failure?m_I

As a result, the ultimate load obtained in this manner would not re-

~ flect the full strength of the strand.

There have been various methods devised over the years to

overcome this problem, and each one has its merits depending on the

are briefly: (1) dﬁlliﬁg the teeth of the strand grips, (2) coatinguh
~ the strand in the gripping region with'molten tin, and (3) use of a

molten zinc grout to secure the strand in a cast iron end-fitting.

-17-




_wThe,method,finally adoptédfwas,a-ﬁbdifiéation of the one

£

o
A

used at Bethlehem Steel's Homer Research Center, In this method,

the load is transferred by friction, from the strand through copper

bars,tarfﬁeﬁéstiﬁgﬁachihe‘head,moﬁé; ;télativélylarge area,vand E -
Wtherefofé;”ﬁinimizing theeﬁfgct ofstresslcongentrationg'The friction )
.fbrce*wasachieved’by a latéral'fo;cé'ih“ﬁhe machine'héads, ‘,:«7't1".i.c!c1.s prior
-‘toitesting, squeezed the copper bars aroun&“tﬁe‘préé’tféssingstrando
Thié featufe oflaterallysqueezing aggpeéimeﬁ“in:the grips
is not available with the machines innFritz Eﬁgineeriﬁg Labdrétdry,
%‘, _ but the Same effect was aghieyed.by placing a‘steellblockacrossAthet,
| exterior ends of the V grips (Fig. 3)- »The étrénﬂvise wés then
i'poSitionéd“fightly against the steel BlockQ«'As the load was applied,
the pressure exerted by the strandvise on the steél plate, and there-
fore to the machine grips, forced thé machine grips to squeeze'the
copper bars as desired. In seversl tests, calibrated dynamometers
were placed between the strandvise and the steel plates to determi\{lj" o
the éffectiveness of the copper bafs (Fig. 4). The gripéing ability~
| ) " of the copper bars was improved byﬁwinding fipe (00025-in;) steel ‘
oo . Wire around tﬁe strand before placing the copperbars;wxmwrﬁﬁmmm¢ww%m I
Considerable difficulty is usually encountered in trying
| | tb'obtain strain rgédings when tésting prestréssing stfahd° The o
f normal commercial extenSometers are difficult to use because the
| | strand is vefy hard, thereﬁy preventing éfficient‘gripping° More
: important, however, is the problem of the strand twisting as the




[

load is increased, -The strain indicators are disturbed as the strand

twists, giving inaccurate strain readings.

+ This problem had been overcome in previous research at

,;”j'VFritzAEngineering Laboratory by using an extensometer as shown in

 Figs. 5 and 6, The two brackets are placed 24 inches apart to pro-

vide the gage length required by ASTM Standard A416-64, To prevent v

abrasion from occurring when the steel clamps were tightened, plastic
tubing was placed around the prestressidg strand in the vicinity of

the clamps., The strand elongation was measured by placing Ameé'dials

“(lease count = 0.001 in.) on each end of the top bracket, and connect-

ing them to the bottom bracket by paino wire. Readings of'elohgation“““**”““‘*”‘

were also obtained by afixing a horizontal cross-bar to two vertical

~straps attached to the top bracket. The horizontal cross-bar was

bottom bracket (Fig. 5).

silhouetted against a vertical strip-scale which was attached to the ."?

Initial readings were taken on both the Ames dials and the

strip-scale. ‘Thens only Ames dial readings were taken at close inter-

-~ vals, until the stress-strain relationship was well out on the rela-

age at strand failure. The strip-scale and cross-bar readings of

tively level plateau. At “tl‘ii’s‘-”pbiﬁt‘, ‘readings were again taken on -

‘the strip-scales. The Ames dials were then removed to prevent dam-

0.01l-in., elongation over a 24-in. gage length were continued up to

failure. This was possible since the actual readings were taken by

using the telescope from a transit mounted at a safe distance from

the test,

T e T T e T T T T I
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3.2 FATIGE TESTS

N For this\ieétseries, the pféstréssing Strand samp les were
cut ffbm the rolisin qﬁantities as reqdifédforthefabricétionof
the specimens. }ggchportionof strand that would be located in or
- L A > ‘ | |
n@arlthe gagé Eéﬁgth'was iﬁspected for nicks of weldments.

An attemptwasAmade‘to obtéin a_gagé 1ength of 24-in, for

thé fatigug specimens, but Without succéssoSeVeralarfangements were

attempted, including those used in the static tests, However, the pre-

stressing strand always failed in the grips at a number of cycles much

less than was indicated in the previous investigations.

The methbd'finally employed was identical to the one formerly

\

,;used here at Fritz Engineering Laboratory (Fig. 9). (The”method con-

 sisted of cementegrout-encased prestressing strand, supported by

steel clamps for attachment to the testing frame set-up (Figso-lo and

,11)0 Initially, the strand ‘was pre-tensioned to 70% of the minimum
specified ultimate load, Next,'the,steel clamps were aligned on the

specimen using plastic tubing placed around the strand in the vicinity

of the clamp end pieces° The.SPacing block was then placed in between
each set of clamps, afﬁer,whichthe strandvises were pressed against
both ends. The presﬁressing load waé then released and the excess
strand was trimmed off. The space in'betwegn the steei clamps was
then filled with a cement grout having a sand, cement, water ratio

of 1.00:0.80:0.33. After thelgiout had cured, the transverse tension

bolts were tightened to insure that a compressive force existed on

the grout., Then, the specimen was ready for testing.

\
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The prestressing strand was pre-tensioned to insure that a

high percentage of the téstihg'load‘%as carried by'the-StrandviSes‘

A‘bearing'on'the"end'platésbf"the clamps. The remainder of the test-

placed on the test set-up and loads applied. in most éases, the.igad |

~ing load was then transferred to the steel clamps by bond between
‘the strand and’the'concrete.< The initial twisting that occurs when
a strand is subjected to loading was also eliminated, This secondary

result would then improve the contact conditions between the strand

and grout, resulting in a lower loss of load. The amount of prestréSs

force remaining in the gage length was determined when the specimen was

required to remove the spacer block was between 50% and 60% of the
minimum specified ultimate, and inspection of the specimen revealed
that the 1ength of bond lost afterAtesting'was generally less than

2 inches at the end of the gage"1ength.- The principal test set-up

consisted of a cantilever arrangement (Fig. 10) activated by an

Amsler pulsator. The one end of the specimen was connected to a

fixed base while the other end was attached to the cantilever, The

position of the specimen in the cantilever arrangement resulted in ;"».

testing loads 1,33 times the pulsator dial readings. _ o
| | %) | | | | B |
‘When the initial set-up was made, several specimens had B

SR-4 gages mounted to permit dynamic strain readings to be taken,

A comparisonﬁof"strainSPWith“those‘of‘statiC”tests‘indicatedthat D

the inertia effects were negligible.




~ing strand under test conditiéﬁélcaiibrated‘thermoecouplégiwere

' to’obtain accurate temperature readings under.

temperature of the test conditions to OQF as. indicated in Figs. 10 and

 11. This was achieved by bubbling nitrogen gas through liquid nitro-

R e B R T o == ——

2.

