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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation 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 Trans- 
portation 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 
Department of Transportation. 

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin- 
ister the research program because of the Board's recog- 
nized objectivity and understanding 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 its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special-
ists 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 
identified by chief administrators of the highway and trans- 
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its. Transportation 
Research Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
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FOREWORD 	This report is recommended to engineers, researchers, and members of specification- 
writing bodies concerned with the use of high-yield reinforcement in concrete. The 

	

By Staff 	research that is described consisted of a comprehensive series of laboratory fatigue 

	

Transportation 	tests of reinforced concrete beams, each beam containing a single straight deformed 

	

Research Board 	bar as the main reinforcing element. The major effects studied were stress range, 
minimum stress, bar diameter, type of specimen, grade of bar, and bar geometry. 
On the basis of the observed behavior, a fatigue design provision for deformed 
reinforcing bars was developed, suggesting that the service load stress range be 
limited. 

Because of an economic advantage gained in many circumstances, the use of 
high-yield reinforcing bars in concrete construction has increased greatly in recent 
years. Acceptance of high-yield reinforcement (generally Grades 60 and 75) in 
American highway bridge design practice has been slow, although highway bridge 
design specifications now allow use of high-yield reinforcement in all bridge mem-
bers. Concern over a number of possible countereffects, including fatigue effects, 
has been responsible for the slow acceptance. The results of research have now 
overcome most of the earlier apprehensions. The study reported herein has made 
an important contribution with respect to the avoidance of a fatigue problem. 

No fatigue fracture of the reinforcement in a reinforced concrete structure 
in service has ever been reported. However, fatigue fractures in the reinforcement 
of the overloaded test bridges in the AASHO Road Test directed attention to the 
importance of fatigue considerations in bridge design. 

In this study, a statistically valid experiment was performed consisting of 353 
fatigue tests on concrete beams, each containing one reinforcing bar. Test results 
were entered in an over-all multiple linear regression analysis. The fatigue design 
provision that has been recommended based on the results of the study is founded 
on a firm background of testing. 
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FATIGUE STRENGTH OF 

HIGH-YIELD REINFORCING BARS 

SUMMARY 	Stress range, minimum stress, bar diameter, grade of bar, and bar geometry were 
found to affect the fatigue properties of reinforcing bars. The effective depth of a 
reinforced concrete beam was found to have no direct influence on the fatigue 
strength of the main reinforcement. 

The stress range to which a reinforcing bar is subjected is the primary factor 
determining its fatigue life. For design purposes, there is a limiting stress range, the 
fatigue limit, above which a reinforcing bar will have a finite fatigue life and is cer-
tain to fracture. At stress ranges below the fatigue limit, a reinforcing bar will have 
a long fatigue life and may be able to sustain a virtually unlimited number of stress 
cycles. 

The magnitude of the fatigue limit depends on the minimum stress during each 
stress cycle and on the shape of the deformations rolled onto the bar surface. It may 
also depend on the diameter and the grade of the bar. For a fatigue life of 5 million 
cycles, the mean fatigue limit for No. 8 Grade 60 bars from five U.S. manufacturers 
was found to range from 23.0 to 28.5 ksi when the minimum stress was 6-ksi ten-
sion. The lowest stress range at which a fatigue fracture was obtained was 21.3 ksi. 
This occurred in a No. 11 Grade 60 reinforcing bar subjected to a minimum stress 

of 17.5 ksi. 
Increasing a tensile minimum stress was found to result in a decrease in fatigue 

strength. On the other hand the fatigue strength was found to increase with an 
increasing compressive minimum stress. Changing the minimum stress of a stress 
cycle by 3 ksi was found to be equivalent to changing the stress range by about 

1 ksi. 
Bar diameter and grade of bar were found to influence the finite-life fatigue 

cycle by 3 ksi was found to be equivalent to changing the stress range by about 

1 ksi. 
Bar diameter and grade of bar were found to influence the finite-life fatigue 

strength of reinforcing bars. The existence of a long-life fatigue effect due to these 
variables could not be established. Larger size bars have a lowered fatigue strength 
while higher grade bars have an increased fatigue strength. Other things being 
equal, replacing No. 5 bars with No. 11 bars results in a decrease in fatigue strength 
of 3.6 ksi. Replacing a Grade 60 bar with a Grade 75 bar results in an increase in 

fatigue strength of 1.7 ksi. 
Transverse lugs and manufacturer's bar identification marks cause stress con-

centrations at their juncture with the' barrel of a bar. The magnitude of the stress 
concentration is primarily related to the ratio of the radius at the base of the defor-
mation to its height. In this investigation, all fatigue fractures were initiated at the 
base of a transverse lug or a bar mark. 
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The effect of lug geometry on fatigue strength was found to be coupled with 
that of bar diameter. The larger the bar diameter, the greater was the effect of lug 
geometry. For a No. 8 bar, a change in the ratio of lug base radius to lug height, 

nh, from 0.1 to 1.0 results in an increase in fatigue strength of 7.2 ksi. The effect 

is potentially larger. 
A design recommendation, limiting the allowable service load stress range in 

reinforcing bars, was developed. This limiting stress range, fr, varies with the 

minimum stress, 

f,,,j,, 

and nh as follows: 

t=21-0.33 f,,1,+8(r/h) 

In this expression, the stresses are measured in kips per square inch and the mini-

mum••  stress is positive when tensile. 

CHAPTER ONE 

INTRODUCTION AND RESEARCH APPROACH 

BACKGROUND 

Deformed steel bars produced in North America for use as 
concrete reinforcement can conform to any of three ASTM 
specifications (1, 2 3). Within these specifications are 
classifications of four different grades of bars—Grades 40, 
50, 60, and 75—which indicate respective specified mini-
mum yield levels of 40, 50, 60, and 15 ksi. Generally, bars 
of Grades 60 and 75 are considered to be high-yield 
reinforcing bars. 

In recent years the use in concrete construction of high-
yield reinforcing bars, rather than Grades 40 and 50 bars, 
has increased greatly. This is due to an economic advantage 
gained in many circumstances in a structure, designed by the 
load factor (4, 5) method. This design method allows full 
use of the increased strength available in the higher grades 
of bars. Hognestad (6) has discussed the economies at-
tainable by means of high-yield reinforcement and the fu-
ture requirements to be made of such steels. 

North America initiated high-yield reinforcement in high-
way bridges early in the last decade. By that time, how-
ever, its use in European highway bridges was widespread 
(7). Although the European experience was not accepted 
directly in, American bridge design practice, instrumented 
test bridges (8, 9) having high-yield reinforcement were 
constructed. The performance of these bridges in service 
indicated that high-yield reinforcement was adaptable to 
American requirements. Use of such reinforcement was 
further encouraged by the Bureau of Public Roads publi-
catiOn (10) in 1966 of strength and serviceability criteria 
for reinforced concrete bridge members. 

Although present highway bridge design specifications 
(5, 11) allow the use of high-yield reinforcement in all 
bridge members, some restrictions are placed on the use of 

Grade 75 bars. In these, and the more recent report of 
ACI Committee 443 on Concrete Bridge Design (12), 

strength or load factor design methods have been accepted 
as appropriate for highway bridge design. 

In a survey conducted in 1971 in connection with the 
research work reported herein, 21 of 36 responding state 
highway departments indicated that they made regular use 
of high-yield reinforcement. Two state highway depart-
ments indicated some use of such reinforcement. Informa-
tion received did not indicate whether the reinforcement 
was being used in bridge superstructures or only in support 
structures. 

High-yield reinforcement suffered slow acceptance in 
American highway bridge design practice because of con-
cern over fatigue effects, earthquake effects, cracking of 
bridge members, and weldability of the reinforcement. Tests 
have shown (13) that high-yield reinforcement does pos-
sess sufficient ductility for use in structures required to 
resist earthquake forces. Similarly, it has been shown (14) 

that proper detailing ensures adequate crack control in re-
inforced concrete members. The problem of weldability of 
reinforcement can also be alleviated (15) by means of good 
detailing and welding practice. 

No fatigue fracture of the reinforcement in a reinforced 
concrete structure in ordinary service has been reported. 
However, fatigue fracture of reinforcing bars in test bridges 
in the AASHO Road Test (16) was induced by cyclic load-
ing after the completion of vehicular traffic tests. This di-
rected attention to the importance of fatigue considerations 
in bridge design. 

The AASHO investigation of highway pavements and 
bridge structures required two full-scale reinforced concrete 
T-beam bridges to be subjected to repeated passage of heavy 



vehicular traffic. Intermediate grade deformed reinforcing 
bars were used in these bridges. Deck reinforcement con-
sisted of No. 4 bars in the longitudinal direction and No. 5 
bars in the transverse direction. The beams were reinforced 
with No. 9 and No. 11 bars. 

The highest levels of reinforcement stress in these bridges 
were obtained in the No. 11 bars. At midspan in each 
bridge, dead-load stresses in the reinforcement of the ex-
terior beams reached approximately 22 ksi. Corresponding 
live-load stresses, caused by a single passage of a test ve-
hicle, reached approximately 23 ksi. Each bridge was ini-
tially subjected to about 550,000 passages of the test ve-
hicles. No fatigue distress was evident in these bridges at 
the conclusion of the vehicular traffic tests. 

Each bridge was then subjected to accelerated fatigue 
loading by means of a mechanical oscillator. This loading 
simulated the average reinforcement stress condition ob-
served at the critical section during the vehicular traffic 
tests. After about 170,000 cycles at this loading, fatigue 
fracture occurred in two No. 11 bars in an exterior beam 
of each bridge. 

The fatigue life of these bridges was much less than that 
considered desirable in bridge design. However, the loading 
applied by the 107,000-lb test trucks far exceeded that nor-
mally encountered in highway traffic. Thus the maximum 
stress of approximately 45 ksi in the reinforcing bars that 
fractured in fatigue was greater than that expected to occur 
repeatedly in bridges. On the other hand, the live-load 
stress range of approximately 23 ksi is more significant in 
fatigue considerations than the maximum stress of 45 ksi. 
Because bridges designed with high-yield reinforcement 
could have reinforcement stress ranges greater than 23 ksi, 
the fatigue strength of the reinforcement could be a 
limiting design consideration. 

Objectives 

The principal objective of this investigation was the gather-
ing of fatigue test data for Grade 60 reinforcing bars in an 
experiment designed and executed to permit a valid sta-
tistical appraisal of the fatigue-influencing factors. The in-
vestigative work was conducted in two phases. In Phase I, 
major emphasis was to be placed on the evaluation of the 
effects of the following variables: 

Stress range. 
Minimum stress, including reversal of stress. 
Bar diameter. 

Other factors to be included in the experiment were: 

Type of specimen. 
Grade of bar. 

In Phase II, the major emphasis was placed on determining 
the influence of bar geometry on fatigue strength. 

RESEARCH PROGRAM 

Experimental Investigation 

A total of 231 fatigue tests on deformed reinforcing bars 
of a single deformation pattern were scheduled in the main 

part of Phase I of the test program. Each test was con-
ducted on a rectangular or T-section concrete beam con-
taining a single straight bar as the main reinforcing element. 

The tests were arranged into 31 groups of 7 tests each, 
except for Group No. 1 which consisted of 21 tests. In 
Group No. 1, the greater number of tests served to estab-
lish the reliability of the individual group results. In esL 
sence, the Group No. 1 test series was equivalent to three 
of the regular group test series. 

Stress range * was the only intended variable within a 
group. Tests were carried out at five nominal stress range 
levels to obtain, for each group of tests, a curve relating 
stress range, f,, and fatigue life, N. Such curves are com-
monly called S-N curves (17). Information about the re-
producibility of within-group test results was obtained by 
conducting three tests in each regular group at a common 
nominal stress range. 

A representative S-N curve for steel is shown in Figure 1. 
This curve shows the effect of stress range on fatigue life 
for a constant minimum stress. In the present research pro-
gram, all tests were scheduled in the finite- and long-life 
regions. Phase I tests were carried out at three stress ranges 
in the finite-life region and two stress ranges in the long-life 
region. 

Minimum stress level in the test bar, bar size, grade 
of bar, and type of specimen, as represented by the effec-
tive depth of the test beam, were varied one at a time from 
one group to another. Thus, an individual S-N curve was 
obtained for all tests on beams containing test bars of a 
particular size and grade at a prescribed effective depth and 
subjected to a given minimum stress. 

Nominal minimum stress levels of 6-ksi compression, 
6-ksi tension, and 18-ksi tension were used in the Phase I 
test program. - These minimum stress levels represent re 
spectively —0.1, 0.1, and 0.3 of the nominal tensile yield 
strength of Grade 60 reinforcing bars. They were selected 
to reflect the range of minimum service moment stresses 
that might be expected in reinforced concrete bridges. 	I 

Reinforcing bars tested were No. 5, 6, 8, 10, and 1.1 de-
formed bars of Grades 40, 60, and 75. The smaller size 
bars are commonly used in bridge deck slabs while the 
larger sizes are commonly used in girders and other main 
members. Special emphasis was placed on the testing of 
No. 8 Grade 60 bars. 

Each test beam had an effective depth of 6, 10, or 18 in. 
Those having an effective depth of 6 in. represented condi-
tions found in a bridge deck slab. Deeper beams simulated 
conditions found in the main members of a bridge. 

Whenever a test bar survived 5 million cycles of stress, 
that test was terminated as a runout. A new test, called a 
rerun test, was then initiated, using the runout specimen. 
In the rerun test, the reinforcing bar was subjected to a 
stress range known to result in fatigue fracture of the test 
bar. 

* Terminology used in this report follows, insofar as possible, the recom. 
mendations of ASTM Committee E-9 on Fatigue (17). Stress range, f, is 
the algebraic difference between the maximum, Jrn,,, and minimum, j,,,. 
stresses in one cycle. Fatigue life refers to the number of cycles of stress, 
N, that a given specimen can sustain before fracture occurs. Fatigue 
strength refers to the value of stress range at which 50 percent of the 
specimens of a given sample could survive N stress cycles, when sub-
jected to a given minimum stress. 
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Figure 1. Representative S-N curve for steel. 

Properties of the concrete used for each test beam were 
determined. Concrete strength and modulus were obtained 
from cylinder tests carried out on the day the fatigue test 
was started. 

Several properties of the test bars were determined. 
Elongation, and the yield and tensile strengths of each test 
bar were obtained from tests on bar coupons. The chemi-
cal composition and hardness of samples of each size and 
grade of bar were determined. Longitudinal sections of 
samples of each size and grade of bar were used to study 
the microstructure of the steel and to determine the ge-
ometry of the rolled-on transverse deformations. 

In Phase II of the test program, No. 8 Grade 60 bars 
from five different manufacturers, designated by the letters 
A to E, were tested. Four of the manufacturers' bars were 
selected in a survey of such bars commonly used by state 
highway departments. Selection criteria centered on ob-
taining a wide range of transverse lug geometries, as repre-
sented by the lug base radius to lug height ratio, nh. To 
preserve continuity in the test program, bars used in Phase I 
of the test program were added as the fifth selection in 
Phase II. The bars selected for the research program are 
shown in Figure 2. 

A total of 105 tests were originally scheduled to be 
carried out in Phase II. Each test was conducted on a 
T-section concrete beam containing a single straight de-
formed bar as the main reinforcing element. Each test 
beam had a nominal effective depth of 10 in. 

The scheduled Phase II test series was divided into two 
parts, each composed of five groups of tests, one for each 
manufacturer's bars. Stress range was the only intended 
variable within a group. A nominal minimum stress level 
of 6-lsi tension was used throughout. 

Each group in the first part-of the Phase II test program 
was scheduled to consist of 12 tests. These were intended 
to result in an estimate of the mean fatigue limit at 5 mil-
lion cycles for each manufacturer's bars. For this purpose, 
a staircase test procedure (17) was used. This procedure 
allows a statistical evaluation of the mean fatigue limit. 

In the second part of the Phase II test program, each 
group consisted of nine tests. These tests were carried out 
at three nominal stress range levels and were intended to 
provide information about that part of the S-N curve where 
the fatigue life depends strongly on the applied stress range, 
the finite-life region. 

The Phase II program also included a limited study of 
fatigue crack growth. For this purpose, an eleventh group, 
consisting of three tests was included in the Phase II test 
series. These tests were carried out at a common stress 
range, on bars from a single manufacturer, and were termi-
nated after 100 thousand, 200 thousand, and 300 thousand 
cycles of applied loading, respectively. Each reinforcing 
bar was subsequently removed from the test beam and 
tested in static tension to determine the extent of fatigue 
damage. 

As in Phase I, runout tests at 5 million cycles were termi-
nated. They were then rerun as new tests at the regular 
finite-life stress range levels. These rerun tests were in-
tended to allow the effect of prior cycling to be determined 
by comparison with the regular finite-life tests. 

Mechanical properties of the test beam concrete were 
determined from cylinder tests, as was done in Phase I. 
Similarly, the tensile properties of each test bar were deter-
mined in tests on bar coupons. Supplementary tests for 
chemical composition, hardness, and microstructure prop-
erties were carried out on samples of each manufacturer's 
bars. 
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Figure 2. Rein forcinc.' bars used in test program. 

Geometry of the rolled-on transverse deformations of the 
test bars, as represented by the lug base radius to lug height 
ratio, was evaluated by three different techniques. Esti-
mates of the critical lug geometry were made by stereo-
microscopc cxamination of the bar surface and measure-
ment on photographs of longitudinal sections of bar samples 
and of sectioned plaster casts of bar samples. 

Statistical Analysis 

The Phase I test program was designed to allow the gather-
ing of finite-life data from various groups into factorial 
designs (18). Four basic factorial designs, in two and three 
factors each, allowed the individual effects of the basic test 
variables and their interactions to be evaluated. Stress range 
was the third factor in each of these designs. 

The Phase II test program was designed to allow an 
evaluation of the mean fatigue limit at 5 million cycles for 
each manufacturer's bars by means of a staircase analysis. 
it was further designed to allow an evaluation of the dit-
ference in fatigue strength among the various manufactur-
ers' bars when tested in the finite-life region. 

IMPLEMENTATION OF THE RESEARCH PROGRAM 

A review of the literature pertinent to the fatigue properties 
of reinforcing bars was carried out. Previous fatigue stud-
ies provided guidance for the implementation of the test 
program and for the interpretation of the resulting data. 
Conversely, previously published data were reevaluated in 
view of the present experimental results. 

A full account of the literature review is presented in 
Appendix A. 

Experimental Investigation 

In order to obtain a statistically valid experiment free from 
bias due to personnel, test procedures, and test equipment, 

the test program was randomized as far as possible. Use 
of reinforcing bars of a certain size and grade from the 
stock of bars for a particular manufacturer was fully ran-
dom. The order of testing was randomized in each phase 
of the test program. 

Each test bar was embedded as the main reinforcing ele-
ment within a rectangular or T-shaped, single-span concrete 
beam. Appropriate shear reinforcement and stirrup sup-
port bars were placed in each shear span. Concentrated 
loads were applied to each beam at about the third points 
of the span. A representative test beam, ready for the ap-
plication of dynamic loads, is shown in Figure 3. 

A nominal effective depth of 6, 10, or 18 in. was used 
for each test beam. Stem width of the T-shaped beams was 
6 in. This was also the width of the rectangular beams. 
Flange width of the T-beams was varied with the size of 
the test bar to maintain a uniform depth to the neutral axis 
for beams having the same effective depth. Flange depth 
was varied among beams of different effective depths to 
retain the neutral axis within the flange. 

Length of the test beams was varied with the size of the 
test bar and the effective depth of the beam. A constant 
moment region of uniform length was maintained for all 
test beams within a single group. However, the length of 
each shear span was increased for sonic tests within a group 
to preclude any possibility of bond fatigue failure. 

Test beams were cast in concrete forms lined with plastic-
coated plywood. Concrete was mixed using Type Ill port-
land cement. Elgin sand, and 3/4 -in, maximum size, normal 
weight, stone aggregate. Design compressive strength of the 
concrete was 5,000 psi in 14 days. Slump of the concrete 
was from 2 to 4 in. Three 6 x 12-in, cylinders were cast 
from the batch placed between the load points of a beam. 

After casting, the test specimens were stored under plastic 
cover for three days. They were then removed from their 
forms and stored in the laboratory, where temperature and 
humidity were maintained at 70 F and 55 percent, re-
spectively. 



Figure 3. View of a test setup. 

Tests were carried out in two reaction frames. Each 
frame was constructed from precast concrete members that 
were bolted together and post-tensioned to the laboratory 
test floor. The test beams were supported on a heavy con-
crete base. One of the test setups is shown in Figure 3. 

Loads were applied to the test beams by means of Amsier 
hydraulic rams. One or two rains were used to apply load 
to each beam. When only one ram was used, a spreader 
beam distributed the load equally to the loading points. 

Amsler pulsating-load equipment (/9) applied a sinus-
oidally varying load at either 250 or 500 cycles per minute. 
The loads were set by means of prccalibrated oil pressure 
gages. 

Midspan deflection of the test beams was measured with 
it dial gage and a cantilevered steel rod on which an electric 
resistance strain gage was mounted. Output from the strain  

gage was recorded on a Sanborn continuous strip chart re-
corder (19). Deflections were measured to the nearest 
0.001 in. 

All tests were scheduled to begin when the test beam con-
crete was 14 to 30 days old. Some tests were initiated a few 
days earlier or later than schcdulcd. All tcsts were carried 
out in a predetermined random order except the initial and 
final tests in Group No. I and the tests for the study of 
fatigue crack growth. 

Loads to be applied to each test beam were predetermined 
in the testing order, except for tests carried out in the long-
life region. In each case, the loads were assigned in a ran-
dom manner. In Phase I of the test program, the loading 
was intended to produce a minimum stress of —6, 6. or 
18 ksi and it stress range of 36, 48, or 54 ksi in the bars 
tested in the finite-life region. In Phase II. a minimum 
stress of 6 ksi and stress ranges of 34, 44, or 54 ksi were 
intended. 

Two long-life tests were carried out in each group in 
Phase I of the test program. Stress ranges of about 24 and 
25 ksi, respectively, were intended in these tests. However, 
the stress range for the second of these tests to be carried 
out was often adjusted to reflect the fatigue life observed in 
the first test. 

Loads on beams tested in the staircase part of Phase 11 
of the test program depended in each case on the result 
obtained in the immediately preceding test in the appro-
priate staircase test series. A runout at 5 million cycles in 
a particular series resulted in a one-step increase in stress 
range for the succeeding test in that series. Conversely, a 
fatigue fracture in a test bar resulted in a one-step decrease 
in stress range for the succeeding test. A nominal step size 
of I ksi was used throughout. 

Initially, three cycles of static loading to the desired stress 
levels were applied to each test beam. A dynamic correc 
tion to the applied loads was calculated from the observed 
deflections during these three cycles. At the conclusion of 
the static load cycles, each test beam was subjected to 
dynamic loading at a rate of 250 or 500 cycles per minute. 
Often the dynamic loading was interrupted after several 
thousand cycles of loading in order to monitor the dynamic 
correction. In each case, dynamic loading was continued 
until fatigue fracture of the test bar occurred or the bar had 
survived 5 million cycles of stress. 

When the minimum stress in a test bar was intended to 
be 6-ksi compression, external post-tensioning was applied 
to the test beam during the first static load cycle. The post-
tensioning system consisted of a pair of steel rods held at 
the level of the beam reinforcement and passed through 
steel springs butting against one end of the test beam. The 
pre-stress force was measured by load cells. 

Runout tests were terminated after 5 million cycles of 
loading. The test beam was then given a new test number 
and subjected to additional cycles of loading at one of the 
finite-life stress range levels until fatigue fracture of the test 
bar occurred. 

After fracture of a test bar had occurred, the location of 
the flexural tension cracks in the test beam and the dimen-
sions of the beam at the location of the fracture were re-
corded. These cross-sectional dimensions were subsequently 



used in calculating the stress levels to which the test bar had 
been subjected. 

Pieces of the test bar containing the fracture region were 
removed from the broken test beams. Cross-sectional di-
mensions of the test bars were subsequently determined 
from these pieces. An examination of the fractured face 
of the test bar was also carried out and the location of the 
primary fatigue crack nucleus determined. 

Compressive strength and modulus of the test beam con-
crete were determined on the day that each fatigue test was 
started. The static mechanical properties of each test bar 
were also determined. Furthermore, material properties 
such as chemical composition and Vickers hardness were 
obtained from samples of selected test bars. 

The critical lug geometry of samples of each size and 
grade of bar tested in Phase I of the test program was 
determined from photographs of lug profiles. These lug 
profiles were obtained by longitudinal sectioning of the bar 
samples. A similar, but more refined, procedure was used 
to determine the critical lug geometry of each manufactur- 
er's bars in phase II of the test program. The lug geometry 
of the Phase II test bars was also evaluated by stereo- 
microscope observation of the bar surface and by means 
of photographs of lug profiles obtained from sectioned 
plaster casts of bar samples. 

In Phase I of the test program, fatigue tests were car-
ried out on machined specimens of samples of the No. 8 
Grade 60 test bars. In Phase II, static tension tests were 
carried out on specimens removed from test bars that had 
fractured in fatigue. 

At the conclusion of the scheduled tests in each phase 
of the test program, a few additional fatigue tests were 
carried out. Some of these tests were replacements for tests 
that had been terminated due to fatigue fracture of the test 
beam concrete. Other tests replaced those where some de- 
viation from the intended test procedure had occurred. A 
few tests were added to obtain further test data in Phase I 
groups where the long-life test results were considered in- 
complete. Finally, several unscheduled tests were required 
in Phase II of the test program to "zero in" on each stair-
case test series. Thus, a total of 353 fatigue tests were 
carried out, 236 in Phase I and 117 in Phase II. 

A detailed description of the experimental program and 
the test procedures used in its execution is presented in 
Appendix B. 

Statistical Analysis 

In the statistical analysis of the test data, a distinction was 
made between finite-life and long-life data. Because Phase I 
of the test program was not specifically designed for the 
study of long-life data, a convenient separation point be-
tween the two kinds of data was found to be at a stress 
range of 28 ksi. Tests carried out at a stress range in the 
test bars greater than 28 ksi were regarded as resulting in 
finite-life data. No statistical analysis of the Phase I long-
life data was possible. 

In Phase II of the test program, five groups of tests were 
intended to result in finite-life data and another five groups 
in long-life data. However, the long-life groups included 
some finite-life tests. These were needed to "zero in" on  

each staircase test series. Such tests were included in the 
staircase analyses but were excluded from the finite-life data 
analysis. 

No rerun tests were included in the analysis of the finite-
life data. Rather, these tests were considered separately. 
Most tests where the fatigue crack had been initiated at a 
manufacturer's bar identification mark were included in the 
statistical analysis. A single rerun test was omitted. All 
tests where yielding of the test bar had occurred were in-
cluded in the finite-life data analysis. All but one of the 
tests where some deviation from the specified test condi-
tions had occurred were included in the finite-life data 
analysis. However, they were excluded from the analysis 
of the factorial designs. These tests received special atten-
tion throughout the analysis. 

Continuity between the two phases of the test program 
was established prior to the finite-life data analysis. This 
was done by testing the homogeneity of the Group No. 1 
and Group No. 33 finite-life data in an analysis of co-
variance (20, 21). Each of these groups consisted of tests 
on No. 8 Grade 60 bars from Manufacturer A but be-
longed to separate phases of the test program. 

Validity of the statistical procedures used was established 
by testing the three fundamental assumptions on which these 
procedures were based. Randomness of the statistical sam-
ple was established by the extensive randomization carried 
out in the test program. Log-normality of the population 
of finite-life data was tested by means of the W-test (22, 
23), probability plotting (18, 22) and the chi-square test 
(18, 24). Constancy of variance of the observed finite-life 
region fatigue lives was tested by probability plotting, Bart-
lett's test (20, 25), and Hartley's test (26, 27). Further-
more, the assumption that the finite-life relationship be-
tween stress range and the logarithm of the number of 
cycles to fracture may be expressed by a straight line was 
tested by partitioning (20) of sums of squared deviations 
about several regression lines. 

The effects of the Phase I test variables were studied in 
four basic factorial designs (18). The two factor designs 
studied were effective depth versus bar diameter, minimum 
stress level versus bar diameter, grade of bar versus bar 
diameter, and minimum stress level versus effective depth. 
In further analysis, stress range was used as the third factor 
in each of these designs. An analysis of variance (18, 20) 
of each of these factorial designs allowed the individual 
effects of the variables and their interactions to be studied. 

All of the Phase I finite-life data admitted to the statisti-
cal analysis were studied as a single whole by means of a 
stepwise multiple linear regression (28). All of the Phase I 
test variables were entered in the regression, as were those 
interaction terms that could not be totally rejected in the 
analysis of the factorial designs. 

The effect of bar geometry on the fatigue life of reinforc-
ing bars was studied in separate finite- and long-life analyses 
of the Phase II test data. Finite-life test data were studied 
in an analysis of covariance (20, 21) while the long-life 
data were evaluated by a staircase analysis procedure. 

None of the available techniques for studying staircase 
series data were applicable to the observed fatigue data. 
This was due to the irregular step size obtained in the tests. 



For this reason, a procedure capable of estimating the 
mean value and standard deviation of a staircase series 
having a variable step size was developed. 

Following the study of bar geometry effects, an over-all 
analysis of the finite-life data obtained in both phases of the 
test program was performed. The stepwise, multiple linear-
regression procedure was used. Variables considered in the 
regression were those found to be significant in the pre-
vious multiple linear regression, along with a bar geometry 
variable and any other untested variables considered to have 
had a potential effect on the fatigue life of the test bars. 

The effect on the rerun test bars of having previously been 
subjected to 5 million cycles at a low stress range was con- 

sidered for the Phase II rerun data. This analysis was per-
formed by testing rerun data regression lines for union (20) 
with regular finite-life data regression lines. 

Tolerance limits (18, 29), under the Phase II test con-
ditions, were established for each manufacturer's bars. In 
addition, tolerance limits were established for the finite-life 
test conditions of the bars tested in Phase I of the test 
program. 

A full account of the statistical procedures used in ana-
lyzing the test data is presented in Appendix C.* 

* Descriptions of the major computer programs used in the statistical 
analysis can be obtained from the Program Director, NCHRP. 

CHAPTCR TWO 

FINDINGS 

LITERATURE REVIEW 

Considerable research to determine the fatigue properties of 
reinforcing bars has been carried out in recent years in 
North America, Europe, and Japan. Much of this research 
has a direct bearing on the fatigue influencing factors in-
vestigated in the present work. These research investiga-
tions and other investigations into the general fatigue prop-
erties of metals, relevant to the present study, are reviewed 
in detail in Appendix A. 

Unfortunately, much of the previously reported research 
work on reinforcing bars does not easily lend itself to 
quantitative evaluation of the effects investigated. Thus, the 
separation of the effects of two or more fatigue-influencing 
factors, in a small experiment intended for a comparative 
evaluation of a single effect, often proved to be impossible. 
For instance, an experiment to determine the effect of bar 
size on fatigue strength would not take into account the 
effect of a difference in yield strength or a difference in lug 
geometry among the various size bars tested. 

Most of the fatigue investigations reviewed were not de-
signed for statistical evaluation of the test data. In an ex-
periment where several factors may influence the outcome 
of the tests, a statistical experimental design and analysis 
are the only means whereby the effects under study may be 
separated and quantified. 

Many of the fatigue tests reported were concerned with 
either determining the fatigue limit at 2 million cycles or 
comparing the effects of various factors influencing the 
fatigue limit at 2 million cycles. Tests in this region of the 
S-N curve result in highly scattered data and require so-
phisticated experimental design and analysis for proper 
evaluation. For this reason, such test series were generally 
not given much weight in the conclusions derived from the 
literature study. 

It was observed during the evaluation of the previously 
published test data that the effect of a fatigue-influencing 
factor will often show up in both the finite- and long-life 
fatigue regions. Since the natural scatter in fatigue data 
with stress range is least in the finite-life region, an effect 
will usually be much more clearly defined in that region 
of the S-N curve. 

Effect of Stress Range 

Stress range was found to be the predominant factor in-
fluencing fatigue strength in the finite-life region. The effect 
of stress range on the fatigue life of selected North Ameri-
can reinforcing bars (30, 31) is shown in Figure 4. The 
S-N diagrams shown represent a visual judgment of the 
variation in fatigue life with stress range. 

Deformed No. 8 and No. 11 reinforcing bars of Grades 
40, 60, and 75 and of three different deformation patterns 
are represented in Figure 4. They were tested as embedded 
within reinforced concrete beams and were, in each test 
series, subjected to a constant minimum stress level that 
ranged from 5 to 24 ksi from one test series to another. The 
difference in the S-N diagrams is therefore attributable to 
the effects of minimum stress level, bar diameter, grade of 
bar, and lug geometry. 

In the long-life region, the effect of stress range on fa-
tigue life is greatly diminished. Several investigators (32-
34) have conducted tests on reinforcing bars for up to 
10 million cycles of loading without obtaining fatigue frac-
ture of their specimens. It therefore appears that, for de-
sign purposes, reinforcing bars may be considered to possess 
a fatigue limit. 

In Figure 4, the logarithm of fatigue life is seen to vary 
linearly with stress range in the finite-life region. Although 



each S-N diagram represents only an estimate of the actual 
fatigue properties, it is evident that the effects exhibited in 
the finite-life region are often carried over into the long-life 
region. 

At high stress range levels, when the maximum stress ap-
proaches the tensile strength of the bar, the effect of stress 
range on fatigue life is again diminished. Only limited test-
ing of reinforcing bars has been carried out at such stress 
ranges (35). 

Effect of Minimum Stress Level 

Some investigators (36, 37) have argued that the minimum 
stress level has no significant effect on the fatigue strength 
of reinforcing bars. Others (30, 38, 41) indicate that a 
minimum stress effect is present in their data. Opinions to 
the contrary seem to have arisen due to the difficulty of 
separating the effects of other factors masking the effect 
of the main test variable. 

Careful examination of published test data for reinforc-
ing bars indicates that an increased minimum stress results 
in lowered fatigue strength in both the finite- and long-life 
regions. Where test data from the finite- and long-life re-
gions are available for the same bar, the effect is seen to be 
of about equal magnitude for both regions. 

Effect of Bar Diameter 

Several authorities (42-45) agree that specimen size has an 
effect on fatigue strength. This effect shows up as a gain in 
fatigue strength with a decrease in the diameter of a test 
specimen. It is attributed to the additional working of the 
material to produce smaller size pieces and a statistical size 
effect related to the probability of finding a critical flaw on 
the surface of the material. 

Previous research (38, 40, 46) on the effect of reinforc-
ing bar size on fatigue strength was concerned with deter-
mining the fatigue strength at 2 million cycles. A study of 
the reported test results reveals an increase in fatigue 
strength as the bar diameter is decreased. However, the 
relationship is not clearly defined by the test data. 

The effect of bar size is influenced by the strain gradient 
across a bar encased within a concrete beam subjected to 
bending. For equally stressed bars, in beams of equal ef-
fective depth, a steeper strain gradient is obtained within 
beams having greater depth to the neutral axis. This strain 
gradient causes the maximum cross-sectional bar stress to 
be found on the side of the bar farthest from the neutral 
axis. Thus, the larger the bar diameter, the greater is the 
difference in stresses across the bar for the same strain 
gradient. 

Due to the strain gradient, the fatigue strength of a re-
inforcing bar embedded within a concrete beam subjected 
to bending will be affected by the orientation of the bar 
within the beam. Orientation of the test bar was a con-
trolled variable in one test series (31). A lower fatigue 
strength was obtained when the longitudinal ribs of the test 
bars were located in a vertical plane within the test beams 
than when they were in a horizontal plane. Apparently, the 
critical fatigue zone on the periphery of the test bars was 
near the function of the longitudinal ribs with the trans-
verse lugs. 
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Figure 4. Representative fatigue test results for North Ameri-
can bars. 

Effect of Grade of Bar 

Previous tests on reinforcing bars of various grades have 
resulted in divergent opinions as to the effect of steel 
quality on fatigue strength. Results from three investiga-
tions (30, 47, 48) show an increase in fatigue strength for 
the higher grade bars. Other researchers (38, 40, 46, 49) 
have concluded that grade of bar has only slight or no effect 
on the fatigue strength of reinforcing bars. 

On the basis of the reported test results, it was concluded 
that fatigue strength is increased for the higher grades of 
bar. However, no regular trend could be observed. This 
may be due to masking of the effect of the main test vari-
able by other fatigue-influencing factors. 

Effect of Type of Specimen 

The fatigue test results studied in the review of the litera-
ture were obtained using a variety of test methods. Fa-
tigue tests on reinforcing bars have been conducted in 
tiexure on bar coupons in air, axial tension on bar coupons 
in air, axial tension on concrete-encased bar coupons, and 
on bars embedded within concrete beams of three types. 
It is not known to what extent the test results may have 
been influenced by the test conditions since no comparative 
test results are available. However, actual service condi-
tions in highway bridges are simulated most closely when 
the test bar is embedded as the main reinforcing element in 
a concrete beam subjected to bending. 

Effect of Bar Geometry 

Stress concentrations are a primary factor in the initiation 
of fatigue cracks. Rolled-on transverse deformations for 
improving bond characteristics cause stress concentrations 
in a reinforcing bar. The severity of the stress concentra-
tion effect is not known due to the complex state of stress 
at a transverse lug. However, a ratio of lug base strain to 
bar surface strain as high as 1.82 has been measured (50) 
on a reinforcing bar. 

Theoretical studies of the stress concentration effects of 
external notches have been carried out (50, 51). Sharpness 
of the lug base radius was considered to be the most criti-
cal factor in causing stress concentrations. Lug width, 
height, and flank angle were also judged to be important. 
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Fatigue tests have been carried out (30, 48) on bars that 
were nominally identical except for their deformation pat-
terns. Large differences in fatigue strength were observed 
in both the finite- and long-life regions. No measurements 
were made of the lug geometry in one of these investiga-
tions (30). In the other (48), the accuracy of the re-
ported measurements could not be confirmed for lack of 
detailed information. 

The effect of wear of the rolls in producing more 
smoothly shaped lugs has also been investigated (48, 52). 
An increase in fatigue strength in both the finite- and long-
life regions was observed for bars produced after the rolls 
had become worn. However, the effect was not consistent, 
being large for one set of bars and relatively small for two 
others. 

Other Effects 

Various properties of reinforcing bars, imparted during the 
manufacturing process, may have an effect on fatigue 
strength. Among these manufacturer-related fatigue in-
fluencing factors are chemical composition, decarburiza-
tion, mill scale, inclusions, surface deformations, residual 
stresses, and bar coatings. Some of these are interrelated. 
Others also relate to the previously discussed effect of grade 
of bar. 

The chemical composition of the steel used in reinforc-
ing bar manufacture affects the fatigue strength of the base 
metal in proportion to the effect on tensile strength. The 
benefits due to an increase in carbon content are, however, 
partially negated by increased decarburization and the for-
mation of mill scale. Decarburization leads to a structural 
weakening of the bar surface metal and thus to earlier 
fatigue crack formation than the strength of the base metal 
would indicate. Stress concentrations will arise at surface 
pits caused by rolling mill scale into the bar surface during 
the hot-rolling process. Metallic inclusions in the reinforc-
ing bar steel may also cause stress concentrations. 

Residual stresses in the surface of cold-twisted reinforc-
ing bars will affect their fatigue strength. Moderate amounts 
of cold twisting were found (53) to be beneficial but fur-
ther twisting resulted in decreased fatigue strength. Some 
indication was found that stressing Grade 40 bars having a 
long yield plateau beyond yield caused a decrease in fa-
tigue strength (30). Galvanization of reinforcing bars may 
also set up residual stresses at the bar surface. The effect 
of these stresses on fatigue strength is not known. 

Investigations into the effects of some detailing practices 
on fatigue strength have been carried out. The effects of 
bending a bar, tack-welding of stirrups to the main re-
inforcement, and joining bars by welding have been studied. 

Tests on specially constructed concrete beams, each con-
taining a single bent bar as the main reinforcement, have 
been carried out by several investigators (30, 36, 38). A 
greatly reduced fatigue strength in both the finite- and long-
life regions was observed (30) in bars bent around a 6-in. 
mandrel. The sharper the bend, the greater was the reduc-
tion in fatigue strength (30). However, due to the type of 
specimen used, these tests cannot be considered representa-
tive of the conditions to which a bent-up bar in an ordinary 
reinforced concrete beam is subjected. 

Fatigue tests on heavy girders containing bent-up bars 
as part of the reinforcement have been reported (54, 55). 
Since fatigue fracture of the bars occurred away from the 
bends, they were not considered to have had a detrimental 
effect on the fatigue strength of the bars. 

The effect of tack welding of stirrups was determined 
(31) in tests on beams having either welded or wire-tied 
stirrups. Careless field practice in arc welding was simu-
lated in these tests. Tack welding was found to cause a 
large reduction in both the finite- and long-life fatigue 
strength of the main reinforcing bars. 

Tests on welded joints in reinforcing bars (15) and on 
joints in welded bar mats (35) have been carried out. In 
both cases, the fatigue strength was considerably reduced 
from that of unwelded bars. However, the type of joint in 
welded bar splices (15) was found to have a large effect. 
A 60-degree single-V butt joint was found to have the best 
fatigue characteristics. 

EXPERIMENTAL INVESTIGATION 

A summary of the test results directly obtainable from the 
experimental investigation is presented in this section. Re-
sults obtainable only through extensive data analysis are 
presented in the following section. A detailed description 
of the test procedures used in the experimental investiga-
tion and a fuller account of the material covered in this 
section are presented in Appendix B. 

Mechanical Properties of Test Bars 

The yield strength, tensile strength, and elongation of each 
bar tested in fatigue were determined in tests on bar cou-
pons. Average values of these tensile properties are listed 
in Table 1 for each type of bar tested. 

Two different measures of yield strength are listed in 
Table 1. According to ASTM A6 15 (1), yield strength 
was determined from the yield plateau, and at 0.5- and 
0.6-percent strain, respectively, for the Grades 40, 60, and 
75 bars. ACI 3 18-71 (4) allows the yield strength of 
Grade 60 and stronger bars to be determined at 0.35-per-
cent strain. This procedure was also used for the Grade 40 
bars. 

The two measures of yield strength are seen to provide 
nearly identical results for the Grades 40 and 60 bars, ex-
cept for the No. 6 Grade 60 bars. The difference in results 
for the No. 6 Grade 60 bars and for the Grade 75 bars is 
due to a short or nonexistent yield plateau and rapid onset 
of strain hardening. 

The yield strength of test bars of the same grade is seen 
to vary considerably, as much as 18 percent for the 
Grade 60 bars. The variation in tensile strength is similar 
in magnitude to that of yield strength. Elongation of the 
test bars is seen to decrease with grade of bar and to vary 
widely for bars of the same grade. 

Vickers hardness was measured on transverse sections of 
samples of No. 8 Grade 40, Grade 60, and Grade 75 bars 
from Phase I of the test program and on samples of each 
manufacturer's bars from Phase II. The average hardness 
obtained is listed in Table 1. It is seen in Table 1 that the 
hardness of the test bar steel varies with the grade of bar. 
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TABLE 1 

PROPERTIES OF REINFORCING BARS 

MANU- 
FAC- 
TIJRER 

SIZE 
OF 
BAR 

GRADE 
OF 
BAR 

TENSILE PROPERTIES 

YIELD STRESS 

ASTM ' 	ACI 
A615 	318 
(KSI) 	(xsI) 

ULTI- 
MATE 
STRESS 

ELONGA- 
TION 
(PER- 
CENT) 

CRITICAL DIMENSIONS 

FLANK 
ANGLE 
(DE- 

nh 	Ii/w 	GREES) 

CHEMICAL 
CONTENT 

C 
(PER- 
CENT) 

MN 
(PER- 
CENT) 

VICKERS 
HARDNESS 

40 47.8 47.6 82.6 18.4 0.29 0.41 0.72 
5 60 69.5 67.9 109.7 13.5 0.24 0.40 1.42 

75 87.2 77.3 118.2 10.4 0.32 0.42 1.82 
6 60 71.4 69.4 112.1 14.3 0.25 0.40 1.57 

40 46.1 45.8 79.0 23.1 0.21 0.41 0.89 185 
A 8 60 61.6 61.4 102.0 18.0 0.33 0.50 35 0.36 1.32 262 

75 85.2 72.9 120.3 11.4 0.22 0.42 1.77 291 
10 60 59.2 58.7 102.0 17.8 0.17 0.36 1.29 

40 42.7 42.8 77.4 25.3 0.22 0.38 0.72 
11 60 67.4 66.1 110.6 15.5 0.26 0.36 1.32 

75 84.7 79.1 124.5 12.1 0.20 0.43 1.73 
B 8 60 63.7 63.4 104.7 14.8 0.29 0.50 60 0.43 1.04 264 
C 8 60 72.7 72.6 114.0 14.0 0.29 0.39 35 0.46 1.81 275 
D 8 60 63.2 62.1 107.0 15.9 0.38 0.39 35 0.53 1.52 267 
E 8 60 59.8 59.0 111.7 12.1 0.39 0.60 50 0.59 0.59 271 

Reference I. 'Reference 4 

Geometric Properties of Test Bars 

The critical geometric properties of the transverse lugs on 
the test bars are given in Table 1. The dimensionless ratios 
listed are, in each case, based on the sharpest lug base 
radius, r, in the predominant fatigue crack nucleation zone 
on the periphery of the test bars, and the corresponding lug 
height, h, and lug width, w. Also given in Table 1 is the 
less acute of the two flank angles associated with the above-
mentioned ratios. The values listed were obtained by mea-
surement from photographs of longitudinal sections of bar 
samples. 

Measurement of lug geometry by means of a stereo-
microScope was not successful. Great difficulties were en-
countered in obtaining sufficient contrast for accurate mea-
surement. Independent measurements by two competent 
observers were not always consistent. 

Lug dimensions determined from photographs of sec-
tioned plaster casts of bar samples were not considered to 
provide adequate accuracy. Sharp features on the lugs 
were generally smoothed out on the plaster casts, and diffi-
culties were encountered in obtaining sharply defined pho-
tographs of the plaster cast features. Thus, larger lug base 
radii were obtained by this method than by photography of 
sectioned bar samples. Furthermore, the plaster had a 
tendency to entrap air bubbles, particularly near the bar 
surface. These were often difficult to distinguish from 
actual features on the bar surface. 

The method of determining lug geometry from photo-
graphs of sectioned bar samples was found to be satisfac-
tory. However, great care had to be exercised in preparing 
the sectioned bar surface for photography. All mill scale, 
along with burrs caused by the sectioning process, had to 
be removed from the bar surface and the sectioned surface 
carefully polished prior to photography. 

The technique used in preparing sectioned bar samples 
for photography of the lug geometry was refined during 
Phase II of the test program. Therefore, of the critical lug 
dimensions presented in Table 1, those for the No. 8 
Grade 60 bars may be considered to be the most accurate. 

Material Properties of Test Bars 

A spectrographic analysis of samples of the test bars was 
carried out. The carbon and manganese contents so de-
termined are listed in Table 1. The Grade 40 bars, and the 
Grade 60 bars except those from Manufacturer C, were 
found to have been rolled from medium carbon steels. 
Bars from Manufacturer C and the Grade 75 bars were 
rolled from alloy steels. 

The microstructure of the steel in the No. 8 Grade 60 
bars was examined on photographs, magnified 325 times, 
oflongitudinal sections of bar samples. This examination 
revealed a fairly uniform decarburization of the bar surface 
material. The depth of the decarburized layer was esti-
mated to vary from 0.003 to 0.006 in. 

Properties of Test Beams 

Each bar tested in fatigue was subjected to cyclic stresses 
while encased as the main reinforcement within a concrete 
beam. In Phase I of the test program, the average strength 
and modulus of the test beam concrete were found to be 
5,64 psi and 3,890 ksi, respectively. In Phase II these were 
found to be 5,310 psi and 3,490 ksi, respectively. 

During cyclic loading of the test beams, the range of 
deflection for each specimen was found to be essentially 
constant. However, the minimum deflection of a test beam 
was found to increase continually with time. This is at-
tributed to time dependent deformations in the beam 
concrete. 
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Generally, flexural tension cracks in the test beams were 
symmetrically spaced about a crack former located at mid-
span. Average crack spacing in the constant moment re-
gion varied with the size of the bar, the effective depth of 
the test beam, and the bar deformation pattern. On the 
average, the crack spacing was found to decrease with an 
increased bar size and to increase with an increased effec-
tive depth. The relationship between crack spacing and bar 
deformation pattern is not clear. 

