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NATIONAL COOPERATIVE HIGHWAY RESEARCH
PROGRAM

Systematic, well-designed research provides the most effective
approach to the solution of many problems facing highway ad-
ministrators and engineers. Often, highway problems are of lo-
cal interest and can best be studied by highway departments in-
dividually or in cooperation with their state universities and
others. However, the accelerating growth of highway transpor-
tation develops increasingly complex problems of wide interest
to highway authorities. These problems are best studied through
a coordinated program of cooperative research.

In recognition of these needs, the highway administrators of
the American Association of State Highway and Transportation
Officials initiated in 1962 an objective national highway research
program employing modern scientific techniques. This program is
supported on a continuing basis by funds from participating member
states of the Association and it receives the full cooperation and
support of the Federal Highway Administration, United States De-
partment of Transportation.

The Transportation Research Board of the National Research
Council was requested by the Association to administer the research
program because of the Board’s recognized objectivity and under-
standing of modern research practices. The Board is uniquely suited
for this purpose as: it maintains an extensive committee structure
from which authorities on any highway transportation subject may
be drawn; it possesses avenues of communications and cooperation
with federal, state and local governmental agencies, universities,
and industry; its relationship to the National Research Council
is an insurance of objectivity; it maintains a full-time research
correlation staff of specialists in highway transportation matters to
bring the findings of research directly to those who are in a position
to use them.

The program is developed on the basis of research needs identi-
fied by chief administrators of the highway and transportation
departments and by committees of AASHTO. Each year, specific
areas of research needs to be included in the program are proposed
to the National Research Council and the Board by the American
Association of State Highway and Transportation Officials. Re-
search projects to fulfill these needs are defined by the Board,
and qualified research agencies are selected from those that have
submitted proposals. Administration and surveillance of research
contracts are the responsibilities of the National Research Council
and the Transportation Research Board.

The needs for highway research are many, and the National
Cooperative Highway Research Program can make significant con-
tributions to the solution of highway transportation problems of
mutual concern to many responsible groups. The program, how-
ever, is intended to complement rather than to substitute for or
duplicate other highway research programs.

Note: The Transportation Research Board, the National Research Council, the
Federal Highway Administration, the American Asscciation of State Highway and
Transportation Officials, and the Individual states participating in the National
Cooperative Highway Research Program do not endorse products or manufac-
\urers. Trade or manufaciurers names appear herein solely because they are
considered essential to the object of this report.
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FOREWORD

By Staff
Transportation Research
Board

This report contains the findings of a study that was performed to establish the
variability of Charpy V-notch (CVN) impact toughness within plates of A572 Grade 50
and A588 steels. The study included plate thickness up to 4 inches meeting AASHTO
Zone 3 fracture notch toughness requirements. Both existing literature and the results of
research conducted for this study were examined in an attempt to define the variability
in CVN values. The report provides a comprehensive description of the research, including
a discussion of the statistical analysis methods used, along with recommended revisions
to the AASHTO Guide Specifications for Fracture Critical Non-Redundant Steel Bridge
Members. The proposed revisions are intended to provide a reasonable certainty of safe
and effective performance of steel plate with respect to toughness. The contents of this
report will be of immediate interest and use to bridge engineers, materials engineers, steel
bridge fabricators, specification writing bodies, researchers, and others concerned with
the design and fabrication of steel bridge elements.

It is unlikely that all portions of a steel bridge plate will have the same CVN value
reported by the mill supplying the steel. This is due to several factors, including natural
variation in the material and differences in the processing of various plates. It is important,
however, that the bridge community have a specification that ensures, with reasonable
certainty, that the toughness at any location in a plate is sufficient for an acceptable level
of performance. The specification must consider, along with other factors, the spatial
variations in toughness for normalized plates versus plates supplied in the as-rolled con-
dition.

The AASHTO Guide Specifications for Fracture Critical Non-Redundant Steel
Bridge Members, published in 1978, cover the toughness requirements for bridge steel
for fracture-critical members. Based on the failure investigation of a fracture-critical
member, the specification later was tightened through a requirement for increased sampling
and testing at a lower temperature. Subsequently, additional research was performed in
an AISI-sponsored study, and as a result, the requirements for materials to be used in
regions with service temperatures in Zones 1 and 2 were restored to their original form.
However, the research that supported that change did not include material processed for
fracture-critical-member applications in Zone 3.

NCHRP Project 12-31, “Notch Toughness Variability in Bridge Steel Plates,” was
initiated with the objective of developing needed improvements in bridge steel plate CVN
impact-toughness testing and acceptance criteria for applications in regions with service
temperatures in Zone 3. The researchers evaluated existing literature and data, and per-
formed analytical studies and laboratory testing to develop new data. This report documents
the work performed under Project 12-31 and discusses the testing procedure used and the
statistical analyses performed in the preparation of the proposed specifications.



The specification calls for testing both ends of as-rolled plate, versus one end for
normalized plate, because of the greater variability in toughness in as-rolled plate. Addition-
ally, an increase in minimum allowable test values, as a percentage of required average
toughness, is proposed for both plate types. The changes are recommended for all tempera-
ture zones. The specification recommended in this report should provide a mechanism
for better assurance of the suitability of steel bridge plate with respect to toughness. The
AASHTO Highway Subcommittee on Bridges and Structures is expected to act on the
proposed specification at its annual meeting in 1994.

The proposed specification is based on the premise that average toughness of steel
plate, computed from CVN test results, is a sufficient predictor of fracture performance.
Additional research to correlate CVN values to the fracture behavior of full-thickness
plate also is recommended in the report.



SUMMARY

NOTCH TOUGHNESS VARIABILITY IN
BRIDGE STEEL PLATES

Forty-four plates from four domestic suppliers were tested to determine the variability
of the notch (Charpy V-notch) toughness within the plates. Three thicknesses of plates
(1-, 2-, and 4-in.) and two American Society for Testing and Materials (ASTM) specifica-
tions of material (A572 and A588) were included in the program. The material was
purchased for use in fracture-critical applications in the lowest temperature zone—Zone 3.

The analysis of over 7,500 Charpy V-notch (CVN) test results indicated that a specifi-
cation for fracture toughness of fracture-critical bridge steels must explicitly account for
the variability of the plate. Two types of variability were found in the tested plates. Some
as-rolled plates showed significant variation in average toughness from one end to the
other along the rolling direction of the plates. Other plates had relatively uniform average
toughness with large scatter at each location. Normalized plates had almost uniform
toughness. A statistically based specification was developed and tested against the results
of this study. The specification was designed to minimize the risk of the owner accepting
a defective plate. The specification requires testing both ends of plates supplied in the
as-rolled condition to account for end-to-end variations. Normalized plates are to be
tested at only one end because of their uniformity. A statistically based specification
procedure was initially developed that accounted for the variability of the plate by increas-
ing the required specification average test values in proportion to the standard deviation
of the test. This initial procedure worked well with the plates tested in this study.

Additional data from various producers from tests on steel bridge plates were provided
during the review of the final report. Many of the plates from this producer data set had
extremely high toughness at one end and good toughness at the other. The standard
deviation of the toughness from the two ends was quite large. The large standard deviation
would have caused rejection of the plate even though the toughness of the plates was
acceptable. A revised format for the specification was developed to ensure that high-
toughness plates such as these would not be rejected. The specification changes consist
of increasing the toughness of the acceptable lowest single-test value of the tests at each
end of the plate. The average of each set of three specimens must meet the present
specification values. The test temperatures of the original guide specification were found
to be adequate. Tests on full-size beam tests in an FHWA-sponsored study at Lehigh
University have shown that plates meeting the average toughness values of the specifica-
tion and tested at the original specification temperature provide adequate crack tolerance
in welded bridge members.



Many of the 98 plates included in the industry data provided in the review comments
were not Zone 3 material. These as-rolled plates exhibited considerable end-to-end varia-
tion in toughness. Consequently, the proposed specifications changes are recommended
for all temperature zones. As-rolled plates are more likely to be supplied for Zones 1
and 2 than for Zone 3. These plates must be sampled at both ends to ensure that the
plate has the desired toughness level.




CHAPTER 1

INTRODUCTION AND RESEARCH APPROACH

1.1 RESEARCH PROBLEM STATEMENT

The purpose of the research performed was to determine the
variability of the notch toughness of bridge steels for fracture-
critical members for applications in regions with service temper-
atures in Zone 3. The material, welding, inspection, and fatigue
design requirements are more stringent for fracture-critical
members (FCM) than for nonfracture-critical members. A guide
specification entitled Guide Specification for Fracture Critical
Non-Redundant Steel Bridge Members (1) was adopted by
American Association of State Highway and Transportation Of-
ficials (AASHTO) in September 1978. The guide specification
covers the toughness requirements for the material and the weld-
ing procedures, process controls, and inspection requirements.
The AASHTO Standard Specifications for Highway Bridges
contains the fatigue allowable stress requirements for FCM.

The reduced allowable fatigue stress ranges and more strin-
gent welding and inspection requirements applied to fracture-
critical members were implemented to provide a lower prob-
ability of fatigue crack initiation in these critical members.
Lowering the design stress range increases the fatigue life in
proportion to the cube of the reduction in stress range. Fer
example, a Category C detail has an allowable stress for over 2
million cycles of 10 ksi for a redundant load path structure and
9 ksi for a nonredundant, fracture-critical, load-path member.
This 10 percent reduction in stress range produces a 37 percent
increase in the expected mean fatigue life. The welding and
inspection requirements reduce the probability of a flaw in the
weld that could initiate a fatigue fracture.

The toughness requirements of the steel were increased to
provide a larger stable fatigue crack size. The largest stable
fatigue crack—the largest crack the material can tolerate before
rapid or brittle crack extension will occur—is directly propor-
tional to the notch toughness of the material. The “P” sampling
requirements of AASHTO T-243 (ASTM A673) are required
for FCM. The “P” sampling requires that three samples from
each plate be tested. Non-FCM are sampled using an “H,” heat
lot, frequency.

In 1981, the toughness requirements for FCM were changed.
The testing temperature was reduced by 20°F and three speci-
mens from each end of the plate were required to be tested.
These changes in the specification were in response to a fracture
of an FCM in a tied arch. The investigation of the fracture
revealed that the toughness of the plate did not match the values
reported by the manufacturer. Furthermore, specimens taken
from various locations on the fractured plate indicated that the
toughness in the plate varied. The increased sampling reduces
the possibility of a plate with systematic end-to-end toughness
differences in an FCM. The lower testing temperature increases

the average toughness the plate will have at the expected mini-
mum service temperature.

Based on the results of an AISI-sponsored study, the require-
ments for Zone 1 and 2 material were changed back to the
original guide specification requirement in 1986. The study in-
cluded material ordered to a notch toughness specification but
not exclusively FCM bridge material. The steel tested was not
processed in a manner similar to FCM material for Zone 3
applications. The data from the AISI study, supplied to the Uni-
versity of Texas at Austin (UT) for analysis, were analyzed in
a manner similar to the results of this investigation (2).

The purpose of the present research study was to determine
the requirements for Zone 3 material for FCM. A statistically
valid experiment was developed that allowed the significance
of the variables listed below upon the variability of CVN values
to be determined. The following primary variables are included:

. Grade of steel

. Thickness of plate

. Length of plate

. Producer of the plate

. Processing of the plate.

DA W~

In addition to these primary variables, the influence of the fol-
lowing secondary variables was evaluated:

1. Quarter-thickness level

2. Mid-thickness versus quarter-thickness toughness for the
4-in. plates

3. Mill test reported toughness versus UT measured
toughness.

1.2 RESEARCH OBJECTIVES AND APPROACH

A product specification is a method of determining that the
product has the desired properties required in its application.
The notch toughness of a steel plate measured using a CVN
specimen is not a constant value. Three adjacent specimens fab-
ricated and tested under identical conditions will not produce
identical toughness values. The present specification recognizes
this inherent variability by using the average of the three speci-
mens to determine the conformance of the plate. In addition,
the present specification has two additional provisions: (1) A
retest is required if the energy value for more than one of the
three test specimens is below the minimum average require-
ments, or if the energy value for one of the three specimens is
less than two-thirds of the specified minimum average require-
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Table 1.1. Minimum test results meeting specifications

Test Result 1 Test Result 2 Test Result 3
ft-1bs. ft-1bs.. ft-lbs.
Spec. 1 16.8 16.8 25.1
Spec. 2 293 25.1 25.1
Spec. 3 29.3 334 25.1
Average 25.1 25.1 25.1
S | m o

ments. (2) The energy of each of the retest specimens must
equal or exceed the specified minimum energy requirement.
These two minimum specimen toughness requirements limit the
acceptable variability of a low-toughness plate. A plate that just
meets the average toughness of requirement of 25 ft-Ibs and
also meets the minimum individual specimen requirement may
have the test results shown in Table 1.1.

All the test results satisfy all the provisions of the AASHTO
FCM specifications. Each specimen has the same average tough-
ness. The values exceed 16.7 ft-1bs, two-thirds of 25 ft-1bs, and
only one or no specimen has a value less than 25 ft-lbs. The
results are the minimum sets of toughness values that are possi-
ble and still meet all the specification requirements.

If these test results came from three different plates, the data
indicate that the variability of these minimum toughness plates
is different. The standard deviation of tests indicates that Plate
3 has no variability and Plate 2 has the largest variability. If
the CVN values are normally distributed, one can estimate the
probability of the occurrence of a lower CVN value in the plate
(1). Because only three test results are available, the true value
of the average and the standard deviation of the CVN values is
not known. A probability for the estimate must be selected. The
estimated CVN value that 75 percent of values will exceed with
a probability of 75 percent for the plates is given in Table 1.2.

The larger variability of Plate 2, as estimated by the standard
deviation of the results, causes the estimated value to be lower.
_ The present specification does not provide a constant probability
of occurrence of a particular value of CVN.

The analysis of the test results performed above assumes that
the plate is homogeneous with respect to toughness. A nonho-
mogeneous plate is one in which the toughness is different, the
mean or standard deviation is different, at various locations
within the plate. As it is impossible to test all locations within
the plate and still have material to fabricate the bridge member,
estimates of the plate toughness based on samples outside the
final dimensions of the plate are relied on. The interim specifica-
tion addresses variation in toughness with respect to location by
requiring tests at both ends of the plate.

The interim specification does not combine the results at both
ends to refine the estimates of the average toughness of the plate
and its standard deviation. The six tests provide a more accurate
estimate of the true values of the statistics. If the three sets of
test results discussed above are combined to represent the values
from each end of a plate, the estimates of the 75 percent CVN
values shown in Table 1.3 can be calculated.

Combining the results of the two sets of three tests reduces the
standard deviation and increases the accuracy of the estimates of
the mean and standard deviation. The 75 percent exceedence

Table 1.2. Probability of CVN
values

Value that 75% of
Plate | Population will Exceed
with a Probability of 75%

14.6
12.8
25.1

(NS

value is increased because of the more reliable estimates of
the statistics and the decreased standard deviation. The current
interim specification does not use the information from the tests
at each end of the plate to provide a more accurate estimate of
the plate toughness.

As indicated in this example, the suitability of a plate for use
in a fracture-critical member must be based not only on the
average mean toughness but also on the scatter in the results as
measured by the standard deviation of the results. The behavior
of the plates in this study will be compared using both the mean
and standard deviation. Statements concerning the probability
of a particular toughness level can be made using these statistics.
Obviously, in a fracture-critical member we would like to have
a low probability of a material with low toughness. Once the
probability is determined, the combination of the mean and stan-
dard deviation (or a lower limit value) of the mill test results
can be specified.

The research plan and analysis scheme used in the research
was directed toward developing a statistically based specifica-
tion that accounts for the varnability of the test results at a
location, as well as the variability from location to location
within the plate. The goal is to have a specification that provides
a reasonable assurance—a high probability—that the plate has
toughness that meets or exceeds the required toughness to pro-
vide a reliable structure.

1.3 SCOPE OF THE INVESTIGATION

The Ttesearch examined the variation of Charpy V-notch
(CVN) toughness of 1-, 2-, and 4-in. plates of A588 and A572
Grade 50 plate. The plate was purchased from four different
steel companies. Forty-four plates were tested. Sixteen 1-in.,
sixteen 2-in., and twelve 4-in. plates were tested. Half the plates
were of each type of steel. Mill 2 did not supply 4-in. plate.
The term “mill” will be used in place of manufacturer in the
remainder of the report because each manufacturer may have
more than one mill that could have supplied the plate. The plate

Table 1.3. Probability of CVN values: Two ends tested

Test Standard Value that 75% of the Population
Combinations Deviation Will Exceed with a 75% Probability

1&1 6.5 18.0

1&2 7.0 17.5

1&3 4.6 20.1

2&2 74 17.1

2&3 52 194

3&3 0 25.1




was ordered to meet the original guide specification toughness
requirements for Zone 3. The mills were asked to test both ends
of the plate but were required to meet the requirements at only
one end of the plate. All the plates meet the requirements at
both ends of the plate. (Appendix B, not published herein, con-
tains the results of the mill tests of each plate supplied.)

Each plate was sampled at the nine locations shown in Figure
1.1. Six specimens, three from each guarter-thickness level,
were fabricated from locations A, B, C, D, E, F, G, H, and J.
An additional 24 specimens, 12 from each quarter-thickness
level, were fabricated from locations C, E, and G. These addi-
tional specimens were used to develop the toughness versus
temperature transition curves. Three specimens at each location
were tested at the test temperature required in the original guide
specification. The remaining three specimens were tested 20°F
below the specification temperature. The 4-in.-thick plates were
also sampled at the mid-thickness using the same sampling plan
except that only 20 additional specimens were fabricated for
the transition curves. One full-size longitudinal tension test was
performed on each plate. The tensile specimen was taken from
location K in Figure 1.1. Over 7,500 specimens were fabricated
and tested in the research.

The details of the fabrication and testing of the CVN speci-
mens are given in Appendix A. All testing and specimen fabrica-
tion was performed in conformance with the applicable
AASHTO and ASTM specifications. Quality control checks
were made on each set of specimens fabricated.

1.4 STATISTICAL ANALYSIS TECHNIQUES

Standard statistical analysis techniques were used to evaluate
the data generated in this study. The sections below are intended
to give the reader some background concerning the techniques
and terms employed in the study. Statistical analysis of the data
is required because the quantity being measured—the toughness
of the plates—is not constant. The results of multiple replicate
tests at a location are not equal. The results at different locations
within the plate are also not the same. To determine whether
the results from location to location within the plate are to be
expected because of the variability of the toughness or whether
the results represent a significant effect of location, the statistical
method of analysis called analysis of variance (ANOVA) was
employed.

An estimate of the mean and dispersion (standard deviation)
of the toughness in the plate can be estimated from the data
generated in this study. The precise value of these statistics is
unknown. The reliability of these estimates of the toughness
depends on the number of samples used to calculate the quanti-
ties. If every part of the plate were tested we would know the
true values of the statistic. Because a finite number of tests was
performed, judgments about the data cannot be made in com-
plete confidence. There is always some risk involved because
the true value of the statistics is not known. A significance
level is employed in the judgments made in this study. The
significance level indicates the risk of making a false judgment
about the data.

The sampling procedure used allowed the within-plate varia-
tion to be measured at the nine locations. The six samples at
each location were used to determine the variation at the loca-
tion. The variation within the plate was determined by using the

Length
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Figure 1.1. Labels of the nine test locations in each plate.

statistical method ANOVA. This analysis technique determines
whether the average toughness measured at each of the nine
locations would be expected if the plate were homogeneous. A
homogeneous plate may exhibit variability at each location, that
is, the individual CVN values at a location may not be the same,
A homogeneous plate, however, should produce an average
toughness at each location that would be expected based on the
variability of the plate. Because of the homogeneous variability
of the CVN values, the average would not be expected to be
the same at each location. A nonhomogeneous plate would be
one in which the measured toughness is not consistent with the
scatter in the results at the other locations.

ANOVA is a statistical method for detecting differences be-
tween multiple groups of data, called populations. It is used to
determine if certain variables have an effect on the means of
the populations. When one variable is studied, the technique is
called single-variable or one-way ANOVA. In this study, it is
desirable to analyze the effect location may have on the fracture
toughness of the plate. The independent variable is location, and
the populations are the CVN values at the nine different loca-
tions sampled by UT. This method was also used to determine
if the sides or ends of the plates produced significantly different
values.

ANOVA studies the variation of values within each popula-
tion and compares that with the variation between the averages
of the populations. For example, within each location there may
be very little scatter; however, between locations there may be
large differences in the toughness. If this is so, location has a
significant effect on the CVN values; the toughness depends on
where the CVN tests are performed. The variation within loca-
tions is called the error and the variation between locations is
the regression.

The first step in an ANOVA assumes a null hypothesis to be
true. The null hypothesis states that the variable being studied
has no effect on the population means. ANOVA determines the
risk of incorrectly rejecting the null hypothesis for the alterna-
tive hypothesis, that location is a significant variable. The risk
is called the significance level.

The significance level varies from 0 to 1.0 because it is a
risk or probability. Higher significance levels indicate that the
variable has little effect, whereas small significance levels lead
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to the conclusion that the null hypothesis should be rejected
with little probability of a false conclusion. In other words, the
variable is significant. For this study, a significance level of
0.05 or lower was associated with location having a significant
effect on the toughness of a given plate.

The significance level only indicates the probability of falsely
rejecting the null hypothesis. It does not indicate how much
effect the variable has on the population. This becomes very
important when trying to compare two plates with significance
levels close to zero. Location is significant for both plates; how-
ever, it is difficult to determine on which plate it is more signifi-
cant. Therefore, an intermediate calculation in the ANOVA, the
F-ratio, is often observed.

The F-ratio is the ratio of the sample estimates of the vari-
ances (standard deviation squared) between populations and
within populations. The higher the F-ratio, the greater the vari-
ability between locations than within, and thus the more signifi-
cant location is. The F-ratio is inversely related to the signifi-
cance level. The significance level is calculated from the F-ratio
using the sample sizes and number of populations, called the
degrees of freedom (DOF). The significance level can be com-
pared for different tests, regardless of their DOFs. However, the
F-ratio cannot be used to compare tests with different DOFs.

In this study, three different ANOVA tests were performed
on each plate, one using the CVN values at the specification

temperature, a second using the values from 20°F below the
specification temperature, and a third using combined tempera-
tures. The DOFs are identical for the first two tests, but the
combined temperature analysis uses twice as large a sample
size. Therefore, it is valid to compare F-ratios at the individual
temperatures but not to compare those with the F-ratios from
the combined temperature analyses.

