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ABSTRACT

A comprehensive investigation was undertaken to study the
fatigue of hot rolled reinforcing bars. The investigation included
fatigue tests, metallographical observations and streés concentration
analyses. The fatigue test results were analysed statistically and
the findings were compared with previous results. The fatigue behavior
of reinforcing bars were explained on the basis of metallographical
observations and stress concentration analyses.

The main objectives of this project were to study the effect
of deformations, decarburization of the bar surface, rust and mi1l scale,
grade of steel, minimum stress level and bar size on the fatigue of
reinforcing bars.

In all, thirteen types of plain and deformed bars with three
nominal yield strengths and three sizes were tested. Seventy-two
concréte beams containing a single straight bar as a main reinforcement
were tested under repeated flexural loads. Eighty-eight deformed or
plain bar specimens and thirty-two specimens machined from the reinforcing
bars were tested in air under cyclic tension stresses.

Metallographical observations and observations of the fatigue
failure phenomenon were carried out.

Strain measurements and finite element stress analyses were

used to determine the influence of various geometrical parameters of
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the deformations on the stress concentrations caused by the deformations.
The analyses indicated that the stress concentration factor KT increased
as the ratio of the lug base radius to the lug height was decreased
below a value of 1.25. Other variables were less significant.

The test results suggest there is a significant decrease in
the fatigue strength due to the deformations and the decarburization of
~ the bar surface. However, no influence of rust or mill scale was
observed. The grade of steel had no influence on fatigue strength of
deformed bars, while machined polished specimens showed a linear in-
crease in fatigue strength with grade. The effect of grade on plain
as-rolled bars was between that for deformed and machined polished
specimens. The test data at various minimum stress levels from this
and other projects may be represented by a Modified Goodman Law. No
appreciable influence of size was observed on the fatigue strength.
Finally, the fatigue strength of bars in concrete beams was 2 ksi
higher than for bars tested in air.

An engineering method has been suggested for the estimation
of fatigue strength of reinforcing bars. This method was used to
analyse previously published fatigue data on deformed reinforcing bars.
To improve the fatigue strength of deformed bars, a proposal is made
for the inclusion of an additional clause in the deformation specifica-
tions. Finally, a design specification for the permissible stresses
under repeated loading for commercially available North American bars

is also suggested.
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CHAPTER I
INTRODUCTION

The use of hot rolled deformed high strength* bars as concrete
reinforcement has been increasing for the past two decades and a similar
trend is expected in the nineteen seventies (1)**. These bars show a
definite economic advantage over conventional mild steel reinforcing
bars in‘many circumstances. Their increased use has prompted extensive
investigations of their behavior in concrete members. Accordingly, the
study of fatigue performance of high strength reinforcing bars has re-
ceived considerable attention since poor fatigue properties have been
a major drawback of high strength steels (2). Several major investi-
gations of this problem have been reported from Germany, U.S.A.,

Canada, Japan and Sweden.

The majority of reinforcing bars are manufactured by two
mahufacturing processes; hot rolling alone, and cold working combinedv
with aging after rolling. Because this investigation was restricted
to hot rolled bars and because most of the reinforcing bars produced
in North America belong to this type, this report will be limited to

a discussion of hot rolled reinforcing bars.

*Bars having yield strength greater than 50 ksi are referred to as high
strength bars.
**Number in parentheses designate references.
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Hot rolled bars are available in various parts of the world
with numerous deformation patterns and with yield strengths ranging
from 60 to 90 ksi. The various codes (3-7) on deformed bérs generally
specify proof yield and ultimate strengths, deformation details and

requirements for elongation and bendability. Some European codes (4,5)

also specify fatigue strength and weldability requirements. For example, the

German code (4) requires the reinforcing bar manufacturer to supply
fatigue strength data if the bars are to be used for structures pre-
dominantly subjected to repeated loads. The American Society for
Testing and Materials (ASTM) Standard (A615-68)(3) on deformed billet
steel bars specifies minimum requirements for Grade 40, 60 and 75
concrete reinforcing steel bars. These requirements do not include
clauses on fatigue strength. The permissible stresses for these

bars for highway bridge structures are governed by the AASHO Code (8),
which does not permit higher stresses in fatigue for higher grades of
steels due to the lack of supporting data. This code provision has
led to a lTower demand for higher grade steels for concrete bridges
than for other concrete building structures.

On the basis of the extensive literature on metal fatigue
and the fatfgue strength of reinforcing bars, the factors which may
effect the fatigue behavior of reinforcing bars are as follows:

Group I  Manufacturing Process
Deformation Details

Bar Grade and Size



Group II  Stress Range

Expected Life

Minimum Stress

Stress Gradient across bar in service
Group III Weldability

Bends

The above parameters are divided into three groups on the
basis of variables controlled by the bar manufacturer, the designer,
and the usage of the bar. An investigation of all three groups would
be necessary to establish rational design code specifications for the
fatigue strengths of reinforcing bars and/or for the development of
bars of improved fatigue strength. Investigation of the first two
factors in group I requires close cooperation between the investigators
and the reinforcing bar manufacturers. The remaining parameters have
been investigated extensively and a large amount of test data is
available; however, due to non-uniformity of the variables controlled
by the manufacturers, it is difficult to correlate this data. The
specially rolled bars produced by the Steel Company of Canada for
this investigation made it possible to study in some depth one particu-

lar set of variables controlled by the manufacturer.

1.1 Previous Researches

German research on fatigue strength of deformed bars reported

by Rehm (9) in 1960 led to the development of a laboratory fatigue
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specimen to test straight and bent reinforcing bars in concrete beams.
In Tater years Soretz (10), and Wascheidt (11) attempted to simplify
the fatigue specimen by testing reinforcing bars in air. These tests
have provided initial data on the effect of concrete encasement on
the fatigue strength of reinforcing bars.

In 1964, a major investigation on the fatigue strength of
hot rolled deformed bars manufactured in North America was reported
by the Portland Cement Association (PCA) (12). This was followed by
several other reports (13,14,15,16). These investigations are the
-~ biggest source of information on the fatigue behavior of American
deformed reinforcing bars. The influence of such variables as bar
grade, bar size, deformation type, minimum stress level, bar bends,
tack welding and nominal depth of bar in concrete beam was investi-
gated.

Tests on bars of different grades have been reported by
Lash (17). Wascheidt (10), Kokubu and Okamura (18), and Grongvist (19,20)
carried out fatigue tests on bars of different grades, sizes and
deformation patterns. Fatigue tests on welded reinforcing bars have
been reported by the University of I11inois (21,22). A number of
other references (23-27) provide significant data from several other
test series.

The findings from the test series mentioned above will be
compared and discussed in Chapter VII along with the findings from

this project.



1.2 Research Objectives and Approach

The objectives of this project were to investigate the in-
fluence of bar grade, bar surface characteristics, bar size and minimum
stress in the stress cycle on the fatigue strength* of one type of
commercially available deformed reinforcing bars. The fatigue studies
were made in two phases. In the first phase, previously reported in the
authors M.Sc. thesis (29), the influence of bar grade, bar size and
minimum stress level were investigated. The second phase was primarily
devoted to a study of the influence of bar surface characteristics such
as deformation shape, decarburization of the rolled surface and rust
and mill scale.

The tests in the first phase were initiated in 1967. The
test program consisted of flexure fatigue tests on 72 reinforced con-
crete beams containing Grade 40, 60 and 75 reinforcement of bar sizes
Nos. 5, 8 and 10. The minimum stresses in the cycles were set at
10 and 40 percent of the yield strength in the tests of No. 8 bars
and 10 percent of the yield strength in the tests of No. 5 and No. 10
bars. In order to isolate the variables under investigation, the beam
size and concrete strength were kept approximately constant for each
bar diameter. The beam dimensions were varied in proportion to the

bar diameter so that the steel percentage was approximately equal for

*Terminology and notation in this report follows, insofar as possibie,
the recommendations of ASTM Committee E-9 on fatigue (28). The fatigue
strength of a bar is a hypothetical value of stress corresponding to
failure at exactly N cycles as determined from an S-N diagram. Through-
out this report, the hypothetical value of S referred to will be stress
range, S.. , at which 50 percent of the specimens of a given sample would
be expecEed to survive N cycles.



all beams and the theoretical strain at the top of bar was a constant
percentage of that at the bottom of the bar. The test results were
presented in the form of an S-N curve for each combination of the
parameters under study. The test data was analysed to find an approxi-
mate fatigue 1imit and an equation for the mean S-N 1ine for the test
data in the finite life region.

The test data in the first phase showed considerable scatter
in fatigue lives, which pointed out the need for replication and for a
statistically designed experiment. At the same time, a need for a
simple standardized fatigue test specimen was also realised, since
testing a concrete beam was not only cumbersome and costly, but also
might have added to the scatter in the results due to variations in the
concrete beam parameters. Considering these factors and the specialised
nature of testing required to investigate various bar surface charac-
teristics, the simple reinforcing bar fatigue specimen described in
Chapter III was developed. The tests in the second phase were planned
and executed according to a statistically designed experiment. The
main objectives of the tests were to determine whether deformations,
decarburization of the rolled surface, and rust and mill scale had a
significant influence on the mean fatigue limit and to quantify these
effects by statistical analysis. The objectives of the project also
included the determination of the stress concentrations produced by

the deformations and the extent of bar surface decarburization.



The tests in the second phase included deformed bars, plain
as-rolled bars, plain bars without rust and mill scale and machined.
polished specimens, all of the same reinforcing steel. Reinforcing
steels of Grades 40 and 60 were used in the tests. In all, 88 rein-
forcing bar fatigue specimens and 32 machined polished specimens were
tested in air under similar stress conditions. The tests results were
statistically analysed to determine mean fatigue limits, and S-N-P
curves for each series. An analysis of variance and multiple regression
analyses were used to test the significance of specified variables and
to quantify their influence on fatigue strength. These analyses are
presented in Chapter VI.

Extensive metallographical investigations are reported in
Chapter IV. These tests were conducted to study the general steel
structure, to estimate the grain size and to determine the extent of
the decarburization of the bar surface of all the reinforcing steels
used in this project.

Stress concentrations produced by the deformations were
investigated analytically and experimentally for the types of rein-
forcing bars used in this project. The influence of the geometrical
parameters of the deformations on the theoretical stress concentration
factor is outlined in section 5.4 of Chapter V.

The conclusions from the fatigue tests, the stress concentra-
tion analysis and the metallographical analysis are compared and dis-
cussed with the previous imbortant test findings in Chapter VII. 1In

this chapter, an engineering approach to estimate the fatigue limit of
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high strength deformed bars is suggested. This approach is applied to
previously published test data with considerable success.

The deformation requirements of reinforcing bars specified
in ASTM, German, Swiss, Japanese and Canadian codes (3-7) are reviewed
in Chapter VIII. Suggestions have been made on how the code specifi-
cations on deformation details could be modified to improve the fatigue
strength of reinforcing bars without significantly impairing their
bond properties. Finally, Chapter IX outlines the significant find-

ings of this project and suggestions are offered for future research.



CHAPTER II
TEST PROGRAM AND PROPERTIES OF
REINFORCING STEELS STUDIED

2.1 Description of Test Program

This investigation was a study of the fatique behaVior of
reinforcing bars of Grade 40, 60 and 75 steels, meeting ASTM (A615-68)
requirements (3). The influence of six major variables; bar grade,
bar size, minimum stress level, deformations, decarburization and rust
and mill scale on the fatigue strength of bars was studied. The experi-
ments were carried out in two phases.

The tests in the first phase included flexural fatigue tests
of 72 reinforced concrete beams. The testing was divided into 12
series of reinforced concrete beams. Each series consisted of 6
beams of the same dimensions and reinforcement. A total of nine types
of steels were investigated, including all combinations of the three
grades of steel and three bar sizes. The outline of the test program
is given in Table 2.1. These tests will be briefly described in this
report, since a detailed description of these tests has been previously
reported (29). However, the test data from these tests will be analyzed
with those of the second phase.

