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220A.284 SINOPSIS

This report is the summary of certain aspects of the work
on the general project "Residual Stress and the Compressive Properties
of Steel", this phase being concerned with the relationship between
material properties and the strength of columns.

The overall objectives of the project were the determina=-
tion of the behavior of columns containing residual stresses, the
magnitude and distribution of these stresses, and the development of
methods of predicting the influence of residual stresses on column
strength. As a necessary foundation for the complete study, the pro-
gram included a determination of the basic yield stress level of A.S.T.M.
A 7, mild structural steel of which columns of the type found in civil
engineering structures would be fabricated. This report is mainly con-
cerned with this basic yield strength.

The determination of the yield stress level and associated
properties, will give a better understanding of the behavior of mem-
bers made from this material. The results will therefore enable one
to obtain a more realistic meaning of the factor of safety used in
steel design today.

Methods and correlations used are shown, so that the extent
and trends in the variation of the strength of steel will be apparent.
Both the elastic and plastic properties are considered.’

Within the limits indicated, the correlation gf the results
are good, although a greater sample of specimens would be expected to
limit further the range of variation for any particular parameter, par-

“ticularly in the case of residual stress prediction.
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I. THE YIELD STRESS

A; INTRODUCTION

At first glance, there are enough levels of yield stress to
satisfy even the most exacting-connoisseur of definitions. It would
appear that which ever reasonable value be estimated at random for
use in design, justification of it, to a greatér or lesser degree,
exists. Further, it is common knowledge that increase in the speed
of testing of a coupon will increase the yield stress level, and that
such a value has little use, unless it is defined by a testing Speed.

It is 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 colum
tests, using the full cross section. To make thée study as complete as
possible, daﬁa from other investigations were also included where re-

quired.

'B. DESCRIPTION

1. Yield Stress - definition

The following terms are relevant in describing the yield strength
of a steel coupon, see Figure 1.
-The upper yield point, Cuy,"the first stress in a material, less
than the maximum attainable stress, at which an increase in strain
occurs without an increase in stress.' (ASTM definition of 'yield
point!.)
~-The lower yield point, oy, the lowest level of yield stress imme-

diately following Cuy.
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=The yieid stress level, 0y, the average stress during actual ylelding
in the plastic range, which remains fairly constant, provided the
strain rate remains constant. (ASTM definition of yield strengths
"the stress at which a material exhibits a specified limiting de-
viation from the proportionality';f stress to strain.")
~The proportional limit, Op, "the greatest stress which a material is
capable of developing withouf any deviation from proportionality
of stress to strain" (ASTM definition.) Op is very closely equal
to Oy for a coupon, particularly if the coupon is annealed. This
is not necessarily the case for the cross sgction as a whole. |
-Also, where no definite yield stress level may exist, as is the case
occasionally, a 0.2% offset is used to define a value for compara-
tive purposes. |
It is seen from Figure 1 that a great variation_inﬂéhe magnitude of the
stress associated with the different terms defined above does ngt exist.
This has lead to some confusion of terms. |
Until recently, both the upper ana_phe lower yield points have
been used as a basis for the estimation of the yield stresé; Indeed,
it is common practice in testing coupons to record the yiéld as the
reading indicateq,by the free 'follower! pointer on the load indicator

dial, the actual load having dropped somewhat. This pépef will define

the vield strength as the yield stress at the static 1ével, that is,

the value for Oy when the strain rate is zero. (The effect of strain
rate will be discussed in section C-5.) Use of this static level is
logical, since most structural loads can be considered 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 correlation of the yield strength
with test coupons, and mill test data.

The stress-strain curve determined from such a stub column
test is of decided use in column strength predictions. As shown in Ref-
erence 1, the overall stress=-strain picture enables use of the tangent
nodulus concept. Further, other relevant data can be obtained, as shown |
below, for the full cross section:

1. Young's Modulus, E.

2. Proportional limit, op

3. The maximum residual stress (op=oy-o,), the

evidence of this being at the position of
the first yield line on the whitewash, or
the deviation from linearity of the load-
deformation diagram. With as-rolled WF
shapes, this yielding usually occurs at
the flange tips.

L. The static yield level, oyg

5. The overall effect of the residual stresses

on the cross section, as evidenced by the .
'knee! of the stress-strain curve.

In general the speed of testing for these stub columns may be
regarded as static®. Increments of load were applied slowly and once
yielding had begun, care was taken that both strain and load had stab-
ilized before readings were recordeds. The tests were conducted in

either a 5,000,000 pound capacity hydraulic or an 800,000 pound capacity

screw-type mechanical universal testing machine.
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3. Tension Coupon Tests

Theseltests covered a wider range of shapes than did the stub
columm tests, due to both their ease of testing and economy.

The coupons were cut from the web and flange as shown in Figure
2, and then shapéd to ASTM standards, (see Figure 3). The coupons were
all tested in a 120,000 pound Tinius Olsen universal testing machine, of
the screw-power=-type with a positive control over the speed of the cross
head. In a few cases, the limited capacity of the machine requred that
the test be continued to rupture in a larger capacity testing machine.
Automatic electronic recording equipment was used to plot the load-str;in-
curve, which generally just reached into the strain hardening range, (see
Figure 11). |

The tests were conducted so that the static level of yield stress
was also obtained. The speéd of testing used was that recommended in Ref=-
erence 3, beingbchosen so that the mill test of a steel manufacturer could
be simlated. (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 ob-
tained; Young's Modulus, Proportional Limit, Upper and Lower Yield Levels
if any, the yleld stress level at the strain rate used, the static yield
level,and, where it océurred on the recording paper, an estimation of the
strain hardening modulus. Combination of data from web and flange accord-
ing to their respective areas in the full cross section was employed to
show, by comparison, whether such methods will give an accﬁrate indica%ion
of the yleld stress and other data.

The effect of strain rate on the apparent strength of steel

in testing has been given considerable attention, and data is presented
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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.

L. Correlations

Comparisons were made between the results of all the tests;
stub columns, coupons, mill reports, as well as data obtained in other
inﬁestigations.

The steel was supplied by Company "A" and by Company "B",
for both tension coupon and stub colum tests. The results are shown
both separately and combined, for in some cases it was felt that com~
bination of the data obtained from the steels of the different companies
could lead to inconsistencies. The data where the values have been
combined will be useful in strength predictions‘when the origin  of the

material in question is unknown.

~ C. RESULTS

. The Static Level of Yield Stress

Refér to. Section C-5 on strain rate.
(a) Stub Colum Tests
From Tables II, III, and Figure L, it is seen that:
material "A" O ys= 33.1 ksi mean value (20 specimens)
"B Gys= 35.0 ksi mean value (13 specimens)
Average O ys= 33.9 ksi mean value (33 specimens)
Note: The 14 WF 426 had no apparent yield stress level, i.e. the

material continually strain-hardened.
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(b) Simulated Mill Tests
These are the weighted mean of the individual coupon tests. The _indi-‘
vidual data is recorded in Tablés ILand II, and in Figure 5.
‘material WA" 0’ys= 32.8 ksi mean value (22 specimens)
"Bt O'ys= 34.6 ksi mean value (13 specimens)

Average O ys= 33.5 ksi mean value (35 specimens)

2. The "Mill Reports" for Yield Strength

The mill report for the yield strength of steel is based on a
tension test- of a coupon cut from the web of the particular shape carried
out in the manufacturer's own laboratory, as part of his control on pro-
duction. The tests are conducted at speeds allowed by ASTM and approxi-
mately the sarﬁe as those advised in Reference 3. The results then give
the yield str‘ength for a "dynamic" level O’yd, where dynamic is used as
opposed to static. It will be further defined later.

The "simulated" mill tests were tension coupon tests eonducted
in Fritz Labératory as outlined in section B-3 , on web coupons cut from
the WF shapes. “The speed of testing "sinmlated;' that of mill laboratory
practice, and was according to the speed recommended in the previous .
paragraph.

(a) Mill Tests, Figure 6.

material "A" Oyd= }2.8 ksi mean value (2 specimens)
"B"Oyd= L41.5 ksi mean value (1l specimens)
Average Oyd= L2.3 ksi mean value (38 specimens)

L

NOTE: 3000 material "B" mill tests gave: Oyd=hlL.l ksi (Reference L)

(b) "Simulated" Mill Tests, Figure 7.

material "A" 9yd= L0.1 ksi mean value (2l specimens)

BW Oyd= L1.l ksi mean value (13 specimens)
Average Oyd= }j0.6 ksi mean value (37 specimens)
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3. Comparison of Mill Test Results with the Crys

To allow a predietion to be made of the static level of yield
stress Cys from the mill test reports, a comparison of these results ﬁas
made as a ratio of the former to the latter, (that is,‘fys/b& mill tests.)
Tabulation of the results is shown in Tables II and III, with the distri-
bution 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 tests, it being shown later that such a value is equivalent to
that obtained from alstub colum test.

