Lehigh University
Lehigh Preserve

Theses and Dissertations

1965

Fatigue tests of welded plate girders in bending

Joseph A. Corrado
Lehigh University

Follow this and additional works at: https://preservelehigh.edu/etd

b Part of the Civil Engineering Commons

Recommended Citation

Corrado, Joseph A., "Fatigue tests of welded plate girders in bending" (1965). Theses and Dissertations. 3294.
https://preservelehigh.edu/etd/3294

This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an

authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.


https://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fetd%2F3294&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3294&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3294&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/252?utm_source=preserve.lehigh.edu%2Fetd%2F3294&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd/3294?utm_source=preserve.lehigh.edu%2Fetd%2F3294&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu

A e b e i S g R M T e e £ T T e SIS D07 T e (T W gk R e e L ppeA| bt M PSS NApEN LRI LI e B Y T TR Aty g 0 S B SRy RN T g T TR L) SR
R s T L L G e e e e B LR s i ; ¢ MED 5 NI ) R yEH)

FATIGUE TESTS OF

WELDED PIATE GIRDERS IN BENDING

by

Joseph A. Corrado

A Thesis

Presented to the Graduate Faculty

of Lehigh University
in Candidacy for the Degree of

!
!

‘Master of Science

Lehigh University

1965

TS S e e

SO CtT R ri e

>Ny vy ey

IR s

AT RS RO RO R S R b e

ot

e =t e

X Tpasa ey s

e

;;;;

et n

I




ii

CERTIFICATE OF APPROVAL

This thesis is accepted and approved in partial
fulfillment of the requirements for the degree of
Master of Science in Civil Engineering.

/(/4/7020, /Z{(

/  (Date)

Professoy’ Bung-Tsepg Y
Professor in Charge

I o P AR TS A R BT W, o =

an e o et ey
R A T e

J-.
y
h
b3

Professor William J. Eney,
Department of Civil Engineering

PO e e sty A=y




ACKNOWLEDGMENTS

The experimental work which leads to this thesis is sponsored
by thé Pennsylvania Department of Highways in'- conjunction with the
United States Department of Commerce-Bureau of Public Roads and the
American Iron and Steel Institute through the Welding Research Council,
All testing was performed at Fritz Engineering Laboratory, Department
of Civil Engineering, Lehigh University, Bethlehem, Pennsylvania.

Professor Lynn S. Beedle is Director of the Laboratory and Professor
William J. Eney is Head of the Department. The sponsorship of the

‘organizations and the general guidance of the professors are acknowledged.

The author is indebted to Mr. B. T. Yen for his guidance and
advice on this thesis., The help that Mr. John A. Mueller provided
in familiarizing the author with the fundamentals of the investigation
and also his review of the manuscript is sincerely appreciated.
Appreciation is extended to Messrs. Peter B. Cooper, Michael A, D'Apice,
David J. Fielding and Hai-Sang Lew who assisted in conducting the tests,
Assistance provided by Mr. Kyle Dudley in preparing the figures is

gratefully ;cknowledged.

The assistance extended by the author's associates in Fritz
Laboratory, particularly the shop personnel, supervised by Mr. Kenneth
Harpel; shop foreman, is gratefully acknowledged. Appreciation is also
eitended' to Mr. Heriberto Izquierdo for the drafting of the figures.

The author expresses his sincere gratitude to Mrs., Dorothy Fielding for

the typing of the manuscript.

T T e e it




TABLE OF CONTENTS

Page

ABSTRACT 1

I, INTRODUCTION 2
II.  DETAILS OF TEST SPECIMENS AND SETUP 4
2.1 Design Considerations and Description of Specimens 4

2.2 Properties and Characteristic Loads of Test Specimens 5

2.3 Test Setup and Instrumentation 6
A. Test Setup 6 |
B. Instrumentation 7
III. TESTING OF SPECIMENS i 9
3.1 General Test Procedure 9
3.2 Testing of Girdef F6 “ 10
3.3 Testing of Girder F7 | 12
IV, TEST RESULTS | 14
4.1 Fatigue Cracks 14
4.2 Lateral Web Deflections 15
A, Cross-Sectional Shapes of the Web 15
B. Web Deflection Contours 17
4.3 Web Stresses . | 18
V. DISCUSSION OF RESULTS | J' 20
*\ 5.1 Cause of Primary Cracks » - 20
~A. Lateral Web Deflections 20
B. Web Stresses o » 21
'5,2 Comparison of Plate Girders and Beams in Bending. 23




VI,

TABLE OF CONTENTS (continued)

| | Page
'SUMMARY AND CONCLUSIONS | - 2%
NOMENCIATURE ‘ 26
TABLES Y
FIGURES 31
REFERENCES | 50
VITA 51




o~

LIST OF TABLES

Table
1 WELDING DETAILS
2 NOMINAL DIMENSIONS OF COMPONENT PARTS
3 PROPERTIES OF GIRDER COMPONENTS
4 GEOMETRIC PROPERTIES
5 CHARACTERISTIC 'LOADS

6 SUMMARY OF CRACK DATA

28

29

30

vi




Figgre.

