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I. SYNOPSIS

This report 1s the summary of certain aspects of the
work 6n Project 220A, this phase of the project belng con-
cerned with the relationship between material properties and
the strength of columms.

The overall objectives of the project were the deter-
mination of the behavior of columms containing residual stresses,
and the magnitude and distribution of these stresses, and the
development of methods of prediecting the influence of residual
stresses on column strength, As a necessaf& foundation for
the complete study, the program included a determination of
the basic yleld stress level of the material of which steel
columms would be fabricated, This report is mainly conaérned
with this basic yield strength,

The determination of the yleld stress level and asso=-
ciated properties, will gilve a better understanding of the
behavior of mild structural steel as defined under ASTM Desig-
nation A7. The results of this Investigation will define the
yield stress level and provide further information, enabling a
realistic meaning to be given to the factor of safety used with
steel design today.

Further, an exact definitlon and.evaluation of the
yield strength is a necessity at the very crux of plastic de-
w1

K]

8ign”% a problem hitherto of only academic interest, Indeed,

- - L] - L3 = = e >y - - - - — =Y - - - - ey L]

* See References., Np., 1
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to use this method effectively, it would be a retrogression to‘
apply factbors of safety to a nominal undefined value of the
yield atrength.,
Methods and correlations uged will be shown, so that
the extent and trends in the variation of the strength of
gteel will be apparent. The strength of steel will be cone-
sidered with both i1ts elastic and plastic properties.
Generally, however, the fesults will indicate, par=-
ticularly in the case of residual stress prediction, that a‘
far greater sample of specimensg will have to be tested before

authoratative conclusions may be drawn,
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IT, THE YIELD STRESS

(a) INTRODUGTION

At Tirst glance, there are enough levels of yield stress
to matiafy even the most exacting connoisseur of definltions,
It would appear that which ever reagonable value be estimated at
random for use in design, justification of it; to a greater or

legser degree, exigts, PFyrther, it is common knowledge that in-

[}

rease in the gpeed of teating of a coupon will increase the

yisld atress level, and that such a value has little use, unless

e

it is defined by a testing speed.

It 1s the purpose of this chapter to consider the factors
that have an influence on the yield stress, and to show how a
prediction of this value is possible from the mill reports. To
deduce and substantiate the conclusions, the mill coupon tests
were simulated under strict speed control in the laboratory.
Further data were deduced from stub column tests,‘using the full
croga section, To make the sbudy as complete as possible, data
from other investigations were included where required.

(b) DESCRIPTION

1. Yield Stress -~ definition

The following terms are felevant in describing the
yield strength of a steel coupon, sée Figure 1.

-The upper yield point, ouys'the first stress in a material,
less than the meximum attainable stress, at which an in-
crease in strain occurs without an increase in stress.
(ASTM definition of fyield point?,)

~-The lower yield point, 6£y3 the low level of yield stress

immediately following Opyo
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~The yield stress level, Oy, the stress during actual yielding,
which remains fairly congtant, provided the straln rate re-
mains constant. (ASTM definition of yield strength: the
stress at which a material exhibits & gpecified limiting
deviation from the proporticnality of stress to strain.)

~The proportional limit, the greatest stress which a

Oy
material 1s capable of develqping without any deviation
from proportionality of stress to strain (ASTM definition.)
Op 1s very closely equal %o 6y for a coupon, particularly
if the coupon is annealed, This is not the case for the
section as a whole,

=81s0, where no definite yield stress level may exist, as is
the case occasionally, an offset is used to define a value
for comparative purposes.

%t is seen from the figure that a gréét vériation in the'magnitude

of the stress sgsociated with the different terms does not exist.

This has lead to some confusion of terms.

Thig paper will define the vield strength as the yield

stress at the static level, that is, the value for Oy when the

strain rate is zero, (Strain rate will be discussed at length

in section C=6.) In the past, untll recently, both the upper and
the lower yield points have been used as a basis for the estima-
tion of the yield atreséo Indeed, it is common pracﬁibe in test-
ing coupons to record the yield as the reading indicated by the
free "follower!? pointerron the load indicatgr dial, the actual
inad h&ving dropped off somewhat. Use of the static level is
perfectlj logical, since most structural loads can be consldered

as primarily static,
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2. Stub Column Tests

A number of stub column tests, with material supplied
by different manufacturers, were conducted so that an evaluation
could be made of the behavior of the full cross section of WF
shapes. The results obtained provided an important basis for
correliation of the yleld strength with test coupons, and mill
tegt data.

The stress-gtraln curve obtalined from such a stub column
tegt 1s of lmmense use in column strength predictions, As shown
in Referenc. 2, the overall stress-strain picture enables use of
the bangent modulus concept. Further, other relevant data is
obtained as shown below, which may be interpreted immediately for
the full cross sections o

l. Young's Modulus, E

2. Proportional limit, ©

3, The maximum residual stress (op=0 the
evidence of this being at. the pogltgon
the first yield line on the whitewash, or
the deviation from linearity of the load-
deformation diagram. With WF shapes, as-
rolled, this ylelding usually occurs at
the flange tips.

i, The static yileld level, Oyg

5. The overall effect of the residual stresses
en the cross section, as witnessed by the
Tknee'? of the stress-strain curve,

In génerai the speed of testing for these stub columns may
be regarded as s"caticBo Inerements were made slowly and once
yielding had begun, care was taken that both strain and load had
stabilized before readings were recorded. The tests were con-

ducted in either a 5,000,000 pound capacity hydraulic or a 800,000

pound capacity screw-type mechanical universal testing machine,
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4s Tension Coupon Tests

These tests covered a wider range of shapes than did the
stub column tests, due to both their ease Qf testing and economy,

The coupons were cut from the web and flange as shown in
Figure 2, and then shaped to ASTM standards, (see Figure 3). The
coupons were all tested in a 120,000 pound Tinius Olsen universal
testing‘machines of the screw-power-type with a positive control
over the speed of the cross head. 1In a few cases, the limited
capacity of the machine required that the test be continued to
rupture in a larger capaclty testing machine, Automatic elect-
ronic recording equipment was used to plot the load-strain curve,
which generally just reached into the strain hardening range.

The tests were conducted so that the static level of yield
gsfress was also obtalned., The speed of testing used was that
recommended in Fritz Laboraﬁory pubiication No, 220A,15, being
chosen so that the mill test of a steel manufacturer could be

simulated. (Crosshead speed shall not exceed 1/16 in. per minute

‘per inch of gage length.)

From the load-strain curve then, the following data were
obtained; Young's Modulus, Proportional Limit, Upper and Lower
Yield Levels if‘anyg the yield stress level at the strain rate
uged, the static yield level, and where it occurred on the re-
cording paper, an estimgtion of the strain hardening modulus,
Combination of .data from web and flange according to their res-
pective areas in the full cross section was employed to show,
by comparison, whether such-methods. will give an .accurate.indi-

cation of the yield stress and other data.
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The effect of strain rate on the appa%ent strength of steel
in testing has been given considerable attention, and data is pre-
sented that will enable predictions for the static Yield strength
knowing the speed of testing. Although it has been known in the
past that the strain rate has an effect, very little data was
available and the subject was generally ignored.

1. Correlations

Comparisons were made between the results of a8ll the
testss; stub columns, coupons, mill reports, as well as data obtained
in other investigations.

The steel was supplied by Company "A" and by Company "B",
for both tension coupon and stub column tests. The results are
shown both separately and combined; for in some cases 1t was felt
thal, combination of the data obtained from the different steels
could lead to inconsistencies., The data where the values have
beenn combined will be useful in strengbth predictions when the
origin of the material in question 1s unknown.

(¢} RESULTS

1. The Static TLevel of Yield Stress

Refer to Section C-5 on strain rate.
{a] Stub Column Tests
From Tables II, ITI, and Figure [, it 1s seen that:
material "A" oyg= 33.1 ksi mean value (20 specimens).

g Oyve™ 35.0 ksl mean value (13 specimenéﬁ,

Average O g= 33.9 ksi mean value (33 specimens)

J
(p) Bimulated Mill Tests
These are the weighted mean of the individusl coupon tests. The

individual data is recorded in Tgbles 1 and 2, and in Figure 5.
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material "A" Oyg= 32.8 ksl mean value (22 specimens)
. np Ogg™ 34.6 ksi mean value (13 specimens)

Average Oyg= 33.5 ksl mean value (35 specimens)

2, The "Mill Reports" for Yield Strength

The mill report for the yileld strength of steel 1s based
on & tension test on a coupon cut from the web of the particular
shepe carried out in the manufacturer's own laboratory, as part
of hisg control on production, The tests are conducted b speeds
approxinabely The same as those advised in Fritz Laboratory pub-
licaticn No, 220A,15. The results then give the yield strength
for & "dynamic® level Tyds where dynamic is used as compared to
gtatic, It will be further defined later.