A detailed description of the tests in the second phase is

presented in this report. These tests were partly an extension of the



TABLE 2.1

OUTLINE OF TEST PROGRAM

(PHASE 1)

Beam Bar Bar Minimum

Series Size Grade Stress Level
1 8 G40 0.1 fy
2 8 G60 0.1 fy
3 8 G75 0.1 fy
4 8 G40 0.4 fy
5 8 G60 0.4 fy
6 8 G75 0.4 fy
7 5 G40 0.1 fy
8 5 G60 0.1 fy
9 5 G75 0.1 fy
10 10 G40 0.1 fy
11 10 G60 0.1 fy
12 10 G75 0.1 fy

tests in the first phase.

in the first phase and were based on a statistically valid experi-

mental design.

counting for scatter in the test results and on the determination of

the mean fatigue Timits.

formation details, decarburization, rust and mill scale and bar grade

In designing these tests, emphasis was placed on ac-

The influence of four major variables; de-

10

They were more comprehensive than the tests

on the fatigue 1imit of the bars was investigated. Axial tension tests

were conducted under repeated loading in air on plain and deformed
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No. 8 bars of Grade 40 and 60 steel. The details of specimens and
experimental design of these tests is presented in Chapter III.
Although fatigue tests formed the major part of the test
program, several miscellaneous tests were undertaken to explain the
findings from the fatigue tests. These tests were the following:
(1) Metallographical investigations for steel structure,
grain size and decarbufization.
(2) Tests to determine stress concentration factors.
(3) Surface roughness measurements.
(4) Hardness tests.

(5) Analyses of failure surfaces.

2.2 Properties of Reinforcement

2.2.1 Description of Manufacturing Process

The majority of reinforcement used in this program was of
three grades; Grade 40, 60 and 75, meeting ASTM (A615-68) specifications (3).
Special p]afn No. 8 bars of Grade 40 and 60 were also tested. These
bars were specially rolled for the tests and did not meet the deforma-
tion requirements of the ASTM code. A1l bars were supplied by The Steel
Company of Canada (Stelco), a leading manufacturer of reinforcing bars
in Canada.

A1l the reinforcing bars were manufactured by the hot rolling
process from_bi]]ets produced from steel scrap in a continuous casting
mill. The steel scrap used was of wide variety coming from farm

machinery, auto-wrecks, used machines etc. Steel billets for Grade 40
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and 60 were cast from steel scrap remelted at 2100-2200°F in an
electrical furnace in the Edmonton Stelco plant. The Grade 75 steel
was prdduced in an open-hearth furnace at the Stelco plant in Hamilton.
In both plants no control of decarburization of the billet surface
was exercised in the furnace. The chemistry of the steel was controlled
to get the desired physical properties. Normally, additions of manganese,
chromium and vanadium were made to get higher strength. For each heat
a ladle analysis was made to comply with the specified chemistry clause
of the ASTM Standard.

The deformed reinforcing bars were made by successive rolling
of a steel billet through a series of 12 to 15 rolls depending upon
the final bar diameter. Bar sizes Nos. 5 and 8 were rolled from a
3-5/8 inch square biilet and No. 10 bars from a 5-1/2 inch square
billet. In all cases, the length of the billets ranged from 10-12 ft.
The deformations were hot formed in the final pass by pressing the bar
between rolls havingvpatterns cut into them.

The rolls wear out with continuous use, changing their geometry
at sharp corners. The rolls are normally not replaced until they reach
the minimum requirements of deformations in the ASTM Standard.

In the rolling plant, tests were made for yield strength,
tensile strength, bending properties, weight and deformation size in
compliance with the ASTM Standard.

The reinforcement in the first phase of the tests consisted
of three steé]s; Grades 40, 60 and 75, and three bar sizes; Nos. 5, 8
ang 10. Two grades of steels were used in the second phase of tests.

The reinforcement in these tests consisted of plain and deformed No. 8
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bars of Gfades 40 and 60 produced in the Edmonton Stelco plant. The
deformed and plain bars of each grade were rolled from two successive
billets from the ;ame heat. The deformed bars of both grades were
rolled in two successive passes using newly machined final rb]]s,
which produced essentially identical deformations on the two steels.
Because the rolls were newly machined the deformations were extremely
sharp. In a similar manner the plain bars of Grade 40 and 60 were
rolled in two successive passes through round bar rolls.

To determine the change in the cross-sectional dimensions
of deformed bars due to wearing out of the rolls, a few reinforcing
bars were rolled using fully worn rolls. These No. 8 bars were not

tested under fatigue loading, however.

2.2.2 Bar Dimensions and Mechanical Properties

Photographs of a typical deformed bar are shown in FIGURE 2.1.
The deformed bar had two longitudinal lugs and uniformly spaced
parallel transverse lugs inclined at 75° to the bar axis. In each
case the transverse lugs merged into the longitudinal lugs. Except
for the No. 8 Grade 75 bars, the transverse lugs were reversed in
direction on each side of longitudinal lug as shown in FIGURE 2.1.
The transverse lugs were parallel on both sides of the longitudinal
Tugs on the No. 8 Grade 75 bars. In all cases the bars met ASTM
specifications on deformations.

FIGURE 2.2 shows typical mid-lug profiles obtained by
sectioning bars along their longitudinal axes. The bars in the second

test phase had the profile shown in FIGURE 2.2(a). Similar diagrams
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TYPICAL DEFORMED REINFORCING BAR
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are presented in Reference 29 for the bars in the first test phase.
The cross-sectional dimensions of the plain and deformed bars from
both testing phases are given in Table 2.2. This table also contains
data for the No. 8 deformed bars, which were rolled using fully worn
rolls. The bar diameter, lug height, lug spacing etc., were measured
with a micrometer. The radii at the bases of the lugs and the photo-
graphs of the mid-lug profiles shown in FIGURE 2.2 were obtained using
an optical comparator.

Two reinforcing bars of each size in each grade of steel
were tested in tension. The laboratory test data is summarized in
Table 2.3. Three significant observations can be made from this data.
First, for all steels used, the ratio between tensile and yield
strengths ranged from about 1.35 for Grade 75 upto about 1.55 for
Grade 40 steels, with an average of 1.5. This average ratio for the
hot rolled steels is considerabiy higher than the average ratio of
1.2 found in cold rolled steels (11). Second, for all steels tested,
the higher grade steels showed lower percentage of elongation. These
results indicate that the ductility of the higher strength steels was
lower. It has been observed in metal fatigue that steels with Tower
ducti]ity generally have a lower fatigue strength. Finally, although
the steel in the plain and deformed bars of each grade came from suc-
cessive billets and had essentially the same chemistry, the strength
and ductility of the plain bars was always greater than that of the
deformed bars.

The stress strain curves are presented in FIGURES 2.3 and
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2.4 for the nine steels used in Phase I and four steels used in Phase
IT. It is interesting to note that of the thirteen types of bars used,
the Grade 75 size No. 10 bars were the only ones for which the stress
strain curve deviated significantly from an elastic-plastic strain
hardening stress strain curve. In addition, the measured tensile
strength of the No. 10 Grade 75 bars was essentially the same as that
determined for the No. 10 Grade 60 bars.

The differences in yield strength between the Grade 40 and
Grade 60 plain and deformed bars of identical metallurgy can be seen
in FIGURE 2.4. In both cases the plain bars had 4 percent higher

yield and tensile strength than the deformed bars.

2.2.3 Chemical Composition of Steel

The chemical composition of steel has a major influence on
its mechanical properties and micro-structure. Plain carbon steels
used for reinforcing bars contain carbon and some of the more common
additive agents such as manganese, silicon, chromium, molybdenum and
vanadium. An increase of carbon content leads to an increase in the
hardness, tensile strength and yield strength of a steel (30). Sim-
ilar results may be obtained by the various additive agents, however.

The ASTM Specifications on the chemical composition of
reinforcing bars (3) specify only maximum phosphorous content, leaving
the rest of the chemical composition of the steel to the discretion

of the manufacturer. The manufacturer generally selects the steel
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chemistry to achieve the specified mechanical properties without pay-
ing much attention to its micro-structure or grain size. The speci-
fications contain no requirements for the micro-structure and grain

size, which both affect the fatigue properties.

2.2.3.1 Chemical Analysis

To determine the chemical composition of the reinforcing
bars used in thié project, tests were performed on a small sample of
each steel at the Stelco Edmonton plant. The chemical analysis for
all elements except carbon and sulphur was performed using an emission
spectrograph. The carbon and sulphur analyses were done separately.
The chemical analysis of the thirteen steels tested is given in
Appendix A.

The phosphorous content present in each case was less than
.05 percent as specified in the code (3). In the Grade 75 steels,
no phosphorous was detected. All the steels contained carbon contents
ranging from 0.36 - 0.52. The Grade 60 steels used for the first
phase of tests had carbon contents ranging from .42 - 0.52 percent,
much higher than the rest of steels. However, the Grade 60 steel
used for the second phase of tests had a carbon content of 0.34 percent
which is comparable to the carbon content of the rest of the steels.
From chemical analysis, it was apparent that the higher grade steels
were obtained partly by the increase in the carbon content and partly
by the additive agents such as manganese, chromium and vanadium,

some of which were probably present in the steel scrap used for bars.



CHAPTER III
FATIGUE TESTS

3.1 Choice of Type of Fatigue Specimen

Suitable fatigue test specimens had to be developed in order
to study the fatigue behavior of high strength deformed bars in con-
crete beams. Since a reinforced concrete beam under repeated Toading
may fail in a mode of failure other than a fatigue fracture of the
tensile reinforcement (29), these modes of failure had to be eliminated
from the laboratory specimens by proper selection of the proportions
of the beam and the manner in which the load was to be applied. The
pioneer fatigue‘tests on deformed reinforcing bars at the University
of Minich, Germany (9) were performed on concrete beams having a bent
reinforcing bar as tension reinforcement. In these beams an adverse
stress condition was created in the bar by placing the bent section of
the bar in the highest tensile stress zone of the beam. Since in
actual structures, the probability of a bend being located in the maxi-
mum tensile stress region is low and since the radius of the bend it-
self affects the fatigue strength, most other investigators have used
one or more straight reinforcing bars as tensile reinforcement in
concrete beam specimens of rectangular or tee cross-section. Some in-
vestigators (16,18) used beam specimens with varying depths of reinforce-

ment. In all these cases, the beam cross-section or shape had no ef-

23
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fect on the fatigue strength of reinforcing bars.

Rehm (9), Soretz (10) and Wascheidt (11) attempted to simplify
the fatigue test specimen by testing reinforcing bars in air, since it
is easier and more economical to test an individual bar in air than in
a concrete beam. However, there is a disagreement on the effect of
concrete encasement on the fatigue strength of bars. This aspect of
the problem will be discussed in Chapter VII along with the results
from this investigation. v

In the first phase of tests, concrete beams with a single
straight bar acting as tensile reinforcement were tested under repeated
bending. The beam specimens used in this phase are shown in FIGURE
3.1. The fabrication, testing equipment and tést procedures for these
specimens will not be described in this report, but are given in de-
tail in reference 29. In these tests, the beams were tested one at
a time. The loads were applied at 500 stress cycles per minute and
the tofa] time required for testing 72 beams was eighteen months.

The second phase of tests involved testing deformed bars, as
rolled bars, plain bars without rust and mi1l scale and machined polished
specimens under identical stress conditions. These tests required more
test specimens-per series than in the first phase. For these reasons,

a test set-up in which four bars were simultaneously tested in air was
developed. A total of 88 bar specimens were tested at 500 cycles per
minute in a period of six months. The test set-up and the fatigue speci-

mens are shown in FIGURES 3.2 and 3.3 and are described more fully in
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section 3.3.1.

In addition, the second phase included tests of machined
polished fatigue specimens as shown in FIGURE 3.4. These were tested
under axially applied loading cycles in a vibraphore fatigue testing
machine. The choice of specimen was dictated by the vibraphore fatigue

testing machine.

