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ABSTRACT

The purpose of this report is to describe an experimental investigation
concerned with the behavior of a few struétural metals under a range of stress
conditions applied in times that correspond to the responses which might be ex-
cited in ship structures by underwater explosion or air blast loading, or 'in
building structures by earthquake shock or the explosion of a large scale weapon.
The engineering aspects of material behavior are emphasized.

The tests included uniaxial stress applied in either tension or<compres-
sion, and flexural stress produced by third-point loading of small beams of
rectangular section. The rise times of the loadings were varied from a few
milliseconds to several minutes. An attempt is made to correlate the results
obtained in the uriaxial stress tests with those obtained in flexure.

The applicability of the results of this investigation to the general
problem of determining the behavior of structures under transient dynamic loadings

producing extensive inelastic deformations is discussed briefly.
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THE ENGINEERING BEHAVIOR OF STRUCTURAL METALS UNDER SLOW AND -RAPID LOADING
1. GENERAL INTRODUCTION

1.1 intrb&uction

The purpose of the investigation which was conducted at the University
of Illinois under Contract Nonr-1834(0l) was to determine the time sensitive
stress-deformation characteristics of the more commonly used structural metals,
and the engineering significance of this information in the solution of problems
concerned with the behavior of metal structures under transient dynamic loads
producing extensive inelastic deformations.

The work which was done on the project can be divided arbitrarily into
three related parts: (1) The testing of structural metals under uniaxial stress
conditions which are produced slowly or rapidly, (2) the correlation of these
behaviors with the ones obtained under conditions of slowly or rapidly applied
flexural stress, . (3) the development of the special testing apparatus required
for the experimental work. VThese phases also form the major divisions of this
report.

In the first part of the report is discussed the basic apparatus devel=
oped at the University of Illinois for use in the application of slow to rapid
loads to uniaxisally. stressed coupons, small beams, or model frames. Sihce
special fixtures and instrmmentation were necessary for each type of test, only
fhe basic apparatus will be discussed in this section. The details of the fix=-
tures and instrumentation will be described in the other sections of the report
which pertain to the actual testing progrems; these are Sections 2 and 3 which

describe respectively the uniaxial stress studies and the flexural stress studies.

~



The investigations conducted at the University of Illinois as a part of
Contract Nonr-1834(01) were concerned with the engineering aspects of the behavior
‘of the materials and structural elementé under conditions of slow and rapid stress-
ing; The metallurgical and fundsmental physical nature of the deformation process
was beyond the scope of this project, However, an attempt was madebto classify
the materials which were tested by evaluating and recording the metallurgical na-

tures and the chemical compositions involved.

1.2 Scope

In the investigation described in this report small specimens of
several sizes, shapes, and materials were tested at room temperature under stress
conditions which for some steels included uniaxial tension, uniaxial compression,
and flexure. These "stressings"™ were applied with a specially constructed machine
that permitted independent control of the "rise™ time of the loading, the maximum
load, duration of the load, and the time of load decay. (This machine was de-
signed ﬁot only for this investigation, but for general use as a pulse loading
uit capable of applying a controlled load of 20,000 1b maximum to small struc-
tural elements in times as short as 0.005 seconds.)

In most qf the tests, the loads were held at constant levels after
application until the yie;ding‘process had been completed. The main variables of

the experimental investigations were:

‘Uniaxial Tension

1. Rise time of load (0.005 second minimum to approximately 100
seconds. )
2. Maximum stress level

3. The type of steel (semi-killed, rimmed, low-alloy)



Uniaxial Compression-Tension

4, Manner of loading (tension, compression, and reverse loadings)
‘Some secondary variables of the uniaxial tests were:s
a. Manner of treatment (as-rolled, annealed before machining,
annealed after machining.)
b. Surface finish (assmachined, polished, notched)
Flexure

5. Level of maximum load

Using‘oscillographé and associated instrumentation having adeguate
response characteristics, records with respect to time were taken of the nominal
specimen resisting stress, surface strains, and average elongation over the
"gage” length of the specimen. From these records the relations between stress,
strain, and time were determined for the various tests.

The results of the uniaxisl tension and compression tests are presented
and discussed in terms of {1} the time delay to the initiation of a significant
amount of yielding, (2) the rate of general yielding where applicable, and (3)
the general nature of the stress-strain-time behavior of the various metals
tested.

In the siow aad rapid flexural tests of small beams of rectangular
section under third-point loading, encugh information was obtained that the time
dependent stress-strain behavior in the pure flexural region of the beam could
be determined. An attempt 1s made to correlate this behavior with the informa-

tion obtained from uniaxial tests of the same material.



2. RAPID LOADING AND STRAINING EQUIPMENT

2.1 Introduction

The equipment used for producing the loads and the deformations
required during the course of the project consisted of two types; those in which
nominal deformation was the gquantity most nearly independent of the specimen be-
havior (standard hydraulic and screw-type universal testing machines and a
specially constructed hydraulic actuator), and the slow and rapid pneumatic
loading unit with which naminal loads that are nearly independent of specimen
response could be produced. The pneumatic unit is hereafter called the pulse
loading unit.

The Baldwin universal hydraulic testing machine which was used as the
load standard in all dynamometer calibrations, was also used for many of the
slow tests run at rates conforming to ASTM specification A 370-56T., However, in
the later stages of the project, for convenience in use of the oscillographic
equipment with which all slow and rapid tests were recorded, a hydraulic actuator
system affording nominal straining control at slow rates of deformation was de-
vised. This could be quickly connected in series with the pulse loading unit so
that no change of either instrumentation connections or specimen fixtures was

necessary in changing from slow straining tests to rapid loading tests.

2.2 Description of the Loading Apparatus

For the initlal purposes of the investigation, a device that would
produce a rapid loading pulse, that is, a pulse that is nearly independent of
specimen response, was very desirable not only because such a device would permit
producing the desired loading without the need of accurate knowledge of the speci-

men's response characteristics, but also because nearly identical loading pulses



could be applied easily to structural components, coupons, or frames having
varying response characteristics. Other requirements were that the minimum rise
and decay times of the loading pulse should not exceed agpproximately ten milli-
seconds, that both the magnitude and duration of the loading should be independ-
-ently controllable, and that the maximum loading stroke should be at least four
inches with an associated drop in load of not more than 50 per cent.

The 20-kip pulse loading device shown in Figs. 1, 2, and 3 was
developed to satisfy these requirements. This unit is a piston device in which
the load output i1s the result of differential pressure. Compressed nitrogen or
helium is used as the pressure source. The rapid application and release of the
load can be achieved through the use of solenoid triggered slide valves to obtain

the timed pressure release from the two chambers of the device.

