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The information contained in this report was compiled exclusively for the use
of the Michigan Department of Transportation. Recommendsations contained
herein are based upon the research data obtained and the expertise of the re-
searchers, and are not necessarily to be construed as Department policy. No
material contained herein is to be reproduced—wholly or in part—without the
expressed permission of the Engineer of Testing and Research.



Summazry

Brief background information is presented concerning anchor bolf fajl~
ures that have occurred in cantilever sign structures, along with some of
the reasons suspected to be the cause of these failures. Objectives of this
investigation were as follows: 1) to determine the effect of galvanizing on
the fatigue life of typical anchor bolts; 2) to determine the effect of nut en-
gagement on the static strength of typical anchorbolt assemblies; and, 3) to
determine the effect of closeness of fit of the nut and bolt on the static
strength of selected bolt-nut combinations. Static loading tests were per-
formed on approximately 30 galvanized nut and bolt combinations in each of
two sizes (1-1/2-in. and 2-in. diameter) for the purpose of determining the
effect of nut engagement and closeness of fit. Fatigue evaluations were
performed on groups of five bolts each from two different lots of steel in
the 1-1/2-in. size, from each lot of steel five bolts were evaluated gal-
vanized as purchased, and five bolts were stripped of galvanizing prior to
fatigue testing. An addifional batch of ten 2-in. diameter bolts was evalu-
ated for fatigue life in two groups of five each, one group was galvanized
as purchased and the other group was plain steel never having been gal-
vanized but made from the same bar stock as the galvanized group. Two
additional 2-in. samples were fatigue tested at a reduced load range.
Thread interference information was obtained for many bolt-nut combina-
tions from different suppliers. Nondestructive evaluations were performed
with ultrasonic equipment and it was determined that fatigue cracks greater
than 1/4 in. in size could easily be detected. Results of fatigue experi-
ments showed that galvanizing dramatically reduced the fatigne life of an-
chor bolts and that thread root configurations can aiso affect fatigue life.
Static test results showed that nut engagement should be at least equal to
the diameter of the bolt plus 1/4 in. in order to develop the strength of the
bolt and that variation of thread interference (closeness of fit) encountered
in this experiment, all within specified tolerances, did not adversely affect
the strength of the assemblies.

Conclusions based on experiments performed are; 1) galvanizing re-
duced the fatigue life of anchor bolts; 2) all bolis evaluated failed to meet
specified requirements; 3) bolts cobtained from the MDOT warehouse had
unusually low fatigue lives; 4) the amount of nut engagement is an impor -
tant factor in determining the static strength of the anchorage; and, 5) ul-
trasonic testing was found to be capable of finding fat1g‘ue c¢racks in the
anchor bolts, even at relatively small crack sizes.




Initiation of the Investigation

There has been a series of failures of anchor bolts for cantilever sign
supports. Some of these failures have resulted in the collapse of sign
structures onto the roadway where vehicles have been damaged. There is
evidence that initial bolt failureshave been caused by fatigue after nuts had
loosened under vibration of the structure, or after bolts had been reduced
in section by long-term corrosion.

There also have been indications that some of the contractors do not
fully understand the physical situations involved, where bolts have been
cast in foundations in the wrong place or with too little projection. This
has resulted in anchoring the support on bent anchor bolts or on aachor
bolts with very little nut engagement. Although failures may not have oc-
curred in such cases, it is obvious that the design capacity was not achiev-
ed. Also, the intended distribution of load was not being attained in many
cases.

Previous research by others indicated that under some conditions,
galvanizing had reduced the fatigue strength of structural parts. Since
threaded fasteners have rather severe stress concentrations at the thread
root, they are probable candidates for the occurrence of problenis, if such
fatigue strength reductions exist.

Also, it is known that wind blast from trucks, wind gusts, and vortex
shedding cause dynamic loading and vibrations of the heavy cantilever struc-
tures. The type of loading ai the anchorage is a complex combination of
torsional and vertical loads; no known experimental measurements have
been made to determine the dynamic effects of these complex loadings, or
of the vibrational inertia of the huge structure.

