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PREFACE

This report is a slight modification of a thesis pre

sented to the Faculty of the Graduate School of Cornell Uni

versity for the degree of Doctor of Philosophy. It consti

tutes a record of most or the Investigation done at

Cornell University on materials.behavior and structural per

formance of cold-rolled austenitic stainless steel members.

This research project was sponsored by the American Iron and

Steel Institute. The only work not included in this report

is the investigation on bolted and on welded connections in

cold-rolled stainless steel by B. M. Tang and D. W. Popowich,

which is reported separately.

The author wishes to thank Professor George Winter for

his careful guidance in his joint capacity as the project

director and the chairman of the author's special committee,

and Messrs. W. G. Kirkland, Vice-President, American Iron and

Steel Institute and D. S. Wolford, C. R. Clauer, J. B. Scalzi

and R. H. Kaltenhauser of the Institute's Research and Speci

fication Committee for their unfailing cooperation on behalf

of the sponsoring organization. He also wishes to acknowledge

his indebtedness to Dr. A. L. Johnson whose earlier investiga

tion on annealed austenitic stainless steel (Report No. 327

of November 1966) prepared the ground for much of the present

work, and to Prof. S. J. Errera for helpfUl cooperation.

1



TABLE OF CONTENTS

Page

CHAPTER 1 INTRODUCTION 1

1.1 General 1

1.2 Purpose of Investigation 2

1.3 Scope of Investigation 4

CHAPTER 2 MATERIAL PROPERTIES 7

2.1 General 7

2.2 Effects of Cold Working 7

2.2.1 Effects of Plastic Deformation on

Metals Under Cold Working 7

2.2.2 Strengthening Mechanism 9

2.2.3 Cold Forming-Corner Strengthening Effect 11

2.3 Testing Program of Material Properties

2.3.1 Material, Coupon, Instrumentation and·

Testing Procedure

2.3.2 Discussion of Test Results

2.4 Statistical Study of Yield Strength

of Flat Coupons Under Normal Stress

2.4.1 Basis of Statistical Analysis

2.4.2 Data for Statistical Analysis

2.4.3 Discussion of Statistical Results

2.5 Other Mechanical Properties of Flat Material

Under Normal Stress

111.

12

12

14

17

17

18

19

20



2.5.1 Initial Modulus of Elasticity

2.5.2 Proportional Limits

2.5.3 Typical Stress Strain Curves

2.5.4 Secant and Tangent Modul1

2.5.5 Ult1mate T~n~1le:Str~ngth .

2.5.6 Ductility

2.5.7 Po1sson's Rat10

2.6 Mechan1cal Propert1es of Flat Mater1al·

1n Shear

2. 6.~,Arf::1n~7J\e1~t:1ol1ships.

2.6.2 Const~~<;~on of<N~al: St.ress

Strain, QU1'V8:

.~~ ~6.l f V~1.f1c~tion .ofP;ropos.e4. Approach
' '. ,~ ". '. . ...... '. ..

. by:T~8ts

.2•.6,4,' .Sbear St~ess. S~r'1n Cur~e. tor- De~j;611

2.6.5 Proport1onal Limit and Shear
.. ' . '. ' .. / .

YielclStr;e,ngth

2.6.6 .In1t1~1 ~ear M~d~l~'

2.6. 7Se~ant .Sbea~, Moduli. ,

2.7 Analyt~cal StressStra1n Curves.
'. ...

2.7.1 General

2. 7"a .-·:~f~!4. :l~~D'lb.~g,,!OsgclOQ .POr11lllla :.
.... , .' .. ," .. " ".

. t a·.'l.~ ,;Jttte4 ,~~~.,'·S~r,a!~ ;,alA!:~~;c,fq1\n

AnalysiS and De.~;



Derived Values From Fitted Curves

Comparison Between Analytical and

Experimental Data

36

36

2.8 Anisotropy of a Cold Worked Austenitic

Stainless Steel Sheet 38

2.8.1 General 38

2.8.2 Sampling Scheme 38

2.8.3 Discussion of Test Results 38

2.9 Summary and Conclusions 40

CHAPTER 3 BUCKLING AND WAVING OF PLATE

STRUCTURAL ELEMENTS 45

3.1 General 45

3.2 Theoretical Buckling Stresses

for Plate Elements 46

3.3 Buckling of Unst1ffened Elements 51

3.3.1 Unstiffened Compression Member Tests 51

3.3.1.1 Design and Fabrication of

Test Specimens 51

3.3.1.2 Instrumentation 52

3.3~1.3 Test Set-Up and Testing Procedure 53

3.3.2 Criteria for Critical Strains and

Buckling Stresses 53

3.3.3 Discussion of Results - Buckling Stress 55

'3.3.4 Waving of Unstiffened Elements 60

v



Summary and Conclusions - Unstiffened

Elements

3.4 Buckling of Stiffened Elements.

3.4.1 Compression Flange of Flexural Members

3.4.1.1 Design and Fabrication of Test

63

65

65

65Specimens

Instrumentation and Testing Procedure 673.4.1.2

3.4.2 Flanges of Short Columns with Closed

Croas Section

3.4.2.1 Design and Fabrication of Specimens

3.4.2.2 Instrumentation and Testing

68

69

Procedure 69

3.4.3 Discussion of Results - Buckling Stress 70

3.4.4 Waving of Stiffened Elements 74

3.4.5 Summary and Conclusions - Stiffened

Elements 76

CHAPTER 4 POST BUCKLING BEHAVIOR OF PLATE STRUCTURAL

ELEMENTS 79

4.1 General 79

4.2 Effective Width Concept 79

4.3 Theoretical and Semitheoret1cal Evaluation

of Effective Width 81

4.4 Effective Width with Considerations of Non-

linear and Anisotropic Material Properties 86.

4.5 Post Buckling Strength of Unst1rfened Elements 92

4.5.1 Evaluation of Experimental Effective Width 93

vi



4.5.2 Analysis of Results 94

4.5.2.1 Elastic Parameters 95

4.5.2.2 Inelastic Parameters 96

4.5.2.3 Strain Analysis 97

4.5.3 Discussion of Results 97

4.6 Post Buckling Strength of Stiffened Elements 99

4.6.1 Evaluation of Experimental Effective Width 100

4.6.1.1 Compression Flanges of Flexural

Members 100

4.6.1.2 Flanges of Short Columns 102

4.6.2 Analysis of Results 103

4.6.3 Discussion of Test Results 104

4.6.4 Waving Pattern of Buckled Plate Element 106

4.7 Summary and Conclusions 107

CHAPTER 5 STRUCTURAL MEMBER BEHAVIOR 112

5.1 General 112

5.2 Flexural Members 112

5.2.1 General 112

5.2.2 Experimental Investigation 113

5.2.3 Theoretical Analysis 115

5.2.3.1 Stress Strain Relationship 115

5.2.3.2 Effective Width 116

5.2.3.3 Flexural Strength of Thin Walled

Flexural Members 116

a. Numerical Procedure in Predicting

Flexural Strength 116

vii



b. Failure Criterion

c. Simplified Methods for Flexural

Strength Predictions

d. Discussion of Results

5.2.3.4 Moment Curvature Relationship

a. Analytical and Experimental Curvature

b. Discussion of Results

5.2.3.5 Deflections of Thin Walled Flexural

Members

a. Numerical Procedure in Predicting

Deflections

b. Simplified Methods for Deflection at

Service Loads

c. Discussion of Results

5.3 Compression Members

5.3.1 Compact Compression Members

5.3.2 Noncompact Compression Members

5.4 Summary and Conclusions

CHAPTER 6 DESIGN CONSIDERATIONS

6.1 General

6.2 Material Properties

6.3 Safety Fa~tors

6.4 Design Criteria for Plate Structural Elements

6.4.1 Local Distortions

6.4.2 Ultimate Strength

viii

121

124

126

129

129

130

131

131

134

137

140

140

145

147

154

154

154

156

157

157

158



6.4.2.1 Unstiffened Elements

6.4.2.2 Stiffened Elements

6.5 Design Criteria for Structural Members

6.5.1 Flexural Members

6.5.1.1 Flexural Strength

6.5.1.2 Deflections at Service Loads

6.5.2 Compression Members

6.6 Effects of Cold Forming

6.7 Summary and Conclusions

CHAPTER 7 SUMMARY AND CONCLUSIONS

REFERENCES

TABLES

FIGURES

1%

159

163

165

166

166

168

169

171

172

177

183

191

227



ABSTRACT

The cold reduction in thickness of austenitic stainless st~

sheet brings about the following significant characteristics

of material properties: 1) higher strength with an increasing

amount of cold working, 2) more pronounced anisotropic material

properties with increasing cold working, 3) stress strain

relations different in tension and compression and depending

on directions, and 4) nonlinear stress strain curves with

relatively low elastic limits, especially in longitudinal

compression. In addition, local buckling is encountered in

thin walled structural members. These are the problems

associated with the structural design of stainless steel

members.

The purpose of this investigation is to develop the basic

necessary information for design methods for light gage cold

formed structural elements and members made of cold rolled

austenitic stainless steel.

A detailed investigation of material properties of cold

worked stainless steel is made. A statistical approach is

introduced to study the variation of yield strength due to

cold working so that lower bound values may be established.

An affinity approach is introduced to obtain the shear

properties from normal stress behavior. Design mechanical

properties for tempered Type 301 are obtained.

In order to predict the member behavior, a study of

element behavior is essential. The buckling and post buckling

x



behavior of stiffened and unstiffened elements as a part

of the structural member is investigated. The nonlinear and

anisotropic material properties are considered in the approx

imate analyses. Bleich's two~odulus concept of inelastic

buckling and Von Karman's effective width concept of post

buckling strength were used for predicting the element behavior.

Based on the element behavior, the response of structural

members may be predicted in the post buckling domain. A

numerical analysis of the inelastic flexural behavior of

thin-walled cold formed members with considerations of the

unique material properties is made by using a digital

computer. The extensive treatment of flexural members is

necessary because of its vital importance in light gage

steel applications. Simplified methods are also recommended

for design purposes. The theoretical predictions agree quite

satisfactorily with experimental results.

Design procedures with considerations of strength, local

distortion, and deflection are recommended for structural

elements and members.

xi



CHAPTER I

INTRODUCTION

1.1 General

The structural behavior of light gage steel members has

long been a major topic of investigation. Most of such mem

bers are cold formed, in rolls or brakes, from sheet or strip

steel. Such members are extensively used alone or in conjunc

tion with hot rolled sections as structural load carrying

members, panels and decks. The major reasons for using such

members are economy, flexibility of shape, and available

useful space considerations. An extensive investigation of

the behavior of thin walled cold formed carbon steel members

has been made at Cornell University. This is summarized in

the American Iron and Steel Institute's Light Gage Cold Form

ed Steel Design Manuall - l * and its commentary by Winter1- l •

In recent years, stainless steel has gained increasing

use in architectural and structural applications. Among the

various types of stainless steel sheet and strip developed for

different purposes, the most common types are in the austeni

tic category. They are used in the annealed and strain flat

tened state or rolled condition. The general applications of

austenitic stainless steels are similar to carbon low alloy

steels l - l • High corrosion resistance, ease of maintenance, and

pleasing appearance make them suitable for many special appli-
1-2cations •

* Superscripts indicate reference numbers.

-1-
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Carbon and low alloy steels have relatively high propor

tional limits and approximately equal mechanical properties in

tension and compression. Austenitic stainless steels are high

ly susceptible to cold working. Cold rolled austenitic stain

less steels have much different material properties than the

oarbon or low alloy steels. In obtaining high strength or a

flat surface through the cold working process, certain material

characteristics result: (1) anisot~opy inoreasing with the

amount of cold work, (2) unsymmetrical stress strain relation

ships in tension and compression, (3) inelastic stress strain

relationships with a low elastic limit, and (4) corner strength

ening effect. Therefore, special treatment of these types ot

material is needed and information on the effects of these

factors on the behavior of structural members is required.

1.2 Purpose of Investigation

The purpose of this investigation 1s to develop the basic,

necessary information to prepare a design specification for

cold formed structural elements and members made of cold rolled

austenitic stainless steel for structural applications. The

existing design methods in specificationl - l for carbon and low

alloy steels oannot be applied to cold rolled stainless.

There are a few attempts Which have been made to produce,

design specifications for stainless steel, such as Watter and
1-3 1 4Lincoln , research at Franklin Institute - , and a design

guide for stainless steel of the State of Ca1ifornial - 5 • They

have prOVided a large amount of information on the design of
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stainless steel members. However, the information proposed

by them is not complete and some of the methods are either

impractical or not theoretically justified. This was dis

cussed in detail in a report by JOhnsonl - 6.

For the last few years, a research project on stainless

steel has been sponsored by AISI at cornelll - 6. Based on the

extensive experimental information and analysis, a design speci

fication for annealed and strain flattened austenitic stainless

has been released recently by AISI l - 7. However, such informa

tion is specifically for annealed and strain flattened stain

less steel which undergoes only slight cold reduction in order

to have a flattened surface. In contrast, for cold-rolled

grades, somewhat more severe cold reduction is involved. The

investigation reported here is concerned with cold-rolled

austenitic stainless steel, especially Type 301-1/4 and 1/2

hard, as a continuation of the previous investigation on an

nealed and strain-flattened material.

In order to provide useful information for design, the

investigation of the material properties of cold rolled stain

less steel is essential. The pronounced anisotropic material

properties with the increased amount of cold work must be in

vestigated so that lower bounds of directionally dependent mate

rial properties in tension and compression may be established.

In analyzing the structural behavior of elements and mem

bers, the inelastic unsymmetrical stress strain relationships

in tension and compression as well as the corner strength-
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ening effect should be considered. Local buckling phenomena

and post buckling strength of plate elements should also be

taken into consideration.

The purely mathematical approach in dealing with such a

problem is extremely tedious. However, approximate solutions

may be obtained by using numerical approaches with simplifying

assumptions or semi-experimental analyses. The results from

such an approach are not exact, but they may be accurate

enough for engineering applications. Experiments are also

essential in this type of investigation. They are not only

used to verity the analytical results but also constitute

a reasonable basis for developing a semi-experimental rela

tionship when the' analytical approach is not feasible or iO

too involved for design purposes.

1.3 Scope of Investigation

The chapters which follow discuss in some detail the

most important aspects of the performance of structural mem

bers made of cold rolled stainless steel, using 1/2 hard

Type 301 and annealed and strain flattened Type 304 as

specific examples.

The material properties are described in Chapter 2.

The effects of cold working on metals, especially Type 301

austenitic stainless steel, are discussed. A statistical

approach is introduced to account for the variations of .2%

offset yield strength and to provide lower bound values for

the purposes of design. The mechanical properties are
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described in general, and then specifically for 1/4 and 1/2

hard Type 301. Analytical stress strain curves are also dis

cussed. The modified Ramberg-Osgood formula is used for analy

sis and design. Then the mechanical properties in various

directions of a cold-rolled austenitic stainless steel sheet

are studied.

Local buckling phenomena and out of plane distortions

are studied in Chapter 3. Two types of plate etruatural ele

ments were tested-stiffened and unstiffened elements. Ex

perimental results are presented and discussed. Approximate

analysis considering orthotropic material properties and in

elastic behavior is briefly discussed. Out of plane waving

of the elements in connection with local buckling is also

discussed.

Post buckling behavior of stiffened and unstiffened

plate structural elements are studied in Chapter 4. Effec

tive width was used to account for the post buckling strength.

Experimental results are presented and discussed.

The behavior of structural members is discussed in

Chapter 5. An experimental study was made for compression

and flexural members. A numerical analysis of flexural

strength, curvature, and inelastic deflection of flexural

members by using a digital computer (IBM360) is presented.

In the analysis, nonlinear and unsymmetrical stress strain

relations in tension and compression, post buckling strength,

and corner strengthening effects were considered. The ef-
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fects of mechanical properties on the behavior of compression

and flexural members is described.

Design methods to predict the behavior of structural

elements and members are presented in Chapter 6 based on the

analytical and experimental evidence in the foregoing chap

ters. These are the design procedures suggested by the avail

able information; they are not formulated in specification

language.

Finally, summary and conclusions are presented in Chap

ter 7.



CHAPTER 2

MATERIAL PROPERTIES

2.1 General

In this chapter the change of mechanical properties of

metals due to cold working will be described with emphasis on

austenitic stainless steels especially for Type 301 cold

rolled stainless. The basic austenitic composition is a

17% chromium, 7% nickel"alloy. A detailed discussion of

chemical composition and influence is outside the scope of

this investigation; this is discussed in the literature l - 2 , 2-1

This chapter will constitute the background of basic mate

rial properties for this investigation and the typical design

material properties for Type 301-1/4 and 1/2 hard stainless

steel.

2.2 Effects of Cold Working

2.2.1 Effects of Plastic Deformation on Metals

Under Cold Working

The cold working process may be rolling, forging, extru

sion or drawing. During any of these processes, the metal

undergoes plastic deformation, and the grains change shape.

The deformation of single crystals in the metal is under var

ious constraints. Multiple slips occur. Plastic deformation

produces an increase in the number of dislocations. The dis

locations passing through the grains on intersecting slip

systems interact with each other, producing tangled dlsloca-

7
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tion arrangements. This will increase the resistance to

plastic deformation of the polycrystalline metal by the frag

mentation of crystals and the rotation, elastic distortion and

bending of crystal fragments.

The internal stress distribution is non-uniform because

of complex microstructure and plastic deformation. The inter

nal stresses induced are of three kinds. The first, "macro

scopic internal stress", is caused by non-uniformity of plas

tic deform~tion in different parts of the cross section. The

second kind, "micro-structural stress", is due to initial dif

ferences in the resistance to plastic deformation of variously

oriented grains of a polycrystalline aggregate, and to the

differences in the strength of different microconstituents.

The third kind of stress 1s associated with the space lattice

expansion changes involved in work-hardening.

The preferred orientation, or texture, in the metals is

formed during cold working process. It has been studied by
2-2 2-3many investigators ' • A metal which has undergone a severe

amount of cold working will develop a preferred orientation,

in which certain crystallographic planes tend to orient ~hem-

selves in a preferred manner with respect to the direction of

maximum strain. The preferred orientation is strongly depen

dent on the slip and ·twining systems available for deformation.

The direction of flow is an important process variable.

The process of work hardening and plastic deformation

under cold working not only producea the anisotropic proper~

ties of the metal because of non-uniform internal stress dis-
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tribution and preferred orientation, but also strengthens the

metal sheet to a different extent in the various directions.

The strengthening mechanism of cold working depends on

chemical composition and on mechanical as well as thermal

processing. However, only the mechanical strengthening mech

anism by cold working is considered herein. Strain hardening

by plastic deformation is one of the major methods of strength

ening a metal.

2.2.2 Strengthening Mechanism

In the austenitic class the effect of the nickel addition

is to stabilize the face-centered structure at room tempera

ture. The austenitic stainless steels cannot be hardened to

form martensite by quenching. However, austenitic grades are

ductile and can suffer considerable cold work without break

ing. The alloys are hardened during cold work, and further,

many alloys of the class undergo a transformation that is

rnartensltic. Type 301 which has a lower chromium range (and

therefore a lower nickel content) is more susceptible than

302 or 304 to cold work. The austenite is less stable in 301.

This strengthening mechanism of austenitic stainless steel

has been studied and confirmed by many investigators.

Figs. 2-1 and 2-4 show the increase of offset yield

strength as a function of the percent of cold reduction for

both Type 301 and 302. It is seen that the increase of off

set yield strengths for Type 302 is much less than Type 301.

In both types of stainless, the anisotropy increases with

strength and the range of values of yield strength becomes
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more divergent. The rate of increase of yield strength in

longitudinal compression is the lowest in both materials. It

is also noticed in the same figure that Type 301 can reach

higher tens1le strength than Type 302 at the same amount of

cold reduction.

A thorough investigation of this strengthening mechanism

of Type 301 has been reported by Barclay2-5. From his test

results, Barclay concluded as follows:

(1) The change of the stress-strain relation in the work

hardening range has been definitely related to the formation

of deformation martensite.

(2) A less stable alloy undergoes transformation sooner,

has more martensite formation at a given strain, and reaches

a higher tensile strength and more uniform elongation than a

more stable alloy.

(3) The deformation of Type 301 has been observed to oc

cur by at least six mechanisms:

(a) Dislocation motion in austenite

(b) Dislocation tangles, cell formation, and forma-

tion of stacking faults

(c) Deformation twins in austenite

(d) Martensite formation

(e) Dislocation motion in martensite

(r) Deformation twins in martensite.

The mechanisms are listed in order of appearance with increas

ing strain, and several mechanisms are operative simultaneous

ly.
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(4) The structure suggests that most of the plastic

deformation occurs via deformation mechanisms in the austenite

stages (a) through (c) plus martensite formation of stage (d).

2.2.3 Cold Forming - Corner Strengthening Effect

Cold working generally increases yield and ultimate

strengths and decreases ductility. The nature of these changes

depends on the chemical composition of the steel, metallurgi

cal treatment history, prior cold work, and type and magnitude

of plastic strain caused by the cold work.

Light gage structural members are cold formed by roll

forming or brake forming. Additional cold work is involved

in the corner regions of the structural members through the

cold forming process. Forming by press brake is a straight

bending and the corners may be either air or coin press braked.

In this investigation the corners for the specimens were all

air braked. The corners were bent sharper than the desired

final angle to allow for springback.

The direction of bending (stretching) at corners related

to the rolling direction of the metal sheet is important. How

ever, in general, the yield and ultimate strengths are higher

in the corner than in the original sheet (annealed or tempered).

The amount of increase in strength depends on the temper, metal,

and radius of the corner, etc.

The effects of the additional cold working in corners are

the largest in the annealed state and decrease with increasing

hardness of the original flat sheet, becoming almost negligi

ble for the full hard grades. An analytical prediction of
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the strain hardening effect of cold forming in the corners

is a complex problem since there are so many factors involved t

especially for the cold-rolled stainless sheet.

Some test results on corners of half hard Type 301 and

annealed and skin passed Type 304 will be presented and dis

cussed in 2.3.2.

2.3 Testing Program of Material Properties

In view of the unusual material properties of austenitic

stainless steels, especially for the temper rolled grades, an

extensive investigation of material properties by tests was

necessary, in both longitudinal and transverse directions, and

in both tension and compression.

In the following sub-sections, a testing program of cou

pons will be described briefly. The test results were used

to study the stress strain relations and other mechanical

properties along with information provided by the steel produc-

erst

2.3.1 Material, Coupon, Instrumentation and Testing

Procedure

Material used in this program was 1/4 and 1/2 hard Type

301 stainless of various thickness (0.020" to 0.089", corre

sponding to 25 to 13 gauge). Duplicate flat coupons were

sampled from five 1/2 hard sheets and four 1/4 hard sheets

(including the 1/2 hard sheet 30l-H-7 used later for flexural

members). Mechanical properties obtained from these coupons

were used along with additional information from steel produc

ers for statistical analysis of offset yield strength and to
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determine the design mechanical properties of these two

grades.

Flat coupons from two other sheets 30l-H-3 (for flexural

and unstiffened compression specimens) and 301-H-2 (for the

tests of material properties in different directions) were

also tested. One sheet, 304-AS-5 (for flexural specimens),

for Type 304 annealed and strain flattened was also tested.

Corner properties were studied for three sheets, i.e.

301-H-3, 301-H-7, and 304-AS-5. The size of corners are the

same as for corresponding flexural members tested.

Tension flat coupons were ASTM standard sheet-type cou

pons. Compression coupons were 0.5" by 2.0". For tension

corner coupons, the narrow part was machined to the size of

the corner, and the area of the corner was determined by cut

ting off and weighing the pre-marked portion after test.

Compression coupons were cut 2.5" long with about 9/32" from

the outer surface of one flange to the tip of the other flange.

The area of cross section was determined by weighing and

measuring the length of the coupon. The load taken by the

corner was obtained by subtracting the load taken by the flat

portion from the total load.

The tension tests were conducted according to ASTM De

signation E8-61T on "Tension Testing of Metallic Material 1,2-6.

An averaging type Tinius-Olsen microformer extensometer was

used with an autographic recorder to plot load strain curves.

The compression tests were conducted according to ASTM

Designation E9-61 on "Compression Testing of Metallic Mate-
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2-7rials" • A lateral support jig described in Ref. 2-10'was

used for flat compression coupons to prevent buckling of the

specimen under load. A Baldwin compressometer of the micro

former type was used with an autographic recorder to plot load

strain curves. The corner compression coupons were tested

with hydrostone as the lateral support. Strain was measured by

a strain gage mounted on the coupon embedded in the hydrostone.

A Tinius-Olsen 30,000 pound capacity screw type testing

machine was used for these tests.

2.3.2 Discussion of Test Results

Flats

Stress strain curves can easily be obtained from load

strain curves. The initial moduli and 0.2% offset yield. .

strengths were also obtained from the charts. The ultimate

strengths of tension coupons were calculated from the maximum

loads recorded by the machine. The percentage elongations

for tension coupons were obtained by measuring the final

length ot the pre-marked gage length.

The stress strain curves for the sheets (304-AS-5,

30l-H-3, and 30l-H-7) from which the compression and flexural

specimens were made are presented in Figs. 2-2, 2-4, and 2-6.

Some mechanical properties of these three sheets are presented

in Table 2-1. The derived quantities, such as tangent and

secant moduli, expressed as plasticity reduction tactors for

longitudinal compression are presented in Figs. 2-3, 2-5 and

2-7 atter each graph of the stress strain c~rve~. The tangent

moduli were ,determined from the longitJ.l~lnal.compreBs1on
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stress strain curve by using a semi-transparent mirror. The

method was suggested by Bijlaard and Fisher2- 8. The plasti

city reduction factors will be used in later investigations

on local buckling and post buckling behavior analysis. Dis

cussion of other tests will be presented in Sections 2.4,

2.5, and 2.8.

Corners

The stress strain curves of Type 304 corners are shown

along with the curves for flat material of the same sheet in

Fig. 2-2. The comparison of the mechanical properties of

corners and flats is shown in Table 2-1.

The effective stress strain curves of corners for Type

304 annealed and strain flattened stainless steel show a tre

mendous increase in strength over the original sheet. The

initial moduli are usually the same or slightly smaller than

in the flat sheet. The yield strength increase is the highest

(152%) in longitudinal compression, and in transverse compres

sion (98%) it is also considerable. The net increase in lon

gitUdinal (65%) and transverse (63%) tension is smaller than

in compression. This is not surprising if one considers the

plastic flow during the course of cold working. The cold re

duction in thickness is very slight to produce annealed and

strain flattened Type 304. The severe cold bending in the

corners may wash out the previous cold work effects. The fact

that the bending (stretching) direction is perpendicular to

the rolling direction of corner specimens in the longitudinal

direction is the main cause of such high increase in longitu

dinal compression strength of corners. The increase in longi-
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tudina1 and transverse tension is expected to be less pro

nounced because the bending direction is perpendicular to the

coupons. This can be understood if one observes the simple

models presented in a study of carbon steel by Chajes, Britvec

and Winter2- 9 and by Karren and winter2- 10 •

Similar mechanical properties were also obtained from

corner coupon tests of the two sheets of 1/2 hard Type 301.

The stress strain curves are shown in the same figure of

flats, Figs. 2-4 and 2~6. The mechanical properties are also

shown in Table 2-1. The effective yield strength of corners

does show an increase as compared to the virgin 1/2 hard flat

sheet; however, the percentage of increase is .much smaller

than for the case of annealed and strain flattened Type 304.

The increase of offset yield strength is smallest in transverse

compression, being 5% of the original value. This correlates

with the fact that the yield strength of the flat sheet is

highest 1n the transverse direction. The initial moduli of

corner stress strain curves are usually smaller than for

flats. The percentage increase in ult1matestrength is about

the same (7%) as for Type 304 annealed and strain flattened.

From the comparison of stress strain curves of flats and

corners, it is concluded that the strengthening effect of cor

ners may be disregarded within the usual working stress range.

In predicting failure, however, neglecting the corner

strengthening effect may underestimate the strength of struc

tural members. For accurate calculations, the effective cor-
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ner strength should be used.

The applicability of Karren's formula2- lO for corner

strength prediction, which was developed for carbon steel,

was checked for austenitic stainless steel. The strengths

predicted by Karren's formula for carbon steel exceed the

experimental values by an average of 23.4% for stainless steel.

2.4 Statistical Study of Yield Strength of Flat Coupons Under

Normal Stress

In the following sections, a brief outline of the statis

tical analysis is given to deal with the experimental results

in order to establish reliable minimum values for purposes of

design.

2.4.1 Basis for Statistical Analysis

For a group of observed values, the statistical proba

bility analysis may be achieved by using characteristic sta

tistical parameters or by graphical approach. Such analysis

is much simpler if the distribution of observed values may be

assumed as normal.

The characteristic statistical parameters can be calcu-

lated from a group of observations by means of a simple com

puter program. For graphical analysis, a fractile diagram

may be used. The theoretical basis for the fractile diagram

by plotting points of cumulative frequency on the probability
2-11paper was discussed in detail by Hald . If the points ap-

pear to deviate only at random from a fitted straight line,

the theoretical distribution is very close to the normal dis

tribution. The values with a certain percentage of probability
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can be determined easily from the straight line or by using

the characteristic statistical parameters calculated. In this

investigation of offset yield strength, the points deviated

only at random from the fitted straight line.

Figs. 2-8 and 2-9 show the typical analyses for 1/4 and 1/1

hard Type 301 in transverse tension. If the theoretical dis

tribution is normal, the observed value of cumulative proba

bility deviates at random from the theoretical cumulative

probability which is the straight line. The confidence bands

for selected percentages of confidence may be calculated. The

variance of the fractile corresponding to the cumulative fre

quency may be found. By considering the variance of a stoch

astic variable, assuming that the fractile is normally distri

buted about a theoretical value and that the observed

values are stochastically independent, then from the the

oretical values the limits may be calculated between which

the observations should lie with a certain probability. The

formulation of finding the interval of confidence bands is

given elsewhere (Hald)2-1l. For example, for 95% probability,

the observed values should be within the interval of + 1.96

times the standard deViation from theoretical values.

2.4.2 Data for Statistical Anal~sis

Based on the approach outlined, a statistical analysis

was made for .2% offset yield strength in order to establish

the lower bound design values. The statistical popUlation

included results from testing program just described and from

steel producers. The number of heats and coupons 1nvolved 1n
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each analysis is shown in Table 2-2. The range of the popula

tion for each group is also listed in the same Table.

2.4.3 Discussion of Statistical Results

Values of the mean, variance, and standard deviation ob

tained from computer program output are listed in Table 2-2.

The cumulative frequency distribution and confidence bands are

plotted on arithmetic probability paper. Figs. 2-8 and 2-9 show

the typical analysis in transverse tension for both 1/4 and

1/2 hard Type 301 stainless steel. The 90% and 95% probabil

ity .2% offset yield strength and 95% with 95% confidence val

ues are listed in Table 2-3 along with the values given in

other pUblications.

It is seen from Table 2-3 that the design compression
2-12yield strengths of MIL-HDBK-5 are lower than the values

obtained by this analysis. These values could be raised to

give more economical design. Such an increase is also sup

ported by the data shown in Fig. 2-1 if one considers the

ASTM2- l3 minimum tensile yield strength as a standard value

and obtains the others from the graph.

For tensile yield strengths, the statistical results are

qUite close to the ASTM2- 13 specification minimum values ex

cept in the case of 1/2 hard in the transverse direction.

However, the values for 95% probability and 95% confidence

are lower than the specification values.

Inspecting the values in Table 2-3, the values for 95%

probability can best be used for guidance. On this basis,

the specification tension values for 1/4 hard are acceptable,
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but the compression values could be raised to 50 ksi longi

tudinally and to 90 ksi transversely. For 1/2 hard, one finds

that instead of the MIL_HDBK_5 2- l2 values of 110, 110, 58, aM

118 ksi the following values are more realistic: 110, 100, 65,

and 120 ksi. These values are recommended as design val-

ues which represent the lower bound of these two cold rolled

grades.

2.5 Other Mechanical Properties of Flat Material Under

Normal Stress

2.5.1 Initial Modulus of Elasticity

The initial modulus of elasticity is one of the most

important mechanical properties. In a polycrystalline metal,

the value of the modulus is an average since the crystals are

randomly oriented. Under cold working the value is expected

to change not only depending upon the degree of cold work but

also upon the direction of measurement.

Mebs and MCAdam2- l4 showed the change of tensile modulus

for 18-8 Cr-Ni stainless steel due to cold working. They indi

cated that the tensile modulus showed an initial slight rise

during the first 5% of extension, followed by a steady and

somewhat rapid decrease through the remainder of the extension

range. The initial rise may be attributed to the predominance

of increasing internal stress, the sUbsequent decrease may be

attributed in part to lattice expansion. Some of this decrease,

however, may be due to preferred orientation.