(a) Comparison Using Mill Results, Sys/Sy mill, Figure 8
material "A", ratio = 76% mean &alue (20‘specimens)
4B, ratio = 84% mean value (13 specimens)
Average ratio = 79% mean value (33 specimens)
(b) Comparison Using "Simulated" Mill Results, Figufe 8

These results have very little application and are recorded”
only for compirison. Assuming that the materials are equal, they do in-
dicate however that company."A“ appears to run its mill tests at a

slightly higher testing speed than company '"B!,

1

material "A" ratio = 81% mean value (22 specimens)
"B" ratio = 84% mean value (13 specimens)

Average ratio = 82% mean value (35 specimens)

5; Evaluation of Sys, Static Level of Yield Stress

by comparison of values from stub columms and from tension coupons.
This set of comparisons was made to see whether the static

yield stress of a WF shape, obtained from the tension coupons by

welghting and averaging according to respective areas of flanges and

web, could approximate the value of the static yield stress obtained
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from a stub column test on the full cross section.

. Ovys stub colum -
Ratio: &yg weighted coupons s 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; Variation of Yield Strength with the Strain Rate

The yield strength of steel is directly affected by the raté of
straining. This may be regarded as a property of steel, and the phanoﬁenon
has been studied and observed on numerous occasions in the pasts. Geri=
erally speaking the greater the speed of straining, the higher the yield
point tends to become, until the limit when the ultimate load is reached
without yielding.
| Tt is realized therefore that the definition of the testing
speed(of a coupon is of the utmost importance as a particular type of
steel could have an infinite number of values for the yield strength.
Actually, this is exactly what does happen! Nor do the specification§
take account of size effect in coupons, and differences in testing ma-
chinesq. Although the ASTM has tentati#e specifications limiting the
maximum testing rate, it would appear that some investigators.use lower
rates than others with the result that discrepancies exist as high aé
20% in the measured value for yield strength. At this juncture it
should be noted that strain rate does not account for all the variation
between tests - it cannot account for material differences or manufac-
turing methods. Hcﬁever, the difference due to chemical and other man-
ufacturing properties can be more clearly evaluated if these superim=

posed artificial discrepancies of strain rate are removed.
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This influence of strain rate was investigated by Marshman5.
This chapter will briefly describe the problems of strain rate and will
indicate some of the results that were cbtained.

The greatest practical difficulty associated with strain rate
is its measurement. Although this is not difficult if specially measured,
it is not possible to use an indicated free moving crosshead speed as the '
strain rate for any particular machine. This is particularly true with
an hydraulic testing machine. Due to the fact that during testing, the
machine itself ié deforming, an adjustment must be made to the indicated
free-running croés head speed to obtain the actual rate of straining. It
is in the elastic protion of the loading that this effect has its greatest.
influence, for as the load increases, the strains and thereby the defor-
mations of the various parts of the machine also increase. The result
is that the indicated testing speed (free-running) is progressively de-
creased. This state of affairs continues till the yield point is reached.
At this instance, when the specimen starts to plastically deform, the
load is constant and no further elastic deformation of the machine can
take place. For such a case, the movement between the cross heads is
entirely due to the plastic yielding of the specimen. That is, except
for a negligible part of the strain rate being taken up‘with keeping the
deformed testing machine in equilibrium under the applied, for practical |
purposes now constant load, the specimen is "straining" at the indicated
free-running speed.

Although the indicated strain rate below yield point is not
representativeof the actual strain rate, and therefore cannot 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
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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 result of a number of tests of plate specimens, (bar |
stock.) All tests were carried out on the same mechanical testing machine.
The dynamic yield stress, TOyd, is defined as the yield stress at

a particular strain rate other than the zero strain rate.  The static yield

stress is the limit case and is defined as the yield stress at_the zero
strain rate. |

Tests5 have shown that the static yield level may be determined
without actually conducting the experiment in its entirety at a zero strain
rate, which, moreover, would be impossible. All that is requifed is that
the strain rate be decreased to Zero in the plastic region and that a few
mimutes be taken to ailow the load to decrease to the minimum. (In the
case of hydraulic machines, care must be taken that the static level is
approached from the positive sidej 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 mechanical testing machine. This static yield level property
has not been proved conclusively on a large number of tests, but it is
felt that the series conductedd may be regarded as indicative of the be-
havior to be expected, due to their excellent correlation.

Figure 12 indicates a further observation tending to bear out
the foregoing conclusionsj; namely, that in the plastic yield range the :
O'yd depends on the testing speed, whereas, the U&s, as obtained by : |

stopping the movement of the cross=head, is relatively constant.

é; Tension Versus Compression Coupons

Although no compression coupons were used in this series of
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tests, previous investigations have shown that, on the average, tension
and compression coupons give results that are almost indentical8. These
results and conclusions will be repeated here in summary form (see Table
V). Although these particular results are for one shape, 8WF31, exper=-
ience with other shapes give the same indications.
Quoting from Reference 8:
"The elimination of compression testing of
coupons (in the case of rolled structural
steel shapes) is thus considered as warranted,
particularly in view of larger variation in
properties due to other causes."
Compression testing of coupons is much more difficult as compared to the
case of testing tension coupons.
Considering the full cross-section, the static yield level as

determined from stub column tests was almost identical with that deter-

mined from the weighted mean of the tension coupbns as shown in Figure 9.

7. Variation in Properties of Specimens from Web and Flange

There is conflicting opinion 6n the subjecﬁ of whether the
shape and size of a specimen has any appreciable effect on its physical
properties. Previous investigationshs7 have shown that this effect
may exist in coupon testing, but the tests described in this report
seem to indicate that no conclusions can be made in either direction.

This section presents a summary of certain results, shown in
Tables II and ITI and in some of the figures. The yileld strength
both at the static and the aynamic level is coﬁsidered as is also the
ultimate strength. |

(a) Oys, Static Yield Stress, refer to Figure 5.

From simulated mill coupon tests, weighted means:
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material "A" mean = 32,8 ksi (22 specimens)

range 29-37 ksi: 18WF105, 16WF 88, 1L4WF1ll
LWF 61, 12WF1Lh2, 1LWF 78
12WF 92, 12WF 65, 12WF 53
12WF 50, 1QWF 66, 1O0WF 39
104F 33, 8WF 35
range below
29 ksis  1LWF320 = 22,7 ksi
12WF190 = 26.8
8WF 67 = 26.3

range above
' 37 ksi: 8WF 31 = 37,9 ksi
BWF 2L = 37.8
6WF15.5 =:143.3
SWF18.5 = 41.3

material MB" mean = 34,6 ksi (13 specimens)
| .rénge 29-37 ksis 18WF105, 16WF88, 1LWF11l
UWF 78, 1LWF6l, 12WF190

12WF 53, 10WF66, 6WF15.5
6WF 25

range below .
29 ksis UWFL26 = 28,6 ksi

range above
37 ksis LWF1h2 = 38,0 ksi
SWF18.5= 37.k

The above summary should be considered with Tables II and III,
It is then seen that in general, as would be expected; the heavier sec-
tions have a lower Gys s While lighter sections have a higher o'ys
than the mean, |
| Since the flanges are the controlling factor in the determina-
tion of column strength of WF members both for buckling and direct loads,
the b/t and ©¢ (Area of Flaﬁge/Area of Web) ratios were also coﬁsidered,
The indications froﬁ fhe small number of results on hand are that:

shapes with b/t = approx. 10 or less, have Cys < 28 ksi

b/t = approx. 18 or more, have Oys = 37 ksi
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. . e 28=>Cys

shapes with OC < approx. 2&, have . | Sys > 37 ksi
The stub column values for O ys were also considered. It may

be seen that the indications are exactly the same as for the coupons,

although the results are less random, that is, the spread is narrower.
. )

(b) Oyd, Dynamic Yield Stress, Figure 6

mill test - web coupon results
In this case, the same general indications hold as fof the cases above.
This can be seen from the reasonably constant histogram. It should be nofed,
howevéf, that the results are more random, Sihce Cyd is not defined for

a particular strain rate, testing differences are probably present.