3.2 Experimental Design

In the second phase of tests, a total of 88 No. 8 bar speci-
mens and 32 plain machined specimens were tested in air under repeated
loading. Six of the 88 No. 8 bar specimens were Grade 40 bars from the
first phase of tests. These tests were intended to compare the fatigue
strengths of bars in air to those in concrete beams under identical
stress conditions. These six tests were considered a supplement to
the tests in the first phase and hence were not included in the experi-
mental design for the second phase of tests.

The main objective of the fatigue tests performed in the
second phase was to carry out a statistically valid experiment to deter-
mine the influence of the deformations, rust and mill scale, decar-
burization and grade of steel on the fatigue strength at long life,
arbitrarily defined as 3 million cycles.

The first step in obtaining this objective involved deter-
mination of the mean fatigue limit defined for this test program as
the fatigue strength at 3 million cycles for a specified confidence
limit. This is frequently done using the test procedure known as the
"sensitivity test" (28). Since from previous tests, it was known that

reinforcing bars exhibited a practical fatigue limit (16) which was
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known approximately, it was assumed that tests at four properly selected
stress levels would yield the fatigue 1imit. Due to limitations in the
testing facilities, it was not possible to strictly follow the sensi-
tivity method. However, similar results were obtained by testing four
specimens at each stress level. In these tests a stress increment of 2
ksi was used, which was considered adequate for practical purposes (31).

The outline of the experimental design is given in Table 3.1.
The test program consisted of a two-way complete factorial design with
8 cells. Each cell was divided into four sub-cells which consisted of
four test specimens. The grade of steel, bar surface characteristics,
minimum stress and maximum stress were kept constant for a given sub-
cell. Multiple tests in a sub-cell provided information on the dis-
tribution of fatigue 1ife of bars. The four stress levels in one cell
were not necessarily the same as that in another cell. The four sub-
cells in a cell provided the information on the fatigue strength. The
tests in all the cells formed a two-way complete factorial design (32).

A randomization procedure was adopted in the test program to
minimize the effects of possible bias due to sampling, test sequence,
machine and operator. The specimens in a sub-cell were randomly
selected (33) and the testing sequence of the sub-cells was also randomized.
In Table 3.1 the two numbers given in each sub-cell correspond to the
group number of bars and testing sequence of the sub-cells, respectively.

Separate randomization procedures had to be adopted for
machined polished specimens in cells 7 and 8 since these specimens were

tested one at a time in a different machine. In general, it should be
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noted that due to the special nature of fatigue tests, it is very diffi-

cult to completely randomize the whole experiment.

3.3 Fatigue Tests on Reinforcing Bars in Air

3.3.1 Fatigue Specimen

The specimen used to test reinforcing bars in air was essentially
a 30 inch long piece of No. 8 reinforcing bar. Special end grips were
designed to facilitate axial loading of the test piece without any
damage to the bar and to avoid fatigue fracture of the bars inside the
grips. The details of the fatigue specimen and the end grips are shown
in FIGURE 3.3. The end grips were made of a cylindrical block of
Kewatin Steel having a spherical shape on one end and a conical hole.
The spherical face of the grip and the grip housing seat (section 3.3.2)
were designed to facilitate true axial load application to the specimen.

The bars were cemented into end grips using a two component
epoxy, "Liquid Steel B" made by Devcon Products. To ensure alignment
of the grips and the bar, and to keep the grips a fixed distance apart,
a specially designed wooden mold was used. The epoxy was poured into
the end grips when the bar and end grips were positioned inside the
wooden mold. The epoxy hardened after 24 hours and developed a strong
bond with the bar. When tensile load was applied to the bar through
the grips, it was transmitted by the epoxy by wedging action to the end
grips.

For proper functioning of the above described grips, two
factors were important. First, adequate bond was required between the
epoxy and reinforcing bar and second, the slip between the bar and end

grips should be a minimum. Through experience, an included angle of
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6° for the wedging cone was found to be most satisfactory.

Although the deformed fatigue specimen had excellent bond
with the epoxy, the plain bars did not develop comparable bond. This
problem was overcome by knurling a 3 inch length on both ends of the
bar specimen which provided good bond with the epoxy. The knurled
portion of the bar always started one inch inside the end grips.

In order to make the grips re-usable, a releasing agent (wax)
was coated on the conical hole wall of the grip, prior to cementing
the bars. This prevented bond formation between the epoxy and the grip.
After fatigue fracture of the bar, the broken bar pieces could be
forced out of the grips. As a result, of the waxing, the epoxy and
bar slipped 1/16 to 1/8 inch relative to the end grips when the load
was first applied.

Three types of bar specimens were used depending upon the
bar surface characteristics. The deformed and plain rolled bars were
cemented inside the grips as received from the mill. The plain bars
without rust and mill scale were plain rolled bars cleaned by the pro-
cedure described in the following paragraphs.

A chemical solution containing 10 percent EDTA (Diamino-
Ethéte-Tetra-Acidic acid) and one percent sodium hydroxide dissolved
in water was used to remove rust and mili scale from the plain rolled
bars. A small percentage of sodium hydroxide helped in dissolving the
EDTA in water. This solution reacted only with the iron oxide and formed
an Fe EDTA complex compound (34).

For the cleaning operation, the bars were submerged in the
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chemical solution in a galvanized tank. The tank was heated by two
small heaters to raise the solution temperature to about 70°C. The
solution was stirred intermittently and good ventilation was'provided
for the escape of fumes. After about six hours a coffee brown pre-
cipilate of Fe EDTA complex was observed. The bars were kept in the
bath for 24 hours. Since the bars were only partially cleaned in this
operation the cleaning operation was repeated with fresh solution.
Immediately after the bars were taken out of the bath, they were washed
in a soap solution and a fine protective film of corrosion protective
oil was applied. The cleaned bars showed no blackish mill scale or
rust and had a shiny greyish color. Rolling defects such as longitudinal
seams, laps and flaws were visible on the bars. The bars showed no
signs of pitting due to the cleaning operation. One or two days after

the cleaning operation the bars were tested under fatigue loading.

3.3.2 Test Set-up and Testing Equipment

An overall view of the test set-up is shown in FIGURE 3.2
and the details of its various components are given in Appendix B.
The test set-up consisted of two reaction frames which were anchored
to the laboratory test floor. These two frames were connected by a
distributing beam on which two Amsler hydraulic jacks of 110 kips
dynamic capacity were mounted. These two jacks applied identical
sinusoidal loading on two identical loading beams, each supported by
two fatigue specimens, supported in turn by two identical assemblies

hanging from the distributing beam.
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The grips at the ends of the specimens were housed in identical
housings at their top and bottom ends. The bottom and top housings
were bolted to the 1oading.beam and overhanging support assembly, re-
spectively. These housings had spherical seats compatible with the
grips. The radius of curvature of the grips and the seats were the
same, so that true axial load could be applied to the specimen. Both
grips and housings were made of Kewatin Steel to reduce wear and the
possibility of fatigue fracture. During testing, molybdenum grease was
used to reduce friction between the grips and housings.

Each overhanging support assembly was supported by a pin which
permitted free movement in the plane of loading beam. When one speci-
men failed, damage to the other specimen supporting the same loading
beam was avoided through movement of the supporting assembly.

The loading ram of the jack was housed in a pocket provided
at the center of the loading beam. Measurements showed that the load
applied through the jacks was resisted equally by the four fatigue speci-
mens .

Amsler equipment consisting of a hydraulic puisator, two
jacks and a control panel was used in the fatigue tests. Both jacks
were connected to the same pulsator which was operated at 500 cycles
per minute throughout the test program.

The testing equipment was capable of applying a sinusoidal
load cycle varying between two limits. The minimum and maximum loads

were set on two separate dials on the pulsator control panel which were

calibrated in divisions representing one percent'of the load capacity.
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It was thus possible to estimate the reading upto 0.2 percent of the
full jack capacity. The possible error in estimating the pulsator dial
reading corresponded to 0.14 ksi.

A reset-counter indicated the number of stress cycles applied
to the specimens. The machine stopped automatically when it reached
a preset number of cycles; when a preset decrease in minimum load or
increase in the maximum load occurred; when the machine on the test
specimens started to vibrate significantly; or when one of the four
specimens fractured. These controls assisted in obtaining undisturbed

fractured specimens.

3.3.3 Laboratory Work and Testing Procedure

The reinforcing bars were received in 20 ft. lengths from
the rolling mill. Eight bars of each grade and each bar type (plain
or deformed) were obtained. Upon arrival at the laboratory, identifica-
tion marks of paint and steel tags were put on each bar. Three deformed
bars and five plain bars of each grade were randomly selected for the
tests. These bars were .cut into 30 inch long pieces. An identification
mark was punched on one end of each bar piece according to a preplanned
scheme. The bar specimens for each grade and bar type were then ran-
domly grouped into four series, each series containing four groups and
each group four speﬁimens.

The groups of four bar specimens were chosen for testing ac-
cording to the test sequence scheme outlined in Table 3.1. The bar
specimens were then cemented into end grips in groups of four and these

specimens were mounted in the fatigue testing assembly. Repeated loads
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were simultaneously applied on these four specimens at predetermined
minimum and maximum stress levels. Minimum stresses of 5 ksi and

6.7 ksi were used for Grade 40 and 60 bars respectively. In all cases,
the bar stresses were calculated using a nominal area of 0.79 sq. inch
for the bars. The effect of the self weight of the Toading assembly
was taken into account in calculating the bar stresses. The effect of
forced vibration on the bar stresses was approximated by assuming that
the load would overrun the top and bottom of the cycle set on the
machine by 2 percent of the stress range in the cycle. This was calcu-
lated using formulas provided in the Amsler Instruction Manual (35).

The Amsler pulsator was operated at 500 cycles per minute for
the entire test program. The initial load setting on the pulsator varied
slightly during the first hour or so and minor load adjustments upto
one-half of a pulsator dial division (about 0.35 ksi bar stress) were
made during this period. The Amsler dials were calibrated under static
lToad at the beginning, middle and end of the complete test program using
a 50 ton load cell. The pulsator calibration remained unchanged during
the three stages of tests.

The accuracy of bar stress calculations was checked by measure-
ments of strain in the bar. Electric resistance strain gages were glued
on two polished bars at mid-height and at both ends. The gages were
placed in pairs and were located on diametrically opposite faces of
the bar. A tofa] of six 1/4 inch gages were glued on each bar. These
bars were mounted in the fatigue testing assembly with two other fatigue

specimens. Under static loading the stresses at the center and at the
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ends varied between 99.8 and 100.3% and 97.5 and 102.5% of the nominal
stress respectively. When the location of the bars with gages was
interchanged with other bars in the test set-up, no appreciable dif-
ference in the stresses was observed. Part of the observed error was
due to bending stresses at the bar ends due to small misalignment in
the end grips. Since these bending stresses were small they were
neglected in the bar stress calculations.

When one out of the four specimens failed under the fatigue
loading, the machine stopped automatically. The number of cycles
applied to all the specimens prior to failure of the first specimen
was recorded. The failed specimen in the test assembly was removed and
was replaced by a dummy specimen. The dummy‘specimen was a plain
.polished No. 8 bar of alloy steel having identical dimensions and end
grips as the rest of the fatigue specimens. Since the dummy bar had a
higher fatigue strength thén the test specimens, it was not intended
to fail. When the second and third specimens failed, they were also
replaced by dummy bars. After fatigue fracture of the fourth specimen,
~ the next group of four specimens was tested. When fatigue failure did
not occur within 3 million cycles, the tests were terminated. These
spécimens were called "run outs" and were not used for future tests.

After completion of tests on two groups of bars without
rust and mill sca]e’of each grade, a statistical analysis of the data
showed that thére was no significant difference between the lives of
these specimens and that of as-rolled bars at the same stress level

(see Chapter VI). Thus the tests on the remaining two groups of these
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bars were abandoned.