Confirmation of, and solutions to these problems were needed; and
therefore, this investigation was initiated. Effects of closeness of fit on
static and fatigue strength also were considered.

Objectives

i. To determine the effect of galvanizing on the fatigue life of typical
anchor bolts.

2. To determine the effect of nut engagemént on the static strength of
typical anchor bolt assemblies.

3. To determine the effect of closeness of fit of the nut and bolt on the
static strength of selected bolt-nut combinations.



Scope

Seventy bolts and nuts with washers were purchased for this evaluation
from a Michigan supplier. Fifty-five of thesebolts were 2-in. in size, with
40 of them galvanized and 15 ungalvanized, all made from the same steel

_bar stock. TFifteen additional bolts from the same supplier were 1-1/2-in.

in diameterand were galvanized. Forty 1-1/2-in. bolts also were obtained
from regular stock at the MDOT warehouse to check those typically used
for installations by MDOT forces, and to add a variable of steel batch and
supplier. Twelve 2-in. hex head nuts, nongalvanized (and therefore not
retapped oversize) were acquired from a local hardware dealer.

Static tests with variable nut engagement and fatigue evaluations were
done. : -

Procedure

" Testing for Fatigue Life - The Material Testing System in the Struc-
tural Research Laboratory was used to load the specimens cyclically as
shown in Figure 1. Special loading fixtures, as shown, were built by the
Laboratory's Machine Shop. Ten of the specially purchased 1-1/2-in.
anchor bolt assemblies were separated into two groups of five., The first
group was evaluated as galvanized, while the second group had the galvan-
izing chemically removed from the threads. Ten bolt assemblies from the
Transportation warehouse were evaluated in the same manner. The load
range for all 1-1/2-in. bolts was +34, 000 1b (tension) to -13, 000 Ib (com-
pression). :

Twelve of the specially purchased 2-in. bolt assemblies were divided
into two groups of five and one group of two. One group of five was fully
galvanized (bolts and nuts) while the other five bolts made from the same
steel but ungalvanized were fitted with galvanized nuts. These two groups
were cyclically loaded to the full design range, from +47,000 Ib (tension)
to 11,000 Ib (compression). The other two bolts were fully galvanized but
they were tested at a load range of +35, 000 1b to -8, 000 1b which is 75 per-
cent of design load. Only two bolts were evaluated at 75 percent of design
load due to lack of specimens and because of equipment failure.

Testing for Effects of Nut Engagement - Thirty 1-1/2-in. galvanized
bolt assemblies from the MDOT warehouse weredivided into groups of five
and were tested at six different amounts of nut engagement ranging from
1/4d to 2d where d is the nominal diameter of the bolt. The bolts were
loaded statically to failure on the Tinius Olsen Universal testing machine.
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Thirty specially purchased 2-in. galvanized bolt assemblies were also
divided into six groups of five each for static evaluation. Within each group,
two assemblies were included that contained ungalvanized nuts. The un-
galvanized nuts were used to evaluate the effect of the additional thread
interference provided by nuts that had not been tapped oversize. Specifi-
cations for galvanized bolts require the nutsto be tapped oversize to obtain
sufficient clearance in the threads to allow ease of assembly. Thebolt
assemblies were then tested to failure in the Testing Laboratory's 600 kip
Universal testing machine. and the load recorded along with the type of
failure; nut engagement and thread interference were measured and record-
ed. Only two assemblies were evaluated at 2d engagement since it had
already been determined that lesser amounts of engagement would, in all
cases, develop the strength of the boilt.

Testing for Effects of Closeness of Fit - Every bolt assembly that was
used in the aforementioned tests was measured prior to testing, for clogse-
ness of fit or thread interference. Thevalue for thread interferenceis de-
rived by subtracting the minor diameter of the nut from the major diameter
of the bolt. Each value represents the average of measurements at three
different locations along the threads. (See Figure 2 for typical measure-
ment. ) '

MINOR
DIAM,

Amount of thread interference =
major diameter of bolts - minor

diameter of nut =~ /

MAJOR DIAM.
OF STUD

Figure 2. Method of determining thread interference.