1.5 ORGANIZATION OF THE REPORT

Chapter 2 summarizes the CVN test results of this investiga-
tion and provides an analysis of the ANOVA tests. Chapter 3
discusses the development and evaluation of the recommended
specifications for Zone 3 material for fracture-critical members.
The specific recommendations for changes to the AASHTO
specification are presented in Chapter 4 along with suggestions
for future research. Appendix A, published herein, summarizes
the procedures used during specimen fabrication and testing.
Analyses of the tensile and chemistry tests on the plate material
are also contained in Appendix A. Appendix B, which presents
a summary of the CVN test data for all plates tested, is not
published in this report. However, qualified researchers may
obtain a loan copy by writing to the Transportation Research
Board Business Office, 2101 Constitution Ave., N.-W., Wash-
ington, D.C. 20418.




CHAPTER 2

FINDINGS

A summary of the Charpy V-notch (CVN) test results is pre-
sented in this chapter. Procedures employed during specimen
fabrication and testing are summarized in Appendix A, along
with the results and analysis of the tensile and chemistry tests
on the plate material. (Appendix B presents a summary of the
CVN test data for all plates tested.) The analysis of the results
is presented in this chapter. The average toughness and variation
of toughness within the plates is presented first. The toughness
of the plate at the specification test temperature relative to the
upper shelf energy and a toughness of 15 fi-lbs is analyzed to
characterize the plates with respect to the CVN toughness transi-
tion curve. The variation within the plates is estimated from the
standard deviation of the specimens from the nine locations in
the plate tested at the specification temperature and at 20°F
lower. The influences of mill, grade of steel, processing, thick-
ness, and length on the plate variability are also presented.

The results of the analysis of variance (ANOVA) to determine
the variation from location to location in the plates are pre-
sented. This analysis was performed to determine if the location
within the plate is a significant variable. This analysis deter-
mines whether the variability within the plate is homogeneous.

The analysis of the variance between the tests performed at
the University of Texas at Austin (UT) with respect to the mill
tests is also presented. In addition, the data from additional
testing performed by the mills to confirm their original tests
are also analyzed. The data are presented from a round-robin
experiment with the mills.

2.1 OVERALL PLATE BEHAVIOR

Table 2.1 summarizes the results of the 27 specimens (3 spec-
imens each at nine locations) tested at the test temperature cor-
responding to the original fracture-critical members (FCM)
specifications. The plates in the table are listed in descending
order of the toughness calculated as the average toughness of
the plates minus two standard deviations. This statistic is shown
in the last column of the table. The processing used by the mills
for each plate is listed under the column labeled process. Plates
shown with “N” were normalized after rolling. Plates supplied
as-rolled are labeled with “AR” in this column. The second to
the last column, labeled Q% < 1.8, will be discussed in Chapter
4. Some mills supplied pairs of plates cut from the same plate
rather than a plate from a separate slab or heat of steel. The
paired plate is listed in the column labeled adjacent plate.

The average toughness of the plate minus two standard devia-
tions provides an estimate of the toughness that will be exceeded
with a probability of approximately 97.5 percent. This is an
approximate calculation as this would be true only if the actual

average and standard deviation of the toughness values were
known and the toughness were normally distributed. The values
range from 79.1 ft-Ibs for Plate 6 to —9.8 for Plate 32 at the
bottom of the table. The negative values listed for this statistic
are obviously not possible. Values less than 2 ft-1bs indicate the
plates have a 97.5 percent probability of producing values on
the lower shelf of the CVN transition curve. This ranking of the
plates provides a simple way te evaluate the probability of the
plate having a toughness less than an acceptable value. Ranking
the plates by average toughness alone would not account for the
variability of the results. For example, Plates 1 and 17 have
about the same average toughness, 27.1 and 23.8 ft-lbs, respec-
tively. The standard deviations of the plates are 2.8 and 9.9 ft-
lbs. The large difference in standard deviations indicates that
the variability of Plate 17 is much larger than Plate 1. A histo-
gram showing the distribution of the individual test results of
these two plates is shown in Figure 2.1. Even though the mean
toughness of the plates is similar, the probability of lower tough-
ness values is higher in Plate 17 than in Plate 1. The lowest test
value shown in Table 2.1 for Plate 17 is 7.7 ft-Ibs. The lowest
test value for Plate 1 is 20 ft-lbs. Plate 1 had the smallest vari-
ability of all the plates tested.

The difference in the varjability of these two plates can also
be illustrated by comparing the percentage of the 27 specimens
with toughness values less than or equal to 15 and 25 ft-Ibs.
This statistic is listed in the third and fourth columns from the
right in Table 2.1. Plate 1 had no values less than or equal to
15 fi-lbs and 18.5 percent less than or equal to 25 ft-Ibs. Plate
17 had 22.2 percent and 55.6 percent of its results at these limits.

2.2 TRANSITION TEMPERATURE EVALUATION

The relationship of the tests petformed at the specification
test temperature relative to the overall transition curve of the
plate were analyzed as shown in Figure 2.2. The CVN curve is
shown with a flat upper shelf energy level at high temperature
and a steep portion where the toughness increases rapidly with
temperature, called the transition zone. The ratio of the energy
level at the specification test temperature to 15 ft-lbs was calcu-
lated to provide an index of the specification energy level rela-
tive to the transition level. Fifteen ft-lbs was selected because
it is commonly used as an energy level to define the transition
temperature of structural steels. The ratio of the upper shelf
energy level to the energy at the specification test temperature
was also calculated to indicate the relative position of the test
temperature in the transition region. These ratios were calculated
using the average from the three locations in each plate where
the transition curve was developed. Both the middle- and
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quarter-thickness specimens of the 4-in. plates were included.
Figure 2.3 shows the histogram of the specification temperature
energy divided by 15 for all the plates. The average ratio was
4.35, which indicates that most of the plates’ transition tempera-
tures were above the specification test temperature. Nine loca-
tions sampled had averages less than or equal to 15 ft-lbs. Figure
2.4 shows the histogram for the upper shelf energy divided by
the specification test temperature energy. The average was 1.91.
Three locations had a ratio of 1.1 or less. More than 30 locations
had values above 2, indicating that in general the specification
temperature was below the upper shelf temperature. The results
indicate that the specification test temperature is in the tough-
ness transition region of the CVN curve for most of the plates.

2.3 PROCESSING

The processing of the plates had the most significant effect
on the ranking of the plates. The processing of the plates is
listed in the third column of Table 2.1. AR denotes as-rolled
plate and N denotes normalized plate. The normalized plates
generally produced the highest average toughness values and
smallest standard deviations. The high average toughness and
small standard deviation of these normalized plates resulted in
their ranking in the top two-thirds of the table. Exceptions do
exist. Plate 1, a 1-in. as-rolled plate, had the smallest standard
deviation and Plate 6, also a 1-in. as-rolled plate, had the highest
average toughness.
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Figure 2.1. Two plates with averages close to the AASHTO acceptance criterion.
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Figure 2.3. Location average toughness divided by 15.
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Figure 2.4. Upper shelf energy divided by specification tempera-
ture average toughness.

The influence of processing on the estimated 97.5 percent
probability toughness level is shown in Figure 2.5. The cumula-
tive frequency of the average toughness minus two standard
deviations for the two processes is shown. The cumulative fre-
quency is the result of numerically integrating the histogram of
the statistic. The influence of processing on the statistic can be
evaluated by selecting a particular toughness level and reading
the corresponding percentage on the vertical axis. Using 25 ft-
Ibs as the toughness value, 75 percent of the as-rolled plates
had a lower value while none (0 percent) of the normalized
plates had a value equal to or less than 25 ft-1bs. The normalized
curve is also steeper, indicating that the variation of this statistic
is less for the normalized plates.

2.4 PLATE THICKNESS EFFECTS

The first column in Table 2.1 lists the plate thickness. The
plates at the top of the list are mainly 1- and 2-in. normalized
plates. At the bottom of the list are as-rolled 1- and 2-in. plates.
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Figure 2.5. Cumulative frequency of Avg.-2S as-rolled and nor-
malized plate.

The normalized 4-in. plate is grouped in the center of the table.
Mills 1 and 2 supplied as-rolled 1- and 2-in. plates. These plates
are grouped at the bottom of the list. Mill 3 supplied as-rolled
1-in. plate and normalized 2-in. plate. The Mill 3 as-rolled 1-
in. plate is mainly near the top of the table with the exception
of Plate 4. The normalized 2-in. plate from Mill 3 is comparable
to the normalized 2-in. plate from Mill 4. Mill 4 1-in. normalized
plate provided comparable results with the normalized 2-in.
plate they provided. All the 4-in. plates are normalized and are
grouped at the middle of the table. The analysis of the results
indicates that the processing of the plates was more important
than the thickness of the plates. Normalized plates produce
higher toughness with less variability. The 4-in. normalized
plates have rankings lower than the normalized 1- and 2-in.
plates. Exceptions to the general trends do exist. For example,
the highest-ranked plate is an as-rolled 1-in. plate from Mill 3.
“This plate had the highest average toughness of all the plates
tested.

2.5 GRADE OF STEEL

The grade of steel, ASTM AS572 Grade 50 and A588 or
AASHTO M223 Grade 50 and M222, had no significant effect
on the results. No trends in average toughness and plate variabil-
ity were found with respect to grade of steel. Examination of
Table 2.1 shows that an equal number of A588 and A572 plates
are at the top and bottom of the table. An ANOVA was per-
formed on each thickness to further examine the effect of grade
of steel. No significant effects were found.

26 MILL

The influence of the mill producing the plate was analyzed
for each method of processing the plates. Figure 2.6 shows the
results for the normalized plates from Mills 1, 3, and 4. Mill
4 provided all normalized plates while Mill 1 provided only
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Figure 2.6. Cumulative frequency of average-2x standard devia-
tion of normalized plates for each mill.
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Figure 2.7. Cumulative frequency of average-2x standard devia-
tion of as-rolled plate by mill.

normalized 4-in. plates. Mill 3 provided normalized 2- and 4-
in. plates. Mill 2 provided all as-rolled plate. No significant
difference is indicated in the results of the normalized plate
from these three mills.

Figure 2.7 shows the cumulative frequency diagram for the
as-rolled plate supplied by Mills 1, 2, and 3. Mill 3 1-in. plate
shows more variation than the 1- and 2-in. as-rolled plates from
Mills 1 and 2. However, the overall toughness of the Mill 3
plates was superior. Twenty-five percent (one of four) of the
Mill 3 plates had a value less than or equal to 25 ft-1bs. One
hundred percent of the Mill 1 plates and 75 percent of the Mill
2 plates had values less than or equal to 25 ft-lbs.

The influence of the supplier mill on plate performance is not
significant for normalized plate. Plates supplied in the as-rolled
condition indicate a significant difference between the mills.



Table 2.2. ANOVA of location
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Ml Process|steel|piate Tmck Le?tqth Spec. Temp - 20 Eval.
1] AR |A572| 13 | 1 20 .56 81% 53 82% 69 70% 0
4 N |AS88] 24 | 2 20 .93 50% 66 57% 3.54 1% 1
3 AR |AS88| 7 1 20 .98 46% 68 71% 32 .95% 0
3 N JAS88] 21 | 2 20 1.00 45% 66 72% 76 64% 0
3 AR |A572| 4 1 20 1.09 39% 1.08 42% 1.42 26% 0
2 AR |A588] 9 1 20 1.10 38% 1.30 30% 75 65% 0
3 AR |A572 1 20 1.32 26% 1.04 44% .80 61% 0
4 N JAS88] 15 | 1 20 1.46 20% 1.34 29% 46 87% 0
3 N A572| 28 2 40 1.49 19% 1.44 25% .82 60% 0
3 N |AS88] 29 | 2 40 1.56 16% 4.39 0% .78 62% 1
4 N |AG72] 42 | 4 10 1.71 12% .97 43% 1.37 27% 0
4 N |AS88] 40 | 4 10 1.90 8% 1.75 16% 1.57 20% 0
4 N JA572| 41 | 4 10 1.98 7% 1.04 45% 2.02 10% 0
4 N |A572] 20 | 2 40 1.98 7% .82 59% 2.72 4% 1
1 N |AS88] 33 | 4 10 2.08 6% 1.31 30% 1.21 35% 0
3 N |A572]| 44 | 4 10 2.08 6% 1.57 20% 3.54 1% 1
1 AR |A572] 25 | 2 40 2.18 5% 3.62 1% .55 81% 2
3 AR |As5e8| 6 1 20 2.20 4% .82 59% 1.40 26% 1 N.S.
1 N |A588| 34 | 4 10 2.33 3% .94 51% 2.57 5% 2 N.S.
4 N |ASB8| 16 | 1 20 2.48 3% .69 70% 2.85 3% 2 N.S.
2 AR JAS72| 17 | 2 20 2.53 2% 1.69 17% 1.81 14% 1
1 AR |AS88| 31 | 2 20 2.54 2% 1.94 12% 2.05 10% 1
2 AR |AS88| 18 | 2 28 2.65 2% .87 56% 3.00 3% 2
2 AR |A572| 10 | 1 20 2.74 1% 2.44 6% 2.36 6% 1
i AR |A588| 1 1 20 2.96 1% 3.08 2% 3.58 1% 3 N.S.
1 N |A572| 37 | 4 10 3.05 1% 1.34 29% 217 J8% 1 N.S.
4 N |A588] 23 | 2 40 3.27 1% 2.27 7% 2.32 7% 1 N.S.
2 AR |AS88| 22 | 2 20 3.80 0% 1.26 32% 2.92 3% 2
2 AR |AS572| 19| 2 28 4.12 0% 3.48 1% 2.1 9% 2
4 N JASe8| 43 | 4 10 4.42 0% 1.32 30% 2.75 4% 2 N.S.
4 N JA572| 27 | 2 20 4.93 0% 2.46 5% 2.22 8% 1 N.S.
4 N JAS72] 11| 1 20 5.02 0% 5.79 0% 2.29 7% 2 N.S.
1 N JA572| 35 | 4 10 5.74 0% 1.91 12% 5.07 0% 2 N.S.
B N A572] 30 2 20 6.69 0% 3.71 1% 3.05 2% El N.S.
2 AR |Ase8| 14 | 1 20 6.78 0% 3.16 2% 4.31 0% 3
3 N |AS88] 36 | 4 10 7.12 0% 3.38 2% 4.04 1% 3 N.S.
1 AR JAS72| 3 1 20 7.73 0% 4.14 1% 2.80 3% 3
3 N |AS72] 38| 4 10 9.49 0% 5.20 0% 5.80 0% 3
1 AR |A588| 5 1 20 9.73 0% 4.52 0% 6.13 0% 3
1 AR |A572| 2 1 20 | 10.92 0% 4.58 0% 5.00 0% 3
3 N |A588| 39 | 4 10 | 12.78 0% 7.20 0% 10.65 0% 3
1 AR |A572| 32 | 2 20 | 18.15 0% 10.37 0% 11.46 0% 3
1 AR |AB88| 26 2 40 30.33 0% 11.93 0% 23.69 0% 3

This difference is probably due to the interaction of the rolling
practices and chemistry variation from mill to mill. Normalizing
the plates after rolling eliminates these differences.

2.7 ANALYSIS OF VARIANCE OF LOCATION

The data were analyzed using ANOVA to determine the influ-
ence of location on the CVN results. This analysis was per-
formed to determine if the location within the plate was a signif-
icant variable on the toughness. Plates that have a significant
variation in toughness because of location are not homogeneous.
A sample taken at one location may not provide a reliable esti-
mate of the toughness at other locations within the same plate.
Table 2.2 lists the results of the one-way ANOVA performed

on each plate with location as the variable. The plates are listed
in ascending order of F ratio (descending order of significance)
from the analysis of the combined temperature analysis. Three
different ANOVA tests were performed on each plate. One used
the CVN values at the specification temperature. The second
used the CVN values tested at the specification temperature
minus 20°F. The third analysis used the combined data from
the two test temperatures. Three replicate specimens at each
of the nine locations within the plate were tested at the two
temperatures. The degrees of freedom are identical for the indi-
vidual temperature analysis. The combined temperature data
have twice the sample size. The calculated significance from
the analysis depends upon the sample size. Therefore, the larger
combined data sample size makes the analysis more sensitive.
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The effect of temperature on fracture toughness was elimi-
nated when combining the two temperature test results normal-
ized the data. Each CVN specimen value was divided by the
average of the plate at the corresponding temperature. The nor-
malized values were used in the ANOVA of the combined tem-
perature results.

Plates at the top of Table 2.2 have a low F-ratio and a large
significance level. The high significance levels indicate the risk
of incorrectly assuming that location has no effect upon average
toughness. For example, Plate 13 at the top of the table has a
significance level of 80.8 percent. The significance level of 80.8
percent represents the probability of incorrectly rejecting the
null hypothesis—that location within the plate has no effect
upon the results—for the alternative hypothesis: that location is
a significant variable. Plate 26 at the bottom of the table has
the highest F-ratio and a significance of 0.00 percent. The proba-
bility is nil that location has no effect on the test results of
Plate 26.

The second to the last column summarizes the ANOVA of
the plates for the tests at the two temperatures and the combined
temperature data. The number of data sets that produced a sig-
nificance level equal to or less than 5 percent is totaled. Plates
at the top of the table, the ones with the highest significance for
the combined temperature data, are seen to produce significance
levels greater than 5 percent at all temperatures. The plates at
the bottom of the list had significance levels less than 5 percent
for all the data sets. The ANOVA results from the combined
data set will be used in the remainder of the report. The com-
bined data set results are the most sensitive because of the larger
sample size; they produced results reasonably consistent with
the analysis of the individual temperature data.

The letters N.S. in the last column of the table indicate that
the plates are judged to not have an important variation among
the locations even though the ANOVA indicates a low signifi-
cance level. The plates noted as N.S. had small coefficients of
variation (the standard deviation divided by the average). Al-
though statistically significant, the very small variation of the
plates is not of practical concern. Very small differences in the
average toughness of the plates from location to location will
- produce- a low significance because of the small variability of
these plates.

Figures 2.8 and 2.9 show the average and scatter at the nine
locations for the combined temperatures for Plates 30 and 27,
respectively. The very small scatter in the test results is shown
by the height of the vertical lines. These plates were judged not
to have significant practical variation from location to location.
Figures 2.10 and 2.11 show the data from Plates 26 and 32,
respectively. The larger scatter in the test results at a location
relative to Plates 30 and 27 is very evident. Plate 26 shows a
significant trend of increasing toughness from the end of the
plate with locations A, B, and C to the end with G, H, and J.
The results differ by a factor of almost 7. Plate 32 exhibited a
significant side-to-side variation in toughness. The side of the
plate with locations C, F, and J had significantly lower tough-
ness than the side with locations A, D, and G. The variability
of Plates 26 and 32 was characterized as being systematic. The
variation was not due to random variation from location to
location.

The influence of processing on the results of the ANOVA of
location for the combined temperature data is shown in Figure
2.12. The cumulative frequency of the significance level of the
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Figure 2.10. Plate 26 location ranges and averages: combined
temperatures.
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Figure 2.11. Plate 32 location ranges and averages: combined
temperatures.
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Figure 2.12. Cumulative frequency of significance level of location

20 as-rolled (AR) plates and the 24 normalized (N) plates is
shown along with the results for all the plates taken together.
At the 5 percent level of significance, 55 percent of the normal-
ized plates and 75 percent of the as-rolled plates have location
as a significant variable. However, 11 of the 13 nommalized
plates with significance levels less than 5 percent were judged to
have no significant practical variation from location to location.
Therefore, from a practical standpoint only 2 of the 24 normal-
ized plates (8 percent) showed location to be a significant
variable.

Figure 2.13 shows the cumulative frequency of the signifi-
cance of location for the plates grouped according to thickness.
At the 5 percent level, all thicknesses produced similar percent-
ages of plates with significant effect of location upon the results.

Figure 2.14 shows the data grouped according to the produc-
ing mill. Mill 3 had the least percentage of plates in which
location was significant at the 5 percent level. Mill 4, which
normalized all plates, had the next lowest. Seventy-five percent

13

1007+ ; : ,v— PP F - —F

] - !
- ; ;
) : :
a E s eorotinges
“— : ] : :
o : : : :
- : : : :
1] : H : :
o i : : :
5
(e : : ; :
zoﬂ‘:- ..E,.‘A .;:A 4....AAE ,;,-.-v
- : Ho-1in -x- -2 [n %4 i
0% T w0 T T T T T = |
()1 107 20%% 30"5 407 50%

Significance Level

Figure 2.13. Cumulative frequency of significance level of location
by plate thickness.
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of Mill 2 and 92 percent of Mill 1 plates showed location to be
significant at the 5 percent level. Mill 1 provided as-rolled steel
for the 1- and 2-in.-thick plates. Mill 2, which did not provide
4-in. plates, provided only as-rolled plates. The larger percent-
age of plates with location as a significant variable for Mills
1 and 2 was due to the larger percentage of as-rolled plates
supplied.

2.8 SYSTEMATIC VARIATION OF 2-INCH PLATES

Systematic variation of the fracture toughness within a plate
was observed in the 2-in. plates supplied. Systematic variation
is defined as variation of the CVN values along either the length
or the width of the plate. Additional analyses of variance were
performed on each of the 2-in. plates to quantify the systematic
variation.
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Table 2.3. Analysis of variance on end; combined temperatures

Mill Steel Plate "egf)’th Processing FRatio | SO
1 A572 26 40 FGP, Control Rolled 101.01 0.0000
3 A572 30 20 FGP, Normalized 24.92 0.0000
2 A572 19 28 14.41 0.0000
2 A572 17 20 10.07 0.0002
4 A572 20 40 FGP, Normalized 7.16 0.0018
4 A588 23 40 FGP, Normalized 6.99 0.0021
2 A588 22 20 6.97 0.0021
1 A588 25 40 Controi Rolled 5.26 0.0084
1 A588 32 20 Control Rolled 4.62 0.0143
2 A588 18 28 3.49 0.0381
4 A572 27 20 FGP, Normalized 0.60 0.5505
3 A588 21 20 FGP, Normalized 0.51 0.6057
3 A588 29 40 FGP, Normalized 0.40 0.6698
3 A572 28 40 FGP, Normalized 0.30 0.7408
1 A572 31 20 FGP, Control Rolled 0.19 0.8318
4 A588 24 20 FGP, Normalized 0.12 0.8870

Table 2.4. Analysis of variance on side; combined temperatures

Mill Steel Plate Le(';g‘h Processing FRatio | 9"
1 A588 32 20 Control Rolled 2517 0.0000
4 A572 27 20 FGP, Normalized 10.55 0.0001
1 A572 31 20 FGP, Control Rolled 7.57 0.0013
3 A588 29 40 FGP, Normalized 4.03 0.0238
2 A588 18 28 3.99 0.0246
4 A588 23 40 FGP, Normalized 3.394 0.0413
3 A572 28 40 FGP, Normalized 2.47 0.0948
4 A588 24 20 FGP, Normalized 2.39 0.1020
1 A588 25 40 Controi Rolled 1.48 0.2373
2 A572 19 28 1.23 0.3023
3 A572 30 20 FGP, Normalized 0.64 0.5317
1 A572 26 40 FGP, Control Roiled 0.57 0.5672
2 A572 17 20 0.36 0.6986
2 A588 22 20 0.28 0.7578
3 A588 21 20 FGP, Normalized 0.20 0.8159
4 A572 20 40 FGP, Normalized 0.12 0.8917

2.3 ANOVA

The ANOVA was performed as described above, except the
populations being considered were no longer individual loca-
tions but groups of locations corresponding to the ends or sides
of each plate. Thus for each analysis, three populations were
compared (side, center, and side or end, center, and end), with
each population comprising three locations. The analysis used
the normalized CVN values for each plate, allowing the two
test temperatures to be combined. This improves the sensitivity
of the analysis, as described previously.