The comparison of average values of initial moduli from

the author's tests with certain PUblications and reports from
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steel producers is shown in Table 2-4. It shows the usual

spread which depends on instrumentation and other testing

technique details. Based on the information in the table, it

seems that the mUltiplicity of values of MIL-HDBK_5 2- 12 is a

superfluous complication. It seems acceptable to specify

27.0 x 103 ksi in the longitudinal direction, for compression

and tension and for both 1/4 and 1/2 hard, and to specify 28.0

x 103 in the transverse direction, for both compression and

tension and for 1/4 and 1/2 hard.

2.5.2 Proportional Limits

It is quite difficult to determine the stress at which

the stress-strain curve starts to deviate from an initial elas-

tic straight line. However, based on the information from

individual tests and the variation from one test to the other

in the same group, representative values may be obtained.

It is customary to define a small value of inelastic

permanent strain for determining an apparent limit of propor

tionality. This property gives an indication of the shape of

the stress strain curve in the working stress range when chang-

ing from elastic to inelastic behavior.

The values of noticeable deviation from elastic behavior,

and 0.01% offset proportional limits are determined and listed

in Table 2-5. The apparent proportional limit values of no

ticeable deviation from linear behavior are reflected in the

plots for secant and tangent moduli, and are taken as the

proportional limits for the buckling stress determinations.

The effective proportional limits for flexural members are
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also suggested in the same table.

The values of proportional limits based on the 0.01%

offset are very close to those given in Reference 2-15.

2.5.3 Typical Stress Strain Curves

The recommended 95% probability yield strength and the

initial moduli for design were stated above. From the stress

strain curves obtained from the coupon tests, the general

shape and trend of those curves can be seen. The proposed

typical stress strain curves for design can be constructed

by following the general shape and using initial modulus and

yield strength as controlling values. In Fig. 2-10 four

stress strain curves for the design for 1/4 and 1/2 hard Type

301 are shown.

2.5.4 Secant and Tangent Moduli

The secant moduli are used for calculating inelastic

deflections of flanged beams and in determining buckling

stresses for unstiffened elements. Secant moduli were ob

tained from the proposed stress strain curves and are pre

sented graphically in Fig. 2-11.

In calculating the buckling strengths of columns and cer

tain compression elements, tangent moduli are used in the anal

ysis of inelastic response. The tangent moduli have been de~

termined from the proposed compression stress strain curves

by using a semi-transparant mirror. The values so obtained

are plotted in Fig. 2-12.

2.5.5 Ultimate Tensile Strength

The comparison of the average of ultimate tensile strengtb
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from the author's tests in both longitudinal and transverse

directions with certain pUblications and reports from steel

producers is shown in Table 2-6. It seems to indicate that

for 1/4 hard the ASTM value of 125 ksi could be raised to 130

ksi, for 1/2 hard the ASTM value of 150 is probably satis

factory.

From the values of ultimate tensile strength and yield

strength, it can be seen that the ratio of yield strength to

the ultimate tensile strength gets closer to one as the prior

cold work of the sheet increased.

2.5.6 Ductility

The ductility is greatest in the annealed state and re

duces with increasing cold working. The elongation in 2" for

the tensile coupons tested is shown in Table 2-6 along with

values from certain other publications. Inspection of Table

2-6 shows that the ASTM values could safely be raised. How

ever, since the ASTM values do provide more than ample ductil

ity and are easily met, no change seems to be indicated.

2.5.7 Poisson's Ratio

In the elastic analysis, Poisson's ratio is assumed to

be a constant and relates to initial modulus and shear modulus

as follows:
Ev=--l2G

where E = initial modulus of elasticity

G = Shear modulus

2-1

~ = poisson's ratio

When anisotropy is encountered, Poisson's ratio will vary
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in different directions. For cold-rolled austenitic stain

less steel, the stress-strain relationship is anisotropic and

nonlinear. Therefore, there has been uncertainty as to the

const'ancy of Poisson's ratio with increasing stress.
2-16In a report by Muhlenbruch, Krivobok and Mayne , a

thorough study of Poisson's ratio for austenitic stainless

steels was presented. Poisson's ratio in longitUdinal and

transverse directions for certain austenitic stainless steels

as a function of stress was determined by a series of tension

specimen tests.

From the work of MUhlenbruch2- l6 , Poisson's ratio for an

nealed Type 301 is almost constant throughout the whole stress

range and equal to 0.30. Muhlenbruch2- l6 also showed that for

Type 301-1/2 hard sheet, Poisson's ratio remained practically

constant throughout the major portion of the structurally sig

nificant stress range for tension specimens in the longitudinal

direction, while there was a slight increase at higher stresses.

From test eVidence, a value of 0.31 for Poisson's ratio may be

used for both 1/2 and 1/4 hard Type 301. In the transverse

direction a value of 0.34 for Poisson's ratio may have to be

used since a higher value than in the longitudinal direction

was evident from test results.

2.6 Mechanical Properties of Flat Material in Shear

Very little experimental work has been done on the deter

mination of complete shear stress strain curves. The shear

stress strain behavior is not a basic independent material
, ..

property. It may be desirable to derive an estimation of the
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shear behavior from the usual tension and compression tests.

Probably the most convenient approach available is to deter

mine the stress strain curves of material under tension and

compression and then use affinity relationships to establish

the shear stress strain curve.

The shear stress strain relationships obtained by this

manner are verified by existing test results to ensure the

suitability of adopting the approach for material of aniso

tropic properties with nonlinear stress strain relationships.

2.6.1 Affinity Relationships

In order to establish the relationships between the sim-

pIe tension and shear stress strain curves, it is assumed that

the two curves are related by the following affinity factors:

T = aa

where T = shear stress

a = tension stress, uniaxial

y = shear strain

€ = tensile strain

a = stress affinity factor

2-2

2-3

e = strain affinity factor

Values for affinity factors which have been used by other in-

vestigators were summarized by Johnsonl - 6 • The stress affin

ity factor a ranges from 0.5 to 0.77, and the strain affinity

factor a ranges from 1.3 to 1.732. According to the maximum

shear theory the values of affinity factors for stress and
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strain are 0.5 and 1.5 respectively, and for the distortion

energy theory they are 0.577 and 1.732. Other values u~ed

by some investigators were based on experimental evidence for

some particular materials.

A thorough study of affinity relationships was made by

Stang, Ramberg, and Back2- l7 • The correlation 01 shear and

tensile stress strain relationships is indicated by the sim

ilarity in shape of the two sets of curves. The evidence from

tests showed that the theoretical affinity ratios 0.577 and

1.5 are fair approximations for a sharp yielding metal; for

aluminum-alloys the affinity ratios are closer to 0.5 and 1.3.

The normal stress strain curve used by Gerard2- l8 was

taken as the mean of tensile and compressive data at 45 de

grees with the rolling direction. The mean curve represents

more nearly the properties of the material in the shear field.

In Gerard's arguments the directional and unsymmetrical stresS

strain relationships were somewhat taken care of. Satisfac

tory prediction of inelastic shear buckling was obtained by

Gerard.

In order to take the nonlinear material properties into

account, the following approximate relation may be used accord

ing to Muhlenbruch et a12- l6
•

E
G - s

s - 2(l+v)

where Es = secant modulus

Gs • shear secant modulus

v • Poisson's ratio

2-4
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The following ratio of stress and strain affinity factors may

be obtained if the definitions of affinity factors, as shown

in Eqs. 2-2 and 2-3, are used:

a 1
B = 2(1+v) 2-5

For an elastic Poisson's ratio of 0.31, alB = 0.382 is given

by the above equation. If the stress affinity factor is chosen,

the other may be determined by this ratio up to the proportion

al limit. Above the yield strength alB becomes 0.333 if

Poisson's ratio is taken as 0.5. This same value is also ob

tained by using the maximum shear theory or distortion energy

theory. Hence, the ratio should vary from 0.382 at the pro

portional limit to 0.333 at the yield strength.

For simplicity in design it is suggested that a constant

affinity factors may be used. Therefore, affinity factors

will be chosen which will provide a reasonable prediction of

the stress curve in shear, but which will remain constant

throughout the stress range.

Three sets of affinity factors were chosen for investi

gation. The first of these was a = 0.55 and B = 1.43. Next,

it was assumed that the stress affinity factor a = 0.5 and

strain affinity factor was 1.3. The third was a = 0.577, and

B = 1.5.

2.6.2 Construction of Normal Stress Strain Curve

A suitable procedure has to be established in order to

obtain a representative stress strain curve from which the

shear stress strain curve may be derived by using affinity
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factors. The average of the curves in the four directions

may be used as a representative curve in this connection.

The reason for doing so is similar to the argument by Gerard

of taking the average stress strain curves in tension and

compression in the 45 degree direction. From a study of ani

sotropy (discussed in 2.8) of a sheet of Type 301 1/2 hard

stainless steel, the average value of .2% yield strength in

longitudinal and transverse tension and compression is very

close to the average value in tension and compression in the

45 degree direction, being 125.17 ksi and 128.64 ksi respec

tively. This indicates the suitability of using the average'

curves in the longitudinal and transverse directions and in

both tension and compression.

2.6.3 Verification of Proposed Approach by Tests

In order to ensure the applicability of the approach out

lined, it is necessary to verify it by test. Three torque

twist diagrams of tests on Type 301 1/2 hard stainless report-

ed b M hI b h t 12-16y u en ruc e a were converted into shear stress

strain curves by the following equations:

2-6

2-7
where T =torque

~ • twist angle

do • outside diameter of the tube

di • inside diameter of the tube



29

It should be noted that these equations were derived on the

assumption that strain is proportional to the distance from

the axis of the tube and stress varies linearly with strain.

However, these equations were used by Muhlenbruch et al suc

cessfully for the same material.

The four normal stress strain curves of 301-H-3 reported

in Fig. 2-4 were chosen for comparison because the material

properties of this sheet are very close to the one used by

Muhlenbruch et ale The average normal stress strain curve

from four curves of 301-H-3 is shown in Fig. 2-13. The re

duced shear stress strain curves from the three sets of af

finity factors mentioned are shown in the same figure along

with the experimental shear stress strain curves reduced from

Muhlenbruch's tests. It can be seen that satisfactory agree

ment exists between the test results and the curves (especial

ly curve c with a = 0.577, B = 1.5) obtained by applying the

affinity factors to the average normal stress strain curve.

It is also interesting to check the relationship among the in

itial moduli of the normal and shear stress strain curves and

Poisson's ratio by using Eq. 2-1. The initial shear modulus

obtained from the equation is 10,760 ksi if the average initial

modulus (28,210 ksi) of the four curves and 0.31 for Poisson's

ratio are used. This value is very close to the value obtained

by Muhlenbruch et al namely 9950 ksi at a shear stress of

12.5 ksi. Based on all this eVidence, the approach seems ac

ceptable.
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2.6.4 Shear Stress Strain Curve for Desi~n

It can be concluded that the simplest and most reliable

way to obtain the shear stress strain curve is from the aver

age normal stress strain curve. In order to provide such a

curve for purposes of design, the proposed normal stress strab

curves should be used.

From the comparison of calculated and experimental shear

stress strain curves in Fig. 2-13, it seems that the shear

stress strain curve with a = 0.577 and B = 1.5 may be safely

used. Therefore, for design purposes, these values are recom

mended. Average normal and shear stress strain curves for

both 1/4 and 1/2 hard Type 301 are shown in Fig. 2-14.

2.6.5 ProEortional Limit and Shear Yield Strength

Using the stress affinity factor a =0.577, the propor

tional limit in shear is 11.50 ksi for 1/4 hard and 13.30 kS!

for 1/2 hard Type 301. The shear yield strengths for 1/4 and

1/2 hard are 41.8 ksi and 56.2 ksi respectively. The propor..

tional limit is 0.577 of the proportional limit of the aver

age normal stress-strain curve. The shear yield strength 1s

0.577 of the 0.2% offset yield strength of the average normal

stress strain curve corresponding to an offset of 0.30% on

the shear stress strain curve.

2.6.6 Initial Shear Modulus

Muhlenbruch et a12- l6 have determined the secant shear

modulus from tests on tempered Type 301 stainless steel tubes

at low shear stresses. The average values of three tests of

1/4 and 1/2 hard Type 301 at shear stress equal to 12.5 ks1
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are 10,320 ksi and 9,950 ksi respectively. Based on these

d b 2-14tests an those y Mebs et al , the shear modulus decreases

as cold work increases, i.e. hard grades have lower shear

moduli than softer grades. The initial shear modulus found

from the shear stress-strain curve by applying the affinity

factors to the average normal stress strain curve of sheet

301-H-3 is 10,500 ksi, which is close to the experimental val

ue by Muhlenbruch et a1 2- l6 • If the average initial normal

modulus (28.21 ksi) of sheet 30l-H-3 and Poisson's ratio 0.31

are used in Eq. 2-4, it gives a value of G = 10,760 ksi, which

is also close to the values shown above by various means.

Hence, it seems that the initial shear modulus may be ob

tained from Eq. 2-1 or 2-4 by using the average normal initial

moduli recommended for design, and Poisson's ratio of 0.31.

The average normal initial modulus is 27,500 ksi and the G

value is 10,500 ksi for both 1/4 and 1/2 hard Type 301. This

value is very close to the experimental values and also main

tains agreement with Eq. 2-1 or 2-4.

The AISI Steel Products Manual l - 2 and the ASM Metals

Handbook2- 19 give 12,500 ksi for the initial shear modulus

for annealed Type 301 and indicate that the value decreases

with the increase of cold work. MIL_HDBK_5 2- l2 gives 12,000

ksi and 11,500 ksi for 1/4 and 1/2 hard respectively, which

are slightly higher than the experimental values.

2.6.7 Secant Shear Moduli

Secant shear moduli were obtained from the proposed shear

stress strain curves for both 1/4 and 1/2 hard Type 301 and
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are presented graphically in Fig. 2-~5.

2.7 Analytical Stress Strain Curves

2.7.1 General

The stress strain relationship for cold worked stainless

steels is nonlinear and anisotropic. Therefore, an analy

tical 'expression is useful to define this relationship so

that the behavior of structural elements and members may be

calculated.

Simplicity and close agreement to the experimental stress

strain data are the basic requirements of such an expression.

The elementary requirements are that the curve represented by

the equation go through the origin and have a slope equal to

the initial modulus. Besides, the equation should be in quite

general form so that it will fit different materials by vary

ing the parameters. It is also desirable that the curve be

·continuous and smooth not only for the stress strain relations

but also for its derived values, such as tangent and secant

moduli.

A general discussion on stress strain formulas was re-

d 0 2-20porte by sgood • Several formulas were suggested to

meet various requirements depending upon the characteristicS

of the material and the type of problem. Practically, any

stress strain relation can be closely represented ,by polynomiS1

approximations if sufficient terms are taken.

In order to satisfy the condition of simplicity, three

parameters may be adequate to describe the. stress strain re

lationship. In view of the relevant rang~,9t strain (up to 1.)
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and the basic requirements outlined, the Ramberg-Osgood

formula may be the best to use.

2.7.2 Modified Ramberg-Osgood Formula

The original form of Ramberg-Osgood formula2- 2l involv

ing three parameters is

2-8

where K and n are constants. The applicability of this equa

tion may be tested by plotting a strain deviation-stress curve

on a log-log scale. This should lead to a straight line if

the equation holds. The values of K and n may also be eval

uated by considering two secant yield strengths determined

for slopes of 0.7E and 0.85E.

Later the equation was modified by Hil1 2- 22 by using two

offset yield strengths rather than secant yield strengths

since yield strength values determined by the offset method

are commonly used. It was shown by Hill that by considering

the strain deviation from elastic strain at the 0.2% and 0.1%

offset stresses and strains, Ramberg and Osgood's formula can

readily be reduced to

n
a a )

€ = E + 0.002 (0
.002

2-9

where a.
002

is the .2% offset yield strength, and n is given

by

2-10. 0.301
n =

log(a.002/0.00l)

where 0. 001 is the .1% offset yield strength. These offset
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strain values and the corresponding offset stresses have been

used by Hill and others. The .1% offset value will locate a

point in between the elastic range and usual yield strength,

and this is the region of importance for inelastic buckling.

From this analytical expression of the stress strain

curve, the tangent moduli can easily be obtained by differ

entiation. The equation for tangent modulus can be expressed

as

0.002 E
Et = a n-l

a 002 + 0.002 nE (a )
• .002

2-11

2.7.3 Fitted Stress Strain Curves for Analysis and

Design

The applicability of Eq. 2-9 to the material considered

may be tested by plotting the strain deviation VB. the streSS

ratio (a/a. 002 ) on log-log scale. This should lead to a

straight line. Such a relation was verified by making plots

for stress strain curves in tension and compression, and in

both longitudinal and transverse direction for sheets 30l-H-3

(half hard) and 304-AS-5 (annealed). The experimental points

are very close to a straight line all the way up to the

stress slightly beyond the .2% offset yield strength. This

simply indicates that the modified Ramberg and Osgood formula

is at least applicable up to and slightly beyond the .2% off

set yield strength which is adequate for most cases. If the

higher stress range is also considered, two straight lines

may be needed.
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A further modification of the modified Ramberg-Osgood

formula is that the .2% and .05% offset strains and stresses

were used.in this investigation rather than the .2% and .1%

offset values usually used. The reason for this is simply

because of the consideration of the accuracy of stress strain

data in the working stress range and the inelastic buckling

in this region. The .1% offset yield strength 1s close to

the .2% offset yield strength and the curves so determined

yield stress which are too high in the stress range below the

.1% offset strength. The greatest effects due to this fact

are on the stress strain curves with the larger n values,

which is the measure of the shape of the stress strain curve

and is called the shape factor. The curves with sharper yield

ing have a larger n value than the ones with gradual yielding

type. In this case n may be calculated from the following

equation.

2-12

The experimental .2% and .05% offset yield strengths

for both flat material and corners of 304-AS-5, 30l-H-3, and

301-H-7 are shown in Table 2-7. The yield strength ratio

and n values along with initial moduli are shown in the same

table. The same approach was also applied to the proposed

design stress strain curves and the related data 1s shown in

Table 2~8. The .2% and .05% offset y1el~ strengths of aver

aged normal stress strain curves were used as controlling

stresses and strains for the shear stress strain curves by
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considering proper multiplication of affinity factors for

both strength and strain. This means that the offset values

on the shear stress strain curves are .30% and .015%. The

expression for n in shear may then be written as

0.602
n =

log (~00301 T. 00015)
2-13

2.7.4 Derived Values From Fitted Curves

The modified Ramberg-Osgood stress strain curves have

continuous first derivative so that the tangent moduli may be

calculated from Eq. 2-11. The secant moduli can also be ob

tained readily. The plasticity reduction factors which will

be used for-inelastic buckling analysis can also be calculated.

2.7.5 Comparison Between Analytical and Experimental

Data-
The strains can easily be calculated from the analytical

stress strain curve if the stresses are known. However, in

some cases, the stress is needed from known strain. In this

case, an iterative procedure is necessary to obtain the streSS

from known strain. A computer program has been prepared for

the iterative process based on the Newton's tangent method

and very fast convergence can be obtained through this procesS'

In general, around 5 cycles result in convergence of .001 kst

of two consecutive values. This iterative process is shown

in Fig. 2-16. The program is used as a SUb-program for flex

ural strength and deflection calculation in Chapter 5.

The stress strain data and the derived values from the

computer program by using the analytical stress strain curves
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presented in Table 2-7 are obtained. The fitted analytical

stress strain curves are not distinguishable from the experi

mental curves for both flat and corner materials up to and

slightly higher than the 0.2% offset yield strength. The

derived values of secant and tangent moduli for the sheets

301-H-3, 301-H-7, and 304-AS-5 longitudinal compression are

plotted in Figs. 2-3, 2-5 and 2-7 along with the experimental

data. It can be seen that the analytical results agree with

the experiments very well up to and slightly beyond the .2%

offset yield strength. However, in the initial stage of stress

the predicted values are lower than the experiments. This is

the nature of the Modified Ramberg-Osgood formula because it

starts to deviate from the elastic portion from the very be

ginning.

The stress strain data and the values derived from the

computer program by using the analytical stress strain curves

for design presented in Table 2-8 are also compared with the

proposed data for design in Figs. 2-10, 2-11 and 2-12. Sim

ilar conclusion may be drawn.

It is believed that the modified Ramberg-Osgood formula

can safely be used for the material considered. This will

give a designer a choice of working with experimental data

or an analytical formula depending upon the nature of the

problem.

Although the agreement between analytical and experi

mental results is very good, the analytical stress strain

curves are used herein only for the flexural analysis which
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will be presented in Chapter 5. The experimental data are

used everywhere else in order to obtain a realistic compari

son between analytical and experimental behavior.

2.8 Anisotropy of a Cold Worked Austenitic Stainless Steel

Sheet

2.8.1 General

The mechanical properties discussed in the foregoing

sections concerning cold worked stainless are mainly in the

longitudinal and transverse directions, and intermediate varia

tions between these two directions were not considered. Since

cold rolled stainless has different mechanical properties ac

cording to the orientation and sense of stressing, it is in

teresting to look into the directional variations of such prop·

erties. Such information is also essential and important when

a biaxial stress field exists.

2.8.2 Sampling Scheme

A series of tension and compression coupons of a sheet

of 1/2 hard Type 301 was tested to investigate the variations

of mechanical properties in various directions. The coupons

were cut along radial lines at angles of 22.5 degrees apart

from each other and the intersections of these radial lines

were at the center of the sheet. The sampling scheme 1s shown

in Fig. 2-17. Two of the radial lines are in the longitudinal

and transverse directions.

2.8.3 Discussion of Test Results.
The initial moduli, the 0.2% offset yield strength for

both tension and compression coupons, the ultimate strength,
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and the percent elongation of tension coupons are shown in

Table 2-9.

The initial moduli, ultimate strengths, and elongations

of tension coupons show the usual spread which depends on in

strumentation and other testing technique details, and the

influence of anisotropy on these values 1s small. Regarding

0.2% tensile yield strength, the highest value is in the

longitudinal direction (H2T-3600) and the lowest in the trans

verse direction (H2T-2700).

For compression coupons, the value of initial modulus

is higher in the transverse direction and lower in the longi

tudinal direction. The variation of offset compression yield

strength is very obvious from the longitudinal to transverse

directions.

From the test results and the variations in 0.2% offset

yield strengths for tension and compression, an elliptic dis

tribution of such values is suggested. Fig. 2-18 shows the

proposed elliptic curve and the test results. It shows sat

isfactory agreement between test points and the ellipse. An

even better fit may be obtained if an arbitrary elliptical

curve is used instead of using test results in longitudinal

and transverse directions as the major and minor axis of the

ellipse.

The yield strength in any orientation, aye' can be ob

tained by the following simple relationship if the yield

strength in the longitudinal (a
yL

) and transverse (ayT ) direc

tions are specified. For the purposes of design, such speci
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fied yield strengths may be the previously recommended design

values. The general equation of an ellipse in polar coordi-

nates can be written as

2 2 2 2 1/2r = ab/ (b cos e + a sin e)

Where r = radius

e = angle

a = axis of ellipse along longitudinal direction

b = axis of ellipse along transverse direction

therefore,

2-14

2-15

In Eqs. 2-14 and 2-15, e 1s measured from the longitudinal

direction and the magnitude 1s less than or equal to 90 de

grees. Such a relationship may be considered as a general

equation for the limiting stress (0.2% offset yield strength

here) in various orientations. In a biaxial stress field,

the limiting stress from Eq. 2-15 in the same direction as

the principal stress should be used.

2.9 Summar¥ and Conclusions

A general discussion of the effects of cold working on

the material properties was presented with emphasis on austen

itic stainless steels, especially for cold-rolled Type 301.

Test results on flat and corner materials for 1/4 and 1/2 hard

Type 301 as well as annealed and strain flattened Type 304

austenitic stainless steels were presented. Design mechanical

properties of 1/4 and ·1/2 hard Type 301 stainless steel were·re~

commended. An affine relation between rtorma1 and shear 'stress
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strain curves was introduced to obtain the design properties

in shear. An analytical expression for stress strain curves

using the Ramberg Osgood formula was described. The topics

presented in this chapter constitute the background of mate

rial properties for this investigation and the basic design

mechanical properties for 1/4 and 1/2 hard Type 301 austenitic

stainless steel. The results are summarized as follows:

(1) the most significant characteristics of cold worked

austenitic stainless steel are: (a) high strength with increas

ing cold work, (b) pronounced anisotropy material properties

with increasing cold working, stress strain curves being dif

ferent in tension and compression and depending on directions,

(c) inelastic stress strain curves with relatively low elastic

limits especially in longitudinal compression.

(2) The strengthening effect produced by cold forming in

the corners is the largest in the annealed state and decreases

with increasing hardness of the sheet, becoming almost negli

gible for the full hard grades. For annealed and strain flat

tened Type 304, the ratio of .2% offset yield strength in cor

ners to flats is largest in longitudinal compression and lowest

in transverse tension being 2.52 and 1.63 respectively. For 1/2

hard Type 301, the ratio is the largest in longitudinal com

pression and lowest in transverse compression, being 1.33 and

1.05 respectively. The increase in ultimate tensile strength

is relatively small for both cases. The corners were air

press braked and with R/t ratio approximately equal to 2 (3

for specimens made from sheet 301-H-3).



(3) From a study of directionality of a 1/2 hard Type

301 sheet, an elliptical relationship between offset yield

strength and direction was established, in both tension and

compression. It is believed that such a relation may hold

for other types of austenitic stainless under similar treat

ment.

(4) Although cold-rolled stainless steels are manufac

tured to specified minimum values of yield strength, the me

chanical properties vary from coil to coil and heat to heat.

A statistical approach was presented to account for the vari

ation of offset yield strength in order to determine lower

bound values for design. Three reliability criteria were in

vestigated: 90% probability; 95% probability, and 95% pro

bability with 95% confidence.

Based on a statistical evaluation of test results (from

author's and three steel producers) and the values given in

various specifications (Table 2-3), the following values of

yield strengths (which are close to 95% probability statisti

cal values) are recommended.

1/4 Hard 1/2 Hard
Longitudinal Compression 50 ksi 65 ksi
Londitudinal Tension 75 110
Transverse Tension 75 100
Transverse Compression 90 120
(5) For simplicity, the initial modulus of elasticity

may be taken as 27,000 ksi in tension and compression in the

longitudinal direction for both 1i4 and 1/2 hard tempers, and
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28,000 ksi in the transverse direction (Table 2-4).

(6) From the yield strengths and initial moduli estab

lished and the stress-strain curves prepared from author's

tests, the typical normal stress-strain curves for design for

flat sheet for both 1/4 and 1/2 hard Type 301 were constructed

and summarized as shown in Fig. 2-10.

(7) Proportional limits of the typical stress strain

curves for both 1/4 and 1/2 hard Type 301 according to dif

ferent definitions are listed in Table 2-5. Stresses at which

inelastic strain begins are used as proportional limits for

buckling stress calculations, and slightly higher values are

recommended for the case of bending.

(8) Secant and tangent moduli derived from the typical

stress-strain curves are presented graphically in Figs. 2-11

and 2-12.

(9) Values of normal tensile ultimate strength from au

thor~s tests and certain publications are shown in Table 2-6.

The ASTM value of 150 ksi for 1/4 hard is satisfactory, but

for 1/4 hard, it may be raised from 125 ksi to 130 ksi.

(10) Ductility is indicated by the percentage of elonga

tion in a two inch gage length; the ASTM values are recom

mended.

(11) Poisson's ratio may be taken as 0.31 for the struc

turally significant stress range in the longitudinal direc

tion, and 0.34 in the transverse direction for both 1/4 and

1/2 hard Type 301.
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(12) To obtain a shear stress strain curve, an affine

relationship between the average normal stress-strain curve

and the shear stress-strain curve was assumed. Such an ap

proach was verified by the test results and satisfactory

agreement was obtained. Stress affinity factor a = 0.577 and

strain affinity factor B = 1.5 are recommended for cold

rolled Type 301 austenitic stainless steel.

(13) The shear stress strain curves obtained by this ap

proach for both 1/4 and 1/2 hard Type 301 are shown in Fig.

2-14. The proportional limits in shear are 11.50 ksi and

13.30 ksi for 1/4 and 1/2 hard respectively; and shear yield

strengths are 41.8 ksi and 56.2 ksi.

(14) The initial shear modulus may be taken as 10,500

ksi for both 1/4 and 1/2 hard. The shear secant moduli are

shown in Fig. 2-15.

(15) A modified Ramberg Osgood formula was shown to be

applicable to cold-rolled Type 301 austenitic stainless as

well as to annealed and strain flattened Type 304. Fitted

analytical curves from experimental .2% and .05% offset strains

and strengths showed satisfactory agreement with experimental

data up to and slightly beyond the .2% offset yield strength.

Coefficients of the formUla were determined from the proposed

design stress strain curves, and are shown in Table 2~8.



CHAPTER 3

BUCKLING AND WAVING OF PLATE STRUCTURAL ELEMENTS

3.1 General

The critical and post critical behavior of compression

elements is a sUbject of major importance in thin walled steel

where the individual components of the sections are generally

very thin with large width to thickness ratios wIt. There

fore, adequate safety against failure by local buckling at

the service loads is necessary. A similar situation occurs

in aircraft construction in which local buckling is a chief

design criterion.

It is universally recognized that the critical stresses

determined by classic eigenvalue methods do not indicate

the actual strength. Once the critical stress is reached,

the plane flat plate merely deforms into a non-developable,

wavy surface, but continues to resist increasing stress.

In this case incipient buckling creates membrane stresses

which are stabilizing and yield so called post buckling

strength.

In considering the critical buckling stress of thin com

pression elements in design, the study of adequate strength

reserve is important. Besides, the correlation of buckling

stresses and the corresponding plate distortions (out of

Plane waving) should be studied.

The material considered in this investigation has anis

otroPic material properties and nonlinear stress strain re-

-45-
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lations with relatively low elastic limits, especially in

longitudinal compression. Therefore, an analytical approach

to take inelasticity into account together with anisotropic

material properties should be investigated.
1-1 and 1-7In general, for thin \'1alled metal desigI1 , com-

pression elements may be divided into two main groups-stif

fened elements and unstiffened elements. Stiffened elements

are plates supported along both unloaded edges by thin webs

or edge stiffeners. Unstiffened elements are supported along

one unloaded edge and the other is free. These are the two

types of compression elements considered in this investiga

tion.

Experimental results of extensive test series of com

pression members and flexural members containing compression

elements will be analyzed and compared with the predicted

values.

3.2 Theoretical Buckling Stresses for Plate Elements

The elastic theory of isotropic plate buckling is well

understood. Most isotropic elastic theories and applications

have corresponding anisotropic or orthotropic theorie's.

The elastic theory of anisotropic buckling is also rather well

developed.

In taking the non-linear stress strain characteristics

into consideration, many investigators have suggested ap

proximate or more exact inelastic theories for the buckling

of isotropic plates. For predicting stress for an isotropiC
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plate in the non-linear range the general equation can be

shown as

(Jcr =
2

k1f En 3-1

where n i6 the plasticity reduction factor, k is a coefficient

of the boundary conditions, v is poisson's ratio, and wit is

the width to thickness ratio.

The plasticity reduction factor n has been defined in

many ways by various investigators. Bijlaard3- l and Ilyus-

h 3-2in made a rational analysis of stability of plates be-

yond the elastic limit based on a deformation type stress

strain law and the octahedral plasticity law. Stowel1 3- 3

succeeded in developing a rational theory of inelastic buckl

ing by using Ilyushin's general relations. He suggested dif

ferent n values to be used for plates with various boundary

conditions. Based on his analysis, the n value for a com

pressed plate is a function of E, Es ' and Et •

A simpler approach was earlier suggested by Bleich3-
4

.

He assumed orthotroplc behavior of the plate when the critical

stress lies above the elastic limit. This two modulus con

cept for inelastic buckling may be considered as an approxi

mation of Stowell's3-3 theory and gives n = JEt/E for stif

fened elements. Figs. 2-3, 2-5, and 2-7 shO\'l the various

~ values as a function of stress. The value of n suggested

by Stowell is lower than Es/E and JEt/E, but very close to

rEt/E.
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On the other hand, the plastic theory for buckling of

anisotropic material is only in an early stage of develop

ment. This fact was pointed out in a recent paper by Winter

3-5 In view of the complexity of the inelastic buckling

of isotropic plates, a rational inelastic anisotropic plate

buckling theory is even more complex. It will be preferable

if a simpler approach can be established in parallel with the

general development of the inelastic theory of isotropic

plates.

Along the same line as the general form of inelastic

buckling theory for isotropic plates, the concept of a plasti

city reduction factor may also be applied to the orthotropic

case in order to obtain an approximate critical buckling

stress analogous to the isotropic case.

a. Stiffened Element

For an elastic orthotropic plate with simply supported

is derived from theedges, the critical buckling stress which

equation in reference 3- 6 is given as

1r
2E

(1 • 1
or 212(l-v21v12 ) (w/t)

or

(1 K
cr 3..3

k' couples the effects of boundary conditions ot unloaded
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edges and the use of El as an effective modulus. In the above

equations, subscripts 1 and 2 indicate longitudinal and trans

verse directions.

El , E2 = initial moduli in longitudinal and transverse

directions respectively.

v12' v21 = Poisson's ratios in longitudinal and trans

verse directions respectively.