. -~

vﬂefw~mwTo 0btainwan5indication%ofmtheétemperaturé of the prestreSSé;

 attached to the strand using elastic insulation tape. The four

thermo-couples were manufactured to give linear calibration curves,

with sensitivity of_200'microeinches=peréinch per'degreeFahrenheit,

in the range of,temperatdres of interest., As a‘result, it was possible

With the temperature control, it was possible to lower the

— B L St

T

| gene The valve on the nitrogen gas cylindér was regulated until the

desired temperature was maintained.

The'size of the thermoncouples‘pefmitted a feasOhable’contact
between the edges of two exterior wire elements., However, it was
impossible to get an {ndication.of the‘temperature of the interior
surfaces, The insulation tape also helped provide results with a_

reasonable degreewof quality.

B __‘_,__,__The,_m_actual..__,p,r_oc_ed_une_;fgr,v:_te.s_ting;a..;:S_p.e;cimen.-.-_ca.m,no:i_b.&;_;;';'*“  S

explained. After the grout had cured, and the transverse temsion .

"bolts tightened, the specimen was placed in the test set-up (Fig, 10).

- A gradually increasing static load was applied until the spacer block

could be removed. The static load was then adjusted until only
slightly 1arger than the desired minimum load. The dynamic load

was then gradually applied until the maximum load value was obtained,

test conditions.




-23-

o and then mrnor adgustments were made to both the minimum and maxrmum |

;loads until the requlred load 1evels were obtained | The Amsler

| Wtween.mtnimum.and max1muntload at 250 cycles per mlnute@ This

»¥vafter Wthh the specrmen was broken apart, 1f necessary, to permlt

| -an rnspectron of the farlure modeo

»-»and at the same tlme to allow~coordination'of~the work with other 'ff g £gt~-f“m”*

'research being conducted at Fritz Engineering Laboratory, it was

)“1a commkdcial alternating stress machine. In this set-up the specimen |

'”pulsator operates on a pOSltlve and negatlve hydraultc pressure

necessary to use another test set-up, The second test set-up was

. overall testing program, including both test set-ups, three differ-

ent pulsators were, used at different times, | \ .~ o | | *

systenrwhrch means that the'applied load varied'sinusoidally be{

loadlng‘was contlnually applled‘untll strand failure occurred
y %4

In order to complete the test program in a reasonable time,

was attached to the base of the machine and to the moveable head,

The moveable head was then activated by an Amsler pulsator. In the -

[

T e

- The lnltlal part of the test program was carried out 1”‘ ;erifggiin_. 

| three groups of srx each group representlng one of the manufacturers

=1964 as a pilot study'when.18 specrnenS'were tested between the 1oad

ranges of 0. 56 f“ s and 0.80 f' ms° " The specimens were divided intonu'

A B or C Each group of six had three specrmens tested at 1abora- N m:oﬂ

FEETE

tory temperature (70 F) and three at a 1ow tem‘_perature(OQF")°

The main part of the test program was continued in 1965,

4 -
Ly

with the testing beind conducted group-by-group. The specimens




and the second set at a Llow temperature of 0° F.
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from grou§ C were teSted first followed by those from group B, and

.finlshing Wlth the Spec1mens from group A TheUSPeelmens in eech‘

group werejrandomly_errengedfas‘far as the order of testing,was con-

cerned The spec1mens in thlS group had a mlnlmmm of either 40% or

"’60% of the mlnlmum specmfled ultlmate strength

The test program was completed‘WLth the testlng of the last ¥‘-'?¥ ”$ 7;iﬁ

20 speCLmens ‘between 1oad ranges of 0.56 £!__ and O,BO-f“'ﬁso' The -

series con31sted of six spe01mens from group B, used as a comparlson
. \ # .

a'w1th the pllot study, Wlth three spec1mens tested at laboratory tempera-

" ture and three.at'low temperature (O F)° 'The next group represented

manufacturer D with six specimens, again with three at each of the two

test chditions of 70°F and'OoF° The final group repfesented manu-
- facturer E with elght specimens d1V1ded into two sets of four each.

.e The flrst set was tested at laboratory temperature COndltlonS (70 F)




4.1 STATIC TESTS = -

The final results obtained from'the etaticvtests, based on
the actual croes-sectiondarea in»each case, ate ginenin Table 2,
and‘FigSO\Z‘to 8. The resuits were obtalned from 16 accepted teste-
as previously indicated. A test was cons:.dered accepytable "1f the
failure”QCCurtedin'the gage length (Fig. 6), as“compatedto failure
in the grinping devicee° As.a'resultsrthere were aevetal'test speci~- <
‘mens fromeachmanufacturerws-eample,‘which'did not meet‘the above
requlremenc.g However, they WGIE‘Wlthln the ASTM(17) requltement
sm

w1th P | greater than P, f ‘greater than 0,85 £ oms. at 1% elonga-

tion, and a total elongatlon greater than 3 5% at fallure

The dlfference in test results between the ASTM crlterla -

H‘ : S - R

e 3 i - 1 . -5 111ustrated in Flg, 2 and tabulated in Table 2

for yleld strength (l% elongation) and the often used value of 0 2%

—~

To give an indication of how the load was distributed be-

tween the strandvise and themCOpper’gripe; the.valueseoﬁtained from

~ the previously. calibrated dynamometers ‘as shown in Fige 3, ‘were

plotted n Flge 4, These curves are only representatlve 31nce the

._cutves changed con81derab1y as the coppet grlps became worn@:xgxﬂw_

The load-strain and stress-strain relationships are plotted -
ianigso 7 and 8 respectively, along with the pertinent ASTM require-

ments, The actual values are tabulated in Table 2. o
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4.2 FATIGUE TESTS

| Tables 3 4 and 5 followed hy a compllatlon of varlous statlstlcal

The data from the fatlgue test qerles is tebuleted in .

properties in Tables‘g to.10°

. -~ .

The maJorlty of the epec1mens SUbJ&LLed to a low btress

range exhiblted SLngle wire elemenﬁ-fallure %hmhhe_gage 1ength 3 )
HHHHH (Flg lZ)Thethesting machineS'WouldeutOmatically stop when a :
y _ﬂW1re.fa11ed§1leaving-the remainingwiresihieoh,ﬁﬂln the cese‘of'f *
h“the Speoimens tested at the high stress ranges;there'generally
B was a chain reactloh fallure. even though the machlne woold stoo
The brake/on.the machlne wes not capable of reduelng the speed of
the flywheel fast enough and the dynamlc load would hhen be near -
i thé ultlmate 1oad of the remaining wires. 'For'most cases, this prb;*"W°“““““”'
cess.would continue until all_seven-wires had féiled,
Generelly9 it was pOSSlbie to determlne by 1n8pectlon.wh1ch
? wire element had fahled flrst “e;mlt'has characterlzed by hhe hetl- 5:qu'
T "”goe failure mode (Flge 12)9 as compared:to.a direottension failure
: mode resulting from.thehohain reaction. IR ,b;;f e
“ Whenever a specimen fai led inside the .gr]‘v._pping_.de:vigesg_», a -

thorough Check.was made to insure that the failute was not caused by

as a result of th;s condltlon are marked'with anﬂasterisk in the

tables., ,/




Of'ﬁhe total of 178 fatigue specimens tested, thé‘majority

displayed a fatigue failure in a single exterior wire element, several

~had nearly simultaneous fatigue failure'in'twoexterior_wire55and in

only one case did the central wire fail in fatigue.

