I29A
#3328
CIVIL ENGINEERING STUDIES

Structural Research Series No. 328
copy 3

A\t

CSSSENSY

University OF
m’aanm Tilinoz

D. W. GOODPASTURE
and
J. E. STALLMEYER

A Technical Report
of a Research Program
Sponsored by
BUREAU OF PUBLIC ROADS
DEPARTMENT OF COMMERCE
Contract No. CPR-11-4204

UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS
AUGUST 1967




FATIGUE BEHAVIOR OF WELDED THIN WEB GIRDERS
AS INFLUENCED BY WEB DISTORTION

AND BOUNDARY RIGIDITY

J. 'E. Stélimeyer

A Report of an Investigation Conducted
by
The Civil Engineering Department
University of Illinois
In Cooperation with
Department of Commerce-Bureau of Public Roads
' Contract No. CPR-11-4204

University of Illinois
Urbana, ll1tinols
August 1967






ACKNOWLEDGMENT

The study reported herein is part of an investigation of the
Flexural Fatigue Strength of All-Welded Beams and Girders which is being
conducted at the University of\illinois under the sponsorship of the
Department of Commerce, Bureau of Public Roads. This investigation is
part of the structural research program of the Department of Civil
Engineering.

The author wishes ﬁo express‘his appreciation to Professor J. E.
Stallmeyer for his aid, advice and encouragement during the investigation.
The writer wishes to thank Mr. G. E. Rymer for his helpful advice and
suggestions during the welding experimentation and his care in the prepara-
tion of the specimens. The efforts of Mr. 0. H. Ray and other members of
the ?aboraté-y shop in preparing specimens and maintaining tes£ equipment
areVgreatly appreciated.

The author also wishes to express his déep appreciation to his

wife, Marion, for her assistance, encouragement, and understanding during

the past four years.






ACKNOWLEDGMENT . &

TABLE OF CONTENTS

Li ST OF TABLES e ° ° e @ @ L L L] a ] e e 8 @ L] 8 a a e @ B @ L L [ L

LIST OF FIGURES .

e

2,

’NTRODUC‘F!ON L] L4 @ @ o o o e & L © 3 e @ ® o o o g o -] L] e o o @
1.1 Background . . e e 6 o b b e s s e e e e s e e e e e
102 Genera] Discussion ‘e e L4 a @ o @ o e a o L] - e L] ° ] e @
‘.3 Obj ect and Scope L o L L] a L] ° e L] L] L e a L] o o o L] o L]
104 L @ L] @ L L .° o o L] o L4 C a ° ° L2 o

Notation « o o o o o

REV'EH OF LITERATURE @ e e o ° ‘ 9 e o L o 2 '0 L] L L] . @ ° e e L

3.3
3.4
3,5

3.6

Strength of Plate Girders « « ¢ o o o o« o 5 ¢ o o s o o o @
Deflections of Thin Web Girders o « ¢ o o o s o o o o 5 o o
Longitudinal Stiffeners « « o « o e e o a6 o o o s i o o
Fatigue Behavior of Thin Web Glrders e s o o s o« s o o o o
Scaling Parameters . o . ¢ o o o o o o s o o o a a s s o o

SPEC'HENS e © o e @ o a 8 © e e @& o e @& e o o © 9 o e @ © °

General Discussion o « o ¢« o o o o ¢ o o s o ¢ a s o o o o
Girders with Various Flange Rigidities Subjected to Shear .
Girders with Various Flange Rigidities Subjected to Shear

andBending.............-......'a'..-
Girders with Various Transverse Stiffener Sizes Subjected

to Shear Bending « o o o o o o a s« o o 0 ¢ 2 © o o o o o o
Longitudinally Stiffened Girders with Various Flange Rigid-
ities Subjected to Shear and Bending « « o o o s o o o o o
Longitudinally Stiffened Girders with Various Transverse

Stiffener Rigidities Subjected to Shear and Bending . . . .«

MATERIALS AND FABRICATION OF SPECIMENS . ¢ = o s ¢ ¢ o s o s o o

4,1
4,2
TEST
5.1

°

(SR SR ¥)]
HwN

o

TEST

6.1
6.2
6.3

Materials L] e o L] o e ° (] 8 o -3 ] L] o L] o L] e e L4 L] L] L] L] L4
Fabrication of Test Specimens . o o o o o o s o o o s o o o

PROCEDURES

Measurement of Initial Web Deflections .« o« ¢« ¢ o o o o o o
Measurement of Web Deflections Due to Load .« « ¢« ¢ s o o &
static Tests o o @ o e 1 o o Qo @ e L2 @ L] @ a @ 4 ] -2 L @ o
Fatigue Tests L] (] L] L] L L ] L] ° a o L] L] 9 2 ] @ (2 e e L] ® -] o

RESULTS
Lateral Web Deflections o ¢ o s s s o o s o o o o o o ¢ o o
static TEStS s © 9 e © © e © @ 9 ® @ @ e @ o © © 9 e e e .e

Fatigue Tests « « o« o o o o o

e e e e |

Page
iii
vi
Vi

G P w e

14
19
22
25
25
25
26
27
29
31

32

32
33

35
36
36
39

48
59



TABLE OF CONTENTS (Continued)
Page

7. DISCUSSION OF TEST KESULTS ¢ & o o o o o 5 o s o o o o o o s & 64

70] WEb DEfieCtiOﬂS e © 8 e ® e @ © @ @ © » @ © @ © 8 & & & o 64‘
702 Static TEStS e o o0 © © © ¢ © @ © 6 © & * e 6 & @ ® © ¢ 0 67
7.3 Fatigue BEhaV;O!’ ® ° e ° Ll L] a ° » o s L4 ? ® ® ° ° o ° ° 77

8. SUMMARY AND CONCLUSIONS & o ¢ ¢ o o o o o s o s o s a s o o » 81

L!ST OF REFERENCES ® LA @ e & & @ o e e 2 e & @ » e ® ° e e L] L] ° 86

TABLES L] ° e e @ o @ L] e e o e e @ © @& & & a a ° a 9 @ ° e e @ e @ 88

FIGURES ° ® o a L] L] e o L o o a ¢ e @ o © e & ° e e 8 ° . @ e o L] 95



Table

LIST OF TABLES

Initial Web Deflections in Girder Panels. . . .

Web Deflection Comparison for Lehigh Girders.

Physical Properties and Chemical Analysis of Web Materials.

Results of Tests on Girders with Various Flange Sizes
Subjected to Shear.

Results of Flange R|gad!ty on Girders SubJected to Shear
and Bending . . . . . e e s e e e s e e e e e e

Test Results for Girders with Various Stiffener Sizes . .

Average Transverse Stiffener Strains.

vi

Page
88
89

90

91

92
93

94






LIST OF FIGURES

Figure Page
1 Maximum Deflections at the Centers of Square Shear Panels
with Initial Deflections and Rigid Boundaries . . . . . . . g5
2 Relationship Between Lateral Web Deflection, Flange

Rigidity and Load for Plate Girder Web Panels . . . . . . . 96
3 Single and Double Sided Stiffeners. . . . « . « « « « « o & 97

4 Maximum Lateral Deflection of Longlitudinal Stiffener vs.
Stiffener Rigidity. . . . « « ¢ v « ¢« & v v v o v o v o o 97

5 Longitudinal Stiffener Rigidity Requirements. . . . g8

6 Limiting Values of Transverse Stiffener Rigidity as a :
Function of the Aspect Ratio. . . . . . . . . . +« ¢« « « « & 99

7 Girders with Various Flange Sizes Subjected to Shear. . . . 100
8  Girders with Various Flange Slzes Subjected to Shear and

Moment. . ¢« o ¢ « o & ¢« 4+ & ¢ 4 4 s e o w s s e e e o« s . . . 101
9 Girders with Various Stiffener Sizes. T [+

10 Longitudinally Stiffened Girders with Various Flange
Rigidities Subjected to Shear and Moment. . . . . . . . . . 103

11 Longitudinally Stiffened Girders with Various Transverse
Stiffener Rigidities. . . . . ¢« « ¢« ¢« & ¢« s ¢« ¢« ¢« =+ « « « . 104

12 Typical Dimensions of Connection Detalfis. . . . . . . . . . 105
13 Welding Sequence for Test Specimens . . . . . . . . . . . . 106
1h Loading Arrangement in Lever Fatigue Machine. . . . . . . . 107

15 Typical Strain Gage locations . . . . . . . . . « .« . . . . 108

16 Initial Web Deflections of FT-1A and FT-I0A . . . . . . . . 109
17 Initial Web Deflections of FT-1 and FT-10 . . . . . . . . . 110
18 Initial Web Deflections of FTSB=6A. . . . . . . . . . . . . 111
19 Initial Web Deflection Patterns for Girders with Variou§

Flange Sizes Subjected to Shear and Moment. . . . . . . . . 112

vfi



Figure

20

21

22

fnitial
Initial
Initial
Initial
Initial

Initial

viii

LiST OF FIGURES (Continued)

Web Deflections
Web Deflections
Web Deflections
Web Deflections
Web Deflections

Web Defiections

Web

Web

Web

Web

Web

Web

Web

Web

Web

Web

Web .

Web

Web

Web

Web

Web

Web

Web

Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections

Deflections

of

of

of

of

of

of

VST 8-4A.
VSTB-16A.
HSB-1
HSB-2 .
HVSB-1.

HVSB-2.

Due to Load.

Due

Due

Due

Due

Due

Due

Due

Cue

to

to

to

to

Load.

Load.

Load.

Load

of FT-10A Due to Load. .

Due to Load.

Due
Due

Due

Due.

Due

Due

Due

to
to
to
to
to
to

to

Load.

Load.

Load.

Load.

Load.

Load.

Load.

120
12}
122
123
124
125
126
127
128
129
130
131
132
133
134
135

136



Figures

Lb
Ls
L6
47
48
ks
50
51
52
53
Sh

55
56
57
58
59
60
61
62

63

65

Web

Web

Web

Web

Web

Web

Web

Web

Web

Web

Web

Web

Web

Web

Web

Maximum Principal Stress vs lLoad at Various Web lLocations,
Minimum Principal Stress vs Load at Various Web Locations.

Principal Stresses at Various Panel Locations of Shear

ix

LIST OF FIGURES (Continued)

Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflections
Deflectlions
Deflections

Deflections

Girder FT=1A .

Principal Stresses at Various Panel Locations of Shear

Girder FT=10A.

Maximum Principal Stress vs Load at Various Web Locations.

Maximum Principal Stress vs Load at Various Web Locations.

Due to Load.

Due to Load.

Due to Load.

Due to Load.

Due to Load.

Due to Load.

Due to Load.

Due to Load.

of HSB-2 During Static Test.

Due to Load.
Due to Load.
of HVSB-1. .
Due to Load.
Due to Load.
Load.

Due to

Due to Load.

° ° ° 3 L3

s »

»

°

<

s

°

°

Page
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

154

155

156
157

158



LIST OF FIGURES (Continued)

rigures Page
66 Maximum Principal Stress vs Load at Various Web Locations. . }5¢
67 Maximum Principal Stress vs Load at Various Web Locations. . 160
68 Minimum Principal Stress vs Load for FTSB Girders. . . . . . 16]
69 Minimum Principal Stress vs Load at Various Web Locations. . 162
70 Comparison of Predicted and Measured Membrane Stresses for
FTSB=2A. . « + & v @ ¢« v v v v v e s e v e e e s a e e . .o« 183
71 Comparison of Predicted and Measured Membrane Stresses for
FTSB=6A. & . « v v v v v v i v e e e e e e e e e .. 184
72 Distribution of Stresses on a Vertical Cross Section for

Girders with Various Flange Rigidities . . . . . . ., . . . . 165

73 Maximum Principal Stress vs Load at Various Web Locations. . 166
74 Maximum Principal Stress vs Load at Various Web Locations. . 167
75 Maximum Principal Stress vs Load at Various Web Locations. . 168
76 Maximum Principal Stress vs Loadlat'Various Web Locations. . 169
77 Minimum Principal Stress vs Load at Various Web Locations. . 170
78 Minimum Principal Stress vs Load at Various Web Locations, . 171
79 Minimum Principal Stress vs Load at Various Web Locations. . 172
80 Minimum Principal Stress vs Load af Various Web Locations, . 173

Comparison of Predicted and Measured Membrane Stresses for
VST 8-LA . . . . o . e e e e e e e i e e e e e e e e e . 174

',
<
——t

82 Comparison of Predicted and Measured Membrane Stresses for

VST B-108A. « . . v v v v i e e e e e e e e e e e e e e e 175
83 Distribution of Stresses on a Vertical Cross Section for

Girders with VYarying Transverse Stiffener Rigidities . . . .. 176
84 Compression Zone Stress Distribution of Girders with Various

Transverse Stiffener Rigidities. . . . . . . . . . . . . . . 177



Figures

85
86
87
88
89

90

9l

92

93

9k

96
97
98
99
100
101
102
103

104

xi
LIST OF FIGURES (Contlnued)

Maximum Principal Stress vs Load at Various Web Locations.
Max imum Priﬁcipal Stress vs Load at‘Various Web Locations.
Maximum Principal Stress vs Load at Various Web Locations.
Minimum Principal Stress vs Load at Various Web Locations.
Minimum Pffncfpéi Stfess Vs Load‘af Various Web Locations.