(¢) Fult. The Ultimate Stress, Based on Reduced Area.
actual : :

Refer to Tables II, III and to Figure 20. (from simulated mill
coupon tests, weighted means.) |
35 specimens were consideréd and to obtain a more realistic picture, the
ultimate stress was based on the reduced area at failure. From the histo-
gram, it is seen that the spread of results is extremely narrow with only

the following shapes not in the range 120-150 ksi.

material AU 18WF105 = 110.5 ksi
UWF228 = 187.5
12WF 53 = 114.5

material "B":  1WFL26 = 106,.5 ksi
UWFL2 = 15,3
UWF 61 = 157.5

These results appear to be random displacements from the mean, rather

than due to any physical properties of the cross-section shape.
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ITI. RESIDUAL STRESSES

A, INTRODUCTION AND DESCRIPTION

The study of residual stresses has been intensified in the
last five years. This is mainly due to an increasing appreciation of’
their effect on the buckling strength of columns, These studies have
brought to light many factors that have explained past failures of
correlation between experimental and predicted values for column strengthsB.
While residual stresses have also been studied in built up columns, this
paper will only be concerned with the cooling initial stresses in "as-
delivered" rolled shapes of A 7 type steel,
| ”Residual stresses are fhe non-calculated, initial stresses that
are present in a structural member prior to the application of load. These,
in the main, are due to uneven cooling of the member during and after hot
rdllingﬂ However, residual Stresses may also be formed by various fabri-
cation methods such.as welding and cold bending. As aigeneral rule, the
effect Qf these bther types of initial stresses igsless pronounced.

The measurement of residual stresses of the type in question
(longitudinal stresses) is best accomplished by the "sectioning" method,
whereby the member is measured before and after cutting into longitudinai
strips. This cutting releases the stresses enabling the sectioned strips
to deform freely according to the relaxation of their internal forces,
This method is explained at length in Reference 8.

A.typical residual stress distribution diagram for a WF shape
is shown in Figure 13 where the terminology is also expléined° Generally,
these distributions may be approximated quite well by straight line seg-
ments. From a knowledge of this distribution it is possible to predict
the average ¢-g& curve including the influence of this variable for the

full cross section and the procedure is described in Reference 8,
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It has been shown in these previous studies8 that, due to the
symmetry of the residual stress pattern, an actual stub column test gives
a more accurate and far simpler means of obtaining the average c-¢ curve
than the lengthy calculations that are required starting from a measured
residual stress distribution. The importance of this average curve is 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 & - & curve
shows the effect of the residual stress Adistfibution, it does not enable
the specific distribution to be determined. 9 rc, which can be determined, is

the largest inherent residual 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 VI, while Teble V 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. Residual Stress from Stub Column Tests

The limit of proportionality of the stress strain curve gives an
indication of the magnitude of the maximum compressive residual stress
that occurs in the flange, S re.

(Sre = Ty - Tp)

To take account of local high residual stresses and to obtain
by interpolation a basic value for Ore presumed to exist when these afe
not present, a O - & curve of the type shown in Figure 1l was modified

in the following manner: The portion of the curve above the proportional
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limit, although with a very slight curVatﬁre, may be considered as a
straight line, The tangent point of this line with the "knee" of the
curve is then taken as a pseudo-proportional limit, thus defining what in
this report will be regarded as a basic value for O re s When discussing
the results of stub column tests,

The following results which are shown in Figure 15 are of two
types, the actual residual stress average and, where necessary, this
average, modified value as explained above,

To show whether COr, the maximum residual stress as determined
from a stub column test, is a function of the yield stress or not, the
ratio Or/ Oys has also been considered with Or both modified and un-
modified, The results are shown in Figure 16. C

(2) Or from Stub Column. Figure 15

material AW Op = 13.5 ksi mean value (19 specimens) =~
- Crmod = 10.5 ksi mean value (19 specimens)

material "B" Or = 1).6 ksi mean value ( 7 specimens)

Ormod = 12,6 ksi mean value ( 7 specimens)
average Or = 13.8 ksi mean value (26 specimens)
O rmod = 11.1 ksi mean value (26 specimens)

(b) “r/Oys from Stub Column, Figure 16.
material "A" Or/Oys = 41.,1% mean value (19 specimens)

0’;r'/c’ys_mod " = 32,9% mean value (19 specimens)
material "B* Or/Cys = }j1,5% mean value ( 7 specimens)
O1/Oysmod . = 35.6% mean value ( 7 specimens)
average Cr/Sys = L1.2% mean value (26 specimens)

Sr/Oysmod = 33,68 mean value (26 specimens) .
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3. Residual Stress Prediction

Attempts have been made in the pastlo

to correlate the residual stresses
of a shape with its physical properties, such as b, d, t, w. This has also
been attempted in the present investigation. Unfortunately, the only state-
ment that can be made regarding these studies is that no definite tendencies
seem to exist,

It is felt that sgfficient accuracy is obtained by estimating valué%:;:>j?

from the tables of results already at hand.
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III. OTHER MATERIAL PROFERTIES

A, INTRODUCTION AND DESCRIPTION
The determination of the yield strength of a material is usually

accompanied by the finding of the élastic modulus. Furthermore, if the test
be on a coupon, the ultimate strength and strain hardening modulus are also
easily obtained.

‘This chapter seeks to present additional data on the following
propertiess

1, Young's modulus, E, and

2, Ultiméte strength of a tension coupon,

The strain hardening modulus, Egt, may also be obtained from’
coupon and stub column tests, but its determination was not included in
this program,

The two moduli, E and Egt, may be defined as the ratio of sfress
to strain in the elastic end at the on-set of the strain hardening ranges.
E is a constant up to the propbftional iimit. Est is never constahi,‘énd
is usually defined at the onset of the strain hardening since it is this
value that is important in solving many stability problems,

The procedure of testing with tension coupons has been described
above, The results from these.tests haﬁe been enumerated, and the Youhg's
Modulus will be compared also with the values obtained from stub column

tests.

B. RESULTS

1. Young's Modulus, E.
Tables II and III show the actual experimentally determined

values for E from both coupon and stub column tests. Individual coupon

i
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values are shown as well as a combined value for the cross section, weight-
ing the average according to the respective areas of flange and web, To
check this method, the results were then compared to those obtained from
the full cross section by stub column tests,

The experimental values for E, as determined from the coupon tests,
were obtained from the measurement of the slope of the elastic portion of
the stress strain curve, a typical example of which is shown in Figure 11.
The accuracy is of an estimated order of 5-10%, which includes inaccuracies
of the automatic plotting, of the calibration of the gage and of the actual
measurement of the slope. The value of E for the complete cross section was
then obtained by averaging, according to weight, the individual values cb-
tained from coupon tests of web and flange,

Young's Modulus, as determined from a stub column test, is of an
estimated 5% acéuracy, and is the measurement of the slope of a stress
strain curve plotted to an enlarged scale, from experimental results of de-
formations over a 10" gage length as measured by the mean of two 16:%66—-—th
dial gages. w

(a) E, Weighted Coupon Results, Figure 17.
It is 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 M"A" E = 31.2x10 ksi mean value (21 specimens)
material "Bt E = 31.1x10° ksi mean value (11 specimens)
- - 3
average E = 31.2x10" ksi mean value (32 specimens)

(vb) E, Stub Column Results, Figure 17.
material "AM E = 31.,5x103 ksi mean value (19 specimens)
material "B E = 30,4x10% ksi mean value ( 7 specimens)

average E= 31.2x103 ksi mean value (26 specimens)
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2, Comparison of Coupon and Stub Column Results for E

To check the assumption for weighting the average for E with the
coupon tests as was done before with the other material properties, the
ratio for E for each particular section, obtained by the above two methods,

was compared., See Figure 18.

material UAW E, coupon

E,stub column

"

99.7% mean value (16 specimens)

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

average n u 100.0% mean value (22 specimens)

3. The Ultimate Strength of a Tension Coupon

Similarly to the method eqployed with the static yield stress,
the ultimate nominal stress in tension for a wide flange shape was deter-
mined by the weighted average of the individual coupon tests for web and
flange. Further, to account for the reduction in area the ultimate strength
is also shown based on the percentage reduction recorded, which is a more
accurate indication of the:ultimate stress. The individual percentage
reductions have been combined according to the weighted average.

It is conceded that use of this method with coupon ultimate stren-
gth is probably extrapolating too far as no account is made of the changed
crystal structure due to the "necking®. The results should be indicative
however, since the values for-percentége reduction generally do not differ
greatly for fiange or web from the same shape.