10
11
12
13
14
15

16
17

18
19

20

LIST OF FIGURES

Test Specimen and Setup with Shear and Bending Moment
Diagrams

Test Panels and Coordinate System
Overall View of Test Setup
Instrumentation

Static Load Versus Deflection, Girder F6
Fatigue Testing of Girder F6

Static Load Versus Deflection, Girder F7
Fatigue Testing of Girder F7

Web Cross-Sectiénal Shapes, Girder F7

Wéb Cross-Sectional Shapes, Girder F6

. Web Deflection Contours, Girder F7

Web Deflection Contours, Girder F6

Components of Surface Stress

Web Stresses Normal to the Boundary, Girder F7
Web Stresses Normal to the Boundary, Girder F6

Cross-Sectional Distribution of Web Membrane Stresses,
Girder F6

Cross-Sectional Distribution of Web Membrane Stresses,

Girder F7
Typical Web Deflection
Approximate Cantilever Strip

Approximate Web Stresses Normal to the Boundary,
Girder F6 :

vii

Page
31

32
33
35
36
37
38
39
40
42
43
44
45

46

47
48
49




ABSTRACT

This thesis describes fatigue tests of two welded plate girders
subjected to pure bending. The purpose of the tests was to examine the
fatigue behavior of slender webs in plate girders and to determine whether
or not large lateral web deflections have any affect on the fatigue life

- 0f such members.

From an analysis of the test results, it is concluded that, in
general, large lateral web deflections have little effect on the fatigue
life of plate girders in bending. The fatigue behavior of plate girders
in bending can be considered to‘be similar to that of beams sub jected to
repeated bending moments, and thus possibly can be designed accordingly

for fatigue.
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I. INTRODUCTION

B R T )

Up-untilxabouﬁaféur,years ago the design of the webs of plate
girders to be used in buildings was based on the critical stress which
would cause buckling of the web plate. Although this was the basis for

design, the post-buckling strength of the web was implicitly recognized

, in practice by making use of a low factor of safety in the design of such
members. 1In 1961, as a result of considerable theoretical and experimental

(1,2,3,4) which clearly indicated the significance of the post-

research,
fbnckiingystrength ;f]girders,jthe_AISC_adopted a specification for the
 design of plate girders which is based on the load carrying capacity of
such members. Through this new provision, the use of slender webs is
permitted thus making it pOSSible-t0~concentrate-rélatively more of the

plate girder's material in the flanges. This becomes particularly advan-

tageous for plate girders loaded primarily in bending.

This research which led to the code change was, in all cases,
~ limited to investigations on the static load carrying behavior of plate
girders. It is, then, logical to carry the research further, into the
realm of repeated loading, in order to determine whether or not thE‘Largez
lateral web deflections which occur at high loads are significant in the
life of plate girder members used in bridges. Also, it is particularly

important to examine the behavior of very slender webs in plate girders

=TT A

subjected to repeated loads. These are a few of the reasons which have

led to the fatigue tests of welded plate girders now being conducted at
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Lehigh University. One phase of the experimentation deals with girders

having slender webs and subjected to pure bending. 1In the following

sections a discussion on this phase of the investigation is preSented.
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II. DETAILS OF TEST SPECIMENS AND SETUP

2.1 Design Considerations and Description of Specimens

The design of the two specimens for these bending tests was based
on: a number of requirements. It was firstunecessary to havg high maximum
applied loads so that relatively large lateral deflections of the web would
occur. Selection of the maximum load was influenced by the maximum ca-
pacity of the available loading jacks and pulsator. Also, it was essential
| thatua.load:range‘bE:ChQSenpsuch that the deflection of the girders be-
tween the;mathwm;and;minimum‘1oadS did not exceed the stroke limitation

of the test setup which was about four-tenths of an inch.

For comparison purposes, it was desirable to design the spéecimens
so that they would conform to previously tested plate girders.(a’sy Such
considerations influenced the choice of the mét.er ial (ASTM A373), the web
depth and thickness of the test panels (50" x 3/16"), and the Perdéntag¢
of the static load-carrying_capacfty“to.be’uéed_as the maximum applied

load (65%).

The configuration and geémetry of the test girders resulting
from the previous design considerations are shown in Fig. 1, together with;
the loading schemé, shear diagram, and bending moment diagram, The two
girdersiwe:gﬁidentical and were designated F6 and F7. The total length

of each specimen measured 31 feet, of which the middle half was sub jected

to pure bending. That was the test section which consisted of three equal

r——— =
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50" test panels each having an aspect ratio of Panel length to web depth
(@) of 1.0 and numbered as indicated in Fig. 2. Test Panels were sep-
arated by transverse stiffeners wélded to each side of thé weB. . These
stiffeners were.noqﬂconnected to the tension flange so as to reduce the
Possibility of the formation of fatigue cracks in the flange. Web thick-
ness for the test pénels was 3/16", with a nominal web slenderness ratio
of depth to thickness ®B) equal to 267. 1In order to limit the deflection
of the girders, thicker (5/16") webs were used for the.en;.sections'as

compared t&the 3/16" plate in the middle.

Fdr'rgfer§ﬁ¢é3 the'Weldiﬁg,sequence;an&'weldisi2§3,:as provided
by the fabricator, are given in Table 1, whereas the nominal dimensions

0f5the'gffders' component parts are listed in Table 2.

2.2 Pqugrtiesiand;Cbérgpterisﬁic'Loadebf.TEStyQirderS

Actual dimensions of the comporient parts were obtained by taking
imeasurements.of%represantative.samples.cut-from the original plates. Values
Ethét;we:e»Obtdfned,are.IiStediin“Table 3. Also listed in this table are
thé'reSults~ofga4chemtcal analysisrafitﬁe.steel.(pérfbrmed by the fab-
ricator) and the physical properties (evaluated by fhe-inyestigator?by
means: of 8" standard coupon tests). It should be noted that the yield
Stress (O§) was obtained'un&eﬁra zero strain rate and is référred to as
thé*étatic yield stress. For the flanges, this stress was 32.6 kgi for
girder F6 and 31.0 ksi for F7; for the 3/16" web of the test section it was

39.7 ksi for both specimens.