Comparison of Predicted and Measured Membrane Stresses for
HSB-1. L

Comparison of Predicted and Measured Membrane Stresses for

CHSB=2. 4 e e e e e e e e e e e e e e

CoMparison of Predicted and Meashred Membrane Stresses for
HVSB-] e & @ &« 3 s 8 e a4 e« 8 ® ° e 8 e o s °

Initial Deflections vs Range of Deflections for a Cycle of
Loading. + ¢« « + v « ¢ o s 4 & 4 4 e s e e s

Typical Strain Gage Locations on Transverse Stiffeners.. .
Longitudinal Stiffener Strain for Gfrder HSB-1 . . . . &
Longitudinal Stiffener Strain for Girder HSB-2 ., . . . .,
Longitudinal Stiffener Strain for Girder HVSB=1. . . ., . .
Load Deflection Curves for Girders FT-1A and FT-10A. . .
Load Deflection Curves for FTSB Girders., . . . . .

Load Deflection Curves for HSB Girders . . . . . . . « . &
Vertical Deflection vs Load for VST and HVSB Girders . . .
Locations of Failures, . . . . . « ¢« ¢« & v ¢« & + « &
Locations of Failures. . « . « ¢« ¢« ¢« & « ¢« & & &« & &

Fatigue Life of Shear Girders Versus Flange Rigidity
Parameter. . . . ¢ ¢« « & o & & 4 s s 6 0 s s e e 4 s

Page
178
179
180
181

182

183

184

i85

186
187
188
189
190
191
192
193
194
195

196

197



Figures
105
106

107

108

109

110

112

Xii

LIST OF FIGURES (Continued)

Initial Deflections Versus Fatigue Life of Shear Girders
Range of Web Deflections vs Fatigue Life of Shear Girders.

Fatigue Life vs Flange Rigidity Parameter for Girders with
Various Flange Rigidities Subjected to Shear and Bending..

Initial Deflections vs Fatigue Life of Girders with Various
Flange Rigidities Subjected to Shear and Bending

Range of Web Deflections vs Fatigue Life of Girders with
Various Flange Rigidities Subjected to Shear and Bending

Fatigue Life vs Stiffener Rigidity Parameter for Girders
with Various Transverse Stiffener Sizes.

Initial Web Deflections vs Fatigue Life of Girders with
Various Transverse Stiffener Rigidities.

Range of Web Deflections vs Fatigue Life for Girders with
Various Trangverse Stiffener Rigidities.

Page
198

199

200

201

202

203

204

205



1. INTRODUCTION

1.1 Background

Plate girders are structural members which are designed to
resist both shearing forces and bending moments. Shearing forﬁes are
resisted by the web and bending moments are resisted primarily by the
flanges if the forces are resisted by pure beam action. Plate girders
are primarily moment resisting members in most civil engineering appli-
cations. In order to accomplish an economical design, it has been gen-
eral practice to place as much material as possible in the flanges of
the girder and to locate the flanges as far apart as possible. There-
fore, a deep thin web results, This optimization of material is limited
by the fact that when the web thickness becomes small relative to the web
depth, the web plate becomes unstable.

For years civil engineers have-aséumed in design that the
strength of a plate girder was limited by the theoreticai buckling
strength of the individual girder panels. Extensive theoretical and
experimental research has been focused on the préb!gm of stiffened plates
under combined bending and shearing stresses. Most of this research was
conducted to determine the magnitude of various combinations of boundary
stresses at which perfectly plane plates become unstable and cease to be
perfectly plane.

Most design specifications limit the web slenderness ratio d/t,
in order to insure that a plane web will not buckle at design loads. |t

is assumed that the girder carries shear and moment by pure beam action.



The lTimiting stresses are based on the theoretically computed buckling
stresses of an ideal panel.

Aeronautical engineers require structural members with minimum
weight and have taken advantage of the full strength of a girder. Tests
have shown that the ultimate strength of a girder is not limited by the
buckling of individual panels. After a panel buckles, the girder changes
from beam action to a more efficient manner of carrying the additional
load instead of resisting increases in load by pure beam action alone.
The girder begins to act as a Pratt truss with the web panels performing
the function of tension diagonals and the transverse stiffeners behaving
as vertical compression members., Wagner (l)* proposed the pure diagonal
tension theory for plate girders in which it was assumed that the web
acted as a membrane and resisted no compression. Kuhn (2) assumed the
shear was resisted partly by beam action and partly by diagonal tension

field action. Thus, the design of girders In the aeronautical field

evolved to the’proportionihg of the girder dn the basis of its ultimate
load and a suitable factor of safety.

Civil Englineers have been convinced that more efficient use
could be made of the material in plate girders if advantage was taken of
the post=buckling strength of the girders. A comprehensive inQestigation
involving the application of the diagonal tension field theery to civil
engineering structures was conducted at Lehigh University from 1957 to
1961. The purpose of the investigation was to develop simple but general

formulae to predict the ultimate capacity of girders subjected

*
Numbers in parentheses refer to entries in the list of references.



to pure shear, pure bending, and combined shear and bending. One of the
results of this experimental and analytical investigation was the conclu-
sion that the stresses in plate girder web panels could exceed the theo-
retical buckling stresses of the panels without i1l effects. As a result
of such investigations, the new AISC building specification allows the
proportioning of the web in a plate girder with a much higher web slender-
ness ratio, d/t.

Recently, an investigation of the effect of longitudinal stiff=
eners on the strength of plate girders was initiated at Lehigh University.
incomplete results indicate that the main beneficial effect was the reduc=
tion of lateral web deflections. No increase in ultimate capacity was
experienced in the few tests conducted thus far.

Very few reports of fatigue tests on thin web girders are avail-
able. One such investigation was conducted at the University of |1linois
by L. R. Hall and J. E. Stallmeyer (3) in which several paraméters were

el ot £ + £ . .
d r—eff on—the—Fatigue—behaviorof-scale

o 1 1
vdir TEu 111 Ordet to—stu VAR ect

model girders. Flange rigidity, transverse stiffener rigidity, and type
of loading were the principal parameters considered. From the investigation,
it was concluded that the rigidity of boundary members had a significant
effect on the fatigue behavior of thin web girders. Failures were caused by
two effects, namely the fluctuating membrane stresses and the web flexing

action at the panel boundaries.

1.2 General Discussion

For the purpose of this report, a thin web girder is defined as
any plate girder in which the web depth-to-thickness ratio is sufficiently

large so that buckling of any of the individual web panels -of the girder

occurs before the allowable working load of the girder is attained.
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~Buckling of individual panels isvgenerakly not experienced
because an initially plane panel is seldom obtained. |nstead, initial
web deflections occur as a result of fabrication and when the girder is
subjected to load these initial web distorticons increase graduai%y;
Thin web girders are being considered for inclusion in the AASHO speci-
fication and a knowiedge is needed of the influence of initial web deflec-
tions, and also of the deflections due to loading, on the fatigue behavior
of the plate girder. As the web deflects laterally, membrane stresses are
increased and bending stresses Increase in relation to the curvature of the
web along the boundary. For an understanding of the fatigue behavior of
thin web girders the interrelationship of the membrane stresses, web bend-
ing stresses, and residual stresses along the Loundary of a panel is

required.

1.3 0Object and Scope

The objectives of the research pfogram described herein were to
determine the influence of initial web distortion on the fatigue behavior
of thin web girders and to determine the distribution of stresses along the
panel boundaries. Lengitudinally stiffened plate girders were alsc studied
in order to determine their fatigue behavior in relation to girders without
longitudinal stiffeners.

Many factors affect the fatigue strength of plate girders. It
would be impossible to study the effect of all of these parameters in a
program of limited scope. Therefore, the investigation reported herein is
?imited‘to the consideration of flange rigidity, and type of loading in

addition to the initial web deflections and the inclusion of longitudinal

stiffeners,



Full size girder tests are very costly and time consuming,
therefore, it was decided to use scale model girders in order to obtain
the desired information. A scaling method developed earlier was used to
proportion the scale model girders.

Ten fatigue tests were performed on three different types of
girders. Four of these tests were conducted on girders with longitudinal
stiffeners. Two of the girders without longitudinal stiffeners were sub=-
jected to a high shearing force and a very small bending moment, while the
remainder of the girders were subjected to combined shearing forces and
bending moments. Nine static tests were performed on the scale model gir-
ders in order to study the distribution of stress around the boundary of
the web. The static tests were performed on the girders used in the fatigue
tests. The results of these tests have been analyzed and the fatigue behav-
jor of the girders were compared to twenty additiodal tests in which the
variables were identical to those considered in the investigafion reported
herein, except for the magnitude of the initial web deflections and the

presence of longitudinal stiffeners.

1.4 HNotation

A!s Area of longitudinal stiffener.

a Transverse stiffener spacing.

b Clear depth of web between flanges.

D Flexural rigidity of unit width of plate, Et>/12(117).

d | Clear depth of web between flanges.

E Young's modulus of elasticity.

l Moment of inertia of flange about its own horizontal centroidal

axis.



Moment of irertia of stiffener about an axis in the plane
of the web.

Factor used to obtain the design rigidity of a longitudinal

stiffener.

“Thickness ¢f plate. -~

Load applied to girder.

Theoretical critical buckling load of an ideal web panel with

simply supported rigid boundaries.

Maximum fatigue ]oading.

Lateral web deflection.

Deflection st center of panel.

Maximum lateral deflection of longitudinal stiffeners.
Maximum lateral web deflection.

Transverse stiffener rigidity parameter,

d/a, the aspect ratio of a panel,

d/t, web depth to web thickness ratio.

Els/Dds
Optimum rigidity of longitudinal stiffener.

longitudinal stiffener rigldity.

Area of jongitudinal stiffener, As, divided by the depth, d,

and the thickness, t, of the web plate,
Poisson's ratio.
Normai stress.

Shearing stress.



2. REVIEW OF LITERATURE

2.1 Strength of Plate Girders

- ——pAs-outlined-in-the-preceding chapter, the-criteria of limiting .
the streng;h of a girder to the buckling of an individual web panel was
found to be inadequate in predicting the ultimate capacity of plate gir=
ders used in civil engineering applications. The capacity of girders
which are subjected to bending depends on the strength of the compression
flange acting with a portion of the web as a column (4). The flange
column may fail either by buckling or yielding. In thin web girders sub-
jected to shear the web lateral deflections. increase gradually as the locad
is increased. Tension field action results from the stress redistribution
in the web, and the ultimate capacity is obtained when the beam action
shear stresées and the tension field normal stress fulfill the yield con-
dition (5). The effect of interaction between bending and shear is not
pronounced. The influence of bending moments on the ultimate capacity
should be very small for the girders reported herein according to
Reference 6.

Most of the analytical and experimental research on plate
girders has centered on determining the buckling strength of individual
panels, whether the girders are transversely stiffened or both transversely
and longitudinally stiffened. Perhaps the most comprehensive investigation
of this type is represented by the work of Kloppel and Scheer (7). A com=
puter was utilized in the determination of buckling coefficlents for vari-

ous types of stiffened rectangular plates. The results are presented in



graphical form for plates with stiffeners In one direction, stifféners iﬁ
two directions, and multiple stiffeners. Extensive experimental investi=-
gations have been conducted by Ch. Massonnet and K. C. Rockey involving
the use of longitudinal stiffeners to Improve the static behavior of thin
web girders. Massonnet (8) concluded from his tests that his theoretical
optimum longitudinal stiffener rigidity was inadequate for the design of
stiffeners which would isolate the webs of girders into subpanels. For
design purposes Massonnet (10). recommended a stiffener rigidity seven
times that 6f the optimum rigidity for a Iong?tudinal stiffener placed at
the fifth point nearest the compression flange. A lower multiplication
factor is suggested for stiffeners placed nearer the neutral axis of the

girder. K. C. Rockey (11) has conducted an experimental investigation

— iT"vo’!v‘;n‘g““bo“te‘d-aM! umi_ n um. gi rde rs_a an. ha.s_su gge s.te.d_,de SAE ,gn_ ru‘“e‘s _fﬂor.t h.e SN 00 O Y SO ; )

spacing and proportioning of longitudinal stiffeners identical to the
design recommendations of Massonnet.