2.3 Control of Loading

The use of this device permits the appligation of a loading pulse that
may begin from a static level ranging from 20 kips tension to 20 kips compression,
undergo a rapid change of plus or minus 20 kips maximum (With the restriction
that the prepulse load plus the dynamic change in load can not exceed the limits
of plus or minus 20 kips), and then return rapidly to zero load. The duration of
the peak load may be varied from a few milliseconds to many hours. The rise and
decay times of the loading pulses are controllable by adﬁq%ting the size of the
pressure release orifices. The minimum time for either rise or decay of the load
is approximately six miiliseconds., Using the adjustabie orifices, it is possible
to increase the time for rise or decay of the load to approximately half a second;
and, of course, loadings at relatively slow rates can be achieved by the slow
build=-up of pressures in the chambers of the unit using the manual pressure supply

system. A few possible loading pulses are shown in Fig. k.



2,4 Past Usage in Testing

In the investigation described in this report the 20-kip pulse loading
unit wasrused for the rapid uniaxial tension and compression tests, and also for
the experiments involving rectangular beams under third-point loading. In addi-
tion to these investigations for which the testing arrangements are shown in Figs.
T and 31, the loading unit was used also in a series of tests of small model
frames under both slow and rapid loadings. The arrangement for these experiments
is shown in Fig. 5.

Since the successful development of the 20 kip loading unit, machines
of larger capacity based upon its design have been constructed at the University
of Illinois. One of these machines is shown in Fig. 6. This machine has a
capacity of plus or minus 60 kips and a minimum loading time of approximately 15

milliseconds under ordinary usage.

2.5 Description of the Slow Straining Unit

As was mentioned in the introduction to this section, a hydraulic
actuator which can be connected in series with the 20-kip pulse loading unit was
provided so that straining tests at slow rates could be performed conveniently
without changing the instrumentation or the manner of specimen connection. A
schematic diagram of this unit and the associated pressure control system is shown

in Fig. 8. The entire testing arrangement is shown in Fig. 7.

2,6 Summary

A general purpose loading unit has’beén developed which permits éontrol
of the load pulse as follows:

(a) The magnitude of the tensile or compressive load pulse can be

varied from approximately 2000 to 20,000 pounds, corresponding to
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main chamber pressures of 100 to 1000 psi. (100 psi is the lower
‘limit of consistent operation.)

(b) The time interval between the initiation of the load and the start
of load release can be varied from a 0,007 second minimum to long
hand-timed intervals.

(¢) The rise time of the load can be varied from a 0.005 second minimum
to 1;5 seconds usihg thé slide valves and variable orifices; or
from a 5 second miﬁimum to long times using the pressure regﬁlators
and/or needle valves to control pressure.

(d) The decay time of the load is independently variable. The range
possible is the same as that of the rise time since the two slide
valve assemblies are identical.

‘Fer use in conjunction with this apparatus, an attachment for the

control of slow straining rates has been provided. Therefore, in one location,
gpparatus is avallable with which slow tests may be run under either'loéding or

straining control, and also with which rapid loading pulses can be gpplied.




3. UNIAXTAT. STRESS TESTS

3.1 Introduction

During the past few decades much effoft has been devoted to determining
the behavior and the nature of the materials with which mén builds. The more
commonly used the material, the more extensive have been the investigations. Con-
sequently, a great deal of information is available concerning the most commonly
‘used structural metal, steel. However, the fact that steel is an alloy of iron
and therefore can have greatly different properties has made the determination of
its behavior in all its various forms a never ending taski? 127 25, ko’ As Tast
as new instrumentation capable of more accurate measurement or better time resolu-
tion has been developed investigators have attempted to extend their knowledge of
materials. The development of the wire resistance strain gage and the common
availability of oscillographic equipment usegble in the‘micrasecond range has led
+to the comparatively recent work of Davies, and Clark and Wood, et al., and has
therefore resulted in the acquisition of new knowledge pertaining to the time
sensitive behavior of metals.

While it is probable that nc other materials have been the subject of as
many investigations as structural steel and aluminmum, little information is availa-
ble gbout the stress-deformation characteristics of these metals in the rangé of
strain rates corresponding to those that might be created in the members of typical
structures by large dynamic forces, +that is, strain rates increasing from'static"
to about 1 inu/in° per second . FPurthermore, as regards iron alloys, the deforma-
tion characteristics are greatly affected by exﬁ;emely small concentrations of the

alloying elements and also by the form of their presence (as solutes or precipitates).

*
Numbers refer to entries in the bibliography. The bibliography includes
references for background information in addition to those references noted
in the text.
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In addition to these difficulties, no satisfactory theory based on chemical composi-
tion has been developed with which quantitative predictions of the time sensitive
behavior of these metals can be made, although qualitstively many characteristics

6, 16, 17, 29, k1

can be explained Therefore, the time dependent stress-deformation
characteristics of specific metals usually must be determined by experimental means.
The uniaxial stress tests deseribed in this report were performed to

obtain specific stress~strain-time information for a few of the more commonly used

structural materials.

. 3.2 Description of Uniaxial Testing Series

3.2.1 Types of Specimens

The materials which were investigated included the following: rimmed
steel from one inch bar stock in the as-rolled and amééled condition, semi~killed
steel from one inch plate stock in the as=rolled condition, fully-killed steel,
ASTM A-7 steel obtained from a 4M section, two low-alloy steels, a chrome-nickel
steel, a steel meeting ASTM specification A-242, and USS Tl steel. In addition
60 61~T6 aluminum was tested. . A summary of the materials tested is given in Table
1 and a description of the system used for specimen designation is presented in
Table 2.

In the preliminary series, composed of specimens having an area of 0.100
sq in., the rimmed steel bar stock (RB) and the semi-killed steel plate stock (SP)
were tested as-rolled (A), annéaled after machining (B), and annealed before
machining (C). In addition, some of the specimens of the i)reliminary series were
tested polished smooth (S) and some with a small circumferential notch (N).

Following these tests it was decided to test these two steels as-rolled
since metallurgical investigations revealed that the microstructures were quibe

uniform. These were the series called 2 MRBA, 2 SRBA, 2 SSPAL, and 2SSPAT..
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The bar stock specimens were, of course, aligned axially with respect to
the direction of rolling of the bar. The plate stock specimens were oriented with
their longitudinal axes either paraliel to the direction of mill rolling (L) or
with their axes transverse to the direction of mill rolling (T).