The "simulated® millitests were bension coupon tests con-
ducted 1in Fritz Eaborabtory as oﬁtlined in section b-3, on web
coupons cut from WF shapes. The speed of testing "simulated"
that of mill laboratory, and was according to the speed recommended
in the previous pﬁragrapho

(a) Mil1l Tests, Figure 6.

material A" oyg= 42.8 ksi mean value (24 specimens)
"BY 0yg= [1.5 ksi mean value (1L specimens)
Average Oyg= L2.3 ksi mean value (38 specimens)

.ﬁﬂiﬁgg 3000 material "BY mill tests gaves Oyg= Ll ksi
()] "Simulated™ Mill Tests, Figure 7.

material "“A" oyd= 40,1 ksi mean value‘(au Specimagg)
"B" oyg= Ll.L ksl mean value (13 specimens)
Average Oyq= L0, 6 ksi mean value (37 specimens)

3. Comparison of Mill Test Results with the Oys

To allow a prediction to be made of' the static level

of yleld stress Oyg, from the mill test reports, a comparison of
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these results was made as a ratio of the former to the latter,
(that is, mygfgy mill tests.) Tabulation of the results is shown
in Tables IT and III, with the distribution shown in Figure 8,
Except for some material "B" results, as shown in Table III, the
yield stress is taken as the weighted static value from the

coupon teats, 1t being shown later that such a value is completely
egquivalent to that obtained from a stub column test.

(2) Comparison Using Mill Results, Oyg/Oy pi11, Figure 8

.

material "A", ratio = 76% mean value (20 specimens)

"B", ratio = 84% mean value (13 specimens)

il

Average, ratio 79% mean value (33 specimens)

{b) Comparison Using "Simulated" Mill Results, Figure 8
These regults have wvery little application and are re-
corded only for comparison., Assuming that the materials are equal,
they do indicate however that company "A" appears to run its mill
tests at a higher testing speed than company "BY,
material "A" ratio = 81% mean value (22 specimens)

"B patio = 84% mean value (13 specimens)
Average ratio = 82%‘mean value (35 specimens)

4; Evaluation of oOyg, 8tatic Level of Yield Stress

e

Iy comparison of values from stub columnsand from tenslon coupons.
This set of comparisons was made to see whether the static
yield stress of a WF shape, obtained from the tension coupons by
weighting and averaging according to respective areas of flanges
and web, could appraximate,th64va1ue of the static yield stress

nhtained from a stub column test on the full cross sectlon,
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Oys stub column
Oys welghted coupons

Ratios , Figure 9,

material "A" ratio = 99,1% mean value (18 specimens)
"B" ratio =100,5% mean value ( 6 specimens)
Average ratio = 99,5% mean value (2L specimens)

5& Varlation of Yield Btrength with the Strain Rate

The yield strength of steel is directly affected by the
rate of straining., This may be regarded as a property of steel, and
the phenomenon .has been studied and observed on numerous occasions
in the pastso' Generally speaking the faster the steel is loaded,
the higher the yield polnt tends to become until the 1limit, when
the ultimate load is reached without yielding.

It 1s seen therefore that the testing speed of a coupon 1is
of the utmost importance as a particular type of steel could have
s infinite number of'valueé for the yield strength. Actually,
this 1s exactly what does happen today! Although the ASTM have
tentative sgpecifications limiting the ﬁesting rate, 1t would appear
that some investigators use lower rates than others since discrep-
sncies exist as high as 20% in the measured value for yield strength.
At thils juncture it'should be noted that strain rate does not ac-
count for all the variation between tests - it cannot account for
marmufacturing methods., It should be noted however, that the
difference‘due to chemical and other manufacturing propertlies can
be more clearly evaluated 1if these superimposed artificial dis-
crepanciés of strain rate are removed.

This topic was 1nvestigated at length by Marshmans, and the
reader 1s referred to this publication for complete details. None-
the=iesss this chapter will briefly describe the propiems of strain

rate and will indlicate gsome of the results obtained,
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The greatest practical difficulty associated with strain
rate 1s 1its measurement. Although this 1s not difficult if specially
measured, 1t is not possible to use an indicated free moving cross-
head speed as the strain rate for any particular machine. This is
particularly true with an hydraulic testing machine., This 1s due
to the fact that, during testing, the machine itself 1s deforming
8o that an adjustment must be made to the indicated free~-running
cross head speed to obtain the actual rate of straining. It is in
the elastic portion of the loading that this effect has its greatest .
influence, for as the load increases the deformations of the varilous
parts of the machine also increase. The result is that the indi-
cated testing speed (free-running) is progressively decreased,

This state of affairs continues t1ll the climax is reached at the
vield point. At this instant the specimen starts to yileld, the
load 1s constant and no further deformation of the machine takes
place, all the movement being due to the plastic yielding of the
apecimen. That is, except for a negligible part of the strain
rate being taken up with keeping the deformed testing machine in
eguilibrium under the applied, for practical burpbses now constant
load, the specimen is "straining" at the indicated free-running
speed. Although the indicated strain rate below yileld point 1s
ot representative of the actual strain rate, and therefore can-
not be used; once the yield point has been reached and the load
and strain rate have stabilized, the indicated ratio of dynamic
to static yield points has a definite level which is dependent on
the testing speed. A plot of this ratio versus testing speed is

shown in Figure 10. It should be noted that the curve is the
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result of a number of tests of plate specimens from one manufacturer
(Company "BY"), All tests were carried out on the same mechanical
testing machine,

The dynamic yield stress, Oyd, 1s defined as the yield
stress at a particular strain rate other than the zero strain rate.
The static yield stress on the other hand is defined as the yield

stress at the zZero strain rate.

Test35 have shown that the static yield level mayvbe deter-
mined without actually conducting the experiment in its entirety
at a zero strain rate., All that is required is that the strain
rate be decreased to zero in the plastic region and that a few
minutes be taken to allow the load to decrease to the minimum,
(In the case of hydraulic machines particularly, care must be taken
that the static level is approached from the positive side, that,is,
no strain reversal is to be allowed,) The effect of this on a
stress-strain curve is shown in Figure 11, a typical stress-strain
curve from the series of coupon tests run on the screw-type mech-
anical testing machine, This property has not been proved con-
clusively on a large number of tests, but it is felt that the
series oonducted5 may be regarded as indicative of the behavior
to be expected due to thelr excellent correlation,

Figure 12 indicates a further observation, bearing out the
foregoing conclusions; namely, that in the plastic yield range the

%va depends on the testing speed, whereas, the O as obtained

ys?
by stopping the movement of the cross-head, is relatively constant.

6, Tension Versus Compression Coupons

Although no compression coupons were used in this series

of tests previous investigations have shown that, on the average,
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tenglon znd compression coupons give résults that are almost
idmﬁﬁﬂaléo These results and conclusions will be repeated here
in summary form (see Table IV), Although these particular re-
sults are for one shape, 8WF31l, experience with other shapes givae
the same indications,

Quoting from the above referred refebenoea

"The elimination of compresslon testing of
coupons {(in the case of rolled structural
steel shépes) is thus considered as warranted,
particularly in view of larger varlation in
properties due to other causes.,"
Compression testing of coupons is much more diffioult ag com=
pared to the case of testing tension coupons.

Considering the full cross-section, the static yleld level
ag determined from stub column tests was almosgt i1dentical with
that from the welghted mean of the tension coupons as shown in
Pigure 9.

1. Variation in Properties of Specimens from Web and Flange

There is conflicting opinion on the subject of whether

the shape and size of a specimen hag any appreciable effect on
the physical properties. Previous investigations7 have shown
that this effect is negligible in coupon testing, but recent tests
indicated no conclusions in either direction,

This section presents a summary of certain results, shown
in Tables II and III and in some of the figures. The yield
gtrength both at the static and the dynamic level is considered

as 1s also the ultimate strength.
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(&) Oz Static Yield Stress, refer to Figure 5,

From gimulated mill coupon tests, welghted means:

material "AY mean = 32,8 ksi (22 specimens)

range 29~-37 ksic: 18WF105, 16WF 88, 1LWFLLL
LLWE 61, 12WPile, 1LWE 78
12WF 92, 12WF 65, L1&WR 53
12WF 50, 10WP 66, 1OWF 39
1OWE 33, 8WE 15

range below
' 29 ksils 1LWE320 = 22,7 kai
12WF190 = 26,8
BWE 67 = 26,3

range above
37 ksis 8WF 31 = 37.9 ksi
8WF 2l = 37.8
6WF15, 5= [i3.3
SWE18,5= 41,3

NOTE: iLWFL26 had no apparent yield stress level,

matsrls 3 san = 3, sl 3 speci g )
matsprial "B mne a1 Lo6 k (1 ecimens)

range 29-37 ksis 18WF105, 16WF88, 1L4WF111
TUWE 78, 1LWF6l, 12WF190
12WF 53, 10WF66,  6WFLS.S
EWE 25

rangs below
29 ksi: 1LWFL26 = 28,6 ksi

range above
37 ksis LLWFLL2 = 38,0 ksi

SWFL8.5 = 37.14
The above summary should be considered with Tables II and
III, It is then seen that in general, as would be expected, the
hegvier gections have a lower Oyss while lighter sections have a

higher than the mean.