The amount of thread interference foreach bolt-nut assembly is shown
in the tabies.



151

*(poseyoxnd Afperoeds sjoq *ui-g/T-1) ¢ pue T sdnoid ‘s1s9) snd1yey Jo Jnsey ‘g sansig

SANVSNOHL AIHANNH ‘ONIGVOT 3INSILVA 40 SITDIAD
o Se 1024 S1 ol S

_
_
_
_
_
_
40 o/ 001) NOISSIUAWNOD $87 000 I~ f
OL NOISNIL §971 000PE+ = IDNVY AvOol |
!
f
|
!
I

| | ! ! I I

(avoT NDIS3g

$31DAD 000 0051 A=
SN3WIDALS GIZINVATVONN - NVIOIN —smy

§37104D 000 282

2= SNINWID3JS |
l

)
|
I G3ZINVAIVO ~ NYIO3N
|

( ¥ dNOH9D)
Q3ddINLS WIHD
N3IHL 'Q3IZINVAIVO

{

(1 dNOY9)
GIAZINVAIVO

o<

00l

a37Ivd 1N3DY3d



Nondestructive Evaluation

Ultrasonic nondestructive evaluation equipment was used to check
specimens for fatigue cracks, and it was found that cracks greater than
1/4 in. in size could be detected quite easily.

Results

Fatigue Experiments - The first test here involved 10 each 1-1/2-in.
bolt assemblies. The galvanizing was removed from five of these assem-
blies and five remained galvanized. The cyclic stresses used were 100
percent of design live load and the samples used for each group were se-
lected at random from a total of 15 bolts. The results, recorded in Table
1 and shown graphically in Figure 3, indicate that removing the galvanizing
increased the number of cycles to failure by about five times, based on
either the average or the median. Only one bolt assembly from the ungal-
vanized group failed at less than 1,300,000 cycles of stress, while the
longest lived belt in the galvanized group failed at 565, 000 cycles (Table 1,
Groups 1 and 2, and Fig. 3).

Ten galvanized bolt assemblies were then randomly selected from the
MDOT warehouse, and the galvanizing removed from five of them. They
were then subjected to the same loading as the aforementioned bolts. Re-
sults are shown in Table 1 (Groups 3 and 4) and in Figure 4.

Changes in life weren't sodramatic as in the previous case. The bolts
with the galvanizing removed proved to be about 1.8 times longer lived
based on the average but more than 3.5 times based on the median. Two
of the galvanized bolts performed as well as some of the plain bolts. How-
ever, note the difference in horizontal scale on Figure 4 as compared to
Figure 3. Notice that even the galvanized then stripped specimens from
the warehouse lasted not even as longas the galvanized specimens specially
purchased. . Fatigue life is very poor for these bolts, whether galvanized
or not. An examination of the thread profile on the bolts obtained from the
warehouse revealed that the root of the thread had a shape with a flat bot-
tom and quite sharp corners on each side, while the specially purchased
bolts had a round bottomed shape. This may help explain the relatively
short lives of even the ungalvanized specimens shown in Figure 4, since
gharper notches tend to concentrate load and initiate earlier fatigue fail-
ures. The sharp notch configuration is one that may be encountered in any
supply of bolts. It is permigsible, by industry standards, to allow a sharp
cornered notch thread form on new tools. As the tool wears, the sharp
notches become rounded thus resulting in round hottomed shaped threads.
There also may be differences in the metallurgical structure of the steel,
but this was not investigated.