Tables 2.3 and 2.4 present the results for the analyses consid-
ering systematic variation from end to end and side to side,

respectively. The tables are ordered by decreasing F-ratios;
plates demonstrating a high degree of systematic variation along
the plate length or width are at the top of the tables.

With one exception, the six plates indicating that systematic
variation along the length was not significant were normalized
plates. Ten plates had significant variation from end to end. The
first five plates in Table 2.3, corresponding to the highest F-
ratios, are all A572 steel, followed by five plates of A588 steel.
Length is a secondary factor; for two plates of the same mill
(and processing) and type of steel, the longer plate generally
exhibits a higher F-ratio. For Mills 1, 2, and 3, the type of steel
is of greater importance than the length. For Mill 4, the reverse
1s true.



These trends were not observable in the ANOVA tests of
systematic variation from side to side. The results of the analysis
are given in Table 2.4. Only six plates had a statistically signif-
icant variation across the width at the 5 percent level of signifi-
cance. The variation across the width of these plates was much
less than the variation along the length that some of the plates
exhibited.

The two plates with the highest significance from end to end
and the two plates with the highest significance from side to
side constituted the four plates with the highest significance
with individual locations as the variable. This is expected.

Figures 2.8 and 2.10 plot the location ranges and averages
for the two plates with the highest F-ratios from the end-to-end
analyses, using the combined temperature data. Plate 26 (Figure
2.10) demonstrates a severe change in toughness from one end
of the plate to the other. It has an F-ratio greater than 100. Plate
30 (Figure 2.8) is also significant statistically; the end with
locations A, B, and C is relatively tougher than the other end.
However, the differences from one end to the other are minimal
and not of practical importance, especially compared to Plate
26. Plate 30 was normalized, whereas Plate 26 was as-rolled.

Figures 2.9 and 2.11 plot the two plates with the largest F-
ratios from the side-to-side analyses, using the combined tem-
perature data. Plate 32 (Figure 2.11) clearly demonstrates a vari-
ation in toughness from side to side. Plate 27 (Figure 2.9) also
demonstrates the similar, statistically significant systematic vari-
ation. While the variation within Plates 32 and 27 is statistically
significant, the relative magnitudes of the variation from one
side to the other indicate that the variation within Plate 32 is
more important than that within Plate 27. Plate 32 was as-rolled
and Plate 27 was normalized. The low standard deviations of
normalized plates allow very small variations of toughness be-
tween locations to conclude location as statistically significant.

Overall, Mill 3 has less systematic variation than the other
mills. Mill 1 has the greatest systematic variation: all four Mill
1 2-in. plates have F-ratios greater than 5 for one of the two
cases analyzed. Mill 1 Plates 26 and 32 exhibited very severe
systematic variation along their length and their width, respec-
tively. All four Mill 1 plates were control-rolled and not
normalized.

2.10 EVALUATION OF MILL 1 PLATES
SYSTEMATIC VARIATION

An investigation of the Mill 1 plates was made to determine
possible causes of the systematic variation of toughness. First,
additional chemical samples were analyzed by the independent
laboratory under contract with the University of Texas at Austin
(UT) to determine if a difference in chemical composition cor-
responds with the variation. Two samples were tested from
Plates 25, 26, and 32: one sample each from the end or side
exhibiting high toughness and the end or side exhibiting low
toughness. No significant differences in composition were ob-
served. Mill 1 also performed an extensive chemical analysis
on Plate 32, which exhibited the most severe systematic varia-
tion along the width of all the plates. The mill results are pre-
sented in Table 2.5 as percent weights. The compositions of
five UT locations and the two mill test locations were deter-
mined. The first two columns identify the location. The carbon
content varied from 0.11 to 0.13 percent, with increasing per-
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centages corresponding with lower toughness. No other trends
in chemistry were observed.

Mill 1 performed microstructural analyses of Plates 25, 26,
31, and 32 to determine the ferrite grain sizes, percentage of
coarse grain ferrite, the percentage of pearlite, and the cleanli-
ness throughout the plates. Three or more locations were exam-
ined per plate. The samples were obtained from UT within the
12” x 18" area of a given UT test location. Additionally, the
engineering logs from the rolling mill were examined to evaluate
the rolling processes.

Table 2.6 shows the results of the microstructural analysis.
All four plates exhibited a ferrite/pearlite aggregate microstruc-
ture (the volume fraction of bainite was found to be zero for all
the plates). Below is a brief discussion of each Mill 1 plate
and the corresponding conclusions for the causes of systematic
variability.

The UT location averages of Plate 26 varied from 10 to 23
ft-Ibs at one end to 62 to 63 ft-lbs at the other end at the
specification temperature. Figure 2.10 shows this variation using
normalized data from both test temperatures. Table 2.6 shows
that the ferrite grain size varied considerably along the length,
with a fine grain size at the end exhibiting the higher toughness
and a significantly coarser grain size at the other end. (Higher
American Society for Testing and Materials (ASTM) numbers
and smaller linear intercept distances indicate finer grain sizes.)
Figure 2.15 shows the general microstructure of two UT samples
from different ends of the plate at 200 times magnification. The
difference in grain sizes probably is a result of a temperature
gradient during processing along the length of the plate. Larger
grain sizes are associated with higher temperatures. The mill
believes the temperature gradient occurred while the slab was
being reheated before rolling and that it persisted throughout
the controlled-rolling process. The mill judged the plate to be
relatively dirty and observed many coarse oxides.

Plate 31 ranked third most significant in the ANOVA with
end as the variable, using the combined temperature data. Al-
though the toughness at either end is very similar, the center of
the plate exhibits a higher toughness. The location averages
ranged from 24 to 50 ft-lbs at the ends while the range at the
center was 41 to 56 ft-1bs at the specification temperature. The
ferrite grain sizes showed a trend that would predict the opposite
variation in the plate, a lower toughness in the center resulting
from a larger grain size than at the ends of the plate. However,
the mill assessed the grain size as coarser than desired, espe-
cially with the patches of coarse grain ferrite present, for consist-
ently meeting the Zone 3 AASHTO requirements. (Mill 1 ac-
knowledges linear intercept distances of 7 to 8 pm as desirable.)
The plate was judged to be cleaner than Plate 26, with the
observed inclusions consisting mainly of elongated manganese
sulfides.

ANOVA along the length of Plate 25 concluded that system-
atic variation exists from end to end. One end exhibits location
averages between 17 and 22 ft-lbs, whereas the center of the
plate has averages of 30 to 55 ft-1bs at the specification tempera-
ture. The other end has averages of 27 to 46 ft-lbs. The mill
declares that the “scatter between locations is normal.” The plate
has a standard deviation of 16 ft-Ibs. However, the mill ac-
knowledges that the overall toughness is inadequate for consist-
ently meeting Zone 3 requirements; the plate average CVN is
33 ft-lbs at the specification temperature. This is attributed to
the larger-than-desired grain sizes and the substantial amount of
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Table 2.5. Additional Mill 1 chemical analysis of Plate 32

loc | Avg* | C Mn P S Si Ni Cr Cu \'% Nb Al

uT A 56.0 12 | 1.20 | 015 | .017 37 32 .58 27 .016 | .039 .054

ut C 122 | 13 | 125 | 016 | .020 | .38 .33 .60 29 | .017 | .041 | .058

ut E 873 | 11 | 119 | 014 | 016 | .37 31 .59 27 | 016 | .037 | .057

ut G 841 | 12| 122 | .015 | 018 | .38 32 .60 .28 | .016 | .039 | .058

uTt J 256 | 12 | 119 | 014 | 017 | .37 32 .59 .28 | .016 | .036 | .058
MILL C 72 A1 | 120 | 014 | .016 | .37 .31 .59 .27 | 016 | .035 | .059
MILL J 48 12| 126 ) 016 | .017 | .39 33 61 .29 | 017 | .042 | .059
? Location average at the specification temperature, ft-Ibs.

Table 2.6. Microstructure analysis of the Mill 1 plates

Ferrite Grain Size Percent Coarse Percent .
Plate Loc Linear Grain Ferrite Pearlite
Intercept * ASTM Number (volume) (volume)
uT 26 A 10.6 9.8 - 28.0
ut 26 C 11.4 9.6 - 24.0
uTt 26 E 9.1 10.3 - 28.0
ut 26 J 7.7 10.7 - 27.3
MiLL 26 C 6.9 11.1 - 29.1
MILL 26 J 7.2 10.9 - 26.7
urt 31 A 9.5 10.1 2.9 26.9
ut 31 E 11.1 9.7 2.5 25.8
ut 31 J 10.0 10.0 35 25.0
urt 25 A 10.5 9.8 6.3 20.3
uTt 25 E 9.3 10.2 6.8 21.1
uTt 25 J 10.3 9.9 5.3 18.1
MILL 25 J 9.7 10.1 10.9 19.2
uT 32 A 10.5 9.8 1.6 18.7
ur. |82 c 8.5 10.5 6.8 27.8
uT 32 E 9.5 10.1 Trace 16.0
ut 32 G 9.3 10.2 2.4 20.8
ut 32 J 9.9 10.0 1.6 189
MILL 32 C 8.4 10.5 9.3 17.8
MILL 32 C 8.4 10.5 8.1 16.1
MILL 32 J 8.2 10.6 8.0 20.6
? Measured in micro-meters.

coarse grain ferrite present. The plate was evaluated as having
good cleanliness, with most of the inclusions being elongated
manganese sulfides, similar to Plate 31.

Plate 32 had the greatest systematic variation from one side
of the plate to the other (See Figure 2.11). Plate 32 was produced
from the same heat as Plate 25; therefore, the comments regard-
ing cleanliness of Plate 25 apply to Plate 32 also. The toughness
variation within this plate is attributed to the varying percentages
of pearlite and coarse grain ferrite. In the locations exhibiting
low toughness, these percentages are much higher than the loca-

tions with average or high toughness. The differences in micro-
structure are attributed to temperature gradients and possible
chemical segregation.

2.11 CONCLUSIONS OF SYSTEMATIC
VARIABILITY STUDY

It would be expected that more plates demonstrated system-
atic variation along their length than their width. Differences in
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Location C

Figure 2.15. Grain sizes of Plate 26.

temperature during the rolling process presumably account for
the systematic variation in toughness. Two factors can cause
greater temperature gradients along the length than the width.
First, the plates are 4 to 8 times longer than they are wide.
Second, the temperature is difficult to maintain consistently
from end to end because the plate length increases as the plate
is rolled and the plate moves through the reheating furnace and
rolls along its length in continuous processing mills. It appears
that “control-rolled” processing may not maintain consistent
temperatures within the plate. This situation may be caused by
previous temperature gradients from the reheating furnace. Nor-
malized plates are expected to have less systematic variation as
the heat-treating process produces a more homogeneous micro-
structure and therefore more consistent mechanical properties
throughout the plate. It is possible that (a) the normalized plates
exhibiting systematic variation were improperly normalized or
(b) such large variations within the plate existed before nor-
malizing that a uniform fracture toughness (or uniformly varying
toughness) throughout the plate was not achieved.

Thirteen of the sixteen 2-in. plates exhibited statistically sig-
nificant systematic variation of the fracture toughness along ei-
ther the length or the width. Sufficient consideration of such
variation must be made when developing recommendations for
specification requirements, the subject of the next chapter.

212 ANALYSIS OF QUARTER- AND MID-
THICKNESS VARIATIONS OF 4-INCH PLATES

Table 2.7 lists the average plate toughness of the 4-in. plates
in descending order of average toughness for the quarter- and
mid-thickness levels of the plate. The plates are listed in de-
scending order of average toughness at the specification level.
Figure 2.16 is a plot of the average toughness at the two levels.
The dashed line indicates equal values for both levels. The num-
ber of plates above and below the line are about equal for both
test temperatures. The results do not indicate a significant differ-
ence between the toughness in the two levels in the plates. The
two data farthest to the right of the dashed line are both from
Plate 35, which was the highest toughness plate.

Location J

An ANOVA was performed on these plates to determine the
significance level of the CVN results at the quarter- and mid-
thickness of the plates. Table 2.8 summarizes the results of this
analysis. The significance levels calculated are generally large,
indicating that location within the thickness of the plate is not
a significant factor. Plates 35 and 34 show significance at the 5
percent level for the specification temperature. In both of these
plates, the quarter-thickness toughness was greater than the mid-
thickness toughness. Four plates had significance values less
than 5 percent at 20°F below the specification temperature. Two
of these plates, Plates 38 and 41, had higher toughness at the
mid-thickness level than at the quarter-thickness level.

The normalized 4-in. plate tested in this study did not show
a significant difference in toughness between the quarter-thick-
ness and the mid-thickness level in the plate. The standard quar-
ter-thickness test location provides a reasonable indication of
the plates’ overall toughness. Thick nonnormalized plates may
not behave in a similar manner.

2,13 ANALYSIS OF MILL AND UT TEST RESULTS

Each plate or set of plates supplied was tested by the mill at
each end. One mill, Mill 3, tested at additional locations at the
end of the plate. The results of this mill test were compared to
the test results at UT for the specification temperature. In addi-
tion to the original mill tests, Mills 1 and 2 participated in a
retest of samples of their plates. The mills were provided with
steel plate samples adjacent to the areas tested by UT.

Table 2.9 lists the results of the statistical analysis performed
on the UT and mill data. The results are grouped by mills and
listed in ascending order of the absolute value of the Student’s
t-statistic calculated using the means and standard deviation of
the two sets of test results. Values of ¢ less than approximately
2 indicate that the average toughness calculated from the mill
and UT tests agree at the S percent level of significance. Data
sets, which at this significance level are judged to be equal, are
indicated by a “yes” in the column labeled “Equal Means.”
The corresponding analysis for the retests is shown in the last
columns.
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Table 2.7. Plate rankings by average CVN at specification temperature

Steel Spec. Temp. Spec. - 20° F
. Spec. Plate CVN Avg. Rank @ S?ec. CVN Avg.
Mill Loc. No. (ft-1bs) Temp. -20° F (ft-1bs)

1 Ya AST2 35 96.5 1 81.1

1 3 AS72 35 833 S 64.3

3 ] AS588 39 82.9 2 714

1 W AST2 37 78.7 4 66.0

1 Y AST2 37 719 6 60.7

3 Y A588 39 76.3 3 67.4

1 Y AS88 34 74.3 8 60.2

1 Y ASB8 33 71.9 12 54.6

3 Y AS88 36 69.2 9 58.1

1 Y AS88 33 66.9 7 60.4

4 ¥ AST72 41 65.5 13 54.3

1 %] AS88 34 65.3 11 553

3 %) AS88 36 64.7 10 56.0

3 ¥ AST2 38 64.1 14 54.2

4 12 AS572 42 61.5 16 48.0

4 Y AST2 41 61.1 15 49.6

3 Y AST72 38 59.0 19 47.1

4 Y AST2 42 519 18 471

4 b AS88 43 572 17 48.0

4 Ya AS88 43 55.7 20 44.5

3 Y A572 44 523 21 44.0

3 VA AST2 44 49.5 22 42.9

4 Y AS88 40 48.2 23 420

4 ¥ AS88 40 45.5 24 36.5
Figure 2.17 shows the average of the original mill tests and
UT tests plotted against one another. The dashed line corres-
ponds to equal values. The majority of the mill test averages
mo_uSpacTemp e A are above the line, indicgting higher averages fo.r the mill tests.
= 1 x Spéc-20 Temp. ' : : Pl Figure 2.18 shows tljle .dlfference between the mill .tes.ts and the
2 < Bt S e tpasRea peds e / -------- pooled standard deviation of both sets of data multiplied by the
£ 4 & ~ - correctiqn for the degrees of freedom u§ed in the t-statistif:. The
H B0 +meermedreians s adiaraaannd e haeaeas e Lot dashed lines correspond to the approximate 5 percent signifi-
£ 4 o cance levels. The data indicate that at the 5 percent level of
£ 04 g . B i significance half of the test data from Mills 1, 3, and 4 were
: J u:a/ 7 g O x within th.e gxpecfted range. Only one of the averages frorp Mill
2 gpbesshaaiadieasl /. Ll £ 2 was within this range. The agreement between the mill and
z | KX: ';x* UT tes_ts for most of the plates was judged to be good. Plates
O gpdi . o o s with high toughness tended to show t'he greatest disagreement.
-} ] joE ' ! : However, the toughness of both the mill and UT for these plates
- A ] exceeded the required average toughness by at least a factor of 2.
z A // x i Similar graphs for the retest data are shown in Figures 2.19
1 : : ! : : i E: and 2.20. The position of the original data is shown by a box
:Ec:u ' 450 50 60 B 80 ' s ' o and the retest data by the “X” symbol. In general, the retests by

Average CVN Quarter Thickness (ft-ibs)

Figure 2.16. Average toughness of quarter- and mid-thickness

levels of 4-in. plate.

the two mills showed better agreement with the UT tests than
the original values reported by the mills.

The retest of material from Plate 26 by Mill 1 produced values
within the expected range. The disagreement between the origi-
nal mill data and the UT data of Plate 26 was traced to a sam-
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Spec. Temp. Spec. Temp. - 20° F
Plate
Mill No. F-Ratio Sign. Level F-Ratio Sign. Level
1 37 0.127 0.7264 3.897 0.0537
4 43 0.506 0.4878 1.934 0.1703
1 33 1.331 0.2538 2.146 0.1489
3 39 1.395 0.2429 0.559 0.4660
4 40 1.981 0.1652 9.212 0.0037
3 36 2214 0.1428 0.346 0.5650
3 38 2.480 0.1214 4.267 0.0439
4 N 2.939 0.0924 6.702 0.0125
4 42 3.005 0.0889 0.288 0.5995
3 L2 3.118 0.0833 0.336 0.5706
1 35 4.324 0.0425 10.427 0.0022
1 34 7278 0.0094 2.453 0.1234

pling error by the mill. The data from the UT tests of this
plate were presented in Figure 2.10. This plate had a significant
variation in toughness from one end of the plate to the other
that was the result of improper reheating of the plate before
the final rolling. The sampling error occurred in the specimens
reported by the mill to be adjacent to UT test location C. The
average of the original mill tests at this location was 89 ft-lbs.
The average of the UT tests at location C was 18.2 ft-lbs. The
retests by the mill of material adjacent to location C produced
an average toughness of 21.5 ft-Ibs. The retests agreed with the
results of the UT tests. The chemical analysis of the original
mill tests indicated that the material was of similar chemistry
to the plate supplied by UT. However, the grain size at the low-
toughness end of the plate was large and much larger than the
grain size found in the specimens reported by the mill to be
from this end of the plate. The conclusion of the investigation
was that the specimens reported by the mill at the low-toughness
end of Plate 26 came from material probably from the same
heat as the plate supplied to UT but was not from the end of
the plate supplied to UT.

The results of Mill 3 retests did not provide a conclusive
cause for the difference between the mill and UT results. The
retest of Plate 17 produced values with the expected mean. How-
ever, the retests of Plates 19, 18, and 22 still produced signifi-
cantly different values. The mean of the retests of these three
plates was significantly less than the mean of the original mill
tests. The retests of Plates 18 and 22, the 2-in. A588 plates, had
tremendous scatter. The range for Plate 18 was from 21 to 112
ft-Ibs. The range for Plate 22 was from 11 to 130 ft-Ibs. The
standard deviations of both the UT and mill retests are also
large. The disagreement between the Mill 3 retests and UT ap-
pears to result from the large variability within the Mill 3 plates,
and from testing and specimen preparation variances between
UT and the mill.

2.14 ROUND-ROBIN EXPERIMENT

A round-robin experiment between the mills and UT was
performed to determine the reason for the disagreement between

the mill and UT CVN values. In general, the mill values were
consistently higher than the UT values. Two possible causes for
this difference were investigated. The first was notching of the
specimens and the second was testing procedures. Specimen
blanks machined to the cross-sectional dimensions of the speci-
mens were obtained from the supplier of the National Institute
of Standards and Technology (NIST) calibration specimens.
These are high-strength 4340 steel. The cost of the specimens
was paid by American Iron and Steel Institute (AISI). The NIST
specimens are used to check the calibration of the Charpy test
machine as required in ASTM E23. They are normally supplied
completely machined with notches in two energy levels. The
low-energy blanks were used in the round-robin experiment.
The dimensions of the blanks were checked against the ASTM
dimensional requirements. Seven of the 215 blanks did not meet
the 90° +10 minute angle between adjacent sides. These blanks
were not used in the round-robin experiment.

