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FATIGUE STRENGTH OF FILLET-WELD AND PLUG-WELD
CONNECTIONS IN STEEL STRUCTURAL MEMBERS

I. INTRODUCTION

1. Object and Scope of Investigation.—As sufficient information
relative to the best types of fillet-weld and plug-weld joints to with-
stand fatigue upon which to base a comprehensive investigation was
not available, most of the work described in this bulletin was explora-
tory, preparatory to a more extensive investigation to follow.

The first tests were planned to determine the unit fatigue strength
in shear of fillet welds connecting structural plates, and to determine
the fatigue strength in tension of plates and channels connected by
fillet welds. These indicated that the fatigue strength in tension of the
plates and channels thus connected was so low as compared with the
fatigue strength of the welds in shear that the fatigue strength in
tension of the plates or channels might govern the design of the con-
nections for members to be subjected to pulsating or reversed loads.
For this reason, most of the tests of fillet-weld connections were
planned to develop the type of connection that would result in the
greatest fatigue strength of the members connected.

Tests were also made to determine the fatigue strength in shear of
plug welds, and to determine the fatigue strength in tension of plates
connected with plug welds. A few composite joints were tested. For one
type of joint, plates were connected by a combination of rivets and
transverse fillet welds; for another type of joint, plates were conneected
by a combination of rivets and plug welds.

A large number of miscellaneous tests of riveted and welded butt
joints in carbon-steel and low-alloy steel plates have also been made
that are believed to be of interest to the profession. Reports of these
tests have been included in this bulletin.

Unless otherwise specified the material in the plates and channels
was carbon steel of structural grade having the general characteristies
of AS.T.M., A-7 steel.

2. Acknowledgments—The tests described in this bulletin were a
part of the investigation resulting from a cooperative agreement en-
tered into by the Engineering Experiment Station of the University of
Illinois, of which Deax M. L. ExGEr is the Director, and the Public
Roads Administration, Federal Works Agency, of which Tromas H.
MacDoxawp is the Commissioner. The tests were planned in coopera-
tion with the Committee on Fatigue Testing (Structural), Welding

9



10 ILLINOIS ENGINEERING EXPERIMENT STATION

Research Council of the Engineering Foundation, of which JoxaTHAN
JonEs is Chairman. The tests were financed by the Chicago Bridge and
Iron Company; the Public Roads Administration, Federal Works
Agency; the Bureau of Ships, Navy Department; and the Association
of American Railroads. The fatigue tests were made in the Arthur
Newell Talbot Laboratory and the metallurgical studies were made
in the Metallurgical Laboratory, both of the University of Illinois.

The members of the Committee on Fatigue Testing (Structural)
were:

Jonaruax Jones, Chairman, Chief Engineer, Fabricated Steel
Construction, Bethlehem Steel Company, Bethlehem, Pa.

Raymonp ArcHiBaLp, Principal Structural Engineer, Public Roads
Administration, Federal Works Agency, Washington, D. C.

J. E. BernuArpT, Bridge Engineer, Chicago and Eastern Illinois
Railway, Chicago, Ill.

Leon C. Biseer, Welding Engineer, Carnegie-Illinois Steel Corpora-
tion, Carnegie Building, Pittsburgh, Pa.

H. C. BoaromaN, Research Engineer, Chicago Bridge and Iron
Company, Chicago, III.

W. H. BruckNER, Research Assistant Professor of Metallurgical
Engineering, University of Illinois, Urbana, IIl.

A. W. CarrENTER,* Engineer of Bridges, New York Central Rail-
road, New York City, N. Y.

Evererr CHAPMAN, President, Lukenweld, Inc., Coatesville, Pa.

F. H. Franxkranp, Director of Engineering, American Institute of
Steel Construction, Inc., New York City, N. Y.

C. F. GoooricH, Chief Engineer, American Bridge Company, Frick
Building, Pittsburgh, Pa.

LaMorte Grover, Structural Welding Engineer, Air Reduction
Sales Company, Lincoln Building, New York City, N. Y.

O. L. Grover, Principal Highway Bridge Engineer, Public Roads
Administration, Federal Works Agency, Washington, D. C.

W. C. Horxkixs, Bridge Engineer, Maryland State Roads Commis-
sion, Baltimore, Md.

J. B. HuNLEY, Engineer of Structures, New York Central Railroad,
LaSalle Street Station, Chicago, Il1.

G. F. Jenxs, Taylor-Winfield Corp., Warren, Ohio.

C. H. Jexnixes, Chemical and Metallurgical Departments,
Research Laboratories, Westinghouse Electric & Manufacturing
Company, East Pittsburgh, Pa.

*Retired.
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E. F. KeLLey, Chief, Division of Tests, Public Roads Administra-
tion, Federal Works Agency, Washington, D. C.

A. B. Kinzen, Chief Metallurgist, Union Carbide and Carbon
Research Laboratories, Inc., New York City, N. Y.

G. M. Maceg, Research Engineer, Association of American Rail-
roads, Chicago, I1l.

Leox S. Moisserrr,* Consulting Engineer, New York City, N. Y.

N. W. Morgan, Senior Highway Bridge Engineer, Public Roads
Administration, Federal Works Agency, Washington, D. C.

Crype T. Mogris, Professor of Civil Engineering, Ohio State Uni-
versity, Columbus, Ohio.

Bureau of Ships, Navy Department, Washington, D. C.

R. E. Spaurping, Consulting Engineer, Aetna Iron and Steel Com-
pany, Jacksonville, Fla.

War. SpraraceN, Executive Secretary, Welding Research Council,
New York City, N. Y.

R. L. Temprin, Chief Engineer of Tests, Aluminum Company of
America, Research Laboratories, New Kensington, Pa.

A. R. WiLson, Engineer of Bridges and Buildings, Pennsylvania
Railroad, Philadelphia, Pa.

W. M. WiLson, Research Professor of Structural Engineering, Tal-
bot Laboratory, University of Illinois, Urbana, Ill.

1I. FiLLer WELDS

3. Exploratory Tests; Fillet-Weld Joints Connecting Plates—The
first tests to determine the fatigue strength of fillet-weld joints con-
necting plates were planned to determine the unit fatigue strength of
the weld in shear, and the unit fatigue strength of the plates in tension.
The details of the specimens are shown in Fig. 1. There were two types
of specimens, W and Z. The fillet welds for the W specimens were 4
in. long, and the nominal ratio of the weld area in shear to the plate
area in tension was 1/1.58, making the unit shearf on the throat of
the weld 1.58 times the unit tensionf on the plate, a stress-ratio which,
it was believed, would result in a shear failure of the weld.

Specimens W1, W2, W5, and W6 were tested on a cycle in which
the stress on a transverse section of outside plates varied from 0 to
10 000 Ib. per sq. in. tension. The results of the tests are given in
Table 1. Specimens W1 and W2 were tested as welded, and failure

*Deceased. y !
f':rhe expressions, “‘unit shear’” and “‘unit tension,”” here and elsewhere, mean “average unit
shear” and ‘“‘average unit tension,” even though it is known that the maximum stress is consider-

ably more than the average in most instances.
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occurred in the outside plates at the end of the fillet weld despite the
fact that the shear on the throat of the weld was 15 800 lb. per sq. in.,
whereas the tension on the transverse section of the plate was only
10 000 lb. per sq. in.

The change in section at the end of the fillet weld is a bad stress
raiser which accounts, at least in part, for the low fatigue strength of
the plate. The ends of the fillet welds of specimens W5 and W6 were
ground to a feather edge with the idea of thus reducing their stress-
raising effect. The specimens were tested on a cycle in which the stress
range for the plate, 0 to 10 000 lb. per sq. in. tension, was the same as
for specimens W1 and W2. The corresponding stress range for the
throat of the weld was 0 to 20 800 and 20 500 1b. per sq. in. shear for
W5 and W6, respectively. Failure occurred at 519 500 and 627 300
cycles, values slightly higher than for W1 and W2, but failure was in
the outside plates at the ends of the fillets even though the unit shear
in the weld was a little more than twice as great as the unit tension in
the plate. Grinding the end of the fillet to a feather edge did not in-
crease the fatigue strength of the plate by a significant amount.

The next expedient used to cause failure in the weld was to test
specimens W3, W4, W7, and W8 on a eycle in which the stress in the
outside plates varied from 0 to compression. Specimens W3 and W4
were tested on a cycle in which the shear on the throat of the weld
varied from 0 to 30 000 lb. per sq. in. Failure occurred in the weld at
191 300 and 84 000 cycles, respectively, for the two specimens. The
stress cyeles for specimens W7 and W8 were 0 to 24 000 and 0 to
16 000 lb. per sq. in. shear, respectively. Specimen W7 cracked in both
the plate and the weld at 158 200 cycles. Specimen W8 cracked in the
plate at 1 375 000 cycles, but the test was continued. At 1 816 000
cycles the weld also cracked, but, since the load was maintained, the
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TasLE 1

Faricue StrENGTH oF LoNGITUDINAL FiLLeT-WELD JoiNTs
CoNNECTING PLATES

Unit Stressin 1000's of 1b. per sq. in.
Speci- %unibel; of
men Cycle Shear on Tension or Fiitilffe :)1: Part That Failed
No. Throat Compression 1000's
of Weld in Plate
w1 0 0to15.8 0to +10.0 530.2 | Plate
w2 to 0to15.8 0 to +10.0 340.1 Plate
W5* tension 0 to 20.8 0 to +10.0 519.5 Plate
We* 0 to 20.5 0 to 4+10.0 627.3 Plate
wa | o 0 to 30.0 0to —10.4 191.3 | Weld
W4 to 0 to 30.0 0to —19.6 84.0 Weld
W7 compres- 0to24.0 0to —16.3 158.2 | Weld and plate
sion 1 375.0 | Plate; test continued
1 816.0 Plate and weld; test con-
W8 0 to 16.0 0to —10.3 | tinued
3 158.0 Plate and weld; test dis-
continued
Z1 0 Oto 6.3 0 to 4+10.0 760.5 Plate
Z2 to Oto 6.3 0 to +10.0 646.7 } Plate
Z6* tension Oto 7.3 0 to 410.0 1 514.6 Plate
Z5 Tension toi +10.0 to —10.0{+16.2 to —16.2 18.7 | Plate
equal com-
pression |
. 108.0 | Plate; test continued
= W Vioao oto -8 | { 1083 Plate and weld
Z+ | compres- | 0t018.5 osa—g0is |4, A2 | Flate test sontinoed
s10n o .
= : 195.0 Plate; test continued
47, 0:4ai16:0 Dite-—25.% {l 610.0 | Plate only; test discon-
190 | Pl Moued ed
a5 .5 ate; test continu
z8 0t 16.0 0to —25.3 {1 351.3 Plate :(ll'll;‘; test discon-
tinu

*Ends of fillets ground to a feather edge.

test was continued until 3 158 000 cycles; at this point the test was
discontinued, although the weld was still able to carry the load.

The plates of specimens W1, W2, W5, and W6, connected with
longitudinal fillet welds and tested on a cyele in which the stress varied
from 0 to tension, had a fatigue strength corresponding to failure at
500 000 cyecles of the order of 10 000 lb. per sq. in.

The results of the tests of the Z specimens, similar to the W speci-
mens except that the fillets were 10 in. long, are reported in the lower
part of Table 1. Specimens Z1 and Z2, which were tested in the as-
welded condition and on a cycle in which the tension in the plate varied
from 0 to 10 000 lb. per sq. in., failed in the plate at the end of the
weld at approximately 700 000 cycles. The ends of the fillet welds of
specimen Z6 were ground to a feather edge, and the specimen, which
failed in the plate, had a life approximately twice the life of Z1 and Z2
when tested on the same cycle. Specimen Z5, tested in the as-welded
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condition on a cycle in which the stress in the plate varied from 16 200
Ib. per sq. in. tension to an equal compression, failed in the plate at
18 700 cycles. Specimens Z3, Z4, Z7, and Z8 were tested in the as-
welded condition on a cycle in which the stress in the plate varied from
0 to compression. The specimens failed first in the plates and, except
for Z7 and Z8, later in the weld.

The tests reported in Table 1 were exploratory, and involve several
variables so that they have not resulted in satisfactory quantitative
values. They did show, however, that, for the type of specimen tested
the unit fatigue strength of the longitudinal fillet weld in shear was
considerably higher than the unit fatigue strength in tension of the
plates connected. They also indicated that the fatigue strength of
plates connected with longitudinal fillet welds, as shown in Fig. 1, was
low, being of the order of 10 000 lb. per sq. in. for failure at 500 000
repetitions of a eycle in which the stress varied from 0 to tension.

4. Various Types of Fillet-Weld Joints Connecting Plates—The
exploratory tests of Section 3 indicated that the fatigue strength of
plates connected with longitudinal fillet welds is low.

The next problem that presented itself was to determine the types
of fillet-weld connections that had the greatest fatigue strength. Tests
were therefore made to determine the fatigue strength of structural
plates when connected by the various types of fillet welds shown in
Fig. 2. All specimens were designed to fail in the plates rather than in
the weld. To facilitate a comparison of the results, all specimens were
tested on a cycle in which the stress in the outside plates, the ones that
were to fail, varied from 0 to 18 000 Ib. per sq. in. tension. The various
specimens and tests are described in the following paragraphs.

T, U, and V Series

The tests of the T, U, and V series were planned to determine the
effect of the width of the plate upon its fatigue strength when con-
nected only by longitudinal fillet welds along the edges.

The specimens of the V series, shown in Fig. 2b, were the same as
the specimens of the W series of Fig. 1. The T and U specimens were
the same as the V specimens except for the width of the plate, which
was 9 in. for V, 6 in. for U and 4 in. for T. The results of the tests are
given in lines 1, 2, and 3 of Table 2.

The number of cycles for failure was somewhat greater for the
narrow than for the wide specimens. This was probably due to the fact
that the variation in stress along a transverse section was less for the
narrow specimens than for the wide ones. The difference in the average
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TaBLE 2
Faricue StreExetH oF Variovs Tyres oF FiLLer-WEeLp JoinTs
CoxnNEcTING PLATES

Stress cyele for all tests: 0 to 18 000 lb. per sq. in. tension on outside plates. All specimens broke
in outside plate at end of fillet weld.

s Number of Cycles ; Number of Cyeles
Line Speﬁlmen for Failure Line Specimen for Failure

N in 1000's No. in 1000's
1 Vi 47 .4 i1 C1 363.1
Y2 34.0 Cc2 313.6
V3 49.0 c3 352.8
Av. 43.5 Av. 343.2
2 U1 137.8 7 D1 296.5
Uz 228.4 D2 223.9
U3 101.7 D3 330.2
Av. 155.9 Av. 283.5
3 T1 191.1 8 EWwWl1l 269.3
T2 221.7 Ew2 192.7
T3 120.0 EW3 230.0
Av. 177.6 Av. 230.7
4 Y1 324.5 9 EX1 201.5
Y2 318.0 EX2 162.3
Y3 375.0 EX3 208.7
Av. 339.2 Av. 190.8
5 X1 36.2 10 EZ 221.3
X2 71.8 EZ2 174.5
X3 47.2 EZ3 189.4
Av. 51.7 Av. 195.1

number of eyeles for failure, which ranged from 43 500 for the V
series to 177 600 for the T series, corresponds to a difference in the
fatigue strength of the order of 20 per cent, a difference which is
significant.
Y Series
The specimens of the Y series, shown in Fig. 2¢, were very much
like the specimens of the T series except that, for the former, each out-
side plate had two strips each 3%; in. wide, whereas, for the latter,
each outside plate consisted of a single strip 4 in. wide. The results of
the tests are shown in line 4 of Table 2. The average number of cycles
for failure was 339 200 for the Y series, almost double the number for
the T series. It should be noted, however, that the stress is based upon
the transverse section of the two 3%4-in. strips the combined width
of which is considerably less than the width of the main plates, which
are 9 in. wide.
X Series
The X specimens, shown in Fig. 2a, differed from the V specimens
in having a transverse return fillet 1% in. long at each corner. The
number of cyeles for failure, given in line 5 of Table 2, was very nearly
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the same for the X as for the V series, indicating that the return fillet
had no appreciable effect upon the fatigue strength.

C and D Series

The C and D specimens, shown in Figs. 2e and 2d, had longitudinal
fillet welds along both sides and a transverse fillet weld across the end
of each outside plate. Specimen C differed from D in that it had a short
transverse fillet weld on the inside of each outside plate. The average
number of cycles for failure, given in lines 6 and 7 of Table 2, was
343 200 for C and 283 500 for D. These values are comparable with
the 43 500 cycles for the V specimens, which did not have the trans-
verse fillet welds across the ends of the outside plate.

EW, EX, and EZ Series

The details of the specimens are shown in Figs. 2f, 2g, and 2h.
Specimens EW and EX differed from EZ in having the corners of the
outside plates cut off and welded. The EZ specimens were similar to
the Z specimens of Fig. 1. The average numbers of cycles for failure,
given in lines 8, 9 and 10 of Table 2, were nearly the same for the three
series and were all less than for the D specimens of Fig. 2d.

42C and 42D Series

Specimens 42C and 42D, shown in Fig. 2k, each had a single trans-
verse fillet weld at the end of each outside plate. The two differed in
that 42C had a 45-degree fillet whereas 42D had an ogee fillet, as
shown in the figure. Specimens of these series were tested on the fol-
lowing cycles: 0 to 18 000 tension, 0 to 18 000 compression, and
12 000 tension to 12 000 compression, the stress being in lb. per sq.
in. on the transverse section of the outside plates in all instances. The
results of the tests are given in Table 3.