012 = shear modulus

A general form may be written as follows

7f2E klint

ocr
1

= 3-4l2(1-v2lv12 )(w/t)2

where n' is the plasticity reduction factor for the inelastic

buckling of orthotropic plates, and

k" = F(E l , E2 , 012' v 12 , v 2l , n')

However, it is doubtful whether such eguations will be used

in design instead of the s~mpler form by Bleich suggested pre-

Viously. Since the differences between the elastic constants

in the longitudinal and transverse directions are relatively

small for the present material at low stresses, the effects

of the orthotropic material properties on the buckling stress

es of the plate calculated by elastic analysis are not appre

ciable. This is evident from Eq. 3-2. At higher stress

levels, not only the nonlinearity of the stress strain rela

tionships should be considered in the formulation but also

the differences df material properties in both the longi-
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tudinal and transverse directions. However, it is realized

that the tensile stress in the transverse direction of the

plate is considerably smaller than that in the longitudinal

direction, and in general is still in the elastic range. If

the slight difference in initial moduli in the longitudinal

and transverse directions is ignored, only the material

properties in longitudinal compression need to be considered.

Therefore, the Bleich's3-4 two modulus concept and his inelas

tic buckling theory for an isotropic plate based on such a

concept in the inelastic range is an approximation for stiffen

ed elements. This 1s supported by the fact that the plasti

city reduction factors suggested by Bleich and Stowell res

pectively, are very close for stiffened elements, as shown

in Figs. 2-3, 2-5, and 2-7. The applicability of such an

approach to the material considered will be verified later

in this Chapter by a series of tests.

b. Unstiffened Element

The general form of Eq. 3-1 is applicable to unstiffen

ed elements provided that proper consideration is given to

boundary condition. For the same reason as above, the sim

plified method for inelastic buckling will be considered here

for unstiffened elements. Based on Bijlaard3- l and Stowell's

3-3 conclusions, n = Es/E may be used for the case with one

unloaded edge simply supported and the other free. This is

an approximate value reduced from a more complicated expres

sion which is a function of stress and moduli. The appllca-
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bility of such an approach to the material considered again

will be verified by tests.

3.3 Buckling of Unstiffened Elements

A series of tests on compression members containing

unstiffened elements will be presented and the test results

will be analyzed and compared with the predicted values.

The material was ~ hard Type 301 austenitic stainless steel.

Analyses for Type 304 annealed and strain flattened stainless

t 1-6s eel were made by Johnson .

Unstiffened Compression Member Tests

3.3.1.1 Design and Fabrication of Te8t Specimens

Four short compression members were tested. Local buckl

ing of the unstiffened elements was the primary consideration

in their design. The wit ratios of the unstiffened elements

in this series ranged from 11.02 to 49.21. The cross section

of the specimen is shown in Fig. 3-1. The dimensions of the

cross sections and related properties are shown in Table 3-1.

Each compression member was made by placing two chan

nel sections back to back to form an I section. The dimen

sions of the outstanding flanges, were determined by wit

ratios. The dimensions of the webs were so chosen that the

webs are fUlly effective throughout the loading range. The

length of the specimen was so determined that over all column

bUckling will not occur. Integrity of the sections was in

Sured by bonding the channels with a structural adhesive.
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All specimens were formed on a press brake by a process identi

fied as air forming. The edges were parallel to the rolling

direction of the sheet.

The ends were ground flat and parallel to each other,

as well as perpendicular to the longitudinal axis. The lap

ping compound used was 300 grain boron carbide abrasive.

3.3.1.2 Instrumentation

Type A-12 strain gages were used. All gages were paired

on both faces of the flange except the ones near the web of

specimen H30l DE-I. The gage locations are shown in Fig. 3-1.

These gages were placed at mid-length of the specimen.

Eight gages were located at the four free edges of the

flanges (unstiffened elements) so that determination of buckl

ing of the unstiffened elements can be made by using these

four pairs of gages.

Another four pairs of gages were placed at the inner

edges of the unstlffened elements. One additional pair of

gages was located at the center of the web. From these the

strain (inner edge strain) corresponding to the maximum stress

in the section could be determined.

The shortening of the whole compression specimen was

measured by a pair of dial gages. The lateral deflection

was measured by a dial gage at the mid-length of specimens

H301UE-2, 3, and 4.

The out of plane waving was measured by the device shown

in Fig. 3-2.
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3.3.1.3 Test Set-up and Testing Procedure

All specimens were loaded in a 30,000 pound screw type

testing machine. The loads at the beginning and end of the

strain readings were recorded and averaged. The dial gages

were read in the middle of the strain readings. The out of

plane waving measurements were made after the completion

of strain and dial gage readings. Small load increments

were used in the neighborhood of the critical buckling

load.

The specimens were tested between fixed plates as shown
~

in Fig. 3-1. Hardened and ground flat plates were used in

direct bearing on the flat ends of the specimens. Hydrostone

was used between these plates and the plates of the testing

machine to ensure complete bearing over the entire area of

the specimen. During the drying period of the hydrostone,

a slight setting load was applied to ensure perfect con

tact. This procedure will eliminate any deviation from

parallel of the two ends of the specimen.

3.3.2 Criteria for Critical Strains and Buckling Stresses

It is difficult to determine the critical buckling

strains of thin plate elements in compression experimental

ly. This is because of the characteristics of the buckl

ing phenomenon of such elements. v~en the bifurcation load

is reached in a compressed thin plate, it continues taking

increasing load into the post buckling range and exhibits

no clear physical changes such as those observed in the case



of columns. However, such a bifurcation situation may be

detected from paired strain gages readings or from out of

plane waving measurements.

Three criterial - 6 were considered and used to determine

the buckling strains of unstiffened elements from the strain

readings in the paired gages at the free edges of unstiffened

flanges. The corresponding critical stresses were determined

from the experimental stress strain curves of flat sheet from

which the specimens were sampled (30l-H-3). The critical

strains and corresponding loads determined from these criteria

were averaged to give a single value. In general, the buckl

ing load level is the same for four paired gages.

Strain Deviation Method

The critical strain is taken as the strain at which

the strain increment for one of a pair of gages begins to

decrease. The strain determined from this criterion repre

sents a situation in which the stress distribution across

the thickness of ' the plate element is beginning to change

from uniform compressive stress to a state of combined com

pression and bending. This gives an indication that initi

ation of buckling is started. The critical strain obtain-

ed from this criterion is the lowest amonB the three criteria.

Maximum Surface Strain Method (Strain Reversal Method)

This method was described by Hu et al3- 7 and was term

. ed strain reversal method. By this method, the critical



55

strain is taken as the maximum compressive strain on the con-

vex side of the plate element, beyond which this strain be

gins to decrease. The critical strain obtained from this

method is higher than that from the strain deviation method.

Maximum Membrane Strain Method

This method was used by Jombock and Clark 3- 8 • The

critical strain is taken as the maximum of the average of the

strains in the paired gages. It indicates that the increment

of compressive membrane strain is zero,and the membrane strain

has reached its maximum value. At this point, a consider

able amount of bending and waving is involved and the direct

stretching of the thin plate is beginning. The critical

strain from this method is generally the highest among three.

3.3.3 Discussion of Results-Buckling Stresses

The critical strains and corresponding stresses for the

specimens tested obtained by applying the criteria in 3.3.2

are shown in Table 3-2. The stresses were determined from

critical strains by using the stress strain curve of flat

material. In general, the crttical strains and stresses are

the lowest by strain deviation method, and highest by maxi

mum membrane strain method. The maximum surface strain method

Yields values somewhere in between these two but close to

the maXimum membrane strain method.

The theoretical critical stresses may be calculated on

the basis of n =E IE; from Eq. 3-1 poisson's ratio may be
s
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taken as 0.31 in the elastic range. The edge condition

varies from simply supported to fixed, which corresponds

to 0.425 and 1.28 respectively for k values in Eq. 3-1.

Considering the theoretical treatment of unstiffened elements

as part of H sections by Stowel1 3- 9 and Bleich 3- 4 , the k

values evaluated from the specimen dimensions range from

0.88 to 1.16 with an average of 1.03. The individual values

are shot'ln in Table 3-3. A single value may be used for this

case, taking it as 1.03.

However, another situation should be considered, i.e.

the nonhomogeniety of the layer of epoxy in the web and the

noncontinuity between two unstiffened elements because of cor-

ner radii. Therefore, the actual k value must be smaller

than the values calculated from H sections. If the channel

alone is considered, the k values obtain~d by the same method

range from 0.44 to 0.89 with an average of 0.67. It seems

that the actual boundary condition is between these two ex

tremes (H section and channel section). If the average value

of k is taken of these two cases, the k values range from

0.658 to 1.024 with an average of 0.85.

Theoretically, the unstiffened elements will buckle into

one half wave if the supported edge is simply supported.

However, for the specimens tested, the number of half waves

observed was more than one, which indicates that the unstif

fened flanges are restrained by the web plate.

In order to determine the amount of edge restraint along

the unloaded edge, useful information may be obtained from
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the wave number or length. On inspection of the wave form,

it appears that differences in the wave length and the loca

tion of the nodes can occur in the same specimen for differ

ent loads in excess of the buckling load. However, the ap

proximate average wave number and wave length for the unstif

fened flanges can be determined from observation. Theoretical

ly, the number of half waves which should occur for the speci

mens tested, can be calculated. The effects of inelasticity

which reduces wave length should be taken into account. The

analysis taking inelasticity into account on unstiffened ele

ments was reported by Bleich (Ref. 3-4, p. 329, Eq. 649).

The analysis was made for the specimens tested for two extreme

cases simply supported and fixed unloaded edge. The number

of waves was determined from the limit of transition from m

to m+l waves and the length to width ratio of the unstiffened

plate of the specimens.

Table 3-4 shows the experimental number of half waves

for each specimen. Table 3-5 shows the comparison between

the experimental and the calculated number of half waves.

Theoretical number of half waves were calculated for the

fixed edge condition, for simply supported edge condition,

the number of half waves is 1. It 1s seen that the observed

number of half waves falls between the calculated values for

fixed edges and simply supported edges. If one compares the

experimental to the calculated half waves in Table 3-5, it

seems that the use of averaged k values calculated from Hand

channels sections in Table 3-3 is reasonable.
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Furthermore, a single approximate k value of 0.85 may

be used for the specimens tested.

Carbon and annealed stainless steels design specifica

tions l - l ,1-7 take the conservative value as 0.5 for all types

of boundary conditions at the supported edge. Theoretical

critical stresses were calculated here for k = 0.5, 0.85,

and 1.03. The plasticity reduction factor Es/E for 301-H-3

shown in Fig. 2-5 was used. The calculated and experimental

critical stresses are compared in Table 3-6, 3-7, and 3-8.

In Table 3-6, where k = 0.5, the ratio of the calculated

to the experimental critical stress averages 1.11 for the

strain deviation method, 1.45 for the maximum surface strain

method, and 1.64 for the maximum membrane strain method.

This indicates that the coefficient of 0.5 is too conserva

tive. In Table 3-7, k = 1.03 J the average ratios are 0.614

for strain deviation method, 0.789 for maximum surface strain

method, and 0.889 for maximum membrane strain method indicat

inG that k = 1.03 is too high. Using k = 0.85, Table 3-8 sho~

the average ratios for the calculated to the experimental

critical stress of 0.712 for the strain deviation method, 0.912

for the maximum surface strain method, and 1.066 for the maxi

mum membrane strain method, indicating satisfactory agreement.

Fig. 3-2 shows a typical load vs. strain diagram for

the paired gages at the free edge of an unstiffened element.

In the same figure, the corresponding typical load vs. wave

amplitude curve is also presented. In the figure, d is half
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the wave amplitude; L is the half wave length; and t is the

thickness of the sheet. The determination of buckling load

by using a waving parameter (d/L)2 is discussed in the follow

ing Section. It appears that the critical load determined

by the surface strain method shows a better indication of the

bifurcation situation than the other tNO methods. The criti-

cal stresses of the specimens tested by using the maximum sur

face strain method are compared with the three buckling stress

curves based on k = 0.5, 0.85 and 1.03 in Fig. 3-3. Satis

factory agreement is seen betl'leen the experimental critical

stress and the buckling curve based on k = 0.85 and n = Es/E.

In Fig. 3-3, the maximum failure stresses at the sup

ported edge a , the average member failure stresses (fail-
max

ure load divided by the full cross sectional area Pf/A),

and the average element failure stresses (failure load carried

by the unstiffened elements divided by the area of these ele

ments Pfl/Ar) are also plotted.

The differences between buckling stress and average

stress at failure increases with increasing wit ratios. It

is also seen that the actual maximum edge stress at failure

for all members are around the .2% offset yield strength of

the longitudinal compression stress strain curve. It seems

that there is a close correlation between average failure

stresses and the wit ratio of the unstiffened elements.

These failure stresses are listed in Table 3-9. The fail

ure loads and the loads at which local distortion becomes

Visible are also presented. It is seen that considerable
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strength is available beyond the visible waving load. In

order to take some of this strength into account, it is neces

sary to study the correlation between waving and local buckl

ing. This is presented in the next Section.

3.3.4 Wavin~ of Unstiffened Elements

Fig. 3-4 shows the plots of load vs. the ratio of wave

amplitude to the thickness of the sheet t of the specimens

tested. The amplitude increases appreciably when the critical

load is reached. The rate of growth of out of plane waving

with load gradually reduces because of 3tabilizing membrane

stress. The rate of growths increases again when the fail

ure is approaching. Slight waving due to initial imperfec

tion can be recognized from the plot at loads below the buckl

ing load. The initial imperfection of the specimens tested

1s a small amount being around O.05t where t is the thickness

of the sheet. The maximum amplitude of out of plane waving

can be as high as 3.8t at failure for specimen H301UE-4 which

has the largest wit ratio, 49.21, among the specimens test

ed. The plot also shows that the large amount of post buckl

ing strength available is accompanied by relatively sizable

out of plane waving.

Based on the curves presented in Fig. 3-4, the load at

a specified amount of waving amplitude (for example, thick

ness of sheet) may be determined.

When the waving of compressed flanges becomes visible,

it is a clear indication ot buckling. The cccurrence of wav'"
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ing was carefully observed under reflected light during test.

The loads so determined are in general slightly higher than

those determined by the strain deviation method, but slightly

lower than determined by the maximum surface strain method.

These loads are presented in Table 3-9.

The buckling load may also be obtained by considering

such out of plane waving by using a similar approach as the

Southwell plot 3- 10 . The characteristic parameter of waving

in the post buckling range is the ratio of waving amplitude

to wave length of the buckling pattern, i.e. d/L which will

govern the behavior of the plate. Because the load in the

plate must be independent from the sign of the waving ampli

tUde, the load in the plate may be expressed by

3-6

where P and P are total and critical load respectively, aicr
are constant parameters. For loads barely in excess of the

buckling load, the contribution from the high power terms is

very small. Only the first two terms may be considered and
2the relation between load, P, and (d/L) will be substan-

tially linear and the intersection with the load axis will

give the experimental buckling load. The experimental ampli

tUde of waving and half wave length are determined directly

from test results which are shown in Fig. 3-4 and Table 3-4

respectively. In this investigation, the waving amplitude

and the half wave length are the average measured values
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from four unstiffened elements. The critical loads of the

specimens tested determined by waving consideration are plot

ted in Fig. 3-4 and listed in Table 3-10.
3-11The similar method was used by Botman and Besseling

and by Yoshiki and FUjita3- 12 •

In order to relate the stresses which cause waving to

the measured critical stresses determined from critical

strain, a comparison of loads determined by the various methods

are presented in Table 3:"'10 along with the corresponding aver

age stresses. From this table, correlations between buckl

ing loads determined by strain considerations and waving loads

are of interest. The loads at which waving was visible are

slightly larger than the loads determined by the strain de

viation method but close to the maximum surface strain method.

This observation supports the use of the maximum surfaces"

strain method as the critical strain criterion.

Based on this information, the average stresses obtained

from the loads determined by various considerations may be

correlated with the calculated critical stresses by using

Eq. 3-1 with k = 0.85 and n = Es/E. Such a comparison is

shown in Table 3-11. The average stresses are divided by

the calculated critical stresses. The ratio for the maximum

surface strain method ranges from 0.932 to 1.102 with an aver

age of 0.987. The ratio of the strain deViation method is

0.716. The waving is visible when the average ~atio is

0.892. If slight waving is allowed (thickness of sheet)

the allowable stress may be as high as 1.243 times the cal-
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culated critical stress. This information 1s useful for form

ulating design criteria for allowable stresses related to

out of plane waving.

3.3.5 Summary and Conclusions-Unstiffened Elements

The critical buckling phenomena of unstiffened elements

have been discussed. Inelastic buckling theories have been

described briefly. In order to verify the analytical critical

stresses a series of compression members containing unstiffen

ed elements was tested. The waving amplitude of unstiffened

elements was also studied experimentally. Although a thin

element may buckle at a relatively low stress depending upon

the wit ratio, it merely deforms into a nondevelopable, wavy

surface, and continues to resist increasing stress. Due to

the pronounced out of plane waving the usefulness of unstiff

ened elements in the post-buckling range may be limited.

In order to take part of the post critical strength into

account, a study of correlation between buckling and local

distortion was made.

The results of this investigation are summarized as

follows:

(1) Three criteria for determining critical strains from

the experiment were discussed. Based on teet evaluation,

the maximum surface strain method was found to be the most

reliable to determine critical strains. (The critical strain

determined by this method 1s the maximum strain on the convex

side of the thin element.) This method was therefore adopted.
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(2) For calc~lating inelastic critical stresses it was

found that the Bleich's two modulus concept and his inelastic

buckling theory is a usable approximation.

(3) With proper boundary conditions along the longitud

inal edges, the calculated critical stresses showed satis

factory agreement with the experiments. In general, the ex

perimental critical stresses are slightly lower than calcu

lated. It is concluded that Eq. 3-1 may be used for predict

ing the buckling stresses of unstiffened elements of cold

rolled Type 301 stainless by' using n ~ E IE as plasticity
s

reduction factor.

(4) Based on the test results, it seems that the effects

of anisotropic material properties on the buckling phenomena

of unstiffened elements are small.

(5) Based on the comparison between buckling stresses

and average element failure stresses in Fig. 3-3, consider

able post critical strength is available which is highly

dependent upon width to thickness ratio.

(6) For cold-rolled stainless, the ultimate carrying

capacity of an element is considerably higher "than for annealed

grades (comparing Table 3-9 with Table 3-8 of Ref. 1-6), but

it is accompanied by a larger amount of local distortion due

to the high strain involved. If waving is severely restrict

ed, there is no advantage in using tempered grades for un

stiffened element8 with large wit ratios.
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(7) Due to a comparatively large amount of local distor

tion, adequate safety against excessive local distortion at

service load must be considered as a design criterion.

(8) Correlation between local buckling and specified amount

of waving is shown in Table 3-11. The allowable stress for a

specified amuont of local distortion may be expressed as crit

ical stresses multiplied by a factor. If either no visible

waving or slight waving (equal to the thickness of the sheet)

1s permitted, the corresponding allowable stresses can be taken

as 0.8 and 1.2 times the calculated buckling stress, respect

ively.

(9) With the information shown in Tables 3-9 and 3-11, de

sign allowable stresses may be established. This will be

discussed in Chapter 6.

3.4 Buckling of Stiffened Elements

Stiffened elements are supported along two unloaded edges

by webs or edge stiffeners. The stiffened elements studied

herein are compression flanges of flexural members with hat

cross-section, and flanges of compression members formed by

connecting two hat sections.

3.4.1 Compression Flange of Flexural Members

3.4.1.1 Design and Fabrication of Test Specimens

A series of flexural tests were performed for both Type

301 ~ hard and Type 304 annealed and strain flattened stainless

steels. Similar tests for Type 304 annealed and strain flattened
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stainless steel were made by Johnsonl - 6 but the critical buckl

ing phenomena of the compression flange were not studied.

Incipient local buckling of the stiffened comp'ression

flange was the primary consideration in the specimen design.

Four specimens were designed of ~ hard Type 301 stainless

with wit ratios ranging from 24.8 to 150.3. The correspond

ing critical stresses cover a range from.' yield strength down

to very low stress (4.4 ksi) in the elastic range. Three

specimens were designed for Type 304 annealed and strain flat

tened stainless with wit ratios ranging from '71.52 to 150.18.

Eq. 3-1 was used for critical buckling stress calculation

with appropriate plasticity reduction factor.

The remaining dimensions of the specimens were chosen so

that the compression yield strength would be reached in the

compression flange while the stress in the tension flange

was lower than the tensile yield strength. The webs were

also checked by approximate method for shear stability and

were found to be stable. The span length was taken as

44" based on deflection and web crippling considerations.

The dimensions and related information are shown in Table

3-12. The notations of the cross section and the test

set-up are shown in Fig. 3-5.

Diaphragms were placed between the webs of the flexural

members at supports and loading points to prevent deforma

tions of the cross-section. This also increases the strength

against web crippling. Clips were also added to 'the ten-
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sion flange at supports and loading points to maintain the

section geometry.

All specimens were formed in the same manner as that for

unstiffened compression members.

3.4.1.2 Instrumentation and Testing Procedure

Locations of the strain gages for the specimens are shown

in Fig. 3-6. Strains at the edges of the flanges were mea

sured by SR-4 single wire gages, placed in pairs on the top

and bottom surfaces of the flanges. Paired small foil

strain gages were placed transversely to measure Poisson's

effect. The membrane and bending strains in the center

portion of the compression flange were measured by paired

three-element foil gages forming a rosette. At a distance

of O.8w from midspan along the center line, another two pairs

of foil gages were placed perpendicular to each other. For

specimen H30lF-4, at midspan two extra pairs of foil gages

were located in the same direction as the edge gages at a

distance of w/3 from the center line in order to measure the

longitUdinal strains at that location.

Mid-span deflections were measured by a pair of dial

gages at the inner edges of the tension flanges. The dial

gages were supported by a frame which was fixed to the base

beam. The relative movement of the center of the base beam

was negligible.

The local waving amplitude of the compression flange was

meaSured by dial gages mounted on a movable bridge which al-
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lows measuring the waving amplitude relative to the edges

of the flexural specimens. By this arrangement, the local

waving amplitude is separated from the deflection of the

flexural specimen. Such a device is shown on Fig. 3-7.

The test set-up was shown in Fig. 3-5. The load was

applied at the center of the loading beam which transmitted

the load through two welded columns to the specimen as quar

ter points loading. The specimens were loaded in a 60,000

pound BTE universal testing machine.

The loads at the beginning and end of strain readings

were recorded and averaged. The dial gage readings ·were

made in the middle of the strain readings. The waving

measurements were made after the completion of the strain

and deflection readings. The specimen was considered as

having failed when the load started to drop off. Small

increments were used in the neighborhood of the critical

buckling load so that a good determination of experimental

buckling load was achieved.

3.4.2 Flanges of Short Columns with Closed Cross-Sectio~

A series of flexural tests have just been described.

However, it was realized that these high strength beams devel

op large curvatures which produce inward deflections of the

compression flanges. Under such conditions, the compression

flange 1s actually a doubly curved shell rather than a flat

plate. Such a dOUbly curved shell 1s stronger than a flat

plate.
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In order to obtain a better experimental determination

of buckling stresses by avoiding the bending deformation in

volved in the flexural members, a series of short column tests

containing stiffened elements was performed. The stiffened

elements have the same wit ratios as the compression flange

of the flexural members. Since the curvature induced in the

flexural members of low strength annealed and strain flattened

Type 304 is much smaller than for cold-rolled grades, only

cold:...rolled Type 301 a::re concerned herein. No similar column

tests were made on Type 304.

3.4.2.1 Design and Fabrication of Test Specimens

Each column was made by putting two hat sections together

to form a closed tube. The dimensions of the cross section

were so chosen that the webs and the outstanding lips are ful

ly effective throughout the loading range. The length of the

column was so determined that overall column buckling will not

occur. Only the stiffened flanges of two hat sections were

allowed to buckle locally. The dimensions of the specimens

are shown in Table 3-13, and the cross section of the speci

men is shown in Fig. 3-8. Integrity of the section was in

sured by bonding the hat section with the same structural ad-

hesive as for unstlffened elements.

The procedure of preparation of the specimen was the

same as for unstiffened elements.

3.4.2.2 Instrumentation and Testing Procedure

SR-4 gages were used. The gage locations are shown in

Fig. 3-8. Most of the gages were paired on both faces



70

of the sheet. Foil type gages, 1/8" long, were used in the

middle of the stiffened elements, and 1" long wire gages were

used at all other locations.

Gages located at the corners of the stiffened elements

and at the parts which are fully effective during loading

were used to indicate the strain of the specimen. Gages

located in the middle of the stiffened elements were used

for buckling determination.

Lateral deflection was measured by using dial gages

attached to the edges of the stiffened elements near the

mid-length of the specimen.

Out of plane waving measurements were also made by us

ing the described device.

The general testing set-up as well as the testing pro

cedure was similar to that for unstiffened element columns.

3.4.3 Discussion of Results-Buckling Stress

The theoretical critical stresses are calculated from

Eq. 3-1 by using n =~Et/E as the plasticity reduction

factor. Poisson's ratio is taken as 0.31. The edge condi

tion may vary depending upon the relative dimensions of the

cross section. The k values in Eq. 3-1 may vary from 4.0

for simply supported edges to 6.98 for the fixed edges.

The exact boundary condition of the unloaded edges of the

compression flange is difficult to determine. The amount

of restraint given by the webs to the compression flange is

uncertain. The upper part of the web is under varying com-
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pression stresses and the lower part of the web is under

tension which acts stabilizing.

Under these conditions, the actual restraint offered

to the compression flange by the web may be close to that

of an identical rectangular tube under uniform compression.

If this is so, the k value in the buckling equation will

be around 5.27 for all specimens (varying from 5.00 to

5.~7). There is an exact solution of this problem by Lund

qu1st 3- 9 and an approximate solution by Bleich3-~.

Based on a comparison of theoretical and experimental

evidence from waving shown in Tables 3-4 and 3-5, it seems

that the actual boundary condition may be close to the simply

supported case but with a slight restraint from the webs.

Experimental wave length and number of half waves for the

stiffened compression flanges of flexural members and short

columns are shown in Table 3-4. A comparison between ex

perimental and calculated number of half waves is shown in

Table 3-5. The theoretical number of half waves were cal

cUlated from Bleich's analysis (Ref. 3-4, p. 322, Eq. 639)

considering inelasticity for two cases-simply supported and

fixed unloaded edges. It is seen that the observed number

of half waves is considerably closer to the simply support

ed than to the fixed case. It seems that the restraint

estimated by considering the section as a rectangular tube

under uniform compression is overestimated.

For purposes of comparison, the theoretical critical

stresses were calculated from Eq. 3-1, taking k = 4.0 and 5.27.
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The critical strains and the corresponding stresses

for the specimens tested were obtained from the same criti

cal strain criteria as for unstiffened elements. These crit

ical strains and stresses are presented in Table 3-14 for

the compression flanges of flexural members (H30lF and

AS304F series) and the stiffened flanges of short columns

(H30lSC series).

By comparing the experimental critical strains and

stresses of short columns and the corresponding flexural

members (H30lSC-2 and H30lF-2, H30lSC-4 and H301F-4), the

values for short columns are seen to be smaller than those

for flexural members. As discussed, the compression flange

of a strongly deflected beam is actually a doubly curved

shell rather than a flat plate. The critical buckling

strain and stress will be higher for the shell than for the

flat plate. An approximate analysis of such distortion

was made by Winter3- 13 for similar flexural members. For

short columns, there is no such curling effect. It appears

that the curling in the compression flange of a high strength

flexural member may be partly responsible for the higher

experimental buckling strain and stress than of a short

column.

The experimental and theoretical critical stresses for

the specimens tested are compared in Tables 3-15 and 3-16.

In Table 3-15, the calculated values are based on simply

supported edges with k = 4.0. The average ratios of exper-
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Imental to calculated stress for ~ hard Type 301 elements

are 0.94, 1.20 and 1.26 by strain deviation, maximum surface

strain, and maximum membrane strain methods respectively.

For Type 304 elements the ratios are 0.90, 1.03, and 1.30.

The experimental buckling stresses by the previously adopt

ed maximum surface strain method are higher than calculated.

For Type 304 annealed elements, the corresponding ratio is

lower, viz. 1.03. It seems that the high strength, which

causes more curling in the compression flange, does increase

the buckling stress.

In Table 3-16, the calculated values are based on k =
5.27. The average ratios of experimental to calculated

stress for Type 301 ~ hard elements are 0.76, 0.97 and 1.00

by the strain deviation, the maximum surface strain, and

the maximum membrane strain method respectively. The cor

responding ratios for Type 304 annealed elements are 0.74,

0.83, and 1.06. These low ratios indicated that the edge

restraint may be slightly overestimated. The slight curling

effect, which has been confirmed by short column tests,

does not seem to be shown by these low ratios.

The critical buckling stresses obtained by the maximum

surface strain method are plotted in Fig. 3-9 along with the

theoretical buckling curve with k = 4.00 and k = 5.27 for

comparison purposes. The buckling curve is derived for

30l-H-7. The buckling stresses for H30lF-3 and H301F-4

are in the elastic range so that the experimental buckling
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stresses of these two specimens can also be plotted in the

same figure although the specimens were made from another

sheet 301-H-3. The longitudinal compressive initial moduli

of the two sheets are very close. The buckling curves de

rived from sheet 304-AS-5 and the experimental buckling

stresses are also presented in the aame figure.

Based on the foregoing discussion, it appears that the

longitudinal edges are close to the simply supported condi

tion. The curling in the stiffened compression flange of

the flexural member does increase the buckling stress.

3.4.4 Waving of Stiffened Elements

Measurements of out of plane waving relative to the

longitudinal edges were made for the compression flanges

of flexural members and short columns. Plots of load vs.

the ratio of wave amplitude to sheet thickness were made.

The growth of the waving amplitude shows a trend similar to

that of the unstiffened elements. However, the rate of growth

and the magnitude of waving for stiffened elements are small~

er than for unstiffened elements.

The maximum initial imperfection encountered was around

O.9t for one specimen with wIt of 150. The amount is much

smaller for lower wIt ratios. This initial imperfection

is believed to be partly responsible for low experimental

critical stresses for specimens with large width to thickness

ratios (H30lF-4, H301SC-4, and AS304F-4).
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Various characteristic waving loads can also be deter

mined in the same manner as for unstiffened elements. These

loads are compared with the loads determined by the critical

strain criteria in Table 3-17. The observed waving loads

are very close to the loads determined by the maximum sur

face strain method. For stiffened elements, the local dis

tortion is less pronounced than for unstiffenedelements.

This explains why the observed waving loads for unstiffened

elements are slightly lower than the loads determined by

the maximum surface strain method. The critical loads deter

mined by the waving parameter plot agree very well with the

critical loads determined by the maximum surface strain

method. Again, the same as for unstiffened elements, the

load at which wave depth equals thickness is close to the

load determined by the maximum membrane strain method.

Based on the foregoing comparison between waving loads and

bUckling loads, the correlation between waving magnitude

and the calculated buckling stress (Eq. 3-1 with k = 4.0

and T) = JEt/E ) may be established qualitatively by using

the information shown in Table 3-15. If either nO visible

waving or slight waving (equal to the thickness of sheet)

1s permitted, the corresponding stresses can be taken as

0.9 and 1.2 times the calculated buckling stress, respective

ly. This information is useful, if local distortion of the

stiffened plate element is of major concern in design.

It is mentioned that the local distortion of stiffened

elements is less pronounced than for unstiffened elementS.
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Considerable post critical strength is available and useable.

It is of interest to see the comparison between the failure

load and the observed waving load of the specimens tested.

Such a comparison is shown in Table 3-18. For flexural

members, the ratio of failure load to waving load was as

high as 6.84 for H30lF-4. For short columns, the ratio

was high as 9.18 for H30lSC-4.

In Table 3-18, it is of interest to notice that the

ratio of failure load to waving load for cold-rolled Type 301

specimens is much higher than for Type 304 annealed and strain

flattened specimens (with practically the same dimensions,

H301F-3 and AS304F-2, H301F-4 and AS304F-4). This indicates

that cold-rolled stainless possesses much larger post critical

strength although it will be accompanied by larger deforma

tion and local distortion.

3.4.5 Summary and Conclusions-Stiffened Elements

The critical buckling phenomena of stiffened elements

have been discussed. Inelastic buckling theories have been

described briefly. A series of flexural members containing

a stiffened element as the compression flange for both cold

rolled Type 301 and Type 304 annealed and strain flattened

was tested to verify the predicted values. Two short col

umns with stiffened flanges (with a similar wIt ratio as for

the flexural members) were also tested to detect any influ~

ence of curling of the flexural members on the buckling be

havior. The local distortion of stiffened elements is lesS
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pronounced than for unstiffened elements with much larger

useable post critical strength.

The results are summarized as follows:

(1) The maximum surface strain method can be applied to

stiffened elements for determining experimental critical

strains and stresses.