Several of the tests having intermediate stress rgnges were
re-started after the first wire failed, with a proportioned reduction -

in load so as to obtain the same minimum stress and stress range as -

- was used prior to failure. In several of these re-runs, the number of -

cycles required to cause -the second wire to fail"was’ﬁearly.aswlarge

as.thé number which caused the initial failure. This phenomenon was

~ not made part of the study, but mentioned only to further indicate the

complex;ty of‘fatigue,studies Qh Pfestressing strand, L
Through6Ut,th¢utesting, it was noted that the~tém§erature'6f |
. the-présfressing strandfrbse a considerable amount . As a result, the e
calibrated“thermo-coﬁﬁles used to éontrgl.the temperature of the low-
“temperaiurewtestswweteQa1so~use&¢togivefanindication‘offfhe-labqra-*wfwf%¥~4«y"
"%tory’tgmperaturé'test‘éonditionso The femperaturé ﬁaS”féundftOfriséw””‘””““M
ZSOFand456F\abqvé'1abofatory conditions for Specimens tesfed ai:~

~stress ranges of 0,60 £

'gwuréSPectiveLytw*TheSewresu1tsgreflect-theriSein temperature for a

to 0.85 £' , and 0.40 £' - to 0.70 f'
-ms - “sems’® s-ms S-ms

S W

- thermo-couple attached to the outside edge of two exterior wire ele- . |

- ments, and do not necessarily represent the rise in temperature of o

the interior surfaces,

The results of the fatigue tests at laboratory temperature

for manufacturers A, B, and C are plotted in Figs. 13, 14 and 15,
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respectively, The.cutves are drawe smoothly through the point, at
each maximmm sttess 1eve1, which?reptesents the mean of the logarithms
'tef“tﬁe'indiVidual number of Cycies*to'failure? The effect of scatter,
sdlcommonly observed in fatigue stadies9 is quite evident, This is
especially noticeable.for each sample at the following stress levels:

0.60 £!  to 0.80 £ L

0. 60 f° to 0.76 f? .
s-ms | S~-msS

: Figq'13‘ _, Specimen A

HCAE : 0.60 £~ to 0.80 £! o
' » L.Fig. 14 -~ Specimen B~ T R
R - ” ‘“6160 £ to 0.76f£' ]

- S-mS S-mS J-'”:;~fa}w~ 5

|

I

L g

0.60 £ to 0.80 f' R R
e e A D . S-msS o S=mS = i
Fig, 15°  Specimen C

~a{;4;E,fffﬂ"f7;;”_wf;mw;‘:"f--; o 5lta0s40~f' ~~to- 0.60 fe o 't';g;jaelt. J
g e | s-ms " S-ms e |

In Fig. 16 a comparison is made of the results from strand

1'samp1es from the three manufacturers by overlaying.the tesulting e»;wa,egkf,'%[ 1

R

%\ curves shown in Figs., 13 14, and 15 Similarly,:anotherveemparisoné;; :ig";:;ta‘

.9

 is made 1n Fig. 17 etween the results of the current tests and ‘the

‘resultS'reported>in prEVlouS Studies"~-1n thiS figure the curvés,ré;@;ﬁffifffffﬁ

presentlng the present study are an average at each minimum stress' ‘

level'”ef the three curves from Figs, 13?i1£”“aﬁaTIS‘ The effect of7 '“i”m'me"x*

/

'low temperature (0 F) on the prestreSSIng strand is compared to that = 4g:ff o
of 1ab0ratory test condltions (70 F) ln Fig. 18. The curve repreSent-A ‘fg_l,uhﬂ
| L — '.Qaay”'g

ing 0.56 f;_ﬁs'was interpolated from Fig. 17 and intersects the hori- ...ﬁffy*v : ’%




minimum stress curve and the 0,80 f' max1mum stress level for each

Tx,

-29.

zontal 0,80 f;sms maximum stress line at N = 110,000 cycles. The

vertical line then represents the intersection point of the 0.56 £
) L g o §-ms.

S=ms

sample,

The data tabulated in Iables 6, 7 and 8 represent the

statlstlcal computatlons of Tables 3 4 and 5, resPectlvely° Each |

~ ’ : v.‘. L _ e . . L i

"{Q;;Vand‘the Standard,Deviation ftom.the mean as'givenby:wmwffttfffiffff5f55ff’*;U“'

‘ one of the three pairs of tables represents the results havlng a ‘fw5 o

mlnlmum stress of O 60 £! , 0.40 f' g2 OF O,S6 £ -,

s-ms’ S-ms
Each of the statlstlcal tables is divided into three parts;
(1) 1dent1fy1ng variables, (2) fatlgue life statistical properties,

and (3) 1ogar1thm1c fatlgue 11fe properties,

The fatigue life properties are the mean fatigue life given

" n L T

o | S o
A e IR I
: 1 4 o .

‘of the scatter for each set of test speclmens Slmtlarlys the mean S

'of the logarlthms for each set of test spe01mens was found by

The ratio of D /N then glves an 1nd1cat10n of the extent

LOgtN.=» ZILEQ‘N

| This_quantity was then'used to find the/logarithmic .

RV

Standard Deviatidn:
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1 2 2|2
D = —aT-Z (Log N - Log N)
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These statlstlcal propertles were then used to make graph1~ |

cal presentatlons, In F:.g° 20 the load range, R., was plotted as

the ordinate, with Long asmthe abscissas fpr a11 1aboratory tempera-:

ture test specimens. A least squares solution was then obtained,

yielding the second order equation:

Log N = 6.356 - 0.1373 R_ + 0.00303 R °

wWhere:

v
N
o
1
n
V'

o LT P S e

‘The equation for the Endurance Limit, SL’ is based on an assumed -

straight line relationship within the following limitation:

T | I min = % \

"Af‘and thereby restricting RS}

0<AR <207o

ok

Slmllarly, R was correlated to the Standard Deviation, D, e

—in Flg 21 and a 1east squares flt was agaln applled to glve a flrst i*;*iff‘f‘s

- order equation:

= 0,153 - 0.0035 Rs




| goodness of flt test is tabulated in Table 9 To enable all of

} :

was -equal for each increment, 'The;goedness-of-fit test is then

_31-

In Figs. 22 and 23 the stress range Sr was plotted with

.'respect to Log N to obtdin two equations. The first (Fig. 22), is

- a log-normal function:

Tog N = 8,213 - 0.2077 S_ + o°00316,5r2

‘<1;ﬂ . The second (Fig. 23), is a log-log plot:

~

Log N = 9,998 - 3.566 Log Sr‘

o

L.

