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SUM MAR Y 

This report presents the results of an experimental 

investigation sponsored by the Texas Department of Highways and 

Public Transportation to determine the influence of several speci­

fication and design parameters on the fatigue behavior of commonly 

used anchor bolts. The parameters studies include: type of steel, 

thread series, nominal diameter, thread forming method, and stress 

range on the tensile stress area. 

Specimens were 3B in. long with a 6 in. thread on each end 

and were fabricated from A36, A193 Gr. B7, and 4340 heat treated steel 

in nominal diameters from 1-3/B in. to 2 in. Thread series investi­

gated were BUN, 6UNC, and 4-1/2UNC, with a direct comparison of BUN 

versus 6UNC thread series. Also, rolled versus cut threads in the 

BUN series were studied and all threads were measured to determine 

the actual tolerance of fit and the effect on bolt behavior. 

All specimens were tested in uniaxial tension under sinusoidal 

cyclic loading utilizing a 50 cu. in. pulsator and a 200 ton center­

hole hydraulic ram. The main experimental variable was stress range. 

Ultrasonic inspection during the testing was used to 

determine initiation and extent of cracking of the specimen with 

respect to load cycles. 

The specimens were tested in a factorial experiment design 

and the results were analyzed statistically to determine the signifi­

cance of the above parameters on the fatigue life of the anchor bolts 

tested. 

Analysis of the test results showed that the fatigue life of 

anchor bolts is comparable to a Category E detail in the present 

AASHTO fatigue specifications. The pitch of the thread and the 
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diameter of the anchor bolt did not influence the fatigue behavior of 

the bolts studied. The tensile strength of the steel did influence 

the fatigue life of the anchor bolts. The A36 steel bolts gave signifi­

cantly longer fatigue lives. The test series of anchor bolts with 

rolled threads yielded fatigue lives comparable to bolts with cut 

threads except at the lower stress ranges. No cracking of the rolled 

threaded bars was found for stress ranges of 10 and 15 ksi. Longitudinal 

beam ultrasonic inspection of anchor bolts was found to be capable of 

detecting early stages of fatigue cracking. A method of estimating the 

remaining fatigue life of a bolt with a fatigue crack was developed. 
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IMP L E MEN TAT ION 

This report contains the results of axial tension fatigue 

tests of anchor bolts with single nuts. The results show that there 

is no advantage in using high strength anchor bolts from a fatigue 

standpoint. High strength bolts consistently yielded lower fatigue 

lives than A36 steel bolts. The fatigue life of the bolts was found 

to be comparable to that of a Category E detail in the AASHTO fatigue 

specifications. Future tests will provide information on the influence 

of double nuts, leveling nut and top nut, on the fatigue life. The 

present results should be a lower bound to the fatigue life of double 

nutted bolts and, consequently, provide conservative data for design. 

The influence of thread fit upon fatigue life was not found 

to be systernatic. An oversizing of 0.033 in. on galvanized nuts used 

with galvanized bolts that meet ANSI minimum uncoated thread tolerances 

was found to be satisfactory. 

Ultrasonic inspection using a longitudinal beam provides a 

rapid and sensitive means of detecting fatigue cracks in anchor bolts 

and is recommended for field inspection. A means of estimating 

remaining fatigue life and inspection intervals is given in the report. 
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C HAP T E R 1 

INTRODUCTION 

1.1 Objectives 

The fatigue strength of anchor bolts used in highway structures 

is becoming increasingly significant both in the design of new struc­

tures and in the safety and serviceability of existing installations.
12 

Bolts used to anchor bridge elements, sign posts, luminaires, lighting 

towers, and other structures subjected to fluctuations in load should 

be designed to perform safely and economically under these dynamic 

loadings throughout the design life of the structure. 

The phenomenon of fatigue may generally be defined as the 

initiation and propagation of cracks which begin at the crystalline 

level of the material and grow into larger cracks which progress 

through the material. This crack initiation and growth occurs under 

repeated applications of stress that may often be considered well 

below the static capacity of the bolt. As the crack propagates, the 

cross section of the load-carrying area is reduced resulting in 

eventual structural failure.
S 

In order to safely and economically design against structural 

fatigue failures of anchor bolts, the designer must couple loading 

and life requirements with material properties, thread details, and 

fabrication quality. Previous investigations of the fatigue strength 

of threaded connections6 ,7,8,13 have indicated that the type of steel; 

nominal diameter; thread details such as relative thread stiffness, 

thread pitch, root radius, fit tolerances, stress distribution within 

the nut, and thread forming method; and stress conditions of maximum 

stress, minimum stress, stress range and stress ratio all have an 

effect on fatigue strength. 
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Although some investigations have considered a range of bolt 

diameters, most previous work has .been done with standard machine 

bolts and studs within a diameter range of 3/8 in. to 1 in. However, 

for most highway structures, anchor bolts are commonly fabricated 

from rolled bar stock in sizes from 1 to 2 in. in diameter. Also, 

in most investigations reviewed, the systematic evaluation of the 

various parameters for significance and interaction was minimal. 

The objective of this investigation was to determine system­

atically the primary parameters which affect the fatigue life of 

commonly used anchor bolts. To reach this objective, 36 anchor bolts 

were fabricated and tested during the course of the project. The 

results of these tests were systematically analyzed for significance 

and interaction of controlled experimental variables. To supplement 

this objective, full-size static pullout tests were performed to 

determine the ultimate load capacity for each specimen type. Also 

Charpy V-notch tests were used to determine the fracture toughness 

for all steels tested as a function of temperature. 

1.2 Experiment Design 

The experimental fatigue testing program was structured using 

a factorial design so that a limited number of specimens could be 

tested in such a way to give maximum return of significant data. 

Because of this relatively small sample size and the inherent scatter 

accompanying fatigue data, the experiment was designed to use satis­

tical methods of analysis to determine, within desired confidence 

limits, the significance and interaction of controlled variables. 

2 

1.2.1 Test Variables. Previous investigations indicated five 

major factors affect the fatigue strength and life of threaded 

connections: 

(1) Steel type 

(2) Nominal Diameter 

(3) Thread Type 



(4) Thread forming method 

(5) Nominal stress 

3 

This study included anchor bolts made from three types of 

steel: A193 Grade B7, A36, and heat treated AISI 4340. These steels 

give a range in minimum yield stress from 36 ksi for A36 to 150 ksi for 

the 4340 with an intermediate value of 105 ksi for the A193 Gr. B7 

steel. Typically, A36 steel is used for light load anchoring and 

A193 Gr. B7 and 4340 steels are utilized when large loading capacities 

are required. All A36 specimens with cut threads were specified to 

be galvanized according with ASTM standard A153, Class C. The A36 

specimens with rolled threads were left uncoated. 

Three different diameters, 1-3/8 in., 1-3/4 in., and 2 in. were 

used in the study with a majority of the specimens being 1-3/8 in. 

in diameter. Diameters were varied within both high and low strength 

steel types. 

Three thread series were investigated in this study: 8UN, 

6UNC, and 4-1/2UNC. These thread series represent typical sizes 

specified and used for anchor bolt applications in highway structures. 

In the experiment design standard UNC threads were compared to 8UN 

series threads to determine the effect of thread size on fatigue 

behavior. In addition to thread series, clearances of galvanized 

threads were measured and correlated totest results to determine the 

effect of thread fit. All nonga1vanized threads were specified to 

conform to American National Standard for Screw Threads (ANSI B1.1), 

class 2A fit.2 Also included in this study were the effects of two 

thread forming methods used in bolt fabrication. Specimens with rolled 

threads and cut threads were compared inside one factorial group of 

identical steel, nominal diameter, and loading. 

The stress variable selected for the experiment was stress 

range. This variable was applied in a factorial experiment design to 

facilitate the determination of the effect of stress range on specimen 

fatigue life. Maximum stress in all specimens was held constant at 
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75 percent of nominal yield for each steel type. Minimum stress during 

dynamic loading was determined by the maximum stress minus the stress 

range. All stress parameters were based on the tensile stress area 

or effective area of the threaded portion of the test specimens. 

1.2.2 Factorial Design. Six series of specimens were fabricated 

for the study which included variations in steel type, diameter, thread 

Wpe, and thread forming method. Two series supplied were also hot­

dipped galvanized. A list of the test specimen series and their 

respective variables is given in Table 1. 

The basic experiment performed for each test series was defined 

by the selected stress variable, stress range. Therefore, the influence 

of each variable could be evaluated at similar stress levels. 

The basic factorial initially designed is given in Table 2. In 

this configuration, stress range was varied through three levels across 

all test series, providing two replicates in each cell. This design 

was used since it facilitated the systematic analysis of all test 

variables. 