(2) Based on the same reason as for unstiffened elements,

Eq. 3-1 was used for predicting the inelastic buckling stress,

using n = YEt/E as the plasticity reduction factor.

(3) Considering simply supported boundary conditions,

the calculated critical stresses are generally slightly lower

than those from the experiments. It is believed that this

is due to following reasons: (a) curling in the compression

flange of flexural members, (b) slight restraint from the

-webs, and possibly (c) anisotropic material properties at

high stress (longitudinal compression being the weakest).

However, Eq. 3-1 with k = 4.0 may still be used conserva

tively for cold-rolled Type 301. .

(4) The short column tests confirm that the curling

does increase slightly the buckling stress of the stiffen

ed compression flange of a flexural member, especially for

cold-rolled stainless with large curvature.

(5) Based on a comparison of critical loads determined

by various critical strain and waving considerations, the

correlation between waving magnitude and calculated buckl

ing stress may be established. Such information is shown
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in Tables 3-15 and 3-17. If either no visible waving or

slight waving (equal to the thickness of the sheet) is per

mitted, the corresponding stresses can be taken as 0.9 and

1.2 times the calculated buckling stress respect~vely. This

is useful, if local distortion of plate is of major concern

in design.

(6) The local distortion of stiffened elements is less

pronounced than unstiffened elements. Considerable post

critical strength is available and usable. This is in con

trast to unstiffened elements. An interesting comparison

may be made between member carrying capacity and waving load,

which will give an indirect indication of post critical

strength of stiffened elements. For flexural members, the

ratio of failure load to waving load was as high as 6.84

for H301F-4. For short columns, the ratio was as high as

9.78 for H30ISC-4.

(7) Comparison of the ratios of failure load to waving

load of cold-rolled and annealed flexural members in Table

3-18 indicates that ldco -rolled stainless possesses much

larger post critical strength although it wili be accompanied

by larger deformation and local distortion.



CHAPTER 4

POST BUCKLING BEHAVIOR OF PLATE STRUCTURAL ELEMENTS

4.1 General

After the buckling stress is reached, compressed plate

elements merely deform into a nondevelopable wavy surface and

continue to resist an increasing load. Fig. 4-1 shows the

buckled stiffened and unstiffened elements under compression

supported by the webs along the unloaded edges. Considerable

post buckling strength is available for such elements. The

failure of the member may finally be induced by yielding for

a sharp yielding material, and by large plastic deformation

or by geometrical change for a gradual yielding type material.

Theoretical and semi-empirical methods to predict such

post buckling behavior of plate elements will be discussed in

this Chapter. Post buckling strength evaluated from the series

of experiments presented in Chapter 3 will be used to verify

some of the existing theoretical treatments.

4.2 Effective Width Concept

The concept of effective width for the post buckling

strength of a buckled plate has long been used in both air

craft and thin walled steel structures. This approach provides

a practical method for purposes of design.

Structural members containing buckled compression flanges

are shown in Fig. 4-1. Once the plate element buckles, the

stresses in the plate elements redistribute across the width;

79
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the stresses along the longitudinal edges are the highest.

In order to explain this redistribution of stress explicitly,

strain distributions across the width of such plate elements

from experiments are shown in Fig. 4-2. The strains at var

ious locations across "the width of the plate element were

measured at several loading levels. The stresses can easily

be obtained from these strains by means of stress strain

curves. The distribution is uniform until the local buckling

occurs. Under higher load, on the other hand, the membrane

strain at the free edge of the unstiffened element and at the

center of the stiffened element even turns into tension rather

than compress1on. This tension stress and the membrane ten

sion stress in the transverse direction of the plate influence

considerably the post buckling waving patterns and behavior of

these elements.

Such a nonuniform stress distribution across the width

of the buckled plate elements is commonly replaced by an uni

formly distributed stress equal to the maximum edge stress,

on the effective part of the plate, as shown in Fig. 4-2(0).

The solid lines are the actual stress distribution, while the

dashed lines indicate the equivalent uniform stress distribU

tion over an effective width such that

w
a bt =f 2 at dy 4-1
~x w

-t

where b 1s the effective width, 0max is the maximum supported

edge stress, a is the membrane stress, and W 1s the width of

the element.
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4.3 Theoretical and Semi theoretical Evaluation of Effective

Width

Two theoretical approaches are available for the analysis

of the post buckling behavior of flat plates. The first is

the general direct energy method. The second is to solve the

general Karman's large deflection differential equations.

These are two nonlinear differential equations, which may also

be obtained from the energy expression as the variational prob

lem. This rigorous solution of Karman's equations is not fea

sible because of the nonlinear characteristics of the equation,

but approximate solutions may be obtained.

Cox4- 1 and 4-2, Marguerre4-3, 4-4, and 4-5, and Koiter4- 6

approached the problem by using the energy approach. Many

other investigators obtained a solution from Karman's large

d fl 4-7 4-8 4-9e ection equations, such as Levy , Hemp , Coan ,

Yamaki 4- lO , Stein4- l1 • Most of these solutions are of an ap

proximate nature.

All of the above mentioned investigators assume elastic

behavior of the plates. There were only few investigators who

considered the inelastic effect on the post buckling behavior

of plates. Stowel14- 12 used the deformation theory of plasti

city, derived from an expression for the average stress in a

buckled plate in the inelastic range. using a variational ap

proach and deformation theory of plasticity, Mayers and

BUdlansky4-13 made an investigation of the elastically buckled
pl 4-14 t d

ate, which enters into the plastic range. Sujata s u -

led stiffened plates at plastic buckling. Theanlsotropic
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material properties in the inelastic range were taken into

account. From this work, he concluded that the results ob

tained by the elastic assumption constitute a lower bound.

As a continuation of Coan's work, Yusuff4- l5 modified

Karman's large deflection equations, taking orthotropic mate

rial properties and initial deflection into account. Schultz

4-16 showed that the post buckling behavior of orthotropic

plates is analogous to isotropic plates.

Because of the rapid development of systematic matrix

analysis by using electronic computers the problem under con

sideration may be solved by the finite element approach. The

fundamental formulation of the method is quite well developed.

The general approach to deal with a nonlinear problem, caused

by either nonlinear material properties or large deformations

and geometrical changes, was summarized and outlined by

Zienkiewicz4- l7 • A detailed outline of the method was reported

recently by Mallett and Marcal4- l8 • The elastic post buckling

behavior of a flat plate was investigated by Schmit, Bogner,

and Fox4
- l9 , taking into account geometric nonlinearities,

while retaining the fleXibility of application characteristiC

of the discrete element structural analysis method.

From the literature survey just presented, it is con

cluded that the theoretical treatment of post buckling behavior

of anisotropic plates has not yet been investigated extensivelY,

neither has the case with nonlinear stress strain relation

ships. The problem combining both effects has not yet been

considered rigorously in the theoretical treatment.
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In order to provide a useful method for design, a simpli

fied approach will be followed. One of the most important

studies of post buckling strength and effective width was the

semi-theoretical analysis by Karman4- 20 • In his derivation

the non-uniform stress distribution in a simply supported

buckled plate was replaced by two uniformly loaded effective

strips as shown in Fig. 4-2(c). Through his assumption of

wave shape and minimization of alE with respect to wave length,

the following relation of effective width was found,

or 4-2

where a is the supported edge stress.

Hence the maximum load which may be sustained by the plate is:

4-3

Through this derivation, Karman was able to show that the

ultimate load is proportional to J'~ t 2 ; the constant is to
y

be found for different boundary conditions. Donnel and Sechler
4-20

rewrote Eq. 4-3 as follows to account for the boundary

condition:

.r---- 2 4-4
pu = C v Eay t

for a simply supported case with v = 0.3 and C equals 1.9.
F B k4- 2l

rom the experimental results obtained by Schuman and ac ,

Donnel and Sechler4- 20 concluded that C should be taken as 1.5.
How 4-22 con-

eVer, from additional tests he performed, Sechler

elUded that C depends on the material properties and width to
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thickness ratio. Therefore, Sechler suggested that C should

be a variable rather than a constant.

However, it should be noted that the equations obtained

by Karman et al were for ultimate strength calculations.

4-20 kliBased on the assumption Karman made on the buc ng wave

form, Winter4- 23 and 4-24 stated that the effective width

relation 1n Eq. 4-2 also holds for the sUb-ultimate post

buckling range. Eq. 4-2 may then be rewritten as

or ~
tblw = c - -

0max w

4-5

4-6

where 0max is the maximum supported edge stress.

At buckling Eq. 3-1 is valid. The width, w, can be expressed

in terms of stress and taking the ratio of band w, the fol

lowing equation is obtained if n = 1,

4-7

Furthermore stresses may be replaced by strains as in the fol

lowing equation,3-8,1-6

blw -!e Ie 4-8cr max

where £max is the maximum edge strain. These equations are

based on elastic material properties. Eqs. 4-7 and 4-8 are

independent of boundary condition.

The validity of Karman's equation in the post buckling

domain for plates and the effects of the wIt ratio and material
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property, i.e. Karman's characteristic parameter tJE/Ow max'
were investigated by several researchers through experiments.

Among these, one of the most influential studies was done by

winter4- 23 and 4-24, based on his extensive tests on carbon

steel, a linear function of C in terms of t/w J E/omax was

obtained for stiffened element plates. The expression may be

written as

bit = 1.9 {E/omax (1 - 0.475 t/w VE/omax ) 4-9

when ~ ~ 0.95 j'__E_. For values of ~ smaller than 0 .95 J~,
0max °max

b = w. Eq; 4-9 can also be expressed in terms of critical

and maximum edge stresses as follows:

4-10

Eq. 4-9 has been used successfully for many years in the Light

Gage Cold-Formed Design Manual1- l published by the AISI. Be

cause of accumulated experience and some additional informa

tion from Skaloud's4-25 recent series of careful tests, the

original equation which was proposed conservatively has now

been revised by Winter3- 5 by changing 0.475 to 0.418 in Eq.

4-9, and 0.25 to 0.22 in Eq. 4-10.

Winter's equations are written in terms of elastic mate-

rial properties with an experimental modification to account

for initial imperfections. Based on the same assumption of

elastic material properties, Eq. 4-10 can be expressed in

terms of critical and edge strains l - 6 as follows:

b/w = JE IE (1 - o. 25 JEcr/Emax>cr max
4-11
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4.4 Effective Width With Considerations of Nonlinear and

Anisotropic Material ProEerties

The analyses mentioned mainly considered elastic iso

tropic material properties. The development of methods for

nonlinear or anisotropic, or both, material properties is only

in its early stage. In order to yield a useful method which

is theoretically justified and verified by experimental re

sults to predict the post buckling strength of the plate ele

ments, it may be possible to modify the equations mentioned

to take the material properties into account.

Karman suggested that a reduced modulus may be used in

the equation to account for the inelasticity. Eq. 4-5 may

be then written as

or

bit = C JEnla max 4-12

4-13

Although the formulation may be different, the idea of intro

ducing the plasticity reduction factor to the elastic modulus

was also used by Needham4- 26 , Jombock and Clark4- 27 , and

JOhnsonl - 6•

The original derivation of Karman's effective width re

lation referred to hinged edge support and showed the effec

tive width proportional to JE/o. It was pointed out by

Donell and Sechler4- 20 that the relation may be valid for

other types of edge conditions but with a different C constant.

Based on test results and the similarity in formUlation, it

seems that the constant C may be moeli'fied :Gor the partIcular
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boundary condition and that the relation is applicable to

other type of plates. Based on this assumption, the follow

ing equation may be written to replace Eq. 4-5.

bIt = c' JEk/crmax 4-14

- 2where C' = nl /12 (l-v ) and k is the buckling coefficient in

Eq. 3-1. Eq. 4-14 may be further elaborated in the following

form to account for inelasticity.

bIt = C' JkEn/crmax = 0.95 !kEn/crmax 4-15

This can also be obtained by substituting the inelastic

buckling stress of Eq. 3-1 into Eq. 4-7. Such an approach is

logical theoretically; then the same assumption may be applied

to Winter's effective width formula which is a conceptual and

experimental modification of Karman's relation. If Winter's

relations are applicable to other types of plates with dif

ferent boundary conditions, all such relations for different

plates should be reduceable to the same form as Eq. 4-10 with

approximately the same coefficient which includes the effects

of boundary conditions and the wIt ratio of the plate. Eqs.

4-10 and 4-11 may be written in the general form as,

4-16

4-11

Where ~ is assumed as a variable which equals 0.25 for simply

SUpported stiffened elements as shown in Eq. 4-10. The rela-
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tion reduces to Karman's relation if ~ is assumed as zero.

Now let us consider the unstiffened elements. The

original form obtained by Miller4- 28 similar to Winter's for

stiffened element was as follows:

bIt = 1.25 JE/o max (1 - 0.333 t/w JE/omax ) 4-18

It was revised by Winter4- 24 to represent the lower bound

values from tests as

bIt = 0.8 JE/omax (1 - 0.202 t/w JE/omax ) 4-19

These equations may be reduced to the form of Eq. 4-16. If

the actual experimental boundary condition is considered the

values of ~ calculated from Eqs. 4-18 and 4-19 are 0.266 and

0.252. These values are very close to ~ = 0.25, as in Eq.

4-10. It is therefore concluded that Eq. 4-16 with ~ = 0.25

may be applied to both stiffened and unstiffened elements.

Investigating this in more detail, a somewhat more general

form based on Winter's effective width formula may be obtained.

By sUbstituting the inelastic buckling stress of Eq. 3-1 into

Eq. 4-16, the following equation is obtained.

By using ~ = 0.25, this reduces to

bIt = 0.95 JkEn/omax (1-0.2375 t/w JkEn/omax) 4-21

In this equation, the plasticity reduction factor n for plate

buckling is. the same as used in Chapter 3, (Es/E for unstif

fened elements and JEt/E for stiffened elements). A similar
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approach was used by Johnson. l •6

First let us consider unstiffened elements. If k is

assumed as 0.5 (see Chapter 3), n = 1 and ~ = 0.25, Eq. 4-21

reduces to

bit = 0.67 IE/cr a (1 - 0.164 t JE/cr) 4-22m x w max

If the edge coefficient k is taken as 0.85, n = 1, and ~ = 0.25,

Eq. 4-21 reduces to

bit = 0.875 j E/crmax (1 - 0. 217; J E/crmax ) 4-23

which is close to Eq. 4-19. Hence, 'Winter' s Eq. 4-19 is seen

to follow from Eq. 4-16, for various degree of edge restraint.

If inelastic behavior is considered, the variable n will re

main in the equations as follows:

for k = 0.5, bit = 0.67 JEn/crmax(l - 0.164 t/w JEn/crmax) 4-24

for k = 0.85,b/t = 0.875YEn/crmax(1 - 0.217 t/wVEn/crmax) 4-25

Now, let us consider stiffened elements. If k is assumed

as 4.0, which is close to most actual boundary conditions and

~ equals to 0.25, Eq. 4-21 reduces to Eq. 4-9 for n = 1.

Considering inelastic behavior, Eq. 4-21 becomes

bit = 1.9 j En/crmax (1 - 0.475 t/w j En/crmax ) 4-26

As was mentioned, a new development is to change ~ from

0.25 to 0.22, and thus the coefficients in the related equa

tions will be changed accordingly for both stiffened and un

st1ffened elements. The general equation 4-21 is then
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bit = 0.95 JkEn/omax (1 - 0.209 tlw JkEn/omax) 4-27

In the foregoing treatment, the anisotropic material

properties have not yet been considered. However, based on

the analogue and similarities of isotropic and orthotropic

plates in the formulation of critical and post buckling be

havior, a similar treatment may be applicable also to ortho

tropic plate. Based on Eq. 3-3 in Chapter 3, Karman's formu

la may be extended to orthotropic plates. For elastic ortho

tropic plates, the effective width relation may be written as

bit = C'l JElk'/omax

where C'l = TTl J12 (1 - "12 "21)

k' = 2[ JE
2/E l + "21 + 2(G12/E l )(1 - "21 "12)]

4-28

For the inelastic case, based on Eq. 3-4, the following equa

tion is obtained.

bit = c' J E kiln' 101 1 max

where kit' = F (k', n t )

4-29

n' = plasticity reduction factor of orthotropic plates.

This equation can also be obtained by substituting the in

elastic critical buckling stress of the orthotropic plate

shown in Eq. 3-4 into Eq. 4-7.

If the further assumption is made that the effects of

boundary conditions and the wIt ratio on the linear modifica

tion term found by Winter for the isotropic plate are
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analogous to the present case, then, one may go one step

further to obtain an equation similar to Eq. 4-20 for ortho

tropic plates. By substituting the inelastic critical stress

of the orthotropic plate shown in Eq. 3-4, into Eq. 4-16, the

following equation is obtained with an open parameter ~,

Since Winter's coefficient ~ based on carbon steel in

Eq. 4-19 was also applicable to annealed stainless,1-6 and

4-33, it is believed that ~ for the present case is very

close to~. Eq. 4-30 may be written as

However, in Eqs. 4-30 and 4-31 the effective values of

k" and n' are not known. If anisotropy is not very pronounced,

Eq. 4-20 may be used as an approximation for Eq. 4-31.

Another approach to the problem may be through strain

analysis. Botman4-29 and 4-30 and Besseling3- l1 and 4-31 com-

pared their test results on aluminum alloys with Koiter's

treatment; an excellent agreement was obtained by using strain
4-32

parameters (bl J I ) It was concluded by Koiterw, E: cr E:max •

that his theory in terms of strains is applicable in the in-

elastic range if it is evaluated for the actual value of the

ratio E: I He also concluded that his theoretical
cr E:max •

treatment of post buckling behavior of plates is applicable to

various boundary conditions.
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3-8 and 1-6 t d th tSome other investigators have sugges e a

elastic expressions for effective width are also applicable

for inelastic behavior if strains are used instead of stresses.

Along this line, Karman's and Winter's equations (Eqs. 4-7

and 4-10) were expressed in terms of critical and edge strains

as shown in Eqs. 4-8 and 4-11, assuming elastic material

properties. Eqs. 4-8 and 4-11 may also be obtained from Eqs.

4-7 and 4-8 by using Es/E as plasticity reduction factors to

the elastic moduli for isotropic inelastic plates. The use

of strains in the formulation for inelastic plates means in

fact that the secant modulus is used as an effective modulus.

This is reasonable for unstiffened plates since Es/E is used

as plasticity reduction factor for such plates, but may be

somewhat dubious for stiffened plates. Based on Koiter's

statements, it seems that Eqs. 4-8 and 4-11 are approximately

applicable to inelastic post buckling behavior of plates with
,

various boundary conditions.

Although the anisotropic material properties are not

directly considered in Eqs.4-8 and 4-11, it seems that the

effect of anisotropy on the inelastic postbuckling behavior

might be included implicitly if the actual critical and edge

strains are used in the equations.

4.5 Post Buckling Behavior of Unstiffened Elements

In order to investigate the validity of.the approach out

lined, the effective widths of unstiffened elements were eval

uated from the experiments descriqed in Section 3.3. A s1mi

lar analysis of Type 304 annealed and strain flattened stainless
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steel was made by JOhnsonl - 6 • The present analysis concerns

only 1/2 hard Type 301 in order to investigate the effects

of high strength and pronounced anisotropic material proper

ties as well as nonlinear stress strain relations.

The compression members shown in Fig. 3-1 responded very

satisfactorily throughout the loading range. The specimens

were considered failed when the maximum load was reached.

The waving pattern of unstiffened elements was very uniform.

The buckling pattern changed from time to time. During the

loading process some explosive sounds were heard which were

thought to be due to changes of the buckling pattern.

Fig. 4-3 shows a series of pictures taken during the

test of specimen H301UE-4; the general post buckling behavior

of unstiffened elements throughout the loading range can be

seen clearly.

4.5.1 Evaluation of Experimental Effective Width

From flat and corner material properties, the geometric

dimensions of cross section, and the measured strains the

experimental effective width of the unstiffened elements may

be determined.

The average strain of the fully effective part of the

compression specimen (web and corners) was used to determine

the stresses in the web and corner materials separately, by

USing the appropriate stress strain curves. The portion of

the load P
ft

carried by the unstiffened flanges was determined

by SUbtracting the load taken by the effective part of the

specimen (including both webs and corners) from the total
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experimental load carried by the specimen. Knowing the Pft
and the measured maximum edge stress ° the effective areamax

of the unstiffened flanges is Aeff = Pft/omax. The stress

strain curves for flat and corner materials used for this

procedure were the experimental longitudinal compression

curves from sheet 30l-H-3 as shown in Fig. 2-4. The compres-

sion members were produced from this sheet.

4.5.2 Analysis of Results

In order to evaluate and compare the experimentally

determined effective widths to the theoretical analyses in

Sections 4.3 and 4.4, three sets of significant parameters

will be used. The same type of analysis was used by Johnson

for annealed and strain flattened Type 3041- 6 .

The first approach is to use the same elastic parameters

which were used for carbon steels, viz.

bit fo IEmax

where b = effective width

w = actual flat width

t = thickness

,

E = initial modulus of elasticity

0max = maximum stress along the edge of compression element

It is evident that the improved approach is to modify

these parameters by applying the plasticity reduction factor

n to the elastic modulus~in order to account for the non

linearity of the stress strain relationship, viz.
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where n is plasticity reduction factor.

The other approach is to use strain analysis. The

alternative form of Karman's relation of effective width was

shown in terms of strains in Eq. 4-8. The experimentally

modified formula by Winter can also be shown in terms of

strains as in Eq. 4-11. The significance of strain analysis

was briefly outlined in 4.4. The strain parameter may be

shown as

,

where = critical buckling strain

€max = maximum strain along the edge of the compression

element.

For each specimen the test data were reduced at several stress

levels according to these characteristic parameters so that

a direct comparison may be made between test and theories.

Based on the significance of each set of parameters, the ef

fects of tempered material properties on the effective width

may be detected.

4.5.2.1 Elastic Parameters

The elastic parameters were evaluated from the inner edge

stresses, elastic modulus, wit ratios, and the experimental

effective width. The results are shown in Fig. 4-4. The edge

restraint coefficients considered are 0.5 and 0.85. Eqs. 4-22

and 4-23 may be written in the following form and are plotted

in the same figure.
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bit Jamax/E = 0.67 - 0.11 t/w JE/omax 4-32

bit Jamax/E = 0.875 - 0.19 t/w JE/o max 4-33

Eq. 4-33 approximately represents the actual boundary condi

tion, and is close to a lower bound for all test points. On

the other hand, Eq. 4-32 represents a conservative lower

bound which is purposely devised for design use in order to

account for unstiffened elements with small edge restraint.

4.5.2.2 Inelastic Parameters

The inelastic parameters were evaluated with n = Es/E

corresponding to the maximum inner edge stress. Eqs. 4-24

and 4-25 may be written in the following form and plotted along

with the data points in Fig. 4-5.

bit Jamax/En = 0.67 - 0.11 t/w j En/omax 4-34

bit Jarnax/En-:o.875 - 0.19 t/w JEn/omax 4-35
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test points, except those of H30lUE-4.

4.5.2.3 Strain Parameters

The critical strains were obtained from experiments and

reported in Table 3-2 by the maximum surface strain method.

The maximum edge strains were obtained from tests. TEe re

sults are plotted in Fig. 4-6 along with theoretical predic

tions. Eq. 4-11 shows the lower bound of the test results.

Karman's relation of effective width also appears conserva

tive for higher strains, but is unconservative for the strains

near or below the critical strain. The test results agree

4-6very satisfactorily with Koiter's analysis ,except at the

strains near or below the critical strain.

4.5.3 Discussion of Results

Based on the qualitative information shown by these analy

ses in Figs. 4-4, 4-5, and 4-6 the effective widths of unstif

fened elements of temper rolled Type 301 stainless are dis

Cussed in the following paragraphs.

In Fig. 4-4 it appears that the effective widths of

tempered Type 301 are underestimated by the elastic formula

(Eq. 4-33). This equation was obtained by using k = 0.85,

which is the estimated average restraint coefficient for the

Specimens tested. The deviation between the experimental ef

fective widths and those predicted by the elastic formulation

may be due to different restraint conditions and possibly to

material properties.

In Order to take the nonlinearity into account, inelas

tic parameters were used. It is noticed in Fig. 4-4 that the
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experimental values ~ JOmax/E are fairly constant for

t JElo smaller than 1.0. This range corresponds to the
w max
higher edge stresses. This failure of the parameter ~ JOmax/E

to continue increasing with decreasing t JE/o is thoughtw max
to be due to inelasticity. By applying a plasticity reduc-

tion factor to the elastic parameters, the values of ZJOmax/E

corresponding to the higher edge stresses (beyond elastic

limit) are seen from Fig. 4-5 to increase with decreasing

~ JElomax and follow the trend indicated by Eq. 4-35. The

data points corresponding to the stresses below the elastic

limit are not affected since n = 1. This is seen in Fig. 4-5.

However, it is noticed that.considering the inelastic

effect increases the spread between the experimental data

points and Eq. 4-35. A better agreement between experimental

data and Eq. 4-35 could be achieved if a slightly higher

plasticity reduction factor were used. This may be justi

fied because the plasticity reduction factor used was from

longitudinal compression which is the lowest.

Also, the anisotropic material properties may be responsi

ble for the larger deViation of the experimental values

bit JOmax/En from Eq. 4-35 at low t/w [En/omax values (cor

responding to higher stresses) than that of annealed and

skin passed Type 3041 -6 (Fig. 3-16) since anisotropy of an-
"

nealed stainless is less pronounced than of cold-rolled stain-

less.

By using strain analysis, the experimental effective

widths show good agreement with the analytical e~pressions

except near or below the critical strain. At high stress (with



99

small J€cr/€max values), test results are very close to

Koiter's expression for effective width. Karman's expression

also shows good agreement with the test results in the initial

post buckling range. Eq. 4-11 is the lower bound of the test

data.

It was concluded by Koiter4- 32 that his equation is ap

plicable in the inelastic range if it is evaluated for the

actual value of the ratio E IE d • He stated that thecr e ge
equation can also be applied to other boundary conditions if

the actual experimental critical and edge strains were used.

Based on the good agreement between tests and theory shown in

Fig. 4-6 by using actual maximum edge strains in the analysis,

it seems that Koiter's equation is applicable to the material

considered. This indicates that by using experimental criti

cal and edge strains the nonlinearity, the anisotropy, and

the boundary conditions of the plate are approximately taken

into account automatically. The analysis by using strains

probably is the most accurate way to treat the effective

width, especially for the material and boundary conditions

conSidered, but because of its reliance on experimental strains

and its complex form is not amenable to design use.

4.6 Post Buckling Strength of Stiffened Elements

Stiffened elements possess greater post buckling strength

as well as much less pronounced local distortion than unstlf

fened elements. In order to investigate the validity of the

formUlations derived for the material considered, the effec

tive widths of stiffened elements were evaluated from experi-
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ments which were described in Section 3.4. These stiffened

elements were the compression flanges of flexural members

or flanges of short compression members.

A similar analysis of Type 304 annealed and strain flat-
1-6 and 4-33tened stainless steel was made by Johnson and Winter .

for a series of flexural member tests. The present analysis

concerns tempered Type 301 stainless except that three flex

ural members made of Type 304 annealed and strain flattened

stainless were also tested for comparison.

Since the high strength develops large curvatures which

produce inward deflections of the stiffened compression

flanges, two short columns were studied to avoid such effect.

Fig. 4-7 shows a sequence of photographs taken during

the test of flexural specimen H30lF-4; the general post buck

ling behavior of the stiffened compression flange throughout

the loading range can be seen. The waving of the compression

flange is only slightly visible when the load on the specimen

is about twice of the critical load (797 lbs.). At the final

stage, the specimen is seriously buckled in the compression

flange and failed by wrinkling at the buckled corners.

4.6.1 Evaluation of Experimental Effective Width

4.6.1.1 Compression Flanges of Flexural Members

In order to determine the effective width of the stif

fened compression flange of the flexural member beam theory,
and eqUilibrium reqUirements were used. The following as-

sumptions are made: 1) planes normal to the axis of the fleX

ural member remain plane after bending, 2) every longitudinal
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fiber acts as if separate from the other. The stress strain

relations in tension and compression from coupon tests are

applicable to these individual fibers. 3) The effects of

differences of material properties in the transverse direc

tion are ignored. 4) Geometrical changes of the cross-section

are ignored.

At each loading level the strains of the four gages along

the edges of the compression flange were averaged to represent

the edge membrane strain of the compression flange. The aver

age value of the four gages in the tension flange represents

the tension membrane strain. The neutral axis can be located

from these averaged strains if the assumption (1) is used.

The stresses at each fiber may be determined from correspond

ing strains from the appropriate stress strain relations.

The stress strain relations are nonlinear and unsymmetrical

in tension and compression, but the following integral holds

for internal equilibrium of forces:

J adA = a
A

4-36

where a is a function of strains applicable for both tension

and compression. In order to simplify evaluation, a numeri

cal procedure is used by dividing the area of the cross sec

tion into m segments.

This may be expressed as,

m
)' a

1
A

1
= a

1'='1

4-37
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where 0i is the stress at the centroid of segment i and is

obtained from proper stress strain relations from the strain

at the centroid. Ai is the area of the ith sub-area of

the cross section. It may further be simplified by using a

straight line stress distribution in the web across the depth

as shown dashed in Fig. 4-8. Number and location of the seg

ments are shown. The force to be taken by the compression

flange to satisfy the internal force equilibrium can easily

be calculated. Based on the experimental edge strain in the

compression flange, the effective width can then be obtained.

The legitimacy of such a simplified approach may be verified

by calculating the internal moment from the effective width

so determined. This internal moment should be equal to the

external moment at that loading level. The accuracy of the

calculation may be seen from the ratio of calculated moment

to the experimental moment. Effective widths for the compres

sion flange were calculated at several loading levels for

each specimen. Reasonably close agreement between computed

and experimental moments indicates that the above procedure

is satisfactory. The calculated moment ratios vary from 1.051

to 1.128 with an average of 1.083. This is shown in Table 4-1.

4.6.1.2 Flanges of Short Columns

The procedures to determine the effective width of stif

fened elements from short column tests are similar to those

followed for unstiffened elements.

The strains of the gages at the edges of stiffened ele

ments, the webs, and the outstanding lips were averaged to
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represent the edge strains of the specimen. The load carried

by the corners, webs, and the outstanding lips is determined

from the measured averaged edge strain and the stress strain

curves for flat and corner materials. The load taken by the

effective part of the stiffened elements is then obtained, from

which the effective width can be calculated.

It is the purpose of this series of tests of short columns

to eliminate the effects of member curvature on effective width.

4.6.2 Analysis of Results

The effective widths determined from both flexural and

short column member tests are presented herein. The approaches

to analysis, presented for unstiffened elements, will also be

used for stiffened elements. The edge strains were obtained

from tests and corresponding stresses determined from appro

priate stress strain curves. The plasticity reduction factor

used is the same as for buckling of stiffened elements, i.e.

J Et/E.

Eq. 4-9 may be written with elastic parameters as

bit J(J IE = 1.9 - 0.9025 t/w JE/omax 4-38
max

and Eq. 4-26 may be written with inelastic parameters as

bit J(J lEn = 1.9 - 0.9025 t/w J En/omaxmax
4-39

The straight lines of these equations are shown in Figs. 4-9

and 4-10 along with the data points calculated from the experi

ments. From Figs. 4-9 and 4-10, phenomena similar to those

or 11... t d i Winter's equatio.ns
-lS Iffened elements are observe, .e.
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with or without inelasticity modification represent lower con

servative bound but that the inelasticity modification makes

it excessively conservative, similarly as for unstiffened ele

ments. Fig. 4-9 also can be shown alternately as in Fig. 4-11

which contains the earlier and later Winter equations without

inelasticity modification.

In Fig. 4-12, the strain parameters are used for analysis.

The critical strains were obtained from experiments and re

ported in Table 3-14 by the maximum surface strain method.

Analytical expressions by Koiter and Eqs. 4-8 and 4-11 are

also presented along with the experimental effective widths.

4.6.3 Discussion of Results

Several significant phenomena are observed in Fig. 4-9

which refers to the analysis of experimental data by using

elastic parameters. (1) The experimental values of b/tVomax/E

of the annealed and strain flattened Type 304 element (Series

AS304F) are close to those from Winter's formula which was

also concluded earlier by Johnson and Winterl - 6 and 4-33

(2) The experimental values of b/tVo IE of short colL~nmax
tests are lower than for the corresponding flexural tests

(H301F-2 vs. H30l SC-2, H30lF-4 vs. H30l SC-4). (3) The experi

mental values of b/tVo IE of flexural members of cold-rolledmax
Type 301 are higher than those of annealed and strain flattened

Type 304 stainless (H30lF-3 vs. AS304F-2, H301F-4 vs. AS304F- 4).