Bending tests on longitudinalﬁy stiffened plate glrders con-
ducted at Lehigh University (12) indicate that the bending strength of
plate girders may be increased by the use of a properly proportioned stiff=
ener located at the upper fifth point of the web. In several tests longi-
tudinal stiffeners were provided which exceeded the minimum requirements of
several specifications including the British, German, and AASHO specifica-
tions and no increase in bending strength was experienced in any of the
girders. The investigators concluded that the use of larger stiffeners
would result in an increase in static strength. The stiffener rigidities
provided in the Lehigh tests were not as large as those proposed by

Massonnet for design. Although the bending strength was not increased by

the use of longitudinal stiffeners, the stress redistribution was



effectively controlled in the web. After the web buckles in thin web
girders, the webrcannot resist its share of the‘compressive §tress and a
redistributioﬁ of compressive stress occurs. The force no longer resisted
by the web is transferred to the compression flange. I|f a longitudinal
stiffener is located in the compressive zone of the web, it limits the
lateral deflection of the web and inhibits the redistribution of compres-
sive stress. | |

The shear strength of girders may be increased by the use of
longitudinal stiffeners. Two subpanels are crea;ed in which separate
diagonal tension‘fields are formed. The Lehigh tests (12) indicate that
the increase in strength is dependent on the aspect ratio of the panel,

web slenderness ratio and stiffener position.

2.2 Deflections of Thin Web Girders

Initial. lateral web deflectiéns are expected to have an influence
on the fatigue behavicr of thin web girderéo Both the magnitude and the
distribution of the initial web defliections will infiuence the fatigue
behavior. The distribution of web deflections due to the distortion of
the web will be referred to hereafter as the web deflection pattern, dis-
tribution, of configuration. Fabrication procedures, the size of individual
component parts of the girder, and the geometrical arrangement of the parts
will all influence the initial deflections. Residual stresses which result
from the welding process cause the distortion of thg‘web. Different shapes

and magnitudes of the deflection pattern are due to different welding pro-

cedures.

Ll

Initial deflections equal to the web thickness are prevalent in

test girders and the use of the linear theory of plates is inapplicable in
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the analysls of the web., Table 1 lists the order of magnitude of the
initial web deflection of selected panels of girders tested at Lehigh
University (13) with a girder depth of fifty inches, which corresponds
to a full sized small plate girder. Comparison of the values in this
table shows the influence of the aspect ratio and web slenderness ratio
on initial deflections. Generally the initial deflections are smaller
with girders having smaller web slenderness ratios and Iowef aspect
ratios.

Many theoretical investigations have been reported pertaining
to the behavior of plates with small initial deflections in the order of
0.1 to 0.25 times the thickness of the web. The analysis has been limited
to either simply supported or clamped boundaries and to simple loading con=
ditions such as uniform compression on two opposite edges or a uniform
shear on all edges. In welded plate girders the edges of the web are
neither simply supported nor fully clamped, but are between these two
extremes. Bergman (14) made an analytiéal study of square plates subjected
to shear along the boundaries and included maximum initial deflections of
0.05t, 0.5t, 1.0t, 2.0t, and 3.0t where t is the thickness of the plate.

The initlal deflections of the plate were represented by the function

] H -’t—x— .‘ ﬂ
w{x,y) f, sin <= sin = (2.2.1)
with the origin of the coordinate system taken at one corner of the plate.

The additional deflection due to load was taken as a Féurier series in

three terms,

wix,y) = fl sin %? sin %% + f, sin 2§5 sin ng

+ f, sin §§§ sin §§1 (2.242)
(=] (-}
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where’fl, fz, and f3 are parameters. The symbol a is used to denote the
length of a side of a square plate. The increase in deflection due to
increase in load is shown In Fig. | for a square plate subjected to shear.
Theoretically a plate which has very small initial deflections will exhi-
bit a rapid growth of deflections at a load near that of the buckling load
for an initially plane plate. At loads much smaller or larger than the
buckling value, the plate with smaller initial deflections behaves much
like an originally plane plate. However, this is not the case for plates
with Initial deflections which are two or three times the thickness of the
piate.

It is generally known that the plate has considerable post buck=
ling strength in contrast to the behavior of compressionvﬁembers such as
columns or truss members. When a plate buckles, there are certain stresses
which are created due to the fact that the edges of the plate do not deform
freely. Tensile membrane stresses are present which tend to restrict the
increase in plate deflection. The tensile membrane stresses are anchored
in the flanges and in the adjacent panels of the plate girder. The ability
of the flanges to resist the membrane stresses depends on the rigidity of
the flanges. The flange rigidity parameter, l/a3t, was used by Hall and
Stallmeyer (3) in an investigation of its effect on web deflections, aﬁd
ultimately on the fatigue behavior of a plate girder. Rockey (11) has
proposed a minimum value of the flange rigidity parameter which should be
used in the design of thin web girders. The depth of the buckles is
dependent upon both the load and the flange rigidity parameter l/a3t»as
shown in Fig. 2. The circle on each curve represents the minimum value

of flange rigidity at which the value of wmax/t is almost constant.
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The circles correspond closely to the values obtained by the use of the

recommended empirical formula for the minimum flange rigidity

| W "
5~ = 0.00035 (wcr = 1) (2.2.3)
at
where | = moment of inertia of flange about it horizontal centroidal axis

a = stiffener spacing, center to center
t = thickness of web

W = actual load on web panel

Wer theoretical buckling load of web panel

In addition to the membrane stresses, plate bendfng stresses are
created at the edges of the panel because the boundaries of a panel of a
welded plate girder are not simply supported. The magnitude of these plate
bending stresses depend mainly on two factors, namely the magnitude of the
deflection and the rotational restraint of the boundaries. As the plate
deflection increases, the membrane and the plate bending stresses increase
also. The membrane stresses have a staﬁilizing effect on the plate.
Therefore, a plate with larger initial def]ectidns whould deflect less fér
a given increment of load than a plate with smaller initial deflections.
This conclusion is bbrne out in Fig. | where a comparison of the average
slopes of the curves shows a larger increase in deflection per unit load
for plates with smaller deflections. At higher loads, all of the curves
parallel each other so that this effect is no ionger observed. From these
observations It is apparent that web panels with smaller initial deflec=
tions should have a_larger range of deflections than those girders with
larger initial deflections.

With regard to the fatigue behavior of thin web girders, both

of the two previously mentioned stresses are important. If a girder is
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fabricated with panels having large initial deflections, then the plate
bending or web flexing stresses due to the cyclic loading are reduced. If,
on the other hand, the initial web deflections are small, then the web
flexing stresses subsequent to loading should be larger. Thus the most
undesirable streés condition occurs when the addition of the two types of
stress is at a maximum value. Residual stresses are a third type of
stress which, when combined with the membrane stresses and the web flexing
stresses, may create the most undesirable stress condition at some point
along the boundary of the web panel. No quantitative reports on the dis~
tribution of residual stresses in thin web girders are presently available.
Hall and Stallmeyer (3) reported that the shape of the initial
deflection pattern may influence the fatigﬁe behavior of thin web girders.
Initial web deflections were réther large Enrseveraj of the test girders,.
and the deflection configuration due to load did not conform to the theo=
retical shape. The initial shape was only modified by the addition of
load. As a result the distribution and Intensity of the membrane stresses
and web flexing stresses along the boundary of the panel may also be modi-
fied. Therefore because web flexing and membrane streSses_are expected to
affect the fatigue behavior of thin web girders, the shape of the initial
deflection pattern may influence the fatigue behavior of thin web girders.
In the preliminary tests conducted at Lehigh University (12) on
girders with longitudinal stiffeners, one of the conclusions of the inves-
tigation was that the use bf a longitudinal stiffener minimized the lateral
deflections of the web when the girder was subjected to load. The maximum
web deflection at working load, the maximum web deflection at zero load,
and the pefcent increase of the web deflection between zero and the working

load is given in Table 2 for the girders tested at Lehigh. The first
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specimen in the table had no fongitudinal stiffener. |t has been pointed
out previously that the detlections of the web intiuence both the membrane
and the web flexing stresses, and that these stresses are related to the
fatigue benhavior ot thin web girders. Therefore, the inclusion of longl-
tudinal stiffeners should influence the fatigue behavior of thin web

girders.

2.3 Longitudinal Stiffeners

In girders subjected to bending there is a redistribution of
stress when the web panel buckles. S}nce the initial deflections lead to
a gradual ﬁncrease in the web deflections, this transfer of compressive
stress in the web to the compression flange begins with the initiation of
loading. No such redistribution occurs near the tension flange because
the stresses due to beam action of the girder are tensile and tend to
decrease the size of the buckle. Addition of ‘a longitudinal stiffener in

ion zone of the web restricts the development of increased

w

the compres
lateral deflections and therefore limits, to some extent, the redistribu=
tion of compressive stress.

The longitudinal stiffener forms, ideally, a nodal line in the
web. In order to accomplish this the stiffener must have a rigidity large
enough to resist buckling with the web. Ch. Massonnet (9) has derived
requirements for the optimum rigidity of stiffeners. The optimum rigidity
is defined by Massonnet as the smallest stiffener which will theoretically
remain straight at any value of the applied load. Any larger stiffener
would only contain material which was not required for the stiffening pur=
pose of the component, and a smaller stiffener would allow the web to

deflect due to the applied loads. Therefore, the ''optimum'' rigidity is
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the boundary between these two types of behavior. For a longitudinal

stiffener at the upper fifth point of the web, the fifth point nearest

the compression flange, the optimum rigidity is given in Eq. 2.3.1 for

the case of pure bending:

& 2
vy = 3.87 +5,1 @+ (8,82 + 77.6 3) a

valid over the range 0.55a < 1.5,

wle

where v~

E

For girder panels subjected to pure shea}, a condition which is
most unlikely in a beam type structure, the most efficient location of the
longitudinal stiffener is at the mid-depth of the web. The optimum rigidity

for the longitudinal stiffener is given in Eq. 2.3.2 for a panel subjected

to pure shear.

*

optimum rigidity = E%%

Young's modulus of elasticity

moment of inertia of the longitudinal stiffener
about a vertical axis through the central plane
of the web

flexural rigidity of a unit width of web plate,
Et3/12 (1 = w9

clear depth of web between flanges

web thickness

Poisson's ratio

aspect ratio, a/d

stiffener spacing

area of longitudinal stiffener, Als’ divided by

the depth, d, and thickness, t, of the web plate,

¥ = 5,4 aZ (2@ + 2.5 az - a3 -1 (2.3.2)

(2.3.1)
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Equation 2.3.2 is valid over the range 0.5 € < 2.0 and'r* and @ are as
defined earlier,
For panels subjected to combined shear and bending no specific

“value is given for the stiffener rigidity. Massonnet recommends that the
caiculation of the stiffener size be made for both pure shear and pure bend-
ing, and the larger of the two stiffeners is the recommended choice, All of
the values for the optimum stiffener rigidity are based on the assumption
that the web is initially plane. For practical design purposes Massonnet (10)
recommends the use of a factor, k, to determine the design rigidity of the
longitudinal stiffeners. The values of k were based oh tests to collapse

of girders and represent a mean value for each location of the stiffener,
The influence on the value of k of other parameters such as the aspect ratio,

d; web slenderness, P; and stress ratio 1/c were found to be minimal. The

values of k are as follows:

Distance Between Horizontal

Stiffener and Compressed Flange Value of k
b/2 ¢« « o o 5 o o 5 s s s o o o o o o s s v o o s 3
B/3 ¢ o o ¢ 5 o o o 6 s o o s s a s o s o o s s o &
b/4 & ¢ o o o o o o o s« o 6 6 ¢ s s s o o o o a s O
B/5 ¢ o o o o 6 5 o 5 s o o o s s o s s o o o s o 1

In contrast to the recommendations of Maﬁsonnet, the German
specification (15) specifies the optimum stiffener rigidity for the design
of longitudinal stiffeners. Charts were developed by Massonnet (16) for
the determination of the factor of safety with regard to buckling of the
web when the German specifications are utilized. In the United States,

the AASHO specifications (17) allow the design of a girder with a
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longitudinal stiffener 0.2d from the compression flange having the follow=

ing minimum moment of inertia

3, [, (bY?
I_>t°d 2.4 (-) - 0,13 ' (2.3.3)
s =— ; d ,
wQﬁé“%éwmmi;'émeméﬁEAé?’inertia of longitudinal stiffener about a vertical
axis through the central plane of the web
d = clear depth of web between flanges
t = thickness of web

b = clear distance between transverse stiffenerS

The moment of inertia of a one sided stiffener is computed with
respect to an axis through the stiffener web interface. It may be shown
that the area required for a single sided stiffener is 63% of that required
for double sided stiffeners if the only consideration is the moment of
inertia furnished. Reference to Fig. 3 will show that for stiffeners of
the same thickness, t, the moment of inertia of a single sided stiffener is
by = bat/B and that of double sided st%ffenérs isl,= 2(b')3 t/3 if the
thickness of the web is neglected. For the provision of equal moments of
inertia, b must equal 1.26 b', The resulting areas of the stiffeners are
bt = 1.26 b't and 2b't, indicating that indeed the area of the single sided
stiffener is 63% of the area of the double sided stiffener. Therefore,
from the previous calculation it would seem to be more economical to employ
’single sided stiffeners. However; if the function of the stiffener is
reconsidered, it is desired that the stiffener provide a straight rigid
boundary for the web panel. The ﬁse of a single sided stiffener creates
an eccentricity between the force carried by the stiffener and the cen-
troid of the stiffener area. Rockey (11) has shown that double sided stiff-

eners have a much smaller lateral deflection than single sided stiffeners.
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The relationship between the maximum lateral deflection of the longitudinal

stiffener and the stiffener rigidity is shown in Fig. 4. The maximum lat-

-eral.deflections of the stiffeners were obtained at a load equivalent.to_. . _.