'The equations are restricted to the range of stresses covered by the

teStS. o : | o | ‘ . -

The statistical 1nformatlon.requ1red for a Ch1 Square

the results from the laboratory test spec1mens to be used, it was

necessary- to use a change-of-variM)le parameter Z as the abscissa

for a frequency distribution curve: B e T Tk s

 vhere z-log¥-Tp N - . 0

N

"The'nine increments of»'Z were chosen so that théMfésulting<area

"weﬁ,'under the Theoretlcal NOrmal Curve (see Flg._l9,_or Refs. 10 and 11) . ?f¥3fii9““

[

,_f';.,- | -2/2
o rs /2n

14

Texpressed as:

J2 _ T(0B - EX)
EX.
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With nine increménts of Z, the number of degrees of freedom is eight,
‘and the ex?réSsion,fbr xg 05 can be determined from any set of stand- - o
~ard statistical tables as:
xg o5 = 15.51
The wvalues of X0. 05 for the test series were:
) .- A = 6.65 )
M_ﬁ,. . . ﬁ-‘ ~“ _‘_w __ » _ A B = 2 1 o | 8 6 “
C =' | 4 ° 73 ‘ | ~ | o ~ . | -‘ ’. \\ ..

""" Another comparison of the distribution of-the fatigue testsA 

with the Theoretical Normal Curve can be made by constructing a

N Histogram (Fig..19). -In:this case, the increments of Z are chosen a

-to be equal, and the number of observed failures in each increment“iSn:

tabulated in Table 10, This number of observed failures then repre-

‘sents the vertical dimension of the shaded rectangle35‘td some cdnven;‘fMMW“ N

.ient scale, 'The scale is chosen so that the sum of the area of the

individual rectangles is approximately unity. The area obtained fof

- the rectangles is,théﬁfused as a scaling factor to prbportionately
- change the ordinates of the Theoretical Normal Curve, The result ofv, ;j“5 V 

the above scaling is that the area of the shaded~rQCtangles.is equél

aé£¥4w;w¥{4&}tqmﬁhgwarﬁagundexgtheACuxve3¥between~thewlimitswcfmaz%considéred; '

The distribution of the test results is very similar to those obtained

| (1 | - o g
by Warner and Hulsboss( ) in that the maximum number of failures occurr- ,

ed either to the right or left of the center line, with a marked absénce

in the range of Z between -0.25 and -0.75.




5. DISCUSSION OF RESULTS

\‘/f‘ .

~ 5.1 STATIC RESULTS

In making a comparison of the properties of the various
strands, the difference in the Crossaseotional area should be borne
in mind, as well as the minimum requirements of ASTM Standard

A416-640(17) The Standard does not specificafﬁy cover the high

strength strand, and therefore the minimum specified ultimate

%

1oad of 41,3 klps and ﬁbmlnal area of 0. 153 sq in, as quoted by

 the manufacturers will be used as a ba51s for the dlscussrono~ o
/‘ .

Based on these two quantities, a speeified%minimum~u1timate stress
~ of 270.0 ksi would be implied, | I e

MMf%%%%}#fff;',_ d The range of the average ultlmate loadS'WaS found tO be

from 42.6 kips to. 44.3 klps or 3.15%.t07.26% above the minimumh

specified ultimate load, In terms of stress, based on actual areas,

the range was. from 276.9 ksr to 284 6 ksr, or 2 56% to 5 40% above

the spec1f1ed ‘minimum ultlmate stress, The fact that all 16 of the

"fw;g;w_accepted tests fell within such a narrow band and above‘the/mlnimum

requlrements lndlcates the con51stency of the prcstreSS1ng strand

Slmllarly, the requirement for ‘a-minimum elongatlon of -
o 3,5%, based on a 24-in., gage length was . surpassed in each test
The minimum elongatlon for the test series was 21.4% above the re-
h@“ . o . | |
qulred 3. SAo L o
btftfningq* - =33- .',.ﬁtf‘*;.*:fthbfn_,d\ ;};ffi'“'
%_:— B ;,’f\& ) o _ & e ":'" e '—=—_=;=—’m=' e T s e —- ——
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The ASTM.requlrement that the yield' strenoth (85% of the
spec1t1ed mlnlmum.ultlmate load at l%)'was also achteved in every
test The lowest'average for the strand'from any hanufacturer‘was | f;
36.5 kips or 237.5 ksi, which were 3.99% and 3, 49% greater than the

minimum specified values of 35.1 klps and 229, 5 ks:.o The max imum

SR et iy

value of 25291 ksi is 9085%wabove the minimum speeifiedi'valueo The

AT

9.85%, when coupled with thel3°49%, again indicatés the consistency

of the strand tested. Tt is interesting to note that when considering

- the often~usedhdefinition of yield strength as the stress at 0.2% of f-

—__" . ] —

,‘ set, the test results 1nd1cate a varlatlon of from l D). kSl belowzto S

L
H

=1y

3.9 ksi abpve-the value obtalned at 1% elongation. The difference ‘~ " a

————— Vo

.between the two .quantities for this specific type of prestressing
strand is negllglble and for all practical purposes, these tWO~ ~”¢f“é?§:?~_ |

definitions produce equivalent results,

The final property tabulated in Table 2 is the'modulus of

,elastlctty for the strand, The values 1lsted are agaln the average"

of several tests for each manufacturer° The actual range of values

obtalned was from 27 700 k81 to 30,600 k51 Wlth the former belong-w;

ing tO & grOup with an average of 28 ,500 k51 Whlle the latter be-~5

'longed to the group Wlth an average of 29 ;800 ks:L° The values listed

'”l'vare hlgher than those generally quoted. The difference'might be.

attrlbuted to the pre- loadlng requlred to seat the copper grlps

.. as descrlbed in Chapter 3, ThlS pre loadlng would undoubtedly re--~

duce the slack between the individual Wires, The method of cutting

\\




--------

-
o

the 1nd1V1due1 wires together, the exterlor W1res had a tendency to
| become 1dose 1n.the end reglons° A review of the data fromwpreviouﬁmw

'wresearch at Fritz’Engineering Laboratory5 obtained by”several<other

» 5 ) 2 FATIGUE RESULTS | ,‘ , VVIA o ‘;; lA - | : . L , 7' -v -A . .1» ~ ; 1

Q'S,Zglﬂ'Lgporatory Temperature

‘Tables 3 and &4 indicates that this approach could be misleading for
~ fatigue studies. The major difficulty encountered in a fatigue study

‘ is due to the inherent scatter of test results. Studles have shown
'stresses and 'stress concentretion° However, due to the nature of

"based on a load as measured by machine 1nd1cator and the average
- cross-sectional area of the sPec:Lmen° In studieshof solid homo-»»_“4e“e*wﬂw°"
geneousnnaterlal. resultS'have been dbtalned where the- dlvergence