(a) Sult from Weighted Coupons of "simulated" Tests, based on original

cross-sectional area, Figure 19.

material "A" Sult = 62,9 ksi mean value (23 specimens)

material "B®* Cult

65.3 ksi mean value (12 specimens)

63.7 ksi mean value (35 specimens)

average ~ ~ Sult
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(b) Sulty,y from Weighted Coupons, Based on Ultimate Cross-

Sectional Area, Figure 20,

material M“AM O'ul*bmod = 134.9 ksi mean value (23 specimens)

material "B Cultyoq = 135.0 ksi mean value (12 specimens)

average GUltmod = 13).9 ksi mean value (35 specimens)

(c¢) Sult from Mill Tests (web), Figire 21,

material "A" Cult = 66,3 ksi mean value (2, specimens)

material UB! Oylt = 68,2 ksi mean value ( 7 specimens)

average  Oylt = 67.L ksi mean value (31 specimens)

(d) Sult from Simmlated Mill Tests (web coupons), Figure 22,

material A" Sylt = 63.5 ksi mean value (2, specimens)

material UB" Oylt = 65.0 ksi mean value (13 specimens)

average . Oyl = 6.0 ksi mean value (37 specimens)

(e) Percentage Reduction in Area, Figure 23.

1, Web material "A®
material ﬁBﬁ
average

2, Flange material "A"

material ﬁBﬁ
average

3., Weighted
mean material "“AM

material l.'B“

average

L9.6%6 (2L specimens)

50.8% (1L specimens)

50.1% (38 specimens)

5l.0%
51.6%
5301%

53 03%
51.0%
52,6%

(2ly specimens)
(1L specimens)

(38 specimens)

(2L specimens)
(1L specimens)

(38 specimens)

Average failure is on L7.L% of original area.
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5. Typical Stress Strain Curve

A typical stress strain curve has been drawn from the above results,
being an average obtained from the stub column tests and other tests con-
ducted, Only the initial portion of the curve has been shown, neither the

strain hardening region nor the ultimate stress being included. Figure 24
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IV, DISCUSSION

The following discussion embodies the conclusions and suggestions

that follow from the results above,

1.

The yield strength has many definitions. The static yield
stress, Crys however, is the preferred value as it is the
easiest to obtain ‘and also is the stress that corresponds best
to normal structural loading conditions, Further, it is inde-
pendent of time. In stub column tests, by allowing the load to
Usettle down", that is, to come to an equilibrium position after
a load increment, it is the static value that is obtained, With
coupon tests, all that is required is that the rate of straining
be decreased to zero anywhere in the plastic yield range. This

is easily accomplished in mechanical and hydraulic testing ma-

. ehines, although with the latter a dial gage indicator is re-

quired to show movement of the cross head, and to guard against
strain reversal.

From the results (Figures L, 5, and Section C-1) the approxi-
mate value forcrys was 33.7 ksi, with a standard deviation of
3.8 ksi, This was the overall average for stub column and sim-
ulated mill (weighted average) tests. It is considered that
this value is close enough to be taken as the usually accepted
Oy =33 ksi,

These results are also shown in a statistical form, both
as histograms, and as assumed normal distributions on probability

paper. This is further discussed in item 11 below,
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It is noted that the results were not dependent on chance
alone but on many manufacturing factors., For instance, it would
be expected that the comparatively large sections would give
small values for Oy, while small sections would give larger
values, The amount of cold work, rate of coéling, ete., un-

doubtedly played a major role in this situation.

2. . Mill test results for the yield strength.ﬁere approximately
27% higher than the true static iével, due pfbbably to two causes:
a. mill tension tests are run on coupons cut from the web,

which being rolled thinner than the flange has about a

L4~7% higher yield level than the flange.

b. the yield strength depends directly on the strain rate

as shown in Figure 10. Even ﬁgth apparently small strain

rates,(approaching zero), Cyd can be 5% greater thanOys,

whereas at normally acceppgalmill testing speeds, 13-18%

is a more realistic figuré,’

The strain rate has a pronounced effect. Therefore, unless
it is specified for a given test the correlation of the result-
ing data with other test data is impossible. Indeed, in this
series of tests conducted on steel from the same lot, the simu-
lated mill (Fritz Laboratory) tests produced Cyd approximately
5% lower than did the mill tests., The former used the recom-
mended speed of the ASTM A6-S4T (and A370-54T) while the test-
ing speed of the latter is not known although it should be |
approximately the same. Testing machine variations could be

the factor, as discussed in item L, below,
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One of the more important objects of this investigation was
to see whether the yield stress could be defined by the mill
test. The results, Figure 8 and Section I-C-3, are varied., Com-
parison of the static yield level with both mill and simulated
mill results was considered. The range of distribution was

reasonably good and the average was equal to 79% for the ratio

o’ .
- . More consistent results were obtained for the
O ymill
ratio 9ys | with an average of 82%, (In all cases,Cys
Cysim,mill

is from weighted coupons.) This again brings up the question of
a standard strain rate, and the comparatively good agreement of
the simulated mill results asbove (similar strain rate results
from steel of different manufacturers) would bear out the premise.
It is difficult to draw definite conclusions from these figures

gbove, particularly as previous investigationsh have obtained

85%% 5% as the ratio of <72§ , where Oys refers to stub column
Oy
tests.

From the above, it is suggested that 80%+ 5% is a probable
5 .

value for ygzill'

The procedure described in the previous‘paragraph was for
the weighted tension coupons, weighted according to respective
areas of flange and web, but the same results would have been
obtained for Cys from stﬁb column tests, Figure 9 and Section
C-h show that almost perfect correlation exists forcyys between

stub column and weighted coupons.



2204.28A

~26

Another result of this study is that the strength of the
full cross section of a wide flange shape may be estimated, with
complete confidence, from tension tests on coupon cut from flange
and web., Although economically this may be no saving, it does
enable a laboratory with testing machines of a limited capacity
to obtain reliable estimates., Unfortunately, Obs and E are the
only properties that such coupon tests will supply, the important
05 and Yknee" of the O - £ curve (showing effect of residual

stressesj for"the full cross section cannot be determined,

The problem of strain rate and the determination of its
effect on the yield stress as shown above can only be overcome
by a substantial number of tests on a wide variety and type of
testing machine. Steel from the different manufacturers must
also be subject to exhaustive tests., Since the strain rate in
the elastic range is not too important if held within reasonable
limits, the basis for such a series of tests should be on the
free-running speed of the cross head, It is expected that the
outcome of such tests will show a similarity in'the&;%?‘ versus
strain rate) curves for different {ypes of testing machine and
steels, This trend has been indicated from the reasonable cor-

6

relation between Marshman® and Romanelli s the former testing
being carried out on a screw-type mechanical machine, whereas
the latter was on a hydraulic machine, Such tests would in-
dicate whether the difference for Oyd between simmlated and

mill tests was due to the different testing machines or to dif-

ferent strain rates used, Up to the yield level and in the
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strain hardening range the type of machine and size of specimen

has a much larger effect than in the plastic or yiéld range,

This result, however, seems to be of little practical interest,

If it is desired to determine this elastic effect of machine
deformation when the specimen is strained into the plastic range,

a series of strain gages should be attached over the full length

of the specimen to correlate the actual strain rate with the
Ufree-running" speed,

‘ Tests ha&e demonstrated that a fast_mgthpdApf‘obtaining‘yys

is tovdecrease the strain rate to zero once or twice in the plastie

yield range (ensuring no strain reversal),

It was shown that compression and tension coupons give al-
most identical results, This statement is based upon the work
of previous investigationsB. The difficult compression coupon

test can therefore be eliminated in all but confirmatory cases,

Generally speaking, heavier sections have a lower (jb'than
lighter sections, OSimilar general statements can be made for

b/t and o¢ ratios,

From the stub column tests conducted, the indicated value
for Or is 13 ksi, (with a stahdard deviation of 4.5 ksi.). This
is the mean value of the maximum céﬁpressive residual stresses
in the cross section and generally occurred at the flange tip.
Further, this value is the complement of the proportional limit

with respect to the yield stess, indicating that the average
value for the proportional limit of the sections tested was ap-

proximately 20 ksi.
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The above value is a realistic estimation deduced from
Figure 15 where the "modified" values have also been taken
into slight considerétion. Aftentionvis drawn to Table VI
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.

Or

Since the histogréms for the ratio
Tys.

have become much

wider, rather than narrower, in distribution, with respect to
the 0'r'h:i.'stogram, .it is concluded that O r is not a function
of the yield stress,  See also Table IV, This has tended to be
confirmed by recent pilot tests on low alloy high strength steel
where Or was found to be of the same order of magnitude as

11
was measured.in A 7 steel

The prediction of the residual stress distributipn based
on mathematical relationships between the cross séctional phy=-
sical properties has not been successful up to this time, How-
ever, a good estimation may be obtained from tabulated results

already available such as Tables V and VI of this report,

The Young's modulus was found to be 31.2x10° ksi, with
a standard deviation of l..S,xlO3 ksi, the overall average
value obtained from all coupon and stub column tests conducted
in this series, !