Fifteen replicate specimens were used. A large number of
replicates were used to increase the sensitivity of the experi-
ment. Thirty specimen blanks were sent to each mill to be
notched along with 15 specimens notched by UT. The mills
tested the 15 specimens notched by UT and 15 of the specimens
they notched. The remaining 15 specimens notched by the mill
were sent to UT for testing. The test temperature of the speci-
mens was 40°F. This temperature was selected based on initial
testing at UT to determine the relationship between test tempera-
ture and energy. The results of these tests are shown in Figure
2.21. The specimens showed no significant decrease in tough-
ness for temperatures below 40°F. A higher toughness would
have been desirable so that the toughness of the specimens
would be in the range of the toughness of the plates tested. To
have a comparable toughness level, a testing temperature of
150°F would be required. A survey of the mills indicated that
tests at such a high temperature would be out of the range of
the temperature baths they normally use. To ensure that the
same equipment and procedures were used for the round-robin
tests as were used in the tests of the plate material, a test temper-
ature of 40°F was selected.
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Table 2.9. Analysis of UT and mill test results

Univ. of Texas Mifl Org. Milland UT Retests Retes%y”" and
Thick | Plate
Ml Steel|Process St St St
In No Avg. * |Num.| Avg. | Num. Equal | Avg. ° | Num. Equal
ft-lbs. Dev. Tests|ft-lbs. Dev. Tests Students Means|ft-lbs. s Tests Students Means
ft -Ibs. ftbs, ft-lbs.
1] 4 | a7 |As72] N | 77.7] 95 | 27 | 63| 132] 6 | .14 [ vEs
1| 4 324& ass8| N |706|165| 54 | 650|237 6 | -76 | ves
1| 2 | 25 |As88] AR | 332|160 27 |382] 891 6 | B9 | ves
1] 2 | 32 |ase8] AR |a66|282] 27 |59 (=7 6 | 105 | vEs
1| 2 | a1 |A572| AR | 410|156 | 27 |592]176] 6 | 1.41 | VEs
1| 7 | 5 |Ase8| AR |e76| 210 27 |ee2|127] 6 | 210 | No
1| 1 |2&3|A572| AR |578| 196 | 54 | 780171 6 | 25 | No
1| 1 | 1 |Ase8| AR |274] 28 | 27 |323| 31| 6 | 401 | no
1| 2 | 26 |a572| AR | 377|221 | 27 |765|163] 6 | 406 | NO |49.8 |303| 12 | 144 | vEs
T 4 | 35 |A572] N | 965|167 ] 27 [1383]247] 6 | 515 | MO
2| 7 | 13 |A572| AR | 732|228 | 27 | 728|203 6 | -0 | ves
2| 2 | 17 |A572]| AR |237| 98 | 27 | 322 48| 6 | 209 | NO |274| 84 | 30 | 153 | vEs
2| 1 | o |Ases| AR |e&71| 216 | 27 |892] 50| & | 258 | no
2| 1 | 14 |nses| AR |574| 232 | 27 645 zal| 6 | 260 | "o
2| 2 | 19 |A572| AR |320] 98 | 27 |443[ 97| &6 | 262 | "o |=a| 76| 8 | =07 | No
2| 1 | 10 |A572| AR |673| 142 | 27 |863]| 64| 6 | 348 | No
2| 2 | 18 |A588| AR |410| 157 | 27 | 758|143 | & | 499 | NO |69.4|227] 51 | 586 | WO
2| 2 | 22 |A508] AR |353] 185 27 | 785|223 6 | 501 | NO |559| 28.7| 82 | 35 | MO
3| 2 | 28 |A572] N |7A| 114 | 27 |82z qaz| a2z | 149 | vEs
3| 2 | 21 |Ases| N | 727 82 | 27 | 77867 12 | 136 | Ve
3| 1 |4&58|a572| AR | 980 391 | 54 1160|328 | 21 | 167 | vEs
3| 2 | 29 |Ase8| N | 941|106 | 27 |e68 29| 12 | .86 | vEs
3| 4 339& ases| N |727]|17.1| 54 | 966|246 | 21 | 484 | nO
3| 1 |6&7|A5e8| AR |135.3| 350 | 54 |186.7| 3.4 | 21 | 570 | NoO
3| 2 | 20 [A572] N 513 63 | 27 |02 18 | iz | 683 | no
3l a 324& asz2|l n [ss7| 93 | 54 [731)105] 21 | 708 | no
a| 2 | 27 |a572| N 812|128 | 27 |80 55| 5 | -03 | ves
al 4 1?6& Asss] N [632] 67 | 54 |es3| 72| 6 | 108 | ves
"8
a| 1 |, fms72| N |ees| 127 54 |eaof1a6| & [ 196 | ves
4| 2 | 23 |aoe8| N |ess| 218 | 27 |07 za| 8 | 120 | vES
al a [B5|asr2| N |ses| eq | 54 |er7| 74| 6 | 235 | no
4| 2 | 24 |Ase8| N | 752] 88 | 27 |83 83| 6 | 25 | no
4| 2 | 20 [As72| N [ 781|127 | a7 |01z 85| 6 | 370 | no
al a 423& ases| N [s19]| 75 | 54 |707| 56| 6 | 597 | no

A summary of the measurements of the 15 specimens sent to
UT that were notched by the mills is shown in Table 2.10. The
data for the UT-notched specimens are also listed. The three
notch dimensions checked were the included angle of the notch,
the ligament below the notch, and the radius of the notch. The
measurements were made using an optical comparator with a
micrometer stage. The dimensions were checked on both sides
of the specimens. The hard material of the specimens presented
difficulties in the notching operation. The specimens notched at
UT were notched using the same setup as the test specimens
from the plates except that the broach speed was reduced.

All the UT specimens failed by 0.001 in. to meet the ligament
requirement. This failure was due to the additional pressure
applied to the broach and fixture by the hard material. Even

though this dimensional error was discovered before the speci-
mens were shipped to the mill, no adjustment to the equipment
was made, so a fair comparison could be made with the mills’
notches. Mills 1, 2, and 4 reported difficulties notching the
specimens with their normal equipment. Mill 3, which ground
its notches, had no difficulties meeting all the dimensional re-
quirements. Mill 1 notches were very rough and variable. Mill 4
notches had an average ligament value within the specifications;
however, all the specimens had ligaments either too large or too
small to meet the specifications. Mill 2 had the best notches
machined using a single-tooth flycutter.

Because of the hardness of the steel, no definitive conclusion
can be reached regarding the ability of all the parties to produce
specimens meeting the specifications. Only Mill 3 procedures
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Figure 2.18. Difference in average toughness compared with
expected.

produced notches meeting all the specification dimensions. All
UT specimens met the angle and root radius requirements. Mill
1 had the greatest variability in notch dimensions.

The influence of testing procedures and equipment on the
results can be determined by first comparing the tests by the
mills of the specimens notched by UT. These data are summa-
rized in Table 2.11. All the mills’ average toughness exceeds
the average from the test performed at UT. At the 5 percent
level, only the results from Mill 1 agree with the UT values.
The standard deviations of the results from Mills 2 and 3 agree
with UT. The large standard deviations of Mills 1 and 4 indicate
that their procedures result in greater variability.

Table 2.12 summarizes the results of the specimens notched
by each mill and tested at that mill and by UT. Once again the
mills consistently produced higher toughness values. None of
the mill average values agree with the UT averages at the 5
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Figure 2.20. Difference in retest average toughness compared with
expected.

percent level of significance. The standard deviations of the
results from Mills 2, 3, and 4 agree with the UT values. Mill 2
standard deviation is less than that of UT.

The test results indicate the mills’ testing equipment and pro-
cedures produce higher average toughness values. This differ-
ence occurred with the specimens notched by UT and by the
mills. Mill 1 test procedure produced the greatest variability.
Table 2.13 summarizes the difference in average toughness be-
tween the mills and UT for the round-robin tests and also the
average of the difference of the average toughness between the
mills and UT for the test plates. The retests done by the mills
were included in the test plate statistics where applicable. The
last column in the table is the percentage of the plates from
each mill in which the mill average agreed with the UT average
at the 5 percent significance level. The results of Mills 1, 3, and
4 appear consistent between the round-robin tests and the tests
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Figure 2.21. Toughness transition behavior of round-robin speci-
mens (UT notch).

performed upon the plates. At least 50 percent of the plates from
these mills agreed with the UT plates. The percent difference in
average toughness of the plates is comparable to the difference
found in the round-robin tests. Mill 2 round-robin results are
consistently high and their plate difference is more than twice
the round-robin percent difference. It appears that the proce-
dures used by Mill 2 in the round-robin were different than
those used for testing the plates.

The higher values obtained by the mills cannot be explained
by the results of the round-robin tests. Both the mills and UT
have calibrated their machines using the NIST specimens in
accordance with ASTM E23. This calibration ensures that the
test machine and its measuring system are accurate. It appears
that the difference must be caused by the procedures employed
by each facility. The authors know of no variation in test proce-
dure other than testing at a lower temperature that produces a
lower toughness value. The temperature-measuring equipment
employed by UT was calibrated at least once a month using a
standardized thermometer. Temperature inaccuracy is not likely
the cause of the lower test values from the UT tests. Many

Table 2.10. Notch measurements of round-robin specimens

Method Angle Std. . Ligament . Radius
o ata| oo | | e [Pzt | dve (G| e | e fPezent ] porn
Notching g degrees 9 9 - in. . ) Fail
Mill 1 Flycut 45.61 .67 46.78 43.45 13% L3172 .0020 .3209 3142 73% 33%
Mill 2| Flycut 45.52 .36 46.09 44.24 7% .3152 .0002 3154 3149 0% 20%
Mill 3| Ground 45.03 .32 45.15 44.15 0% .3146 .0002 .3149 3142 0% 0%
Mill 4| Flycut | 45.43 .43 45.43 | 44.23 0% .3148 .0026 .3173 | 3108 | 100% 20%
UT | Broach | 45.38 .48 45.55 | 44.25 0% .3167 .0003 3171 | 3162 | 100% 0%
Spec. 45.00 46.00 44.0 3150 .3140 .3160 0 1“;0'09
Accuracy: + .25 degrees Accuracy: +.0002 in.
Table 2.11. Tests of UT-notched CVN specimens
. Average Std. Dev. . Equal Mill/UT Equal
Test Location -
ftdbs ftlbs MilLUT/UT 1 Mean | std. Dev. Std. Dev.
Mill 1 129 99 4% Yes 1.80 No
Mill 2 14.2 56 15% No 1.02 Yes
Mill 3 13.7 .59 11% No 1.07 Yes
Mill 4 14.3 .96 16% No 1.75 No
uTt 12.3 .55
Table 2.12. Tests of mill-notched specimens
Average | Std. Dev. | Average | Std. Dev. ] Equal Mill/UT Equal
Notoh | “fibs | fibs ft-lbs faps | MIFUDAUT | pean | std. Dev. | Std. Dev.
Mill 1 13.7 1.53 11.8 97 17% No 1.58 No
Mill 2 13.1 52 11.2 .62 17% No .84 Yes
Mill 3 14.1 .64 121 .64 16% No 1.00 Yes
Mill 4 14.1 .70 13.0 .67 8% No 1.04 Yes
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Table 2.13. Percent difference between mill and UT average results

UT Notch Mill Notch Test Plates Plates Equal
% % % %
Mill 1 4 17 29 60
Mill 2 15 17 49 25
Mill 3 11 16 20 50
Mill 4 16 8 15 50

variations in the test procedures can produce a higher test value.
The following is a list of these variations.

1. Testing at too high a temperature caused by (a) taking an
inaccurate temperature of the bath, (b) not leaving the specimen
in the bath long enough to reach the proper temperature, (c) not
inserting the centering tongs back into the bath after testing to
ensure the tongs are at the same temperature as the bath, or (d)
allowing the specimen to warm by taking too long to test the
specimen after removal from the bath.

2. Not centering the specimen or placing it away from the
anvil.

3. Rounding the test values improperly. All the mills rounded
their values to whole ft-1bs.

We believe one or all of the above variations from correct test-
ing procedures may be responsible for the higher values of the
mills, not only in the original tests of the plates but also in the
round-robin tests. In the UT tests, if any of the items listed in

1 and 2 in the list above occurred, the test was not performed
and the specimen was placed back into the bath for testing later.

2.15 SUMMARY OF RESULTS

All the plates tested showed variation in the CVN both at a
particular location and from location to location. Normalized
plates produced the smallest variability. No significant influence
of the type of steel was found in the results. Plate length was
not found to be a significant cause of variability. Two-inch as-
rolled plates produced the most variability. Two of the 2-in. as-
rolled plates from Mill 1 had significant systematic differences
in toughness. The mid- and quarter-thickness locations of the
4-in. plates produced similar toughness values. The measured
toughness of the mills was generally higher than the values
obtained by UT. The difference was not significant for all plates.
In general, the mill results provided a reasonable estimate of
the plates’ toughness.
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CHAPTER 3

DEVELOPMENT OF RECOMMENDED SPECIFICATIONS

3.1 PRESENT SPECIFICATION

The original Guide Specification for Fracture Critical Non-
Redundant Steel Bridge Members was based on ensuring at typi-
cal bridge-loading rates that the material would have a toughness
level that ensures a nonplane strain fracture. A material with
this level of toughness will undergo through thickness yielding
before fracture. An increase in toughness with thicker welded
plates is specified to account for the greater through thickness
constraint offered by these plates. Toughness levels are in-
creased for higher strength material to provide a consistent level
of inelastic behavior. A temperature difference in the testing
temperature relative to the expected lowest service temperature
is used to account for the difference in material fracture behavior
with strain or loading rate.

The dynamic Charpy V-notch (CVN) tests are performed at
a higher temperature than the service temperature because of
the slower loading rate of the bridge in relation to the impact
loading rate of the CVN test. The temperature difference is a
function of the yield strength of the material. Higher strength
steels show less of a temperature difference with loading rate.
The guide specification uses a temperature difference of 70°F
for all steels, a yield strength less than 65 ksi. Steels with mill
tests reporting yield strengths above 65 ksi are tested at a tem-
perature 15°F lower for each increment of 10 ksi above 65 ksi.

Figure 3.1 depicts the basis of the approach taken in the guide
specification for setting test temperatures and energy levels. The
left-hand curve depicts the CVN behavior of the material at an
~ intermediate Toading rate (time fo maximum load on the order
of 1 second). This loading rate is typical of the ioading rates of
main members from traffic loading. The toughness of the mate-

Absorbed Energy (ft-lbs)

Upper-—---------

Shelf | Intermediate
Loading Rate

CVN Dynamic CVN
] Distribution of
' Test Results
15 = []
]
[ ]
1
] Senvice Specification
Temperature

Figure 3.1. Specification approach to CVN toughness.

rial at this intermediate service loading rate should exceed 15
ft-1bs at the service temperature. The specification test tempera-
ture of the dynamic toughness, measured in the CVN tests per-
formed by the supplier, is above the service temperature to
account for the difference in the dynamic loading rate of the
standard CVN test (approximately 1 millisecond) and the service
loading rate. The variability of the CVN results is shown by the
histogram of results at the specification test temperature. To
ensure that the toughness is above 15 ft-1bs, the required specifi-
cation values must be set at a greater level.

Barsom has shown that 15 ft-lbs is sufficient toughness to
provide the desired behavior (3). The average toughness speci-
fied in the guide specification is higher than 15 ft-Ibs, to provide
greater reliability for fracture-critical steels. A study at Lehigh
University investigated the adequacy of the specifications in
full-size beam specimens with a variety of welded details (4).
The beams were subjected to their fuil design fatigue life to
generate typical fatigue cracks. The specimens were then cooled
to a Jow temperature to produce a brittle fracture. Often no
fatigue crack was produced after the application of the design
fatigue cycles, or the fatigue crack was of insufficient size to
trigger an unstable extension. These beams were then cycled
further to develop larger fatigue cracks and then were fracture
tested.

Figure 3.2 shows the results of the beam tests performed at
Lehigh. The vertical axis of the graph is the length of the fatigue
crack on the surface of the specimen when it was tested. This

fatigue crack length is the maximum visible size crack the beam

could tolerate at full service load at the test temperature. The
horizontal axis is the beam test temperature minus the tempera-
ture at which the average toughness of the flange plate was 15 ft-
Ibs. This temperature difference was used because all the plates
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Figure 3.2. Lehigh study beam test results.
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Zone 1 Zone 2 Zone 3
ASTM Designation Service Temp. Service Temp. Service Temp.
0°F 30°F 60°F
A36, A572 GR 50, A588 4-in. Mech. Fast. & up o o o
iy e 25@70°F 25 @ 40°F 25@10° F
AS588 Over 2-in. Welded 30@70°F 0@40°F 30@10°F
A514 4-in. Mech. Fast. & up to 2-1/2-in. o o )
Welded AI5@0°F 3I5@0°F 35@-30°F
A514 Over 2-1/2-in. Welded 45@0°F 45 @0°F Not Permitted

exceeded the specification requirements. The vertical dashed
line in the figure is plotted at a temperature difference of 70 dgF,
which corresponds to the shift used in the specifications for
material with a yield strength less than or equal to 65 ksi. The
A36 and A588 beams had surface crack lengths from 2 to 5 in.
long at 70°F temperature difference. At higher temperatures the
crack size was greater and at lower temperatures it was less. An
average toughness of 15 ft-Ibs appears to provide adequate size
cracks for inspection before unstable propagation. It should be
noted that these size cracks were generated after the full design
cycles of load had been applied.

The A514 test beams show a smaller surface crack size at
the 70°F difference temperature. This is consistent with the
specifications, because a smaller temperature shift of 30°F as
well as higher required toughness is specified with this higher-
strength steel.

The interim guide specifications employed a 20°F lower test
temperature. This 20°F lower test temperature corresponds to a
-50°F difference in Figure 3.2. The difference in crack size at
—70°F and -50°F is not significant. The original test tempera-
tures of the guide specification are sufficient to provide an easily
detectable fatigue crack before unstable crack propagation.

On the basis of analysis of the Lehigh test data and the work
by Barsom, the researchers'conclude that the temperature shift
employed in the guide specification and a 15 ft-Ib average
toughness are adequate to ensure a large stable fatigue crack
size before unstable or brittle fracture. The recommended design
specification developed later in this chapter will be based on
these criteria.

3.2 COMPARISON OF UT AND RETEST RESULTS
TO GUIDE SPECIFICATION

The original guide specification requirements are summarized
in Table 3.1 (). The test result average must meet or exceed
the values listed. A retest is required if more than one of the
specimens has a value below the required average or if a single
specimen has a value less than two-thirds of the required aver-
age. All the specimens in the retest must exceed the required
average.

The results of the three specimens tested at the nine locations
at the specification temperature and the retests performed by
the mills are compared with the specification requirements in
this section. The mill tests showed that all the plates met the
specification requirements at both ends of the plates. Thirteen

of the 44 plates tested in this research had one or more locations
that failed to meet the specification requirements. A location
was considered as failing to meet the specification if the average
of the three specimens did not meet the requirements or if the
results would have required a retest. The plates not meeting the
requirements are listed in Table 3.2. A blank in the table for a
location indicates that the location met the specification require-
ments. All the plates from Mill 4 that were normalized met the
requirements at all locations. Only one of the plates from Mill
3 at one location did not meet the requirements. The last column
in the table lists the results of a simulation using the recom-
mended specification that will be discussed later.

The results of the retests performed by Mills 1 and 2, evalu-
ated with respect to the specification, are shown in Table 3.3.
Only plates that did not satisfy the specification at some location
were retested. The plates and locations for retesting were se-
lected by the mills with advice from UT. Mill 2 did the most
retests. As many as nine sets of three specimens were retested
by Mill 2 from a particular location within a plate. The retests
agree reasonably well with the UT results. Plate 18 was the only
plate retested by a mill that did not produce test results below
the specification requirements.

The results of the tests performed by UT and the retests by
the mills indicate that the guide specification requirements even
in plates tested at both ends do not ensure that a plate will have
the desired toughness at every location. The results presented
in Chapter 2 indicate that the probability of a location having a
toughness less than 15 ft-Ibs is quite high for some of the plates
tested. A statistically based specification that includes the vari-
ability of the test results is developed in the next section.

3.3 SELECTION OF A PERCENT DEFECTIVE
QUALITY ASSURANCE PLAN

The original AASHTO Guide Specification is deemed inade-
quate for the following reasons.

1. Twelve of the 44 plates had one or more specimens with
an absorbed energy value at the specification temperature below
the desired quality level of 15 ft-1bs. This is an unusually high
risk to the consumer, given the consequences of accepting defec-
tive material.

2. There are no provisions to account for the different varia-
tions of the fracture toughness (standard deviations) among dif-
ferent plates.
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Table 3.2. Locations not meeting AASHTO Guide Specification—Quarter thickness—UT test location

Mill | Plate | Thickness | A B | ¢ | o E F |l e | H J ig“'ffg
1 1 1 1,2 .0
1 2 1 3 14.0
1 26 2 1,2,3 1,3 12,3 2,3 80.6
1 31 2 3 1,2,3 44.4
1 25 2 2 12,3 1,2 1,2,3 83.3
1 32 2 1,2,3 1,2,3 2,3 72.2
1 33 4 3 3 36.1
2 14 1 3 3 42.0
2 17 2 12,3 12,3 3 1,2 1,23 ]| 1,23 83.3
2 19 2 1,2,3 36.1
2 18 2 1,2,3 3 3 58.3
2 22 2 1,23 | 1,23 3 3 91.7
3 « | v [ T [ T T T3 | | o
Failure Criteria: 1 - Location average < Required average
2 - Two or more specimens < Required average
3 - One or more specimens < 2/3 of required average
Table 3.3. Evaluation of retests with Guide Specification requirements
Mifl Plate Thickness | Location Retost Repiicats Sct
1 _ 2 3 4 5 6 7
1 26 2 c 13 | 123 nt nt nt. nt nt
H 1 26 2 J nt nt nt nt nt
Il
f{ 2 17 2 c 1,23 nt n.t. nt nt
ff 2 17 2 G 3 12 1,2 1|
u 2 19 2 c 1,2 12 nt nt nt nt u
2 19 2 G 13 12 13 | nt n.t nt nt
2 18 2 C 9 sets tested — All meet specification
2 18 2 G 9 sets tested — All meet specification
2 22 2 A 3
2 22 2 o] 3 23 3
| 22 2 F
K 22 2 G 23 3
== =4
nt = Notests
Failure Criteria: - Location average < required average

3. Systematic variability of the fracture toughness along the
length and/or width of a plate is not accounted for by a random

sampling plan.

4. Examination of a fractured plate in an in-service fracture-
critical member revealed that the toughness was sufficiently

1
2 -  Two or more specimens < required average
3 -  One or more specimens < 2/3 of required average

substandard that the material should not have been qualified for
service. y
5. There is an absence of a clear statistical understanding of
the relationship between the acceptance criteria and the desired
quality level (15 ft-1bs).