Stresses in Test Bars. Stresses in the reinforcing bar em-
bedded within each test beam were calculated for forces 
acting at the midspan of the beam. These were considered 
to be the stresses causing fatigue fracture of the test bar. 
The fatigue fracture always occurred in the close vicinity 
of an externally observed flexural tension crack in the test 
beam concrete. Therefore, calculation of the cyclic bar 
stresses on the basis of a cracked beam section was justified. 

Calculation of stresses in the test bars was based on the 
straight-line theory of flexural stress and strain given in 
Section 8.10.1 of the 1971 ACI Building Code (4). Mea-
sured material properties and dimensions of the test beams 
were used in calculating the response to the applied test 
loads. 

Experimental and calculated stress levels were compared 
in special tests carried out on fully instrumented beams 
representative of the ordinary and prestressed beams used 
in the test program. The ratio of calculated stress range to 
that determined from experimentally measured strains 
ranged from 0.93 to 1.00. The lower value was attributed 
to the inability of concrete tension cracks to close fully at 
low minimum stress levels when the beam had only been 
subjected to a few thousand cycles of dynamic loading. 
The correlation was found to improve with the number of 
cycles applied. 

Effect of Stress Range 

An indication of the relationship between nominal levels of 
the test variables and the fatigue strength of the test bars 
is given in Figure 5. In each instance, the logarithm of the 
number of cycles to fatigue fracture or end of test was 
plotted versus the calculated stress range. The lines shown 
represent regression lines for the appropriate sets of data 
or the fatigue limit as determined by staircase series analy-
sis. The scatter in test results shown in Figure 5 is partly 
due to the natural scatter observed in fatigue test results 
and partly to variation in the test parameters about the 
nominal levels. 

As may be seen in Figure 5, stress range was the pre-
dominant factor influencing the fatigue strength of the test 
bars in the finite-life region. The most severe test condi-
tion applied occurred inadvertently during testing of a 
No. 11 Grade 60 bar embedded at a depth of 10 in. within 
the test beam. This bar was subjected to a minimum stress 
of 5.9 ksi and a stress range of 68.6 ksi. Fatigue fracture 
of the bar occurred after 24,100 cycles of loading. This 
test result is plotted in Figure 5. 

The least severe test condition resulted in a fatigue frac-
ture of the test bar in the long-life region or in a runout 
at 5 million cycles. In Figure 5, runout tests are indicated 
by an arrow. 

The lowest stress range at which a fatigue fracture oc-
curred was 21.3 ksi. This stress range was combined with 
a minimum stress of 17.5 ksi and was applied to a No. 11 
Grade 60 bar embedded at an effective depth of 10 in. 
within the test beam. Fracture occurred after 1,252,200 
cycles. 

Most of the tests were carried out at a nominal minimum 
stress of 6 ksi and at an effective depth of 10 in. In these 
tests, the lowest stress range resulting in fatigue fracture 
was 22.4 ksi. This fracture occurred in a No. 10 Grade 60 
bar after 1,958,400 cycles. In the staircase test series, a 
fatigue fracture was recorded after 2,989,900 cycles for a 
bar from Manufacturer C subjected to a stress range of 
23.0 ksi. 

The highest stress range at which a runout at 5 million 
cycles was recorded occurred in the staircase series for bars 
from Manufacturer E. This bar was subjected to a mini-
mum stress of 6.1 ksi and a stress range of 31.2 ksi. 

Effect of Minimum Stress Level 

An increase in minimum stress was observed to result in a 
lowered finite-life fatigue strength. The difference in test 
results for nominally identical bars subjected to a compres-
sive minimum stress of 6 ksi and a tensile minimum stress 
of 18 ksi is shown in Figure 5. The high scatter in test re-
sults is attributable to variation about the nominal parame-
ter levels. This obscures the potential parallelism of the 
two S-N diagrams. 

Generally, the effect of changing the minimum stress 
level from 6-ksi compression to 6-ksi tension was found to 
be greater than that due to a change from 6-ksi tension to 
18-ksi tension. However, the possible nonlinearity of the 
trend cannot be confirmed without further testing at addi-
tional minimum stress levels. 

The potential existence of a minimum stress effect in the 
long-life region could not be confirmed. The test program 
was not designed to provide such confirmation. 

Effect of Bar Diameter 

It was observed that an increase in bar diameter resulted 
in a lowered finite-life fatigue strength. The difference in 
fatigue strength among No. 5 and No. 11 Grade 60 bars 
subjected to the same nominal minimum stress is shown 
in Figure 5. The two S-N diagrams are seen to be nearly 
parallel. 

The No. 6 bars tested were found to have the highest 
finite-life fatigue strength and the No. 10 bars the lowest. 
This nonlinear trend in the data may be due to the in-
fluence of other factors. In this connection, it should be 
noted that the No. 6 bars had the highest and the No. 10 
bars the lowest yield strength of the Grade 60 bars from 
Manufacturer A. Additionally, the No. 10 bars were found 
to have the sharpest lug geometry. 

As for the other Phase I variables, the potential existence 
of a bar diameter effect in the long-life region could not be 
confirmed. 

Effect of Grade of Bar 

The finite-life fatigue strength of the test bars was observed 
to increase for the higher grade bars. This may be seen in 
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the comparison of test results for No. 8 Grade 40 and 
Grade 75 bars in Figure 5. 

A large scatter in test results for the Grade 40 bars tested 
at a nominal stress range of 48 ksi obscures the potential 
parallelism of the S-N diagrams in Figure 5. In this case, 
both test bars were subjected to about the same stress lev-
els, with yielding occurring in both bars. However, the 
yield stress of the bar having the shorter fatigue life was 
about 5 ksi lower than that of the other test bar. There-
fore, the decreased fatigue life may be due to the excessive 
deformation to which the test bar was subjected. 

The potential existence of a grade of bar effect in the 
long-life region could not be confirmed. 

Effect of Type of Specimen 

Plots of test results for bars in concrete beams having dif-
ferent effective depths showed little or no variation in 
finite-life fatigue strength. A representative plot of such 
data is shown in Figure 5. This plot shows that, in the 
finite-life region, no fatigue effect can be attributed to 
variation in effective beam depth. It is considered unlikely 
that the effective depth of a concrete beam will affect 
fatigue strength in the long-life region any more than it 
does in the finite-life region. 

Effect of Bar Geometry 

Phase II results indicated that there is considerable varia-
tion in fatigue strength among bars from different nianu-
facturers. This variation is largely attributable to the effect 
of transverse lug geometry. Representative test data are 
shown in Figure 5. The close parallelism of the S-N dia-
grams in the finite-life region should be noted. It should 
also be noted that the difference in fatigue strength is about 
equal in both the finite- and long-life regions. 

Bars from Manufacturer C had the lowest fatigue 
strength. These bars also had the sharpest lug geometry of 
the Phase II test bars. Conversely, bars from Manufac- 

Fi,t,'ure 6. View of a fractured test bar. 

turer E had the highest fatigue strength and the smoothest 
lug geometry. 

The Phase II tests confirmed the existence of a bar 
geometry effect in the long-life region of similar magnitude 
to that observed in the finite-life region. This raises the 
possibility that the effects of other fatigue influencing fac-
tors are similarly transferred from one region to the other. 

Fatigue Fracture of Test Bars 

Most of the fatigue fractures in the test bars occurred in 
the constant moment region between the load points of a 
test beam. They were distributed about the midspan, where 
a crack former was located in each test beam. The few 
fatigue fractures that occurred within a shear span were all 
located in the vicinity of a load point. 

Examination of the fractured face of each test bar re-
vealed a fatigue crack zone having a dull rubbed appear-
ance and surrounded by a crescent-shaped zone generally 
having a rough crystalline surface. Figure 6 shows a repre-
sentative fracture face for a bar from Manufacturer A. In 
some cases the crescent-shaped zone, associated with ten-
sion fracture of the bar, exhibited a fine-grained, dull 
appearance but of darker hue than that of the fatigue crack 
zone. Such fracture zones were often jagged with shear 
planes. 

Most fatigue crack zones had a single focal point, the 
fatigue crack nucleus, where the fatigue crack was initiated. 
Others exhibited several fatigue crack nuclei, generally 
separated by beach marks. All fatigue cracks were ob-
served to have been initiated at the base of a transverse 
lug or, in a few cases, the base of a manufacturer's bar 
identification mark. The role of the bar surface deforma-
tions in creating stress concentrations in a reinforcing bar 
is therefore evident 

Each fatigue crack was observed to have been initiated 
at a point within that half of the test bar located farthest 
from the neutral axis of the test beam. This points out the 
influence on fatigue of the strain gradient across the bar in 
tests of bars embedded within concrete beams. In some 
tests, notably those on bars from Manufacturer A, sec-
ondaiy fatiguc LId.k uudei wete ubseived iii that half of 
the test bar located nearest the neutral axis. 

A study of the distribution of fatigue crack nuclei around 
the periphery of the test bars revealed that the critical fa-
tigue zone on bars from Manufacturer A was located at an 
angle of approximately 45 degrees from the plane formed 
by the longitudinal ribs of each bar. All tests were con-
ducted with the longitudinal ribs of the test bars located 
in a vertical plane, which was also the plane of symmetry 
for each test beam. Thus, the most highly stressed zone on 
a test bar was in the close vicinity of a longitudinal rib. 

The primary fntigiw crack- nncli on bars from Manu-
facturers B through E were generally located at an angle 
of 10 to 15 degrees from the plane of the longitudinal ribs. 
For these bars, few fatigue cracks were found to have been 
initiated at the junction of a transverse lug with a longi-
tudinal rib. However, the potential effect of this junction 
on fatigue crack formation cannot be dismissed. 

All fatigue crack nuclei in bars from Manufacturer C 
were observed to be located at the root of the vee formed 
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by the transverse deformation pattern at the junction with 
the longitudinal ribs. On the other hand fatigue crack 
nuclei in bars from Manufacturer A, having reinforcement 
with a similar deformation pattern to that of bars from 
Manufacturer C, were widely distributed along the trans-
verse lugs. 

An attempt was made during Phase II of the test pro-
gram to measure the final, radius of the fatigue crack zone 
in each test bar. Such data are of importance in the field 
of fracture mechanics. Only limited success was achieved 
in obtaining consistent measurements. This was due to the 
indistinct transition zone observed to exist, in many cases, 
between the fatigue and tensile fracture regions. 

The average final fatigue crack radii ranged from 
0.38 in. at a stress range of 54 ksi for bars from Manu-
facturer E to 0.76 in. at a stress range of 34 ksi for bars 
from Manufacturer A. The final crack radius was ob-
served, on the average, to decrease with increased stress 
range. Furthermore, the average final crack radii varied 
considerably among the different manufacturers' bars. 
However, no clear relationship could be established. 

Fatigue Strength of Machined Bar Specimens 

In Phase I of the test program, a few axial fatigue tests 
were carried out in air on test specimens machined to a 
¼-in, diameter from No. 8 Grade 60 bars. A minimum 
stress of 6-ksi tension was used in these tests. Load was 
applied at a rate of 1,000 cycles per minute. 

A much higher fatigue strength was obtained for the 
machined specimens than was obtained in the regular fa-
tigue tests on the parent bars. At 1 million cycles of load-
ing, the increase in fatigue strength was about 35 ksi while 
at 100,000 cycles the increase was about 22 ksi. 

A part of the observed increase in fatigue strength can 
be attributed to the effect of testing bars of a smaller 
diameter and possibly also to the difference in test method. 
However, the lower fatigue strength of the "as-rolled" bars 
is primarily attributable to the effects of transverse lug 
geometry, surface roughness, and surface decarburization. 

Static Strength of Fatigued Bar Specimens 

In Phase II of the test program, a length of bar sufficient 
for static tension testing was removed from the constant 
moment region of beams in which a fatigue fracture of the 
test bar had occurred near one of the load points. Most of 
these bar coupons exhibited a considerably lower tensile 
strength and elongation than was obtained in the regular 
static tension tests of undisturbed coupons from the same 
bars. 

In each case where a lowered tensile strength was ob-
served, an examination of the static tension fracture face 
revealed the presence of a fatigue crack. These cracks 
generally had a much smaller radius than that associated 
with the fatigue fracture obtained in the beam test. Thus, 
an earlier start or a more rapid fatigue crack growth at a 
different location on the test bar had precipitated the origi-
nal fatigue fracture of the test bar. However, the fracture 
of these bars in the static tension tests occurred in the same 
abrupt, brittle manner as did the original fatigue fracture. 

These tests demonstrate that once fatigue crack growth has 
been initiated in a reinforcing bar subjected to a regular 
program of dynamic loading, a sudden overload may cause 
an unexpected, premature fracture of the bar. 

Fatigue Crack Growth 

A limited study of fatigue crack growth was carried out in 
Phase II of the test program. Three bars from Manufac-
turer A were embedded at a depth of 10 in. within concrete 
beams. Each beam was then subjected to dynamic loading 
resulting in a minimum stress of 6-ksi tension and a stress 
range of 34 ksi in the test bar. Loading of these beams 
was terminated after 100 thousand, 200 thousand, and 300 
thousand cycles, respectively. 	 -. 

After the loading on each of the test beams had been 
terminated, an 8-ft length of the test bar was removed from 
each beam. These bars were then tested in static tension. 
Tensile strength and elongation of the bars were found to 
be essentially identical to those obtained for corresponding 
undisturbed samples. 

No evidence of the formation of a fatigue crack was 
observed on the fracture face of any of the partially fa-
tigued test bars. Because the mean fatigue life of these 
bars, for the particular test conditions used, was found to 
be 482,000 cycles, it must be concluded that the major 
part of the fatigue crack growth took place during the final 
40 percent of their fatigue lives. 

STATISTICAL ANALYSIS 

The statistical analysis of the test data served to confirm 
and clarify the gross effects observable in the raw data. 
Only through such analysis could the various factors in-
fluencing the fatigue strength of reinforcing bars be stud-
ied simultaneously and their effects separated. Further-
more, it was only by means of statistical procedures that 
the effects of the various factors could be quantified. Of 
equal importance, statistical techniques allowed limits to be 
placed to the effects of the fatigue influencing factors. Such 
limits provide bounds for use in establishing design speci-
fications. A full description of the statistical analysis car-
ried out is presented in Appendix C. 

Continuity in Test Program 

Tests in Group No. 1 were carried out in three separate 
stages. Seven tests were conducted at the initiation of the 
test program, another seven in the main part of Phase I, and 
a final seven at the end of Phase I. All 21 had to be shown 
to represent the same population of test results. 

Group No. 33 in Phase II of the test program consisted 
of tests on bars nominally identical to those in Group 
No. 1. Except for stress range, these bars were tested 
under nominally identical conditions. Continuity of the 
two phases of the experimental investigation was preserved 
only if these two groups represented the same population 
of test results. 

An analysis of covariance (20, 21) was carried out on 
four sets of finite-life data, three from Group No. 1 and 
the fourth from Group No. 33. This analysis showed that 
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the four sets of data were statistically equivalent and could 
be represented by a single regression line rather than the 
individual regression lines for the four sets. Thus, test re-
sults obtained in one phase of the test program may be 
compared directly with those obtained in the other. 

Validity of Statistical Procedures 

The basic assumptions of the statistical procedures used in 
the analysis of the finite-life data require that the data rep-
resent a random sample of all possible test results from a 
log-normal population having a constant variance at all 
levels of the test parameters. Furthermore, linear regres-
sion analysis in the finite-life region assumes that the data 
may indeed be represented by a linear relationship. 

In the planning and execution of the test program, every 
effort was made to ensure the elimination of bias through 
extensive randomization. Consequently, the test results are 
believed to be virtually free of bias. 

Log-normality of the population of test results obtained 
from Groups No. 1 and 33 was tested by means of the 
W-test (22, 23). The approximate probability of a log-
normal population was found to be 72 percent. Other 
statistical procedures, such as probability plotting (56, 
57) and the chi-square test (24, 58, 59), confirmed this 
observation. 

Test results from Groups No. 1 and 33 were used to test 
the assumption of constancy of variance with stress range. 
The finite-life data from these groups were adjusted by 
means of individual group regression lines to three com-
mon stress range levels. Probability plotting and the ap-
plication of Bartlett's test (20, 25) to the adjusted data 
confirmed the hypothesis of a constant variance. After a 
similar adjustment of the data, further confirmation was 
obtained by the application of Hartley's test (26, 27) to all 
of the Phase I finite-life data used in the statistical analysis. 

The finite-life test program in Phase II was designed to 
allow the assumption of a linear relationship between stress 
range and the logarithm of the number of cycles to frac-
ture to be tested. The statistical procedure consisted of 
partitioning (20) of the squared sums of deviations about 
individual group regression lines. The hypothesis of a 
linear relationship could not be rejected, with a probability 
of 5 percent of being in error, for four out of the five 
groups of data tested. Consequently, a linear relationship 
was assumed to hold true for all groups of data. 

Analysis of Factorial Designs 

The main part of the statistical analysis was initiated by a 
study of the eight factorial designs contained in the Phase I 
test program. These classifications of the data into distinct 
patterns allowed the combined effects of two or three test 
variables at a time to be separated and studied individually. 
Furthermore, the effects of these variables could be stud-
ied collectively and the existence of an interrelationship 
determined. 

Each factorial design was studied by two- or three-way 
analysis of variance (20), as appropriate. As a refinement 
of the two-way analysis, a technique of partitioning (60) 
the term representing interaction among the variables was 
used. This allowed an estimate of the underlying form of  

the relationship, if any, among the variables to be calcu-
lated. These functional forms were then used in further 
analysis of the data as a whole. 

The analysis of the factorial designs showed that stress 
range, minimum stress level, bar diameter, and grade of 
bar had statistically significant effects on the fatigue lives 
of the reinforcing bars tested in Phase I. The existence of 
any effect of the effective beam depth on fatigue strength 
was rejected in one factorial design but was confirmed in 
another. A cubic equation was found to give the best 
representation of the effect of bar diameter. 

The interaction term between bar diameter and effective 
depth was found to be statistically significant in one two-
way design and that between bar diameter and grade of 
bar in another. In the three-way factorial designs, where 
stress range was the third factor, no interaction term was 
found to be statistically significant. Thus, finite-life S-N 
diagrams, showing the effect of different levels of a variable 
other than stress range, would be best represented by a 
series of parallel lines. 

Effects of the Specified Test Variables 

Following the analysis of the factorial designs, the sta-
tistically significant variables in the factorial designs were 
entered as potential variables in a stepwise multiple linear 
regression procedure (28, 61) applied to the Phase I finite-
life data as a whole. This procedure allows each candi-
date variable to be considered individually on its merit in 
explaining the variation in the test data. Entrance of the 
variables to the regression is in the order of their current 
effectiveness in explaining the data, while full considera-
tion is taken of previously entered variables. Entrance and 
exit criteria to and from the regression determine which, if 
any, of the candidate variables possess sufficient statistical 
significance for retention in the analysis. 

A linearly additive mathematical model was used to de-
scribe the relationship between the logarithm of fatigue life 
and the various fatigue influencing factors. Thus, fatigue 
life would be expressed in terms of a multiple of exponen-
tial functions in the different variables. A total of 166 test 
results were used in this analysis of the Phase I finite-life 
data. 

The multiple linear regression analysis showed that stress 
range was the most significant variable affecting the finite-
life fatigue strength of the reinforcing bars tested in Phase I 
of the test program. Considering this effect alone, the 
relationship between the logarithm of fatigue life and stress 
range was found to be 

logN = 6.9690 - 0.0383 Ir 	 (1) 

This relationship explained 76.8 percent of the variation in 
the test data. The standard deviation for the regression was 
0.1657. 

When the other variables showing statistically significant 
effects in the analysis of the factorial designs were con-
sidered, a final relationship of the form 

log N = 4.4190 - 0.0392 fr - 0.0130 Imin 
+ 0.0079 G + 7.8059 D 01,, 
- 8.4155 D2 0  + 2.7990 	 (2) 
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was obtained. This relationship explained 90.7 percent of 
the variation in the test data at a standard deviation of 
0.1064. 

The interaction terms found to be statistically significant 
in the analysis of the factorial designs were not' found to 
describe the test results effectively when the data were con-
sidered as a whole. Other potential influencing variables, 
such as effective depth and the interaction terms 

f,.G, and f 1 D, were considered as candidate 
variables in the regression. None were found to have a 
statistically significant effect in explaining the test data. 
Thus, arranged in the order of their effectiveness, only the 
individual effects of stress range, f, minimum stress level, 

grade of bar, G, and nominal bar diameter, D,,011,, 
were found to have influenced the fatigue strength of the 
Phase I test bars. 

The effect of bar geometry, as represented by the ratio 
of transverse lug base radius to lug height, nh, was studied 
in both the long-life and finite-life regions. In the finite-life 
region, the effect of bar geometry was first considered indi-
vidually for the Phase II data alone. This effect was then 
studied in conjunction with that of the other fatigue-
influencing factors in a combined analysis of the finite-life 
data from both phases of the test program. 

Analysis of the long-life test data gathered in Phase II 
centered on determining the mean fatigue limit at 5 mil-
lion cycles and an estimate of its standard deviation. For 
this purpose, an analytical procedure, based on the work of 
Dixon and Mood (62), was developed. 

The response distribution of each staircase test series 
was assumed to be the cumulative normal distribution. The 
probability of occurrence of each series was calculated on 
the basis of estimates for the values of the mean and 
standard deviation of the distribution. These estimates 
were then refined in an iterative process until convergence 
to the maximum probability of occurrence was obtained. 

Results of the staircase analysis showed that the lowest 
mean fatigue limit at 5 million cycles for the Phase II test 
bars, under the test conditions applied, was at a stress 
range of 23.0 ksi. This limit applied to the bars from 
Manufacturer C, which had an nh ratio of 0.29. The 
highest mean fatigue limit was 28.5 ksi for bars from 
Manufacturer E, having an nh ratio of 0.39. 

A linear regression analysis was performed on the results 
of the staircase analysis using fatigue limit, /, as the de-
pendent variable; it resulted in the relationship 

f f  = 7.88 + 52.85 (nh) 	 (3) 

However, it is felt that this expression may place an undue 
emphasis on the effect of bar geometry because the effects 
of other potential influencing factors such as minimum 
stress level and yield strength could not be considered. 

In the finite-life range, an analysis of covariance (20, 21) 
was used to test for parallelism among the S-N diagrams 
representing test results for the various manufacturer's bars. 
This analysis showed four of the five diagrams to be best 
represented by parallel lines. The exception occurred for 
the test results for bars from Manufacturer C. However, 
the different behavior of these test results may not fully re-
flect the pattern for these bars because the finite-life test  

results obtained in the staircase test series were not included 
in the analysis. 

A multiple linear regression analysis of the finite-life 
Phase II test results resulted in the expression 

log N = 5.4391 - 0.0399 1,. + 2.350 (nh) 

	

+ 0.0128f 	 (4) 

In this equation, fy2  refers to the yield strength determined 
at 0.35 percent strain for each test bar. The variables are 
listed in the order of their effectiveness in explaining the 
variation in the test results. Altogether, Equation 4 ex-
plains 96.1 percent of the variation in the data at a standard 
deviation of 0.0719. 

Two different approaches were taken in a combined 
analysis of the finite-life data from both phases of the test 
program. First, a multiple linear regression using the cal-
culated stress levels and the nominal values of the other 
specified test variables was performed. Second, any vari-
able that was considered to have a potential effect on fa-
tigue strength was entered as a candidate in a multiple 
linear regression. In this latter analysis, the actual rather 
than nominal parameter values were used. In each analysis, 
a total of 211 finite-life test results were studied. 

Using the first approach, the variation of the test results 
in terms of the nominal test parameters was most effec-
tively explained by the expression 

log N = 4.7663 - 0.0392 tr - 0.0130 1mm 
+ 0.0077 G + 6.4585 D,0,,, - 7.2143 D2,,011, 

	

+ 2.4666 D3 	+ 0.4639 (nh) 	 (5) 

This equation strongly resembles Equation 2 not only in 
form but also in the values of the regression coefficients. 
A total of 91.6 percent of the variation in the data was 
explained at a standard deviation of 0.1036. 

The bar geometry variable, nh, had the lowest statisti-
cal significance of the variables presented in Equation 5. 
Thus, it was the least effective parameter in explaining the 
variation in the test data. Furthermore, the ma'nitude of 
the bar geometry effect is drastically reduced from that 
given in Equation 4. This may reflect an uncertainty in the 
nh values for the Phase I test bars because the technique 
used for evaluating the nh values for the Phase II bars 
was considerably more refined. 

In the second approach to the analysis of all of the finite-
life data, several different forms of the variables previously 
found to be significant were tested in order to determine the 
best representation for the data. In addition, numerous 
other variables that might have had an effect on the test 
results were considered. This resulted in the expression 

log N = 6.4548 - 0.0407 1. - 0.0138 fm 
+ 0.0071 f - 0.1397 D°-, 01,, 
+ 0.0026 Y60 + 0.3233  D,mo  (nh) 	(6) 

In this equation, f, represents the tensile strength of the 
test bars and Y60 is a "dummy" variable (28) represent-
ing the effect of stressing the Grade 60 bars beyond their 
yield strength. When the maximum stress level in the test 
bar was less than the yield strength at 0.35 percent strain, 
this variable was zero. Otherwise, it had the value 

- fy2) 
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In Equation 6, a total of 92.5 percent of the variation in 
the finite-life data was explained. The standard deviation 
of the residuals was 0.0975. After admission of the first 
four variables in Equation 6 to the regression, a better fit 
to the test data was already achieved than was obtained by 
the regression on all seven of the variables contained in 
Equation 5. 

The tensile properties of the reinforcing bars were en-
tered as candidate variables in the regression. Tensile 
strength, jç, was found to be more effective in explaining 
variation in the test data than yield strength. Three dif-
ferent measures of yield strength were used in this analy-
sis. These were the ASTM (1) yield strength, based on 
0.35-percent strain (4), and the nominal yield strength. 
Elongation of the test bars was found not to be significantly 
related to their fatigue strength. 

Various measures of the diameter of the test bars were 
entered as candidate variables in the regression. The nomi-
nal bar diameter was found to be more effective than the 
diameter based on the unit weight of each bar, the diameter 
across the ribs, or the diameter across the barrel of each 
bar. The variable D2 	was found to be slightly more 
effective than the nominal bar area in explaining variation 
in the test data. 

The ratio of lug base radius to lug height, nh, was 
entered as a candidate variable in the regression along with 
the interaction effect D,jom  (nh). The latter was found to 
result in a better representation of the test data. 

No significant effect on fatigue strength could be at-
tributed to the geometry of the manufacturer's bar identi-
fication mark in those cases where the fatigue fracture had 
been initiated at a bar mark. However, a decrease in fa-
tigue strength could be attributed to the bar mark fractures 
when the Phase I test data were studied alone. 

Effect of Experimental Procedures 

In the multiple regression analysis described above, several 
factors concerned with the testing of reinforcing bars as 
embedded within concrete beams were studied. Also con-
sidered were the potential effects of nonscheduled variables 
in the testing program. 

No property of the test beam concrete was found to have 
significantly affected the fatigue strength of the test bars. 
Age of the concrete at the time each test was initiated, the 
concrete modulus, and compressive strength were consid-
ered in the analysis. 

No dimensional property of the test beams, aside from 
the diameter of the test bars, was found to have influenced 
the fatigue strength of the bars. The test beam variables 
considered were effective beam depth, span length, and 
spacing of flexural cracks in the concrete. 

No effect on fatigue strength could be attributed to the 
particular test procedure used in each individual test. The 
rate of loading, use of a test setup, and use of one or two 
loading rams were found to have had no statistically sig-
nificant effect on the test results. 

Effect of Prior Cycling Below Fatigue Limit 

Rerun tests, where the test bar had survived 5 million 
cycles at a low stress range prior to being fractured in 

fatigue at a high stress range, were not included in the 
multiple linear regression analysis. This was because these 
test bars had been subjected to different treatment from 
that of the bars in the regular finite-life tests. 

The Phase II test program was designed to permit a sta-
tistical analysis to determine whether previous cycling at 
stress ranges near the fatigue limit had a significant effect 
on the finite-life fatigue strength. Regression lines were 
determined for both the regular and the corresponding re-
run tests. Statistical tests (20) were then made to check 
whether each pair of corresponding regression lines could 
be considered to be parallel. Four of the five pairs of re-
gression lines were found to share a common slope. Fur-
ther tests showed that these parallel lines could in each 
case be considered to be identical. Thus, on the average, 
no loss or gain in fatigue strength could be attributed to 
the previous treatment of the rerun test bars. 

Limits on Test Results 

Because of the inherent scatter in fatigue test results, it is 
of practical importance to establish bounds for the fatigue 
test results obtained for any particular treatment of the 
specimens. The most effective bounds on fatigue test re-
sults are expressed by tolerance limits. Such limits can be 
determined, stating with a 95-percent probability of being 
correct that 95 percent of all tests results from a certain 
statistical population will fall within the limits. 

Tolerance limits were determined (18) for each staircase 
test series based on the estimates obtained for the mean 
and standard deviation for the individual series. The fa-
tigue limit at 5 million cycles and the corresponding lower 
tolerance limit for each staircase series are presented in 
Table 2. 

A No. 8 Grade 60 reinforcing bar from one of these 
manufacturers that is encased within a concrete beam at 
an effective depth of 10 in. and subjected to a minimum 
stress of 6 ksi and a stress range below the tolerance limit 
has a near 100-percent probability of surviving S million 
cycles of loading. 

As a practical matter, the tolerance limit for the bars 
from Manufacturer E is considered to be unrealistically 
low. The high scatter in test results for these bars and 
consequently a high estimate of the standard deviation for 
the test series resulted in very wide tolerance limits. How-
ever, the lowest stress range at which a fatigue fracture 
occurred in this test series was 27.8 ksi while the highest 

TABLE 2 

LIMITS ON STAIRCASE TESTS 

MEAN LOWER 
FATIGUE TOLERANCE 
LIMIT LIMIT 

MANUFACTURER (K5I) (icsl) 

A 24.7 21.4 
B 23.8 22.2 
C 23.0 21.9 
D 28.2 26.7 
E 28.5 19.7 
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stress range for a runout at 5 million cycles was 31.2 ksi. 
Therefore, it is believed that a longer test series would have 
resulted in considerably narrower tolerance limits for the 
bars from Manufacturer E. 

Tolerance limits were calculated (63) for all of the regu-
lar finite-life tests from Phase I of the test program. After 
linearization of the limits, they may be expressed in terms 
of the following bounds on Equation 1 

log N = 6.9690 ± 0.3586 - 0.0383 Jr 	(7)  

test conditions used. 
In the interest of developing a proposed specification for 

the fatigue design of reinforced concrete flexural members, 
tolerance limits were established for the largest collection 
in the test program of finite-life test results for a single test 
condition. This collection consists of the 25 finite-life test 
results from Groups No. 1 and 33. These test results were 
found to be bounded by the expression 

log N = 7.2714 ± 0.1285 - 0.0461 Jr 	(8) 

These limits contain virtually all of the Phase I finite-life 	The above limits are linearized for the value determined at 
test results and apply for the wide variety of test bars and 	a stress range of 54 ksi. 

CHAPTER THREE 

INTERPRETATION AND APPLICATION 

The understanding gained from the survey of previously 
published test results and from the present investigation of 
the influence of the major test variables on the fatigue 
behavior of deformed reinforcing bars is summarized in 
the following sections. 

EFFECT OF STRESS RANGE 

The fatigue life of a reinforcing bar is primarily determined 
by the magnitude of the stress range to which it is sub-
jected. Stress histories consisting exclusively of compres-
sive stresses have no fatigue effect. However, a fatigue 
fracture may occur when one or both of the extreme 
stresses of the stress cycle to which a reinforcing bar is 
subjected are tensile. 

Low stress ranges have little or no discernible fatigue 
effect. There appears to exist a limiting stress range, the 
fatigue limit, below which a reinforcing bar may be ex-
pected to be able to sustain the number of stress cycles 
likely to be encountered during the practical lifetime of a 
reinforced concrete structure. For design purposes, this 
stress range limit may be determined as the lower 95-
percent tolerance limit to the mean fatigue limit estab-
lished at 5 million cycles. 

When the applied stress range is nearly equal to the 
mean fatigue limit but greater than the lower 95-percent 
tolerance limit, fatigue fracture may occur any time after 
about 1 million cycles of loading. However, in this long-
life region, a great scatter in fatigue life is observed. Thus, 
for the same stress conditions, one bar might fracture after 
1 million cycles while a nominally identical bar might sur-
vive 10 million cycles. 

In the present test series, 23.0 ksi was the lowest mean 
fatigue limit at 5 million cycles for five different No. 8 

Grade 60 deformed reinforcing bars subjected to a mini-
mum stress of 6-ksi tension. The lowest stress range at 
which a fatigue fracture occurred was recorded at 21.3 ksi 
for a No. 11 Grade 60 deformed bar subjected to a mini-
mum stress of 17.5 ksi. This is the lowest stress range at 
which a fatigue fracture has been obtained in undisturbed 
North American-produced reinforcing bars. 

At stress ranges greater than the mean fatigue limit at 
5 million cycles, the fatigue life of a reinforcing bar is 
dominated by the magnitude of the applied stress range. 
As the maximum cyclic stress approaches the tensile 
strength of a reinforcing bar, a great scatter in fatigue life 
is again observed. Thus, a bar may be expected to fracture 
after 1 to about 10,000 cycles in this low-cycle fatigue 
region. 

In the finite-life fatigue region, extending from about 
10,000 to about 1 million cycles of loading, a linear rela-
tionship may be considered to exist between the logarithm 
of fatigue life and stress range. The scatter in fatigue life 
at a stress range causing fatigue fracture in the finite-life 
region is much reduced from that observed in the low-cycle 
and long-life regions. Thus, at stress ranges greater than 
the fatigue limit, the fatigue life of a reinforcing bar may 
be closely predicted, except in the range of low-cycle 
loadings. 

The effect of stress range on the fatigue lives of the 
reinforcing bars tested in the present investigation may be 
seen in Figure 7. In this figure, the straight line represent-
ing the average relationship between logarithm of fatigue 
life and stress range was determined from Equation 6. The 
S-N line represents No. 8 Grade 60 bars having an nh 
ratio of 0.3 and subjected to a minimum stress of 6-ksi 
tension. The apparent high scatter in test results about this 
line is due to the effects of the other test variables. 
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Figure 7. Effect of stress range. 

EFFECT OF MINIMUM STRESS LEVEL 

Minimum stress level was found to be the second most 
statistically significant variable in explaining variation in 
the finite-life test data. This means that, after stress range, 
the effect was the most sharply defined. Consequently, 
other than for stress range, the magnitude of the effect was 
also determined with the greatest precision. 

No interaction was found to exist among the effect of 
minimum stress level and the effects of the other test 
variables. Thus, in terms of the logarithm of fatigue life, 
the effect of minimum stress is directly additive to that of 
stress range. Therefore, a change in the minimum stress 
level shows up in the finite-life region as a parallel shift of 
the S-N diagram. 

For the reinforcing bars tested in the present investiga-
tion, a change in minimum stress from 6-ksi compression 
to 18-ksi tension was found to have a finite-life region ef-
fect equivalent to a reduction in fatigue strength of 8.1 ksi. 
This is illustrated in Figure 8 for No. 8 Grade 60 bars 
having an nh ratio of 0.3. In Figure 8, the straight lines 
relating the logarithm of fatigue life and stress range were 
determined from Equation 6. 
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Figure 8. Effect of minimum stress level. 

A finite-life effect similar to that shown in Figure 8 may 
be observed in previously published test results (30). How-
ever, in these data, the effect is occasionally obscured by 
the influence of other factors. 

An examination of previous test results (30) indicates 
that the minimum stress level also affects the long-life re-
gion fatigue properties of reinforcing bars. However, the 
present test program was not designed to allow the existence 
of such an effect to be confirmed. 

In the absence of long-life region test results allowing a 
statistical analysis for the effect of minimum stress level, 
no definitive statements can be made regarding the poten-
tial magnitude of such an effect. However, it was observed 
from previous test results (30) that the equivalent stress 
range effect of the minimum stress level was about equal 
for the finite- and long-life regions. Thus, it may be as-
sumed that the effect of minimum stress level determined 
in the present test program is carried over into the long-
life region in equal magnitude to that observed in the 
finite-life region. 

EFFECT OF GRADE OF BAR 

Grade of bar was found to be a statistically significant 
variable in explaining the finite-life test results obtained 
in this investigation. It ranked third among the variables 
found to be statistically significant. Thus, the magnitude 
of the grade-of-br effect is known with less precision than 
are the magnitudes of the stress range and minimum stress 
effects but with greater precision than is the magnitude of 
the bar diameter effect. 

Yield strength and tensile strength were among the vari-
ous measures. used for grade of bar in the statistical analy-
sis. Of these, tensile strength was found to be the most 
effective in explaining variation in the data. In practice, 
the minimum tensile strengths specified by ASTM (1) for 
the different grade bars tested could be used conservatively 
to represent the actual tensile strength. 

No interaction term relating grade of bar and the other 
test variables was found to be statistically significant. Thus, 
as for the effects of minimum stress level and bar diameter, 
the finite-life region effect of grade of bar is exhibited by 
a parallel shift of the S-N diagram. 

Replacing a Grade 40 bar with an otherwise identical 
Grade 75 bar corresponds to an increase in the specified 
minimum tensile strength from 70 to 100 ksi. Using these 
values in Equation 6, it is found that the finite-life region 
effect is equivalent to an increase in fatigue strength of 
5.2ksi. This effect is shown in Figure 9 for No. 8 bars 
having an nh ratio of 0.3 and subjected to a minimum 
stress of 6-ksi tension. 

The beneficial effect on fatigue properties implied by re-
placing a Grade 40 bar with a Grade 75 bar is somewhat 
illusory. This is because Grade 40 bars would not, in prac-
tical circumstances, be called for in a design requiring a 
stress range in the finite-life region. The actual benefit 
from the grade-of-bar effect would therefore arise when 
replacing a Grade 60 bar with a Grade 75 bar. In this 
case, the effect is equivalent to an increase in fatigue 
strength of only 1.7 ksi. In most circumstances such a 
small change will not be of practical significance. 
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When the Grade 60 bars were stressed beyond their 
yield strength, a small increase in fatigue life was detected 
in the statistical analysis. This beneficial effect may be due 
to small residual stresses set up in the test bars. On the 
other hand, a potential decrease in fatigue life was ob-
served when the Grade 40 bars were stressed beyond yield. 
This agrees with previous observations (53) that excessive 
cold working of a reinforcing bar will decrease its fatigue 
strength. 

Previous investigations (30, 48) into the effect of grade 
of bar in the finite-life region show that an increase in steel 
quality may result in increased fatigue life. However, some 
of these tests showed an irregular trend with Grade 40 bars 
having an equal or greater fatigue strength than Grade 60 
bars. This may be due to the effects of other fatigue 
influencing factors. 

No systematic study of the long-life region effect of 
grade of bar has been carried out. Previously published 
test results (30, 48) indicate, however, the same irregular 
trend observed in the finite-life region. Thus, confirmation 
of the existence of a grade-of-bar effect in the long-life 
region must await further study. 

EFFECT OF BAR DIAMETER 

Analysis of the finite-life data from the present investiga-
tion showed that the diameter of the test bars had a sta-
tistically significant effect on the test results. However, bar 
diameter ranked fourth among the variables found to be 
statistically significant. Thus, the magnitude of the effect 
is known with less precision than for some of the other 
variables. 

The effect of bar diameter on fatigue life was found to 
be nonlinear. When no interaction effects were considered 
in the statistical analysis, the bar-diameter effect for the 
bars tested was best described by a cubic equation. This 
equation indicated that fatigue life was decreased for the 
larger size bars with the No. 6 bars having the longest and 
the No. 10 bars the shortest fatigue life. 

When interaction terms were considered in the statisti-
cal analysis, the effect of bar diameter on fatigue life was 
no longer best represented by a cubic equation. Rather, a 
combination of the variable D21,011 , representing the bar 
area, and the variable D,0,,,(r/h),  representing the inter-
action between bar diameter and bar geometry, was found 
to offer the best description of the variation in the test data. 
The interaction between bar diameter and bar geometry 
indicates that the effect of exchanging a large size bar for 
smaller size bars is greatest when the bar geometry is sharp. 

No interaction was found to exist between bar diameter 
and stress range. Thus, the effect of bar diameter is ex-
hibited in the finite-life region by a parallel shifting of S-N 
diagrams. This is shown in Figure 10 for No. 5 and No. 11 
Grade 60 bars having an nh ratio of 0.3 and subjected to 
a minimum stress of 6-ksi tension. 

The S-N diagrams shown in Figure 10 were determined 
from Equation 6. This equation indicates that the effect of 
replacing No. S bars with No. 11 bars is equivalent to a 
change in fatigue strength of --4.9, —3.6, and +0.8 ksi for 
bars having nh ratios of 0.1, 0.3, and 1.0, respectively. It 
should be noted, however, that the bars tested had a range 
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Figure 9. Effect of grade of bar. 

in nh ratio from only 0.17 to 0.39. Therefore, the pre-
viously mentioned effect for bars having an nh ratio of 1.0 
is based on projection. 

The existence of a reinforcing bar diameter effect in the 
finite-life region has not been systematically investigated by 
other researchers. However, results similar to those ob-
tained in the present investigation have been observed in 
the general field of fatigue in metals (42, 45). These re-
sults also show the effect to be nonlinear. This is attributed 
(45) to a statistical size effect related to the probability of 
finding a critical notch on the bar surface. 

Results obtained by several investigators (38, 40, 46) 
may be interpreted to show the existence of a long-life 
region effect due to reinforcing bar diameter. However, 
these findings were not obtained by statistical data analyses 
and were often based on highly scattered data. Thus, the 
existence of such an effect is uncertain. 

EFFECT OF TYPE OF SPECIMEN 

In the present test program, the effect of type of specimen 
was studied by varying the effective depth of the test beams. 
This variation was found to have had no statistically sig-
nificant effect on fatigue life. 
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Figure 10. Effect of bar diameter. 
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Previous fatigue tests on reinforcing bars have been 
carried out on a variety of test specimens. These have 
ranged from axial tension tests in air to tests on bent bars 
encased within concrete beams having a spread-V shape in 
elevation. Little comparative testing to determine the effect 
of the test method on fatigue life has been carried out. 

A few tests comparing the effect of testing reinforcing 
bars in air and as encased within concrete beams have been 
carried out (54). These tests indicated that a longer fa-
tigue life was obtained for the concrete-encased test bars. 
However, the measured concrete modulus of elasticity was 
not used to calculate the stresses in the encased bars. Thus, 
the issue remains in doubt. 

In tests on bent bars encased within concrete beams hav-
ing a spread-V shape in elevation, a considerable reduction 
in fatigue strength relative to that of straight bars encased 
within straight concrete beams was observed (30). How-
ever, it is not clear whether this reduction was due to the 
bending of the test bars or to the type of test specimen 
used. Tests (54, 55) on large girders having bent-up main 
reinforcing bars, when no longer required for fiexure, did 
not result in fatigue fracture at a bend. 

EFFECT OF BAR GEOMETRY 

The geometry of the transverse deformations rolled onto 
the surface of a reinforcing bar to improve its bond char-
acteristics was found to have a statistically significant effect 
on the fatigue strength of the bar. This effect shows up in 
both the finite- and long-life regions. 

When only the Phase II finite-life test results were con-
sidered in the statistical analysis, the effect of bar geometry 
was found to be sharply defined and of considerable magni-
tude. However, when the finite-life data from both phases 
were considered together, the bar geometry effect was less 
well defined and of lower magnitude. In fact, the bar ge-
ometry variable ranked last among those found, in this 
analysis, to have had a statistically significant effect on 
finite-life fatigue strength. 

The difference in the bar geometry effect with the set of 
data used in the statistical analysis may be due to the 
greater accuracy with which the critical geometry of the 

Phase II bars was determined. In Phase II of the investi-
gation, the techniques for preparing samples for photogra-
phy of the lug geometry and the subsequent measurement 
of lug dimensions were considerably improved from those 
used in Phase I. No reassessment was made of the critical 
geometry of the Phase I test bars. For the present, the 
lesser magnitude of the bar geometry effect determined in 
the over-all analysis must be considered more representa-
tive of the general properties of reinforcing bars. 

An interaction was found to exist in the finite-life re-
gion among the effects of bar geometry and bar diameter. 
The most efficient bar geometry variable in explaining the 
variation in the test data was D,,0,,(r/h). Since the ASTM 
(1) specified minimum average lug height for No. 6 to 
No. 11 bars is a constant ratio of the bar diameter, the 
above bar geometry effect is essentially due to variation in 
the lug base radius. 

No interaction was found to exist between bar geometry 
and stress range. Therefore, a change in bar geometry, for 
otherwise identical bars, will cause a parallel shift of the 
finite-life S-N diagram. 

In the present test series, the nh ratio was found to vary 
from 0.17 to 0.39. However, reinforcing bars have been 
found (32) to have a lug base radius to lug height ratio as 
high as 1.0. Thus, considering a change in the nh ratio 
from 0.1 to 1.0, Equation 6 predicts that the finite-life re-
gion effect on No. 5, 8, and 11 would be equivalent to an 
increase in fatigue strength of 4.5, 7.2, and 10.0 ksi, re-
spectively. This is shown in Figure 11 for No. 8 Grade 60 
bars subjected to a minimum stress of 6-ksi tension. 

Bar geometry was also found to have a pronounced effect 
on fatigue strength in the long-life region. The lowest 
mean fatigue limit at 5 million cycles for the five manu-
facturer's bars tested in Phase II was found for a bar hav-
ing an n/h ratio of 0.29; the highest limit was for a bar 
having an nh ratio of 0.39. These nh ratios were, respec-
tively, the lowest and highest nh ratios among the Phase II 
test bars. The corresponding mean fatigue limits were 23.0 
and 28.5 ksi, respectively, and are shown in Figure 12. 

The scatter in test results about the mean fatigue limits 
at 5 million cycles does not allow the direct use of these 
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limits in design. Rather, the effects of the scatter must be 
removed by the application of tolerance limits to each 
mean fatigue limit. Such limits can be determined with a 
95-percent probability that 95 percent of all test results will 
lie between the upper and lower limits. 

Because the scatter in long-life region tests results was 
found to be greatest for the bars having the highest mean 
fatigue limit, consideration of tolerance limits decreases the 
bar geometry effect shown in Figure 12. Therefore, it is 
reasonable to approximate the bar geometry effect in the 
long-life region by assuming its magnitude, in terms of 
fatigue strength, to be the same as in the finite-life region. 

DEVELOPMENT OF A DESIGN PROVISION 

FOR FATIGUE 

The primary concern to a designer of reinforced concrete 
structures, when considering the fatigue resistance of a 
structure subjected to cyclic loading, is the establishment of 
the limiting stress levels below which no fatigue damage is 
likely to occur during the design lifetime of the structure. 
Thus, a design provision based on the presently available 
knowledge of the long-life fatigue behavior of reinforcing 
bars is highly suitable for such purposes. 

On the basis of the previous discussion of the individual 
effects of the test variables on the fatigue properties of 
deformed reinforcing bars, the following assumptions can 
be made regarding long-life region fatigue properties: 

The effect of minimum stress, in terms of fatigue 
strength, has the same magnitude in the long-life region as 
in the finite-life region. 

Potential bar diameter effects in the long-life region 
can be neglected. 

Potential grade of bar effects in the long-life region 
can be neglected. 

Effective beam depth does not affect long-life region 
fatigue properties. 

The effect of bar geometry, in terms of fatigue 
strength, has the same magnitude in the long-life region as 
in the finite-life region. 

Assumptions No. 1 and 5 permit the use of Equation 6 
as a basis for the formulation of a long-life region relation-
ship for stress range in terms of minimum stress level and 
bar geometry. Since No. 8 Grade 60 bars were central to 
the experimental investigation, it is reasonable to use the 
properties of these bars to eliminate the effects of bar 
diameter and grade of bar from Equation 6. This results 
in the expression 

log N = 6.9541 - 0.0407 Jr - 0.0138 f,niu 

+ 0.3233 (nh) 	 (9) 

The above equation describes the finite-life properties of 
the test bars in terms of the primary variables influencing 
the long-life properties of the bars. At the fatigue limit, the 
fatigue life ceases to be affected by these variables. Equa-
tion 9 may then be solved for stress range in terms of the 
minimum stress level and bar geometry variables. 