The pieces of fractured bars were preserved for investigation
of the initiation and progression of fatigue cracks. Two extra fatigue
specimens of Grade 40 deformed bars were tested under identical loading
with a 30 ksi stress range. After the fatigue failure of one specimen
the load applications on the other specimen was terminated. This un-
broken specimen was used in the investigation of probable zones of fatigue
crack initiation. The observations from these tests will be discussed

in section 6.2.

3.4 Fatigue Tests on Machined Polished Specimens

The design and details of the machined polished specimen
shown in FIGURE 3.4 were taken from the "Instruction Manual" for the
Amsler Vibraphore Fatigue Testing Machine. The selection of the minimum
test diameter of the specimen was based on the maximum size of speci-
men which could be machined out of a No. 8 plain reinforcing bar. In
the tests, a specimen minimum diameter of 0.437 inch was used.

One plain bar of each grade was taken for machining plain
polished specimens. Eighteen pieces of the required size were cut
from each grade and identification marks were stamped on the bar pieces.
The specimens were turned with light cuts on a precision automatic
lathe following a template. Each specimen was identically polished in
three stages: (1) with No. 120 emery cloth, (2) with No. 240 emery
polishing paper and (3) with No. 320 silicon carbide paper, successively.

Polishing was done in the longitudinal direction on a lathe rotating at
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100 rpm. After the final polishing no surface defects such as circum-
ferential tool marks, scratches or nicks were visible to the unaided
eye. After polishing a light coat of oil was applied to the specimen
and great care was taken not to touch the polished surface. Within a
week after polishing, all the specimens were tested.

Out of eighteen specimens of each grade, sixteen were used
for fatigue tests and the remaining two for tension tests. The re-
sults of these tension tests were reported in Table 2.3.

The axial fatigue tests were performed on a high frequency
Amsler Vibraphore Fatigue Testing Machine. This machine operates on
the resonance principle, the test frequency coinciding with the natural
frequency of the oscillating elements. A test frequency of 213 cycles
per second was used for these tests.

A 10 ton load cell was used for the tests. The Toad on
the specimen was indicated on a scale calibrated in divisions of one
fifth of a pound. It was possible to adjust ]6ads upto one quarter of
a dial division. The corresponding error in the estimation of the
specimen stress was 0.33 ksi.

The force exerted on the specimen could be chosen to fluctu-
ate  between any desired minimum or maximum loads. The load amplitude
could be regulated exactly and maintained constant by means of a special
photo-electric regulating device. Initially the tests were intended to
apply a stress cycle similar to that used in the reinforcing bar tests,
but, due to inability of the testing equipment to maintain maximum

stresses above yield stress, a different stress cycle was selected.
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This stress cycle consisted of 12 ksi and 6 ksi minimum compressive
stresses for Grade 40 and 60 bars respectively. The tests were per-
formed under a constant minimum compressive and maximum tensile stress
cycle.

The specimenswere tested one at a time according to the test
scheme given in Table 3.1. The tests were divided into eight groups,
each group consisting of four specimens. Four specimens be]onging to
one group were tested under identical stress cycles.

The testing equipment stopped when the specimen failed or
when a preset number of cycles was reached. The specimens which did
not fail after 5,000,000 cycles of load application were designated
“run outs" and they were not re-tested. The fractured specimens were
properly identified and preserved for examination of the fracture

surfaces.



CHAPTER IV
METALLOGRAPHICAL AND OTHER INVESTIGATIONS

The surface characteristics of a structural member have a
pronounced influence on its fatigue strength because the stress is
usually greatest on the surface, particularly when stress concentrations
are present. Moreover, the surface may be inherently weaker and as a

result, fatigue failures almost always originate at the free surface.

- Metallographical investigations were undertaken to study characteristics

of the surface and interior of the bars.
Tests were also performed to measure the surface roughness
of the various fatigue specimens and to investigate the residual

stresses in deformed bars.

4.1 Metallographical Investigations

The metaliographical investigations included studies of
macro-* and micro-structure, mill scale, decarburization and the grain
size of reinforcing bars. Micro-hardness tests and carbon analyses
of the decarburized bar surfaces were carried out to determine the

depth and the approximate strength of the decarburized layer.

4.1.1 Structure of Reinforcing Steels

In order to observe the macro-structure of the reinforcing

*Magnification upto 10 x (36).
41
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bar surface, six inch long pieces of all types of reinforcing bars in-
vestigated were macro-etched in 50 percent commercial hydrochloric acid
at 70°C for a half hour. The etched bar pieces revealed well defined
flow lines along the bar lengths. These f]ow lines indicated the di-
rection in which steel was worked during the rolling process. Rolling
defects such as seams, laps and inclusions were distinctly visible to
the unaided eye. Although the seamé did not seem to be deep, they were
Contiﬁuous along the entire length of the bar 1in some cases.

The bars were sliced along longitudinal and transverse planes
to observe the macro-structure in these planes. Bar specimens were cut
about 1/2 inch long by an abrasive cut off saw. While cutting, bars
were kept submerged in a cooling agent to avoid any change in the metal
structure due to heat. To facilitate polishing, the sliced bar specimens
were mounted in Araldite blocks in a mounting press.

The polishing of the specimens was done in four gradual stages,
using silicon carbide belts, silicon carbide discs, diamond abrasive and
alumina coated discs. The final finish of the surface was approximately
1/4 micron.

Po1ished specimens were macro-etched in a 50 percent hydro-
chloric acid solution. The macro-structure of the specimens revealed .
non-uniformity of the metal structure in the cross-section of the bar.
Evidence of segregation in the ingot in all steels was indicated by wide
banding near the center of the bar. In some specimens dark black spots
were seen in the center of the bar which under high magnification, were

identified as carbon and phosphorous rich zones. The non-uniform
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structure observed in the bars is common in rolled steels (36) which
generally have directional and positional metal properties. However,
defects such as surface cracks, pipes, cavities or blow holes were
not observed in any of the specimens observed.

| Microscopic observations for non-metallic inclusions were
made on un-etched specimens. The inclusions were generally discon-
tinuous and mostly oriented along the bar axis. Three typical photo-
micrographs at 100X magnification showing inclusions are shown in
FIGURE 4.1. The intensity of inclusions was almost the same in all
stée]s. These inclusions, when compared to standard ASTM Charts were
classified as C* (background classification). The inclusions present
were not excessive and their influence on fatigue strength is probably
not significant since they were oriented in the direction of stress.

Metallographical observations for micro-structure were

made on specimens etched in Nital (Nitric acid 2%, Ethanol 98%). The
micro-structure in the longitudinal section at the center of the bars showed
wrought or banded structure which essentia]]y disappeared as the out-
side of the bar was approached. Close to the bar surface a zone of
decarburization and oxidation was observed in all the specimens. Three
photomicrographs showing decarburization and mill scale close to the
base of a transverse lug in No. 8 reinforcing bars of the three grades
used in first phase of tests are shown in FIGURE 4.2. In these photo-
micrographs‘an oxide layer is identified by a black boundary and a
decarburization zone by a white fine grain structure close to the

surface. Decarburization of steel occurs due to the loss of carbon
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and due to grain boundary oxidation which usually occurs on the billet
surface while in the furnace. The presence of oxide and decarburized
zones may significantly lower the fatigue strength of reinforcing bars
(37,38). The decarburization of the steel was determined by hardness
tests and the carbon analyses. Both these tests were undertaken to
estimate the depth of decarburized bar surface and its approximate

tensiﬁe strength. These tests are described in the following sections.

4.1.2 Micro-Hardness Tests

The rolled surface of reinforcing bars makes hardness tests
on the bar surface very difficult since most hardness testers require a
smooth plane specimen surface. The hardness determination becomes even
more complicated when the hardness of the surface layer of a rolled bar
js desired. Micro-hardness tests are generally used when the hardness
of very small layer is required, but these require a metallographic
surface finish on the test surface. For this reason micro-hardness
tests were made on a polished bar cross-section from close to the
surface rather than on the surface of the bar itself.

A Tukon Micro-Hardness Tester with a Knoop diamondindenter
was used for the tests. A Knoop indenter is a diamond ground to
pyramidal form, that produces a diamond shaped indentation having an
approximate ratio of 7:1 between long and short diagonals. The depth
of indentation is 1/30 of its length. Due to the unique shape of the
indenter, it is possible to use small Toads up to 1 Kg to determine

the hardness of very small layers.
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Three-eighth inch long pieces of reinforcing bar were polished
to 1/4 micron in a thermoplastic mold by the procedure previously de-
scribed in section 4.1.1. Knoop indentations were made on the bar
cross-section using a 1 Kg Toad. On each specimen indentations were
made starting 0.1 mm from the surface and a total of 15 indentations
were made at 0.1 mm spacing towards the center of the bar. Photo-
micrographs Showing Knoop indentations in reinforcing steels are given
in FIGURES 4.3, 4.4 and Appendix C. In these figures the Knoop Hard-
ness Numbers corresponding to each indent are also plotted for illu-

- stration. The horizontal scale is the same in the graph and the indent
micrograph in part (b) of these Figures. Though several sets of hard-
ness tests were made on each bar specimen, only one representative set
of data for each steel is presented in these figures. It may be noted
in these figures that the hardness of the decarburized surfaces was
much lower than in the center of reinforcing steels. The decarburiza-
tion zone seen in the indent photomicrographs and that estimated from
micro-hardness results agreed closely.

The thickness of mill scale and decarburization layers was
measured by a Microtone attached to the Tukon hardness tester. The
approximate tensile strengths of decarburized surfaces and bar steels
were obtained from Knoop hardness numbers using conversion charts.

The average thickness of the mil] scale was 0.10 to 0.20 mm
and 0.15 mm in Phase I and Phase II, respectively. The decarburiza-
“tion thicknesses, and the average tensile strengths of the steel in

the decarburized surface layers and the interior of the bar are given
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in Table 4.1.

4.1.3 Carbon Analyses of Bar Surface

To further confirm the findings from the metallographic ob-
servations and micro-hardness tests regarding the presence of decarburi-
zation, carbon analyses of the bar surface were made in the laboratory
at the Stelco plant in Edmonton. These analyses were restricted to the
plain reinforcing bars of Grade 40 and 60 steels. The bar surface was
machined off in layers. Five cuts of 0.002 inch and eight cuts of
.005 inch were made. The shavings from each cut were sealed in separate
containers and sent for carbon analyses. In order to avoid contamination
of the shavings, the cutting tool used was cleaned with alcohol and
subsequently sharpened; and in the machining operation no oil or cooling
solution was used.

The results of carbon analyses are given in FIGURES 4.3 and 4.4.
In these figures, it may be noted that carbon contents as low as 0.15%
and 0.18% were obtained in the bar surface of Grade 40 and 60 steels,
respectively. The carbon content was lowest at the bar surface, in-
creased_towards the bar center and became equal to the carbon content
of the bar steel at the end of decarburized zone. Since the strength
of steel increases with an increase in the carbon percentage (37), it
is reasonable to assume the steel strength varies in the same manner
as the carbon percentage inside the decarburized zone. This assumption

was supported by the micro-hardness results.
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4.1.4 Grain Size

While examining the micro-structure of the reinforcing steels,
it was observed that the austenitic grain sizes of the varioussteels
varied considerably. Since it has been observed that a fine grain size*
results in a higher fatigue strength than a coarse grain size (2),
graih size measurements were undertaken for the various reinforcing
steels.

The Comparison Technique and Grains per unit Area Method of
estimating grain size were used due to their simplicity and wide acceptance
(37). The bar specimens were etched in Nital to reveal the micro-
structure. The etching solution darkened the pearlite, gave contrast
between pearlite colonies and revealed ferrite boundaries which faci-
litated the grain size measurements.