The loading system used for testing was capable of tension only 

loading, consequently the A36 steel specimens in the t.est series 

D, E, and F could not be tested at the maximum stress range of 30 ksi 

as shown in the initial design. These specimens were tested at stress 

ranges of 15 to 25 ksi to provide additional fatigue life data. There­

fore, the basic experiment factorial was incomplete in that not all 

levels of stress range were tested for all series. Also, those 

specimens which did not fail and some which failed with sufficient 

threads remaining were retested. The replication in a cell of some 

test series was increased by using these specimens. 

The final experimental design allowed the systematic evaluation 

of the effects of steel type for 1-3i8 in. diameter specimens at stress 

levels of 10 and 20 ksi for the combination of high and low strength 

steels. Also, the effect of bar diameter can be determined for the 



A193 Gr. B7 steel at all stress ranges for 1-3/8 in. and 1-3/4 in. 

diameter specimens which have 8UN series cut threads. 

5 

In several cells, the final test factorial is confounded by 

differences in thread sizes. In a future study additional specimens 

of A36 1-3/8 in.-8m~ and 2 in.-8UN cut threads will be tested to allow 

unconfounded statistical analysis of all test variables. The results 

of these tests will be presented in a subsequent report. 

The final experimental design factorial for all specimen series 

and test variables are given in Table 3. 



C HAP T E R 2 

TEST SPECIMENS AND EXPERIMENTAL PROCEDURE 

2.1 Specimen Design 

All anchor bolts in this study were 38 in. long with a 6 in. 

long threaded section in each end and were supplied with two nuts as 

shown in Fig. 1. These units were tested as shown in Fig. 2. This 

testing method provided a region of uniform uniaxial tension between 

the interior faces of the nuts. 

2.2 Specimen Fabrication 

All anchor bolts were fabricated from hot rolled bar stock cut 

to the specified length and threaded on each end with the appropriate 

thread series specified for each diameter and type of steel. In order 

to simulate as realistically as possible the quality of threads 

obtained in actual construction, all bolts and nuts were obtained 

through commercial vendors and suppliers. The nuts for all A193 and 

4340 specimens were ASTM A194-73 heavy hex grade 2H nuts. 

Although all uncoated threads were specified to conform to 

ANSI standards for a class 2A fit, undersized threads were measured on 

several test specimens. However, since anchor bolts with undersized 

threads may also be delivered to actual construction sites, these bolts 

were tested without special treatment. In addition, the nuts on all 

galvanized specimens were tapped oversize an unspecified amount to 

provide clearance on the galvnized external threads of the bolts. 

Although overtapping of galvanized nuts is standard practice, the ANSI 

standard does not apply to coated threads. Thread fit and its effect 

on anchor bolt fatigue life, along with the results of thread measure­

ments are discussed in detail later in the interpretation of test 

results. 
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In order that material properties could be kept constant 

throughout each steel type tested, all anchor bolts of each steel and 

diameter were fabricated from bar stock from the same heat of steel. 

Two tension test specimens were machined from the quarter-diameter 

points from bar stock of each steel and diameter type according to 

7 

the ASTM A370 standard for 0.5 in. diameter test specimens. The tests 

were conducted in a Tinius-Olsen lOa-kip screw-type mechanical testing 

machine, and instantaneous results of load and elongation were plotted 

automatically. The testing speed was 0.025 in./min. until the static 

yield load was determined. The speed was then increased to 0.1 in./min. 

and maintained at that rate until the specimen ruptured. Elongation 

of all specimens were computed using an initial 2 in. gage length. 

The average mechanical properties for each specimen type are 

given in Table 4. For comparison the mill test results which accom­

panied each steel type are also presented. The results of the 

laboratory tests are above minimum requirements for all specimens 

except Series F (A36, 2 in. stock). Measured dynamic yield for this 

series was only 74 percent of the specified 36 ksi minim\1m yield strength 

for A36 steel, while the mill report accompanying this purchase indicated 

the yield strength to be over 41 ksi. 

Tests to determine chemical composition were conducted by an 

independent testing laboratory on each steel and diameter type. Samples 

were taken at random from previously tested fatigue specimens. The 

results of this analysis along with the mill report analysis and 

specification requirements are presented in Table 5. Both the labora­

tory analysis results and mill reports correlate well with the values 

and check variations allowed by the specifications for all except the 

Type F specimens. Laboratory results indicated the Type F steel had 

only 0.06 percent carbon, or about 1/4 of the normal percentage for A36 

steel. Also the manganese content of the Type F steel was only 67 per­

cent of the minimum required. 
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Both the mechanical tests and chemical analysis of the Type F 

steel gave results which showed this steel type to be understrength 

and out of specification. However, all other test series gave results 

that were within specification a11owab1es. 

Upon delivery to the laboratory, specimens were die marked on 

each end with a four character identifying code. Each specimen was 

coded by test series, stress range, replicate number and bar end. This 

specimen designation is given in Table 6 and Table 7 gives an index 

of test specimens by identifying code. Also, in order to randomize the 

effect of uncontrolled thread quality within a given test series, all 

specimens within a series were randomly marked for testing at the 

specified stress levels. 

2.3 Loading Apparatus 

The loading system was a 200 ton center hole hydraulic ram. A 

50 cu. in. pulsator provided the loading. The pulsator uses a constant 

displacement, flow controlled, high-pressure hydraulic pump to maintain 

the specified maximum jack load. A variable-stroke hydraulic pump is 

used to vary the ram load by displacing a given amount of hydraulic 

fluid from the fully loaded system. The sinousoida1 cyclic loading 

pattern is obtained by setting the stroke of the piston to the required 

displacement to allow the load in the ram to fall to the required 

minimum load. The piston then returns the displaced fluid to the ram 

to complete the loading cycle. Test frequency ranged from 400 to a 

maximum of 500 cycles per minute with most specimens being tested at 

the maximum frequency. Figure 3 shows a photograph of the complete 

loading system. 

All specimens were tested in uniaxial tension with the load 

applied directly to the nuts by bearing plates which measured 8 in. X 

6 in. X 1.5 in. thick. These plates were used to transfer the ram 

load directly to the inside face of the nuts as shown previously in 

Fig. 2. Three pairs of plates were utilized in order to accommodate 

each of the three different diameters tested. Machined aluminum 
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spacers were attached to the bearing plates to provide an accurate 

means of radially centering the specimen in the loading ram. The 

accurate centering of the anchor bolt in the ram was done to ensure 

that the applied load was concentric with the bolt centerline. Small 

bending moments were measured in the bolts due to their initial out­

of-straightness and the faces of the nuts not perpendicular to the 

axis of their threads. 

2.4 Instrumentation 

The test instrumentation consisted of a static strain indicator 

for measuring the output of strain gages applied to each specimen for 

the determination of bolt load and control of dynamic stress range. 

Two 0.64 in. gage length, 120 ohm, paper backed resistance strain gages 

were mounted longitudinally opposite each other at the middle of each 

specimen as shown in the photograph in Fig. 4. Two gages were used to 

compensate for any bending in the bar. During static loading, strain 

outputs were averaged and converted to give a nominal tensile stress. 

Typically, the difference between the two gage readings was less than 

7 percent. 

During the early stages of testing, dynamic stress range was 

set by displaying the strain output of a single gage on an oscilloscope 

which was calibrated to a known strain. Load range was increased until 

the desired strain range was displayed on the oscilloscope. Estimated 

accuracy of this system was considered to be ±2 percent or the accuracy 

of reading the oscilloscope trace. 

For later tests the strain gages were connected to an amplitude 

measuring module which contains a power supply for the strain gage 

bridge, a high gain amplifier, and a two stage voltage comparator. 

The comparator circuits compare the amplified strain signal with two 

calibrated DC voltages corresponding to the desired maximum and mini­

mum strains. The difference between the desired strain gage output 

was displayed on an oscilloscope. This system enabled the desired 

dynamic load to be set within 1 percent. 



Both static and dynamic loads as determined by the specimen 

strain gages were checked with a calibrated load cell placed in the 

loading system and were found to give values within 2 percent of the 

desired values. 

2.5 Experimental Procedures 

10 

The sequence of testing was randomized within specimen series so 

that the effect of uncontrolled variables such as temperature or opera­

tor technique would also become random. As stated previously, the 

selection of test stress range for each specimen was also done randomly 

within each test series to randomize the effect of variable thread 

quality. By randomizing these uncontrolled variables, the effects of 

the variables could be considered as random error during the analysis 

of the test results. 

All specimens were tested in the loading ram shown in Fig. 5. 