As may be seen in Table 2, bars from Manufacturer E 
had the smallest value for the lower tolerance limit to the 
mean fatigue limit at 5 million cycles of the five manufac-
turer's bars tested. A high scatter in test results about the  

mean fatigue limit was observed for these bars. For this 
reason, and because of the relatively low number of tests 
available to estimate the statistical population distribution, 
it is believed that the tolerance limits for the bars from 
Manufacturer E are excessively wide. Therefore, the sec-
ond smallest value found in this investigation for a lower 
long-life region tolerance limit will be used in developing 
the design limit provision. 

Bars from Manufacturer A had a lower tolerance limit 
to the mean fatigue limit of 21.4 ksi. A 95-percent prob-
ability exists that 95 percent of all staircase test results for 
a mean fatigue limit at 5 million cycles on No. 8 Grade 60 
bars from Manufacturer A subjected to a minimum stress 
of 6-ksi tension would fall between this limit and an upper 
limit of 27.9 ksi. 

Using the lower tolerance limit of 21.4 ksi for stress 
range, a minimum stress of 6-ksi tension, and the nh value 
of 0.33 for No. 8 Grade 60 bars from Manufacturer A, a 
log N value may be calculated from Equation 9. This log 
N value may in turn be used in Equation 9 to determine /. 
in terms of f, and nh. The result is 

1r = 20.81 - 0.3391 	+ 7.9435 (nh) 	(10) 

This equation represents, for reinforcing bars used in con-
crete structures, the limiting stress range for which no 
fatigue damage is likely to occur during the practical life-
time of a structure. 

For use in design, Equation 10 may be simplified as 

Jr = 21 —0.33 Imin + 8 (nh) 	(11) 

It should be noted in Equation 11 that the minimum stress 
is positive for tensile stresses and negative for compressive 
stresses. 

At the present time, insufficient information is available 
about the actual service load spectra for highway bridges 
and their effect on the distribution of moments within a 
span. Furthermore, little information is available regard-
ing the effect of a variable or random load history on the 
fatigue properties of reinforcing bars. For this reason, it is 
considered premature to recommend a fatigue design pro-
vision that allows the use of reinforcing bar stress ranges 
in the finite-life fatigue region. 

In those cases, where a designer might need to exceed 
the limiting stress range indicated by Equation 11, the use-
ful life of the reinforcement could be calculated from an 
equation similar to Equation 6. However, such calculation 
must take into account the possibility of premature fatigue 
fracture due to the natural scatter in fatigue test results. 
Furthermore, once a fatigue crack has been initiated, con-
sideration should be given to the potential for brittle frac-
ture due to a sudden overload. 

In Equation 8, tolerance limits were presented for the 
largest collection of finite-life test results obtained in the 
present test program for nominally identical bars subjected 
to nominally identical test conditions other than for stress 
range. These limits state with 95-percent probability that 
95 percent of all such test results would fall between the 
limits. It may be assumed that limits of a similar magni-
tude would be obtained for any other test condition. Thus, 
the limits given in Equation 8 can be applied to Equation 6 
to take into account the effect of scatter in test results. 
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Tests on the bars represented by Equation 8 indicated 
that no discernible fatigue crack growth took place during 
the initial 60 percent of their mean fatigue life at a stress 
range of 34 ksi. Reducing by 40 percent the number of 
cycles represented by the lower tolerance limit at a stress 
range of 34 ksi in Equation 8 corresponds to changing the 
constant in the equation by 0.2219. Applying a similar 
correction to Equation 6 and assuming the effect to be 
constant for all stress ranges would tend to ensure against 
potential brittle fracture. 

Neglecting the effect due to yielding of Grade 60 bars, 
representing the bar diameter squared term by the bar 
area, and applying the previously discussed corrections, 
Equation 6 becomes 

log N = 6.1044 - 0.0407/,— 0.0138 
+ 0.0071 f, - 0.0566 A8  + 0.3233 Dr/h 

(12) 

Equation 12 may be used to calculate a safe fatigue life 
for all stress ranges above the fatigue limit represented by 
Equation 11. Again, it should be noted that tensile stresses 
are considered to be positive. 

The limits represented by Equations 11 and 12 are com-
pared in Figure 13 for No. 8 Grade 60 bars having an r/h 
ratio of 0.3 and subjected to a minimum stress level of 
6-ksi tension; the test results were obtained in the present 
investigation. Also shown in this figure, as dashed lines, 
are the corresponding limits for No. 5 Grade 75 bars hav-
ing an r/h ratio of 1.0 and subjected to a minimum stress 
level of 6-ksi tension. A similar comparison is made in 
Figure 14 with previously published test results on North 
American bars. 

It is not intended that the limits presented in Equation 12 
be used as the basis for a code provision. The equation is 
only intended as a guide for the designer in those circum-
stances where higher stresses than those allowed by Equa-
tion 11 must be designed for. 

Both Equations 11 and 12 should be used with caution 
in those circumstances where some time-dependent effect 
may cause change in reinforcing bar properties. Among  

such factors should be included the possible hazards of 
severe saltwater corrosion and extreme temperature con-
ditions. 

SUGGESTED SPECIFICATION FOR FATIGUE DESIGN 

The stress range in a deformed reinforcing bar used as the 
main reinforcement for a fiexural reinforced concrete 
member subjected to cyclic or repeated loads shall not 
exceed 

	

= 21 - 0.33 	+ 8 (nh) 

in which 

tr 	stress range, in ksi 
= corresponding minimum tensile stress (positive) 

or maximum compressive stress (negative), in 
ksi 

r/h = ratio of base radius to height of rolled-on de-
formation 

When r/h is not known, a value of 0.3 can be used. 
No welding or bending of main reinforcement shall take 

place at locations where the stress range is near the above 
limit. 

SERVICE LOADS FOR FATIGUE DESIGN 

Present methods for establishing service load conditions for 
use in load factor (4, 5) design are based on methods pre-
viously applied for design by working stress theories. For 
flexural members, this means that the calculated service 
load moments represent, at each span location, the worst 
condition to which the member can be subjected. Such 
conditions may arise only once during the lifetime of a 
structure, if ever. Therefore, they are not appropriate for 
fatigue design. 

At stress ranges slightly higher than the design fatigue 
limit, load repetitions of up to I million times are required 
to cause fatigue fracture in reinforcing bars. Therefore, the 
stress range used in fatigue design should reflect the con-
dition being designed for. Such a design condition might 

Figure 13. Suggested design provision compared with test 
results obtained in the present investigation. 

Figure 14. Suggested design provision compared with previously 
published test results for North American bars. 
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be based on the use of a specified percentage of the present 
service load moments. Alternatively, the effect on the 
structure of a single passage of a given load combination 
might be considered appropriate for design. However, the 
actual service load conditions that a reinforced concrete 
highway bridge might be subjected to in sufficient number 
to create a danger of fatigue fracture of the reinforcement 
are not currently known. 

DETERMINATION OF CRITICAL BAR SURFACE 
GEOMETRY 

Transverse lugs rolled onto the surface of deformed re-
inforcing bars cause stress concentrations at the interface 
with the body of the bar. Similar stress concentrations are 
caused by the manufacturer's bar identification marks. Any 
such stress concentrations are potential fatigue crack 
initiators. 

In reinforced concrete beams, all fatigue fractures have 
been observed to occur in the close vicinity of a flexural 
tension crack in the concrete. It is not known whether full 
bond still exists, at the eventual fracture location, between 
the reinforcing bar and the surrounding concrete during 
the fatigue crack growth period. Thus, it is not known 
whether forces are being transmitted through the trans-
verse lugs to the body of the bar at the location of a 
fatigue crack. In any case, the state of stress at the root 
of a rolled-on deformation is highly complex. 

Determination of the critical surface geometry of a par-
ticular reinforcing bar requires initially the identification 
of the most fatigue-susceptible location on the periphery of 
the bar. This location must be determined through a series 
of fatigue tests on bars rolled through fresh rolls. Such 
tests should simulate as closely as possible the interaction 
between steel and concrete in the vicinity of a flexural ten-
sion crack in the concrete. Simultaneously, such a test 
should impart as uniform a stress condition as possible to 
the periphery of the test bar. This would ensure that the 
critical fatigue location was not subjected to biased loading 
due to the test method. 

If it is assumed that no significant forces are transmitted 
between concrete and steel in the vicinity of a flexural con-
crete crack, the bar may effectively be considered to be in 
air. No statistically valid comparison between fatigue tests 
of reinforcing bars in air and as encased within concrete 
beams has been carried out. Therefore, the magnitude of 
any potential error introduced by testing in air is not 
known. 

Axial tension fatigue tests, where care is taken not to 
introduce any bending forces to the test specimen, would 
satisfy the requirement for uniform test conditions on the 
periphery, of a reinforcing bar. Joint recommendations 
have been issued (64) by RILEM, FIP, and CEB for such 
a test procedure. This procedure should provide a close 
estimate of the critical fatigue location. 

A similar estimate of the critical fatigue location could 
also be obtained from a rotating bending test. In such a 
test, the test bar could be loaded at about the third points 
of its length as a simply supported beam. The bar would 
be clasped by bearings at the supports and at the load 
points. Rotation of the bar within the bearings would then  

cause each point on the periphery of the test bar to be 
subjected to a uniform strain gradient in the constant 
moment region. Such a test might simulate actual stress 
conditions more closely than an axial tension test. 

Presently, the geometry of the bar surface at the critical 
fatigue location is most accurately determined by means 
of photographs of a longitudinal bar section containing the 
critical region. For this purpose, a representative 3-in. 
length of the bar may be used. 

Rust and mill scale should be removed from the surface 
of the sample bar. This may be done by placing the sam-
ple for 30 min in a 50-percent solution of hydrochloric acid 
and water at room temperature. Then, the sample should 
be immersed in a 5-percent neutralizer solution of sodium 
carbonate and water, followed by thorough rinsing in cold 
water. This should be followed by drying for 20 min in an 
oven at 120 F. After this treatment, the sample should be 
wire brushed gently and sprayed with a thin coat of silicone 
spray to prevent rusting. 

The prepared sample bar should be milled to a radial 
plane containing the critical fatigue location. The milled 
surface should then be lapped until smooth. At this stage, 
any loose burrs at the edges of the sectioned surface should 
be removed by brushing and the rolled edges blacked out 
with thin ink, such as that from a marker pen. A final 
surface polish is obtained by hand rubbing with 600-grit 
silicone carbide paper. Hand rubbing is continued until 
any ink on the sectioned surface has been removed and no 
burrs remain at the edges of the sectioned surface. 

Photographs of the sectioned surface are best obtained 
with a vertically mounted camera. The sectioned bar sur-
face should be located against a black background. In-
direct lighting should be used to minimize reflections from 
the shiny sectioned bar surface. High-contrast film, such 
as Kodalith, should be used. After developing, a contact 
printer should be used to obtain a clear bar image on a 
black background negative. 

Enlarged photographs, using a magnification factor of 2, 
enable the transverse lug having the sharpest geometry to 
be identified for further study. Measurements of the criti-
cal lug dimensions are then made from photographic prints 
showing the selected lug magnified about 15 times. 

Lug base radii, flank angles, height, and width should be 
measured. The radii are best determined by comparison 
with several circles on a circle template. Flank angles may 
be determined by drawing the lug base line and using a 
protractor to establish the angle to the most representative 
slopes on the sides of the lug. The height of the lug is 
determined as the greatest height from the lug base line. 
Width of the lug is determined as the distance along the 
lug base line between the points of intersection of the 
tangent lines used to determine the flank angles. Dimen-
sionless values are obtained by determination of the ratios 
of the lug base radius to height and the lug height to width. 

At present, the relationship between the lug dimensions 
and the stress concentration factor is not fully known. 
However, it is known that its magnitude is related to the 
lug base radius-to-height ratio, to the lug height-to-width 
ratio, and to the flank angle. It is expected that future de-
velopments will result in a clarification of the relationship. 
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CHAPTER FOUR 

CONCLUSIONS AND RECOMMENDATIONS 

This study of the fatigue properties of deformed reinforc-
ing bars included a review of the pertinent literature; tests 
on 353 concrete beams, each containing a single straight 
test bar as the main reinforcement; and a statistical analy-
sis of the resulting data. The major test variables studied 
were stress range, minimum stress level, bar diameter, 
grade of bar, bar surface geometry, and effective beam 
depth. 

CONCLUSIONS REGARDING THE SPECIFIED 

TEST VARIABLES 

Stress Range 

1. For a reinforcing bar subjected to cyclic stresses, the 
stress range of the cycle is the predominant factor deter-
mining the fatigue life of the bar. 

There is a limiting stress range, the fatigue limit, 
above which a reinforcing bar is certain to fracture in fa-
tigue. At stress ranges below the fatigue limit, a reinforcing 
bar may be able to sustain a virtually unlimited number of 
stress cycles. 

For design purposes, the fatigue limit for a reinforc-
ing bar may be determined as the lower tolerance limit to 
the mean fatigue limit at 5 million cycles. In this investi-
gation, the lowest mean fatigue limit at 5 million cycles for 
No. 8 Grade 60 bars subjected to a minimum stress of 
6-ksi tension was 23.0 ksi and the highest was 28.5 ksi. 
The lowest stress range at which a fatigue fracture was 
obtained was 21.3 ksi for a No. 11 Grade 60 bar subjected 
to a minimum stress of 17.5-ksi tension. 

When a reinforcing bar is subjected to a stress range 
equal to the mean fatigue limit at 5 million cycles, the 
minimum fatigue life to be expected is about 1 million 
cycles. 

At stress ranges above the mean fatigue limit at 5 mil-
lion cycles, a linear relationship exists between stress range 
and the logarithm of the number of cycles to fracture. This 
relationship is valid in the finite-life region extending from 
a lower limit of about 10,000 cycles, when the maximum 
stress is near the tensile strength of the bar, to an upper 
limit of about 1 million cycles, when the stress range is near 
the fatigue limit. 

Minimum Stress 

1. The minimum stress level of a stress cycle has a sharply 
defined effect on fatigue strength in the finite-life region. 
When tensile, an increase in minimum stress causes a de-
crease in fatigue strength. When compressive, an increase 
in minimum stress causes an increase in fatigue strength. 

2. For the present tests, the finite-life region effect of  

changing the minimum stress by 3 ksi is equivalent to 
changing the stress range by about 1 ksi. 

3. Previously published test results showed that the ef-
fect of minimum stress on fatigue strength in the long-life 
region is about equal in magnitude to that observed in the 
finite-life region. 

Bar Diameter 

1. Bar diameter has a statistically significant effect on the 
fatigue life of reinforcing bars in the finite-life region. In 
this investigation, the effect was found to be nonlinear and 
to be coupled with the effect of bar surface geometry. 

For bars subjected to the same stress conditions, an 
increase in bar size will generally cause a decrease in fa-
tigue strength. For the bars tested in this investigation, 
replacing No. 5 bars with No. 11 bars causes a decrease 
in finite-life fatigue strength of 3.6 ksi when the transverse 
lug base radius to lug height ratio remains constant at 0.3. 

Previously published test results indicate that bar 
diameter has an effect on fatigue strength in the long-life 
region. However, the nature of the relationship is not 
clearly defined by existing test data. 

Grade of Bar 

1. Grade of bar has a statistically significant effect on fa-
tigue strength in the finite-life region. The effect appears 
to be linear with variation in tensile strength. 

An increase in steel quality results in increased fa-
tigue strength. In this investigation, replacing a Grade 60 
bar with a Grade 75 bar resulted in an increase in finite-life 
fatigue strength of 1.7 ksi. 

The existence of a grade of bar effect in the long-life 
region was indicated by previously published test results. 
However, the nature of the relationship between grade of 
bar and fatigue strength in the long-life region is not clearly 
defined by the existing test data. 

Type of Specimen 

1. The fatigue properties of the reinforcement in a straight 
reinforced concrete beam are not affected by the effective 
depth of the beam except as it affects the reinforcement 
stresses. 

Bar Geometry 

1. Rolled-on surface deformations cause stress concentra-
tions at the interface with the barrel of a reinforcing bar. 
Such deformations include transverse lugs, the manufac-
turer's bar marks, and surface pits due to rolling mill scale 
into the bar surface. Fatigue cracks are always initiated at 
a point of stress concentration. 
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Generally, transverse lugs cause the highest stress con-
centrations. The magnitude of the stress concentration de-
pends on the sharpness of the lug base radius, the lug height, 
the lug width, the flank angles of the lug, and the diameter 
of the barrel of the bar. Low and narrow lugs having a 
large base radius cause the least stress concentrations. 

Massive bar marks of sharp geometry may cause 
higher stress concentrations than the transverse lugs. 

Test specimens machined from the barrel of a re-
inforcing bar may have as much as twice the fatigue 
strength of the undisturbed bar. The lower fatigue strength 
of the undisturbed bar is attributed primarily to stress con-
centrations at the rolled-on deformations and to surface 
decarburization. 

Geometry of the transverse lugs rolled onto the sur-
face of reinforcing bars affects fatigue strength in both the 
finite- and long-life regions. In this investigation, the finite-
life region effect was found to be coupled with that of bar 
diameter. The magnitude of the effect of bar geometry 
alone is about equal in both regions. 

An increase in the ratio of lug base radius to lug 
height results in increased fatigue strength. The present 
tests showed that, for a No. 8 bar, changing the nh ratio 
from 0.1 to 1.0 results in an increase in fatigue strength 
of at least 7.2 ksi. The effect of bar geometry is potentially 
larger and may be of importance equal to that of stress 
range. 

Bar surface geometry is most accurately determined 
from enlarged photographs of carefully prepared longitudi-
nal bar sections. 

Design Provision 

1. For the present, a design provision for fatigue in re-
inforcing bars should be based on limiting the stress con-
ditions within a bar to those presenting no danger of fa-
tigue damage during the expected lifetime of a reinforced 
concrete structure. This limiting stress should be based on 
the fatigue limit for each manufacturer's bars with appro-
priate consideration for possible variation in bar properties. 

The effects of bar diameter and grade of bar should 
not be included in a design fatigue limit. This is due to the 
uncertainty of their effects in the long-life region. 

The effects of minimum stress and bar surface ge-
ometry should be included in a fatigue design provision. 
Inclusion of the effect of bar geometry in a design specifica-
tion should encourage reinforcing bar producers to im-
prove the fatigue properties of their products. Equation 11 
represents a recommended design provision. 

Design for a finite reinforcing bar fatigue life requires 
consideration of the potential for brittle fracture due to a 
sudden overload after a fatigue crack has been initiated. 
When such design is necessary, Equation 12 should be used 
as a guide in determining the probable life of reinforcing 
bars. 

CONCLUSIONS REGARDING GENERAL FATIGUE 
PROPERTIES OF REINFORCING BARS 

1. None of the fatigue-influencing factors studied interacts 
with the effect of stress range. Therefore, finite-life S-N 

diagrams showing the effects of variation of factors other 
than stress range are best represented by a series of parallel 
lines. 

The fatigue strength of reinforcing bars having a short 
or nonexistent yield plateau may be improved slightly by 
stressing beyond yield. For bars having a long yield pla-
teau, the effect of such stressing may be detrimental. 

The fatigue strength of reinforcing bars tested in this 
investigation was not affected by a prior history of cyclic 
stressing below the mean fatigue limit at 5 million cycles. 

Fatigue cracks in reinforcing bars are generally ini-
tiated at the base of a transverse lug. More than one crack 
may be initiated along the same lug. Eventually, such mul-
tiple cracks join into a single crack with each original crack 
separated along a beach mark. 

Fatigue cracks propagate radially from their point of 
initiation in a direction perpendicular to the axis of a re-
inforcing bar subjected to tension. At fracture, the rela-
tively smooth, dull-appearing fatigue crack is surrounded 
by a crescent-shaped, rough and crystalline tension fracture 
zone. 

The radius of the fatigue crack zone at fracture de-
pends on the magnitude of the nominal stress to which the 
bar was subjected. The final depth of the fatigue crack 
varies for identically stressed bars from different manufac-
turers and may be related to the surface deformation 
pattern. 

Fatigue crack growth is most rapid near the end of 
the fatigue life. In this investigation, no fatigue damage 
was observed during the initial 60 percent of the mean 
fatigue life for No. 8 Grade 60 bars subjected to a stress 
range of 34 ksi and a minimum stress of 6-ksi tension. 

CONCLUSIONS REGARDING STATIC PROPERTIES 
OF REINFORCING BARS 

1. The average yield and tensile strengths for a set of 
nominally identical reinforcing bars may be as much as 
20 percent greater than the minimum specified. Averages 
lower than the specified minimum may also occur. Con-
siderable scatter occurs about each average value, even for 
bars from the same heat. 

Elongation is decreased for the higher grade bars. It 
may vary considerably for bars of the same grade but from 
different manufacturers. The amount of elongation obtain-
able may be related to the bar deformation pattern. 

Reinforcing bars in which fatigue cracks have been 
initiated fracture in a brittle manner at stresses below the 
tensile strength of the undamaged bar. When large fatigue 
cracks exist, such fracture may take place at nominal 
stresses below the yield strength. 

CONCLUSIONS REGARDING PROPERTIES OF 
REINFORCED CONCRETE BEAMS 

1. The fatigue strength of the main reinforcement in 
straight reinforced concrete beams of sound normal weight 
concrete is not affected by the concrete strength and modu-
lus except as they affect the reinforcement stresses. 

2. The fatigue strength of the main reinforcement in 
straight reinforced concrete beams is not affected by the 
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beam dimensions except as they affect the reinforcement 
stresses. 

The average spacing of concrete flexural tension cracks 
in reinforced concrete beams increases with the effective 
depth and decreases with increased bar size. 

The stiffness of reinforced concrete beams, as mani-
fested by the deflection range, is unaffected by a history of 
uniform cyclic loading. However, the maximum deflection 
will increase with time due to creep and shrinkage of the 
concrete. 

RECOMMENDATIONS FOR FUTURE RESEARCH 

Previous test results have indicated that the minimum stress 
level in a reinforcing bar subjected to cyclic stresses will 
affect the fatigue limit for the bar. The magnitude of this 
effect appears to be about equal to the equivalent stress 
range effect observed in the finite-life-fatigue region. This 
observation prompted the recommendation that such an 
effect be included in a fatigue design provision. However, 
no statistically valid confirmation of the existence or poten-
tial magnitude of the long-life-region effect of minimum 
stress level is known to be available. Therefore, further 
research in this area is recommended. 

Previous test results have indicated that bar diameter and 
grade of bar may affect the long-life fatigue region proper-
ties of reinforcing bars. However, no clear indication was 
obtained of how or to what extent the fatigue limit might 
be affected. For this reason, the potential effects of bar 
diameter and grade of bar were not included in the rec-
ommended fatigue design provision. Further research is 
needed to clarify the effects of these variables. 

In the present investigation, reinforcing bars having a lug 
base radius to lug height ratio, nh, ranging from 0.17 to 
0.39 were studied. In particular, an intensive study was 
conducted on the effect of varying the nh ratio from 0.29 
to 0.39. However, the value of the n/h ratio is believed to 
be as high as 1.0 for some bars. Thus, further study of the 
effect of high nh ratios on fatigue strength is needed to 
conilrm the assumed linear variation in fatigue strength 
with n/h ratio for commercially available reinforcing bars. 

Some information is available regarding the stress con-
centration effects of external lugs and how the various geo-
metric parameters of the lugs affect the stress concentration 
factor. However, much of the available information con-
cerns lug dimensions other than those found on reinforcing 
bars. Furthermore, no information is known to be avail-
able on the stress concentration effects of lugs inclined to 
the axis of a reinforcing bar. Therefore a theoretical or 
photoelastic investigation, designed to extend the presently 
available information to practical lug geometries, would be 
in order. 

No information is known to be available regarding the 
potential range of lug dimensions in reinforcing bars. Yet, 
the effect of lug geometry on fatigue strength is believed to 
be nearly as important as that of stress range. For this 
reason, a survey of the lug dimensions obtained by longi-
tudinal sectioning of currently produced United States re-
inforcing bars would be appropriate. Presently available 
reinforcing bar samples from a collection of Grade 60 re- 

inforcing bars currently used in highway bridge construc-
tion could form the basis for such a survey. 

Bent bars, embedded within concrete beams having a 
spread-V shape in elevation, have been shown to have a 
considerably decreased fatigue strength from that of straight 
reinforcing bars. It is not clear whether this reduction in 
fatigue strength is primarily due to the bending of the test 
bars or due to the test method. However, the test method 
used did not realistically represent the stress conditions to 
which a bent-up bar in a reinforced concrete beam might 
be subjected. Thus, research is needed to determine the 
effect of cyclic stressing on bent-up reinforcing bars. Fur-
thermore, such an investigation should determine the rela-
tive susceptibility to fatigue fracture of the bent-up and 
continuing reinforcement, as the latter will ordinarily be 
subjected to higher stresses. 

Current highway bridge specifications (5, 11) limit the 
service load stress range to which a reinforcing bar may be 
subjected. Often, compliance with these requirements ne-
cessitates the extension of bar cutoff locations beyond those 
selected to satisfy load factor moment capacity. This is due 
to the high stress range calculated in the remaining bars at 
the theoretical moment capacity bar cutoff location. How-
ever, each bar to be cut off would be continued a sufficient 
distance beyond the theoretical cutoff point to allow for 
full development of the bar. Thus, at the theoretical bar 
cutoff location, the actual stresses in the remaining bars are 
considerably lower than calculated. Research is needed to 
determine the fatigue susceptibility of the remaining bars at 
a theoretical bar cutoff location. 

Generally, live loads on highway bridges are due to a 
random combination of heavy, medium, and light truck 
traffic mixed with passenger car traffic. The relative pro-
portion of load due to each of these traffic components 
varies between rural and urban areas and from one state 
to another. Research is needed to determine the probability 
of occurrence of the various live load components so the 
load history of a highway bridge may be predicted. This 
would allow the actual service load conditions to which a 
highway bridge is subjected to be established on a more 
realistic basis than is currently possible. Such knowledge 
would also permit the design of concrete reinforcement to 
be based on the expected lifetime of the structure. How-
ever, before such finite-life fatigue design is permitted, fur-
ther information is required about the effect of cumulative 
damage due to a variable load history on the fatigue life of 
a reinforcing bar. 

No information is known to be available regarding the 
effects of temperature extremes on the fatigue strength of 
reinforcing bars. Highway bridges, particularly in Alaska, 
may be subjected to a wide range in temperature from 
summer to winter conditions. Low temperatures are known 
to cause the embrittlement of most construction materials. 
Thus, such temperatures might have a detrimental effect on 
the fatigue strength of reinforcing bars. On the other hand, 
a moderate temperature increase from the usual test tem-
perature of 70 F is known to enhance the fatigue strength 
of some steels. Finally, it is not known to what extent daily 
temperature cycles may contribute to the fatigue stressing 
of reinforcing bars in highway bridges and pavements. A 
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study of the various effects of temperature on the fatigue 
life of reinforcing bars is clearly appropriate. 

Recently, severe damage to highway bridge decks due to 
salt corrosion of the reinforcement has been revealed. No 
information is known to be available to indicate the poten-
tial effect of reinforcing bar corrosion on fatigue strength. 
However, it seems evident that any reduction in bar area 
due to corrosion would have adverse fatigue effects. Ad-
ditionally, it is not known how loss of bond due to spalling 
of bridge deck concrete would affect the fatigue strength of 
the reinforcement. Further research in this area seems to 
be called for. 

Suggested remedies to the problem of reinforcement bar 
corrosion in highway bridge decks include the possibility 
of using protective coatings for the reinforcement. Such 
coatings might be obtained by galvanizing or dipping the 
bars in an epoxy compound. No information is known to 
be available regarding the effects of such coatings on fa-
tigue strength. However, it is known that hot-dip galvaniz-
ing can cause residual stresss to be set up on the galvanized 
surface. Such residual stresses, if tensile, could cause a  

severe reduction in fatigue strength. It is recommended 
that the fatigue effects of surface coatings on reinforcing 
bars be studied before their use is extensively advocated in 
practice. 

Previous fatigue test results have been obtained using a 
variety of test methods. Particular emphasis has been given 
to the testing of reinforcing bars in air and as the main 
reinforcement in straight concrete beams. The latter test 
method is recommended for its close simulation of actual 
conditions in reinforced concrete structures. On the other 
hand, testing in air has the merit of considerably lowered 
cost. However, no statistically valid comparison of the two 
test methods has been made. Thus, direct comparison of 
test results obtained by the two methods is of doubtful 
value. Furthermore, the cost advantage of testing in air 
must be considered in conjunction with the potential de-
parture from the actual use conditions until the absence of 
any adverse effects has been established. Therefore, it is 
recommended that an effort towards the standardization of 
reinforcing bar fatigue tests be made through a compara-
tive study of the effects of the two test methods. 
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APPENDIX A 

REVIEM OF LITERATURE 

Fatigue Tests on Reinforcing Bsrs 

In the general field of metal fatigue, considerable informs- 

tion 	is available that relates to the fatigue strength of common 

structural steels. Most of this inforeation was obtained from rotating-

beam or axial tension fatigue tests on machined specimens. Such data are 

of greater interest to the aeronautical or mechanical engineer than the 

highway bridge engineer. However, in many instances, data obtained from 

such tests serve to indicate or to explain effects that may be of concern 

to the highway bridge engineer. 

Fatigue tests on bridge structural elements have largely been con-

cerned with the effects of joints in built-up or roiled structural steel 

sections. Base naterial properties of such steels have often been similar 

to those used for reinforcing bars. However, research on the fatigue prop-

erties of bolted, riveted, or welded joints and cover plates has proven to 

be of little value in determining the fatigue properties of reinforcing bars. 

They can only be determined from tests on reinforcing bars, conducted in a 

manner simulating closely their actual usage in reinforced concrete struc-

tures. 

Previous investigations into the fatigue properties of reinforcing 

bars have been conducted with the test bars placed in axial tension in ordi - 

nary fatigue testing machines, or embedded in concrete and placed in tension 

or subjected to bending. Diaagreemeot exists as to whether the fatigue 
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to which a reinforcing bar is subjected. These considerations have led 

most researchers to conduct their fatigue tests on embedded bars. 

A number of recent test resuita(30_32,39,47,52) on North Ameri-

can hot-rolled deformed reinforcing bars, embedded within concrete beams, 

are shown in Fig. A-l. Each of the test beans contained a single, straight 

reinforcing bar, but the oethodn of load application varied. Bar sizes 

tested ranged from No. 5 to No. U. Grades 40. 60, and 75 bars were in-

cluded. Calculated minimum stress levela, sustained throughout each test, 

ranged from 0.1 to 0.4 of the yield strength of the test bar. Not all of 

the reported test results are shown in Fig. A-l. However, the highest and 

lowest fatigue strengths obtained are inciuded. 

As may be seen in Fig. A-i, the fatigue strength of reinforcing 

bars varies widely. However, when individual S-N curves are drawn for 

nominally identical bars tested under nominally identical conditions, the 

scatter in test results is much reduced. From such graphs it is possible 

to discern some of the effects of varying bar properties and test con-

ditions other than stress range. The S-N curves reported in the literature 

for the test results shown in Fig. A-i were based on a visual evaluation of 

the run of the data and, thus, on the individual judgment of the observer. 

All S-N curves for reinforcing bars show one common characteris-

tic. At low stress ranges, resulting in long fatigue lives, the curvea 

tend to become parallel with the log N anis. This is particularly pro-

nounced for fatigue lives at or in excess of 1 million cycles. At higher 

stress ranges, resulting in fatigue lives of less than 1 million cycles, a 

strong relationship between applied stress range and the fatigue life of a 

reinforcing bar is seen to emist. This relationship is generally taken to 

strength of a reinforcing bar embedded in concrete is lower(36,68)  or 

higher 	than that of a bar tested in air. The question cannot be re- 

solved on the basis of presently available data since the methods of bar 

embedment, testing, and stress calculation varied widely. Furthernore, 00 

statistical procedures were applied in the experimental design and analysis 

of the test results. 

No standard test to determine the fatigue properties of reinforcing 

bars has been developed in the United States. Perhaps this is because the 

critical method of test is not yet fully known. The Federal Republic of 

Germany has established a standard, DIN 88(69), that includes a provision 

for the fatigue testing of reinforcing bars. However, this standard recom-

mends a highly unrealistic method of concrete embedment of the test bar and 

the test procedure is unduly severe. More recently, a recommended proce-

dure for the fatigue testing of reinforcing bars in axial tension in air 

has been issued(64)  jointly by RILEM, FTP, and CEB. 

Strong recocmendations(36)  have been made for conducting fatigue 

tests on reinforcing bars with the test bar embedded an the main reinforce-

ment within a concrete been. Only in this manner is it possible to apply 

forces to the test bar in the same cay that they are applied to a rein-

forcing bar in a concrete structure. Mood properties of the reinforcing 

bar affect the manner in which stresses are transferred from concrete to 

steel. Transverse lugs on deformed reinforcing bars transmit a large part 

of the force carried by a reinforcing bar to the body of the bar. At the 

same time, these transverse lugs cause stress concentrations to arise. 

Simultaneous dowel action of the bar in shear regions, where tension cracks 

occur in the surrounding concrete, further complicate the stress condition 
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be linear and may Show a variety of slopes. For convenience, a test re-

sulting In a fatigue life of less than about 1 million cycles will be con-

sidered to be the finite-life" fatigue region. Similarly, a test re-

sulting in a fatigue life in excess of 1 million cycles will be considered 

to be in the "long-life fatigue region. 

The variation in the test results shown in Fig. A-1 is partly due 

to the inherent scatter obtained in fatigue testing but mostly to the di-

verse factors that affect the fatigue strength of reinforcing bars. Not 

all of the potential influencing factors are hnown, but the following are 

among those that have received some attention in the literature: 

Stress range 

Minimwn stress level 

Bar diameter 

Strain gradient 

Grade of bar 

Manufacturing process 

Shape of transverse deformations 

6. Bending of bar 

Tack wniding stirrups to bar 

Welded joints between bars 

Type of specimen tested 

The first two factors listed -- stress range, f,, and minimum 

stress level, fain -- define the fatigue design stress condition in a re-

inforcing bar. The next three factors -- bar diameter, strain gradient 

across a bar, and grade of bar -- are also selected by the designer. These 

are followed by two factors -- manufacturing process and shape of defor -

mations 

efor-

nations -- that 'relate to properties imparted to a reinforcing bar during 
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Fig. A-l. These previously reported test results on straight deformed 

North Anericas made reinforcing bars show that fatigue fracture in the 

long-life region nay occur at stress ranges varying from 25 to 40 tnt. 

Thus, fatigue limits for the various types of bars tested may also be 

expected to vary within this range. Most of this variation must be at-

tributed to factors other than stress range. 

The existence of a finite-life region relationship between stress 

range and fatigue life is readily apparent from Fig. A-l. Agreement as to 

to its nature, however, is not universal. Several investigators (30.38,41 

indicate a nonlinear relationship between stress range and fatigue life in 

their S-N diagrams. Others 
(32,34.52)  show a linear relationship. However, 

it is isno 	
45.67) 

 that, as the masianm applied cyclic stress approaches 

the tensile strength, the S-N curve again becomes nearly parailei to the iog N 

axis. Thus, a curviiinear transition would connect the stress ievela represented 

by the tensile strength and the fatigue limit. However, this in ciosely approni-

mated, for reinforcing bars, by a linear relationship is the region bounded by 

fatigue iives of iO thousand and i million cycles. The entire range of fatigue 

lives is perhaps best expressed in terms of an exponentiai function of stress 

range, but such representation requires more data than are presently avaiiabie. 

Minimum Stress Level. Several 	 41 )have 

discussed the effect of minimum stress on the fatigue strength of rein-

forcing bars. Some icvestigators( 3637) claim that minimum Stress has no 

significant effect on fatigue strength. Others (30,38,39,
41)

state that a 

minimum stress effect nay be distinguished in their data. Only one of these 

lnvestigations 37  was designed to study the problem on a statistical basis. 

its manufacture. The next three factors -- bending of a bar, tack welding, 

and welded joints -- co,,cero construction practice detailing. Finally, 

the type of specimen tested and the test procedure used have often been 

selected on the basis of the objectives of a particular investigation. 

Effects of these factors on the fatigue life of a reinforcing bar will 

be briefly reviewed in the following sections. 

Effects of Design Oriented Fatigue Influencing Factors 

Stress Range. It has long been recognized °  that the magni-

tude of the stresses applied to a structural member is the primary ex-

ternal fhctor in detersining Its fatigue life. However, there is little 

agreement as to the form in which this factor should be expressed. The 

various aiternatives include expressing S-N diagrams in terms of maximum 

stress5.38,41), load or stress ratio(71,72),  or stress range( 30,32 ,3952) 

In this report, the effects of stress range and minimum stress are con-

sidered separately and they are regarded as individual fatigue influencing 

factors. 

In the long-life region, no specific relationship between stress 

range and fatigue life is apparent. Experimentally determined S-N diagrams 

are nearly parallel with the log N axis. Several investigstors(323339) 

have conducted tests on reinforcing bars for up to 10 million cycles of 

loading without obtaining fatigue fracture of their test specimens. There-

fore, it appears that reinforcing bars may possess a fatigue limit. At 

applied stress ranges below such a limit, a reinforcing bar may be able to 

sustain a nearly unliuited number of cycles of loading without damage. 

A wide variation in the stress range level at which the long-

life region is entered is sees to exIst in the test results plotted in 

A6 

However, the results of that investigation may have been influenced by 

other effects. 

Tests on No. 6 and No. 11 bars of Grades tO, 60, and 75 were re-

ported by Prister and Hognentad°. The No. 8 bars had three different de-

formation patterns designated A, B, and C. Bars of Pattern A were of 

Grades 10, 60, and 75, while Pattern B bars were of Grades 40 and 75, and 

bars of Pattern C were of Grade 75. The No. 11 bars had a fourth defor-

mation pattern, designated D, and were of Grade 40. Each test was carried 

out with a single straight reinforcing bar encased as the main reinforce-

ment within a concrete beam. Minimum stress levels in the reinforcing bars 

were approximately 0.1 and 0.3 of their yield strength. 

The Grade 75 bars were tested at a sufficient variety of stress 

ranges that an estimate can be made of their finite-life fatigue properties. 

Results of these tests are shown In Fig. A-2. Also shown are the results 

of tests on Grade 60 bars of Pattern A. Runout tests are Indicated by an 

arrow. 

In each case, the lines shown in Fig. A.2 as representative of 

finite- and long-life fatigue properties are merely reasonable visual esti-

mates. However, these estimates show a definite decrease in fatigue strength 

with increased minimum stress level Is the finite-life region. Estimates 

of the fatigue limit show a corresponding decrease. 

Trends in the data from tests on bars of Grades 40 and 60 are 

not as clear as those for the Grade 75 bars. This is portly due to the 

fact that the test series were not designed for statistical evalustion of 

the data. Furthermore, many of the tests on the Grade 40 bars resulted in 

stressing beyond yield. This caused large plastic deformations in the bars 

and may have had an effect on their fatigue strength. 

9-7 
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Fig. A-2 Effect of Minimum Stress level 

The test results reported by Pfister and Hognestad °  for bars 

of Pattern 0 were ana]yzed statistically by Fisher and viest. They 

reported that changing the minimum stress from 0.1 to 0.3 of the yield 

stress accounted far a barely migoificant portion of the variation in the 

test data. This may be due to the above mentioned effect of yielding of 

the test bars. 

Jha,nb and McGregor 	tested Canadian made No. 8 bars of Grades 

10, 60, and 75. The test-bars were embedded within concrete beams and 

subjected to minimum stress levels of 0.1 and 0.1 of their yield strengths. 

The data do not allow any conclusions to be reached on the effect of mini-

mum stress level is the finite-life region. However, visual estimates of 

the location of the fatigue limit indicate that it was reduced by about 17% 

as the minimum stress level was increased. 

Is a summary paper on his investigations into the fatigue proper-

ties of German reinforcing bars, Rekm(36)  states that the minimum stress 

level does not affect fatigue strength. However, he notes that fatigue 

strength is increased when the stress cycle in the bars includes compressive 

stresses. Since no individual test results were reported in the paper, no 

reassessment of his conclusions is possible. 

Wascheidt 
38)  has carried Out further tests on German reinforcing 

bars. These tests indicate that fatigue strength may be influenced by the 

minimum stress level. 

British fatigue tests on plain prestressing wires are reported by 

Bennett and Baga'. Various minimum stress levels were applied. They ob-

served that the fatigue strength was somewhat reduced as the minimum stress 

level was increased. 
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Fig. A-2 Effect of Minimum Stress Level (Continued) 

Bar Diameter and Strain irsdient Across Bar. In the general field 

of metal fatigue, it is recognized that the size of a test specimen nay 

affect the fatigue properties attributed to the base metal of machined spec-

linens. Thus, Forrest(67)  states that while the fatigue strength of plain 

unmatched specimens is independent of size in direct tension tests, such an 

effect does occur in rotating-beam tests. The fatigue strength of plain 

rotating-beam specimens machined to various diameters from bars of a single 

diameter was found to increase with decreasing specimen diameter when the 

diameter was snalier than 1 is. Geometrically similar notched specimens of 

various diameters also showed an increase in rotating-beam fatigue strength 

with decreased bar diameter. 

The effect of specimen size on the rotating-beam fatigue strength 

of specimens machined from bars of different diameters in discussed by 

weisnan 2). He quotes test results showing a reduced fatigue strength 

with an increase in diameter from i to 6 in. for specimens machined from 

bars forged to successively smeller diameters. The observed gain in fatigue 

strength with decreased diameter was attributed by Weisman to the additional 

working of the material in producing smaller diameter bars. This results in 

a finer grain structure and the fragmentation and dispersion of inclusions 

capable of reducing fatigue strength. 

Susceptibility of the material to work hardening or strengthening 

	

is said by oogooa 	to strongly affect the amount of variation in fatigue 

ntrbngth observed for geometrically similar specimens of different sizes. 

Thus he attributes a significant part of the size effect to the total amount 

of working the material receives, particularly the reduction in thickneos 

from the original ingot to the final form. 

Bravnhenko 	paints out that an increase in the absolute dimes- 

A-li 	 A-12 
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steno of a specimen increases the surface area which is subjected to maxi-

mum stress in bending and torsion tests, thus increasing the likelihood of 

a fatigue crack being initiated: This view is supported b' Teteiman and 

McEvi'" 	who state that there is a statijtical size effect related to 

the probability of finding a critical flaw within the most highly stressed 

region. 

In ordinary structurat concrete design, only as average tension 

reinforcement stress in calculated. However, bars in concrete beans and 

stabs subjected to bending will have a higher stress on that side of the 

bar farthest from the meutrai Outs. This is due lo the strain gradient 

across the member md is most prnnouitced for large diameter bars in shsliow 

beams or thin siabs. 

In the fatigie teiting of reinfos'cisg bars embedded within con-

crete beans; the effects of bar stxe and strain gradient are inevitnhty 

linked. As pointed out by Hanson and Ileigaeon t , all fatigue crackr in 

such bars have been observed to be ieitiatd within that haif of the bar 

,where the tensile vtreaaes are the highest. The larger the diameter of a 

reinforcing bar,the greater is the effect of the strain gradient, as may be 

deem is Table C-i. 

The effect of the strain gradient on fatigue strength may be seen 

is test results reported by Buitos 52  and by Burton and Hognestad > . 

No. 8Crasies 60 and 75 barsof a single deformation patterO were tested while 

embedded as the main reinfOrcemest within concrete beans. A minimum stress 

lhvel of 5.1 hsi was used throughout. Some tests were conducted with the 

longitudinal rilOs of the test bar located in a vertical plane within the 

test beam, others with the ribs ih a horizontal plane. 

It was observed that, when the test bars had their longitldical 
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Fig. A-3 Effect of Stralo Gradient 

ribs located in a vertical plane, the fatigue crack was always initiated is 

the inmediste vicinity of the junction of a transverse lug with the more 

highly stressed rib. When the ribs were horizontal, the fatigue cracis 

were generally initiated at the root of a transverse lug, about midway be-

tween the ribs, and in the more highly stressed hair of the bar. A st,stis-

tical amalysis2  showed that the bar Orientation had a statistically sig-

nificant effect on the observed fatigue strength. 

Results of these tests are shown is Fig. A-3. Bars with the lon-

gitudinal ribs located is a vertical plane show a lover fatigue strength 

than moninally identical bars with ribs located in a horizontal plane. Fyi - 

dently, the critical fatigue zone for these bars was located at or near the 

juhction between the transverse tugs and the ribs. When the ribs were lo-

cated in a horizontal plane, the stress range is this critical zone was some-

what less than when the ribs were in a vertical plane. Consequently, the 

bars with the longitudinal ribs in a horizontal plane were able to survive 

a greater number of cycles of loading. A random orientatIon of the critical 

fatigue zone on the periphery of a reinforcing bar that is embedded Is a 

concrete bean subjected to cyclic loading will thus cause a considerably 

greater scatter in test results than would be Obtained under controlled con-

ditions. 

Investigations to deteroine the effect of bar diameter on the fa-

tigue strength of reinforcing bars have been carried out by Wascheidt 8  ), 

Kohubu and 0bdmura 46), and MacGregor, Jhamb, and Nutall ° . These test 

series were intended to result in a determination of the fatigue strength 

at 2 or 5 million cycles for bars of various diameters. None of the experi - 

meets was designed for statistical analysis of the data. Therefore, all 

evaluations of the fatigue strength at 2 and 5 million cycles were based 
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on visual inspection of the plotted test data. Such evaluations are of 

limited accuracy for tests carried out is a fatigue life region where the 

scatter in test results is widespread. Nevertheless, a certain treod in 

fatigue strength with variation is bar diameter is discernible from these 

test results. 

Wascheidt tested bars 16 (0.63) and 26 mm. (l. 	is.) is diameter. 

These bars were of four different grades but had the same deformation pot-

ters and oomloally similar transverse lug geonetries. All tests were car-

Oied out in axial tension in air. A single minimum stress level was used 

throug),out. 

Number 6 and No. S bars having four different deformation patterns 

and various guaranteed yield strength levels were tested by Kokubu and 

ocamumu(46) No information is provided is their paper on the geometric 

similarity of the transverse lugs rolled omta different size bars having 

the same defos'natlOn pattern. Each test bar was embedded as the maim rein-

forcement within a concrete beam. All bars were subjected to the same mini-

mum stress. 

The tests reported by MacGregor, .Thamb, and Nutall 40)  were con-

ducted on No. 5, 8, and 10 bars of Grades IsO, 60, and 75. Various measure-

oests were made of the transverse lug dimensions. From these, average stress 

codeentratiom factors, varying from 1.49 to 1.64, were calculated for each 

size and grade bar tested. Each test was carried o,it with the test bar es-

cased within a Ooncrete bean. The minimum stress levels used were about 0.1 

of the yield strength for each grade of bar. 

A comparative summary of the results obtained by these investi - 

gators is given in Ibble A-I. In each case, the reported fatigue strength 

at 2 or 5 million cycles for a bar equivalent in size to a No. 8 bar is 

Sue 	We  
Grade 	40 

mIn 
°Ribs horizontal 
A Ribs vertical 

1.0 	 10.0 
N, millions 

A-16 



37 

TABlE A-i EFFECT OF BAR DLAI4ETER 

Tests 

by 

Grade 

of 

Bar 

Fatigue Strength at 2 or 5 Million Cycles 
Nelative to Fatigue Strength of No. 5 Bars 

No. 5 No. 6 No. 8 No. 10 

IsO 1.11 - 1.00 
40 1.05 - 1.00 - 

Wascheidt 60 1.05 - 1.00 - 
75 1.10 - 1.00 - 

Kokubu ISO - 1.12 1.00 - 
and 	(46) 60 - 1.04 1.00 - 
Okamsra 60 - 1.10 1.00 - 

MacGregor, IsO 1.06 - 1.00 0.99 
Jamb, 	(40) 60 1.08 - 1.00 0.96 
and Nutall 75 1.20 - 1.00 0.95 

talcen as a base value. The fatigue strengths obtained for the various bar 

sines and grades are then compared in terms of the ratio of each value to 

its respective base value. The German bars tested by Wascheldt are pre-

sented in terms of their equivalent iS'1S4 grades. Two low yield strength 

German bars are lumped together as Grade IsO bars. 

