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By Peter C. Birkemoe,! and Ramachandran Srinivasan,?
Associate Members, ASCE

INTRODUCTION

High strength steels are now used widely in building and bridge structures
with savings in size, cost and weight on many structural components. How-
ever, design specifications until recently did not provide any significant ad-
vantage for the use of such steels in members subjected to repeated loading.
Many tests of high strength steels in conventional connection details have
indicated only modest improvement in fatigue performance over that of mild
structural steels,

In structural applications steel generally is most sensitive to repeated
loading at or in the vicinity of a connection whether holted or welded. A study
of the fatigue behavior of steel as it is used in a connection is essential for a
meaningful evaluation or improvement of present design specifications, Ex~
ploratory fatigue tests of bolted ASTM A514 and A440 steels conducted at the
University of Illinois indicated that further study of both steels in bolted
applications might suggest higher allowable stresses for high strength steels
subjected to repeated loading.

Results of extensive tests of A514 steel which followed the exploratory
tests have been reported (2) thigs data further enhanced the need for similar
information about high-strength low-alloy steels. This information is pre-
sented in this paper. Although the material used in the tests was supplied as
A440 steel, the tensile properties also met the requirements of several low-
alloy steels, e.g., ASTM A242, Ad41, A572 (grades 42, 45, 50), A588. These

Note.—Discussion open until August 1, 1971. To cxlend the closing date one month,
a written request must be filed with the Executive Director, ASCE. This paper is part
of the copyrighted Journal of the Structural Division, Proceedings of the American
Society of Civil Engineers, Vol. 97, No. ST3, March, 1971, Manuscript was submitted

for review for possible publication on July 23, 1970,
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held at the University of Missouri, Columbia, Mo.
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tests thus provide an indication of the fatigue performance of high-strength
low-alloy steels in bolted connections (using either ASTM A325 or A490 bolts).

DESCRIPTION OF INVESTIGATION

Connection Details.—A compact double lap butt type joint with center plate
critical was chosen for this study as a representative model of tension con-
nection details. Two such joints were proportioned: one for A325 and the
other for A490 bolts. Relative proportions for the joints were determined on
the basis of a stress in tension of 30 ksi (60 % of the minimumyield strength)
and shear stresses of 15 ksi for the A325 bolts and 22.5 ksi for the A490

Series Series
L4gB L4BX
A490 Bolts A490 Bolts

5 .
(B3 L =2-=in.
c'l-é-m. c=lzin. c 8
Constant dimensions for oll Series, in inches

! 13 _ 4 ;
e.|.“‘_ fxs%— 9;2-‘"_ prd4 D= 5 — diameter of drilled hole

. . 5 . N L
Center Plate Thickness = -%~, Lap Plate Thickness = {&, w=9 rz6 a |2

FIG. 1.—FATIGUE SPECIMEN DETAILS

. stresses used for the fasteners are in accordance with the recom-
lr)rcx);fxsda’trigis of the 1964 Specification for Structural Joints Using ASTM A325
or A409 Bolts., Current specifications (1966) reduce the allowable stress for
A490 fasteners to 20 ksi (9). The design stress for the cgnter plate was se-
lected to be the maximum basic tensile stress which might be employed in
structural design using A440 steel. In an attempt to k.eep the geometry aztzg
critical section the same for the two series mentioned, a four—bc‘)lt i 31
joint (L3B) and a three-bolt A490 joint (L4B) resulted and are shown in Flg.'ﬂ;

Inadvertently several specimens from the 14B series were drilled wi
one hole at the critical net section instead of two, i.e., the three hole pattern
was reversed. In this case the center plate remained critical; only the geom-
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etry at the net section and the net cross-sectional area were changed. Other
studies have examined the effectofincreasing the gage at the critical section.
The L4BX series represents a similar change in geometry, but this change
cannot be referred to as a change of gage. It can however be visualized as an
increase in net section efficiency. (The theoretical efficiency is the ratio of
the area of the net section to the area of the gross section expressed as a -
percentage.)