Observation (1) further confirms the applicability of
QbWinter's formula to annealed and strain flattened stainless.

servation (2) confirms that the effective widths of flexural
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members may be affected by the double curvature in the stif

fened compression flange. Since the deformation of cold-rolled

stainless is larger than the annealed, the effect of this

curling on the effective width may partly explain the observa

tion (3) which indicates higher effective widths of cold-rolled

stainless than annealed. However, if one compares the test

results of short columns, the effective width of H30lSC-4

are higher than those of AS304F-4. These two specimens have

about the same wit ratio. No curling being present in columns

this indicates that the stronger anisotropy of tempered 301

than annealed 304 may be partly responsible for this differ-

ence.

The effort of inelasticity becomes apparent as follows:

For any specimen the data points with the smaller values of

~JE/omax correspond to the higher edge stresses. It is

noted in Fig. 4-9 which is based on elastic parameters that

the experimental values b
t

Jo IE start to decrease with de-max
creasing tv E/o at certain values of wt JE/omax for each

w max
specimen. This is especially obvious for the two short columns

H30lSC-2 and H30lSC-4. The failure of the parameter ~ Jomax/E

to continue increasing with decreasing ~JE/omax is thought

to be due to inelasticity. In Fig. 4-10 a plasticity reduc

tion factor was applied to the elastic parameters. It is seen

that the value of b Jo IE corresponding to the higher edge
t max

8t~esses (beyond elastic limit) noW continues to increase with

decreasing t JE/o and to follow the trend of Eq. 4-39. The
w max

data POints corresponding to the edge stresses lower than the

elastic limit are not affected.
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By using strain analysis, the experimental effective

widths show satisfactory agreement with the analytical expres

sion by Koiter. The data points are lower near or below the

critical strain. Eq. 4-11 is shown to be the lower bound of

the data points. The general behavior is similar to that

discussed for unstiffened elements.

4.6.4 Waving Pattern of Buckled' Plate Element

In this section, the wave pattern in the longitudinal

and transverse directions of the stiffened plate elements

will be discussed. The correlation between the experimental

wave form and that assumed in the theoretical treatment will

also be discussed.

The waving pattern of stiffened elements has been in

vestigated by many researchers, such as Batman and Besseling,

Farrar, and Skaloud. The first two were concerned with alumi

num alloys, while Skaloud used carbon steel.

The waving amplitude along the center line of the com

pression flange relative to the edges was measured. The

points of peak and valley were obtained by moving the dial·

gage bridge (Fig. 3-7) along the specimen to obtain the maxi

mum or minimum readings. The measurements were made on the

left half of the center half of the span at 16 points along

the center line of the compression flange. This coordinate

system for waving measurement is shown in Fig. 4-13.

The longitudinal and transverse waving patterns of

flexural specimen H301F-4 at various loading levels are shown

in Fig. 4-14 a and b. Similar patterns of H301F-3 are shown
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in Fig. 4-15 a and b.

The initial imperfections affect the early stage of

buckling, when the waving goes in the same direction as the

initial imperfection. The compression flange will then buckle

gradually in the expected theoretical manner. The waving

pattern changes from time to time in order to adjust itself

to the instantaneous equilibrium condition. The buckle of

the waved compression flange flattens out transversely as the

load increases. However, the wave pattern in the longitudinal

directions along the center line is still close to the sine

wave but with a decreasing increment in amplitude with in

creasing load. The transverse configuration may be divided

into two parts - the central essentially flat region and the

curved portions near the edges. Such a phenomenon was also

di 4-25 and 4-34scussed by many other investigators

4.7 Surnmar~ and Conclusions

In this Chapter the post buckling behavior of stiffened

and unstiffened plate compression elements has been discussed.

In spite of the fact that the plate elements may buckle at

relatively low stresses, these elements can sustain consider

able strength after buckling has occurred.

The effective width concept was used for analyzing the

behavior of plate elements in the post buckling range. Karman's

semi-theoretical treatment of effective widths of plates and

Winter's experimental modification and generalization of

Karman's equation were discussed. Based on these equations,

an attempt was made to take the orthotropic material properties
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and inelasticity into account.

In order to verify the applicability of these equations to

cold-rolled stainless steel, a detailed analysis of the experi

mental effective widths of the stiffened and unstiffened ele~

ments was made. The experimental widths were obtained from a

series of tests described in Sections 3.3.1, 3.4.i, and 3.4.2.

The results of this investigation are summarized as fol-

lows:

Theory

(1) Winter's equation (Eq. 4-10) in terms of critical

stress and maximum edge stress was shown to be valid for both

stiffened and unstiffened elements. This was verified by the

~ values obtained from experimental equations (Eqs. 4-18 and

4-19) for unstiffened elements. In obtaining ~ values from

Eqs. 4-18 and 4-19, the actual experimental boundary condi

tions were considered. It is seen that the effect of boundary

condition on the ~ value is small.

(2) By substituting the inelastic buckling stress of

Eq. 3-1 into Eq •. 4-16, a general equation CEq. 4-20) was ob

tained. With ~ = 0.25~ Eq. 4-20 was reduced to Eq. 4-21.

These equations are applicable to both stiffened and unstif

fened elements by using the proper restraint coefficient k.

The inelastic effect is considered by applying plasticity

reduction factors n to the elastic moduli.

(3) By sUbstituting the inelastic critical stress of the

orthotropic plate shown in Eq. 3-4 into Eq. 4-16, a general

equation (Eq. 4-30) for effective width for inelastic ortho-
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tropic plates was obtained. Considering appropriate restraint

coefficient k in the equation, Eq. 4-30 is applicable to both

stiffened and unstiffened elements. It was concluded that

Eq. 4-30 may be approximated by Eq. 4-20 or 4-21 if anisotropy

is not very pronounced.

Test EVidence

(4) Based on the theoretical considerations, the experi

mental effective widths of stiffened and unstiffened elements

were analyzed by using elastic parameters (bt Jcr IE, ~ JE/cr ),max w max
inelastic parameters (bt jcr lEn, t VEnia ), and strainmax w max

b ,-----parameters (- , J e: Ie:). It was qualitatively concludedw cr
that the boundary condition and material properties are im-

plicitly taken into account if the experimental critical and

maximum edge strains are used.

(5) For unstiffened elements, using elastic parameters,

the experimental effective widths are slightly underestimated

by Eq. 4-33 which corresponds to an average estimated restraint

coefficient k = 0.85 for the tested specimens. This is shown

in Fig. 4-4. By applying the plasticity reduction factor

(n = Es/E) to the experimental effective widths corresponding

to higher edge stresses (beyond the elastic limit), the in

elastic effect is taken into account as shown in Fig. 4-5. The

underestimation of Eqs. 4-33 and 4-35 was concluded to be due

to the rest~aint coefficient and possibly to material proper

ties.

By using strain analysis, test results showed good agree

ment with Koiter's expression for effective width at high edge
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strains. Near and below the critical strain, the experimental

effective widths are lower than those from theory. Eq. 4-11

represents a lower bound of the test results.

(6) For stiffened elements, using elastic parameters, the
I

experimental effective widths are underestimated by Winter's

equation (Eq. 4-38) which is shown in Fig. 4-9. Comparing
-

test results of short columns and flexural specimens, the lat-

ter's higher experimental effective widths was concluded to

be partly due to curling induced by the curvature of flexural

members. It was also .concluded that stronger anisotropy of .

cold-rolled stainless than for annealed material increased the

effective width of stiffened elements.

By applying a plasticity reduction factor (n =JEt/E)

to the experimental effective widths corresponding to hig~er

edge stresses, the inelastic effect is considered as shown in

Fig. 4-10. By using strain analysis, the agreement between

test results and the analytical expressions is improved similar

ly as for unstiffened elements.

(7) It appears that the analysis using strain parameters

is the most accurate method to predict effective width for

both stiffened and unstiffened elements of tempered Type 301

stainless. However, it is not practical for design purposes.
. .

In view of the complications which would be caused in design

if plasticity reduction factors were used and the fact that

their inclusion does not improve agreement between predicted

and experimental values, the following simple effective width

formulas are recommended for design:
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Stiffened Elements: ~ = 1. 9 JE/omax (1-0.418 ~ /E/amax)·

4-40

when !t > 1.28 J E/a • For values of ~t smaller than- max

1.28 JE/a ,b = w.max

Unstiffened Elements: ~ = 0.67 J E/omax (1-0.l64 *JE/amax )

4-22



CHAPTER 5

STRUCTURAL MEMBER BEHAVIOR

5.1 General

In considering the structural performance of thin walled

members made from the material considere~materialproperties

and the local buckling in the compression elements must be

coneidered.

The material properties presented in Chapter 2 as well as

the critical and post buckling behavior of stiffened and unstif

fened elements presented in Chapters 3 and 4 can serve as the

basis for the analysis of the behavior of structural members.

5.2 Flexural Members

5.2.1 General

In view of the described material properties of annealed

and cold-rolled austenitic stainless steels, a study of the be

havior of flexural members is essential. Methods to account

for nonlinear unsymmetrical stress strain relations in tension

and compression, low proportional limits, and strengthening of

corners and their influence on the flexural behavior will be

presented in this section. In addition to material proper

ties, the post buckling strength of the buckled compression

flange of flexural members is considered. A series of tests

was performed to investigate the flexural behavior of thin

walled members made of annealed and cold-rolled austenitic

stainless steels. Based on these experimental and theoretical

112
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analyses, design methods for strength and deflection calcula

tions may be formulated.

5.2.2 Experimental Investigation

A series of hat section flexural members of Type 304 an

nealed and Type 301 half hard stainless, with wit ratios in

the compression flange ranging from 24.82 to 150.34, was test

ed. The sectional dimensions and other information are pre

sented in Table 3-12. The test set up is shown in Fig. 3-5.

Strain in compression and tension flanges, deflection at mid

span, and out of plane wavings were all recorded at each load

ing level. From the loading scheme, the center half of the

span is under pure bending. By using the assumption that

" Ipane sections remain plane", the experimental location of

the neutral axis and curvature can easily be determined from

measured strains. The actual location of the neutral axis

shifts continuously away from the compression flange, due to

bUCkling of the compression flange and the unsymmetrical stress

strain relations in tension and compressionS-I. The load or

moment-deflection curve at mid-span can be constructed.

The flexural specimen can take a considerable amount of

load beyond the buckling load because of the post-buckling

strength of the stiffened compression flange. The ratio of

the ultimate load to the buckling load depends upon the wit

ratio of the compression flange of the specimen. Such informa

t10n is shown in Table 3-18. For large wit ratios of the com

pression flange, the ratio of ultimate load to the buckling

load was as high as 4.30 for H301F-4. However, for small wit
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ratios the buckling load is very close to the ultimate load;

for H301F-1 the ratio is 1.00.

The experimental inelastic deflections of specimens made

of cold-rolled Type 301, are much larger than for Type 304 an

nealed and strain flattened of the same dimensions at the S~e

fractions of their own ultimate loads. This is because of

the high strength of Type 301 stainless steel, which is ac

companied by high strain. Fig. 5-1 shows the load deflection

curves for a pair of flexural members with the same dimenslo~

and loading conditions for these two types of materials. 5•2

The specimen usually reached failure when the stress aloog

the compression flange edges was at the 0.2% offset yield

strength. For specimens with small wIt ratios, failure occ~s

by gradual yielding with excessive deformation. If the wit

ratio is large, failure occurs by gradual yielding as well as

by the formation of kinks at the corners of the seriously

bucked square pattern. A someWhat deeper discussion on fail

ure criterion of flexural members will be presented in 5.2.3. 3b . I

The flexural members behaved satisfactorily throughout the

ioading range. The webs were flat and unbuckled until seriOUS

b kli 1 tageuc ng occurred in the compression flange and the fina S

was approaching. During test the tendency of tension flanges

derto bend outward was partly prevented by stiffeners welded un

neath the specimen which served as ties at the loading and suP"

porting points. There was no failure observed by bearing, web

crushing or shear buckling of the web.



115

5.2.3 Theoretical Analysi~

In order to predict the structural behavior of flexural

members of cold-rolled austenitic stainless, it is necessary

to consider the material properties and the local buckling

phenomena in the compression flange. A rigorous solution by

a purely mathematical approach for this type of problem is

complex. In view of this, a numerical approach with simpli

fied assumptions may best be used. Based on this approach, a

digital computer program was prepared for calculating section

al properties, moment capacity, and moment curvature data for

certain thin walled cross sections as well as inelastic deflec

tions of flexural members with different span length. The non

linear unsymmetrical stress strain relations and the local

buckling of the compression flange as well as the corner

strengthening effect were considered. Simplified methods are

also investigated with design applications in mind.

5.2.3.1 Stress Strain Relationship

For flexural members, the longitudinal direction of the

specimens is in the rolling direction of the sheet; therefore

only the stress strain relations in the longitudinal direction

will be used. It is assumed that the stress strain relations

of the individual fibers of the flexural member are the same

as those determined in the uniaxial tests of flat and corner

materials in both tension and compression. It was noted from

the strain readings of the flexural tests that the effect of

the biaxial stress field on the edge strain or stress was neg

ligible.
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For the following analyses, the particular sets of stress

strain curves in tension and compression, for both flat and

corner material from the same sheet of material as the flex

ural members, were used. The stress strain curves were ap

proximated by the Ramberg-Osgood function. The coefficients

of the fitted Ramberg Osgood stress strain functions for the

flexural members tested in this investigation are shown in

Table 2-7. These functions are valid up to and slightly be

yond .2% offset yield strength.

5.2.3.2 Effective Width

It was concluded in the previous chapters that the effec

tive width for stiffened elements may be predicted satisfactor

ily and slightly conservatively both for annealed and cold

rolled stainless steel by Winter's formula. For'the following

analyses, the original and the revised Winter's formulas (Eqs.

4-9 and 4-40 respectively) were employed. The intention was to

see the difference in member behavior by using the original

and revised Winter's formulas for effective width prediction

of stiffened elements.

5.2.3.3 Strength of Thin Walled Flexural Members

a. Numerical Procedure in Predicting Flexural Strength

The basic assumptions made for the numerical analysis

were the same as stated in 4.6.1.1. In that case the neutral

axis was located by the experimentally measured strains in

tension and compression flanges of flexural members so that

the experimental effective width could be determined from the

equilibrium of internal forces. In the present case, the



117

strain in the compression flange is assumed and the effective

width is computed from Winter's formula, but the location of

the neutral axis is not known (or the strain in tension flange

may be assumed). Therefore, the usual iterative process is

necessary to locate the neutral axis in order to satisfy the

internal equilibrium. Then the internal moment corresponding

to this particularly assumed flange edge strain may be obtained.

These conditions can simply be expressed as

Lcry dA = M,

where y = the distance from the neutral axis

M = internal moment

5-1

5-2

A = cross sectional area.

However, due to nonlinear unsymmetrical stress strain relations

in tension and compression and the complicated thin walled

cross section, the integral is evaluated numerically by divid

ing the cross section into small straight and curved segments.

Theoretically, the value may be very close to the exact solu

tion if the number of segments is very large. Eqs. 5-1 and

5-2 may be rewritten as

5-3

5-4
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where m = number of segments divided in the cross-section

i = subscript

Yi = distance from the neutral axis to the centroid of

segment i

The assumed linear strain distribution and its corresponding

stress distribution across the depth of the cross section are

shown in Fig. 5-2. The stress at the centroid of each segment

is also shown. This centroidal stress is used as the average

stress on the particular segment.

The use of the edge strains and stresses for effective

width calculations permits the location of the neutral axis

by the assumption that plane sections remain plane5- 1 , 5-3

For a given edge strain either in the compression or

tension flange, internal equilibrium may be checked by assum

ing a trial location of the neutral axis. If equilibrium is

not satisfied, a new location of neutral axis will be assumed.

The process will continue until the unbalanced net, force in

the cross section is smaller than a predetermined value (EPS2)

or the difference in location of neutral axes of two consecu

tive trials is smaller than a predetermined value (EPSl). In

this investigation, these values (EPS2 and EPSl) were taken as

10- 3 kips and 10-3 in. respectively. The convergence criteria

of the location of neutral axis is the same as that used by

Uribe
5
-

4
for the case of isotropic elasto-plastic material.

The position of the neutral axis of the fully effective sec

tion is used as the first approximation. If the net force 1s

larger than the limiting value assigned, a new distance of
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the neutral axis 1s taken as 1.1 or 0.9 times that of the

old one depending on the sign of the calculated net force. If

the net force is still larger than the limiting value, then

successive cycles of iteration are necessary. For these cy

cles of iteration, a new position of the neutral axis 1s com

puted by using the secant method of interpolation, and the

computer always keeps the values of the position of the neu

tral axis corresponding to the minimum absolute values of the

net forces of the cross section. Once the internal equilib

rium is reached, according to the convergence criteria, the

internal moment can easily be calculated from the contributions

of each segment.

The computer program for strength calculations is capable

of dealing with certain cross sectional shapes as indicated

in Uribe's report 5- 4• The form of the program for strength

calculations is essentially the same as uribe's5-
4

, but the

program has also been modified to account for the unsymmetri

cal inelastic stress strain relations in tension and compres

sion. The program was written in Fortran 63 for the CDC 1604

computer and was transformed into Fortran IV by a program

called "SHIFT" at Cornell. All results which will be presented

were obtained from the IBM 360 computer at Cornell.

The formulation of the program follows closely the fore-

gOing numerical procedure. The sequence of calculations is

ShOwn by the flow chart of Fig. 5-3.

In this program, the web of the flexural member was di

Vided into 20 segments and the stiffener on the tension side
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was divided into 10 segments.

Two iteration processes are involved-stress strain com

putation and internal equilibrium of force of the cross sec

tion. In general the convergence is quite satisfactory for

both the stress strain iteration and the internal equilibr1~

iteration processes. However, the number of cycles needed

depends on the type of stress strain curve, the convergence

limiting value assigned, and the starting value of stress

assigned. In most cases in this investigation six cycles

are needed to reach the limiting convergence stress difference

of 10-5 ksi. For the internal equilibrium iteration process,

in general, five cycles are needed to satisfy the limiting

convergence force difference of 10- 3 kips.

Following the procedure outlined, the flexural strength

of the section for any assigned strain at either the tension

or the compression flange may be determined. The stresses

across the depth of the cross section are calculated from ap

propriate stress strain functions, either corners or flats,

in the sUb-program.

The maximum moment capacity of the section may be deter

mined if the limiting stress or strain is known. The 0.2%

offset yield strength was chosen for this purpose. The lim

iting strain is the sum of 0.002 in./in. plus the elastic

strain corresponding to the yield strength. Then the limit

ing flexural strength of the section can be calculated as that

producing this limiting strain at the extreme fiber along the

edge of the compression flange. The computed results will be
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discussed in d. The suitability of using the 0.2% offset

yield strength as the limiting stress for the material is

discussed in the following.

b. Failure Criterion

The maximum moment capacity is defined as the moment at

which the flexural member can no longer sustain an additional

increment of load. The experimental maximum moment capacity

of a flexural member can easily be determined by the peak of

a load-deformation (strain, curvature, or deflection) plot or

directly from a test machine.

For hot rolled sections with sharp yielding stress strain

relations, the maximum moment capacity can be predicted ac

curately. For thin walled sections with sharp yielding stress

strain relations, the maximum moment capacity can be predicted

accurately. For thin walled sections with sharp yielding

stress strain relations, it can also be reasonably predicted

by considering the effective width in the buckled compression

flange l - l •

For the present case, the prediction of the maximum moment

capacity is complicated by the inelastic unsymmetrical stress

strain relationship in tension and compression without an ob

vious yield plateau. This situation was also encountered in

the earlier investigation on annealed and strain flattened Type

304 stainless l - 6. For cold-rolled stainless steel, the effects

of high strength (accompanied by large deformation) and the

pronounc~d difference of stress strain relations in tension

and compression must be considered.
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For the specimens tested, the following modes of fail

ure were observed. For specimens with a large wIt ratio in

the compression flange there is a tendency to fail by wrin

kling at the junction of the nodal line (between the buckles)

and the edge. For compact specimens (with small wIt ratio)

the member will fail by excessive deformation. In both modes,

considerable inelastic strain and distortion is involved.

Table 5-1 shows that the ratio of maximum edge stress

in the compression flange to the .2% offset yield strength

at failure ranged from 0.95 to 1.05 with an average of 1.00

for series H301F. Therefore it appears that the .2% offset

yield strength may be used as a limiting value to predict

the maximum moment capacity of flexural members of cold-rolled

Type 301 stainless. These flexural members were all designed

to fail in the compression flange rather than tension, i.e.

the edge stress in the compression flange was able to reach

the .2% offset yield strength in longitudinal compression

before the edge stress in the tension flange could reach the

0.2% offset yield strength in longitudinal tension.

In the following, an approximate theoretical reasoning

is given to support such a criterion. The ultimate strength

of a stiffened plate element can be approximated by Karman's

Eq. 4-4. This equation may be written as follows to be ap

plicable in the inelastic case.

2 ,....--
pu = Ct VEna· 5-5

The maximum load which the plate element can sustain appears
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to be governed by the maximum value of the product of no.

Based on this simple reasoning, the maximum stress of the

stiffened plate may be approximated from the curves in Figs.

2-3, 2-5, and 5-7 showing the relationship between stress and

plasticity reduction factors. Using n = JEi ' the maximum

stresses so obtained for the three sheets (301-H-3, 301-H-7,

and 304-AS-5) are 110.0,95.0 and 29.0 ksi respectively. The

experimental 0.2% offset yield strengths for the three sheets

are 89_90,100.50, and 34.09 ksi respectively. The ratios of

the calculated limiting stresses to the experimental offset

yield strengths are 1.22, 0.95, and 0.85 respectively with

an average of 1.01. From this simple calculation, it appears

that the 0.2% offset yield strength may have some intrinsic

justification as a limiting stress for predicting the ultimate

load of a stiffened plate element.

However, from the stress strain curves shown in Figs.

2-4 and 2-6, it is evident that considerable material strength

is available beyond the 0.2% offset yield stress. However,

it seems that the large amount of inelastic deformation and

distortion at high stresses is responsible for the fact that

in these structural members failure occurs before the highest

portions of the stress-strain curve are reached. Based on

this reasoning and on the experimental evidence, the .2% off

set yield stress can be reasonably used as the limiting stress

for defining failure of structural members.

Consequently the 0.2% offset yield strengths in compres

sion and tension are used as limiting stresses for predicting
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the maximum moment capacity of the flexural members of

cold-rolled Type 301 stainless steel.

c. Simplified Methods for Flexural Strength Predictions

Although the developed numerical method yields satisfac

tory results for flexural strength predictions, which will be

cited in d, a considerable amount of machine computation is

needed and -can not be used for routine design procedure. If

possible, the designer should be able to predict the flexural

strength and deflection with no more information than the

geometry of the member and its material properties. Several

methods l - l ,1-6, and 1-7 are developed with various simplifi-

cations to treat the present problem.

Simplified Numerical Method

Based on the numerical approach outlined in a., a simpli

fied numerical method suggests itself. The approach is the

same as before except that the web is divided into only two

parts, tension and compression. The strains and correspond

ing stresses at. the center of these two segments under tension

and compression are used as average values for these parts.

This implies that the strains and stresses across the depth

of the cross section (between the inner edges of the corners

of the web) are assumed to be linearly distributed. The

stress and strain distributions are the same as described in

4.6.1.1 for effective width evaluation (Fig. 4-8) except in

this case the location of the neutral axis is not known.

This simplifies computation although an iterative pro

cp,ss is still needed. The location of the neutral axis is
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assumed and the contribution of each segment is calculated.

The moment capacity is obtained when the internal force

balance condition is satisfied. Otherwise, the process 1s

repeated by assuming a new location of the neutral axis until

this condition is fulfilled.

Elastic Method

This method has long been used successfully for light

gage cold formed carbon steel flexural members l - l • It is

also applied to annealed and strain flatteped Type 304 stain

lesg l - 6 , 1-7

The maximum moment can be calculated easily by the fol

lowing equation
I

r1 = CJ eff = CJ S
Y Y c y eff'

5-6

where M = yield momenty
c = distance from neutral axis to the extreme ten-

sion or compression fiber

Seff= effective section modulus

CJ
y

= 0.2% offset yield strength in tension for the

tension flange or in compression for the com-

pression flange

In this equation, local buckling of the compression

flange is considered by using the effective section modulus

as for carbon steel members. The stress 1s assumed again as

linearly distributed.

The effect of corner strengthening is ignored. It is

to be expected that the flexural strength calculated from
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this method is underestimated.

Plastic Method I

In this alternative method, the stress distribution is

assumed to be fully plastic. The stress magnitude is the

compressive .2% offset yield strength throughout the entire

section. The effective width is calculated and the neutral

axis is located by considering internal equilibrium. The

moment capacity can then be calculated easily.

The plastic stress distribution, of course, overestimates

the strength. However, it should be noted that the method

does give a simple way to calculate flexural strength. Also,

since the tensile strength is higher than the compression

strength, the use of the compressive yield strength as the

limiting strength will reduce the overestimation.

Plastic Method II

This method is the same as plastic method I except that

the compressive yield strength is used only above the neutral

axis and the tensile yield strength is used below the neutral

axis.
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Table 5->2 shows the computed moment capacities and the

experimental failure moments of the specimens. From the per

cent deviation of calculated moment from experimental moment,

it seems that the use of the .2% offset yield strength as a

limiting stress yields reasonable predictions of moment ca

pacity. In general, the analytical predicted values for 1/2

hard Type 301 stainless steel are somewhat lower than the ex-

perimental values even when corner strengthening effect is

included. Only for H301F-2 are the analytical values higher

than the test values. For annealed and strain flattened 304,

the predicted values without considering corner strengthening

effect are very close to the experiments, but with corner ef

fect the predicted values are somewhat too high.

The increase of moment capacity for flexural members due

to the revised Winter's formula is comparatively small. The

largest effect is for compact sections which have a slightly

larger effective width increase. The amount of increase for

H30lF-l (wIt = 24.82) and H30lF-4 (wIt = 150.34) are 3% and

.3% respectively. In general the revised Winter's formula

somewhat improves the deviation from experiments for 1/2 hard

301.

The effect of corner strengthening is shown in Table 5-3.

The effect on the strength capacity is larger for annealed and

strain flattened Type 304 than'for 1/2 hard Type 301. If the

corner strengthening effect is ignored in the calculations, the

average predicted values are -7.36% and -3.72% lower for an

nealed and strain flattened and 1/2 hard 301 respectively than
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when the corner effect is considered.

This verifies the use of .2% yield strengths as limit

ing stress and Winter's formulas for effective width calcula-

tions.

Moment capacities calculated by simplified methods, using

Winter's original formula, are shown in Table 5-4 along with

the experimental values. The values calculated by the simpli

fied numerical method are very close to the computer results

though slightly higher because of the linear approximation of

the stress distribution in the web.

Moment capacities determined by the simplified numerical

method deviate from the experimental ultimate moment by from

+6.94% to -12.13% with an average value of -4.30%.

The elastic method for calculating the moment capacity

for the H301F series gives moments which underestimate the

test failure moments by from +1.31% to -22.84% with an average

of -12.49%. For series AS304F, the percentages of deviations

ranges from -18.10% to -14.48% with an average of -15.70.

Generally, this method underestimates the flexural capacity

of the sections considered except for H301F-2, but is better

for cold-rolled than for annealed -grades because of the more

gradual yielding type of stress strain curve.

If plastic methods I and II are used for the H301F serieS,

the deviations from the experimental values range from +12.14%

to -0.82% with an average of +3.65% and from +22.3% to +8.43%

with an average of +13.69% respectively. For series AS30 4F,

the average deviations by using plastic methods I and II are
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2.40% and 10.45% respectively. In general plastic method II

overestimates unduly the flexural capacity for the sections

considered. Plastic method I gives values close to the ex

perimental failure moments.

In general the deviations from the experimental ultimate

strengths calculated by these suggested methods are of the

same or~er of magnitude for carbon steel tests 4- 24 or Type

304 annealed and strain flattened l - 7. This verifies Winter's

effective width formula for effective width calculations for

Type 301- 1/2 hard stainless. It is suggested that the elas

tic method may be used for design because of its simplicity

and not unduly conservative prediction of moment capacity.

5.2.3.4 Moment Curvature Relationship

a. Analytical Moment Curvature Relationship

Once the internal equilibrium is established, the effec

tive cross section, moment capacity and location of the neu

tral axis are determined. With known strains in the compres

sion and tension flanges and the depth of the member, the

curvature can be calculated from the following equation,

5-7

Where Emt = edge membrane strain in tension flange

Erne = edge membrane strain in compression flange

Dt = distance between the mid-thickness of tension

and compression flanges

If a series of strains at the edge of the compression

flange is assigned, the moments and the corresponding curva-
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tures can be calculated by repeating the process discussed

in 5.2.3.3 a., using a do loop in the program. In this man

ner the moment-curvature relationship of a particular section

may be represented by a series of discrete points on a moment

curvature plot. The number of points and the strain increment

are controlled by the input data.

b. Discussion of Results

Moment curvature data were calculated for strain incre

ments at the extreme fiber in the compression flange of the

section. This strain increment was taken as 0.0001 in./in.

for the series H301F and AS304F.

Moment curvature relations can easily be obtained by

test. Fig. 5-4 shows the comparison of moment curvature data

from numerical computations and experiments for Type 301 1/2

stainless flexural members. In general, the agreement between

numerical and experimental results is very satisfactory.

There are two reasons for the deviations at near failure

loads: 1) the method cannot predict performance when large

deformations and cross-sectional geometrical changes are in

volved, 2) the analytical stress strain functions are valid

only slightly beyond the .2% offset yield strength.

The calculated curvatures are overestimated for H301F- 4

and underestimated for H301F-l. For H301F-2 and 3, the theo

retical curvatures are very close to the experimental resultS.

Better agreement was obtained between theory and experiments

if the corner strengthening effect is considered. The cornet

effect becomes important only when the stress' level is high·
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Fig. 5-5 shows the same comparison for annealed and strain

flattened Type 304 specimens. The general behavior is similar

to that just discussed for cold-rolled Type 301.

It appears that the present numerical method can calcu

late satisfactorily the moment curvature relation of the

flexural members of tempered Type 301 and annealed and skin

passed Type 304 stainless. Based on this information, the

deflection of flexural members may be calculated.

5.2.3.5 Deflections of Thin Walled Flexural Members

a. Numerical Procedure in Predicting Deflections

Since the stress strain relations are nonlinear, unsym

metrical in tension and compression and since there is local

buckling in the compression flange, the load-deflection rela

tion is nonlinear. The effective moment of inertia of the

section I changes along the flexural member depending upon, eff

the magnitUde of the moment at the section. The effective

mOdulus, Eeffat any section, is unknown because of the shape

of the stress strain relations. In view of the difficulties

involved in taking these factors into account, an alterna

tive approach is taken as follows:

In the basic beam theory for elastic material properties

the fOllowing equations are valid:

d2;y M
Curvature = =EIdX2

Slope =~:: JE~ dx

Deflection = y =.11 ii dx dx

5-8

5-9

5-10
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5-12

5-13
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However, the more direct and general approach is to use

curvature directly. These more general equations are:

Curvature = ~

Slope =Jip dx

Deflection =JJip dx dx

These equations are valid regardless of material properties

provided the moment curvature relations are known so that

curvature may be calculated for a given moment for the section.

In order to perform the integration in Eqs. 5-12 and 5-13

a numerical procedure is employed. The approach is the same

as Newmark's method5- 5,5-6. This is to replace the continu

ously flexible system by a system with a finite number of

rigid segments connected by flexible joints at which the con

tinuously varied curvature is lumped. The original system

and the reduced system are shown in Fig. 5-6. The varied

curvature is lumped at the node point by using parabolic for

mulae for numerical integration. These formulae are:

5...15

5...16

where h is the length of the t ~ ~ ~ thesegmen , ~A' ~B' ~C are
t t~curva ures at points i-1, i, i+l, Wi is the central concen

tlon, $i,i-l 1s the one side central concentration, and ~1-1,1

is the more remote forward concentr~t1on." The error of central



133

concentration $B is to the order of magnitude of h4, and for

forward or backward concentration and one central concentra

tion it is of the order of h3• It is obvious that the size

of the segments is important.

The numerical approach for the solution of the represen

tative system is straight forward and may be summarized brief

ly as follows: (1) the moment at each node point is calculated,

and the corresponding curvature is obtained from the stored

pre-calculated moment-curvature data through the linear inter

polation sub-program. (2) by using parabolic numerical inte

gration formulae, the curvature is concentrated at node points

and the rotation at the joint calculated. (3) The increment

of deflection at each node point may then be obtained. (4)

By assuming a trial slope at one support the deflection at

each node point may be obtained. (5) Considering the boundary

condition at the other support, by a linear correction the

final inelastic deflection at each node point is then obtained.

The detailed sequence of computations is shown in flow chart

in Fig. 5-7.

In the flow chart, the moment curvature data computation

is similar to the flow chart shown in Fig. 5-3 for the maxi

mum moment capacity of the flexural member except that a re

peating process is employed for successive strain increments.

A series of moment curvature data is computed and stored in

the machine. The second part 1s the numerical procedure for

deflection calculations by using the stored moment curvature

data points to obtain the curvature from the moment through
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a linear interpolation sub-program.