It should be noted, that in conparing the various ratios pre-

sented in Teble A-i, some allowance must be made for the effect of strain 

gradient. Tests by Ws.scheidt were carried out in axial tension and his 

bars were therefore nominally under uniform stress. The bars tested by 

Kokubu and Okomoura were encased at an effective depth of 6.3 in. in con-

crete beams. This concrete had a compressive strength of about 5000 psi 

at the time each test was conducted. The effective depth of beams tested 

by MacGregor, Jhsmnb, and Nutall varied with the size of bar tested. These 

depths were 9, 12-1/2,and 15-5/8 in., respectively, for the No. 5, 8, and 

10 bars. Concrete strengths in these tests varied from 3720 to 6050 psi. 
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10 or 15% of the increase in tensile strength. For tensile strengths 

greater than 160 kni, the notch effect becomes predominant and the fatigue 

limit may be reduced again. A further reduction, throughout the entire 

range of tensile strengths, was found to occur when the surface of a test 

specimen was pitted by corrosion. On this basis, it is to be expected 

that reinforcing bars will exhibit an increasing sensitivity to changes 

in bar geometry the greater the tensile strength. Therefore, the effect 

of grade of bar on the fatigue strength of deformed reinforcing bars is 

best assessed in tests on bars that have been passed through the same 

rolls. 

The effect of grade of bar on the fatigue strength of deformed 

reinforcing bars has been studied in three North American investigations. 

In each case, the different grade bars had the same deformation pattern but 

were not passed through the same rolls. Additionally, the minimum stress 

level used was increased for the higher grade bars in proportion to the in-

crease in yield strength. Therefore, the effect of grade of bar is these 

investigations could not be separated clearly from the effects of minimum 

stress and bar geometry. 

Pflster and Hoguestad 30)  studied the fatigue properties of dif-

ferent grades of No. 8 bars having two deformation patterns, designated A 

and N, respectively. Each bar was tested while embedded as the main rein-

forcement within a concrete beam. Minimum stress levels used were 0.1 of 

the yield strength of the bars. 

Results of these tests are shows, in Fig. A-Is. The test results 

for the Grade IsO bars of Pattern A are not shown in this figure. Instead, 

he estimated fatigue limit for these bars is shown. 

Grade of Bar. Efforts at assessing the effect of grade of bar 

on the fatigue strength of reinforcing bars have not always been success-

ful. This in because other fatigue influencing factors have often masked 

the potential effect due to grade of bar. Thus, when a Grade IsO bar is 

stressed beyond yield, an additional effect due to the large plastic de-

formation to which the bar is subjected may show up. Grade 60 and 75 bars 

have a relatively short or sonexiatent yield plateau and are sot subjected 

to large plastic deforsatisns when stressed beyond their yield strengths. 

Facessive cold working of reinforcing bars is hflown 	to cause 

a decrease in fatigue strength. This may occur when Grade IO bars are 

stressed beyond yield. Therefore, unless this effect is separated from 

the test results when the grade of bar effect is studied, jhe finite-life 

S-N diagram for Grade IsO bars say Improperly be considered to have a dif-

ferent slope from the diagrams for Grade 60 and Grade 75 bars. 

Fatigue tests on bars of different grades have generally been 

conducted at a specified minimum stress level that is a fixed multiple of 

the yield strength of each grade of bar. Thus, bars of Grade 75 have often 

been tested at twice the minimum stress level of Grade IsO bars, while the 

test results have been compared on an equal basis by visual inspection of 

S -N diagrams. Full evaluation of such data is possible only by statistical 

means. 

It has long been accepted(67)  that the fatigue limit for machined 

and polished steel specimens increases with the tensile strength of the 

steel. For such specimens, the fatigue limit is raised by about one-half 

of the increase in tensile strength for strengths up to 200 lii. However, 

when notches are present, the increase is the fatigue limit may be only 
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The Uses shown in Fig. A-b, represestiag the average fatigue 

properties of the bars tested by Pfister and Hognestad, were determined 

by visual judgement. It is sees that, regardless of the bar deformation 

pattern, the Grade 75 bars have a higher fatigue strength than the Grade to 

bars. This is in spite of the Grade 75 bars having been tested at a higher 

minimum stress level than the Grade tO bars. Thus, the difference in test 

results must be attributed to the effect of grade of bar. 

It may be seen is Fig. A-Is that the Grade 60 bars of Patters A 

have a lower fatigue strength than the Grade to bars of the same deforms - 

tion pattern. This is partly due to the higher minimum stress level at 

which the Grade 60 bars were tested. However, that does not fully explais 

the observed behavior and, for lack of information to the contrary, the 

major part of the effect must be attributed to a difference in bar geom-

etry. This illustrates the difficulty of determIning the effect of a 

single parameter, when the test results are confused by the effects of 

other factors. 

A series of twenty tests on Canadian produced bars of a single 

deformation pattern and four different grades is reported by lash 47. 

The bars tested were of Grades tO, 50, 60, and 75.  Each bar was embedded 

within a concrete beam for testing. Minimum stress levels used were about 

0.25 of the yield strength. One test coded in shear failure, but four each 

on Grade to, 60 and 75 bars, and seven on Grade 50 bars ended in fatigue 

fracture. Two tests were discontinued after the reinforcing bars had 

survived more than 3 million cycles. 

lash concluded there was no distinct difference in test results 

among the Grade tO and 50 bars. However, the Grade 60 and 75 bars tested 
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directly. For these bars, the fatigue strength at 2 million cycles, as 

based on visual estimates, was found to increase slightly with an increase 

in yield strength. 

Grqvist 48)  carried out fatigue tests in axial tension in air 

on Swedish reinforcing bars. These bars had a diameter of 16 rn (0.63 in.) 

and were of Swedish Grades Ks tO, 40s,60, 60s. Average yield atrengths of 

these bars were about 62, 66, 91, and 96 ksi, respectively. A minimum 

stress level of 10.7 ksi was used throughout. 

The effect of grade of bar on the fatigue properties of these bars 

may be studied by comparing test results for bars having the same defor - 

matlon pattern. Bars of Grades Ks to, tOs, and 60 were rolled to the stan-

dard deformation pattern for the Grade Ks IsO bars, while bars of Grades Ks 

to, 60, and 60s were rolled to the standard deformation pattern for the 

Grade Ks 60 bars. However, measurements of the lug dimensions indicate a 

variation in bar geometry among bars of different grades rolled to the same 

deformation pattern. 

Results of these tests are shown in Fig. A-5. The S-N diagrams 

shown represent a reasonable visual judgment of the average fatigue prop-

erties of the test bars. Of the bars rolled to the standard Ks to defor-

mation pattern, the Grade Ks 60 bars had the lowest fatigue strength and 

the Grade Ks tO bars the highest. Test results for the Grade Ks tOo bars 

are not shown in Fig. A-5 but their S-N diagram was intermediate to those 

for the Grade Ks to and Ks 60 bars. For bars having the standard Ks 60 de-

formation pattern, the Grade Ks 60 bars again had the lowest fatigue strength, 

while the Grade Ks 60s bars had the highest. 
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showed a definite progressive increase in fatigue strength over the Grade 

tO bars. 

Further tests on Canadian produced bars are reported by MacGregor, 

Jhamb, and Nutali(40).  The effect of grade of bar on fatigue strength was 

studied in tests on No. 5, 5, and 10 Grades 40. 60. and 75 bars of a single 

deformation pattern. These tests were carried out with each bar embedded 

as the main reinforcement within a concrete beam. Two minimum stress 1ev-

cia were used, 0.1 and 0.4 of the yield strength of the bars. 

It was concluded in this paper that, for design purposes, the fa-

tigue strength at 5 million cycles for hot-rolled deformed reinforcing bars 

is not affected by changes in the tensile strength of the bars. However, - 

the adequacy of the analysis leading to this conclusion in questionable. 

Minimum stress effects were eliminatedby means of the Goodman diagram, 

which of itself presupposes a grade-of-bar effect. Measured differences 

in bar geometry among bars of the same size were, however, not taken into 

account. Furthermore, a d.iscussion 	of this paper painted out that an 

unusual scatter in test results had been obtained. For these reasons, and 

since S-N curves for the test results were based on visual estimates, the 

effect of grade of bar on the fatigue properties of these bars is not clear. 

Teats on German reinforcing bars of several grades and having var-

ious deformation patterns are reported by Wascheidt 38)  The effect of 

grade of bar on the fatigue strength at 2 million cycles was studied in 

axial tension tests that were carried out in air. A single minimum stress 

level was used for these tests. 

Because of differences in bar geometry among the various bars 

tested, only the results for the bars designated as Type E can be compared 
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Orinqviat concluded that grade of bar had an important effect on 

fatigue strength. He was, however, unable to determine any specific re-

latiomahip between grade of bar and fatigue strength. 

The resulta of fatigue tests on Japanese reinforcing bars are 

suonnariced in a paper by Kokubu and oiamura6).  A total of 91+ tests were 

carried out on bars embedded an the naim reinforcenent within concrete 

beamo. These bars were of three different sizes and represented eleven 

basic varieties of deformation patterns. For two of the deformation pat-

terns, bars having seooth and sharp transverse 1ug geo,setriea were tented. 

Guaranteed ninluses yield otrengths of the test bars varied from 50 to 85 

hal. 

A single minimum stress level was used throughout. Two or three 

stress range levels were used for each set of bars to determine the fatigue 

strength at 2 nillion cycles. These stress ranges were selected to result 

in at least one fatigue fracture between I and 2 million cycles. 

The fatigue strength at 2 nillioa cycles was found to range be-

tween 28 and 51 hot. Kokubu and Oleamura coniuded that this variation was 

largely due to the effect of transverse lsg geometry and that the effect 

of grade of bar was comparatively small. However, there was no direct com-

parison possible between differeet grade bars of the same deformation pat-

tern. 

Effect of Manufacturer Related Fatigue Influencing Factors 

Manufacturing Process. Reinforcing bars are manufactured from 

low- and nedium-carbon steels and from alloy steels. Billets are shaped 

into reinforcing bars by successive rolling through a series of stands. 

As many as 15 stands are used to reduce a lImb in. billet to a 3/1+-in, bar 

by hot-rolling. Deformations are hot formed in the final roll by paasimg 
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molybdenum, vanadium, copper, boron, and phoaphorus to the chemical com-

position of a steel is considered by Forreot(67)  to increase fatigue 

strength in proportion to their influence on tensile strength. Silicon 

and mangaseum, she,, acting ingellinc, arm ,.icsi,ieeed by 2anasa 	to tend 

to improve fatigue strength. 

In the production of reinforcing bars, the surface condition of 

a bar will be influenced by the hot rolling process. Oxidation of the hot-

rolled surface results in decarburization of the steel and the formation 

of loose-clinging scale. These effects combine in creatiog a surface layer 

of low tensile strength, extensively covered with small notchea. Initia-

tion of fatigue cracks in this surface layer is promoted by its wcakneas 

in fesisting tensile stresses and by the presence of notchea. 

Decarburization refers to the baa of carbon from a surface layer 

of the steel. It occurs in the presence of oxygen, carbon dixoide, or water 

vapor during high temperature heat treatment. Molybdenum and cobalt, when 

used as alloying elements, are said by Keyser(76)  to tend to promote decar-

burization. 

The effect of decarburization on the fatigue strength of spring 

steels was studied by Hanhins et.al.' 
Th). 

They conducted rotating 

bean, fatigue tests both on specimens receiving no treatment after forging 

and on polished specimens that had been machined to remove the decarburized 

layer. The relationship between fatigue strength and tensile strength was 

found to be linear for both types of specimens for tensile strengths up to 

130 hsi. Machined specimens had a fatigue strength that averaged about 

one-half of the tensile strength. The"as forged specimens, had a con-

siderably reduced fatigue strength. The difference was about 15% for a 

tensile strength of 60 ksi and 50% for a tensile strength of 130 isi. 

Thus, the effect of decarburization becomes ever more important as the  

the bars between special rolls that have patterna cut into then. The sur-

face of a bar is forced into depressions in the rolls to form character-

istic deformations 

The chemical composition of reinforcing bars varies conaiderabiy, 

even for bars of the sane grade produced by the sane mill. Thus, previous-

ly reported°' 32, 40. 52) analyses of the chemical composition of North 

American produced reinforcing bars of Grades 40, 6; and 75 show a carbon 

content ranging from 0.32 to 0.58%, manganese from 0.32  to 1.1+8%, silicon 

from 0.03 to 0.29%, and molybdenum from less than 0.05 to 0.20%. The only 

requirement of ASI3I specification A615-68 '  concerning the chemical com-

position of deformed billet steel bars for concrete reinforcement is that 

the amount of phosphorus shall not emceed 0.05%. 

The chemical composition of the European reinforcing bars tested 

by Waucheidt(38)  and Or qviat(48)  also varies widely. Carbon content 

ranged from 0.01+ to 0.53%, manganese from 0.31+ to 1.1+1%, and silicon from 

less than 0.05% to 1.35%. Molybdenum content was not reported by these 

investigators. 

One of the characteristic fatigue properties of steels is that 

the S-N curve usually shows a distinct fatigue iimit(67).  This behavior 

is most pronounced for plain carbon steels, but is less evident for alloy 

steels. It is attributed to the diffusion of carbon and mitrogem atoms 

within the iron lattice. 

In machined specimens, the fatigue strength of steel is strong-

ly related to its tensile strength. Therefore, any factor that tends to 

increase tensile strength, such as heat treatment or addition of alloying 

elements, is considered to have a beneficial effect on fatigue strength. 

The addition of such elements as carbon, manganese, oickei, chromium, 
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tensile strength of the steel increases. 

Hill scale is formed in the presence of oxygen during high tem- 

perature heat treatment of steel. Severity of the scaling depends on the 
	II 

composition of the surrounding atmosphere and the duration of the heat 

treatment. If the scale is not removed during hot working operations, it 

is pressed into the metal surface, causing surface roughness. Siebel and 

oaier' >  used tests on machined specimens to show that surface roughness 

has an appreciable effect on the fatigue strength of steel. 

Inclusions may be formed in steel during the manufacturing proc- 

ess. These may be nonmetallic orintermetallic and consist of complex 

metallic compounds. Their number and distribution are deternined by the 

chemical composition of the steel, melting and working practicea, and the 

finai heat treatment of the material. Inclusions may cause a reduction 

in fatigue strength by acting as stress raisers. 

The size and orientation of an inclusion relative to the direct- 

ion of stressing is important in determining its effect on fatigue strength. 

During the rolling process of reinforcing bars, inclusions become elongat- 

ed and oriented in the isngitudinal direction of the bar. Thus they may be 

expected to have only a small effect on the fatigue strength of reinforcing 

bars subjected to axisi stresses. 

Residual stresses may be net up within a reinforcing bar during 

the manufacturing process. Such stresses usually reauit either from cold 

working or from a heat treatment that allows a temperature difference to 

develop rapidly between the surface and the isterlor. Compressive residual 

stresses at the surface of a member subjected to fatigue loading are con- 

sidered to be beneficial. Tensile i'esidsal stresses are detrimental to 

fatigue strength. A tensile stress field is additive to tensile residual 
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stresses and thus a lover mean tensile stress is required t6 cause fatigue 

fracture. 

European reinforcing bars are co,mnonly cold twisted to increase 

their yield and tensile strengths. This results in residual stresses at 

the bar surface. The effect of such residual stresses on fatigue strength 

can only be assessed by comparison of test results for undisturbed bars 

with those for cold-twisted bars having the same bar geanetry. No such 

test results are known to be available for deformed bars. 

Tests on undisturbed and cold-twited plain reinforcing bars are 

reported by Graf and 	 They determined the fatigue linit at 2 

million cycles for nominally identical bars that had been subjected to var-

ious amount of cold-twisting. All tests were conducted in axial tension 

in air and at the same minimum stress level. These test bars had a nom-

inal diameter of 27 mm. (1.06 in.). 

Graf and Weil expressed the amount of residual twist in terms of 

the length of pitch in bar diameters. Yield and tensile strengths of the 

bars were found to increase continuously with decreasing pitch. The un-

disturbed bars had yield and tensile strengths of 37 and  59 hsi, respect-

ively. These increased to 96 and 100 hsi, respectively, at a pitch of 

2.6 diameters. The fatigue strength at 2 million cycles was 31 kui for the 

undisturbed bars. This rose to to hai when the pitch was 12.9 diameters 

and held steady at tO hsi as the pitch was decreased t 9.1 diameters. A 

further decrease in pitch caused a decrease in fatigue strength. At a 

pitch of 2.6 diameters, the fatigue strength was 26 hsi. 

These test results have been interpreted in different says. The 

investigators did not themselves draw any conclusions regarding the de-

crease in fatigue strength with excessive twisting. Bote °  concluded  

from th000 tests that moderate amounts of cold working had a beneficial 

effect on the fatigue strength of mild steel. Excessive cold working, 

however would cause a decrease in fatigue strength. This interpretation 

was dispoted by soretz 	who attributed the decrease in fatigue strength 

to notch effects created by rolling streaks in the bars. These streaks 

were longitudinal in the undisturbed bars but progressively more trans-

versely oriented with increased twisting. Bate(82) acknowledged the 

stress concentration effect of the rolling streaks, but cited additional 

work by Haig(83)  and Ro8' 85) 
 on the fatigue properties of mild steel 

to support his view that the reduction is fatigue strength was caused 

largely by excessive cold working. 

Farther fatigue testing of cold twisted reinforcing bars has been 

carried out by Waschnidt(l8).  Both plain and deformed 16 mo. (0.63 in.) 

diameter bars were tested. The deformed bars had two deformation patterns, 

designated B and C, respectively. Bars of Pattern B were twisted from bars 

having longitudinal ribs and no transverse lugs while bars of Pattern C 

were twisted from bars having both longitudinal ribs and transverse lugs. 

The plain bars and those of Pattern B were twisted to a pitch of 12 and 8 

bar diameters. Bars of Pattern C were twisted to a pitch of 12, 10, and 

6.5 bar diameters. 

All of the tests were carried out in axial tension, most is air, 

but some of the bars were also tested as embedded in concrete. A single 

minimum stress level was used to Obtain the test results to be compared. 

Yield and tensile strengths of the bars were found to increase 

with the amount of twisting. For the plain bars and those of Pattern B, 

the fatigue strength at 2 million cycles was found to decrease by shout 

6 and 14 hsi, respectively, when the pitch was decreased from 12 to 8 dia- 
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meters. The bars of Pattern C, when tested in air, had a fatigue strength 

at 2 million cycles of about 38, Ifs, and 31 ksi, respectively, when the 

pitch was 12, 10, and 6.5 bar diameters. Not all of the fatigue fractures 

in the deformed bars were initiated at the howe of a transverse deform-

ation. The concrete embedded bars generally had a loaer fatigue strength 

than the bars tested in air. 

Recently, experimental use of galvanized reinforcing bars in 

bridge decka 	has been initiated with the aim of eliminating the prob- 

lem of reinforcing bar corrosion. No fatigue tests are known to have been 

conducted on such bars. However, hot dipping of a reinforcing bar in the 

galvanizing solution may create tensile residual stresses at the bar sur-

face, thereby reducing the fatigue strength. 

Love 	reports that a comparison of the fatigue properties of 

undisturbed and hot-dipped galvanized steel specimens shows a decrease in 

fatigue strength of 1  to 142% for the galvanized specimens. A steel con-

taining only 0.02% carbon showed a decrease in fatigue strength of 14% while 

a quenched steel containing 0.15% carbon showed a decrease of 142%.  Var-

ious other annealed, quenched, or tempered 0.45 and 0.72% carbon steels 

had a loss of fatigue strength that ranged from 13 to 4 2%. 

Bar Geometry. Rolled on transverse deformations on reinforcing 

bars provide the means of obtaining good bond with the surrounding concrete 

in a reinforced concrete structural member. These deformations act as 

shear keys between the reinforcing bar and the concrete. In the highly 

stressed regions of a reinforced concrete member, adhesive bond between 

reinforcing bar and concrete is largely deuiroyed and forces are trans-

mitted between the bar and the concrete by nesms of the deformations on 

the bar. 

The niate of stress in the near vicinity of a transverse lug on 

a reinforcing bar embedded is a concrete member is very conplez and large-

ly unhsown. Transverse deformations, in addition to transmitting forces 

between the concrete and the reinforcing bar, will also cause stress con-

centrations in the bar. These stress concentrations occur at the junction 

of each transverse lug with the body of the bar. Stress concentrations 

are a primary factor in causing loss of fatigue strength. 

External notches, or lugs, are known to cause stress concentra-

tions in bars and shafts subjected to axial tension, bending, or tor- 

sion 	R,otoelastic studies by Hariman and even, and Durelli, lake, 

and Philli5 0  show that the magnitude of the stress concentration fact-

or depends on the base radius, height, width, and spacing of the lugs. The 

relationship between the stress concentration factor and the lug geometry 

is complex, but appears to be hyperbolic in nature. 

Reoults of the phxtoelasiic studies by Hartmun and laveo 	show 

that the lug huse radius is the major variable affecting the stress concen-

tration factor. The sharper the radius, the greater is the stress concen-

tration factor. Effects of lug height and lug width are related but, for 

the same lug height, a wide lug will have a higher stress concentration 

factor than a narrow lug. Similarly, for the same lug width, a high lug 

will have a higher stress concentration factor than a low lug. 

has shown that high and narrow lugs remain unstressed in 

the outer pert of each lug when an axial force in applied to the parent 

body. Thus, there appears to be a limiting lug height for each lug width, 

above which there is no further increase in the stress concentration factor. 

Studies by Durelli 	 showed that the stress concentrations 

due to several closely spaced notches are smaller than those due to a single 
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notch of the same geometry. Thus, for a constant lug base radius, the 

least critical fatigue location on a reinforcing bar with intersecting 

transverse deformations would be in the immediate vicinity of an inter-

section, where the crossing tags are close but still separate. On the 

Other hand, the most critical location would be immediately within the 

interoection, where the crossing lags are at their widest. 

Strains at the transverse lugo on a reinforcing bar subjected 

to axiat tension in air have been ensnared by Jhaznb and MacGregor (so) 

Electric resistance strain gages having a gage length of 0.3 nun were 

placed on or near the lags. Strains measured with these gages were com-

pared with those obtained from l/i-in. gages mounted on the barrel of the 

bar. The ratio of lug base strain to the reference strain was found to 

be as high as 1.82. At the top of a lug, strains were found to be 10 of 

the reference strain. 

TheoretIcal, studies of the stress concentration effects of exter-

nal notches have been carried out by Deremho and Munse', and by Jhsmb 

and MacGregnr(50).  Derecho and Manse found that the flunk angle of a lug 

is also important in deterolning the stress concentration effect. The 

larger the angle, the higher is the stress concentration factor. 

Theoretical stress concentration factors determined by Derecho 

and Manse are shown in Fig. A.6. The carves shown have the typical hyper-

bolic shape obtained in photoelastic studies. Stress concentration factors 

calculated by Jhamb and MscGregor °  by means of a finite element model 

show a atnilar trend. 

The shape of the transverse defornatlons has boen considered as 

a test variable to several investigations into the fatigue properties of 
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deformed reinforcing bars. However, none of these investigations Ce-

oulted in the development of a relationship between measured lug dimen-

sions and fatigue strength. 

Pfister and Hognestad(30)  tested No. 8 bars of various grades 

and of three deformation patterns, designated A, B, and C. Material prop-

erties of the Grade 75 bars of Patterns A and C, alomg with the applied 

minimum stress levels, are sufficiently close that the difference is their 

fatigue properties aunt be attributed to lug geometry. Bars of Pattern P. 

had transverse lags perpendicular to the longitudinal bar axis while the 

bars of Pattern C had inclined lags arranged so that the inclination alter-

nated in sawtooth fashion. Each test was carried out with the test bar 

embedded as the maim reinforcement within a concrete bean. 

Test results for the bars of Patteroa A and C are shown in Fig. 

A-7. The S-N diagrams shown represent a reanomable visual jsdgmeot of the 

average fatigue properties of the bars, lag height was the only lug dimen-

sion reported by the investigators. Therefore, no auseasment of the stress 

concentration factors is possible. 

The effect of change in trans"-- ,. lug geometry with the wear 

condition of the rolls uxed in the manufacturing process was studied by 

Burton(52). Number 6 Grade hO bars processed through new, partially worm, 

and fis].ly worn rolls of a single deformation pattern were tested. Wear in 

the rolls resulted in a reduced lug height and flank angle. The lug base 

radius and the lug width, as measured between the points of tangemcy of a 

lug with the barrel of a bar, were increased. 

Tests were carried Out at three stress range levels. Unfor-

tunately, yielding of the test bar occurred in each test at the highest  
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stress range level. The large plastic deformation incurred at this stress 

range constituted substantially different treatment from that at the Other 

stress range levels. Moreover, 'tests at the lowest stress range level 

were carried out in the transition nose betwees the finite- and long-life 

regions. Therefore, an evaluation of the roll wear effect nay only be 

carried out at the istermediate stress range level. As shown in Fig. A-h, 

the bars processed through fresh rolls exhibited a lower fatigue strength 

than the bars passed through worn rolls. 

The effect of roll wear on fatigue life was also studied by 

Grhoqvist(48). Swedish Grades Km 60 and Ks 60s bars of a single defor-

mation pattern were processed through fresh and worn rolls. Photographs 

of the lug profiles of these bars show a much flattened and rounded lug 

being produced by the worn rolls. However, no accurate evaluation of the 

lug dinessions can be made from these photographs since they were taken of 

sectioned bar surfaces in their saw cut state. Furthernore, very little 

contrast was obtained in these photographs between the lug profiles and 

the photographic bachgrouod. 

Each test was carried out in axial tension in air. A constant 

mininun stress level was used throughout. Results of these tests are shown 

in Fig. A.9. The S-N diagrams shown represent a reasonable visual judg 

meet of the average properties of the bars. 

The observed difference in fatigue strength for bars of the same 

grade may be considered to be due to the effect of roll wear on lug geo-

metry. Grnqvlst does not explain why the Grade Ks 60 burn were so much 

more strongly affected by wear of the rolls than the Grade Ks 60s bars. 

However, a cmaparison of the lug profiles for the bars rolled through worn 
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rolls indicates considerably greater wear in the rolls used for the Grade 

Ks 60 bars. The transverse deformations on the Grade Ks 60 bars rolled 

through worn rolls appear to be inadequate for providing good bond with 

concrete. 

or6nqist(48)  also studied the effect of deformation pattern on 

fatigue strength. One group of Swedish Grade Es IsO bars was rolled to the 

regular lug pattern. A second group was rolled to the pattern normally used 

for Grade Es 60 bars. Similarly, Grade Es 60 bars were rolled to their reg-

ular lug pattern and to that normally used for the Grade Es 1+0 bars. As pro - 

viossly stated, lug profile photographs obtained by Grhnqvist were of insuf-

ficient quality to allow lug dimensions to be assessed. 

Results of axial fatigue tests in air on these bars are shown in 

Fig. A-10. Once again, the SN diagrams shown represent a reasonable visual 

judgn,ent. of the average properties of the test bars. Since all of the tests 

were conducted at the same minimum stress level, the Observed difference in 

fatigue strength among bars of the same grade may be attributed to lug geom-

etry alone. It should be noted that the Grade Ks 1.0 bars with the regular 

Es 1.0 lug pattern were stressed beyond their yield strength when subjected 

to the three highest stress range levels. 

As may be seen in Fig. A-b, the Es 1.0 transverse deformations 

have superior fatigue characteristics to the Es 60 defOrmations. The Es 1.0 

lugs were high and narrow relative to the Es 60 logs but had sharper base 

radii. Apparently, the lesser width of the Es 1.0 bugs more than compensates 

for the increased stress concentration effect due to the decreased lug base 

radii. 
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Lug base radius and lug height were measured on typical bars 

used in the fatigue tests reported by Hanson, Burton, and Hogsestad(32). 

The fatigue properties of an American bar of Grade ISO and a European 

cold -tvisted bar having a yield strength equivalent to that of a Grade 60 

bar were determined. A direct comparison of the effect of the lug dimen-

sions on the fatigue strength of these bars is not possible due to the dif-

ference is material properties and mechanical treatment. 

Lug dimensions were also determined by MacGregor, Jhamb, and 

Rutafl(40) is their tests on Canadian bars. Most of these tests were con-

ducted in the transition zone between the finite-life and long-life regions 

for the test bars. Therefore, the data show a large amount of scatter and 

evaluation of either the finite-life or long-life properties of the test 

bars is difficult. 

Research work on the fatigue properties of Japanese reinforcing 

bars is reported by Kokuhu and oisamura 6  . They tested bars of various 

grades and with several different deformation patterns. Lug base radius 

to lug height ration are reported for some of the deformation patterns. 

For the Other deformed bars, it is stated that the transition from the bar-

rel of the bar to the lug was abrupt. No account is given by the research-

ers of how the lug dimensions were determined. 

Kokubu and Okamura attempt to establish a relationship between fa- 

tigue 

a-

tigue strength and the angle the deformation pattern makes with the axis of 

the bar for bars said to have no lug base radius. However, as pointed out 

by Hanson and Hel.gason 73 , a considerable difference in lug base radius is 

observed when measured on a plane perpendicular to the lug and when measured 
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Pfister and. Hognestad 0  conducted their tests on straight and 

bent No. 8 Grade 60 deformed bars, as embedded within straight and angled 

concrete beams, respectively. All of the test bars were obtained from the 

same nnnu!scturer. Two different minimum stress levels were used. Most 

of the tests were carried out on bars bent around a 6-in, diameter mandrel. 

Mandrels of 3-  and 8-in, diameters were also used. 

Test results obtained by Pfister and Hognestad for straight bars 

and for bars bent around a 6-in, diameter mandrel are shown in Fig. A-il. 

The S-N diagrams shown represent a reasonable judgment of the average 

properties of the test bars. Results of tests on bars bent around 3- and 

8-in.-diameter mandrels showed that the sharper the bend, the greater is 

the reduction in fatigue strength from that of the straight bars. It is 

noteworthy that the fatigue strength of the bent bars was greater for a 

minimum stress level of 19 ksi than for a minimum stress level of 6 hal. 

For the bent bars, the fatigue crack was initiated in the bent 

region and, in most eases, on the inside of the bend. Waacheidt(38)  re-

ports that fatigue crack initiation on the inside of a bend was also ob-

served in similar fatigue tests conducted at the Technical University of 

Munich. lie shows that, due to the elastic spring-back in bending, tensile 

residual stresses are induced along the inside surface of a bend while the 

outside surface picks up compressive residual stresses. 

Wascheidt theorizes that the curve in a bent bar opens up daring 

loading of a V-shaped test beam. This is caused by the deformation of the 

concrete when subjected to the compressive resultant force acting in the 

region of the bend when the test bar is stressed in tension. Such opening 

of the curve produces additional tensile stresses on the inside of the bend  

on a plane parallel to the bar axis. The effect attributed by Kokubu 

and Okanura to the angle of the lug pattern may have been misinterpreted. 

Ffect of Detailing Practice on Fatigue Strength 

Bendiog of Bars. Tension reinforcement in reinforced concrete 

fl.exural members is commonly bent up into the concrete compression zone 

when no longer needed to resist tensile forces. In heavily reinforced 

members, such bends are often located is regions where the remaining ten-

sion reinforcement may still be highly stressed. By implication, the bent 

bars any also be highly stressed in the region of the bend. The fatigue 

properties of bent bars may therefore be of come em. 

Fatigue tests on bent bars have been conducted by Pfister and 

Hognestad 0) in the United States and by various European investigators. 

The European research work has been suumarized to some extent by Was - 

cheidt 	. Rehm 6) has published a summary of his test results on bent 

bars. All of these American and European tests were conducted on test 

beams so constructed that the bend in the test bar was located in the re-

gion of maximum moment. Tests on conventionally designed beams containing 

bent bars have been reported by Soretz and Weiner 	and by soretz (55 . 
Most fatigue tests on bent bars have been conducted with the 

test bar embedded as the main reinforcement within a concrete bean having 

a spread V shape in elevation. The bend in the bar was located at midspafl, 

at the apex of the V. Each test beam was simply supported and subjected 

to a single concentrated load applied at midnpan. The depth of the beams 

was decreased gradually from nidspan with the intention of producing a re-

gion of essentially constant internal moment. These test conditions do not 

realistically represent the conditions to which a bent up bar is subjected. 
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and correspondIng compressive stresses on the outside of the bend. In 

their tests, Pfister and Hogoestad °  measured tensile strains on the 

inside face and compressive strains on the outside face of the bend when 

load was applied to a test beam. 

The effect of sharpness of the bend in reducing fatigue strength 

is attributed by Wscheidt(38)  to the increase in the compressive force 

acting on the concrete with a decrease in the bend radius. Increased can-

pression of the concrete in the region of the bend would allow the curve to 

open further during loading of the beam, thereby producing higher tensile 

stresses on the inside of the bend. 

In the tests on bent reinforcing bars embedded in V-shaped test 

beams, the reduction in fatigue strength relative to straight bars appears 

to be due to residual tensile stresses and additional, tensile stresses set 

up by the test conditions. Sinilar residual stresses are set up in any bent 

bar. On the other hand, it is not laown whether the additional tensile 

stresses due to opening of the curve in the bent bar would also occur is 

bent up bars in straight beans. However, similar stress conditions nIght 

arise in a bent up bar in a straight beam if the inclined part of the bar 

were crossed by a flexural crack in the concrete. 

Fatigus tests on two large railway bridge beams are described by 

Soret,, and Weiner 	and by soretz. In these beams, the Grade 60 main 

reinforcement was bent into the compression zone when no longer seeded to 

resist tensile stresses. The bars were bent to a radius of 10 bar dia-

meters. Calculated stresses in the bottom layer of reinforcement ranged 

between 5.7 and 47.0  ksi during each load cycle. One or two bars in the 

bottom layer fractured in fatigue after each beam had been subjected to 

1.2 million cycles of loading. The fractures occurred away from the bends. 

Therefore, the bends were considered to have had no detrimental effect on 

fatigue strength. 

Tack Welding of Reinforcenent. Reinforcing bars may be assembled 

into cages or mats by welding. It is I own(67)  that a welded steel assem-

bly may have a lower fatigue strength than the individual components. The 

reduction in fatigue strength becomes more severe the higher the tensile 

strength of the steel. Therefore, the effect of welding on the fatigue 

strength of steel has often been associated with its carbon content. 

Stress concentrations due to the geometric configuration of the 

weld metal deposit or to the welding process itself are considered 67)  to 

be the most important factor in causing lass of fatigue strength. Under-

Cutting at the edge of a weld or weld metal buildup above the original sur-

face of a welded component will cause stress concentrations. Internal de-

fects in a weld, such as porosity, slag, or lack of fusion, will also give 

rise to stress concentrations. Yet another cause of stress concentrations 

are cracks that may be formed in the weld metal or in the heat affected 

zone when too rapid cooling of the weld takes place. 

High strength steels are less ductile than mild steels. There-

fore, it is more likely that cracks will be produced at welds In high 

strength steels than in mild steels. Adzlitionally, residual tensile 

stresses in the weld metal and the heat affected zone are likely to be 

of greater magnitude to high strength steels than in mild steels. 

The effect on fatigue strength of tack welding stirrups to the 

main reinforcement in concrete beams has been investigated by Burton and 

Hognestod(31  . A single No. 8 Grade 40 or 60 medium-carbon deformed bar 

was used as the cain reinforcement for each beam. Each bar was placed 

with the longitudinal ribs oriented in a horizontal or vertical plane. 

Shear reinforcement consisted of No. 3 deformed bars. One test series 

for each grade of bar was carried out on beams having tack welded stir-

rups. Corresponding test series were Carried Out on beams having wire 

tied stirrups. 

Careless field practice was simulated in arc welding the stir-

rups to the main reinforcement. For this purpose, high amperage and volt-

age settings were used on the welding machine. Generally, this led to 

deeply penetrating welds. 

Test results for the bars having the longitudinal ribs oriented 

in a vertical plane are shown in Fig. A-12. The S-N diagrams shown repre-

sent a reasonable visual judgnent of the average fatigue properties of 

the test bars. Some of the results shown for the Grade 40 bars with wire 

tied stirrups were obtained from a paper by Burton(52).  It should be noted 

that all of the Grade tO bars were stressed beyond yield when tested at the 

highest stress range level. 

All fatigue fractures occurred in the main reinforcement. When 

the stirrups were wire tied, the fatigue fracture was always initiated at 

the base of a transverse lug. When the stirrups were attached by welding, 

all fatigue fractures occurred at a weld. 

A single minimum stress level was used for all of the tests. 

Furthermore, the test beams were nominally identical, except for the method 

of attaching the stirrups. Therefore, the observed reduction in fatigue 

strength when the stirrups were welded to the main reinforcement must be 

attributed to conditions Created at the welds. 
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The effedi of welding in the fabrication of bar mats on the fa- 

tigue strength of the parent material has been studied by Pasko 	. i,xial 

tension fatigue tests in air were carried out on No. 5 Grade 60 defOrmed 

bars used as the losgitudisal reinforcement in bar mats having No. 3 de-

formed bars at 12-in, centers in the transverse direction. Welded bar 

samples vereobtained at a manufacturers plant from a representative bar 

mAt. Corresponding undisturbed samples were Obtained at the same time from 

bars produced from the same heat. 

Test specimens representing unwelded bars were cut from the un-

disturbed bars and from the region between welds on the welded bars. Welded 

bars were represented by specimens having a welded intersection at mid-length 

Each test specimen was 12 in. long. This specimen length is coosidered(64  

insufficient for determining the axial tension fatigue properties of de-

formed reinforcing bars. However, this length may have been adequate for 

the purposes of the test program. 

A minimum stress ieve]. of 3.2 ksi was used throughout. The stress 

range was varied to obtain S-N diagrams for the specimens with and without 

welds. A comparison of the finite-life test results for the undisturbed 

specimens and the specimens containing a weld showed a uniform reduction 

is fatigue strength of about 10 ksi for the welded bars. 

It should be noted that two of the tests on the undisturbed speci-

mens were carried out at maximum stresses exceeding 90% of the tensile 

strength. These tests must be considered to have been conducted in the 

low cycle fatigue region. They are the only fatigue tests on reinforcing 

bars knows to have been carried out in this region. 

Welded Joints in Reinforcement. The effect on fatigue strength 

of splicing reinforcing bars by welding has been studied at the University 

of Iliinois(92).  Sc'me of the results obtained from this study have been 

reported 

Axis], tension fatigue tests were conducted on welded and undis-

turbed bars. Flexural fatigue tests on reinforcing bars embedded as the 

main reinforcement within concrete beans were also carried out. Most of 

these tests were on welded bars. Due to the lack of informatios on corres-

ponding undisturbed bars, the effect of welding on the fatigue strength of 

concrete embedded bars is not fully known. 

Most of the test bars were No. 7 Grade 10 or 60 deformed bars. 

These bars had four different deformation patterns. However, attempts to 

evaluate the effects of grade of bar and bar deformation pattern on axial 

tension fatigue properties were hampered by numerous fractures in the grips 

of the testing machine. 

Emphasis was placed on determining the effect of type of welded 

joint on fatigue strength. The bars tested in axial tension were spliced 

by butt welding, lap welding, and welding an angle strap to the bars. The 

butt Joints were 60 degree single V, 60 degree double V, 15 degree single 

V, and 60 degree single V with a pipe back-up. The lap Joints were single 

strap and double strap. Only the 60 degree single V butt welded joint and 

a single lap welded joint were used in the bean tests. 

Each weld was made up of several puddJ.es  resulting from careful 

passes with as arc welding electrode. This served to maintain low inter-

pass temperatures. Therefore, the welds were representative of the best 

available welding practice. 
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Test results for some of the Grade 10 bars tested in air were 

reported by Sanders, Hosd1.ey, and Mw,se(15).  A comparison of their evalu-

ation of the average fatigue life at a stress range of 26 ksi for various 

typns of Joints in shown in Fig. A-13. This figure shows that the type of 

welded joint has a large influence on fatigue life. 

Further tests (92)  on bars of the same deformation pattern showed 

that a single strap joint had a considerably shorter fatigue life than the 

angle splice joint. These tests also showed that a double strap joint had 

about the same average fatigue life as a 60 degree double V joint. 

Individual test results for the undisturbed bars and the 60-de-

gree single V butt welded bars are shown in Fig. A-lb. The S-N diagrams 

shown are based on a reasonable visual judgment of the average fatigue 

properties of the test bars. These diagrams indicate that the fatigue 

lives shown in Fig. A-13 have been overestimated. However, since most of 

the fatigue fractures in the undisturbed bars took place in the grips of 

the testing machine, these bars may well have longer fatigue lives than 

shown in Fig. A-lb. Furthermore, test results for the welded bars show 

a large scatter at a stress range of 26 ksi. Therefore, these bars may 

also have longer fatigue lives than shown in Fig. A-lb. For these reasons, 

it is believed that the treod exhibited in Fig. A-13 for the effect of type 

of joint on fatigue life is valid. 

Effect of ilpe of Specimen Tented 

Eatigue tests on reinforcing bars have been conducted is flexure 

00 bar coupons in air, axial tension on bar coupons in air, axial tension 

on concrete encased bar coupons, and on bars embedded in concrete beams. 

No statistically valid comparative studies of the influence of the test 

method on fatigue strength, if any, have been carried out. 
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F].exural fatigue tests in air were carried out by Kobrin and 

Sverchkov(94  . First, the critical fatigue location on the periphery of 

a deformed reinforcing bar was determined in axial fatigue tests. Then, 

bar coupons were tested as simply supported beams subjected to two point 

cyclic loading. By controlling the orientation of the bar coupon relative 

to the plane of flexure, a determination was possible of the effect on 

fatigue strength of a variation around the periphery of the bar in the 

geometry of the deformations. A comparison could then be made with the 

fatigue strength obtained when the fracture was initiated at the critical 

fatigue location. 

This test procedure was designed to allow the relative severity 

of stress concentrations on the bar surface to be determined. The objec-

tive was to Obtain information for use in designing bar deformations having 

improved fatigue characteristics. However, the procedure does not fully 

simulate the action of the maim reinforcement in a concrete beam where 

the deformations serve to transmit forces between the concrete and the re-

inforcement. It is not known how the stress concentrations in a deformed 

reinforcing bar subjected to axial and flexural stresses are affected by 

forces applied directly to the deformations. 

Several ioventigators5353848.49.53 have carried out fatigue 

tests on reinforcing bars in axial tension in air. However, it is only re-

cently that a standard procedure for such tests has been recomnended(64  ). 

Use of this procedure would allow a more direct comparison of axial ten-

sion fatigue test results obtained in different laboratories than has been 

possible. 

A large number of axial tension fatigue tests have resulted in 

fracture within the grips of the testing machine. This is due to the 

stress concentrations imparted to the test bar by the grips and, in many 

canes, to improper positioning of the specimen. Fatigue tests resulting 

in fracture near or within the grips are not representative of the popu-

lation of tests resulting in fracture between the grips and should not be 

included in an analysin of such data. 

The frequency of grip fractures varies considerably from one test 

series to another. Thus, in the tests reported by Jhsmb and MocGregor 	, 

only 3 grip fractures Occurred 	in 88 tests, while oróoqvist(48) re- 

ported 12 such fractures in 112 tests. These results may be contrasted 

with those of Sanders, Moadley, and Munse 	who reported most of their 

fractures in tests on unwelded bars to have occurred at or within the 

gripe. 

A major reason for conducting fatigue tests on reinforcing bars 

in axial tension in air rather than embedded as the main reinforcement 

within concrete beams has been the relatively low cost of such tests. How-

ever, axial tension tests in air are not representative of the complex in-

teraction between concrete and reinforcement in a concrete beam. Compara-

tive tests ,92) of reinforcing bars in concrete beams and in air have not 

established whether fatigue strength is enhanced or decreased by testing in 

air. 

Fatigue tests, intended to simulate the stress conditions to which 

the main reinforcement in a concrete beam is subjected, have been carried 

out 292) wascheidt 	tested reinforcing bars encased in a concrete 

jacket having a croon-sectional area of about 10 square inches. For some 
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of the tests, the concrete jacket contained spiral reinforcement. Axial 

forces were transmitted to the test bar through the concrete. Waocheidt 

reported that, for deformed reinforcing bars, the fatigue strength of 

concrete encased bars was equal to or slightly lower than that of corrco-

ponding bars tested in axial tension in air. 

Barome, Cannon, and Munae 92)  describe fatigue tests on welded 

reinforcing bars cast into 6m12 in. concrete blocks. The test bar was 

located at a depth of about 2-1/2 in. from one of the narrow faces of the 

block and protruded sufficiently from the ends of the block to be placed 

in the grips of a testing machine. A steel collar was placed around the 

unreinforced end of each block. Thus, compressive stresses were induced 

in the restrained concrete when the reinforcing bar was pulled in axial 

tension. A considerably lower fatigue strength was obtained in these 

tests than in tests on corresponding bars embedded an the main reinforce-

ment in concrete beams. 

Fatigue tests on reinforcing bars embedded as the main rein-

forcement in concrete beams have been carried out by numerous investi - 

gatoro. Single span amply supported beams were used. Most of the beams 

can be grouped together under the three types shown in Fig. A-15. 

Several fatigue investigations(3032,40,47.52.55)  have been car-

ried out with the test bars embedded in beams of Type A. These beams are 

intended to simulate the conditions encountered at mldspan in short single 

span structures and at interior supports in continuous beams and slabs. 

A number of investigntors(333846,7293) have used beams of 

Type B for concrete encasement of the test bars. Such beams simulate the 

conditions at nidspan in long single span structures and at the location 

of maximum positive moment in continuous beams and slabs. 

TYPE A 

TYPE 8 

TYPE C 

Fig. A-15 Beams for Testing Beinforcing Bars 

A-55 
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Tests on reinforcing bars embedded in beams of Type C have 
	 APPENDIX B 

been carried out in the United states(30)  and in Europe(3638).  Use 

of such beams is specified(69)  is the Federal Republic of Germany for 

proof tests of the fatigue strength of reinforcing bars. Simulation of 

the conditions to which a bent up bar is subjected was intended in the 

design 36)  of the test beam. The decrease in effective depth of the 

beam, from midspan towards the supports, provides a region of essentially 

uniform tension in the reinforcement. 

The test conditions created in beams of Type C are believed to 

be unduly severe. A consistently lower fatigue strength was obtaimed °  

when reinforcing bars were embedded is beams of Type C than in beams of 

Type A. This is attributable to high residual stresses at the bend, 

coupled with opening of the bent curve during loading of the beam. 

Beams of Type C As not properly simulate the actism of bent up 

reinforcement in a straight concrete beam. No account is bakes of the ef-

fect of the additional tension reinforcement present when a bar can be bent 

up. Such reinforcement may be subject to more severe fatigue conditions 

in the vicinity of a bend than the bent up bar itself. 	 on 

heavy railroad bridge girders containing several bent up bars resulted in 

fatigue fracture of the tension reinforcement at locations away from the 

bends. 

No comparative tests have been carried out to determine whether 

any difference in fatigue strength is obtained between bars embedded in 

beams of Types A and S. However, it is believed that use of beams of 

Type B results in a more representative evaluation of the fatigue properties 

of reinforcing bars since a long region of essentially uniform test con-

ditions is provided. 
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straight deformed reinforcing bar was embedded within a rectangular or 

I-section concrete beam. Nominal effective depth of the test beams was 

6.. 10. or 18 in. Width of the compression flange was varied, for the 

different bar sizes, to maintain a nearly constant depth to the neutral 

axis for beams having the same effective depth. 

Cyclic loading was applied to each test beam to produce a stress 

range is the test bar. The nominal minimum stress level in a test bar was 

either 6 kni compression, 6 ksi tension, or 18 lii tension. In general, 

each test was intended to result in fatigue fracture of the test bar after 

50,000 to 5 million cycles, depending on the applied stress range, or in a 

runout after 5 million cycles. 

A number of supplementary tests were carried out. These included 

a chemical analysis, hardness test, and microstructure examination for each 

manufacturer's bars. Fatigue tests on machined bar specimens were carried 

out in Phase I of the test program. Static strength tests on fatigued bar 

specimens were conducted in Phase II. 

Selection and Identification of Test Bars 

Two objectives of Phase I of the test program were to determine 

the effects of bar diameter and grade of bar on the fatigue strength of the 

test bars. To minimize the effects of manufacturer induced properties, 

these test bars were obtained from a single manufacturer capable of provid-

ing the various size and grade bars is a single deformation potters and 

from a single mill. 

The objective of Phase II of the test program was to determine 

the effect on fatigue strength of the transverse lug profile rolled onto 

the bar surface by the manufacturer in producing deformed reinforcing bars. 

EID'ERIMENTAL INVENTIGATION 

Scrme 

The fatigue properties of deformed reinforcing bars were studied 

in an extensive two phase experimental program. Phase I was concerned with 

determining the effects of stress range, minimum stress level, bar diameter, 

grade of bar, and effective depth on fatigue life. In Phase II, the effect 

of transverse lug geometry was studied. Continuity between the two phases 

was preserved by further testing in Phase IX of the bars obtained for study 

in Phase I. 