The tests of the NS, NL, and NN series were not instrumented as completely
as the others, in that only resisting stress-time and SR-4 gage strain-time informa-
tion was recorded.

The dimensions of the variocus specimen types are given in Figs. 9, 11, 12,
and 135. The form of the specimens varied from areas of 0.100 sq¢ in. to 0.200 sq in.
and in form from the gently curving profile illustrated in Fig. 9 to ﬁhe profile
shown in Fig. 15b which was develcped for use in either tension or compression.

Table 2 also provides a key to the profile used for the various series of tests.

3.2.2 Manufacture of Specimens

The specimens which were tested in the as~rolled condition were machined
from band sawed blanks using g maximum depth of cut on each pass of no more than
0.02 ine, which, under the oil coolant used, raised the specimen temperature to no
more than 150 degrees ¥, The final cut to gbout 0.002 in., oversize for the speci-
men to be polished, was abeut 0.005 in. in deptk. Following this cut, the specimens
were polished by hand keld emery cloth to the firzl dimensions and to a finish that
varied from about 11 micrcinches r.m.s. to some 20 microinches r.m.s.; with an
average finisk of about 15 microinches r.m.s. as indicated by a ﬁyﬁe PAC, serial
511 (Profilometer; marufactured by the Physicists Research Company, of Ann Arbor,
Michigan.

The as-machined specimens were cut to the final dimension using a final
pass of about 0,005 in. The surface roughrness of these specimens varied from about

100 to 200 microinches r.m.s. with an average of about 150 microinches r.m.s.



As was mentioned in Section 3.2.1; a few of the preliminary series
specimens were notched circumferentially (1N). These were "V" notches about 0.01
in. wide and 0.0l in. deep.

Following the pretest measurements of surface roughness and diameter, the
SR=L gages, if used, were applied to the gage section of the specimens. During
this process the specimens were heated to about 180 degrees F for a period of some
four hours. This may have aged the material somewhat with respect to the residual
stresses resulting from the machining.

The procedure listed above, which is that followed in the . preparation of
the as-rolled specimens, was followed in preparing the "annealed before machining"
specimens beginning, of course, with the annealed specimen blanks,

In the case of the "annealed after machining" specimens, the heat treat-
ment, performed in an electric furnace by heating a tube containing the machined
specimens sealed in an atmosphere of helium, Waé followed by the removal, by
polishing, of the final 0.002 in. left by the machining process.,

The NL; NN, and NHY specimens were prepared elsevwhere and sent to the

University for testing.

3.2.3 Métallurgical Properties and Chemical Compositions

In commenting upon the results of the metallurgical investigation per?
formed by the Metallurgical Department of the University of Illinois on most of the
steels used for the specimens described in this report, the authors refer the resder
to the summary given in Table 3, and the metallographs of Fig. 1k.

These studies did show that the steels were very uniform in their so=-
called as-rolled condition and that consequently for this reason the anneaiing and

spherodizing were not necessary to obtain consistent results.
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The almost complete decarburization of steel NS, and the broadly
decarburized bands of steel NR should be noted. It is possible that this decarburi-
zatior greatly affected the yield behavior of the materials as compared with that
of the other steels.

The chemical compositions of the steels as determined in a check analysis .
by the R. W. Hunt Company of Chicage, are given in Table 4. TInadvertently the
oxygen content of the steels was not requested; this is regrettable since this
would probably be one of the more important differences between the rimmed and the

semi-killed steels.

3.3 ‘Description of Testing Procedures

3. 3.1 Instrumentation

To record the data from the preliminary series of tests, the four channel
cathode ray oscillograph shown in Fig, 15 wasbused° This equipment was virtually
fiat in response from some five cps to thirty kes. The lower limit was imposed by
the instability of the D.C. preamplifiers which caused significant drift in the
traces over times as short as 0.1 or C.2 seconds. For this reason, the equipment
was not satisfactory for the recording of tests invoiving durations of several
seconds.

Or the basis of the reeofds obtained with the CRO equipment, it was seen
that the Eathaway magnetic oscillographic equipment avallable in the laboratory
would have response characteristics adequate for the faithful recording of the
resisting stresses and stralns deveioped in the rapid load tests with the advantage
of excellent long time stability that would permit use of the instrumentation for
the recording of slow tests as well., Therefore, the magnetic oscillogrsphic equip-
ment, shown in Fig. 16, was used for the main series of tests. This equipment

includes a Hathaway Type S-1LC magnetic cscillograph; in which were used Type 0C2,
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Group 2-3 recording galvanometers. The Type MRCaiS Hathaway carrier strain ampli-
fier system was modified using an external c?rrier'oscillator and power supply
which had characteristics superior to those of the original equipment. The usable
upper freqﬁency limit'is about 450 cps, while the lower limit, as mentioned ébcve,
is D.C. A block disgram ©of the Hathaway equipment is shown in Fig. 3b.
The phenomena recorded versus time for the preliminary testing series
were the following: (1) the output of an SR-U4 gage dynamometer recording the
stress developed on the end of the specimen opposite that to which the load was
applied; and (2) the output of two SR-L strain gages attached diasmetrically oppo-
site each other on a gage section of a specimen. On the 2RB, 2SP, NR, NHY, NL,
'and NN series ﬁhe output from an extensometer connected across the gage length was
recorded also. The dynamometer-specimensextensometer arrangement used for most of
these tests is shown in Fig. 10, In all other testing series, measurements in-
cluded the output of the dynamometer as before, but strains were obtained from a

ual range spring type extensometer connected across the specimen, This extenscs
meter had two independent SR=U4 bridges, the outputs of which were recorded with
different sensitivities so that the entire range of strains could be resolved
adequately.

The various dynamometer-instrumentation systems were calibrated “statically”
versus the load measuring system in a 120,000-1lb Baldwin universal hydraulic testing
machine. In checking the accuracy of the dynamometer-oscillograph load measuring
system, measurements from slow straining test oscillograms were compared with the
load dial readings taken on the Baldwin machine at corresponding times. Usually
the loads were within about 100 1b cut of 10,000 1b with an occasional maximum error

never greater than 300 1b. That is, the usual error was gbout * 1 per cent (and

0

usually lower) with & maximum error never observed to be greater than * 3 per cent.
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In the tests in which SR-U gages were attached to the gage section of
the specimen, bending could be determined. The percentages of bending ranged as
high as 15 per cent in some few cases but generally were less than 5 per cent.