Each strain-gaged specimen was inserted through the ram and centered 

radially by the end bearing plates. The nuts were then placed on the 

ends of the bolt to complete the assembly. The exact position of the 

nut on the threaded portion of the bolt was not kept constant through­

out the study, but was occasionally varied to prevent excessive wear on 

the loading ram, to insert a load cell, or to allow for retesting of 

failed specimens. The range of variation of nut position is given in 

in Fig. 6. 

The assembled specimens were loaded statically to 75 percent of 

the minimum yield strength on the tensile stress area of the threaded 

bolt. Tensile stress area AT as defined by ANSI is equal to: 

AT = 0.7854~ _ 0.~74~2 (1) 

where D the nominal bolt diameter and 

n = the number of threads per in. 

The desired stress level in the specimen was obtained by averaging the 

two strain gage readings from the gages placed at the center of the 
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bolt. By averaging these readings, strains induced by seating moments 

were cancelled to give a net axial strain at the center of the bar. 

This strain reading at the gages was directly related to the stress on 

the tensile stress area by the following equation: 

where £g 

At 

A 
g 

E 

at 

the averaged strain reading from the gages 

the tensile stress area 

the area of the bolt computed from the average measured 
diameter at the gage location 

the modulus of elasticity taken as 30000 ksi, and 

the desired stress on the tensile stress area 

Each specimen was loaded statically in increments from zero 

(2) 

to the maximum stress level at least three times before cyclic loading 

was begun. During these three loading cycles, strain readings which 

corresponded to maximum and minimum test stresses were recorded for 

each gage. The load in the bar as indicated by the strain gages was 

also checked by noting the total system pressure applied to the effec­

tive ram area, and bolt elongations at both maximum and minimum test 

stress levels were recorded with a 0.001 in. dial gage. These deflec­

tions were used to set the maximum deflection during dynamic loading, 

and the difference of these two readings was used to check the range of 

loading set by the strain gages during dynamic testing. Typically, the 

dial gage range could be read no closer than ±0.001 in. during the 

dynamic loading. However, this reading was usually within ±2 percent 

of the maximum static deflection. 

After the static loading phase was completed, the load was 

again set to the maximum level and the pulsator system was engaged. 

The variable-stroke piston was manually adjusted to give the desired 

stress range as indicated by the strain output and test instrumentation 



readings as discussed previously. With the proper stress range 

indicated and checked by the dial gage deflection range, the maximum 

load level was adjusted to give the maximum dial gage deflection as 

recorded during the static loading stage. 
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From the final settings, the pulsator automatically maintained 

the mean load to within ±2 kips. The effect of this mean load varia­

tion was most pronounced for the lowest load specimens, the 1-3/8 in. 

A36 specimens, where the load variation resulted in a maximum deviation 

of ±5 percent of the mean load. However, the mean load was observed 

to remain essentially on the desired value, with only occasional slight 

deviations. Maximum deviation of mean load for the highest load 

specimens was approximately ±1 percent. 

Load range, as set by manual adjustment, remained essentially 

constant throughout the specimen life. However, slight variations up 

to ±2 percent of the desired range were noted during testing and 

periodically adjusted to zero. These variations were attributed to 

the change in the pulsator hydraulic oil viscosity with fluctuations 

in ambient temperature and pulsator temperature. 

2.6 Ultrasonic Inspection 

Ultrasonic inspection of the specimen ends for crack initiation 

and propagation was used during load application for several specimens. 

However, since continuous observation was not possible, only inter­

mittent readings were obtained. The inspecting unit used was an 

Automation Industries Model UJ portable ultrasonic ref1ectoscope 

equipped with a 0.25 in. diameter, 5MHz, longitudinal beam contact 

type transducer. 

The ultrasonic inspection method uses high frequency sound 

waves which are transmitted through the material and reflected by 

cracks and other discontinuities in the sound path. These reflected 

signals are detected by the receiving unit, amplified, and displayed 

on an oscilloscope as a sharp vertical peak. The height of this 
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peak is proportional to the reflected sound energy, and the horizontal 

position is proportional to the distance of sound travel. 

The inspection method included two steps. First, the transducer 

was calibrated with a known reference flaw to give a vertical reference 

indication at 60 percent of the screen height. This calibration was 

taken vertically from an International Institute of Welding (IIW)-

Type I standard ultrasonic reference block as shown in Fig. 7.
3 

This 

nonstandard calibration was used for convenience rather than the 

standard horizontal orientation. Correlations of the sound level 

,required at each calibration point to give the maximum flaw indication 

at 60 percent screen height showed that the horizontal calibration 

required a sound energy level of 10 decibels (db) greater than the 

vertical calibration position used in this study. The ultrasonic unit 

was also calibrated for distance on the same IIW-Type I calibration 

block. The photograph in Fig. 8 shows the inspecting unit and calibra­

tion block with the transducer positioned over the reference flaw for 

calibration. 

The second step was to inspect each end for cracks as the speci­

men was being tested. The bolt ends were filed smooth to provide 

better sound coupling. Glycerol was initially used to couple the 

transducer to the specimen, but as the test progressed, a commercial 

coup1ant was found to be more satisfactory as no residue was left on 

the specimen after inspection. 

The scanning level used was 30-35db above the reference flaw 

level. With this scanning level, thread profiles could normally be 

distinguished throughout the threaded portion of each specimen end as 

the transducer was moved around the bolt perimeter. This inspecting 

procedure is shown in the photograph in Fig. 9. 

The data generated from the ultrasonic inspection of the bars 

was analyzed using the defect rating format used in the AWS Welding 

Code.
3 

The flaws were indexed using the defect rating scale determined 

as: 



where D 

a 

D = a - b - c 

defect rating relative to a reflector at 1 in.,db 

db level of actual flaw to give 60 percent 
screen height indication 

b = db level for reference flaw to give 60 percent screen 
height indication 

c attenuation correction for sound path length, db 

14 

(3) 

The attenuation factor accounts for the increase in sound energy 

input required to maintain a constant flaw indication as the sound path 

distance increases. The AWS Welding Code determines the attenuation 

factor as 

C = 2(t - 1) (4) 

where t = the distance of sound travel to flaw location, in. 

This relation was checked experimentally using six calibration bars 

ranging from 1 to 6 in. in length and was found to give good correlation. 

Therefore, the defect rating scale allows the comparison of reflection 

indications relative to a known reference flaw (IIW-I) and common 

effective length. 

In order to determine the size of detectable cracks, saw cuts 

were made in the threaded portion of a previously tested specimen to 

simulate cracks at different depths. Even though some of the notches 

were directly shadowed by larger, closer notches, all could be resolved 

for distance and approximate size of crack. Notch locations and 

dimensions along with the sound level defect rating for a 60 percent 

screen height indication are shown in Fig. 10. 



CHAPTER 3 

TEST RESULTS 

3.1 Fatigue Test Results 

The results of all fatigue tests are summarized in Table 8. 

The failure summary includes nominal stress range, maximum and 

minimum stress on the tensile stress area, and cycles to failure. 

Also included in this summary are the number of cycles and defect 

ratings of the first detected crack indication obtained from ultra­

sonic inspection of the end which failed. Since continuous inspec­

tion of test specimens was not provided, the first observed indication 

does not necessarily indicate time of initial crack formation or 

smallest crack detectable. Specimen designations which include an 

"R" indicate retests of unfai1ed specimens or retests of specimens 

that had failed with sufficient threads remaining to allow retesting. 

Four specimens were originally tested to over 11 million 

cycles with no detectable crack indications from ultrasonic inspection 

and were subsequently removed from the testing apparatus. The four 

bolts included three Type E, 1-3/8 in.-8UN rolled A36, and one Type A, 

1-3/8 in.-8UN A193, test specimens. The Type E bolts achieved over 

16 million stress cycles at a stress range of 10 ksi with no ultra­

sonic crack indications. The other Type E specimen was tested at a 

stress range of 15 ksi and also showed no crack indications after 

11 million cycles. The Type A specimen was tested at a stress range 

of 10 ksi to 11 million cycles with no cracking. All other high 

strength specimens failed between 1.4 and 2.7 million cycles at this 

stress range. 

The three Type E specimens which did not fail were retested at 

a higher stress range of 25 ksi to obtain more failure points. One 

15 



16 

other Type E bolt was retested at the initial stress range of 20 ksi. 

Two Type D specimens, 1-3/8 in.-6UNC cut A36, were also retested at 

25 ksi for a total of six retested specimens. It should be noted that 

bolts which failed in the first test also failed on the same end in 

the retests. 