RESULTS OF

TABILE 1

FATIGUE EVALUATION
Sample Sample Sa-mple Load Numbex Location and
N Type Size, Range, of Cyecles T £ Fail
o ¥p in. ib to Failure ype ot latlure
e ) .
108 Galvanized 1-1/2 +34,000to 183,190 Failure at top of lower nut
-13,000
128 Galvanized 1-1/2 +34,000to 221,410 TFailure at top of lower nut
-13,000
: 9k Galvanized 1-1/2 434,000 to 564,670 Failure at top of uppernut
= =-13,000
2 A
< 3B Galvanized 1-1/2 434,000 to 350,610 Failure at two threads
-13,000 above upper nuwt )
E 5B Galvanized 1-1/2 +34,000 to 459,200 Failure within Iower nut.
o -13,000 Unusual multiplane fracture.
[+]
5 Avg= 355,816
AN £
o
= 8B Galvanizing 1-1/2 434,000 to 2,381,050 Failure at one thread into
g removed -13,000 upper nut
w 6B Galvanizing 1-1/2 +34.000 to 1,641,000 TFallure at one thread
remaoved =13, 000 above upper nut
& 1B Galvanizing 1-1/2 +34,000to 3,389,550 Failure at upper grip
%‘ removed ©-13,000 lower edge
5 B Galvanizing 1-1/2 434,000 to 1,358,420 Failure at one thread
removed -13,000 above upper nut
11B  Calvanizing 1-1/2 +34,000te 487,400 TFailure at one thread
removed -13, 000 above upper aut
\_ K Avg = 1,861,484
( 4 38 Galvanized 1-1/2 +34,000to 80,970 TFailed at 15th thread from
-13,000 threaded end
32 Galvanized 1-1/2 +34,000to 53,090 Failed at 15th thread from
: -13,000 end, cup shaped fracture
= 35  Galvanized 1-1/2 +34,000to 77,100 TFailed at 15th thread from
& -13, 000 end
é 39 Galvanized 1-1/2 +34,000 to 317,820 Fatled at 15th thread from
o =13, 000 end
0
_§ 26 Galvanized 1~1/2 +34,0001t0 251,620 Failed at 13th thread from
2 -13, 000 end, cup shaped fracture
=
2 k Avg= 156,120
g 4 41 Galvanizing 1-1/2 +34,000to 354,120 Failed at top of lower nut
- removed -13,9080
g 34 Galvanizing 1-1/2 434,000 to 288,450 Failed at top of lower nut
R removed -13,000
37 Galvanizing 1-1/2 +34,000 to 267,040 Removed specimen and
1 removed -1, 000 performed U.T. inspec-
3 tion. Fatigue cracks
5 were evident
40  Galvanizing 1-1/2  +34,000 to 158,570 Failed at top of lower nut
removed -13,000
33  Galvanizing 1-1/2 +34,000to 368,840 TFailed at top of lower nut
removed -13,000
.\ Avg = 287,404




{

TABLE 1 (Cont.)
RESULTS OF FATIGUE EVALUATION

Sample Load Number .
Sample Sample K Location and
o Type Size, Range, of Cycles T £ Fail
' ¥p in. 1h to Failure ype of Failure
e
VA Plain stud, 2 7,600 to 825,700 Dowuble plane fracture,
galvanized -11,0600 13th and 14th threads
nut from end of stud
27 Plain stud, 2 +47, 000 to 851,170 Double plane fracture,
galvanized -11,000 12th and 13t% *hreads
nut from end of stud
Ji=3 1% Plain stud, 2 47,000 to 2,278,920 Single plane fracture,
g galvanized =1L, 000 last full thread of stud
g ntxt at shaft
117 Plain stud, 2 +17, 000 to 3,240,420 Double plane fracture,
galvanized -11, 000 12th and 14th threads
nut from end of stud
122 Plain stud, 2 +47,000 to 3,317,690 Single plane fracture,
galvanized ~11, 000 11 threads from end
nut of stud
EAY Avg = 2,102,380
T
‘§ fr 7A  Galvanized 2 +7,000 to 520,910 Failure at 14 threads
E -11,000 from end, cup type
™ fracture
% S5A Galvanized 2 7,000 to 260,660 TFailure at 5 threads
2 -11, 000 from start of threads
@ © BA Galvanized 2 +47, 000 to 277,200 Failure at 14 threads
g- -11, 000 from start of threads .
G 204 Galvanized 2 +47,000 to 241,450 Failure at 9 threads
-11,000 from start of threads
184 Galvanized 2 +7,000 to 1,768,380 Muitiple plane fractures
-11, 000 between 13th and 16th
_ threads from end
> Avg= 813,716
36A Galvanized 2 +35,000 to 3,188,287 Not taken to failure
- 8,000%
: 36A Galvanized 2 +35, 060 to 3,000,000 Not taken to total
g - 8,000% failure. U.T. revealed
Q fatigue failure through
3/4 of the diameter of
the bolt
.\