NE
Since the flanges are the controlling factor in columa
stvengbh both for buckling and direct loads, the b/t and  (Ar=a

of Flange/frea of Web) ratios were also considered, The indications
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from the small number of results on hand are that:

gshapes with b/t = approx, 10 orrlesss have o__ < 28 ksi

Vs
b/t = approx. 18 or more, have Oyg > 37 ksi
- 28 > Oy
shapes with o < approx. 2.5 ' or Ogg > 37 ksi

The stub column values for Oyg Were also considered; and
it may be seen that the indications are exactly the same &s for
the coupons, although the results are less random, that 1s, the
gpread is narrower.

(b} Oy4, Dynamic Yield Btress, Figure 6
mill test - web coupon results
TIa this éase, the same general indicatlonghold ag above as can be
seen from the reasonably constant histogram, It should be noted,
however, that the results are more random., Since qwiisxmtdefined
for a pasrticular strain rate, testing differences are probably
present.

(¢) @y1t, The Ultimate 8tress,; Based on Reduced Area.
actual

Refer to Tables II, III and to Figure 20. (from simulated
mill coupon tests, weighted means,)
35 apecimens were considered and to obtain a more realistic pilcture
the ultimate stress was based on the reduced area at fallure, From
the histogram, 1t 1s seen that the spread of results 1s extremely
narfow with only the following shapes not in the range 120-150 ksi.

material PA"™: 18WF105 = 110.5 ksi
14WFr228 = 187.5
12WF 53 = 114.5

materisl "BY: 1LWPL26 = 106,5 ksi
1UWF1L2 154, 3
LUWF 61 = 157.5

Thess results appear to be random.displacements from the mean, rather

i

than dus to any physicai properties of the cross-sectional shape.
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ITI. RESIDUAL STRESSES

{a) IWTRODUCTION AND DESCRIPTION

Ihe study of residual stresses has been extremely inten-
gifiesd in the last flve years, This is mainly due to an in-
creasing appreciation of their effect on the buckling strengh of
columins, These studies have brought to light many factors that
have explained past fallures of correlation between experimental
and predicted valuesg for column strength39° While residual
atresses have alsé been studied in bullt up columns, this paper
wiil only be concerned with the structural rolled shapes of A=7
steel,

Residual stresses are stresses that remain in a member after
it has been manufactured. These, 1n the main, are due to uneven
ecooling of the member after hot rolling. Residual stresses are
aiso Formed by various fabrication methods, such as welding and
aold beﬂdihg;; As a general rule however, the effect of these
types of stresses is less pronounced,

Thelmeasurement of residual stresses of the type in question
ig best accomplished by the "sectloning" method, whereby the member
“is measured before and after cutting into longitudinal strips.
The‘cutting releases the stresses enabling the sectioned strips to
deform freelyAaocording to the relaxation of their internal forces,
This method 1s explained at length in Reference 6,

A‘typica1~fésidual stress distribution diagram for a WF
shape 1ls shown in Figure 13 where the terminology is also explained,
Generally, these distributions may be approximated quite well by
straight line segmentéc .Erom a“knowledge of this distribution 1t
is possible to predict théﬂavefgge dme curve for the full cross

gection and the procedure is degcribed in Reference 6,
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It has been shown in these previous studies that an actual
stub column test gives a more accurate and far simpler means of
obtaining the average o0-& curve than the lengthy calculations that
are required starting from a measured residual stress distribution.
The importance of this average curve 1s that the apparent tangent
modulus values obtained can be related to the carrying capacity of
the member and thus column strengths can be predicted. It should
be pointed out however, that while the "knee" of the average o=g
curve shows the effect of the residual stress distribution, it
does not enable the specific distribution to be determined except
for Opps Ope 18 generally the largest Inherent resldual stress
and defines the proportional limit.

(b) RESULTS

1, Residual Stress Distribution in WF Shapes

The results of the previous investigations are summarized
in Table V, while Table VI gives the individual detailed results.
This will give an indication of the distribution of residual
stress in WF shapes., In all cases the method of "sectioning!
was used,

2, Resgidual Stress from Stub Column Tests

The limit of proportionality of the stress strain curve
defines the magnitude of the residual stress, Opg, since in all
cases that have thus far been measured the flange residual
stresses have been higher than those in the web.,

(o,

re = O

y = %)
To take account of local high residual stresses and to

obtain by interpolation a basic value for &,, presumed to exist
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when these are not present, a 0«€ curve of the type shown in
Figure 1L it was modified in the following manner: The portion of
the curve above the proportional limit, although with a very slight
curvature, may be considered as a straight line., The tangent

point of this line with the "knee" of the curve 1s then taken as

8 paeudo-porportional 1limit, thus defining what in this report

will be regarded as a basic value for Opc.

The results following and shown in Figure 15 are of two
types, the actual residual stress average and the average modi-
fied as explalined above, where necessary.

To show whether Oy, the maximum residual stress as determined
from akstub column test, is a function of the yield stress or‘notg
the ratio 0p/0yg has also been considered with 0y both modified
and unmodified, The results are shown in Figure 16,

(a) op from Stub Column. Figure 15.

il

material "A" o0p = 13.5 ksi mean value (19 specimens)

Ormod & 10.5 ksi mean value (19 specimens)
material "B" o, = 1l,6 ksi mean value ( 7 specimens)

Opmod 12.6 ksi mean value ( 7 specimens)

average Op = 13.8 ksi mean value (26 specimens)

Orpog = L1lo1 ksi mean value (26 specimens}

(b) GP/OyS from 8tub Column, Figure 16.

material "AY or/crys = }j1,1% mean value (19 specimens)

Or/Oysmod = 32.9% mean value (19 specimens)

material "BY Or/cys = }1,5% mean value ( 7 specimens)
Or/9yamoq = 35, 6% mean value ( 7 specimens)
average or/cyslé L1.2% mean value (26 specimens)

i1

GP/GySmOd 33, 6% mean value (26 specimens)
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3. Besidual Stress Prediction

Attempts have been made in the paét9 to correlate the

residual gtresses of a shape with its physical properties,‘such
as b,d,t,we This has also been attempted in the present investi-
gatlon, Unfortunately, the only statement that can be made re-
garding these studies 1s that no definite tendencles seem to exist,

Probably the most intricate and complete endeavor at this
prediction has been made by A. Huber?., It is felt, however, that
his method offers no better accuracy than obtalned by merely esti-
mating vaiues‘from‘the tables of results already at hand,

For these reasons then, the correlation attempted by the

author has not been presentedo
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IV, OTHER MATERIAL PROPERTIES

{a) INTRODUCTION AND DESCRIPTION

The determination of the yield strength of a material is
accompanied usually by the finding of the elastic modulus, and if
the test be on a coupon, the ultimate strength and strain hardening

modulus are also easily obtained.

This chapter seeks to present addlitional data on the follow-
ing propertiess

1. Young's modulus, E,

Za Straih hardening modulus, Egt.

4. Ultimate strength of a tension coupon,

The two moduli, E and Egi, may be defined as the constant
ratio of stress to strain in the elastic and at the on-set of the
ateain hardening ranges.

The procedure of tesgting with tension coupons has been de-
seribed above. The results from these tests have been enumerated,

and the Young'!s Modulus will be compared also wilth the values ob-
tained from stub column tests.