'fronnthe mean value is greater than the mean itself, With this in

-35-

,uthe.shortﬂspecimen 1engths (60 inches) from\the reels'mey heve had =

c«

an effect also as 1t was found that unless cere was taken to fuse  ,

methods, yielded results similar to the tabulated vglues,‘

. In the preceding section describing static tests, it was
poSsible'to use an arithmetic mean to adequately express the static

properties of prestressing strand., However, an examination of

. B

that the fatlgue life of a specimen depends upon the individual fiber ', ;;-u';e

testlng pzecedures most tests are performed using average stresses wf’ S ——

cularly'when considering the nature of 7-wire prestressing strand,
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IR The fatigue failuﬁe'shown in Fig; 12; representsrthé'faiif
,iureAmOdé‘thhe majorifyméf}thgtest Spécimens; The‘fatigue_failuIe
begins on the interior face of an exterior wire element and proceeds

approximately mid-way through the wire, At this point the sfresson

~ 'the area remaining intact is so great that final failure suddenly .

occurs by a direct tensile mode. This failure pattern indicates - by
that the frictioﬁ between the face of the wire that failed, the

" center wire, and the adjacent exterior wire may produce an undesir-

able stress concentration which initiates the fatigue failure,

The stress ranges at which excessive scatter occurred were -

| previously indicaﬁed and can be seen in Figs. 13, 14, and 15, or S

from,théwratio,DN/ﬁ'in Tables 7 and 8. There.aretwo factorS‘whigh_

&

‘appear to influence the extent of the scatter. The first, is the

_ magnitude of the maximum stress. The greatest amount of écatter

occurred when the maximum stress was either 0.76 f' or 0.80 fé )

ms

B _“;:gfgi  - which is generally in the vicinity of the beginning of the inelastic S
| region of the stress-strain relationship. The second factor is the |
— __magnitude of the stress range S_. This factor overlaps with the -

first in most cases, but it also appears to account for the scatter

which occurs when both the maximum and minimum stress are relatively

Aﬁwf;w__ﬁt;';;; V__1ow; 'These two factors are a result of the spinning process by S |

~ which prestressing strand is manufactured, As a result of this pro-

et e e W e e e e e e

loads, Thérefore,'whenlthe average stress on the strand is near the

ihelastic region:df the stress-strain relationship, some wire elements

\W/

—— ==t e ————, e oo - p—
. " ra - O "> Cai ] P — P——




‘the inelastic region.,

- This phenomenon occurs because, under these conditions, the load is

b

. . N
y ) . o

will still be in the initial elastic regién;mwhile others will be in

coudk
&

Studies have shown that the fatigue life of a

i

specimen 'Jis'increQSed"ff”it”h’aS”been‘Straihe&iﬁtoithe*inélaétic’regione

distributed uniformly across the cross-section. In the cutting pro- -’“ )ﬁ

.

cess, the center Wiréuwasfobservéd'tq~pu11 injwhen'a poérlcut.Was ': {
made; This indicates that the center wire is under tension and as |
a result, would be the first Wire'stressed into the inélastid region,i'
S&nce this wire is"relatively Stfaight cbmpared:to the exterior-wires;L

its stress would be more uniformly distributed than the others. These

_two facts may account for the occurrence of only one center wire fati-

gue failure out of 178 test specimens,

LS

~ scatter with a high stress range, at stresses well below the inelastic .

‘and therefore, the fatigue life will be lower.

wfjregion° Some wires will be stressed COnsiderably'higher than others,

i

The cause of the scatter Was'investigatﬁd by constructing

various relationships between the load range, stress range, and number

The difference in load distribution'also“accounts for the;;gjﬂw;ﬂ¢wgqﬂ;w«

of cycles to failure, as illustrated in Figs, 19 through 23, As was _

~distribution very similar to that obtained by Warner and Hulstso(l) o  _‘;

~ previously mentioned, the Histogram (Fig. 19) displayed a freqﬁency

The majorigycof,the:yalpgs of Z which fell into the ranges that “
awﬁf&&ﬁéédmfﬁéwfwbvhighest ordinates of the Histogram were from stress ;
| | , | - 5 :

ranges that had considerable scatter, whereas the other stress ranges |

J

’ T ]

"y : . i f



- are proportioned throughout the range of Z considered. No e‘xp.lanag“

" .
[:{:lJ 4

. ) ' \ - 7o | | .
tion can be given as to why the maximum number of points fell into the
same region in both the Warner and Hulsbos report, and the current -

StUdy o | o

Tlg@iéO an@ Fig, 22,,'

 The equations for -Log N, derived from
; | | . | )

indicate the difference~obtained whén the load range, Rs-g"fis used as

compafred to the; stress range, Sl,a The advant_age of the latter para-

meter is that the Endurance Limit for the matérial need not be deter=

to be the most reasonable mathematical model in both cases. 1In

- range of stresses considered, A second order equation was found.

mined. In this study it was possible to make a rea._sionable estimate

for the Endurance Limi‘__t‘,; but since the number of specimens tested

in the low stress range level was sm&‘"ll,fﬂé accurécy was limited,

___Q‘xj_;_n_,the other h’é.nd, the stress rangé is clearly defined Within the

o

. Fig. 23, Log N is plotted with Log Sr to obtain another equation

which was found best suited to a linear form. To emphasize the «com-

. parison, the "val‘ues of N are tabulated below for each of the three

equations for two different te S_'t ing conditions,

10,60 £ 0.40 £
"0.80 £ IR 0.52 £°7
S-ms - - - S=-ms

A E

CFig. 200 - 233,000 1,240,000

g 495,000
1,410,000,

SRR A P R

. Fg. 22 210,000
Fig. 23 T 228,000

The above numbers indicate that for this study, the difference in the




results obtained _éf_roﬁl-the various 'equation’s is not too significant

~ when compared to ‘the scatter obtained in the actual testing.

In orevious studiea, ‘&_l,c..orrelation was indicated b’ét’ween
the St'andard Deviation, D and therange of stre;'?.seso An exarninae
| t:lon of Fig. 21, lndlcates thatf;there is some validityb in the\relation-
ship in that as the load range , Ry, is reduced ) 'éh"e deuiwation increasﬂes;"i |
The relationship Would be more pronounced‘if points correspo‘nding to

2" . the test results at the lowest load ranges were neglected s'ince theseg,'., o

oo

points‘ represent* only t‘Wo or_three specimens, On the other hand ‘the

~points at the higher stress ranges generally represent 6 or more test

‘specimens.

- R '.‘;;j.T_he; results of the' goodness-of}-fltmtwes.t»indicate th'at _for - |

v

"]te'st series for manuf»act'ur‘ers.A and Ctﬁe xz.v values of——6 65 and 4»«—7—3‘ ~ |
are Well w:.thln the Xg 05 value of 15.51, Whereas the value of 21.86 N
vfor manufacturer B indicates that generally there Was too much scatter,
Considering the results of the three groups as one, " the XZ' value of
16 .44 is ;'just'beyond the‘ theoretical valueof ‘1'5.51'. The value of

‘ Xz glves an 1nd1catlon of the rellablllty of the testlng procedure -

and tne“control of the inherent varlables durlng testlngo 'l‘he above

values, therefore, indicate that -for- specimens-made--from-the-sample— o g

“ from manufacturer B some variable.may.not.have..been..accounted-for.