1.12 times the critical buckling load for the web panels. |f double sided
longitudinal stiffeners are to be used and the maximum proposed design load
is not greater than 1.5 times the buckling load, Rockey suggests that stiff-
eners having an inertia double the theoretical optimum values will operate
quite effectively.

When the German, British and AASHO specifications are compared,
as In Fig. 5, it is apparent that the AASHO specification is the least
conservative. In view of the reported test results by Rockey and Massonnet,
the stiffeners proportioned by the use of the ASSHO specification are not
capable of performing their stiffening function. The points in Fig. 5
labeled 1, 2, and 5 represent three of the tests performed at Lehigh
University (12). No increase in ultimate capacity was obtained from the use
of longitudinal stiffeners. Only the control of stress redistribution in
the web and the minimizing of the lateral web deflections was achieved. |
The triangular points labeled HSB and HVSB represent the stiffener rigidities
used in the investigation reported herein.

Since longitudinal stiffeners influence both the magnitude of the
lateral deflection of the web and the distribution of stresses along the
web panel boundary, it is expected that the addition of longitudinal stiff-

eners will have an influence on the fatigue of thin web girders,
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2.4 Fatigue Behavior of Thin Web Girders

2.4.1 General Discussion

In previous sections it has been pointed out that many factors

influence the fatigue behavior of thin web girders. The magnitude and.
distribution of the initial web deflections, flange rigidity, web slender=
ness, transverse stiffener rigidity, longitudinal stiffener rigidity, type
of loading and the range of loading have all been mentioned. Several of
these parameters will be discussed in more detail in the following sections
with particular reference to the series of plate girder tests carried out

at the University of 11linois by Hall and Stallmeyer (3).

2.4.2 Influence of Flange Rigidity

The effect of flange rigidity has already been discussed Qith
. reference to initial web deflections. ‘Ef the fiange figidity is maintained
above a certain minimum value,‘la;gral deflections of the web can Be con=
trolled. Lateral deflections of the web'céuse both web flexing stresses
and membrane stresses. These stresses are expeéted to be related td ﬁhe
fatigue strength of thin web girders. Therefore as the flange rigidity
affects the lateral web deflections, it affects the fatigque behavior of
thin web girders.,

The analyses of Wagner (1) and Kuhn (2) considered flange
rigidity and expressions were developed for the calculation of the second-
ary'bending moments in the flange. As the tension field develops, it
creates tensile membrane stresses which are anchored at the boundaries of

‘>the pénel; in particular the flanges on two edges of the panel. The trans-
| verse‘Stfffeners act as supports and the flange was assumed to act like a

continuous beam shbjected to a distributed load. The foregoing results
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were obtained by investigators working in the aircraft industry. Secondary
flange bending moment were not expected to be significant in civil engineer-
ing structures according to Kuhn (2) and Legett and Hopkins (18).
Rockey (19) and Hall and Stallmeyer (3) found that large secondary flange
bending moments did indeed exist in civil engineering girders. The most
significant research on the flange rigidity of girders for civil engineer-
ing applications were performed by Rockey (11, 19). Figure 2 indicates
that the maximum web defliection depends on two factors, the load ratic and
the flange rigidity. On the basis of the tests represented in Fig. 2,
Rockey recommended the minimum flange rigidity given in Eq. 2.2.3.

Hall and Stallmeyer (3) investigated the influence of flange
rigidity on the fatigue behavior of thin web girders and concluded that the
rigidity of boundary members (flanges and stiffeners) of the individual web

panels had a significant effect on the fatigue behavior. Rockey!s minimum

_ flange rigidity (Eq. 2.L.3) was recommended for the desogn of plate garders

which are to be subJected to fat:gue type Ioadlngs‘

2.4.3  Influence of Transverse Stiffener Rigidity

The statement was made in the previous section that the fatigue
behavior of a-thin web girder was affected by the rigidity of the boundary
members of the individual web panels. Two of the boundary members are the
transverse stiffeners.b The static behavior of girders depends on the size
and spacing of the transverse stiffeners. Most theoretical investigations
reported in the literature have dealt with the calculation of buckling
coefficients for ideal plate-stiffener combinations. Two types of plate-
stiffener combinations have been reported with regularity. One type con-

sisted of weak stiffeners closely spaced and the problem reduced to the
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study of the buckling of an orthogonal plate.' The other type of blaten
stiffener combination is more closely related to the webs of civil engi-
neering girders. In such girders, the stiffeners are usually relatively
rigid and normally not closely spaced. Based on tests performed on alum-
inum alloy girders an empirical design formula was determined by Moore (20)
and was used as the basis for the proposed transverse stiffener rigidity;
requi rements in the British specification, B.S. 153(21). Rockey (22)
carried out extensive tests on girders employing both single sided and
double sided stiffeners. Very definite stability limits were obtained and
design formulae were presented for single sided stiffeners and double sided
stiffeners. For aspect ratios between 0.55 and 1.4, the formula proposed
by Moore represents a value of transverse stiffener rigidity between the two

values given by Rockey. Rockey's formulae and Moore's empirical equation

are shown in graphical form in Fig. 6. The main purpose of the investiga-

effectively isolate each individual web pénel. In actual practice a per=
fectly plane web or initially strafght stiffener is rarely encountered.

wfth the application of load and particularly after the web panel has dis-
torted extensively, it is highly unlikely that the transverse stiffener will
remain straight even though the stiffener may function as desired by carry=
ing the vertical component of the tension field force.

With regard to fatigue behavior of thin web girders two types of
stfesses héve been mentioned, namely, the web flexing stress and the mem=
brane stress. The web flexing stress is influenced by the relative deflec-
tion and rotatibn of the stiffener at the web. If the diagonal tension mem-

brane stresses are not anchored to the transverse stiffener, they are trans-

ferred to the adjacent web panels. The only fatigue tests on thin web girders
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In which the effect of transverse stiffeners was Investigated were reported
by Hall and Stalimeyer (3). Five glirders were tested representingka 3a}ge
r@aéé In transverse stiffener rigidity. Very short fatigue lives were
encountered with girders having Intermediate sized stiffeners, approximately

:ended by present U.S. specifications.(17, 23).  The use of.

the slze reco

transverse stiffeners with @ larger rigldity increased the fatigue lives of

the thin web girders.

it is expected that the rigidity of the transverse stiffeners will
have an effect on both membrane stresses and web flexing stresses, and there-

fore, ultimately affect the fatigue behavior of thin web girders.

2.5 Scaling Parameters

A welded plate girder is composed of three basic éomponents,
namely, the flanges, web and stiffeners. The web is designed primarily to
| resist the~shéar; and the flanges are designed primarily to resist the
applied moment. Thé stiffeners serve to divide the web Into panels bounded
on two sides by the flanges and on the other two sides by the stiffeners.
in order to test mode! glrders It was desired to redate the Bahavior of the
model to the prototype by means of non-dimensional parameters. The behavior
of the panels depends on the rclat!ve.rigldlties of the components, and these
rigldities are expresses In terms of the geometrical propefties of the indi=
vidual coiponcnts. Hall and Stallmeyer (3) have shown that there are four
dimenslonless parameters which ﬁay be used to describe the relative rigidi-
ties of the girder components. The psra@etgr=

i (2.5.1)
a“t ' '
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where | = moment of inertia of flange about its horizontal
centroidal axis, ins.
a = stiffener spacing, in.
. ... .. tr=thickness of web, in.
was used by several investigators to describe the magnitude of flange
rigidity. The effect of stiffeners on the behavior of girders can be
related to the ratio of the rigidity of the transverse stiffeners to the
flexural rigidity of the web panel. This ratio is described by the para-

meter

EQS
'D—a- (2@5.2)

where E = Young's modulus of -.elasticity

| Moment of inertia of the transverse stiffener or stiffeners

S

about & horizontal axis through the central plane of the web

<o
il

Flexural rigidity of a unit width of web plate,
etd/12 (1 - ud

a = Stiffener spacing
The remaining two parameters which describe the web are the aspect ratio,
@, and the web slenderness ratio, P, where
a = a/d

B = d/t, the ratio of web depth to web thickness

in addition to the four parameters used by Hall and Stalimeyer,

another parameter is required to describe the relative rigidity of longi=
tudinal stiffeners. Actually the parameter is identical to that used for
transverse stiffeners, except that the web distance perpendicular to the

stiffener is now the depth, d, which replaces the stiffener spacing a in

Eq. 2.5.2. The resulting parameter is as shown below



24

Els
5T ‘ (2.5.3)

where E, D, d are defined above.and
ls = Moment of Inertia of the longitudinal stiffener about &

vertical axis through the central plane of the web.



3. TEST SPECIMENS

3.1 General Discussion

Fatigue tests on thin web girders performed at the University of
I1linois were reported by L. R, Hall & J. E. Stallmeyer (3). Variables in
that study included the flange rigidity, type of loading, and transverse
stiffener rigidity. In those early tests the initial web distortions
resulting from fabrication of the specimens were large. Sﬁbsequent to
those tests, the development of an improved welding techhique enab led
specimens to be fabricated with smaller initial web deflections. One of
the objectivés of this investigation was to determine the influence of
these initial web deflections on the fatigue behavior of the girders,

Test specimens and configurations were chosen to duplicate specific tests
in tﬁe previous investigation.

Of related interest was the investigation of the effectiveness
of longitudinal stiffeners in reducing the initial web deflections and the
web deflections under load. The subsequent fatigue behavior.of a thin web
girder with such web deflection reductions was to be examined. For this
purpose additional specimens were designed to be equivalent to specimens
previously used in the investigation of initial web deflections, except
that a longitudinal stiffener was included. The specimens of the present

investigation are discussed in detail in the following sections.

3.2 Girders with Various Flange Rigidities Subjected to Shear

The fatigue performance of a thin web girder panel subjected to

a high shear was studied In the earlier tests. Eight specimens with

25
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varyleg flange rigidities were tésted. An Increase in failgue 1ife was
cbserved when the flange rlgldity was Increased. All other variables,
except Initial web dﬁstgrtieﬁ and flange rigidity, were identical for all
elght tests. Duplicate specimens of the earlier girders which had the
smallest flénge rigidity and the largest flange rigidity were fabrlcated.
The objective In duplicating the extreme cases of the earlier investiga-
tlon was to determine If the flange rigidity would be a significant paras-
eter In determining the fetigue life of the §irder when coupled with .
decreased Initial deflections. Eagh specimen had & central test panel
with 2 web slenderness retlo, d/t, of 267 and an aspect ratio of 0.75.

Web material with a thickness of 0.075 In. was used and the depth and width
of the test panel were 20 In. and 18 In., respectively. An aspect ratio of
vo.ﬁ was used for the panels on sither side of the central test panel in
order to qak@ them stronger thanm the test panei. Fligure 7 deplcts the test
panel and its position within the test specimen and the girder as & whole.
‘Double slded stlffeners were.used and Qero cut from 2 In. by 1/8 in. bar
stocke A 5 in. flange width was used for both ip@c!mgns, The two flangé
thicknesses were 1/4 in, and | In. resulting In flange rigldity parameter

values 1/a> t, of 0.0000258 and 0.00159.

3.3 EGirders with Varlous Flenge Rigidities Subjected to Shear and Bending

Exact duplicates ofbthe earlier test panels with various flange
rigidities subjected to shear and bending could not be fabricated because
of a difference In the thickress of avallable web material. It was
desired to kesp the web slenderness ratlo, d/t; aspect ratlo; bending
stresses; shearing stresses; and the flange rigidity peramster, l/nst,

equa] to tﬁc values ussed In the prior tests. As In the earller tests, @
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web slendérness ratio of 267 and an aspect ratio of 0.75 were used. The
nominal flexural stress in both specimens was equal to that used in the
earlier tests. MNo fatigue life was reported for the glrder with the small-
est flange rigidity in the earlier tests; thereforeg the girder with flanges
which were next higher in stiffness was chosen for duplication. Again, in
order to determine the effect of flange rigidity on the fatigue life of a
thin web girder, the test girder with the largest flange rigidity was -
chosen to be duplicated. This selection permitted the further investigation
of the hypothesis that increased flange rigidity leads tb improve fatigue
behavior.

For both specimens the web thickness was 0.0747 ip. and the depth
and width of each of the two test panels were 20 in. and 15 in., respec=
tively. Double sided stiffeners were chosen to comply with the AISC build-
ing speciflication requirements for thin web girders. The flexural stress
was identical for both specimens and the shear stress was constant in the
test panels. Location of the test peneis and the loading arrangement is
shown in Fig. 8. Sizes of the flanges for the fwo specimens‘were 4 in. by

3/8 in. and 1 1/2 In. by | In. providing flange rigidity parameter values

of 0.0000753 and 0.000494,'réspectively.