(b) RESULTS

1. Young?'s Modulus, E,

Tables II end IITI show the actual experimental vaiues
for B from both coupon and stub column, Individual coupon values
are shown as well as & combined value for the cross section,
welghting the average according to the respective éreas of flange
and web, To check this method, the results were then compared %o

“hose obtained from the full cross section by stub column tests,
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{a} E, Weighted Coupon Results, Figure 17,
It 1s noted that the flange has the lower value for E, as
was the case with the other properties obtained from the stress-
strain curve,

3
material "A" E = 31,2x10 ksi mean value (21 specimens)

i1

material "™BY E = 31.1x10°ksi mean value (11 specimens)

i

raverage B 31°2x103ksi mean value (32 specimens)
{b) E, Stub Column Results, Figure 17,

material "AY E = 3105x103ksi mean value (19 specimens)

material "B" E = 30.4x10°ksi mean valus ( 7 specimens)
average B = 31,2x103ksi mean value (26 specimens)

2. Comparison of Coupon and Stub Column Resuits for E

To check the assumption for weighting the average for B
with the coupon tests as was done before with the other material
propertiesg, the ratio for E for each particular section, obtained

by the above two methods, was compared. See Figure 18,

B, .

material "AW CSoUDbOn = 99,7% mean value (16 specimens)
stub‘column

material "B " =100, 7% mean value ( 6 specimens)

average " =100,0% mean value (22 specimens)

¥

3, Strain Hardening Modulus, Egy

c

- At the time of publication the reduction of results for
this property was ihcomplete and cannot be presented here,

L, The Ultimate Strength of a Tension Coupon

Similarlypto the method employed with the static yleld
Stresss the ultimate nominal stress in tension for a wide flange
shape was determined by the weighted average Sthhe individual
coupon tests for web and flange., Further, to account for the re-

duction in area the ultimate strength is also shown based on the
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percentage reductlon recorded. The individueal percentage reductions
have been combined according to the weighted avérageo

It is pointed out that use of this method with coupon ulti-
mate strength is probebly extrapolating too far as no account is
made of the changed crystal structure due to the '"necking", The
results should be indlcative however, since the values for per-
centage reduction generally do not differ greatly for flange or

wabh from the same shape.

{a) coyq¢ from Weighted Coupons of "simulated" Tests, Figure 19,
material "A" opq+ = 62,9 ksi mean value (23 specimens)
material "B" a4y = 65.3 ksi mean value (12 specimens)

average Ty = 63.7 ksl mean value (35 specimens)

b) “Oylty,q Lrom Weighted Coupons, Based on Ultimate Cross-

Sectlonal Area, Figure 20.

material "A" Oyl .q = 134.9 ksl mean value (23 specimens)
material "B" Oyyg. .4 7 135.0 ksi mean value (12 specimens)

average Oultped = 134.9 ksi mean value (35 specimens)

£

(c) °oy1t from Mill Tests (web), Figure 21,
material "A" oyiy = 66.3 ksl mean value (2l specimens)

material "B" 0,14 = 68.2 ksi mean value ( 7 specimens)

average Oyult = 67.4 ksi mean value (31 specimens)

(d)} °ou1t from Silumated Mill Tests (web coupons), Figure 22,

material "A" oylg = 63.5 ksl mean value (2L specimens)
material "B" Oyt = 65.0 ksl mean value (13 specimens)

average oult ZE(SLL‘,O ksi mean value (37 specimens)
{e) Percentage Reduction in Area, Figure 23,
1. Web material "A"  19,6% (2L specimens)

materisl "B"  50.8% (1L specimens)

average 50,1% (38 specimens)
: (continued}
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‘2, Flange material "A"
material "B"

average
3. welghted
measar material ¥AY
material "B"
average

Average failure is on U7.L% of original area,

5l 0%
51. 6%
53.1%

53.3%
51.4%
52, 6%

(2L
(1h
(38

(2L

(1L
(38

=N

5. Typical Stress Strain Curve

A typical stresgs strain curve has been drawn from the
above results, being an average obtained from the stub column

tegtes and other tests conducted.

specimens)
specimens)

specimens)

specimens)
specimens)

specimens)

Figure 24,

maj
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V, CONCLUSIONS AND DISCUSSION

The following discussion embodies the conclusions and

guggeations that follow from the results above,

L.

The yield strength has many definitions. The static
yield stress, Oyg however, 1s the preferred value as 1t
is the easiest to obtain and also is the stress thatb
corresponds best to normal structursal loading condltions.

In stub column tests, by allowing the load to "settle

“down", that is come to an equilibrium position after a

toad Increment, 1t 1s the static value that is obtalned,
With coupon tests, all that is required is that the rate
of straining be decreased to zero anywhere 1in the plastic
yvield range. This is easily accomplished in mechanical
and hydraulic testing machines, aithough with the latter
a dial gage indicator 1s reguired to show movement of
the cross head, and to guard against strain reversal,

From the results (Figures L,5, and Sectlon C-1) the
approximate value for Oyg was 33.7 ksli, This was the
overall average for stub column and simulated mill
{(weighted average) tests. Untlil more extensive tests
show otherwise, this value 1s close enough to be taken
as ths usually accepted Oy = 33 ksi.

Although an attempt at a frequency curve, rather than
a histogram, was made this statistical method of repre-
gsentatlon could not be carried to fruition. The method

was not applicable on a number of counts, the number of
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results were too small to be a representative gample, the

results were not dependent on chance alone but on many

manufacturing factors., For instance, it would be expected
the comparatively large sections give small values for Tys
while small sections give larger values, The amount of

cold work, rate of cooling, etc,, undoubtedly played a

major role in this situation.

2o Mill test resulits for the yield stfength wers approxi-
mately 27% higher than the true static level, due probably
£ twq causess
A, these are tension tests run on coupons cgt from the

web, which belng rolled thinner than the‘flange give
about a [-7% higher yield level than the flange.

b, the yleld strength depends directly on the strain
rate ag shown in Figure 10, Even with apparently
smelt strain rates approsching zero, Oygq can be 5%
greater thanrdysg whereas at normal testing speeds,
13-18% 1is a better figure.

The strain rate has an obvious and sensitive effect,
Therefore, unless 1t is specified for testing the correla-
tion of regults of different tests is impossible., Indeed,
in this series of Tests conducted on steel from the same
lot, the simulated mill (Fritz Laboratory) tests produced
Uyd approximately 5% lower than did the mill tests. The
former used the recommended speed of the ASTM A6-5LT (and
A370-5LT) while the testing speed of the latter is not

known although it should be the same,
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One of the more important objects of thig investigation
was to see whether the yleld stregs could be defined by
the mill test. The results, Figure 8 and Section C=3 are
varied. Comparison of the static yileld level with both
mill and simulatbted mill results was considered, The range

of distribution was reasonably good and the average was

» . atio TS .
equal to 79% for the ratio Symill® More consistent results
were obtained for the ratio JY¥S , with an average of

Oysim,mill
82%. (In all cases, Oyg is from weighted coupons.) This

again brings up the question of a standard strain rate,

and the good agreement of the simulated mill results above,
(simiiar atrain rate results from steel of different mamu-
facturers) would bear out the premise, It 1s extremely
difficult to draw definite conclusions from these flgures
above, particularly as previous investigationsu have ob-
tained 85%t 5% as the ratio of g%%

From the above, it is suggested that 80% 5% is a prob-

o}
abie value for =m~¥§mo
Oymill

3 The procedure in the previous paragraph was for the
welghted tension coupons but the same results would have
gshown had Oys from stub column tests been used., Figure 9
and Section C-li show that almost perfect correlation exists
for Oyg between stub columm and weighted coupons.

Another result of this study is that the full cross
gsectlon strength of a wide flange shape may be estimated,
with complete confidence, from tension tests on coupons cut

from flange and web, Although economically this may be no
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gaving, 1t does enable a laboratory with testing machines of
8 limited capacity to obtain reliable egtimates, Unfort-
unately, Oys and B are the only properties that such coupon
tegbs will supply, the impoftant Op and "knee" of the 0-¢
curve (showing effect of residusl stresses) for the full

cross section cannot be estimated,

il The problem of strain rate, and its effect on the yield
stress as shown above can only be overcome with substantial
tegting on a wide variety and type of testing machine,
Steel from the different manufacturers must also be subject
to exhaustive tests., 8ince the strain rate in the elastic
range 1s not too important, within reasonable limits, the
basis for such a series of tests should be on the free-
running speed of the cross head. It 1s expected that the;
outcome of such tésts will show a simllarity in the
(;%% versus strain rate) curves for different types of test-
ing machine and steelg, This has been indicated from the
reasonable correlation between Marshman5 and Romanellisg
the former testing on a screw-type mechanical machine and:
the latter on a hydraulic machine. Such testg would in-
dicate whether the difference for 0Oyy between similated
and mill tegts was due to the different testing machines
or to different strain rates used. Up to the yield level
and in the streain hardening range the type of machine and
size of specimen has a much larger effect than in the
plastic range, This effect, however, seems to be of 1little

practical interest. To check this elastic effect of machine
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gand specimen in the piastio range, mechanical stralin gages
would be attached over the full length of the specihen to
measure the actual straln rate and to compare them with
‘the "free-running" speed, |

Tests have demonstrated that a fast method of obtain-
ing Jys is to decrease the strain-rate to zero once or
twice in the plastic yield range (with no strain reversal).