Therefore, an alternative quality assurance plan is proposed.
The recommended plan is intended to ensure an acceptable level
of performance in nonredundant fracture-critical bridge plate.
To ensure acceptable performance, two distinct approaches are
possible for any specification: a method specification that con-
trols the manufacturing processes or an end-result specification
that monitors the actual fracture toughness (4). The AASHTO
Guide Specification is an end-result specification.

End-result specifications assess the fracture toughness di-
rectly while method specifications attempt indirectly to ensure
adequate fracture toughness by monitoring the influencing pro-
duction parameters. The end-result specification requires moni-
toring of the product—usually by performing acceptance
tests—allowing the producer complete freedom in achieving
adequate fracture toughness by whatever methods are techni-
cally and economically feasible. An end-result specification also
provides a more direct and quantitative evaluation of the plate
quality. For these reasons, an end-result specification is
recommended.

The necessary components of an end-result specification are
the type and method of quality testing to be used, the number
of tests to be performed (the sample size), the frequency of the
testing (the lot size), the procedures followed for obtaining the
test specimens (the sampling plan), any required processing of
the test data, the limits imposed on the test data (acceptance
criteria), and the actions to be taken if the acceptance criteria
are not met (retest provisions) (6).

The type and method of testing must produce both accurate
and precise results without unreasonable difficulty or economic
costs. The precision of any test method is proportional to the
square root of the number of tests performed. Because the num-
ber of tests required directly influences the economic cost, it is
possible that a less precise and less expensive test method with
a greater sample size is favored over a more precise but more
costly test method; the increased number of tests offsets the
lower precision.

The AASHTO Guide Specification requires Charpy V-notch
specimens to be manufactured and tested in accordance with
ASTM A370, A673, and E23 specifications (7, 8§, 9). This is
accepted as a sufficiently accurate and precise test method given
its economic costs (/0). Therefore, other test methods of de-
termining fracture toughness were not evaluated.

The test temperature of the CVN specimens is a variable of
the test method. Barsom and the Lehigh University data have
shown that a fracture toughness of 15 ft-lbs is sufficient. Be-
cause of the transition curves of steel, lowering the test tempera-
ture would be conservative. However, the degree of safety de-
pends on the shape of the tramsition curve, which may be
different for each plate. The transition curves and tramnsition
temperatures developed from the UT data vary from plate to
plate; therefore, a consistent factor of safety cannot be ensured
by decreasing the test temperature. Also, the increase in the
tolerable crack size was found not to be significant in the Lehigh
tests for a 20°F reduction in test temperature. For these reasons,
it is recommended that the test temperature not be used as a
variable to provide a factor of safety in the specification. The
test temperature should remain at the temperature used in the
original AASHTO Guide Specification.

The lot size is chosen to segregate any differences in the
variables influencing the fracture toughness. Chapter 2 demon-
strated that the fracture toughness varied significantly from plate
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to plate, in both overall toughness (plate average) and variability
(plate standard deviation). Therefore, each plate should be de-
fined as a separate lot. The AASHTO Guide Specification uses
a “P” sampling frequency for fracture-critical plates, where the
“P” refers to each plate. The “P” sampling frequency is consis-
tent with the results of this study and is recommended in the
proposed specification.

The remaining variables to be defined are the sample size,
sampling procedure, computational requirements of the test data,
the acceptance criteria, and retest provisions. The type of quality
assurance plan will determine the relationship between the sam-
ple size and the acceptance criteria and the necessary computa-
tional procedures. The sampling plan must be designed to meet
the underlying assumptions of the statistics used to develop the
quality assurance plan.

Typically, quality assurance plans are based on the average
(central tendency), the standard deviation (dispersion), or com-
binations thereof, of the characteristic(s) being controlled, in
this case the CVN absorbed energy values. The AASHTO Guide
Specification directly controls only the central tendency of the
fracture toughness within a plate. The average of three speci-
mens is compared with an acceptance criterion. The guide speci-
fication indirectly takes into account the standard deviation by
imposing an acceptance criterion that is greater than the desired
quality level (15 ft-Ibs) and by the secondary retest criteria (2
or more values greater than required average and all values
greater than two-thirds the required average). However, an un-
derlying assumption of the guide specification is that the stan-
dard deviation does not vary significantly from plate to plate,
that it is essentially constant.

The analysis of the data in Chapter 2 shows that the standard
deviations of the plates do vary significantly. Figure 3.3 is a
histogram of the CVN values from two plates that have a plate
average toughness of approximately the guide specification ac-
ceptance criterion, 25 ft-lbs. The figure clearly shows the differ-
ence in dispersion of the two plates. Plate 17 is less desirable
than Plate 1, as it has a greater number of low-toughness CVN
absorbed energy values. However, the guide specification can-
not differentiate between the two plates. It is clear that both the
overall toughness and dispersion of the plate in question must
directly influence the plate acceptance criteria. The acceptance
criteria of a plate must be a function of its average and standard
deviation.

The central tendency and dispersion may be either previously
known or unknown. Known averages, ., and standard devia-
tions, o, are called population values, while unknown averages,
X, and deviations, s, are calculated from the test data and are
called sample estimates. Because the true average toughness
and standard deviation of each plate is not known, the quality
assurance plan must use sample estimates of these values.

3.3.1 Description of a Percent Defective Plan

The following discussions are based largely on the work by
Weed (II). Percent defective specifications are also docu-
mented in AASHTO R9-86, “Acceptance Sampling Plans for
Highway Construction” (12). A variable percent defective qual-
ity assurance plan (or its complement, percent within limits)
determines the necessary acceptance criterion for a given sample
size to ensure with a known probability that a given percentage
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Figure 3.3. Two plates with averages close to the AASHTO acceptance criterion.

of the parent population (the percent defective) does not exceed
a Jower or an upper limit or a combination of the two. Accep-
tance is based on both the average and standard deviation. These
values may be sample estimates if the statistics are based on a
symmetrical beta distribution (J3). Weed reports that similar
plans have been implemented in Military Standard 414, the gov-
erning specification for procurement of all materials by the U.S.
government, and ACI 214, the code describing the statistical
evaluation of the compressive strength of concrete cylinders.

The percent defective plan recommended in this study offers
three significant advantages over other quality assurance plans
(5, 11); a quantitative evaluation of the plate quality is possible
rather than a simple accept/reject decision, an inherent incentive
for manufacturers to produce a more homogeneous (lower stan-
_dard deviation) plate with a higher toughness, and a prior knowl-
" edge of the risks to both the producer and consumer. The first
advantage is useful to the producer, providing evaluation and
feedback of the production methods. A higher toughness plate
with less variation resulting in a safer, more reliable bridge
design is desirable to the bridge engineer. Prior knowledge of
the risks is valuable to all interested parties.

3.3.2 Theory

The population of fracture toughness within a plate is as-
sumed to be normally distributed with an average . and a stan-
dard deviation . A lower limit L is defined, corresponding with
a fracture toughness that is known to affect the desired overall
performance. For any given plate and its distribution of fracture
toughness, there is an unknown percentage of the distribution
falling below the lower limit Z, called the true percent defective.
Figure 3.4 illustrates the true percent defective of a normal
distribution. The smaller the standard deviation o and the greater
the difference between the population average p and the lower
limit L, the smaller the true percent defective will be.

Frequency

: Hormal Distribution
Lower Limit L

True % /
Datective < H
N -.

CVN Absorbed Energy (ft-Ibs)

Figure 3.4. Distribution of the parent population.

Engineering judgment determines an acceptable percent de-
fective, recognizing that the material is inherently variable and
that a small percentage of defective material, called the accept-
able quality level (AQL), is acceptable. It is desired to use
material with a true percent defective less than the AQL. How-
ever, the true percent defective of a plate is unknown and must
be estimated. The percent defective quality assurance plan esti-
mates the percent defective by applying statistical probability
concepts to the sample average and standard deviation of a
random sample of size n.

Similar to the parent population, the sample has a distribution
defined by its sample average * and sample standard deviation
5. The sample distribution also has a percentage of defective
material falling below the lower limit L. The sample percent
defective is an estimate of the true (population) percent defective
and is called the estimated percent defective. Figure 3.5 illus-
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Figure 3.5. Distribution of the sample population.

trates the estimated percent defective of a sample distribution.
Unfortunately, the estimated percent defective cannot be com-
pared directly with the acceptable percent defective (AQL) be-
cause of the additional variability of the sample distribution
from sampling and testing.

The estimated percent defective may be greater or less than
the true percent defective, even though the sample was taken
from the parent population. This may be further explained by
an example. If a population has a true percent defective of 10
percent, it is possible for a random sample to contain a higher
amount of the defective material, possibly 15 percent, or a lower
amount of defective material, possibly 5 percent. However, it is
highly unlikely that the estimated percent defective could be as
high as 60 percent. Therefore an allowable estimated percent
defective, sometimes denoted by M, must be determined based
on some defined risks.

Given a distribution defined by its average and standard devi-
ation, it is a relatively easy computation to determine the percent

defective that falls below a lower quality limit-L, if the distribu- - -

tion is normal. However, since it is necessary to use estimates
of both the average and standard deviation, a symmetrical beta
distribution is required to describe the random sample (I3).
Fortunately, the method for determining a sample estimated per-
cent defective is simplified by the use of tables presented in
Appendix C of AASHTO R9-86. The sample estimated percent
defective is compared to the allowable estimated percent defec-
tive, which is based on the sample size n and the AQL. The
allowable estimated percent defective is the acceptance
criterion.

The sample estimated percent defective is determined by first
computing the sample quality index Q from Equation 3.1. Using
the tables in Appendix C of AASHTO R9-86, the estimated per-
cent defective corresponding to the sample quality index is de-
termined for the given sample size n. This estimated percent
defective is compared to the allowable estimated percent defec-
tive. The estimated percent defective must be less than or equal
to the allowable estimated percent defective.

It is also possible to describe the acceptance criterion in terms
of the required or critical quality index, sometimes called the
acceptance constant and

" mended critical quality index is described.
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symbolized with a k, because there is a corresponding quality
index for any percent defective, given a sample size n. The
sampled quality index must be greater than or equal to the criti-
cal quality index. These requirements are shown in Equation
3.2. Thus, higher sample quality indices are more desirable. The
producer can achieve this by raising the average toughness of
the product, reducing the variation of the fracture toughness
(standard deviation), or a combination of both. The inherent
motivation to produce a tougher, more homogeneous plate is
considered advantageous to the bridge engineer and to the gen-
eral public.

Percent Defective yiacqa S Percent Defective, e 32)
Qsampted = Leritical

A specification may use either a critical quality index or an
allowable estimated percent defective; they are identical accep-
tance criteria. However, if only the allowable estimated percent
defective is specified, the manufacturer must use the tables in
Appendix C of AASHTO R9-86 to determine the estimated per-
cent defective from the sample quality index. If a critical quality
index is used, the tables are not necessary. For this reason, it is
recommended that the critical quality index be specified.

3.4 DEVELOPMENT OF THE SPECIFICATION

Using a percent defective plan, a critical quality index and
the cormresponding allowable estimated percent defective are
uniquely defined by specifying any two of the following vari-
ables: the sample size n, the allowable quality level (AQL) and
the associated producer’s risk (o), or the rejectable quality level
(RQL) and the associated consumer’s risk (B). This section de-
fines these variables and the recommended acceptance criterion.
The relationship between the true percent defective of a plate
and the probability of acceptmg that plate usmg the Tecom-

3.4.1 Assumptions of Normality and Random
Sampling

Before the specification is developed, it is necessary to ensure
that the assumptions of the percent defective plan are met. It
assumes that the population of the characteristic being evaluated
(CVN absorbed energy) is normally distributed and that a ran-
dom sampling procedure is followed for obtaining the test
samples.

There are various methods of checking the assumption of
normality for any distribution (graphical means including plot-
ting the cumulative frequency curve on probability paper, a chi-
square goodness of fit test, and comparisons of the skewness
and kurtosis parameters). For simplicity, a graphical approach
is used in this study. The data from the 2-in. plates were used
because they contained data from all four mills and equal num-
bers of as-rolled and normalized plates.

It was desired to combine the populations of CVN values
from the 2 test temperatures and the 16 different 2-in. plates.
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Figure 3.6. Demonstration of normality.

The effects of test temperature and plate average toughness and
standard deviation were eliminated by computing the z-statistic
for each individual CVN value, using Equation 3.3, where the
individual CVN value is normalized by both its plate average
toughness and standard deviation.

x—-x,

P
Sp[

(3.3)

Zgtatistic =

Using the 16 two-in. plates and both test temperatures, 864
z-statistics were computed. These are plotted in a histogram and
compared with a standard normal distribution in Figure 3.6. The
distribution of fracture toughness is represented by the vertical
bars. The curve depicts the standard normal distribution, a nor-
mal distribution with an average of 0 and a standard deviation
of 1. The agreement between the theoretical normal curve and
the test data is sufficient to satisfy the requirements of normality.

Random sampling is satisfied if there is an equal probability
of obtaining a test sample from any location within the lot being
sampled. For a rolled steel plate it is impossible to ensure theo-
retical random sampling because the plate is no longer com-
pletely functional if a sample has been removed from its center.
The only area available for sampling is the cropped material
outside the plate’s finished dimensions. Several locations within
the cropped material can be sampled; however, the cost of test-
ing increases with each additional location sampled. In addition,
the total cost of testing depends more on the number of locations
than on the number of samples; testing 10 specimens from each
of two locations may be cheaper than and as effective as testing
5 specimens from each of four different locations. The sampling
plan defines the number of locations to be sampled and where
they are located.

The analysis of variability in Chapter 2 concluded that loca-
tion is significant for the as-rolled plates, and, in general, not
significant for the normalized plates. For normalized plates, ran-
dom sampling can be satisfied by sampling a single location
because the samples from that location are representative of the
entire plate. To simplify the specification and respond to a sur-
vey of the project panel, the sampling of normalized plates has
been made identical to that of as-rolled plates in the recom-
mended specification. The variation in toughness from location

Table 3.4. Recommended values of lower limit (L)

Guide Specification Lower Limit
Required Average L
ft-lbs ft-lbs
25 15
30 18
35 21
45 27

to location within the as-rolled plates requires that multiple loca-
tions be sampled. Because of the prohibitive cost of sampling
several locations, two locations are recommended for sampling.

Sampled locations must be taken from the cropped material
to maintain the plate’s integrity. The sampled locations should
be adjacent to the finished dimensions of the plate in accordance
with ASTM A673. Two locations are required; one location
from each end must be sampled. Requiring both ends of the
plates to be sampled will ensure that any variation in the fracture
toughness along the plate length is represented in the test sam-
ple. The smaller variation across the width, which was found to
be significant in six plates in the analysis in Chapter 2, is not
accounted for in the recommended sampling plan. The variation
across the width of the plates was much less than the variation
along the length. It is possible to require sampling of locations
from diagonally opposite comers of the as-rolled plates; how-
ever, it was judged unnecessary.

3.4.2 The Lower Limit L

The lower limit L is used in the calculation of a sample
quality index. It defines the CVN absorbed energy associated
with a difference in the performance of the plate. Material with
absorbed energy values below the lower limit is described as
defective. As discussed previously, a 15 ft-Ibs lower limit (at
+10°F) of the fracture toughness corresponds with nonplane
strain behavior and an adequate stable crack size. Fifteen ft-1bs
is the recommended lower limit for material required to have
an average toughness of 25 ft-1bs in the guide specification. The
value of L for thicker or higher-strength material can be calcu-
lated by multiplying the guide specification values by 15/25
(0.6). The recommended values of L are given in Table 3.4.

3.4.3 The Acceptable and Rejectable Quality
Levels

The acceptable and rejectable quality levels are the values of
percent defective below the lower limit L. associated with mate-
rial of acceptably good performance and unacceptably poor per-
formance, respectively. The acceptance criteria should result in
a high probability of acceptance for material with a percent
defective below the AQL and a low probability of acceptance
for material with a percent defective above the RQL.
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Figure 3.7. Distribution of the sample estimated percent defective.

The AQL and RQL are normally established at 2 percent and
20 percent defective, respectively. By specifying an AQL
greater than O percent, it is recognized that the material is truly
variable and that a small percentage of material below the lower
limit L is acceptable. (If an AQL of O percent defective were
desired, only material with no variability could be accepted.)

3.4.4 Consumer's and Producer’s Risks

The consumer’s risk (beta error) is the probability of ac-
cepting a rejectable plate as defined by the RQL. It is the risk
that the consumer will receive a poor quality plate. The produc-
er’s risk (alpha error) is the probability of rejecting an acceptable
plate as defined by the AQL. It is the risk that the producer will
have to scrap a good plate. For a given sample size, increasing
one risk will cause a decrease of the other; they are inversely

related. Increasing the- sample” size - simultaneously” decreases™

both risks. The risks need to be reasonably low without requiring
too large and costly a sample size.

Specifying the producer’s risk and AQL for a given sample
size yields the allowable estimated percent defective and its
associated critical quality index. Figure 3.7 shows the distribu-
tion of the estimated percent defective values, corresponding to
an infinite number of acceptance tests of a given sample size
(14). The producer’s risk is equal to the area under the distribu-
tion’s upper tail.

The figure also shows the average of the distribution, which
corresponds exactly with the true percent defective. Although
any single estimated percent defective is unlikely to match the
true percent defective, on the average the acceptance tests will
predict the true percent defective. This ensures a fair and accu-
rate evaluation of the plates in the long run.

The consumer’s risk is determined from a statistical analysis
based on the noncentral t distribution. The beta error is best
depicted by an operating characteristic curve, described below.
The specification recommendations were developed with the
goal of achieving a consumer’s risk of 10 percent or less based
on an RQL of 20 percent defective.
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3.4.5 Sample Size

The sample size must meet a balance between adequate preci-
sion and feasible economic cost. Increasing the sample size is
the only way of simultaneously decreasing the alpha and beta
errors. Therefore, the sample size should be as large as possible
without being too costly. The AASHTO guide specification re-
quires three CVN tests and the interim specification requires six
samples. A range of three to ten specimens per plate is consid-
ered economically feasible. An even sample size will allow an
equal number of specimens at each of the two locations required
for the as-rolled plates. A total sample size of six, three at each
end of the plate, was found to provide an adequate balance of
the errors.

3.4.6 The Critical Quality Index

The critical quality index is determined by using the pre-
viously discussed concepts of statistical probability for a given
sample size, AQL, and alpha error. The statistical analysis was
aided by the use of a computer program developed by Barros
(14). The program is quite capable, offering several statistical
analysis options related to the development of percent-defective
specifications. It computes the allowable estimated percent de-
fective and critical quality index for any specified sample size
and combination of AQL and producer’s risk. The program also
produces the corresponding operating characteristic curve de-
scribing the consumer’s risk.

The following observations were made while developing the
recommended specification. Increasing the sample size produces
lower risks, increases the cost of testing, and results in a higher
critical quality index. The higher critical quality index is associ-
ated with the increased precision of a larger sample size. If
the sample size is maintained and the producer’s risk increased
corresponding with a decreased consumer’s risk, the critical
quality index increases.

Using the AQL of 2 percent defective and the goals of a

“sample size of Iess than T0 with a consumer™s risk of approxi- ~

mately 0.10, combinations were iteratively tested until the de-
sired specification results were achieved. This resulted in an
economical sample size of n = 6 and producer’s and consumer’s
risks of 30 percent and 10 percent, respectively. The critical
quality index was found to be 1.80 with an associated allowable
estimated percent defective of 1.01 percent. Two locations, at
opposite ends of the plate, are required for testing with three
specimens from each location.

3.4.7 Operating Characteristic Curves

The operating characteristic (0.C.) curve is the best descrip-
tion of the theoretical performance of the recommended sample
size and critical quality index. Any combination of sample size
and critical quality index defines a unique O.C. curve. It is
independent of the lower limit L. The true percent defective is
plotted on the horizontal axis against the probability of accep-
tance on the vertical axis. The curve shows the relationship
between any possible percent defective and the probability of
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Figure 3.8. Operating characteristic curve.

acceptance. Figure 3.8 shows the O.C. curve for the recom-
mended specification. The AQL and RQL are identified on the
horizontal axis. Since the alpha error is the probability of rejec-
tion, its complement, 1-alpha, and the beta error are shown on
the vertical axis. The O.C. curve was determined using Barros’s
program.

The ideal O.C. curve is a vertical line at the AQL, with a 0
percent probability of accepting plates with percent defective
greater than the AQL and a 100 percent probability of accepting
plates with percent defective less than the AQL. (In this situa-
tion, the RQL is equal to the AQL.) However, the ideal curve
is achievable only by sampling the entire population. The vari-
ability associated with a random sample and estimating the per-
cent defective of the parent population using a sample of size

n requires some risks of accepting rejectable plates, rejecting
acceptable plates, and varying probabilities of acceptance in an
intermediate zone of nominal quality between the AQL and
RQL.

The influence of the sample size and the alpha and beta errors
on the O.C. curve is easily described. The steepness of the curve
is a function of the sample size: the larger the number of sam-
ples, the steeper the curve. Increasing the producer’s risk shifts
the curve to the left, resulting in a decreased consumer’s risk.

3.5 EVALUATION OF RECOMMENDED
SPECIFICATION REQUIREMENTS

The acceptance criterion of a critical quality index of 1.80
was applied to the 44 plates of this study. The CVN data from
the nine University of Texas (UT) test locations, the original
mill tests, and the retests by the mills were used in simulations
to evaluate the recommended specification. All data used in the
evaluation were from tests at the specification test temperature.
Equation 3.4 gives the recommended acceptance criterion. The
recommended lower limit L. of 15 ft-Ibs for 1- and 2-in. plate
and 18 ft-Ibs for the 4-in. plate was used in the simulation. The
purpose of this simulation study was to determine the ability of
the specification to screen the plates and to compare the theoreti-
cal operating characteristics of the specification with actual
test data.