In Fig. 16 a comparison is made between the individual.

~ S-N curves of Figeo 13, 14, and 15. Considering the previous dis-

cussion on scatter, the relative difference between the three curves
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' \\x‘l

can be considered negligible and as a result, a curve representing

the averag'eu. result will be used in. the subsequent discussion.

 In the comparison between the current research with that e
. of previous research (Fig. 17) it can be seen that the difference is
~ not too signifivcant It should be remembered that the preV1ous

: Lehlgh( ) test serres and the Iowa, State( ) test serres were based on

7/16 -in. 250 ksi 7 wire strand whereas the present study rs ‘based on
1/2- 1no» 270 ks:L 7-W1re strand, The Iowa State study'had only one‘mini_i'-'

mum stress level (0.50 £) while the previous Lehigh study included

" . two minimum stress levels ,g;O«‘s-ZfO’ffS' and 0.60 féo The present study,

‘"u.z--"-i--f"'t;;»owever, used two minimum stress levels of 0.40 £! ; and 0.60 £'

- ~study it is obvious that at the 0,60 f; ‘msmmin;mum_u_]‘.,_ej_relk,____};__yguwl_d

S~-ms

to enable a comparison to be made between the strand obtained from

the various manufacturers, This difference is not significant as

the maximum difference between fs' and ’.f; s Vas previously given as

5,400, R .

The cutves. obtalned from the present study do not explicitly

1nd1cate an Endurance Limit, but when compared to. the previous Lehlgh

o J

3 .

require only a small reduction of maximum load to achieve much more

* than 2,000,000 cycles of loading. At the 0.40 f£! __ minimum level -

have been employed to reach cycles well beyond the 2 ,000,000 level

however, it appears that a greater decrease in maximum load should

Values of 0.71 f' s and 0,50 f;_ms were taken as the Endurance Limit

for the minimum stress levels of 0.60 £’ ¢ and 0.40 f;_ms respectively,

-




'**wng¢;w¢in the elastic region‘in.the prestressing strand,

S T

“° mum stress level,

| ,vz"% ‘ o _‘.-4i;_

; -
. Zensovime .
.

' _or roughly'lo%’gf theuminimﬁm sﬁecified ultimate stress abovevthe;mini~:*

-
<

. ] - oo . ' . »
\ . . o
B . " . .
) ﬁ— \ ) ] . A e, v
. . ‘ e

s - It is interesting to note that for a 10% increase in stress“‘/fmpV‘

|

~there wogld be a
.;corre8pondingﬁincrgaseQf2,8ksi in:the adjacent'concréte; ihiifg ”V’
~ would indicéfgjthétvfdf prestresged dqncretg membérs governe& §y~thée,,

'presentmdesign COdeégythe-stress~raﬁge‘to Whiéh'a memberAis subjeéted
would rérely exceéd OO¥O f;_ﬁso_'Theréfo;e, the member'wQuld hgﬁeug
fatigue life in the viciﬁity ofapproximétely'Z,OO0,000 cyclesg Tﬁé_
.1itérature feviewed ihdicated thaﬁ wheﬁever a prestressed member
failed in fatigue;'the failﬁfe was generally‘attributedito fatigug

in the prestressing strand, indicating a discrepancy between the above

© statement and the actual condition. Tﬁis,discrepancy has been ex- ’

’piaihed by other'investigators who have found that even thbugh“theW“4*f‘,"
prestressing element has a reasonable fatigue life when tested alone,
the fatigue life is.lessenéd‘wﬁen the element is tésted in.coqjﬁnc-

tion with cbnbrete. Initial studies have indicated that when a cragk

. ‘v'(

‘pattern develops in a concrete'member and” extends to the reinforcing

e s e e b 2

element, the resulting stress conditions tend toAreduce the fatigue

life of the element considerably., It was found, and explained earlier,

- that whenever stress concentrations were introduced, as a slight

”mis-aligmmeﬁt~of specimens, the fatigue life of a prestressing strand

’Mwéé'édﬁSidérébiyiiédﬁééd;Afhérebysubstantiating the previous reason-




5.2.2 low Temperature T .
| _ v | PR S Ce T S N 7

The results from.the low temperature test series are pre« | '&

,lsented in Table 3, and shown graphically in Fig 18 The amount of

o scatter'waS'c0nsideraﬁlyfless Eﬁéﬁwiuwthe“méiu”testfseries; as re-

 flected in the ratio D /N and D in Table 8, and Fig. 18.

In general, the results indicate thatﬁﬂm!fatigue'life in-n_4  ffﬁif 5

t

“creasespas the temperature of the test specimen,is.lot&rerecl° An-‘_;?jsfruip'pp
examinetion:of theLow-Fstigue-Life data will show‘that for the l
samplesuobtained-from manufacturers ﬁ, D, and E the fatigue 1ife

’1ncreased 32 ,600, 30 600 and 16 300 cycles respectively, for the

low temperature condition 'whereas for A, and B, there was only

 a decrease of 1,300 and 9,800_cycles; respectively.' This indicates

" that the result is somewhat in agreement with the metallurgical

'concept Which indicates an increase in fatigue 1ife with lowered

temperature, ‘when the temperatures considered fall between SOOOF

- - and =250-Fo_The~range~oﬁ—temperatures*eoﬂsideredewasenot—greet”wm

— - : ° {

enough to produce a concluSive result, but did indicate that the

results of the tests are 1n agreement Wlth thlS concept

lIhe curve”representing 0.56 f;~ms in Figo 18'Wss inter-

preted from;Figo_l7, to enable a comparison to be made with the main
test series. The interpretation was mede_assuming's'linear rela-
tionship between 0.40 f' and 0,60 £' -, Only the sPecimens from
manufacturer A fell to the right of the vertical line representing

a minimum stress of 0,56 f' and a maximum stress of 0.80 £'
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. to the line, as can be seen from Table 8 and Fig., 18. “This would
s : . | \ o o | ) A v o o | | | h | vr 4 . | \ | . “
L ‘indicate the validity of the linear assumption within the range of
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6. SUMMARY AND CONCLUSIONS

and fatlgue propertles of 1/2=1n° 270 ksi 7-W1re prestressmg strand
-and compare the results obtalned wz.th those from tests of the con«- |

ventional 250 ksi 7-wire strand, The effect of lowering the tempera-

possibility of a change in the fatigue life at lov temperatures.

" provisions of ASTM Standard A416-64. The variation observed in the

e TR, ,
s Q\f’\h{ ) . y -
-

“The obJectz.ve of this research was to determlne the statlc

ture of the test specimens was also investigated to determine the

N

A total of '16 accepted static tests and 178 fatigue tests

T were conducted on samples obtained from five U.S. manufacturers of, :

the high strength prestressing stfand.