The aligmment procedure possible with the development of the uniaxial tension-
compression fixtures was such that the percentages of bending were usually less
than 5 per cent,

The extensometers that were used at various times throughout these inves-
tigations were all of the flat spring type shown in Figs. 10 and 13. This type of
‘extensometer met requirements for range, sensitivity, dynamic characteristics, and
simplicity. In these "transducers”, flexural strains in the flat springs were
méasured with SR-4 gages connected as four arm bridges with all arms active, so
that a strain magnification cf four was obtained slong with temperature compensation.
The extensometer last used had two complete bridges of SR-4 gages on them so that
two different sensitivities could be used to resolve the total range of specimen
extensiorn. Therefore, in these later‘tests SR-4 gages were not used on the
specimens,

Just prior to each test, calibration traces were recorded on the oscillo-
gram by shunting the respective bridges with precision resistors whose equivalence
in terms of the quantities being measured hed been determined earliier. Usually the
complete dynamometer and extensometer-ingtrumentetion chanrels were calibrated
directly before and after every seriesg of tests and, in some cases, in the middle
of a long testing series,

It is believed that the to@al errors agsociated with measurement of
nominal load are no more than & 3 per cent, and that the total errors measured with
the determination of extension between the points of attachment of the extenso-

meters are no more than # 5 per cent,
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A major problem associated with interpretation of the results of the
tests in which extension was measured across a reduced gage length is the determina-
tion of the effective gage length of the specimens throughout the entire range of

‘deformation. The study which was made of this problem is reported in Section 3.3,6,

3.3.2 Slow Tests

From the summary of the testing, presented in Tables 5, it can be seen
that slow tests, with two exceptions; were performed in the Baldwin universal
testing machine, or the pulsehloadipg machine with or viﬁhqut‘the slow straining
attachment, The‘equivalent elastic strain rates used for these tests were withinv
those allowable under ASTM specification 370-56T. .Since a rather complete summary’
of the conditions under‘uhiéh these tests were run is given in Table 5,* very lit-
tle discussion is necessary in the text.

It is to Be noted that slow tests of the RBA specimens which were tested
in the Baldwin machine produced yielding at lower stresses than those which were
tested in the pulse loading machine. However, no such difference in yield strength
was obtained for specimens of the SFA series. The differences between these series
of tests‘were the following: (1) the static specimens which were tested in the
Baldwin machine were "pricked” on the gage area by the extensometer points (which

might affect yielding behavior): (2) slightly different loading rates were used in

¥ In Table 5, the constants C, C, and C, are used within a test series to

differentiate between the conditions under whicﬁ each test was run. For the rgpid
tests; C = Uuy =-Uly

In Table 5 and in the stress parameters used in this report:

o

agy,,= upper yield stress

aty* = upper yield stress in a slow straining test
01y = lower yleld stress

Uly* = lower yleld stress in a slow straining test
Opax = Op = ultimate strength of a material
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the two machines; and (3) the smoothness of application of loading between the two
machines may have differed.

In Figs. 17a and 17b are shown photogrsphic reproductions (&bout half
size) of the type of oscillograms which were produced during the slow tests in the

Baldwin machine as compared with the pulse loading machine.

3.%.3 .Machine Vibration Tests

.To determine whether any significant difference existed in the smoothness
of the loadings produced by the three testing machines used (the Baldwin machine,
the pulse -loading machine, and a Riehle screw type testing machine),vanvattempt was
made to measure the vibrations induced in the test specimens by operation of these
testing machines. Within the sensitivity of the recording instrumentation no vibra-
tions were evident in the loading produced by either the Baldwin machine or the
pulse-loading machine., However, vibrations having an amplitude of some 30 or L0
microinches per inch of strain were apparent in the tests performed in the Riehle

screw type machine.

3,3.4 Residual Microstrain Determinatiog

Many metals, but not including mild steel, do not exhibit a perfectly
linear relationship between applied stress and resulting strain or vice versa,
even for relatively low values. Of course, the degree to which this holds true is
somewhat dependent upon the sensitivity of measurement possible with the method
used for observing stress and strain. While mild steel does have a nearly linear
and almost perfectly elastic stress-strain relationship for relatively low levels,
a departure from linearity and from elastic action does become evident at stress
levels above something on the order of ore~half of the nominal yield strength of

the steel.
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Some investigators 7 have suggested that a critical amount of inelas-
tic "microstrain” may be necessary before a general yielding condition is initiated.
(In this report the term microstrain will be applied to &ll inelastic straining
preceding the development of the general yielding condition.) It follows, then,
that a difference in the character of the microstraining which precedes general
yielding would be related to the nature of the dynamic yielding behavior. However,
as a matter of interest, a few cycled loadings were applied to a few specimens of
the SRBA, MRBA, and SSPA series in the Baldwin hydraﬁlic testing machine, the pulse-
loading machine, and the Riehle screw type testing machine. The straining cycles,
which had a "period" of about 2 minutes (during which about ore minute was required
for the straining and one minute for masking the residual strain measurements), were
of successively increasing magnitude culminating in the ylelding of the specimen.
Preceding and following each cycle of straining, the SR=-4 gages attached

"read" using a Baldwin Type L strain

to the gage section of the specimen were
indicator. From these readings the residual strain resulting from each strain

cycle was determined. The results which are presented in Fig..18 indicate that in
these tests general yielding was preceded by inelastic "microstrains” on the order

-6
of 20 x 10 ~ in./in.

3.3.5 Rapid Uniaxial Tesgts

°

A description o

Hy
ct

he

ct

ests and the results are presented in Table 5. A

111 reveal that ir most of the rgpid tests loads were

]
@
n
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study of these tabl
appiied rapidly to a constant level, and were held at these levels throughout the
duration of the test until yieiding had nearly stoprped, usually some four or five
seconds affer its commencement. Folicwing this the lcads were released rapidiy
to zero. In most of the test series, identical specimens were tested at either

the nominal "static™ rates or with rise times of loadings on the order of C.C06
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seconds. The tests were run at stress levels ranging between the static upper
yield stress and the maximum strength of the specimen materiel so.that a range of
‘delay times and of rates of general yielding could be obtained.*

In the 2RB and 25P series of tests, three rise times of loadings were
used; 0.005 seconds, 0.10 seconds, and 0.50 seconds.

For the NR, PS, Qy K, T, and L series, the loads were applied to a few
specimens in tension and to the others in compression. Only in the case of the NR
series were the stresses reversed after the specimen had been initially yielded
under a stress of the opposite sense.