Reinforcing bars tested in Phase I of the test program were ob-

tained from a single United States manufacturer. Bars of five different 

sizes -- No. 5, 6, 8, 10, and 11 -- were tested. Most of the test bars is 

this phase were Grade 60 bars 	, but Grade IsO and Grade 75 bars were also 

tested. 

All of the bars tested in Phase II of the test program were No. 8 

Grade 60 bars. Five different manufacturers were represented is this phase. 

Each is a major United States producer of reinforcing bars. One manu-

facturer was represented by the bars remaining on hand from Phase I of the 

test program. The other four manufacturers' bars were selected in a survey 

of bars commonly used in highway bridge construction. These bars were be-

lieved to span the range is geometry of transverse Jugs for United States 

produced bars. 

In the maiD part of the test program, a total of 553 fatigue tests 

were carried out-236 in Phase I and 117 in Phase II. In each test, a single 

B-i 

The ratio of lug base radius to lug height was selected as an appropriate 

messure 	of the magnitude of the stress concentration induced by the 

rolled on deformations. To establish the range of this test parameter in 

United States manufactured reinforcing bars of the size and grade to be 

tested, a large sample of Such bars was obtained from a variety of sources. 

Such organizations as the Camittee of Reinforcing Bar Producers 

of the American Iron and Steel Institute, the Concrete Reinforcing Steel 

Institute, and the Operating Ccmsnittee on Bridges and Structures of the 

American Association of State Nigiway Officials were contacted and their 

members requested to supply bar samples. A total of 111 samples of Grades 

IO and 60 bars were received from 33 state highway departments and five 

reinforcing bar manufacturers. 

Each bar sample was studied under a stereo-microscope after rust 

and mill scale had been removed from the bar. Lug base radius to lug 

height ratio was, estimated from microscope meaaurements. On the basis of 

these estimates, four Grade 60 bars were selected for testing. Bars 

obtained for use is Phase I of the test program were added as a fifth 

selection for use in Phase II. This served to preserve continuity in the 

test program. Further details of the stereo-microscope examination 

procedure are to be found in a later section entitled "Eaamimation of 

Shape of Transverse tags." 

Code letters were used to identify the various manufacturers 

represented in the test program. The manufacturer of the bars used in 

Phase I of the test program and whose bars were further tested in Phase 

II, was designated as Manufacturer A. The manufacturers of the other 

four bars selected for use 'in Phase II were identified by the letters 

B to E. 

B-2 
B-3 



48 

hats from Manufncturers B and B were bell coed to span the range 

of lug bSOe radius to lug height ratio among ceromonly used United Staten 

manufactured bars. This ratio was believed to vary in a geometric pro-

gression from the "sharpest" to the "moothent" for bars from Manufacturers 

B to B, respectively. Bach rnam,facturer'i tare had a dIfferent deformation 

pattern, as nhnvn in Pig. 11-1. 

A total of 29 Grade IsO, 278 Grade 60, and 31 Grade 73 bars were 

obtained in 20-ft. lengths from Manufacturer A for use in Phase I of the 

test program. Upon arrival at the laboratory, a permanent Identifiestlon 

number was stamped into the end of each bar. The numbering system used Is 

abeam in Table B-l. 

Not all of these bars were used is Phase I of the test program. 

Consequently, the 11 remaining No. 8 Grade 60 bars formed the pool of bars 

representi rig Manufacturer A is Phase II. 

All of the barn from Manufacturer A were obtained from the same 

plant. Psirtherniore. all bars of one sloe and grade were obtained from a 

single heat except the No. 10 bsrs,shich were obtained from two separate 

heati. 

A total of isO No. 8 Grade 60 bars were obtsined,in 13-ft. 

lengths from each of Manufacturers B and D and in 20-ft. lengths from 

each of Manufacturers C and B, for use In Phase II of the test program. 

Baeept for the bars from Manufacturer C • all bars were obtained directly 

from a Single mill of each manufacturer, where they were drawn from a 

ningle heat. Barn from Manufacturer C were obtained from a local service 

center and arrived in two lots. It is not known whetter these bars 

represent a ningle heat. Upon arrIval in the laboratory, a permanent 

B_i. 

TABLE 5-1 IDENTIFICATION OF TF BASS 

Mass- Grade Size itssber Idesti- 
foeturer of of of flcstior. 

Bar Bar Bars Baster 

5 10 1-10 
10 8 10 11-23 

11 9 21-29 

5 55 30-31 
6 30 85-111,  

A 60 8 105 115-219 
10 12 220-231 
10 21 232-252 
11 55 253-307 

5 10 308-317 
15 8 11 318-328 

I.]. 10 329-338 

B 60 8 IsO 339-318 

C 60 8 1.0 379_418 

D (sO 8 1,0 119-1.58 

B 60 8 40 1.39-193 

i5ig. h-I Dc1r,o,utIssn i'uttorss of Peisrurc1ng lIars Tnol.ed 

identification number was stamped into the end of each bar according to 

the listIng gives in Table B-i. 

Arranvemect of Test Program 

The tent program was divided Into ly groups of tests. Stress 

range was the only nominal within group variable. Phase I was composed 

of 31 groups of tests while Phase II concixted of 11 groups of tests. 

Test parameters were varied from one group to another in a manner that 

permitted statistical evaluation of the effects being tested. 

Phase I Tests. The arrangement of the Phase I test program is 

shows in Table 5-2, where each of the 31 numbers refern to a group of 

tests. The statistical design of the Psso I test program is dixessxed 

in the section entItled "Fsctorisl Designs' in Appendix C. 

Seven tests were scheduled for such group, except for Group No. 1, 

which coitsined 21 tests. Seven of the 21 tellS in Group No. 1 were 

carried out at the start of the test program. This was done to determine 

the stress rongee to tsr used in the maIn part of the Phase I test program. 

A second set of sevex tests comprised the regularly scheduled tests in 

Group No. 1. The firul seven tests in Group No. I were carried out to 

obtain a better estimate of the scatter in test reoulte to be expected 

within each group. A total of 231 tests were xei,eduled for P1mev 1 of 

the test program. 

Stress range in the test bar was nominally constant during each 

test. Within a group of tests, the stress range was varied to obtain 

fatigue fracture  of the test bars after 50.000 to 5 millIon cycles of 

loading, no Illustrated is FIg. 5-2. 
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Five of the seven within group tests were intended to provide 

information on the fatigue strength of the test bars in the region where 

it is strongly affected by the applied stress range, the finite-life 

region. These tests were run at three stress range levels. 

Tests numbered 1 and 2 within a group were intended to produce 

data from the region where a high stress range causes a fatigue failure 

after a low number of cycles. The remaining finite-life tests within a 

group, numbered 3, 4, and 5, were conducted at a single nominal stress 

range, intended to cause fatigue frActure after about 500,000 cycles. 

These three tests provided information about the reproducibility of test 

results. 

Two of the seven within group tests, numbered 6 and 7,  were 

intended to produce design information on the fatigue strength of the 

test bars is the region where the S-N curve is nearly flat, the long-

life region. 

The selection of stress ranges for the first seven tests in 

Group No. 1 was guided by previously published test results. From the 

results of these seven tests, nominal stress ranges of 54 and 48 ksi 

were selected for tests numbered 1 and 2 within a group, respectively. 

.4 nominal stress range of 36 ksi sos selected for tests numbered 3,1 4, 

and 5 within a group. Stress ranges of about 25 and 24 kal were 

selected for tests numbered 6 and 7,  respectively. 

Tests in the main part of the Phase I test program -- seven 

tests in each of 31 groups, having assigned test numbers 8 through 224 is 

the experiment -- were carried out in an order determined using a table 

of random numbers. The final seven scheduled Phase I tests, having  

assigned test numbers 225 through 231 in Group No. 1, were also carried out 

in a randomized order. 

When fatigue fracture did not occur within 5  million cycles, 

the scheduled Phase I test was terminated, 1000 was added to the test 

number, and the test continued as a new test at a nominal stress range of 

54 hal. 

At the conclusion of the 231 scheduled tests, it was decided 

that an additional five tests, having assigned test numbers 232 through 

236, should be conducted. Three of these were added to replace Tests 

No. 157, 175, and 224 from Groups No. 30, 22, and 9, respectively. Each 

of these tests had resulted in fatigue failure of the compression concrete 

when the test bar was subjected to a nominal stress range of 54 ksi. 

These replacement tests were carried out at a nominal stress range of 

48 kal. A fourth specimen was added to replace Test No. 43 of Group No. 

6. In this test, an improper prestress force had Inadvertently been 

applied to the test beam. The fifth test was added to obtain further 

information on the long-life properties of Group No. 21. In this group, 

both of the scheduled long-life region tests had resulted in fatigue 

fracture of the test bar in less than 1.3 mIllion cycles. 

Phase II Tests. This phase of the test program was designed to 

allow a statistical evaluation of fatigue properties is both the finite-

and long-life regions. A separate study of each of these regions was made 

for each manufacturer's bars. The arrangement of the Phase II test 

program and Its relationship with the Phase I program in shove is 

Table B-3, where each of the numbers shove refers to a group of tests. 

The basic Phase II test program consisted of one group of 

finite-life tests and one group of long-life tests for the bars from 

B-lO 
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TABLE B-) ABSAIRA)ENT OF PHASE II TRAT PROGRAM 

idinu- Fatigue Life Bar Size Number 
facturer Region 

6 8 1 	10 11 

Phaael 10 	12 	1 	13 	11 

Long 52 
A 

Finite 3) 

Damage 42 

Long 34 
B 

Finite 35 

Long 36 
C 

Finite 37 

Long 38 
0 

Finite 39 

Long 40 
N 

Finite 41 
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each of the five manufActurers, as shows In Table B-). In addition, a 

limited study of damage due to fatigue crank growth was carried out in 

Group No. 42 on bars from tnufacturer A. 

Each of the Phase II groups intended for study of the long-

life region was scheduled for a series of twelve tests. These tests were 

arranged in a so-called staircase series i7)  where each test resulting in 

fatigue fracture in lean than 5 million cycles was followed by a test at 

a stress range one step lower than the preceding one. Similarly, a test 

where the bar had survived 5 million cycles of loading was followed by a 

test at a stress range one step higher than the preceding one. On the 

basin of the Phase I test results, a nominal step size of 1 kni was se-

lected for each staircase test series. 

When fatigue fracture did not occur within 5 million cycles, the 

scheduled Phase II test was terminated. Then 3000 was added to the test 

number and the test continued as a new test at a stress range intended to 

cause fatigue fracture in the finite-life region. 

A staircase test series was considered to have been initiated 

when two consecutive tests, at stress ranges two step sizes apart, had 

resulted in opposite responses, fracture and runout. Since the stress 

range level at which this would occur was not known for each manuftc - 

turer's bars, a total of six additional tests were required to zero in 

on the staircase series. Some groups of long-life tests therefore con-

sisted of more than twelve tests. 

The 60 scheduled staircase tests were arranged in a random 

order 
18) 

 among the five manufacturer's bars. At the conclusion of thene 

tests, the additional six tests needed to complete some of the staircase 
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series were carried out in a random order. 

Stress ranges for the Phase II finite-life tests were 

selected on the basis of the staircase test results. Selection criteria 

were to obtain the widest possible range in stress range levels without 

entering into the long-life region for any of the manufacturer's bars 

and without causing yielding in a test bar. 

Each group of finite-life tests in Phase II of the test 

program consisted of nine tests. These tests were carried out at three 

nominal stress range levels—)4, 44, and 54 hat— with three tests intended 

at each level. However, load levels for one test in each of Groups No. 33 

and 41 were inadvertently interchanged. As a result, Group No. 33 had 

four tests at a nominal stress range of 34 hat and two tests at 45 ksi, 

while the reverse was the case in Group No. 51. 

The 55 scheduled finite-life tests were arranged in a random 

orderU8) with regard to bath manufacturer and applied stress range. 

Tests in Group No. 52 were intended for a limited study of 

fatigue crack growth. Three tests were carried out on bars from itnu-

facturer A at a nominal stress range in the test bar of 35 kai. These 

tests were terminated after 100, 200, and 300 thousand cycles of loading, 

respectively, at which paint the test bar was removed from the test beam 

and examined for fatigue damage. The order of termination was randomized. 

Results of the Group No. 52 tests are reported in the section entitled 

"Static Strength of Fatigued Bar Specimens." 

At the conclusion of the scheduled Phase XI test program, 

three tests were added to the staircase part of the program. 

This was due to an inadvertent exchange of the intended loads in Tests 

No. 61 and 62 from Groups No. 38 and 36, respectively. The result of 

Teat No. 62 had caused the wrong decision to be made regarding the loading 

for Teat No. 63. Tests No. 115, 116, and 117 were therefore carried out 

to obtain the proper staircase series for Groups No. 36 and 38. 

Randomization of Tests. The test program was fully randomized 

with respect to the order of use of the reinforcing bars. In Phase I of 

the test program, all bars of a single size and grade were arranged in 

random Order820).  The initial seven tests in Group No. 1 were then 

arranged in random order and matched with the first seven randomized bar 

numbers from Group No. 1. The 217 regularly scheduled tests were similarly 

randomized and matched with the corresponding random bar numbers, as were 

the final seven tests in Group No. 1. The selection from the available 

stock of bars to be tested, their order of testing, and the test conditions 

to which the bar would be subjected were thus randomly determined before 

the initiation of the test program. 

Randomization of the Phase II test program was carried out in 

a similar manner. The entire pool of bars obtained from each manufacturer 

was arranged in random order. The 60 scheduled staircase tests were 

randomized with regard to manufacturer and matched with the corresponding 

random bar numbers. Additional staircase tests were similarly randomized. 

Finally, the 55 scheduled finite-life tests were randomized with regard to 

both stress range and manufacturer and matched with the remaining random 

bar numbers from the pool for each manufacturer's bars. 

Description of Teat Beams 

For each test; a single test bar was cast into a concrete beam. 

The bar was held within a shear reinforcement cage and was so placed that 
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the longitudinal ribs of the bar were located in the plane of bending of 

the bean. 

Each test beam was designed for concentrated loads located at 

about the third points of the span. Thus, a long constant moment region 

was provlAed. The teat bar nas the only reinforcement in this region. 

The test beams were either rectangular or T-shaped in cross-

sectioo. T-shaped test beams were so designed that the neutral axis was 

always within the flange. Croas-nections and an elevation of a test beam 

are shown in Fig. B-3. Nominal test beam dimensions for each group of 

teats are given in Table B-4. 

Effective depth of the test beams was one of the major variables 

in the test program. A nominal effective depth, d, of either 6, 10, or 

18 in. was used for all of the test beams. The actual effective depth, A, 

was the annie as d nom 
 in tents where the minimum stress level applied to the 

test bar was 6-or 18-hal tension. However, in tents where the minimum 

stress level was 6-ksi compression, a depth d greater than dnom  was used. 

This difference in the location of the reinforcement served to maintain the 

distance from the cracked bean neutral axis to the test bar nearly constant 

for all beams having the same nominal effective depth. A detailed explana-

tion for this is included in Appendix C. 

The flange width, b, of the T-shaped test beams was varied 

according to the sine of.the test bar. Again, this vAriation in width was 

provided to maintain a constant distance from the neutral axis to the 

centrold of the test bar for besma having the name nominal effective depth. 

Stem.width of the beams was 6 in. This was also the width of the rectangular 

beams. 
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TABLE B-i TAST BEAN DI1NSI0NS 

Group 
Number 

Flange 
Width, 
b 
in. 

Flange 
Thickneas,. 

t 
in. 

Effective 
Depth, 
d 
in. 

Shear 
Span, 
a 
in. 

Length, 

I 
in. 

1,7,22,2) 15.5 3 10 30 102 
2,8 15.5 I. 18 511 174 

3 15.5 2 6 18 66 
4 15.5 3 11.5 110 122 

5 15.5 4 20 72 210 
6 15.5 2 6.75 24 78 

9 15.5 2 6 30 90 
10,19,28,29 6 - 10 30 102 
L]2l30,3l 30 3 10 45 132 

12 8.5 3 10 30 102 
13 211.5 3 10 40 322 
11. 6 - 18 27 120 

15 6 - 6 18 66 
16* 30 4 18 66 198 

17 30 2 6 112 114 

18 6 - 11.5 30 102 
20 30 3 11.5 60 162 
24 8.5 11 18 36 138 
25 8.5 2 6 18 66 
26* 211.5 I. 18 57 180 

27 211.5 2 6 36 102 
32 to 112 15.5 3 10 30 102 

* 
Exceptions noted in following table 

Group That Shear Length 
Number No. Span, 

a L 
In. in. 

11 46 60 162 
16 112 72 210 
17 17,26,1111 118 126 
21 29 60 162 
25 88 24 78 
26 21 63 192' 
27 39 42 114 

b 	
-1 	 3ot d,2 

Test 	 Shear #'t Reint Bar  

Crack 
Former 

SECTION A 	 SECTION B 

Loading Pornt -1 	 11 
ITr Yfl fl1 	TJ t] TT Vfl 
ill 	I 	liii 	I I 	I 	I 	Iii 

Crock Former) 	 .—I-5uPPOrt 3d 
a 	 flops 	 61 

L 

8 

Fig. 8-3 Tent Bean Details 

Length of the test beams varied. Each test beam was designed to 

have a constant moment region of a length three times dnom  In general, this 

was also the length of each shear span, a. However, the distance a was 

adjusted for some or all of the test beams in certain groups. This was 

done to preclude any possibility of bond fatigue failure and to keep the 

applied loads on the test beams within the range of effectiveness of the 

hydraulic rams used. 

Shear reinforâement in the test beams consisted of two-legged 

stirrups fabricated from No. 3 Grade 60 deformed tars. These were placed 

in each shear span at a maximum spacing of d/2. The reinforcement cage 

was held together at the top by stringer bars placed in the hooked ends of 

the stirrups. In addition, a smaU amount of longitudinal and transverse 

reinforcement was placed in the flanges of the T-shaped test beams. None 

of this reinforcement was placed in the constant moment region between the 

load paints. 

A sheet metal crack former was cast into each test beam. The 

crack former was located at midnpan and served to promote a symmetric 

tension crack distribution in the concrete. Bearing plates were incorpo-

rated into the test beams at the supports. 

Fabrication of Test Beans 

Each test bar was cut from the straightest part of the length 

of bar received from the manufacturer. However, the test length was 

selected no as to avoid the occurrence of a manufacturer's bar mark at the 

crack former, but still leave a 30-in, coupon for tension testing. The 

remainder of each bar was stored in the laboratory. 

The length of each test bar was measured and its weight 

recorded. Next, the test bar, shear reinforcement, and stringer tars 
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were tIed together with Soft iron wire. When placed In the beam form, the 

reinforcing unit was Supported on wIre chairs. 

The test beams were east in concrete forms lined with plastIc-

coated plywood so shown schematically in Fig. B-1 . Four of these forms 

were constructed, two for beans with a noulnal effective depth of 10 in.. 

and one each for the beams with noolnal effectIve depths of 6 in. and 

18 In. Each form was set on steel tube& so the sides coaj.d be spread 

slightly apart to facilitate the removal of a specimen. 

A plywood buJ.iihead was used to fstsn the ends of the test beans. 

Before each bean was cast, the joints between the form and the side rail 

or base were covered with muoking tape. The faces of the form were 

sprayed with a light oil before the reinforcement was placed. A 1/2-in. 

thich, 3-in, wide by 6-in. long Steel hearing plate SOS placed in the 

fore at each beam support point. 

Dimensions of the fort, and placement of the reInforcement were 

inspected by an engineer before the concrete was csnt. The verticsi 

distance to the top of the test bar was measured from a straight edge 

placed across the form at the center of the bean. 

Concrete was mixed using Type XXX portjj,,'4 cement, Eis sand, 

and 3/11-in. manirsam size normal weight stone srcgate. Each botch was 

mined in a 6-cu.ft. capacity tilting drum mixer. Design cooprennlve 

strength of the concrete was 5,000 oni In ii days. Slump of the concrete 

was frsa 2 to 4 in. 

Test teams were cast in sets of one to four, and according to 

the predeternir.ed rasdemised testing order. One to four batches of 

concrete were required to cast each beam. Three standard 6x12-ln. 
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cylinders were east from the hatch placed In the region between the 

load pointo of the beam. Consolidation of the test hens and cylinder 

concrete was by means of an internal spud vibrator. 

After canting, the top surfaces of the beans scsi cylInders were 

nereeded and inter finished with a magnesium float. They were then 

covered with a plastic sheet for three dayn. Following thIs curing period, 

the beano and cylinders were removed from the forms and stored In the 

inboratory, where temperature and humidity are maintained at 700  F 

and 55 percent, renpectively. 

Test Setup and Instranentation 

Tents were carried out in two reaction frames. Theoe fmanei 

differed only in that one frame oulii not aeeonmrodate test loses longer 

than 171 in. 

An overall view of a test Setup In Shown In Fig. B-S. The 

reaction frame was constructed from heavy precait reinforced concrete 

beams and columns that were peat-tensioned together and to the laboratory 

floor. The test beams were placed on a heavy reinforced concrete 

base located between the reaction frs,ne columns. This base and all 

members of the reaction frame were csref011y aligned, levelled, and 

grouted in place. 

In Phase II of the test program, two beams were tented simul-

taneously In the reaction frame having the longer test base. The test 

setup was similar to that Shown in Fig. 8-5. with the exception that 

the loadIng ramS were located between the reaction fraze columns. 

loads were applied to the Phase I test henna using either one 

or two 22-hip capacity AmBler Tans. The method of lond application is 

Saihiread 

Pipasad base 

'tsr 
Hole th,sogh anita 

_— 	 he-rod 

Preesst concrete anita 
hand sOS plastic - 
tasted pipasod 

lobe at each 
and of 15cm' 

Sic. li_iS horns for testing Test Beams 
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shown in Fig. B-6. When two rams were used, each was aligned over a 

loading point. When one ran was used, it was placed at the center of the 

reaction frame and a steel spreader beam was used to distribute the load 

equally to the two loading points. 

Loads on the Phase II test beams were applied by means of 

55-hip capacity Ansler rams. One ran was used to spply load to each test 

beam. The load was distributed to the two loading points through a steel 

spreader beam in the manner shown in Fig. B-6. 

- 	AU test beams were supported on 2-in, diameter rods. At one 

end the rod was free to roll, while at the other end the rod was fixed. 

Details of the loading points and supports are shown in Fig. B-6. 

The tansler pulsating load equipnent used applies a sinusoidally 

varying load at fixed nominal rates of either 250 or 500 cycles per 

minute. Actual cycling rates are about 10 percent higher than the nominal 

rates. 

The load was set by means of oil pressure gages that were pre-

calibrated to the ram area by the manufacturer. This calibration was 

checked at intervals by inserting a load cell 	between the Ansler 

ram and the spreader beam. Actual loads were found to be within 200 lb 

of the indicsted load throughout the load range used. 

For tests having a minimum applied stress level of 6 kai 

compression in the test bar, the test beam was externally pont-tensioned 

through a nystero of springs, as detailed in Fig. B-7. The springs were 

calibrated in compression in the laboratory and found to have a spring 

constant of 15.5 hips per inch. Within the region between loading 

points, guides were used to ensure that the line of action of the pre- 
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Fig. B-6 Details at Load Points and Supports of Test Beams 

stressing force was at the same level as the test bar. 

I'tidspon deflection of the test beams was measured with a dial 

gage and a "whip", both of which are shown in Fig. 5-5. The smallest 

division of the dial gage was 0.001 in. The "whip" was a cantilevered 

steel rod with the free end connected by a wire to a bracket attsched to 

the side of the beam at midspon. An electrical resistance strain gage 

was mounted near the fixed end of the "whip". Output from this gage was 

recorded on a Sanborn continuous strip chart recorder. 

Deflections of Phase II test beams were measured with a dial 	- 

gage exclusively. 

Test Procedure 

AU tests were scheduled to begin after the test beam concrete 

was lI days old and before it reached an age of 30 days. However, two 

tests in Phase I were initiated 13 days after the beams were cast and 

one test in Phase II at a concrete age of 12 days. The early start of 

the Phase I tests occurred inadvertently, but the Phase II test was 

deliberately started early to avoid excessive aging of subsequent beams. 

Test No. 68 in Group No. 12 was started when the concrete was 

six days old. A dimensional error had been discovered in the specimen 

initially cast for Test No. 68. Connequently, a substitute test beam 

had been cast, using the remainder of the assigned test bar. The early 

dateof test for the substitute beam was assigned to maintain the proper 

test ing order without excessive aging of other test beams. 

Several tests in both phases of the test program were started 

at a concrete age of 31 days because the preceding tests had survived a 

greater number of load cycles than expected. Test beams No. 59 and 62 of 
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Phase II reached ages of 34 and 39 days, rcspectively, before being 

nub jected to load. These delays were caused by malfunction of the test 

eqUipsent. 

The bewna were tented in the predetermined random order. When-

ever a Phase I test was concluded, the reaction frame in which the test had 

been conducted was prepared to receive the next beam in the randomized 

tenting order. However, specimens in Groups No. 16 and 21 wou].d only fit 

in the test setup with the longer bane. In this case, the test program 

was delayed until the appropriate reaction frame became available. Use of 

the test setups was therefore an random as ponnible. 

The Phase II test program was carried out using a single reaction 

frame equipped with two dynamic rams. Whenever a Phase II test was con-

cluded, the next beam in the randomized tenting order made use of the 

just vacated test setup. Use of the loading equipeent was therefore 

random. 

Loading of Tent Beams. Loads applied to each beam were pre-

determined by the test arrangement, except for the tests designated 6 and 

7 within Phase I groups and the staircase tests in Phase II. Tests 

designated by the number 6 within a group in Phase I of the test program 

were tentatively assigned a nominal stress range of 25 ksi while tests 

identified by the number 7 were assigned a stress range of 24 hal. How-

ever, if the result for the first of these two tests to be carried out 

was close to the result expected for the other, the loading for the 

subsequent test was modified. 

For example, if the test numbered 6 within a group occurred 

first in the randomized testing order, and resulted in fatigue fracture 
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at more than 2.57 million cycles or a runout at 5 million cycles, the 

test numbered 7  within that group was subsequently carried out at a higher 

stress range than 25 kai. Similarly, if the test numbered 7  within a group 

was carried out first and ended in fatigue fracture after less than 2.57 

million cycles, the test numbered 6 within that group was subsequently 

carried net at a lower stress range than 24 kni. 

The load on a staircase test beam in Phase II of the test 

program depended, in each case, on the result of the inwediately preceding 

test in that staircase series. If the preceding test had resulted in 

fatigue fracture after less than 5 million cycles of loading, the next 

test in that series was carried out at a stress range nominally 1 kni 

lower than the preceding test. Similarly, a runout at 5 million cycles 

resulted in the next test of that series being conducted at a stress 

range nominally 1 kai higher than the preceding test. 

The method used to load a test beam is illustrated schematically 

in Fig. B-8. Initially, three cycles of static loading were applied 

between 1'min  and P max 
 , the static loads computed to result in the desired 

minimum stress level and stress range for the nominal test beam. Theoe 

three cycles correspond to load stages 1 to 7.  If the minimum stress in 

the test bar was to be compressive, prestreas was applied at load stage 1. 

The preatrena force was determined by means of load cells placed on each 

pest-tensioning rod, an shown in Fig. B-7. 

Midspan deflection of the test beam was measured at each of the 

static load stages. In general, good agreement was found between the 

deflections measured in the second and third cycles. When this was not 

the case, additional cycles of static loading were applied until good 

reproducibility of deflections was obtained. 
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Each test beam was subjected to dynamic loading at the con-

clusion of the static load cycles. Dynamic ram loads differed from the 

static loads in that their range was decreased while the average load 

remained the same. This difference in ram loads toak into account the 

dynamic contribution of the weight of the test beam and the loading 

equipoest. The magnitude of this dynamic load correction was computed 

according to the Amaler Instruction Manual >  and was based on the 

measured deflection range in the static load cycles. 

Generally, the dynamic load was applied at a rate of 500 cycles 

per minute. However, if the dynamic load correction exceeded 8 percent 

of the naximom load, the rate of loading was reduced to 250 cycles per 

minute. 

The transition from static to dynamic load is illustrated in 

Fig. B-8. The process was manual and normally required a few hundred 

cycles. However, the cycle counter on the pulsator wan not started until 

the applied dynamic loads were close to their desired values. Therefore, 

only the number of cycles of full dynamic loading applied to each beam 

is reported. 

Midapan deflection due to dynamic loading on the Phase I test 

beams was measured intermittently with the "whip' through a Sanborn 

strip chart recorder. In Phase II of the test program, these deflections 

were measured by means of a dial gage having graduations of 0.001 in. 

The measured dynamic deflection range was compared with the measured 

static deflection range. 

Dynamic loading was usually stopped temporarily after the first 

few thousand cycles of loading had been applied. At this time, additional 
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cycles of static loading were applied, as illustrated In Fig. s-8. If 

necessary, a new dynamic load correction was computed, based on the mid-

span deflections measured during these static load cycles. Dynamic 

loading was then resumed and continued until the test bar fractured in 

fatigue or the bar had survived 5 million cycles of loading. 

If the test bar did not fail in fatigue within 5 million cycles 

of loading, the dynamic loading was terminated. The entire test sequence 

was then repeated with the test bean subjected to a higher maximum load, 

computed to cause fatigue fracture of the test bar in the finite-life 

region. 

Post-Fracture Easmlnation. A fatigue fracture was obtained in 

the test bar in all but three tests. These tests were terminated by 

fatigue failure of the compression concrete In the test beams. 

After fatigue fracture of the test bar had occurred, measure-

ments of the test beam cross-section were obtained at the location of the 

failure. The location of the bar fracture within the beam was recorded, 

as were the locations of concrete cracks in the tensile none of the beam. 

The concrete in the region of the bar fracture was subsequently 

broken apart and a welding torch was used to cut lengths of about 6 in. 

from the test bar on either side of the fracture. These pieces were 

then trimmed to 3 in. by removing the torch cut ends with a metal saw. 

The saw cut ends were stamped with the test number and marks identifying 

the orientation of each piece within the test beam. The remainder of the 

test beam was discarded. 

After completion of each phase of the test program, the 

fractured bar specimens were carefully examined. The fracture and the 
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fractured face were sketched, and the paint of fatigue crack nucleation 

determined. Measurements were made of the distance between diametrically 

opposite paints on the barrel of the bar, the lugs, and the longitudinal 

ribs. 

Tests for Mechanical Properties. The three concrete cylinder 

specimens cast with each test beam were tested on the day the beam was 

initially subjected to load. Two of the cylinders were loaded in com-

pression, directly to failure. The third specimen was used to determine 

the elastic modulus of the concrete before being loaded in failure, in 

compression. 

Compressive strength of the concrete was determined as an 

average of the three tests. Concrete modulus of elasticity was deter-

mined by means of an averaging type stralnometer, commonly referred to 

as a compressatster. 

The concrete compression tests were carried Out in a 300,000 

pound capacity universal hydraulic testing machine. Before loading, the 

test cylinders were capped, using a mixture of sulphur and fire clay. 

Loads on the cylinders were applied axially through a spherical bearing 

block. 

Tension tests were carried Out on coupons cut from the test 

bars. These tests were carried out in a 300,000 pound capacity universal 

hydraulic testing machine. The applied load was measured by a built-in 

pressure cell. Strain in the test coupon was measured with an8-in. 

gage length extensmoeter containing two linear variable differential 

transducers connected to a Samborn strip chart recorder. The extenso-

meter signals were averaged and passed to an X-T recorder used to plot 
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the measured load-strain relationship for each test bar coupon. 

In Phase II of the test program, a test coupon was cut from the 

fatigued test bar whenever the bar fracture had occurred near a load point 

on the ical Lion. Coupons of sufficient length were instrumented and 

tested in static tension in the osnner described above. 

Results of Tests 

Detailed information was recorded on the results of tests to determine 

the properties of the test bars and the concrete, the dimensional properties of 

the test beams and the loads to which the beams were subjected, and the major 

results of each beam test. Methods used to obtain the test values are described 

in the following sections. Summaries of the test results are given in the text 

or in subsequent tables and figures. 

Tests on Bars. Unit weight of the test bars was determined by 

dividing the weight of each bar by its measured length. Tensile properties 

of the test bars were determined in static tension tests. 

Representative force-strain curves for each sine and grade of 

bar tested in Phase I of the test program are shown in Fig. B-9.  Curves 

for the Grade 60 bars are typically shown as having a yield plateau. 

However, some of the curves obtained for these bars exhibit characteristics 

of the curves obtained for the Grade 15 bars. This was particularly the 

case for the No. 6 Grade 60 bars. Representative force-strain curves for  

the bars tested in Phase II are shown in Fig. B-b. 

Values of yield strength were determined according to both 

ASTM A615 	and ACI 318-71 
h  for all of the test bars. According to 

ASTM procedures, the yield strength of the Grade 40 bars was determined 

from the yield plateau of the force-strain curve. Yield strength of the 

Grade 60 and Grade 75 bars was determined at 0.5 and 0.6 percent strain, 

respectively, on the force-strain curve. 

ACI 318-71 presents on alternate procedure to that given by 

ASTh for determining the yield strength of bars of Grade 60 or stronger. 

According to this procedure, yield strength is determined at 0.35 percent 

strain. 

The yield strength was, in each case, determined by dividing 

the measured force, at the appropriate strain, by the nominal bar area. 

Each tension test bar coupon was streaaed until fracture of the 

bar occurred. The tensile strength recorded for each test bar was, sccording 

to ASTM procedures, determined as the applied force at fracture divided by 

the nominal bar area. 

Elongation at fracture was measured by fitting the ends of the 

fractured specimens together and determining the distance between gage 

marks punched at an 8-in, interval on a longitudinal rib of the unstressed 

bar. Three sets of gage marks were located with a 16-in, length on each 

test coupon. In some instances, the bar fractured outside the gaged 

length. In such cases, no accurate determination of the elongation was 

possible. The value of bar elongation recorded was the measured increase 

in length over the 8-in, gage length. 
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Average mechanical properties of the test bars are nuosnarized in 

Table 5-5. Since measurement of bar elongation was not always possible, 

the number of tests determining the elongation statistics was less than 

the number indicated for the other statistics in Table 5-5. 

Tests on Concrete. The amount of mixing water to be used for 

each batch of concrete was determined by means of a slump test. Concrete 

nix design requirements called for the use of a 2 to b-in, slump, but 

occasionally a batch with a higher or lower slump would be used. Slump 

of the batch placed in the nidspan region of each test beam was recorded. 

Compressive strength and modulus of 6x12-in. cylinders taken 

from the concrete piaced in the nldspan region of each test beam were 

recorded. The compressive strength was determined as the average of tests 

on three cylinders. Two of these cylinders were loaded directly to failure 

in compression. The third cylinder was preloaded three tiaen to a strena 

of 3000 psi. Strain measurements were then nade an the cylinder was ioaded 

to failure. Modulus of elasticity was determined on the hanis of the change 

in otrain between 500 and 3000 psi. These cylinder tests were generally 

carried out on the name day that a test beam was initiaily nubjected to 

load. The age of each test beam at initial application of mad was re-

corded. 

Average concrete strength for Phase I of the test program was 

found to be 5635 psi with a standard deviation of 498 psi. The corres-

ponding modulus of elanticity was 3889 kol with a standard deviation of 

2140 hal. In Phase II the average concrete strength was 5312 psi with a 

standard deviation of 1475 psi. The average modulus was 31485 kni with 
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a standard deviation of 269 hal. 

Test Beam Dimensions. Cross-sectional dimensions of each test 

beam were recorded. Flange width, stem width, flange depth, and total 

depth of each beam were measured at the location of fracture of the test 

bar. Depth to the top of the reinforcing has was also measured on the 

fractured beam. The effective beam depth was determined as the sum of 

the depth to the top of the test bar and one-half of the measured bar 

diameter across the ribs. 

Loads on Test Beams. The external loading applied to each 

test beam was recorded. The prestress force was measured when the beam 

was subjected cm the minimum static ram load. External dead loads were 

thosi due to the weight of the spreader beam and the weight of the 

hydraulic rum and platen. The spreader beam was considered to repfn-

sent both a static and a dynamic load while the mess of the ram caused 

dynamic loads only. Dynamic ram loads were the nominal valuea to 

which the pulsator was set by means of oil pressure gages. 

Iteuposne of Test Beams to Load. Test beam deflectionu were 

measured at various times during each test. The minimum deflection 

was the deflection due to application of P s,,, the minimum static ram 

load, relatiue to the initial unloaded positios of the test beam. The 

recorded value was that measured at the static load stage imediately 

prior to initial application of the dynamic loading. Frestreusnd beams 

have a segative minimum deflection due to the iamber acquired in the 

prestresaing operation. No minimum deflection was reported for the 

rerun tents. 
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Average crack spacing in the constant moment region varied with 

the nice of the bar, the effective depth of the test beam, and the bar 

deformation pattern. The relationship between average crack spacing and 

effective beam depth for the various bar sizes is above in Fig. 0-11. 

Average crack spacing results are aunnarloed in Tabjea B-6 and B-7. 

The difference In average crack spacing between those Phase II 

test beams containing bars froi Manufacturer A and those reinforced with 

bars from Manufacturer B is statistically significant at the 5 percent 

confidence level. No explanation is available for the difference is 

average crack spacing observed among bars from Manufacturer A is Phases I 

and II of the test program. 

An account of the methods used in calculating the stresses 

occurring is a test bar eihbedded in a concrete beam subjected to dynamic 

loads is presented in Appendix C. Values of ihe computed minimum stress 

level and the stress range to which each test bar was subjected were 

recorded. In each cane, these valuea are baaed on cross-sectional dreas 

determined from the individual bar weights. For this purpose, it was 

assumed that the reinforcing steel had a unit weight of 490 pounds per 

cubic foot. 

Fatigue itrength of Test Bars. The number of cycles of loading 

required to cause failure of a test beam was recorded. Most beam failures 

were due to a fatigue fracture of the reinforcing bar: In a few instances 

the beam failure was caused by fatigue of the compression concrete. 

Not all teats were continued until failure of the test beam 

occurred. When a test beam had survived 5 millids cycles of loading, the 

it was observed that the minimum deflection, as defined above, 

increased continually with time. This additional deflection was largely 

due to time dependent deformations in the beam concrete. 

The range of deflection due to an increase in load from P 1  

to P max  during the initial static load cycles was found to be about lO 

less than the subsequent dynamic deflection range. However, after the 

application of a few thousand cycles of dynamic loading, the static 

and dynamic deflection ranges were found to be identical within the 

accuracy of the measurement. The dynamic deflection range was observ-

ed to be essentially constant for the duration of each test. 

Tension cracks were marked on each test beam while the beam 

was subjected to P 
max  , the manimu,n static load applied, during the last 

of the initial static load cycles. At the end of each test, the crack 

pattern was sketched on the appropriate data sheet. Average crack 

spacing (that was observed in the constant moment region only) was nub-

sequently determined from these data. Crack spacing in each shear span 

was observed to be similar to that obtained in the constant moment 

region. 

Additional cracking under dynamic load was rarely observed. 

When such cracks appeared, they were either additional shear cracks or 

they were observed ixnnediately adjacent to existing cracks. In the 

latter case, the new crack usually joined the previously observed crack. 

Generally, no new cracks appeared when beams that had survived 5 million 

cycles at load loads were subsequently tested at higher loads. No 

measuremento were taken of crack widths. 
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TABLE B-6 AVERAGE CRACK SPACING IN PHASE I TEST REAMS 

Nominal Effective'Beam Depth 	in. 

6 10 18 

Ben. No. Ave. Std. No. Ave. Std. No. Ave. Std. 
Size of Spec- Dev. of Spar- Dcv. of Spec- Dcv. 

Tests lag, Tests log, Tests ing, 
in. in. in. 

5 7 6.62 1.13 35 7.87 1.09 7 10.61 1.97 

6 7 6.00 1.15 7 6.96 0.57 7 10.19 2.52 

8 23 5.31 0.97 50 6.21 1.13 21 7.53 0.95 

10 7 5.04 0.94 7 5.57 0.26 7 7•3 1.39 

II 7 4.98 0.56 37 6.02 1.11 7 6.63 0.76 

TABLE B-I AVERAGE CRACK SPACING IN PHASE II TEST REAMS 

far- 
turer 

No. 
of 

Tests 

' 	Ave. 
Spec- 
leg, 
in. 

Std. 
Dev. 

A 24 1.12 1.06 

B 21 6.84 0.91 

C 25 6.84 0.69 

D 24 6.82 1.03 

B 23 6.53 0.93 

test was terminated and a new test started by subjecting the test beso 

to a more severe loading. In each instance, the number of cycles to 

termination of loading was recorded. 

Within group plots of calculated stress range versus the logarithm 

of the number of cycles to failure or termination of loading for tests In 

Groups No. 1 to 41 are shown in Fig. B-AS. In each case, the individual 

group regression line, obtained in the manner described in Appendix C, is 

also shown. For Groups No. 1 to 31 this is the regression line to the 

finite-life data obtained for each group, excluding all rerun tests. For 

Groups No. 32 to 41 the regression line shown In that obtained from the 

finite-life group data for the particular manufacturer's bars, rerun 

tests again being excluded from the regression. 

To facilitate a visual comparison of the data, the regression 

line for the Group No. 1 finite-life data is shown as a dashed line in 

each plot. The result of a regularly scheduled test is shown in Fig. B-12 

by a dot, an arrow being added if the test bar survived 5 million cycles 

of loading. The result of a rerun test in indicated by a croon. 

Also shown In Fig. 0-12 are the mean fatigue limits determined 

from the staircase tests in Phase II of the test program for each manu-

facturer's bars. These are shown in the graphs for Groups No. 32, 34, 36, 

38, and 40. A comparison of the resulto obtained from the rerun tests in 

these groups with the corresponding finite-life regression line is also 

presented. 
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a reinforcing bar. At low stress ranges, however, the effect is seen to 

become minimal and a bar in able to sustain a vastly increased number of 

cycles of stress without fracture. There appears to be a limiting stress 

range that for practical purposes may be considered as a fatigue limit, 

below which a reinforcing bar appears to be able to sustain an unlimited 

number of stress cycles. 

General trends, indicating the effectn of other test variables 

on the fatigue life of reinforcing bars, may be observed in Figs. 8-13 

to B-16. These figures summarice the observed Phase I test results in 

terms of variation in fatigue life with change in minimum stress level, 

size of bar, grade of bar, and effective depth of the test beam. 

In these figures, the ordinates, log N, of the finite-life 

region paints plotted were obtained from the individual group regression 

lines. Fitted values of log N at a etrena range of 36 kal were averaged 

for the appropriate groups, the average value converted back to cycles 

and plotted. 

In the graphs shoving long-life region effects, the plotted 

ordinates, 
r'  are either the lowest stress range resulting in a fatigue 

fracture after more than 1 million cycles of loading or the highest stress 

range sustained for 5 million cycles vithout fracture. These two cases 

are distinguished by solid and open points, respectively. 

A distinct trend, indicating that, in the finite-life region, 

fatigue life in reduced with increasing minimum stress level, nay be seen 

in Fig. B-13. Similarly, it appears that, in the long-life region, the 

fatigue limit is reduced with increasing minimum stress level. 

A few test results are seen to deviate substantially from the 

corresponding finite-life regression lines. In Group No. 5, Test No. 77 

was interrupted by an electrical power failure which cauned the preatresaed 

test beam to crack through the concrete compression zone. This resulted in 

an early failure of the test bar. Olcsmination of the bar fracture in Test 

No. 115, also in Group No. 5, revealed the presence of foreign bodies. An 

examination of the bar fracture in Test No. 3066, in Group No. isO, showed 

that the fatigue crack had been initiated at the manufacturer's bar mark. 

In three tests, failure of the test beam occurred due to fatigue 

of the compression concrete. In each instance, the beam had been subjected 

to loads causing the maximum stress level in the test bar to exceed the 

yield stress of the bar. Each of these test bars exhibited a yield 

plateau, thus causing high strains in the beam concrete. All three 

failures were observed to occur in the constant moment region and ironed-

lately adjacent to a load point. In each Instance, the failure appeared 

to have been influenced by an inclined crack originating in the shear span 

and extending beneath the load point. These three tents are indicated by 

a double asterisk in Table B-7 and their results are not shown in 

Fig. B-12. 

In Test No. 3051 in Group No. 31.,  the number of cycles to 

failure van improperly recorded. The result of this reran test is not 

shown in Fig. B-12. 

The plots of the logarithm of the number of cycles to fracture 

versus stress range in Fig. B-U show that stress range has a major in-

fluence on the fatigue life of a reinforcing bar in the finite-life 

region. The higher the stress range, the shorter is the fatigue life of 
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In Fig. B-ill, a recognizable trend indicates that fatigue life 

is reduced with increasing bar size. The No. 6 bars tested are seen to 

have had the longest fatigue life while the No. 10 bars tested had the 

shortest fatigue life. This may, however, be due to other influencing 

factors which cannot be separated In a graph of this type. Thus, it 

should be noted that the No. 6 bars had the highest and the No. 10 bars 

had the lowest aversge yield strength of the Grade 60 bars. 

Al]. of the fatigue fractures initiated at bar marks in the 

No. 6 bars occurred in Group No. 24. Teat beans in this group had a 

nominal effective depth, dnomi of 18 in. Tests resulting in fracture at 

a bar narh are included in Fig. B-it(s). A fracture initiated at a bar 

mark was often observed to occur after fewer cycles of loading than s 

fracture initiated at a transverse lug. 

It clay be seen in Fig. B-15 that fatigue life is Increased with 

the grade of the bar tested. The trend observed is not strong, but may 

again be obscured by other influencing factors. 

No consistent trend is observable in Fig. B-16 to Indicate that 

type of specimen, as represented by test beans having different effective 

depths, has any significant effect on fatigue ntcength. 

It oust be emphasized that the value of graphs such as those 

presented in Figs. B-12 to B-16 is limited, in that the various influencing 

effects cannot be separated. Such a separation is possible only by means 

of statistical procedures involving analysis of all of the test data as 

a single whole. 

The statistical analysis presented in Appendix C confirmed the 

existence of the finite-life region effects noted in Figs. B-12 to B-16. 
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Furthernore, this analysis assessed the relative significance of the 

various influencing factors and allowed numerical values to be assigned 

to their effects. 

Fatigue Fracture of Test Bars. Each test bar failing in fatigue 

was observed to have fractured near a flexural crack in the test beam. In 

each instance, the location of the bar fracture, relative to the center of 

the bean, was determined by measurement on the failed test bean. 

Most fatigue fractures were observed to have occurred in the 

region between the load points, where the applied moment was nominally 

constant. The distribution of fatigue fractures about the midspan of 

thoae Phase I test beams that had an effective depth of 10 in. and were 

reinforced with a No. 8 bar is shown in Fig. B-17. 

The diagram to based on 49 test results. In five tests, the 

fracture occurred within a shesrapan. The highest frequency of fractures 

was in the interval that includes the midspan of the test beam. Note 

that since this interval has only half the weight of the other intervals, 

the dashed line in Fig. B-iT should be used for comparison. 

Pieces of the fractured bars, containing the fracture zone, 

were examined after they had been removed from each test bean. This 

examination was to determine the appearance of the fractured face of the 

bar, the location of the primary crack nucleus, the final radius of the 

fatigue crack in Phase II tests, and the pertinent cross-sectional 

dimensions of the bar in the fracture region. 

In most eases, two distinct zones were apparent on the fractured 

face of each test bar. The none associated with the fatigue crack extended 
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radially frm the fatIgue crack nucieco and had a fine gralned dull 

appearance. The remainder of the fracture surface was creacent shaped 

and had a rough, crystalline appearance. This region showed evidence of 

tearing in the cane of bars having inclined transverse iugs. 

BOru frou Manufacturer A, in particular, often exhibited no 

crystalline region. Rather, a fine grained, dull appearing, oheur torn 

zone of considerably darker hue than the fatigue crack zone was observed. 

In such cases, the two regions were generally separated by a transItion 

zone shoving one or two narrow crescent shnped bands of light hue. I,, 

bars frcr, Manufacturer A, the transitIon frIes S fatigued to a tension 

trsctured zone was sharper for the Grade 60 and Grade 75 bars than it 

was for the Grade hO bars. 