Calculation of the'geometric.properties of the girders was made

using the measured dimensions. Tabulation of the aspect ratio (o), web




ool R e S A R R A e R e

SR T b R ot SRR P S R s o ey g g7
o “rj‘%%v"ﬂtﬂ?’?' n'ﬂ-‘a"‘-;'f‘f d ﬁﬁ"ﬁ.‘n‘i. 5‘»’4‘ F{»’:@J ,-.'?'v.'. E& S

303.9 | | | | 6

slenderness ratio (B), web area (Aw), moment ‘of inertia (I), and section

modulus (S) is made in Table 4. -

With the dimensions and properties of the girders known, it was
a simple matter to estimate the static load-carrying capacity. The ultimate

load (Bu) of the test section for F6 and F7 was calculated using ultimate

(1)

strength theory and was found to be 144 and 139 kips, respectively.
Taking 65% of these ultimate loads, the maximum applied loads were evaluated
.to be 94‘kips for F6 and 90 kips for F7. To serve as reference values the
‘theoretical web buckling loads were calculated according to conventional

4)

practice. Values of these and the previously mentioned loads are listed. g

2.3 Test Setup and Instrumentation

A. Test Setup

The specimens were tested on the dynamic. test bed .at the Fritz En-
gineering Laboratory of the Civil Engineering Department, Lehigh University.
Supporting fixtures for thezspécimens simulated the end conditions for a i
simply-supported member. A two-point loading system was employed to pro-
vide the pure bending moment region for thetést-sectioﬁ’(Fig. 1). Loading
of the girders was furnished by two hydraulic jacks and two Amsler pul-
SatOrS*Wﬁigh were synchronized to provide a maximum load of 110 kips. per

jack at a frequency :of about 250 cycles per minute. e

In order to prevent the girder from moving out of the plane of loading, ;
lateral supports were used at the two loading points in the form of 2-1/2"
pipes. The pipes weregpin-connected to the tops of the bearing stiffeners

]
a at one end and to structural support columns at the other. An overall view f

! ‘ '~ of the actual test setup can be seen in Fig. 3.
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 B. Instrumentation

A Cartesian system of coordinates was adopted so that location of

any point on a specimenVWOuld be possible. The system had its origin at

e the intersection of the girder's horizontal and vertical axes of symmetry

as indicated in Fig. 2. Positive x and y values were measured to the right

and upward, respectively. The z-axis, being perpendicular to the x-y plane,
had its positive values measured in the direction of the near side of the ?

specimen. ¢

B
o)

'

. e

5

In order to study the behavior of the web plate, lateral web. de- .

flections were measiured at various points of each test panel as indic¢ated

in Fig. 4a. These measurements were made using ten one-thousandth inch
Ames dials fixed in position on a rigid, supporting frame. Reference
values measured on a,plane, finished surface were taken-at regular inter-

vals so as to compare them with the actual web readings. In this way,

movement of the web out of its plane could easily be determined.

Electrical resistance strain gages were mounted in pairs on the

web surfaces (near side and far side) of the tastgpaneIS‘SOJthatﬁWéb i

stresses could be calculated. Gages were placed as close to the web

boundaries as~possib1eA(3/4-of<an inch) in hope of obtaining an indication

_ of the stress condition at the boundary. Most of the gages were mounted

in a direction so as to measure strains perpendicular to the boundaries.
| o !
,Aloggfthe compression flange, strains were also measured parallel to the i

boundary. The orientation and locations of gages for girder F6 is shown ;

o~

in Fig. 4b. After 1,000,000 cycles of testing, twenty-four additional N
a

gages were added to measure strains in the tension zoné‘qf the web. Gages

‘ 2
for girder F7 were mounted as indicated in Fig. 4c. j | g
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General behavior of the spzcimen'was observed by recording the
vertical deflections either under the load or at midspan by means of a
. one-thousandth inch Ames dial. Engineering level readings were taken at

the supports and load points so that the elastic deflections could be

checked.

During the fatigue Eesting of the specimens, visual inspections
were made at regular two hour intervals to detect and examine fatigue cracks.
Inspections were carried out with the aid of a three-power magnifying glass

and a floodlight. Whitewashing of the specimens, prior to the time of

testing, also aided in the inspection of fatigue cracks.




III. TESTING OF SPECIMENS

3.1 General Test P;ocedure

With a girder secured in the test bed, it was loaded slowly to
the predetermined maximum load so .as to check the test setup and the
alignment. When that was satisfactory a complete set of readings for web
deflections, strains, and girder deflections was taken at zero load.
~Static loading of the specimen to maximum load then followed with complete
sets of'readigég,being taken at various load magnitudes. Such load mag-
nitudes were assigned sequential load numbers to facilitate the identi-

fication of test data. .

Fatigue loading of the girder began after the static test. At a
load range of practically zero to maximum, testing continued on a 24 hour
:béSisuntii.it was necessary either to effect a repair or to terminate
the test. Throughout the fatigue test, wvisual inspection of all welds was

made at regular two hour periods (31,500 ¢ycles).

Whenever a crack was discovered; it was markedagnd its growth
observed and measured at every inspection. When necessary,.testingfwas
temporarily stopped for repair of the cracks. In some instances, after
the repair, complete sets of readings were taken at the various static load
levels to check the effects of the repair, if any, on the web's strains
and lateral deflections. Following this, fatigue testing was resumed and

the sequence of testing and repairing was carried on until the termination

of the test.
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Detailed discussions of the actual tests of the two specimens are

Presented in the following sections.