G-1L)
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3.5.1 UT Data Simulation

Three samples from each end of the plate are required in the
recommended specification. Since the University of Texas CVN

Table 3.5. Application of the recommended acceptance criteria to the UT test data

Plate Mill Thickness Sh- = Q Mill P:;aeblgzc:f
No. in, Average Std. Dev. M. Percent |Probability of| Tests i lgetcsts
ft-lbs Defect. | Acceptance

13 2 1 732 22.8 213 0 92 2.84

5 1 1 67.6 21.0 359 0 92 5.61

2 1 1 584 19.9 283 0 .86 3.74

9 2 1 67.1 21.6 19.8 0 .83 1473

19 2 2 320 9.8 12.0 37 74 322 19

3 1 1 57.1 19.5 12.7 3.7 72 3.74

14 2 1 574 232 11.1 74 58 3.11

31 1 2 41.0 15.6 8.6 74 .56 2.05

4 3 1 1034 513 10.5 37 56 3.07

18 2 2 41.0 15.7 6.1 148 42 426 0,1.00

32 1 2 46.6 282 11.8 14.8 28 1.88

26 1 2 377 22.1 43 222 19 378

17 2 2 23.7 9.8 17 222 17 3.61 53

25 1 2 332 16.0 10.6 14 17 2713

22 2 2 353 185 7.6 14.8 .08 2385 A7
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Figure 3.9. Probability of rejection versus average plate
toughness.

tests provide data for three specimens at nine different locations
per plate, 36 combinations of any two UT test locations were
evaluated as possible test samples from each of the plates. This
simulates checking the plate 36 times with respect to the specifi-
cation. The quality index was determined for each of the 36
combinations using Equation 3.1. The fraction of the 36 combi-
nations that met or exceeded the acceptance criterion is listed
as the plate’s probability of acceptance in Table 3.5. Only the
plates which produced a probability of acceptance less than 1
are shown in Table 3.5. The percentage of failures (1 — the
probability of acceptance) is listed in the last column of Table
2.1 for all plates. The 15 plates listed in Table 3.5 are the
only plates that might be rejected using the UT data and the
recommended specification provisions. The percent defective
values listed in the table are the percentage of the 27 specimens
tested by UT with a value less than L. Because all the plates

. listed in Table:3.5-are 2-in: or less, the value of-E is 15-ft-lbs. -

The plates in Table 3.5 are listed in descending order of
probability of acceptance. Plates at the top of the list have the
highest probability of meeting the specification. The average
toughness, standard deviation, and minimum value of the 27 UT
tests are listed for comparison. Plates with a low probability of
acceptance have either a low average toughness coupled with a
standard deviation of about 20 ft-1bs or a high average toughness
with a large standard deviation. The influence of the average
toughness upon the probability of rejection of all 44 plots is
shown in Figure 3.9. A trend of increasing probability of rejec-
tion with lower average toughness is evident in the figure. The
trend of the data indicates that an average toughness of 25 ft-
Ibs will result in a probability of 1 for the rejection of a plate.
Plate 1 with an average of 27.1 and an extremely small standard
deviation of 2.8 ft-Ibs is the only exception to the trend. Note
also in Table 3.5 that plates with no test values less than 15 ft-
Ibs (Plates 13, 5, 2, and 9) have a probability of acceptance less
than 1. This indicates a slight penalty to the supplier that an
adequate plate based on this simulation might be rejected by
the proposed specification. The greatest risk to the supplier is
17 percent for these four plates.
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Figure 3.10. Comparison of simulation results with operating
characteristic curve.

Figure 3.10 shows the theoretical operating curve for the rec-
ommended specification along with the results of the simulation
using the UT results from Table 3.5. The agreement between
the theory and the simulation was judged to be reasonable. Sim-
ulation points above the theoretical curve indicate that the speci-
fication is unconservative. A larger sample in the simulation
would be expected to improve the agreement. Rolling practices
that produce a plate with a probability of acceptance less than
80 percent would probably not be employed by a mill because
of the slim 20 percent chance that the plate would meet the
specification.

3.5.2 Mill Data Simulation

- = The @ values-for the six results reported by the milts-are- =

listed in Table 3.5 for the plates that had a probability of accep-
tance less than 1 based on the UT tests. The calculated Q values
exceed 1.8. Therefore, all the plates would be accepted based
on these original mill tests. Plate 32 had the lowest Q value
whereas Plate 9 had the largest. The large Q value for Plate 9
was due to an extremely small standard deviation of 5 ft-Ibs.

The Q values greater than 1.8 in Table 3.5 are not unexpected.
The mill tests produced consistently higher values than UT tests.
Tests at Mills 1 and 2, particularly Mill 2, produced the largest
number of values outside the expected range. All the plates
except one listed in Table 3.5 are from these two mills.

The retest results were used to perform an additional set of
simulations. The probability of acceptance based on these addi-
tional simulations is listed in the last column of Table 3.5. The
retests of Plate 26 by Mill 1 produced a probability of accep-
tance of 0. All four sets of test data did not meet the recom-
mended requirement. The original mill data which produced a
Q value of 3.78 had a sampling error.

The retests done by Mill 2 indicated a probability of rejection
for all the plates. The retests of Plate 18 were done at the mill
test laboratory and the research laboratory of Mill 2. An analysis
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Table 3.6. Summary of review comments data

End 1 End 2 Both Ends o -
Mill mci:fess Steel Average standard - Sta.ndatd Beemcs Standard Spe::l.1 .:vg. Valu::In
filb Deviation P Deviation f1b Deviation ft-1b ft-1b
ft-Ib ft-Ib ft-1b

A 2.75 A36 152.7 93.0 89.3 25.7 121.0 70.2 25 60
A 0.375 A36 117.3 21.8 33.0 2.0 75.2 48.2 25 31
A 0.375 A36 142.7 21.2 29.0 3.6 85.8 63.7 25 25
A 0.375 A36 46.7 4.0 163.3 10.5 105.0 64.3 25 42
A 0.5 A36 4.3 28.0 130.7 61.2 87.5 63.6 25 20
A 0.6875 | A36 100.0 13.0 40.0 9.6 70.0 34.4 25 33
A 1.375 A36 48.0 18.7 67.3 333 57.7 26.4 25 30
A 1.5 A36 29.3 14.0 98.3 107.3 63.8 78.2 25 17
A 2.5 A36 65.0 29.1 57.0 27.9 61.0 25.8 25 25
A 0.3125 | A572 29.7 0.6 91.7 35 60.7 34.0 25 29
A 0.75 A572 | 186.0 18.5 72.0 10.8 129.0 63.9 25 60
A 0.75 A572 333 7.8 47.7 17.0 40.5 14.2 25 27
A i A572 36.7 14.2 122.3 24.2 79.5 50.2 25 24
A 1.125 A572 46.3 7.6 60.0 37.4 53.2 25.3 25 35
A 2 A572 56.7 7.6 25.7 5.1 41.2 17.9 25 20
A 2.125 A572 | 120.0 35.0 65.0 36.1 92.5 43.8 30 25
A 225 AS72 89.7 13.7 34.7 2.1 62.2 31.4 30 33
A 2 A572 | 115.0 8.7 45.0 6.2 80.0 38.9 25 38
A 2.5 A572 | 166.7 15.3 40.0 5.0 103.3 70.1 30 35
A 0.5 A588 88.7 19.8 220.0 74.5 154.3 86.9 25 71
A 0.5 A588 | 160.3 79.9 62.7 13.5 111.5 74.1 25 49
A 0.5 A588 | 169.7 121.8 129.3 102.4 149.5 103.0 25 29
A 0.5625 | AS588 353 17.1 119.3 17.9 71.3 48.6 25 24
A 0.625 A588 | 198.0 721 61.3 49.1 129.7 93.2 25 33
A 0.625 A588 | 142.7 36.7 67.0 32.9 104.8 51.9 25 48
A 0.625 A588 | 156.7 22,0 58.0 334 107.3 59.7 25 30
A 0.625 A588 | 180.3 103.3 108.7 45.4 144.5 81.5 25 61
A 0.75 A588 62.7 21.1 227.0 8.9 144.8 91.2 25 45
A 1 A588 | 106.0 76.4 74.7 55.3 90.3 62.1 25 18
A 1.125 A588 63.3 9.0 207.7 56.0 135.5 86.8 25 54
A 1.125 A588 79.0 2.6 26.0 1.0 52.5 29.1 25 25
A 1.25 A588 28.3 3.5 100.7 10.1 64.5 40.2 25 25
A 1.375 AS588 | 113.0 252 50.7 34.2 81.8 434 25 21
A 1.375 AS588 42.0 18.4 103.3 14.4 72.7 36.7 25 21
A 1.5 A588 353 16.2 49.3 14.0 4.3 15.6 25 25
A 1.5 AS588 28.7 2.1 62.3 30.6 45.5 26.7 25 27
A 1.5 A588 48.7 13.1 133.3 4.2 91.0 47.2 25 35
A 25 A588 | 172.3 21.6 61.7 32.1 117.0 65.4 30 37
A 2.5 A588 | 116.7 12.7 49.3 12 83.0 37.8 30 48
A 2.75 AS588 69.3 5.9 248.0 21.7 158.7 99.5 3 30 65
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End 1 End 2 Both Ends
' Thickness Guide Minimum
Mill in, Steel Average Stmfdgrd Average Stagda'.ml Average Stadea.rd Spec. Avg. e
fe1b Deviation filb Deviation fe1b Deviation ft-1b ft-1b
ft-Ib ft-Ib ft-1b
B 1.5 A572 36.0 9.5 34.7 15.2 35.3 11.4 25 21
B 2.75 A572 313 2.1 66.3 57 43.8 19.5 30 29
B 0.5 A572 | 238.7 25.8 86.3 1.5 162.5 85.0 25 85
B 0.5 A572 75.3 13.6 219.0 36.8 147.2 82.5 25 61
B 1 A572 51.7 6.5 26.7 4,2 39.2 14.5 25 22
B 0.5 A572 | 126.7 9.9 43.3 29.2 85.0 49.6 25 26
B 0.5 A572 | 104.7 8.1 4.0 12.2 74.3 34.5 25 30
B 0.5 AS572 36.0 9.2 93.3 11.4 64.7 32.7 25 26
B 2.75 AS572 42.0 4.0 24.7 8.1 33.3 11.1 30 20
B 2.75 A572 30.0 0.0 65.7 2.1 47.8 19.6 30 30
B 2.75 A572 23.3 4.2 42.0 2.0 327 10.6 30 20
B 1.3125 | A572 67.7 25.1 18.7 1.2 43.2 312 25 18
B 1.3125 | A572 | 111.3 16.0 27.0 1.7 69.2 47.3 25 25
B 13125 | A572 | 132.7 14.7 34.7 2.1 83.7 54.5 25 33
B 1.3125 | A572 | 139.7 5.9 42.3 18.9 91.0 54.8 25 26
B 1 A572 66.0 38.9 148.7 22.1 107.3 53.4 25 36
B 1 AS572 66.0 38.9 50.3 25.5 58.2 30.7 25 25
B 2.75 A572 48.0 25.6 71.3 19.1 59.7 239 30 24
B 2.75 A572 317 4.5 33.7 13.5 32.7 9.1 30 20
B 2,75 A572 64.7 17.2 30.7 5.5 47.7 21.9 25 25
B 2 A572 347 18.6 60.0 44 473 184 25 22
B 1.625 A572 89.0 19.9 41.7 8.3 65.3 29.3 25 35
B 2 A572 52.7 27.0 32.3 84 42.5 21.0 25 27
B 1.5 A572 27.7 7.1 93.7 12.7 60.7 37.3 25 20
B 2 A572 | 124.0 6.9 25.7 14.2 74.8 54.8 25 17
B 2 AS572 49.0 13.9 50.0 27.1 49.5 19.2 25 24
B 0.625 A572 25.3 2.1 91.3 14.7 58.3 37.4 25 23
B 2.5 AS572 | 125.7 40.2 62.0 11.8 93.8 43.8 30 52
B 2 A572 93.3 52.8 68.3 19.6 80.8 38.2 25 36
B 2 A572 48.0 6.1 126.7 84 87.3 43.6 25 41
B 0.625 A588 20.0 1.7 3.53 31 27.7 8.7 25 19
B 0.5 A588 | 261.7 1.5 85.7 8.7 173.7 96.6 25 76
B 0.4375 | A588 43.3 11.5 113.3 12.1 78.3 39.8 25 30
B 1 A588 | 260.0 1.0 64.0 35 162.0 107.4 25 60
B 0.4375 | A588 20.7 55 86.0 4.0 53.3 36.0 25 17
B 0.4375 | A588 45.0 20.1 118.0 4.0 81.5 42.0 25 26
B 0.5625 | A588 | 242.7 9.3 80.7 6.7 161.7 89.0 25 75
B 1.75 A588 40.0 19.1 43,7 14.5 41.8 15.3 25 20
B 1.25 A588 59.3 21.2 53.7 32.6 56.5 24.8 25 27
B 2 A588 | 1120 43.2 52.3 5.9 82.2 42.8 25 48
B 1.25 A588 | 132.7 9.7 59.0 32.0 95.8 45.5 25 23
B 1.25 A588 | 130.7 11.4 59.0 32.0 94.8 4.7 25 23
B 3 AS88 60.7 40.2 65.7 114 63.2 26.5 30 36
s ——— — —
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Table 3.6. Summary of review comments data (continued)

End 1 End 2 Both Ends_
. Thickness (Guice Minimum
Mill in. Steel Average St:m.da‘ni Average SM Average smn.da.rd Spec. Avg. Value
ftib Deviation f1b Deviation ftib Deviation ft-1b ft-Ib
ft-1b ft-Ib ft-1b
B 0.5625 | A588 | 101.3 16.8 39.3 13.3 70.3 36.6 25 28
B 0.5625 | A588 | 170.0 15.9 67.0 21.0 118.5 58.8 25 49
B 0.5625 | A588 80.7 20.0 41.3 10.3 61.0 25.8 25 30
B 0.5625 | AS88 46.3 24.8 71.0 28.5 58.7 27.5 25 32
B 0.5625 | A588 55.3 12.2 136.7 11.4 96.0 45.8 25 42
B 0.5625 | A588 29.3 4.2 128.7 1.2 79.0 54.5 25 26
B 0.5625 | AS88 30.0 35 447 17.6 37.3 13.9 25 25
B 0.5625 | A588 33.3 5.8 437 19.1 38.5 13.9 25 28
C 0.625 A572 | 156.3 11.7 6.13 25.7 108.8 55.0 25 46
C 1.375 A572 48.0 53 124.3 242 86.2 4.7 25 44
o 0.75 A6 121.7 45.1 72.3 61.4 97.0 55.2 25 32
C 0.5 A36 100.7 37.3 54.0 37.0 77.3 419 25 26
C 0.875 A36 74.3 46.0 51.7 6.7 63.0 31.9 25 38
C 2.75 A572 | 1923 28.9 64.0 39.5 128.2 76.8 30 24

of the data indicated a significant difference between the tests
performed at the two locations. The two probabilities listed in
Table 3.5 for Plate 18 are for each set of test data taken sepa-
rately. All the simulations using the research laboratory data
failed to meet the recommended specification requirement. All
the mill test laboratory simulations met the specification. The
remainder of the retest data from other Mill 2 plates produced
results in reasonable agreement with the simulations using the
UT. Since the mill retests did not encompass all nine locations
but only selected locations, the difference between the retests
and UT simulations is expected. The original mill tests by Mill
2 appear to be in error and to have positive bias.

3.6 ANALYSIS OF INDUSTRY DATA

In the review comments of the draft final report, the reseach-
ers received data from 98 plates that did not satisfy the require-
ments presented in the previous section. The data came from
three steel mills. A36, A572 Gr. 50, and A588 steel data were
included. Plates for fracture-critical and nonfracture-critical
components were included in the database. The plates were
tested at each end. A summary of the tests results reported on
these plates is given in Table 3.6.

None of the plates satisfied the requirements of the previous
section. Four of the plates did not meet the original guide speci-
fication at one end. The average toughness of many of these
plates was above 100 ft-lbs. Consequently, it appeared that the
proposed specification based on the average toughness and stan-
dard deviation of the results of both ends of the plate was unduly
conservative. Most of the plates had very large standard devia-
tions and significant differences between the toughness of the
two ends. The large difference in toughness between the two
ends produced the large standard deviation. Figure 3.11 shows
a histogram of the tests from these plates. The energy value of

each result divided by the average of all the results for the plate
is plotted on the abscissa. The histogram has two distinct peaks,
at approximately 0.5 and 1.5. This indicates that the values from
each end of the plate are not from the same population. The
quality index procedure assumes that the six test results are from
the same population. Many of the plates with high toughness
would pass the quality index criteria if the values at the high
end of the plate were halved. A specification that rejects plates
with high toughness but would accept them with lower tough-
ness is undesirable.

Various methods of formulating a specification that did not
reject desirable plates but also provided an operating curve simi-
lar to the quality index procedure were investigated. A simple
specification formulation was found to produce almost identical
results. Increasing the lower bound value of the specification
from 0.67 to 0.8 times the required average produced almost
the same results as the quality-index-based criteria and did not
reject the plates with high toughness in the industry database.
The required average used in the proposed specification is the
same as the average in the original guide specification.

Table 3.7 lists the plates in the industry database that would
not satisfy the proposed specification. Also listed in the table are
the results of applying the original guide specification criteria to
the data from both ends of the plates. Sixteen plates of the 98
would be rejected using the proposed specification. Only four
would be rejected by the original guide specification criteria.

The data from the plates tested as part of this research were
also analyzed to determine the relationship of the proposed spec-
ification with the specification formulated using a quality index,
O, of 1.8 Table 3.8 lists the plates that fail to meet the proposed
specification at one or more locations. The number of locations
that fail to meet the guide and the proposed specification are
listed. The last three columns list the probability of the plates
being rejected based on the test results from the nine locations
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Figure 3.12. Probability of rejecting a plate for proposed guides and quality index specifications.

sampled. The proposed specification produces results almost
identical to the quality index method. The probability of rejec-
tion using the proposed specification is on the average twice
that of the guide specification. The increase in the probability
of rejection relative to the guide specification occurs because of
testing at both ends as well as the increase in the lower limit
from 0.67 to 0.8. Figure 3.12 shows the probability of rejection
for these plates using the three specification formulations. The
agreement between the proposed and the more complex quality
assurance method is remarkable.

Based on the analysis of the data from the 98 plates tested
by the mills and the 44 plates tested as part of this study, a
lower limit to the test values in the specification equal to 0.8
times the required average provides a workable and fair specifi-
cation requirement. The user’s risk is almost the same as pro-
vided by a quality index of 1.8. The data supplied by the mills
reinforces the need to test both ends of the plates. The large
differences in toughness between the two ends of the plates rule
out specifications that require testing at only one end.
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Table 3.7. Review comments plates not meeting proposed specification

i Present
Standard Guide Minimum Specification Guide
Mill Thickness Steel Average Deviation Spec. Avg. Value (.8x Spec. Avg.) Specification
in. ft-Ib 1 ft-Ib ft-Ib ft-Ib
A 0.5 A36 875 | 63.6 25 20 FAIL
A 1.5 A36 63.8 78.2 25 17 FAIL
A 2 A572 41.2 17.9 25 20 FAIL
A 1 A588 90.3 62.1 25 18 FAIL
B 2.75 A572 33.3 11.1 30 20 FAIL FAIL
B 2.75 A5T72 327 10.6 30 20 FAIL FAIL
B 1.3125 A572 43.2 31.2 25 18 FAIL
B 2.75 A572 59.7 23.9 30 24 FAIL
B 2.75 AS572 32.7 9.1 30 20 FAIL
B 1.5 AS572 60.7 37.3 25 20 FAIL
B 2 AS572 74.8 54.8 25 17 FAIL
B 0.625 A588 277 8.7 25 19 FAIL FAIL
B 0.4375 AS588 53.3 36.0 25 17 FAIL FAIL
B 1.75 A588 41.8 15.3 25 20 FAIL
B 2.25 AS88 49.3 27.0 30 23 FAIL
C 2.75 A572 128.2 76.8 30 24 FAIL
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CHAPTER 4

CONCLUSIONS AND SUGGESTED RESEARCH

4.1 SUMMARY

The tests of the 44 plates included in the research showed
that the Charpy V-notch (CVN) test values varied at a particular
location and at the nine locations sampled. Plates that were
normalized after rolling had the smallest variability. The varia-
tion in the plate toughness was found to be essentially the same
for the two temperatures tested. The top-quarter and lower-quar-
ter thickness locations had the same toughness. The toughness
of the mid-thickness and quarter-thickness of the 4-in. plates,
which were all normalized, was the same.

Sixteen of the plates had significant variation in toughness
along their length. All the 98 plates in the industry database,
supplied as part of the review comments, exhibited significant
end-to-end toughness variation. The variation along the length
of the plates was significant only in the as-rolled plates, not in
the normalized plates.

The CVN tests performed at the mills compared reasonably
well with the test performed in the research. One plate was
sampled incorrectly by Mill 2. The large variability of Mill 3
plates caused a wide scatter in the test results by the mill. The
plates from Mill 3 that had the largest scatter have a high proba-
bility of rejection by the proposed specification.

The round-robin testing of the NIST steel specimens indicated
that the notching procedure used by Mill 1 did not produce
consistent notch geometry. Only the ground notches of Mill 3
met all the specification requirements. The notch and any testing
differences between the mills and University of Texas (UT)
produced a maximum average difference of 2 ft-lbs.

The CVN values at a particular location and at the test loca-
tions within the plates varied. Only one plate that had a low
average toughness of 27.1 ft-lbs exhibited uniform toughness
throughout the plate. The ratio between the largest test value
and the smallest test value of some of the plates exceeded 10.
This variation must be considered in the construction of the
specification and acknowledged in the interpretation of check
tests performed upon material. It is highly unlikely that a sample
taken from a plate will match the value reported in the mill test
report. The specification must ensure with reasonable certainty
that the testing and sampling performed by the mill will ensure
that the toughness anywhere in the plate is adequate for perform-
ance. The toughness level considered adequate is not the same
as the specification requirement. The specification requirement
must be higher to account for the variability in the material.

4.2 PROPOSED SPECIFICATION

The goal of the specification is to provide a risk of less than
10 percent that a rejectible plate is accepted with a 30 percent

risk that an acceptable plate is rejected. These risks are associ-
ated with an allowable estimated percent defective of 1.01 per-
cent. If three CVN specimens are taken from 200 locations from
a plate meeting this specification and the results of each location
are paired with one other, there is a 10 percent probability that
one of the pairs may have an average toughness less than the
required lower limit of acceptability. On the other hand, there
is a 30 percent risk that this plate may be rejected as a result
of the tests performed by the producer.

The lower limit of acceptable toughness selected for the speci-
fication was 0.6 of the guide specification average. For example,
for Grade 50 plates used in welded construction less than or
equal to 2, in. in thickness, the lower limit is 15 ft-lbs. This
level of toughness provides more than adequate toughness to
ensure that the stable fatigue crack length will exceed 2 in. in
length. Thicker plates or plates with higher strength have a
higher value of average toughness required and a correspond-
ingly higher lower limit to provide an equally stable crack size.