Details 03 the fractured surfaces of bars frOO Manufacturers A 

and E are shown in Fig. B-18. The fracture shown in the bar frou ManS-

racturer A is typical of thone where no crystalline zone was observed. 

On the other hand, the bar from Manufacturer E exhibits a fracture with 

the fatigue and crystalline zones diotlictly separated. The bar frots  

Manufacturer A has several fatigue crack nuclei each fatigue crack zone 

being separated fron the others by a beach mark. 

Fatigue fracture surfaces representative of those observed for 

each manufacturer's bars are shown 15 Fig. B-19. In each cane, the 

fatigue zone was initiated at a transverse lug, a piienenon observed in 

mont of the fatigue fractures. Generally, no evidence of neckdown was 

observed. 

For coesparison with the fatigue fractures shown in Fig. B-19, 

typical tension fractures for each oanufscturer'u bars are shown in 

ufacturer A 

FIe. 13-19 BepCcnettOtlVn YotldUe Pr,scturaa 

Be.,iDfstturer S 

F1. B-iS Patigus Practscn jurfio,ni 	 PI,. B-DO icpreneet.t3nr Static £e,uOr. Tr',ctut,-c 
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Fig. B-20. The fracture surfaCes that were obtained in the tension 

tests were bounded by the transverse logs. However, the entire fracture 

surface consisted of shear planes, large and jagged in the ease of bars 

with highly inclined logs but small and crystalline in the others. Al). 

of the bars showed some evidence of nechdown. Greater neckdown was 

associated with the more inclined transverse logs. 

Fatigue crack nuclei were always observed to be at the surface 

of a test bar, immediately adjacent to a rolled on surface deformation. 

The location of the nucleus was determined by visual examination of the 

fracture surface. The fatigue crack nucleus was found at the focal point 

of the fatigue crack region. Often, radial tear lines were observed to 

extend from this focal point into the fatigued area. The region inunediate-

ly adjacent to the crack nucleus was observed to present a considerably 

finer grained appearance than the remainder of the fatigue crack region. 

In each ease, the primary fatigue crack nucleus was found to be 

in the lower half of the test bar, as located within the test beam. 

Secondary crack nuclei were found in the upper half of some bars, particu-

larly those from Manufacturer A. 

TO determine the critical fatigue Location on a transverse lug, 

the circumferential frequency distribution of the primary fatigue crack 

nuclei was investigated. For this purpose, the periphery of the fracture 

surface was divided into numbered segments. Ten degree radial zones, 

symmetric about a line through the longitudinal ribs, dhf med the length 

of each segment. These nones were numbered sequentially from 1 to 5 in 

the manner shown in Fig. B-il. 
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An extension of this identification system allowed further de-

finition of the location of a critical section on a bar having a diamond 

lug patters, as shown in Fig. B-22.. Any crack nucelus that was located 

at the base of a manufacturer's bar mark was given the code number 9. 
The primary fatigue crack nucleus location for each test bar 

fractured in fatigue was recorded. Each crack nucleus location is 

identified by one of the code numbers shown in Figs. 8-21 and B-22. 

The frequency distributions of fatigue crack nuclei for the various types 

of bars tested are presented is Table 8-8. 

Most fatigue crack nuclei observed in Zone 1 of bars from Manu-

facturer A Occurred at the bottom of the V formed by the junction of two 

transverse logs at a longitudinal rib. All of the crack nuclei in bars 

from Manufacturer C were observed to occur at that location. This points 

out the possible creation of severe stress concentrations at the junction of 

transverse lags in bars having diamond pattern surface deformations. 

When fatigue crack nuclei were observed in Zone 1 of bars from 

Manufacturer D, they were generally found to be in the close vicinity of 

the junction formed by the base of a transverse lug and a longitudinal rib. 

In this instance, it is difficult to assess the influence the longitudinal 

rib may have had on the initiation of fatigue cracks. 

In bars from Manufacturers B and E, fatigue crack nuclei observed 

in Zone 1 were found to have occurred at the base of a transverse lug and 

some distance away from the base of the longitudinal rib. The effect of the 

longitudinal rib on the formation of fatigue cracks oust therefore be con-

sidered to have been admioal for these bar deformation geometries. 

In Phase II of the test program, an attempt was made to 

measure the final fatigue crack radium in each test bar. Such data are 

Fig. B-21 Radial Zones Identifying Crack Nucleus Location 
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of importance in the field of fracture mechanics. Only limited success 

was achieved in obtaining consistent measurements. This was due to the 

indistinct transition zone observed to exist in many cases, between the 

fatigue and static fracture regions. 

Final fatigue crack radii data that were recorded for the 

Phase II test bars are sumarised in Table 8-9, where it is seen that 

the final fatigue crack radius is a function of the applied stress range. 

The magnitude of the final crack radius is also masufacturer related, 

although the relationship is not slear. Measured fatigue crack radii 

were observed to be widely scattered about some of the average values 

recorded in Table 8-9. 

Cross-sectional dimensions of the test bars were measured and 

recorded at the time the fracture surfaces were examined. The dimensions 

shown in Fig. 8-23—diameter of the bar across the longitudinal lugs, 

diameter of the bar across the barrel, diameter of the bar across the 

transverse lugs, and thickness of the longitudinal ribs were measured. 

The measurements were taken at a distance of about 1 in. from 

the fracture in each bar failing in fatigue. When no fracture occurred 

in a test bar, the measurements were taken at random locations on the 

corresponding piece of bar remaining after the test bar was cut from the 

sample bar. 

All bar measurements were taken with a micrometer that could be 

read to the nearest 0.001 in. Considerable variation was found in the 

diameters measured. Representative values for each bar were, therefore, 

based on several measurements at various locations on the circumference 

or at closely spored longitudinal locations. In each ease, attempts were 

made to secure an average of high and low readings. 
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No measurements of rib thickness were possible on bars from 

Manufacturers C and D. Sars from Manufacturer C had trapezoidally shaped 

longitudinal ribs while those from Manufacturer 0 had a relatively large 

base radius. 

Average values of the dimensions obtained from each test bar 

are recorded in Table 8-10. It should be asted that the diameters across 

the barrel and across the lags, along with the rib thickness, were only 

measured to the nearest 0.01 in. for the Phase I test bars. AU other 

measurements were to the nearest 0.001 in. 

Enamination of Shape of Transverse tugs 

Geometry of the rolled on deformations of the test bars was 

examined by three methods. The critical geometry of ill sample bars 

obtained in a survey to select bars for use in Phase II of the test 

program was assessed by study of each bar sample under a stereo-

microscope. Profiles of individual lags on the t,est bars used in both 

phases of the test program were studied on photographs of longitudinal 

sections of bar samples. Individual lug profiles were also studied on 

photographs of sectioned plaster casts of samples of the Phase II test 

bars. 

Stereo-Microscopy. Each sample bar obtained for the survey of 

United States manufactured No. 8 Grade 60 reinforcing bars commonly used 

in highway bridge construction was 2 ft. long and contained the manufact-

urer's bar identification mark. Upon arrival at the laboratory, each 

sample was stamped with an identification number that was entered in the 

survey log along with other available information. 

TABLE 8-9 AViAGE FINAl FATIGUE CRACK RADII 

Crack Radius - inches 
Manu- Fatigu e 
fact- Limit Nominal Stress Range 

34 kai I 	44 ksi I 	54 hal urer 

A 0.760 0.692 0.640 0.636 
B 0.761 0.576 I 	0.558 0.422 
C 0.741 0.710 I 	0.614 I 	0.582 
D 0.612 0.530 I 	0.450  I 	0.375 
8 0.533 0.444 0.362 0.375 

Diameter 
across 
Ribs 

Diameter 
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8arre 

Diameter 
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Lugs 

Fig. B-23 Cross-Sectional Measurements on Test Bars 
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An initial examination was conducted on bar samples that had been 

wire brushed on one side, between the longitudinal ribs, in order to remove 

mil]. scale. This examination was perfocmed by means of a stereo-microscope 

containing a disk with engraved circles of various sizes. Estimates were 

made of the lug base radius as a fraction of lug height, sharpneos of the 

bar mark, and roughness of the bar surface. The lug base radius, as a 

fraction of the lug height, was estimated in this examination to vary from 

0.1 to 1.5. 

Ranking the survey bars according to lug radius to height ratio 

revealed, however, that several inconsistencies existed in the original 

estimates. This pointed to a need for better surface preparation of the 

bars and an improved technique in the examination. 

A 6-in, length, including the manufacturer's bar mark, was cut 

from each survey bar. These were then placed for 30 minutes in a 50 per-

cent solution of hydrochloric acid and water at room temperature. The 

samples were then imersed in a 5 percent neutralizer solution of sodium 

carbonate and water, after which they were thoroughly rinsed in cold 

water. Finally, each sample was placed in an oven at 120'F for 20 minutes, 

wire brushed, and sprayed with a thin coat of silicone spray to prevent 

rusting. This process was found to greatly facilitate visual examination 

of the samples. 

A stereo-microscope examination of each treated bar sample was 

carried out individually by two persons. This examination resulted in a 

reassessment of the maximum value of the lug base radius to height ratio 

from 1.5 to 1.2. 

A magnification factor of 30 was used for the stereo-microscope 

examination. Difficulty in estimating the lug base radius was found to 

increase substantially with increasing angle between the transverse lags 

and the longitudinal ribs. Consistency in the estimates of the two 

examiners was not as great as had been expected. 

Stereo-microscope observations were made directly onto the 

surface of each bar sample. The bar was held under the microscope in a 

V-notched receptacle. The sample was mowed laterally and rotated to 

present its lug profile to view in line with engraved circles contained 

on a transparent disk in the viewpath of the microscope. Lug radii and 

height were compared with the radii of the engraved circles. Indirect 

lighting was applied to the samples to provide the greatest possible 

contrast. 

The shape of the transverse lags of the survey bars showed 

considerable variety. Height, width, and flank angle of the lags varied 

greatly among the bars studied. Some flank angles were observed to 

approach 90 degrees. Furthermore, the base radius was frequently found 

to vary in the vicinity of the lug base. Often, a sharper radius was 

observed at a point on the side of the lug. 

Generally, the manufacturer's bar mark had a sharper base 

radius than the transverse lags. However, these bar marks usually conk 

tamed lass material than the lags. Conaequcntly, the stress concentration 

effect may have been smaller than a direct comparison of radii would indicate. 

Severe surface roughness was observed on several bar samples. 

Often, undercutting was noted at the base of a transverse lug. Several 

bars, having an otherwise smooth lug shape, were judged to represent a 

B-70 
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more critical geometry than indicated by the stereo-microscope examination 

because of surface roughness in the vicinity of the base of a lug. Fvalu-

ation of base radii in bars having a rough surface at the base of a lug 

was found to be difficult, using a stereo-microscope. 

Four of the bars for use in Phase II of the test program were 

selected on the basis of their ranking after the stereo-microscope 

examination. Bars from Manufacturer A, remaining on hand from Phase I, 

were added as a fifth selection for testing. The lug base radius to 

height ratio ranking, determined by stereo-microscope examination, for 

the bars tested in Phase II of the test program was 0., 0.1, 0.2, 0.4, 

and 0.8 for bars from Manufacturers A to E, respectively. 

Longitudinal Sections. Lug geometries of samples of bars used 

in both phases of the test program were studied by means of lug profiles 

obtained by longitudinal sectioning of the samples. During Phase'I, 

samples of each size and grade of bar were studied. In Phase II, samples 

from each manufacturer's bars were examined. 

Each sample consisted of a 3-in, long piece cut from a repre-

sentative bar used in the test program. One sample was obtained for each 

size and grade of bar tested in Phase I. For the No. 10 bars, however, 

samples were obtained from bars representing each of the two heats from 

which the bars were rolled. Each manufacturer's bars in Phase II of the 

test program were represented by two samples, cut from different bars. 

Initial preparation of the samples consisted of the acid bath 

treatment described previously for bars studied under a stereo-microscope. 

This was done to remove rust and mill scale. 

Samples studied during Phase I of the test program were sectioned 

by saw cutting each sampletobad4epth along two radial planes and removing 

a wedge shaped piece from the bar. These planes made angles of 45 and 165 

degrees, respectively, with the plane bisecting the bar along the longitu-

dinal ribs. Then, each plane of the wedge was milled to remove the saw 

narks, ground, and polished. 

Once the seCtioned surfaces had been polished sufficiently to 

reveal clePn and sharp lug profiles, they were photographed. Eilarged 

prints were then made, showing thosd lags considered to enkibit the sharp-

est lug geometry. Measurements of the critical lug geometry were made 

directly from the enlarged photographs. 

FOr Phase II, where transverse lug geometry was the major 

variable to be studied, it was evident that Improved surface preparation 

and photographic techniques were needed. For this edason, each sample 

was milled down to a single radial plane. 

One sample from each manufacturer was milled to a radial plane 

Paining an angle of 45 degrees with the reference plane bisecting the 

longitudinal ribs. A second sample from each manufacturer was milled at 

a shallower angle to the reference plane. The sOmple from Manufacturer 

A was milled at an angle of 30 degrees while those from Manufacturers B 

and C were milled at angles of 10 and 35 degrees, respeCtively. Samples 

from Manufacturers 0 and E were milled at an angle of 15 degrees to the 

reference plane. 

The angle of the longitudinal plane section with the reference 

plane bisecting the longitudinal ribs was selected on the basis of avail-

Oble fatigue test results for each manufacturer's bars. Thus, the lug 
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profiles obtained were expected to be representative of the critical 

fatigue location, as determined from the distribution of fatigue crack 

nuclei around the periphery of the teat bars. 

After the milling operation was completed, the sectioned bar 

surfaces were lapped on an autanstic lapping machine. The final surface 

finish was obtained by hand robbing with 600 grit silicon carbide paper. 

Polishing was continued until a microscope examination revealed the 

absence of any burrs on the edges of the sectioned surface. Using this 

procedure, a very sharply defined lug profile was obtained. 

It was found necessary to black Out the rolled surface of each 

sectioned bar sample near the cut edges. This eliminated reflections 

from the rolled bar surface during photography. A felt-tipped marker 

pen was used. Any ink on the sectioned surfaces was removed by relapping 

and polishing. 

Photographs of the sectioned bar surfaces were taken with a 

vertically mounted camera. Indirect lighting was used to minimize 

reflections from the semi-shiny sectioned bar surface. High-contrast 

Kod.alith film was used. After developing, a contact printer was used to 

obtain a clear bar image on a black background negative. 

A magnification factor of 2 was used to obtain enlarged photo-

graphs of the sectioned bar surfaces. From these, individual logs, 

judged to have the sharpest geometry, were selected for further study. 

Maasurements of the critical lug geometry were made from photographic 

prints shoving the selected logs magnIfied lb times. 

Lug profiles, obtained by longitudinal sectioning of bars 

tested in PhaseI of the teat progrsm,are shown in Fig. B-24. Profiles 
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111hom Eaft 
&oft oft,& 

No. I I 	 No.1 
Grade 40 
	

Grade 75 

Fig. B-24 Transverse Lug Profiles of Phase I Test Bars 
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of the transverse logs of tars tented in Phone II are shown in Fig. 8-25. 

Plaster Casts. In Posse II of the test program, an attempt was 

owls to <iavsi.op a sieplo method of obtaining trersere log prfil.'5 by 

taking plaster casts of the bar surfaces. Bar samples were 3 in. long 

and were cut alongside those used for iongitudna1 sectioning. 

Planter casts of the two samples representing each manufacturer 

were sectioned at the same angles used for longitudinAl sectioning of the 

barn. Initial preparation of the bar samples from which the plaster casts 

were made was the sane as that for longitudinally sectioned bar samples. 

Bar samples were placed at the desired angle in a positioning 

frame set to hold them at the proper height over a shallow tray, as shown 

in Fig. B-Sd. The tray was fIlled with plaster, the surface evened, and 

the frame holding the bar samples pressed down over the tray. The bare 

were removed after the plaster had set, Fig. 8-27. A saw cut through 

the plaster cast then revealed the desired lug profile. 

Use of ordinary plaster did not result in satisfactory plaster 

impressions. It had a tendency to entrap air bubbles in the cast, eves 

afeer vibnAtion nml voeo,e treatment. Dental plaster and Bedtop mouldir, 

plaster were found to give the least problems. The latter was used to 

make the plaster casts from which the lug profiles were measured. In 

o  spite Of 510. precautissi, air nunojes were 15usd in the impressed planter 

surfaces, particularly in the vicinity of a longitudinal rib impression. 

Before photography, the cut plaster surface was ground slightly 

to remove saw markS. Photographic techniques used were as described 

before, esccept for the lighting. It was found necessary to direct light 

to the sectioned plaster surface at a very shallow angle to obtain as 
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deep a shadow as possible over the bar impression. Sufficient contrast 

was, however, difficult to attain. Consequently, photographs of plaster 

cast lug profiles tended to Chow fuzzy profile edges. 

A photograph of a plaster cast lug profile obtained from a bar 

produced by i.hnu.iavturer A is shown to Fig. B-28. For somparicon, the 

corresponding protils obtosed by sectioning s ssmple of the come bar is 

shown in Fig. 0-29. 

Mean lrenentv of crItical lug geouetry were node dlrc,tiy on 

photographs of individual plaster cast logs. Difficulties were encounter-

ed with Insufficient lug definition and in distinguishing photographed ale 

bubbles is the plaster impression from ordinary bar surface rosghneno 

effects. It was found that sharp features on the actual lags tended to 

be cmeothesl out in the plaster casts. 

Measuremest of Transverse Lug Geometry. Lug geometry measure-

ments by means of a stereo-mIcroscope were concerned with evaluation of 

the critical lug baSe radius to lug height ratio. This ratio was 

estimated to be 0.4, 0.1, 0.2, 0.k, and 0.8 for bars from Manufacturers 

A to E, respectively, later measurements on lug profiles obtained by 

sectioning revealed these estimates to be in error by as such as a factor 

of two. 

Great difficulties were encountered is application of the 

stereo-microscope to the estImation of lug geometry by direct observatIon 

of the bar surface. Evaluatlono by two competent observers were often not 

consi stest. Furthermore, attempts at stereo-microscope measurements of 

lug geometry by direct observation of lug profiles obtained by sectioning 

were not successful. This was due to the lack of contrast between the 

B-80 



Bose of Lug 	 Angle 
with 
Axis 

of Bar 

Fig. B-30 Representative Lug Geometry Measurements 

68 

lug profile and the bar surface background. Therefore, use of a stereo-

microscope in the evaluation of lug geometry cannot be recommended. 

The study of longitudinal bar sections obtained in Phaxe 1 c: 

the teOt prcgrun was confined to the evaluation of lug base radius to lug 

height ratio, c/h. In PhaSe II, however, additional features of the lug 

geometry were noted. These Included the flank angles of a lug, its 

height to width ratio, h/u, and the angle of the lug with the longitudinal 

aslax I the far. The various lug dinenniOnn measured are defined in Fig. 

Lug radii were determined by csevparlr.g different diameter circles 

so a tuxijute -with the photographed lug shape, magnified by about 11 times. 

Thus, the procedure Involved the personal judeot of the observer an to 

what constituted a "best fit." Irregular featureS of some lug profiles, 

due to surface roughness, made the evaluation difficult. However, it was 

found that the results obtained by two observers were in reasonable agree-

ment. Surface roughness of bars from two different manufacturers Lu chosen 

in Fig. 8-31. 

Lug height, h, was determined by panning a base line across 

the photographed lug profile and measuring the perpendicular dIstance to 

the highest poInt on the lug, as ohovn in Fig. 8-30. 

Measurement of lug flank angles was based, in vosnycacos, on 

an estimated tangent to the lug base circle. A tangent line was extended 

down to the lug base line and upward beyond the face of the lug. At the 

base of the lug, the points of intersection of these tangent linen with 

the base line were used to define the width, w, of the lug. 

- 
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The critical lug geometry for a nonufacturer's bars was con-

sidered to be that obtained for the lug having the lowest r/b ratio. 

T ­1 hig ge.cn..t.ey vsi.a.0 	 es,,! C(t 	,,.: ,,r Fv,eu,eyleu 

listed in Table B-li for each manufacturer's bars. 

Also listed in Table S-il are the smallest r/b ratios Round for 

each ,nanufueturer'n bars is the study of plaster cast sections. The" 

r/b ratios differ cosoideraisly from the ratios obtained by sectioning of 

bar samples. Therefore, the technique used to obtqin an impression vi' a 

reinforcing bar surface was judged to be unsatisfactory. However, it in 

possible that a recently reported 	new technology for makIng impressIons 

of ferro-nagnetie materials would be more successful. 

For the present, the technique of photographing carefully pre-

pared longitudinal sevtins of bar samples provides the beat means of 

obtainIng estimates of the critical lug germetry. However, due to the 

variability of lug geometry around the periphery of a reinforcing bar, due 

care must be enereised in selecting the plane for sectioning. Furthermore, 

It should be noted that all of the available techniques for determining 

lug dimensions require individual judgusent in estimating the lug base 

Supplementary Work on 'rest Bars 

Several nuppleoentnry studies and tents were csrrCed out on 

samples of the test bars. These included the following: 

ChemIcal analysis 

Examination of nicrontructure 

Hardness teats 

is. Fatigue strength tests on machined bar specimens 

5. StatIc strength teotn on fatigued bar specimens 

Fig. ii- 31 duvfseo Roughness of Taut &srO 	 il-si 
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A chemical analysis was Obtained of samples from each daBs of 

bar tested. Other tests and examinations were carried out only on selected 

samples. 

Chemical Analysis. An independent organization, Chicago Spectro 

Service Laboratory, Inc., performed a spectrographic analysis of samples 

of the test bars. Samples of each grade and sine of bar tested in Phase I 

of the test program and of each manufacturer's bars tested in Phase II were 

analyzed. The results of their analysis are gises in Table a-12. 

It appears that the increase in strength in Phase I test bars 

from Grade 10 to Grade 60 was largely due to the addition of manganese 

and chranlem. Carbon contest remained relatively constant. A further 

Increase in strength from Grade 60 to Grade 75 appears to be due to the 

addition of maganeae, phosphorus, and silicon, along with a reduction in 

sulphur content. Phase II test bars are Been to vary widely in chemical 

composition. 

A steel is considered 	to be an alloy steel if It contains 

more than 1.65 percent manganese. Thus, the steel used for the Grade 75 

barn from Manufacturer A and that used for the bars from Manufacturer C 

was alloy steel. The other test bars were rolled from carbon steel. 

On the basis of the amounts of carbon and other elements present 

in the test bar steel, the bars may be classified 	into the AlSO 

standard grades of steel. This classification is shown in Table B-13. 

Some of the bars, notably the ASTM Grade tO bars satisfy the 

requirements of several AISI grades. Other bars did not meet the limita-

tions set on the contents of some elements. Thua, the No. 8 and No. 11 

ASTM Grade 75 bars were classified on the basis of their carbon and 
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manganese contents but the steel contained about twice the allowable 

amount of molybdenum. Similarly, bars from Manufacturer C contained about 

twice the allowable amount of sulphur. It should be noted that the Only 

rentriction on the chrmicai composition of steel used for rein-

forcing bars is a limitation on the amount of phosphorus. 

Microstructure of Steel. tiuring Phase I of the tent program, 

samples of Grade 40, Grade 60, and Grade 75 bars were studied under a high 

power microscope. The samples were sectioned in both the longitudinal and 

transverse directions, using a water-cooled saw. They were then placed in 

bakelite mounts and the sectioned surfaces lapped in an automatic lapping 

machine. Silicon carbide paper with 210, toO, and 630 grIt was used 

successively. The sectioned surfaces were then given a rough polish using 

6-micron diamond paste. Finally, each sample was polished to a high finish 

on a microcioth isp, using 0.5-micron gamma micropolish. 

Microscope observation of the sectioned surfaces reveaied seams 

in some of the transverse sections. These were usually found near the 

center of the section. Ensaination of the area in the vicinity of the bar 

surface on the longitudinal and transverse sections shoved a fairly uniform 

surface deoarburimation. 

Samples used for study of the lug geometry of longitudinal 

sections of Phase II bars were also used to study the microstructure of 

the parent steel. Each of the sectioned surfaces was polished to a high 

finish using first 6-micron diamond paste and then 0.5-micron gamma ucicro-

polish in a microcloth tap. Finally, a nital etch, consisting of 2 

percent nitric acid in alcohil, was applied to a small portion of the 

sectioned surface of each sample. 

Photoaicrogrsphs were taken at the base of a transverse lug and 

in the interior of the sectioned surface of each sample. The magnification 

factor was 525. i4icrostructure of the steel at the bane of a lug is nhown 

in Fig. 8-52  for bars from each of the manufacturers of Phase II tent bars. 

Corresponding pbotogrspkm of the interior of the sectioned surfaces are 

shown in Fig. 8-53. 

Near the surface of each bar sample, the steel shows a fine 

white grain structure. This is reprenentative of the decarburined layer 

covering the surface of the bar and in caused by the hot rolling procean. 

The depth of the layer, as well as the amount of carbon loon, in seen to 

vary locally within each individual sample. Penetration of the decar-

burtoation proceao was estimated to vary locally  between 0.033 and  0.006 

Hardness of Steel. Vicinero pyramid hardness tests were made on 

transverse sections of bar samples of No. 8 Grade .0,  Grade 60, and Grade 

75 bars from Phase I of the test program and on samples from each manufact-

urer's bars in Phase 55. Preparation of the samples consisted of the 

surface polishing treatment dencribed in the preceding section. 

Microhardneso was determined with a Leits Miniload Microberdneon 

Tester eduipped with a Vickers indenter. The test load was 502 grams and 

the indenter descended during an interval of 25 seconds. The measuring 

microscope had a magnification factor of 40 and a measuring grid graduated 

in 0.5 micron divisions. 

Hardness tests were made at thirteen locations in the interior 

of the transverse section of each bar Sample. In Phase SI of the tent 

program, additional hardneos tests were made at four locations near the 

Fig. 3-32 Miorostruoture of Steel Hear  dutae of Sar 
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surface of each bar sample. TeSt locations are shown in Fig. B-31. 

Average values of fickers pyramid hardness at the thIrteen 

interior lOcutionS ot the sectioned surface of each sample nrc reported 

in Table 8-14. Average hardness at the four test locations near the bar 

surface I. also shown in Table 6-14. It did not differ appreciably from 

the average value for the interIor locations. The distribution of VickerO 

hardness values over a transverse section of a bar sample from itnufact-

urer C in shown in Fig. 3-35. 

TABLE 6-14 VICKZRS HARDNESS TEST RESULTS 

Itnu- 
fact- 
urer 

lice 
of 
Bar 

Grade 
of 
Bar 

Average Hardness 

Interior 81ge Points 

A 8 40 185 

A 8 60 262 267 

A 8 75 291 

8 60 2db 259 

C 8 60 275 270 

D 8 60 267 266 

8 8 60 271 260 

Fatigue Strength of MachineS Bar Specimens. Axial tension 

fatigue tests were carried out in Shone I of the test program by an 

Independent organization, Materials Research Laboratory, In. of 

Glenviev. Illinois. Four specimens were sachined from No. 8 Grade 60 

reinforcing bars. The test section of each specinen had a disneter of 

0.25 in. and was 2.5 In. long. A minImum stress level of 6 hal tension 

was used throughout. Lcds were cycled at a rate of 100 cycles per 

minute. 

3-94 

Results of these fatigue tests are shown in Fig. 8-36. The 

test numbers Indicate the order of testing. Testing of Specimen No. 1 

was terminated when the bar had not failed after h.03 niltion cycles of 

leading at a stress range of 51. hal. Specimens No. 2, 3,  and I.  fractured 

In fatigue. The fractures obtained In these bars are shown in Fig. B-ST. 

A dashed line, representing the test results obtained in Group 

No. 1 has been added in Fig. 8-36. This permits s cor,psrioon of the 

results of tests on machIned specimens with results of tests on undisturbed 

ref nforclng bars having the sane nominal baOe material properties. 

Some of the difference In test results shown in Fig. B-36 vast 

be attributed to sine effects and to effects arising from testing the 

Group No. 1 bars as encaned in concrete and subject to some bending 

stresses. However, the major part of the difference in results Is 

attributed to surface effects in the as rolied barn of Group No. 1. 

Among such effects, one nay consider the stress concentrations due to the 

rolled on deformattono, other notch effects, and the effect of surface 

decarburization. 

Static Strength of Fatigued Bar Specimens. 	In t'nsse II of the 

test program, static strength tests were conducted on a number of bar 

specimens that had previously been subjected to cyclic stresses. These 

tests were lntenmled to determine the effect of fatigue damage on the st-ntIs 

tension properties of the test bore. Three of the tests, those free 

Group No. 1,2, were conducted in a lImited study of fatigue crack gromtb. 

When a fatigue fracture was observed to oucur near the lied 

point of a test bean during regular Fnsee II tests, a coupon having 

sufficient length for static tension testing was obtained from the 

/,--_ nil 

II 	 \ 
No.8 Bar from 

Masumfacturer C 
1' 
I, 

\ \ 	
1/ \ 	 / 

— 

Fig. 3-35 Repreventatice Vickern Hardness Tent Results 

lEg. 11-5 F',tI coo irnetorel Øl  Mccl n,.i inc 
6-96 	 . 	-. 



72 

fatigued test bar. .1 welding torch was used to cut the bar coupon ('ron 

the constant moment region of the test beam. Each of these coupons had is 

length of 25 to 30 in. In most cases, a short length at one end of the 

bar coupon had extended into one shear span of the test beam. During 

static testing, this length remained within the grips of the testing 

machine. 

Static tension tests were conducted in a 300,000 Its. capacity 

universal hydraulic testing machine. Instrumentation for obtaining load-

strain ounce was the seas as that previously reported for regular tension 

test coupons. Each sample was marioed with gage poInts for seasuring 

elongation over an 8-in, gage length. 

Reiu.lts of the static tension tests for bar test coupons taken 

from test teems where the tent bar had fractured in fatigue are presented 

in table 5-15. For comparison, test results on corresponding undisturbed 

bar specimens are also presented in Table 5-15. Yield strength of the 

fatigued bar specimens was determined in the manner previously reported 

for the regular specimens. 

'No 0' the fourteen static tension tests on fatigued bar 

specimens resulted in ductile fracture. No evidence of fatigue damage 

could be sees in the fracture surfaces of these bars. A comparison of 

the yield and tenulle strengths determined during these tests with the 

results obtained from undisturbed test coupons revesls no sIgnificant 

difference. 

The twelve remaining tests resulted in ouddn brittle fracture 

after having, Is general, exhibited normal yielding. This is evidenced 

by the decreased elongation ohocrved in the fatigued bars when compared 
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with the elongation of undisturbed test specimens. Further evidence of 

brittle fracture was obtained upon examination of the fracture aurfacen 

of the test bars. This coa.oination revealed a transverse plane fracture 

with no necking of the fracture region. 

A typical fracture surface for the previounly fatigued test bars 

is shown in Fig. g-8. A small fatigue crack is seem to have extended into 

the bar. ThIs apparently caused the brittle fracture of the remainder of 

the bar crono-sectisn. Thus, the tensile strength of a reinforcing bar Is 

rcdnced during the fatigue crack growth stage. Brlttleseso of the fracture 

nay be due to the severe ntrens concentration occurring at the tip of the 

fatigue crack. 

The Group 110. 12 tent oerien consIsted of three tests on bars 

from Manufacturer A. Each bar was encased within a Concrete beaai. The 

test beans were sub,iected to a nominally Identical cyclic loading intended 

to result in a minimum ntresn of 6 1sti and a stress range of 34 hot in 

the test barn. 

Loading of these three bescm was terminated after 100 thousand, 

200 thousand, and 300 thousand cycles of loading, respectively. This 

compares with a mean fatigue life of 182,000 cycles at a strefo range of 

34 hal for bars from Group No. 33. These bars are nominally identical 

to the Group 110. 42 bars. 

After the loading on each test hewn in Group No. 12 had been 

terminated, an 8-ft. length of the test bar was removed from the beam. 

These bars were then tested in static tension in a universal hydraulic 

testing machine of 1,00,000 lbs. capacity. The test length consisted of 

the central 5 ft. of each bar. Each test bar was marked with a series 
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of gage points for the meanurexent of elongation over an B-in, gage 

length. 

Results of static tension tests for the partially fatigued bars 

of Group No. 12 are presented in Table 5-16 along with test results ob-

tained on corresponding undisturbed specimens. Yield strength of the 

partially fatigued bars was determined from the constant load indicated 

on the tenting machine after the load had dropped from its peak in turning 

the knee in the load-strain curve. Enamination of the bar fractures re-

vealed no evidence of fatigue dosage. 

TABLE 5-16 PROPERTIES OF PARTIALLY FATtGUEI) BARS 

Fatigued Bars Undisturbed Bars 

Test Yield Tensile Elonga- Yield Tensile Elongs- 
No. Strength, Strength, tion in Strength, Strength, tion in 

hat kai 8 in. kai haS 8 in. 

112 17.1 78.5 1.63 17.3 79.1 1.51 

113 18.8 80.1 1.51 18.8 80.7 * 
111 18.9 81.2 1.17 49.5 81.2 • 

* Fractured outside gaged length 

The uniformity of static tension properties among the partially 

fatigued and undisturbed specimens supports the conclusion that no fatigue 

damage had as yet occurred in the fatigued bars. Fatigue crack growth 

would thus be expected to occur during the final 40 percent of the mean 

fatigue life of the bars, under the test conditions applied. 
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ANALYSIS GF TEST RESULTS 

Calculation of Stresses in Test Bars 

Streanen in the reinforcing bar embedded within each test beam were 

calculated for forcen acting at the nidsgam of the beam. Thene were considered 

to be the strenses causing fatigue failure in the test bar. As nay be seen in 

Fig. 8-17, most bar fractures occurred in the region between the load paints of 

the beam. In this portion of the beam, the applied nanent was constant except 

for the relatively small effect of the weight of the beam. 

Stress calculations were baned on the straight line theory of flexural 

stress and strain given in Section 8.10.1 of the 1971 ACI &.ilding Code. 1  

The conventional assumptions of elastic reinforced concrete theory were there-

fore used. Thus, for a crocked section, the flexural tensile atrennes in the 

concrete were neglected, and the reinforcing bar was assumed to be uniformly 

strenned, as illustrated in Fig. C-l. 

All fatigue failures took place at or immediately adjacent to an 

externally visible flexural crack in the test beam. This observation supports 

the assumption that the critical section was fully cracked. Crocks were as-

sumed to remain open at all tines in beams not subjected to stress reversal. 

As described in Appendix 5, stress reversal in a test bar was ob-

tained by prestressing the test beam externally at the level of the test bar. 

Prentressing was applied while the beam was subjected to a static load. This 

was done to prevent flexural cracking of the unreinforced compression' flange. 

The prestress force cuuned all cracks to clone gradually as the load was re-

duced from its maximum during a load cycle. Full clouure of a flexural crack 

was assumed to have the effect of returning the test beam to its uncracked 

stiffness. 

C-I 

It was assumed for the stress calculations that the external pre-

stressing reds had no effect on flexural stiffness. Furthermore, it was as-

sumed that the magnitude of the prestresning force remained constant during 

bending of the beam. 

Calculations to determine uteel stresses were carried cut on an 

IBM 1130 computer. An average cross-sectional area was computed for each 

test bar on the basis of its weight. The modulus of elasticity for the 

test bars was taken as 29,000 hal. 

hal. 

Forces due to the inertla of a test beam and its loading equipment 

were taken into account in accordance with recommendations contained in the 

Ansler Instrextion Mamuaj. For these cslculutions,unit weight of the con-

crete was taken to be 1144 lbs. per cubic foot, based on the weight of standard 

6x12-in. cylinders. The inertia forces did not exceed 9 percent of the applied 

repeated loading. 

The calculated values of minimum stress, 
min 

 and stress range, 

were calculated for each test bar. 

No attempt was made to tale into account the effects of concrete 

creep and shrinkage on the minimum stress level in a test bar. 

Strain Gradient. Although it is counnon practice in the design of 

reinforced concrete members to ansume that the stress in the reinforcing 

element in uniform, the stress probably varies in a manner similar to the 

overall distribution of strain acroso the depth of a beam section. There-

fore the stress at the remote edge of a test bar from the neutral axis may 

be more significant, as fur as fatigue is concerned, than the average stress 

at the nidfiberu of the bar. 

Neutral Axis of Test Beam 

\r strain 

es  

Test Bar-°  

Is 

dnomo6u  dnomntO°  dnomul8°  

Fig. C-2 Influence of Depth of Beam on Strain Gradient 

C -3 



74 

The rate of change of strain over the depth of a beam, the strain 

gradient, is a measure of ho,, much the stress will vary over the depth of a 

reinforcing bar embedded in a concrete beam. The strain gradient, , may be 

calculated as, 

$ = € /(l -k)d 

The steepness of the gradient varies inversely with the effective depth of 

a beam for a given reinforcement stress level, as illustrated in Fig. C-B. 

As indicated in Table B-i, the nominal effective depth, d 0,,,, of 

the test beams was 61  10, or IS in. For a given bar size, all beams hawing 

the same effective depth have the same strain gradient at a particular 

stress level. Depth to the neutral axis of the beams subjected to 

stress reversal was, however, affected by the prestress fOrce. To main-

balm approximately the same strain gradient as in the oos-prestressed 

beams, the reinforcement in the prestressed beams was placed at a nominal 

effective depth of 6.75, U, or 20 in. respectively. 

Width of the compression flange, b, was varied with the size 

of the bar being tested. This served to maintain a nearly constant 

distance from the neutral axis to the centroid of the test bar for 

beams of the same nominal effective depth. 

It is reasonable, using the neutral axis as a reference, to 

consider the critical stress on a test bar cross section to have occurred 

at the remote edge of the barrel of the bar rather than at the remote 

edge of the longitudinal rib. This stress say be written as 

f = f (1 + a) 

where 
0 

a=2(1 k)d 

and 0 is the diameter of the bar across the barrel. The coefficient a 

C-h 

It may be expected, solely on the basis of the above, that the initi-

ation of a fatigue crack in 5 reinforcing bar embedded within a concrete beam 

should occur in the fibers furthext from the neutral axis. This is generally 

the case, as may be seen in Table B-B. However, exceptions are easily found, 

for example, among the bars from Manufacturer A, when the location of the 

critical lug geometry dominates. Thus there appears to be no compelling rea-

son for considering the stress in the outermost fibers to be the critical 

stress in a test bar. It is, in fact, desirable to define the critical stress 

as the average bar stress, calculated according to usual design office prac-

tice. Any influence of the strain gradient on fatigue strength may then be 

accounted for, in a prediction equation, by bar diameter or effective depth 

terms. 

Experimental Verification. At the start of the experieental sorb, 

special tests were carried out on beams representative of those in Groups 

No. I, 4, and 21. These tests were intended to verify that the calculated 

stress was closely equal to the stress determined from experimentally mea-

sured strain in the test bar. 

Strain in the test bars was measured by means of electrical re-

sistance strain gages. These were mounted on the longitudinal ribs and barrel 

of each test bar. The gaging techniques used are described in detail else-

where. 

Surface preparation for rib mounted gages was nininized by the use 

of narrow 70 mn (2-3/4 in.) long gages. These were mounted on opposite sides 

of the bar and their outrmt averaged. Strains on the barrel of each test bar 

were measured by mounting i/B-in, long gages nidvay between the longitudinal 

ribs and between two transverse lags. These gages were also mounted on oppo-

site sides of the bar and their output averaged.  

represents the percentage by which the stress at the far edge of the bar 

in greater than the average stress across the bar. 

The coefficient a was constant for all stress levels in each group 

of tests on non-prestressed beams. In the prestressed test beams, on the other 

hand, the magnitude of the coefficient varied continuously with the stress 

level in the test bar. This was due to the variation in depth to the neutral 

axis with stress level. 

For the non-prestressed test beams, the stress range at the far 

edge of the bar may be expressed in terms of the coefficient a as 

e a) 

For the prestressed test beams, the strain gradient effect is slightly 

greater since the minimum and maxinum stress level effects are additive. 

Values of the coefficient a for the beams used in the test program 

are given in Table C -1. In the case of the prestressed beams, the values pm - 

nested are average values for the stress range levels used. The value of the 

coefficient is highest for a shallow beam containing a heavy reinforcing bar. 

TABlE C -1 EFFT OF SIBAIN BtADIENT 

('oefficient a for Ordinaff Tent Beans 

dnon, 5r Size 

_16., 5 8 Q 
6 0.089 0.084 0.114 0.142 0.157 

10 0.038 0.047 0.083 0.079 0.087 

18 0.020 0.024 0.032 0.041 0.045 

Average Coefficient a for Preatressed Test Beams 

6 0.153 

10

, 

0 0.050 0.089 0.085 

18 0.037 
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Axial tension tests were carried Out in air on samples of all sizes 

of bars from Manufacturer A. Both types of gages were mounted on each sample. 

In these tests, strains measured with the 1/8-in, long gages consistently 

ranged between 16 and 20 percent greater than the strains measured with the 

longer gages. A modulus of elasticity close to 29,000 hal was indicated by 

the 70 m. gages. However, no significant difference between the two types 

of gages was recorded during a separate axial tension test on a plain 1 in. 

diameter cola rolled bar. 

Strains recorded from the two types of gages, when mounted on test 

bars embedded in concrete beams, showed reasonably good agreement with cal-

culated values, regardless of the type of gage. In each case, the gages 

were located at the crack former in the beam before casting. However, each 

set of 1/8-in, long gages may not have been crossed directly by the formed 

crack. Because of the difference in results from the two types of gages in 

axial tension tests, uncertainty regarding the position of the 1/8-in, long 

gages relative to a flexural crack, and concern that an excessive disturbance 

to bar geometry is mounting the 70 m. gages might affect the fatigue test 

results, no bars in the main tasting program were gaged. 

An elastic modulus of 29,000 ksi was used to determine stresses 

from strains measured on the embedded test bars. For comparison, the stresses 

due to application of the ran loads alone were calculated, using procedures 

described earlier in this appendix. Plots of calculated and experimentally 

determined stresses are shown in Figs. C-3 and C-h. 

Results of tests on a beam similar to those tested in Group No. 1 

are shown in Fig. 1-3. taperimental curve A was obtained in a static test, 

conducted after the beam had been subjected to 15,000 cycles of repeated load-

ing, intended to result in a minimum stress of 6 lii and a stress range of 24 

C-6 	 0 	
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kni in the test bar. Curve B wan obtained in a similar manner, for an intended 

stress range of 36 kai, after an additional 5,000 cycles of loading had been 

applied,and curve C was determined, for an intended stress range of 1+8 hot, 

after a further 15,000 cycles. 

For the greater part of their lengths, curves A. B, and C are 

straight lines very nearly parallel to the line representing calculated data. 

The nonlinearity found at low loads is apparently due to the inability of the 

concrete flexural cracks to close caspletely. The ratios of experimental to 

calculated stress ranges for A, B, and C were 0.93, 0.96, and 0.98, re- 

spectively. 

loading on the beam was subsequently changed to produce an intended 

minimum stress in the test bar of 18 kni. For intended stress ranges of 214 

and 36 kni, the ratios of experimental to calculated stress range were 1.00 

and 0.99, respectively. 

Results of a test on a beam similar to those tested in Group No. 14 

are shows in Fig. C-1'. The experimental curve was obtained is a static load 

test conducted after 7,000 cycles of loading had been applied to the beam. At 

a calculated stress range of 36 kni, the ratio of experimental to calculated 

stress was 1.02. Projecting the two curves forward, one obtains ratios of 

0.96 and 0.914  at calculated stress ranges of 
145  and  514  ksi, respectively. 

It was noted in tests on the non-preotrenoed beams that the minimum 

stress is the test bar tended to increase with the number of cycles of loading 

applied to the been. This effect is attributed to creep and microcracking in 

the canpression concrete and to loss of bond in the vicinity of the flexural 

crack where the gages were located. 
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In aumnary, differences of up to 3.5 kni were found between measured 

and calculated stresses. However, this difference was generally much less and 

tended to be reduced as the number of cycles of loading increased. The method 

of calculation of test bar stresses was therefore regarded as being satin - 

fsutoly. It should be noted that the procedure ,,sed to calculate the stresses 

In the test bars was the same as that commonly used for reinforced concrete 

members. 

Introduction to the Statistical Analysts 

Each phase of the test program was designed and executed to permit 

the effects under study to be evaluated by statistical means. In Phase I, 

the aim of the statistical analysis was to identify which of the specified 

variables -- stress range, minimum stress, bar diameter, grade of bar, and 

type of Specimen - - were significant, and to quantify their effects on 

fatigue life. The principal aim of the statistical analysis to Phase II 

was to relate the fatigue limit at 5,000, 000 cycles to the geometric 

characteristics of the surface deformations rolled onto each manufacturer's 

bars. Further analysis in both phases of the test program was used to assess 

the effects of other variables on the fatigue liven of the test bars. 

In the analysis, a diStinction was made between finite-life data, 

when the fatigue life is strongly influenced by the applied stress range, 

and long-life data, when the test conditions place the bar near its fatigue 

limit. The Phase I test program was not specifically designed for the study 

of long-life data. However, a convenient separation p01st between the two 

kinds of data was found to be at a stress range of 28 kai. Thus, tests 

married out with a stress range in the test bars greater than 28 kni were 

regarded as reaulting is finite-life data while tests with a-lower stress 

range were considered to lead to long-life data. 

Phase II of the test program was designed to allow a clear separa-

tion of the two kinds of data. Thus, tests included in Groupo No. 33, 35, 37,' 

39, and 141 were intended to result in finite-life data while tests included in 

Oroups No. 32, 31+, 36, 38, and 140 represented long-life data. Some of the 

lead-in tests for the long-life test series did, however, fall into the finite-

life region, but this had no effect on the analysis. 

Amalysts of Phase I data was, by the nature of the experiment, largely 

confined to the analysis of finite-life data. First, individual groups were 

studied by linear regression analysis. This was followed by analysis of vari-

ance of several factorial designs, each encuopassing a number of groups. 

Finally; all Phase I groups were studied as a whole by multiple linear regres-

sion. At each stage, extensive use was made of previous results. 

Analysis of long-life data was emphasized in Phase II. A method 

of determining the mean fatigue limit at 5 million cycles and its standard 

deviation was developed. Finite-life data from Phase II were also exten-

sively studied by means of various linear regression procedures. Tolerance 

limits were established for both finite-life and long-life data. 

Preliminary Considerations 

Prior to the initiation of the statistical analysis, a number of 

questions had to be resolved regarding the suitability of some of the test 

results for inclusion in the general analysis. Some of these are completely 

dealt with here; others are mentioned here but dealt with in greater detail 

in the later sections. 

The experimental work was described in detail is Appendix B. The 

main part of the Phase I test program condistdd of 31 groups of 7 taste. 

Within each group, the only intended variable was the stress range in the 
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test bar. These tests were performed in random order. However, to establish 

stress ranges for conducting the tests, a series of seven tests was carried 

cut on beams similar to those is Group No. 1 before the start of the resin part 

of the test program. These tests were carried out at a time when the sxperi-

mental procedure had not yet become a matter of routine. Therefore, they may 

have been subject to systematic and procedural error. 

To obtain a better estimate of variation within a group, a third 

series of seven tests, similar to those is Group No. l,was carried out at the 

conclusion of the main part of the Phase I test program. These tests were 

randomized only for stress range. 

Two groups of tests in Phase II of the test program, Groups No. 32 

and 33, were carried out an bars that remained from the Phase I test program. 

Test beams in these groups were similar to the beams in Group No. 1 but were 

tested in a different test setup, after a considerable time lapse, and with 

different personnel. The order of testing was frilly randomized within the 

finite-life and loog-itfe parts of Phase II. 

Tests is Group No. 1, performed at the beginning and end of the 

main part of the Phase I test program, can only be included in the statistical 

analysis alongside the fully randomized Group No. 1 tests, if they are all 

shown to belong to the same popolatlon. Group No. 33 provides a link between 

the two phases of the test program. Thus the two phases may be considered to 

be statistically compatible if it can be shown that data from Groups No. 1 and 

33 represent the same popalation. An analysis of covarisnce(20,21)  was per-

formed to establish the homingeneity of these various sets of data. 