Materials .—ASTM A440 steel plates for the 1/2 in. center plates were ob-
tained from twodifferent heats. Several standard plate coupons were cut from
the two heats and were tested in a universal testing machine in accordance
with ASTM standards. An average static yield strength of 50.3 ksi and an
average tensile strength of 87.0 ksi were obtained for the coupons cut from

TABLE 1.—-~MECHANICAL PROPERTIES OF ASTM A440 STEEL

Mechanical Properties
Heat Thigkness, Yield strength, | Tensile strength,| Elongation in | Reductionin
number | in inches in kips per in kips per 2 inches, ag | area, asa
square inch square fnch |a percentage | percentage
1) (2) (3) (4) (5) (6)
38L587 1/2 50.3 87.0 23.4 61.0
181.080 1/2 48.2 77.3 27.0 64.0

TABLE 2.—CHEMICAL COMPOSITION OF ASTM A440 STEEL

Heat Chemical Composition, as a percentage

humber c Mn Si P s Cu
L) (2) (3) 4) (5) (8) (7

381587 0.23 1.60 0.04 0.020 0.023 0.14

181.080 0.20 1.50 0.03 0.026 0.023 0.15

one of the heats; for the other heat of steel that was used, an average static
yield strength of 48.2 ksi and an average tensile strength of 77.3 ksi were
obtained. Specified minimum yield and tensile strengths for ASTM A440 are
50.0 ksi and 70.0 ksi, respectively. Refer to Table 1for details on mechanical
properties. The chemical composition of the two heats of steel plates as ob-
tained from tests on samples are given in Table 2.

The high-strength ASTM A325 and A490 bolts were obtained from single
production lots. Hardness tests conducted in accordance with ASTM specifi-
cations on samples cut from the bolts gave an average hardness value of 28
on the Rockwell C scale for A325 bolts and an average hardness value of 39
on the Rockwell C scale for the A490 bolts. Average values for the corre-
sponding nuts were 93 (ASTM A325 heavy hex nuts) on the Rockwell B scale
and 34 (ASTM A194 grade 2H heavy hex nuts) on the Rockwell C scale. All
fastener parts exceeded the respective ASTM minimum requirements,

Specimen Fabrication and Bolt Calibration.—Plates were flame cut to



e e A N

oot

R AT

S s

938 March, 1971 ST3

rough size and then milled to correct dimensions. All holes were match
drilled directly to 13/16 in. Before assembly, the faying (contact) surfaces
were cleaned with acetone to remove any cutting oil that remained from drill-
ing and machining and also to provide a clean, dry mill scale surface. A
hardened washer was used under tha nut in all connections. The bolts were
installed using the turn-of-nut method; they were initially brought to a snug-
tight condition by the application of about 75 ft-1b of torque (this corresponc.ls
to approximately 5 kips to 10 kips of bolt tension in 3/4-in. bolts). An addi-
tional half turn was applied to each nut to complete the installation. Bolt ten-
sion was mgnitored by means of elongation readings which were taken at
various stages of installation and testing using a special extensometer,

60
B8R —przzzzzzs— |
0 / ‘ Snug + 172 Turn
25
40 .~
w —
< / / A 490
b4
o // } Minimum
< Required
g 30 1] Tensions’
K // A325
Q
[sa]
m C - H
g 2 374" Diam. x 2-1/2" Bolis
] Grip Length = 1- 9/32"
<>t 2 Threads Included in
10 - Grip —
° 0.03 0.04