The 42D specimens, the ones with the ogee fillets, when tested on
a cycle in which the stress in the outside plates varied from 0 to 18 000
Ib. per sq. in. tension, and also when tested on a eycle in which the
stress varied from 12 000 lb. per sq. in. tension to an equal compres-
sion, were slightly stronger in fatigue than the 42C specimens, the
ones with 45-degree fillets; when tested on a cycle in which the
stress varied from 0 to 18 000 lb. per sq. in. compression, the 42D
specimens were very much stronger than the 42C specimens. Speci-
mens 42D and 42C, when tested on a eycle in which the stress varied
from 0 to tension, had approximately the same fatigue strength as
specimens C and D of Table 2. Two specimens, 42D2 and 42D4,
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TABLE 3

FATIGUE STRENGTH OF SINGLE TraNsvERsE FiLLer WELDs
CoNNECTING PLATES

- Unit Stress in 1000's | Number of Cycles . ¢
Specimen Cyele of 1b. per sq. in. for Failure in Location of Fatigue
No. Tension in Plate 000s racks
42 D1 0 0 to $+18.0 186.8* Throat of weld
42 D2 to 0 to +18.0 651.5 Inside plate
42 D3 tension 0to 418.0 175.2 Edge of weld A
42 D4 0to +18.0 408.0 Inside plate
Av. 411.6
42 D5 Tension to +12.0to —12.0 117.4 Edge of weld A
42 D6 equal +12.0to —12.0 141.1 Edge of weld A
42 DT compression +12.0to —12.0 111.7 Edge of weld A
Av. 123.4
42 DS 0 to 0 to —18.0 1 006.6 Edge of weld B
42 D9 compression 0to —18.0 1 979.2 Edge of weld B
42 D10 0 to —18.0 _857.6 Edge of weld A
Av. 1 281.1
42 C2 0 to 0 to 4+18.0 149.4 Edge of weld B
42 C3 tension 0 to +18.0 175.0 Edge of weld B
42 C4 0 to +18.0 331.0 Throat of weld
Av. 218.5
42 C5 Tension to +12.0to —12.0 82.3 Throat of weld
42 C6 equal +12.0to —12.0 47.5 Throat of weld
42 CT compression +12.0to —12.0 44.9 Throat of weld
Av. 58.2
42 C8 0 to 0to —18.0 42.3 Edge of weld B
42 C9 compression 0to —18.0 32.4 of weld
42 C11 0to —18.0 439.4 Edge of weld B
Av. 171.4

*Fillet was concave; this value was not included in the average.
A—Crack started at root and proceeded along edge in ¥-in. plate.
B—Crack started at root and proceeded along edge in 1-in. plate.

broke in the inside plate, where the section was 12 sq. in., instead of
in the outside plates, where the combined section of the two plates
was 9 sq. in. These inside plates were slightly undercut at the ends
of the welds.

The tests reported in this and the previous section indicate that,
of the types of joints that were tested, there were none that had a
significantly greater fatigue strength than the simple joint with longi-
tudinal fillet welds along the sides and a transverse fillet weld across
the ends of the plates, specimen D, Fig. 2d. Three joints of this type
withstood an average of 283 500 repetitions of a cycle in which the
tension in the outside plates varied from 0 to 18 000 lb. per sq. in.

The ratio of the static design strength of the plates to the static
design strength of the welds,* was 1.07 for the Y series. The fatigue
strength of the plates for the specimens of this series was as great as
that for any specimens tested, and all specimens failed in the plates,

*1941 A 'W.S5. Specifications for Welded Highway and Railway Bridges, Formula 5, p. 18,
and Formula 9, p. 18.
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indicating that, for a specimen of this type of balanced design under
static loading, the fatigue strength is as great for the weld as for the
plate when tested under pulsating loads.

5. Various Types of Fillet-Weld Joints Connecting Channels to
Plates—The specimens, shown in Fig. 3, consisted of channels con-
nected to plates with fillet welds. The S specimens had longitudinal
fillet welds along the edges of the channel only; the Al specimens had
longitudinal fillet welds along the edges and a transverse fillet weld
across the ends of the channels; the webs of the A2 specimens were
slotted, and there were longitudinal fillet welds along both edges of
the slots as well as along the edges of the channels, but there were no
transverse welds.
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TaBLE 4
Farigue STRENGTH OF Various Tyres oF FiLLer-WeLD Joints CONNECTING
CHaNNELS TO PraTES

All specimens were tested on a cycle in which the stress varied from 0 to 18 000 lb. per sq. in.
tension on the channels. All specimens failed in a channel at the inner end of the longitudinal fillet weld.

= Number of Number of Number of
Specimen Cyecles for Specimen Cycles for Specimen Cyecles for
No. Failure in No. Failure in No. Failure in
1000’s 1000's 1000's
51 553.3 Al-1 870.7 A2-1 631.5
82 407.6 Al-2 636.2 A2-2 506.1
53 284.0 Al-3 1 040.7 A2-3 551.7
Av. 415.0 Av. 849.2 Av. 563.1

The results of the tests are given in Table 4. The simple specimen
A1 had the greatest fatigue strength, and the average number of cycles
for failure was three times as great for it as for the D specimen of
Fig. 2, one of the best of the specimens with fillet welds connecting
plates deseribed in Section 3. The arrangement of the welds was the
same for the Al as for the D type of joint, longitudinal fillet welds
along the sides and transverse fillet welds across the end. The greater
fatigue strength of the channel connection was attributed to the fact
that the longitudinal fillet welds were adjacent to the flanges, which
constitute a considerable portion of the total section of the channels.

6. Channel Box Section With Fillet-Weld Connections—Truss
members of light bridges sometimes consist of rolled channels fabri-
cated so as to form a box section. The specimens of Fig. 4 were
designed to represent the ends of such members where they are at-
tached to the gusset plates. There were two types of welded connec-
tions and one type of riveted connection. The connections for the GB
specimens were the same as for the Al specimens of Fig. 3, except
that there was a 14-in. transverse fillet weld at the edge of the gusset
plate. The GA specimens had longitudinal fillet welds along the edges
and a circular fillet weld across the ends of the channel. The GC
specimens had riveted connections such as are used on a riveted truss.
The two channels of a specimen were connected by a pair of batten
plates at the center for all types of specimens. The gusset plates at
each end of a specimen were bolted to the head of the testing machine,
which was solid metal for the full thickness and which fitted snugly
between the two gussets, thus holding the gussets rigidly to a plane.
There were seven specimens of each type, some of which were tested
on a cycle in which the stress varied from 0 to 18 000 lb. per sq. in.
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TABLE 5
Farigue StrENGTH oF CHANNEL Box SEcTioN

All GC specimens failed through the inner transverse row of rivet holes. Except as noted, all
other specimens failed in the channel at the inner end of a longitudinal fillet weld.

& Stress Cycle in 1000's of s " Number of Cycles
Specimen Ib. per sq. in. of Gross Condition of Specimen for Failure in
No. Section of Channel When Tested 1000's
GA-1 0 to 18.0 As fabricated 179.7
GA-2 0 to 18.0 As fabricated 140.6
GA-3 0 to 18.0 As fabricated 131.4

Av. 150.6
GA-4 +12.0 to —12.0 As fabricated 82.1*
GA-5 +12.0 to —12.0 Outside fillet weld of batten 133.2
plate removed
GA-6 +12.0 to —12.0 Outside fillet weld of batten 102.3
plate removed
Av. 105.9
GA-T . +12.0 to —12.0 Batten plates off 86.8
GB-1 0 to 18.0 As fabricated 294.4
GB-2 0to 18.0 As fabricated 227 .4*
GB-3 0 to 18.0 As fabricated 199.3*
Av. 240.4
GB-4 +12.0 to —12.0 Outside fillet weld of batten 165.5
plate removed
GB-5 +12.0 to —12.0 Outside fillet weld of batten 192.8t
plate removed
GB-6 +12.0 to —12.0 Outside fillet weld of batten 207.5%
plate removed
Av. 188.6
GB-7T +12.0 to —12.0 Diaphragm welded on be- 125.5
tween gusset plates
GC-1 0 to 18.0 As fabricated 207.6
GC-2 0to 18.0 As fabricated 257.5
GC-3 0to 18.0 As fabricated 202.5
GC-4 0 to 18.0 As fabricated 248.9
Av. 229.1
GC-5 +12.0 to —12.0 As fabricated 228.6
GC-6 +12.0 to —12.0 As fabricated 169.0
GC-7 +12.0 to —12.0 As fabricated 143.7
Av. 180.4

*Failed in channel at batten plate, which was welded on.
tFailed in gusset plate at end of channel.

tension on the gross section of the channels; the others were tested on
a cyele in which the stress varied from 12 000 Ib. per sq. in. tension
to an equal compression. The results of the tests are given in Table 5.

The batten plates of the welded specimens were attached to the
flanges of the channels with fillet welds at the edge of the web and at
the outer edge of the flanges. The latter were such severe stress raisers
that they caused the channels to fail at the ends of the fillet welds
connecting the batten plates to the flanges for specimens GA-4, GB-2
and GB-3. For this reason the fillet welds connecting the batten plates
to the edges of the flanges were ground off for the remaining welded
specimens. The welds connecting the battens to the webs of the chan-
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nels proved to be sufficient to connect the battens to the channels, and
they were not effective enough as stress raisers to cause fracture.
Specimens GB-5 and GB-6 failed in the gusset plates rather than in
the channel. All other welded specimens failed in the channels at the
inner end of the longitudinal fillet welds connecting the channels to
the gusset plates.

The batten plates were removed from GA-7, which was tested on
a cycle in which the stress varied from 12 000 lb. per sq. in. tension
to an equal compression, but the eccentricity of the channels relative
to the gusset plates was so great that the channels deflected laterally
under the reversed-load cycle. The low value of the fatigue strength
for GA-7 may have been due to this excessive lateral deflection. Even
with the battens on, there was considerable lateral deflection in the
specimens tested on a reversed-load cycle. Diaphragms were welded
between the gusset plates at their outer edges for GB-7. This pre-
vented the channels from weaving in and out under the action of the
reversed load, but apparently reduced the fatigue strength slightly.
Reducing the flexibility of the channels may have increased the flex-
ural stress near their ends where fatigue failure occurred.

Strain readings were taken with a Berry 2-in. strain gage at vari-
ous sections of some specimens, the fatigue machine being cranked
by hand while the readings were taken.

The stress diagrams for two of the GC specimens are shown on
Fig. 5. One set of readings was taken on a section near the top and one
on a section near the bottom, as shown on the sketch at the left of the
figure. The location of the gage lines around the section is shown at the
bottom of the sketeh at the right. The stress distribution is shown
by the diagrams with the developed section of the channel as a base
line. The diagrams at the top are for specimen GC-5, and those at
the bottom are for specimen GC-6, both specimens having been tested
as originally fabricated. Each set of diagrams represents the average
of the readings on four similarly-located sections, one at the top and
one at the bottom of both the near and the far channels. For each set
of diagrams, the line above the base line represents the stress when the
specimen was in tension, and the line below the base line represents
the stress when the specimen was in compression.

These diagrams are of interest only in that they show the varia-
tion in the simultaneous stress on the particular section at which the
strain was measured. They do not necessarily show the relative uni-
formity of stress distribution for different types of members, because
readings were not taken on enough sections to insure that they were
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taken on the section for which the stress distribution was the most
uneven for the particular specimen being considered.

The diagrams of Fig. 5 indicate that, in loading the member GC-5
to an average tension of 12 000 lb. per sq. in., there were some points
in the web where the stress was as high as 14 000 lb. per sq. in.
tension, and some points in the flange where the simultaneous stress
was as low as 1000 lb. per sq. in. compression. The fatigue crack de-
veloped in the web of the channel through the inner transverse row of
rivet holes where the stress, taking into account the stress-raising
effect of the holes, probably exceeded the vield point of the steel at the
edge of the hole. This being true, the fatigue strength was probably
only slightly affected, if at all, by the flexural stress due to the ec-
centricity of the channel relative to the web, but was determined
largely by the stress-raising effect of the rivet holes. The similarity
of the stress patterns for the two specimens is of interest.

The stress diagrams for some of the GA specimens are shown on
Fig. 6. The upper diagrams are for GA-4 as fabricated, the middle
diagrams are for GA-5 with the fillet welds connecting the batten
plates to the outside edges of the flanges ground off, and the lower
diagrams are for GA-7 with the batten plates removed. The upper
diagrams show that for GA-4 as originally fabricated, when the aver-
age stress on the specimens was 12 000 lb. per sq. in. tension, the
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maximum stress in the web on the sections near the ends was as great
as 18 000 lb. per sq. in. tension, whereas the minimum simultaneous
stress at the edge of the flange was as small as 8000 lb. per sq. in.
compression. The middle diagrams show that, for GA-5 with the welds
connecting the batten to the edges of the channel flanges ground off,
when the average stress was 12 000 Ib. per sq. in. tension, the maxi-
mum stress in the web on sections near the ends was as great
as 19 000 Ib. per sq. in. tension and the minimum simultaneous stress
at the edge of the flange was as small as 6000 Ib. per sq. in. compres-
sion. Similarly the lower diagrams show that for GA-7, with both
battens removed, an average stress on the section of 12 000 lb. per sq.
in. produced a stress in the web on sections near the ends as high as
21 000 Ib. per sq. in. tension and a simultaneous stress in the flange
as low as 17 000 1b. per sq. in. compression.
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The strain in the web increased toward the edge of the channel
where the longitudinal fillet weld transmitted the load to the gusset
plate. The center of the gage length was out about 1% in. from the end
of the weld. It is reasonable to suppose that strain readings, if taken
closer to the end of the fillet, would have shown an even more marked
increase in the stress at the edge of the web than is given by the dia-
grams of Fig. 6. The fatigue fracture of all welded specimens (except
GB-5 and GB-6, which failed through the bolt holes in the gusset
plates, and GA-4, GB-2, and GB-3, which failed where the batten
plates were attached), occurred at the inner end of the longitudinal
fillet weld. It would seem, therefore, that the higher-than-average
stress at the edge of the web, together with the abrupt change in
section at the end of the weld, weakened the channel in fatigue.

The stress diagrams for specimens GB-6 and GB-7 are shown in
Fig. 7. The diagrams at the top of the figure are for the stress near
the top and bottom of the members, the same as has already been ex-
plained in connection with Figs. 5 and 6. The diagrams at the bottom
of the figure are for the stress at the two sections near the middle, one
just above and the other just below the middle, as shown in the sketch
at the left. It is of interest to note that the stress was quite uniform
over the sections near the center for both specimens. However, failure
started at the ends where the stress pattern for the GB specimens was
very similar to the stress pattern for the GA specimens of Fig. 6.

There is no reason to suppose that the stress was any more un-
evenly distributed over the sections of the fatigue specimens tested
than it would be over the sections of similar members of a bridge truss.

The fatigue strength of specimens GA-4, GB-2, and GB-3, which
failed at the end of the fillet welds connecting the battens to the edges
of the channels, was probably reduced somewhat by this detail. More-
over, specimens GB-5 and GB-6, which failed through the holes in
the gusset plates connecting the channels to the heads of the testing
machine, would, with proper connecting plates, have a fatigue strength
at least slightly greater than the values reported. Taking into account
these irregularities, the tests reported in Table 5 appear to justify the
following statements relative to the fatigue strength based upon the
gross area of the channels.

The values of the fatigue strength of the three types of connec-
tions for members with channel box sections, were very nearly equal,
the values for the GB welded connections and of the GC riveted con-
nections being slightly greater than the values for the GA welded
connections. The fatigue strength was somewhat lower for the two-
channel members with a box section than it was for the two-channel
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members with the channels back-to-back with a gusset plate between,
described in Section 5.

For all three types of specimens, the fatigue strength was approxi-
mately 24 as great for a cycle in which the stress varied from tension
to an equal compression as it was for a cycle in which the stress varied
from 0 to tension.
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CoNNECTING PLATES

7. Composite Riveted and Fillet-Weld Joints Connecting Plates—
The details of two types of composite riveted and fillet-weld con-
nections that were tested statically and in fatigue are shown in Fig. 8.
The basic idea of the design was to reinforce the section weakened by
the rivet holes with a thin plate connected to the main plate with a
transverse fillet weld. The two types of specimens, I and M, differed
in the detail that, for L, the end of the reinforcing plate was flush with
the end of the butt strap, whereas, for M, the reinforcing plate ex-
tended 3 in. beyond the butt strap. Simple riveted specimens, J, identi-
cal with the K specimens of Fig. 20, page 54, were used as controls
with which to compare the strength of the composite specimens. There
were four specimens of each type, one was tested statically, and the
other three were tested in fatigue. The plates for all specimens were
from the same heat. The results of the tests are given in Table 6.

The first riveted control specimen, J1, was tested on a cycle in
which the stress varied from 0 to 30 000 lb. per sq. in. tension on the
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TABLE 6

Fatmicue StrExeTH oF CoMrosiTE RIVETED AND
FiLer-WeLp Joints CoNNECTING PLATES

29

Stress in 1000's of Ib. 2
Specimen per sq. in. Tension on Number of Cycles
No. Gross Section of for Failure in
34-in. Plate 1000's
J1 0 to 30.0 37.6*
J2 0 to 27.0 234.6
J3 0 to 27.0 226.6
Av. 230.6
Static strength—45 400 lb. per sq. in. tension on gross area of plate.
L1 f to 27.0 | 336.0
L2 0 to 27.0 245.6
L3 0to 27.0 429.8
Av. 337.1
Static strength—61 600 lb. per sq. in. tension on gross area of plate.
M2 0to 27.0 213.2
M3 0 to 27.0 286.3
M4 0to 27.0 244 .91
Av. 248.1

Static strength—60 900 lb. per sq. in, tension on gross area of plate.