3.2 Testing of Girder F6

For the static test of girder F6, sets of readings were taken at
5, ;53 30, 47, 60, 75 and 94 kips, the latter being the maximum value for
fatigue loading. As can be seen in the Plot of static load versus girder
deflection (Fig. 5), ﬁhe general behavior of the specimen, in terms of

girder deflection, was in good agreement with that predicted theoreticalLy;

Fatigue testing proceeded at a measured rate of 262.5 load cycles
per ‘minute from 5 to 94 kips. At 600,000 cycles: a pair of cracks, referred
to .as Cracks 1 and 2, were fbundjon tﬁe‘fér side of the web in test panel
1. Both ¢racks had initiated at the web-stiffener boundaries in the Web@
at the toe of the weld, and propagated parallel to the Stiffen:;. After
ia tptal of 693,000 cycles, cracks were observed outside the test section
in the web buﬁt welds at x = +82%. At 756,000 cycles.itlwas decided that
a repair would be made before relatively serious damage had been imposed
by the butt-weld cracks. At that moment inspection revealed that Cracks
1 and 2 had propagated through the thickness of the web and had total
lengths of 14 and 10 inches, respectively. (Closé obéérvationiof=0radk.

2 indicated-that itghad-not=pénetpatéd=into the tension flange.) Final
appearance and location of these cracks are shown in Fig. 6a. The

history of loading is diagrammatically presented in Fig. 6b.

o

All cracks were repaired by first gouging out the fractured
material with an air hammer chisel or grinding stone, or both, and then

filling the cavity with weld material. In addition, panel 1 was stiffened

. _ D T oA QU T rporon 4o ST P e ; U A O e e Ay e ' - DRI EECIEth, . 1 7 | ottt R megle mpti S
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by welding two 5" x 5/16" plates to the far side of the web at the panel's
one-third points, as shown in Fig. 6a;~.This overall repair of all cracks

is indicated in Fig. 6b as Repairs 1 and 2,

When testing was resumed, the cracks at the butt welds reappeared
almost immediately. At a total of 869,000 cycles a crack appeared at the
location of the repaired Crack 2 (referred to as Crack 2a). At 1,000,000
cycles‘testingAwas stopped for a careful inspection of all cracks. Plug
samples were cut from the web butt welds‘adjacent to the flanges. When
incomplete penetration of the weldS&WaS obserVedé the butt welds were
completely removed and replaced. The voids which resulted from the
inSpeCtion‘rEmainedzas~c0pe'holés, Along with these repairs (Repair A,

Fig. 6b), an attempt was made to repair Crack 2a by gouging and welding.

Because of the excessive repairs a static test was performed
before cyclic loading was resumed. Not long aftef;pulsating:was.underway
once again, Crack 2b appeared at the repair weld of Crack 2a at a total of
15040;000'¢yglesg This crack was repaired shortly thereafter by first
ﬁgouging:and'weldings-then.partially=cutting away the intermediate stiffener
and welding 8" x 20" x 5/16" doubler plates to the web at the location of

the crack, as indicated in Fig. 6a.

Crack 3 was first observed along a stiffener (Figa 6a) at

1,242,450 cycles. Before a repair was effected at 1,300,000 cycles this

¢rack had grown to a total length of 5 incheé. Repair (Repair 3) was

made by first cutting away a small section of the stiffener, then gouging

out the fractured material and welding.
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Upon continuation of the test, cracks formed adjacent to the
cope holes.at the web butt ﬁelds. Another crack appeared at 1;372,000
cycles at the boftom of the tension flange, directly below the original
Crack 2 and possibly an outgrowth of the same=¢rack. Due to these
crécks the stiffness of the girder began to decrease slightly as indi-
cated by a measurable drop in the maximum load and an increase in the
girder's deflection. Further repairs of the.gigder'would not have sig-
nificantly increased its life; therefore, the test was terminated at a

total of 1,376,000 cycles.

3.3 Testing of Girder F7

Except-fdr‘the 1oadﬁmagnitudesaqthé’pfOCedure for the static test
of girder F7 was identical to that for girder F6. Strain and deflection
readings were taken at loads of 0, 5, 15, 30, 38, 45, 60, and 76 kips.

The maximum load was decreased;from.ﬁhe-intendéda90akip5'tcf76ﬁkiPS'in
an attempt to eliminate the formation of cracks at the butt welds. The
plot in Fig. 7 indicdtes that, similar to F6, the specimen behaved

statically in a manner predicted by conventional theoryw

At 1,252,000 cycles after the beginning of fatigue testing, a
crack was observed in the butt weld at x = - 82%. Following this ob-
servation, testing was stopped at 1,300,000 cycles and inspection of the
bﬁtt welds made by ogée.again cutting plug sampies from the welds. A

complete repair, identical to that for girder F6, was fbundnneQESSaﬁY~fGrf

the butt welds.

When this repair (Repair A, Fig. 8) was completed a static test

was run prior to the continuation of the fatigue test. At this time the
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maximum load was reset to 90 kips so that a more direct comparison of the

test results for the two specimens would be possible.

With a load range of 5 to 90 kips, fatigue testing continued for
980,000 cycles (2,280,000 total cycles) before a crack was observed to
form in the test section. The crack (Crack 1, Fig. 8a) was found along

the lower part of the stiffener in test panel 3. It grew in length to

about 4 inches before a repair was made at 2,330,000 cycles.‘ Thereafter

no cracks were detected in the test section. Due to cracks which appeared

at the cope holes, testing was terminated at a total of 2,879,000 cycles.
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IV, TEST RESULTS

In reviewing the history of the girder tests, results were given
only in regard to the number of cycles at which fatigue crackS'were.first
observed. The details of all these cracks are summarized in the next
gection, followéd by the presentation of the results on web deflecﬁions

and stresses. |

4.1 Fatigue Cracks

Fatigue cracks that occurred during the tests are arbitrarily

divided into "primary cracks", which formed in the test section, and

cracks which appeared at the butt welds and cope holes.