5, It was shown that compression and tension coupons give
almost identical results, The difficult oompres§ion coupon
test can therefore be eliminated in all but confirmatory
Cases,

6o Generally speaking heavier sections have a lower Oy and
lighter sectlons a higher value, Similear general stabte-
ments were made for b/t and « ratlios, The smell sample
of results, howevser, precludes any definite conclusions,

7o From the stub column tests conducted, the indicated
value for 0, is 13 ksi, This 1s the mean of the maximum
compressive residual stresses in the cross section and in
general occurred at the flange t;po Further, this wvalue
igs the complement of the proportional limit with respect
to the yileld stress, indicating that the average value for
proportional limit is approﬁimataly 20 ksi,

The gbove value 1s a realistic éstimation deduced from
Figure 15 where the "modified" values have also been taken
into slight consideration, Attention is drawn to Tabls V
where the values 12.3 and 7.7 ksi (compression) are average

values for WF shapes of d/b £ 1,5 and > 1.5 respectively,
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Since the histograms for the ratio %§§ have become
muich wider in distribution, rather than narrower, with
respect to the Op histograms; it is concluded that o, 1s
not a function of the yleld stress. This has tended to be
confirmed by recent pilot tests on low alloy high strength
steel where O0n was found to be of the same order of magnl-
tude as was measured in A-7 steel,

8. The prediction of the residual stress distribution
bazed on mathematlical relationships between the cross
sectional physical properties is not warranted until fur-
ther and more complete test results are at hand, Adequate
eatimation may be obtalned from tabulated results already
avaiiable such as Tables V and VI of this report,

9, The Young?s modulus was found to be 31.2x10% ksi, the
overall averége value obtained from all coupon and stub
column tests conducted in this seriles.

Ag with the yield stress, an excellent estimation for
the Young's modulus of a full cross sectlonal shape may be
obtained from the welghted average of the coupon values.

No effects of §ize on the Young!s modulus was noted,
although the number of specimens wés too- small for any
definite conclusions.

10, The ultimate strength of tension coupons, SBection IV=b=l,
Figures 19,21 ,22 lies within very definite bounds with an
average of 6l4=67 ksi. (This is within the limits 60-72 ksi
specified by ASTM.A’?mSST)o These measurements are based on

the initisl cross sectional area., It should e noted that
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the simulated mill tests gave somewhat lower results than
the mill tests., However, this small difference was prob-
ably due to the slower straln rate after the yield point
of the simulated mill tests.

The ultimate strength based on ultimate cross: section
is likewlse within definite bounds with an average of
approximately 135 ksi as shown in Figure 20,

The percentage reductlon in area although with a. slightly
wider range, Figure 23, is also reaonably consistent., A
difference of 5% between web and flange values was noted
suggesting thaé{thickness of rolled section could have an
effect, Generally taking a welghted average for all speci-

mens the percentage reduction in area is approximately

53%t 5%,
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VI, SUGGESTIONS

CGontinuing from the previous chapter on conclusions and

discuasgions with respect to bhe limited number of tests conducted,

the following suggestions become relevants

Thisg series of Tests indlicates the following probable valuesg
for the material properties of the full cross section of a

Wy sheape,

ayg = 3% kal
61’1 (.. == 1,'}: k S i
o = 20 ksi

on original area Oyiq = Ol ks
H

| L
on reduced area O 5. =135 ksi |

percentage reduc- A

tion in sres = 5%%

/' coupon tesbts

The yield stress should bhe defined by the "static" yield
streas for reasons discussed in Chapter V,

The mill tests should be conducted at some generally accepted
spesd of testing to enable correlations to be made between
different manufacturers and testing machines. This speed
could, for convenlence, be relatively fast and could be the
maximum speed at present allowed by ASTM A6-54T (and
A370-54T), The mill report, however, should indicate the
apeed of testingo

The effect of strain rate on the yileld stress level hag
been discussed in Chapber 2-C-5., For definite findings,

however, substantlial and exhaustive tests on steel from
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6,

difffersnt manufacturers should be conducted on & wilde
variety and type of tesgting machine,

This series of tesgts Ifurther indicated that the "static”
level of yield stress for a WF shape is 80% 5% of the
mill Test value wn a tensglon coupon cut from the web of
the gectlon, BStandardizeation to a definlite testing rate
may chenge this value,

The yield stresa and Young's modulus for a given shape
can be estimated accuratel& from test results on coupons
cut from flange and web; 1f the welghted average accord-
ing to respective sreas is used., This 1s of use where
oty smsll capacity testing machines are available.
The elimination of compresslon testing of coupons 1is

warranted in the case of rolled structural steel shapes.

=

englon coupons accomplish the same purpose with greater

[~

D
e
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1. Homenclature

¥lange width

Depth of WP gection between centerlines of flanges
Young's modulus of elasticity

S8trsin hardening modulus

Flange thickness

Web thicknesa

Ravio of area of flanges to area of web

Strain {(in/in)

Yield stress
Yield stresg of mill tension coupon
Yiseld stress at zero straln rates "static" yield stress

Yield gtress ab a particular straiun rate other than the
' rates "dynamic" yield stress

Upper yield point, see pg.l

Lower yield point, see pg.l

Proportional limit

Meximum regidusl stress determined from stub column test
Residiiél stress at flange edgeS

R.si&ﬁéi stress at flange center

Regidual stress at web center
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Schedule of‘Tests

TABLE I

No, Shape Material "AV Materiagl ™B"
coupon coupon.
test stub test stub
(simulated) column (simulated) column
mill mill
8 18WF105 X X X bs
9 16WF 88 X b'e X X
10 LLWFLL26 x x X
1L 1LWEF320 X X
12 | 1hwFees x X
13 1LWFLl2 X x X X
iy LLWF111 x X X
15 1LWF 78 X x X x
16 | 1LWF 61 x x % x
17 LLWF 53 x X
18 | 12WF190 x x x x
19 | 12WF 92 X, x
20 1LEWE 65 X X
21 L2WF 53 X X x' %
2e 12WE 50 X X
23 1OWEF 66 X X X
2 | 1owF 39 b3 X
25 1OWF 33 X X
26 SWEF 67 x X
27 8WF 35 x X
28 8WF 31 x x
29 BWF 2L x x
30 GWFLS. 5 x x x
SWF18,5 x X X

31




TABLE IT

General Experimental and Analytical Data for Material "A"

NOTE: A1l values of stress in kip/inch®

Area | Area| O = grt |9romod. TS ay 1L Jult
: . stub | stub stub mill | mill coupon

Wo. | Shape Avea |Flanges | Web 2£2§,£%§ 5/t kolumn column column flange pweb

8 |18WF1C5 | 31.3 | 21,95 | 9.32] 2.36 13,0 | 12,8]  we- 29.8 3,1 62,8 48.3 | 61.2

9 |16WF88 25.5 17,92 | 7.55] 2.37 15.1 | 18.6| 3.9 31.h 2.3163.9 62.9 | 63,1
10 |1hwF426 |12l.0 [100.38 |23.57| ir.LO 5,52 -e oo . 38.2 | 69,9 6Ll | 73.4
11 |14WF320 | 93.5 69.88 [23.57] 2.97 8.0 e e —ee 38,5 | 65,1 61.7 | 59,7
12 |1LhwF228 | 67.3 sh.19 (13,091 4.1k 9.3 |  9.5] == 25.8 38,2 65.4 62.8 | 65,3
13 |1LwFih2 | 41.9 33,11 | 8.79) 3.77 Uo7 | 12,0} woo 30.7 37,11 6.2 65.6 | 68,3
U |1hwr11il | 32.1 25.35 | 6.72] 3.78 16.9 | 10.2] == 33.0 45,0 71.0 66.2 | 6.5
15 |1LwF 78 | 22.3 16,85 | 5.45] 3.09 16.6 | 10.2] oo 29.L | 38.4| 60.L 59.3 | 59.7
16 |14WF 61 | 17.9 12.85 | L.96] 2.59 15.9 == ceo ceo hl.3] 66.8 60.lL | 60.0
17 |[14WF 53 _ e - 1.71 e ee coe . 37.11 60.7 58.9 | 55.5
18 |12WF190 | 55.3 13,66 [11.61] 3.76 7,37 12,1| weo 2l .6 3.1 ] 68.6 63.7 |61.6
19 |12wF 92 | 27.0 20.97 | 6.00f 3.50 .3 ] 19.8| 10.4 3Ll 5.7 7.0 69.3 |69.5
20 |12WF 65 18.7 .2h | L1l 3.0 20,6 1.6 o 32.6 .31 67.6 62,8 161.4
|21 (12WF 53 | 15.7 11.76 | 3.87| 3.03 e 13.3] == 35.0 9| 67.8 61.3 |63.5
22 |12WwF 50 | 1.3 10,13 | .1l 2.4L5 13,0 | 16.5] wo- 32.9 2.2 67.5 65.9 | 6L.7
23 |10WF 66 | 19,3 | 15,21 | L4.02| 3.80 13,6 | 11.2| w=o= 33.2 46,81 68,3 63.6 | 63.9
2l |10wF 39 | 11.1 8.11 | 2,89 2.80 15,8 —— . 37.2 41.91 62.7 60.9 | 62.0
25 |10WF 33 9.8 7.12 | 2.60] 2.74 18,0 | 11,1| === 32.4 52,0 74.8 60.6 | 61.1
26 | 8WF 67 | 19.3 15.04 | 4.20} 3.59 9,18/ 8.9 co- 26.1 33,5 60.2 59.7 1 57.1
27 | 8wF 35 | 10.5 8.23 | 2.2Lf 3.68 16.2 | 15.9| === 35.9 18,31 6l.3 63.2 | 6.7
28 | 8Wr 31 9,37 7.2 | 2,07 3.50 18,51 6.6 @ e 36.1 Wl yj 6.5 6lL.l | 65,0
29 | 8wWF 2l 7.00 5.16 | 1.79] 2.88 16.7 | 2L.l| 10,k 39.0 U7.l| 69.2 65.2 | 70.3
30 | 6WF15.51 L.57 2,18 | 1.34| 2.37 22,3 | 23.3| 3.8 113.0 51,1 66.14 63.6 | 61,0
31 | 5WwF18.5! 5.31 l,21 | 1.05| L.18 12,0 bolp| =e= 38.7 18.81 65.6 63.1 | 6l.l