*Not included in average.

{Broke in first line of bolt holes in the head of the main plate, all
other composite specimens broke at the outside edge of the transverse
fillet welds. All J riveted specimens broke through the outside row of
rivet holes in the 3i-in. plate.

gross section of the main plate. The number of cycles for failure was
undesirably small, so the remaining specimens were tested on a cycle
in which the stress varied from 0 to 27 000 lb. per sq. in. of the gross
section of the main plate.

All composite specimens except M4 broke in the 34-in. main plate
at the outside edge of the transverse fillet weld where the change in
section, possibly augmented by metallurgical damage, acted as a stress
raiser that proved to be practically as injurious as the rivet holes in
the plate of the simple riveted specimens. The drawing called for an
elongated concave fillet weld and the contour of the actual welds was
excellent in every way. Specimen M4 broke in the first line of bolt
holes in the head of the main plate.

The average fatigue strength was not significantly greater for the
composite riveted and fillet-weld joints than for the simple riveted
joints.

The static strength of the control specimen, the simple riveted
joint, J, was 45 400 lb. per sq. in. on the gross section of the main
plate, and failure was in the main plate on a section through the outer
transverse row of rivet holes. The static strength of the composite
specimens was 61 600 and 60 900 lb. per sq. in. on the gross section
of the main plate for the L and M specimens, respectively. Failure was
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by rivet shear, and there was no evidence of impending failure in
either the weld or the adjacent plate. Although the fatigue strength
was not significantly greater for the composite specimens than for the
simple riveted specimens, the tests indicated that it is possible to make
a composite riveted and fillet-weld joint that will develop the full
static strength of the gross section of the main plate. Moreover, for the
composite joints shown in Fig. 8, all welding for a field connection can
be done in the shop prior to other fabricating processes. Furthermore,
the arrangement of the details is such that slip in the riveted joint
does not affect the distribution of the load between the rivets and the
welds.

8. Fatigue Strength of Connections for Laterals—Fatigue tests
were made on four types of end connections for laterals to determine
their relative fatigue strength.* The details of the specimens are
shown in Fig. 9.

Specimens A and D were welded connectwns for channels. They
differed from each other in that A had a butt weld (really a trans-
verse fillet weld that completely circumseribed the channel at its

*The specimens and the funds with which to pay the cost of the tests were contributed by
the Aetna Iron and Steel Company, Jacksonville, Flori
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ends), and the gravity plane of the channel coincided with the gravity
plane of the gusset plates, thus eliminating flexure; whereas, for D,
the channel was connected to the gusset plates with longitudinal and
transverse fillet welds. Moreover, for the latter, the gravity plane of
the gusset plates was 0.69 in. from the parallel gravity plane of the
channel and, as a result, the channel was subjected to considerable
flexure.

Specimens B and C were connections for angles, B being a welded
and C a riveted connection. The angles for the two types of specimens
had the same section and the same eccentricity with respect to the
gusset plates. This eccentricity, 0.79 in., was somewhat greater than
the eccentricity for the channel specimens of the D type.

Although the flexural stress was considerable for all except the A
specimens, the stress reported for the tests was the quantity, P/A,
in which P is the total axial load on the specimen in pounds, and A
is the area of the gross section of the angle or channel in square inches.
Because of the eccentricity, the combined axial and flexural stress
greatly exceeded P/A, the average stress. All specimens were tested on
a cycle in which the axial load varied from 0 to tension.

The results of the individual tests are given in Table 7. The S-N
diagrams are shown in Figs. 10 and 11. The tests of the channel speci-
mens, series A and D, were fairly consistent, and the two S-N dia-
grams of Fig. 10 are parallel. The tests of the welded angles, series B,
were fairly consistent, and the position and direction of the S-N dia-
gram, shown in Fig. 11, was fairly well established. The tests of the
riveted angles, series C, were so inconsistent that the S-N diagram
could not be determined from them. Instead, the results of the tests are
represented by the small solid circles of Fig. 11, as distinguished from
the small open cireles which represent the results of the tests of the
welded angles. It is of interest to note that the results of the tests are
much more inconsistent, and, in general, the values of the fatigue
strength based upon the gross section were less, for the riveted than
for the welded angles.

Static tests of control specimens cut from the angles and channels
gave the following results, each value being the average for four tests.

Strength in Ib. per sq. in.

Yield Point Ultimate

A Ty o Uy S S A S 49 450 66 650
10101 o e e T A T S S R 46 100 63 400
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TasLE 7

FariGuE STrRENGTH OF LATERAL CONNECTIONS

Newvnber of :
Spec-| Stress, S, . | Faltigue Strenghf, £, :
imen | in 10005 of Ca’f;‘:zje f;‘:f 72 /0905 of b per sg. /7. “’j_:y-;f;’_’e 4
a ’ ’
No. | tb.per sg. 17 | s 1000's’ | n=100000 | n=2000000
Charnrels Butt-welded Centricolly fo Gusset Plartes
Al o to 0.0 502 26.0 /
Az 0 ro 250 88.4 246 /
A3 o re 200 /266 210 /
Ad o ro 200 Zo& o & /
Av. 237 Crack
A5 o ro /0.0 23708 0.0+ | / Fi
A& o ro /0.0 F935.3 0.9+ | /
A7 o ro /2.0 II56.7 f2.0v | No Fariiure
A8 o fo /20 3568.7 [2.0+ | Neorlailvre
Av. 11.0+ S
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&/ 0 re /100 2s572.0 0.0+ | / .
B8z & te 10/ 5/77.0 10./+ |NoFavlvre
B4 &t (88 3.8 5.88
B85 o ro /28 S50 10.03 /
Ave [O0.0F
83 | 01 t6o 5075 2179 / il
86 0 ro (60 f94.0 2/.68 o
87 o ro /93 s6.4 7.3/ s
88 o fo /93 F4.3 /5.76 /
Av. (9.1
Angies Rivelea Eccentrically ro Gusser Flartes
2 to /a0t
s 0 o 1262 296.0 ¥
. g te /0.0 ;
ce 0 1o 1262 53/0.7 No Failure
g fo /5.0
e 0 to /893 19924 £ —_—
o ro /28 x
0 0 70 1615 209.3 / 7/
g ro /28
cé D 1o JEIE /909.3 /
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c? 0 t0 202 060 4
g rto 1E8
c8 0 to 1615 2057 #
Charirels Frllef-weldea Eccentrically to Gusset Plates
a2/ g re 230 353.9 b=/ /
22 0 ro 250 4.8 a2 /
03 0 re 200 475 6.6 /
o4 g ro 200 68.6 /8./ /
o7 g ro /8.0 108.4 8./ 7
—_— Crack
Au [8.98 !/
73 0 to /0.0 [ /377 88 7
26 a fe 10.¢0 /1688./ a7 /
28 0 ro (2.8 10/1.4 e i
Av. 9.9
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A summary of the results is given in Table 8. The average and
minimum values of the fatigue strength for each type of specimen
are given in adjacent columns. The values given are expressed in terms
of the quotient obtained by dividing the axial load by the area of the
gross section.

The following comparisons are of interest.

(a) The values of the fatigue strength of the individual specimens
were much more erratic for the riveted angles than they were for
either the welded angles or the welded channels, and minimum values
based upon the gross section were, in general, less for the riveted than
for the welded angles.

(b) There was no significant difference in the fatigue strengths of
the angles and channels when they were both eccentrically connected
with fillet welds.
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TapLe 8
Faricue STrRENGTH OF LATERAL CoNNECTIONS; SUMMARY OF RESULTS

Stress range: 0 to tension.

Series A—Butt-welded channels.
Series B—Fillet-welded angles.
Series D—Fillet-welded channels.

Fatigue Strength in 1000's of Ib. per sq. in.
Series n =100 000 n=2 000 000
Average Minimum Average Minimum
A 23.7 21.0 11.0+ 10.04+
B 19.1 15.8 10.0+4 9.9
D 19.0 16.6 9.9 8.8

(¢) The fatigue strength was 20 per cent less for the channels with
longitudinal and transverse fillet welds and a relatively large eccen-
tricity than for the channels with butt welds and no eccentricity.

(d) Failure of all specimens with longitudinal fillet welds oceurred
in the main member and at the end of the weld toward the center of
the specimen. No welds failed.

(e) Failure of the specimens with butt welds oceurred in the chan-
nel at the junction with the weld where the abrupt change in section
caused a large stress concentration.

(f) Failure of the riveted angles oceurred at the inner rivet hole
and on the side away from the outstanding leg, as shown by the sketch
in Table 7. The fatigue strength was probably reduced by the eccen-
tricity of the rivet hole as well as by the hole itself. No rivets either
failed or loosened.

9. Fatigue Strength of Fillet Welds—The specimens for the explor-
atory tests of Section 3 that were tested in tension all failed in the
plate, and the only specimens that gave any indication of the fatigue
strength of a fillet weld in shear were those tested in compression.
There were so few of these that additional tests seemed necessary. The
specimens of Fig. 12, channels connected to plates, were designed to
fail in the welds. There were four series of tests; series E* and G had
transverse fillet welds across the ends and series F* and H had longi-
tudinal fillet welds along the edges. The difference between the E and
G specimens was that the welds were peened for the G specimens but
were not peened for the E specimens. Likewise, the welds were peened

_ *The specimens of series 2E were identical with those of series E; likewise, the specimens of
series 2F were identical with those of series
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for the H specimens but were not peened for the F specimens. The
welding procedures for the various specimens are given in Table 9.
Some of the specimens were tested on a cycle in which the stress
in the body of the specimen varied from 0 to tension, others were
tested on a cycle in which this stress varied from tension to an equal
compression.

The results of the individual tests are given in Table 10, and the
results are summarized in Table 11.

The unpeened % g-in. transverse fillet welds of series E withstood
an average of 454 300 repetitions of a cyele in which the stress* at
the throat of the weld varied from 0 to 20 000 1b. per sq. in., and the
unpeened welds of series 2E withstood an average of 189 200 repeti-
tions of a cyecle in which the stress at the throat of the weld varied

*This stress was taken equal to the total load divided by the total area of a section
longitudinal with the weld and through its throat.

TasLE 9
WeLpinG ProceEpurE FOR FILLET-WELD SpEciMeEns DesioNeDp To FaiL ix WELDS

All specimens were welded in the flat position with a 52-in. electrode. One welder, who had
been qualified by a commercial inspection bureau, welded all specimens. All welds were made with
a single pass,

Spti\cri‘:‘len Dlrf-?{fgt‘n of Polarity ! Electrode | Volts | Amperes ‘ Peening
El to E9 and [ ’
2E1 to 2E9 | Transverse | Reversed | E6010 30 125 None
Gl to G8 | ‘ Peened while still hot with
| a round-nosed pneumatic
tool
F1 to F9 and |
2F1 to 2F9 | Longitudinal | Straight E6012 28 190 | None
H1 to HS Peened while still hot with
| a round-nosed pneumatie
tool
1
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TasLE 10

Faricue STRENGTH OF FILLET-WELD ConxNEcTIONS DESIGNED TO
FamL ivx WeLDs

) : " Unit Stress in 1000's Number of Cycles
Specimen Direction of Peened of Ib. per sq. in. on for Failure in
No. Fillet Throat of Fillet s
El 0 to 25.0 245.7
E2 No 0 to 25.0 263.8
E3 0to 25.0 218.0

Av. 242.5

G6 0 to 25.0 480.2
G7 Yes 0 to 25.0 211.9
GS 0to 25.0 271.7
Transverse Av. 321.3

E7 0 to 20.0 312.0
ES No 0 to 20.0 591.6
E9 0 to 20.0 450.2
Av. 454.3

Gl 0 to 20.0 803.3
G2 Yes 0 to 20.0 1395.5
G3 0 to 20.0 1612.7
Av. 1 270.5

F1 0to25.0 81.5
F2 0to 25.0 237.0
F3 No 0 to 26.0 62.5t
F4 0to 25.0 313.6
F5 0to 25.0 397.9*
Av. 257.5

H2 0 to 25.0 19.2
H3 Yes 0to 25.0 17.2
H4 0to 25.0 36.4
Longitudinal Av. 21.3

F6 0to 20.0 1 033.1*
F7 No 0 to 20.0 429.9
F8 0to 20.0 248.6
Fo 0 to 18.0 2 072.7F
Av. 570.5

H6 0 to 20.0 68.0
H7 Yes 0to 20.0 81.5
HSs 0 to 20.0 5.5
Av. 51.7

2E1 +16.0 to —16.0 322.0
2E2 +16.0 to —16.0 245.8
2E3 No +16.0 to —16.0 89.7
2E4 +16.0 to —16.0 149.4
2E5 +16.0 to —16.0 139.0
Transverse Av. 180.2

2E7 +13.0 to —13.0 559.0
2E8 No +13.0 to —13.0 1 885.2
2E9 +13.0 to —13.0 622.0
Av. 1 022.1

2F1 +16.0 to —16.0 123.3
2F2 No +16.0 to —16.0 69.4
2F3 +16.0 to —16.0 53.2
2F4 +16.0 to —16.0 83.7
Longitudinal Av. 82.4

2F7 +13.0 to —13.0 716.8
2F8 No +13.0 to —13.0 369.6
2F9 +13.0 to —13.0 330.8
Av. 472.4

*Failed in channel; all others failed in the weld.

1Not included in average because unit stress was different from that for other tests of the group.
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TasLE 11

Fariue StrexGtH oF FiuLer-WeLp CoNsEctions DEsicNeD 1o Fatn ix WELDs;
SuMMARY oF REsuLTs

Each value is the average of three or more tests. Specimens G and H were
peened, the others were not.

| . ;
Unit Stress in 1000's of Number of Cycles for Failure in 1000's
Beries Peened lb. per sq. in. on
Throat of Fillet i
Average Minimum
Specimens With Transverse Fillet Welds
E No 0 to 25.0 242.5 218.0
G Yes 0to 25.0 321.3 211.9
E No 0 to 20.0 454.3 312.0
G Yes 0to 20.0 1 270.5 803.3
2E No +16.0 to —16.0 189.2 89.7
2E No +13.0 to —13.0 10221 559.0
Specimens With Longitudinal Fillet Welds
F No 0 to 25.0 257.5 81.5
H Yes 0to 25.0 24.3 17.2
F No 0 to 20.0 570.5 248.6
H Yes 0 to 20.0 51.7 5.5
2F No +16.0 to —16.0 82.4 53.2
2F No +13.0 to —13.0 472.4 330.8

from 16 000 lb. per sq. in. in one direction to an equal stress in the
opposite direction.

The unpeened 3 -in. longitudinal fillet welds of series F withstood
an average of 570 500 repetitions of a cyecle in which the shear at the
root of the weld varied from 0 to 20 000 lb. per sq. in. and the un-
peened welds of series 2F withstood an average of 82 400 repetitions
of a cycle in which the shear at the root of the weld varied from
16 000 1b. per sq. in. in one direction to an equal shear in the oppo-
site direction.

For the specimens with longitudinal fillet welds, the number of
cycles for failure was less for the welds that were peened than it was
for the welds that were not peened. The reverse was true for speci-
mens with transverse fillet welds.

Unfortunately, the details of the peening procedure were not re-
ported, and it is not definitely known whether the difference in fatigue
strength was really due to peening or due to some variation in the
welding procedure. The fact, however, that, for specimens with longi-
tudinal fillet welds, the average number of cycles for failure was 5
to 10 times as great for unpeened welds as it was for peened welds,
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indicates that additional parallel tests should be made on peened and
unpeened welds for which the welding and peening procedures are
carefully controlled.

II1. PLuc WELDS

10. Fatigue Strength of Plug Welds—Tests were made to deter-
mine the fatigue strength of plug welds connecting carbon-steel plates.
The specimens for the first series, shown in Fig. 13, each had two
plug welds which completely filled the holes in the outside plates.

All the tests were made on a cycle in which the load on the speci-
men varied from 0 to tension. The maximum unit shear on the plugs
during a eycle had values, based on the nominal diameter of the plug,
of 45 000, 25 000, and 20 000 lb. per sq. in. for specimens G1, G2,
and G3, respectively. All of the other specimens were tested on a
cyele in which the stress varied from 0 to 25 000 lb. per sq. in. shear
on the plugs.
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TaBLE 12

Faricue STrRENGTH oF PLuc-WELD Joints DEsiGyNeEp To Fain v Pruas;
FirstT SERIES

Specimens detailed on Fig. 13.

Stress Cycle in Number of | . Stress Cyele in Number of
Specimen | 1000°s of Ib. per Cyecles for Specimen | 1000's of Ib. per Cyecles for
No. 8q. in. Shear Failure in No. sq. in. Shear Failure in
on Plug* 1000's on Plug* 1000's
34-in. Plug—3-in. Outside Plates 1-in. Plug—3i-in. Outside Plates
F1 0to25.0 521.7 H1 0 to 25.0 112.3
F2 0to 25.0 268.3 H2 0 to 25.0 144.9
F3 0to 25.0 351.9 H3 0to 25.0 246.3
Av. 380.6 Av. 167.8
1-in. Plug—3§-in. Outside Plates i 1}i-in. Plug—3-in. Outside Plates
G1 0 to 45.0 6.5 | n 0t025.0 51.3
G2 0 to 25.0 67.2 | 12 0 to 25.0 76.6
G3 0to 20.0 270.8 I3 0to 25.0 67.1
Av. 65.0

*Based upon area of hole in outside plates,

The results of the tests are given in Table 12. All specimens failed
in the plugs and, usually, by tearing out the base plate for a depth
of 144 in. to 2% in. at the root of the plug.