3.1.1 Crack Initiation and Growth. Due to the inherent nature 

of nut and bolt loading configurations, visual inspection for fatigue 

cracks was impossible during uninterrupted testing. However, ultra­

sonic inspection was used during load application and proved quite 

reliable in determining crack locations and in estimating cracked 

area. Crack indications during testing were obtained for 16 of the 

total 42 individual tests performed. From this data, the crack causing 

failure was seen to initiate at the first fully engaged thread from the 

loaded face of the nut in all but one series tested. In five of six 

first D series specimens (1-3/8 in., A36, UNC, galvanized), ultrasonic 

inspection indicated initial crack initiation beginning at approximately 

two-thirds of the nut length from the loaded face of the nut. However, 

retest of two of these D series specimens resulted in cracks initiating 

from the first fully engaged thread as the majority of all other 

specimens inspected had performed. 

The photograph in Fig. 11 shows characteristic failure surfaces 

and corresponding points of initiation for all specimen types. All 

specimens in this photograph illustrate the first engaged thread as 

the point of initiation and subsequent single failure surface as 

observed in all except the Type D specimens. The photograph in 

Fig. 12 shows cross sections of two different D series failed ends. 

Although the failure surfaces are at or near the first engaged thread 

of the nut, multiple cracks can be observed within the nut length. 

These cracks are the initial cracks detected by ultrasonic inspection 

during cyclic loading. 

After initiation, crack growth was observed to follow two basic 

stages of propagation. Following initiation, cracks first progressed 



toward the center of the cross section along a straight-line front, 

perpendicular to the radial line from the point of initiation. 

17 

The second stage of crack growth was characterized by the 

development of the straight-line crack front into a crescent line. 

Crack propagation was observed to progress circumfrentia11y as well as 

radially inward. This cracking pattern continued until failure 

occurred. The photograph in Fig. 13 shows both stages of crack growth 

leading to fracture for Ends A and B of a single specimen. The 

right side of the figure shows the fatigue failed end at fracture with 

the characteristic crescent surface of second stage fatigue cracking. 

The left side of the figure shows the extent of first stage cracking, 

which was revealed by the static pull-out test,that developed in the 

unfai1ed end in the same number of cycles that caused failure of the 

opposite end of the specimen. The difference in fatigue behavior 

between the two ends as shown above indicates the amount of scatter 

fuat can result even when testing identical specimen ends under identical 

applications of load. 

Post-ultrasonic inspection of all tested specimens showed that 

58 percent of the unfai1ed ends showed ultrasonic crack indications. 

However, Table 9 shows a wide variation in unfai1ed end crack behavior 

as a function of specimen type. The fact that no crack indications 

were observed at the unfai1ed end of any Type E specimens also indicates 

the wide range of variability which can accompany the initiation stage 

of crack growth. 

3.1.2 Analysis of Variance. The effects of the controlled 

variables were systematically evaluated using the statistical technique 

of analysis of variance. Regression analysis was also used as an 

additional quantitative check for variable effects. In both statistical 

evaluations performed on the test data, the observed fatigue lives were 

transformed to the logarithm (base 10) of fatigue life cycles. 

Analysis of variance can be used to analyze test results for 

combinations of independent variables and their corresponding 
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significance on the outcome of the results. By analyzing only two 

variables at a time, each variable may be tested independently of the 

other for significance, and the degree of their interaction which may 

also be significant will be minimized. 

The test for significance checks the hypothesis that each 

observation comes from a normal distribution and that there is no 

difference in the means of subgroups due to the independent variable. 

The statistic used to test this hypothesis is the F ratio. This 

ratio is the mean sum of squares for the individual treatment divided 

by the residual sum of the squares for all observations. These 

calculated F ratios are compared to tabulated F ratios to determine 

significance. If the calculated value of F is greater than the 

tabulated value, the hypothesis is rejected and the variable is said 

to be significant. Conversely, if the calculated F ratio falls 

below the tabulated value, the hypothesis is accepted that no signifi­

cant effect exists. 4 

The tabulated value of F depends on the number of variable 

levels and sample size, and also on the probability of erroneously 

concluding that there is a significant difference when there actually 

is none. This error is defined as an error of the first kind and is 

denoted by a. An error may also be made by failing to find a difference 

that really exists, thus committing an error of the second kind denoted 

by S. The probability S depends on the magnitude of the difference, 

sample size, and the level of a selected for the test. 9 

The choice of Q is completely arbitrary. However, as a 
increases, S decreases. A significant level of n = 0.01 or 0.05 is 

typically used for experimental analysis where the mean difference must 

be very large before the variable effect is considered to be significant. 

For this experiment n was chosen to be 0.05 since the intent of this 

study is to determine which variables have the largest effect on 

specimen cycle life. 
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Seven different factorials, Figs. 14 through 17, were used in 

the analysis of variance to test for variable significance. Of these 

complete groups of observations, only two factorials have exactly two 

variables of classification. As shown in Figs. 15 and 16, respectively, 

Factorial II for the effect of diameter and Factorial IV for the 

effect of steel type have only two variables, whereas all other 

factorials analyzed are confounded by the difference of thread series 

within factorial groups. This difference must be considered when 

interpreting results for variable effects. Additional tests are 

planned that will remove this third variable and allow unconfounded 

analysis with only two variables. These additional results will 

follow in a subsequent report. 

All analysis of variance results are summarized in Tables 10 

through 13. In all cases, stress range was used as one of the two 

variables of classification. The other variables considered were 

thread forming method, diameter, and type of steel. 

3.1.2.1 Effect of Thread Forming Method. The variance of the 

fatigue life due to different thread forming methods was investigated 

by examining the results of Factorial I which are summarized in 

Table 10. The results show that stress range is the significant 

variable and that insignificant interaction exists. Although the 

second variable, forming method, is confounded by differences in 

thread series, the total effect is seen to be insignificant on the 

specimen cycle lives. 

3.1.2.2 Effect of Diameter. The variance due to difference 

in bar diameter was investigated using Factorials II and III. The 

results are summarized in Table 11. Factorial II results indicate 

no significant difference for bar diameter and no appreciable inter­

action between stress range and diameter. Stress range is the dominate 

variable and accounts for almost all the specimen variation. 
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The results of the Factorial III analysis show F ratios very 

much greater than tabulated values for both stress range and the second 

variable, bar diameter. However, the interaction of these variables 

is seen to be insignificant, indicating that stress range is signifi­

cant independently of all other variable effects. Although bar 

diameter is indicated to be significant, the variance cannot be 

attributed only to diameter difference since the factorial is con­

founded by thread series differences and steel strength differences as 

indicated in Table 4 of mechanical properties of A36 steel. 

3.1.2.3 Effects of Steel Type. The analysis to determine 

the effects of steel type was performed on Factorials IV through VII. 

The results are summarized in Tables 12 and 13. Factorial IV compares 

A193 and 4340 steels and the results indicate no significant difference 

existed between these two high strength steels. Again, stress range 

was highly significant with no significant interaction at the 5 per­

cent level. Factorials V, VI, and VII which compared high strength 

steels to A36 steel, also showed significant effects for the stress 

variable with little interaction with other variables at stress 

ranges of 10 and 20 ksi. 

However, Factorials V, VI, and VII all indicated a significant 

difference in behavior between high strength and A36 steel. The 

comparison of fatigue lives indicates that the specimens from A36 

steel do exhibit longer lives than comparable high strength specimens 

of A193 or 4340 steels under the same conditions of stress. By 

examining the results of Factorials V and VI, the confounding effect 

of either thread series or forming method is seen to produce approxi­

mately the same order of results. Therefore, the effect of steel 

type between high and low strength steel can be considered significant 

over either thread size or forming method. 

3.1.2.4 Effect of Stress Variable. The results of all variance 

analyses of Factorials I through VII have indicated that stress range 

is the dominate variable regardless of other variable effects. By 
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examining the summaries of results tabulated in Tables 10 through 13, 

it can be seen that this variable is also free from interaction with 

other variables. 

3.1.3 Regression Analysis. The experimentally derived S-N 

(stress-life) curve may be described mathematically by regression 

analysis. The method of least squares is used to fit the finite life 

portion of the data to the equation: 

(5) 

To linearize the stress-fatigue life relation, transforms for 
12 

both Y and X must be used. From Reemsnyder both semilogarithmic and 

logarithmic transforms will linearize the S-N curve for fatigue data. 

The semilogarithmic Model A and logarithmic Model B may be written as: 

where N 

Model B: LoglON 

the finite cycle life 

stress variable 

constants which are determined by the least squares 
analysis of the data 

The stress variable used in the regression analysis of all test 

results was the main experimental variable, stress range. 

(6) 

(7) 

The regression analysis allows the effect of stress variables 

to be determined outside the range of factorials investigated by 

analysis of variance and also to verify the significance or insignifi­

cance of the effects reported in the analysis of variance. 