In table 6 are listed the reference coordinatés of each primary
crack at first observation, the corresponding total number of cycles,
and the final length of the ¢racks at repair. All ‘these cracks initiated
in the web at. the toe of the stiffener fillet weld. The cracks always
formed in the tension zone of the web and propagated inra direction
parallel to the boundary. Cracks 1 and 2 of girder F6 appeared only on
the far sid; (-2z) of the web when first observed, whereas the other

cracks could be seen from both sides,

Cracks at the butt welds and cope holes were found in both the
tension and compression regions of the web, close to the flanges. A

study of these cracks is in the realm of structural details and is not
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within the domain of this investigation. It seems sufficient to point out
that the occurrence of these cracks might have been strongly influenced

by the incomplete penetration of the butt welds.

One significant observation was the result of repairing the
cracks. Both Cracks 1 and 2 of girder F6 were subjected to the identical
treatment of removing the fractured material, depositing of weld material,
and stiffening of the panel. Yet Crack 1 was successfully eliminated,
but Crack 2 reappeared immediately. The cause of such a difference will

be discussed later.

There was another group of cracks which were detected following
the termination_ofztﬁé test for girder F7. These were three very fine,
vertical, hair cracks in the fillet weld at the web-to-compnessiqn.flange
boundary in the test section. Such cracké possibly could have been due
to the presence of residual stresses, Cracks of similar nature have been
observed in previous tests and were found to have an insignificant effect

(5)

on the test results.

Cross-sectional shapes and contours of the laterally deflected
web were prepared for selected load magnitudes in order that the out-
of-plane movement of the web could be visualized. The data used in pre-

paring these plots were obtained from the static test measurements.

A. Cross-sectional Shapes of the Web

For a description of the web cross-sectional shapes, reference is
made to those for girder F7, Fig. 9. An outline sketch of the test section

is shown together with the x and y coordinates. The shapes for loads of
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gzero, half-maximum, and maximum were approximatéd by connecting with
straight lines the measured lateral deflections at given web points;
Deflections (w) in the positiug\z-direction (near side deflections) are
pPlotted to the right of the vertical line, whereas those in the negative

z-direction (far side deflections) are plotted to the left.

From Fig. 9, it can be seen that large relative lateral deflections
between zero and maximum load occurred in the compression zone of the web,
while the corresponding deflections in the tension zone were quite small.

Deflection patterns of this type can be considered to be a common occur-
J

rence for girders in bending as evidenced by results of these and previous

(4)

tests. The nmgnitudesaof the relative deflections (from 0O to 90 kips)
in the compression zone of F7 were in the order of the web's thickness

(3/16™).

The deflected shape for panel 1, girder F6, differed from the common
case in that large relative web deflections between the test loads oc-
curred not only in the compression zone, but also in the tension zone i
(Fig. 10). The magnitudes of these movements were about 2-1/2 times the
;ﬁeb's thickness for the compression zone and approximately equal to the
web's thickness for the tension zone. Even at only a short distance '
(6-1/2") away from a stiffener (x = -75), the relative deflections were
|
~=—- ~———found to be unusually large below the girder's neutral axis. The reason M
for such unusually large movements for thié panel is the shifting of the
deflected position of the web from one side of the vertical to the other
‘ during loading. This shifting movement did not take place for the other
two test panels of girder F6, nor did it take place in'any of the panels

of girder F7 (Fig. 9).
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B. Web Deflection Contours

In order that a more complete picture of the deflected web would be
available for examination, web deflection contours are présented in Figs.
11 and 12 for a test panel for each girder. 1In these figures a contour
interval of 0.03 1nch1§s,adopted, with the near sidé deflections being
indicated by the solid lines and the far side movements shown by the
'broken‘lines. fCﬁc')ri,t:iour‘-'s''‘f‘or*‘.vzez.pc_);,i half-maximum, and maximum load are given

A review of Fig. 1l indicates that the upper portion of panel 3,

girder F7 was far from being plane at zero load. As the load was increased,

deflections charged gradhally and practically maintained the sdme pattern:
By-thewdecreaSing-Of contour lines in the lower part of the panel, it is
evident that the web was being straightened as load was applied. In the

area where Crack 1 formed, there was little deflection of the web.

From the deflection contouts for panel 1, girder F6 (Fig. 12), the
shifting movement of the web from one side to the other can clearly be
observed. After the shifting between zero and¥47~kips, the pattern of
zdéffection“wasconsiStent,iWith only changes in the magnitude of de-
flection. Contrary to the common pattern of Fig. 11, int€;§e contour
lines appeared in the lower region of the panel, thus indicating rela-
tively large web deflectioﬂ’inifﬁé_fenSion zone, All these imply seérious
web movement,;éven near the:boundary,‘and was observed so during testing.

However, in thedvicinity of Crack 2, the web .almost remained stationary.
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4.3 Web Stresses

Stresses that were directly calculated from the strain gage

measurements were those which existed on the surface of the web, and are

referred to as surface stresses. Surface stresses that were perpendic-

ular to the web-stiffener boundaries were calculated as the product of

the measured strain (€) and the modulus of elasticity (E = 29,6 x 103 ksi):

For similar stresses normal to the web-flange boundaries, the Poisson

effect was taken into account. ,

By knowing the wvalues of these surface stresses at various points
on both the near and far side of the web, it was possible to decompose
the surface stress into component parts; that is, into membrane and
secondary bending stress. The membrane stress results primarily from

bending of the girder in its plane, and is considered to be distributed

-unifdrmlyracroSs:thexthickness of the web. Secondary bending stress,
also referred to as plate bending stress, is .caused by the lateral move-
ment. of the web. This component of the surface stress has a linear

distribution across the web's thickness as indicated in Fig. 13.