As with'the yield stressé.good estimation for the Young's
modulus of é full cross sectional shape may be obtained from‘
the weighted average of the coupon values,

No effects of size of cross section on the Young's modulus

was noted, among the relatively small number of specimens tested.



220A.284 <29

The values obtained in this series of tests showed both a
greater deviation among themselves, and a higher mean value,

than obtained in tests of other investigations.7’8

10. The ultimate strength of tension coupons, Section III-B-L
Figures 19,21,22,1ies within very definite bounds with an average
of 6467 ksi. (This is within the limits 60-72 ksi specified
by ASTM A7-55T). These measurements are based on the initial
cross sectional area. It should be.noted that the simulated
mill tests gave somewhat lower results than the mill tests. How-

. ever, this small difference was probably due to the slower strain
rate after the yield point of the simulated mill tests.

The ultimate strength based on ultimate cross section is

*1likewise within definite bounds with ‘an average of approximately
135 ksi as -shown in Figure 20.

The percentage reduction in area, although with a slightly
wider range as shown in Figure 23, is also reasonably consistent.
A difference of 5% between web and flange values was noted sug-
gesting that thickness of rolled section could have an effect.
'CbnSidering a weighted évérage for all specimens, the percentége
reduction in area is approximately 53%+ 5%. (A standard devia-
tion of L.6% was measured, assuming a normal distribution.)

11.  The most advantageous mamner of presenting the data of the
vérioﬁs tests is to have the group results for any parametef?
separate, rather than to have the results classified according
to the specimen. A logical outcome of this, then, is to have

the data tabulated in a statistical manner. This has been done
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in two ways, by the histogram, and by a cumulative plot of re-
sults on probability paper, using the assumption of a normal
distribution.

Whereas the histogram is a plot of classified values accord-
ing to actual frequency of distribﬁtion in the tests, the cumu-
lative plot, and its line of best fit, is an attempt to obtain
a frequency distribution valid for all tests from the small
sample of tests at hand. It is obvious then, that if the histo-
gram were to be constructed from a sufficiently large number of
values, it would approach the actual frequency distribution for
the parameter considered. If this distribution be plotted on a
cumulative basis, the resulting curve is a cumulation distribu-
tion function, which again, if plotted on probability paper is
a straight line for a normal distribution. If the distribution
be skew, a plot on logarithmic probability paper would render
a straight line. The advantage of a straight 1line is that
the comparison of the statistical parameters becomes very simple.

The data obtained were comparatively small in number so
that an estimatioﬁ of ‘a normal distribution curve from the his-
togram was out of the question. However,{%he number of results
is sufficient for an estimation of a straéght line in the cumu=-
lative plot on probability paper. In practically every case,
the assumption of a normal distributioﬁ was reasamably true.
Although in some cases, such as Figure 21, a skew distribution

may have given a better approximation.

<\



220A.284

~31

For a cumulative normal distribution, by symmetry, the
mean value for the function considered is obfained from the
0.50 cumulative probability ordinate. (See Figure L.) Further,
it may be showni2213sWs that the 0.841 ordinate (or the 0.159
ordinate) defines the standard deviation, s. For a normal dis-
tribution 68% of any sample of results is expected to fall
within the rénge X # s, where X is the mean.

The standard deviation, also known as the standard error,
is a value for describing the scattering of the observations
about the mean.l2’13’.1h° The straight line cumulative proba=-
bility plot, by its slope, shows the range of the distribution,
e.g. the steeper the slope, the narrower the distribution, and
vice versa.

It should be noted, that when the experimental data are
plotted, the frequency is the ordinate of the curve, but that
once the line of best fit has been drawn and hence the normal

distribution fixed, the ordinate then is the probability, use-

ful for future estimations.

Generally, the curves were plotted from the same classified

groupings as used for the histograms.
A summary of the relevant statistical results is presented

in Table IV.
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V. CONCLUSICNS

Continuing on from the previous chapter of discussions with re-
spect to the limited number of tests conducted, the following suggestions

become relevant:

1. This series of tests indicates the following probable values

for the material properties of the full cross section of a WF '

shape.

Sys = 33 ksi with s= l ksi

Orc = 13 ksi 5 ksi

Op = 20 ksi 5 ksi

E = 31x10° ksi 1.5x10% ksi

(on original area) Sult = 6L ksi ’ ‘ : 3 ksi
(on reduced area) Cult = 135 ksi » Coupon Tests 11 ksi
percentage reduction
in area = 53% 5%
2. The yield stress should be defined by the "static" yield stress

level for reasons discussed in Chapter IV.

3. | The effect of strain rate on the yield stress level has been
_ discussed in Chapter I. For authoritative conclusions re-

garding the influence of_this variablé; a substantial number
of tests on steels from different manufactﬁrers should be con-
ducted using a wide variety and type of testing machine.
To obtain this more precise correlation between strain rate
and static yieid stress level as well as between different
manufactureré and testing machines, it would be necessary

that the rate of testing of the mill coupons be observed for
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each coupon test. Then Figure 10 could be substantiated, or
revised. This itself would allow the static yield stress of
any coupon to be immediately determined, knowing the dynamic

yield stress and the speed of testing.

This series of tests further indicated that the "static" level
of yleld stress for a WF shape is 80%+ 5% of the mill test value
on a tension coupon cut from the web of the section. Standard-

ization to a definite testing rate may change this value.

The yield stress and Young's modulus for a given shape can be
éstimated accurately from £est resﬁlts on coupons cut from
flange and web, if the weighted average according;to respective
areas is used. This is of use where only small capacity testing

machines are available.

The elimination of compression testing of coupons is warranted

in the case of follea'structural steel shapes. Tension cou-

pons accomplish the same purpose with greater ease.
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1. Nomenclature
Flange width
Depth of WF section between centerlines of flanges
Young'ts modulus of elasﬁicity
Straiﬁ hardening modulus

Standard deviation, a statistic measure of the scattering
of observations

Flange thickness

Web thickness

Ratio of area of flanges to area of web
Strain (in/in)

Stress

Yield stress

Yield stress of mill tension coupon, (as obtained from the
mill report).

Yield stress at zero strain rate: "static" yield stress

Yield stress at a particular strain rate other than the
zero strain rate: "dynamic" yield stress

Upper yield point, see pg. L

Lower yield point, see pg. L

Proportional 1imi£

Maximum residual stress determined from stub column test
Regidual stress atvflange edges

Residual stress at flange center

Residual stress ét web center
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Schedule of Tests