Generally the grain size of one type of steel was found to
be uniform except in the very thin layer close to the bar surface
which was non-uniform and had finer grain size. Grain size measure-
ments were made anywhere in the bar cross-section except near the bar
edges. Photomicrographs taken at exactly 100X magnification for all
steels are given in FIGURES 4.5 to 4.8. These photomicrographs were
compared to the standard ASTM charts to determine the Grain Size Index
(37). The measured grain sizes are given in Table 4.1. A higher ASTM
Grain Size Index corresponds to a finer grain size.

Though Comparison Technique is simpler and less laborious than

*Grain size everywhere refers to austenitic grain size.
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other grain size measuring methods, it is wholly dependent on visual
judgement. To obtain a more accurate estimation of grain size, the
grains per square inch of micrograph were counted from the photo-
micrograph of each steel at several locations. The results are given
in Table 4.1.

Results obtained from both grain size measurement methods
showed that the grain size increased with the increase in the bar grade
and/or increase in the bar diameter except for the Grade 75 No. 5 bar.
This bar had the finest grain size among all the steels investigated.
Referring to the steel chemistry of this bar given in Table A-1 in
Appendix A, it may be seen that this steel had .09 percent vanadium.
Additions of .05 percent or higher of vanadium have been found to be
a powerful deoxidizing agent resulting in a strong carbide formation
which inhibits grain growth. This alloying agent might have been
responsible for the fine grain structure observed in the No. 5 Grade
75 bars. This conclusion is not supported by the chemistry and grain

sizes of Nos. 8 and 10 bars of Grade 75 steels, however.

4.2 Surface Roughness

The importance of the surface roughness of the fatigue speci-
men has long been realized by investigators. Generally the smoother
the surface of a specimen, the higher is its fatigue strength (2).

When this conclusion is applied to plain reinforcing bars, their Tower

fatigue strength as compared to plain polished specimens observed in
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fatigue tests must have been partly due their rougher surface.

The fatigue specimens investigated, had three basic surfaces;
as-rolled, rolled with rust and mill scale removed, and machined and
polished. The roughness of these three surfaces was measured using a
"Talysurf 4" surface measuring instrument. The instrument consists of
a sharply pointed stylus, an electrical pickup and control unit with
a graph recorder. The stylus was placed on each specimen surface and
traces of surfacéﬁprofiles along the length of the specimens were re-
corded. The typical surface trace records for three surfaces along
with their equivalent CLA values (a measure of roughness) (41) are
given FIGURE 4.9. The surface roughnesses of as-rolled surfaces with
and without rust and mill scale were found to be about the same, having
CLA values ranging between 250 to 400. Although the surface trace
record of the machined polished fatigue specimen is plotted with a
vertical magnification ten times greater than that used for the other
two traces in the figures it still has smaller peaks. The CLA values
for the machined polished specimen was about 13 and had much smaller

variation than for the other two surfaces.
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CHAPTER V
STRESS CONCENTRATION DUE TO DEFORMATIONS

5.1 Significance of the Stress-Concentration Factor, KT

Research on metal fatigue has shown that fatigue failures
tend to occur in regions of high stress concentrations. In structural
members, stress concentrations are caused by sudden changes in the
member cross-section, sharp corners, fi]]éts, holes, etc, all of which
are more popularly known as notches. The severity of a notch is
measured by the stress concentration factor (KT), which is defined
as the ratio of the maximum elastic stress in the region of the notch
to the nominal stress in the member. Determination of KT should be
based on an elastic stress analysis.

One logical conclusion from the preceding paragraph is that
regions of high stress concentrations (notches) should be avoided in
structural members designed for fatigue loading. Unfortunately, in
reinforcing bars this is not practical without significantly reducing
their bond properties. An alternate approach to the design of structural
components against fatigue failure is to minimize the stress concen-
tration factor for a notch by correctly proportioning its geometry.

A typical hot rolled deformed reinforcing bar contains two
longitudinal ribs and a regular pattern of equally spaced transverse

lugs. The ribs and lugs cause stress concentrations in the reinforcing

60
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bar. To study the fatigue behavior of reinforcing bars, it was felt
necessary to determine the stress concentration factors for the de-
formations.

Although technical literature (41,42) contains KT values for
numerous types of notches, none of the published cases truly represent
deformations on reinforcing bars. Therefore, an investigation was
undertaken to determine KT for the deformations. This investigation
was carried out in two phases. In the first phase, the technique
of direct strain measurement using electric resistance strain gages
was employed to determine the locations of high stress concentration
and the maximum stresses for the deformed reinforcing bars used in this
project. The experimental work is described in section 5.2. In the
second phase, a theoretical stress analysis was performed for circular
bars having axi-symmetrical projecting lugs. The KT values for a
wide variety of projecting lug shapes similar to deformations in
reinforcing bars were determined. This phase of the investigation

is presented in section 5.3.

5.2 Experimental Investigation for KT using Strain Gages

5.2.1 Description of Tests

Electrical resistance strain gages with 0.3 mm gage lengths
were used for the strain measurements. These gages were Kyowa (KFC-
03-C1) foil type gages bonded to an epoxy insulation.

Stress concentration measurements were made on the deformed

reinforcing bars used for fatigue tests in air. Since the deformation



62
details on bars of grade 40 and grade 60 were identical, it was imma-
terial which grade of steel was selected for stress measurements and
a grade 60 steel bar was chosen due to its higher yield strength.

A 30 inch long specimen, machined 4 inches at both ends to ensure con-
centric mounting in the testing machine, was used for stress measure-
ments.

Prior to mounting the gages, the surface of the bar was
prepared by a light glass bead blast cleaning to remove rust and mill
scale. Following this the gage locations were polished with size 120
emery paper and cleaned with trichloro-ethlyne solution. In these
processes, special care was taken to ensure uniform cleaning of the
bar specimen without altering the geometry of the deformations.

The strain gages are shown in FIGURES 5.1 and 5.2. Gages 1
and 2 were of 1/4 inch gage lengths. These two gages were mounted
on to the body of the bar midway between two transverse lugs at a
point adjacent to the manufacturer's markings, where the lugs were
further apart than normally. These gages were mounted on the dia-
metrically opposite sides of the bar. The rest of the gages shown in
FIGURES 5.1 and 5.2 were of 0.3 mm gage length. These gages were
located at possible zones of high stress concentrations.

The deformed bar with strain gages was tested under static
tension in a 100 ton Baldwin Universal testing machine. The strains
were measured using Budd Strain indicators and a multiple channel
switch box. Separate strain indicators and dummy gages were used for
1/4 inch and 0.3 mm gage length strain gages.

As previously mentioned, the determination of KT should be



_— e N—— - — —— T—
. ~ ‘ .
e

. %@Qg@

GAGES #1-12

s ~ .
. .
- -
-

S
e
b s -
e

:

ran s o
o =

-
.

GAGES #13-21

FIGURE 5-1 PHOTOGRAPHS SHOWING STRAIN GAGES
ON DEFORMED BAR



64

dv8 0IWY0430 NO SINIWIANSYIW NOILVYINIONOD SSRIS 26 3¥N9ld

NOILVILINIDONOD SS331s[ ]
JONVO NIVYLS mmm

TA

Lt

020 [S10]
el
[001] gl fist 09t/ [ floro
B m £l vl_ 4
2
| olo n_o_
pot 1z 0¢  [oro]
[ory
620 [00]
g9

,oN._ oo._ Nw._ m.N._
l
ot ) 14 €

LS

ko] [se0]




65

based on an elastic stress analysis. Therefore, precautions were taken
so that the stress in the bar did not exceed the elastic limit of the
test specimen at any point. This was done by placing an upper limit

on the loads and the measured strains in the tests.

Strains were recorded at load levels of 0, 5, 10, 15 and 20
kips. This operation was repeated three times. In all cases con-
sistent observations were obtained. The average of the three ob-
servations was used for the stress calculations. The modulus of
elasticity of steel was assumed to be 29 x 106 psi in these calcula-

tions.

5.2.2 Presentation and Discussion of Test Results

The ratio of measured stress to the nominal stress corres-
ponding to each strain Qage is shown in FIGURE 5.2. Referring to
this figure, the stress concentration at each gage location will be
discussed in the following paragraphs.

Gages 1 and 2, due to their Tocation and Tonger gage lengths
than the rest of the gages, were intended to show the nominal stress in
the bar. The measured stresses in these two gages were within 2 per-
cent of the nominal stress. The center of these gages was 10 mm from
the nearest lug.

Gages 4 and 9 were mounted parallel to the bar axis and
perpendicular to the transverse lug, respectively. The centerline of
these gages was located at 0.15 mm from the transverse lug. Gage 4

always showed 14% higher stresses than gage 9. Gages 10 and 11 were
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mounted in an identical fashion to gages 4 and 9, except that gages
10 and 11 were 0.7 mm away from the lug base. Gage 10 measured 5%
higher stresses than gage 11. From these observations, it may be
noted that though the radius at the base of the rib is smaller in the
plane perpendicular to the transverse rib than in the plane of the bar
axis, lower stresses were observed in the former case. Higher stresses
were obtained for gages parallel to the bar axis because the plane of
load application and that of stress measurement was the same.

In order to find whether the stresses were higher on the
steeper side of the transverse lug than on the other side, gages 10
and 3 were located 0.7 mm away from a lug base on the steeper and the
other sides respectively. The stresses in the steeper side of the
lug were found 5% higher than the other side.

To determine stresses at the intersection of the transverse
Tugs and longitudinal ribs gages 5, 6, 7, 8, 16, 17, 18 and 19 were
located in these regions. Gages 5, 6, 7 and 8 were located parallel
to the bar axis, whereas gages 16, 17, 18 and 19 were located parallel
to transverse lugs as shown in FIGURE 5.2. All these gages except 6
and 7 showed stresses less than the nominal stress. Gages 6 and 7
measured stresses equal to the nominal stress and 4 percent higher
than the nominal stress, respectively.

Gages 20 and 21 were mounted on the longitudinal rib to
measure stress along the bar axis. As shown in FIGURE 5.2, Gage 20,
located midway between intersecting transverse lugs showed 10 percent

higher stresses than the gage 21, located at the intersection.
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The stress concentration measurements at gages 12, 13, 4,
14, 10 and 1 are plotted in FIGURE 5.3. These gages were located at
2.5, 1, 0.15, 0.3, 0.7 and 10 mm respectively, from the base of a
transverse lug in the direction parallel to the bar axis. In FIGURE
5.3, the theoretical results obtained from the analysis of an axi-
symmetrical projecting lug having identical dimensions to the defor-
mation lugs of the bar specimen used for stress concentration measure-
ments are also plotted for comparison. The horizontal scale has been
non-dimensionalized. (The theoretical analysis will be described in
section 5.3.3). It may be seen in this figure that the experimental
results lie very close to the theoretical curve, however, the maximum
stress concentration factor 1.82 obtained by experiments is Tower than
the value 2.16 obtained from theoretical analysis. It was not possible
to place a gage at the point of maximum stress concentration, however.

From the experimental investigation of stress concentrations
in this deformed bar, three main conclusions may be derived:

(1) The stresses at the base of the Tugs were 14% higher in the
direction of the bar than at the same location but perpendicular
to the transverse lug.

(2) Stresses at the intersection of the Tongitudinal and trans-
verse ribs were not as critical as those at the bases of
transverse lugs.

(3) The stresses were observed to be 5% higher on the steeper

side of the transverse lug than on the other side.
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5.3 Determination of KT using Finite Element Stress Analysis

Although there is extensive data in the literature covering
the stress concentrations for notches in flat plates, etc. no systematic
study exists for the case of circular bars with protruding notches re-
sembling reinforcing bar deformations. A series of finite element
Analyses were used to study this problem. Since the computer program
used was restricted to axisymmetric solids, the results are strictly
applicable only to the "bamboo pattern" of reinforcement deformations.
However, the strain measurement in section 5.2 showed that the 75° lugs
could be represented by axi-symmetrical Tugs having the same lug base

radius in the plane of the bar axis.