The number of cyeles for failure decreased with an increase in the
diameter of the plug, the average number being 380 600, 167 800, and
65 000 for 34-in., 1-in., and 1%-in. plugs, respectively. This may have
been due to the fact that, because of fusion of the base metal, the
effective diameter of the plug was greater than the nominal diameter
and the effect of this oversize was greater, relatively, for a small than
for a large plug.* Although the tests of the G and H specimens are not
directly comparable, it would seem that changing the plate thickness
for a 1-in. plug from 3§ in. to % in. increased the fatigue strength of
the plug by a small amount for this series.

The second series of tests of plug-weld specimens was more ex-
tensive than the first series, and was planned to give the fatigue
strength of plugs of various diameters when connecting plates of
various thicknesses. The details of the specimens are shown in Fig. 14.
All specimens were tested on a cycle in which the load varied from
0 to tension. Most of the specimens were tested on a cycle in which
the stress varied from 0 to 20 000 lb. per sq. in. shear on the nominal
diameter of the plug. One specimen from each group, except PA, PB,

*See Metallurgical Studies, Section 18, p. 56.
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and PF, was subjected to a static test. All specimens failed by shear
on the plug for both static and fatigue tests. The results of the indi-
vidual tests are given in Table 13.

The data in Table 13 have been summarized and rearranged in the
following tabulations so as to indicate the relation between the fatigue
strength and the geometrical characteristics of the specimen. The
values in the first tabulation show a small but quite consistent in-
crease in the fatigue strength with an increase in the thickness of the
outside plates. The values in the second tabulation show a slight but
not always consistent decrease in the unit fatigue strength of the plugs
with an increase in their diameter, the unit stress being based upon
the nominal diameter of the plugs in all instances. Because of the
penetration, the actual diameter was greater than the nominal di-
ameter of the plugs. With equal penetration for all, the oversize would
be greater, relatively, for a small than for a large plug. This may ac-
count, for the decrease in unit fatigue strength with the increase in the
diameter of the plug.

The plug welds of the second series were consistently about 5000
lb. per sq. in. weaker in fatigue than the specimens of the first series.
The specimens of the first series had two plugs in a line. The specimens
of the second series were one-plug joints. Plug welds do not clamp the
plates together and there is a possibility that the flexural stress in the
plugs was greater for the one-plug than for the two-plug joints. This
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Thickness of Plug Thickness of Average Number of
Inside Plate, Diameter, Outside Plates, Cyecles to Failure,
in. in. in. ' thousands
’ [ Y ‘ 91.3
b | 19s . ¥ , 162.8
| % | 204.4
! ? %s i 110.0
e | e | % 123.3
[ \ 14 [ 246.2
| : 1 a/
% | Uk | 2 s
| | |
| 3
% = | % i

is a possible explanation of the relatively low fatigue strength of the
one-plug joints.

The statie strength of the plugs was of the order of 50 000 lb. per
sq. in. shear on the nominal diameter, a strength approximately equal
to the strength in shear of driven carbon-steel rivets such as are used
for carbon-steel bridges and buildings. Moreover, the fracture of the
plug resulting from the static test was similar in appearance to the
fracture of a carbon-steel rivet subjected to a similar test.

The fatigue strength corresponding to failure at 200 000 repetitions

Thickness of Thickness of Plug Average Number of
Inside Plate, Outside Plates, Diameter, Cyecles to Failure,
in. in. in. thousands
13 162.8
» % 91s 123.3
1}e 74.0
134 204 .4
b » 1546 246.2*
146 T
136 229.8
7% % 154g 179.2
1}s 157.4
1546 185.3
% % 146 279.6*

*Inconsistent with general trend.
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TaBLE 13

FaTicue STRENGTH oF PLug-WELD JoinTs DesigNED To FamL v Pruas;
SECOND SERIES

Specimens detailed on Fig. 14,

=l Plate Thickness, in. Stress in 1000's Number of Cycles
No of Ib. per sq. in. for Failure in
- . .
Tasida Outside Shear on Plugf 1000's
Plug Diameter—!%is in.
PA-1 0 to 20.0 094.8
PA-2 % 4 0 to 23.0 72.2*
PA-3 0 to 20.0 87.8
PA-4 0to 27.5 36.9*
Av. 91.3
PB-1 0 to 20.0 192.4
PB-2 1% % 0 to 20.0 150.9
PB-3 0 to 20.0 158.4
PB-4 0to 20.0 149.3
Av. 162.8
PC-1 0 to 20.0 230.7
PC-2 1% 18 0 to 20.0 178.1
PC-3 0to15.0 1 996.4*
Av. 204.4
Statie strength—50 250 1b. per sq. in. shear on plug.
PD-2 0 to 20.0 444.2
PD-3 5 i 0 to 20.0 95.3
PD-4 0 to 20.0 150.0
Av. 229.8
Static strength—54 000 lb. per sq. in. shear on plug.
Plug Diameter—13{s in.
PE-1 0to 20.0 66.5
PE-2 1% s 0 to 20.0 173.5
PE-3 0 to 20.0 90.1
Av. 110.0
Statie strength—48 000 1b. per sq. in. shear on plug.
PF-1 0 to 20.0 118.2
PF-2 ¥ % 0 to 20.0 84.4
PF-3 0 to 20.0 167.2
Av. 123.3
PG-1 0 to 20.0 345.9
PG-2 1% 14 0 to 20.0 124.3
PG-3 0 to 20.0 268.3
Av. 246.2
Static strength—>50 000 lb. per sq. in. shear on plug.
PH-1 0to 20.0 168.7
PH-2 ] i 0 to 20.0 208.0
PH-3 i 0 to 20.0 "70.9
| Av. 179.2
Static strength—49 300 lb. per sq. in. shear on plug.
PI-1 0 to 20.0 116.0
Pl-2 34 ¥ 0 to 20.0 86.4
PI-3 0 to 20.0 353.4
Av. 185.3

Statie strength—57 600 1b. per sq. in.

shear on plug.
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TasLE 13 (CoNCLUDED)

Faticue StrRENGTH oF PLue-WELD Joints Desigyep 1o FaiL v Prucs;
SECOND SERIES

Specimens detailed on Fig. 14.

— Flate Thigknee, . Stress in 1000’s Number of Cycles
=P No of Ib. per sq. in. for Failqre in
N0, Yeiddia Outside Shear on Plugt 1000's
Plug Diameter—14s in.
PJ- 0 to 20.0 68.1
PJ-2 14 i 0 to 20.0 69.0
PI-3 0 to 20.0 84.8
Av. 74.0
Static strength—48 650 lb. per sq. in. shear on plug.
PK-1 0tol5.5 190.7*
PK-2 16 15 0 to 20.0 97.6
PK-3 0 to 20.0 57.9
Av. TT.7
Static strength—48 800 lb. per sq. in. shear on plug.
PL-1 0to 20.0 135.7
PL-2 ] 5 0 to 20.0 109.4
PL-3 0to 20.0 227.2
| Av. 157.4
Static strength—49 300 lb. per sq. in. shear on plug.
PM-1 0to 20.0 147.1
PM-2 % ¥ 0 to 20.0 576.8
PM-3 0 to 20.0 115.0
Av. 279.6
Static strength—51 300 1b. per sq. in. shear on plug.
PN-1 0to15.6 1 439.9*
PN-2 u 7% 0 to 20.0 372.8
PN-3 | 0 to 20.0 212.9
| Av. 202.8

Statie strength—47 900 1b. per sq. in. shear on plug.

*Not included in average because the stress was different for this from that for the other specimens.
{Based upon area of hole in outside plates.

of a cycle in which the shear varied from 0 to a maximum was of
the order of 25 000 1b. per sq. in. for the two-plug joints and of the
order of 20 000 lb. per sq. in. for the one-plug joints.

11. Fatigue Strength of Plates Connected With Plug Welds.—Tests
were made to determine the fatigue strength of plates connected with
plug welds. The details of the specimens are shown in Fig. 15. Some
specimens were designed to fail in the outside plates, others were de-
signed to fail in the inside plates. One specimen of each plate thickness
was tested statically. Most of the fatigue tests were made on a cycle in
which the stress varied from 0 to 25 000 lb. per sq. in. tension on the
gross section of the plate.

The results of the tests of specimens designed to fail in the outside
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plates are given in Table 14. All specimens broke in the outside plates
as planned. The plates for all specimens were 3% in. wide and the
number of cycles for failure was a little more than twice as great for
the specimens with 13/4-in. plugs as it was for the specimens with
154 6-in. and 134 ¢-in. plugs. This corresponds to a difference of 10 to
15 per cent in the fatigue strength. The static strength of the plate had
values of 62 000, 63 200, and 53 250 lb. per =q. in. on the gross section
of the plate for specimens with 1344-in., 19 4-in., and 114 ¢-In. plugs,
respectively. The fatigue strength of the plates was of the order of
26 000 to 30 000 lb. per sq. in. on the gross section of the plates for
failure at 100 000 cycles. The corresponding value for a continuous
7%-in. carbon-steel plate, 5 in. wide with the mill scale on was 49 800
Ib. per sq. in.*

The results of the tests of specimens designed to fail in the inside
plates are given in Table 15. Specimens PR-1 and PR-2 failed in the
plugs, the others failed in the inside plates as planned. The fatigue
strength of the inside plates was of the order of 25 000 to 27 000 lb.
per sq. in. of gross section for failure at 100 000 cyecles.

12. Fatigue Strength of Fillet-Plug Joints Designed to Fail in
Plugs.—The plug welds in the specimens described in Sections 10 and
11 completely filled the holes in the outside plates. The plug in the
specimens described in this section consisted of a circular fillet weld at
the bottom of the hole in the outside plate which connected the outside
plate to the inside plate. Tests were made to determine the relative
fatigue strength of fillet plugs of the two designs shown in Fig. 16.
Each specimen consisted of a single plug connecting two outside 34-in.
plates to a middle 1%4-in. plate, the specimens being designed to fail in

*Univ. of Ill. Eng. Exp. Sta. Bul. 327, p. 23.
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TaBLE 14
FaTicue STRENGTH OoF PLuG-WELD JoiNTs DEsiGNED To FalL 1 OutsipE PLATES
Specimens detailed on Fig. 15.

N Flate Thickness, in. Stress in 1000's of Ib. Number of Cyeles
P per sq. in. Tension for Failure in
No. on Gross Area 1000's
Inside Outside of Plate
Plug Diameter—134s in.
P8-1 0 to 25.0 406.7
Ps-2 14 He 0to 25.0 459.7
PSs-3 0 to 25.0 605.3
Av. 490.6
Static strength—62 000 lb. per sq. in.*
Plug Diameter—15{3 in.
PT-1 0to 25.0 121.0
PT-2 5 % 0to 25.0 248.2
PT-3 0to 25.0 145.4
Av. 171.5
Static strength—63 200 lb. per sq. in.*
Plug Diameter—1%s in.
PU-1 0 to 30.2 62.5%
PU-2 M Hs 0 to 30.2 44 .5t
PU-3 0to25.0 199.9
Av. 199.9

Statie strength—>53 250 lb. per sq. in.*

*Tension on gross area of plates,
tNot inclu in average.

the plug. The two types of specimens differed in the diameter of the
hole in the outer plate and in the size of the fillet. The 42A specimens
had a hole diameter of 134 in. and a 34-in. fillet, the 42B speci-
mens had a hole diameter of 1%4¢ in. and a % ¢-in. fillet. One specimen
of each type was subjected to a static test and three to fatigue tests.

The results of the tests are given in Table 16. The unit shear on
the plug was computed on two bases, as follows: (1) based on the
area of the hole in the outside plate, the same as for a filled plug;
and (2) based on the area of a 45-degree conical section normal to the
fillet at its root, as required by specifications.* The 42A specimens
were identical with the PB specimens of Table 13, except that the
former had a fillet plug, whereas the latter had a filled plug. Likewise,
the 42B specimens were identical with the PJ specimens of Table 13
except for the type of plug. Moreover, the unit shear based upon the
area of the hole in the outside plates was the same for the fatigue tests

*A.W.S. 1941 Specifications for Welded Highway and Railway Bridges, Article 217c.
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TaBLE 15
Faricue StrEnGTH oF PLuG-WELD JoinTs DEesigNED To FaiL v Insipe PLaTes
Specimens detailed on Fig. 15.

e Plate Thickness, in. Stress in 1000's of Ib. Number of Cycles
L per 8q. in. Tension for Failure in
No. on Gross Area 1000's
Inside Outside of Plate

Plug Diameter—!34s in.

PO-1 0 to 25.0 169.3
PO-2 % 4% 0to 25.0 118.9
PO-3 0 to 25.0 164.8

Av. 151.0

Static strength—66 000 Ib. per sq. in.*

Plug Diameter—3is in.

PP-1 0to 21.4 177.4%

PP-2 1] i 0to 25.0 105.1

PP-3 0to 25.0 104.6
Av. 104.9

Static strength—>58 500 1b. per sq. in.*

Plug Diameter—14s in.

PR-1 0 to 25.0 85.7%

PR-2 i ] ¥ 0 to 25.0 108.6%

PR-3 0to 25.0 193.3
Av. 193.3

*Tension on eﬁrouu area of plate.
INot included in average.
Failed in plug; not included in average.

of the 42A and 42B specimens as it was for the fatigue tests of the
PB and PJ specimens, so the results of the tests on the two types of
plugs are directly comparable. The data given in Tables 13 and 16
show that the average number of eyecles for failure was 123 700 for
the three 42A specimens as compared with 162 800 for the four PB
specimens; and the average number of cycles for failure was 134 300
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TasLE 16
Farticue StrENGTH oF FiLLET-WELD Prugs ConNNECTING PLATES

mens deta:led on Fig, 16.
outside and }é-in. inside plates for all specimens.

All specimens broke in the plugs.

47

Stress in 1000's of 1b.

per sq. in. Shear on |

Stress in 1000's of 1b.
per sq. in. Shear on

. Plug Based on Number of = Plug Based on Number of
sr?.‘?;‘l' Cycles for Sr?,i?: Cycles for
No. Failure in No. Failure in
. Area of 1000's Area of 1000's
Area of | Throat of Alr{ea of | Throat of
Hole Fillet* ole Fillet*
Plug Diameter, 3¢ in.; ¥-in., 45-degree Fillet || Plug Diameter, 1}is in.; 3is-in., 45-degree Fillet
42A-1 | 0t0 20.0 | O to 19.9 179.4 42B-1 | 0 to 20. ﬂ 0to28.2 115.0
42A-2 | 0t0o 20.0 | 0 to 19.9 90.4 42B-2 | 0t0 20.0 | O to 28.2 136.5
42A-3 | 0t0 20.0 | 0to 19.9 101.2 || 42B-3 | 0to 20.0 | O to 28.2 151.3
Av. 123.7 | | Av. 134.3

| |

Static strength—shear 39 600 lb. per sq. in. area

Statie strength—shear 45 400 lb. per sq. in. area
of hole in outside plate

of hole in outside plate

*See A.W.S. 1941 Specifications for Welded Highway and Railway Bridges, Article 217 e.

for the three 42B specimens as compared with 74 000 for the three
PJ specimens. That is, the unit fatigue strength of the fillet-weld plugs
was not significantly different from the unit fatigue strength of filled
plugs when both values were based upon the diameter of the holes in
the outside plates. When the unit strength is computed by the method
required by the specifications, the unit fatigue strength was greater
for the fillet plugs of the 42B specimens than for the filled plugs of
the PJ specimens. The fatigue failure of all fillet plugs was by tearing
a piece out of the middle plate, the same as for a filled plug, and
there was no indication of impending failure at the throat of the weld.

The static failure of the fillet plugs was by shear in the plane of
the outside surface of the middle plate, the same as for filled plugs,
but there was a small hole in the weld at the section of failure due to
the fact that the radius of the hole in the outside plate exceeded the
size of the fillet. The values of the unit static strength of the fillets
were computed on three bases, as indicated in Table 17. The unit
strength in shear based upon the area on which failure actually oc-
curred, which lies in the plane of contact between the outside and
inside plates, had values of 45 700 and 47 700 lb. per sq. in. for the
137 .-in. and 14 4-in. fillet plugs, respectively. The strength of the
filled plugs, based upon the area of the hole in the outer plate, was
50 250 and 48 650 lb. per sq. in. for the 13{;-in. and 114 4-in. plugs,
respectively.
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Tasre 17
Srartic STRENGTH oF FiLLEr anp Fiiep Prucs
Strength in Shear in lb. per sq. in. Based on
i Area of Hole in
Hond of Fug Area of Hole Outer Plate Less Area at Root
in Area of Hole of Fillet in
Outer Plate in Plug at Accordance With
Bottom Specifications
|
134s filled plug i 50 250
13 fillet plug 45 400 45 T00 45 300
14s filled plug 48 650
1}is fillet plug 39 600 47 700 53 900

13. Fatigue Strength of Plates Connected With Fillet Plugs—
Tests were made to determine the fatigue strength of plates connected
with fillet plugs. The details of the specimens are shown in Fig. 17.
Parallel tests were made on two types of specimens, 42K and 42L, that
were identical except that the 42K specimens had filled plugs and the
42 specimens had fillet plugs.