TABIE 1T, Continued (al

Oy g . Oyg Stub , irr oy 10we Welighted
No.| Shaps Gogpﬁm Syq I 9ys TS 7 Golumm Ty giWeb) |7y= CO%POH
: Flange Web 3 Weighted ey lom.:q- |OFs Weighteda| Tymill | OyalWeb]
] ‘:C‘«Uf@ on :y'd 5 miLi GQHB or .

, : ) % | % % % %

8 | 18WF105 | 28:9 |3l..2 38.2 1 79.61] 70.7 98,0 Oli. 3 4.9

9 | 16WF 88 | 31.1|31.9 39,2 | 86,0 7Tl.3 100.0 90.5 82.0
10 | 1LWPL26 -= 130.1 - eo - S 89.3 _
11 | I4WF320 | 22.7 |22.8 26, | 86.01 59.0 S 68.6 86.2
12 | WwF228 - 129.6 —e - o e eee 92.2 e
13 | hwWF12 | 28,1 |32.7 3,9 | 83.81 79.2 10L.7 10,9 75.3
Uy | IWWF111 | 32.5 [33.2 39.0 183,81} 72.7 101.,0 87.5 83.0
15 | 14WF 78 | 28,8 {30.4 35,0 | 83, | 76.2 100.6 87.5 86,8
16 | 14WF 61 | 30,3 131.4 35,9 85,21 69.0 —es 80.5 85,8
17 | IWWF 53 | 29.6 [29.6 -e o= | 79.7 - 98,7 80.6
18 | 12WF190 26.9 |26.5 29,9 89.7 1 87.6 91,8 96 .6 81.5
19 | 12WF 92 | 33,2 |35,0{ 4O uc,8 82,3 73.5 102,10 90.8 81,2
20 | 12WF 65 | 32.L |38.6 | I lil.2 | 82,2 76.2 9.4 87,0 87.6
21 | 12WF 53 | 33.4 |37.6] 38.546.3 | 3L.L o e | 76,5 101.8 103.3 Th.2
22 | 12WF 50 | 34.0135.21 39.8 I43.1] 35.5 30.8 | 8Lh.1| 81.l 95.7 102,0 79.8
23 | 10WF 66 | 32,01(33.81.37.6 |38.8 1 32,k 37.9 | 85.5] 69.2 102,6 82,9 83.7
2l | IOWF 39 | 34.2 (36,1 1.3 ili.7 1 3h.7 h2.2 | 82.21 82,7 c== 106.6 77.8
25 | LOWF 33 | 3L 1 [3L.9 | 40,7 |hh.3] 3l.3 1.7 §82.. 66.0 ol.5 . 85,3 77k

1261 8WF 67 | 25.8°28,3] 30.2 34.7| 26.3 312 | 8kw3| 78.6 100,10 103.6 76.8

27 | 8WF 35 | 3L.7 |{37.5] 40.1 4.7 | 35.3 se s 1 73,2 101.7 92,8 | 79.0
28 | O8WF 31 | 37.3(39.7{ LL.3{u8.87} 37.4 L5.3 | 83,7 85.6 95.3 110.0 777
29| 8wF 2Ly | 36.5141.,9] 412, 048.5 ] 37.8 W0 186.0] 79.8 | 10L.3 102, 3 78,0
30 | 6WF15.5, L42.9 3.0 48,3 52,1 L3.3 9.6 |1 87.3] 8L.7 99.2 102,0 63,3
31| BWF18.5 L0.7 [13.8 | LS.7 (.71 L1.3 5.5 | 91,2 63.2 93.8 91.5 92.8

o=




TABIE II,

continued (b}

~ Tr e BL1emill ] emiqs Fuitwglghted|% redn.- % redn.- | Redns | % .
Mo | Shape EEE Ty %%é%ggﬁn‘weiéh%ed ﬁ?it 1§p°n Zn arsa én area - iriﬁ gg%ggogn
8thb mbd, coupon coupon urgmt flange|web |weighted | =% of |redn.
columi i gihyub A 7 average | orige | area
column inal

8 | 18WF105 | 2.9% | ==-% 101,13 21,8 82.5 gh.9 148.91 53,1 6.9 | 11C.5
9 | 16WF 88| 59.3 12,0 101.3 62.9 98.1 56.1 84,7l B56.7 | k3.3 | 145.G
10 | 1WWFL26 | == == 95,2 66,0 -~ 9.3 52.0 130,8% L8.2 51.8 | 127.5
11 | IWF320] = | == 109.0 61,2 9.0 45h.5 |58.1] 55.5 .5 | 137.5
12 | 1wF228 | 36.9 - 100.,0 63.3 98.5 69.8 |51.6| 66.2 33.8 | 187.5°
13 | 1L4WF1h2 | 39.1 ee 93.8 66,2 103.2 Sh.5 {43.3] 52.1 k7.9 | 138.0
1y | 1LWF111 | 30.9 - 110.0 66.2 93.3 55.1 {49.9] 53.8 h6.2 | 143.5
15 | 1LwF 781 3L.7 _— 101.3 59.4 98.2 55.1 |5L.0f 5L.7 5.3 | 131.2
16 LWr 61 = = 111.4h 60.2 90,0 57.7 14L8.8 5.2 .8 13h.0

17 | yWF 53] o= - 109.4 Tee se 55.5 (57.6| 56.2 13,8 o=
18 | 12WF190 | 47.2 -e 111.3 63,2 92.2 Sh.0 jL7.L| 52,7 7.3 | 133.7
19 | 12WF 92| 57.6 30.2 106.4 69,0 93.8 53.9 {48.L| B2.7 L7.3 | 146.6
20 | 12WF 65 L4L.8 oo 110.0 62,6 92.6 57.3 152.5] b56.2 1.3.8 1L3°o
21 | 12wF 53| 38.0 - 106 .8 61.9 91,2 h6.7 (hl.2| 145.9 bh.1 11@ 5
22 | 12WF 50| 50,2 -— 100, 3 65.6 97.1 h6.7 150,30 L7.7 52,3 | 125,.5
23 | 1O0WF 66 | 33.7 -o 106.8 63.7 93,0 U8.7 143.81 L7.7 52.3 127, 6
2L | 10WF 391 =- —e 101, 3 61,2 97.8 55.2 |50.9| 5L.2 45.8 | 133.5
25 | 10WF 331! 34.3 .= 122.5 60,7 81.2 52.9 |56.0| 53.8 h6.2 | 131.5
| 26 8WF 67§ 33.7 e 105.UL 59.0 98,1 55.5 |5L.3| 55.2 W8 | 131.5
27 8WF 351 Ll.3 -= 99.4 63.6 98,8 5.0 |h6.1]| 5B2.2 47.8 | 133.0
28 8WF 31 18.3 == 99.3 6Ly, 5 100,0 5l.1  1L9.7| 508 9.2 | 131.1
29 |° 8WP 2| 61.9 26,1 98,3 66.5 96,2 50,0 |50.4| 51,0 49,0 | 135.5
30 | 6WF15.5 | 54.2 8,8 103.8 63,7 9,0 8.0 153.7| 53.9 U6.1 | 138.7
31 | SWF18.5] 16.5 —e 101.8 63,3 96,7 51.5 |L5.7] 50.3 9.7 1 127.4