* Toad range = 75 percent of design load.
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Ten 2-in. bolt assemblies were then tested from the samples specially
acquired forthis evaluation; all fabricated from the same lot of steel. Five
of these bolts were tested with galvanizing in place. The other five were
tested using galvanized nuts with oversize tap, but with the bolt never hav-
ing been galvanized. The assemblies were loaded through a range of
+47,000 1b to -11,000 b which represents 100 percent of the design load.
Results are shown in Table 1 (Groups 5 and 6) and in Figure 5. Here again,
the resuits indicate a dramatic difference in fatigue strength. Ungalvan-
ized specimens lasted about three times as long based on the average; and
nearly six times as long based on the median.

Based on results to this point, it was decided to use the remaining
specimens to determine the effect of a reduction in stresson the life of the
galvanized bolts. Loading for these galvanized specimens was reduced to
about 75 percent of that used for all other specimens of the same size (see
Table 1, Group 7, and upper right hand corner of Fig. 5). One specimen
was found to have fatigue cracks through about three-quarters of its dia-
meter at slightly above three million cycles. The second specimen was
still without significant cracking at about 3-1/4 million eycles when it was
inadvertently overloaded, and was removed from further evaluation. The
loading fixture fractured, early in the life of the next specimen, ending the
tests. Since there was no more experimentation {o be done in addition to
this series, the fixture was not rebuilt and the loading program was ter-
minated, Thus, the final specimen evaluated had an indeterminate life,
somewhere above 3-1/4 million eycles.

Discussion

. Notwithstanding the variance in the results obtained from the MDOT
warehouse holts, the evidence would definitely indicate that galvanizing
dramatically decreasesthe fatigue life in bolt-nut assemblies. Analysis of
the results by the Statistical Analysis Unit indicated that the reductions are
statistically significantat the 95 percent confidence limit, They also noted
that for fatigue life data such as these, the median values are better esti-
mates of the life than are the average values.

From a first consideration of the subject, some have concluded that
the changes in the fatigue life were due tothe heat of the galvanizing cycle. .
However, while some of the above bolts had never been galvanized, others
were initially galvanized and thenhad the galvanizing stripped from half the
specimens. These stripped specimens had lives about equivalent to speci-
mens never galvanized, evidently confirming that the fatigue life reduction
was a direct result of the coating itself.

A recent report furnished to us by the American Hot Dip Galvanizers
Association gives details of related research done in England. The con-
clusion was that fatipue cracks initiated in the 'delta' iron-zine alloy layer

-11 -
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and propagated both inward and outward. Sometimes the cracks gtopped at
the steel interface, but in other cases they went on into the steel and ini-
tiated a fatigue fracture. If we accept this conclusion, it could explain the
variation in results we obtained when testing the galvanized versus ungal-
vanized specimens. Whatever the specific cause, it is obvious that remov-
ing the galvanizing from the studs greatly increases the fatigue life of the
bolt assemblies and brings them in line with those specimens never having
been galvanized. It should also be noted here, however, that when two 2-
in. galvanized bolt assemblies were fatigue tasted at 75 percent of design
load they exhibited much higher fatigue life. This would seem toindicate
that galvanized fasteners should have a lower design stress than ungal-
vanized. The 25 percent reduction tried here on a small number of sam-
ples brought the fatigue life up o approximately the same level as for
ungalvanized fasteners at full design stress. The extremely small sample
size prevents accurate conclusions, but it is well known that stress reduc-
tions increase fatigue life and the results are in line with expectations based
on previous experience.