The surface, membrane,aand~segqndary:ben&ingéttesSes-normal to
the web boundaries are given as vectors in Figs. 14 and 15 for girders
F7 and F6, respectively, for their maximum applied loads. These stresses

are for pointsf§74-of an inch away from the face of the transverse stif-

fener or compression flange, whichever the case may be. An "F'" adjacent

- to any of the stress vectors designates the stress value on the far side

of the web, and values that were less than 2 ksi are indicafed by a dot

AT TR Ry T ST S T

in these figures.
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For the surface stresses (Figs. l4a and 15a), the larger tensile
value for the two faces of the web was piotted. (1f compressivé values
existed on both surfaces; then the smaller of these was used.) By the
length of the stress vectors, it is seen that the surface stresses for o
both girders were highest in the upper portion of the web, perpendicular
to the web-flange boundary (20 - 30 ksi). The component membrane stresses

in Figs. 14b and 15b indicate that measured values were in good agreement

with the theoretical values of ¢ = Mc/I, which are marked as a dash

adjacent to the plotted measured.values. Membrane stresses perpendicular
to the compression flange were in all cases very small. 1In Figs. l4c and
15cvthevectorsfortheZSéCQndary bending (plate bending) stressesjwere
.large (ZO'ﬁ”SO'kSi) in the compression zone of the web, but significantly
smaller in the tension zone: It is obvious that the component of

secondary bending stress constitutes the main part of the surface stresses

perpendicular to the compression flange.

The agreement between the meaSHreadmembranE-s;resées'and the
theoretical values is depicted further by plotting in Figs. 16 and 17
the stress distributions at cross sections near the stiffeners, Slight
deviation could possibly be attributed to the effect of lateral web
deflections in the panels. 'in'genenal‘the membrane tensile stresses
béIﬁW'thé'néutralaxis can be regarded as well represented by the

theoretical values calculated from the flexural formula.
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V. DISCUSSION OF RESULTS

In the previous chapter the details of fatigue cracks, web de-
flections, and web stresses were presented. This chapter contains an ex-
amination of these results in an attempt to relate some consistent factor

to crack initiation.

5.1 Cause of Primary Cracks

A, Lateral Web Deflections

The results from the web deflection measurements agreed very well
with what was expected. Large lateral deflections occurred in the upper
portion of the web, whereas below the girder's neutral axis the web de-
flections were small. This common deflected configuration for girders in
bending is shown in Fig. 18. For fatigue loading between two load levels;
the web fiuctuates between two similar deflection configurations; thus the
relative movement could also be closely appréximated by the deflected
shape in Fig. 18. If repeated relative web deflections were the sole cause
of fatigue cracks in girders subjected to bending,,cracks would form ip
the upper region of the web, parallel té the boundaries. However, this
was nét the case. Three of the four primary cracks (Cracks 2 and 3, F6.
and Crack 1,'F7) formed in the lower part of the web where there was little

or no web deflection. Only the fourth primary crack (Crack 1 of F6) formed

in a section of the web which had noticeable lateral deflection, but was

below the neutral axis of the girder, not above. The success of the repair
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of this crack, which effectively reduced the deflections in the panel to
zero, lends credence to the belief that this crack was at least partly
due ;o lateral web deflections. Similar, successful repairs of cracks
in previous test girders with large web deflections .substantiates the

(5) -

above.

Since lateral web deflections cause stresses which, in turn, may
affect the formation of fatigue cracks, an examination of these web

stresses follows.

B. Web Stresses

It was previously pointed out that secondary (plate)“bending stresses:
are due toilateral web movement. fherefore, large sééondary bending
stresses should accompany large lateral deflections. That this is true is
indicated by the stress vectors in Fig. l4c, where large vectors are in

the upper region and small vectors in the lower region.

Additional proof_is_provided=by“Fig@ 15¢ for the compression zone of
girdeszé. Values of the plate bending stress at pointsfbe10§~thefneutra1
axis were not available prior to the formation of Cracks 1 and 2. However,
after 1,000,000 cycles of load, these stresses were calculated to be in
the order of 3 ksi for panels 2 and 3, where the web deflections were
small. In order to obtain an evaluation of the plate bending stresses
in the lower portion of panel 1 before the formation of cracks, it was

necessary to use an approximate approach. .

By considering an imaginary cantilever strip of unit width and using
measured web deflections, as indicated in Fig. 19, a deflected shape of

the web could‘be obtained in-the form,
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From this, the secondary bending stresses were calculated at the toe of
the fillet welds. These stresses are shown in Fig. 20 along with the
approximate membrane (Mc/I) and resulting surface stresses. The magnitudes

of the plate bending stress for panel 1 were highest (25 - 35 ksi) in the

upper part of the web, yet Crack 1 initiated about 9 inches below the

neutral axis where the plate bending stress was about 20 ksi.

Since secondary bending stress is not .necessarily the controlling
factor, and since all the other primary cracks formed where there was
little or no plate bending stress, an examination of the membrane stress

in these areas is in order.

A review of the web membrane stresses; Figs. 16 and 17, reveals that
at Cracks 2 and 3 of girder F6 and Crack 1 of girder F7 these stresses
were about 16 ksi. Compared with the negligible secondary bending stress,
it appears that the tensile membrane stress is dominant'in the formation

of fatigue cracks.

A further look at the stress picture in the vicinity of Crack 1,

| girder F6, indicates that the combination of secondary bending stress of

% about 20 ksi and tensile membraneé stress of about 7 ksi resulted in a

| .

condition of stress which; most likely, was the cause of Crack 1. How-
ever, this condition does not seem to be the general case for bending
girders, be;;use large web deflections in the tension zone of the web are
uncommon. Thus, in general, plate bending;stressiﬁas little effect on the

formation of fatigue cracks in plate girdérszsubjected primarily to

bending, whereas tensile membrane stresses have a dominant effect.