The results of the static tests indicate that the static -

properties of all five samples are fairly consistent and wi‘thin the

results can be considered as negligible in comparison to the usual

variation encountered in the surrounding concrete, =

'l‘he fatlgue llfe of the hlgh strength 1/2-in, 270 ksi

7-w:|.re prestressmg strand compares favorably with that of the con-

- be due to the fact that the previous studies were conducted on

ven'tlona1250ks; strand, The small difference in the results may -

7/16 -in, 250 kSl 7 wire as -c-ompared to the 1/2 -in. strand. used in

1

‘this study. The use of the specified minimum ultimate load as a =

base upon which to perform the tests, as compared to the actual ulti-

mate load, would not change the results appreciably., In an attempt

;;44_
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”ﬂ to eliminate the effqgt\of scatter, three equations were developed
.  for the fatigue life of a specimen, using three slightly different

; o parameterse R .,

the fatigue life of a specimen was in the vicinity of approximately

. 2,000,000 cycles of loading. Since studies of.prestréssed concrete

w4

The fatigue;life of a specimen[was found to'increase

~ slightly as the tenmerature’of theitest specimen was reduced. This

&,

was as expected from a metallurgical point of view, However, the

- increase was not significant, as the change in temperature was not S

great ehough to affect the properties., S - Sl

It Was.bbgerved that at stresses in the working load range,

flexural members have shown that the prestressing strand fails in

fatigue at a significantly lower number of cycles, it is suggested =

= E_Jl;’."‘“_ ——

that_more’testswbemconduétedwatwthemlawestressﬁrangewlevelgwusingmmf-

a test set-up that could simulate cracks in concrete crossing the

strand, At the same time, it would be useful to conduct a dyhamic

strain study £o détermine the actual distribution of load among the

seven wire elements,

|
|
m&ﬁ‘i‘"—”— ST ——— e ——a A e I




" 7. NOMENCLATURE

. cross-sectional area of prestressing strand

USRS

RO (¥} g

standard deviation of Log N

modulus of elasticity for prestressing strand
ekpectéd‘number of failures in specified range of Z

elongation of prestressing strand

£r
S -ms

s-0.2

s-0.1
Log N

Log N

Log Sr

=

-ultimgie stress in steel

- minimum specified ultimate stress in sggel-}' Q ffj  ' i7“' 
stress in steel at 1.0% elongation . . .
logarithm of Sr, base 10
- number of cycles of load to failure

~number of test specimens in the group

ultimate 1oad

-

stress in steel at 0.27% offset R
Logarithm of N, base 10

R ¥
mean of fatigue life N |

minimum‘spééified ultimate load

load at 0.2% offset

load at 1,0% elongation .

load range S - 5. as a percent of P

Sm

msx L

1
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inc.,

maximum dynamic stress as a percent of f
minimum dynamic stress as'a"percent of f; <

- Endurance Limit -

= S, as a percehtvof.f’

stress range S
_ max min | S-ms

vertical coordinate = E - ."f*ffi?:fv;Jf;;jT 
~change of variable parameter

increment of Z = -
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B : 737”ffffgjf7i”f'Tab1e 1 . List of'Manufacturers
oo and Plant Locations

P .
o

o L PR e | R
Armco Steel'Corporatibn'_f e Kansas City LR e

. Bethlehem Steel Corporation_7 i g ';a'7 _ . Sparrows Point el
e o | | | S - Maryland Nl L

-~

Colorado Fuel & Iron Corporation  °f }‘Trenton
(John A, Roebling's Sons Division) = New Jersey

WZ  Florida Wire & Cable Company. .  Jacksonville e
FREE -~ . Florida- SEONEEEE
v o B k\ '
"United States SteeI,Cdrporation | ’ 'J ‘Waukegan J " f 7;g_ﬁ   ﬁ ‘.m,:’
. (American Steel & Wire Division) . ... - Illinois |

*’"l‘f,; - Y
. . J'
) . AR
5: ) ) ‘. . ..
) C
" 1
A‘/ . -
s = - e . ME " . —
My e S g — e i A e e e i o e et
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“'fj} fJ7»Tab1e»2 . Static Properties

b = a4

~ Properties Units - ~ Manufacturer

A B . C D E .

A in. 0.154 0,158  0.155  0.154 0.153 |
. B kips 42,6 44,3 43.3 43.8 42,7
. f! ksi  276,9  281.5  279.8  284.6 279.5

e % 4.8  5.68 519  4.83- ka2

kips  36.3  39.0 . 39.1  39.4  38.3

£ ksi 26,0 247.6  252.9  256.0  250.7
. B ke 365 385 38 0 388 379
S f . ksi 235 2444 250.5  252.1  248.0

E ksi - 29,500 28,500 29,500 29,800 29,300
str : o 5V 4 | v
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Table 3 - Fatigue TéSt‘Resulté‘

Minimums t _r eS ' s = - O; 60f9 ——-- e e \% e , A ‘:
. o 8-ms | '

e -

Maximum, o | ,/ Numbér of'CyclesmiN —
Stress | '

mmnufacturer

- 0.85 €1 . 78,500 92,300 208,600
- sLr00 0 62,500 . 94,400
S 88,600 98,300 . 97,000
S s1,800 55,300 . 111,200
' . sn20 90,70 . 82,300
| | 96,300 . 97,600 144,300

- 080 € _ . 190,700 174,000 199,500

148,400

267,900

104,600
151,000
178,500

77,500

' 127,800
254,400
215,700

113,500

116,900
197,900
439,300

152,700

356,400

0.76 £!
, S

439,100
842,900
215,200

326,400
232,100

254,200
3349800 S S

183,900
517,200

© 370,000
353,700

487 ,400

512,500
i35 g0

332,100
333,600

273,400
g‘za,zoo
. 307,600
489,300

%

449,000

072 £, 1,605,500 L1590 1,728,600 H

1,091,000 1,224,900 2,083,800

——
——

. % Failure at grip due to abrasion.




Max imum

Stress

Table &

80,900

112,600

101,000

107,100

i SR . 107, 1 K
0.60 £’

156,400

281,100

218,000

.w252,400-~m" 
261,200 . e

Eatigue Test Results |
Mi.ni.nfum Stress = 0, 40 f“ |

=S

m___-—

‘zmm-aja—.z;:m

Number of Cycles - N

338,000
303,000
326,800
- 184,400
235,500

123,300
96,400
166,700

| | - 204,000
630,000

223,700
484,900 h

2137 ;..‘7 00 —

301,900

272,200

© 615,800% o
1, 189 900%f”.fwm'; '

‘ ” _-976,600/ =

- | T —   ;: f; 919 ooom;gmww;@wmwgwiﬁ

e T v "" - ' ',‘ . [ RPN .