TABLE I

s Shape Material A" Material "B"
No. coupon coupon

% test studb test stub

(simulated) column (sirmlated) column
mill : mill
8 18WF105 b4 X X X

9 16WF 88 X X X X
10 1UWFL 26 b'e X b'q

11 14WF320 X X

12 | 1L4wWF228 x x

13 14wWrF1L2 x X x x
14 14WF111 b's X X

15 1L4WF 78 X X x x
16 1UWF 61 X X bs X
17 1LWF 53 x X

18 12WF190 X X X X
19 12WF 92 X X

20 12WF 65 X X

21 12WF 53 X x x’ X
22 12WF 50 X X

23 10WF 66 X X X

2L | 10WF 39 X X

25 1OWF 33 x x

26 SWF 67 X X

27 8WF 35 X bs

28 BWF 31 b d b'q

29 8WF 24 X x

30 OWFL5..5 x x x

31 5W31885 b'e X X

Numbers  220A Program, August 26, 1954, Phases l and 5
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TABLE II
General Experimental and Analytical Data for Material "A"
NOTEs All values are:inckip=inchrunits”
Area | Area| O = e |9rsmod. Ty . a1t oult
- 1g, stub stu stub mill | mill .coupon
No, | Shape Area Flanges Web %%%%Z%E% b/t column |column column . flange l:‘)’wgzb .
8 |18wF105 | 31.3 21,95 | 9.32] 2.36 13.0 | 12,8} === 29.8 L3.,1] 62,8 48.3 | 61.2
9 |16WF88 25.5 17.92 | 7.55] 2.37. |15.1| 18.6( 3.9 31.4 h2.3]63.9 62.9 |63.1
10 |14wFL26 |12L.0 [100.38 [23.571 L4.LO 5.52 —— cee ES 38.2169.9 6li.ly | 73.4
11 |14WF320 | 93.5 69,88 [23.57| 2.97 8,0 oo cow . 38.5| 65.1 61.7 | 59.7
12 |[1ywF228 | 67.3 Sl.19 113,097 L.1lh 9.3 | 9.5 === 25.8 38.2 | 65.4 62.8 [ 65,3
13 |14WF1h2 | 41.9 33,11 | 8.79] 3.77 .7 | 12.0| === 30.7 37.1 ] 64,2 65.6 | 68,3
11 |14wF11l | 32.1 25.35 [ 6.72] 3.78 16,9 | 10.2| =-- 33.0 - 15,01 71,0 66.2 | 6.5
15 |WywF 78 | 22,3 16.85 | 5.451 3.09 16,6 | 10,2] <-= 29,1 38.4 1 60.4 59.3 | 59.7
16 |14WF 61 | 17.9 12.85 | LL.96] 2.59 15.9 =e c-e cee .31 66.8 60.l | 60,0
17 [1LWF 53 -e == -- 1.71 —- e c== - - 37.1] 60.7 58.9 | 55.5
18 |12WF190 | 55.3 43,66 [11.61| 3.76 7.37 12.1| === 2l .6 3.1 68.6 63.7 161.6
19 [12WF 92 | 27.0 20,97 | 6.00{ 3.50 1.3 ] 19.8| 10.4 3ol 4s.71 74.0 69.3 ]69.5
20 1ZWF 65 1807 1“.02)-‘. Ll..ol)-l. BoL‘.Ll- 200-6 11.’-06 see 3206 L‘-L'-D3 6706 62o8 619’-‘-
21 |12WF 53 | 15.7 11.76 | 3.87{ 3.03 e= | 13.3| === 35.0 Wy.91 67.8 61.3 |63.5
22 |12wF 50 | 14.3 10.13 | L.1h4| 2.45 13,0 | 16,5 === 32.9 ye.2| 67.5 65.9: | 6L4.7
23 |10WF 66 | 19,3 15.21 | 4.02| 3.80 13,6 | 11,2 === 33,2 146.8168.3 63.6 |63.9
2L |10WF-39 | 11.1 8,11 | 2.89] 2.80 15.8 -- co= 37.2 41.94 62.7 60.9 } 62.0
25 |10WF 33 9.8 7.12 12,60 2.74 18,0 | 11,1| === 32.h 52.0| 74.8 60.6 | 61,1
26 BWF 67 1993 15eOLI. ' LLoEO 3059 9018 809 hishinds 260’-[- 3305 6002 5907 ’5701
27 | 8WF 35 | 10.5 8.23 | 2.2} 3.68 16,2 | 15.9| =-- 35.9 8.3 6L.3 63.2 | 6L4.7
28 BWF 31 9,37 7.2l | 2,07 3.50 18,5 | 6.6 == 36,1 Lli.l | 64.5 6.l |65.
29 | 8WF 244 7.00 | 5,16 | 1.79] 2.88 16.7 | 24.4| 10.4 39.4 h7.h ] 69.2. ] 65.2 170.3
30 | 6WF15.5| L.57 3.18 |1.34] 2.37 22,3 | 23.,3] 3.8 413.0 51.1| 66.4 63.6 | 6l.0
31 SWF18.5| 5.31 L.,21 | 1.05]. L4.18 12,0 b lp| === 38.7 L8.8) 65.6 63.1 | 6L4.h

“ No apparent

yield load

1;17-



TABIE II, Continued (a)

: Oys oyd Oyq Stub 0 Weighted
No. Shape Cogpon Cogpon Oys Oyq 9%s | %s I colum c&d(Web) ys Cmgzpon
Flangd Web [Flangeg Web [Weighted [Weighted ozgq |owmi1y [0V Welghted| oymill oyd(Web)
_— Coupon | Coupon J ¥ Coupon | iy
1% | 2 - | % %

8 | 18WF105 | 28.9 |34.2 | 32.9 40.6 | 30.4 38.2 |79.6] 70.7 98,0 9.3 7.9
9 | 16WF 88 | 31.1(31.9} 39.6138.3| 31.h4 39.2 | 86.4] 7h.3 100.0 90,5 82.0
10 | LWFL26 = 30,4 ] == |34.1 - - - - o= 89.3 —-

11 | I4WF320 | 22,7 [22.8 ] 26.L |26.4 | 22.7 26, | 86.0] 59.0 ——— 68.6 86.2
12 | 14WF228 -= 29.6] == [35.2 -e - -- - oo 92.2 -e
13 | 1ywr1h2 | 28.4 (32.7 ] 33.8(38.9| 29.3 34.9 |83.8] 79.2 10l..7 104.9 75,3
1y | W4ywF111 | 32.5(33.2} 38,9 |39.4| 32.7 39,0 |83.8| 72.7 | 101.0 87.5 83,0
15 | 14wF 78 | 28,8 [30.4 | 35.4|33.6 | 29.2 35,0 | 83.4] 76.2 100.6 87.5 86.8
16 | 14WF 61 | 30.3|31.4| 36.0|35.7| 30.6 35.9 :85 2] 69.0 o= 80,5 85.8
17 | ILWF 53 | 29.6 [29.6 | 40.1|36.7] 29.6 - 79.7 e 98.7 80.6
18 | 12WF190 | 26.9 |26.5] 29.1132.9! 26.8 29.9 8907 87.6 91.8 96.6 81.5
19 | 12WF 92 | 33,2 (35.0} 40,7 [41.4h | 33.6 40,8 | 82.3| 73.5 102.4 90.8 81.2
20 | 12WF 65 | 32,4 (38.6 | 4L1.938.6 | 33.8 41,2 |82.2| 76.2 96.14 87.0 87.6
21 | 12WF 53 | 33.4(37.6| 38.546.31 3L.4 - -- | 76.5 101.8 103.3 Th.2
22 | 12wWF 50 | 34.0[35.2| 39.8 |L3.1} 35.5 40.8 |8L.1] 81.4 95.7 102,0 79.8
23 | 10WF 66 | 32.0{33.8] 37.6{38.8| 32.4 37.9 | 85.5] 69.2 102.6 82.9 83.7
2 | 10WF 39 | 34.2|36.1| 41.3 4.7 34.7 h2.2 | 82.2] 82.7 ——- 106.6 77.8
25 | 10wrF 33 | 3L.1{34.,9{ 4O.7|4lk.3]| 3L.3 bi.7 |82.4| 66.0 9.5 85.3 77
|26 | 8wr 67 | 25.87128.3| 30.2|3L.7| 26.3 3142 B&w 78.6 100.1L 103.6 76.
27 | 8WF 35 | 34.7|37.5| 4O.1|hk.7 | 35.3 - 73.2 101.7 92.8 |  179.0
28 | BWF 31 37.3(39.7 | 443 148.8 37.4 45.3 83 71 85.6 95.3 110.0 177
29 | 8WwF 24 | 36.541.9| L2.08.5| 37.8 .0 }86.0| 79.8 104.3 1 102.3 78.0
30 | 6WF15.5( L2.9 |i3,0| 48.3152.1| L3.3 49.6 |87.3] 8.7 99.2 102.0 83.3
31 | SWF18.57 L4O.7 I43.8 | 45.7 k.7 L1.3 45.5 | 91.2]| 63.2 93.8 91.5 92.8

en-




TABLE II, continued (b)

‘ or S Gu1tmill | oy ¢ ouitWelghted|qd redn.- 5 redn,- 67,1 +mod .
No.| Shape gzs Cn CirotweDb We?gﬁted ﬁf?tmggfgon Zn area Zn area - b:%gg Sn
sthb mod. | coupon coupon ult flange[web |weighted
colum | stub % 0 average
column
8 | 18WwF105 | 42.9% | -==% 101, 3 - 51,8 - 82,5 sh.9 |i8.9] 53.1
9 | 16WF 88| 59.3 12,1 101.3 62.9 98.4 56.1 |5h.7] 56.7
10 | 14WFL26 | == | - 95,2 66.0 | oL.3 52,0 |30.8] Lu8.2
11 | 1I4WF320| == . 109.0 61.2 9.0 ~!54.5 |58.1) 55.5
12 | 14WF228 | 36.9 = 100,0 63.3 98.5 69.8 |[51.6| 66.2
13 | 14WF1L2 | 39.1 - 93.8 66,2 103.2 Sh.5 {43.3] 52.1
1y | 14WF111 | 30.9 —e 110.0 66 .2 93.3 55.1 {49.9] 53.8
15 | 14WF 78| 3L.7 - 101.3 59.4 98.2 55.1 |54.0| 5L.7 .
16 | 1YWF 61} == - 111.0 60.2 90,0 57.7 {L8.8] 55.2 W.8
17 | 14WF 53| -- - 109.4 e - 55.5 |57.6| 56.2 | 43.8
18 | 12WF190 | 47.2 -- 111.3 63,2 92,2 5.0 |L7.4] 52.7 7.3
19 | 12WF 92| 57.6 30.2 106, 69.4 93.8 53,9 {48.4] 52.7 47.3
20 | 12wF 65| I, .8 -— 110.0 62.6 92.6 57.3 |52.5] b56.2 3.8
21 | 12wF 53| 38.0 - 106.8 61.9 91,2 46.7 {hh.21 45.9 5.1
22 | 12WF 50| 50,2 - 10L.3 65.6 | 97.1 W6.7 |50.3| L7.7 52.3
23 | 1O0WF 66 | 33.7 - 106.8 63,7 93,0 U8.7 [43.8| L47.7 52.3
2L | 1OWF 39| =-- - 101.3 61,2 97.8 55.2 |50.9}1 5h.2 45.8
25 | 10WF 33 34.3 - 122.5 60.7 81.2 52.9 |56.0] 53.8 h6.2
| 26 8WF 67 | 33.7 - 105.4 59.0 98.1 55.5 |54.3] 55.2 Wi .8
27 SWF 351 Lly.3 = 99.4 63.6 98,8 5.0 |hub.1| 52.2 7.8
28 8WF 31} 18.3 == 99.3 6li.5 100,0 51.1 49.7] 50.8 49.2
29 WP 2l | 61.9 26 .l 98.3 66.5 9,2 50.0 |50.4| 51.0 - 119.0
30 | 6WF15.51 54.2 8.8 103.8 63.7 96,0 sh.0 |[53.7] 53.9 h6.1
31 | SWF18.51| 16.5 -- 101.8 63.3 96.7 51.5 |45.7] 50.3 49.7