Ay N et
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2.2 Comparisos of Plate Girders and Beams in Bending

Because tensile membrane stresses - which can be predicted by
beam theory - play a dominant role in crack formation, it seems logical to

compare the fatigue behavior of girders with that of beams. -

A considerable amount of research has been conducted on beams
ciih damrad ¢ . .. (6,7,8,9) S |
subjected to repeated bending moments. Fatigue cracks usually
initiated in the tension flange, along transverse stiffeners, at cope
holes, at the ends of partial length cover plates, or at butt welds.
Except for Crack 1, girder F6, which was partly due to lateral web .de-
flection, all cracks in girders F6 and F7 are,includediin,the‘féilure.

‘

modes associated with beams.

For beams with similar stiffener detdils as those for the test

o A s R R B e P T e xS e~

girders, numerous tests reveal that cracks form along stiffeners and

ey

R NTX ey
S e

cause 'failure" at about 2,000,000 cycles for a stress range of essentially

T

zero to 18 ksi. (Fig. 10.6, Ref. 7) For the test girders, Cracks 2 and 3 of
girder F6 were "first observed" at 600,000 and 1,240,000 cycles, respec- s i
tively, whereas Crack 1 of girder F7 was found at 2,280,000 cycles. All ﬁ
were subjected to .a stress range of approximately zero to 16 ksi. The ’
difference in these results can possibly be attributed to the scatter that
occurs in'fatigue testing, and the deviation from the results of the beam

tests may partly be due to the fact that the definition of "failure" ig

not the same for the beam and girder tests. Additional;data from girder

tests should render further verification. %

Based on this discussion, it is highly pdssible that piate girders

subjected primarily to bending can be regarded as beams and thus can be

designed accordingly for fatigue,

Ny
- p———— 2 == e
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VI. SUMMARY AND CONCLUSIONS

A summary of the test results from the experimental work described

in this report follows:

1. Slender webs of Plate girders fluctuate laterally under repeated
high'bEQding*moments.

2, The lateral deflection of the web is more pronounced in the
compression zone than in the tension portion of the girder. Consequently,
the magnitude of fluctuation of the web is also larger in the compression
zone,

3. High plate (secondary) bending stresses occur on the web's
Surfaées in areas where lateral wéqueflections are large.

4, ~All_primary fatigue ér&ékﬁ'fOrﬁgdibelow the neutral axis of
thezgirdgrg in regions where the web deflections or plate'bending stresses,

‘were not largest.

5. At the initiation point of all " Primary cracks tensile web |
membrane stresses were of appreciable magnitude.

6. Web membrane stresses in the tension'éone of the web can be
closeii—ﬁféaictedfrom.Mc/I. |

/7. In some instances a combination of tensile membrane and plate

~bending stresses may cause a fatigue crack to form,

e

8. Successful repair of fatigue cracks due to lateral web de-

flections is possible, as evidenced from these and previous tests.

9. 'In general, the modes of crack initiation in plate girders

sub jected Primarily to bending are similar to those for beams.




From the results and discussions previously presented the following
conclusions can be made for welded plate girders subjected to repeated
bending loads:

1. In general, large laterai web deflections that occur at

high loads have little effect on the fatigue life of

plate girders subjected primarily to bending.

2, Tensile membrane stresses appear to be dominant in the .

formation of fatigue cracks.

3. It is highly probable that the fatigue behavior of plate
girders in bending is similar to that of beams. There-
fore, they possibly can be designed accordingly for

fatigue.




_web slenderness ratio, b/t | [

NOMENCIA TURE

panel length

web depth

web thickness

deflection in the y - direction
deflection in the y - direction at load point
déflection~in the z - direction

Cartesian coordinate axes

web area

modulus of elasticity (29,600 ksi)

moment of inertia about horizontal centroidal axis
load applied by one hydraulic jack

theoretical web buckling load

minimum applied fatigué 1oéd

maximum applied fatigue load

theoretically obtained static ultimate load
section modulus

A

aspect ratio, a/b

A

strain

yield strain
foisson's ratio (0.3)
stress

Yieldstress

ultimate tensile stress
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'TABLE 1 WELDING DETAILS

A. Sequence

o e

Step Connection Position Weld
1 5/16" Web Plates to Flanges N, S. a

3/16" Web Plates to Flanges N. S. b
2 Bearing Stiff. to 5/16" Web Plates |  N. S. a
+ Inter. Stiff. to 3/16'" Web Plate [ N. S. b

3 | 5/16" Web Plates to 3/16" Web Plate N. S. b

4 || Same as Step 1 above | F. S. As above

5 || Same as Step 2 above | F. s As. above |
6 Same as Step 3 above | "F. S. d
B. Welds
Weld Type | .~ Details | Remarks
a 1/4 £illet | co,, 200, 22v, 10ipm

b . 1/8 fillet co, 200A, 22v, 20ipm- |
0.045" dia. wire, 50 cu.
c Butt co, 200A, 22v, 20ipm ft. per in. gas flow

d Butt €0, , 350A, 27v, 18ipm

q

J
=t
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*
TABLE 2 NOMINAL DIMENSIONS OF COMPONENT PARTS

—

Test Section End Section
Girder . .
Flanges Web Stlff?ner Flanges Web St1ff?ner
Spacing . _ Spacing
F6 50 x 3/16 50 12 x 5/8 | 50 x 5/16 |- 90 |
F7 ﬁlz x 5/8 K?O x 3/16 50 12 x 5/8 | 50 x 5/16 90
* o |
Dimensions {in incheés |
\
TABLE 3 PROPERTIES OF GIRDER COMPONENTS -
|
_____ 4 |
| ) | f ]L Chemical Properties Physical Properties |
- Girder Component| Dimensions C Mo p S S o o |Elong.

y u
(inches) [[(%) | (%) | (%) (%) (%) |(ksi) |(ksi)| (%)