The results of the tests are given in Table 18. The average number
of cycles for failure, when tested on a cycle in which the stress in the
outside plate varied from 0 to 14 000 Ib. per sq. in. tension, was
635 000 for the filled-plug joints and 204 900 for the fillet-plug joints.
Unfortunately, the tests 0 to 20 000 lb. per sq. in. for the filled-plug
joints and 0 to 10 000 lb. per sq. in. for the fillet-plug joints are not
directly comparable, due to the difference in the stresses used, and also
to the fact that the 42K specimens broke in the plugs.
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TasLE 18
Farieue StrexetH oF OutsipE Prates; FiLLep-Pruc anp Finier-Prue Joints

Specimens broke in outside plate except as noted.

Stress in Stress in
1000's of 1b. N Ol 1000's of 1b. " Coel
” per &q. in. | Number of Cycles - per sq. in. | Number of Cycles
Sm_?me“ Tension on for Failure in Specimen Tension on for Failure in
No. Gross Area 1000's No. Gross Area 1000's
of Outside | of Outside
Plates | Plates
Filled Plugs Fillet Plugs
42K7 0 to 20 55.5" 42L7 0 to 10 903 .2
42K8 0 to 20 69.4* 42L8 0 to 10 875.3
42K9 0 to 20 4941 4219 0 to 10 1 214.5
Av. 58.1 Av. 997.7
42K10 0to 14 640.0 | 42L10 0to 14 217.3
42K11 0to 14 263.5 | 42L11 0to 14 223.1
42K12 0to 14 1 001.4 42L12 0to 14 174.4
Av. 635.0 | Av. 2029

*Broke in plugs.
+Broke in plate and plugs.

14. Effect of Plug Pattern Upon Fatigue Strength of Plug-Weld
Joints Designed to Fail in Plugs.—Studies of the elastic behavior of
riveted joints with a number of rivets in a row in the direction of
stress indicate that, within the range of elastic action, the end
rivets will take more than their proportionate share of the load. Be-
cause of their similarity of action, the same uneven distribution of
load among a number of plugs in a plug-weld joint might be expected.
A series of tests was therefore made to determine the relative fatigue
strength of the plugs of plug-weld joints with various plug patterns.
The specimens used in the first series of tests are shown in Fig. 18.
All specimens consisted of 1% ¢-in. filled plugs connecting ¥%-in. plates
to %-in. plates. There were four plug patterns, two with four plugs
each and two with six plugs each. The relation between the plate area
and the total plug section was approximately the same for all speci-
mens. Of the four-plug patterns, one had four plugs in a square and
the other had four plugs in line. Of the six-plug patterns, one had two
rows of three plugs each and the other had three rows of two plugs
each. All specimens except N4 were tested on a cycle in which the
stress varied from 0 to 15 000 lb. per sq. in. shear on the plugs. All
specimens failed in the plugs except as noted.

The results of the tests are given in Table 19. As stated in the
previous paragraph, N4 was tested at a stress different from that used
for the other specimens. Moreover, the number of cycles for failure
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TasLe 19
Faricue STRENGTH oF PLua-WELD Joints Wita Various PLuG PATTERNS;
FirsT SERIES

Specimens detailed on Fig. 18.
All specimens failed in the plugs except as noted.
13g-1n. plugs, }2-in. outside and 34-in. inside plates.

Stress in 1000's Stress in 1000's
Specimen of lb. per sq. | Number of Cycles Specimen of Ib. per sq. | Number of Cycles
No. in. Shear on for Failure in [ No. in. Shear on for Failure in
Plug 1000's | Plug 1000's
N4 0 to 20.0 80.6* P1 | 0to 15.0 464.5
N1 0to15.0 194.3 P2 | 0to15.0 269.2
N3 0to15.0 656. 1 P4 0to 15.0 450.2
Av. 425.2 | | Av. 394.6
Static strength—41 800 Ib. per sq. in. shear || Static strength—43 850 lb. per sq. in. shear
on plug. on plug.
01 0to 15.0 378.6 R2 0to15.0 | 1 645.01
02 0to15.0 306.8 R3 0tol15.0 | 1 565.8%
03 0to 15.0 577.6 R4 0to15.0 | 1 305.1%
Av. 21,0 | Av. T505.3
Static strength—44 700 lb. per sq. in. shear || Static strength—no test.
on plug.

*Not included in average.
tFailed in outside plate.
{Failed in inside plate.

for N1 and N3 differed greatly, so the average number of cycles for
failure for the N specimens has not been satisfactorily established.
However, the data do indicate that the number of eycles for failure
for the two types of six-plug specimens, N and O, did not differ
greatly. Of the two types of four-plug specimens, P and R, the num-
ber of cycles for failure was at least 3.75 times as great for the four-
in-a-line pattern as it was for the four-in-a-square pattern. This was
opposite to what might be expected, so a second series of tests was
made.

The plug patterns for the specimens of the second series are shown
in Fig. 19. The plug patterns for this series were four-in-a-square for
the 42E specimens and four-in-a-line for the 42F specimens. The plug
patterns were identical for these and for the P and R specimens of
the first series. Some specimens were tested on a cycle in which the
stress varied from O to tension, others were tested on a eycle in which
the stress varied from tension to an equal compression. Some speci-
mens were tested for failure at a small number of eyecles, others for
failure at a large number of cycles. The results of the tests are given
in Table 20. Unfortunately, most of the specimens failed in the inside
plate. The specimens tested on a cycle in which the stress varied from
14 000 Ib. per sq. in. shear on the plugs in one direction to an equal
shear in the opposite direction did, however, fail in the plugs. For this
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Fic. 19. Prue-WeLp Joints WitH Various PLuc PATTERNS;
SEcoND SERIES

cyele, the number of repetitions for failure was the same for the two
plug patterns. There were two other 42E specimens that failed in the
plugs. Specimen 42E-3 broke at 114 200 repetitions of a cycle in which
the stress varied from 0 to 20 000 lb. per gq. in. shear. In contrast with
this specimen with four plugs in a square, the three 42F specimens
with four plugs in line which were tested on the same cycle, withstood
an average of 262 100 repetitions without the failure of any plugs.
It should be noted, however, that 42E-1 and 42E-2 withstood 245 700
and 238 900 repetitions, respectively, without the failure of any plugs.
Likewise, 42E-13 broke at 340 500 repetitions of a cycle in which the
stress varied from 9000 Ib. per sq. in. shear in one direction to an equal
shear in the opposite direction. In contrast with this, specimens 42F-11,
42F-12, and 42F-13, which were tested on the same cycle, withstood
an average of 960 200 repetitions without the failure of any plugs. It
should be noted, however, that 42E-11 and 42E-12 withstood 1 133 100
and 847 100 repetitions of the same cycle without the failure of any
plugs. While the evidence is not conclusive, the few plugs that failed
indicate that the fatigue strength of the plugs was at least as great in
the four-in-a-line pattern as in the four-in-a-square pattern.
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Faricue StrENGTH oF Pruc-WEeLp Joints Wite Variovs Prue ParteErss;

SECOND SERIES

Specimens detailed on Fig. 19.

Stress in 1000's of lb. per sq. in.

Number of
Speci Cyecles for Part That
No. Piniasan Failure in Failed
Shear on Plug Inside Plate 19008
42E-1 0 to 20.0 16.4 245.7 Inside plate
42E-2 0 to 20.0 16.4 238.0 Inside plate
42E-3 0 to 20.0 16.4 114.2 Plugs
Av. 199.6
42F-1 0 to 20,0 16.4 258.9 Inside plate
42F-2 0 to 20.0 16.4 287.9 Inside plate
42F-3 0to 20.0 16.4 239.4 Inside plate
Av. 262.1
42E-5 0to 14.0 11.5 1019.3 Inside plate
42E-6 0to14.0 11.5 1 371.3 Inside plate
42E-7 0to 14.0 11.5 1 287.0 Inside plate
Av. 1 225.9
42F-5 0to 14.0 11.5 546.0 Inside plate
42F-6 0to 14.0 11.5 1 946.2 Inside plate
42E-7 0 to 14.0 11.5 1 109.2 Inside plate
Av. 1 300.5
42E-8 +14.0 to —14.0 11.5 37.9 Plugs
42E-9 +14.0 to —14.0 11.5 60.0 Plugs
42E-10 +13.0 to —13.0 10.6 115.3* Plugs
Av. 49.0
42F-8 +14.0 to —14.0 11.5 90.4 Plugs
42F-9 +14.0 to —14.0 11.5 23.5 Plugs
42F-10 =+12.0 to —12.0 9. 84.8* Plugs
Av. 57.0
42E-11 +49.0 to —9.0 7.4 1 133.1 Inside plate
42E-12 +9.0 to —9.0 7.4 847.1 Inside plate
42E-13 +9.0 to —9.0 7.4 340.5 Plugs
Av. 773.6
42F-11 +9.0 to —9.0 7.4 854.7 Inside plate
42F-12 +9.0to —9.0 7.4 | 1 253.7 Inside plate
42F-13 +9.0 to — 7.4 | 772.1 Inside plate
: Av. 960.2

*Not included in average because of the difference in the stress cycle.

The fatigue strengths of the inside plates, for the specimens that
failed in these plates, are also given in Table 20. On the basis of failure
at 200 000 cycles, the fatigue strength of the inside plate, tested on
a cycle in which the stress varied from 0 to tension, was 16 400 lb.
per sq. in. for the 42E specimens with a foursin-a-square plug pattern
and very slightly greater for the 42F specimens with a four-in-a-line
plug pattern. On the basis of failure at 1 200 000 to 1 300 000 cycles,
the fatigue strength of the inside plate, tested on a cycle in which the
stress varied from 0 to tension, was 11 500 lb. per sq. in. for both plug
patterns. When tested on a cycle in which the stress in the plate varied
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from tension to an equal compression, the fatigue strength correspond-
ing to failure at slightly less than 1 000 000 cycles was of the order
of 7400 Ib. per sq. in. and was slightly greater and more consistent for
the four-in-a-line plug pattern than it was for the four-in-a-square
plug pattern. These values of the fatigue strength of the plates are
somewhat less than the corresponding values given in Table 15 for the
specimens shown in Fig. 15.

The data presented in this section apparently justify the following
statements relative to the fatigue strength of plug-weld joints con-
necting plates.

The plug pattern of the plug-weld joints connecting plates that
were tested had no significant effect upon the fatigue strength of
either the plugs or of the inside plates.

15. Composite Riveted and Plug-Weld Joints Connecting Plates—
Tests of composite riveted and fillet-weld joints connecting plates are
described in Section 7. Tests of similar composite riveted and plug-
weld joints connecting plates are described in this section. The details
of the specimens are shown in Fig. 20. The K specimens were riveted
control specimens used as a base in evaluating the strength of the
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TasLE 21

Faticue StreExcTH oF ComposiTeE RiveTeEp Axp Pruc-WEeLp Joints
CoxNECTING PLATES

Specimens detailed on Fig. 20.

Stress Cycle Ib. | Stress Cycle lb.

g per sq. in. Ten- Number of i per sq. in. Ten- Number of

Specimen sion on Gross Cyecles for Spelilmen sion on Gross Cycles for
N0, Section of Failure No. Section of Failure

3-in. Plate ¥-in. Plate
Riveted Joints Riveted Joints With Plug-Weld Reinforcement®*

K1 0 to 22 000 438 000 B1 0 to 25 000 597 500
K2 0 to 22 000 1 015 100 B2 0 to 25 000 1 024 500
K3 0 to 25 000 315 900 B3 0 to 25 000 383 900
Av. 663 600

*All reinforced specimens failed in the 3i-in. plate on the section through the center of the plugs.

composite joints of the B series. The three B specimens and one of
the K specimens were tested on a cycle in which the stress varied from
0 to 25 000 lb. per sq. in. tension on the gross section of the 34-in.
plate. The other two K specimens were tested on a cyele in which the
stress varied from 0 to 22 000 lb. per sq. in.

The results of the tests are given in Table 21. Unfortunately, the
same unit stress was not used for all specimens and average values
cannot be determined. However, the approximate number of cycles for
failure at 25 000 lb. per sq. in. can be estimated from the empirical

NiNEy, : : :
equation* F,,= S (_—) , in which F is the fatigue strength correspond-
n

ing to failure at n cycles, and N and S are the actual number of cycles
for failure and the maximum stress in the stress cycle, respectively.
K is an experimental constant. If K is taken as 0.15, n for a unit
stress of 25 000 becomes 163 800 for specimen K1 and 379 600 for
specimen K2, and the average value for K1 and K2 is 271 700. If K
is taken as 0.20, the corresponding values of n are 231 000 and
535 000, and the average value for K1 and K2 is 383 000. That is,
any probable value of the experimental constant K will give an aver-
age value for the number of cycles for failure at a unit stress of 25 000
not greatly different from the value that was obtained for K3, which
was tested at 25 000 Ib. per sq. in. It would seem, therefore, that the
plug-weld reinforcement doubled, approximately, the number of cycles
for failure. This is equivalent to an increase in the fatigue strength of

*Univ. of Ill. Eng. Exp. Sta. Bul. 302, p. 111
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approximately 10 per cent. It should be noted, however, that the
number of cycles for failure of the weakest reinforced specimen, B3,
was almost as small as the number of cyeles for failure for K3, the
one specimen not reinforced that was tested on a cycle in which the
stress varied from 0 to 25 000 lb. per sq. in. It would seem, therefore,
that the plug reinforcement added but little to the fatigue strength
of the riveted joint.

16. Metallurgical Studies—Metallurgical studies were made to de-
termine the microstructure and hardness of the weld metal and the
heat-affected base metal, and to determine the penetration for both the
inside and the outside plates of the plug-weld joints.

Penetration and Size of Plugs

Several plug welds from the specimens whose fatigue strength is
reported in Table 13 were placed in a lathe and light cuts were taken
to remove the reinforcement and a thin layer of metal from the sur-
faces of the outside plates. The resulting machined surfaces were rough
polished and etched with a 5-per-cent Nital solution to bring out the
boundaries of the weld metal and the heat-affected zone. The maxi-
mum and minimum diameters of the plug, including the fused area,
were measured. The plug diameters measured on the outside surface of
the outside plates were designated as d,, and the plug diameters meas-
ured on the inside surface of the outside plates were designated as d..
The depth of the penetration into the inside plate was measured on one

TaBLE 22
Divensions oF Fusep Recion; Puue WeLps Coxsecting PLATES

Nominal Dimensions, in. Actual Plug Diameter, in. Penetration, in.
Spei\t;l :len Plug Plate Thickness di ds
Diame- — m ”
Y% | Outside] Inside | Max, | Min. | Max. | Min;
L3

PB4 135 3 14 » 0.07-0.11 0.03-0.05
PF3 13 3 1a 1%s | 15 | 1 3¢ | 0.12-0.18 0.04
PJ2 i ¥ le 11 1%s | 1% 1352 0.11-0.19 0.03-0.06
PD4 134s 5 9% 13 13s % 136 | 0.10-0.14 0.04
PH2 1546 B | 116 13% 14s 151g 0.09 0.05
PL3 14 B | 134 1% 1% 1448 0.12 0.07
PC2 e | ow | 1 | 13s | 14 % 13s | 0.11-0.13 | 0.05-0.08
PG3 18g 16 | 1g 1945 13s | 14 1 0.12 0.08
PK3 148 14 i 1% 1% 134 1% 1 0.13 0.10
PB3 134g 3 | s 1%2 1352 138 13g
PB2 1346 3 ] 1348 15 | 15s 134 0.12 0.07
PB1 14 % ' i 1342 | 1352 | s | 13 | 0.16 0.05
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diametrical section of the plugs, the penetration being designated as
p- at the center and as p, at the periphery of the hole. The resulting
data are summarized in Table 22 and the contour of the penetrated
region is shown in Fig. 21.

The diameter of the fused region was always greater than the di-
ameter of the hole in the outer plate, and was always greater at the
outside than at the inside of the outer plate. There was no consistent
relation between the oversize and either the diameter of the hole or
the thickness of the plates. The penetration into the inside plate was
consistently less at the center of the plug than at the periphery, as
shown in Fig. 21.

Character of Plug Fractures

The character of the shear fracture of the plug of specimen PC4,
which was subjected to a static test, is shown in Fig. 22. Failure oc-
curred by shearing the plug in the same manner on both sides of the
middle plate. The fatigue failure of plug-weld joints designed to fail
in the plugs is illustrated in Fig. 23. Specimen PF1 failed on both
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Tic. 23. Typicar Famicue Fractures oF Pruc WeLDS
CoNNECTING PLATES
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Fi16. 24. Faricue Fracture ExTENDING INTO INNER PLATE
axp Into PLruc 1x OuTer PraTE

sides and specimens PB4, PC2, and PI1 failed on only one side of the
plate. The fracture of PI1, extending considerably into the middle
plate and following the boundary of the heat-affected zone, is charac-
teristic for these failures. An occasional fracture extended into the
middle plate and also into the weld metal of the plug in the outer
plate, as shown in Fig. 24. Occasionally the fracture extended into
the middle plate and the plug pulled out a portion of the unfused base
plate. The resulting woody fracture indicated a striated or laminated
base plate, as shown for specimen PF3 in Fig. 25. It is interesting to
note, however, that the number of eycles for failure was greater for
PF3 than for the other two specimens of the PF series tested on the
same cycle. The typical fracture of a one-plug joint designed to fail in
the middle plate is shown in Fig. 26. The dark ring on the surface
of the middle plate, which had been machined, polished, and etched, in-
dicates the heat-affected base metal. Close inspection of this and other
specimens revealed an irregular path of the erack from one blowhole
to another, the blowholes being located in the weld metal close to the
fusion line. Typical failures of joints designed to fail in the outside
plates are shown in Fig. 27. The fracture started at the inside of the
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FiG. 25. Woopy TyYPE oF FATIGUE FRACTURE INDICATING STRIATED OR
Laminatep Basg Meran 1x MippLe Prate

outer plate and progressed in a direction normal to the applied load
and tangent to the original hole in the plate.