In this program, the flexural member was divided into 8,

20, and 40 rigid chords along the span. The computed moment

curvature data points exceeded 80, which include a limited

range beyond the yield moment (Moment at which the outmost

fiber of the compression flange reaches the .2% offset yield

strength) •

Based on this approach, the inelastic deflection at mid

span from the computer output agrees satisfactorily with the

experimental measurements. This will be discussed in c.

b. Simplified Methods for Deflection Predictions at

Service Loads

The basic equation relating curvature and deflection

was shown in Eq. 5-13. An approximate form of Eq. 5-13 was

shown in Eq. 5-10. Based on this equation, the deflection

for different loadings of flexural members can easily be

evaluated by a number of methods. For instance, the elastic

deflection at midspan for a simply supported beam loaded at

the quarter points, considering bending deflection only, is

or

P a 2 2
6 = 48 EI (3L - 4a ) 5-17

5-18

where P = load on the beam

a =distance of symmetrical loading point to support

L = span length

6 =mid-span deflection



Eq. 5-17 can be generalized as

o=c-1:EI
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5-19

where c is a function of the loading conditions and span

length, In order to apply the equation to thin walled steel

design a drastic assumption is usually made, i.e. the effec

tive section at the point of the maximum moment is considered

as constant for the entire length of the beam. This assump

tion is used in the AISI design Manuals l - l ,1-7 for carbon and

stainless steels to take the local buckling in the compression

flange into account. In addition to local buckling, the non

linear unsymmetrical stress strain relationships should also

be considered. This is achieved by introducing a reduced

effective modulus in the formulation 4- 33 • Eq. 5-19 is then

rewritten as follows:

5-20

c

where 0

5-21

= deflection

= expression depending upon loading and support

conditions

P = equivalent load term

I = moment of inertia of the effective section
eff

E = effective reduced modulus
r

The reduced effective modulus used in the investigation was

the averaged secant modulus l - 7 and 4-33,

E t + Esc
Esa - s 2
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where Est = the secant modulus corresponding to the stress

in the tension flange at location of maximum

moment

E = the secant modulus corresponding to the stresssc
in the compression flange at location of maxi-

mum moment

As shown by WOlford5- 7, the secant modulus is exact for a

two-flange beam with equal flanges (neglecting the web) and

with equal material properties in tension and compression.

While these conditions are not met in the case at hand, it is

believed that the effect of the web of a light gage flexural

member is comparatively small and that the averaged secant
1-7 4-33 . 1moduli' in tension and compression will adequate Y

take care of the effect of nonlinear unsymmetrical stress

strain relationships. Eq. 5-20 can then be written as

a = c =---p=--Esa I eff

Er varies with the inelastic stress strain relationship

and the effective reduced section changes because of local

buckling; hence the combined effect of these two factors may

be considered as a reduced rigidity of the section expressed

as (EI)r. If (EI)r is sUbstituted for (EI), Eqs. 5-8 and

5-19 becomes:

5-23

5-24
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Therefore, as a result of the analysis outlined in a., the

deflection can simply be expressed in terms of curvature

where c' is a function of c-and of the ratio of the load

term P to the maximum moment, while M is a function of P.

Therefore deflection can also be expressed in terms of

extreme fiber strains as follows:

5-28

<5 = c t 5-29

Thus, as an approximation, it appears that the deflection of

the flexural member may be considered as directly proportion

al to the maximum curvature. c' can be evaluated numerically,

and the deflection can then be computed from curvature. Such

an approximate correlation between curvature and deflection

1s evident if one compares the moment-curvature diagrams in

Figs. 5-4 and 5-5 to the corresponding moment deflection dia

grams in Figs. 5-8 and 5-9.

c. Discussion of Results

Fig. 5-8 shows the comparison of the experimental and

analytical deflections at mid-span of the flexural members

Of 1/2 hard Typ~ 301. The analytical deflections were computed
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by dividing the flexural member into 8, 20, and 40 rigid

chords. Since the differences in resulting deflection are

small in the case of quarter point loading of the member (the

center half being under pure bending), only the results from

the 40 segments model are presented. Twelve points were com

puted along the moment deflection curve.

The effect of using the original and the revised Winter's

formulas for effective width is again small. The de~lections

are overestimated for H301F-4 and underestimated for H30lF-2

and 3jthe theoretical deflections are very close to the ex

perimental results. Again, at the final stage approaching

failure, the experimental deflectlonis larger than the pre

dicted values. The effect of corner strength becomes important

only at higher stresses. In general, the behavior of the pre

dicted values as comp~red to the experimental deflections is

similar to that of the curvature values.

Fig. 5-9 shows a similar comparison between analytical

and experimental deflection for annealed and straiq flattened

Type 304 specimens. The general behavior is similar to that

of cold-rolled Type 301 specimens.

For design the two essential considerations are strength

at overload and deflection at the service load. The strength

can be determined by the methods discussed in 5.2.3.3. The

service load is defined as the ultimate load divided by the

safety factor. A safety factor of 1.85 was used for the

numerical analysis and for the approximat~ elastic method,

While 2.0 was used for plastic methods or~oment calculation.
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Table 5-5 shows the service moments for specimens tested,

obtained by divi~ing numerically the calculated maximum mo

ments by the safety factor. The corresponding calculated

(by numerical method) and experimental deflections were ob

tained from Figs. 5-8 and 5-9. In most cases, the calculated

deflections are slightly smaller than the experimental val

ues especially for the compact sections (H30lF-l). The aver

age percentage of deviation of the analytical deflection from

the experimental deflection is -2.6% and -1.8% for Series

H30lF and AS304F respectively. This may be considered as

satisfactory.

Table 5-6 shows a similar analysis for H301F series.

The service moments and deflections were determined from the

discussed simplified method (Eq. 5-22); the corresponding ex

perimental deflections are again determined from Figs. 5-8

and 5-9. The results show that the agreement between calcu

lated and experimental values is satisfactory. In most cases,

the calculated deflections underestimate the test data except

for H30lF-4 which has the largest wit ratio among the speci

mens tested. This agrees with the analytical results just

discussed.

Using the elastic method for calculating ultimate moment

capacity and a safety factor of 1.85 the deviations of calcu

lated from the experimental deflections range from 5.50% to

-1.8% with an average value of -0.12%. Using a safety factor

Of 2.00 for the moment capacity calculated by plastic method

I and II, the deviations of calculated deflection from experi-
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ments range from 8.08% to -7.82% with an average of -1.08%

and 11.37% to -7.56% with an average of -1.51% respectively.

From these results, it is clear that the approximate

method for predicting the deflections at service loads is

qUite satisfactory. This constitutes further indirect sup

port for using Winter's effective width formulas for co1d

rolled Type 301 stainless steel. In sum, it 1s suggested to

use the elastic method for moment determination and to obtain

the deflection by using average secant moduli formula (Eq.

5-22) for design purp?ses.

5.3 Compression Members

Compact and noncompact compression members are the two

types of members encountered in light gage steel structures.

A compact compression member is that in which only overall

column buckling is involved and the section is so compact

that no local buckling occurs. Noncompact compression member,

containing plate elements which have large wit ratios, will

buckle locally or by interaction of local and column buckling.

Only compact compression members with overall column buckling

and non-compact compression members without overall column

buckling are discussed briefly herein.

5.3.1 Compact Compression Members

The behavior of compact columns with ordinary material

properties is well understood. Shanley's tangent modulus

theory for column strength in the inelastlcrange 1s general

ly accepted. This amounts to SUbstituting the tangent moduluS,

Et , in the classical Euler formula,
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5-30

where L = effective length of the column

r = radius of gyration in the plane of bending

Various theoretical and experimental methods of verification

on inelastic buckling of columns were reviewed briefly by

Karren5- 8 •

It is realized that material properties and the cold form

ing process of light gage cold formed stainless columns create

some difficulties in predicting the critical column buckling

stress. Since there have been some prior investigations by

others on this subject, the purpose here is to survey the

literature in order to recommend a suitable method to calcu

late buckling stresses of columns.

An extensive experimental investigation on column curves

for Type 301 stainless steel was made by Hammer and Petersen. 5- 9

The specimens consisted of two hat sections spot welded to

gether to form a closed column. It was concluded by the au

thors that column curves based on reduced modulus theory agree

with the test data for the 1/4, 1/2, full hard columns formed

in the longitudinal sheet direction. For columns formed in

the transverse sheet direction, the column curves based on

tangent modulus theory agree with the test data. In the

short column region, the experimental values are generally

higher than by the tangent modulUS. It was also noticed that

th1s deviation decreases for harder material. Th1s phenomenon

1s mainly d~e to the effect of cold forming in the corners
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which was neglected by the authors. The better agreement

for harder tempers simply indicates that the cold forming ef

fect is smaller for harder material. For short columns the

effect of cold forming is more pronounced than for the long

ones which buckle at relatively low stress and in which,

therefore, the corner strengthening effect is negligible. It

was stated in 2.3.2 that the increase in corner strength is

more pronounced in longitudinal compression than in transverse

compression. Hence, with less corner effect in transverse

than in longitudinal compression, the test results of trans

verse direction columns agree better with the tangent modulus

theory than the test results of the columns in the longitudin

al direction.

Dub'ec, Krivobok, and WelterS- lO also claimed that their

test results agreed with the reduced modulus theory for col

umns made of 1/4 and 1/2 hard Type 301.

Some compact columns made of annealed and strain flattened

Type 304 reported by Johnson and Winter(1-6 and 4-33) show

similar behavior. Barlow5- ll used tangent moduli obtained

from the average stress strain curve of a stub column to pre

dict the 18-8 stainless steel column buckling stress.
1-6Johnson also used Barlow's approach. Such column curves

based on stub column stress strain curves show better agree

ment with the test results. It should be noted that this ap

proach does account for the amount of corner material in the

column section, but does not account for the distributlJri'O f

the corner material. If the corners are located close to
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the buckling axis, the column curve based on the average

stress strain curve may overestimate the column strength.

Anisotropic material properties may also affect the

strength of columns. Since the longitudinal compression

stress strain curve is the lowest among the four, it is to

be expected that the tangent moduli derived from this curve

may somewhat underestimate the column strength.

In the analysis by Duberg and Wilder5- 12 which consider

ed the curvature of the stress strain curve, it was concluded

that the column strength should lie between the tangent and

reduced modulus values depending upon the shape of the stress

strain curves. The larger the value of the exponent n in

the Ramberg Osgood formula the less the column strength ex

ceeds that given by the tangent modulus theory. Based on

their analysis, the strength of stainless columns should lie

somewhere between the two theories.

In an analysis by OSgood5-l3, the tangent modulus theory

was extended to account for stress strain characteristics

which are not constant throughout the cross sectional area

of the column. Peterson and Bergholm5- 14 applied Osgood's

approach to doubly symmetrical members. By assuming varia

tions of the tangent modulUS over the cross section, the

Column load may be expressed as

5-31

where E
t

" changeable tangent modulus

y =distance from neutral axis to the centroid of dA
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Considering the different tangent moduli in different parts

of the cross section, the column load may be expressed as

'11'2
i~Eti IiP == -

L2

and the critical stress as

'11'2 j

O'cr ==
AL2 i~lEti Ii

?-32

5-33

where Eti == tangent modulus of 1th sub-area at a particular

strain

Ii == moment of inertia of ith sub-area about the neu-

tral axis of total cross section.

This approach is theoretically Justified to account for the

different material properties in the cross section. By ap

plying it to annealed, 1/4 and 1/2 hard Type 301 stainless

steel, Peterson and Bergholm obtained excellent agreement

between test results and theory. Karren5- 8 used the same

approach for cold formed carbon steel columns, and quite sat

isfactory results were also obtained. Based on the analyti

cal results, it seems that the effect of anisotropic material

properties is quite small.

Based on this experimental and theoretical evidence, it

i d aU5~s concluded that the strength of cold formed cold-rol1e

tan"tenitic stainless steel columns may be calculated by the

gent modulus theory somewhat conservatively. A better predic
"

. ial pro'
tion may be obtained by using Eq. 5-33 with proper mater

perties. However, the effective corner stress strain relation

for stainless is not known. Until a rigorous.: theoretical
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treatment is available, it may be necessary to determine the

effective corner strength and derive the tangent moduli from

experiments, or to neglect the corner strengthening.

5.3.2 Noncompact Compression Members

A series of short compression members containing stif

fened and unstiffened elements was tested. The short compres

sion members with unstiffened elements were discussed in 3.3.1.

Specimens were designed so that only the unstiffened elements

were subject to local buckling and overall column buckling

did not occur. Short compression members with stiffened ele

ments were discussed in 3.4.2; only the stiffened elements

were allowed to buckle locally. Therefore, the behavior of

slender compression members with the combined action of local

and overall column buckling is not discussed herein.

The general response of these compression members through

the loading range up to the failure was described in Chapters

3 and 4 along with the behavior of stiffened and unstiffened

elements. Despite local buckling in part of the member, the

compression member can develop considerable post buckling

strength.

However, the most important aspect is to calculate the

maximum carrying capacity of the compression members. Eqs.

4-9 and 4-22 were used to account for the post buckling strength

of stiffened and unstiffened elements. It was assumed that

the maximum edge stress of the compression member, i.e. of the

fUlly effective part, at failure was equal to the .2% offset

Yield strength of the compressive stress strain curve of the
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sheet from which the members were formed. The justifica

tion of using this value as a limiting stress for the fail

ure of flexural members was discussed briefly in 5.2.3.3 b.

The specimens, in general, failed by yielding or exces

sive local distortion. Around the offset yield strength, a

considerable amount of plastic deformation is involved and

serious out of plane waving in the locally buckled plate ele

ments penetrates to the other part of the member. When some

wrinkling occurs at the root of the buckles, the specimen has

failed. The experimental maximum edge stresses at failure of

these specimens are shown in Table 5-1. It is seen that the

ratio of the maximum failure edge stress to the .2% offset

yield strength averages 1.00 and 1.10 for short compression

members containing unstiffened elements and stiffened elements,

respectively.

This indicates that compression members with closed shape

(containing stiffened elements) can sustain a load which causes

a failure edge stress slightly higher than the .2% offset yield

strength. For the open section (containing unstlffened ele

ments) the 0.2% yield strength is essentially equal to the

limiting stress. Thus, using the .2% offset yield strength

may somewhat underestimate the carrying capacity of the closed

section compression member. This fact is shown in Table 5-7
for Series H301SC.

It should be noted that in Table 5-7 the underestimation

of the carrying capacity of noncompact compression members~ith

unstiffened elements lsmalnly due to the slightly conser~~tiVe
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in the compression flange, have been presented. The signifi

cant results are summarized as follows:

(1) In order to investigate structural performance ex

perimentally, a series of flexural members with hat cross

section (with wIt ratios ranging from 24.82 to 150.34 in the

. compression flange) for Type 301 1/2 hard and Type 304 an

nealed and strain flattened stainless was tested.

(2) A numerical iterative procedure was presented for

predicting the maximum moment capacity of flexural members.

The computer results based on a limiting stress equal to the

.2% offset yield strength show satisfactory agreement with

experiments. The comparison of computed and experimental

results is shown in Table 5-2.

(3) The increase of the moment capacity for flexural

members due to the revised Winter's formula (Eq. 4-40) for

effective width, is comparatively small. The largest effect

was for relatively compact section, H30lF-l with an increase

of 3%, while for H30lF-4 only with an increase of 0.3%.

(4) The effect of corner strengthening on the maximum

moment capacity of the cold-rolled Type 301 flexural members

is smaller ~han for the annealed Type 304. If the corner

strengthening effect is ignored in the calculation, the com-

puted moment capacities were -7.36% and 3.72% lower for Type

304 annealed and strain flattened and Type 301 1/2 hard respec

tively than when the corner effect is considered.

(5) Moment capacities calculated by simplified methodS

d terMoment capacities e
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mined by the simplified numerical method deviated from the

experimental ultimate moment by an average of -4.30% for the

H301F series.

The elastic method generally underestimated the flexural

capacity, and gave moments which deviated from the test by

an average of -12.49%.

If plastic methods I and II are used, the deviations

from the experimental ultimate moments averaged 3.65% and

13.69% respectively.

The deviations from the experimental ultimate moments

calculated by these methods are of the same order of magni

tude as for carbon steel tests and Type 304 annealed and

strain flattened.

(6) Based on the results of the maximum moment capacity

calculations for flexural members by using the numerical method

or approximate methods, it appears that the use of effective

width formulas (Eqs. 4-9 and 4-40) to account for the post

bUckling strength and the use of the .2% offset yield strength

as a limiting stress are adequate and slightly on the conserva

tive side.

(7) The calculated moment curvature data were in satis

factory agreement with the experimental values up to near

failure loads. There are two reasons to explain the deviation

of the predicted and the experimental moments at near failure

loads: (a) the method presented does not consider the large

deformations and the change of cross sectional geometry, (b)

the analytical stress strain functions are valid only slight-
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ly beyond the .2% offset yield strength.

(8) The effect of Winter's original and revised formulas

on the moment curvature relationship of the flexural members

tested was very small, but the revised formula did improve

the prediction slightly.

(9) The corner strengthening effect became important

only when the stress level was high (at least 60% of the yield

strength). Better agreement between calculated and experi

mental curvatures was obtained if the corner effective strength

was considered. This was not true for the compact section

tested (H301F-l, wIt ratio 24.82). The computed curvature,

in this case, was lower than the experimental value.

(10) A numerical approach has been presented for inelas

tic deflection prediction. The actual continuous flexibility

system is represented by a system with a finite number of rig

id segments connected by flexible joints at which the continu

ously varied curvature is lumped. Newmark's procedure was used

for deflection computation.

(11) The effect of using Winter's original and revised

formulas on the deflection calculation was very small, but

the revised formula did yield better results.

(12) The effect of the corner effective strength on the

deflections of flexural members is similar to that discussed

for curvatures in (7). The deflections were also underesti

mated at the final stage approaching failure as were curva

tures, since there is a close direct correlation between our~a

ture and deflection.
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(13) The average percentages of the deviations of the

analytical service load deflections from the experimental

deflections were -2.6% and -1.8% for the H30lF and the AS304F

series respectively. The method showed satisfactory predic

tion of the deflection at the service load for both annealed

!~d cold-rolled stainless.

(14) It must be emphasized that the service load deflec

tion of Type 301 1/2 hard flexural member is considerably

larger than for annealed stainless as a result of the high

strength and strain. The service load deflections (either

analytical or experimental) of the 1/2 hard flexural member

exceed twice that of annealed stainless (H30lF-4 and AS304F-4,

H301F-3 and AS304F-2 practically have the same cross sectional

dimensions and span).

(15) The simplified method for inelastic deflection

calculations (used in the design specification for annealed

Type 304 stainless) yields very satisfactory results when com

pared to the experimental deflections or computer results

Using Newmark's method. Based on the service moments deter

mined by the elastic method and the plastic methods I and II

the average deviations of the calculated from the experimental

deflections were -0.72%, -1.08% and 1.51% respectively for

H301F series. In Eq. 5-22, local buckling is considered by

Using the effective section moment of inertia, and the non

linear unsymmetrical stress strain relationship in tension

and compression is taken into consideration by using the aver

aged secant moduli. The equation appears to be adequate for
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the service load deflection prediction for cold-rolled Type 301.

(16) Based on a survey of analytical and experimental

evidence, for stainless column behavior, the tangent modulus

theory for compact column buckling may be conservatively used

for cold-rolled Type 301 stainless in both longitudinal and

transverse directions. The corner strengthening effect on the

column strength becomes less important with increasing hardness

of cold-rolled stainless.

(17) The maximum carrying capacity of noncompact short

columns may be predicted conservatively by using the effective

width formulas for post buckling strength and the .2% offset

yield strength as a limiting edge stress. A series of non

compact compression members containing stiffened and unstif

fened elements was tested.

It was noted that the short columns with closed section

al shape (with less distortion) and compact sections could

sustain larger load than that estimated by using the .2% off

set yield strength as the limiting stress of the fully effec

tive part of the section. The corner effective strength might

be considered especially for the compact cross sections with

large ratio of corner area to flat area.

(18) Based on the results in this Chapter, the following

are the recommendations for the design of structural members

of cold rolled Type 301 austenitic stainless steel. The

methods and formulas recommended are simple and straight

forward, but slightly on the conservative side.

(a) The revised Winter's formula is recommended for an
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effective width prediction of the stiffened compression flange

(Eq. 4-40)

b I t----t = 1.9 V E/omax (1-0.418 w··-J E/omax )

(b) The 0.2% offset yield strengths in tension and com-

pression are recommended as the limiting stresses for ultimate

strength calculation.

(c) The elastic method (Eq. 5-6) is recommended for the

maximum moment capacity calculation.

(d) The average secant moduli formula (Eq. 5-22) is recom-

mended for the deflection calculation at service loads. The

internal equilibrium is achieved by using the elastic method

as in (c)

(e) Column curves based on tangent modulus theory are

recommended.

(f) The corner strengthening effect may be neglected for

harder tempers.

(g) The carrying capacity of noncompact compression

member without column buckling may be calculated by using

the effective width formulas, Eqs. 4-40 and 4-22, for stif-

fened and unstiffened components.



CHAPTER 6

DESIGN CONSIDERATIONS

6.1 General

Based on the results of this investigation, methods and

procedures for design of similar types of elements and mem

bers made of Type 301 1/4 and 1/2 hard stainless steel consi

dered may be recommended. It is not intended to formulate the

findings In this investigation in design specification langu

age. However, alternative procedures of design, based on ra

tional and practical methods, will be outlined.

Design procedures for 1/4 and 1/2 hard Type 301 austenitic

stainless steels will be emphasized. Since design methods

exist for light gage construction using carbon and annealed

austenitic stainless steels, the basic questions are concerned

with the differences which arise from the mechanical behavior

of cold-rolled austenitic stainless steel.

6.2 Material Properties

Mechanical properties of Type 301 1/4 and 1/2 hard austen

itic stainless steel were studied in detail and presented in

Chapter 2. For other cold-rolled austenitic stainless steels,

a se~arate study on material properties is necessary.

Since tempered Type 301 is more strongly anisotropic

than annealed Type 30~ stainless, separate values of the .2%

yield strength in tension and compression, for both longitud-

154
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inal and transverse directions are recommended. The recommend

ed values are shown in Table 2-3 based on a statistical study.

For the tensile strength for ~ and ~ hard stainless, recom

mended values are given in Table 2-6.

The initial moduli of elasticity for Type 301 ~ and ~

hard are smaller than for Type 304 annealed and strain flatten

ed stainless. In order to avoid superfluous complication, 27.0

xl0 3 ksi is recommended in the longitudinal direction for com

pression and tension for both ~ and ~ hard, and 28.0xl0 3 k~1

is recommended in the transverse direction for both compres

sion and tension for both ~ and ~ hard.

Typical design stress strain curves for ~ and ~ hard

Type 301 were developed and are shown in Fig. 2-10. Their

derived quantities, such as secant and tangent moduli are

shown in Figs. 2-11 and 2-12. The values of the proportion

al limits of these typical stress strain curves are given in

Table 2-5.

A value of 0.31 for Poisson's ratio is recommended for

both ~ and ~ hard Type 301. Information on mechanical proper

ties in shear for Type 301 stainless steel ~ and ~ can be found

in Section 2.6. The coefficients of the analytical expres

sion of the typical stress strain curves and the shear stress

strain curves were presented in Table 2-8. This will give de

signers a choice to work with an analytical function or experi

mental data depending upon the nature of the problem.
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6.3 Safety Factors

A safety factor of 1.85 is assumed in the following dis

cussion of the structural performance of cold-rolled austenitic

stainless steel. This value is used in the design specifica

tion of annealed and strain flattened austenitic sta1niessl - 7•

If the basic working stress is taken as cry/l.85, the

working stress is 0.54 of the yield strength. If one compares

this ratio with the ratios of the .01% offset effective pro

portional limits to the corresponding 0.2% yield strengths,

one finds that 0.54 is very close to those ratios shown in

Table 2-5. These ratios are listed as follows:

"4 Hard ~ Hard
Longitudinal Compression 0.520 0.492

Longitudinal Tension 0.520 0.491

Transverse Tension 0.573 0.640

Transverse Compression 0.533 0.517

Hence, using 1.85 as a safety factor, the effective propor

tional limits in longitudinal compression, longitUdinal tensi~,

and transverse compression are slightly lower than the work

ing stresses (allowable stresses) for both ~ and ~ hard Type

30~. Therefore, member design based on this safety factor

may. cause very slight inelastic deformations at design loads,

especially for ~ hard.

In Type 304 annealed and strain flattened stainless (Ref. ~

6 4 - he, Table 2- ), the ratios of effective proportional limits to t

corresponding strengths of cold-rolled 301 are smaller than thOSe
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of Type 304 annealed stainless. This indicates that if the

same safety factor is used, the cold-rolled grades may slightly

enter into the inelastic range, while annealed Type 304 is

still in the elastic range at 'design loads.

In order to avoid inelastic strain, a higher safety fac

tor may be necessary (2.0). In this case, the ratio of allow

able stress to the yield strength is 0.5. With this ratio,

there will be no significant inelastic strain for ~ hard or

for ~ hard. Using a larger safety factor may also be appro

priate because the deformation at design loads of structural

members of cold-rolled 3011s larger than fOr annealed stainless

because of the high strength. Deflection may control more often

for tempered stainless than for annealed stainless or car-

bon steel.

6.4 Design Criteria for Plate Structural Elements

The critical and post buckling behavior of structural

elements was discussed in Chapter 3 and 4. Criteria for local

buckling, limitations of local distortion, and post buckl-

ing strength of the cold-rolled stainless stiffened and unstif

fened thin elements will be discussed.

6.4.1 Local Distort~Qhs

Although plate elements possess considerable post buck

ling strength, at the same time out of plane waving is in

volved. The waving amplitude in the post buckling range for

tempered stainless is more pronounced than for the annealed

grades because high strength is accompanied by large strain.
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Similar to annealed stainless, the co19-rolled stainless

unstiffened elements exhibit extreme out of plane waving at

higher stresses, while local distortion is less pronounced

for stiffened elements. Due to large local distortion, the

utility of the post buckling strength of unstiffened elements

is restricted. On the other hand, local distortion for stif

fened elements must be considered only when limitations on

waving apply.

In general, the calculated buckling stress (Eq. 3-1)

may be used as an index of local distortion. Based on this

index and the experimental waving observation, criteria for

stresses to limit the local distortion have been formulated

in Chapter 3.

It is suggested that for design purposes Eq. 3-1 be used

with k = 4.0, n = JEt/E, and k = 0.5, n = Es/E for stiffen

ed and unstiffened elements, respectively. If either no wav

ing or slight waving (equal to the thickness of sheet) is per

mitted, the corresponding allowable stresses for unstlffened

elements can be taken as 0.8 and 1.2 times the calculated

critical buckling stress respectively. For stiffened ele

ments, the corresponding ratios are 0.9 and 1.2.

6.4.2 Ultimate Strength

Various formulations were discussed in Chapter 4 to ac

count for the post buckling strength of cold-rolled stainlesS

stiffened and unstiffened elements, using effeciive widths.

Based on the experimental evidence and simplicity for design,
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Eqs. 4-40 and 4-22 with elastic parameters are recommended

for calculating the post buckling strength of stiffened and

unstiffened elements respectively. The reason for uaing the

revised Winter's formula, Eq. 4-40, for stiffened elements

1s to account for the higher effective width for tempered

Type 301 than for the annealed grades.

6.4.2.1 Unstiffened Elements.

The post buckling strength of unstiffened elements was dem

onstrated by the series of cold-rolled stainless unstiffened

compression member tests described in Sections 3.3 and 4.5.

Due to a large amount of out of plane waving, the post buckl

ing strength of unstiffened elements can best be utilized as

a strength reserve in connection with an allowable stress
1-1

approach. This is similar to the approach for carbon steel

d 1-6 1-7an annealed stainless ' •

Four practical qualitative conclusions are drawn from the

findings in Chapter 3. (1) The edge failure stresses of the

elements are close to the .2% offset yield strength as shown

in Fig. 3-3 and Tables 3-9 and 5-1. (2) Unstiffened elements

with wit equal to 11.02 buckled at a stress very close to

the .2% offset yield strength although.i t appears ·"that

the elements with wIt ratios lower than this value may not

buckle at the limiting stress of the .2% offset yield

strength. (3) There is a close relationship between the

wIt ratio and the average element failure stress or the aver

age member failure stress as shown in Fig. 3-3. The failure
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stress decreases rapidly with an increasing wit ratio, and 1s

close to the buckling stress. A slight local distortion was

observed for the specimens with intermediate wit ratios (10

to 25). (4) Considerable post buckling strength is available

for the specimens with higher wit ratios (>25), but it is ac

companied by a large amount of out of plane waving.

Based on these observations, an approach similar to that
1 1 . 1-6 and 1-7used for carbon steel - and annealed stainless steel .

may be considered. As a consequence of the first conclusion#

the .2% offset yield stress may be used as a limiting stress.

This was also discussed in detail in Sections 5.2.3.3 band

5.3.2. The consequence of the second observation 1s that

the elements with small wit ratios can be designed by the ul

timate strength consideration. The limiting wit ratio (w/t)1

must be smaller than 11 from the experimental evidence.

Based on the third observation, the allowable stress from the

limiting wit ratio (w/t)l to some intermediate value of wIt

ratio (w/t)2 can be determined by the element strength con

sideration. For larger wit (>(w/t)2) ratios, the stresS must

be based on local distortion.

With these considerations in mind# typical design allow~

able stress curves for ~ hard Type 301 are shown in Fig. 6-1.

The buckling curves for k = 0.5 and n = Es/E as well as

n = 1 are shown in the figure. By using the .2% offset

yield strength (65 ksi) as a limiting edge stress, 'the aver

age element failure stress is determined by the effective·
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width formula, Eq. 4-22. The element failure stresses and the

values of these stresses divided by the safety factor (1.85)

are plotted in Fig. 6-1. The .2% offset yield strength and

the value of this strength divided by the safety factor (1.85)

are used as the cut off strength for the curves.

In order to determine the value of (w/t)l' the following

equations in the carbon steel design specifications1-1 and the

annealed stainless specificationsl - 7 respectively were used:

(w/t)l = 1820/Juy or 1340/Jfb 6-1

From this equation, the value of (w/t)l is 7.15. By setting

bit equal to wIt in the effective width formula, Eq. 4-22)

the calculated value of (w/t)l is 7.69. It appears that (w/t)l

may be reasonably taken as 7.0. The value of (w/t)l is smaller

for the cold-rolled grades than for the annealed ~tainless.

The ratio (w/t)2 is the transition value from strength

consideration to distortion considerations. The value of

(w/t)2 should be so determined so that the corresponding stress

is less than the proportional limit (to simplify the criti-

cal stress calculation), small enough to cause no visible

Waving, and adequate for the strength reserve against ele-

ment failure. Based on the conclusion (8) of unstiffened

elements of Section 3.3.5 and the data shown in Table 3-11,

the stress at which no waving is observed may be taken as 0.8

Of the calculated buckling stress. The value of (w/t)2 is
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taken as 25, which meets all the requirements mentioned. The

allowable stress for the range between wit =, 7 and 25 may be

represented by a straight line which is close to the element

failure stress divided by the safety factor. For cold-rolled

grades, the value of (w/t)2 is smaller than for the annealed

grades because of the effects of high strength.

Beyond (w/t)2' adequate strength reserve is evident and

the local distortion must be considered. The no waving allow

able stress is represented by the following stress.

2 .
a - a 8a = 0 8 k~ E
all - • cr • 12(1-\12) (~)2

t

6-2

where k is taken as 0.5. It is suggested that the upper limit

of the wit ratio, ~w/t)3' may be taken as 50 for the follow

ing reasons: (1) it is not economical to use unstiffened ele

ments with large wit ratios since the buckling stresses are

so low, (2) there is no advantage to use cold-rolled stainless

at the buckling stress lower than the proportional limit of

annealed stainless.

If slight waving is permitted (equal to the thickness

of the sheet), the allowable stress may be made higher than

the critical stress, and may be represented by a straight

line connecting (w/t)2 and the buckling stress at wit = 50.

This is based on the information shown in Table 3-11.

Based on the foregoing discuss~on, the allowable design

stress for ~ hard Type 301 stainless unstiffened elements

may be easily established by knowing the values of (w/t)l'
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(w/t)2' and (w/t)3' and their corresponding stresses. The al

lowable design stresses may be surr~arized as follows:

0 < w/t«w/t)l crall = cry/s.P. or 35.10 ksi

(w/t)1<w/t«w/t)2 crall = 35.10 - 1.07(r ~ 7)

(w/t)2<w/t«w/t)3 crall = 0.4n2E (no waving)
12(1_v2)(~)2

crall = 15.77 - O.43(~ - 25)

(slight waving)

6-3

6-4

6-5

6-6

The same approach may be applied to the other tempers.

The values of (w/t)l and (w/t)2 decrease with increasing of

hardness.

6.4.2.2 Stiffened Elements

Stiffened elements possess considerably more post buck

ling strength with less pronounced out of plane waving than

unstiffened elements. In general, the usual factor of safety

(1.85) against failure by reaching yield strength along the

edges is adequate because of comparatively small distortion.