As has been mentioned earlier, the phenomena recorded versus time for all
series included nominal resistance and a measure of strain obtained with either SR-L
gages alone, SR-4 gages in combination with an extensometer, or a dual range
extensometer. |

Photographic reproductions, about one-half size, of oscillogrems illus-
trating the loadings mentioned above and also typical results are shown in Figs. 1T7c
to 17f.

Before each of these tests;, as well as before each slow loading rate test,
a small load (corresponding to a stress of no more than 10,000 psi) was spplied as
an aid in aligning the specimen with respect to the loading axis. If the SR-4
gages on the specimens so instfumented indicated a bending strain greater than about
5 per cent of the axial strain, the specimen was readjusted until the bending was
less tﬁan that value. On the specimens not having SR-4 gages the small pretest

load was applied and released to "settle" the specimen in its seat, a procedure

*
In Table 5, the magnitudes of the rapid loads are listed under either Oyy or O1y-
These expressions for stress are equivalent in rapid tests.
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which had produced satisfactory aligmment of most specimens instrumented with SR-4
ga,ges °

3,3,6 Effective Gage Length

As was mentioned earlier, a problem associated with use of the informa-
tion obtained from the uniaxial stress investigation is that of relating extension
determined from an extensometer attached across the shoulders of the reduced gage
length of a specimen to the actual effective strain in the specimen. For small
strains of an elastic specimen the effective gage length can be computed and is
a constant times the actual gage length of the extensometer. However, when yield-
ing occurs in the specimen, the effective gage length will change with the magnitude
of that yielding. This hag been indicated by a series of experiments designed to
provide information concerning this matter. In Figs. 19 are shown the results of
thig investigation. Figs. 19a and 19b indicate that prior to the beginning of
yielding, the effective gage length of a shouldered specimen of mild steel was
approximately equal to the computed "elastic” value. As the specimen yielded, the
effective gage length dropped rapidiy to its lowest value which coincided with
general yielding. As the specimen strain hardened, the value of the effective gage
length increased. For specimens made of a material that exhibited no upper-lower
yield point phencmena, the variation in effeciive gage length was less extreme and
no increase of effective gage length with strain hardening was indicated. This is
illustrated in Figs. 19c and 194.

In the RB and SP series specimens the effective gage length after yield-
ing had occurred was assumed to be constant. The value used was obtained by direct
calibration during slow straining rate tests of the "static” specimens. For the
PS, Q, K, T, and I, materials, the effective gage length used was that determined
from pilot tests of the same material. All strains as reported in this report are

corrected for the effect of yilelding upon the effective gage length.
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3,4 Results of Uniaxial Tests

3.4.1 General Time Sensitive Behaviors of the Materials Tested

It is comparatively well known that metals having a body centered cubic
lattice structure usually yield in a discontinuous manner under slow rates of
straining. It has been shown that the same materials when subjected to rapid load-
ing or étraining yield in a manner indicating relatively large time sensitivity.
_Bteel in the commonly used form is one of these materials, and thefefore its
yielding behavior differs considerably from that of a material such as aluminum
6061-T6,

It is a characteristic of mild and low=alloy steels that, under a slow
relatively constant rate of nominal uniaxial straining at room temperatures, their
resistance goes through four rather arbitrary stages: (1) the elastic range termin-
ating in (2) microstraining followed by the development of the condition of (i)
general yielding (in which the level of resistance is a function mainly of the rate
of straining) which in turn is followed by the advent of (4) strain hardening and
subsequent fracture. The four stages of the nominal resistance«deformation
characteristics of these metals are quite evident in the slow straining rate tests,
but, of course; are no less present in tests run under other conditions, such as
slow constant rate of increase in nominal stress. Of the four stages mentioned,
the middle two, microstraining and general yielding, are quite time sensitive; the
elastic range is almost insensitive to time; and the range beyond the commencement
of strain hardening is only slightly time sensitive.

The time sensitivity associated with what in this report is called the
microstraining phenomena'has been termed the "delayed yield" effect. This is per-
haps best revealed under tests involving rapid stressing to a constant stress level

such as were performed in this investigation using the 20-kip pulse loading machine.



In the materials studies presented in this report the time delay in yielding is
defined arbitrarily as the interval between the»time at which the stress first
reached a value corresponding to the lowest upper yield stress obtained in a slow
test, and the time at which yielding had become general enough that the apparent
modulus (nominal stress/mominal strain) had dropped to about 2/3 E. Delay time so
defined has engineering significance in that it 1s related at one end to a stress
level high enough to result in yielding under slow loading or deforming conditions,
and at the other end to a parameter'invblving both stress and strain which has an
arbitrary value indicative of an amownt of yielding sufficient to mark the begin-
ning of general yielding. !

The rate of general yielding effect (usually termed sgmewhat ambiguously
the strain rate effect) is most evident perhaps in tests performed at varioﬁs con-
stant rates of nominal strasin, but it will alsoc be apparent, of course, in tests in
which nominal stress rather than nomingl strain i1s the factor most nearly inde-
pendent of specimen behavier. Such is the case in the "rapid loading to constant
stress level™ tests. After general yielding has begun (following the delay in
yielding if present) the specimen will deform gt a rate which is dependent upon the
stress level being maintained by the pneumatic loading unit. .Since the several
tests are run at different constant stress levels, both delayed yield and rate of
generai yielding information can be obtaired from a singie test series.

For most mild steels the transition between the general yielding condi=
tion (flat yield region ir the constant rate of straining test) and the region of
strain hardening is somewhat more gradual than that between the other stages. (Of
course, the "gradualness” ig largeiy dependent upon the time resolution possible

with the recording techniques used.) The tests run at the University of Illinois
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on mild and low-alloy steels indicate that for a particular steel the transition
begihs at about the same total strain regardless of the rates involved.

In & rapid test to a constant stress level the straining finally ceases
at a total strain which usually agrees well with that corresponding to the strain
obtained at the same nomiﬁal stress under slow loading or deforming conditions.

For metals such as high=alloy steel, structural aluminum, .etc., yielding
under slow rates of straining is not a discontinuous process, and the behavior
under rapid loading is not as time sensitive as is the case for mild steel. This

is indicated in the results for the NEY, USS T-1, and 6061-T6 materials.