Flanges (12,13 x 0.6280.22/0.57]0.009[0.017|0.05|l 32.6| 62.7] 29.5
Test
Web 50 x 0.1821{[0.15(0.51 0.008 0.019 0.04 39.7| 59.0] 28.3

£6 _ —t— - g- %

|Flanges [[12.13 x 0.628[0.22|0.57]0.009{0.017[0.05 || 32.6| 62.7] 29.5
End | | | |
Web 50 x 0.312[0.15/0.51]0.008|0.019]0.04 | 35.2| 58.6] 30.5

Flanges [12.15 x O.638H0.16 0.72{0.008(0.022]0.03 || 31.0 57.8( 31.9

Test _ 1 _ o
Web 50 x 0.1820.15{0.51/0.008|0.019]0.04 || 39.7| 59.0| 28.3
F7 ;
Flanges (12.15 x 0.638(0.16/0.72{0.008(0.022}0.03 |[ 31.0]| 57.8] 31.9
- End 7
- Web 50.x 0.31210.15]0.510.008|0.019]0.04 35.2| 58.6| 30.5
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TABLE 4 GEOMETRIC PROPERTIES

Girder @ | B A I S

(in.z) (in.4) kin.B)

F6 1.0 | 275 9.10 11,660 455.0
Test |
Section

F7 [ 1.0 | 275 | 9.10 11,832 | 461.5

|pe | 1.8 | 160 | 15.60 13,020 | 508.0
End | | |
| Section

|F7 | 1.8 | 160 | 15.60 13,190 | 514.5

-

TABLE 5 CHARACTERISTIC LOADS

AT I P 7 P
Girder p p p p u
cr u min, max.

P P
(kips) [ (kips) [(kips) |(kips) min., | max.

F6 43.8 | 144 5 9% 3.5 | 65.3

Test
Section

F7 | 444 [ 139 | 5 | 76 3.6 | 54.7
| | | 90 | 64.8%

F6 9%.5 1 162 | 5 | 9% | 3.1 |58.0
End | 1 - -
Section

F7 | 95.0 | 158 | 5  é 76 | 3.2 |48.1
| [ 90% | - | 57.0%

—

% o
Test loads changed after 1,300,000 cycles
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TABLE 6 SUMMARY OF CRACK DATA

"First Observation At Repair

Girder

Crack

Coordinates

Cycles

Total
Cycles

Length

(in.)

X y Z

1 -74 >+ 1-8 , -10 -3/32 600,200 756,000 14

-3/32 756,000 10

F6 2 600,200

3 +24 — +3/32 | 1,242,450 | 1,300,000 5 |

FT 1 +74 % -24 | %3/32 | 2,280,650 | 2,330,000 | &
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GIRDERS F6 & F7 P ? 34, P
12" x 5,8“ﬁs 1 Sym. About Q \ J 10" 3,n :6:
3 x /g s
|
’ 5"x Vo ]/‘3'!%\{ | H \ ll@{} m i'ctll} O
(Typ) (Typ.) | |
‘8 N :
q-2" ! /—9— d 4 4
5/'; Web 3/'2 Web : _
, ! %{> 4{> |
' _ pd ya -
1 lzﬂnsh:'__/ 'L )
Ej 7'-6" 37, a-2" | a2 | 4-2 ____|-3| 7'-6 _]g]
L - 3 "O. -l

‘SHlEAR DIAGRAM

.

MOMENT DIAGRAM |
| .

\\90 e M |

Fig. 1 Test Specimen and Setup with Shear and Bending Moment Diagrams
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Fig. 2 Test Panels and Coordinate System

Fig. 3 Overall View of Test Setup
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(a) Locations of Lateral Web Deflection Measurements (Typ.)

i;‘(Typ.)

¢
g% 8%|s's sl
e

TI- - - - = = - |- I- -
85 (Typ)
8k
N | |._3,¢;' (Typ.) | Note: 24 additional
gages mounted
after 1,000,000
cycles, as shown
for F7.
(b) SR4-Al Gages, Girder F6
¢
) 8o 8l/sls slp
%8 (Typ) (Typ |
T - = -] FFRER] F R R EE
8% (Typ.)
8l B -
Q —?— - - (1] +— 1 T -
_ 8l
] 8l
—~{ =3 (Typ) 1 1 B

(¢) SR4-Al Gages, Girder F7

Fig. 4 Instrumentation
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P,z 144% -

140}

|20}
Theoretical

'OO_ Pmax=94k

(kips)

80
/ 7 ( Lood Number)

60 .

Y4

| ' ' | 1
0 0l0 020 040 050 o060

1
vp (inches) : %
{

Fig. 5 Static Load Versus Deflection, Girder F6
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T T |
| 1-5%% (F.S.) .
| P/r |

S
O,

5
_ __[:—2"3120)( /|6 | -
1 @‘-- ) (NS.&F.S) | |

(a) Crack Location and Repair

Cracks(D8(?) Crack 3
Rmnnnniininnn

_ .(kips)
5“HH ARRRRMARARRARE]
| Repcc:)i;ss@a@\k {Ri(zir@ Z epti?élce

N (cycles)

(b) Fatigue Test Sequence

Fig. 6 Fatigue Testing of Girder F6
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P,=139¥

140

120} |
Theoretical
|00 1@_ |
P \

(kips)

80F

J
60 7 (Load Number)

1 |

| | |
O 0.10 0.20 0.30 0.40 0.50

vp (inches) \

Fig. 7 Static Load Versus Deflection, Girder:F7
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(a) Crack Location

(kips)

AARAARRIAEA

1.0 20 X 30x 108
Repair () Repair (1) | |
N (cycles) !
(b) Fatigue Test Sequence ,,

Fig. 8 Fatigue Testing of Girder F7
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|
-25

|
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Load No.! (OK) |
Scale: o 3 w=0.5inches Legend : —---- [oad No.5 (47%) |
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