0 0.0t 0.02
ELONGATION , INCHES

FIG. 2.—LOAD-ELONGATION BEHAVIOR FOR HIGH-STRENGTH BOLTS IN
TORQUED TENSION

The bolt calibrations necessary to compute the bolt tension from the
elongation data were performed on several bolts of each type- (A325.-A490).
The fasteners were tested by manual torquing tofailure. A special sc?lld- steel
Joad transducer was used to measurebolt load and to simulate the stlffne'ss of
the connected steel parts in the joints. Average results from the bolt calibra~-
tions are shown in Fig. 2. The shaded areas shown onthe load versus elf)nga—
tion curves of this figure correspond to the elongations that .r.esulted in the
bolts which were tightened to the snug plus one-half turn condlt.xon. Thg total
elongation varied from 0.02 to 0.035 in. but resulted in relatively uniform
tension. The bolt tensions at installation were 50 % to 60 % greater than the
minimum bolt tension requirements. In general this method of bolt installa-
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tion is known to produce bolt tensions that are 20 % to 30 % above the mini-
mum requirements. The high bolt tensions obtained in this study are due
largely to the short grip (1-9/32 in.) of the joint and small number of threads
(2 threads) included in the grip. Similar observations have been made in other
studies.

Equipment and Test Procedure.—All fatigue tests were performed on a
200 kip capacity constant amplitude Illinois’ fatigue machine having a fre-
quency of about 200 cycles per min. To measure the movement of the center
plate relative to the side plates during the test a slip-measurement apparatus
was mounted on each edge at the critical section of the joint. This consisted
of a plastic lug glued to the center plate and a dial extensometer attached to
the side plates. :

Prior to the application of cyclic loading each specimen was loaded incre-
mentally through one cycle of test loading to note the occurrence of slip, if
any. The fatigue machine was then set for automatic operation. Periodic
measurements of bolt elongations and joint slip were made during the test.

The development of a crack, which by means of a preset microswitch
caused the machine to shut down, usually indicated that constant maximum
load could not be maintained. Further propagation of the crack was rapid and
substantial fracture of the critical section occurred within a few additional
load cycles. The number of cycles corresponding to the shutdown of the ma-
chine was used as a criterion for failure. Completion of fracture for subse-
quent closer inspection was done by pulling the plates in static tension.

Analysis and Interpretation of Data.—Results of the fatigue tests were
plotted as §-N diagrams on a log-log basis, in which S denotes the maximum
net section stress in ksi and N the number of cycles to failure for a given
specimen type and stress ratio {(ratio of minimum to maximum stress). The

results can be empirically related for lives between approximately 50,000
cycles and 2,000,000 cycles by

Nyt :
ro=sy(BY e

in which F, = fatigue strength at »# cycles or the maximum stress that can
be expected to cause failure at » cycles of loading; £ = slope of the empirical
straight line log-log relationship relating the maximum stress and the num-
ber of cycles to failure; and Sy = stress corresponding to failure at N cycles
on the empirical curve. Thus, determination of the coordinates of a point on
the bestfit empirical curve, (Sy, N), and the slope, k, of that curve establishes
an empiricalrelation (Eq. 1) between F, and n. An iterative technique in con-
junction with Eq. 1 was used to determine a best fit empirical representation
of data. Details of this procedure have been described in an earlier study (2),
Analysis using the method of least squares was also done to compare the
fatigue strengths obtained by the two techniques. In general the two data
analysis techniques were found to be in close agreement with each other.
Connections which are designed for repeated load applications transmit
load primarily via friction at the faying surfaces. A parameter of particular

interest is the coefficient of slip, 4, a measure of frictional resistance. This
coefficient was calculated using the following



940 March, 1971 S8

Vayiation of Joint Efficiency.—Theoretically, the ultimate strength of a
bolted member is related directly to the net cross sectional area and not the
gross area; thus, if the ratio of the net cross sectional area to gross area‘ of
a connected member is increased, the theoretical efficiency of the connection
is similarly increased. Within limitations this has also been found to be
generally true of the actual or measured efficiency.