A separate regression line was fitted to the finite-life data from 

each set of tests is Group No. 1 and to Group No. 33. The logarithm of the 
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TABLE C-i HCA400ENEITC OF GROUPs NO. 1 AND 33 

ividusl Rz,ults  

Series N,.m,ber Mean Mean Slope Mean 
of Data Value, Volue Square s 
Points f 

r Log N Sum of max 
Errors, 

1 6 39.97 5.14270 .0.014912 0.004001 9.35 
2 5 140.23 5.14370 -0.014665 0.0001428 
3 5 1+0.18 5.1+173 -0.01+579 0.001370 

14 9 42.87 1 	5.2896 1 	_0.01+441 1  0.002962 

Pooled Results 

Grand Grand Slope of Slope of Slope of 
Mess Mean Parallel Lion for Overall 
Value, Value Lines Mean Line 

fr Log N Values 

41.11 5.3776 -0.04597 .0.014967 -0.04607 

AN000VA  

Source of Variance Sum of Degrees Mean F-Ratio 
Squares of Square 

Freedork Sums, 

Between parallel and 
series meas slopes 0.000584 1 0.000584 0.24 

Series means about 
their line 0.001729 2 0.000865 0.35 

Between the individual 
slopes 0.004843 3 0.001614 0.65 

About the individual 
Lines 0.042137 17 0.002479 

Due to the overall line 3.342120 1 3.342120 1559.43 
About the overall line 0.0149293 23 0.002143 

Total (corrected for mean) 3.391413 24 

number of cycles to failure, iog II, was taken as the dependent variable and 

stress range, 
r'  as the independent variable. The results are given in 

Table 0-2. Series 1 refers to the initial tests in Group No. 1, Series 2 

refers to the randomized tests performed within the main part of the Phase I 

test program, Series 3 refers to the final tests in Group No. 1, and Series 4 

refers to the tests in Group No. 33. 

The first requirement the four sets of data oust satisfy is that 

their variances be estimates of a con variance. The standard test for con-

stancy of variance, horuoscedasticity, is Bartlett's test(225 *The competed 

test statistic was 3.49 and was compared with the chi square distribution. The 

95 percentile of the distribution is 7.81 for 3 degrees of freedom. Hence, 

the cull hypothesis that all four sets have a conenon variance cannot be re-

jected at a 5 percent level of significance. 

Bartlett's test has been OhOWfl(26)  to be inaccurate when the number 

of degrees of freedom is small. As alternative, Hartley's test, has been pro-

posed(27)  and  tabulated(98. 99 , where the test statistic is the ratio of the 

largest to the smallest asmple variance. The test statistic was 9.35 and was 

compared at a 5 percent significance level with Hartley's statistic of 20.6 

for four estimates of variance having a mean 4 degrees of freedom. This con-

firms that the null hypothesis that the individual regression limes have a 

comos variance cannot be rejected. 

The criterion for all four sets of data to come from the same pope-

lation is that a single line, the over-all regression line, be as adequate fit 

to all four sets. Evaluation of this possibility advances from a test for 

parallelism of the regression lines to a test for linearity of group means 

and finally a test of equality between the group mean slope and an over-all 
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slope. In each case, a ratio of mean square sums, an F-ratio, given in the 

ANOCOVA table in Table 0.2, is compared with the appropriate value of the 

F_distributioo(20,28.29).  At the 95 percentile point, the tabalated values 

are F(3,17;095) = 3.20, F(2,17;095) = 3.59, and F(1,17;095) m 4.45 and com-

pare with observed F-ratios of 0.65; 0.35, and 0.21+, respectively. Each 

hypothesis in turn cannot be rejected at a 5 percent significance level and 

the various sets of data may be taken to represent a single popelation. 

Therefore, all of the Group No. 1 data were included in the statistical 

analysis of Phase I data. Furthermore, this connection between Phase I and 

Phase II data allows conclusions draws from one to be shared with the other. 

Some of the tests conducted at stress ranges below 28 ksi in Phase I 

of the test program did not result is failure within 5 million cycles. In 

addition, a number of the staircase tests conducted in Phase II survived 

5 million cycles of loading. In each case, the test was then terminated. The 

test bean was ansigned a new test number by adding 1000 to the original Phase I 

test number and 3000 to the Phase II number. Loading was thee resumed, but at 

a higher stress range, causing a failure in the finite-life region. These 

finite-life tests had thus received a different treatment from the standard 

finite-life tests. It was therefore decided that such rerun tests should not 

be included in the main analysis of finite-life test data. 

Each test bar carried a manufacturer's bar identification mark at 

regular intervals. The geometry of the bar mark may differ from that of the 

transverse logs, and consequently the bar mark could affect the fatigue pro-

perties of a test bar. For this reason, a conscious effort was made, as noted 

is Appendix B, to avoid locating a bar mark at the crack former placed at mid-

span of each test beam. 

C -14 1-15 
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A fatigue failure was initiated at a bar mark in five tests of 

Phase I -- No. 96 in Group 21, No. 152 in Group No. 13,  and No. 187, 1010, 

and 1222, all in Group No. 21 -- and in nix tests of Phase II -- No. 27 in 

Group No. 38, and No. 70, 105, 109, 3051, and 5066, all in Groups No, 10 and 

Il. Except for the rerun tests, these tests were included in the main part 

of the statistical analysis. Test No. 3066 was excluded from the analysis of 

rerun tests, because the failure was evidently anomalous, occurring at only 

one-fifth of the expected life. 

In some of the tests in Groups No. 7, 8,  9, 19, 21, 22, 28, and 30, 

the higher stress ranges caused yielding of the test barn under initial ap-

plication of load. When this happened, the test beam underwent a permanent 

deflection. However, its subsequent behavior under repeated loading was 

elastic. The tests where yielding occurred were included in the main pert of 

the statistical analysis. 

In a few instances, a pert of the test on a specimen was run under 

conditions that deviated from the specified test conditions. For example, the 

load may have been in error, or the open length incorrect. If the error was 

evident in the early stages of a test, it was corrected. In each instance, 

the fact was noted for future reference. During the statistical analysis, 

these tests continually received special attention. They were not included in 

the analysis of the factorial designs. However, they were included initially 

in the multiple linear regression. Test No. 77 in Group No. 5 was finally re-

jected from the regression data as an nuttier. This was dose on the basis of 

its having a residual more than four times larger than the residual standard 

deviation of the regression equation. During Test No. 77, as described in 

Appendix B, a power failure had occurred and the beam, being prestressed, 
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assumption of a random sample. It is noted, however, that it is virtually 

impossible to randomize all factors in an experiment of this nature. 

too-Normal Population. For representing the data, a statistical 

distribution should be zhosen(1l)that is in reasonable agreement with the 

data, and that is mathematically tractable. The normal distribution is mathe-

natically tractable for many problems. Many techniques of statistical infer-

ence have been derived on the assumption of normally distributed data. The 

second assumption of a log-normal population implies that the logarithm of 

the observed fatigue lives is normally distributed. 

Several of the statistical results obtained depend on the use of 

regression lines for each individual group of data. The significance of 

the parameters of a regression is measured by means of the error variance, 

which in turn requires the assumption of normalcy. The large number of tests 

in Groups No. 1 and 33, drawn from a single population, allowed this assump-

tion to be tested. 

A test to evaluate the assumption of a normal distribution is pro-

vided in the w-test 22,23) The test statistic, W, was calculated from the 

residuals of the over-all regression performed on the finite-life data from 

Groups No. 1 and 33 and was found to be equal to 0.973. This was compared 

with tabulated values, which for 25 data points are W(25;010) = 0.931 and 

w(25;050) = 0.964 at the 10 and 50 percent probability levels, respectively. 

Consequently, the hypothesis that the residuals are normally distributed can-

not be rejected. The approximate probability (2223) that the regression 

residuals represent a sample drawn from a normal distribution was calculated 

and found to be 72 percent. 

A mare familiar and interpretative test is to compare a plot of 

cumulative observations against regression residuals on normal probability  

developed cracking through the extreme concrete compression fiber. 

Three test beams in Phase I of the test program -- No. 157 in Group 

No. 30, No. 175 in Group No. 22, and No. 221 in Group No. 9 - failed in 

fatigue of the concrete in compression when subjected to a loading intended 

to result in a stress range of 54 ksi in the test bar. These tests were not 

included in the statistical analysis. 

Tests in Group No. 12 were intended for a study of fatigue crack 

growth, and loading was terminated before failure of the test bar occurred. 

None of these tests was included in the statistical analysis. 

Test No. 3051 in Group No. 34  was not included in the analysis of 

rerun data as the number of cycles to failure had been improperly recorded. 

Compliance with Assumptions of Analysts 

The statistical methods used in analyzing the experimental data 

are based on three main assümptions ° , 

The data observed during each test constitute a random 

ample from a population of all possible test results. 

The observed fatigue lives are random samples from a 

log-normal population. 

The observed fatigue lives have constancy of variance. 

Random Sample. A random sample is one selected by a random process. 

It is thus free of bias, such as conscious or unconscious discrimination by 

an individual, or the effect of gradual change in measuring apparatus. For 

a particular population, point estimates of the mean and variance, and esti-

mates of confidence intervals and tolerance limits, may be made from random 

samples. The procedures followed in carrying out the testing program were 

described in detail in Appendix B. To a large degree, they satisfy the first 
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paper is a straight lime, as is shown in Fig. C-5. In order to minimize bias, 

the residuals were plotted against the cumulative frequency (ioo - p) equal to 

(i - 3/8)/(n C 1/4) as suggested by 	and Kimball' for the normal 

distribution. Again, the hypothesis of normal residuals cannot be rejected. 

As the tabulated values required for the W-tèst are given only for 

a maximum sample size of 50, the chi square test was used to evaluate the 

normalcy assumption for the multiple linear regression of the Phase I finite-

life test data. This test is based on dividing the range of the sample into 

cells, such that as equal number of observations are expected to fall into 

each cell. The test was applied to the residuals obtained from the multiple 

linear regression on the specified Phase I variables, discussed in the sec-

tion entitled 'Multiple Linear Regression." 

The sample consisted of 166 regression residuals. The mean of a 

population of regression residuals is zero by definition. The standard de-

viation of the residuals was found to be 0.1064. Using the Mann_Wald(58) 

criterion at a 5 percent level, as modified by Williams(5924), the number 

of cells was chosen to be k equal to lb. Therefore the expected number of 

residuals per cell was 12. 

The actual number of residuals In each cell is illustrated in 

Fig. c-6. The test statistic was found to be 15.2. This was compared with 

the tabulated values 
(22)  for chi square, using 12 degrees of freedom. The 

probability of obtaining values of chi square less than the above test sta-

tistic is between 70 and 80 percent. Thus the hypothesis that the residuals 

are normally distributed cannot be rejected at the 5 percent level of signifi-

csnce. It is noted(2029)  that an analysis of variance and multiple linear 

regression may remain valid under moderate deviations from the assumptions 

of normalcy. 

C-lB 	 C-l9 
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Constancy of Variance. The usual equations for the estimation of 

parametero by the method of leant squares are based on applying equal weights' 

to all of the observations on the dependent variable, and that this "weight" 

is unity. This is true only if the variance of the residuals is constant for - 

all levels of the dependent variable,as required by the third assumption, if 

the variance is not constant, each observation must be "weighted" inversely as 

its variance to obtain efficient estimates of the regression coefficients. 

As before, the large number of tests in Groups No. 1 and 33, repre-

senting a single population, allowed the assumption of constancy of variance 

to be tested. Using the regression analysis of the finite-life data from 

these groups, the observed values of the dependent Variable were adjusted by 

means of the slope of the regression line to the nearest of three cosmos 

stress range levels, 52.9, 1+5.1, and 35.1 ksi. Test No. l  from Group No. 1, 

with a stress range of 28.8 mi, was excluded as requiring too large an 

adjuotnent. 

Variance at the 52.9 bsi stress range level was found to be ouch 

higher than that at the other levels. This was caused by Test No. 88 fron 

Group No. 33 which was found to have a much larger deviation from the mean 

than the other tests. Therefore,the r ratio test8  for an outlier was 

applied to Test No. 88. The hypothesis that Test No. 88 represents the same 

population as the other tests was rejected at the 1 percent confidence level. 

Test No. 88 was therefore discarded from this analysis and the remaining 

tests were adjusted to a new mean stress range level of 52.6 ksi. 

The cumulative frequency of the logarithm of observed fatigue lives 

was plotted, at each of the three stress range levels, as shown in Fig. C-7. 

As before, Blom s(56 ,57)  suggestion on plotting positions was followed. The 

slope of the cumulative frequency distribution for the tests adjusted to a 
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stress range of 35.1 ksi was determined from their standard deviation and the 

line passed through their mean value. This slope was them used to draw cor-

responding limes through the mean values at the other stress range levels. 

On the basin of Fig. C-7, the hypothesis that the error variance is constant 

with stress range level for the data from Groups No. 1 and 33 cannot be re-

jected. It is believed that this hypothesis may be extended to all finite-

life data. 

Confirmation that the variance is constant with stress range level 

for Groups No. 1 and 33 was obtained by applying Bartlett's test(2025) to 

the adjusted data. The variance at each stress range level is given in Table 

C-3. The test statistic was 10.32 which was compared with the chi square dis-

tribution for 2 degrees of freedom. Tabulated vaiues(22) of the chi square 

distribution at the 80 and 90 percent levels are 3.22 and 10.61, respectively. 

Therefore the hypothesis of a constant variance cannot be rejected at a 5 
percent confidence level. 

The multiple linear regression on Phase I finite-life data is simi-

larly based on the assumption of constancy of variance. A test was therefore 

appropriate. The main part of the Phase I test program was carried out at 

three nominal stress range levels. Within each group, the value of the 

logarithm of each observed fatigue life in the finite-life region was ad-

justed by means of the individual group regression line to the nearest of 

the three nominal stress range levels -- 36, +8, and 51+ ksi -- cannon to all 

groups. This allowed an estimate of the variance for all Phase I groups to 

be calculated at each of the three levels. At the 36 ksi level, the mean 

value of the adjusted fatigue lives was used for each group, since three tests 

were carried out within each group at a nominal stress range of 36 had. 
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TABLE C-3 TEST FOR GROUP CONSTANCY OF VARIANCE 

Adjusted Mean Sum of Degrees Variance 
Stress Adjusted Squared of 
Range Log N Deviations Freedom 

From Mean 

35.10 5.61491 0.011.214 1.2 0.000914 

145.10 5.21467 0.000514 14 0.000114 

52.55 14.8020 0.00579 14 0.001.1+5 

TABLE C-l+ TEST FOR OVER-ALL CCSISTANCY OF VARIANCE 

Adjusted Mean Sum of Degrees Variance Standard 2 

Stress Adjusted Squared of 2 Error °msx 
Range Log N Deviations Freedom 5 

From Mean 

36 5.5866 0.59135 30 0.01971 0.114014 

148 5.1018 0.92281 29 0.03182 0.17814 1.61 

514 14.9338 0.75720 27 0.02801+ 0.1675 
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Fig. C-8 Cumulative Frequency Distributions of Fatigue Li'es 
in Phase I Finite-Life Tests 

Three groups did not have a representative value at the 514 ksi level, and 

one group lacked a value at the 148 ksi level. 

The sums of the squared deviations about the can value at each 

stress range level were calculated and are given in Table C.I+. 

Using Hartley's test(26,27 for constancy of variance, the test 

statistic of 1.61 was compared at the 5 percent significance level with the 

tabulated value 98, 
	

of 2.1+0 for three estimates of variance, each having 

30 degrees of freedom. The hypothesis that the variance of the logarithm of 

the observed fatigue lives is constant for all stress levels cannot be 

rejected. 

The cumulative frequency distribution is plotted in Fig. C-8, using 

BLoms657) suggestion for plotting positions. The mean value at each 

stress range level is the mean of the adjusted values of the logarithm of 

the observed fatigue lives for that level. The slope was, in each case, de-

termined from the value of the pooled standard error. 

Linearity of Regression 

The finite-life test program in Phase II was designed to allow the 

assumption of a linear relatisnship between stress range and logarithm of 

the number of cycles to failure to be tested. Each of Groups No. 33, 35, 37, 

39, and 41 was intended to have three tests at each of three nominal stress 

range levels -- 314, 1+1+, and 514 ksi. Load levels for one test in each of 

Groups No. 33 and 141 were, however, inadvertently interchanged. As a result, 

Group No. 33 had four tests at a nominal stress range of 3+4 ksi and two tests 

at 1414 ksi, while Group No. +41 had two tests at a nominal stress range of 3+4 

hal and four tests at 1414 hat. This did not affect the ensuing analysis. 
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Having several observations on the dependent variable, logarithm of 

the number of cycles to failure, for each value of the independent variable, 

stress range, allowed the sum of squared deviations about a regression line 

to be partitioned f++rther than otherwine(20). This partitioning Included the 

usual variances due to and about the regression line in addition to the within 

set variance resulting from having sets of data at each stress range level. 

The regression was, in effect, performed on the mean values of the various 

sets of data. A test for linearity was then obtained by comparing the variance 

of the mean values about the regression line with the within set variance. 

A regression analysis was performed on each of the finite-life 

Phase II groups of data. The logarithm of each observed number of cycles to 

failure was then adjusted by means of the slope of the regression line to cor-

respond to similar values at the nearest nominal stress range level. A re-

gression analysis was then performed on the adjusted vslues,taking into account 

the clustering of data at each of the three nominal stress range values. The 

analysis of variance obtained for each group from this regression is given in 

Table C-5. 

The test for linearity consists of comparing the F.ratio, obtained 

by division of the mean square sum due to the set means about their line by 

the within set mean square sum, to the appropriate value of the P-distribution 

(20.28.29) The observed F-ratios were 4.68, 8.15, 0.33, 0.08, and 3.59 for 

Groups No. 33 to 41, respectively, and were compared with the 95 percentile 

of the F-distribution, or F(1,6;095) = 5.99. The hypothesis that the mean 

values lie on a straight line cannot be rejected at the 5 percent confidence 

level for any but Group No. 35. The evidence does, however, point to linearity 

particularly in the case of Group No. 39. Consequently,a linear relationship 
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TABLE 1-5 LINEARITY OF REGRESSION 

Group Source of Variance Sum of Degrees Mean F-Ratio 
Squares of Squares 

Freedom Sum 
a2  

Slope of Line 1.3621*90 1 1.3621*90 701.95 

Set means about line 0.009086 1 0.009086 4.68 

33 Within sets 0.011616 6 0.001911  

Total (corrected for mean) 1.383222 8 

Slope of Line 1.059260 1 1.059260 108.61 

Set means about line 0.021131 1 0.021131 8.15 

35 Within sets 0.015553 6 0.002592  

TotAl (corrected for mean) 1.095911 8 

Slope of line 0.551132 1 0.534132 671.1*0 

Set means about line 0.000261 1 0.000261 0.33 

37 Within sets 0.001773 6 0.000796 

Total (corrected for mean) 0.539166 8 

Slope of line 0.988875 1 0.988875 661.93 

Set means about line 0.000124 1 0.0001.2*4 0.08 

39 Within sets 0.008961* 6 0.0011491* 

Total (corrected for mean) 0.997963 8 

Slope of line 0.861595 1 0.861595 218.63 

Set means about line 0.011158 1 0.0111158 3.59 

41 Within sets 0.0236145 6 0.003911 

Total (corrected for mean) 0.899398 8 
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TABLE c-6 GROUP *IUMRS IN FACTORIAL DESIGNS 

Factorials I & V Factiriais II & VI 

6 10 18  -6 6 18 

0.625 15 10 11* 0.625 18 10 19 
0.75 25 12 21* 
1.00 3 1 2 1.00 l 1 7 
1.27 27 13 26 
1.141 17 11 16 1.141 20 11 21 

Factorials III & VII Factorials IV & VIII 

fmmn i5t 

between logarithm of the number of cyclea to failure and stress range was 

asnumed to hold true for all groups of data. 

A second observed F-ratio for each group, obtained by dividing the 

mean square sum due to the slope of the regression by the within set mean 

square nun, allowed the hypotheais of a nero slope to be tested. The observed 

values were 701.95, 108.64, 671.1*0, 661.93, and 218.63 for Groups No. 33 to Ill, 

reopectively, and were again compared with an F-distribution value of 5.99. 

The evidence for a meaningful relationship between logarithm of the number of 

cyclea to failure and stress range is overwhelming. These observed F-ratios 

may be compared with the partial F-ratio obtained in the first step of each ,of 

the multiple linear regreooionn to be dencribed in lAter sections. 

Factorial Designs 

Phase I of this experiment was designed to allow classification of 

the finite-life data into four distinct patterns or factorials, according to 

the specified variables of stress range, minimum stress level, size of bar, 

grade of bar, and type of specimen. The pattern for each factorial design 

in shows in Table C-6. Each factorial was studied as a two-way design and as 

a three-way design. The two-way designs made use of the replication afforded 

by the three repeated tests at the nasinal stress range of 36 ksi. The three-

way designs had nominsl stress range levels of 36, 48,aod 514  hot as the third 

factor. 

For instance, Factorial I refers to a two-way design in bar diazs-

eter at five levels and effective depth at three levels. Factorial V refers 

to the three-way design for the same groups, using stress range at three 

levels as the third factor. Thus Factorials I through IV refer to two-way 

designs and Factorials V through VIII refer to three-way designs. 

C-29 

Data entered in the factorial designs consisted of adjusted finite-

life test results from Phase I of the test program. To obtain these,s 

regression line was fitted to the test data from each group, using the logs-

ritlos of the observed fatigue lives as the dependent variable and stress 

range as the independent variable. Each test result was theo adjusted to Its 

appropriate naninal stress range level by projection along a line parallel to 

the regression line. 

In determining the regression lines, 511 tests having a stress 

range less than 28 ksi were excluded, since these were considered to fall 

into the long-life region for each group. Excluded also were all reruns of 

runout tests, all tests resulting in a concrete fatigue failure, and all 

tests where some deviation from the usual test procedure had occurred. 

The results of the analysis are given in Table 1-7, where the dif-
ference in slopes and variance is,to a barge extent,accounted for by the 

experimental and physical impassibility of exact, within group, control of 

variables. A similar analysis, but including tests where a deviation from 

the usual test procedure had occurred, escept Test No. 77 in Group No. 5, 
resulted in the fitted lines shown in Fig. B-12. 

The factorial designs were studIed by analysis of variance. This 

analysis is sensitive to outlying values in the data. Consequently, as de-

scribed previously, tests in which some deviation from the usual test procedure 

had occurred were excluded from the within group regression analysis. Close 

examination of the residuals from the two-way factorials failed to reveal 

any significant outliers. 

Except for stress range, which was adjusted to the desired levels, 

the factorial designs were based on naxinal variations of the specified test 
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TABLE C-7 REGRESSION ANALYSIS OF PHASE I FINITE-LIFE DATA 

Group 
No. 

Predicted 
Value of 
Log N at 

Sb isi 
Slope Variance, 

52 
Group 
No. 

Predicted 
Value of 
Log N at
r = 36 ksil 

Slope Variance, 

1 5.6231 -0.0175 0.001893 16 5.1019 -0.0371 0.000990 

2 5.6241 -0.0488 0.001182 17 5.5319 -0.0102 0.001690 

3 5.6051 -0.0123 0.000521 18 5.8596 -0.0322 0.004861 

4 5.9125 -0.0567 0.025756 19 5.1856 -0.0337 0.005201 

5 5.7209 -0.0351 0.001925 20 5.7727 -0.0116 0.010510 

6 5.6152 -0.0386 0.001161 21 5.1037 -0.0385 0.000112 

7 5.6015 -0.0101 0.013629 22 5.4674 -0.0502 0.008525 

8 5.11133 -0.0323 0.0111151 23 5.6070 -0.0315 0.002707 

9 5.4605 -0.0689 0.000590 24 5.5635 -0.0137 0.000863 

10 5.6257 -0.0346 0.006318 25 5.71193 -0.0656 0.017739 

11 5.6880 -0.0378 0.000062 26 5.5372 -0.0606 0.007198 

12 5.7730 -0.0610 0.015848 27 5.3963 -0.0398 0.000090 

13 5.14200 -0.0602 0.000187 28 5.5463 -0.0530 0.000776 

14 5.5958 -0.0262 0.0258143 29 5.6490 -0.0311 0.006979 

15 5.6931 -0.0353 0.021302 30 5.2682 -0.0465 0.000665 

31 5.6005 _0.01423 0.002178 

81 

C-32 

variables. Actually, all variables differed slightly from the noninal 

values. The effects of errors in the factor levels have been studied by 

Eax los), who concluded that the usual analysis of variance remains robust 

when intended levels are used in place of those actually run. 

In some inatancea, the exclusion of all rerun and deviant 

data from the within group regression resulted either in missing data 

points at high stress range values, or within group variances at the 36 

ksi stress range level that were baaed on two rather than three repli - 

cations. In each case, a predicted or as adjusted value was used 

based on the within group regression. 

The variance of the within group replications, adjusted to 

the 36 hal stress range level, allowed a test to be made to determine 

whether the data used for each of Factorials I through IV came from 

one population. These variances are gives in Table C.8 and are sees 

to differ greatly. By means of Hartley'a teat(27 	the hypothesis 

that the data in Factorials I, III, and IV each have constant variance 

cannot be rejected while the same hypothesis must be rejected for Nbc-

tonal, design II at the 5 percent level. This results from the large 

variation within Group No. 4, and is largely due to a variation in 

minimum stress between the three "replicates'. Since the main purpose 

of the analysis  of the factorial designs was to eatablish the variables 

to be used in the multiple linear regression analysis, it was felt 

that some leeway was acceptable in the use of significance tests. 

The analysis of variance for the two-way designs proceeded 

in the standard manner for a linear model iC 20).In  addition, it 

used a technique of partitioning the interaction term that allowed an 

TABLE c-8 VARIANCE OF REPLICATES AT 36 KSI STRESS RARGE 

Group 
No. 

Variance 
s2 

Member of 
Factorial Desg_n Group 

No 
Variance 

S2 

Member of 
Factorial Lsly 	46fl 

I II FT III IV I II III IV 

1 0.000667 n x n n 16 0.00114142 x 

2 0.002376 x n 17 0.0039140 V 

3 0.000701 a a 18 0.001945 a 

11 0.038529 n x 19 0.007797 a 

5 0.007775 x 20 0.015352 a 

6 0.000099 a 21 0.000104 x 

7 0.003855 a x 22 0.002746 a 

8 0.006289 x 23 0.003642 a 

9 0.0007146 a 211 0.001237 a 

10 0.001405 x a x 25 0.017682 a 

11 0.000012 x x a 26 0.0068614 a 

12 0.022761 a 27 0.000130 a 

13 0.000142 a 28 0.000776 a 

14 0.068086 a 29 0.008853 x 

15 0.021008 a 30 o.0004115 a 

31 0.002176 a 

Factorial 
Design 

&'nrn,(  Number of 
Estimates 

Degrees of 
Freedom 

Hartley's 
0.05 Value if"' 

I 776 15 2 >o4 

II 621 9 2 1175 

III 1113 9 2 1175 

IV 389 9 2 1175 
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estimate of the underlying functional form to be calculated (60)  The model 

was 

Zij=Ai+Cj+ (B1  _]) c 

where A represents the ordinary row effect, and C,  is a measure of the 

ordinary column effect in that it differs only by the inclusion of the 

grand mean. The terms A1  and Bi  are, respectively, the intercept and 

slope that are obtained by linear regression across the i'th row. They 

represent a collection of straight Uses across the rows that may be 

either parallel or concurrent. Each of the terms Ai,  B1, and C was 

fitted by a straight line or a polynomial. 

Analysis of variance tables for the two-way designs are pre-

sented in Table C. In each case, the remaining interaction term was 

pooled with the within groups term. The Bi  term was not significant in 

Factorials II and IV, while the single C,  term was not significant in 

Factorial I. 

The lines in Factorials I and III were tested for concurrence 

by means of the correlation coefficient between the A1  and B1, and by 

partitioning of the (B1 - 1) C term gives in Table C-b. In either 

case, the hypothesis of concurrence could not be rejected. 

The B values in Factorial I were found to fluctuate con-

siderably about their mean and a third degree polynomial was indicated 

for the bar diameter, 0nom To verify this, a stepwise multiple regression 

was performed, as indicated in Table C-li, with the result that a 

straight line relationship in bar diameter explained 80 percent of the 

variation in Ni  while a cubic equation explained 98 percent of the variation. 
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Degrees 
Factorial Source of Sam of of Mean 

Design Variance Squares Freedom Square F-R t 

OF o  

Concurrence 0.11353 1 0.11353 

I Nonconcurrence 0.00772 3 0.00257 1414.114 

(B1  - 1)C 0.52125 14 0.03031 

Concurrence 0.0141146 1 0.011146 
III 

Nonconcurrence 0.00010 1 0.00010 1400.314 

(Bi - 1)C 0.014156 2 0.02078 

TABLE C-li MULTIPLE LINEAR REGRESSION IN FACTORIAL DESIGN I 

Variable Entered 

0nue D on  D,ou  Stepwise Result 

Residual Standard Deviation, a 3.147614 14.1099 1.971414 

Multiple N5  0.8008 0.811414 0.9785 

Regression F-Ratio 	. 12.06 14.39 15.23 

Degrees of Freedom, OF 3-1 2-2 1-3 

0 12.06 0.814 6.90 nom 

Partial F-Ratio D 5  0.15 7.68 

D° 7.93 

82 

TABLE C-9 ANALYSIS OF VARIANCE OF FACTORIAL DESIGNS 
	

TABLE C-10 TEST FOR CONCURRENCE 

Too-Way Designs  

Factorial Design I II ] 	III IV 
Degrees 1 

Source Of Mean 
I Freedma Square OF MS I OF S OF MS 

OF MS 

Rows 	(A.) 14 0.07810 2 0.06010 2 0.05781 2 0.05772 

Columns 	(C3 ) 2 0.00166 2 0.29101 2 0.093614 2 0.11959 

(Bi_i)C3 1 0.03031 2 0.000714 2 0.02078 2 0.008814 

Remainder 4 0.01095 2 0.00775 2 0.00263 2 0.021466 

Within Groups 30 0.00718 18 0.00912 18 0.00312 18 1 0.007014 

Total 1414 	 1 26 26 26 

Three-Way Designs 

Factorial Design V VI VII VIII 

Degrees 

Source 
of 

Mean 
Freedom Square DF MS OF MS OF MS 

DF MS 

Rows 	(A) l 0.114093 2 0.051488 2 0.08297 2 0.01912 

Columns 	(B) 2 0.01911 2 0.211459 2 0.214956 2 0.13807 

Stress Raege (C) 2 1.76565 2 1.191413 2 1.22330 2 1.141871 

AS 8 0.00522 14 0.01295 14 0.00600 14 0.011405 

AC 8 0.01209 14 0.01513 14 0.0014140 14 0.00569 

91 14 0.00882 14 0.00658 14 0.01055 14 0.0114146 

ABI 16 0.00656 8 0.00557 8 0.001141 8 0.01055 

Total 1414 26 26 26 
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TABLE C-li RESULTS OF ANALYSIS OF FACTORIAL DESIGNS 

The functional forms that resulted from Factorials I through 

IV are shown in Table C -12, along with some measures of the success of 

the fitting process. In each case, the significance of the parameters 

suffers somewhat from lack of degrees of freedom. However, a high 

degree of correlation was obtained, as shown by the rm  values. 

Table C -12 also containa the standard deviation, a, abtained 

for each factorial as a whole. The pooled standard deviation is 0.09148, 

and represents a measure of the minimum value to be expected from the 

multiple linear regression analysis using these same variables. 

The analysis of variance for the three.way designs also pre-

sumed a linear madel 1(20),  where it was assuoid that each data value 

entered in the scheme was from a separate population, normally distributed 

about its population mean, and with the same variance. The main effects --

A, B, C -- and the interactions -- .42, AC, 00 -- were tested against the 

overall interaction A00, since there were no replications available at the 

higher stress range levels. Table C-9 shows the analysis of variance tables. 

In testing the hypothesis that a particular effect is nero, the 

hypotheses for stress range, minimum stress, bar diameter, and grade of bar 

are all rejected at a 95 percent level. The hypothesis for effective depth 

is rejected at a 90 percent level in Factorial V, but cannot be rejected in 

Factorial VIII. The hypothesis cannot be rejected at a 95 percent level 

for all of the interactions. 

Multiple linear Regression 

The purpose of a multiple regression analysis is to establish a 

mndel for a particular response, in the present case the logarithm of the 

observed fatigue lives, in terms of a set of independent variables. Use of 

Factorial Regression Parameters Regresinn ___!!as. !!._f 
Design em - ra 5 F-Ratio OF 

Ai. 5.571 + 0.0129B 0.8755 0.0380 21.1 1-3 

I B. - 167.7 + 5911.9D 
Om 

_639•ODma + 212.603 nom 
0.9785 1.971414 15.2 3-1 

C3  0.0192 - 0.0017d 0.9727 0.0025 35.6 i-i 

Ai 5.6142 0.0817 

II Bi 0 

C3  0.0857 - 0.01143S. 0.8996 0.05148 9.0 1-1 

Ai 5.680 - O.l387B1  0.9975 0.0057 1400.0 1-i 

III B1  -0.14355 + 1.14190 
noin 0.9326 0.2118 15.8 1-1 

C3  -0.3316 + 0.0057G 0.9522 0.0315 19.9 1-1 

Ai 5.626 	. 0.0801 

IV Bi 0 

C3  0.06142 - 0.0101St 0.9909 0.01714 108.9 i-i 

Total Sun Degrees Residual 
Factorial of of Standard 

Design Squared Freedom Deviation 
Residuals DF n 	- 

I 0.26633 37 0.08148 

II 0.289148 214 0.1098 

III 0.077142 21 0.0607 

IV 0.31990 214 0.1155 

0.95315 106 0.09148 
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a linear regression presupposes either a linearly additive or a linearly 

multiplicative model, if the independent variables have been transformed 

logarithmically. Here, only a linearly additive model was connidered. 

Several procedures have been proponed for seldeting the beat 

regression equation (28 ). However, it should be noted that no unique 

statistical procedure exists for selecting the best regression equation. 

The stepwise multiple linear regression procedure(61  has been recomnanded (28 

for its versatility. This procedure aflown use of the Phase I finite-life 

data as a single whole in an analysis  where candidate variables may be 

systematically admitted to or expeUed from the regression. 

Briefly, the procedure requires that a set of possible variables 

be provided along with a criterion for entry to or exit from the regression. 

A correlation matrix between the variables is computed. The first variable 

selected for entry is a regression is that most highly correlated with the 

dependent variable. Then, the correlation matrix is corrected for the 

variable entered, and a remaining variable whose partial correlation with 

the dependent variable is not significant is selected as the next candidate 

for cots-p. The significance of the candidate is measured by its partial 

F-value and compared with an entrance criterion, no entry being possible if 

the partial F-value is too low. Similarly, all variables currently entered 

are examined for their partial F-values relative to an exit criterion, the 

variable being removed if its partial F-value is found to be too low. 

This procedure is repeated until either all variables have been 

exhausted or there are no further candidates qualified for entry. 

The partial F-value for retaining a variable is based on the current 

remaining degrees of freedom and a preselected confidence level. This, 

however, bears little relation to the computational criterion used, 

since the lisa). partial F-value of a candidate depends in many cases 

on a highly correlated variable yet to be considered for entry. 

The specified test variables from Phase I of the research 

program, in the functional form determined by the analysis of the 

factorial designs, were entered as possible variables in the multiple 

linear regression. All Phase I tests having a streos range greater 

than 28 hal were initially included, except for rerun tests and concrete 

fatigue failures. As previously noted, Test No. 77 was later rejected 

an an outlier. There was then a total of 166 tests entered in the 

regression. 

It has been suggented 102)  that the observed F-value (regression 

mean square/residual mean square) of a satisfactory predictor should be 

about four times the selected percentile point of the F-distribution. 

Since work on this topic is not complete, it is unclear how such a 

factor would relate to partial F-values. In this analysis, the observed 

F-value was compared to 2.00 for inclusion in the regression and 5.00 

for inclueion is a prediction equation. 

The results of the stepeise multiple linear regression over the 

specified Phase I variables are given in fable C-13. No term cootaioing 

effective depth, d, was found to be significant. In addition to the 

bar diameter-effective depth interaction terms obtained from Factorial 

Design I. the frDnom rmin' frG Doomfnin4 and DmomG interaction terms 

were tested and, rejected. 
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TABLE C-i) MULTIPLE LINEAR REGRESSION OVER PHASE I VARIABLES 

Variable Entered 
Stepeise Results f 

f 
D Do D° 

r mis I eon non nan 

Residual Standard Devistion, s 0.1657 0.1615 0.1261 0.1113 0.1116 0.10614 

Multiple R2  0.7681 0.8319 0.8673 0.8973 0.8977 0.9073 

Regression F-Ratio 5143.5 403.5 353.1 351.9 281.0 259.6 

Degrees of Freedom, DO' 1-165 2-163 3-1.62 5-161 5-160 6-159 

5143.14 736.2 955.2 1238.5 1235.9 1365.6 

c,in 
61.9 75.3 97.2 96.6 106.6 

47.1 47.2 51.6 
Partial F-Ratio 

D non 
243.2 55.7 6.0 15.2 

0° son 
16.5 

mom 
0.6 16.9 

Constant 6.9690 7.01405 7.3016 6.8392 b.9018 6.1.190 

r -0.0383 -0.0381 -0.0388 -0.0390 -0.0390 -0.0392 

f.in 
-0.0132 -0.0130 -0.0130 -0.0130 -0.0130 

Regression 
Coefficient 0 0.0079 0.0079 0.0079 

D nom 
-0.2313 -0.2316 .0.33314 7.8059 

112 non 
-8.5155 

0° 0.0313 2.7990 

Mess 0.0128 0.0109 0.0097 0.0086 0.0086 0.0082 

fr 
0.0016 0.0014 0.0013 0.0011 0.0011 0.0011 

f. 0.0017 0.0015 0.0013 0.0013 0.0013 
Standard Error of in 
Estimote of Regres- 0.0012 0.0012 0.0011 
sion Coefficient 

D eem  0.0352 0.0310 0.1336 2.0056  

0° non 
2.0691 

I 0.0408 0.6816 nom 

Success of the regression may be measured in several ways. Each 

time a new variable is entered, the residual standard deviation should 

decrease. The square of the multiple correlation coefficient,R°, measures 

the variation explained by the regression. It would be equal to one if 

the fitted equation explained all of the variation in the data. The 

partial F-test criterion should keep increasing for uncorrelated variables 

as each new variable enters. This implies that the regression coefficients 

are Imown with greater precision. When a new variable is added, the re-

gression F-ratio may decrease, but in such a manner that its proportion 

to the appropriate point in the F-distribution, as based on the number 

of degrees of freedom, should increase. 

It may be noted that no improvement occurred, when Dma  entered 

the regression. This was due to the high degree of correlation between 

nodand Dom• Thus, the regression must either contain only Doom 

or all of the terms Dilms' and 	A significant improvement in 

fit occurred both when the cubic equation was used in Factorial I and 

when it was ueed is the multiple regression. 

Effect of Bar GequoSry 

Phase II of the test program was designed to allow the effect 

of bar geometry on fatigue life to be determined. As ueed here, bar 

geometry refers to the cress -sectional dimensions of the transverse 

lugs, determined by sectioning the bar along a plane that includes 

the axis of the bar. A full description of how the bar geometry was 

determined is given in Appendix B. 

C-I42 	 C-143 
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The Phase II test program was divided into two parts. First, 

the mean fatigue strength at 5,000,000 cycles was determined for each 

of the five manufacturer's bars by a staircase test series (U , Second, 

the finite-life fatigue properties of each manufacturer's bars were 

determined by conducting three tests at each of three nominal stress 

range levels. 

long-life Region, Each staircase test series was intended to 

consist of 12 tests. In the staircase test procedure, an estimate is 

initially made of the mean value of the effect being tested and its 

standard deviation. Thus, tests conducted at a stress range higher 

than the mean fatigue limit would tend to result in fatigue fractures 

while tests carried out at lover stress ranges would tend to result in 

runouts at 5 million cycles. 

A staircase series is considered to have been initiated when 

two consecutive tests conducted at two different stress ranges result 

in Opposite effects, i.e. failure and runout or vice versa. Stress 

range in the succeeding tests is based on the result from each immediately 

preceed.ing test. Thus, if a test resulted in a runout at 5 million  cycles, 

the stress range for the next test in the series was increased by a 

preselected step size. On the other hand, if the test resulted in 

fracture of the test bar, the stress range for the next test was de-

creased. The step size was nominally the some for all tests in a 

given series and was based on the estimated standard deviation. 

Initial estimates of the mean fatigue limit at 5 million 

cycles for the five manufacturer's bars, represented by Groups No. 32, 
34, 36, 38, and 40, were 25, 25, 30, 35, and 40 ksi, respectively. 

C-ha 

The standard deviation was estimated to be 1 ksi for each of the manu-

facturer's bars. This value was taken as the nominal step size for 

each series. 

The initial estimates proved to be too high for Groups No. 36, 
38, and 40. Consequently, six tests were required before these stair-

case series had been initiated. Further tests were required when the 

intended applied load maguitudes for Pests No. 61 and 62 from Groups No. 38 
and, 36, respectively, were inadvertently interchanged. For this reason, 

two additional tests were carried out in Group No. 36 and one in Group 
No. 38. The total number of tests carried out in Groups No. 32, 34, 36, 
38, and 40 was therefore 12, 12, 16, 15, and 14, respectively. Each 

staircase series is plotted in Fig. C-9. 

Classical staircase test analysis is based on a paper by Dixon 

and MOOd62. They derived an equation for predicting the mean value 

of a staircase series based on an even step size equal to the standard 

deviation, toter papers by Dixon 103)  and Littie ioi) 
provide te.bles of the 

predicted mean value for a number of specific test series having a fixed 

step size and given standard deviation. These tables are based on the 

calculation of the most probable mean value, assuming a particular dis-

tribution 

io-

tributios function, generally the cumulative normal distribution. 

Step sizes obtained for the staircase test series in Phase II 

of the test program proved to be variable and ranged from about 0.5 hal 
to about 1.5 ksi. This resulted from the physical impossibility of 

obtaining precise control of all test beam variables. Available 

analytical, methods were therefore only approximate. For this reason, 

the recent methods of Dixon 103)  and Little 104) were advoted to the 
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development of a computational procedure where a variable step size could 

be taken into account. A further consideration was that such a procedure 

would allow not only the mean value of a series but also its standard 

deviation to be estimated. This would allow tolerance limits to be 

calculated for each series. 

The renponse distribution for each staircase series was assumed 

to be the cumulative norms], distribution. Initial estimates were made 

of the mean and standard deviation of the distribution for each test 

series. The probability of occurrence of each test within a group was 

then conputed on the basis of the estimates made for that group. This 

was dane by first determining the difference between the observed stress 

range for each test and the estimated mean value, in terms of a multiple 

of the estimated standard deviation. Then the probability of occurrence 

could be obtained from tabulated values of the cumulative normal dis- 

tribution 8320329. A plot of the distribution is shown in Fig. C-b. 

If the test resulted in fracture of the test bar, then the probability 

of occurrence of the result was the tabulated value, p. If, on the other 

hand, the test resulted in a runout, then the probability of occurrence was 

(1 - p). The probability of occurrence of an entire test series was com- 

puted as the product of probabilities for the individual tests. 

In the general computational, procedure, test series probabilities 

were calculated for the estimated mean and standard deviation, and at evenly 

spaced values on each side of the central estimates. A parabola was then 

passed through 5 consecutive values obtained by using a constant standard 

deviation and varying the mean, or vice versa. The maximum points on the 

parabolas obtained for a series of mean values and a series of standard 

deviation values were then used as new estimates of the distribution parameters, 
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Fig. C-9 Staircase Test Series 
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Fatigue limits, no determined by the staircase analyses, 

are plotted in Fig. C-li against the ratio of lug base radius to lug height, 

as given in Table B-li. A regression line was fitted to the data, saing 

fatigue limit, f, as the dependent variable and lug base radius to lug 

height ratio, r/b, as the independent variable. This resulted in the 

following relationship: 

f f  = 7.88 + 52.85(r/h) 

for which an F-ratio of 86.06, a standard error of 0.5114,and a correlation 

coefficient of 0.983 were determined. Therefore, the regression is 

significant. It must, however, be cautioned that the range of observed 

nh ratios is very narrow and that the effects of other potential in-

fluencing factors have not been included. 

Finite-Life Region. Previous analysis of the Phase II finite-

life region fatigue data has shown that a linear relationship between 

stress range and logarithm of fatigue life provides a reasonable 

estimate of the fatigue response for each group. The insertion in the 

analysis of a second variable, bar geometry, allows the Phase IX finite-

life data to be studied as a whole. 

The formulation of a stress range -bar geometry-fatigue life 

relationship can have the bar geometry variable as either an additive 

of a multiplicative variable. If the variable is additive, them the 

different groups of tests are represented by a series of parallel lines 

on an S-N diagram. A multiplicative variable, on the other hand, 

results in a series of concurrent lines. The regression lines drawn 

in Fig. B-li for the finite-life Phase II groups of tests indicate that 

bar geometry may be an additive variable. 

The procedure was repeated until convergence was obtained. A computer prsgram* 

based on the above procedure was written in the FORThAJI language for an I4 

1130 computer. 

Al]. of the tests carried Out in each of Groups No. 32, 34,  36, 38, 

and 110 were included in the computation of the most probable mean value and 

standard deviation for each group. This included Teat No. 33 is Group No. 38, 

a test inadvertently terminated after the test bar had survived 11.5 million 

cycles at a stress range of 27.155 ksi. The test was counted as a rucout, a 

decision that appears justified on the basis of the trend shown in Fig. C-9. 

In Group No. 38 the lowest stress range at which a bar fracture 

occurred was greater than the highest stress range for a runout. For this 

reason, a unique determination of the standard deviation was impossible. 

Based on results obtained from the other staircase series,an assumed value 

of 0.5 hal was used for the standard deviation in computing a mean vaiue for 

Group No. 38. 

Results of the staircase analyses are given in Table C-lb. 

It should be noted that a staircase test series results inherently is an 

efficient estimate of the mean value of the response being tested. 

Estimates of the standard deviation are, however, only approximate. 

TAPER C _ll5 MEAN FATIGUE LIMET 

Group Number Mean Standard Probability 
Number of Value, Deviation, of 

Tests hal ksi Occurrence, 
percent 

32 12 211.65 1.026 0.16 
311 12 23.78 0.510 1.19 
36 16 23.00 0.379 2.97 

38 15 28.22 0.500 8.62 
leG 111 28.52 2.939 0.16 

*Descriptiomn of the major computer pmagrams used is the statistical 

analysis can be obtained from the Program Director, NCHRP. 

The hypothesis that all finite-life groups in Phase II of 

the test program have parallel regression lines may be tested is an 

analysis of covariance(20.21). Such an analysis was performed in the 

manner described in the section entitled "Preliminary Considerations." 

The results of this analysis are given is Table C-15. 

Hartley's tent(279899  as used to check for constancy of 

variance among the different groups of data. The test statistic was 

found to be 7.51 and was compared at a 5--percent significance level with 

Hartley's statistic of 9.50 for 5 groups of data, each hawing 7 degrees 

of freedom. The hypothesis of a common variance cannot be rejected. 

The test for parallelism of the regression lines is based on 

the ratio of the mean sum of squares between the individual slopes to 

the mean sum of squares about the individual lines. This observed 

F-ratio is compared with the appropriate point of the F-diotributiom 0,, 9) 

The test statistic was found to be 6.85 and was compared with F(4,35;095) 

2.65, the 95 percentile point of the F-distribution. The hypothesis that 

the regression lines are parallel must be rejected. 

Removing Group No. 37 from the analysis of covariance led to the 

results given in Table 0-16. Hartley's statistic is 8.114 for 4 groups, 

each having 7 degrees of freedom and was compared with a test statistic 

of 11.16. The hypothesis that all groups have a common variance cannot 

be rejected. 

In the test for parallelism, the observed F-ratio of 0.45 

was compared with F(3,28;095) 2.95.  The hypothesis that all four groups 

have a common slope cannot be rejected. 