';éﬂ' .



TABIE II, continued (c)

E E E Pcoupon
No. Shape coupon coupon stub Estub column
flange | web weighted colum %
8 18WF105| 31.7 | 31.9 31,8 30,8 103,14
9 16WF 88| 30.6 | 32.9 31.3 31.8 98.1
10 1 WFL 26 - 32.4 -- 33.3 | -
11 WWF320| 34.1 | 33.0 33.9 -- . --
12 1 WF228 - 33.0 .- 29.6 -
13 UWr2| 29.8 | 32.9 30,5 29.1 104.8
1 UWF111| 31.3 | 28.7 30.7 31,2 98,1
15 UWF 78| 29.6 | 30.8 | 29.9 32,0 93.5
16 WLWF 61| 29.8 |27.8 29.3 -- --
17 WF 53| 30.3 | 30.6 30.4 - --
18 12WF190 | 38,4 | 34.6 37.7 32,7 115.3
19 12WF 92§ 29.7 | 33.0 30.h 31.8 95.6
20 12WF 65| 31,1 | 28.8 30.6 30.0 102.0
21 12WF 531 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 - -
25 10WF 33| 30.5 | 30.L 30.5 29.2 104.5
26 8WF 67| 30.2 | 30.7 30.3 - --
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 - 3y - 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




TABLE TIII

General Experimental and Analytical Data for Material "B"

NOTE: All values arein kip-inch units,
No. Shape | Area | Area Area = Orc Ope Oy s OLlt
Flanges | Web area flanges| stub mod , stub Gy Oult coupon
area web column | stub jcolumn |mill mill | flange web
: ~ jcolumn
8| 18WF105 | 30.6 21.0 9.5 2.21 13.1 - 33,0 |37.7 [62.4] 61.2 61.5
91 16WF 88| 25.7 18.1 7.6 2.38 23.3 9.1 3. [41.6 68.3 65.5 6L.3
10| 14WrL26 L. 10 68.7 66,8
11| 1L4WF320 2.97
12| 14wFr228
13| 4WF1h2 | LO.6 32,0 8.5 3.76 18.1 38.7 |51.2  |74.1 70.3 71.3
1y | I4WF111 3.78 63.2 6l .l
15| 14wF 78] 23.2 1795 5.6 3,13 1.8 35.8 {L42.3 68.8 6L.5 66.9
16| 1LWF 611 18.1 13.0 5.0 2,60 9.1 6.7 (4.2 [68.4 1 6L4L.8 65.3
17 | I4WF 53 _
18| 12WF190 | 55.7 L1 11.7 3.77 11.3 30.2 |39.6 68.7 66.2 67.6
19| 12WF 92
20| 12WF 65 36.6%|39,7% S
21| 12WF 53 15.7 11.7 3.95 2.97 12.3 35.0 [35.1 [66.9] 64.1 64.8
22 | 12WF 50 36.0%|2,6%
231 1OWF 66 3.68 39.9 63.3 62.5
2L | 1OWF 39 35,9% y1,2%
25| 10WF 33
26| BWF 67 31.4%|43.0%
27| BWF 35 36.7%140,0%
28| 8WF 31 37 4% 3. 3%
29| 8wF 24 34.3%[39.8%
30 | 6WF15.5 6L4.0 63.6
31| 5wr18.5 67.1 65.2
1 ~-6WEF25 . - 61.3 . 61.4

“from previous investigations



TABLE III, continued (a).

, stub O3 < 55 .
No, | Shape cglgon ' cgg%en eig%ed Wegﬁted % :Zriill oyscojéurﬁg s ?;-1; 'c‘r%r'g
flangel web [flange| web | coupon | coupon % Y% Oys¥g ng ve stub sr{:lgbo
- _ o column | colurmm
8 | 18wF105| 33.5 | 31.2 | 39.4 | 38.0, 32.8 39,0 8l.1] 87.0 | 100.6 | 4O.7
9 | 16WF 88} 3L.1| 34.6 | 41.2]39.8 34.3 40.8 83.81 82.5 67.8 26.5
10 | 1hwWweho6l 28.h4 f29.4h | 32,7 | 31.5 28.6 32,5 88.0
11 | 14WwF320
12 | 1hwr228 1
13 | ywrih2! 37.8 1 38.5 | 45.0 [ 45.4 38.0 45.1 8.3} Th.2 | 101.8 16.8
iy | WywWPi1l] 33.0{ 37.0 | 39.2 | 43.§ 33.9 0.1 8li.7
15 WWF 78) 34.6 | 37.1 | 40.7 | 4h.2 35.1 L1.5 8L .7{ 82.8 102.1 Li.h
16 | 14wF 61} 36.1) 36.6 | k2.2 [ h2.71 36.3 2.3 85.8} 82.2 | 101.2 2l .8
17 | 1LWF 53
18 j12wrigo|l 30.51 32.4L | 33.8}39.24 30.9 34.9 88,5 78.0 97 .7 3.1
19 | 12WF 92|
20 | 12WF 65 - 92.,2%
21 {12wF 53| 35.2 1] 35.2 | Li.h Loy 35.2 , 100.3 99.5 35.2
22 {12WF 50 8L . 5%
23 l1owF 66} 3L.2136.6 | L1.7 [L1.} 35.5 '
2, 110WF 39 : 87.1%
25 {10WF 33 -
26 8WF 67 72.8%
27 8WF 35 _ 91.8%
28 8WF 31 86.2%
29 8WF 2l ' 86 .2%
30 |6WF15.5] 36.6) 37.L ) 3.3 36.8 ’
31 |SWF18.5| 37.2} 38.0 0.0 ]| L46.6 37.4

* prom previous investfgations

9t~



TABLE III, continued (b)

% redn, in

% redn,

Ccult .mod,

E

= : : :
| No.| Shape wegéﬁted area in apes ggd;?rea based on Egoupon soupon E TEQBBRQE
' coupon  I'rlange| web |weighted|original|red.area [flange| web |welghted c§§33n Estub _
average| - _ cilumn
8 |18wr105| 61.3 5.9 | 50.2| 54.8 45.2 135.8 29.3 |28.2 28.9 28,6 | .101.1
9 |16WF 88| 69.3 52.2 | 47.5] 50.7 49.3 132,5 30.0 |29.4 29.8 31,7 90,9
10 |14wFh26 | 68.5 33.7 {bho7 | 35.7 6l.3 106.5 33.8 | 35.6 34,1
11 |14WF320 | 5.5 {58.1] ©55.5 hh.s
12 |1wWF228 . :
13 |WywFL2 | 70.7 53,9 | 51.1| 54.2 45.8 154.3 30.8 | 31.9 31.0 33.8 91.8
U |14WF111| 63.3 55.3 | 4.9 53.0 47.0 134.8 32,6 |31.2 | 32.3
15 |LWF 78| 65.2 48.5 ] 53.5| L9.7 50.3 129.6 30.4 | 32.1 30.8 27.5 | 112.0
16 {14WF 61| 65.1 55.2 | 67.4) 58.7 41.3 157.5 31.7 | 32.2 31.9 30.4 105.0
17 |14WF 53 : : : '
18 |12WF190 | 66.L 53.5 | 18.3] 52.2 47.8 139.0 -= 129.4 - 30.9 -=
19 |12wF 92
20 |12wF 65
21 |12wF 53| 6L4.2 51.9 | h2.5| 49.6 50.h 127.6 32.0 | 27.4 30.8 29.8 103.5
22 |12WF 50 - 1 o
23 |10WF 66| 63.2 51.0 | 53,0} 51.3 48.7 129.8 30.9 | 29.0 30,5
2l | 10WF 39
25 | 10WF 33
26 | 8WF 67
27 | 8wr 35|
28 | B8WF 31
29 | 8wr 24 50,4 | 50.0] 50.2 49.8
30 |6wF15.5| 63.8 sh.1|5h.1} s5h.1 45.9 138.8 31,1 | 32.0 30.8
31 |SWF18.5| 66.7 51.5 | 45.7] 50.2 | LL.8 133.9 | 31.9}30.9 | 31.7