TABLE 4.—RESULTS OF FATIGUE TESTS ON A440 STEEL JOINTS USING
A490 BOLTS2

a

Stress cycle on t Computed Fatigue Strength, Average fnitial
Specimen net section, in !ﬁ{l?.\lre:, ;:\ in kips per square inch® bolt tension, Cgleiéif;%nt
number | kips p‘t;rc:quare thousands in kips )
(1) (2) (3) (4) (5) (6) (1)
.20
L4B-1 0 to +50.0 790 3.7 41.8 54.3 0
L4B-2 0 to +50.0 920 5.7 43.2 53.8 0.22
L4B-3 0 to +65.0 154 70.5 40.3 54.2 0.19
L4B-4 0 to +65.0 248 11.1 44.0 52.8 0.20
L4B-6 0 to +43.0 4,000¢ 75.2 43.0 54.0 0.18
Average 74.4 42.5
L4B-13b | -28.0to +28.0 1,385 54.2 -
L4B-14P | -28.0 to +28.0 1,038 . 54.2 -

8 T:S:B = 1.00: 0.69: 1.61, g/d =-3.0.

bSpectmens from Heat No. 181.080; others from Heat No, 38L587.

¢ Fatigue strengths computed using F, = Sy (V/n)¥, (¢ = 0.187).

d Absence of coefficlent of slip indicates that the specimen did not sllp as a result of the applied load.
©Specimen did not fail; on increasing the stress cycle to 0 kel to 65.0 kel {t failed after 263,100 cycles.

TABLE 5.~RESULTS OF FATIGUE TESTS ON A440 STEEL JOINTS USING
A490 BOLTS2—VARIATION OF JOINT EFFICIENCY

Stress cycle on Computed Fatigue Strength, Average Initial tictent
Specimen | net section, in | Cycles to failure, in Kips per square inch® bolt tenslon, Cc:)t.; alr:pd
number® | kips per square in thousands in Kips
Inch Fioo.00 Fy 000,000 © m
(1) (2} (3) (4) (8)
0.16
L4BX-6 0 to +50.0 158 52.8 3'478 g:g o168
L4BX-7 0 to +37.0 930 47.6 3144 54-3 o1
L4BX-10 0 to +50.0 : 32 44.0 . X o
4 46.0 32.8 54.3 .
L4BX-11 0to +34.5 l,‘wge 10 o e o
- 0 to +34.5 1,04 46.4 . .
panx-12 ° ' Average 47.3 33.8
54.3
L4BX-8 -22.6 to +22.6 1,147 e
L4BX-8 -21.0 to +21.0 1,802 . .

A T:S:B = 1.00: 0.84: 1.97. 080
b All specimens from Heat No. 18L080.
= #, (k = 0.113).
¢ Fatigue strengths computed using F,, = Sy (N/n)¥,
dAbsf:ce of coefficient of sip lndlca:es that the joint did not slip as a result of the applied load.
¢ Fallure did not occur in the joint. .

Examination of the net section stress with respect to fatigue performar}ce
in other studies (1,2) indicates that a reverse effect may be true for behavior
under repeated loading. The results of the limited testulxg (7 specimens) of
the L4BX series (Fig. 5) show a distinct reduction of flatxgue strength com-
pared to the results from the L4B series curves which are replotted for

comparison. . )
O;f)ten, the quantity g/d is used as a parameter for comparison. It is ap-

R,
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in which Pg = load causing slip in the bolted joint; Ty = the average bolt
tension at installation; n, = number of fasteners in the joint; and m = the
number of shear planes in the joint,

FATIGUE BEHAVIOR OF BOLTED CONNECTIONS

Basic Series.—A total of 19 connections of the basic configurations (12 with
A325 and 7 with A490 bolts) were tested, Since stress cycles from zero-to-

TABLE 3.—RESULTS OF FATIGUE TESTS ON A440 STEEL JOINTS USING
A325 BOLTS2

Stress cycle on Computed Fatlgue Strength, A Inttial
Specimen | net section, in Cycles to failure, in kips per square Inch® ;grage nita Coeffictent
number? | kips per square in thousands 1t tenston, of stipd
inch F F, In kips
100, 000 1.000 000
[$9] (2) (3) (4) (5) (6) [\)]