Th-



TABLE II, continued {c)

B B B Ecpugon
No, Shape coupon coupon stub Estub column
flange | web weighted column %
8 18WF105| 31,7 | 31,9 31.8 30,8 103.4
9 16WF 88| 30.6 | 32.9 31.3 31,8 98,1
10 1LWFL 26 == 32.4 == 33.3 -o
11 WF320| 3L.1 | 33.0 33.9 o= .=
12 1 WF228 - 33.0 ce —- -
13 WLWrL2 | 29.8 | 32.9 30.5 29.1 104.8
1 WWF111 | 31.3 | 28.7 | 30,7 31.2 98.L
15 LWF 781 29.6 | 30.8 29.9 32,0 93.5
16 ILWF 61 29,8 27.08 29.3 == =
17 ILWF 53| 30.3 | 30.6 30,0 == -=
18 12WF190 | 38,4 | 34.6 37.7 32,7 115.3
19 12WF 92| 29,7 | 33.0 30.L 31.8 95.6
20 12WF 65| 31,1 | 28.8 30.6 30,0 102.,0
21 12wF 53| 33.2 | 30,0 32.4 33.8 95.9
22 12WF 50| 33.8 | 29.6 32,6 32,9 99.2
23 10WF 66| 31,8 | 30,7 31.6 30,1 105.0
2l 10WF 39| 31.3 | 30.5 31.1 - e
25 10WF 33| 30.5 | 30.L 30.5 29.2 104.5
26 8WF 67| 30,2 | 30.7 30,3 - .o
27 8WF 35| 30.2 | 32.2 30.6 31.2 - 98.2
28 8WF 31| 30,1 | 33,0 30,8 30,2 102.0
29 8WF 2l . in - 32.2 -
30 6WF15.5| 27.8 | 32.5 29.2 33.5 87.2
31 SWF18.5| 29.9 | 29.6 29.8 32.4 92,0

Al



TABLE IIT

General Hxpesrimental and Analvytical Data for Material '"BY
NOTE: All values arein kip-inch units.
No. Shape | Area | Ares Aresn X e Sre Sre Iy g Sult
Flanges | Web areg flanges| stub mod . stub Oy Sult coupon
area web colum | stub |columm |mill "~ |mill { flange web
~jcolumn i
81 18WF105 | 30.6 21.0 9.5 2.21 13.L e 33,0 |37.7 62,04 61.2 61.5
91 16WF 881 25.7 18.1 7.6 2.38 23.3 9.1 3l (4166 68,3 65.5 6.3}
10| 1LWFLh26 L.40 68.7 66,8}
1 1IWF320 2,97 *
12| 14wWF228
13| UwWr1Lh2 | LO.6 32,0 8.5 3.76 8.1 38.7 |51.2  |Thol 70.3 71.3
1| LyWR111 3.78 63.2 6Ll
15| 1Lwr 78| 23.2 17.5 5.6 3.13 1.8 35.8 [Lh2.3 68,8 6.5 66.9
16| I4WF 617 18.1 13.0 5.0 2,60 9.1 36.7 {2 |68 64.8 65.3
17| 14WF 53
18| 12WF190 { 55.7 hh .1 11.7 3.77 11.3 30.2 139.6 68,7 66,2 67 .6
19| 12WF 92
20| 12WF 65 36 .6%| 39, 7% ,
21| 12WF 53 { 15.7 11,7 3.95 2.97 12.3 35.0 {35.1 [66.9] 6L4.1 6L4.8
221 12WF 50 36.0%{42,.6%
23| 10WF 66 3,68 63.3 62,5
2l 1LOWF 39 35.9%fy1.2%
25| 10WF 33
26 8WF 67 31.4% )_,_300-2:'
27 8WF 35 36,7% LLOGO*
281 8WF 31 37.4%143,3%
29 8WF 2L 3. 3%] 39.8%
30 { 6WFL5.5 6L4.0 63.6
31| SWF18.5 67.1 65.2

“from previous investigations.

et



TABLE III, continued {a)

- o SLUD o7 o5
No, | Shape cgzgcn cgigan' fei%%%ed wegzgﬁed %?% Oﬁsy ﬁys@@lumﬁﬁw ,E%T Jg
flangel web |1 lange|web | coupon | coupon P oymill U?swgééggﬁa s%zb q?8g°
' e e % column | columm
8 | 18WF105| 33.5 1 31.2 | 39.4 | 38.00 32.8 39,0 84.1} 87.0 | 100.6 L0.7
9 | 16WF 88 3L.1 | 34.6 | L41.2]39.8 @ 34.3 40.8 83.8{ 82.5 67.8 | 26.5
10 | 1hwFha6) 28,1 | 29.4 | 32,7 | 31.5 28.6 32.5 88.0
11 | 1I4WF320 ] ,
12 | 1hwr228
13 | WwFil2l 37.8 |1 38.5 | L5.0 | 45.2  38.0 L5.1 Blt.3] 7h.2 | 101.8 6.8
1 | 14WFP111} 33.0 | 37.0 | 39.2 | 1L3.8 33.9 Lo.1 8.7
15 | 14wF 78! 3L.6 | 37.1 | 4O.7 | 4h.2  35.1 41,5 8.7, 82.8 | 102.1 I
16 | 1I4WF 61] 36.1| 36.6 | Lh2.2 1 L2.77 36.3 2.3 85.8] 82.2 | 101.2 2.8
17 | I4WF 53
18 | 12WF190] 30.5| 32.L | 33.8 | 39.20 30.9 3.9 88.51 78.0 97 .7 3.1
19 | 12WF 92
20 | 12WF 65 _ 92.,2%
21 |12WF 53} 35.2 | 35.2 | Li.h |Lo.4 35.2 100, 3 99.5 35,2
22 | 12WF 50 8l . 5% :
23 |10WF 66| 3L.2| 36.6 | 41,7 {L1.1 35.5° |
2 |10WF 39 87.1%
25 1 10WF 33
26 8WF 67 72.,8%
27 8WF 35 91,8%
28 8WF 31 86 ,2%
29 8WE 2l | 86 ,2%
30 |6WF15.50 36.56 | 37.L | L2.t | 3.0 36.8 ‘
31 * |5WF18.5 37.2 | 38,0 | 0.0 | L6.6 37U

¥from previous investigations.

frh-



TABLE III, continued (b}

e
Culit ,mod,

No.| Shape wggégted %rrzﬁgg o ?nr:igé zggéiyeh besed on Ecoupon Ecoup04 % ) Egoupon
coupon flange] web [welghted onginal rgéaare; flange| web weighted e%iggn E?E%ﬁmn~
' average A '

8 |18WF105| 61.3 5.9 | 50.2} 5L.8 L5.2 135.8 29,3 1 28,2 28.9 28.6 101,.1
9 |16WF 881 69.3 52.2 {47.5]{ 50.7 9.3 132.5 30.0 129.4 29,8 31.7 9G.9
10 |1LhWFhe6 | 68.5 33.7 171 35.7 6lis3 106.5 33.8 | 35.6 3.1

11 |14WF320 S.5 158.1] 55.5 .5

12 |1LWF228 :

13 {IyWF1L2 | 70.7 53,9 | 51,11 5.2 15,8 154.3 30.8 | 31.9 31,0 33.8 91.8
1 {14WF111| 63.3 55.3 1 Ll.9| 53.0 Ii7.0 134.8 32,6 |31.2 32,3

15 |IWF 78| 65.2 48.5 1 53.5] L9.7 50.3 129.6 30. | 32.1 30.8 27.5 112,0

16 |14WF 61 65.1 55.2 1 67.14] 58.7 i1, 3 157.5 31.7 | 32.2 31,9 30.4 105.0
17 |1LWF 53 :

18 |12WF190| 66.0 53,5 | L8.3| 52.2 17.8 139.0 e 129, -= 30.9 -
19 |12WF 92

20 |12WF 65

21 |12WF 53| 6L.2 51.9 | h2.5| L9.6 50.4 127.6 32,0 | 27.h 30,8 29.8 103.5

22 |12WF 50 , :

23 J1OWF 66| 63.2 51.0 | 53.0] 51.3 18,7 129.8 30.9 | 29.0 30.5

2l | 10WF 39 |-

25 110WF 33

26 | 8WF 67

27 | BWF 35 |

28 | BWF 3%

29 | 8WF 24 50.4 | 50,01 50:2 19.8

30 (6WF15.5] 63.8 Bli.1]54.1] Bl.1 15,9 138.8 31.1 | 32.0 30.8

31 |[SWF18.5| 66.7 51.5 | 45.7] 50.2 k.8 133.9 31.9 | 30.9 31.7

afr=



TABLE IV

Summary of Coupon Tegst Results

Compression-Coupong(ag=-delivered}

(Average Values in ksi)