L




TABIE IV

-L8

Statistical Results Assuming a Normal Distribution
. Vean | S Average '
No. of ksi tksi [No. of Iean S
Fig,. Description Mat'l.| Specimens . Specimens| ksi = |ksi
L b Oys Stub Columm A 20 33.1 |5.1 )
B il © 35.0 [2.2 3L 33.9 | 3.8
5 b Oys Sim. Mill A 22 32.8 |7
B 13 3h.6 2.5 35 33.5 | 3.8
6 b Syd Mill (web) A 2l 42.8 5.0
B 1, L5 (3.5 | 38 | k2.3 | Ll
7 b Cyd Sim. Mill (web) | 4 2l 40.1 |6.0
B 13 L. 3.3 37 L40.6 | L.9
8 b Cys/0yd (Mill) A 20 76.L%|6.1%
N A 22 81.2%(L4.9% 1
Sys/Syd Sim. Mill %B 13 83.8%1L.3% .
15 b(1)| Ore (max.)stub colum A 19 13.5 |L.2
B 7 1.6 {L.3 26 13.8 | L.7
15 b(2)| Oreyng (max.) stub
colum A 19 10.5 |L.2 :
B 7 12.6 |3.L 26 11.1 | Lh.1
16 b(1)| Orfys A 19 11,1%)11.1
' B 7 L1.5%§12.7% 26 L1.2%{12.6%
16 b(2)|%rp0q/Cys A 19 32.9%113.3%
B 7 35.6%(9.L B 26 33.6%12.0%
17 b(1)| E, weighted coupons| A 21 31.2 (1.4 .
B 11 31.1 1.1 32 31.2 | 1.3
x10° | x10
17 b(2)| E, stub columns A 19 '31.5 |1.6 ‘
B 7 30.4 {1.5 26 31.2 | 1.6
1 x10° | x10®
18 b E/E, comparison of :
17 (a) & 17 (b) A 16 99.7%6.1%
B 6 100.9% |10:LA] 22 100.0% | 7.8%
19b |[Sult Sim. Mill A 23 62.4 2.8
. (weighted) B 12 65.3 (3.2 35 63.7 | 3.0
20 b | O ultyeg™Sim. Mill A 23 134.9 |10.1
(based on reduced B ~12 135.0 |[12.5 35 | 134.9 J11.1
area)
21 b Oult Mill Test (web) A 2l 66.3 |3.6 '
| B 7 68.2 2.6 31 66.7 | 3.3




=19
TABLE IV - Continued

Average
No. of - Mean s No. of Mean | s
Fig, Description Mat!l.|Specimens ksi ksi ||Specimens| ksi | ksi
22 b [Oult Sim. Mil1
(web) "A 2l 63.5| L.L .
B 13 65.0 2.0 {| 37 6L.0 | 3.6
23 b(1)| % red. in area A web o L9.61 6.4
B | A flange 2l 54.0| L.2 2L 53.3 | L.6
23 b(2)| % red. in area B webI 14 50.8| 7.7
B flange 1L 51.6| 5.7 i 51.L | 6.0
23 b(3)] % red. in area A 2k 53.3| L.6 :
weighted average, B 1L 51.L] 6.0 38 52.6 | L.7
tension coupon
tests.
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TABLE V

Summary of Coqun Test Results

31 o .
"Compression Coupons{as-delivered
(Average Values in ksi)

Material | E o) Cuy oya
IAl Flange- 29,900 (9)* 30,6. (6)% 38.4 (8)% 38.0 (9)*
.. Web 28,750 (2) 26.5 (2) he.7 (2). 2.7 (2)
Ave.-2%% | 29,580 (11) | 29.6 (8) 39.4 (10) | 39.2 (11)
IA2 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) 43.6 (2) 3.3 (2)
Ave.-2 29,200 (8) | 30.3 (8) Lo.6 (8) Lo.5 (8)
TOTAL Ave.-2 | 29,580 (22} 29.6 (16) 0.0 (21) 39.8 (22)

Tension Coupons (as-delivered)
(Average Values in ksi)

IAl Flange | 30,230 (3) L2.8 (3} 39.1 (3)
Web .1 30,200 (1) - Lh.8 (1) 3.3 (1)
Ave, -2 30,21o'<u) 43.3 (L) 40.1 (4)
IA2 Flange | 30,010 (9) 32,0 (6) 39.1 (9) 37.4 (6)
- Web 29,270 (3) 27.7 (2) h2.6 (2) | 35.7 (2)
Ave, -2 129,820 (12) 30.9 (8) 39.9 (11) 37.0 (8)
IB2 Flange | 30,090 (3) - 43.5 (3) L0.5 (3)
Web 30,200 (1) L6.6 (1) L2 (1)
Ave. -2 30,120 (4) - W.2 (4) Li.b (4)
TOTAL Ave.-2 | 29,970 (20) | 30.9 (8) 1.6 (19) | 38.9 (16)
Mill Report Tension Test (as-delivefed)
Web ‘ == : | "‘“"f = L'-3o 3

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



Residual Stresses Due to Cooling in WF Shapes

TABLE VI

-51

compression - =

Stress Flange Edge ‘Flange Centter . Web Center:
in ksi max. avg. | min,| max. | avgd | min, max. | avg. |min.
Columns | =5,5 |-12.3|-18.7| 16.5 L.6 |-3.7| 17.5 |3.9 |-15.5
d/v-1.5] , ' : |
- Beams { .).1|-7.7 [-10.8§ 19.7| 14.6| 8.3 | -8.8 |-16.3]-29.5
d/b 1.5} - ' : '

tension = +

These are results of all tests conducted in Fritz Engineering
 Laboratory on Research Project No, 220A10

of




TABLE VII

Cooling,Residual Stresses in WF Shapes
(Average Values)

N4 A A E::::j QPGF'Qfo f
I ’ ' : Y —r | eammemmemenemmes {
TYPE I | TYPE II . | TYPE IIT
SHAPE w/t|  a/vb -%pc | 9ro| O%rw | TYPE REMARKS
1| 4wF 13 | .811 1,022 -10.0 | L4.O| 5.5 II
2| swF18,5| .632| 1,018 | = 7.7{ ~2.0| 16.5 |II/III|center beam on
, coolling bed_
3| SWF18.5| .632| 1,018 | «10.6 | 3.2| 6.0 II |edge beam on
cooling bed
4| éLc1s.s5| .892) 1,000 | -15.1 [10.5]| -0.9 | I/II |light column
51 8WF 24 | .616| 1,138 | =10.2| 0.5] 1745 |III/II
6| 8WF 31 | .665| 1,000 | =13.9 | 5.6| 943 1T
7| 8WF 31 | 2665 | 14000 | -11.5 | 1.1| 15.5 |1I/111|same heat, diffJ
' : . erent rollings
8| 8WF 31 | .665{ 1,000 | =17.5 | L.21 5.0 II
9| 8WF 31 | .,665! 1,000} ~16,1 |10.1| 1.3 I/II |different heat
10| 8WF 67 | 616 1,088 | = 9.5 [ =3.7| 15.5 III
11 | 123140 | .893f 3,000 - 4.1 | 8.3| -8.8 I |beam
12| 12wF50 | .579| 1,510} - 5.5 9.2] =15.0 I
13 | 12wFés | . 644 | 1,011 | -18,7 }16.5) -15.5] I
1L | 1LWFL3 .58y 1.711 | - 8.5 | 19.7| =-29.5 I |on cooling bed
' , (slow cooling
: _ rate) ‘
15 | 14WFL3 25841 1.711 | - 8,5 | 24. 2| ~41.0 I cooled separate-
» i 1y (high cool-
. ing rate)
16 | 14WFy26 | . 619 | 1,120 | -17.8 | 8.5| 1L4.0 II |
17 | 36WF150 | . 665 | 2,990 | -10.8 {14.3| -15.0 I |beanm
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