Hardness Survey

Exploratory hardness tests were made on specimen PA3, as indi-
cated by the hardness indents shown in Fig. 28, to determine the
regions of maximum hardness. As a result of these tests, hardness
readings for the other plug welds were taken at points indicated by
the indents for specimen PE2, shown in the same figure. The results
are summarized in Table 23. The maximum hardness numbers are not
high except for specimen PD3. The macrograph of specimen PD3,
Fig. 29, indicates that a small addition was made to the plug of this
specimen at the upper left-hand corner subsequent to the main de-
posit. Apparently the rapid cooling of the small volume of metal
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Fic. 26. TypicaL Faticue Fractuge oF ONE-PLuc JoiNT
Desieyep 1o FaiL 1n MippLe Prate

resulted in the high Vickers values of 375 and 310 for the heat-affected
base metal and weld metal, respectively, for this specimen. The only
other specimen that had a hardness number for the heat-affected base
metal greater than 200 was PA3, the highest value for this specimen
being 219 Vickers. The weld metal was, generally, harder than the
heat-affected base metal, the greatest hardness being 310 Vickers for
PD3, as stated above. There were several values somewhat greater
than 200 Vickers.

All of the hardness values shown in Table 23 were obtained from
one diametrical section of the weld in question. A survey was made on
specimen PB3 to determine the uniformity of the hardness around the
periphery of the weld on a plane parallel with the plate surface.
Previous tests indicated that the maximum hardness of the heat-af-
fected zone was usually found about 0.08 in. below the surface. Metal
to the depth of 0.08 in. was therefore machined from PB3 and the re-
sulting surface was polished and etched. The macrograph of Fig. 30
shows the heat-affected zone and the weld metal. Sixteen hardness
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Fi1c. 27. TyrpicaL Faricue Fracture oF ONE-PLUG JoiNT
Tuar Fanep v Oursipe PraTes



STRENGTH OF FILLET-WELD AND

PLUG-WELD CONNECTIONS

63

Fi1c. 28. InpentTs From Harowess Tests; Pruc-WEeLp
SeeciMENS PA3 axp PE2

TasLe 23
Vickers HarpneEss NUMBERS FOR PLuc-WELD JoinTs

| B
|  Diameter

Thickness of Plate

Maximum Value in

Weld Metal

‘ Heat-Affected Zone
Specimen of |
No. Plug B e ey Fa Sl .
| Outside Inside Outside Inside soos %
‘ iy in. ! in. | Plate Plate | Minimum | Maximum
| | Ji
PA3 | 1313 Y 1% 176 219 170* 212
| 153* 231
PB4 ‘ 1345 b1 14 196 172 170 I 192
163 | 215
PC2 | 134s 16 1& 172 158 150 | 195
| 141 206
PD3 | 13s L 34 186 185 165 310
| | (375) 146 204
PE2 M Sis | 1% 185 166 164 182
‘ 151 195
PF1 1548 % | 14 198 159 160 198
| 154 | 220
PIl 134g % 1 203 177 153 170
| 142 | 175
PJ1 148 3 1% 194 195 149 187
| 139 | 175
PN1 | 1M 7 T PR e 182 | 158 174
[ 126 181

*Values in upper line for plug on one side, values in lower line for plug on other side.

Note: Unaffected Base Metal had an average hardness of 125 Vickers.

\-}"ickem hardness in parentheses was obtained adjacent to a weld crater in Specimen
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Fic. 29. MacrocraPH oF PD3

Fic. 30. MacrocrarH oF PLuc 1N Ovutsme Prate or PB3
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MicroGrapHS oF PE2

Fie. 31.
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Fic. 32. MicrocrarHS oF PA3 anp PE2
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tests were made in the annular heat-affected zone at points equally
spaced around the plug. The hardness variation from 191 to 210
Vickers, a spread of only 19 Vickers units, indicates a high degree of
uniformity in the heat-affected base metal of this specimen. A careful
examination of the plug did not reveal any additions of weld metal
subsequent to the main welding of the plug.

Microstructure

The micrographs of Figs. 31 and 32 show that the fracture of PE2
extended through the weld metal in regions 1, 2, and 4, and extended
through the outer fringe of the heat-affected zone at the base of the
plug in region 3, the location of these regions being indicated in the
macrographs. The fracture of PA3 passed through the heat-affected
zone at the base of the plug in regions 1 and 2, as shown by the micro-
graphs of Fig. 32.

Conclusions

(1) The diameter of the plug welds was greater than the diameter
of the holes in the outer plates, the oversize being generally from
146 In. to ¥4 in. at the inside surface of the plate, and somewhat greater
at the outside surface. There was no consistent relation between the
oversize and either the diameter of the hole or the thickness of the
plates.

(2) The hardness was not excessive for either the heat-affected
base metal or the weld metal for plugs welded continuously. There was
one plug to which a small amount of weld metal had been added after
the original deposit had cooled. This produced a region in both the
weld metal and in the heat-affected base metal that was execessively
hard, but the fatigue strength was greater for this plug than for others
tested on the same cycle that did not contain regions of high hardness.

(3) The fatigue cracks of the specimens that failed in the plug
usually started near the junction of the weld metal and the base
metal, then progressed, sometimes into the weld metal and sometimes
into the heat-affected base metal.

IV. MisceLLANEOoUS TESTS

In addition to the regular program of tests of fillet and plug welds,
a number of miscellaneous tests have been included in this bulletin.
These are deseribed in Sections 17 to 25, inclusive. These tests were
made for the Bureau of Ships, Navy Department, who planned the
tests, furnished the specimens and provided the funds to pay the direct
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expenses involved. These tests have been included in this bulletin with
the consent of the Bureau of Ships.

17. Welded Butt Joints With Double Strap-Plates—The details
of the specimen are shown in Fig. 33. The single-V butt weld con-
necting the %-in. carbon-steel plates was ground flush with the base
plate on both sides and reinforced with %4-in. carbon-steel strap plates
attached to the main plates with 14-in. fillet welds, as shown in the
figure. The physical properties of the 9%-in. plates were as follows:
Yield point 38 300 lb. per sq. in., ultimate strength 69 200 lb. per
sq. in., elongation in 8 in. 22.8 per cent, and reduction of area 42.1
per cent.

All specimens were tested on a cycle in which the stress varied from
tension to an equal compression.

Values of the fatigue strength corresponding to failure at 100 000
and at 2 000 000 cycles were determined by use of the equation*®

N K
F=S§ (—) , in which F is the fatigue strength corresponding to
n

failure at n cycles, S is the maximum stress in the stress cycle used
in the test, N is the actual number of cycles for failure, and K is an
experimental constant which, for these tests, had the value of 0.20
as given in Fig. 34.

The results of the tests, given in Table 24 and Fig. 34, are only
fairly consistent. The fracture of the main plate for specimen 19 was

*Univ. of Ill. Eng. Exp. Sta. Bul, 302, p. 111,
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partly in and partly along the edge of the butt weld. For all other
specimens the main plate failed at the fillet weld which connected a
butt strap to the main plate.

The average values of Fiooo00 80d F3 00 000, given in Table 24,
were 23 700 lb. per sq. in. and 12 900 lb. per sq. in., respectively. The
corresponding values for the fatigue strength of single-U butt welds
in 7%-in. carbon-steel plates made under the most favorable conditions
of operator skill and expertness of supervision, were 22 300 and

TABLE 24
Faricue STrENGTH oF SIiNGLE-V Burr WeLps Wite DousBLE STRAP-PLATES
Stress cycle: Tension to an equal compression.

Fati Strength in ’
Streas Cyclein 1000’s| Number of mgtglbv ;ef;q_lin!'mo 8 i
Specimen of Ib. per sti Cyecles for Location of
No. Tenalnn on Mai Failure in F; :ir:-%{u:] nFr;]c;tl.;re
ooy 1000% | = 100 000 |n = 2 000 000
19 +18.0 to —18.0 737.5 14.7 Partially in and
partially at edge
of butt weld
20 +16.0 to —16.0 549.0 12.4 At fillet weld at
edge of narrow
strap plate
21 +16.0 to —16.0 420.8 11.7 At fillet weld at
of narrow
strap plate
22 +25.0 to —25.0 57.6 22.4 At fillet weld at
edge of wide
strap plate
23 +25.0 to —25.0 131.9 26.4 At fillet weld at
edge of wide
strap plate
24 +25.0 to —25.0 56.9 22.3 At fillet weld at
e of wide
strap plate
Av. 23.7 Av. 12.9
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14 400 lb. per sq. in.* Inasmuch as the specimens were welded by the
Bureau of Ships, which maintains very close inspection of its welding,
the welding for the specimens reported in Table 24 was probably on
a par with the welding for the basic series of Report No. 3. It would
seem, therefore, that, for carbon-steel plates, the strength in fatigue
was about the same for single-U butt welds in the as-welded condition
and for single-V butt welds reinforced with double strap-plates, the
welds for both types of jointssbeing of equally good quality.

18. Two-Course Specimen With Butt Weld in One Course—The
details of the specimen are shown in Fig. 35. There were two courses;
one was a continuous plate without a weld, the other consisted of two
plates connected with a single-V butt weld. The continuous plate
served as a backing-up plate for the butt weld in the other course.
The weld penetrated into the continuous plate, thus directly connecting
the two courses. The specimens were made of carbon steel with the
following physical properties: yield point 38 200 lb. per sq. in., ulti-
mate strength 69 300 lb. per sq. in., elongation in 8 in. 23.0 per cent,
and reduction of area 47.1 per cent. All specimens were tested on a
cycle in which the stress varied from tension to an equal compression.

The results of the tests, given in Table 25 and Fig. 36, are so in-
consistent that values of Fig 000 and F o0 000 cannot be determined
with any confidence. It is believed, however, that the values given in
Table 25, based upon a value of K = 0.13 as indicated in Fig. 36,

*Values given in Table 18, page 39, of Univ. of Ill. Eng. Exp. Sta. Bul. 327, and used as the
values for the basic series, Report No. 3 of Committee on Fatigue Testing (Strucluml}
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TasLE 25
Faricue StrENgTH oF Two-Course SpEciMeENs WiTH Burr WELD 1v ONE CoURSE

Stress cycle: Tension to an equal compression.

Stress Cycle in Number of Fntlgg? lg“;:fts]:] 1?“1000 3 I o
Specimen 1000's of Ib. Cyeles for ) e socation of
No. per sq. in. Fhilure in g‘:‘;‘:ﬁ‘l‘;
Lesion s n= 100000 |n = 2000000

25 +23 to —23 200.8 25.3 A, Fig. 35

26 +22 to —22 269.7 25.0 At edge of
reinforcement

27 +22 to —22 85.1 21.5 Partly in weld,
partly at edge of
reinforcement

28 <16 to —16 2 208.5 16.0 A, Fig. 35

29 +17 to —17 266.7 19.3 In weld

30 +17 to =17 171.3 18.2 In weld

Av. 21.9 Av. 16.0

represent the tests as well as any that could be selected. Additional
tests might, however, give significantly different results. The weak
specimens, 27, 29, and 30, broke either in the weld or partly in the
weld and partly along the edge of the reinforcement. The strong
specimens, 25, 26, and 28, broke either at the edge of the reinforcement
or at a considerable distance from the weld. The fatigue strength
for the latter was only slightly less than the fatigue strength of 7%-in.
carbon-steel plates without welds but with mill scale on.*

19. Continuous Plates With Transverse Attachments—It is often
convenient to attach a transverse plate, angle, or other rolled section

*Univ. of Ill. Eng. Exp. Sta. Bul. 327, Table 11, p. 23.
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F16. 37. ConTiNvous Prate WireE Riveren
TRANSVERSE ATTACHMENTS

to a principal stress-carrying member with welded or riveted connec-
tions. Tests were made to determine the extent to which attachments
of this type affect the fatigue strength of the stressed member.

The details of the specimens are shown in Figs. 37 and 38. There
were six types of specimens, two riveted and four welded. In ad-
dition, data from tests previously reported® are included in the sum-
mary. Some specimens were made of carbon-steel plates, others of
low-alloy steel plates. Some of the plates were pickled and painted,
others were galvanized. The details relative to the various types of
specimens are given in Table 26. The main plate was continuous for
all specimens, and all specimens were tested on a cycle in which the
stress in the plate varied from tension to an equal compression, the
magnitude of the stress being based on the gross section for both
welded and riveted specimens.

The chemical composition and the physical properties of the plate
materials are given in Tables 27 and 28.

The results of the individual tests are given in Tables 29, 30, and
31 and the S-N diagrams are given in Figs. 39, 40, and 41. The re-
sults are summarized in Table 32, each value being the average of
three or more tests. In analyzing the results, the average fatigue
strength of continuous low-alloy steel platest without attachments

*Univ. of Ill. Eng. Exp. Sta. Bul. 327. . !

{The fatigue strength of continuous carbon-steel plates would have been the logical basis of
comparison, but the results of the tests of these plates were so inconsistent that the value of
Fz 000 000 could not be determined with sufficient accuracy to justify its use as a basis of comparison.
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.

TaBLE 26

DetaiLs or SeeciMENs WitH Various TYPES oF
TRANSVERSE ATTACHMENTS

Specimen Cind Plates
Specimen Detailed in Kind of Pickled and Description of Specimen
No. Fig. No. Steel Painted
l1to 6 38b Low-alloy Yes Continuous plate with continuous
transverse fillet weld on one side
and chain intermittent fillet weld
on other side
7 to 12 38b Low-alloy Yes Continuous plate with continuous
transverse fillet weld on one side
and stagger intermittent fillet
weld on other side
28 to 33 37 Carbon Yes Continuous plate with riveted trans-
verse double-tee connections
34 to 39 ar Low-alloy Yes Continuous glate with riveted trans-
verse double-tee connections
46 to 51 38a Carbon Galvanized Continuous plate with welded trans-
verse double-tee connections
52 to 57 38b Low-alloy Galvanized Continuous plate with welded trans-
verse double-tee connections
From Bulletin No. 327, page 63
1to 6 30 Type I Carbon No Continuous plate; no attachments
7 to 12 30 Type II Carbon No Continuous plate with transverse
t weld on one side
13 to 18 30 Type III Carbon No Continuous plate with transverse
fillet welds on both sides
37 to 42 30 Type I Low-alloy No Continuous plate; no attachments
43 to 48 30 Type I1 Low-alloy No Continuous plate with transverse
fillet weld on one side
49 to 54 30 Type III Low-alloy No Continuous plate with transverse
fillet welds on both sides
TasLE 27

CremicaL ComposiTioN oF Prate MaTeriaLs; ConTiNvous PraTtes WitH
TRANSVERSE ATTACHMENTS

i ofy [ Pesdiwn £ & Ma P s si Cu Ni v
Low-alloy | 1to12 | 0.17 | 0.86 | 0.022 | 0.028 | 0.13 | 0.25 | 0.11 | 0.09
Low-alloy | 34039 | 0.13 | 0.91 | 0.018 | 0.035 | 0.19 | 0.20 | 0.2 | 0.00

52 to &
Carbon | 28t033 | 0.28 | 0.36 | 0.024 | 0.03 | 0.01 | 0.08 [ 0.17 | 0.015
46 to 51
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TaBLE 28

PaysicaL ProperTieEs oF PrLaTE Materials; CoxtiNvous Prates WiTH
TRANSVERSE ATTACHMENTS

75

|
- . Yield Point Tensile Elongation in | Reduetion
Kl of Rpgmmmn Ib. per Strength, b, s in. of Area
Stee No. 5. in. per 8q. in. per cent per cent
Low-alloy 1tol2 49 800 71 000 26 i%1
Low-alloy 34 to 39 52 100 69 400 28.9
52 to 57
Carbon 28 to 33 45 600 64 100 24.8
46 to 51
TasLE 29

Faricue StrENGgTH oF ContiNvoUs Low-ALLoy StEen Prate Wit CoNTINUOUS
TransvERSE FiLLer WELD ox ONE SIDE AND INTERMITTENT
TransveErseE FiLLer WELp on OTHER SIDE

Plates pickled and painted.
Stress cyele: Tension to an equal compression.

Fatigue Strength in 1000's of

Specimen Stress in 1000's of 1b. Number of Cyeles 1b- per ag.iin.
No. per sq. in. for Failure in
Q00:s 7 = 100 000 n = 2 000 000
Chain Intermittent Transverse Fillet Weld. K = 0.20
1 +18.5 to —18.5 78.6 17.6
2 +18.0 to —18.0 672.1 26.5
3 =+20.0 to —20.0 437.3 27.0
4 +14.0 to —14.0 4 435.6 14.04
5 +16.0 to —16.0 758.9 13.1
6 +15.0 to —15.0 1114.1 13.3
Av. 23.7 Av. 13.54+
Stagger Intermittent Transverse Fillet Weld. K = 0.20
7 +18.0 to —18.0 223.6 21.1
8 +20.9 to —20.0 444.9 27.0
9 +20.0 to —20.0 312.2 25.2
10 +14.0 to —14.0 1 985.9 14.0
11 +14.0 to —14.0 2 347.7 14.0+
12 +14.0 to —14.0 1 482.5 13.2
Av. 24.4 Av. 13.7+

All specimens failed at the edge of the weld.
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TaeLE 30

Farigue StreENGTH OF ConTiNvoUs PrLATE WiTH RIVETED TRANSVERSE
DouBLE-TEE CONNECTION

Stress cycle: Tension to an equal compression.
Stress based upon gross section of the plates.