Previous results also have shown, as should be expected, that corro-
give attack also reduces fatigue life. Therefore, it seems reasonable, in
highly corrosive locations like anchor bolts forhighway signs or light stan-
dards, to use galvanized fasteners with reduced design loads until such
time as more adequate treatments may become available. A recently de-
veloped stainless clad steel bar, or some similar device may provide a
better solution in the long 1un.

Nut Engagement - Table 2 shows the results of statictension tests per-
formed on specimens with different degrees of nut engagement, ranging
from one quarter the bolt diameter totwice the bolt diameter. The resuits
are similar regardless of the size of bolt or whether or not the nut is gal-
vanized. These results, shown graphically in Figure 6, clearly show that
for the limited sample of material properties and thread engagements
evaluated, over 90 percent of the capacity of the bolt-nut connection is de-
veloped when the nut engagement reaches three-quarters of the bolt diame-
ter. The rate of increase in capacity is greatly reduced above the 3/4d
engagement although an increase is always experienced from 3/4d to 1d,
The aforementioned conclusionis further evidenced when the type of failure
is considered at each engagement. All of the failures below the nut engage-
ment of 3/4d were thread failures; whereas, failures of the bolt began to
occur at 3/4d and above (Table 2). The results of these tests would then
indicate that the amount of nut engagement should definitely bea. consider-
ation, as would be expected. Nut engagement should not be less than 1d.
It should also be noted here that while the ultimate strength of these bolts
was specified to be 85,000 psi, with 50, 000 psi yield strength, in no case
did a tested bolt meet both specified strength requirements. Physical pro-
perties of the steel used in the anchor boits are given in Table 3.

-13 -




TABLE 2

STATIC TEST RESULTS

Sample Nut Ultimate
Sa;n ple Size, Engagement Insjrf?ra;ce YLoad, Remarks
o in. |(d=boltdla.) b
e , -
1 1-1/2 1/4d 0.107 35, 000 Failure of stud thrzads
2 L 1-1/2 1/4d 0.101 37,500 Failure of stud threads
3 1-1/2 1/4d 0.109 33,000 Failure of stud threads
4 1-1/2 1/4d 0.101 33, 500 Failure of stud threads
5 1-1/2 1/4d 0.104 29, 000 Failuare of threads from
stud and nut
6 1-1/2 1/2d 0.103 57,250 Failure of stud threads
7 1-1/2 1/2d 0.106 43, 000 Failure of stud threads
8 1-1/2 1/2d 0.108 63,250 Failure of stud threads
9 1-1/2 1/2d 0.108 59, 250 Failure of stud threads
10 1-1/2 1/2d 6.107 87, 000 Trailure of stud threads
3 11 1-1/2 3/4d 6.105 77,250  Fallure of stud
2 12 1-1/2 3/4d 0.112 75,250 Failure of stud
§ 13 1-1/2 3/44d 0.105 77,500 Failure of stud
= w 14 1-1/2 3/4d 0.106 75,000 Failure of stud threads
Ea g, 15 1-1/2 3/4d 0,507 77,0040 Failure of stud threads
81 &1 18 1-1/2 1d 0.096 76,250  TFailure of stud
| C1 1-1/2 14 0.097 76,750  Failure of stud
g 18 1-1/2 1d 0.103 79, 000 Failure of stud threads
] 19 1-1/2 1d 0.104 78, 000 Failure of stud
20 1-1/2 1d 0.100 77, 250 Failure of stud
21 1-1/2 1-1/2d ¢. 096 76, 000 Failure of stud threads
22 1-1/2 1-1/2d 0.107 T, 000 Failure of stud
23 1-1/2 1-1/2d 0.100 77, 280 Failure of stud
24 1-1/2 1-1/2d 9,108 77,000 Failure of stud
25 1-1/2 1=1/2d 0.105 77,500 Failure of stud
26 1-1/2 2d 0.106 78,500 Failure of stud
27 1-1/2 ad 0.104 81, 900 Failure of stud
28 1-1/2 2d 0. 094 18, 260 Failure of stud threads
29 1-1/2 2d 0.110 76, 900 Failure of stud
L& 30 1-1/2 2d 0.100 78, 000 Failure of stud threads
e
394, Stud
1/4d N , i
394 Nat 2 / 0.142 70, 500 Failure of stud threads
30A Stud R
104 Nut 2 1/4d 0.150 78, 300 Failure of stud threads
384 Stud .
1/4 0,147 , i
384 Nut 2 /4d 72, 300 Failure of stud threads
294 Stud
1/4d .204 78, i
3 12K Nt 2 / 0.20 8,300  Failure of stud threads
o
&
2 « | 144 Stud 2 1/4d 0.187 °  .72,300  TFailure of stud threads
E % 4K Nut )
=1 2 374 stud
3| 2 1/2d 0.149 137,000  Feiitwe of stud threads
§ 3TA Nut
@ 34A Stud
34A Nut 2 1/2d 0.155 144, 400 Fallure of stud threads
33A Stud
i
394 Nut 2 1/24 0.144 122,100 Failure of stud threads
264, Stud .
: 0.1 143,
9K Nt 2 1/2d 38 3,200 Failure of stud threads
28A Stud
§K Nut 2 1/2d 0.190 138, 600 Fallure of stud threads