C-SO 	 C-51 
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TABLE C-15 TEST FOR PARALLELISM AMONG PHASE II GROUPS 

IN'tvidusl_Results  

Group Number Mean Mean Slope Mean 
Number of Data Value Value Square 2 

Points f 
r Log N Sumof max 

Errors, 2min 

33 9 82.87 5.2896 -0.01111 0.002962 7.51 
35 9 85.3) 5.1215 -0.01201 0.005281 
37 9 86.05 5.2138 -0.02982 0.000719 
39 9 86.17 5.2987 -0.08012 0.001298 
81 9 86.65 5.2388 -0.01211 0.005802 

Pooled Reoulta 

Grand Grand Slope of Slope of Slope of 
Mean Mean Parallel Line for Overall 
Value Value Lines Mean Line 
f Log N Values 

85.81 5.2328 -0.03975 -0.01006 -0.03901 

ANOCOIA  

Source of Variance Sum of Degrees Mean F-Ratio 
Squares of Square 

I 

Freedn.n Sums, 

Between parallel and group 
neon slopes 0.069639 1 0.069639 22.29 

Group means about their 
,in 0.175078 3 0.058359 18.68 

Between individual 
slopes 0.085626 14 0.021407 6.85 

About the individual 
lines 0.109353 1 	35 0.003124 

Due to the overallline 8.937097 1 4.937097 482.82 
About the overall line 0.839696 83 0.010225 

Total (corrected for neon) 5.376793 44 

TABLE C-16 PARALLEL FINITE-LIFE GROUPS IN PHAsE II 

Irtvidaal Results  

Group Number Mean Mean Slope Mean 
Number of Dote Value Value Square a2  

Paints f r Log N Sum of max 

Errors, 

33 9 42.87 5.2896 -0.01881 0.002962 4.16 
35 9 45.33 5.1215 -0.08201 0.0052141 
39 9 46.17 5.2987 -0.04062 0.001298 
41 9 46.65 5.2384  -0.04211 0.0051402 

Pooled Rev'lts 
Grand Grand Slope of Slope of Slope of 
Mean Mean Parallel Line for Overall 
Value Value Lines Mean Line 

1', Log N Values 

45.26 5.2371 f 	-0.04232 -0.00891 -0.04133 

ANOCONA  

Source of Variance Sum of Degrees Mean F-Ratio 
Squares of Square 

Freedom Sums, 
SF  

Between parallel and group 
mess slopes 0.082767 1 0.082767 22.22 

Group neons shout their 
line 0.173300 .2 0.086650 23.25 

Between individual 
slopes 0.005040 3 0.016800 0.45 

About the individual 
lines 0.104319 1 	28 0.003726 

Due to the overall line 4.424707 1 4.424707 411.68 
About the overall line 0.3651426 314 0.0107148 

Total (corrected for mean) 11.790133 35 
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In further testing to determine whether the regression lines are 

indeed separate, the observed F-ratios of 23.25 and 22.22 were compared 

with F(2,28;095) 3.34 and F(428;095) 8.20, respectively. The 

hypotheais that the four groups of data have distinct but parallel 

regression lines cannot be rejected. 

The above result confIrms that bar geometry is a significant 

variable and should be taken into account by adding a term to the over- 

all regression equation. 

No explanation is available as to why Group No. 37 should have 

a slope different from the Other Phase II groups. That results obtained 

in Group No. 36 for the same manufscturer'a bars are shown in Fig. 5-12. 

They indicate that, at stress ranges imncdiately above the fatigue limit, 

the response may be parallel to that of the Other groups. 

Overall Analysis 

Teat data from the finite-life groups in Phase II of the 

teat program were pooled with the finite-life data from Phase I and 

analyzed so a single whole. The method of analysis was the stepwise 

multiple linear regression procedure described earlier in this appendix. 

Two approacies were taken to this analysis. In the first, 

only the specified variables of Phase I and the bar geometry were con- 

sidered as variables. The aim of this analysis was to develop a regression 

equation describing the response of a test bar to cyclic loading in terms 

of variables that might be used in a design equation. In the second approach, 

any variable that might affect the fatigue strength of a reinforcing bar 

was tested. Furthermore, actual rather than nominal parameter values 

were used in the second approach. The aim of this latter analysis was 

to uncover the underlying variables affectIng the fatigue .strength of 

reinforcing bars. 

Results of the stepwise multiple linear regression on the 

specified variables are given in Table C-17. Comparison of these re-

sults with those presented in Table C-13 reveals Improvement in as-

plsinlsg the variation in the data. The residual standard deviation has 

decreased from 0.1064 to 0.1039, and the percentage of variation ex-

plained has risen from 90.7 to 91.6. 

Stress range emerges even more strongly as the dominant variable 

governing fatigue life. Minimum stress level and grade of bar also exhibit 

a strengthened influence. The effect of bar diameter is stranger than 

previously, if only the linear term is considered. However, the total 

effect of bar diameter is weakened by inclusios of the bar diameter 

squared and cubed terms in the regression. These variables are, none-

thelesa, shown to be meaningful in explaining the variation in the data. 

The effect of bar geometry on fatigue life is seen to be sub-

stantial, when a range of lug base radius to lug height ratio values from 

0.1 to 1.0 is considered. In fact, the magnitude of the effect is second 

only to that of stress range. However, while the effect of bar geometry is 

significant both in magnitud.e and, in the statistical sense, its regression 

coefficient is known with the least precisiom of those for variables ad-

mitted in the multiple linear regression. This may be partly due to the 

difficulty of accurate determisatiom of the r/b ratio and partly to the 

narrow range of values of the ratio for the bars tested. It should further 

be ooted that, while the nh ratio is the most important bar geometry 

variable affecting the stress concentration factor in a reinforcing bar, 

it does not provide a full measure of the stress concentration effect. 
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TABLE C-17 MULTIPLE LINIAR REGRESSION OVER SPECIFIED VARIABLES 

Variable Entered 

f f D 0 r /h D3  D2  
Stepwise Results r in nun nun nun 

Residual Standard 
Deviation, s 0.1545 0.1344 0.1217 0.1098 0.1080 0.1064 0.1036 

Multiple N2  0.8081 0.8555 0.8820 0.9645 0.9080 0.9111 0.9161 

Regression F-Ratio 880.3 616.1 516.1 488.1 404.7 348.8 516.9 

Degrees of Freedom, OF 1-209 2-208 5-207 4-206 5-105 6-204 7-203 

fr 880.3 1154.4 1438.2 1783.7  1844.4 1889.6 1996.2 

nin 68.3 80.6 99.5 105.0 105.5 111.7 

D 
nom 46.5 57.5 50.6 17.9 10.1 

Partial F-Ratio 02 12.0 

IS 7.3 13.2 

O 48.5 47.8 49.2 52.3 

nh 7.7 14.7 8.8 

Constant 6.9755 7.0472 7.3008 6.8367 6.7418 6.8963 4.7665 

-0.0584 -0.0385 -0.0388 -0.0390 -0.0595 -0.0392 -0.0392 

min -0.0131 -0.0129 -0.0150 -0.0130 -0.0129 -0.0130 

Regression Dnoa  -0.2513 -0.2515 -0.2173 -0.5759 6.4585 

Coefficient D me  -7.2143 

0.1124 2.4666 

0 0.0079 0.0077 0.0077 0.0077 

r/h 0.5657 0.5959 0.4659 

Mean 0.0106 0.0092 0.0085 0.0075 0.0074 0.0075 0.0071 

ç 0.0015 0.0011 0.0010 0.0009 0.0009 0.0009 0.0009 

Standard Error f min 
0.0016 0.0014 0.0015 0.0015 0.0015 0.0012 

of Estimate of D 0.0559 0.0306 0.0305 0.1556 2.0520 

Coefficient D2  
nam 2.0802 

D3
nom 0.0417 0.6800 

0 0.0011 0.0011 0.0011 0.0011 

r/b 0.1517 0.1555 0.1560 

The second approach to explaining variation in the test data 

required that an eatiunte be made of the functional form of each new 

variable considered. Suggestions nude by AflscOm'ne and I's]sey0°  were 

followed, where applicable. Otherwise, this selection was based on the 

simplest form of the variable, consistent with reinforced concrete and 

fatigue design theory. 

Potential variables for the second multiple linear regression 

analysis were drawn from four different categories. The first category 

was concerned with the effects of loading and consequently the calculated 

stress levels. Second, various dimensional properties of the test bean 

and the test bar were entered in the analysis. Third, the material 

properties of both steel and concrete were considered. Finally, mis-

cellaneous features of the test beams or test setups were studied in 

order to determine their effects, if any, on the fatigue liven of the 

test bars. 

Final results of the second multiple linear regression analysis 

are presented in Table C-18. Only those variables having an observed 

partial F-ratio greater than 5.0 were retaised. Comparison with the re-

sults given in Table C-li shows that an improvement in explaining the 

variation in the test data has been obtained, in spite of fewer variables 

being used. The residual standard deviation decreased from 0.1036 to 

0.0975 while the percentage of variation explained rose from 91.6 to 

92.5 percent. 

Stress range was again found to be the predominant variable 

affecting fatigue life in the finite-life region. Minimum stress level 
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TABLE C-18 MULTIPLE LINEAR REGRESSION OVER EFFICIENT VARIABLES 

Variable Entered 

Steiocise Results r I 	min 
Residual Standard 
Deviation, a 0.1544 0.1344 0.1156 0.1023 0.0995 0.0975 

Multiple R2  0.8081 0.8555 0.8957 0.9171 0.9219 0.9253 

Regression F-Ratio 880.5 616.1 580.3 570.2 484.2 421.6 

Degrees of Freedom, DF 1-209 2-208 5-207 4-206 5-205 6-204 

880.5 1154.4 1605.8 2092.3 2099.5 2191.9 

nin 68.5 95.14 115.9 152.7 138.2 

Partial F-Ratio f 714.5 89.1 914.9 100.1 

D2  
nom 58.5 66.5 75.2 

y6o 12.5 12.5 

Dr/h 9.14 

Constsot 6.9735 7.01472 6.5066 6.4658 6.5086 6.4548 

0.0584 -0.0385 -0.0589 -0.0595 -0.6464 -0.0407 

Regression f -0.0151 -0.0132 -0.0130 -0.0138 -0.0158 
Coefficient 

0.0075 0.0070 0.0071 0.0071 

00 -0.1059 -0.1107 -0.1597 

y6o 0.0027 0.0026 

Dr/h 0.3253 

Mean 0.0106 0.0092 0.0079 0.0070 0.0068 0.0067 

f5. 0.0013 0.0015 0.0010 0.0009 0.0009 0.0009 

Standard Error f 
min 

0.0016 0.0014 0.0012 0.0012 0.0012 
of Estimate of 
Regression Co- 

f 0.0008 0.0007 0.0007 0.0007 

efficient D2  0.0159 0.0156 0.0165 

y6o 0.0008 0.0007 

Dr/h 0.1055 
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remained as the second most significant variable. The two fatigue in- 

fluencing factors whose effects are knovns with the greatest precision 

are thus sees to be related to the applied loading. 

Rate of loading was entered as a candidate in the regression 

but was not found to have a statistically significant effect. 

All of the Grade 40 bars were stressed beyond their yield strength 

when tested at the 48 and 54 hal stress range levels. Some of the Grade 

60 bars in Phase I of the test program were also stressed beyond their 

yield strength when a high minimum stress level was combined with a high 

stress range level. No yielding occurred in the Grade 75 bars. 

The effect of stressing a test bar beyond its yield strength 

could not be studied reliably in the case of the Grade 40 bars. Data 

obtained at a second nominal stress range level, one where no yielding 

Occurred, would be necessary for this purpose. However, such analysis 

as could be performed showed the effect to be detrimental to fatigue life. 

To study the effect of yielding in the Grade 60 bars, a 

vsiiable 
2,  160, was introduced in the regression. The value of this 

variable was zero, when the maximum stress level in the test bar was less 

than the yield strength defined at 0.35 percent strain. For higher maximum 

stress levels, the variable had the value 1man - f22)°, where fy2  is the yield 

strength at 0.35 percent strain. This variable was found to be statistically 

significant, an shown in Table C-lB. The effect of stressing the Grade 60 

bars beyond their yield strength was found to be beneficial for the bars 

so treated. This may be due to the short length of the yield plateau for 

these bars, when compared to that for the Grade 40 bars. 

Several different measures of cross-sectional reinforcing bar 

geometry were considered. These included the equivalent bar diameter 
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obtained from the measured weight per linear foot, and distances measured 

across the ribs, the lugs, and the barrel of the test bar. Nominal bar 

diameter, D 0, was found to be more highly correlated to the logarithm 

of the observed fatigue lives than any of the other measures of cross-

sectional geometry. 

The variables D nom  and D 	were found not to be effective in 

explainieg variation is the test data, relative to the effectiveness of 

the variable 	They were therefore excluded from the regression nom 

analysis. The remaining bar diameter effect, Do& was also compared 

with other measures of the cross-sectional area of a test bar, such as 

area based on bar weight, and nominal bar area. The variable 0 	was nom 
found to be dominant. 

Geometry of the longitudinal cross-section was considered is 

the form of the variables nh and Dr/h. The latter variable was found 

to have higher statistical significance. However, this was the last 

variable to be admitted in the regression and therefore the least ef-

fective, in the statistical aense, of the variables presented in Table 

.C-18. The fore of the variable indicaten that bar diameter may have an 

influence on the stress concentration factor. 

The effect of the geometry of the manufacturer's bar mark was 

considered by means of a "dunnny variable. This variable had a value of 

unity when a fatigue crack was initiated at a bar mark but was otherwise 

equal to zero. The bar mark variable was found not to have a statistically 

significant effect. However, in a similar analysis on Phase I test data 

alone, it was found to be significant. 

An explanation for this difference is found in the erratic test 

results obtained when a fatigue crack is initiated at a bar mark. In 

c-60 

multiple linear regression by means of "dumxp" variables(28 . Neither 

was found to be statistically significant. 

Analysis of Rerun Test Data 

A test that did not result in fatigue failure of the test bar 

in 5 milliOn cycles of loading was terminated and rerun at a higher stress 

range in the test bar. Such tests were not included in the multiple 

linear regression, since they represented a population that had received 

a different treatment from the regular tests. 

The Phase II test program was designed to allow the difference, 

if axo',  between regular finite-life tests and rerun tests to be establish-

ed. Stress range levels for the rerun tests were selected on the basis 

that each staircase series would result in aix rsnouts at 5,000,000 cycles. 

Thus, a random ordering anaigned two of the six rumout tests to each 

of the nominal stress range levels used in the regular finite-life tests. 

Results of the rerun tests are plotted in Fig. B-12, where each rerun 

test is indicated by a cross. The result of each regular test is mdi - 

cated by a dot. It should be noted that the line drawn in the finite-life 

region is each of the figures for Groups No. 32, 34,  36, 38, and 50 is 

the regression line obtained for the corresponding finite-life test data. 

All of the Phase II rerun tests except Tests No. 3051 and 3C66 

from Groups No. 34 and 40, respectively, were included in a comparative 

analysis with the corresponding regular finite-life tests. In Thst 

No. 3051 the number of cycles to failure was improperly recorded and 

the actual number of cycles is not known. In Test No. 3066, the fatigue 

crack was initiated at the manufacturer's bar mark and failure occurred 

at a lower number of cycles than was to be expected. This may be seen  

many canes, a significant reduction in fatigue life was found to follow 

such crack initiation. In other cases, test bars with a fatigue crack 

initiated at a manufacturer's bar mark had as long a fatigue life as 

bars with cracks initiated at the periphery of a transverse lug. The 

geometry of a bar mark appears to be as critical to the fatigue life of 

a reinforcing bar as the geometry of a transverse lug. 

Dimensional properties of the test beams were found to have had 

no significant effect on the fatigue lives of the reinforcing bars tested. 

Effective depth of a test bean, its span length, and the average 

observed spacing of tensile crocks in the concrete were among the variables 

tested. 

Material properties of the reinforcing bars were entered as 

variables in the multiple linear regression. Three different measures 

of yield point stress were used, the grade of the bar, the A$2!4 A 615.68 

definition, and that corresponding to 0.35 percent strain. The most 

significant of these variables was the yield strength based on 0.35 per-

cent strain. However, the tensile strength of the test bars, f, was 

found to be more effective in explaining variation in the test data. 

Elengation of a test bar, a measure of its ductility, was found not to 

be a statistically significant variable. This may be due to the effect 

of the transverse lug pattern on the fracture of a bar, shown in Fig. B.20. 

The effect of variation in properties of the concrete on the 

test results was considered. Concrete cylinder strength, modulus of 

elasticity, and age at initial loading were used as independent variables. 

None were found to have had a significant effect on the test results. 

The use of a test setup and the use of either one or two load-

ing rams were nonrandom events. Therefore, they were entered is the 
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in Fig. 5-12. The fatigue crack was also initiated at the manufacturer's 

bar mark in Test No. 3054 of Group No. 40 but this test was included in 

the analysis. 

Rerun data analysis was initiated by determining the regression 

line for such data in each of the Phase IX long-life test groups. Details 

of this analysis are presented in Table C-19. Results of the regression 

analysis were them compared with those obtained in a similar analysis 

for the regular finite-life data in Phase XX, already presented in Table 

C -15. 

For the comparison of regression lines to proceed, it must be 

established that each set shares a eomon variance. Equality of two 

variances is established by comparing their ratio with the appropriate 

percentile point of the F-distribution 20,28,29) The observed F-

ratios are given in Table C-19 and were compared with F(3,7;095) = 

4.35 for Groups No. 32 and 34 and with F(4,7;095) = 4.12, F(6,7;095) = 

3.87, and F(1,7;095) = 5.59 for groups No. 36, 38, and 40, respectively. 

The hypothesis of equal variances cannot be rejected at the 95 percent 

confidence level for any but Group No. 38. This group was therefore ex-

cluded from further analysis. 

Analysis of the remaining groups of data was concerned with 

the question whether the regression lines for each group of rerun tests 

and corresponding regular finite-life tests could be considered to be 

identical. The procedure is described by Brownlee 20) 

The first test was whether each net of regression lines to be 

compared might be considered to have parallel slopes. The test statistics 

are presented in Table C -19 and are to be compared with the appropriate 
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percentile points of Students t-distributioo. Results for Groups No. 32 

and 314  were compared with t(10;0975) = 2.23 while those for Groups No. 36 

and 140 were compared with t(1110975) = 2.20 and t(8;0975) 2.31, respectively. 

The hypothesis that each set of regression lines has parallel slopes cannot 

be rejected at the 95 percent confidence level for any group. 

The analysis of the Phase II rerun tests was concluded by 

testing whether each set of regression lines was coincident, as well as 

parallel. Again, the test statistics are presented in Table C-19 and 

are to be compared with the appropriate percentile points of Student 

t-d.istributiom. Results for Groups No. 32 and 314 were compared with 

t(11;0975) = 2.20 while those for Groups No. 36 and 140 were compared with 

t(12;0975) = 2.18 and t(9;0975) = 2.26, respectively. The hypothesis 

that the regression lines are identical cannot be rejected at the 95 per- 

cent confidence level for any but Group No. 36. 

Failure of the test for union of the regression lines for re- 

run tests in Group No. 36 and regular finite-life tests in Group No. 37 

can be attributed to the los, variance encountered in Group No. 37. The 

effect of testing bars from manufacturer C at a high stress range after 

their havIng survived 5 million cycles of loading at a low stress range 

is seen to be detrimental. However, the difference is so small as to 

be of no practical significance. 

It should be noted that the power of the test for anion of 

the regression lines for rerun tests is Group No. 2+0 and regular finite- 

life tests in Group No. 41 is weakened by the low number of rerun tests 

in Group No. 40. 
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Limits on That Results 

tong-Life Region. The method of analysis of the staircase data 

obtained in Phase II of the testing program allowed the standard devia-

tion of each staircase series, except that Is Group No. 36, to be es-

timated. The staniard deviation of the Group No. 36 staircase was es-

timated on the basis of the results obtained is the other staircase 

series. Knowledge of the mean and standard deviation of a normal din - 

tribution allows tolerance limits to be established. Such limits enclose 

with a stated percentage of probability a given percentage of the popu-

lation sampled. 

Dixon and Massey', and M ndel(29)  give an account of the 

procedure for establishing tolerance limits and provide the necessary 

statistical tables. Applying this method to the results obtained in the 

section entitled Effects of Bar Geometry," tolerance limits were established 

for each of the staircase test series obtained in Phase II of the test 

program. Thene limits are presented in Table C-20 and stats with a 

95 percent probability that 95 percent of the results obtained from in-

finitely long series would lie between the upper and lower limits. 

The lower tolerance limit for each staircase series may be 

taken as the limiting stress range below which a test bar may be expected 

to survive 5 million cycles of loading with near lOG percent probability. 

Therefore, it defines a practical fatigue limit for design purposes. 

However, it should be noted that this limit applies only to test con-

ditions similar to those observed in Phase II of the test program. A 

larger size test bar subjected to a higher minimum stress level may be 

expected to have a somewhat lower fatigue limit than that predicted on 

the basis of the results obtained here. 

TABLE C-20 TOLERANCE LIMITS FOR STAIRCASE SERIES 
Group 
Number 

- Mean 
Vsiue 

Standard 
Devietion, 

5 

Tabulated 
Statistic, 

h 

Upper 
Limit 
'ks 

Lower 
Limit 

_Ji.!is._ 
32 21.65 1.0263 3.162 27.90 21.41 
34 23.79 0.5108 3.162 25.39 22.16 
36 23.00 0.3787 2.903 21.10 21.90 
38 28.22 0.5000 2.951 29.69 26.714 
40 28.52 2.9385 3.012 37.37 19.67 

TABLE C-21 TOLERANCE LIMITS FOR FINITE-LIFE GROUPS IN PHASE II 

Stress Range,kni 34 1.1$ 514 
Group Number Lower Upper tower Upper Lower Upper 

Limit, Limit, Limit, Limit, Limit, Limit, 
N N N H N N 

33 296,700 7814,700 109,000 276,300 37,900 102,700 
35 203,100 771,200 81,000 279,300 29,900 109,300 
37 291,800 480,200 1249,700 237,000 714,700 120,300 
39 1444,500 867,2400 179,000 331,800 69,500 131,600 
41 292,800 1,190,700 119,100 420,900 1414,100 163,500 
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Bars from lnufacturer B were found to have the ].owest 

tolerance limit, reflecting the high estimate for their standard deviation. 

It is considered likely, as a practical matter, that this Unit is ex-

cessively low. The method used gives only a crude estimate of the actual 

standard deviation. A well behaved series of test results provides a 

reasonable estimate for the standard deviation. Further testing would 

be required to accurately establish the distribution of test results on 

bars from Manufacturer E. 

Finite-Life Region. A method developed by Wsfl.is 63,1 

allows tolerance limits to be established for regression lines. This 

procedure was applied to the individual regression limes obtained from the 

finite-life groups in Phase II and the overall regression line obtained 

for bars from Manufacturer A and tested in Phase I. Such tolerance 

limits are nonlinear. 

Tolerance limits, indicating with 95 percent probability that 

95 percent of the population of observed test results would lie with-

in their bounds, were established at the three nominal stress range 

levels used for each finite -life group in Phase II of the test program. 

Results of this analysis are given in Table Cdl. They give a measure 

of the scatter in test results to be expected for each group. 

A straight line approximation to the tolerance limits was 

determined for each group. These limits are shown in Fig. C-12 along 

with the tolerance limits determined for each corresponding staircase 

series. 

Limits eoclosiog the Phase I test results on bars from Manu-

facturer A, were determined. These were based on the regression equation 

relating fatigue life and stress range and are of the form: 
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Computed 
Strenn 
Range 

fr  

toni 

log N - 6.9690 - 0.0383 tr  he 

where s is the standard deviation for the regression and k a coefficient 

to be computed. 

Applying the method proposed by Wal.lis(63  to the 166 data 

points used to determine the regression line, k was determined to be 

2.21, 2.16, and 2.20 at stress range levels of 20, )iO, and 60 ksi, 

respectively. These values of k establish with 95 percent probability 

that 95 percent of the population of test results will be contained 

within the limits. The standard deviation for the regression on stress 

range alone was 0.1657,  as shown in Table C-13. 

A straight line approximation to these tolerance limits may 

be obtained by considering the sample to be drawn from a single 

normally distribution population. Considering that 2 degrees of freedom 

have been expended in the regression, the tabulated value 18)  of k is 2.16. 

The tolerance limits may therefore be expressed by: 

log N - 6.9690 + 0.3586 - 0.0383 f 

These limits are shown in Fig. C-15. 

Bare from Manufacturers B, 0, and B, when subjected to a test 

program similar to that for bars from the manufacturer in Phase I, may 

be expected to have proportionate tolerance limits, on the basis of the 

parallelism established in Table C-iS. 
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-* A Critical Review of Literature Treating Methods of 
Identifying Aggregates Subject to Destructive Volume 
Change When Frozen in Concrete and a Proposed 
Program of Research—Intermediate Report (Proj. 
4-3(2)), 	81p., 	$1.80 

1 Evaluation of Methods of Replacement of Deterio- 
rated Concrete in Structures (Proj. 6-8), 	56 p., 
$2.80 

2 	An Introduction to Guidelines for Satellite Studies of 
Pavement Performance (Proj. 1-1), 	19 p.,  $1.80 

2A Guidelines for Satellite Studies of Pavement Per- 
formance, 	85 p.+9 figs., 26 tables, 4 app., 	$3.00 

3 Improved Criteria for Traffic Signals at Individual 
Intersections—Interim Report (Proj. 3-5), 	36 p., 
$1.60 

4 Non-Chemical Methods of Snow and Ice Control on 
Highway Structures (Proj. 6-2), 	74 p., 	$3.20 

5 Effects of Different Methods of Stockpiling Aggre-
gates—Interim Report (Proj. 10-3), 48 p.,  $2.00 

6 Means of Locating and Communicating with Dis-
abled Vehicles—Interim Report (Proj. 3-4), 56 p. 
$3.20 

7 Comparison of Different Methods of Measuring 
Pavement Condition—Interim Report (Proj. 1-2), 
29 p., 	$1.80 

8 Synthetic Aggregates for Highway Construction 
(Proj. 4-4), 	13 p., 	$1.00 

9 Traffic Surveillance and Means of Communicating 
with Drivers—Interim Report (Proj. 3-2), 	28 p., 
$1.60 

10 	Theoretical Analysis of Structural Behavior of Road 
Test Flexible Pavements (Proj. 1-4), 31 p., $2.80 

11 Effect of Control Devices on Traffic Operations— 
Interim Report (Proj. 3-6), 	107 p., 	$5.80 

12 Identification of Aggregates Causing Poor Concrete 
Performance When Frozen—Interim Report (Proj. 
4-3(1)), 	47p., 	$3.00 

13 	Running Cost of Motor Vehicles as Affected by High- 
way Design—Interim Report (Proj. 2-5), 	43 p., 
$2.80 

14 Density and Moisture Content Measurements by 
Nuclear Methods—Interim Report (Proj. 10-5), 
32 p., 	$3.00 

15 Identification of Concrete Aggregates Exhibiting 
Frost Susceptibility—Interim Report (Proj. 4-3(2)), 
66 p., 	$4.00 

16 	Protective Coatings to Prevent Deterioration of Con- 
crete by Deicing Chemicals (Proj. 6-3), 	21 p., 
$1.60 

17 	Development of Guidelines for Practical and Realis- 

	

tic Construction Specifications (Proj. 10-1), 	109 p., 
$6.00 

18 	Community Consequences of Highway Improvement 
(Proj. 2-2), 	37 p., 	$2.80 

19 	Economical and Effective Deicing Agents for Use on 

	

Highway Structures (Proj. 6-1), 	19 p., 	$1.20 

* Highway Research Board Special Report 80. 

Rep. 
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20 Economic Study of Roadway Lighting (Proj. 5-4), 
77 p., 	$3.20 

21 Detecting Variations in Load-Carrying Capacity of 
Flexible Pavements (Proj. 1-5), 	30 p., 	$1.40 

22 Factors Influencing Flexible Pavement Performance 
(Proj. 1-3(2)), 	69 p., 	$2.60 

23 Methods for Reducing Corrosion of Reinforcing 
Steel (Proj. 6-4), 	22 p., 	$1.40 

24 Urban Travel Patterns for Airports, Shopping Cen- 
ters, and Industrial Plants (Proj. 7-1), 	116 p., 
$5.20 

25 Potential Uses of Sonic and Ultrasonic Devices in 
Highway Construction (Proj. 10-7), 48 p.,  $2.00 

26 	Development of Uniform Procedures for Establishing 
Construction Equipment Rental Rates (Proj. 13-1), 
33 p., 	$1.60 

27 	Physical Factors Influencing Resistance of Concrete 
to Deicing Agents (Proj. 6-5), 	41 p., 	$2.00 

28 	Surveillance Methods and Ways and Means of Com- 
municating with Drivers (Proj. 3-2), 66 p.,  $2.60 

29 Digital-Computer-Controlled Traffic Signal System 
for a Small City (Proj. 3-2), 	82 p., 	$4.00 

30 Extension of AASHO Road Test Performance Con- 
cepts (Proj. 1-4(2)), 	33 p., 	$1.60 

31 A Review of Transportation Aspects of Land-Use 
Control (Proj. 8-5), 	41 p., 	$2.00 

32 Improved Criteria for Traffic Signals at Individual 
Intersections (Proj. 3-5), 	134 p., 	$5.00 

33 Values of Time Savings of Commercial Vehicles 
(Proj. 2-4), 	74 p., 	$3.60 

34 Evaluation of Construction Control Procedures— 
Interim Report (Proj. 10-2), 	117 p., 	$5.00 

35 Prediction of Flexible Pavement Deflections from 
Laboratory Repeated-Load Tests (Proj. 1-3(3)), 
117 p., 	$5.00 

36 	Highway Guardrails—A Review of Current Practice 
(Proj. 15-1), 	33 p., 	$1.60 

37 Tentative Skid-Resistance Requirements for Main 
Rural Highways (Proj. 1-7), 	80 p., 	$3.60 

38 	Evaluation of Pavement Joint and Crack Sealing Ma- 
terials and Practices (Proj. 9-3), 	40 p., 	$2.00 

39 Factors Involved in the Design of Asphaltic Pave- 
ment Surfaces (Proj. 1-8), 	112 p., 	$5.00 

40 Means of Locating Disabled or Stopped Vehicles 
(Proj. 3-4(1)), 	40 p., 	$2.00 

41 Effect of Control Devices on Traffic Operations 
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42 Interstate Highway Maintenance Requirements and 
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44 Traffic Attraction of Rural Outdoor Recreational 
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crete Aggregates (Proj. 4-3(2)), 	62 p., 	$2.80 

67 	Relation of Asphalt Rheological Properties to Pave- 
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70 Social and Economic Factors Affecting Intercity 
Travel (Proj. 8-1), 	68 p., 	$3.00 

71 	Analytical Study of Weighing Methods for Highway 
Vehicles in Motion (Proj. 7-3), 	63 p., 	$2.80 

72 Theory and Practice in Inverse Condemnation for 
Five Representative States (Proj. 11-2), 	44 p., 
$2.20 

73 Improved Criteria for Traffic Signal Systems on 
Urban Arterials (Proj. 3-5/1), 	55 p., 	$2.80 

74 Protective Coatings for Highway Structural Steel 
(Proj. 4-6), 	64 p., 	$2.80 

74A Protective Coatings for Highway Structural Steel— 
Literature Survey (Proj. 4-6), 	275 p., 	$8.00 

74B Protective Coatings for Highway Structural Steel— 
Current Highway Practices (Proj. 4-6), 	102 p., 
$4.00 

75 Effect of Highway Landscape Development on 
Nearby Property (Proj. 2-9), 	82 p., 	$3.60  

Rep. 
No. Title 
76 Detecting Seasonal Changes in Load-Carrying Ca-

pabilities of Flexible Pavements (Proj. 1-5(2)), 
37 p., 	$2.00 

77 	Development of Design Criteria for Safer Luminaire 
Supports (Proj. 15-6), 	82 p., 	$3.80 

78 Highway Noise—Measurement, Simulation, and 
Mixed Reactions (Proj. 3-7), 	78 p., 	$3.20 

79 	Development of Improved Methods for Reduction of 
Traffic Accidents (Proj. 17-1), 	163 p., 	$6.40 

80 	Oversize-Overweight Permit Operation on State High- 
ways (Proj. 2-10), 	120 p., 	$5.20 

81 Moving Behavior and Residential Choice—A Na- 
tional Survey (Proj. 8-6), 	129 p., 	$5.60 

82 National Survey of Transportation Attitudes and 
Behavior—Phase II Analysis Report (Proj. 20-4), 
89 p., 	$4.00 

83 Distribution of Wheel Loads on Highway Bridges 
(Proj. 12-2), 	56 p., 	$2.80 

84 Analysis and Projection of Research on Traffic 
Surveillance, Communication, and Control (Proj. 
3-9), 	48 p., 	$2.40 

85 Development of Formed-in-Place Wet Reflective 
Markers (Proj. 5-5), 	28 p., 	$1.80 

86 Tentative Service Requirements for Bridge Rail Sys- 
tems (Proj. 12-8), 	62 p., 	$3.20 

87 	Rules of Discovery and Disclosure in Highway Con- 
demnation Proceedings (Proj. 11-1(5)), 	28 p., 
$2.00 

88 Recognition of Benefits to Remainder Property in 
Highway Valuation Cases (Proj. 11-1(2)), 	24 p., 
$2.00 

89 Factors, Trends, and Guidelines Related to Trip 
Length (Proj. 7-4), 	59 p., 	$3.20 

90 Protection of Steel in Prestressed Concrete Bridges 
(Proj. 12-5), 	86 p., 	$4.00 

91 	Effects of Deicing Salts on Water Quality and Biota 
—Literature Review and Recommended Research 
(Proj. 16-1), 	70 p., 	$3.20 

92 Valuation and Condemnation of Special Purpose 
Properties (Proj. 11-1(6)), 	47 p., 	$2.60 

93 	Guidelines for Medial and Marginal Access Control 
on Major Roadways (Proj. 3-13), 	147 p., 
$6.20 

94 Valuation and Condemnation Problems Involving 
Trade Fixtures (Proj. 11-1(9)), 	22 p., 	$1.80 

95 Highway Fog (Proj. 5-6), 	48 p., 	$2.40 
96 Strategies for the Evaluation of Alternative Trans- 

portation Plans (Proj. 8-4), 	111 p., 	$5.40 
97 Analysis of Structural Behavior of AASHO Road 

Test Rigid Pavements (Proj. 1-4(1)A), 	35 p., 
$2.60 

98 Tests for Evaluating Degradation of Base Course 
Aggregates (Proj. 4-2), 	98 p. 	$5.00 

99 Visual Requirements in Night Driving (Proj. 5-3), 
38 p., 	$2.60 

100 Research Needs Relating to Performance of Aggre- 
gates in Highway Construction (Proj. 4-8), 	68 p., 
$3.40 

101 Effect of Stress on Freeze-Thaw Durability of Con- 
crete Bridge Decks (Proj. 6-9), 	70 p., 	$3.60 

102 Effect of Weldments on the Fatigue Strength of Steel 
Beams (Proj. 12-7), 	114.p., 	$5.40 

103 Rapid Test Methods for Field Control of Highway 
Construction (Proj. 10-4), 	89 p., 	$5.00 

104 Rules of Compensability and Valuation Evidence 
for Highway Land Acquisition (Proj. 11-1), 
77 p., 	$4.40 



Rep. Rep. 
No. Title No. Title 

105 Dynamic Pavement Loads of Heavy Highway Vehi- 133 Procedures for Estimating Highway User Costs, Air 
des (Proj. 15-5), 	94 p., 	$5.00 Pollution, and Noise Effects (Proj. 7-8), 	127 p., 

106 Revibration of Retarded Concrete for Continuous $5.60 
Bridge Decks (Proj. 18-1), 	67 p., 	$3.40 134 Damages Due to Drainage, Runoff, Blasting, and 

107 New Approaches to Compensation for Residential Slides (Proj. 11-1(8)), 	23 p., 	$2.80 
Takings (Proj. 11-100)), 	27 p., 	$2.40 135 Promising Replacements for Conventional Aggregates 

108 Tentative Design Procedure for Riprap-Lined Chan- for Highway Use (Proj. 4-10), 	53 p., 	$3.60 
nels (Proj. 15-2), 	75 p., 	$4.00 136 Estimating Peak Runoff Rates from Ungaged Small 

109 Elastomeric Bearing Research (Proj. 12-9), 	53 p., Rural Watersheds (Proj. 15-4), 	85 p., 	$4.60 
$3.00 137 Roadside 	Development—Evaluation 	of 	Research 

110 Optimizing Street Operations Through Traffic Regu- (Proj. 16-2), 	78 p., 	$4.20 
lations and Control (Proj. 3-11), 	100 p., 	$4.40 138 Instrumentation 	for 	Measurement of 	Moisture- 

111 Running Costs of Motor Vehicles as Affected by Literature 	Review 	and 	Recommended 	Research 
Road Design and Traffic 	(Proj. 2-5A and 2-7), (Proj. 21-1), 	60 p., 	$4.00 
97 p., 	$5.20 139 Flexible Pavement Design and Management—Sys- 

112 Junkyard 	Valuation—Salvage 	Industry 	Appraisal tems Formulation (Proj. 1-10), 	64 p., 	$4.40 
Principles 	Applicable 	to 	Highway 	Beautification 140 Flexible Pavement Design and Management—Ma- 
(Proj. 	11-3(2)), 	41 	p., 	$2.60 terials 	Characterization 	(Proj. 	1-10), 	118 	p., 

113 Optimizing Flow on Existing Street Networks (Proj. $5.60 
3-14),. 	414 p., 	$15.60 141 Changes in Legal Vehicle Weights and Dimensions- 

114 Effects of Proposed Highway Improvements on Prop- Some Economic Effects on Highways (Proj. 19-3), 
erty Values (Proj. 11-1(1)), 	42 p., 	$2.60 184 p., 	$8.40 

115 Guardrail Performance and Design (Proj. 15-1(2)), 142 Valuation 	of 	Air 	Space 	(Proj. 	11-5), 	48 	p.,  
70 p., 	$3.60 $4.00 

116 Structural 	Analysis and Design of Pipe Culverts 143 Bus Use of Highways—State of the Art (Proj. 8-10), 
(Proj. 	15-3), 	155 p., 	$6.40 406 p., 	$16.00 

117 Highway Noise—A Design Guide for Highway En- 144 Highway Noise—A Field Evaluation of Traffic Noise 

gineers (Proj. 3-7), 	79 p., 	$4.60 Reduction Measures (Proj. 3-7), 	80 p., 	$4.40 

118 Location, Selection, and Maintenance of Highway 145 Improving Traffic Operations and Safety at Exit Gore 

Traffic Barriers (Proj. 15-1(2)), 	96 r' 	$5.20 146 
Areas (Proj. 3-17) 	120 p., 	$6.00 
Alternative 	Multimodal 	Passenger 	Transportation 

119 Control of Highway Advertising Signs—Some Legal Systems—Comparative 	Economic 	Analysis 	(Proj. 
Problems (Proj. 11-3(1)), 	72 p., 	$3.60 8-9), 	68 p., 	$4.00 

120 Data Requirements for Metropolitan Transportation 147 Fatigue Strength of Steel Beams with Welded Stiff- 
Planning (Proj. 8-7), 	90 p., 	$4.80 eners 	and 	Attachments 	(Proj. 	12-7), 	85 	p., 

121 Protection of Highway Utility (Proj. 8-5), 	115 p., $4.80 
$5.60 148 Roadside Safety Improvement Programs on Freeways 

122 Summary and Evaluation of Economic Consequences —A Cost-Effectiveness Priority Approach (Proj. 20- 
of Highway Improvements (Proj. 2-11), 	324 p., 7), 	64 p., 	$4.00 
$13.60 149 Bridge Rail Design—Factors, Trends, and Guidelines 

123 Development 	of 	Information 	Requirements 	and (Proj. 12-8), 	49 p., 	$4.00 
Transmission Techniques for Highway Users (Proj. 150 Effect of Curb Geometry and Location on Vehicle 

3-12), 	239 p., 	$9.60 Behavior (Proj. 20-7), 	88 p., 	$4.80 

124 Improved Criteria for Traffic Signal Systems in 151 Locked-Wheel Pavement Skid Tester Correlation and 

Urban Networks (Proj. 3-5), 	86 p., 	$4.80 Calibration Techniques (Proj. 1-12(2)), 	100 p., 
125 Optimization of Density and Moisture Content Mea- $6.00 

surements 	by 	Nuclear 	Methods 	(Proj. 	10-5A), 152 Warrants for Highway Lighting (Proj. 5-8), 	117 

86 p., 	$4.40 p., 	$6.40 

126 Divergencies in Right-of-Way Valuation (Proj. 11- 153 Recommended Procedures for Vehicle Crash Testing 

4), 	57 p., 	$3.00 of Highway Appurtenances (Proj. 22-2), 	19 p.,  
127 Snow Removal and Ice Control Techniques at Inter- $3.20 

changes 	(Proj. 	6-10), 	90 	p., 	$5.20 154 Determining Pavement Skid-Resistance Requirements 

128 Evaluation of AASHO Interim Guides for Design at Intersections and Braking Sites (Proj. 1-12), 	64 

of Pavement Structures 	(Proj. 	1-11), 	111 	p., 
$5.60 155 

p., 	$4.40 
Bus Use of Highways—Planning and Design Guide- 

129 Guardrail Crash Test Evaluation—New Concepts lines (Proj. 8-10), 	161 p., 	$7.60 
and 	End 	Designs 	(Proj. 	15-1(2)), 	89 	p., 156 Transportation Decision-Making—A Guide to Social 

$4.80 and Environmental Considerations (Proj. 8-8(3)), 

130 Roadway Delineation Systems (Proj. 5-7), 	349 p., 135 p., 	$7.20 

$14.00 157 Crash Cushions of Waste Materials (Proj. 20-7), 

131 Performance Budgeting System for Highway Main- 73 p., 	$4.80 
tenance Management 	(Proj. 	19-2(4)), 	213 p., 158 Selection of Safe Roadside Cross Sections 	(Proj. 

$8.40 20-7), 57 p., 	$4.40 
132 Relationships 	Between 	Physiographic 	Units 	and 159 Weaving Areas—Design and Analysis (Proj. 3-15), 

Highway Design Factors (Proj. 1-3(1)), 	161 p., 119 p., 	$6.40 
$7.20 



Rep. 
No. Title 

160 Flexible Pavement Design and Management—Sys-
tems Approach Implementation (Proj. 1-1A), 
54 p., 	$4.00 

161 Techniques for Reducing Roadway Occupancy Dur-
ing Routine Maintenance Activities (Proj. 14-2), 
55 p., 	$4.40 

162 Methods for Evaluating Highway Safety Improve- 
ments (Proj. 17-2A), 	150 p., 	$7.40 

163 Design of Bent Caps br Concrete Box-Girder Bridges 
(Proj. 12-10), 	124p., 	$6.80 

164 Fatigue Strength of High-Yield Reinforcing Bars 
(Proj. 4-7), 	90 p., 	$5.60 

Synthesis of Highway Practice 

No. Title 
1 	Traffic Control for Freeway Maintenance (Proj. 20-5, 

Topic 1), 	47 p., 	$2.20 
2 Bridge Approach Design and Construction Practices 

(Proj. 20-5, Topic 2), 	30 p., 	$2.00 
3 Traffic-Safe and Hydraulically Efficient Drainage 

Practice (Proj. 20-5, Topic 4), 	38 p., 	$2.20 
4 	Concrete Bridge Deck Durability (Proj. 20-5, Topic 

3), 	28 p., 	$2.20 
5 Scour at Bridge Waterways (Proj. 20-5, Topic 5), 

37 p., 	$2.40 
6 Principles of Project Scheduling and Monitoring 

(Proj. 20-5, Topic 6), 	43 p., 	$2.40 
7 Motorist Aid Systems (Proj. 20-5, Topic 3-01), 

28 p., 	$2.40 
8 	Construction of Embankments (Proj. 20-5, Topic 9), 

38 p., 	$2.40  

No. Title 
9 Pavement Rehabilitation—Materials and Techniques 

(Proj. 20-5, Topic 8), 	41 p., 	$2.80 
10 Recruiting, Training, and Retaining Maintenance and 

Equipment Personnel (Proj. 20-5, Topic 10), 35 p., 
$2.80 

11 Development of Management Capability (Proj. 20-5, 
Topic 12), 	sop., 	$3.20 

12 Telecommunications Systems for Highway Admin-
istration and Operations (Proj. 20-5, Topic 3-03), 
29 p., 	$2.80 

13 Radio Spectrum Frequency Management (Proj. 20-5, 
Topic 3-03), 	32 p., 	$2.80 

14 Skid Resistance (Proj. 20-5, Topic 7), 	66 p., 
$4.00 

15 Statewide Transportation Planning—Needs and Re- 
quirements (Proj. 20-5, Topic 3-02), 	41 p., 
$3.60 

16 Continuously Reinforced Concrete Pavement (Proj. 
20-5, Topic 3-08), 	23 p., 	$2.80 

17 Pavement Traffic Marking—Materials and Applica-
tion Affecting Serviceability (Proj. 20-5, Topic 3- 
05), 	114 p., 	$3.60 

18 Erosion Control on Highway Construction (Proj. 
20-5, Topic 4-01), 	52 p., 	$4.00 

19 Design, Construction, and Maintenance of PCC 
Pavement Joints (Proj. 20-5, Topic 3-04), 	40 p., 
$3.60 

20 Rest Areas (Proj. 20-5, Topic 4-04), 	38 p., 
$3.60 

21 Highway Location Reference Methods (Proj. 20-5, 
Topic 4-06), 	30 p., 	$3.20 

22 Maintenance Management of Traffic Signal Equip- 
ment and Systems (Proj. 20-5, Topic 4-03) 	41 p., 
$4.00 

23 Getting Research Findings into Practice (Proj. 20-5, 
Topic 11) 	24.p., 	$3.20 

24 Minimizing Deicing Chemical Use (Proj. 20-5, 
Topic 4-02), 	58 p., 	$4.00 

25 Reconditioning High-Volume Freeways in Urban 
Areas (Proj. 20-5, Topic 5-01), 	56 p., 	$4.00 

26 Roadway Design in Seasonal Frost Areas (Proj. 20-5, 
Topic 3-07), 	104 p., 	$6.00 

27 PCC Pavements for Low-Volume Roads and City 
Streets (Proj. 20-5, Topic 5-06), 	31 p., 	$3.60 

28 Partial-Lane Pavement Widening (Proj. 20-5, Topic 
5-05), 	30 p., 	$3.20 

29 Treatment of Soft Foundations for Highway Em- 
bankments (Proj. 20-5, Topic 4-09), 	25 p., 
$3.20 

30 	Bituminous Emulsions for Highway Pavements (Proj. 
20-5, Topic 6-10), 	76 p., 	$4.80 

31 	Highway Tunnel Operations (Proj. 20-5, Topic 5-08), 
29 p., 	$3.20 

32 Effects of Studded Tires (Proj. 20-5, Topic 5-13), 
46 p., 	$4.00 

33 Acquisition and Use of Geotechnical Information 
(Proj. 20-5, Topic 5-03), 	40 p., 	$4.00 

34 	Policies for Accommodation of Utilities on Highway 
Rights-of-Way (Proj. 20-5, Topic 6-03), 	22 p., 
$3.20 



THE TRANSPORTATION RESEARCH BOARD is an agency of the National 
Research Council, which serves the National Academy of Sciences and the National 
Academy of Engineering. The Board's purpose is to stimulate researchconcerning 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 150 committees and task forces 

—=composedof-more than=1,800 -  administrators,- engineerssocial scientists, and educators 
who serve without compensation. The program is supported by state transportation and 
highway departments, the U.S. Department of Transportation, and other organizations 
interested in the development of transportation. 

The Transportation Research Board operates within the Commission on Sociotech-
nical Systems of the National Research Council. The Council was organized in 1916 
at the request of President Woodrow Wilson as an agency of the National Academy of 
Sciences to enable the broad community of scientists and engineers to associate their 
efforts with those of the Academy membership. Members of the Council are appointed 
by the president of the Academy and are drawn from academic, industrial, and govern-
mental organizations throughout the United States. 

The National Academy of Sciences was established by a congressional act of incorpo-
ration signed by President Abraham Lincoln on March 3, 1863, to further science and 
its use for the general welfare by bringing together the most qualified individuals to deal 
with scientific and technologicd problems of broad significance. It is a private, honorary 
organization of more than 1,000 scientists elected on the basis of outstanding contribu-
tions to knowledge and is supported by private and public funds. Under the terms of its 
congressional charter, the Academy is called upon to act as an official—yet indepen-
dent—advisor to the federal government in any matter of science and technology, 
although it is not a government agency and its activities are not limited to those on 
behalf of the government. 

To share in the tasks of furthering science and engineering and of advising the federal 
government, the National Academy of Engineering was established on December 5, 
1964, under the authority of the act of incorporation of the National Academy of 
Sciences. Its advisory activities are closely coordinated with those of the National 
Academy of Sciences, but it is independent and autonomous in its organization and 
election of members. 
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