The ultimate strength of stiffened elements may be com

puted from Eq. 4-40 for effective width. The equation was

Shown to be valid for cold-rolled austenitic stainless steel

as described an Section 4.6.3.

For stiffened elements of cold-rolled grades, there are

two factors which are different from annealed stainless,
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i.e., higher post buckling strength (especially for elements

with large wIt ratios) and larger local distortion (due

to high strength, service stress and strain). In some cases

when the local distortion is of major concern, the allowable

stress based on waving consideration other than strength

may have to be used to limit the distortion. This is main

ly for large wIt ratios of the stiffened elements. In order

to utilize the high post buckling strength of cold-rolled stain

less and to avoid waving in the post buckling range, stiffen

ed elements with somewhat small wIt ratios should be used

for major load carrying members.

From the correlation between waving observations and

measurements and the critical buckling stress, the allow

able stresses when considering distortion may be determined

in a similar manner to that for unstiffened elements. Be

cause of the much less pronounced waving encountered in stif

fened elements, the restrictions of allowable stress need

not be as rigid as for unstiffened elements. Thus, the major

restriction for stiffened elements is that in no cases should

the allowable edge stress be larger than the strength divid

ed by a factor of safety (1.85). This is to maintain the

necessary strength reserve.

Based on the correlation of waving and critical buckling

stresses and loads in Tables 3-15 and 3-17, the allowable

stress for design may be recommended in terms 'of the theoret

ical buckling stress a • The allowable stress is summarizedcr
as follows:
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For small wit ratios, the full section will be effective

and no buckling is involved up to the 0.2% offset yield

strength, which is used as a limiting stress. By dividing

the yield strength by a safety factor of 1.85, the maximum

allowable stress is obtained.

For members in which no visible local distortion at

service loads is permissible. the stress in the stiffened

compression elements shall not be larger than 0.9 of the

theoretical critical buckling stresses 0 •cr
For members in which local distortions at service

loads are limited to a slight visible amounts (the thickness

of the sheet), the allowable stress in stiffened compression

elements may be up to 1.20 but not larger than the yieldcr
strength/I. 85.

If local distortion is of no concern, the allowable stress

in the effective section of stiffened compression elements

may be up to the maximum allowable stress.

The critical buckling stress may be determined from

Eq. 3-1 by using k = 4.0 and n =JEt/E.

6.S Design Criteria for structural Members

With the design procedure for element behavior and simpli

fied methods for predicting member behavior, the member res

Ponse under loading can be analyzed. Based on the methods

of analyzing member behavior presented in Chapter 5 and in

formation.on element behavior presented in Chapters 3 and 4,
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design procedures for structural members are presented in the

following sub-sections.

6.5.1 Flexural Members

For flexural member design the two essential consider

ations are strength at overloads and deflections at service

loads. For design purposes, the designer should be able to

predict the flexural capacity and deflection with no more

information than the geometry of the member and its material

properties. In connection with this, simplified methods with

acceptable accuracy are needed.

6.5.1.1 Flexural Strength

Two alternative methods for the calculation of flexural

strength of stiffened elements are recommended herein. The

basic assumptions and procedures were outlined in 5.2.3.3 c.

These two methods are the "elastic" and the "plastic" methods.

Both of these approximate method"s are relatively simple and are

familiar to the designers. With the aid of Winter's formula

(Eq. 4-40) to account for post buckling strength of the compres

sion flange, the flexural strength can easily be obtained for

given limiting stresses.

It is obvious that the actual stress distribution falls

between the two methods assumed. It is expected, in general,

that the flexural strength is underestimated by the elastic

method and overestimated by the plastic method. The elastic

method approach is straight forward and is well defined in
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the light gage cold formed steel design manual for carbon
1-1steel • The location of the neutral axis is obtained by

an iterative process of checking internal force equilibrium;

then flexural strength can be calculated from Eq. 5-6.

The elastic method for calculating the moment capacity

for series H30lF and AS304F gives moments which underestimate

the test failure moments by an average of -12.46% and -15.70%

respectively. The method is somewhat better for cold-rolled

grades because of the more gradual yielding type of stress

strain curves than for the annealed stainless. This simple

method may best be used for design purposes. The corner

strengthening effect is neglected in the formulation.

The plastic method is the easiest to apply since no iter

ation is needed. The location of the neutral axis can be

determined from the geometry of the cross section and the

effective width in the compression flange. In general, the

method overestimates the actual flexural strength because

of the fUlly plastic assumption of stress distribution (see

below). The range of overestimation is reduced by using the

compression yield strength as the limiting value for ten-

slon and compression.

In order to determine the allowable moment at service

loads from flexural capacity, it is necessary to use the

appropriate factor of safety. For the elastic method, a fac

tor of safety of 1.85 is recommended as mentioned in 6.3.

Afactor of safety of 2.0 is suggested for obtaining service
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load moments from flexural moment capacities by the plastic

method. It is of interest to compare the experimental fail

ure moment to the calculated service load moment, indicating

the actual strength reserve is thus obtained. Such a compar

ison is shown in Table 6-1. The strength reserve for the

allowable moment by the elastic method, with a safety factor

of 1.85 averages 117%. For the allowable moment by plastic

method I with a safety factor of 2.00, the strength reserve

averages 79%.

6.5.1.2 Deflections at Service Loads

J-7 and 4-33The deflection can be determined from Eq. 5-22'

by using the information obtained from the elastic method

for flexural strength calculation. This method is consis

tent with the elastic method for flexural strength computa

tion. Since the stress distribution at the service moment

is not known, an iterative process must be used to determine

the location of neutral axis, the secant moduli at extreme

fibers, the effective moment of inertia, and the correspond

ing moment. The procedure is similar to that of the elas

tic method for flexural strength calculation. The service

load deflection can be obtained from two consistent calcu

lations of deflection in the vicinity of the service load

by interpolation or extrapolation.

The agreement between calculated and experimental .de

flections is very satisfactory, as shown 1n Table 5-6. Bas-
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ed on the deviation of the computed deflection at the service

load from the test data, the method yields better results

for cold-rolled grades than for·the .annealed stainless. This

again is due to the more gradual yielding type of stress

strain relation for the cold-rolled grades than for the annealed

stainless.

Due to the high yield strength, the low proportional

limit, and local buckling, the deflection at service load

will frequently be excessive when compared to the usual r~

quirements in specifications. In view of this situation,

deflection rather than strength of the cold-rolled stainless

flexural members will frequently govern.

6.5.2 Compression Members

It 1s proposed that the tangent modulus formula be used

to predict the strength of compact columns. A flat cut off

1s suggested at the .2% offset yield strength. The allowable

design stress 1s obtained by dividing the values from Eq. 5

30 by a safety factor. Typical column curves derived from

the typical longitudinal compression stress strain curves

for annealed and strain flattened Type 304 and ~ and ~ hard Type

301 from Fig. 2-10 are presented in Fig. 6-2. A safety

factor of 2.151- 7 was used.

The tangent modulus formula underestimates the compact

column strength at lower values of the slenderness ratios;
•

however, this deficiency becomes smaller with the increas-

ing hardness of the cold worked stainless sheets. Experi-
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ments by others 5- 9 and 5-l4showed that the test data of columns

with small L/r slenderness ratios were closer to the values

predicted by the reduced modulus theory.

A more accurate method to take corner effective moduli
5-14into account was proposed by Peterson and Bergholm •

However, the usefulness of the approach to account for the

cold forming effect depends upon the availability of an ex

pression for the corner effective stress strain relation and

its derived values. Column curves in other specifications

are not applicable to the material under consideration in

the inelastic range. The tangent modulus formula without

corner effects is also used in the specifications for an-

nealed and strain flattened Type 3041- 7 • EX'eept r'or low wit ratios

of stiffened and unstiffened elements contained in the com-

pression member, the possibility of local buckling in these

elements should be recognized. The case of very short col

umns where only local buckling is involved was discussed

in Section 5.3.2. For such short columns the strength can

be predicted by using the e ffecti ve section (Eq. 4--22 and

4-40) and the .2% offset yield strength as the limiting

stress.

However, for cases intermediate between the above men-

tioned situations, interaction between local buckling and

over all column buckling must be considered. There is no

simple method to account for this interaction to predict

the column strength. In connection with this, the "Q" fac-
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tor approach, which is used in the light gage cold formed

design manuals for carbon steel l - l and annealed stainless l - 7,
is recommended for design.

6.6 Effects of Cold Forming

The strengthening effect of cold forming of corners

was discussed in 2.2.3 and 2.3.4. The effect of corners on

the member behavior was described in 5.3 for compression members

and in 5.2.3 for flexural members.

The effect is more pronounced on the member behavior if the

section contains a large percentage of corner area. The dis

tribution of these deformed corners is also a factor important

to the member behavior. The strengthening effect of corners

decreases with increasing hardness, the effect being the largest

for annealed material and almost negligible for full hard temper.

From Table 2-1, it can be seen that the strength increase

in corners over flats is more pronounced for annealed Type 304

than 1/2 hard Type 301 stainless. The percent of increase

in flexural strength of the specimens tested are 7.36% for

annealed stainless and 3.72% for 1/2 hard Type 301 from a

numerical analysis, as shown in Table 5-3. Based on the data

of strength increase either for corners or for structural

members, it appears that the amount of increase for cold-rolled

austenitic stainless is not appreciable.

It should be realized that a simple design method can

not easily account for the cold forming effect. Besides,
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there is no analytical method to predict the strength increase

in the corners for cold-rolled austenitic stainless steel. The

Karren formulas for carbon steel are not applicable to cold-

rolled stainless.

In view of the foregoing discussion, it is suggested

that the corner strengthening effect may be neglected in

design.

6.7 Summary and Conclusions

Based on the findings of this investigation, simplified

methods for the design of elements and members of cold-rolled

stainless steel have been described in this Chapter. Satis

factory agreement was obtained between the predicted values

and the experimentally determined data. It was found that

in most of the cases the design approach and formulas for

annealed stainless steel l - 6, 1-7, and 4-33 are applicable to

the cold-rolled stainless with due account being taken of the

considerably higher strength of the latter.

The recommendations on material properties, design

methods for structural elements and members, and other related

topics are summarized as follows:

(1) Design material properties for Type 301 stainless

st"eel 1/4 and 1/2 hard are summarized in Section 6.2. The

detailed information on th~ typical material propertieswa~

given in Chapter 2 in tables and figures. Due to the

variation of material properties as a result of cold working

reducing, the design mechanical properties for other types or

tempers of austenitic stainless steels should be investigated
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individually. It is believed that the same procedure as

described in Chapter 2 can be reliably used.

(2) The basic safety factor used in this investigation

was 1. 85 which is the same as that used in the design specifi

cation l - 7 for annealed and strain flattened Type 304 stainless.

The ratios of the effective proportional limits to the

corresponding yield strengths for cold-rolled Type 301 are smaller

than those of Type 304 annealed stainless. A slightly higher

safety factor (2.0) may be necessary in order to avoid in-

elastic deformation at service loads.

(3) Due to large local distortions) the usefulness of

the post buckling strength of unstiffened elements is restricted.

Therefore, the post buckling strength of unstiffened elements

can only be utilized as a strength reserve in connection with

an allowable stress approach similar to that which has been

used for both carbon 8teell-~ and annealed stainless steel l - 7•

For small wit ratios ( < (w/t>'l)' the allowable stress

1s based on the yield strength. For intermediate wit ratios

( (w/t)1 < wit < (w/t)2 ), the allowable stress is based on

the average element failure stress. For large wit ratios

( (wit) 2 < wit < (wit) 3 ), the allowable stress is based on

local distortion considerations. The limiting values of wit

ratios for (w/t)l (w/t)2' and (w/t)3 were taken as 7, 25, and 50

respectively for Type 301 1/2 hard stainless steel. The values

or (w/t)l and (w/t)2 decrease with increasing hardness of the

material. Typical design allowable stress for 112 hard Type

301 is shown in Fig,. 6-1.
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(4) The stiffened elements of cold-rolled grades possess

higher post buckling strength (with larger local distortion)

than annealed stainless. When compared to unstiffened elements,

stiffened elements possess relatively greater post buckling

strengths with less pronounced local distortions. Because

of this, the usual factor of safety (1.8S) against failure

by reaching yield strength along the edges is generally adequate.

The design approach for stiffened elements is then based on

the element ultimate strength in the post buckling range which

may be determined from the effective width calculated from

Eq. 4-40.

However, in cases when the local distortion is of major

concern, the allowable stress based on waving consideration

may have to be used to limit distortion. For elements with

small wIt ratios, the allowable stress is then yield strengthl

1.8S. For elements with large wIt ratios, the allowable

stress is based on local distortion using the buckling stress

as an index. If no waving is permissible, the allowable

stress is taken as 0.9 ocr. If slight waving (thickness of

the sheet) is permissible, the allowable stress is taken as

1.2 ocr. In no case should the stress be larger than yield

strength/l.8S.

(S) The buckling stress for (3) and (4) may be computed

from Eq. 3-1 by using k = 4.0,n = JEt/E and k = O.S, n = Es/E

for stiffened and unstiffened elements respectively.

(6) The elastic method 1s recommended for design purposes

in calculating the strength of flexural members. The design
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procedure of the method was outlined in 6.5.1.1 and 5.2.3.3. c.

Winter's formula for effective width (Eq. 4-40) is used to

account for the post buckling strength of the compression

flange. The .2% offset yield strengths in longitudinal com

pression and tension are used as limiting stresses. The method

yields better results for cold-rolled grades than for the annealed

stainless because of the more gradual yielding type of stress

strain curves of cold-rolled grades

(7) Eq. 5-22 is recommended for deflection calculations

at service loads. This is the same equation as that used in

the design specifications for annealed stainless steel 1-7 and

4-33

grades than for the annealed stainless steel.

Due to the high yield strength, the low proportional

limits (comparing to the corresponding yield strength), and

local buckling in the compression flange, the deflections

at the service loads will frequently govern the design rather

than strength.

(8) The tangent modulus formula is recommended for

predicting the compact column strength, although the formula

slightly underestir.lates·· the column strength at lot'1 values.

of the slenderness ratios because of neglecting the cold

forming effects in corners,. However, this deficiency becomes

smaller with increasing hardness of the stainless sheets.

Typical column design curves for 1/4 and 1/2 hard Type 301 are

shown in Fig. 6-2.
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The ultimate strength of short noncompact columns

(without column buckling) may be predicted by using the

effective width formulas (Eqs. 4-22 and 4-40) and the .2%

offset yield strength as a limiting stress.

The usual "Q" factor approachl - l and 1-7 rr.ay. be used

for columns with both local and over all column buckling.

(9) The strengthening effect of corners decreases with

increasing hardness of stainless sheets. For cold-rolled gra~

it is suggested that the cold forming effect be neglected

in design.



CHAPTER 7

SUMMARY AND CONCLUSIONS

The purpose of this investigation was to develop basic

information for design methods of light gage cold formed

structural elements and members made of cold worked austenitic

stainless steel. Such stainless steels have much different

material properties than carbon steel. In obtaining high

strength through cold reducing, certain material character

istics result: (a) increasing strength and anisotropy with

~ount of cold work, (b) unsymmetrical stress strain relations

in tension and compression, (c) inelastic stress strain

relations with low elastic limit. In addition corner strain

hardening and local buckling are also encountered in thin

walled members.

The investigation concerns cold-rolled austenitic stainless

steel, especially Type 301 1/4 and 1/2 hard, as the second

phase in an investigation on the structural performance of

austenitic stainless steel members, the first phase having.

dealt with annealed steels. The topics investigated herein

are: (1) Material properties, (2) Buckling and waving of

plate structural elements, (3) Post buckling behavior of

plate structural elements, (4) Structural member behavior,

and (5) Design considerations.

Although these topics are related to each other, they

may be considered seperately if the sequence 1s followed. It

1s more logical and convenient to conclude each phase before

ente~ing on the next topic. For this reason, detailed

177 .
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summaries and conclusions were given at the end of each Chapter.

Therefore, the following is only a brief summary, and the

reader is referred to the summary of each chapter for more

detailed information.

(1) Material Properties

Due to the severe plastic deformation from cold rolling,

the internal stress distribution is nonuniform in the complex

microstructure of the stainless steel sheet. The sheet is

strain hardened and a preferred orientation of microstructure

is developed. The microstructure of the austenitic stainless

steel is transformed from austenite into martensite during

severe cold working. Due to these changes, the cold worked

material characteristics (a), (b), and (c) result. The strength

and the anisotropy of the cold worked sheet increase with the

increasing amount of cold working.

No theoretical method is available to predict the mechan

ical changes due to cold working. An experimental study was

made, and the data were analyzed on a statistical basis. Based

on this analysis, typical mechanical properties for 1/4 and 1/2

hard Type 301 stainless steel were obtained. The typical lower

bound .2% offset yield strengths in tension and compression

for both longitudinal and transverse directions were established.

Typical design minimum stress strain curves under normal and

shear stresses were constructed. Analytical expressions of

these stress strain curves by using the Ramberg Osgood function

were obtained. These typical material properties are ready to

be used in design specifications.
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(2) Buckling and Waving of Plate Structural Elements

In order to study member behavior, the understanding

of element behavior is essential. Two types of plate structural

elements were investigated - stiffened and unstiffened. These

are the usual plate elements encountered in light gage steel

members.

An approximate analysis considering orthotropic material

properties and the inelastic behavior was briefly discussed.

By considering the appropriate boundary condition and the

plasticity reduction factor, the oritical buckling stresses

for stiffened and unstiffened elements can be predicted by

Eq. 3-1. For stiffened and unstiffened elements, the plasticity

reduction factor may be taken as JEt/E. and Es/E, vespecti vely.

A series of tests of compression members containing

stiffened and unstiffened elements and a series of tests of

flexural members containing compression flanges as stiffened

element were performed. Fair agreement was obtained between

the analytical and the experimental critical buckling stresses.

Based on the results, it seems that the effect of anisotropic

material properties on the buckling stress 1s small.

For ?old-roll~d ~raae~) it was concluded that a large am6unt

Of local distortion due to the high strain involved severely

limited the usefulness of unstiffened elements.

(3) Post Buckling Behavior of Plate Structural Elements

The post buckling behavior of stiffened and unstifr

ened elements was investigated. The effective width concept

wasutll1zed for analyzing the behavior of plate elements in
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the post buckling range. Karman's semi-theoretical treatment

of effective width of plates and Winter's experimen~al mod

ification of Karman's equation were discussed. Based on

these fundamental equations t an attempt was made to include

the orthotropic material properties and inelasticity into

account.

A detailed analysis of experimental effective widths of

stiffened and unstiffened elements was made. The experimental

effective widths reduced from the series of tests mentioned in

(2) were compared with the analytical expressions. By using

strain analysis t the experimental effective widths showed

very satisfactory agreement with Koiter's equation at higher

edge strains. Near and below the critical strain, the experi

mental effective widths were lower than those from the theory.

Winter's formula was shown to be the lower bound for the

experimental data.

Based on the experimental evidence, it seems that the

effective widths of cold-rolled stainless may be higher than of

annealed stainless because of the anisotropic material

properties (longitudinal compression being the weakest).

Eqs. 4-22 and 4-40 were recommended for design purposes

for unstiffened and stiffened elements t respectively.

(4) Structural Member Behavior

Based on the material properties and the element

behavior in the post buckling range, the structural behavior

of thin walled members may be predicted. Methods' for pre

dicting member behaVior, considering the peculi~r material-
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properties and local buckling in the compression flange,

were presented in Chapter 5. The effects of the material

properties, the cold forming process, and the post buckling

strength on the structural member behavior were studied.

A numerical iterative procedure was presented for

predicting the.maximum moment capacity, moment curvature

relation, and the service load deflection of flexural members.

The .2% offset yield strength was used as a limiting edge

stress for computing the maximum moment capacity. Satisfactory

agreement was obtained between the calculated and the experi~

mental results.

If the corner strengthening effect is ignored, the

calculated maximum capacities were 7.3% and 3.72% lower

than the experimental values for Type 304 annealed and Type

301 1/2 hard stainless respectively.

Simplified methods for strength and service load deflection

predictions were also presented. The comparison between the

calcUlated and the experimental results showed an acceptable

accuracy for design purposes.

The service load deflection of Type 301 1/2 hard flex

ural members is considerably larger than for annealed stainless

because of the high strength and strain. Deflections may

frequently govern the design for cold-rolled stainless rather

than strength.

A brief study was made of compact and noncompact columns

or cold-rolled stainless. It was concluded that the tangent

mOdulus formula may be conservatively used for compact columns;
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and the strength of the short noncompact columns may be

predicted by using the effective section and the .2% offset

yield strength.

(5) Design Considerations

Based on the results of this investigation, methods

for design of similar types of elements and members with

the material properties considered are recommended in Chapter 6.

In general, most of the design methods and formulas for annealed

and strain flattened Type 304 stainless are applicable to the

cold~rolled grades, ~ltll approp~iate modifioations.
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Table 2-1

COMPARISON OF MECHANICA~ PROPERTIES-CORNERS AND FLATS
TYPE 301 1/2 HARD AND TYPE 304 ANNEALED AND STRAIN FtATTEN~D'STA1NLESS STEELS

Sheet Ultimate Tensile Strength
ksi

Flats Corners* Ratio

89.90 157 .. 50 1.75 26,880 26,250
128.30 146.37 1.14 28,850 25,830
111.52 141.44 1.27 28,780 26,160
152.44 159.50 1.05 28,320 27,250

100.50 134.00 1.33 26,460 26,620
125.80 140.62 1.12 28,830 27,060
139.00 156.70 1.13 28,760 26,220
152.70 162.00 1.05 28,240 27,050

34.09 86.00 2.52 29,120 29,120
41.07 67.90 1.65 30,070 29,120
39073 64.50 1.63 30,200 29,170
40.87 81.00 1.98 29,920 29,120

Sense and**
Direction of
Stressing

t301-H-3 LC
LT
TT
TC

30l_H_7 tt LC
LT
TT
TC

304_AS_5 tti LC
LT
TT
TC

Yield Strength
ksi

Flats Corners* Ratio

Initial Modulus
ksi

Flats Corners*

189.38 204.49
191.79 197.90

165.80 177.06
167.34 185.66

99.17 106.69
91.86 . 98.65

1.08
1.03

1.07
1.11

1.08
1.07

* Inner radius to thickness ratios are shown in Tahle 3-12.

** LC = Longitudinal Compression
TT = Transverse Tension

LT = Longitudinal Tension
TC = Transverse Compression

t = Type 301, Half Hard, Sheet No. 3

tt a Type 301, Half Hard, Sheet No.7

ttt D Type 304, Annealed and Strain Flattened, Sheet No. 5

I-'
\D
I-'
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TYPE 301 STAINLESS STEEL - 1/4 AND 1/2 HARD
STATISTICAL INFERENCES FOR 0.2% OFFSET YIELD STRENGTH

Sense Number Number Standard Range of
and of of Mean Deviation Values

Temper Direction Heats Coupons ksi Variance ksi ksi

1/4 Hard LT* 6 17 85.92 35.04 5.92 74.8 - 97.0

TT* 37 81 88.26 40.79 6.39 73.0 - 104.0

LC* 6 17 59.74 18.15 4.26 55.0 - 70.3

TC* 6 17 100.03 28.17 5.31 87.5 - 108.4

1/2 Hard LT

TT

LC

TC

10

42

10

10

29

93

29

29

121.06

113.91

82.11

136.69

74.98

73.69

83.42

87.49

8.66

8.58

9.13

9.35

109.0 - 143.8

95.0 - 138.5

62.2 - 101.9

122.6 - 153.9

*LT = Longitudinal Tension
TT = Transverse Tension
LC = Longitudinal Compression
TC = Transverse Compression



Temper

1/4
Hard

1/2
Hard

Table 2-3

TYPE 301 STAINLESS STEEL - 1/4 ~~D 1/2 HARD
0.2% OFFSET YIELD STRfu~GTH~ KSI

Tension Compression
Source Longitudinal Transverse Longitudinal Transverse

Statistical 79.2 80.2 54.0 96.2
Ana1ys1st 77.5 78.0 52.5 94.5

72.3 7~.O 48.0 91.3

Armco** 75 75 62 75
MIL-HDBK-5* 75 75 43 80
ASTM (X) & ASr.1
Metals Handbook§ 75
Recommended 75 75 50 90

Statistical 111.0 103.0 73.0 124.7
Analys1st 108.2 100.0 70.5 121.3

103.5 96.2 65.0 114.5

Armco** 117 110 83 123
MIL-HDBK-5* 110 110 58 118
ASTM 00 & ASM
Metals Handbook§ 110
Recommended 110 100 65 120

Remark

90% probability
95% II

95% probability
with 95% confidence

design values

minimum

90% probability
95% If

95% probability
with 95% confidence

design values

minimum

t
**
*

Statistical inferences are shown in Table 2-2
From Ref. 2-15 00 From Ref. 2-13
From Ref. 2-12 § From Ref. 2-19

.....
\0
W



Table 2-4
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TYPE 301 STAINLESS STEEL - 1/4 AND 1/2 HARD
INITIAL ;lODULUS, xlo3 KSI

Tension Compression
.Temper Source Longitudinal Transverse Longitudinal Transverse

1/4 Hard Cornell Testt 29.5 29.7 27.8 28.4
Producer 11* 26.3 28.4 29.3 30.7
Armco GO 27.0 28.5 27.0 27.0
MIL-HDBK-5co 27.0 28.0 26.0 27.0
Recommended 27.0 28.0 27.0 28.0

1/2 Hard Cornell Testt 29.1 29.3 26.7 28.6
Producer II* 26.8 28.3 30.2 31.8
Producer I** 27.3 28.0 28.0 31.2
Armco co 27.5 28.5 28.0 28.5
MIL-HDBK-5co 26.0 28.0 26.0 27.0
Recommended 27.0 28.0 27.0 28.0

•
**

t
00

From reports from steel producer II
II " " II " I

From author's tests
See footnote of Table 2-3
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Table 2-5

PROPORTIONAL LIMIT
TYPE 301 STAINLESS STEEL - 1/4 AND 1/2 HARD

Recommended
Yield Design value

Sense and Stt;ength 9ritereon A 9riter~on B for Bending
Direction y pI pI pI pI C1pl C1pl
of Stress ksi ksi C1y ksi C1y ksi C1y

Type 301-1/4 Hard

Longitudinal
Compression 50 20.0 0.400 26.0 0.520 25.0 0.50

Longitudinal
Tension 75 30.0 0.400 39.0 0.520 37.5 0.50

Transverse
Tension 75 36.0 0.480 43.0 0.573 41.3 0.55

Transverse
Compression 90 38.0 0.422 48.0 0.533 45.0 0.50

Type 301-1/2 Hard

Longitudinal
Compression 65 23.0 0.354 32.0 0.492 31.5 0.50

Longitudinal
Tension 110 42.0 0.382 54.0 0.491 49.5 o. 50

Transverse
Tension 100 53.0 0.530 64.0 0.640 60.0 0.60

Transverse
Compression 120 53.0 0.442 62.0 0.517 60.0 0.50

Criterion A: Stress at which stress-strain curve deviates
from initial elastic straight line.

Criterion B: Stress at which there is 0.01% inelastic strain.



Table 2-6
TYPE 301 STAINLESS STEEL - 1/4 AND 1/2 HARD

TENSILE STRENGTH AND PERCENTAGE OF ELONGATION IN 2fT GAGE LENGTH

Tensile Strength, ksi Elongation, %
Temper Source Longitudinal Transverse Longitudinal Transverse

1/4 Hard Cornell Testt 137.9 137.0 39.4 35.8
Producer 11*** 136.1 145.0 35.8 32.4
ASTM2-13 &
MIL-HDBK-5 2- 12 125* 25*
ASM Metals 2-19
Handbook 125* 25*
Recommended 130 25

1/2 Hard Cornell Testt 167.0 168.1 26.4 23.8
Producer 11*** 157.4 163.0 28.1 21.5
Producer 1*** 176.5 176.9 28.3 24.7
ASTM2-13 &
M1L-HDBK-S'2-12 150* **
ASM Metals 2- l9
Handbook 150* 15*
Recommended 150 ASTM Values

* Minimum values (ASTM) ASM); design values (MIL-HDBK-5)
** Depending upon thickness of the sheet

*** See footnotes of Table 2-4
t From author's tests

I--'
\0
0'\



197

Table 2-7

COEFFICIENTS OF MODIFIED RAMBERG OSGOOD STRESS STRAIN CURVES
EXPERIMENTAL STRESS STRAIN CURVES

Sheet Sense & Initial .2% .05% Ratio of n
No.t Direc- MOdU~US Offset Offset .2% & .05%

tion of x10 Yield Strength Offset
Stress Strength Strengths

ksi ksi ksi

Flat Material

301-H-3 LT* 28.85 128.30 80.00 1.604 2.934
TT 28.78 111.52 81.50 1.368 4.423
LC 26.88 89.90 58.50 1.537 3.224
TC 28.32 152.44 109.20 1.396 4.155

301-H-7 LT 28.83 125.80 80.90 1.555 3.140
TT 28.76 139.00 107.00 1.299 5.295
LC 26.46 100.50 69.20 1.452 3.716
TC 28.24 152.70 112.50 1.357 4.540

304-AS-5 LT 30.07 41.07 38.20 1.075 19.111
TT 30.20 39.73 32.50 1.222 6.912
LC 29.12 34.09 22.60 1.508 3.376
TC 29.92 40.87 34.55 1.182 8.281

Corners

301-H-3 LT 25.83 146.37 106.20 1.378 4.322
TT 26.16 141.44 109.20 1.295 5.361
LC 26.25 157.50 97.80 1.610 2.911
TC 27.25 159.50 106.00 1.505 3.392

301-H-7 LT 27.06 140.62 100.50 1.399 4.126
TT 26.22 156.70 127.00 1.234 6.594
LC 26.62 134.00 96.00 1.396 4.155
TC 27.05 162.00 106.00 1.528 3.272

304-AS-5 LT 29.12 67.90 50.20 1.352 4.599
TT 29.17 64.50 47.25 1.365 4.456
LC 29.12 86.00 59.60 1.443 3.779
TC 29.12 81.00 62.00 1.306 5.199

* LT Longitudinal Tension
TT Transverse Tension
LC Longitudinal Compression
TC Transverse Compression

t See Table 2-1 for sheet temper
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Table 2-8

COEFFICIENTS OF MODIFIED RAMBERG OSGOOD STRESS STRAIN CURVES
DESIGN STRESS STRAIN CURVES

Temper Sense & Initial .2% .05% Ratio of n
Direc- Modulus Offset Offset .2% & .05%
tion of xl0 3 Yield Strength Offset
Stress Strength Strengths

ksi ksi ksi

Direct Stress

301- LT 27.00 110.00 83.00 1.325 4.922
1/2 Hard TT 28.00 100.00 81.00 1.235 6.572

LC 27.00 65.00 45.00 1.444 3.765
TC 28.00 120.00 89.00 1.348 4.636

301- LT 27.00 75.00 56.80 1.320 4.983
1/4 Hard TT 28.00 75.00 60.00 1.250 6.213

LC 27.00 50.00 35.50 1.409 4.043
TC 28.00 90.00 68.50 1.314 5.076

Shear Stress

301- Shear 10.50 56.20* 41.60# 1.353 4.585
1/2 Hard

301- Shear 10.50 41.80* 30.80# 1.356 4.554
1/4 Hard

* Corresponding to 0.30% offset yield strength in shear

# Corresponding to 0.075% offset yield strength in shear



Table 2~9

MECHANICAL ANISOTROPY OF AUSTENITIC STAINLESS STEEL
SHEET 301-H-2 - TYPE 301-1/2 HARD

199

Coupon *

H2T-2700
H2T-2925
H2T-3150
H2T-3375
H2T-3600

(a) Mechanical Properties in Tension

E °Ult. 0y Elongation

ksi ksi ksi %

29,430 191.60 116.49 21.88

28,230 193.33 119.83 21.09

28,160 191.31 128.16 17.97

28,430 188.50 125.46 20.31

28,430 191.59 134.12 20.31

(b) Mechanical Properties in Compression

Coupon * E 0y
ksi ksi

H2C-0900 28,200 158.15

H2C-1125 28,560 151.00

H2C-1350 27,714 129.13

H2C-2025 26,514 91.91

H2C-1800 26,780 91.91

* See Fig. 2-17.
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Table 3-1

UNSTIFFENED ELEMENT COMPRESSION SPECIMEN DIMENSIONS* AND
PROPERTIES - TYPE 301 STAINLESS STEEL -1/2 HARD

Specimen H301UE-1 H301UE-2 H301UE-3 H301UE-4

D, in. 1.5784 1.6019 1.5995 1.5682

B, in. 0.5158 0.7325 1.1165 1.7519

t, in. 0.0325 0.0326 0.0324 0.0324

w, in. 0.3583 0.5749 0.9591 1.5945

wIt 11.02 17.63 29.60 49.21

D' 1.2634 1.2867 1.2847 1.2534

D'/2t 9.72 9.86 10.23 9.67

R, in. 0.125 0.123 0.125 0.125

Rlt 3.85 3.83 3.86 3.86

L, in. 3.555 5.939 9.910 11.630

L/w 9.9-2 10.33 10.33 7.29

Ac '
2 0.02886 0.02895in. 0.02875 0.02875

Aw' in. 2 0.08212 0.08390 0.08324 0.08122

Af , in. 2 0.04660 0.07496 0.12428 0.20664

A, in. 2 0.1576 0.1878 0.2363 0.3166

Sheet No. 301-H-3 301-H-3 301-H-3 301-H-3

* See Fig. 3-1.
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Table 3-2

EXPERIMENTAL CRITICAL STRAINS AND STRESSES
UNSTIFFENED ELEMENTS

TYPE 301 STAINLESS STEEL-1/2 HARD

Specimen wit Strain Devi- filaximum Surface Maximum Membrane
ation Method Strain Method Strain rilethod

Ecr O'er Eer O'er Ecr O'er
1.1 in/in ksi 1J in/in ksi lJ in/in ksl

H301UE-1 11.02 4214 77.90 5211 88.20 5558 91.40

H301UE-2 17.63 1770 42.70 2061 48.30 2328 53.10

H301UE-3 29.60 550 14.78 794 21.40 899 23.90

H301UE-4 49.21 211 5.67 320 10.70 398 6.98
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Table 3-3

CALCULATED BUCKLING COEFFICIENT
UNSTIFFENED ELEMENTS

Specimen wit Buckling Coefficient k
H Section* Channel** Average

H301UE-l 11.02 0.880 0.436 0.658

H301UE-2 17.63 0.986 0.595 0.790

H301UE-3 29.60 1.084 0.748 0.916

H301UE-4 49.21 1.162 0.886 1.024

Average 1.03 0.67 0.85

* Calculated k values based on H section

** Calculated k values based on channel section



Table 3-4

EXPERIMENTAL HALF WAVE LENGTH
STIFFENED AND UNSTIFFENED ELEMENTS

203

Specimen Aspect
Ratio

Length
of

Plate
in-.