L3B-10 0 to +50.0 588¢ 66.1 41.3 43.4 0.16
L3B-1 0 to +50.0 562 85.6 41.0 43.7

L3B-2 0 to +60.0 192 68.5 41.5 43.9 0.1
L3B-3 0 to +60.0 250 89.3 43.3 43.8 0.17
L3B-4 0 to +40.0 2,4991 66.2 41.4 43.9 0.16
L3B-6 0 to +42.0 2,582 70.0 43.7 43.4 0.18

Average 67.3 42.0

L3B-5 -28.0 to +28,0 1,420 43.7

L3B-7 -2B.0 to +28.0 1,234 43.9

L3B-1t ~28.0 to +56.0 25 43.8 0.18
L3B-12 ~24.0 to +48.0 107 43.8 0.18
L3B-8 +34.7 to +69.3 520 43.7 0.19
_L3B-9 +34.7 to +69.3 811 43.7 0.17

STiS:H = 1.00: 0.51: 1.21, g/d = 3.0,
bal specimens from Heat No, 381,587,
¢ Fatigue atrengihs computed using Fyy = Sy (N/n¥, G = 0.157).
Absence of coeflicient of sHlp Indicates that the joint did not slip 28 a result of the applied load with the ex-
ception of specimen L3B-1 for which the 8lip load was not recorded.
© Fallure did not oceur In the Joint.

'Spcclmnn dld not fail; on lncreaaing the atress cycle to 0 to 67.5 ksl, 1t fatled after 2,500 éycles.

tension through complete reversal provide the most severe constant amplitude
fatigue loading, most specimens were tested at stress ratios of -1and 0. At-
tempts to obtain short life conditions in full reversal were unsuccessful be-
cause of slip in the joints; the clean mill scale surfaceshad very low frictional
resistance as evidenced from the values of coefficient of slip which are pre-
sented in Tables 3, 4, and 5 with the fatigue results. The value of u obtained
for this steel is only 1/2 of that normally assumed (1 = 0,35) for joints
having mill scale surfaces. Therefore, rather than test at loads which would
cause continual slip reversal, the stress ratio for some tests was changed to
-1/2, ie., compression-to-tension; although these specimens slipped once on
first loading in tension they did not slip subsequently,

Figures 3 and 4 show graphically the data obtained from the fatigue tests
in the basic series, It is evident that for the zero-to-tension results which
predominate, the log S versus log N curve (Eq. 1) provides a good approxi-
mation of the data. The dashed lines in Figs. 3 and 4 are approximately the
way curves for other stress ratios would be expected to look based on the
limited data and experience with test results for other steels in similar bolted

comections. etz Reference Room
Civil Engineering Department
B106 C. E. Building
University of Illinois
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proximately related to the theoretical efficiency, €, by
1

€0 ] = e e e e e (3)
(%)

in which g = the transversefastener spacing; andd = the nominal bolt diam-
eter. Although only one bolt is present at the net section of the joint the LdBX
series can be visualized as having an increase in g/d (approximately a factor
of 2) over the basic series.

To say that this reduction in fatigue strength is solely the result of the
variation of the theoretical joint efficiency is an over simplification. Cer-
tainly the geometry of the critical net section may have a related or even
independent influence; generally an increase in theoretical efficiency is ac-
complished by a decrease in the number of bolts at the critical net section
with an increase or no reduction in the number of bolts in adjacent rows.
Thus the plate geometry, i.e., the arrangement of holes, is changed in the
vicinity of the highly stressed net section.

The T:S:B ratio for each connection series isgiven in Figs, 3, 4 and 5. The
tension:shear:bearing ratio is the ratio of net section tensile stress; to the
shear stress on the cross-sectional area of the bolts to the bearing stress;
all are nominal stresses. The T:S:B ratio indicates indirectly, the relative
proportions of tension, shear and bearing areas. The decrease in the relative
shear and bearing areas of the L4BX series compared to the L4B series may
be a contributing factor to the severe reduction in fatigue strength found in
the L4BX series, but previous studies of conncction behavior indicate that

these are minor changes in proportions relative ta their effect on fatigus
performance.