Fatigue Strength in 1000's of

: s " Number of Cycles - per sq. in.
Speg:{g-f-en Stress plenr 12!??]: of b, for Failure in |
1000's |
i n= 100 000 n= 2 000 000
Carbon-Steel Plates; Pickled and Painted. K = 0.11
28 +20.0 to —20.0 26.3 17.3
29 +16.0 to —16.0 86.1 15.7
30 +16.0 to —16.0 90.1 15.
31 +14.0 to —14.0 379.9 11.7
32 +12.0 to —12.0 1 861.6 11.9
33 +12.0 to —12.0 1 434.9 11.6
Av. 16.3 Av. 11.7
Low-Alloy Steel Plates; Pickled and Painted. K = 0.18
34 +16.0 to —16.0 150.8 17.2
35 +16.0 to —16.0 258.6 19.0
36 +16.0 to —16.0 249.7 18.9
37 +12.0 to —12.0 676.6 9.9
38 +12.0 to —12.0 1 140.1 10.8
39 +12.0 to —12.0 1421.9 11.3
Av. 18.4 Av. 10.7

All plates failed through the rivet holes.

or joints and with the plate in the as-rolled condition, line 2, has been
used as a base (specimens 37 to 42, Table 32, Univ. of Ill. Eng. Exp.
Sta. Bul. 327). There are two lines of values for each series. The upper
line gives the average fatigue strength in thousands of lb. per sq. in.
for the series in question; the lower line gives the ratio of the average
fatigue strength of the series in question to the average fatigue
strength of the basic series just described.

There are many relations of interest revealed by the values in
Table 32.

For specimens with relatively small geometrical stress-raisers (no
attachments, or a transverse fillet weld on only one side), the fatigue
strength of the low-alloy steel specimens was somewhat greater than
the fatigue strength of geometrically identical specimens of carbon
steel. This was true for n = 100 000 and also for n =2 000 000. For
specimens with relatively large geometrical stress raisers (transverse
fillet welds on both sides), the fatigue strength for n = 100 000 was
about the same for low-alloy as for carbon-steel plates; for failure at
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TasLE 31

Farigue StrexetH oF CoxTiNnvous Prate WitH WELDED TRANSVERSE
DousLeE-TEE CONNECTION

Stress eyele: Tension to an equal compression.

Fatigue Strength in 1000's of
Specimen |  Stressin 1000's of b, | Number of Cycles ool
No. per sq. in. for Failure in
000's
n = 100 000 n =2 000 000
Carbon-Steel Plates; Galvanized. K = 0.17

46 +16.0 to —16.0 90.5 15.7
47 +16.0 to —16.0 201.9 18.0
48 | +16.0 to —16.0 189.6 17.8
49 +12.0 to —12.0 841.8 10.4
50 ' +12.0 to —12.0 726.8 10.1
51 | +11.0 to —11.0 1 494 .8 10.5

II Av. 17.2 Av. 10.3

Low-Alloy Steel Plates; Galvanized. K = 0.30
52 | +16.0 to —16.0 207.5 19.9 |
53 ] +16.0 to —16.0 115.3 16.7 i
5 +16.0 to —16.0 148.9 18.0 |
56 ’ +12.0 to —12.0 314.0 | 6.9
56 | +10.0 to —10.0 1 033.3 8.2
57 +10.0 to —10.0 520.3 | 6.7
Av. 18.2 l Av. 7.3

All specimens failed at edge of weld.

2 000 000 cycles the carbon steel had a higher fatigue strength than
the low-alloy steel.

A large geometrical stress raiser caused a greater percentage reduc-
tion in the fatigue strength of the low-alloy steel than in that of the
similar carbon-steel specimen. Likewise, for these tests, a large geo-
metrical stress raiser caused a greater percentage reduction in the
fatigue strength for failure at 2 000 000 cyeles than for failure at
100 000 cycles.

Of the continuous low-alloy steel plates with transverse fillet welds
on both sides, lines 6, 7, and 8 of Table 32, the fatigue strength for
failure at 100 000 cycles was very nearly the same for all three types
of welds; for failure at 2 000 000 cycles, the fatigue strength was
considerably less for the specimens with continuous fillet welds on
both sides, line 6, than it was for specimens with a continuous fillet
weld on one side and either stagger or chain intermittent fillet welds
on the other side, lines 7 and 8.

Of the specimens with continuous low-alloy steel plates with trans-
verse fillet welds on both sides, those with galvanized plates had a
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lower fatigue strength than those with pickled and painted plates.
This was true for n» = 100 000 and for n = 2 000 000. There was no
indication that pickling and painting had any significant effect upon
the fatigue strength of the plates.

The continuous ungalvanized plates with double-tee riveted con-
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TasLE 32

Faricue StrENGTH oF CoNTINUOUS PraTes WiTH TRANSVERSE ATTACHMENTS;
SumMary oF ResuLts

Stress eycle: Tension to an equal compression. Stress based on gross section of plate. Each
value is the average of three or more tests.

Fatigue Strength in
Plates 1000's of llz‘ per
i . Line | Specimen Kind of Pickled og2a.
Description of Specimens No. No. Plate and
Steel Painted il i
100 000 | 2 000 000

Continuous plate; no attachment or 3 | 1to 6 | Carbon No 25.8

jointt ) 0.73
2 37 to 42 | Low-alloy No 35.3 26.4
1.00 1.00

Continuous plate; continuous trans- 3 7 to 12 | Carbon No 25.4 18.9

verse fillet weld on one sidet : 0.72 0.72
4 | 43 to 48 | Low-alloy No 31.7 23.9
= 0.90 0.91

Conti plate; ti trans- 5 | 13 to 18 | Carbon No 22.9 13.1

verse fillet welds on both sidesf iy 0.65 0.50
6 | 49 to 54 | Low-alloy No 22.2 10.1
) 0.63 | 0.38

Continuous plate with continuous 7 1to 6 | Low-alloy Yes 23.7_ 13.5
transverse fillet weld on one side | 0.67 | 0.51
and chain intermittent fillet weld |
on other side l r .

Continuous plate with continuous 8 7 to 12 | Low-alloy Yes 24.4 13.7
transverse fillet weld on one side 0.69 0.52
and stagger intermittent fillet weld
on other side =

Continuous plate with riveted trans- 9 | 28 to 33 | Carbon Yes 16.3 11.7
verse double-tee connection = 0.46 0.44

Continuous plate with riveted trans- | 10 | 34 to 39 | Low-alloy Yes 18.4 10.7
verse double-tee connection | 0.52 0.41

Continuous plate with welded trans- | 11 | 46 to 51  Carbon Galva- 17.2 10.3
verse double-tee connection nized 0.49 0.39

Continuous plate with welded trans- | 12 | 52 to 57 | Low-alloy | Galva- 18.2 7.3
verse double-tee connection nized 0.52 0.28

*Upper line is fati strength in 1000’s of lb. per sq. in. based upon the gross section; lower
line is ratio of fatigue stlf::gth for series in question to fatigue strength of continuous }-in. low-alloy
steel plate without attachments.

tFrom Bulletin 327, Table 33, page 70.
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Fic. 42. DousLe-Strap Rivetep Burr Joints

nections had, in general, a lower fatigue strength than similar con-
tinuous plates with double-tee connections welded on, the unit stress
being based upon the gross section of the plate in both instances. This
was true for both carbon-steel and low-alloy steel plates, and for both
n = 100 000 and n = 2 000 000.

The specimens that had the greatest percentage reduction in fatigue
strength for failure at 2 000 000 cycles were the galvanized low-alloy
steel plates with welded transverse double-tee connections. These had
a fatigue strength equal to only 0.28 of the fatigue strength of similar
low-alloy steel plates in the as-rolled condition and without joints or
attachments.

20. Double-Strap Riveted Butt Joints in Carbon-Steel and Low-
Alloy Steel Plates—Fatigue tests were made on double-strap riveted
butt joints fabricated of both carbon steel and low-alloy steel. The
details of the specimens, which were the same for the two kinds of
steels, are shown in Fig. 42. The chemical composition and physical
properties of the plate material are given in lines 1 and 2 of Tables 33
and 34, respectively. All specimens were tested on a cycle in which
the stress varied from tension to an equal compression, and the stress
was based upon the gross section of the main plate. The results of the
tests, given in Table 35, are summarized in Table 42 and discussed
in Section 25.

21. Single-Strap Riveted Butt Joints in Carbon-Steel and Low-
Alloy Steel Plates—The details of the specimens, which were the same
for the two kinds of steel, are shown in Fig. 43. The chemical com-
position and the physical properties of the plate material are given in
lines 3 and 4 of Tables 33 and 34, respectively. All specimens were
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TasLE 34
PuysicaL ProPERTIES OF STEEL PLATES

o S ;ield ‘gltimatg Elonga- Reducf-
W £ ne pecimen oint trengt tion in | tion of
Description of Joint No. No. 1b. per 1b. per 8 in. Area
8q. in. 8q. in, per cent | per cent

Double-strap riveted butt joint; car- | 1 28 to 33* | 38 200 62 700 30.0 57.2

bon-steel plate 37 to 391
Double-strap riveted butt joint; low- 43 to 45

alloy nteel plate pickled and painted 2 55 300 76 800 23.0 61.0
Si V butt weld; low-alloy steel 46 to 48 $

plate; plates mckled and painted
Single-strap riveted butt joint; carbon- | 3 l1to 9 38 300 60 800 27.4

steel plate pickled an painted

Single-strap riveted butt joint; low- | 4 10 to 18 62 600 83 000 19.5
oy steel plate pickled and painted

Single-V butt weld; low-alloy steel 5 13 to 18 60 400 79 700 30.0% 68.0
plate; plates pickled and painted

*Plates pickled and painted.
tPlates not pickled and painted.
3In 2 inches.

TaBLE 35
Farigue StrexgtH oF DousBLE-STRAP RIvETED BUTr JoINTs

Stress cycle: Tension to an equal compression,
Stress based on gross section of main plate,

Fatigue Strength in 1000's of
Speﬁimen St:ﬁes in 1000's of N‘;ﬂbﬁ;i‘i’:gﬁﬂ” Ib. per sq. in.
0. . per sq. in. 1000's
n = 100 000 n= 2 000 000
Carbon-Steel Plates; Pickled and Painted
28 +16.0 to —16.0 208.7 19.9
29 +16.0 to —16.0 278.3 19.7
30 +16.0 to —16.0 287.2
31 +10.0 to —10.0 2 963.3 10.0
32 +12.0 to —12.0 960.6 10.3
33 +12.0 to —12.0 1 866.9 11.8
Av. 19.8 Av. 10.7
Carbon-Steel Plates; Not Pickled or Painted
37 +14.0 to —14.0 219.9 16.0
38 +18.0 to —18.0 53.1 16.9
39 +11.0 to —11.0 1 362.8 10.1
Av. 16.5 Av. 10.1
Low-Alloy Steel Plates; Pickled and Painted
43 +21.0 to —21.0 113.5 31.4
44 +16.0 to —16.0 836.7 13.8
45 +13.0 to —13.0 1174.2 13.0
Av. 21.4 Av. 13.4

Fi ‘gpecimens 32 and 37 failed in strap plate at (2), Fig. 42; all others failed in the main plate at (1),
g. 42,
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tested on a cycle in which the stress varied from tension to an equal
compression, and the stress was based upon the gross section of the
main plate. The results of the tests, given in Table 36, are summarized
in Table 42 and discussed in Section 25.

22. Single-V Butt Welds in Carbon-Steel Plates—There were two
series of specimens each consisting of single-V butt welds in carbon-

TasLE 36
FATIGUE STRENGTH OF SINGLE-STRAP RIvETED BUTT JoInTts

Stress cycle: Tension to an equal compression,

Stress on gross section of 4-in. plates.

All specimens failed in the strap plate through the transverse row of rivet holes next to the center
of the specimen.

Fntisuelfli)trensth in 1000's of
- : 3 Number of Cyecles . per &q. in.
Sogmen | Suminlonot | MRy
n = 100 000 n= 2 000 000
Carbon-Steel Plates; Pickled and Painted
1 +10.3 to —10.3 49.1 9.1
2 +10.0 to —10.0 104.0 10.1
3 +10.0 to —10.0 105.1 10.1
7 4+ 7.0to — 7.0 860.0 6.1
8 + 6.0to — 6.0 2 309.7 6.0+
9 + 6.0to — 6.0 1 245.2 5.5
i Av. 9.8 Av. 5.9
Low-Alloy Steel Plates; Pickled and Painted
10 +12.0 to —12.0 93.1 11.8
11 +12.0 to —12.0 76.5 11.2
12 +11.0 to —11.0 108.4 11.2
16 + 7.0to — 7.0 772.4 5.5
17 + 6.0to — 6.0 1 150.1 5.2
18 + 6.0to — 6.0 1 209.3 5.3
Av. 11.4 Av. 5.3
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steel plates. For one series the plates were pickled and painted, for the
other they were not. The plates were of the same steel as the plates
of the carbon-steel specimens used in the double-strap riveted butt
joints described in Section 20. The details of the specimens are shown
in Fig. 44, and the welding procedure is given in Table 37.

All specimens were tested on a cycle in which the stress varied
from tension to an equal compression. The results, given in Table 38
and Fig. 45, are summarized in Table 42 and discussed in Section 25.

There were not enough data to determine the values of Fiyp 000 and
F's 400 000 for the plates not pickled or painted. Instead, the S-N dia-
gram was drawn for the plates pickled and painted, Fig. 45, and the
results of the tests of plates not pickled or painted were plotted on the
same field. The results for the plates pickled and painted are repre-
sented by open circles and the results for the plates not pickled or
painted are represented by solid circles. It is apparent that pickling
and painting the plates had no significant effect upon the fatigue
strength of these specimens.

TasLE 37

WELDING ProcEDURE; SiNGLE-V Burr WELDs 1v CARBON-
STEEL AND Low-ALLoy StTEEL PLATES

Electrode A.W.8, classification E 68010
Size of electrode 842 in.
Number of passes per weld 5

Open circuit voltage 61

Are volts 27

Are amps. 150
Polarity Reversed
Preheat None

Position Flat
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TaBLE 38

85

Faticue STrENGTH OF SINGLE-V Burr WeLps CONNECTING
CARBON-STEEL PLATES

Stress cyele: Tension to an equal compression.

o Fatiguelgtmzlgth in 1000's of
Specimen Stress in 1000's of Number of Cycles RO M.
- for Failure in
No. 1b. per sq. in. 1000°s
n =100 000 n =2 000 000
Plates Pickled and Painted
19 +16.0 to —16.0 2 633.9 16.0
20 +18.0 to —18.0 431.8 20.3
21 +18.0 to —18.0 191.8 18.9
22 +20.0 to —20.0 144.7 20.6
23 +16.0 to —16.0 479.1 14.2
24 +15.0 to —15.0 2 186.6 15.0
25 +16.0 to —16.0 2 396.4 16.0
Av. 19.9 Av. 15.3
Plates Not Pickled and Painted
40 +20.0 to —20.0 5747
41 +17.0 to —17.0 1 331.2
42 +15.0 to —15.0 5 307.1 Did not break

Location of fractures:
In weld for specimen 24.
of weld for specimens 21, 23, 40 and 41.

At
Par

in weld and partially at edge of weld for specimens 19, 22 and 25.

Some distance from weld for specimen 20.

23. Single-V Butt Welds in Low-Alloy Steel Plates—There were
two series of specimens each consisting of a single-V butt weld con-
necting low-alloy steel plates. The two series differed in this respect.
Specimens 46 to 48 were tested in the as-welded condition, whereas
for specimens 13 to 18 the reinforcement was ground flush with the
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TasLE 39
WEeLDING PROCEDURE FOR SPECIMENS 13 TO 18

Electrode A.W.8. classification E 6010
Size of electrode 542 in.
Number of passes per weld 6

Open voltage circuit 56

Arc volts 24

Are amps. 130
Polarity Reversed
Preheat None
Position Flat

base plate on the root side only. The chemical composition and the
physical properties of the plate material are given in lines 2 and 5 of
Tables 33 and 34, respectively. The details of the specimens are the
same as for the specimens of Section 22, shown in Fig. 44. All plates
were pickled and painted. The welding procedure for specimens 46
to 48 was the same as for the specimens of Section 22, and is given
in Table 37. The welding procedure for specimens 13 to 18 is given in
Table 39. All specimens were tested on a cycle in which the stress
varied from tension to an equal compression. The results of the tests
are given in Table 40 and Fig. 46. The tests of the specimens with the
reinforcement ground flush with the base plate on the root side only
were quite consistent, and the fatigue strength is represented fairly
well by the S—N diagram in the lower portion of Fig. 46. The results
of the tests of the present series, tested in the as-welded condition and
represented by the small circles in the upper part of Fig. 46, were so
inconsistent that they cannot be interpreted satisfactorily alone. The
broken line, AB, in the upper portion of the same figure represents

TasLE 40

Faricue StrRENGTH OF SINGLE-V Burr WeLps Coxnecring Low-ALvoy
STEEL PLATES

Spec-| Stress, S, Number of | ratigue Strength, F,

imer1 | in 1000% of Eg’;" Lol "'ﬁf in 10005 of /b, per sq. in. fa;_a{;:m oFf
No. | 1b. per sg. in. |7 214rENY ailure
/in 1000 |rn=100000 |n=600 000 |n=2000 000

As-weldea’ Condition

46 | +260 to-26.0 266./ 25.0 /

L7 | +/9.0 fo -/9.0 3726 /8.6 !