5.3.1 Finite Element Computer Program

A finite element computer program entitled "Finite Element
Analysis of Solids with Non-linear Material Properties" (43) was used
in this investigation. The finite element method of stress analysis
is based on the approximation that a continuous structure can be re-
placed by a system of elements Which are inter-connected at the joints
or nodal points. The equilibrium equations are developed at each
nodal point in terms of unknown nodal point displacements. A solution
of this set of equations constitutes a solution to the system.

The computer program used considers triangular and quadri-
lateral elements. With the use of these elements, it is possible to
create practically any desired geometry. The program is quite general

with respect to loading and boundary conditions. However, the applica-
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tion of this program is limited to plane structures or axi-symmetrical
structures.

To facilitate the checking of the input mesh a program was
written to plot the finite element mesh on the Calcomp Plotter. Ad-
justments were made in the finite-element program for the use of files
and input/output format statements compatible with the IBM 0S system.
The program was run on the IBM/360 computer at the University of

Alberta Computing Centre.

5.3.2 Check for Accuracy of Results

The accuracy of the finite element computer program results
was checked in the following three stages:
(1) Check on the computer input-data.
(2) Convergence of results.
(3) Comparison with Previous Analyses .

1. Check on the Computer input-data

The input-data for any finite element program consists of
data cards describing material properties, "node cards" describing the
coordinates and boundary conditions at each node, and "element cards"
describing the location of each element in the structure. Due to the
large number of data cards, there is a high probability of error in
the irput data cards. Some errors are detected by the self diagnosis
error messages in the program, however, errors in nodal point coordi-
nates as well as in the location of elements in the structure could

only be found using the element plotter program described in section
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5.3.1. The plotter program made use of several built-in plotter sub-
routines in the University of Alberta Calcomp Library. A typical plot
of a finite element mesh plotted in this way is shown in FIGURE 5.4.

2. Convergence of the Results

In finite element analysis, the selection of the number of
mesh elements to approximate a structure is governed by two factors:
first, the geometry of the structure and second, the desired accuracy
of the results. Structures with notches require a larger number of
elements to describe their complex geometry than do structures with
plain configurations. In addition, the local peak stresses near the
notch are of more significance than the nominal stress. In order to
determine these peak stresses these zones have to be defined by a finer
mesh than the rest of structure. The computer program computes the
average stress in each element. If a significant stress gradient
exists across an element, it is not revealed. If this element with
high stress gradient is further divided into two or more elements, a
more accurate estimate of the peak stress can be obtained.

On the other hand, repeated sub division of elements will
not always lead to more accurate results. After reaching a certain
number of elements in a region, a further sub-division in the elements
may not appreciably change the stress results. This will be true if
strong convergence exists in the computer solution. Thus in order to
minimize the data preparation and computation time, a proper selection
of the element mesh is very important.

Convergence of the test results in the analysis of axi-
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symmetrical notches was tested by varying the number of elements at
the base of the projecting lug. The details of the structure analysed

and the results obtained are given in Table 5.1.

TABLE 5.1
EFFECT OF NUMBER OF ELEMENTS ON CONVERGENCE OF RESULTS

Dimension of Structure: r/h = 0.1, h/D = 0.1,

w/h

2, 6 = 45°

(Symbo1 definition see section 5.3.3.2)

No. of KT
Elements
100 2.232
150 2.523
200 2.547

From the results in Table 5.1, it may be seen that the value
of KT increased from 2.232 to 2.523, with an increase in the number of
elements from 100 to 150, but that no appreciable difference was found
between 150 to 200 elements. Hence a structural model with 150 elements
was used for the investigation reported in section 5.3.3. In examining
these results, it should be noted that the number of elements was in-

creased in the critical region only.



3. Comparison with Previous Analyses
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As an additional check, the results obtained from the use

of the finite element computer program were compared to published re-

sults. For this purpose, two previously analysed notches (41,42)

were analysed under axial tension using the computer program.

data pertaining to these investigations are as follows:

Notch #1 - Fillet

Ratio fillet radius over smaller dia

Ratio bigger dia over smaller dia

= 0.4

2.0

Type of Structure

Ky

Obtained

Literature(41)

Plane Structure

Axi-symmetric

3.10
2.75

3.12
2.75

Notch #2 - Projecting Lug

Ratio lug radius over lug height = 0.25

Ratio Tug width over lug height = 1

Lug face angle = 60°

Type of Structure K1

Obtained Literature(42)
Plane Structure 1.809 1.80
Axi-symmetric 1.904 --

The
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5.3.3 Determination of KT for Projecting Lugs

5.3.3.1 Assumptions in the Analysis

Because the finite element computer program was limited to
axi~symmetric solids or planar structures, it was not possible to in-
clude the longitudinal deformations or to consider a lug inclination
other than perpendicular to the bar axis. A section through a diameter
of the simplified model used to compute KT for the bar deformations is
shown in FIGURE 5.5.

In the analysis of projecting Tugs the material was assumed
to be elastic, homogeneous and isotropic. A uniform axi-symmetrical
tensile loading was applied on the face c-d of the idealised model
shown in FIGURE 5.5. The boundary conditions on the face a-b were
assumed symmetrical. Radial deformations were not permitted along
the center line c-b.

To determine whether the KT value obtained for a single lug
would be applicable to a deformed bar, consisting of many equally
spaced lugs, single and multiple notch finite element models were
analysed. Element meshes for a single Tug and a multiple lugs model
containing three lugs are shown in FIGURE 5.6. In both cases the
geometrical parameters of the lugs were identical. The spacing be-
tween the adjoining lugs was kept comparable to that in deformed bars.

The K, values obtained in these two analyses are also given in FIGURE 5.6.

T
It may be noted that the KT value obtained for middle Tug was about

2 percent less than that obtained for a single lug. This reduction
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in KT due to multiple lugs was considered insignificant and a standard
single lug model was used for the analysis of cases reported in section

5.3.3.2.

5.3.3.2 Presentation of Results of Analyses

Referring to FIGURE 5.5, it may be seen that the following
parameters of projecting lugs geometry, adequately define the dis-

continuity:

r = Tug base radius (radius of the circular transition curve)

h = height of lug, measured from the base of lug away from
transition curve

w = one-half width of the lug, measured from centerline of
lug to the intersection of the transition curve tangents

8 = lug face angle

D = bar diameter

The selection of the ranges for the above parameters for the
analyses reported herein, were based primarily on the comparable ranges
of these parameters specified in ASTM A615-68 except that a wider range
of radii at the base of lugs was analysed than expected in North American
reinforcing bars.

For each set of these five parameters defining a lug it was
possible to develop a finite element mode1.> In this model attention
was paid to accurately simulating the geometry close to the lug base.

Since the smooth circular transition curve at the lug base was simu-
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lated with straight lines, these straight lines were kept very small.
On the average the triangles close to the surface defining the lug were
.004 times the diameter of the bar. The stresses in these triangular
elements were calculated at a distance equal to .0013 times the dia-
méter below the surface.

From computer output of each finite element model analysed
the stress state in each element was available. FIGURE 5.7 presents
this data in the form of contours of equal ratio of calculated stress
to nominal stress. In this figure it may be seen that the contours of
high value are concentrated very close to the base of the lug. The
type of stress state shown in FIGURE 5.7 is similar to that observed
in photo-elastic notched models. The maximum value of this ratio is
the stress concentration factor (KT) for the notch.

Finite element models were analysed to study the variation
in KT for various combinations of the variables. Initially,the
effects of two variables, radius at the lug base (r) and bar diameter
(D) on K; were investigated, for constant values of lug height (h), lug
width (2w) and lug face angle (6). A total of ten finite element
models were ana]ysed for this purpose. The value of KT obtained in
each case is reported in Table 5.2. It may be noted that the values
of KT are almost the same for the two bar diameters. From these re-
sults it was concluded that for practical ranges of the diameter and
lug parameters, the KT of the lug is independent of bar diameter. Al-
though tﬁis conclusion may not hold for cases outside the ranges con-

sidered, such cases would be beyond the current ASTM Standard (A615-68)
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TABLE 5.2

Ky FOR PROJECTING LUGS
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h/D = 0.05 h/D = 0.1
r/h w/h =1 w/h =2 w/h = 2
8=45 6=52.5 6=60 0=45 9=52.5 6=60 0=45
0.1 2.084 2.095 2.141 2.527 2.568 2.664 2.523
0.2 1.850 1.861 1.904 2.225 2.284 2.303 2.222
0.3 1.656 1.680 1.714 1.934 1.971 2.020 1.933
0.4 1.446 1.491 1.533 1.638 1.688 1.716 1.634
0.5 1.440 1.442 1.453 1.532 1.595 1.623 1.527
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for deformations. In the subsequent analysis, all combinations of h/D
equal to 0.1 with other lug parameters shown in FIGURE 5.5 were dropped
on the assumption that the results of h/D equal to 0.05 would be appli-
cable to all practical h/D ratios. Table 5.2 summarises the stress

concentration factors for all the cases studied.

5.4 Effect of the Geometrical Parameters of Projecting Lugs on KT

The stress concentration factors (KT) for projecting lugs
previously reported in Table 5.2 are shown in FIGURE 5.8. In this
figure, four geometrical parameters: radius at lug base (r), one-
half width of lug (w), Tug height (h), and the bar diameter (D) are
grouped into three non-dimensional variables. The stress concentra-
tion factors are plotted on a linear ordinate scale and the r/h ratios
are plotted on a logarithmic abscissa. The plots of KT versus r/h are
shown for two values of w/h and three values of lug face angle (6) in
FIGURE 5.8. Since it was concluded in section 5.3.3.3 that the stress
concentration factor (KT) was independent of the h/D ratios in the
practical region, this ratio has not been considered in FIGURE 5.8.

Referring to sections 5.3.3.1 and 2 and the KT vs r/h plot
in FIGURE 5.8, the following conclusions may be made regarding the
effect of projecting lug parameter on stress concentration factors:

(1) The KT of the projecting lugs increases with a decrease

in the lug base radius. This conclusion is in agreement with

the theory of notch stresses (41,42) and has been suggested

in other studies of reinforcing bars (15,17).
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EFFECT OF PROJECTING LUG PARAMETERS ON KT

FIGURE 5-8



(2)

(3)

(4)

(5)

(6)
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For all the cases of projecting lugs investigated, the KT

vs r/h plot may be approximated by straight lines on a semi-
logarithmatic plot. The higher the r/h ratio, the lower

the stress concentration factor. For r/h ratios greater
than 1.25, there seems to be no appreciable further re-
duction in the stress concentration factors.

The stress concentration factor increased with an increase
in the w/h ratio. As shown in FIGURE 5.8, there are two dis-
tinct families of curves for w/h = 1 and w/h = 2, the latter
being much above the former.

The stress concentration factor increased with an increase
in the Tug face angle (8). This increase in KT is not as
significant as those reported in items 2 and 3.

The stress concentration factor was independent of the

h/D ratio in the range studied.

The reduction in the stress concentration factors due to
multiple Tugs was insignificant in the cases studied and
could be ignored.

These six conclusions on stress concentration factors for

projecting lugs can be used as a guideline for designing the deforma-

tions on reinforcing bars. The first major attempt in proportioning

the deformation pattern parameters should be to keep the r/h ratio

equal to or greater than 1.25. Second, it would be desirable to keep

w/h closer to 1 than 2. The lug face inclination will not have much
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significance if r/h and w/h are kept to the desired ratios. However,
lug face angles (8) less than 45° are not desirable from standpoint

of bond.



CHAPTER VI
FATIGUE TEST RESULTS

6.1 Presentation of Fatigue Data and Description of Failures

6.1.1 Concrete Beams

The essential data from the fatigue tests of the concrete
beams are presented in TABLE D-1 in Appendix D. This data consists of
computed bar stresses and applied number of cycles for each specimen.
The bar stresses were computed using the straight line theory of
flexure assuming the modulus of elasticity of concrete given in
ACI 318-63 (44) and that of steel as 29,000 ksi. Throughout the
calculations, nominal areas of 0.31, 0.79 and 1.27 sq. in. were used
for the No. 5, 8 and 10 bars respectively.