OBSERVATIONS AND EXAMINATION OF RESULTS

A close observation of the fatigue crack initiation in the steel was made
after complete fracture of the center plate and disassembly of the connection.
Although it is difficult if not impossible to study crack initiation in the center
plate during testing, these later observations yield some information relative
to initiation and propagation.

Fatigue cracks initiated on the faying surface of the center plate in the
vicinity of the critical net section. Three photographs, one sample from each
series, are shown in Fig. 6; it is apparent that the fractures were completed
statically because of the visible spalling of the mill scale over a portion of
the plate and the necking down at the net section. Fig. 6(a) shows how the
photographs were taken; note, by means of the arrow at the top of each pic-
ture, that these are oblique views toward the externally loaded end of the
center plate. Although the precise point of initiation is not clearly evident in
all photographs, the hrittle nature of the fatigue cracks is apparent. Note for
example, Fig. 6(c) of Specimen L4B-5, the initiation was at the net section at
the intersection of the plate surface and the left hole. A few specimens from
each series had crack initiation at the gross section just ahead of the holes
as in Fig. 6(b) and (d). Here, crack initiation occurred at the surface of the
plate in the region where some differential movement during load cycling was
in evidence. Note in Fig. 6(s) and (d), the portions of dark annular rings on
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the plate surface approximately 1/2 the hole diameter in width, surrounding
the holes. This shiny region which records as black on the photograph is mill
scale which has been polished as a result of relative movement of the con-
tacting plates in the region of very high contact pressure. Fretting or rubbing
of the plates at the boundary of this region appears to be a prime factor con-
tributing to crack initiation in steel connected by high strength bolts.

-
. “™"——CAMERA VIEW OF

(s) CRITICAL NET SECTION

FIG. 6.—FATIGUE FRACTURES OF A440 STEEL IN BOLTED CONNECTIONS: (a) LO-
CATION OF FATIGUE CRACKS AND FRACTURES; (b) VIEW OF SPECIMEN L3B-7;
(c) VIEW OF SPECIMEN L4B-5; (d) VIEW OF SPECIMEN L4BX-9

There seemed to be no significant difference between the L3B and the L4B
series with regard to location of crack initiation. Examination of the average
fatigue strengths of the zero-to-tension tests at 100,000 and 2,000,000 cycles
(Tables 3 and 4) indicate an equivalent behavior at 2,000,000 cycles and
slightly improved behavior for A490 bolted joints at 100,000 cycles. Although
some error results from the natural scatter of the data, the steeper slope, &
of the S-N curves for A490 bolted joints versus k for A325 bolted joints fol-
lows the trend of similar comparisons of A514 joints at stress ratios of -1
and 0.

With respect to the number of initiation points in an individual specimen,
the A440 results differ from earlier A514 results (2). A514 steel showed in
many instances, numerous (on the order of 5 or 6) initiations at the fracture
surface while the A440 generally showed few initiations (on the order of 1
or 2).

ST 3 BOLTED STEEL FATIGUE 945

Several explanations for this can be put forth, one being that A514 steel
may be more susceptible to initiation and therefore more initiations are
likely to occur. Another contributing factor may have been the surface condi-
tion of the steel. The A440 steel was delivered with a smooth continuous mill
scale which was preserved during fabrication; on the other hand the A514
steel had discontinuities in the mill scale which appeared to have influenced
the location and the occurrence of fretting damage. Numerous studies have
shown that high strength quenched and tempered steels are more notch sensi-
tive in fatigue than lower strength steels.