3,4.2 Results of Tension and Compression Tests

In Fig. 20 1s presented in three dimensions the relation between stfess,
strain, and time as obtained from uniaxial tests of mild steel involving slow and
rgpid loading to constant stress levels, In this relationship the so-called
delayed yield and rate of general yielding behavior are quite evident. Stress-
strain and strain-time relationships representative of the materials tested are
shown in Fig. 21. These contain the same information as is shown for one material
in Fig. 20. The information which is presented in these figures is abstracted in
the form of delayed yielding and rate of general yielding information where these
phenomena were present, and in the form of various times required for yielding to
progress to specified values of the nominal secant modulus (nominal stress/nominal
strain) where delayed ylelding and rate of general yielding behaviors were not
pronounced. In Tables 5 are presented these values for all of the tests which were
performed.

The delayed yielding aﬁd rate of general yielding behavior is presented
respectively in Figs. 22, 23, 2k, 25, and 26, In the first of the figures of each

set the values are presented versus the nominal stress; and in the second and
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third, versus a stress parameter involving, in the case of delayed yielding the
static upper yileld stress, and; in the case of rate of general yielding, the lower
yield stress obtained under a rate of straining corresponding to approximately

1077

in./in./sec. These basic values were obtained under slow straining of the
specimen materials in conformance with ASTM Specification A370-56T, and therefore
can serve as a basls for extrapolation of these results to other materials which
are similar but which have values of upper and lower yield stress different from
these obtained in this investigation.

There was little noticegble difference in the behsvior of the materials
vhich were tested under both initial tension and initial compression, that is,
.ASTM A-2L2 steel, USS T-1 steel, a fully-killed mild steel, and 6061-T6 aluminum.
If the reader wishes to make further comparisons, he may obtain from Table 1 the

information concerning the type of test and from both Table 5 and Figs. 22 through

26 the results which were obtaired.

3.4.3 Results of Preliminary Reversed Stress Tests

As can be seen from Table 5w & few tests were performed with a reversal
of loading subsequent to initial testing° The material from which these speCﬁnens
were made was the semi-killed plate stock used for the 2SSPA series, and the BF
series flexure testé.described in Section 4 of this report. The dimensions of the
preliminary stress reversal specimens, the specimen profile, and the manner of
aftachment to the testing apparatus are shown in Fig. 12. There were several dis-
advantages in the use of this type of specimen, namely, the attachment of the
extensometer to depressions punched into the surface of the specimen, the non-
uniform diameter of the specimen, and the relative difficulty of attaining axiality
of the load. However, the results are nevertheless interesting, aé can be seen

from Figs. 28 through 3*C.



In Fig. 27 the relatibn between the upper yileld stress parameter and the
secant modulus (nominal stress/nominal strain) for the slow loading tests is shown.
These curves indicate that yielding was rather gradual in these specimens and Hegan
at a stress which was considerably lower than that which was arbitrarily used as
the upper yield stress of the material. In Fig. 28 is shown the effect of reversal
of‘loading following slow yielding. This is the so-called Bauschinger effect; the
fact that after having been yielded in one direction, subsequent reversal without
aging will produce almost immediate inelastic behavior at relatively low strain
with no evidence of an upper-lower yield behavior.

The results which were obtained in the four rapid stress reversal tests
are shown in Fig. 29 in the form of strain-time relationships. 1In these tests a
reversal of loading was spplied within a minute or so of release of losding follow=
ing yielding in the direction in which the loading was initially applied rapidly.
Therefore, these were not rapid in the sense that the entire stress-time relation-
ship including reversal was imposed within a very short period of time. Hoyever,,
the change of stress from the initial zero level to the constant stress levels
indicated in the figures was rapid. .Again a behavior which could be called the
Bauschinger effect in rgpid lcading is evident in that no delay in yielding was
apparent upon reversal of loading in a direction opposite to that used in initial
yielding.

Because of the non-uniferm diaemeter of the specimen profile used in these
preliminary reversed loading tests and the consequent difficulty in relating exten-
someter deformation to unit strain, nc attempt was made to interpret the results of
the rapid reversed loading experiments in the form of rate of general yielding

information.
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In another series of stress reversal tests, an initial slow lcading to a
level below that which would cause general yielding was followed by a rapid reversal
cf loading to a level sufficient to cause yielding. As can be seen from Figs. 30,

a delay in yielding was obtained in all of these tests, and this delay égreed well
with the delay times obtained in the loadings of virgin material in the previously

mentioned rapid tests.

3.5 ‘Summary of Results for Uniaxial Sbhress Tests

3.5.1 Summary of Results

The results of the slow and rapid uniaxial stress tests which were per-
formed on many materials in initial tension and initial compression, and on one
material in complete stress reversal, have been presented in the form 5f tabulated
results in Table 5 and in @he various figures mentioned previously. In general
terms the results can be summarized as follows.

(1) The metsls tested which exhibited a pronounced upper=-lower yield
point behavior under conditions of slow straining, and had stress-strain relstion-
ships with discontinuities in slope, also exhibited the time sensitive behaviors
termed delayed yielding and rate of general yielding (defined earlier in this
report).

(2) In the only tests in which the rise times of rapid loadings were
varied (from 0.006 sec to 0.5 sec), the comparisons of delay time as defined by a
stress parameter involving the upper yield point indicated no particular sensi-
tivity to the rise time of lcading within the limits indicated above. This result
can probably be attributed to the manner in which the elagpsed time to general yield-
ing was arbitrarily defined {the interval between the time at which the stress

first reached the nominal static upper yield stress level and that at which general

=
i
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yielding occurred as indicated by a value of stress/strain equal to 20 x lO6

psi).

(3) Within the range of rapidity of loadings applied, that is, rise
times greater than 0.006 seconds, the value of Young's modulus was constant. The
so=called strain hardening region also was relatively insensitive to time effects.
The major time sensitivity was associated with initial ylelding and subsequent
general yielding, the so-called delayed ylelding and rate of general yielding
behaviors mentioned previously. For the high strength alloys of steel, and for
6061-T6 eluminum for which static stress-strain relationships having no discontin-
uity of slope were obtained, no delayed yielding or rate of general yielding
behavior was evident.

(4) The results of the very few preliminary experiments in slow and
repid reversal of loading indicsaste that the so-called Bauschinger effect which is
commonly observed in slow reversal of stress, is also present in cases involving
rapid stress reversal with a consequent absence of delayed yield behavior commonly
found in virgin material. Because of the type of specimen used in these prelim-
inary studies, nc conclusions could be reached regarding the rate of general

yielding behavior.