3.4 Girders with Various Transverse Stiffener Sizes Subjected to Shear

Bending

In the earlier tests it was discovered that the girder with the
smallest transverse stiffeners sustained a very long fatigue 1ife compared
to three other éirders with larger transverse stiffeners. Only the speci-
men with the stiffest stiffeners achieved a longer fatigue life. The very

flexible stiffeners did not restrain the web, but deflected and rotated
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with the web. Due to this phenomenon only & small amount of curvature of
the web was present at the junction of the web and the transverse stiffener.

As a rsguﬁt,'onﬁy small &@ccndary bendﬁﬁg str@sses were present at these

panel b@un@@riesq All of th@ §t3ff@n@rs En the réméﬁnder of th@ testsrmw
offered some measure of fixlity at the boundary of tha web panels. Since
the very flexible stiffener does not perform its intended funé;ﬁpn and would
not be considered a practical design, it was decided to dap! cate twc}ef the
 tests in Qh§cﬁ*the stiffeners previded a semb!&naa of restraint to the web.
The girder with the iargest ta@nsverse stiffeners was dup!icated and one
specimen was @ro&ﬁded with st!ff@ners with @ rigidity between the smaIIest
and second smailest used in the earlier phase of the program.
In the afigingi tests a web m@terf;f.haviﬁgbe thickness of

0.0625 in. was used. An aspect ratio of 0.5 and a wéb sl@n&ernésélratiop
d/t, of 320 were maintained in the ear%ier tests. Web maﬁer% | with a
thlickness of 0 0598 in. was used in the two duplicate spscimenso A web
slenderness ratlo, d/t, of 3!2 and an aspect ratEo of 0 50 were Qtllizedn
Three tcst panels were included In the specimen which was subjected to a
constant shear force and an increasing bending moment from one edge of the
fest panels to the other (See Fig. 9). Dimensions of each of the three
panels were 2 depth of 18.6 in. and @ width of 9.3 in. |

In the previous tests the flanges were tapered linearly in order
to maintain a.constaﬁt flexural stress to shear stress ratio of 1.52, For
the spcciﬁens in this investigation flange width was maintained at a con-
stant value and, as a result, the f!éxur@!“stfeSS'to shear stress ratio
‘varied from 0.86 to 1.52 over the length of the test panel. From static

tests on shear pihelé'x. €. Rockey (11) proposed a minimum value of the
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flange rigidity parameter, I/a3t. The flanges in the present program wefe
proportioned so that Rockey's minimum value of the flange rigidity parameter
was exceeded in both the previous tests and those reported herein. The
resulting flange width and thickness were 4 1/2 in. and 1/2 in., respec-
tively.

One=eighth inch by one;half incﬁ double sided stiffeners were
provided for one test specimen to render a minimum value of 57 for the
stiffener rigidity. A stiffener rigidity of 3640 was obtained by‘the use
of 1/8 in. by 2 in. double sided stiffeners on the second specimen. All
transverse stiffeners were cut from bar stock. Sizes of the stiffeners

used on the earlier tests are given in Table 6,

3.5 Longltudinally Stiffened Girders with Various Flange Rigidities

Subjected to Shear and Bending

It was desired to determine the effects of the presence of a
longi;udinai stiffener on the fatigue behavior of thin web girders; To
this end, It was decided to test girders similar to the girders described
in the two previous sections. Satisfactory fatigue lives obtained in the
tests on girders with various flanée rigidities subjected to shear reduced
the need for seeking improved fatigue lives. Variables being held constant
in relation to the specimens described in Section 3.3 were the web slender-
ness ratlio, d/t of 267; the aspect ratio of 0.75; and the web thickness,
0.0747 In. In addition, shear stresses were ideatical to the specimens
described In Section 3.3. Each of the two test panels were'20 in., deep
and 15 in. wide (See Fig. 10).

An analytical investigation by Ch. Massonnet (9, 10) led to the
determination of an optimum longitudinal stiffener rigidity and also to

design recommendations for longitudinal stiffeners, Present AASHO (17)
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specification requirements allow a stiffener which is smaller than the
optimum stiffener defined by Massonnet. The optimum étiffener rigidity
referred to above was used as the basis for the design of the longitudinal
stiffeners.

As a8 result, the longlitudinal stiffeners were conservative with
respect to the AASHO specifiication requirements. For both specimens the
width and thickness of the longitudinal stiffener were | 5/8 in. and
1/8 In., respectively., Thé longltudinal stiffener was extended three
inches beyond each end of the test sectlion and terminated at transverse
stiffeners Included for this purpose. The longitudinal stiffener was
located at the upper fifth polnt of the girder cross section.

For the specimen with the smallest flange rigidity, the flanges
wcrebidentlcal'to the earlier test of this Investigation. The flange size
was 3/8 In. by 4 In. and the flexural stresses were identical to the nom=
inal values fér the eaflﬁer test. An anealistic transverse stiffener size
resulted when @ one sided stlffener was proportioned to fit in the &/4 in.
half wi&th‘of the flange of the girder with th§ largest flange rigidity.
As a compromlse, a flange width and thickness of 2 1/2 In. and 3/4 in.,
respectively, was used. The resulting maximum flexural stress in the test
saction Qas 11.6 ksi as opposed to the nominal value of 14 ksi in the other
specimens. Both girders utilized transverse stiffeners which were 1/4 in.
thick and 1 1/4 in. wide which satisfled the requirements of the AlSC

bullding specification.
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3.6 Longitudinally Stiffened Girders with Various Transverse Stiffener

Rigidities Subjected to Shear and Bending

As outlined in the preceding section a specimen fabricated with
a longitudinal stiffener was desired in order to study its fatigue behavior.
Variables held constant for the girders with various transverse stiffener
sizes subjected to shear and bending were the web slenderness ratio, 312;
aspect ratio, 0.5; flange rigidity; shear stress and flexural stress.
Three panels were included in the test section and the dimensions of each
panel were 18.6 in. deep, 9.3 in. wide, and 0.0598 in. thick. The flanges
were 4 1/2 in. wide and 1/2 in. thick. Single sided transverse stiffeners
were chosen to be 2.4 times the area of one of the double sjded stiffeners
discussed In Section 3.4. A minimum transverse stiffener rigidity of 445
was obtainéd by the use of 1/8 in. by | 1/4 in. stiffeners. 7,130 was the
max imum transverse stiffener rigidity and was obtained by using 1/4 in. by
2 1/2 in. stiffeners. Again, the longitudinal stiffener was proportioned
to satisfy Massonnet's criteria for an optimum stiffener. The longifudinal
stiffener was 1/16 in. thick and 9/16 in. wide. The longitudinal stiffener
was located at the upper fifth point of the cross section of the girder and
was extended three inches béyond the outer transverse stiffeners. Two
additional transverse stiffeners were provided for connection to the ends
of the longitudinal stiffener (See Fig. 11).

The shear force was constant through the test’section and the
bending moment increased linearly from one edge of the test zone to the

other edge. The flexural stress to shear stress ratio varied from 0.86 to

1.52 through the test section.



L. MATERIALS AND FABRICATION OF SPECIMENS:

L,1 Materials

Four different types of materials were used in the fabrication
of phe test girders. All of the webs for the girders with various flange
rigidities were sheared from 6 by 10 ft,’plates of 0.0747 inch thick
AL415-58T rolled carbon sheet steel. The webs for the girders with various
transverse stiffener rigidities were sheared from 5 by 10 ft plates of
0.0598 inch thick AQL]-GQT rolled steel sheets. All flanges were flame
cut. Flanges for the girders subjected to shear were taken from 6 by |
12 ft plates of ALLI-64T steel plates. The flanges were cut from 6 by
12 ft plates of A7 steel for the girdgrs with various flange rigidities
subjected to shear and bending. Flanges of the girders with various stiff-
ener rigidities were obtained from 6 by 12 ft plates of ALLI-64T steel.

The longitudinally stiffened girders with various flange rigidi-
ties were fabricated with webs of A415-58T rolled carbon sheet steel. The
webs were sheared from 6 by 10 ft plates of A415-58T having a thickness
0.0747 fnches. Flanges for the girder with a léngitudinal stiffener and
having the smallest flange rigidity were cut from a 6 by 12 ft plate of
ALL1-6L4T steel. A373 steel was used for the f]anges for the girder with the
stiffest flanges. The webs of the girders with Iongitudinai stiffeners and
various transvefse stiffener sizes were sheared from a 5 by 10 ft plate of
0.0598 inch thick ALL1-64T rolled steel sheet. The flanges for these gir-
ders were obtained from 6 by 12 ft plates of ALL1-64T steel plates. The
physical properties and chehica] composition of the web materials are given

in Table 3.
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4.2 Fabrication of Test Specimens

The test specimens were formed by belting sturdy girder sections
to each end of a short thin web test specimen (See Fig. 12). The test
loads were applied to the end sections and were transmitted to the test
section through the bolted connections. This method of fabrication
eliminated the possibility of failures due to concentrated stresses at the
load and reaction points and also eliminated the need for a complicated
lateral support system.

In order to weld the specimen together the f!anges and web were
clamped in their proper relative positions in positioning stands. The
positioning stands consisted of two one inch thick cold rolled plates five
inches wide clamped betweeh two rotating stands. The one inch plates
served to form a solid base to which the gpecimens were clamped during
welding and to help keep the web plane during welding. The stands allow
the specimen to be rotated freely in order -that all welding can be done in
the downhand position. The girder coméoﬁents were then tack welded to hold
them in place during the welding of the specimen.

Semi-automatic metallic-inert gas welding equipment and a 0.030
inch diameter electrode wire was used for all welding. The welding
sequence for the specimens is shown in Fig. 13. Various sequences were
used in order to obtain the least web distortion and the sequence shown is
the result of these observations. Twelve inch passes were used in attach=
ing the web to the flanges. The numbers in Fig. 13(a) refer to the order
in which the flange to web fillet weld passes were made. Beginning at the
center of the specimen, a twelve inch pass was made toward the end of the

specimen. The specimen was then rotated and another fillet weld was made -
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on the other side of the web, The welding progressed from side to side of
the web and from the top flange to the bottom flange as indicated by the
numbers and arrows in Fig. 13(a). After the web had been welded to the
flanges, the transverse stiffeners were tack welded to the web at the ends
and at the quarter points of the stiffeners; The four center passes on all
transverse stiffeners were made on both sides of the web in an attempt to
minimize and distribute the heat input evenly in the web. Back stepping
passes were used on the stiffeners as indicated in Fig. 13(b). After the
center section of all the transverse stiffeners had been welded to the web,
the remaining four passes were made on each transverse stiffener, taking
each stiffener in the same order as before.

The girders with lbngitudinal stiffeners were provided with one
sided transverse stiffeners and the transverse stiffeners were attached in
the same manner as described above. After the transverse stiffeners had
been attached, the longitudinal stiffener was tack welded into position.
Six inch passes were used in attaching ﬁhe longitudinal stiffener to the
web (See Fig. 13(c)). Again short, distributedipasses were used to mlni;
mize the web distortion resulting from welding. Holes were drilled in the

ends of all of the specimens to receive the splice bolts.



S. TEST PROCEDURES

5.1 Measurement of Initial Web Deflections

it is Enévitable that during the fabrication of a welded plate
girder some distortion will occur. [nitial buckles of the web are the
most apparent features of this distortion due to welding. One of the main
features of this investigation was to determine the effects of initial web
deflections upon the behavior of thin web girdersf

After the specimens had been bolted to the stronger end pleces
and placed in the 250,000 1b. Wilson lever type fatigue machine, Fig. 14,
the initial web deflection readings were taken. A jig was used in making
the web measurements and it consisted of two vertical bars attached firmly
to the flanges of the specimen. Attached to the two vertical bars was a
horizontal bar with a key=way milled along the length of the bar. An Ames

dial was mounted on the horizontal bar by means of a sliding collar and a

key to limit the rotation of the collar around the bar. Measurements of
the distance from the plane of the jig to the web were made by sliding the
Ames dial horizontally along the web at two inch vertical intervals. Meas-
urements were also taken near the stiffeners and the compression flange
with the resulting'distance between these measurements and the typical

grid being less than two inches. The four corner measurements of the web
‘panel were taken as reference values and an undistorted reference surface
was generated by connecting the four corners with straight lines in prox=
imity to the boundary of the panel. The remaining measurements were com=

pared to the reference surface and initial web deflections were obtained.

A simple computer program was used to do the computations described above.
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‘ 5{2_ Measurement of Web Deflections Due to Load

A cyclic loading was appliéd to the specimens after which the
web deflection measurements were again taken at various values of loading.
Normally measurements were made wfth no load and were then made at each
load interval as the load was increased in four increments to the maximum
fatigue loading. In several of the static tests web deflections were meas=
ured at loads larger than the maximum fatigue load. The measurements were
made exactly as described in the previous section and the computer was

utilized in the reduction of date as before.