763,000
428,000
600,400

721 700

723 ooom¥y'
1 154,000

1 747 000
1,427,000
1,901,000

| 928 000
2,185,000
1,281,300

" 2,241,000
2,282,000
772,500

. S — ——° = e

% Failure at grip due to abrasion
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fTaBLQVS - Low Temperature Fatigue Test Results

Stress Levels = 0,56 £' - 0.80 £'
.- - S=ms " "s-ms

. 8,500 - 53,400

oo o700 107,900
e - 148,500 - - 111,600 o
- c - | 139,800 112,500

S - ' . 99600 ;u-1,'“’7" j 1383100'

A - 127,800 - . 87,200

'i::f\ “<>,»’iA’ ! _ Mtl'“__ : o 1035300~~WMWWFWFWWWW“WWWMM““ '825800W”>“
—_—m—— — —

Af)._n'wMAEWM:" '«A'\-;1249100v-~w~7f”“@f—v“““”f'563800*~w~w_wmul “““““
Seell . 121,100 - . 88,900 1
- 119800 —— 114,000

, | s e - g g g ~‘1gi,55b\ |

"o oo *"TFailure at grip due to abrasion
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~ Table 6 Statlstlcal Results for Tests on SpeCLmens A, B, and'C-A
| | Mlnlmum Stress = O 60 f' | |
~mS .
'»Manf; Nd, me Stress'; | Fatigue Eife | ; | Log Fatigus'Life
~ of % of £ mg — — —— S — - |
Samples o N D D /N Log N D Log ~(Log N)

A 6 |85 86,700 5,600 0.0648  4.9370  0,0308 86,500 ;

A 6 80 173,500 50,200 0.2893 35,2216 0.1357. 166,600 |
A 7 76 377,800 202,700 0.5364 5.5301 0.2046 338,900 |

A 3. |72 1,377,200 223,000 0.1619 6.1331 0.0888 1,358,500 :
B . 6 85 82,800 17,200  0.2081 . 4.9072  0.1090 80,800

B .6 80 160,500 60,800 0.3792 5,1718 0.1915 148,500

B 8 76 440,900 130,900 . 0.2970 5.6200 . 0.1568 416,900

B 3 72 1,020,900 216,000 0.2116 5,9981 0.1225 995,600

C 6 85 123,000 43,000 . 0.3493 5.0670 0.1487 115,700 é

C 6 30 243,800 115,000 0.4718  5.3405 0.2184 219,000 ‘

¢ 5 76~ 347,200 74,300 0.2141  5.5318 0.0949 340,200 ;
c 3 72 1,948,100 156,600 0.0804 6.2881 0.0440 1,941,500 |

|
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”5 Tab1§ﬂ7f '}TStatisticalgResults for Tests on SpéCimens A, B, and C

rMinimum'Stréss = 0.40 £°?
| : ? S-mS

Manf, No. Max, Stress.  Fatigue Life i |
 of % of £! — ; ————— S —

Log Fatigue Life

=1

BRSO

¥
r
s

W oW W Www b »»:bf‘» B>

O O 0O 0O 0

6 | 7

5
6
.
3

W W u o o

w-&*\sa\m\,.

65,800
96,100

224,200
© 866,200
1,765,200

71,400
109,400
277,500 -

597,100

1,464,800

V
P
i
i
[
I

73,900

132,400

- 317,100
| .957,700 .

1,691,700

-1

20
70

52

| ;4

15

13

16

19

19,000
3,400

3,500
2,100

" 5,400
| ° 15,100

8,600

9,300

. 14,600
1,700

5,200
8,900

5,300

6,800

7,400

0.1367
0.1390

0.2022
0.2349

1 0.3978

'0.0756

0.1378

0.2112
0.2291
~ 0.3614

0.1975

0.3151
0.5211

0,1659’
0.1167

4,8136

4.9783
5.3411

5.9266
6,1989

4,8523

5.0347

5.4325
- 5.7641
6.1382

' 4.8602

5.1008
5.44.52

' 5 o 9752
6.2252

- 0.0687

0.0639
0.1017

0.1175
0.269%

1 0.0382

0.0654
0.1116

0.1262.
0.1878

0.0940

Oo 1483 .
- 0,2361
10,0837

0.0640

65,100
95,100
219,400,
844,400
1,580,800

71,200
108,300
270,700
580, 900

72,500
126,100
278,800
944,500

1,679,700

1,374,700

SN R S _ )
5 ;
|
E | ,
i wn
l[ E L
| | ﬂ
| |
1] ! . ;




Statistical Cc

_§ Stress Levels

- OeASO fﬂ
. : S=

ms

mparison of Low Temperature Fatigue Test Data
= 0.56 £ o
‘ s-ms

M&ﬂfoTemP c

(°F)

Fatigq

N

Log Fatigue Life

Log N

D

»Log°1(Log'N)

M H O YU oo ww> b |
-

!
!
i
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i
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o
ERE
]
!
i
BN
-
ty ]
i
i
N
{1
I,
IREE
ERE
i
|
!
:
:

WTETW W W@ 6 o W W

171,800

177,200

 \g1191oo‘
80,000

114,500
123,500

- 107,300

176,600
117,500
101,500

0.1498

10,2684
0.1844 .
| 1 0.2886

- 0.1569

0,0871
0.1432

0.0636
0.1010

0.1569

5.2303

5.2336

- 5.0387

4.8848

5.0539

5.0901

5.0262
4.8784

5.0689

5.0041

1 0.0771

0.1376

0.0851
0.1392

0.0800
0.0456
0;0750

0.0888
0.0330:
0.,0540

169,900
171,200
109,300

76,700
113,200
123,000
106,200

75,600
117,200
100, 900
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- Table 9 Grouping Data for Chi-Square GoodneSsrowait Test

_— T

Z Manufacturex

A B c - A+B4C

OB EX OB EX OB EX OB  EX

5.44 5 5.66 4 5,44 14 16.67

5.44

5.44
5.44
5,44

5.44

5.66

5.66
- 5.66

5,66

5.66

9 v

4 .

5. 44

5.44

5.44
5.44

5044

25

11

15

1R11

17

16.67
116.67

16.67 .
| 16567

- 16.67

5.44

5.44

5.44 -

5.66

5.66

5.66

5,44
5,44

5.44

26 .

20

11

To.67 |
16.67 .

16.67

52

"

52

49

150

150
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' Ead ®
A 5 "
i ¥
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| Table;lo

0425

Manufacturer

a

C A+B+C_

OB

OB

Y

Grouping Data for Histogram Construction

inc.

A

'
o
)
w1
|

IN

< -1,75

<125
2 < -0.75
‘ j< -0.25
< 0.25

<075 1

16

.0 |
-

11

2

10

28

16

T

0.025
0,125

0.350

1 0.200 _

0 ?.3.375

0.4375

0,05

- 0.05

0.05

0.05

0.05

0.05

10,0125

- 0,1750

0.1000

0.16875

0.21875

~-58.

0.0625 « — =

| ' 1'975

0,75

1.25

T

IN

< ‘llo 25 ' .v
< 1.75

7 < 2.25

10

22

i; 9 i

1

0.275

0.0875

 0.0125

0,05
10,05

0,05

0.1375

0.04375 -

0.00625 .

52

9 150 _

Lrevs

| : Oo 9250 ﬁ _,

.o L L i o “
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