3.5.2 General Significance of Results

As can be seen from the results described above, the increased resistance
which results from the time sensitive behaviors of mild steel arbitrarily termed
the delayed yielding and rate of general yielding phenomena can gpproach values
50 pez cent greater than the nominal yield values even for the relatively slow
rates of straining which may be created in frame type civil engineering structures.
in which the actual deformation of the major structural elements results from trans-

fer of air blast or earthquake shock loading through the supports or outer shell.
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In the case of many ship structures in which blgst loading is applied directly,

such as hull plating subjecfed to underwater explosion, the actual rates of strain-
ing can be many times greater than 1 in./in./sec. In these cases it is to be
expected that resistances at least as great as the nominal static ultimate strength
‘may be obtained without yielding or may be supported by the rate of deformation.
Therefore, estimates of the response of these structural elements based upon nominal
resistances derived from static yield values with no increase for the time sensitive
effects will be very greatly in error. (The error however, will be on the safe side

unless brittle fracture or fatigue is a consideration.)



‘%, SLOW AND RAPID FLEXURE TESTS

k,1 Introduction

Structural components undergoing flexure such as beams, plates, and
columns, are major elements of almost any structure. Therefore, it 1s logical,
as an intermediate step between the uniaxial stress investigation and gpplication
vof‘tﬁese results to the behavier of large full=size structures, that flexural
stress studies be made of the same materials which were tested under uniaxial
stresé conditions. Such an investigation is described in this section of the
report.

In all, three sets of specimens were tested. These included a prelimi=-
nary series, BF, made from the semi-killed plate stock designated SPA and PS, a
series, BK, made from fully-killed steel K, and a less completely instrumented
series, BL, made from 6061-T6 aluminum L.

Each of the series was composed of four specimens, one of which was
subjected to a slow loading, while the other three were tested under rapid loading
to a constant level.

Since the materials from which the flexure specimens were composed was
also tested under conditiams of uniaxial stress, a correlation of £he two stress
conditions was attempted.

The purpose of this section of the report is to describe these flexure
tests, the conditions under which they were run, the results and their engineering

significance.

Lk, 2 Description of the Flexure Testing Series

4,2.1 Description of Flexure: Spetimens

The flexure specimens in all cases were small beams of rectangular

section approximately 24 in. long. The depth of the section was very close to
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2 in., while the thickness or width varied from approximately 2/3 in. to approxi-
mately 7/8 in. The specimens were band-sawed from the parent plate, then machined
in a shaper tQ very near the final dimensions. Following this, the outer surfaces
of the specimen were draw-filed and hand polished to the final dimensions; All of
the materials were tested in the as-rolled condition, and the only treatment of any
sort that they received other then normal handling was that during the application
of SR-4 gages they may have been subjected to prolonged hest of no more than 180

degrees F.

h.2.2 Material Properties Under Unisxial Stress

As was mentioned in fhe introdgction of this section, uniaxial stress
tests were made of the materials from which the flexure specimens were composed.
The stress-strain relstionships, typical of those which were obﬁained for these
materials are shown in Figs. 36a, 36d, and 36g. In addition to these results, the
delayed yield behavior and the rate 6f general yielding behavior of the two mild

Steels are shown in Figs. 36b, 36c, 36e, and 36f.

4.3 Description of the Testing Procedures

4.3.1 Flexure Testing Arrangement

Both the slow and rapid loading tests were performed in the apparatus
shown in Fig. 32. Th;s is an attachment designed specifically to adapt the 20-kip
pulse loading unit for these flexure tests. The loads are applied to thg underside
of the beam at the th;r@—points, thereby deforming the beam upward as is shown in
ﬁhe figurea The only feature of the testing arrangement that may not be clear from
the photographs is the end reactiqn system. The major bearings in the arrangemept
are roller bearing assemblies which are attached to the machine frame By means of
pins fixed on a 20-in. span. The reaction of the beam ends is transmitted to the

outer race of the roller-bearing assembly through plates which are clamped to the



top and bottom of the beams by the bolts which are apparent in the figure. This
end-reaction arrangement permits both translation and rotation at each end of the
beam with the span length remaining fixed at 20 in. In other words, a change in
length of the center line of the beam occurs during a test as the beam ends rotate
and the beam deforms upward.

The loads which were applied to the specimen were measured by means of
the two dynamometers visible in Fig. 32. The crossbar which can be seen in the

photographs was provided to prevent flexure in the dynamometers.

k,3,2 Flexure Test Instrumentation

In these experiments measurements were made of the loads applied at the
third-points of the beam, the acceleration of these loading points (excepf in the
case of the saluminum specimens), the deflections at the third-points and at the
center of the pure flexure region, and the strains on the outer fibers of the beam
in the region of pure flexure. The relative locations of the loading points and
the regions of strain measurement are shown in Fig. 34,

All phenomensa were recor&ed on Hathaway megnetic oscillographs of the
type mentioned in Section 3.3.1. The SR-4 gages used to measure the outer fiber
strains on the specimen, and as the transducing elements in the dynamometers, were
connected into four-arm bridge circuits as shown in Fig. 34. The accelerations
were measured by means of an AMS-20A Hathaway accelerometer. It was fastened to
the side of the loading beam as is evident in Fig. 32. The deflections were
meagsured by means of the slide wire gages shown in the over-all view of the testing
arrangement. The circuitry of the deflection measuring system is shown in Fig. 35.

Since two indepéndent osciliographs were used for each test an inter-

locking timing system was necessary to permit correlation of the records. A timing
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signal of 500 cps was recorded by one galvanometer in each oscillograph and the

interlock was provided by a switch driven mechanically.

4,3,% Description of Flexure Tests

As was mentioned in the introductory remarks, there were three series
of flexure tests. The first of these was more or less preliminary in nature and,
because of evident discrepancies, the results are somewhat questionable. This
preliminary series, which has been designated BF, was composed of four tests. The
first of these was run at a slow loading rate in the 20-kip pulse loading machine.
In the other three, the loadings were applied in approximately 8 milliseconds after
which a constant level was maintained until yielding had virtually ceased. Then
the loading was released.