5.3 Static Tests

5.3.1 Selection of Specimens

To’detérmine thé}distribution ofvstresses around the boundary,
static tests were performed on all of the specimens subjected to fatigue
tests. Upon completion of the fat!gue tests, to be described in a follow=
ing section, no increase in deflection was experienced at the maximum
fatigue test load. Similar tests ét Lehigh (24) indicate that there is no
loss in strength of the glrder although extensfve fatigue cracks have
formed. {n ohe test of the current investigation a girder was repaired by
means of placing a new weld ovef the fatligue crack. The girder was then
subjected to fatigue loading. The repair was still sound after an addi=-
tional 500,000 cycles of loading were applied. Due to these factors it
was decided that static tests couid be satisfactorily performed on the
same test specimens used in the fatigue tests.

Rehairing the girders consisted of placing a new weld on both
sides of the web at the location of the fatigue crack. The weld was

extended approximately one-half to one inch beyond both ends of the crack.
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5.3.2 Location and Type of Strain Gages

‘Preparation of the web for the application of strain gages was
performed by removing all mill scale by the use of emery cloth and an
abrasive cylinder in a hand drill. Lines were scribed on the web to serve
as a guide in the installation of the gages. AR-1=5=6 rosettes and A-1
single element SR-4 strain gages were used in all cases. A typical gage
layout is shown in Fig. 15, 1[In most of the test panels rosettes were
located at the positions indicated by the gages shown as solid lines.
Dashed lines indicate the locations of gages which were Included in approx-
imately one=half of the test panels. Gages shown as dotted lines were used
on only one or two test panels. A=] single element SR=4 strain gages were
also placed on the transverse and longitudinal stiffeners. Gages were
placed on both sides of the transverse stiffeners at mid-height, the upper
quarter point and near the top of the girder in most of the tests. Gages
were located on both sides of the longitudinal stiffener at its inter-

section with each panel boundary and at the centers of the panels,

5.3.3 Loading

Nominal values of the stresses used in the earlier tests per=-
formed at the University of I1linois dictated the loads applied to the
girders of the current investigation. All values of loads or stresses are
given in terms of the maximum fatigue loading. Four equal load increments
‘of one=fourth of the maximum fatigue loading were used in the static tests.
Higher loads were obtained by the application of increments of 10% to 15%

of the maximum fatigue load. A stress ratio of one-quarter was used for

all fatigue tests.
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A maximum ndm&na! shear stress of 30.8.k£5 was used for the test
panel of the Shear girdefso This‘vélue of stress was cHosen_originally to
equal the A}SC bu!!dlng‘spetffication'allowable shear stress. For the gir-
ders with varlous f!ange'rsgidttles §ijected'tc'sheér and bending, a
nominal maximum shear sﬁress of 10.8 kéivand a nominal bending stress which
varied from 0 to 14 ksi throughvthe test section were used. Anticipation
of AASHO specificatioﬁ fequlreﬁents'and a factor of Safety of 1.33 for
fatique were éonsldered in detérmining the stresses in the earlier tests
on girders with varying flange fig!ditfes° The altlowable stresses dictated
by the AISC bullding specifltatiqn Qere used as the basis for the selection
of the ndmlnél stresses“usedvlhithe orlglnai tests on girders with varfious
transverée ﬁtlffqur rigidities,»‘A nominal shear stress of 10.7 ksi and a
maximum nominal Beﬁding‘stress bf'16,3'ksi were furnfshed’fbr the girders
with various transverse ;tlffensr rigldl'ties0 Because of the change in the
size of the flangeSIOf’tﬁé loﬁgﬁtudinélly stiffened girder with the most
rigld flaﬁges. the makiﬁdmindh[ﬁalbbending $tress was only 11.6 ksi. The
max i mum béndﬁhgi§ffg55?fnjthe other spécimen wifh a smaller flange rigidfty
was 14 ksl and tﬁe ndm§n§l s&s§f stféss-was 16.9 ksi for both test speci-
mens., ’ThevlbngltUdfnéify stiffﬁned gifdérs Qith varying transverse stiff-
ener sizes were subjected to ldentical nomlnal stresses as were their
counterparts without Iongitudinal stlffenersp namely, a shear stress of
10.7 ksi and a maximum flexurai stress of 16.3 ksi.

Figures 7 B 9 lo, and ll deplct the location of the loads,
reactions and test panels. in addition to the shear and bending moment

diagrams for each series of tests.
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5.3.4 O0Other measurements

At selected load levels during the static tests, measurements
of the lateral deflection of the web were taken using the jig which was
described in Section 5.1. Ames dials were also included -in order to
measure the vertical deflection of the girder subjected to load. The
vertical deflection measurements were made at the location where the

deflection would be the largest within the test panels.,

5.4 Fatique Tests

The assembled girders were positioned in a 250,000 Ib. Wilson
lever type fatigue machine and the initial web deflections were measured
as described in an earlier section. A stress ratio of one-quarter was used
as in the earlier tests. Section 5.3.3 gives the details pertaining to the
magnitude of the maximum fatigue loading. Figure 14 shows the fatigue
machine as adapted for the girder tests. Failure of the test specimen was
declared when a crack length of three inches was observed. No noﬁiceable
loss of load was experienced in any of the tests at the failure just defined.
Crack growth was relatively slow during the first two or three inches of pro=
pagation., |If repairs were not made to the girder then actual failure would
occur when the‘cracks eliminated the ability of the web to sustain the ten-
sion field forces. Repairs have been successful in prolonging the life of
thin web girders and a crack of three inches in a girder eighteen to twenty
inches deep was thought to be of sufficient size to necessitate Eepéirs.

Observation of the crack location and growth was achieved with the aid of

magnifying glasses.



6. TEST RESULTS

6.1 Lateral Web Deflections

6.1.1 Initlal Web Deflectlions

6.1.1.1 Girders Subjected Priﬁar%ly to Shear

bFabrication techniques were developed in order to minimize the
initial web deflections, and the resulting initial web deflection patterns
for girders FT-IA and FT=-10A are illustrated in Fig. 16. The maximum
initial web deflections of the girders in the earlier investigation at the
Uhiversity of Illinois are recorded in Table 4 for comparison with the
valueskobtained in the present investigation. The girders which were fab-
ricated as duplicates of g!fders'in the earlief tests are designated by the
suffix YA, The shupe of‘the‘initia] distortion is a single buckle, just
as in six of‘the eight,previous,tgstés Figuré 17 illustrates the initial —

web def!ections for girders FT=1 and FT=10.

6.1.1.2 G?rdersvwith Various Flange Sizes Subjected to Shear and Bending

The fnitfai cdﬁfiguration of the web of girder FTSB=6A is shown in
Figure'IB; Due to an overSlghtkon the inves;igator's part, the web deflec=
tions. of girder FTSBAzA wéré hot‘measured until after 600 cycles of loading
| had been‘appiigd. Whtlé"the Qébkdéf}éctions dué to load change very little
with repéated apbllcations,kthe Iﬁit{al web deflections are changed markedly
onn first aphlicat!bn_bf the maximum»fatlgue ioading. Therefore the initial
deflections wéré hot obtained, but were of the same general magni tude and
shape as those recbrde&‘%or-FTSB;GA.

For éomparison;fthe initial web deflections of the girders of the

earlier tests are shown In Flg.T19, it Is apparent that the magnitudes of
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the deflections in the original tests are much larger than those of the
present Investigation. Table 5 contains information pertaining to the
maximum initial web deflections for both panels of each of the girders

included for consideration.

6.1.1.3 Girders with Various Transverse Stiffener Rigiditiés Subject

to Shear and Bending

The initial deflection patterns for girders VST 8w4A}and VST 8=16A
are shown in Figs. 20 and 21, respectively. The effect of the closer spac-
ing of the stiffeners can be seen in the generally loﬁer magnitude of the
initial web deflections listed in Table 6 for the earlier tesf girders as
well as those in the present investigation. THe deflections fn all three
test panels are given for girders VST 8=4A and VST 8=16A, whereas only the
web deflections of the center panel were reported in the previous investi=
~gation. The trend of decreasing initial web deflections with increasing
stiffener rigidity is not supported by the.two girders tested as a part of

this investigation.

6.1.1.4 Longitudfnally Stiffened Girders with Various Flange Rigidities

Figures 22 and 23 illustrate the initial web dgfiection pattérns
for the two longitudinally stiffened girders Qith different flangé rigidi=
ties subjected to shear and bending. The initial deflections were approx-
imately of the same magnitude as the other girders with varying flénge
rigidities recorded in‘Téble 5. The presence of longftudfnal stiffeners
did not serve to decreése the initial web distortions in thé case of these
two girders, ESB-I and HSB=2. The effect of the longitudinal stiffener was

to shift the buckle to a lower position, leaving the portion of the web
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betwecn‘the,longltudina?ystiffener and the compression flange relatively

undistorted.

6.1.1.5 Longltudinally Stiffened Girders with Vérylng Transverse

stiffener Rigidities

The initial web defiections of girders HVSB-1 and HVSB-2 are
depicted In Flgs. 24 and 25, respectively. The patterns for these two
longitudinally stiffened girders differed markedly from the VST series
girders which were fabricated wfthodt longitudinal stiffeners. Several
bdckles in each panel appeared in the VST series girders. Only one buckle
was present in two of the three panels of glrder HYSB=1 and, only one very
small buckle was detected ln one of the three panels of girder HVSB-2. The
maxlmpm Inltial web deflect!on In each of the three panels is included in

Table 6 for glrders HYSB-1 and HVSB-2.

6.1.2 Web Deflections Due to‘Load

S,i.?;i Sirders Sublected to Shear

The deve!opmene of the buckie due to applied Yoad for glirder

FT-1A is shcwn.in Figs, Zﬁ,andk27,‘ Ccntour lines of equal lateral deflec-
tion arc'usedkto llidstfafe‘fhc“broce;$o' A.contour interval of one=-third
of the web thlckness was used. Rcb-defiectlon measurements were made at
four load Bncrements after the girder had been subJected to 118,000 cycles
of Ioadlng. The applied ]oed |s glven En the figure as a ratio of the load
to the maxlmum fatigue Ioading, N/Hmf. After the girder had been subjected
to i, 000 000 cycies, the web dcfiection measurements were again made at the
smallest and the !argest values of Ioad used In each cycle of Ioadnng. It

was deslrad to learn of aﬁy changes ln the deflection pattern due to the -

repeated loads. Fallure ofvthe girder.was declared at 2,250,000 cycles of
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loading and web deflection measurements were made at W/Wmf equal to O,
/4, 1/2, 3/4, and 1. The results of these measurements are shown in
Figs. 28, 29, and 30.

Girder FT-10A was subjected to 1,000 cycles of loading be%oré
web deflection measurements were made at the four equally incremented loads
from 1/4 Wmf to Wmf, inclusive. These values of web deflection are shown in
Figs. 31 and 32. Web deflections were measured again after 2,075,000 cycles
of loading and the measurements were taken with the girder subjected to the
minimum and the maximum loads of the fatigue cycle. Figure 33 depicts the
results of the measurements. After completion of the fatigue test, the
girder was subjected to a static test and web deflections were measured at
loads larger than the maximum fatigue loading. At a load of 1.5 Wmf the web

deflections were as shown in Fig. 34.

6.1.2.2 Girders with Various Flange Rigidities Subjected to Shear

and Bending

Girder FTSB=2A was constructed with the least rigid flanges of
girders subjected to shear and bending in the present investigation énd web
deflection measurements were taken at loads equal to the minimum and maximum
fatigue cycle loads. Due to the large deflections, the contour interval was
chosen to be equal to the thickness of the web., Figure 35 illustrates the
deflection pattern for the minimum fatigue loading after 600 load cycles.
The pattern corresponding to the maximum fatigue loading is shown in Fig. 36,
The deflection pattern after 371,000 cycles of loading is shown in Fig. 37
for W/Wmf = 1. |

FTSB-6A was the designation of the girder with the largest flange

rigidity in the present investigation, and Fig. 38 shows the web deflections
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due to the mdxlmum'fét!gué loading. ~ After the girder had failed, web
deflection maasuremehts were obtalned with the girder subjected to no
load. Thas@ deflections are presented in Fig. 39 and may be compared

to the initial web deflections in Fig. 18. The change in the web deflec-

tions Is quite apparent from such a comparison.

6.,1.2.3 Girders with Various Transverse Stiffener Rigidities Subjected

to Shear and Bending

The web deflections of the girder with the smallest transverse
‘stiffeners were mapped at loads correspbnd!ng to the minimum and maximum
fatigue loading, and the results are represented’in Figs. 40 and 41,
respectively. During the static test, measurements were made at a load
equivalent toAl.S Wmf. The résult!ng,defiectlon pattern is shown in
Flg. 42. | |

The Iafgést stiffeners wére qséd on girder VST 8-16A and the web
deflections are given in Figs.‘43 and 44 for the two extremes of the cyclic
loading. The foregcing‘measurements were made upon comﬁletion of thé

fatigue test.