Confidence intervals for the regression lines may also be 

determined from the standard error of estimate and sample size for any 
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desired percent survival and confidence level. These lower bounds may 

be helpful in determining design criterion from limited sample size 

fatigue tests. The confidence interval s for all regression analysis 

was chosen as the 95 percent confidence level for 95 percent survivals 

or failures and is indicated by a dashed line banding the mean 

regression line from the test data. 

The results of all regression analysis are summarized in 

Tables 14 through 16. These results indicate that the best fit of 

the data, in terffiS of largest correlation coefficient and smallest 

standard error of estimate, is most often provided by the log-log model. 

Therefore, this model was chosen to represent the results graphically 

in Figs. 18 through 24. 

Figure 18 shows the individual mean regression lines for all 

high strength test specimens, Series A, B, and C. It is apparent from 

Fig. 18 that no significant difference existed among specimen Types 

A, B, or C. This observation verifies the results of the analysis of 

variance for Fac~oria1s II and IV, that all high strength specimens 

behaved similarly regardless of diameter or type of steel. The mean 

regression line for all high strength specimens shown along with the 

actual test data in Fig. 19 indicates that the specimens all behaved 

similarly. 

The mean regression lines for the 1-3/8 in. diameter high 

strength steels and the A36 steel specimens in Fig. 20 indicate a sig­

nificant difference between the fatigue life of the 1-3/8 in. A36 

specimens and the higher strength steels. The higher strength steels 

yielded smaller fatigue lives at all stress ranges tested. This dif­

ference in behavior was also noted in the analysiS of Factorials V, 

VI, and VII. 

The fatigue results and mean regression lines of all the A36 

steel specimens are shown in Fig. 21. The 1-3/8 in. A36 steel speci­

mens with rolled and cut threads yielded comparable fatigue lives. The 

2 in. diameter A36 steel Type F specimens produced shorter fatigue 
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lives than the 1-3/8 in. A36 specimens. This difference, also noted 

in the analysis of variance for Factorial III, cannot be attributed to 

differences in diameter a10n'e, since the total difference is compounded 

by understrength steel as noted in the mechanical properties listed in 

Table 4, and gross differences in thread sizes. Figure 22 shows the 

relationship of the high strength steels to the A36 specimens, with 

the intermediate results of the Type F specimens clearly evident. 

The mean regression lines for specimen Types D and E, 1-3/8 in. 

A36, as shown in Fig. 23 can be used to indicate that no significant 

difference in fatigue life resulted from differences in thread size 

of thread forming method. Although the ~wo types of specimens behaved 

similarly with respect to fatigue life in the finite life region, 

crack initiation and growth characteristics were quite different as 

discussed previously. Multiple cracking which initiated deep in the 

nut was observed in the cut thread series while single crack initiation 

and growth was observed for the rolled thread specimens. Also, all 

Type D (cut threads) specimens achieved failure, whereas Type E (rolled 

thread) specimens were tested to the same number of cycles with no 

indications of cracks at stress ranges of 15 and 10 ksi. 

The mean regression lines and 95 percent confidence intervals 

for both high and low strength steels are given in Fig. 24. This plot 

indicates that A36 steel gives significantly longer lives at all 

levels of stress range than the high strength steels. However, due to 

the large amount of scatter in the A36 test results, the lower bound 

95 percent confidence lines for 95 percent survivals for both high and 

low strength steels are seen almost to coincide. Also, the entire 

confidence interval for the high strength steels is shown to lie 

entirely between the mean regression line and lower 95 percent 

confidence line for the A36 steel. 

To insure the validity of both the analysis of variance and the 

confidence intervals from the regression analysis, three requirements 

must be met: 12 



(1) The test must give unbiased results 

(2) The transformed lives Log
10

N must be normally distributed 

(3) The transformed lives, Log
10

N must have a common standard 
deviation ~s estimated by Efie standard of estimate 
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The first requirement was satisfied by the experimental design. 

For the verification of the second and third requirements, the method 

f d .. ·1· d 11,12 C 1 t· f d· o or er stat1st1cs was ut1 1ze . umu a 1ve requency 1agrams 

were constructed for high and low strength steels for each level of 

stress range. The steels were grouped in this manner, since both 

statistical tests indicated a significant difference between the high 

strength and A36 steel in both estimations of mean fatigue life and 

standard error of estimate. 

The plotting position P was assigned to each data point by the 

1 . 11 re at10n: 

where i 

N 

P. 
1 

the position number 

the population size. 

i - 3/8 
N + 1/4 (8) 

The results are plotted in Figs. 25 and 26. The mean fatigue life was 

estimated for each level of stress range by the logarithmic Model B 

and plotted at the 50 percent survival level. The standard error of 

estimate was used to determine the slope of the cumulative frequency 

line through the estimated mean life. It may be seen that the trans­

formed observed cycle lives fit the predicted cumulative frequency 

diagrams reasonably well for all stress levels for both high strength 

and A36 steel. Therefore, the second and third requirements have 

indeed been met and all statistical assumptions are validated both 

for the analysis of variance and regression analysis. 

3.1.4 Summary of Fatigue Test Findings. Findings of all 

analysis of the fatigue test results can be summarized as follows: 

(1) Stress range was the most significant variable influencing 
cycle life. 



(2) Differences in the behavior of A193 Gr. B7 steel and heat 
treated 4340 steel were insignificant. 
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(3) Differences in diameter for A193 Gr. B7 steel had an insignif­
icant effect on cycle life. 

(4) The failure lives of A36 steel were significantly larger than 
exhibited by the higher strength steels. 

(5) Thread forming method had no apparent effect on cycle life. 

(6) The crack causing failure initiated at the first fully engaged 
thread in all specimens except Type D. 

(7) Type D specimens exhibited multiple cracking with the 
first crack initiating inside the nut, approximately two­
thirds of the nut length inward from the loaded face of the 
nut. 

(8) The rolled thread specimens exhibited no fatigue cracking 
at the 10 and 15 ksi stress ranges. 

(9) The log-log model relating stress range to cycle life was 
seen to give the best fit to the S-N relationship 

(10) Type F specimens gave intermediate results between all other 
A36 specimens and the high strength bolts. 

(11) High strength and low strength steels were banded in to 
separate S-N curves and both showed to be log normal. 

3.2 Full-size Tension Test Results 

Tension tests to failure were conducted for all six bolt types 

tested in this investigation using specimens fabricated in the same lots 

as those used in the fatigue tests. These tests were done in the 

same loading ram and end fixtures used for the fatigue tests. A 

pressure transducer calibrated in the loading ram with a calibrated 

load cell was used to measure ram load. Displacement relative to 

the loaded face of the nuts was measured using both a 0.001 in. dial 

gage and a linear voltage displacement transformer. With this 

instrumentation, digital readings for load and displacement were 

obtained as well as a simultaneous plot of load versus displacement. 

The loading system is shown in the photograph in Fig. 27. 

On all specimens except the 1-3/8 in. A36, Types D and E, 

a 10 in. gage length was marked in the unthreaded portion of the 

specimen to determine the percent elongation caused by yielding of 
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the bolt shank. Gage length within the threaded regions was left 

unmarked due to the problem of defining percent elongation in this 

region. All specimens except the Type B specimen had an initial 

distance between the bearing faces of the nuts of approximately 34 in. 

This distance in the Type B bolt was decreased to 30 in. since the 

bolt had been previously tested in fatigue and the fatigue failure 

surface had to be removed to accommodate a new nut. 

In an attempt to quantify thread stiffness, O.OOOl-in. dial 

gages were mounted as shown in Fig. 28 on the ends of the bolts to 

measure displacement of the bolt relative to the nut as the specimen 

was loaded elastically. These measurements were taken as an indicator 

of thread stiffness to be later correlated to the relative thread fit. 

However, this method proved unsuccessful in determining any meaningful 

correlation of thread stiffness to thread fit due to a large amount 

of scatter in the data. 

Plots of load versus displacement of the full size tension 

specimens are shown in Figs. 29 through 34. Static loading was used 

for all specimens until indications of first yield were observed. 

Then the loading was applied dynamically at a ram extension rate of 

approximately 1 in. per minute within the 34 in. gage length. Plots 

which were recorded automatically show vertical lines in the region 

where load was applied dynamically. The displacement of the specimen 

was held at these points for two minutes. The drop in load indicated 

is a consequence of the strain rate effect on the mechanical behavior 

of the specimen. The load at the end of this time period was 

considered to be the static behavior of the specimen. Figures 32 

and 33 were not recorded automatically and indicate static loading 

for all values past the elastic region. Calculated yield and ultimate 

loads taken as the measured dynamic yield and ultimate stress from 

Table 4 applied to the tensile stress area also are shown on each 

plot. 