43.3

Mgterial E 9y Tuy Oy4
IA1 Flange | 29,900 (9)¥% 30,6, (6)% 38,0 (8)% 38..0 (9)5
Web 28,750 (2) 26,5 (2) La.7 (2) L2.7 (2)
Ave,-2%% | 29 580 (11) 29.6 (8) 39.4 (10) 39.2 (11)
TA2 Flange | 30,120 (3) | 39.8 (3) 39.8 (3)
IB2 Flange | 28,940 (6) 30.4 (6} 39.6 (6) 39.6 (6)
Web 30,000 (2) 30.0 (2) 3.6 (2) L3.3 (2)
Ave, -2 29,200 (8) 30.3 (8) L0.6 (8) 40,5 (8)
TOTAL Ave.-2 | 29,580 (22) 29.6 (16) 40,0 (21) 39.8 (22)
Tension Coupons (as-delivered)
(Average Values in ksi)
IA1 Flange | 30,230 (3) 2.8 (3) 39.1 (3}
Web 30,200 (1) b8 (1) 43.3 (1)
Ave, -2 30,210 (L) 43.3 (4) L0.1 (L)
TA2 Flange | 30,010 (9) 32,0 (6) 39,1 (9} 37.1 (6)
Web 29,270 (3} 27.7 (2) ha.6 (2} 35.7 (2)
Ave, -2 29,820 (12) 30,9 (8) 39,9 (11) 37.0 (8)
IB2 Flangs | 30,090 (3) h3.5 (3) 4o.5 (3)
Web 30,200 (1) hé.6 (1) Ll.2 (1)
Ave, -2 30,120 (L4) .2 (L) bi.4 (4)
TOTAL Ave, =2 29,9%0 (20) 30,9 (8) L1.6 (19)- 38.9 (16}
Mill Report Tension Test (as-delivered)
Web - - -

_¥Number of specimens
**"Weighted average in proportion of flange and web areas.




TABLE V *

Residual Stresses Due to Tooling in WF Shapes

Stress Flange Edge Flange Ceriter Web Center:

in ksi max. avg, | min.,| max, | avgd | min. max. | avg. |min.

Columns | ~Ba5 [=12.3[-18.7| 16.5| o6 | ~347 | 17.5 [3.9 |-15.5
d/b-1.5

Beams | -),1{-7.7 {-10.8] 19.7| 1k 6| 8.3 | -8.8 |-16.3] -29.5
d/b 1.5 o

tensjion = +
compression = «

These are results of all tests conducted in Fritz Engineering
Laboratory on Research Project No. 220A.
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TABLE VI

Cooling Residual Stresses in WF Shapes
(Average Values)

h ﬂ I:ﬁ GI‘G P ?I‘O. j
‘ [ semmmerg e T
TYPE I TYPE II - TYPE III
SHAPE w/t| 4/b -%pc | %ro| %rw | TYPE REMARKS
1| wwr 13 | L8112 1.022 | ~10.0| L.o| 5.5 1T
2| swr18.5) .632) 1.018 | -~ 7,7 {-2.0| 16,5 |II/III| center beam on
' . cooling bed
3| 5WF18,51) .632| 14018 | *10.6 | 3.2} 6.0 II |edge beam on
‘ cooling bed
I | ércis.s| .892] 1.000 | -15.1 [10.5) =0.9 | I/II |1light column
51 8wr 2 | 616 14138 | =10s2 | 0s5| 17¢5 |III/II "
61 8WF 31 | 665 1,000 | ~13,9 1 5.6} 943 IT
7L BWF 31 | 665 | 12000 | ~11e5 | 1.1| 15.5 |II/III|same heat, diff-
' _ erent rollings
B BWF 31 | .665| 1,000 | ~17s5| L.2} 5.0 II
9| 8WF 31 | .665( 1,000 | -16,1 {10.1{ 1.3 | IJII {different heat
10 | 8WF 67 | 616 1,088 | - 9,5 | =3.7| 15.5 | III
11| 1231h 0 | 893 3,000} - L.1 | B8.3] -8.8 I |beam
12| 12WF50 | .579| 1.510 | - 5.5 | 9.2| -15.0 I
13 | 12wF6s | .6l | 1,011 | -18.7 |16.5] -15.5| I
1y | 1bweL3 | .s8lk| 1.711 | - 8.5 |19.7] -29.5] I |on cooling bed
(slow cooling
. ; o _ rate) _
15 | 1LWFL3 2584 1 1.711 | - 8.5 | 24.2] -41.0 I |cooled separate-
’ 1y (high cool-
ing rate)
16 § 14WFL26 | . 619 | 1,120 | -17.8 | 8.5] 14.O 1T
1? 36%“1.50 Y 665 20 990 "‘1038 l}"l'°3 ‘“1500 I beam
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Figure 1
GRAPHICAL DEFINITION OF TERMS
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Figure 2

SHOWING POSITION OF

TENSION COUPONS CUT

FROM FLANGE AND WEB
OF A WF SHAPE.
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. hm 8" Gage Length
i — "R = 3"
=
N e
gn ' l
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Figure 3

DIMENSIONS OF TENSION COUPON
(Shaped to ASTM Specification)
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SIMULATED MILL TESTS
(Weighted Mean Of Flange And Web Coupons)

The Static Level Of Yield Stress, Oyg
' Histograms ‘
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(a) Mill Tests —Xﬁ-"—, with Oys from weighted coupon average
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RATIOS OF STATIC YIELD STRESS TO MILL YIELD STRESS
Histograms.
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(Fig, a, of Reference 5)



Lioad

in
Kips

30

20

10

1YWFS3
Flange

Elongation in Inches x {2.5 x 10%)

] -‘N\\\fff
) Figure 11
TYPICAL LOAD-DEFORMATION CURVE FOR COUPON TENSION TEST
T 7 T T T i T
G 2 L 6 8



50 1
Strain Rate = 235  Licro-inch : Strein Rate = 9§ Eiero-inch
~inch-sec. - inch-sec.

0

L [ Oyq = 3.2
in 30 -

Kips oyg = 31.2
20 7
10 -

Pigure 12
STRESS-STRAIN CURVE FOR FIAT PIATE TENSION COUPON s
SHOWING EFFECTS OF DIFFERENT STRAIN RATES
O ! . . - . . ,l. e o - -In.vﬁml ; . . . — — I -
0 0,005 ) 0,010 0.015 0,020

Strain in Inches Per Inch

09 -



Compression,

i L

=15 «10 =5

FLANGE DISTRIBUTION

+10

- 61

w0 ompression

'Stress KSI

& T=0
T=1

T2

b © 0
¢ @

‘{KS Stress KST
8WF31 \§
N
. N
J\r“
WEB DISTRIBUTION
S T T T T f T ‘/
L i i 1 L | ‘\
S
8>< i
“\0__ o
: /[Twl T-0
- Ora Op o Oy
“1309 506 903
=11,5 1.1 15.5
=1205 )4-02 500
AVERAGE RESIDUAL STRESSES (KSI)

Figure 13{a)

RESIDUAL STRESS DISTRIBUTIONS (AS DELIVERED)

(Three Specimens)
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RESIDUAL STRESSES: DISTRIBUTION AND NOMENCLATURE



%¢ modified’

/ —
! / Js
oBo ‘ /
a / “'pseudo! -proportional limit
ro -

~—proportional 1imit

g

 Strain

1 Figure 1

MODIFICATION OF STUB COLUMN STRESS~-STRAIN CURVE
WITH HIGH LOCAL RESTDUAL STRESSES IN FLANGES

’



. Frequency

]

Frequenéy

(]

Frequency
(]

Freq;eﬁcy

(e]

@

30 - | - 6L
| Materlal TA!
20 - i 19 Specimens
; 9 = Opg
10 - !
|
|
: o
23 o | 20 30 el
] : 8
13,5
g
i
0 4 '
3 ‘ ! Material VAS
i ‘%9 Specimens
20 - i =
: G. = g
il Pmod TCrod
10 §
|
. oo o8
0 ‘|;’ T — Tmod,
0 1D 20 30
' 10.5 @
i
30 | i
! Average
! 26 Specimens
20 A :
1
|
10 i
' 1l
|
- o
0+ e ‘ i
0 10 ' 20 ksl
513 8 -
Q
i
30 4 5
o Average
20 - 26 Specimens
10 ~ ]
|
|
| , a
0 11‘ r — Pmod,
-0 10 . 20 ksi
11.1
Figure 15

‘HISTOGRAMB OF THE MAXIMUM RESIDUAL STRESS

IN THE FLANGES OF STUB COLUMN, Opn,
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