In Table D-1, in addition to the twelve series of concrete
beams, a thirteenth series of reinforcing bar specimens has been in-
cluded. The specimens in this series had same reinforcement as that
used in Series 1 but were tested in direct tension in air.

In all the reinforced concrete beams that failed, the
failures were due to fatigue failure of the tension reinforcement.

In general, three major cracks appeared in each beam at the applica-
tion of minimum load. A central vertical crack started at the crack
initiator at midspan and extended approximately as far as the neutral

axis of the beam. The other cracks were shear cracks symmetrically
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located on either side of the central crack. Longitudinal cracks were
observed on the bottom of the beam below the bar. These cracks extended
each way from each of the three flexural cracks about half a crack
space in.each direction. On removing the bars from the beams the bond
between the bar and concrete was found to be excellent in this region,
however.

In most cases the fatigue fracture of the reinforcement occurred
at or close to the préformed crack at midspan. In four cases out of
72 beams, the reinforcement fractured just over the stirrup nearest to
midspan. In these cases there were distinct marks of rubbing between
the reinforcing bar and the stirrup. Six beams failed at the first
major inclined crack in the shear span at distances ranging from 2 to
9 inches from midspan.

Following the fatigue fracture of a beam specimen, the de-
tails of the fracture surface and its location on the bar were re-
corded. 1In all cases, the failure surfaces had two or three failure
zones, a familiar feature of fatigue failure (45). These zones can
be seen in FIGURE 6.1. The zone of crack nucleation was smoother than
other two zones, in some cases conchoidal or beach markings were seen
in this zone. However, in most cases, it was difficult to distinguish
between the zones of crack nucleation and progression. The final
fracture zone could be easily recognised by its crystalline appearance.
In general, the area of the fracture zone increased with an increase
in the grade of steel and/or an increase in the stress range.

In all beams, the fatigue fracture in the reinforcing bars
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(@) FRACTURE STARTING AT BOTTOM OF BAR, BEAM 10-G40-4

(b) FRACTURE STARTING BETWEEN BOTTOM AND
LONGITUDINAL LUG, BEAM 10-G60-6

(c) FRACTURE STARTING CLOSE TO LONGITUDINAL LUG,
BEAM 10-G75-5

FIGURE 6-1 TYPICAL FRACTURE SURFACES FROM CONCRETE
BEAM SPECIMENS
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started on the bottom side of the bars between the two longitudinal
Tugs. It should be noted that the longitudinal lugs were in a hori-
zontal plane in all beams. In all but two cases, the fatigue failures
originated at the bases of the transverse lugs.

Three typical orientations of the crack initiation zones
observed in the beam tests are shown in FIGURE 6.1(a), (b) and (c).
Bar failures appear to have started at the bottom in (a), between the
bottom and a longitudinal lug in (b) and close to a Tongitudinal Tug
in (c). In 86 percent of the beams, the bar fracture originated
closer to the bottom of the bar away from the lugs, while in the
remaining 14 percent of the beams the fractures originated close to

the intersection of the longitudinal and transverse lugs.

6.1.2 Reinforcing Bar Specimens

The fatigue test results on reinforcing bar specimens tested
in air are presented in Table D-2 in Appendix D. For each specimen
the data consists of an identification mark, test sequence, tensile
stress, yield stress, minimum stress, stress range and number of cycles
to failure. The test sequence of each group of four specimens was the
same as was planned in the experimental design, except for groups No.
18 and 22. These two groups could not be tested as planned due to a
delay in getting the chemical compound used for removing rust and mill
scale from the plain bars. These two groups were tested at the end
of test program.

Deformed bar specimen D-G40-16 was damaged during test be-

cause of its improper positioning inside the test assembly. This



89
specimen failed at 1,423,300 cycles, while its companion specimens of
the same group survived 3 million cycles under identical stress condi-
tions. The failed specimen upon examination was found to have evidence
of rubbing on the bar surface close to the grip, where it failed.
Because of this, the test result was considered unreliable for this
specimen and was not included in the statistical analysis of the data.

Plain bar specimens P-G60-16 and P-G60-21 failed partly
inside the grips, when tested under a 46 ksi stress range. In these
two specimens the failures initiated outside the grips but extended
inside the grips up to the knurled portion of bar. The results of
these two specimens were treated with suspicion. The observed fatigue
lives of these two specimens were higher than the other two spécimens
of the same group, however.

A11 the reinforcing bar specimens failed by fatigue failure.
The failed specimens and the specimens which survived the 3 million
cycles of loading were used for the failure analysis, which will be
discussed in section 6.2. However, a general description of the
" fracture surfaces is presented in the following paragraphs.

In all the deformed bar specimens, the fatigue failure
originated at the base of a transverse lug as shown in FIGURE 6.2.

In 71 percent of the specimens, the failure started at the steeper side
of a lug, in the remaining 29 percent of the specimens the failure
originated on the other side of the Tugs. No specimen failed at the
manufacturer's marks despite the fact that such marks were present

on 21 percent of the specimens.
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From observations on the failure surfaces similar to those
shown in FIGURE 6.2, it appeared that several cracks nucleated close
to the bar surface in most bars and that the crack locations varied
considerably along the base of transverse lug.

In the plain as-rolled bar specimens and specimens without
mill scale or rust, fatigue failure generally started from a surface
defect such as a lap, a depression or an inclusion as shown in FIGURE
6.3. In some cases, it was difficult to find the cause of bar failure.
Most of the specimens showed some necking close to the fracture plane
as shown in the figure. Two types of rupture zones, brittle and
ductile, were again observed in the plain bar specimens.

The fracture surfaces of plain bars without rust and mill
scale were identical to those of the plain as-rolled bars. In the
cleaned bars the surface defects were mofe distinct than in the as-
rolled bars, thus the cause of failure initiation could be identified

with ease.

6.1.3 Machined Polished Specimens

Series 7 and 8 given in Table D-2 in Appendix D contain
fatigue data for machined, polished specimens. During the testing
of specimen M-G40-12 the load in the vibraphore machine dropped due
to a misadjustment of the load maintaining knob, this mistake was
found after about 2 million cycles of stress application. This mis-
take was not corrected and the specimen was tested at 51 ksi stress

rather than intended at 52 ksi.
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A1l the specimens failed due to fatigue failure and again
the f}acture surfaces had two distinct failure zones; the zone of
crack initiation and progression and the final rupture zone. The
failure generally started from a minute polishing defect or an in-

clusion.

6.2 Discussion of Fatigue Failure Phenomenon in Reinforcing Bars

A knowledge of how reinforcing bars fail in fatigue can
greatly contribute in the development of reinforcing bars with optimum
fatigue strength. In the following paragraphs an attempt will be made
to discuss this aspect of the problem within the scope of this project.

The reinforcing bar specimens tested in air were uniformly
stressed along the length of the bar under the applied fatigue loading.
Thus the probability of failure of the specimen was essentially the
same at each deformation along the length of the specimen. Since
fatigue failures originated at the bases of the transverse lugs in
all deformed bars tested in air, the base of the transverse lugs must
be the weakest region in the bar under a cyclic loading. This con-
clusion is supported by the stress concentration analysis presented
in section 5.3.

Though the reinforcing bars embedded in concrete beams were
most highly stressed in only a short length adjacent to the center
crack, the failure always originated at the base of a transverse
Tug in a manner similar to the failures of the reinforcing bar speci-

mens. The similar failure origin in the beam and the bar specimens
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can be attributed to the close spacing of the deformations which en-
sured that a deformation occurred within the highly stressed region
in a beam test.

From the observations on failure surfaces of the deformed
bars, it was suspected that the failure might have been caused due
'to nucleation of several cracks at the free bar surface at the lug
base rather than a single crack as suggested by others (15,16,23).
To investigate this possibility the failure surfaces were examined
under a Scanning Electron Microscope (SEM) and cracks on the surface
of the bar specimens were detected by magnetic and penetrant methods (2).

(a) Observations under Scanning Electron Microscope

Following the fatigue failures of some bar specimens, a
test piece 12 mm wide and 3 mm thick was cut from the fracture surface
close to the crack origin zone. These test pieces were protected
from oxidation and contamination in a container filled with inert gas.
Because of its high resolution, a "Stereoscan S4" Scanning Electron
Microscope was used to observe the fracture surfaces.

While observing the test specimen through the SEM, the surface
was searched for the crack nucleus. Generally, the crack nucleus could
be identified by its smooth surface and the beach markings. However,
when several crack nuclei are present the beach markings are diffi-
cult to identify (45). This was the case in most of the test pieces
observed. A typical photograph showing details of crack origin is
given in FIGURE 6.4(a), (b) and (c). FIGURE (a) shows the overall

view of the failure initiation region. From this photograph it is
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not apparent that the failure was caused by the origin of single crack.

Magnified views of two locations marked as X and Y in
FIGURE 6.4(a) are shown in (b) and (c). It may be seen that the
failure structural features and the roughness is almost the same in
both the locations. In place of concoidal markings close to the
surface, there are almost parallel crack fronts moving towards the
interior of the bar. These observations indicate nucleation of
several cracks rather than a single crack.

The general observations on the fracture surface suggest
that the cracks progressed rapidly and abruptly in the early history
of fatigue failure. This was evident from the changes in the surface
structure. In the vicinity of a larger crack, several smaller cracks
appeared to have joined the larger crack within about 1/30 inch (0.1 cm.)
from the surface. Following this region a relatively smaller number
of cracks progressed towards the bar interior.

FIGURE 6.5 shows the details of a growing crack. In photo-
graph (a) the bar failure surface is shown to indicate the area of
interest shown in (b) at much higher magnification. FIGURE (b) was
constructed from several overlapping photographs taken along one
crack which progressed into the bar.

Several micro-cracks are seen close to the bottom in FIGURE
(b). These cracks are located very close to the fracture face in a
region of high stress concentration at the base of a transverse de-
formation. Such cracks were also observed in several other specimens.

Close to the origin of the crack some plastic deformation is evident
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from the surface structure. Due to the absence of beach markings, it
is difficult to trace the advancing crack. At the bottom left in
FIGURE 6.5(b), however, finite increments of cracking with each cycle
are evident on some grains. Several subsidiary cracks are visible in
the valley, these generally occur as the crack grows. The direction
of the progressing crack was diverted due to the presence of an in-
homogeneity which can be identified in the pictures as a hugh block
lying on the fracture surface.

(b) Detection of Cracks

Magnetic and penetrant methods were used to detect macro-
cracks at, and close to, the bar surface of thirty-five reinforcing
bar specimens which had failed in fatigue. In addition, two deformed
reinforcing bar specimens of Grade 40 were simultaneously tested at
a 28 ksi stress range. When one of the specimens failed at 876,500
cycles, the test was discontinued and the second specimen was examined
for macro-cracks.

In most of the deformed bar specimens which had failed in
fatigue, cracks were detected at the bases of lugs adjacent to the
failure plane. Cracks were also detected in the deformed bar speci-
men whose companion specimen failed under identical stress conditions.
In the latter case, cracks were located at the bases of six adjacent
lugs and two lugs located far away from the group of six. Cracks
were not detected in any of the run out specimens.

To confirm the above findings, and to facilitate visual

inspection of cracks, mill scale was removed by macro-etching in a
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(¢) STAGE 1T
FIGURE 6.6 INITIATION AND GROWTH OF FATIGUE CRACKS
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50 percent hydrochloric acid solution for 5 minutes and a penetrant
"ZYGLO" produced by Magnaflux Corporation, Chicago was used for crack
detection.

The results from the penetrant tests confirmed the findings
from the magnetic tests. In these tests, it was also revealed that
independent cracks started at several locations along the base of a
single Tug.