All specimens failed in the threaded portion of the bolt 

between the nut and the smooth shank. Specimen Type E with rolled 



threads failed near the first thread formed by the rolling process 

as shown in the photograph in Fig. 35. All other specimens failed 

well within the threaded region. 
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The A36 bolts exhibited good ductility with failure elongations 

ranging from 30 to 50 times the displacement at first yield. Less 

ductility was observed with the high strength bolts where ultimate 

displacements were only three to seven times the elastic displacement. 

In all specimens, most elongation was confined to the threaded 

portion as indicated by the small percent elongation of all 10 in. 

gage lengths marked. The photograph in Fig. 35 shows the gross 

yielding and necking of the threaded portion which preceded the failure 

of the 1-3/8 in. A36 specimens. Overall elongations indicated on 

the plots of Figs. 29 through 34 were considerably smaller than those 

determined in Table 4 of mechanical properties due to the difference 

in cross section sizes within the specimen length. 

Measured ultimate loads for all A36 specimens exceeded the 

calculated ultimate load from 2 to 44 percent. However, the ultimate 

loads of Types A and C of the high strength steels were from 3 to 4 

percent lower than the calculated ultimate using the tensile stress 

area. Ultimate strengths were compared in the high strength steels 

due to the problem of satisfactorily defining a gage length which 

can be used to determine the 0.2 percent offset yield strength. 

Generally, all test specimens performed satisfactorily in the 

full-size static tension test. Although some of the high strength 

specimens gave slightly lower ultimate strengths than the calculated 

capacity, all results indicate adequate performance for all specimens 

when considering most design calculations to be based on minimum 

nominal yield and ultimate strengths. 

It should be noted that the Type B specimen, 1-3/4 in. A193, 

had previously been tested to failure under fatigue loading. Although 

ultrasonic inspection of the unfai1ed end indicated no cracking 

initiated by the fatigue loading prior to the load test to ultimate, 

a first stage fatigue crack approximately 0.16 in. deep and 0.87 in. 
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along the chord, did exist and triggered a brittle fracture failure 

during the tension test. This crack is pointed out in the photograph 

in Fig. 13. Although this failure occurred well above the calculated 

yield load and even above the calculated ultimate load, very little 

plastic deformation and very little warning of impending failure was 

observed in this test as shown in the plot of Fig. 30. 

It was also observed that deformations within all the nuts 

remained essentially elastic in that all nuts could be removed by hand 

following testing. However, none of the nuts could be advanced 

farther on the bolt due to the deformation of the threaded portion 

of the bolt within the tested region. The deformations in the nut 

remained elastic most likely because of the complex state of stress 

in the nut which tends to elevate the yield point and suppress 

yielding. 

3.3 Charpy Impact Testing Results 

Standard Charpy V-notch Type A impact specimens were machined 

and tested in accord with ASTM E23-72 for all types of steel at each 

diameter investigated in this study. All specimens were tested in a 

Tinius Olsen impact testing machine. The machine calibration was 

checked using Army Materials and Mechanics Research Center specimens 

tested at -40
0

F, and was found to be within allowed tolerances. 

Specimens were machined from the anchor bolt quarter points in the 

longitudinal rolling direction and the notches were placed on the 

side closest to the original bolt periphery. 

For test temperatures between _90
0 

and +400 F, specimens were 

submerged in a mixture of methyl alcohol and dry ice as shown in 

the photograph in Fig. 36. Specimens were immersed in liquid nitrogen 

(N2)for testing at -320
0

F. Elevated temperatures between 1000 and 
o 

160 F were obtained by submerging the specimens in a constant 

temperature water bath, maintained with a portable electric heating 

element. Thermometers were used to monitor all temperatures between 
o 0 

-90 and +160 F and an electric stirrer was used in both high and 



low temperature baths to minimize any temperature gradients. All 

temperatures recorded were accurate to within ±loF. 
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Plots of Charpy impact energy (ft-1b) versus o temperature ( F) 

for the two diameters of A193 steel and the heat treated steel, and 

the two diameters of A36 steel are shown in Figs. 37 and 38, 

respectively. Figure 37 shows the Charpy upper shelf beginning 

approximately at OOF for both series of A193 steel at an energy level 

of 60-70 ft-1bs. The 4340 steel behaved similarly having an upper 
o shelf to transition intersection at 0 F at an energy level of 45 ft-1bs. 

Both of these high strength steels showed a gradual energy transition. 

Both diameters of A36 steel showed a steep transition within 

the service temperature range as shown in Fig. 38. Also, the Type F 

specimens, machined from the 2 in. diameter A36 steel, absorbed 

energies up to 200 ft-1bs at temperatures of 1200 -1500 F without 

complete fracture indicating very good toughness at temperatures 

over 1000 F for this steel. 

The results of these Charpy V-notch tests were evaluated 

using AASHTO material toughness specifications
1 

and PVRC recommenda­

tions on toughness requirements for high strength bolting materia1s.
10 

Both specify a minimum Charpy V-notch (CVN) impact value for the 

lowest expected service temperature. 

The AASHTO specifications are based on a 15 ft-1b CVN impact 

value which must be met at the test temperature specified for three 

regions of. anticipated lowest service temperature. These groups 

are defined as follows: 

Group 1 : Minimum service temperature OOF and above 

Group 2: Minimum service _1 0 0 
temperature to -30 F 

Group 3: Minimum service temperature _31 0 to -600 F 

The test temperatures for these service groups are determined 

by applying a strain-rate temperature shift between the test temperature 

and lowest expected service temperature. This temperature shift takes 

into account the fact that the toughness of structural steels 
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decreases as the loading rate increases. Since the CVN impact test 

is a dynamic test, results must be modified to account for an actual 

structural loading rate which is normally intermediate of static 

and dynamic test rates. The magnitude of this shift has been 

correlated to the room temperature yield strength of steels, being 

largest for low strength steels and decreasing to zero for steels 

with yield strengths greater than 140 ksi. 

The basic 15 ft-1b toughness level mentioned above may also be 

modified using fracture mechanics concepts to account for increases 

in yield strength. An increase in yield strength is normally 

accompanied by an increase in allowable stress so that a corresponding 

increase in CVN energy is required to assure the same level of flaw 

tolerance. 

Required test temperatures and CVN energies for each AASHTO 

regional group are presented for A193 and A36 steel in Figs. 37 and 

38, respectively. AASHTO specifications for A514 steels were used for 

the A193 Gr. B7 test specimens since both have approximately the same 

nominal yield strength. Also, it should be noted that no current 

provisions are made in the AASHTO specifications for the heat treated 

4340 steel. 

Figure 38 also shows the AASHTO requirements for all three 

service regions for the A36 steel. It can be seen that specimens from 

both diameters greatly exceed the requirements of Group I and that 

both also meet the toughness requirements of Group II. Although the 

Type F specimens did not pass the requirements of Group III, both 

steel types exhibit excellent toughness for general highway applications. 

This observation is reinforced by the fact that all A36 fatigue test 

specimens failed by net section yield at a maximum stress level of 

0.75 percent of nominal yield strength. 

Figure 37 shows the 25 ft-1b AASHTO CVN energy requirement 

for all three service regions for the A193 steel. Again, it can be 

seen that these toughness requirements are easily met. This 
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observation is reinforced by the fact that specimens from both diameters 

of A193 steel exhibited sufficient toughness to cause net section 

yielding to control all fatigue test failures of this steel type. 

The PVRC toughness recommendations for bolting steels are 

also based on fracture mechanics concepts and are applicable to 

steels having yield strengths in excess of 100 ksi. For bolt 

diameters below 1 in. no test is required. However, for diameters 

over 1 in. to 3 in. a 35 ft-1b CVN energy level is recommended. This 

requirement applies at the lowest service temperature of the 

structure. This level is indicated on the plot of Fig. 37. 

It can be seen that CVN energy levels for both diameters of 

A193 steel exceed this level of toughness by a factor of two for 

both AASHTO Groups 1 and 2 and do not fall below the PVRC 35 ft-1b 

level until temperatures below -90
o

F are reached. However, the 

4340 steel is seen to fall below the PVRC requirement at a temperature 
o of only -20 F. Since the 4340 steel has a yield strength above 140 ksi, 

there is no temperature shift between static and dynamic loading rates 

and the test temperature indicates actual service toughness levels. 

Although the 4340 steel tested in this project meets the 

minimum PVRC toughness requirements down to -20
o

F some highway 

structures may require lower service temperatures and a corresponding 

increase in toughness to insure against brittle fracture under high 

service stresses. Since there is no guarantee that other heats of 

4340 steel will not have a higher transition temperature range than 

the steel used in this experiment, CVN impact tests should be 

specified to insure sufficient toughness levels. 