All the 98 plates in the industry database and many of the
as-rolled plates in this study exhibited significant end-to-end
variations in toughness. Testing at both ends of a plate must be
done to assess the toughness of these plates. The plates in the
industry database were for Zones 1, 2, and 3. As-rolled plates
are most likely to be supplied for Zones 1 and 2. Controlled
rolling is the most economical method of meeting the toughness
requirements at the higher test temperatures of Zones 1 and 2.
Consequently, it is recommended that testing at both ends of
the plates be reinstated into the AASHTO specification for all
temperature zones for as-rolled plates. Normalized plates need
only be tested at one end.

The specific recommendations for changes to the AASHTO
specification are these:

¢ Plates for fracture-critical members that are not normalized
are to be tested at both ends of the rolled plate. The testing shall
consist of three CVN specimens from each end, tested at the origi-
nal guide specification temperature. Plates normalized after rolling
are to be tested at one end only.

¢ The minimum value of the CVN tests must exceed the 0.8
average value required. The average of the three test results from
each sample must exceed the required average.

* Most of the footnotes should be removed from tables and
placed in the specification text.

The required averages and test temperatures recommended
are the same as the original AASHTO guide specification. The
recommended changes to the Guide Specifications for Fracture
Critical Non-Redundant Steel Bridge Members are given below.

Delete paragraph 7.1 and replace it with the following para-
graphs 7.1, 7.2, 7.3, and 7.4. In addition, replace the existing
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Table 4.1. Recommended changes to Table 7.1 of the AASHTO Guide Specifications for Fracture Critical Non-

Redundant Steel Bridge Members (see Reference 1)

AASHTO Minimum | Minimum
Test Temperature - F
M270 Connection Thickness Average | Test Value
(ASTM A709) Method inches Energy Energy
Grade flbs flbs Zone 1 Zone 2 Zone 3
36F Welded or to 4 in. inclusive 25 20 70° 40° 10°
Mechanically
Fastened
50F/50WF Mechanically | to 4 in. inclusive 25 20 70°(a) 40°(a) 10°(a)
Fastened
50F/50WF Welded to 2 in. inclusive 25 20 70°(a) 40°(a) 10°(a)
50F/50WF Welded over 2 to 4 in. 30 24 70°(a) 40°(a) 10°(a)
inclusive
T0WF Mechanically | to 4 in. inclusive 30 24 50°(b) 20°(b) -10°(b)
Fastened
T0WF Welded to 2-1/2 in. 30 24 50°(b) 20°(b) -10°(b)
inclusive
TOWF Welded over 2-1/2to 4 35 28 50°(b) 20°(b) -10°(b)
in. inclusive
100F/100WF Mechanically | to 4 in. inclusive 35 28 0° 0° -30°
Fastened
100F/100WF Welded to 2-1/2 in. 35 28 0° 0° -30°
inclusive
100F/100WF Welded over 2-1/2 to 4 45 36 0° 0° Not Permitted
in. inclusive
(@ If the yield point of the material exceeds 65 ksi, the testing temperature for the minimum average required shall be
reduced by 15° F for each increment of 10 ksi above 65 ksi. The yield point is the value given on the certified
"Mill Test Report."
(b) If the yield point of the material exceeds 85 ksi, the testing temperature for the minimum average required shall be
reduced by 15° F for each increment of 10 ksi above 85 ksi. The yield strength is the value given on the certified
"Mill Test Report."

Table 7.1 with the recommended changes as shown here in
Table 4.1.

7.1 The CVN-impact testing shall be “P” plate frequency in
accordance with AASHTO Specification T-243 (A673/
673M). Plates supplied in the as-rolled condition shall be
sampled at each end of the plate-as-rolled. Plate normalized
after rolling shall be sampled at one end of the plate-as-
heat-treated.

7.2 The average value of the three test specimens at each sam-
ple location shall be equal to or exceed the average listed
in Table 7.1. All test values shall be equal to or exceed the
minimum value listed in Table 7.1.

7.3 The Charpy test pieces shall be coded with respect to heat/
plate number and that code shall be recorded on the mill-
test report of the steel supplier with the test results.

7.4 If requested by the engineer, the broken pieces from each
test location (three specimens, six halves) shall be packaged
and forwarded to the quality assurance organization of the
state.

4.3 RECOMMENDATIONS FOR FUTURE
RESEARCH

The following topics are suggested for future research.
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1. The influence of CVN variation at a location upon the
full-thickness toughness of the plates needs to be determined.
The present literature on this subject contains conflicting data.
The CVN specimen samples an extremely small volume of ma-
terial. All the plates tested exhibited variation in CVN values
at a location in the plate. Since these specimens were machined
and tested identically, the differences in the energy values must
be due to differences in the toughness of the material in the
ligament ahead of the notch. Would a full-thickness specimen
behave in accordance with the average CVN toughness or the
lowest value? The results of this research would help in the
interpretation of the significance of the scatter in CVN results.
The proposed specification is based on average toughness. If a
weak link at a location, as determined from the CVN specimen,
dominates the fracture performance, the specification philoso-
phy needs to be changed. In addition, the present test location
of one-quarter thickness is used to obtain an average measure
of the toughness through the thickness of a plate. This is the
proper location if the full-thickness plate results show the behav-
ior matches the average toughness of the plate. An experimental

program comparing the full-thickness fracture behavior of vari-
ous plates with their CVN results is needed.

2. A quality certification program needs to be developed for
steel producers. The present study has shown that the state of
the art of controlled rolling of plates as practiced by the four
mills that participated in the research can produce considerable
end-to-end differences in toughness. Normalized plates show
very little variation. A process is needed to qualify producers
to ensure that their rolling procedures do not produce results
that are not considered in the present specification. For example,
sampling only the ends of a plate produced by a mill that pro-
duces plates with the lowest toughness in the center of the plate
would not be desirable. New producers are entering the domestic
market. A means of qualifying these new producers or mills
which change their rolling practices needs to be developed.

3. The applicability of heat-lot (H sampling in A673) testing
for nonfracture-critical applications needs to be determined.
Does the present sampling of the thickest plate in the heat for
toughness ensure that the thinner plates rolled from the heat
are adequate when different rolling practices are used for each
thickness? A statistical study of the relationship of the heat-lot
toughness to the plate toughness is needed.
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APPENDIX A

TEST PLATES AND EXPERIMENTAL PROCEDURES

A1 TEST PLATES

The 44 plates included in this study came from four different
mills. A description of each plate and the plate number assigned
to the plate is given in Table A.1. The plates were 1-, 2-, and
4-in. thick and 60-in. wide except for plate 17, which was 84-
in. wide. Each mill supplied two A572 Grade 50 plates and two
A588 plates. The length of each plate is shown in the table.
Table A.1 gives the steel type for each plate and the processing
reported on the mill certificate by the manufacturer. The plates
noted in Table A.1 as being from a contiguous plate for a given

Table A.l. Description of test plates

steel type were cut by the manufacturer from one larger plate.
The plates noted as being from the same heat were rolled from
the same heat for the indicated steel type and manufacturer.
All plate was ordered to meet the toughness requirements of
the AASHTO Guide Specifications for Fracture Critical Non-
Redundant Steel Bridge Members subjected to Zone 3 tempera-
tures. Only one end of the plate was required to be tested for
conformance to the specification requirements; however, each
manufacturer was asked to test the other end of the plate for
information only. The mill test reports showed that all plates

Plate Number Mill Thickness Steel Size Processing Notes
- Width | Lengih

1 1 | AS88 60 240 CR Same heat as PL S
2 1 1 AS72 60 240 FGP, CR Contiguous to PL 3
3 | 1 AS572 60 240 FGP, CR Contiguous to PL. 2
4 3 1 AS572 60 240 FGP Contiguous to PI. 8
5 1 1 AS88 60 240 CR Same heat as Pl. 1
6 3 1 A588 60 240 FGP Contiguous o PL. 7
7 3 1 A588 60 240 FGP Contiguous_to Pl. 6
8 3 1 AST2 60 240 FGP (Contiguous to Pl. 4
9 2 1 AS588 50 240 Same heat as Pl 14
10 9) 1 AST72 60 240 Same heat as Pl. 13
11 4 1 AST2 60 240 FGP, N Contiguous 1o Pl. 12
12 4 I A572 60 240 FGP, N Contiguous to Pl 11
13 2 1 AS572 60 240 {Same heat as Pl. 10
14 2 1 ASR8 60 240 Same heat as P1. 9
15 4 1 A588 60 240 FGP, N Contiguous 1o Pl. 16
16 4 1 AS88 60 240 FGP, N (Contiguous 1o PI. 15
17 2 2 AST2 84 240
18 2 2 AS88 60 336
19 2 2 A572 60 336
20 4 Z AS72 60 480 FGP, N Same heat as Pl. 27
21 3 2 A588 60 240 FGP, N__ [Same heat as Pl. 29
22 2 2 AS88 60 240
23 4 2 AS88 60 480 FGP, N [Same heat as Pl 24
24 4 2 AS588 60 240 FGP, N ISame heal as Pl 23
25 1 2 A588 60 480 CR |Same_heat as Pl. 32
26 1 2 AST2 60 480 FGP,CR |
27 4 2 AST2 60 240 FGP, N Fa_r& hent as Pi. 20
28 3 2 AS572 60 480 FGP, N Same heat as Pl 30
29 3 2. AS88 60 430 FGP, N |_Sn_mu heat as P, 21
30 3 2 AS5T2 60 240 FGP, N Same heat as Pl. 28
31 1 2 AS572 60 240 FGP, CR
32 1 2 A588 60 240 CR Same heat as PL 25
33 1 4 AS88 60 120 N Contiguous to PI. 34
34 1 4 A588 60 120 N Contiguous to Pl. 33
35 1 4 AS72 60 120 FGP, N
36 3 4 A588 60 120 FGP, N (Contiguous to Pl. 39
37 it 4 A572 60 120 FGP, N
38 3 4 AST2 60 120 FGP, N Contiguous to PL. 44
39 3 4 AS588 60 120 FGP, N Contiguous to Pl. 36
40 4 4 A588 60 120 FGP, N Contiguous to Pi, 43
41 4 4 AST2 60 120 FGP, N Conliguous to Pl. 41
42 4 4 AS572 60 120 FGP, N Contiguous 10 PI, 42
43 4 4 AS588 60 120 FGP, N Contiguous to Pl 40
44 3 4 A572 60 120 FGP, N Contiguous to PI. 38




Rolling Direction

<

FAIKI

60 in.?l
c]

|la—

LD}
[E]
[F]

40 in.

[l o

(]

Figure A.l. Test locations.

met the required toughness at both ends of the plate. The re-
quired test average for the 1- and 2-in. plates is 25 ft-lbs and
30 ft-lbs for the 4-in. plates at the temperature required in the
specification of 10°F. If the yield strength determined by the
mill exceeded 65 ksi, the test temperature was lowered to -5°F
in conformance with the guide specification. The manufacturers
also tested the tensile strength of each plate and performed a
chemical analysis. With the exception of manufacturer 4, all the
broken CVN specimens tested by the manufacturers were
shipped to the university for examination.

A2 SAMPLING PLAN

This study sampled the nine locations shown in Figure A.1.
Locations A-J (12” x 18”) were the impact specimen locations
and location K (12” x 36”) was the tensile specimen location.
At each of the nine impact test locations, three specimens were
tested at the specification temperature and three specimens were
tested at 20°F below the specification temperature. If the mill
reported a value higher than 65 ksi for the yield strength, the
plate had a specification temperature of —5°F; otherwise, the
specification temperature was 10°F. At locations C, E, and G,
a full transition curve was developed using an additional 24
specimens. The transition curve was developed by testing sets

_of three specimens at selected temperatures. The test matrix for

~all the specimens in a plate is shown in Table A.2.

The sampling plan allowed the variation of the plate to be
determined in a systematic fashion. For example, it can be ascer-
tained if a particular location, side, or end of the plate was

Table A.2. Test matrix

_that the CVN»s
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Figure A.2. Oxyacetylene track torch.

consistently different from other locations. Testing each location
at two temperatures allowed the influence of temperature, i.c.,
transition behavior, upon the variability to be determined.

A3 SPECIMEN FABRICATION

The first step in producing the test specimens was flame cut-
ting pieces of the plate from the nine impact test locations and
the tensile test location. Figure A.2 shows the oxyacetylene
track torch used for cutting. Each piece was labeled with a code
using permanent paint pens. The code identified the manufac-
turer, the steel type, the plate thickness, the size of the plate,
and the location of the piece within the supplied plate. The
pieces were stored on pallets for later saw cutting.

To simplify the cutting, the size of the pieces retained for
cutting the CVN and tension specimens was larger than re-
quired. Since the thlcker plates required a larger piece to ensure

1e ( 15 were one plate thickness from a bumed
edge the size requlred for the 4-in. plates was used for all plate
thicknesses.

Using a horizontal cut-off saw, each piece for impact testing
was roughly saw-cut into a blank block 2.165-in. (+ 0.100-in.)

o iEe Mid-Thickness 4-Inch Plate

= - cificatios

Location :‘5:;5::1: Tel::pler::lren» I . Specifi Specifi “T N

20F E Temp Temp : P
20°F

A 3 3 3 3
B 3 3 3 3
o] 3 3 24 3 3 20
D 3 3 3 3
E 3 3 24 3 3 20
F 3 3 3 3
G 3 3 24 z] 3 20
H 3 3 3 3
J 3 3 3 3

TOTAL 27 27 72 27 27 60
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Figure A.3. Blank block locations.

wide and 4-in. long. Figure A.3 shows the locations of the blank
blocks within the flame-cut impact test pieces. The width of
these blocks was the nominal length for the Charpy specimen.
The size of the block ensured that the CVN specimens would
be oriented in longitudinal direction. Since a full transition curve
was developed at locations C, E, and G, three blank blocks were
needed from these locations. At the other locations only one
blank block was required to produce the number of specimens
necessary for testing. The plate number was marked with a die
stamp on each of the blocks. The location within the plate as
well as a “T” for the top of the plate and a “B” for the bottom
of the plate was marked on the block, using permanent paint
pens. An asterisk was marked in the upper left-hand corner of
each blank block as well as on any other piece that was produced
during the sawing process to denote the rolling direction of the
piece. Thus, the rolling direction of each piece was known. All
the remaining material was permanently marked by die stamping
and stored for possible future use.

The next step in the fabrication process produced specimen
blanks. Figure A.4 outlines this process for location C. First,
each specimen blank was marked with a die stamp before being
cut out of the blank block. As specified in ASTM A673, the
center longitudinal axis of the CVN specimen was located mid-
way between the surface and the center of the plate thickness.
This is called the quarter thickness. Two quarter thicknesses
were available from the plate, the top quarter thickness and the
bottom quarter thickness. Both were sampled in this research
project. The end of the specimen on the right side of the blank
block (opposite the asterisk) was marked with the plate number
and location within the plate. The left end of the specimen
(closest to the asterisk) was marked with its number within the
blank block. Locations C, E, and G were marked 1-5, 11-15,
and 21-25 for the top quarter thickness of each blank block.
The bottom quarter thicknesses were marked 6-10, 16-20, and
26-30, respectively. All other locations were marked 1-3 for the
top quarter thickness and 4-6 for the bottom quarter thickness.

. Rolling Direction »
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Figure A.4. Sawing out specimen blanks.

The mid-thickness specimens from the 4-in. plates were cut
from the same specimen blanks as the quarter-thickness speci-
mens. The numbering of these specimens was continued from
the number of the quarter-thickness specimen. The numbering
system used provided a unique number for each specimen that
identified its location within the plate and notch orientation.

Another horizontal cut-off saw was used for sawing the speci-
men blanks. Sawing jigs were made to increase accuracy and
decrease production time. First, the blank block was sliced in
two so that the quarter thicknesses produced were each 1 -in.
thick. Then the individual specimen blank -was cut. The cross-
section dimension of the specimen blank was 0.5-in. x 0.48-in.
This size allowed each specimen to be cleaned up during the
milling and grinding process without having too much excess
material that would increase the production time in the machine
shop. The remaining material from each quarter thickness was
marked and saved for possible future use.

The specimen blanks were machined to the specifications of
ASTM A370 and E23. First, the specimen blanks were milled
on two adjacent sides to the specified finish of 63 micro in. or
less. Figure A.5 shows the mill equipped with eight custom-
made vises that hold the blanks and produce one 90° angle (+ 10
minutes). The other two sides of the specimen were then fin-
ished on a surface grinder to ensure conformance to the dimen-
sional tolerances of 10 mm (£ 0.025 mm) square.

The major problem encountered during the milling and grind-
ing process was producing the 90° angles between adjacent sides



Figure A.5. Specimen milling vises.

of the specimen. In early attempts all four sides of the specimen
were milled and ground. However, repetitive machining on each
side created a much greater chance that the angle would not be
square. The main problem was removing the burrs produced
during sawing, milling, and grinding so that the specimen would
sit correctly in the milling vise or on the surface grinder. After
much experimentation, the process of milling two sides and
grinding two sides was determined to give the best results. Also,
the method of hand filing each specimen to remove the burrs
was replaced with a belt sander. This method reduced the filing
time as well as produced a more accurate specimen.

Next, 10 percent of the specimens were randomly checked
for 90° angles and proper cross-section dimension and length.
A digital micrometer was used to check the cross-section dimen-
sion and length to within 0.001 mm. The 90° angles were
checked using surface block, gage blocks, and a dial gage.

The notch was then cut with a mini-broach to minimize cold
working of the notch root. Figure A.4 shows the notch orienta-

“tion."The niotch was made on the left side of the Chatpy speci

men number. This produced a notch that was always transverse
to the rolling direction of the plate since the specimens were
marked as described above. A random check using a 100-power
optical comparator, shown in Figure A.6, ensured conformance
with the proper notch configuration. The dimension to the bot-
tom of the notch was 8 mm (x 0.025 mm), the radius of the
notch was 0.25 mm (+ 0.025 mm), and the angle of the notch
was 45° (= 1 deg).

A.4 TESTING APPARATUS AND PROCEDURE

The specimens were tested using a Tinius-Olsen 264 ft-Ib
capacity impact testing machine shown in Figure A.7. The ma-
chine was calibrated three times during the research project
using two sets of Watertown Arsenal/NIST calibration speci-
mens. The calibrations were performed before the testing of the
plates was started, after approximately half the plates were
tested, and at the end of all the testing. The results of the calibra-
tion are shown in Table A.3 below. The average of the five
specimens must be within the specified maximum and mini-

~—testing techniques produced average values
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Figure A.6. Optical comparator.

mum. These tolerances and the larger of +5 percent and +1 ft-
Ib added to the specified nominal values. The machine and our

range for the three calibrations. Before and after testing each
plate a windage test was performed on the machine. The ma-
chine produced the required value of 0.0 ft-Ib each test.

The testing was conducted in accordance with ASTM E23.
As shown in Figure A.8. the specimens were cooled in a temper-
ature bath of methanol. The bath and specimens were held at
the test temperature, with a tolerance of —-3°F and +0°F, for 5
minutes before testing the specimens. The digital thermometer
used for testing was checked against a certified calibrated ther-
mometer, For testing, the specimens were randomly selected
from each quarter thickness, two from one side of the plate and
one from the other side. All specimens were broken within 5
sec after being removed from the bath. The broken specimens
were saved so that the fracture surface could be examined if
necessary.

The energy value for each specimen was recorded directly
onto a computer spreadsheet at the time it was tested. Also
measured and recorded onto the spreadsheet were the lateral
expansion and the percent shear for each specimen. Figure A.9
shows the lateral expansion gage. Average values were calcu-
lated for each temperature within a location for all the recorded

e §pecified =~
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Figure A.7. Tinius-Olsen impact-testing machine.

data. Data from each Charpy test were plotted immediately after
testing so that the next test temperature could be chosen to
define the transition curve more accurately. In addition to the
three transition curves, a fourth figure was generated by the
spreadsheet that displays the average CVN energy value for
each location and for the overall plate at the specification tem-
perature, and at 20°F below the specification temperature. Ap-
pendix B contains the individual CVN data, average value of
the three replicate specimens, and the four graphs for each plate.
However, the data, graphs, and mill test summary for Plate 26
is included at the end of this Appendix. This data set is typical
of the information contained in Appendix B for all the plates.

A.5 TENSILE TESTS

All tensile tests performed by the mills were in the direction
transverse to the rolling direction, in conformance with the spec-
ifications. The tensile tests performed in this study were in the
longitudinal direction. Tensile tests performed by UT were con-
ducted in accordance with ASTM A370 using the plate-type
specimen. The plate-type specimen is 1.5 in. wide with a thick-
ness equal to the plate thickness and an 8-in. gage length. Mills
1 and 3 used a plate-type specimen for their 1-inch plate. Mills
2 and 4 used the round tension test specimen for their 1-in.
plates and all mills used this smaller specimen for their 2- and

4-in, plates. The round specimen has a 0.5-in. diameter and a
gage length of 2 in. The static yield was not reported by the
manufacturers. The static yield for this study was determined
by locking the hydraulic loading system for 3 minutes and then
recording the load. This was done three times and the results
were averaged. The chemical analysis reported as part of this
study was performed by an independent laboratory. Appendix
B includes all the data supplied by the producers for each plate.

Table A.4 summarizes the results of the tensile tests per-
formed by each mill and the UT tests. The average of the results
of the multiple tests run by Mill 3 is listed in the table. The
tensile tests performed as part of this study were probably run
at a slower strain rate than those done by the mills. The slower
rate of loading produced the lower dynamic yield of the UT
tests relative to the mill tests. Figure A.10 shows the dynamic
yield strength reported by the mills divided by the value from
the UT tests grouped by mills. The dynamic yield strength re-
ported by the mills is between 0.98 and 1.16 times the value
measured in the UT tests. The average value is about 1.07. No
significant difference among the mills is evident except for the
results of Mill 3, which have the least variation. Figure A.11
shows the dynamic yield strengths reported by the mills divided
by the required yield strength of 50 ksi. The 1-in. plate supplied
by the mills had the highest strength. The yield strength de-
creased with the thicker material. The 4-in. A572 plate supplied
by Mill 3 is the major exception to this trend. This material had
a high alloy and carbon content relative to the other A572 plate
in the study.

Figure A.12 shows the dynamic yield strength measured in
the UT tests divided by the required value of 50 ksi. The trends
with respect to thickness discussed above are also evident in
this figure. Eleven of the tests produced vatues less than 50 ksi.
The plates with mill test values less than approximately 5 per-
cent above the required value of 50 ksi failed to meet the 50
ksi requirement in the UT tests. The failure of these plates to
meet the specification requirements in the UT tests was attrib-
uted to the faster strain rate employed by the mills.