6.1.2.4 Longltudinally Stiffened Girders with Varying Flange

Rigldities Subjected to Shear and Bending

The use of a‘longltudlnal stlffenér had a considerable effect on
the lateral webvdefIGCtiqns which occur duekté load. Figures 45 and 46
show thatbbné bucklekGOminétes each paﬁei of girder HSB=1. The two figures.
‘depict the pihel deflectlons‘at the minimum and maximum fatigue cycle loads,
respectively. A comparison of Figs.‘36 and 37 illustrates the différences
‘bétween the two typoébof patterns. Two bgckles dominated each panel of the

girder withcut Jongitudinal stiffeners. The development of the deflection
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pattern with successively larger loads is portrayed in Figs. 47, 48, 49;
and 50 for the longitudinally stiffened girder with the largest value of
flange rigidity, HSB-2. Again it may be noted that a single buckle dom-
inates each panel. This buckle became more narrow and the maximum deflec-
tion increased, as shown in Fig. 52, when the léad was increased to 1.3 wmf
during the static test. Two small buckles developed on either side of the

primary buckle and were 180 degrees out of phase with the large buckle.

6.1.2.5 Longitudinally Stiffened'Girders with Various Transverse

Stiffener Rigidities Subjected to Shear and Bending

Initial web deflections influenced the pattern of deflections
due to load. The addition of load to the girder with the léast rigid
transverse stiffeners caused the initial buckles to change in magnitude
and to distort @ small amount. Negligible distortion was encountered in
the subpanel bounded by the longitudinal stiffener and the compression
flange. The web deflections corresponding to the minimum and maximum
‘fatigue loading are shown in Figs. 52 and 53, respectively. Due to the
small deflections, the contouf interval is taken as one=third of the web
thickness. After 478,000 cycles of loading, the web deflections were

measured with no load on the girder. The results are illustrated in
Fig. 54.

Very small initial web deflections were obtained in the girder
with the largest transverse stiffeners. Subsequent loading produced littie
increase in the web deflections. Figure 55 depicts the girder panel deflec-
tions while subjected to one-fourth of the maximum fatigue load after 3,000
cycles of loading. The maximum lateral web deflection is approximately two-

thirds of the web thickness. At the maximum fatigue loading the maximum
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deflection has bnly Increased to about eight=five percent of the web thick=
ness, The web deflections correéponding to the maximum fatigue loading are
presented in Fig. 56. Figures 57 and 58 illustrate the change in the

deflection pattern after 3,000,000 applications of the load.

6.2 Static Tests

6.2.1 Results Pertalning to Membrane Stresses

6.2.1.1 Shear Girders with Yarying Flange Rigidities

In an effort to determine the magnitudes of the web membrane
stresses AR-1-5-6 rosettes were mounted on both sides of the web at various
locations. Gages were placed on girder FT-1A at points A, B, C, D, E, F,
G, H, J, K, and M shown in Fig. 15, Gikder FT=10A, with the most rigid
flanges, was instrumented Wffﬁ the_rosettes at polints A, C, E, H, and‘M.
The distance from the edge of the Web to the gage lines was 3/4 in. for
both specimen; instead of | in’. as specified in Fig. 15. In addition, the
roseties ob specimens FT=1A and FT-10A were oriented in such a manner that
the 45° gage was turned 90°‘from the positidn shown In Fig. 15. The magni-
tude and tﬁe’dfrection of fhe pflncipai stresses were computed from the
measured strains. The strains in}each of the three directions were aver=
aged baﬁed on thg assumption that a linear distribution of strain existed
through the thickness of the web. Thesebthree computed strains were used
to obtain,the Qa}ues of the membrane stresses. Figure 60 illustrates the
dev:lopment of thefmaximum principal membrane stress at three panel loca-
tiohsvfor g!rders FT-1A and FT=10A with increased loading. Also included
in ihe‘fjgure”are the vaiyes of the maxlimum principal stress compu;ed from
the stréSse;}ca!culated by-thé use of the ordinary flekura! theory for

beams. The location of the rosette is indicated in each figure by the dot
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on the inset drawing of the test panel. |In addition the location is
specified by é letter included in the insert which refers to the gage
locations shown in Fig. 15. The minimum principal membrane stresses for
the same three locations are given in Fig. 61. The principal stresses at
various panel locations for girder FT-1A are shown plotted to scale in
Fig. 62. Values calculated by assuming that the ordinary flexural theory
was valid are shown in bilack on the figure. Partial diagonal tension field
stresses, shown in green, were obtained by assuming that the shear was
carried by beam action up to the theoretical buckling stress for a simply
supported plate subjected to shear on all four edges and the excess load
above that value was carried by the diagonal tension field as outlined by
Basler (5). Principal stresses were calculated from the strains measured
in the rosettes and are shown in red. Figure 62 relates the magnitude and
the direcfion of the principal stresses for girder FT=1A obtained by the
three procedures justvmentioned. Simib;r information for girder FT=10A is

shown in Fig. 63.

6.2.1.,2 Girders with Varying Flange Rigidities Subjected to Shear

and Bending
Web membrane stresses were obtained from strains measured during
the static tests of gErder§ FTSB=2A and FTSB=6A. AR-1=5-~6 rosettes were
mounted on opposite sides of the web at various panel locations. The gages
were placed at points A, B, C, D, and E shown in Figgre‘lsg Both panels of
the two specimens were instrumented at these points. In addition gages were
mounted on girder FTSB=2A at location F (Fig. 15) on panels | and 2 and at

point G (Fig. 15) in panel 1. The dimensions shown in Fig. 15 are typical

 for the two FTSB girders. The measured strains were used in order to
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cal¢u1até the mégniiude aﬁd“fhe difectSon of‘the principal membrane
stressésa Aga!n.it was assumed that @ llnear distribution of strain
existed tﬁrough the thickness of the web. Figs. 64, 65, 66, 67, 68, and

69 show the comparascn of m@mbraﬂe stresses for girders FT5B=2A and FTSB=6A.
Values of the max i mum princspal stresses are piotted as ordinates with the
corresponding load values as the absclissa. Theoretical values of the maxi-
mum principal stress, calculated by the use of the ordinary flexural theory
~ for Seams are included in each figure. Because of the difference in the
size of the flanges of the two girders, the theoretical values differ some=
‘what for eéch‘girder. This dfffcrence {s very small as may be seen in the
left porticn of Fig. 64. The difference fn the two theoretical values
decreases as the rétioiof behdihg stress to shear stress decreases. For

the remaih!ng figﬁreSvonly the'théoretical value for girder FTSB-2A is
shawﬁ,‘ The lecati@n of each gage is gaven in the insert of each figure as

a dot and the letter In the lnsert refers to the location as defined in
F!ge'ISQ :Haxjmum,prlncapal stresses in panei 1 are shown in Figs. 64 and -
65, Panéi‘zfmaxFMum prinéfpsi’stresses are gfvén in Flgs. 66 and 67.
Hinimum priﬁcﬁpai stres%es far panels 1 and 2 are shown In Figs. 68 and 69,
respectivgly A comparison of measured values and theoretical values is

: shqwnvfdr girders FTSB!ZA and FTSB-GA ln Figs. 70 and 71, respectively.
Bfack véctors'dénoie fiéfoal ;heory prfnc!pal stresses, green vectors
represent th§ partiaifdiééqhat tension field stressés and red denotes the
expérimgnf@fly;obtafﬁedvVQldes; ‘Tension is depicted_by vectorsvwh!ch point
aH?Y“ffoh thgggagélpolnt;Awhfle compression is illustrated by vectors point=
ing toQard the gage locaﬁlph. Longitudinal strains were measured at slx |

locations on the cross section of the FTSB glirders. Gages on the web were
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located at points C, D, E, R, and S as shown In Fig. 15. The distribution
of longitudinal stresses is shown in Figure 72 for the cross=section indi=-
cated on the sketch in the figure. Theoretical values obtained from the
ordinary flexural theory are included for reference. A wide variation from

the theoretical values was experienced in both girders.

6.2.1.3 Girders with Varying Transverse Stiffener Rigidities

AR=1S-6 rosettes were mounted at fifteen locations on both surfaces
of the web of the girders with varying transverse stiffener rigidities.
Panels | and 2, having the highest and second highest bendiﬁg stress=to=
shear stress ratio, respectively, were instrumented with gages at points
B, C, D, and E, as identified in Fig. 15. Panel 3 with the smallest bend-
ing stress=to=shear stress ratio was provided with rosettes at locations
A, B, C, B, E, F, and L'as itlustrated in Fig. 15. Both specimens, VST 8=4A
and VST 8=16A, were instrumented identically in all three panels. The gages
located at points D and £ were rotated gﬁolfrom the positions shown in
Fig. 15. Figures 73, 74, and 75, and 76 illustrate the variation of mid-
plane maximum principal web stresses with increase in load. Each of the
three graphs in Figs. 73, 74, and 75 shows the stress variation at each of
three locations within a particular panel. The maximum principal stress at
a particular location in three different panels is depicted in Fig. 76. In
each of the figures, the theoretical values, as computed by means of the
ordinary flexural theory, are shown as solid étraight lines. HMinimum princi-
pal stresses for the same locations indicated in Fig. 73, 74, 75, and 76
are given in Figs. 77, 78, 79, and 80. |t may be noted that the deviation
from the theoretical values is, in general, greater for the maximum princi-

pal stresses than for the minimum principal stresses.
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Predicted and measured principal stresses for girder VST 8=4A
are shown in Fig. 81. Beam theory values are shown as black vectors,
partial diagonal tension field stresses are green vectors and the‘measured
values are shown in red. Again, vectors pointing away from the gage loca=-
tion are tensile stresses and those pointing toward the gage denote com=
pression. The aforementioned quantities are shown in Fig. 82 for girder
VST 8=16A also.

The distribution of longitudinal stresses is shown in Fig. 83
for girders VST 8=4A and VST 8=16A. The cross section in panel 3 having
the smallest bending stress=to=shear stress ratio was chosen for represen=
tation. Agreement with the theoretical flexural theory values is reason-
ably good. Figure 84 shows the stress distribution in the compression zone
above the neutral axis for girders VST 8-4A and VST 8=-16A. One cross=sec=
tion in each of the three panels is represented;inameiy those containing
the rosette strain gages near the vertical stiffeners. The sketch indicates

the location of the cross section with the largest moment present in the top

rw'

6.2.1.4 Longitudinally Stiffened Girders with Varying Flange Rigidities

Figures 85, 86, and 87 illustrate the varlation of maximum princi=
pal stress versus the applied load for various panel locations of girders
HSB=1 and HSB=2. Rosettes were located in both panels of the specimens at
points B, C, D, and E as shown in Fig. 15. 1In addition, panel | was pro-
vided with a rosette at the neutral axis near the edge having the largest
bending stress=to=shear stress ratio (F in Fig. 15). The location of the

gages is indicated in the figure by the use of a sketch of the specimen

containing both a dot at the gage location and a letter below the sketch
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referring to the positions outlined in Fig. 15. Minimum principal stresses
were plotted versus‘appiied load for gage locations C, D, and E (See

Fig. 15) in panels | and 2 of the girder test section and are shown in
Figs. 88 and 89, respectively.

Changes in the girder cross section to maintain reasonable stijff-
ener proportions created a significant difference between the theoretical
values calculated for the two girders at certain points. Theoretical
values for both girders are included in parts of Figs{ 86, 87 and 89 for
purposes of comparison. From these figures it may be seen that the normal
deviation of the measured valueslfrom ﬁhe theoretical values exceeds the
deviation of one theoretical value frbm the other. The theoretical values
for girder HSB=1 are identified in the figures by '1' and those for giraer
HSB=2 are designated ''2",

The comparison of the theoretical principal stresses and the
experimental values Is shown in Fig. 90 for girder HSB=l. Black, green,
and red vectors denote beam theory, partial diagonal tension field tﬁeorys
and measured valués, respectively. Figure 91 represents the same compari-
son for HSB=2 as that in Fig. 90. The distribution of longitudinal stresses
on a vertical cross section for both girders are included with the FTSB
girders in Fig. 72. The longitudinal gages used were located at points C,

D, E, R, and S as indicated on Fig. 15,

6.2.1.5 Longltudinally Stiffened Girders with Various Transverse
Stiffener Rigidities

Only one static test wasvperformed on a longitudinally stiffened
girder with various tfansverse stiffener rfgiditfes, and the girder tested,

HVSB=1, contained transverse stiffeners with the minimum Eigidity. The
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principal stresses in the web of HVSB=1 were p!otted‘in Figs. 73, 74, 75,
76, 77, 78, 79, and 80 in order to facilitate the comparison between gir=
ders similar in every way except for the presence of a longitudinal stiff-
ener. The variation of maximum principal stress versus load is shown in
Figs. 73, 74, 75, and 76 whereas the variation of minimum principal stresses
with load is illustrated in Figs. 77, 78, 79, and 80. Values calculated
according to the formulas for ordinary flexure are shown in all figures as
straight solid lines.

Figure 92 shows a comparison of principal stresses obtained from
beam theory, partial diagonal tension field theory, ana experimental results
for nine locations on the web of girder HVSB=1. Vectors are shown in black,
green, and red in order to distinguish between the beam theory values, par-

tial diagonal tension_field values, and_the measured values, respectively..

~The distribution of longitudinal stresses along the vertical cross section _

having the smallest moment=to-shear ratio is shown in Fig. 83 for girder
HVSB=1. A comparison of the stress distribution in the compression zone

above the mid-depth of the beam for each panel is shown in Fig. 84.