3.4 Ultrasonic Inspection Results 

Ultrasonic crack growth data, summarized in Table 17, was 

obtained for 16 specimens during the fatigue testing. All specimens 

showed an increase in reflected sound level with increasing stress 

cycles. This increase can be related to an increase in reflector 

(crack) size or crack opening with time. 
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Although this trend was observed for all specimens the rate 

of increase was observed to vary considerably from specimen to specimen 

as shown graphically in Fig. 39 where defect ratings (from Eq. 3) are 

plotted against percent of specimen cycle life. Although data points 

from only two specimens have been connected for clarity, data points 

are given for all readings and are classified into three basic 

groups: 

(1) Basic specimen data 

(2) Multiple crack specimen data 

(3) Bending and elevated temperature data 

The basic specimen data includes readings from all specimen 

types except Type C and represent a wide range of growth rates as 

indicated by the difference in the two sets of connected data points. 

The scatter in the basic data was completely random and independent 

of any differences in steel, diameter, test stress range, or sound 

path distance. 

Multiple crack specimens are grouped in the lower portion of 

the graph and indicate readings from Type D specimens which showed 

cracks forming well inside the nut as previously reported in the 

fatigue test results. Although these cracks formed first, they were 

not the final failure crack and were not included in the basic test 

data group which indicates cracks at the first engaged thread. However, 

limited data on the growth rate of the failure crack at the first 

engaged thread of two Type D specimens fell directly in line with the 

data of the basic specimen group. 

As indicated in this same figure, one specimen was subjected 

to considerable bending and elevated temperature during fatigue 

testing. Strain gage readings indicated over 13 percent bending, 

and ram temperature was measured at approximately l500 F during the 

testing of this specimen. It is hypothesized that these two conditions 

may have contributed to the significantly greater rate of crack 
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propagation in this specimen as shown by the data points in the upper 

right corner of Fig. 39. Also, inspection of this specimen was 

hampered by the elevated temperature which caused difficulty in 

effectively coupling the transducer to the specimen end. 

Figure 39 also shows a wide range in defect rating for the 

completely failed end at 100 percent of observed cycle life. This 

variance can be attributed to such differences as slightly curved 

failure surfaces, failure surface texture, poor sound coupling, and 

operator techniques and judgment. 

If both the multiple crack data and the bending and elevated 

temperature data are considered to be exceptional cases of the basic 

specimen ultrasonic inspection results, arbitrary boundaries 

representing minimum and maximum percent cycle life consumed may 

be drawn as a linear function of defect rating as shown in Fig. 39. 

Although this arbitrarily drawn band represents a scatter of over 

40 percent of total specimen cycle life for a given defect rating, 

these lines may be used for selecting scanning levels and intervals 

for ultrasonic inspection programs. The following example will be 

used to illustrate the procedure for implementing an inspection 

program from the above cycle life boundaries. 

Consider an anchor bolt that has been in service for 10 years 

with the nut face 4 in. from the end of the bolt and a reference flaw 

calibration of 6db. In order to insure that no less than 40 percent 

of the fatigue life has been used, the scanning level would be 

determined using the lower bound minimum cycle life defect rating for 

40 percent lift and Eq. 3 as follows: 

D a - b - c 

23db a - 6db - 6db 

a = 35db 

where D 23db (from minimum cycle life consumed, Fig. 39) 

b reference flaw calibration level 



c = attenuation factor from Eq. 4 

a absolute scanning level 

If at a scanning level of 35 db no crack indications are 

seen the maximum percentage fatigue life consumed up to the time of 
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inspection would be 40 percent. The corresponding minimum percentage 

fatigue life remaining would be 60 percent. The minimum fatigue life 

of the bolt in years is the service life in years at the time of 

inspection divided by the maximum fraction of fatigue life consumed. 

In the example this would be 10 years divided by 0.4 or 25 years. 

The next inspection should be performed in the 

(100% - 40%) X 10 years 
40% X F.S. 

(9) 

years or in the next 7.5 years in order to find a crack before complete 

fracture using a factor of safety (F.S.) of 2. 

If the same scanning level is used for the next inspection 

and again no crack indications are found, the 40 percent life now 

becomes 17.5 years (10 years + 7.5 years) and the next inspection 

interval becomes 

1100% - 40%) 17.5 years 
40% X 2 

13.1 years (10) 

It should be noted that as inspections are performed and no crack 

indications are found, the inspection interval increases. However, 

changes in loading or safety requirements between inspecting intervals 

should be considered and inspection frequency altered accordingly. 

Correspondingly, if the initial inspection at a scanning level 

of 35db resulted in a crack indication with a defect rating of 32db, 

the upper bound maximum consumed cycle life curve must be entered 

to find the minimum life remaining and next inspection interval. 

Figure 39 shows that a defect rating of 32db corresponds to a 

maximum of 60 percent cycle life consumed. The corresponding 

minimum fatigue life for the example would be 10 years divided by 



0.6 or 16.7 years. Therefore, using the format of Eq. 9, the next 

inspection interval must be no greater than 

(100% - 60%) X 10 years 
60% 2 3.3 years 

If the next inspection shows additional crack growth, the 

inspection interval will need to be reduced. If no growth is seen 
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(11) 

in the second inspection, the interval may be increased by substituting 

the total service life at the time of the inspection into Eq. 11. 

However, if the defect rating falls below 15db, immediate action 

should be taken to prevent a catastrophic failure. Although as much 

as 40 percent of the cycle life may be remaining, not enough data is 

available to determine what percentage of life is actually left. 

Caution should also be given against the direct use of Fig. 39 

for determining maximum and minimum percent cycle life from the values 

of defect rating shown in this figure. The values of defect rating 

used in this figure were generated using a reference flaw calibration 

of 6db taken from the vertical position as shown in Fig. 7. If any 

other distance or flaw is used as a reference, the absolute values 

of defect rating and scanning level will need to be modified accordingly. 

For example, if a horizontal reference flaw orientation is used to 

establish the reference flaw calibration level b, 10db should be 

subtracted from the ordinate of Fig. 39. 

In general, ultrasonics were found to be quite reliable in 

locating flaws and characterizing them with respect to a relative 

reference when specimens were carefully inspected. However, a flaw 

that had previously been identified during fatigue testing remained 

undected after a quick .inspection prior to use in the full-size 

tension tests. The crack was approximately the same size and shape 

as the Type B simulated saw-notched specimen discussed previously 

and shown in Fig. 8. 

Although the flaw was missed in a quick inspection, it 

should be noted that this size flaw was detectable when the inspection 
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was carefully performed. This fact emphasizes the need for carefully 

structured inspections which should be unrushed and conducted by 

skilled technicians. In addition, careful records should be 

kept which include the operator's name, equipment used, calibration 

settings, inspection results, and any unusual circumstances surrounding 

the inspection of each bolt since inspection may have time intervals 

of several years. 



C HAP T E R 4 

INTERPRETATION OF FATIGUE TEST RESULTS 

4.1 Effect of Thread Fit 

For all specimens tested there was an equal probability for 

failure to occur at either end of the bolt with respect to all five 

basic test variables. Loading was the same at each end of the ram, 

and diameter, steel, thread series, and thread forming methods were 

constant for each specimen. In a sense, each anchor bolt was like 

two individual specimens, where only one end would reach complete 

fracture while the other end was still capable of sustaining the 

maximum load. Since 42 percent of all unfai1ed bolt ends indicated 

no signs of cracking when inspected ultrasonically, some difference 

must exist between the failed and unfai1ed anchor bolt ends that 

accounts for the variance in fatigue life behavior. Although the 

difference may be due only to experimental scatter, spot checks of 

thread dimensions which were made upon delivery of the test specimens 

indicated considerable variations in thread diameter within test series 

groups that may be partly responsible for these differences in fatigue 

life. 

Since experimental control of thread details were specified 

only to be within ANSI Class 2A to1erances,2 actual thread fit was 

not within the scope of controlled variables of this study and was 

considered as a random variable when statistical analyses were performed 

on the test results. In an attempt to correlate any subtle differences 

in the thread fit with the speci~en's fatigue behavior, thread measure­

ments were taken from both the failed and unfailed specimen ends after 

all testing was completed. Along each bolt end three measurements of 

major diameter and pitch diameter were taken in the undamaged threads 

as close to the failure surface as possible. The nut was also removed 
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whenever possible and its minor diameter measured. Figure 40 defines 

these three thread diameter dimensions with respect to the specimen 

cross section. 

Comparisons of the measured major diameters and pitch diameters 

indicated that either measurement could be used to characterize the 

dimensions of the thread profile. Since the major diameter is an 

easier dimension to measure, all correlations of bolt dimensions to 

specimen fatigue behavior were investigated using major diameter 

measurements. 