The static yield strength of the plates was measured for refer-
ence purposes. Figure A.13 shows the dynamic divided by the
static yield strength from the UT tests. The 1- and 2-in. plates
had dynamic yield strengths 5 percent greater than the static
values. The 4-in. plate test results show greater scatter and a
larger difference in the yield strengths. This difference is due
to difficulties encountered in the testing of these large speci-
mens. The testing machine was not capable of maintaining the
crosshead deformation during the static yield strength measure-
ments of the 4-in. plates. Consequently, elastic unloading of the
specimens occurred, reducing the measured static yield strength.
The static yield strengths measured on the 4-in. plates are not
considered to be valid and are presented only for completeness.

A.6 CHEMISTRY TESTS

There were no large discrepancies between the chemical anal-
ysis reported by the mills and the independent laboratory em-
ployed by UT to perform the chemical analysis. The mill test
results for each plate are in Appendix B. The chemical analysis
was performed on half a broken Charpy specimen. The Charpy
specimen used was selected because it had a toughness value
close to the average toughness of the plate. The chemistry of
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Table A3
Watertown/NIST
Calibration Specimen Results
High Energy Specimens Low Energy Specimens

Test Date Spec. Number Absorbed Energy Test Date Spec. Number Absorbed Energy
ft-bs f-lbs
EE7-0464 74.6 DD8-0796 12.7
EE7-0344 733 DD8-0410 13.6
EE7-0701 72.8 DD8-0056 12.5
s EE7-0517 76.1 4/21/88 DD8-0282 12.9
EE7-0985 74.6 DD8-0175 12.7
Average 743 Average 12.9
Specified Nominal 74.7 Specified Nominal 13.3
Specified Maximum 8.4 Specified Maximum 14.3
Specified Minimum 71.0 Specified Minimum 12.3
MMS5-0959 66.3 LL3-0825 11.9
MMS5-0067 69.7 LL3-0116 11.4
MMS5-0631 70.8 LL3-0478 10.9
2/20/89 MMS5-0064 7.2 2/20/89 LL3-0511 11.4
MM35-0236 743 LL3-0286 12.2
Average 70.5 Average 11.6
Specified Nominal 2.7 Specified Nominal 11.8
Specified Maximum 76.3 Specitied Maximum 12.8
Specified Minimum 69.1 Specified Minimum 10.8
MMS-0475 76.2 LL3-0430 11.4
MM5-0585 74.0 LL3-0500 11.6
MMS5-0913 771 LL3-0547 11.4
5/31/90 MMS5-4084 75.8 5/31/90 LL3-0662 11.7
MM5-4086 71.0 L13-0922 11.7
Average 74.8 Average 11.6
Specified Nominal 72.7 Specified Nominal 11.8
Specified Maximum 76.3 Specified Maximum 12.8
Specified Minimum 69.1 Specified Minimum 10.8

the steel was checked for more elements than required in the

of each steel.

Table A.5 lists the results of the analysis performed upon the
AS588 plate. Mill 1 supplied Grade B plate. All the other mills
supplied Grade A plate. Because of the overlap in the chemistry
requirements, most of the plates met both Grade A and Grade
B requirements. All plates met the chemistry requirements of
the specifications. The heat listed in the table is an index with
respect to each mill. Plates with the same heat letter were pro-
duced from the same heat by that mill. All the A588 plates from
Mill 4 were from the same heat.

Table A.6 shows the results of the A572 plate chemical analy-

sis. Mill 1 was the only supplier of plates containing significant

= 7 ~material specification to-give-a-coniplete-chemical breakdown ——amounts-of ‘niobiun. - Milt-3supplied plates with ‘comsiderable—— === -~

amounts of nickel, chromium, and copper. In particular, the 4-
in. plate supplied by Mill 3, which had the highest strength of
the plates supplied by Mill 3 and also the highest strength of 4-
in. plate supplied by all the mills, had an unusual chemistry.
This material had a carbon content at the limit of the specifica-
tion with a copper and nickel content that met the requirements
for A588. The chromium content is less than allowed for A588.
All the plates met the requirements of the specification. Due to
the overlap in the specification with respect to the four types of
AS572, many of the plates met the requirements for more than

one type.



Figure A.8. Temperature bath.

Table A4. Mill 1

Figure A.9. Lateral expansion gage.

TENSION TESTS

Plate No. DSyLI:eanlt:ll ‘ Staticksli(ield ;:::;1; PEelr::;.L [z;i:h
ksi ksi in.
64.8 NR 84.3 22 8
) 61.7 58.2 82.9 25 8
68.5 NR 88.2 20 3
) 67.2 64.4 89.3 25 8
68.5 NR 88.2 20 8
? 67.8 64.9 89.9 25 8
66.3 NR 88.7 23 8
i 63.0 60.4 82.5 26 )
59.5 NR 81.3 26 2
25
53.9 51.9 73.8 32 8
59.2 NR 83.1 25 2
26
60.1 51.7 87.2 27 8
62.1 NR 85.4 25 2
o 54.5 51.6 83.2 30 8
61.9 NR 87.0 24 2
2 57.5 53.5 77.5 31 8
54.2 NR 18.5 26 2
3 46.8 4.0 74.5 37 8
542 NR 78.5 26 2
B 482 44.4 76.2 37 8
54.1 NR 80.6 23 2
s 48.2 44.5 74.0 39 8
52.8 NR 78.1 30 2
& 48.7 43.1 75.9 37 8




Table A4, Mill 2

Tension Tests
ksi ksi in.
1 9 Mill 66.3 NR 91.0 25 2
uT 58.4 55.9 83.0 26 8
1 10 Mill 62.8 NR 83.7 25 2
uT 58.4 55.6 81.8 26 8
1 13 Mill 62.6 NR 86.1 28 2
uT 60.9 58.1 83.8 25 8
1 14 Mill 66.6 NR 91.4 26 2
uT 59.7 57.4 83.7 22 8
? 2 17 Mill 59.0 NR 85.1 23 2
uTr 59.6 56.1 87.8 - 26 )
2 18 Mill 57.9 NR 87.5 28 2
uT 49.5 48.1 NR 32 8
2 19 Mill 53.0 NR 79.8 25 2
uT 509 46.6 81.4 28 8
2 22 Milt 573 NR 86.0 28 2
uT 52.7 503 793 30 8
Table A.4. Mill 3
Tension Tests

= : Gage

ksi ksi
1 4 Mill 55.6 NR 75.3 25 8
ut 52.5 49.9 76.6 27 8
1 6 Mill 57.2 NR 79.7 22 8
uT 56.0 53.6 63.2 27 8
1 7 Mill 57.5 NR 78.3 23 8
uT 56.6 53.4 82.6 29 8
1 8 Mill 55.8 NR 75.6 24 8
uT 52.6 50.5 83.8 28 8
2 21 Mill 52.5 NR 85.6 24 2
uT 48.8 46.0 71.9 32 8
2 28 Milt 59.0 NR 85.6 24 2
. UT 53.1 50.4 78.8 31 8
2 29 Mill 542 NR 78.0 25 2
uT 50.9 475 72.6 32 8
2 30 Mill 58.4 NR 837 24 2
uT 53.7 51.1 78.4 a7 8
2 36 Mill 52.1 NR 80.3 28 2
uT 48.0 429 743 38 8
4 38 Mill 63.0 NR 91.7 23 2
uT 60.0 57.0 86.5 32 8
4 39 Mill 51.6 NR 79.2 27 2
uT 48.2 45.2 NR 36 8
4 44 Mill 63.8 NR 92.4 22 2
uT 59.1 56.1 82.5 32 3
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Table A.4. Mill 4

Tension Tests
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Figure A.10. Ratio of mill to UT dynamic yield strengths.
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Table A.5. Chemistry of A588 plates
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o017

Max, All Plates
Min. All Plales

015

014

91

.10

ASR8 Grade A Max.:

Specificalion

AS5B8 Grade A Min.:

050

1.35
75

AS88 Grade B Max.:

010

AS

AS88 Grade B Min.:
b <.0005

s <.005




Table A.6. Chemistry of A572 plates
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Milt n““‘;‘“ Pl | Hoat c Mn P s si Ni e | Mo Cu v Zi Nb T Al B N | N+v | UN | Ty
1 2 A 20 L8 o0 013 2 01 EEES 02 s . 032 . 056 b 0083 077 51 1234
1 3 A 20 L9 00 o4 2 o0 2 06 2 04 . 03 * 056 b 0087 079 52 1234
. 2 2 B A9 125 05 o6 23 02 R 02 o5 B 036 N 052 b 00m 088 T4 1234
2 3 c 29 1’ o ;25 o1 R ) 02 02 B 7 . 035 b 00TL 089 13 1234
4 3s D A9 13 a7 3 24 <01 2w 05 o e . 035 B 064 b 0085 081 L 1234
s 37 D W L2 03 07 » 02 .18 05 02 04 . 035 . 051 b 0068 083 11 1,234
1 10 A A5 124 o0 o 2 03 08 <0 02 06 : i . 041 b 0083 72 24
- i 13 A 45 124 o0 012 o8 03 08 <o .2 0% a . s 010 0005 0082 72 24
2 17 B A9 120 8 00 03 02 <o o .09 s B . o b 0090 10.7 24
2 19 c 2 L 02 o 20 <01 @2 <ol o 08l a s . 008 b 0065 12.5 24
1 “ A J3 s o2 006 .8 13 19 04 B = : s N 006 0005 0076 37 2
1 8 A 2 L2 07 a9 a3 19 KR ] B a . 009 b 0075 39 2
s 2 3 B 2 L6 o0 015 .19 .10 14 03 09 o N a . o015 b 0080 60 24
2 30 B 2B Ls 00 o0 .9 10 Ja m 09 048 . a a 06 b 0081 5.9 24
4 £ c B 1z o8 o018 24 Ry} 23 05 2% 06 . . . 009 0008 0120 58 24
4 44 c B 13 00 810 26 17 2405 26 om . 006 . Ol 0007 012D 0M 60 24
1 1 A 2 L8 .05 o1 .18 02 06 01 04 054 . a . oLl b 0075 72 2,4
1 12 A 21 12 o5 ei0 .8 ”n % 0 04 053 a a s 03 b 0075 7 24
p 2 2 B 2 L2 s o2 a7 06 12 . o7 o6l B a . 19 b 0085 72 2,4
2 27 B A9 1T 007 o4 a7 0 BT o 0 057 B . ' 030 b 0087 6.6 24
4 4 c 2 134 02 o4 0» 06 G0 ol 08 087 . a . o 5 0093 9.4 2,4
4 2 c 22 13l 04 013 27 06 d0 @ .08 .86 . 005 006 02 b 009 091 87 24
Max. Al Plates B 134 021 03 B A7 24 06 26 .96 N/A 037 006 066 0008 0120 .91 125
Min. Al Platos A2 107 007 006 L7 ot 2 m oL 0% N/A 005 006 006 0005 006 077 37
Specification  Maxirmams B135 60 050 40
Type 1 (Nb) 005 -050
Ty 2 (V) o0 150
Type 3 (V+Nb) 050 mex, o2 s
Type 4 N+V) s >4
2 <005 b <.0005




TYPICAL DATA FOR PLATE CONTAINED IN APPENDIX B

MILL DATA SHEET
Plate No: 26
Manf: 1

Serial Number: W169738

Heat Number: 8027234680

Yield Point (psi): 59200

Tensile Strength (psi): 83100

Elongation (%): 25 {Gage Length (in): 2}
Steel Type: A572-85 Gr. 50

Thickness (in): 2

Length (in): 480 Width (in): 60

Notes: Control Rolled

Fine Grain Practice
A
STENCIL
c
BI:c ATI
2 STAMP CIR
d BT‘ J y TT
b b
Bottom Top
Ba:0" Ta: 0"
Bb: 15" Tb: 1.5"
Bc: 0" Tc: 0"
Bd:9.5" Td:9.5"
Spec. Code : V34 Spec. Code : V33
HARPY ACT MIL TS (foot-1
Test Test #1 Test #2 Test #3 CVN

Temp _ CVN LtEx, %Sh, CVNTLtEx, %Sh, CVNLLEx, %Sh, Avg
Top +10°F 54 51 50 79 73 170 59 55 40 64
Bot +10°F 87 77 70 94 76 85 8 72 170 89

Chemical Analvsis

C Mn P S Si Cu Ni Cr Vv Al Ch
.18 125 014 013 233 NA NA NA 055 053 NA




MILL VERIFICATION CVN RESULTS

Plate No: 26
Mant: 1
I CVN Absorbed Energy (ft-Ibs)

L Location Replicate Test #1 Test #2 Test #3 CVN Avg.
[ C 1 32 29 5 22.0

C 2 35 14 14 21.0

J 1 79 81 85 81.7

J 2 57 82 85 74.7
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Plate: 26
Date: June 12, 1989 Windage: 0
Spec. Temp: + 10 F Personnel: DAG
Average
Location A Location A
Spec. Test Energy | Lat Exp % Test Energy | Lat Exp %
No. Temp-°F| ft-lbs mils Shear Temp-°F| ft-lbs mils Shear
2 10 4.3 3 0
3 10 10.9 10 0 10 9.7 8.0 2
5 10 13.8 11 5
1 -10 10.2 8 5
4 -10 8.3 7 0 -10 7.1 6.0 2
[ -10 2.8 3 0
Location B Location :]
Spec. Test Energy | Lat Exp % Test Energy | Lat Exp %
No. Temp-°F| ft-lbs mils Shear Temp-°*F| ft-lbs mils Shear
1 10 25.7 21 10
3 10 9.6 10 0 10 231 20.0 10
4 10 341 29 20
2 -10 4.1 4 0
5 -10 10.2 10 5 =10 7.6 7.3 2
6 -10 8.6 8 0
Location c Location c
Spec. Test Emergy | Lat Exp 4 Test Energy | Lat Exp 4
No. Temp-°F| ft-lbs mils Shear Temp-°F| ft-lbs mils Shear
2 10 7.5 [ 0
15 10 21.2 16 10 10 18.2 14.7 8
27 10 25.8 22 15
10 -10 10.0 8 5
18 -10 15.2 16 10 -10 10.4 9.3 5
24 -10 6.1 4 0
7 80 47.7 38 35
13 80 43.4 37 40 80.2 43.7 37.0 38
25 80 40.1 36 40
1 40 43.2 35 40
19 40 30.1 27 20 40 29.9 25.3 20
28 40 16.4 14 0
9 25 15.8 14 5
12 25 9.4 9 0 25 16.8 14.7 8
26 25 25.2 21 20
4 -30 7.1 5 0
16 -30 4.6 5 0 -30 5.3 3.7 0
23 -30 4.2 1 0
5 -50 6.2 9 0
14 -50 6.1 9 5 -50 5.2 7.7 2
29 -50 3.4 5 0
8 60 43.2 41 40
20 60 41.1 35 30 60 38.2 33.7 30
22 60 30.3 25 20
6 100 54.9 47 50
17 100 64.6 55 60 100 57.0 50.7 53
21 100 51.4 50 50
3 -70 3.2 1 0
1" -70 4.2 6 0 -70 3.9 4.3 0
30 -70 4.2 6 0
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Plate: 26 Average
Location o) Location D
Spec. Test Energy | Lat Exp % Test Energy | Lat Exp %
No. Temp-°*F| ft-lbs mils Shear Temp-°F| ft-lbs mils Shear
1 10 24.2 25 20
2 10 35.3 3 25 10 28.5 26.7 20
6 10 25.9 24 15
3 -10 37.4 32 30
4 -10 10.1 9 0 =10 20.4 17.7 12
5 -10 13.6 12 5
Location E Location E
Spec. Test Energy | Lat Exp % Test Energy | Lat Exp %
No. Temp-°F| ft-lbs mils Shear Temp-*F| ft-ibs mils Shear
6 10 45.3 39 30
18 10 41.0 48 45 10 45.6 43,7 38
24 10 50.4 44 40
5 -10 19.6 1% 10
14 -10 40.1 34 30 -10 29.4 26.3 20
26 -10 28.4 26 20
3 80 81.2 82 90
16 80 57.3 53 70 80.2 72.4 67.0 82
29 80 78.8 66 85
8 40 62.7 55 50
1 40 21.9 32 10 40 47.5 46.3 33
23 40 57.8 52 40
] 25 50.8 55 45
19 25 56.8 49 40 25 52.7 50.0 43
25 25 50.6 46 45
7 -39 21.3 23 15
13 -30 11.2 11 0 -30 12.7 13.0 5
30 -30 5.7 5 0
9 -59 6.7 5 o
12 -50 4.8 4 0 -50 5.1 3.7 0
21 -50 3.8 2 0
4 60 61.7 57 55
17 &0 57.3 50 50 60 61.2 53.9 50
28 &0 64.6 52 45
2 100 104.3 82 90
20 100 2.7 74 80 100 97.4 76.7 83
27 100 95.3 74 80
10 -70 3.7 4 0
15 -70 3.3 4 0 -70 5.2 5.0 0
22 -70 8.6 7 0
Location F Location F
Spec. Test Energy Lat Exp % Test Energy Lat Exp %
No. Temp-°F| ft-lbs mils Shear Temp-°F| ft-lbs mits Shear
3 10 15.1 12 0
5 10 47.9 44 40 10 25.7 23.0 15
6 10 14.0 13 5
i -10 8.2 7 0
2 -10 17.4 15 5 -10 11.2 9.7 2
4 -10 8.1 7 0




Plate: 26 Average
Location G Location G
Spec. Test Energy | Lat Exp % Test Energy | Lat Exp %
No. Temp-°F| ft-lbs mils Shear Temp-°F| ft-lbs mils Shear
3 10 71.5 59 50
20 10 49.6 49 40 10 63.1 55.0 47
22 10 68.1 57 50
8 -10 66.3 56 55
11 -10 61.4 53 50 =10 66.2 56.0 57
29 -10 70.9 59 65
5 80 126.4 87 95
14 80 131.2 91 95 80.2 115.8 84.3 93
30 80 89.7 I 90
10 40 86.5 71 65
17 40 67.2 67 60 40 84.4 7.7 638
24 40 99.5 77 80
[ 25 67.1 52 50
15 25 90.4 3 65 25 78.3 62.3 58
23 25 77.3 62 60
2 -30 57.1 50 50
18 -30 34.4 21 15 -30 41.6 33.0 28
26 -30 33.2 28 20
4 -50 43.3 38 35
19 -50 9.5 9 0 -50 34.5 30.0 25
25 -50 50.8 43 40
9 60 78.2 65 70
12 60 130.8 91 85 60 113.6 82.7 82
21 60 131.9 92 90
7 100 114.8 93 95
13 100 115.2 86 85 100 114.8 88.7 88
28 100 114.3 87 85
1 -70 49.7 45 40
16 -70 9.0 7 0 -70 21.0 18.3 13
27 -70 4.3 3 0
Location H Location H
Spec. Test Energy | Lat Exp % Test Energy | Lat Exp %
No. Temp-°F| ft-lbs mils Shear Temp-°F| ft-lbs mils Shear
2 10 64.8 54 45
4 10 57.0 47 40 10 63.2 53.0 45
6 10 67.9 58 50
1 -10 64.8 54 50
3 -10 75.4 64 60 -10 65.4 55.0 53
5 -10 55.9 47 50
Location J Location J
| spec. Test Energy | Lat Exp % Test Energy | Lat Exp %
Na. Temp-°F| ft-lbs mils Shear Temp-°F| ft-lbs mils Shear
1 10 75.8 63 60
4 10 54.4 43 40 10 62.2 51.7 52
5 10 56.3 49 55
2 -10 53.5 47 45
3 -10 72.1 61 60 -10 56.4 48.7 48
6 -10 43.6 38 40
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THE TRANSPORTATION RESEARCH BOARD is a unit of the National Research Coun-
cil, which serves the National Academy of Sciences and the National Academy of Engineering. It
evolved in 1974 from the Highway Research Board which was established in 1920. The TRB
incorporates all former HRB activities and also performs additional functions under a broader scope
involving all modes of transportation and the interactions of transportation with society. The Board’s
purpose is to stimulate research concerning the nature and performance of transportation systems,
to disseminate information that the research produces, and to encourage the application of appropriate
research findings. The Board’s program is carried out by more than 270 committees, task forces,
and panels composed of more than 3,300 administrators, engineers, social scientists, attorneys,
educators, and others concerned with transportation; they serve without compensation. The program
is supported by state transportation and highway departments, the modal administrations of the U.S.
Department of Transportation, the Association of American Railroads, the National Highway Traffic
Safety Administration, and other organizations and individuals interested in the development of
transportation.

The National Academy of Sciences is a private, nonprofit, self-perpetuating society of distin-
guished scholars engaged in scientific and engineering research, dedicated to the furtherance of
science and technology and to their use for the general welfare. Upon the authority of the charter
granted to it by the Congress in 1863, the Academy has a mandate that requires it to advise the
federal government on scientific and technical matters. Dr. Bruce M. Alberts is president of the
National Academy of Sciences.

The National Academy of Engineering was established in 1964, under the charter of the National
Academy of Sciences, as a parallel organization of outstanding engineers. It is autonomous in its
administration and in the selection of its members, sharing with the National Academy of Sciences
the responsibility for advising the federal government. The National Academy of Engineering also
sponsors engineering programs aimed at meeting national needs, encourages education and research
and recognizes the superior achievements of engineers. Dr. Robert M. White is president of the
National Academy of Engineering.

The Institute of Medicine was established in 1970 by the National Academy of Sciences to secure
the services of eminent members of appropriate professions in the examination of policy matters
pertaining to the health of the public. The Institute acts under the responsibility given to the National
Academy of Sciences by its congressional charter to be an adviser to the federal government and,
upon its own initiative, to identify issues of medical care, research, and education. Dr. Kenneth L.
Shine is president of the Institute of Medicine.

The National Research Council was organized by the National Academy of Sciences in 1916 to
associate the broad community of science and technology with the Academy’s purpose of furthering
knowledge and advising the federal government. Functioning in accordance with general policies
determined by the Academy, the Council has become the principal operating agency of both the
National Academy of Sciences and the National Academy of Engineering in providing services to the
government, the public, and the scientific and engineering communities. The Council is administered
jointly by both Academies and the Institute of Medicine. Dr. Bruce M. Alberts and Dr. Robert M.
White are chairman and vice chairman, respectively, of the National Research Council.
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