Width No. of Half
of Waves

Plate . Observed
in.

Half Wave
Length

L
in.

Flexural Members - Type 301 1/2 Hard

H301F-l 14.20

H30lF-2 9.29

H30lF-3 9.44

H30lF-4 4.46

22

22

22

22

1.5490

2.3675

2.5506

5.1844

16

10

10

4

1.375

2.200

2.200

5.500

Stiffened Element Compression Members
Type 301 1/2 Hard

H301SC-2 4.86

H301SC-4 3.00

12

15

2.4669

5.0060

6

3

2.000

5.000

Flexural Members - Type 304 A &S.
AS304F-2 9.95

AS304F-3 6.28

AS304F-4 4.65

22

22

22

2.2099

3.5060

4.7308

12

8

6

1.833

2.750

3.667

Unstiffened Element Compression Members
Type 301 1/2 Hard

H301UE-1 9.92

H301UE-2 10.33

H301UE-3 10.33

H301UE-4 7.29

3.555

5.939

9.910

11.630

0.3583

0.5749

0.9591

1.5945

3

4

4

5

1.185

1.485

2.478

2.326



Table 3-5

CALCULATED AND EXPERIMENTAL NUMBER OF HALF WAVES
STIFFENED AND UNSTIFFENED ELEMENTS

l\)

o
.e-

Specimen wIt Theoretical*
Critical
Stress

S. S. Fixed

Plasticity**
Reduction

Factor
S.S. Fixed

Aspect No. of Half Calculated No. of Half
Ratio Waves Limiting Waves

Observed Aspect Ratio Calculated
S.S. Fixed S.S. Fixed

7
7
6
4

6
4

17
10

7

26
15
14

6

5
3

1
1
1
1

11
6
5

16
10

9
4

4.61
2.99

14.31
9.44
9.49
4.33

Flexural Members - Type 301 1/2 Hard

94.42 116.60 0.600 0.427 14.20 16 14.49
56.45 81.10 0.838 0.697 9.29 10 9.07
19.25 31.10 0.987 0.921 9.44 10 9.46

4.36 7.54 1.000 1.000 4.46 4 4.47

Stiffened Element Compression Members - Type 301 1/2 Hard

52.10 76.70 0.859 0.725 4.86 6 5.27
4.10 7.14 1.000 1.000 3.00 3 3.46

Flexural Members- Type 304 A~~ealed and Strain Flattened

15.25 21.15 0.741 0.590 9.95 12 9.72 9.66
8.24 12.35 1.000 0.860 6.28 8 6.48 6.10
4.66 8.13 1.000 1.000 4.65 6 4.47 4.33

Unstiffened Element Compression Members - ~ype 301 1/2 Hard

122.70 - 0.478 9.92 3 - 12.09
72.60 - 0.723 10.33 4 - 10.07
33.70 - 0.947 10.33 4 - 10.74
12.88 - 1.000 7.29 5 - 7.52

11.02
17.63
29.60
49.21

24.82
37.94
71.04

150.34

39.85
154.51

71.52
113.02
150.18

H301F-l
H301F-2
H301F-3
H301F-4

H301SC-2
H301SC-4

AS304F-2
AS304F-3
AS304F-4

H301UE-1
H301UE-2
H301UE-3
H301UE-4

* Calculated from Eq. 3-1

** n = ~Et/E and Es/E were used for stiffened and unstiffened elements, respectively.



Specimen

H301UE-l

H301UE-2

H301UE-3

H301UE-4

Average

Table 3-6

COMPARISON OF CALCULATED AND EXPERIMENTAL CRITICAL STRESSES
UNSTIFFENED ELEMENTS

k = 0.5
Type 301 Stainless Steel - 1/2 Hard

Calc. Strain Deviation Maximum Surface Maximum Membrane
k=0.5 Method Strain Method Strain Method

O'er expo O'cr expo 0'

ocr ocr O'cr 0'
cr expo

ocr calc. ocr calc. cr °cr calc.
ksi ksi ks1 ka1

72.65 77~90 1.07 88.20 1.21 91.40 1.26

36.70 42.70 1.16 48.30 1.32 53.10 1.45

13.96 14.78 1.06 21.40 1.53 23.90 1.71

4.99 5.67 1.14 8.60 1.72 10.70 2.14

1.11 1.45 1.64

I\)

o
U1
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Table 3-7 0
m

COMPARISON OF CALCULATED AND EXPERIMENTAL CRITICAL STRESSES
UNSTIFFENED ELEMENTS

k = 1.03
Type 301 Stainless Steel - 1/2 Hard

Specimen Calc. Strain Deviation flaximum Surface Maximum Membrane
k=1.03 fJIethod Strain Method Strain Method

(J (Jcr expo (Jcr expo(J (Jcr
cr expo (J (J

cr (Jcr calc. cr (Jcr calc. cr (Jcr calc.
ksi ksi ksi ksi

H301UE-l 110.00 77.90 0.708 88.20 0.802 91.40 0.831

H301UE-2 63.20 42.70 0~676 48.30 0.764 53.10 0.840

H301UE-3 28.00 14.78 0.528 21.40 0.764 23.90 0.853

H301UE-4 10.40 5.67 0.545 8.60 0.827 10.70 1.030

Average 0.614 0.789 0.889



Table 3-8

COMPARISON OF CALCULATED AND EXPERIMENTAL CRITICAL STRESSES
UNSTIFFENED ELEMENTS

k = 0.85
Type 301 Stainless Steel - 1/2 Hard

Specimen Calc. Strain Deviation Maximum Surface Maximum Membrane
k=0.85 Method Strain Method Strain fJIethod

0 0 0

0 0
cr expo

0
cr expo

0
cr expo

cr cr ocr calc. cr ocr calc. cr 0 cr,ca1c.
ksi ksi ksi ksi

H301UE-l 98.80 77.90 0.788 88.20 0.893 91.40 1.039

H301UE-2 55.40 42.70 0.771 48.30 0.872 53.10 0.958

H301UE-3 23.50 14.78 0.629 21.40 0.911 23.90 1.017

H301UE-4 8.58 5.67 0.661 8.60 1.002 10.70 1.248

Average 0.712 0.920 1.066

I'\)

o
-..:J
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Table 3-9 ex>

COMPARISON OF FAILURE LOADS AND OBSERVED WAVING LOADS
UNSTIFFENED ELEMENT COMPRESSION MEMBERS

Type 301 Stainless Steel - 1/2 Hard

Specimen wit Failure Observed Pf
Average Member Maximum Edge Average Element

Load Waving p Stress at Stress at Stress at
w Failure Failure Failure

P
f

P O'a O'max O'aw
Ib Ib ksi ksi ksi

H301UE-l 11.02 15800 13875 1.14 100.25 96.10 89.40

H301UE-2 17.63 14550 8938 1.63 77.48 89.00 55.00

H301UE-3 29.60 15000 4488 3.34 63.48 87.20 41.00

H301UE-4 49.21 15800 3000 5.26 49.91 86.20 22.75



Table 3-10

COMPARISON OF CRITICAL LOADS AND WAVING LOADS
UNSTIFFENED ELEMENTS

Type 301 Stainless Steel - 1/2 Hard

Specimen Strain Devia- Maximum Surface r1aximum fJIem- Waving Waving Wave Depth
tion Method Strain Method brane Strain Observed Parameter Equals

Method Plot Thickness
P °a P °a P 0' P °a P °a P °aa

Ib ksi Ib ksi Ib ksi Ib ksi Ib ksi Ib ksi

H301UE-1 12888 81.78 15319 97.20 15560 98.73 13875 88.40

H301UE-2 7938 42.27 9697 51.64 9950 52.98 8938 47.59 9560 50.91 11300 60.17

H301UE-3 3489 14.77 5363 22.70 5738 24.28 4488 18.99 5780 24.46 6498 27.50

H301UE-4 1750 5.33 3000 9.48 3625 11.45 3000 9.48 3600 11.37 4000 12.63

l'\.)

o
\0



Table 3-11 r\J
~

0

COMPARISON OF VARIOUS CRITICAL STRESS CRITERIA A~D

WAVING OBSERVATIONS
UNSTIFFENED ELE~ENTS

Type 301 Stainless Steel - 1/2 Hard

Specimen Calc. Strain Maximum f11aximum Waving Wave Waving
k=0.85 Deviation Surface Membrane Observed Depth Parameter

Method Strain Strain Equals Plot
Method Method Thickness

°a °a ° °a °a °a a
ocr - - - -

ocr ° ocr ° ° ocrcr cr cr
ksi

H301UE-1 98.80 0.828 0.946 0.998

H301UE-2 55.40 0.763 0.932 0.956 0.859 1.086 0.918

H301UE-3 23.50 0.629 0.967 1.033 0.809 1.170 1.041

H 301UE-4 8.58 0.645 1.102 1.335 1.102 1.472 1.324

Average 0.716 0.987 1.081 0.892 1.243 1.094



Table 3-12

FLEXURAL SPECIMEN DIMENSIONS* AND PROPERTIES

Specimen H301F-l H301F-2 H301F-3 H301F-4 AS304F-2 AS304F-3 AS304F-4

B, in. 1.9238 2.7424 2.5834 5.1844 2.3968 3.6940 4.9188

D, in. 0.9892 0.9934 1.4919 1.4914 1.5081 1.5005 1.5054

F, in. 0.9055 0.8165 0.8008 1.0061 0.7525 0.8777 1.0033

d, in. ------ 0.3718 0.2958 0.2941 0.3070 0.3004 0.3009

R, in. 0.1250 0.1250 0.0938 0.0938 0.0625 0.0625 0.0625

t, in. 0.0624 0.0624 0.0328 0.0328 0.0309 0.0315 0.0315

Rlt 2.00 2.00 2.86 2.86 2.023 1.984 1.984

wIt 24.82 37.94 71.04 150.34 71.52 113.02 150.18

Sheet No. 301-H-7 301-H-7 301-H-3 301-H-3 304-AS-5 304-AS-5 304-AS-5

Type 30l-;~ Hard 30l-~ Hard 30l-~ Hard 301-'1 Hard 304 A&S** 304 A&S"· 304 A&S·.

•
••

See Fig. 3-5

Type 304 annealed and strain flattened stainless steel

rv..........
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Table 3-13

STIFFENED ELEMENT COMPRESSION SPECIMEN
DIMENSIONS* AND PROPERTIES

Type 301 Stainless Steel - 1/2 Hard

Specimen H301SC-2 H301SC-4

B, in. 2.8407 5.2894

D, in. 0.9926 0.8427

F, in. 0.6790 0.3867

R, in. 0.125 0.109

t, in. 0.619 0.324

R/t 2.02 3.38

w, in. 2.4669 5.0060

w/t 39.85 154.51

D' in. 0.6188 0.5593,

D'/t 10.00 17.26

F', in. 0.4921 0.2450

F'/t 7.95 7.56

L, in. 12.00 15.00

L/w 4.86 3.00

Ac' in. 2 0.1213 0.0511

A , in. 2 0.2751 0.1042w
2

0.3054Af , in. 0.3244
2

0.7018A, in. 0.4797

Sheet No. 301-H-7 301-H-3

* See Fig. 3-8.
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Table 3-14

EXPERIMENTAL CRITICAL STRAINS AND STRESSES
STIFFENED ELEMENTS

Specimen w/t Strain Devia- Maximum Surface Maximum Membrane
tion fJIethod Strain Method Strain Method

1..1 II 1..1
in./in. ksi in./in. ksi in./in. ksi

Flexural Members - Type 301 1/2 Hard

H301F-1 24.82 5453 97.40 7575 112.40

H301F-2 37.94 3489 74.80 3534 75.30 4113 83.20

H301F-3 71.04 578 15.54 718 19.30 821 22.30

H301F-4 150.34 V~9 4.01 257 6.91 231 6.22

Stiffened Element Compression Members - Type 301 1/2 Hard

H301SC-2 39.85 2308 54.80 2813 64.20 3214 70.50

H301SC-4 154.51 73 1.96 132 3.55 138 3.71

Flexural Members - Type 304 A & S

AS304F-2 71.52 818 17.60 955 19.30 1356 23.40

AS304F-3 113.02 276 8.04 303 8.82 ,405 10.80

AS304F-4 150.18 92 2.68 118 3.44 172 5.01



Table 3-15 I\.)

......

.t::"

COMPARISON OF CALCULATED AND EXPERIMENTAL CRITICAL STRESSES
STIFFENED EL~4ENTS

k = 4.0

Specimen Calc. Strain Deviation Maximum Surface Maximum Membrane
k=4.0 Method Strain Method Strain Method

Ocr expo ° ocr expo
ocr O'er O'er

cr expo
0'

Ocr calc. 0'cr calc. cr 0'cr calc.
ksi ksi ksi ksi

Flexural Members - Type 301 1/2 Hard

H301F-l 94.42 97.40 1.03 112.40 1.19
H301F-2 56.45 74.80 1.33 75.30 1.33 83.20 1.47

H301F-3 19.25 15.54 0.81 19.30 1.00 22.30 1.16

H301F-4 4.36 4.01 0.92 6.91 1.58 6.22 1.42
Stiffened Element Compression Members - Type 301 1/2 Hard

H301SC-2 52.00 54.80 1.05 64.20 1.23 70.50 1.35

H301SC-4 4.10 1.96 0.48 3.55 0.87 3.71 0.91

Average 0.94 1.20 1.26

Flexural Members - Type 304 A & S

AS304F-2 15.25 17.60 1.15 19.30 1.27 23.40 1.53

AS304F-3 8.24 8.04 0.98 8.82 1.07 10.80 1.31

AS304F-4 4.67 2.68 0.57 3.44 0.74 5.01 1.07

Average 0.90 1.03 1.30



Table 3-16

COMPARISON OF CALCULATED AND EXPERIMENTAL CRITICAL STRESS
STIFFENED ELEMENTS

k = 5.27

Specimen Calc. Strain Deviation Maximum Surface Maximum Membrane
k=5.27 Method Strain Method Strain Method

ocr expo ° ocr expo
ocr ocr ocr

cr expo
ocrocr calc. ocr calc. ocr calc.

ksi ksi ksi ksi

Flexural Nembers - Type 301 1/2 Hard

H301F-l 105.84 97.40 0.92 112.40 1.06
H301F-2 68.78 74.80 1.09 75.30 1.09 83.20 1.21

H301F-3 24.60 15.54 0.63 19.30 0.78 22.30 0.91

H301F-4 5.74 4.01 0.10 6.91 1.20 6.22 1.08
Stiffened Element Compression Members - Type 301 1/2 Hard

H301SC-2 64.00 54.80 0.86 64.20 1.00 70.50 1.10

H301SC-4 5.40 1.96 0.36 3.55 0.66 3.11 0.69
Average 0.76 0.91 1.00

Flexural Members - Type 304 A & S
AS304F-2 17.95 17.60 0.98 19.30 1.08 23.40 1.30

AS304F-3 10.23 8.04 0.19 8.82 0.86 10.80 1.06

AS304F-4 6.15 2.68 0.44 3.44 0.56 5.01 0.81

Average 0.74 0.83 1.06

r.).....
Ui



Table 3-17 l\)

~

'"COMPARISON OF CRITICAL LOADS AND WAVING LOADS
FLEXURAL MEI4BERS AND STIFFENED ELEMENT COMPRESSION MEMBERS

Specimen Strain Maximum Maximum Observed Wave Depth vlaving
Deviation Surface Membrane Waving Equals Parameter
Method Strain Strain Thickness Plot

Method Method
lb. lb. lb. lb. lb. lb.

Flexural Members - Type 301 1/2 Hard

H301F-l 1987 2076 - 1987

H301F-2 1884 1931 2026 1884 1842 1638

H301F-3 314 413 523 498 531 495

H301F-4 200 398 398 250 210 135

Stiffened Element Compression Members - Type 301 1/2 Hard

H301SC-2 35950 42950 46925 42950 50800 44300

H301SC-4 942 1490 3980 2460 2970

Flexural Members ~ Type 304 Annealed & Strain Flattened

AS304F-2 379 436 553 440 472 462

AS304F-3 235 274 361 295 307 290

AS304F-4 139 200 229 200 230 227



Table 3-18

COMPARISON OF FAILURE LOADS AND OBSERVED WAVING LOADS OR BUCKLING LOADS
FLEXURAL AND STIFFENED ELEMENT COMPRESSION MEMBERS

Specimen wit Failure Observed Pf Buckling Pf Maximum Edge
Load Waving Pw

Load* Pcr
Stress at
Failure

Pf Pw P crmaxcr
lb. lb. lb. ksi

Flexural Members - Type 301 1/2 Hard

H301F-1 24.82 2085.5 1987 1.05 2076 1.00 105.10

H301F-2 37.94 2026.0 1884 1.08 1931 1.05 95.20

H301F-3 71.04 1664.0 498 3.34 473 3.52 34.80

H301F-4 150.34 1709.0 250 6.84 398 4.30 85.20

Stiffened Element Compression Members - Type 301 1/2 Hard

H301SC-2 39.85 72700.0 42950 1.69 43450 1.67 117.10

H301SC-4 154.51 23050.0 2460 9.78 1490 1.54 93.60

Flexural Members - T~pe 304 Annealed & Strain Flattened

AS304F-2 71.52 647.5 440 1.47 436 1.49 35.70

AS304F-3 113.02 699.0 295 2.37 274 2.55 39.25

AS304F-4 150.18 761.0 200 3.81 200 3.81 38.80
I\)

I-'

* Determined by the Maximum Surface Strain Method ~
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Table 4-1

COMPARISON OF EXPERIMENTAL CALCULATED MOMENT AND TEST MOMENT
TYPE 301 STAINLESS STEEL - 1/2 HARD

Specimen Load Experi- Effective Calculated Mcalc
menta1* Width¢ Moment@ MtestMoment

p Mtest b Mcalc(exp. )
lb. in-lb. in. in-lb.

H301F-l 1888 10384 1.4723 11164 1.0751
1987 10929 1.5312 12184 1.1149
2085.5 11470 1.5510 12946 1.1284

H301F-2 1592 8756 2.2913 9501 1.0851
1689 9290 2.2752 10145 1.0921
1884 10362 2.3134 11688 1.1280
2026 11143 2.1788 14061 1.2617

H301F-3 598 3289 1.9768 3507 1.0662
795 4373 1.5700 4597 1.0514
994.5 5470 1.3658 5747 1.0513

1382 7601 1.1381 7357 1.0647
1535 8443 1.0922 9001 1.0661

H301F-4. 498.5 2742 4.0776 3076 1.1218
599 3295 3.2338 3649 1.1077
797 4384 2.5904 4743 1.0821

1191 6551 2.0074 6941 1.0597
1381.5 7598 1.6654 8016 1.0550
1583.5 8709 1.3868 9249 1.0654

*
Average 1.083

Moment from tests

¢Experimenta11y calculated effective width

@Experimental1Y calculated moment by using experimentally
calculated effective width and the simplified numerical
method



Table 5-1

MEASURED MAXIMUM EDGE FAILURE STRESSES AND STRAINS
FLEXURAL AND COMPRESSION MEMBERS

Specimen wit Compression Tension Curvature
Edge

C1max/O"y
Edge

O"max/C1yStrain Stress Strain Stress
Emax °"max Emax O"max ~

lJ in./in. ksi lJ in./in. ksi II rad./in.
Flexural Members - Type 301 1/2 Hard

H301F-1 24.82 6447 105.10 1.05 5672 117.00 0.93 11828
H301F-2 37.94 5230 95.30 0.95 5828 118.90 0.95 11057
H301F-3* 71.04 5904 94.80 1.05 3857 92.80 0.72 6690
H301F-4* 150.34 4922 85.20 0.95 3274 79.70 0.62 5619
Average 1.00 0.81

Stiffened Element Compression Members - Type 301 1/2 Hard
H301SC-2 39.85 8475 117.10 1.16
H301SC-4 154.51 5786 93.60 1.04
Average 1.10

Unstiffened Element Compression Members - Type 301 1/2 Hard

H301UE-l 11.02 6059 96.10 1.07
H301UE-2 17.63 5317 89.00 0.99
H301UE-3 29.60 5114 87.20 0.97
H301UE-4 49.21 4899 86.20 0.96
Average 1.00

Flexural Members - Type 304 Annealed & Skin Passed

AS304F-2 71.52 3531 35.70 1.05 2032 39.25 0.96 3766
AS304F-3 113.02 4801 39.25 1.15 2303 39.90 0.97 4836
AS304F-4 150.18 4596 38.80 1.14 1770 38.20 0.93 4413
Average 1.11 0.95

f\)

Overall Average 1.03 0.87 .....
\0

* Strains corresponding to the load level before failure.



Table 5-2

THEORETICALLY COMPUTED MOMENT CAPACITY
BASED ON .2% OFFSET YIELD STRENGTH

(Numerical Method)

Temper Specimen Maximum
Exp. Winter's Formulat Revised Winter's Formu1at

Moment
M M %** M %** M %** IV! %**expo y y y y

Corners Flats Corners Flats
and Only and Only

Flats* F1ats*
in.-1b. in.-1b. in.-1b. in.-1b. in .-lb.

Type H301F-1 11470.0 11084.7 -3.36 10705.0 -6.67 11431.5 -0.34 11052.1 -3.64
301- H301F-2 11143.0 11868.6 +6.51 11492.5 +3.14 12089.0 +8.49 11713.1 +5.12
1/2 H301F-3 9152.0 8022.5 -12.34 7684.3 -16.04 8076.0 -11.76 7737.8 -15.45
Hard H301F-4 9400.0 8500.9 -9.56 8155.2 -13.24 8526.9 -9.29 8181.2 -12.97

Average -1l.69 -~.20 -3.23 -6.74
Type An- AS304F-2 3562.0 3~3ts.0 +7.75 35110.2 -0.61 3~~b.ll +9.11 35~7.~ +0.72
nealed AS304F-3 3844.0 4162.0 +8.27 3859.5 +0.40 4194.7 +9.12 3892.0 +1.25
& Skin AS304F-4 4185.5 4337.9 +3.64 4032.7 -3.65 4363.0 +4.24 4057.9 -3.05
Passed

Average +6.55 -1.29 +7.49 -0.36

* Considering both corner and flat material properties.
*. Percentage of deviation of calculated values from experimental values.
t Using Winter's formulas for effective width calculations

Winter's Formula: Eq. 4-9; Revised Winter's Formula: Eq. 4-40.

I'->
I'->
o



Table 5-3

EFFECT OF CORNER STRENGTHENING ON THE THEORETICALLY
COMPUTED MOMENT CAPACITY

BASED ON .2% OFFSET YIELD STRENGTH

Temper Specimen Winter's Formulat Revised Winter's Formulat
M fJI %** M H %**.y y y y

Corners Flats Corners Flats
and Only and Only

Flats* Flats*
in.-lb. . :t.n.-lb. in.-lb. in.-lb.

Type H301F-l 11084.1 10705~0 -3.43 11431.5 11052.1 -3~32301 H301F-2 11868.6 11492.5 -3.17 12089.0 11713.1 -3.111/2 H301F-3 8022.5 7684.3 -4.22 8076.0 7137.8 -4.19Hard H301F-4 8500.9 8155.2 -4.07 8526.9 8181.2 -4.05

Average -3.72 -3.67

Type AS304F-2 3838.0 3540.2 -7.76 3886.4 3581.8 -7.68
304 An- AS304F-3 4162.0 3859.5 -1.27 4194.7 3892.0 -7.22
nea1ed AS304F-4 4337.9 4032.1 -7.04 4363.0 4057.9 -6.99
& Skin
Passed

Average -7.36 -7.30

* Considering both corner and flat material properties.
** Deviation from computed moments considering corner strengthening effects.
t See footnote in Table 5-2.

N
N
I-'



Table 5--4 N
N
N

COMPARISON OF CALCULATED AND LXPERI~mNTAL FLEXURAL STRENGTH
TYPE 301 STAINLESS STEEL - 1/2 HARD (SIMPLIFIED METHODS)

Specimen wIt Maximum Simplified Design Method@
Exp. Numerical Method Elastic Method Plastic Method

tifoment Method I Method II
Mf Mcalc % Mcalc % Mcalc % Mcalc %
in-lb. in-lb. in-lb. in-IO. in-lb.

H301F-l 24.82 11470 11240 -2.01 ' 10540 -8.10 11375 -0.82 12437 8.43

H301F-2 37.94 11143 11916 6.94 11289 1.31 12495 12.14 13629 22.30

H301F-3 71.04 9152 8042 -12.13 7059 -22.84 9061 -0.99 10077 10.10

H301F-4a 150.34 9400 8460 -10.00 7489 -20.33 9800 4.25 10709 13.93

Average -4.30 -12.49 3.65 13.69

*Percentage of deviation of calculated flexural strength from experimental values.

@The stress distribution of these methods across the depth of the cross-section is shown
in the following sketches,

Elastic Method
(]

Plastic Method I
(]

E

+

o
'7C

Plastic Method II
(]

yc

+

°yt
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Table 5-5

COMPARISON OF THEORETICAL AND EXPERIMENTAL
DEFLECTIONS AT SERVICE LOADS

Temper Specimen Moment at Deflections at Service Loads
Service Load* Defl.t Defl. %#

My/S.F. (Theor.) (Exp. )

in.-lb. in. in.

Type H301F-l 5991.7 0.995 1.080 -7.8
301 H301F-2 6415.5 0.955 1.005 -5.0
1/2 H301F-3 4336.5 0.530 0.535 -0.9
Hard H301F-4 4595.1 0.495 0.480 +3.1

Average -2.6

Type AS304F-2 2074.6 0.242 0.250 -3.1
304 An- AS304F-3 2249.7 0.225 0.238 -5.4
nealed AS304F-4 2344.8 0.218 0.211 +3.2
&Skin
Passed

Average -1.8

t Calculated by numerical integration, Sec. 5.2.3.5.a.
* Moment at service load is equal to M 11.85; the values of

M are shown in Table 5-3 considering original Winter's
fgrmula and both corners and flats.

# Percentage of deviation of theoretical deflection from
experimental deflection.



Table 5-6 l\}
l\}

..t:
COMPARISON OF CALCULATED AND EXPERIMENTAL DEFLECTIONS AT SERVICE LOADS

TYPE 301 STAINLESS STEEL - 1/2 HARD

Specimen wIt Deflections at Service Loads
Elastic Method Plastic Method I Plastic Method II

H * Defl.@ Defl.@ ** M * @ Defl.@ % r·~ * Defl~ Defl.@calc % calc Defl. calc %
1.85 (calc) (exp) 2.00 (calc) (exp) 2.-00 (calc) (exp)

H301F-l 24.82 5697 0.9491 1.030 -7.85 5688 0.9467 1.027 -7.82 6219 1.0584 1.145 -7.56

H301F-2 37.94 6102 0.9212 0.950 -2.52 6248 0.9401 0.980 -4.07 6815 1.0664 1.095 -2.61

H301F-3 71.04 3815 0.4570 0.448 2.01 4531 0.5771 0.580 -0.50 5039 0.6810 0.734 -7.22

H30lF-4a 150.34 4043 0.4241 0.402 5.50 4900 0.5620 0.520 8.08 5355 0.6426 0.586 11.37

Average -0.72 -1.08 -1.51

•Flexural strength calculated by Elastic Method, Plastic Method I or II .

••Percentage of deviation of calculated deflection from experimental deflection.

@. Deflections calculated by the simplified method suggested in 5.2.3.5.b



Table 5-7

COMPARISON OF CALCULATED AND EXPERIMENTAL ULTIMATE STRENGTHS
OF NONCOMPACT COMPRESSION MEMBERS

TYEE 301 STAINLESS STEEL - 1/2 HARD

Specimen Maximum
Experimental

Load
P

f

lb.

Stress¢

ksi

Effective
Area*

Aeff
2in.

Corner
Area

Ac

in. 2

Calculated Load Capacity
p' .0# % P @
calc calc

(Flats & (Flats
Corners) only)

lb. lb.

%

Unstiffened Element Compression Members

H301UE-l
H301UE-2
H301UE-3
H301UE-4
Average

16850
15000
15500
16150

89.90
89.90
89.90
89.90

0.1190
0.1253
0.1272
0.1271

0.0289 14106
0.0290 14677
0.0288 14832
0.0288 14819

-16.3
-2.2
-4.3
-8.2
-7.8

13295
13863
14024
14011

-21.1
-7.6
-9.5

-13.2
-12.9

Stiffened Element Compression Members

H301SC-2
H301SC-4
Average

72700
23050

100.50
89.90

0.4657
0.1695

0.1213
0.0511

61353
21120

-15.60 59000
-8.35 19650

-12.02

-18.80
-14.70
-16.75

¢ .2% Offset yield strength of flat material

* Total effective area excluding corner area
(Eqs. 4-22 and 4-9 were used for effective width calculations for unstiffened
and stiffened elements, respectively.)

@ Flat Material yield strength for both flats and corners

# Considering both flat and corner strengths;
Corner strength corresponding to the strain of the .2% offset yield strength
of flats was used for corners. f\,)

f\,)

\Jl



Table 6-1

ACTUAL SAFETY FACTORS OF CALCULATED SERVICE MOMENT AND FAILURE
MOMENT FROM EXPERIMENTS

TYPE 301 STAINLESS STEEL - 1/2 HARD

I\)
I\)

~

Specimen

H30lF-l

H30lF-2

H30lF-3

H30lF-4a

Average

r>1ax. Exp. Elastic Method Plastic Method I Plastic Method II
Moment Service Moment M

f
Service Moment M

f
Service Moment YI

f
Mf

fv'l M Ms M Ms YIsM * sult 11.85 s Mult*/2.00 s l\tlt*/2.00

in.-lb. in.-lb. in.-lb. In.-lb.

11470, 5697 2.01 5688 2.02 6219 1.84

11143 6102 1.83 6248 1.78 6815 1.64

9152 3815 2.40 4531 2.02 5039 1.82

9400 4043 2.33 4900 1.92 5355 1.76

2.14 1.94 1.77

*Calculated flexural strength by Elastic Method, plastic method I or II.



227

------

Yield
Strenoth

o L.T.
o T. T.

x L. e.
a T.e.

8O,r__~~~~~4--::-".-.:::=--+----+------J----J

Tensi Ie
Strenoth

-Type

301
---Type

302
2~---t-----t--~~-hL;L+---jt--l---J

240,,---t---t----+----+-------t.-J

~~r----r--\-"7~;.:::::::....-~b-~z.....~~~.a-:::..::.~---1
fI)
Q)
L...

en

0:-----~10~---~2~0---~340---~4~0----.J50----'
0/0 Cold Reduction
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STEELS (Adapted from Refs. 2-4 and 2~19)
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Stress, ksi
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Fig. 4-7a FLEXURAL SPECIMEN H301F-4 AT LOAD=35 lb.

• 4- FLEXURAL SPECIMEN H301F-4 AT LOAD=300 lb.,
3/4 Per
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Fig. 4-70 FLEXURAL SPECIMEN H301F-4 AT LOAD=797 lb.,
2Pcr

Fig. 4-7d FLEXURAL SPECIMEN H301F-4 AT FAILURE LOAD
=1709 lb., 4.30 Per
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