FATIGUE DESIGN

Two of the principal structural steel design specifications American Asso-
ciation of State Highway Officials (AASHO) (10) and American Institute of

+80 T T
"\
(S
+60 —
&
2
w 1
[+
I~
(%)
g +40
2
>
<{
H
+20
i
NET SECTION
STRESSES IN
KIPS PER SQUARE INCH ]
o )
-40 :

~ =~ ——AISC Speciticotions, 1969 *60 80

MINIMUM STRESS

Loadinq Condition | Number of Loading Cycles

i 20,000 to 100,000

2 100,000 fo 500,000
3 500,000 to 2,000,000
4 Over 2,000,000

FIG. 7.—FATIGUE DIAGRAM~—COMPARISON OF TEST RESULTS A
s ND AISC SPECI-
FICATIONS (A440 STEEL IN A325 BOLTED CONNECTIONS) !

Steel Construction (AISC) (8) have been revised durin
fatigue design provisions for a
(A36) through the high streng

A fatigue diagram (Fig. 7)
A325 bolted connections of A
mum versus minimum net

g the past year to include
variety of steels from mild structural steel
th quenched and tempered steel (A514).

displays the results of the experimental data for
440 steel. The fatigue diagram is a plot of maxi-
section stresses to cause failure at a specified
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number of cycles. Data points taken from Fig. 3 are indicated in the figurAe; in which parallel the experimental data in Fig. 7: R = the stress ratio and
curves are shown dashed where there is no supporting data. Superimposed on f = a constant for a particular design life, detail type, and material. More-
the fatigue diagram are the new AISC (1969) allowable stresses for bolted over, data for A36 and A514 steels in bolted connections have shown agree-
steel having a yield point of 50 ksi. These new provisions base design on the ment with formulas in the form of Eq. 4. :

range of stress and not the stress ratio and maximum stress as was pre- Another comparison of experimental fatigue data and design specifications

is found in Fig. 8. Here the maximum net section stresses to cause failure in

- 2,000,000 cycles of full reversal loading in plain plates and bolted joints of
w0 Al F°"°s“|°.i‘e':":""2’0‘;;°m : the A36, A440 and A514 steel are compared to appropriate design recom-
r— veraoge L ¥ 0 : 2
o epels in full revarsal texls mendations for bolted joints from AASHO and AISC. The data for the bolted
3. =n 2‘5 B‘ 1ed ot tests . R joints of A36 steel are for galvanized steel which was found to have equivalent
" Rt (3.2) fatigue performance to ungalvanized steel in bolted connections (3). The
g 30f— N strength of a bolted joint has generally been shown to exceed that of a plain
= —l . plate of the same material when a comparison is made on the basis of net
z __1 section stress; this is the case with the A36 and A440 results but is not so
5 (202} for A514 steel. The lower strength of the A514 steel in connections (Fig. 8)
f 20— . is particularly evident in full-reversal loading; as previously stated, this is
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Yoo  ® a5 o . 10.—FATIGUE RESULTS FOR A514 STEEL IN BOLTED CONNECTIONS HAVING
" b 6‘0 ;,(_;) ?,E,“*’{ B o0 VARIETY OF DETAILS AND ASSEMBLY PRACTICE (GROSS SECTION STRESSES)
H ot T
o . H
tj e ; 3 g% sl o gt - 2440 A i apparently related to the fatigue notch sensitivity of A514 steel. In the com-
- O '%j o 3 ’é O Northwastern - A242 =Rat. (3) 200000 parison of results and specifications for full reversal loading, the require-
g e (g 8 o Germon - St 52 - Ret. (7) Zero - Tension _} ment.s‘ of. the AASHO and AISC specifications differ greatly. The AISC
e }; By Coy gl . oy L ! L specifications are generally more conservative for full reversal than AASHO,
() !"_j ek 3 195 100 500 1000 2000 40 especlally for A514 steel.
o B 0)o] o CYCLES TO FAILURE, IN THOUSANDS Previous studies and the results contained herein indicate that permissible
{; g (0]} \g B variations in proportioning and detailing can significantly affect the fatigue
O P 'O FIG. 9.~COMPARISON OF FATIGUE DATA FOR HIGH-STRENGTH STEELS IN strength based on net section stress in bolted joints. Thus, a design specifi-
P a; VAIiIE-TY OF BOLTED CONNECTIONS (GROSS SECTION STRESSES) cationbased on net section stress should necessarily have a sufficiently large
. margin of safety to account for all such variations or be furth li
oF . . . . . ] ¢ e further complicated
H viously done. The result is'a design dprocfss W‘ﬁc? tl: s:xrgzz’;‘;z:t‘gf&?‘fgs by special relationships to account for the effect of numerous connection
® Note that the allowable stress curves do not parallel the parameters.
ta]