[ —

R
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TABLE 2 (Cont.)
STATIC TEST RESULTS

[

Sample Nut Ultimate
P No. in. |@=holtdia.) 1b
l
124 Stud .
.154 , d
124 Nut 2 3/4d 0.15 177,300 Fallure of stud threads
13A Stud . .
0.1
124 Nut 2 3/4d 56 180, 800 Failure of stud threads
234 $ud
.1 , d
234 Nut 2 3/4d 0.182 175,100 Failure of stud threads
27A Stud 3/4d 0.188 178,800  Failure of stud threads
8K Nut
4A Stud )
4d . 181, 70
3K Nut 2 3/ 0.189 0 Failure of stud
11A Stud ) .
: .1 179,1
11A Nut 2 1d 0.152 8,100 Failure of stud
224 Stud
1id 0.164 184, 000 stud
224 Nut 2 s Failure of
3| _ |25astud 2 14 0.160 183,300  Failure of stud
8| 5 |25a Nut
g1 g
g 9 asmd 1d 0.200 179,600  Failure of stud
il 10K Nut
= =3
=
E| 3 |tAStud 2 1d 0.193 182,900  Failure of stud
§| & =nm
o]
244 Stud
- 14 1,70
24A Nut 2 1-1/2d 0.149 18 0 Failure of stud
94 Stud .
- . 183,
94 Nut 2 i-1/2d 0.162 83, 500 Failure of stud
10A Stud
- . 182, i
104 Nt 2 1-1/2d 0.152 82, 200 Failure of stud
2A Stud
-1/2d . 181,7
11K Nt 2 1-1/2 0.194 81,700 Failure of stud
40A Stud y
11 0.193 1
K Nut 2 /2d 9 81, 200 Failure of stud
21A Stud
1 ,
1A Nut 2 2d 0.162 187,200  Failure of stud
834 Stud .
84 Nut 2 2d 0.159 183,000 Failure of stud
N

NOTE: A désignates galvanized, K designates nongalvanized.
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ULTIMATE LOAD, LBS.