6.2.2 Flexing Action of the Web

The amount of web flexing action varied from specimen to specimen.
Figures 26 to 27 illustrate the changes in the web deflection pattern in
the girder having the smallest flange rigidity parameter, I/ast, subjected
to shear. The slight changes noted for this specimen were typical for all
of the girders. In general the original deflection pattern, due to fabri=-

cation, was aitered by the appliication of the load. As the load was

increased, the pattern shifted so as to align the axis of the buckle with

the direction of the tension field stresses. Higher load led to a more
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pronounced deflection pattern, in which the buckle was deeper and more
narrow. As the load was increased and decreased during the loading cycle,
the pattern changed from a deep, narrow buckle to a shallow, rounded buckle
even after many cycles of loading. A comparison of Figs. 26 and 27 with
Fig. 28 indicates that the changes due to the repeated loading were indeed
small. Even at the time of fallure of girder FT=1A the web deflection
patterns were essentially unchangéd from the earlier patterns (See Figs. 29
and 31). The girders subjected to shear deveioped a single buckle whereas
those girders subjected to combinéd shear and bending contained two or more
buckles in each panel.

In the girders with varying flange rigidities subjecfed to sﬁeaf
and bending, the same type of pattérn changes wére experlenced as for the
FT girders. However, with the repetition of’the loading these patterns
were changed to a greater extent as is evidenced in Figs. 37 and 38 for
girder FTSB=2A. In panel | the smaller buckle has increased in magnitude
and In size with repetition of the loaa, The companion girders with longi-
tudinal stiffeners, HSB, did not form two bucklés in each panel, but one
buckle was present and was aligned along the diagonal of the subpanel formed
by the transverse and longitudinal stiffeners. Figures 46, 47, 48 and 50
show the web deflection patterns for the mfnimum and maximum fatigue loads
for girders HSB=]1 and HSB=2. No significént deflections were measured in
the subpanel above the longitudinal stiffener and no flexing of this por=
tion of the web was observed. The flexing action of the lower portion of‘
the web was very evident and could be observed in a casual glance from

several feet away. In some instances the flexing action was accompanied

by sound.
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Web deflections were generally smaller in the girders with various
transverse stiffener rigidities and they were particularly small in the
companion longitudinaily stiffened girders, HVSB. Web flexing was also
less pronounced in these specimens. Contrary to the reasoning in Chapter 2,
girder panels with smaller initial deflections had a smaller range of
deflection also. The columns listed as range of deflections in Tables 4, 5,
and 6 give a good indication of the amount of flexing present in the webs
of the girders tested by Hall and Stallmeyer (3). A comparison of the ini-
tial web deflections and the corresponding range of deflections during a
cycle of loading for each girder panel is shown in Fig. 93. The value of
the initial deflection in a particular panel may occur at a point other than
the point experiencing the largest range of deflections. From the figure i;

may be noted that a large initial deflection is no assurance of a small web

flexing action.

6.2.3 Behavior of Stiffeners

6.2.3.1 Transverse Stiffeners

The size of the transverse stiffeners used in the girders with
varying flange rigidities subjected to shear and bending was dictated by the
requirements of the AISC Manual of Steel Construction (23). Girders having
no longitudinal stiffeners were designed with double stiffeners, i.e., two
identical stiffeners, one on each side of the web. The inclusion of the
longitudinal stiffener made a single=sided stiffeners the most convenient
way to design the transverse stiffening element. Single element wire resis-
tance strain gages were applied to both sides of the stiffener at three
levels. The first level was located at the midpoint of the stiffener, the

second level at the third level was taken as close to the compression flange
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as possible. The top gages were located about one inch from the bottom of
the compression flange (top flange). Typical gage locations are shown in
Fig. 94. The strains recorded in the stiffeners were very small compared
to the theoretical values obtained by assuming that the transverse stiff=-
ener carries the vertical component of the partial diagonal tension field
force. There are several reasons for this discrepancy. The tension field
is anchored to the flange along thé web=compression flange interface. |
Thisbanchoring force causes secondary bending moments in the flange and
the transverse stiffeners act with the web in supporting.the flange.
Strains measured in the web at locations adjacent to the transverse stiff-
ener were comparable and in some instances highgr than the average strains
in the stiffener. Normally four strain gages were used at each level in
the case of double-sided stiffeners, and the average strain of these gages
was used fn order to eliminate the effects of bending in the stiffeners.
The tension field force is theoretically anchored at the boundary of the
panel, and the web of the adjoining panel is neglected in the computation
of the stiffener force. The web and stiffener ére integrally connected
and any strain in the stiffener must be accompanied by strain in the web.
It was evident from the strains in the stiffeners that the stiffener wasn't
performing its assumed role in the partial diagonal tension field theory.
Table 7 lists representative strains at the maximum fatigue loading for the
girders tested.

The results for girders with varying transverse stiffener sizes
subjected to_shear and bending are similar to the test results just
described. The strains in the stiffeners were small compared to the theo=
retical values in all cases. Strains less than ten percent of the theoret-

ical values were common in the two girders without a longitudinal stiffener



56

and the girder with the longitudinal stiffener. The strains for the girders
with only transverse stiffeners were of the same order of magnitude through=-
out the tests. Therefare the force in the larger stiffeners was proportion=
ately larger than the force in the smaller stiffeners. Similar results were
reported by Hall and Stallmeyer (3). The strains in the transverse stiff-
~eners of the girder with a longitudinal stiffener, HVSB-1, were very small,
being on the order of three to five percent of the theoretical value.
Bending of the smaller stiffeners was apparent from examination of
the four separate strain gages at each level of the stiffener. All of the
girders except VST 8-16A experienced a significant amount of bending. Com-
pressive strains were preseﬁt on one side of the web, while tensile strains
were registered on the other side in many cases. This indicates that the

smaller stiffeners used were not adequate to furnish a rigid boundary for

the panels.

6.2.3.2 Longitudinal Stiffeners

Static tests were performed on three of the four girders designed
with longitudinal stiffeners. Strain gages were placed on both sides of
the stiffener at the points where the transverse stiffeners crossed the
longitudinal stiffener and at the center of each test panel. Therefore ten
gages were used on the HSB specimens having two test panels, and fourteen
gages were used on the HVSB girder containing three test panels. Reference
to Figs. 46 through 59 shows that the longitudinal stiffeners were effective
in controlling lateral web deflections even at very high loads as evidenced
in Fig. 52. In every case no significant buckles formed in the small sub-
panel formed by the compression flange, longitudinal stiffener, and the
transverse stiffeners. The buckling pattern of the girders with an aspect

ratio of 0.5 was drastically changed (See Figs. 42 and 54).
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Figure 95 depicts the development of the strain in the longitud-
inal stiffener and an indication of the bending of the stiffener for girder
HSB=1. The sketch at the top of the figure shows the location of the strain
gages with respect to the entire specimen. Below, the strains are plotted
for each location showing the individual strain value on each side of the
stiffener. The compressive strain at the left and center longitudinal=
transverse stiffener intersection and the tensile strains at the center of
each panel indicate that bending was present in the longitudinal stiffener
even at low loads. Therefore, while the longitudinal stiffeners were
effective in controlling lateral web deflections, a rigld boundary for the
panel was not achieved. Girder HSB-2 acted in a similar manner as shown in
Fig. 96. The lateral web deflection patterns for the corresponding longi-
tudinally unstiffened and stiffened girders are shown in Fig. 39 and 51,
respectivély.

Figure 97 illustrates the strain values present in the longitudinal
stiffener of the girder with a small transverse stiffener rigidity. It may
be seen from this figure that the transverse stiffener did not have much
restraining effect on the buckling of the web and longitudinal stiffener.

nal stiffener over the three panel specimen

t appears that the longitudinal [ffene:s r th

i
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has a general deflection shape in the form of a half=sine curve. Super-
imposed on this large deflected shape were sine curve deflections within
each panel. The two sine curves were additive in the end panels and of

opposite sign in the center panel.

6.2.4 Qverall Girder Deflections

Vertical deflections were measured in each static test. An Ames

dial was placed at the location of the maximum deflection for each specimen.
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For the girders subjected to shear alone, two dials were used on each edge
of the single test panel. Deflections were read to the nearest 0.00! in.
Figure 98 represents the deflection behavior for the shear girders. VYielding
ot the test specimen is very apparent for girder FT=1A. The deformation of
the shear panel was such that the right side of the panel moved upward with
respect to the defiection experieﬁced earlier at a load twenty=-five percent
greater than the maximum fatigue load (W/Wmf = 1.25). A more gradual yield-
ing was experienced in girder FT=10A. The larger flénges of the second gir=
der were not affected by the tension field stresses of the web tc the extent
of the influence shown in the girder with smaller flanges.

The load deflection curves for the girders with varying flange

rigidities subjected to shear and bending are shown in Fig. 99. Extensive

maximum load used in the fatigue tests. In fact, the FTSB=2A girder having
the smallest flanges showed extensive yielding characteristics in the first
load increment above the maximum fatigue load value. The companion girders,
HSB=1 and HSB=2, acted in much the same manner as the non=longitudinally
stiffened FTSB girders as shown in Fig. 100. No increase in yield strength
of the longitudinally stiffened girders was experienced. With the applica=
tion of more load and resulting large deflections, specimen HSB=1 displayed
a higher strength than either of the other three similar girders.

"The girders with varying transverse stiffener rigidities exhibited
a much higher strength in relation to the maximum fatigue loading than the
other girders tested in this investigation. The girder with a longitudinal
stiffener, HVSB-l, and its counterpart with transverse stiffeners only,

VST 8=4A, acted very similarly. The similarity can be seen from the shapes
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of the load deflection curves in Fig. 10l. Girder VST 8=16A, having iarger

transverse stiffeners, displayed a smaller deflection at the higher loads.

6.3 Fatique Tests

6.3.1 Girders with Various Flange Rigidities Subjected to Shear

The results pertaining to the development of the web deflection
patterns with increasing load have already been mentioned in section 6.1.
Figures 26, 27, 28, 29, 30, and 31 illustrate the development of the
deflection pattern at various periods in the life of girder FT=1A. Figures
32, 33, and 34 dépict similar results observed with specimen FT=10A. Web
deflection measurements were made as the repeated loadings progressed in

order to determine changes in the buckling pattern, if any. No significant

- —-changes .were observed. Most alterations.consisted of a slight change in the

magnitude of the deflections. Results pertinent to the fatigue behavior of
shear panels with varying flange rigidities are given in Table 4 and are
combined with the results obtained by Hall and Stallmeyer (3). The suffix
YAl denotes the girders of the present investigation. The decrease in max-
imum web deflections initially and those due to locad is readily observed for
the latter tests. No crack had initiated in girder FT=10A after 3,500,000
cycles of Ioading and is designated as no failure in the table.

The location of the crack in girder fT=1A is shown in Fig. 102.
Figures 102 and 103 show the location of failures in all girders tested.
The influence of the flange rigidity parameter, I/ast5 on the fatigue life
of the girders is shown in Fig. 104. The results of two tests performed at
Lehigh University were included and bear the labels LF=1 and LF=2. The
improved fatigue behavior of the girders in the present investigation is

apparent. The influence of the initial web deflections is considered in
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Fig. 105. In Fig. 106 the range of web deflection during each loading cycle
is plotted versus the fatigue life of the shear panel. |In both of these
figures, improved fatigue lives are experienced with a reduction of initial

and range of deflection.

6.3.2 Girders with Various Flange Sizes Subjected to Shear and Moment

Web deflection patterns are shown in Figs. 36, 37, 38, and 39 for
the minimum and maximum values of the cyclic load at various intervals in
the loading history of the two girders with different flange rigidities
subjected to shear and bending. Only slight alterations of the pattern are
noticeable in the figures.

Table 5 contains the results of the tests reported in this investi-
gation in addition to the results obtained by Hall and Stallmeyer (3). The
suffix '""A" is used to denote the girders tested in the present investigation.
The maximum initial deflection and the maxjmum deflection due to the maximum
fatigue load are given for both panels of each specimen. The maximum range
of deflection during one load cycle at a particular point is also indicated.
One exception was the determination of the maximum range of defiection for
girder FTSB=6A for a.load variation from zero to the maximum fatigue load.
The value entered in the table was taken as three quarters of the zero to
maximum load deflection value. The locations of the failures in girders
FTSB=2A and FTSB=6A are shown in Fig. 102.

The effect of the flange rigidity parameter, I/a3t, on the fatigﬁe
life of the FTSB girders is shown in Fig. 107. An increase in fatigue life
was encountered with increasing flange rigidity in the earlier investiga=
tion which was not verified by the test results of this investigation. The

effect of initial deflection and range of deflections on fatigue life are
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illustrated in Figs. 108 and 109. |In general, longer fatigue lives were
experienced with the girders displaying smaller initial and smaller range

of deflections.

6.3.3 Girders with Various Transverse Stiffener Rigidities Subjected to

Shear and Bending

Web deflection pattern changes due to load are shown in Fig. 41,
42, 44, and 45 for the two girders