cralthough they do s‘hox‘v a margin of safety éI}‘I glil cases. An allowable stress B & comparison 1s made of the results of this study and other results

formula which is similar to that used by A% ® for high-strength low-alloy steels, such as those from Northwestern Univer-
_f . (4) sity reported by Hansen (5) and those obtained in Germany by Steinhardt and
F = R e e e s e e

. 106k : Mohler (7), the fatigue data which show wide divergence on net section basis
L]
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shows very good agreement based ongross section stress in Fig. 9. All spec-
imens are butt type plate connections, however, the variations in material,
T:S:B ratio, theoretical efficiency, net section geometry seem to cause no
disagreement when the data are plotted on the basis of gross section stress.
The zero-to-tension stress cycle was chosen for comparison here because
more data were available. Further evidence of the role of gross section
stress as an indication of the fatigue strength of bolted joints is presented in
Fig. 10. Fatigue data for A514 steel in bolted connections (2) which includes
tests of a variety of details and assembly practice show little scatter when
the maximum gross section stress is plotted versus cycles to failure. Note
also in Figs. 8,9, and 10, that the average fatigue strength at 2,000,000 cycles
for the high strength steel A440 slightly exceeds that of the quenched and
tempered alloy steel (A514).

CONCLUSIONS

This investigation has provided quantitative information on the fatigue per-

formance of high-strength low-alloy steel in high strength bolted structural -

connections. The conclusions presented herein are based on the results of
constant amplitude fatigue tests and comparisons of these results with those
for tests of other steels of higher and lower ultimate strengths:

1. Tests of high strength steel in bolted joints reportedherein show im-
proved fatipue strength compared to similar tests of structural steel (A36),
Also, the results indicate that the high strength steel (yield stress « 50 ksi)
slightly exceeds the high strength quenched and tempered alloy steel (A514)
in fatigue strength at long life (approximately 2 million cycles)and reversal
loading (R = 0).

2. %Ii(gh strength steel (A440 whether fastened with A325 or A490 bolts
showed comparable fatigue performance at long lives (approximately 2,000,000
cycles) under zero-to-tension loading; an improvement in performfmce of
A440 steel in A490 joints was indicated at lower fatigue lives (approximately

les).

2001;?00012;,1? edr)y mill scale surfaces of A440 steel exhibited low values of
frictional resistance (1 = 0.18) compared to the value of 1 = 0.35 assumed
i ifications (9).

" ?e:\l fcg‘fn;au‘is(orz of a variety of fatigue tests of high strength stefel inb'olted
connections from three independent sources, suggests that the fatigue life of
steel plate in bolted connections is a function of gross section rather than net
section stress.
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APPENDIX II.-NOTATION

The following symbols are used in this paper:

d = nominal bolt diameter;
F = allowable fatigue stress;
F, =

n fatigue strengthat n cycles or maximum stressthat can be expected
to cause failure at n cycles of loading;
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transverse spacing (gage) of two consecutive holes;

slope of empirical straight line relating maximum stress and num-
ber of cycles to failure on log-log plot;

number of ghear planes in joint;

number of complete cycles of repeated loading to failure;

number of fasteners in joint;

load causing slip of bolted joint;

algebraic ratio of minimum to maximum stress;

stress corresponding to failure at N cycles on empirical curve;
average bolt tension at time of installation;

tension:shear:bearing ratio, ratio of the net section tensile stress
to shear stress on cross-sectional area of bolts to nominal bearing
stress; all are nominal stresses;

theoretical efficiency of joint; and

= coefficient of slip.