48 |+/7.0 fo-I7.0 454,/ 5.0 |/

Rejnforcement Ground Flush with Base FPlate on Root Side Only

/3 |+280 fo -280 24.0 2z.9 £

14 | +240 1o -220 30/./ 28.0 3

/5 | +26.0 fo-26.0 190.9 28.5 /

Av 264

/6 | +20.0 to -20.0 1267.0 /8.8 |/

17 | +9.0 fo -19.0 974.5 /7.2 /&2 :
18 | +180 ro ~180 | 3697.8 180+ |Did rot fail. o Bol?s

Av. /18.0+
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Fi16. 46. S-N Diacrams ror SINGLE-V Burr WeLps CoNNECTING
Low-ALLoy STEEL PLATES

tests of specimens that were similar except that the plates were not
pickled or painted. It closely approximates a gravity line for the three
small open circles and, since the material and the geometrical details
for the present series and the series represented by the line AB were
identical except for pickling and painting, it is not unreasonable to
suppose that the line AB approximates closely the S-N diagram
for the present series. The values of Fipg 000 and F 00 000 fOr specimens
46, 47, and 48 of Table 40, are based upon the assumption that the
line AB is also the S—N diagram for the specimens with plates that

are pickled and painted.

24. Single-V Butt-Weld Joints Connecting Carbon-Steel Plates to
Low-Alloy Steel Plates.—Tests were made on single-V butt-weld joints
connecting carbon-steel plates to low-alloy steel plates. The chemical
composition and the physical properties of the steel are given in line 3
of Tables 33 and 34 for the carbon-steel plates, and in line 4 of the
same tables for the low-alloy steel plates. The dimensions of the speci-
mens were the same as for the specimens of Sections 22 and 23, shown
in Fig. 44 except that the reinforcement was not ground off. The re-
sults of the tests, given in Table 41 and Fig. 47, were fairly consistent.
One specimen broke in both plates, the others all broke in the earbon-
steel plate. The average values of the fatigue strength were 25 800 Ib.



88 ILLINOIS ENGINEERING EXPERIMENT STATION

TasLe 41

Farigue STRENGTH OF SINGLE-V Burr WEeLDS CoNNECTING CARBON-STEEL
PraTEs T0 Low-ALLoY STEEL PLATES

Nermberof
Spec-| . Stress, S, Fatigue Strenglh, F, g
imen | i 1000% of | YSeS or | in 10005 of 1 per sg. in s 2t o
Wo. | 1t persgin | oI N s 00 Tre 06 G0
70 | +240 ro-240 /54.7 z26.2 4(Carbon Sreel)
7l | *240 to-240 g7.3 239 Z(Carbon Steel) 2
72 | +240 ro-2¢0 /183.2 272 L2(Bott Plares) >
Av. 258 P
73 | /6.0 to 160 6/3.0 12.5 | 2.3(carbon Steel)
s +/6.0 to /6.0 /296.0 /4.6 | Z3(Carbon Steel)
7?5 | %50 to-/50 | /489./ /4.l | 23(Carbon Steel)
A /3.7

per sq. in. and 13 700 lb. per sq. in. for Figp 000 and F'z 500 000, respec-
tively. The value of Figo 000 Was somewhat greater for this com-
posite specimen than it was for either carbon-steel or low-alloy steel
specimens.

25. Fatigue Strength of Various Types of Welded and Riveted
Butt Joints—The results of the tests of the various types of welded
and riveted butt joints described in Sections 17 to 24 are summarized
in Table 42. Some tests reported in Univ. of Ill. Eng. Exp. Sta. Bul. 327
have also been included in this summary.

The first part of the table gives the fatigue strength of carbon-
steel specimens, the second part gives the fatigue strength of low-
alloy steel specimens. There are two lines of figures for each kind of
specimen. The upper line is the fatigue strength in thousands of lb.
per sq. in. gross section of the main plate of the specimen, the lower
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TasLE 42

Faricue StreENGTH oF Various TypreEs oF WELDED AND RIVETED
Burr JoINTs; SUMMARY

Stress eycle: Tension to an equal compression; stress based on gross section of plates. In general,
each value is the average of three or more tests.

Fatigue St.rength
Ling | RofE Plates sk i
p i Line ence pecimen ickle &
Description of Specimens No. Page No. P
No.* Painted . i
100 000 |2 000 000
Carbon-Steel Plates >
Continuous %-in. plate 1 Bul. 327 | G1 to G3 No 27.7 17.1
23 H1 to H4 1.00 1.00
Continuous 3§-in. plate 2 Bu167327 1to 6 No 25,33
0.
Single-V butt weld; reinforcement on | 3 19to 25 | Yes 19.9 15.3
40 to 42 No 0.72 0.89
Single-V butt weld; reinforcement on; 4 70 to 75 | Carbon, No| 25.8 13.7
one Flate carbon steel, one low-alloy Alloy, Yes 0.93 0.80
steel
Welded butt joint with double straps 5 19 to 24 No 23.7 12.9
attached with fillet welds 5 0.86 0.75
Two-course specimen; one course con- 6 25 to 30 No 21.9 16.0
tinuous, other course with single-V 0.79 0.94
butt weld =
Double-strap riveted butt joint T 28 to 33 Yes lgg1 13‘33
Double-strap riveted butt joint 8 37 to 39 No 16.5 | 10.1
| 0.60 | 0.59
Single-strap riveted butt joint 9 l1to 9 Yes 335 gg_
. s 1
Double-V butt weld in 7-in. plate; re- | 10 Bul. 327 | C1 to C4 No 21.3 14.4
inforcement on; good quality of weld 17 D1 to D3 0.77 0.54
Low-Alloy Steel Plates
Single-V butt weld; reinforcement on | 11 46 to 48 Yesi 28.;3 1830
Single-V butt weld; reinforcement on | 12 | Bul. 327 | 101 to 106 No 25.7 | 15.4
9 : 0.93 | 0.90
Single-V butt weld; reinforcement | 13 13 to 18 Yes 26.4 18.0
planed flush with base plate on root 0.95 1.05
side only -
Double-strap riveted butt joint 14 | Bul. 327 | 96 to 100 No 20.1 13.3
57 0.73 0.78
Double-strap riveted butt joint 15 43 to 45 Yes 2:].;? lg.;s
Single-strap riveted butt joi 16 10 to 18 Yes 11.4 5.3
rap rive utt joint 041 051

*References are to page numbers in this bulletin unless otherwise noted. ;
1Upper line is fatigue strength in 1000's of lb. per sq. in., lower line is ratio of fatigue strength
for series in question to fatigue strength of a continuous 7-in. carbon-steel plate.
Values taken the same as for plates not pickled or painted; see Fig. 46.

line is the ratio of the average fatigue strength for the series in
question to the fatigue strength of a continuous 7s-in. carbon-steel
plate.* A study of Table 42 reveals some interesting relations between
the fatigue strengths of various types of butt joints.

In general, the fatigue strength was somewhat greater for single-V
butt welds than for double-strap riveted joints.

*Univ. of 1ll. Eng. Exp. Sta. Bul. 327, p. 23.
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For failure at 2 000 000 cycles, the fatigue strength of single-V
butt welds was very nearly the same for carbon-steel and low-alloy
steel specimens. For failure at 100 000 cycles, the fatigue strength
was considerably greater for the alloy-steel than it was for the carbon-
steel specimens. The fatigue strength of double-strap riveted joints
was considerably greater for low-alloy steel specimens than it was
for carbon-steel specimens. This was contrary to the results of previous
tests® in which the specimens were subjected to a cyele in which the
stress varied from 0 to tension.

The fatigue strength was slightly more than one-half as great for
the single-strap as for the double-strap riveted butt joints.

V. SuMmMARY

26. Summary.—The tests described in this bulletin were explora-
tory and did not include comprehensive investigations of any portion
of the wide field of the fatigue strength of fillet-weld and plug-weld
joints. The statements which follow are to be considered as a summary
of the results of the particular tests described, and not as generali-
zations relative to the fatigue strength of fillet-weld and plug-weld
Joints in general.

The results of the various series of tests have been summarized as
follows:

(1) Of the various types of fillet-weld joints connecting plates that
were tested, there were none that had a significantly greater fatigue
strength than the simple joint with longitudinal fillet welds along the
sides and transverse fillet welds across the ends of the plates. Three
joints of this type withstood an average of 283 000 repetitions of a
cycle in which the tension in the plates varied from 0 to 18 000 Ib.
per sq. in.

(2) Of the various types of fillet-weld joints connecting channels
to plates that were tested, the one with longitudinal fillet welds along
the sides and transverse fillet welds across the ends of the channels
had the greatest fatigue strength. Three joints of this type withstood
an average of 849 000 repetitions of a cycle in which the average
tension in the channels varied from 0 to 18 000 Ib. per sq. in.

(3) The fatigue strength was somewhat lower for a channel box
section connected to gusset plates by means of fillet welds than it
was for two channels back-to-back connected with the same type of
fillet welds to a gusset plate between. The fatigue strength was ap-

*Univ, of Ill. Eng. Exp. Sta. Bul. 302, p. 103.
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proximately the same for channel box sections with welded connections
as it was for similar channel box sections with riveted connections, the
stress being based on the gross section in both instances.

(4) The fatigue strength of riveted and welded lateral connections
may be summarized as follows:

(a) The values of the fatigue strength of the individual specimens
were much more erratic for the riveted angles than they were for either
the welded angles or the welded channels, and minimum values based
upon the gross section were less for the riveted than they were for the
welded angles.

(b) There was no significant difference in the fatigue strengths of
the angles and channels when they were both eccentrically connected
with fillet welds.

(¢) The fatigue strength was 20 per cent less for the channels with
longitudinal and transverse fillet welds and a relatively large eccen-
tricity than for the channels with butt welds and no eccentricity.

(d) Failure of all specimens with longitudinal fillet welds occurred
in the main member and at the end of the weld toward the center of
the specimen. No welds failed.

(e) Failure of the specimens with butt welds occurred in the
channel at the junction with the weld where the abrupt change in
section caused a large stress concentration.

(f) Failure of the riveted angles occurred at the inner rivet hole
and on the side away from the outstanding leg, as shown by the
sketch in Table 7. The fatigue strength was probably reduced by the
eccentricity of the rivet hole as well as by the hole itself. No rivets
either failed or loosened.

(5) Peening increased the fatigue strength of transverse fillet welds
and decreased the fatigue strength of longitudinal fillet welds. Neither
the welding nor the peening procedures were under definite enough
control to determine whether the differences in fatigue strength were
due to peening or to other causes.

(6) The fatigue strength in shear of the plug welds of plug-weld
joints connecting plates, corresponding to failure at 100 000 repetitions
of a eycle in which the stress on the specimen varied from 0 to tension,
was of the order of 20 000 to 25 000 lb. per sq. in., the stress being
based upon the nominal diameter of the plugs. There was a small but
quite consistent increase in the fatigue strength of the plugs with an
increase in the thickness of the outside plates. There was a slight and
not always consistent decrease in the fatigue strength of the plugs
with an increase in their diameter.
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(7) The fatigue strength of the plugs of multiple-plug joints was
not appreciably affected by the plug pattern, the fatigue strength being
as great for four plugs in a line in the direction of stress as for four
plugs in a square and being as great for six plugs consisting of two
lines of three plugs each as for six plugs consisting of three lines of two
plugs each.

(8) The fatigue strength of plates connected with plug welds was
somewhat greater for the outside than for the inside plates. The aver-
age fatigue strength corresponding to failure at 100 000 repetitions
of a eycle in which the stress in the plate varied from 0 to tension,
was of the order of 26 000 to 30 000 lb. per sq. in. for the outside
plates, and of the order of 25 000 to 27 000 lb. per sq. in. for the
inside plates. These values are based upon the gross area of the plate.

(9) The unit fatigue strength was approximately the same for
fillet-weld plugs and for filled plugs, the unit stress being based upon
the section of the hole in the outer plate in each instance. However,
the fatigue strength of the outside plates of a plug-weld joint was
significantly less for the joints with fillet plugs than it was for those
with filled plugs.

(10) Metallurgical studies indicated that the diameter of the plug
of plug-weld joints was greater than the diameter of the holes in the
outer plates, the oversize resulting from the fusion of the base plate
being from 14 ¢ in. to 14 in. at the inside surface of the plate, and being
somewhat greater at the outside surface. There was no consistent
relation between the oversize and either the diameter of the hole or
the thickness of the plates.

(11) Riveted joints reinforced with plates to compensate for de-
ductions due to rivet holes, the fills being attached with fillet welds in
one instance and with plug welds in another instance, did not have a
fatigue strength significantly higher than that of similar riveted joints
without such reinforcement.

(12) Attachments either welded or riveted to a continuous plate
reduced the fatigue strength of the plate, the magnitude of the reduc-
tion depending upon the geometrical characteristies of the attachment
and the physical properties of the steel. Values of the fatigue strength
of continuous plates with various types of attachments are given in
Table 32, page 79.

(13) Values of the fatigue strength of various types of welded and
riveted butt joints in carbon and low-alloy steels are given in Table 42,
page 89. '
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Railroad Rails, by Norville J. Alleman, Ralph E. Cramer, Russell S. Jensen. 1943.
Fifteen cents.

Reprint No. 25. First Progress Report of the Investigation of Shelly Spots in
Railroad Rails, by Ralph E. Cramer. 1943. Fifteen cents.

Reprint No. 26. First Progress Report of the Investigation of Fatigue Failures in
Rail Joint Bars, by Norville J. Alleman. 1943. Fifteen cents.

*Reprint No. 27. A Brief History of Lime, Cement, Concrete, and Reinforced
Concrete, by Jasper O. Draffin. 1943. Fifteen cents.

*Bulletin No. 348. Fuel Savings Resulting From Closing of Rooms and From
Use of a Fireplace, by Seichi Konzo and Warren S. Harris. 1943. Forty cents.

*Bulletin No. 349. Performance of a Hot-Water Heating System in the [I=B=R
Research Home at the University of Illinois, by Alonzo P. Kratz, Warren S. Harris,
Maurice K. Fahnestock, and Ross J. Martin. 1943. Seventy-five cents.

*Circular No. 48. Magnetron Oscillator for Instruction and Research in Micro-
wave Techniques, by J. Tykocinski Tykociner and Louis R. Bloom. 1944. Forty cents.

*Bulletin No. 350. Fatigue Strenit-h of Fillet-Weld and Plug-Weld Connections
in Steel Structural Members, by Wilbur M. Wilson, Walter H. Bruckner, John E.
Duberg, and Howard C. Beede. 1944. One dollar.

*A limited number of copies of bulletins starred are available for free distribution.









UNIVERSITY OF ILLINOIS

Colleges and Schools at Urbana

CoLieGe oF LmserAL Arts anp Scrences.—Curriculum in the Division of General
Studies; general curriculum with majors in the humanities and sciences; specialized
curricula in chemistry and chemical engineering; general courses preparatory to the
study of journalism, law, medicine, and dentistry.

CoLLEGE OF CoMMERCE AND BUSINESS ADMINISTRATION.—Specialized curricula in ac-
countancy, banking and finance, commerce and law, commercial teaching, economics,
industrial administration, management, marketing, and public affairs.

CoLLEGE oF ENGINEERING.—Curricula in agricultural, ceramic, chemical, civil, electrical,
general, mechanical, metallurgical, mining, and public health engineering.

CoLreGe oF AcricuLTure.—Curricula in agriculture, dairy technology, floriculture, home
economics, and vocational agriculture; pre-professional training in forestry.

Correce oF Epucation.—Curricula in education, agricultural education, home econom-
ics education, and industrial education. The University High School is the practice
school of the College of Education.

CorLece oF Fine axp Apprien ArTs.—Curricula in architecture, art, landscape archi-
tecture, music, and music education.

CoLLEGE oF Law.—Professional curricula in law.

Sm oF JournaLism.—Editorial, advertising, and publication management curricula for
juniors and seniors; two-year emergency curriculum for freshmen and sophomores.

Scroor. oF PrysicarL Epucation.—Curricula in physical education.
LisrARY ScrooL—Curriculum in library science for college graduates.
GrADUATE ScmooL—Advanced study and research.

Summer Term—Courses for undergraduate and graduate students.

University Extension Division—Courses taught by correspondence, extramural courses,
science aids service, speech aids service, and visual aids service.

Colleges in Chicago

CoLLEGE oF DenTISTRY.—Professional curriculum in dentistry.

CoLLece oF MepiciNe—Professional curriculum in medicine;
curriculum in occupational therapy.

CoLLEGE OF PHARMACY.—Professional curriculum in pharmacy.

University Experiment Stations, and Research and
Service Organizations at Urbana

AGRICULTURAL EXPERIMENT STATION Bureau oF CoMMUNITY PLANNING

ENGINEERING EXPERIMENT STATION BureaUu oF EDUCATIONAL RESEARCH
EXTENSION SERVICE IN AGRICULTURE BUREAU OF INSTITUTIONAL RESEARCH
AND Home EconoMIcs PERSONNEL BUREAU
Bureau oF EcoNoMIC AND Rapio Statron (WILL)
Business RESEArcH UwniversiTY oF ILLiNois Press
State Scientific Surveys and Other Divisions at Urbana
STATE GEOLOGICAL SURVEY StaTte DiacNosTIC LABORATORY (for
StaTE NaTURAL HISTORY SURVEY Animal Pathology)

STATE WATER SURVEY U. S. REGIONAL SOYBEAN LABORATORY

For general catalog of the University, special circulars, and other information, address
Tue RecisTrRAR, UNIVERSITY OF ILLINOIS
UrsaNA, ILLINOIS