FIGURE 6.6(a) shows a selected lug base of the specimen
whose companion specimen failed. A careful examination of the lug
base would show several small cracks parallel to lug base. This
stage was probably the first stage of crack nucleation. Two other
specimens in which these cracks appear to be joining and forming a
single crack are shown in FIGURES 6.6(b) and (c). It should be
noted that the specimens shown in (b) and (c) were over etched for
illustration.

(c) Probable Crack Growth Mechanism

In deformed reinforcing bars, several micro-cracks nucleated
at the base of the deformations. The micro-cracks which were located
in the region of the highest stress concentrations grew more rapidly
than other cracks. These cracks progressed with a considerable plastic
deformation. The rate of the advancing cracks was probably higher in
the zone of decarburization. In this region the cracks progressed
non-uniformly. Eventually several cracks joined to form a crack front

which advanced a finite increment with each stress cycle until the re-



101
maining bar cross-sectional area could not support the load. This was

followed by the final rupture.

6.3 Statistical Analysis of Data from Fatigue Tests in Air

The main objectives of the statistical analyses were to deter-
mine S-N-P curves for each test series, to find which of the bar
surface characteristics had a significant effect on the fatigue
strength and to quantify these effects. In the following paragraphs
these analyses will be discussed briefly and their results presented.
Some of the statistical calculations are discussed and tabulated in
Appendix E.

The fatigue test data for the bars tested in air aregiven in
Table D-2 in Appendix D and areplotted in S-N diagrams in FIGURES 6.7
to 6.9. The various lines in these figures will be discussed more

fully later in this section.

6.3.1 Check of Uniformity of Loading in Tests

The test set-up used to test bars in air was designed to
apply identical loads to the four specimens belonging to a test group.
Though the accuracy of the load application was checked by static
calibration tests, the possibility of bias in the bar stresses under
repeated loads due to small errors in the fabrication of the test
assembly could not be rejected. This possibility was examined by
analysing the order in which the specimens failed and their corres-

ponding failure location in the test assembly. This data is summarized
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CFD lines obtained from regression, their slopes are slightly different.
For comparison the slope of the CFD line shown in FIGURE E.4 is also
shown in this figure. ‘The overall homogeneity of variance of the
regression residuals from all series was checked by Barlett's test (33).
At 5 percent level of significance the observed F value of 1.92, was
less than 2.06 for F(5,18.67). Thus, the hypothesis of homogeneity of
variance was accepted. From FIGURES E-4, E-5 and the Barlett's tests
the assumption of normality of the log N population and consistency of
variance were assumed to be satisfied.

The regression equations obtained for each series were plotted
as the mean S-N curves (p = 50%) and the tolerance limits (p = 95%,
p = 5%) were obtained from the cumulative Tife distributions. The re-

sulting S-N-P curves are plotted in FIGURES 6-7 to 6-9.

E.2 Analysis of Covariance (ANOCOVA)

The analysis of covariance (49) is a combined application of
linear regression and the analysis of variance. The essential difference
between the analysis of variance and ANOCOVA is that, in the latter case,
the means squares must be partitioned into two components, regression
and residual. The residual components which are freed from the effect
of regression are used to calculate the F ratio. The ANOCOVA model given
in equation (E.1) was used to investigate the influence of the specified

variables.

Yig Tut Tt B(Xia - x) + €ia (E.1)
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where Yig = observed log fatigue life
u = constant to all observations
T T effect of ith variable
Xio = Stress range (Sr)
. = error term
ia
o = number of observations in a group

The assumptions (48) implicit in this model were same as out-
lined in Section E.1 for the regression analysis except that it was also
assumed that the regression lines fitted to individual groups had a
common slope and standard error estimate. In Section E.1 it was shown
that the regression lines had common standard error estimate. The
slopes of the regression equations were compared by Hald's method (50).
The hypothesis that the slopes of the regression equations were different
was rejected to 5 percent level of significance. Hence all the assump-
tions of the ANOCOVA were satisfied.

TABLE E-3, presents sample calculations of ANOCOVA analysis
to investigate the treatment effect (grade) between series 3 and 4.

The observed F statistic was 7.78 as compared to the values of the
critical F(1,13) equal to 4.67, 6.41 and 9.07 at 5, 2.5 and 1 percent
levels of significances. Thus the hypothesis of significant difference
is accepted at 5 and 2.5 percent level, but rejected at 1 percent Tevel.

The conclusions from similar analyses are presented in TABLE 6.3.
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E.3 Multiple Linear Regression

Multiple linear regression allows the study of the influences
of several independent variables on a dependent variable. The step-
wise mu]fip]e regression (55) is preferred for its versatility. This
procedure allows one to systematically admit or expel an independent
variable under a given entrance criteria. The independent variables
are entered in the regression in steps, in order of their significance
depending upon the entrance criteria. No entry is possible if the
entrance criteria is not met.

The above method allowed the fatigue data from all test
series to be combined and analysed together. In the regression log N
was considered to be the dependent variable and several specified
and other variables were taken as independent variables. A linear
additive mode]l was used in the regression and a partial F value of
2.0 was considered as an entrance criterion.

The results of the stepwise multiple regression over the
specified variables is given in TABLE E-4. A1l the finite life data
of the Phase II tests was used in the regression. The specified
variables Sr’ KT’ fu and R and the interaction terms SrKT and R fu
were found to be significant. The interaction terms Sr’ KT’ Sr fu
and Sr R were tested and rejected as not significant. The partial
F-ratios for the significant variables were much higher than the
entrance criteria. The regression model explained in statistical
terms 82.7 percent of the variation in the data. The inability of

the model to explain 100 percent variation in the data may be due to



ET5
TABLE E-4

MULTIPLE REGRESSION OVER SPECIFIED

VARIABLES (FINITE LIFE DATA - PHASE II)

Variables Entered

Stepwise Results

Sr KT fu KT-fu fu-R R*
Residual Standard Deviation, s 0.179 0.163 0.160 0.150 0.143 0.7110
Multiple R® 0.269 0.501 0.536 0.624 0.672 0.827
Regression F-Ratio 4.14 8.72 6.86 7.98 8.064 17.33
Degrees of Freedom, DF 1-53 2-52 3-51 4-50 5-49 6.48
S, 4,14 17.38 20.05 30.08 21.52 69.34
Ky 12.41 15.06 5.192 10.03 13.73
f, 2.60 11.053 16.74 62.92
Partial F-Ratio
KT-f 8.36 14.50 36.78"
u SO
f,-R 5.51 38.24
R : 35.33

Constant | 6.0247 6.8243 6.4953 4.5774 3.9082 0.4397

Sr -0.0051 -0.0163 -0.0]98' -0.0241 -0.0447 -0.1075
KT -0.2506 -0.2824 1.1011 1.6312 1.4662
Regression
Coafficient fu 0.0056 0.0294 0.0504 0.1310
KT-fu -0.0159 -0.0238 -0.0296
fu-R -0.0001 -0.0002
R 0.0164
Sr 0.0025 0.0039 0.0044 0.0044 0.0095 0.0129
Stagd%rd Erro; KT 0.0711 0.0727 0.4833 0.5150 0.3957
stimate o :
Regression fu 0.0035 0.0088 0.0123 0.0165
Coefficient
KT'fu 0.0055 0.0062 0.0049
fu-R 0.0000 0.0000
R 0.0027

*Surface Roughness - CLA Values.



the absence of a parameter defining the decarburized surface of the

reinforcing bar specimens, the absence of an approximate value of KT
for plain as-rolled bars and the assumptions inherent in the linear

additive model.

The data from the fatigue tests on beams was also analysed
by the stepwise multiple regression analysis, the results of the
regression are presented in Table E-5. Though only four variables;
S

S fu and Dnom were specified in the tests, KT and grain

r’ “min?®
size (g)* were also included in the regression. The test data was

ET6

analysed in two stages. In the first stage, all the data was included,

whereas in the second stage all the data except that of series 9

(675 No. 5 bars) was included. The regression models obtained in the

two cases are given in Equation (E.2) and (E.3), respectively.
log N = 9.6285 - 0.0681 Sr - 1.0081 KT - 0.0153 Smin
+ 0.0049 fu + 0.0012 g - 0.1529 Dnom (E.2)

log N = 9.5894 - 0.0633 Sr - 0.0147 Smin + 0.0033 fu - 0.8663 KT
(E.3)

It is interesting to note that in Equation (E.2), S K

S are significant variables whereas in Equation

min?® fu’ g and Dnom

*g - Number of grains per square inch at 100 magnification.



TABLE E-5

MULTIPLE LINEAR REGRESSION OVER SPECIFIED AND

OTHER VARIABLES (Finite Life Data - Phase I)*

E17

Variable Entered

Stepwise Results
Sr Smin fu KT

Residual Standard Deviation, s 0.199 0.175 0.171 0.168

Multiple R 0.641 | 0.747 | 0.765 | 0.789

Regression F-ratio 33.56 29.70 21.66 17.35

Degrees of Freedom, DF 1-48 2-47 3-46 4-45
Sr 33.56 58.41 56.42 60.47

Partial F-Ratio Smin 15.62 18.97 21.65
fu 3.02 4.20
KT 2.42
Constant 7.0995 8.0405 7.7194 9.5894
Sr -0.0493 | -0.0621 | -0.0603 | -0.0633

Regression

Coefficient Smin -0.0122 | -0.0136 | -0.0147
fu 0.0028 0.0033
K1 -0. 8663
Sr 00.0085 0.0081 0.0080 0.0081

Standard Error of

Estimate of Smin 0.0030 0.0031 0.0031

Regression Co-

efficient fu 0.0016 0.0016
KT 0.5573

*Except Series 9
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(E.3) only Sps S K; and f  are significant variables. This non-

min’®
uniformity of significance of variables was caused due to relatively
higher fatigue strength of series 9 bars having the finest grain
structure and a relatively lower KT value (1.81). Since these pro-
perties were not common among other series, the model given in
Equation (E.3) was considered to represent the entire test series
except series 9. The details of calculations of this model are
presented in Table E-5. In this analysis no attempt was made to
test the interaction terms, since the significance of the specified
or the other variables could not be checked individually.

The data from all the deformed bars tested in Phases I and
IT was combined by making a correction to the strengths of specimens
tested in air to account for concrete encasement. The multiple linear
regression results reported in Table E-6 confirmed the findings of
the multiple linear regression analysis of beam tests alone. Again,
in this analysis the data of series 9 was excluded. The multiple
correlation coefficient obtained was 0.778 though the multiple cor-
relation could have been improved by admitting interaction terms
in the regression but this was not done for the reasons explained
earlier.

The combined data from the deformed bars from Phase I and
IT has been plotted in FIGURE 6.15. The regression equation shown in
this figure was obtained from the multiple regression model given in
Table E-6. The tolerance 1imit on the test data was calculated at the

mean Sr and was assumed constant for the range of Sr plotted in this

figure.



TABLE E-6

MULTIPLE LINEAR REGRESSION OVER SPECIFIED AND OTHER

VARIABLES (FINITE LIFE DATA- PHASE I AND II)*

ET9

Variables Entered
Stepwise Results
Sr Sm1'n KT fu
Residual Standard Deviation, s 0.191 0.181 0.170 0.161
Multiple R2 0.628 0.682 0.732 0.778
Regression F-Ratio 44 .30 29.13 25.33 23.40
Degrees of Freedom, DF 1-68 2-67 3-66 4-65
Sr 44.30 57.99 75.39 84.20
Smin 8.85 15.02 24.18
Partial F-Ratio
KT 9.95 13.01
fu 8.71
Constant 7.5403 7.8634 | 11.0517 | 10.9397
Sr -0.0516 | -0.5917 | -0.0665 | -0.0665
Regression
Coefficient Smin -0.0088 | -0.0112 | -0.0146
KT -1.3925 | -1.5138
fu 0.0042
: Sr 0.0078 0.0078 0.0077 0.0072
Standard Error
of Estimate of smin 0.0030 0.0029 0.0030
Regression
Coefficient KT 0.4414 0.4197
fu 0.0014

*Except beam Series 9
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