190,000

1 70,000

130,000

130,000

1 10,000

90,000

70,000

Y ]

- 2" BOLTS

O.
- ,/411:——I-|/E'BOLTS

S | | L] |

.25d .50d 754 1.00d  1.25d .50d 1.75d

NUT. ENGAGEMENT

Figure 6. Variation of strength with nut engagement.
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o

Closeness of Fit - The closeness of fit oramount of thread interference
was measured for all bolts tested as indicated in Table 2. The tolerances
specified for this application were compared to values measured in the ex-
periment, and it was found that the thread sizes are within the specified
limits, but shifted within those limits toward the low side of thread inter-
ference. The amount of interference for the 1-1/2-in. bolt-nut combination
ranged from 0.096 in. to 0.112 in. which is only a range of 0. 016 in. and
likely would not influence the results. The amount of thread interference
on the 2-in. bolts ranged from 0.142 in. to 0.164 in. (0.022 in. range) for
the galvanized bolt and nut combinations, and from 0.187 in. to 0.204 in.
(0.017 in. range) for the galvanized bolt and plain unretapped nut combina-
tions. ("K' series nuts are plain unretapped nuts.) These values are all
indicated in Tables 1 and 2. Since we have figures on the closeness of fit
for all specimens, we can easily check the groups tested where the type of
failure was predictable and any change in the results due to lack of thread
interference would be identifiable.

A review of the results indicates that the small amount of variation in
thread interference doesnot appear to be a significant factorin the failures
that cccurred. This does not mean that thread interference is unimportant,
but rather that all bolt-nut combinations evaluated had sufficient interfer-
ence to develop the strengths required of this type of fastener.

Appearance of Fracture in Fatigue

Typical examples of the fracture surfaces of the fatigue specimens are
shown in Figure 7, showing evidence of the progression of the fatigue crack
across the face and the resulting total failure with very little plastic de-
formation of the bolt. Static tests (not illustrated) give an entirely differ-
ent type of failure, where large deformations, distortion of the threads,
and considerable reductions in area occur. These, of course, are the re-
sult of overload to failure in one single, slowly applied cycle of loading;
while the fatigue failures result from thousands or millions of applications
of significantly lower loads. -

The fatigue fracture faces shown ‘in Figure 7, also are typical of the
failures that have oceurred on actual structures in the field.

-
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Group 2, No. 7B

Group 2, No. 8B

Group 4, No. 34

Group 4, No, 41

Figure 7. Typical examples of the
appearance of the fatigue fracture
surface. ‘
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Conclusiong

1. Galvanizing reduced the fatigue life of the anchor bolts.

2. Anchor bolts obtained by special purchase and from the MDOT
warehouse failed to meet the specified requirements for yield and ultimate
strengih. '

3. Bolts obtained from the warehouse had unusually low fatigue lives.

4, The amount of nut engagement is an important factor in determin-
ing the strength of an anchorage. Iess than one diameter of engagement

reduces the strength.

5. Ultrasonic nondestructive evaluation was found to be capable of
finding fatigue cracks in the anchor bolts, even at relatively small sizes.

Recommendations

1. It is recommended that a directive or specification be written to
the effect that onall bolted connectionsthe nut bethreaded onto the stud for
at least the full depthof the nut plus 1/4 in. If the projectionisn't sufficient
to accomplish this, and there are compelling reasons for not removing and
replacing the foundation, effective engagement should be obtained by mak-
ing larger holes in the plate and using a special oversize nut with a reduced
section and shoulder. This type of device was developed many years ago
for such applications, and is schematically shown in Figure 8.

2. Design stresses for galvanized anchor bolts should be reduced by
25 percent, especially for cantilever type sign supports.

3. Additicnal acceptance testing should be conducted on anchor bolts
to improve the probabilities that specified strengths are obtained.

4. Experimental measurements should be done to determine the actual .
dynamic stresses.in anchor bolts for large cantilevers in service.

5. Aninspection program usinguitrasonic inspection equipment should
be carried out to determine the condition of existing anchor bolts in the
field. Any loose nuts should be tightened.

6., Further work should bedone fo identify corrosion resistant anchor
bolts that are less susceptible to fatigue.

~21 -