The second series designated BK, was tested using slightly different
instrumentation. In an attempt toc determine whether or not the distribution of
strain throughout the depth of the beam section was linear, SR-4 gages were
attached to the sides of the specimen at four depths through each half-depth of
the beam, These gages may be clearly seen in Fig. 33. In addition, the curvatures
in the region of pure flexure were determined for large deformations by means of
spring steel curvature gages using SR-4 gages as the transducing elements. These
were attached to the nominal center line of the beam on each side as is shown in
Fig. 33. A different sensitivity was used in each of the two recording channels
attached to the spring-steel curvature gages, so that the entire range of curvature
was adequately defined. Deflections were measured only at the loading points in
this particular series of tests. Again, as in the preliﬁinary testing series, BF,
the first test was performed at a slow rate. However, in this BK series the strain
wés controlled by means of a hydraulic jack attached to the lower end of the 20-kip

pulse loading unit piston rod. This strain control resulted in a reasonably
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constant rate of deformation throughout the duration of th¢ test. The other three
specimens of the BK series were tested with a load rapidly applied to a constant
level. Three different levels of loads were used so that a range of possible
delayed yield behavior and rate of genérél yielding behavior-@buld be determined.
Because of faulty film advance during the test of BKL, the records for this speci-
men were lost.

The last series of flexure specimens was composed of 6061-T6 aluminum.
The instrumentation of this particular testing series included measurement of the
loads at the third-points, the deflections at the loading points, the strain of
the‘top and bottom fibers in the region of pure flexure, and the curvature in this

same region. As with the other testing series, one test was performed slowly and

the other three rapidly.

k.t Results of Flexure Tests

4. 4.1 Experimental Results of Flexure Tests

The data recorded in the three series of flexure tests are presented in
Figs. 37; 38, and 39. The values of Me and ae for the flexural specimens are
given in Figs. 36a, 36d, and 36g. Rate of curvature-time relationships for the
rapid tests are also included since this information was obtained for use in
computing the resisting moments for the sections.

It was planned to determine the resistance of a given beam by subtracting
the inertis force as obtained from acceleration measurements at the loading point
(and an assumed effective mass of the beam specimen system) from the applied load.
However, the acceleration traces were not distinguishable in the region of initial
loading. Therefore, the resigstances were assumed to be the same as the gpplied
load. The maximum error resuiting from this approximation is estimated to be less

than 2 per cent. Of course, for large deflections of the beam, a correction was
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applied in determining resisting moment from the loads measured at the third-points
of the beanm.

The previously mentioned correction of resisting moment due to large
deflections was made with the use of the loading point deflection gage information.
The moment arm between.the reaction and the loading point was increased by the
factor secant (tan-l mA/6.67); the reaction was taken as the dynamometer reading,

a vertical force, increased by the same factor since the crossbar between the
dynamometers produced a horigontal component of force acting at the loading points;:
and the moment arm was decreased by the factor tangent A/6.67"since the loads were
gpplied half the beam depth, or more, from the longitudinal centerline of the
specimen. . Actually, a more correct value for this latter factor was 1.8 times
tangent A/6.6T" to account for the thickness of the loading blocks and the roller
digmeter. This larger correction would have decreased the indicated measured
values of resisting moment ratio beyond.a/ae = 30 an additional 4 to 6 per cent
with respect to what is now shown in Figs. 40a, 4la, and L2a.

Of primary interest to those concerned with the engineering behavior of
materials subjected to flexure are the results presented in Figs. 40, 41, and k2.
These are the relations between resisting moment and curvature obtained for the
specimens tested. At any curvature the resistance obtained for the steel specimens
tested rapidly was considerably larger than that obtained for the companion speci-
mens tested slowly. This indicates that there 1s a time sensitivity associated
with the behavior of mild steel in flexure.

In an earlier part of this report, Section 4.3.3, it was mentioned that
the results of the BF Series were somewhat questionable since discrepancies were
evident in the magnitudes of the measured resisting moments. These measured vhlues

were too high in the three regions which can be used for checking the data in both
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slow and rapid tests; i.e., the elastic region (a/ae < 1) where M/Me = a/qe, the
general yield region (1 < a/aes_lo) where M/Me approaches 1.5, and the ultimate
region (a/a_ ¥ 80 for Series BF and BK) where M/Me = 1.5 dz/diy = 2.9 in these
cases. Re-examination of the original data indicated that the load values assigned
to the calibration shunt resistor.used with both of the dynamometer channels did
not correspond to the load equivalences of the dynamometers at aynamometer strains
equal to the‘appareﬁt strain output of the shunt reéistorn This check indicated
that the load equivalence of the shunt resistor was 88 to 91 per cent of the shunt
value used originally in reducing the data. The original data.were therefore
reduced by a factor of 0.91. The adjusted data, shown in Figs. 37a and 3Te, were
uged for all subseéquent computations pertaining to this test series. Since this
change cannot be substantiated, except by noting the reasonable agreement in the
three regioqs of curvature as detalled above, the BF Series results must be consi=-
dered questiorable,

The measured resistances of the rapidly loaded BK specimens, Fig. 4la,
indicate that for the particular rise times of load (L4 to 10 milliseconds) possible
with the machine-gpecimen system used, an upper limit of resistance was obtained,
at least until the work hardening range of curvatures was entered. .Specimen BK-3
was subjected to a potential load some 30 per cent greater than was BK-2, yet only
at a curvature ratio of about 40 could specimen BK-3 provide sufficient resistance’
to oppose the acting force.

Mild steel beams were definitely time sensitive; but, the results of the
rapid flexure tests of the Bl series indicated that there was little, if any, time
sensitive behavior of the aluminum members subjected to flexure. The resisting
moment -curvature relationship for specimen BL-4 is the only indication of an

increase in resistance with the rapidity of deformation of an aluminum beam.
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However, this result is questionable since the measured resistance did not agree
as well with theory as could be expected in the elastic region, an indication of
possible inaccuracies in measurement. Since aluminum coupons stressed uniaxially
did not exhibit a time dependent behavior, the lack of such behavior in aluminum

flexural specimens was expected.

L.k,2 Correlation Study

An attempt was made to correlate the behavior of these small mild steel
beams under flexure with the known uniaxial stress properties of the materials from
which the beams were made. In the correlation associated 'with the preliminary series
BF, it was necessary to assume that the distribution of strain was linear throughout
the'depth‘of the beam section and that the maierial behaved the same in both ten-
sion and compression. For the next series, BK, it had been determined that these
assumptions were valid. Therefore, proceeding from the measured strains of the
beams, the resistances in the region of pure flexure were computed using the
measured values of the instantaneous strains and the known delsyed yielding and
rate of general yielding behaviors of the materials from which the beams were made.
(The procedure used for analyzing the rapidly loaded specimens is described in the
Appendix.) In the case of the slowly deformed specimens, BF=-1, BK-1l, and BL-l, the
material stress-strain curves as determined from slow straining coupon tests were
used together with the measured strains of the beams.

The results