Frequency diagrams showing the distribution of these major 

diameter measurements for the high and low strength steel specimens 

are given in Figs. 41 and 42, respectively. Nut minor diameter 

measurements for all specimen types are shown in the frequency 

diagrams of Fig. 43. In all three figures, the average of all 

readings for each type of specimen are indicated. The maximum and 

minimum tolerances shown on these diagrams are for ANSI B1.1 Classes 2A 

and 2B (external and internal threads, respectively) thread fits and 

apply only to uncoated threads. The minimum major diameter tolerance 

shown applies to unfinished hot rolled bars. Since all specimens were 

fabricated from hot rolled stock, this minimum tolerance which is 

0.008 to 0.011 in. less than that allowed for finished bolts may be 

applied. Also, coated external threads, specimen Types D and F, by 

ANSI Standard B1.1 are not to exceed the nominal bolt diameter after 

coating. In addition, the tolerances shown for coated nuts, Types 

D and F, are for reference purposes only since ANSI Standard B1.1 

does not specify tolerances for coated nuts. 

Comparisons of measurements for all uncoated bolts show a 

wide variation between tolerance bounds in all series, but only Type B 

(1-3/4 in., BUN) threads show the average of all failed end measure­

ments to fall below the minimum major diameter tolerance. Coated 

specimens also showed a variation in measurements. Although only 

one measurement of the Type D galvanized specimens exceeded the 
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nominal diameter limit, all of the 2 in. Type F specimens were over the 

nominal diameter maximum by an average of 0.007 in. due to the 

galvanizing. 

Comparisons of nut minor diameter measurements for all specimens 

show a relatively small variation in all nut diameters for all except 

the Type B nuts where the range of readings was 0.032 in. as compared 

to 0.008 to 0.02 in. for all other specimen types. Of the uncoated 

specimen types (A, B, C, and E), Types A and C were entirely within 

tolerances, while Type B showed wide variations both above and below 

tolerances, and Type E averaged 0.004 in. over the maximum tolerance. 

Although the nuts for the Type E rolled specimens were measured to 

be slightly oversized, hand tightening indicated a smooth, snug fit. 

However, the combinations of oversized nuts and undersized bolts could 

be felt in the hand tightening of the Type B specimens where considerable 

play in the threads could be felt. Also, the threads appeared 

ragged with a very rough surface finish. 

With respect to specimen fatigue life, 63 percent of all 

specimens failed on the end with the smaller average major diameter. 

When neglecting the cases where the difference between the average 

major diameter of the two ends of the specimen was less than the 

average standard deviation of 0.005 in. for all thread measurements, 

10 of 14 cases (71 percent) failed on the end with the smaller av~rage 

major diameter. Although these observations tend to indicate a trend 

for specimen failures, there was insufficient control of the nut and 

bolt dimensions and too much missing data in the actual thread measure­

ments to draw any conclusions from this data. 

Comparisons of observed fatigue life with absolute values of 

average thread major diameter showed no apparent correlation or 

adverse effects on fatigue life for specimens which were slightly 

undersized. For example, the average major diameter of specimen 

end B22B was 1.718 in. or 0.007 in. undersized and gave a fatigue 

life of 181,000 cycles before fracture, while specimen B21A which 

was tested at the same stress range failed at 138,810 cycles and had 
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an average major diameter on the failed end that was 0.007 in. over the 

minimum tolerance. In another case, specimen end BDOT's average major 

diameter was 1.706 in., 0.019 in. below the minimum specified major 

diameter and gave a fatigue life of 2,031,000 cycles at a stress range 

of 10ksi. Its counterpart, Specimen B11A was over the minimum tolerance 

by 0.004 in. and endured only 1,402,700 cycles before failure even 

though it was tested at the same nominal stress range of 10 ksi. This 

data indicates that slight undersizes can be allowed without reducing 

fatigue life. 

A check of the nut measurements on the example specimens 

discussed above showed the nuts to be within the specified tolerance 

limits on all specimens except end BDOT. The minor diameter on the 

undersized failed end BDOT averaged 0.012 in. over the maximum tolerance. 

This combination of nut and bolt gave only 58 percent of the minimum 

amount of thread height engagement, taken as the minimum allowed major 

diameter less the maximum allowed minor diameter, with no adverse 

effects on fatigue life performance. 

Although some very loose fitting nuts gave no reduction in 

fatigue life, one Type B specimen, B11, was fabricated with exceptionally 

ragged threads and had an average major diameter of only 1.685 in. which 

is 0.040 in. below the minimum allowed major diameter. This specimen 

failed by stripping in the nut under static loading at only 26 percent 

of the nominal yield strength of the bar. Therefore, static failure 

must be considered when establishing acceptability of any undersized 

anchor bolts. 

The performance of the galvanized specimens was also reviewed 

considering the amount of overtapping measured on the galvanized nuts. 

Although both 1-3/8 in. and 2 in. galvanized nuts had been tapped 

oversized, no 1-3/8 in. nut measurements were found to exceed the 

maximum tolerance for uncoated threads and the 2 in. nuts only exceeded 

this tolerance by an average of 0.017 in. Since the corresponding 

galvanized bolts for each diameter were also at or over the nominal 

maximum diameter, the relative thread fit was greater than the minimum 
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allowed in all cases. The minimum relative fit of the Type D and F 

specimens was 27% and 15%, respectively, greater than the minimum 

determined from the ANSI specification. The relative thread fit was 

calculated by subtracting the average minor nut diameter from the 

average major bolt diameter for each specimen end and comparing this 

value to a minimum engagement height taken as the ANSI minimum major 

bolt diameter less the maximum minor nut diameter for uncoated threads 

of each respective specimen type. 

Although the thread fit for these galvanized bolts was 

acceptable, there is no ANSI limit on the amount of overtapping 

allowed on galvanized nuts to insure acceptable thread fits on anchor 

bolts. On the basis of manufacturer and designer consultation, Section 

86 of the Standard Specifications for the State of California Depart­

ment of Transportation (15) allows the pitch diameter of the galvanized 

nuts to be tapped over ANSI Standard: B1.1, Class 2B (internal threads) 

tolerances by the following maximum amounts: 

5/8 inch through 1 inch 

1-1/8 inch and larger . 

0.023-inch oversize 

0.033-inch oversize 

If the galvanized nuts for specimen Types D and F had minor 

diameters tapped oversize by the maximum 0.033 in. tolerance 

recommended, the height of thread engagement obtained by using these 

nuts with the smallest allowed bolts would be 72 and 80 percent of the 

minimum engagement height as defined above for Types D and F, 

respectively. Although this oversizing can result in less than 

minimum ANSI uncoated thread engagement, it should be recalled that 

Specimen BDOT had only 58 percent of the specified minimum thread 

engagement and still performed satisfactorily under both static and 

fatigue loading. Therefore, these overtapping allowances seem to 

give adequate clearance for coated bolt threads and should not 

adversely affect fatigue behavior when used on bolts with major 

diameters greater than the ANSI minimum a11owab1es for uncoated 

threads. 
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4.2 Effect of Differences in Thread Pitch 

As discussed previously in Section 3.1, ultrasonic inspection 

of Type D specimens (1-3/8 in., A36, 6UNC cut threads) indicated that 

the first fatigue cracking for this type initiated near the free face 

of the nut and spread into multiple cracks before failure. In all 

other specimens monitored ultrasonically, the first crack initiated 

from the first engaged thread at the loaded face of the nut and 

cracking was limited to the first and second fully engaged threads. 

This difference in crack behavior indicates a load distribution within 

the Type D nuts which deviates from the distribution within the other 

specimen types. 

The apparent net effect of this different load distribution 

was to cause multiple cracking to occur within the nut and to extend 

the bolt fatigue life. The fatigue life was extended since failure 

did not occur from the first crack formed. Although the fatigue life 

was extended over that of a specimen with a single crack, the rate of 

initiation and crack propagation of the second crack was probably 

increased by the load eccentricity within the nut due to the interior 

cracking. 

Since the cracking of the Type D specimens began so far within 

the nut from the loaded face, it is reasonable to assume that the 

maximum thread load within the nut was also away from the loaded .face. 
. 14 

Sopw~th presents an analytical model for the distribution of loads 

in screw threads which gives the maximum thread loading and distrubu­

tion of thread loads within the nut. The load distribution depends 

on the proportions of the thread, the form of the thread, and the 

degree of lubrication. 

This model can also be used to show analytically that the load 

distribution is highly dependent on the relative thread pitches of the 

nut and bolt. Thread pitch is defined as the peak to peak distance 

between threads or as the inverse of the number of threads per inch. 

Figure 44 shows schematically the thread shear load distribution 
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within the nut length for threads with a standard uniform pitch, for 

a uniform difference in pitch, and for a uniform pitch with a slightly 

tapered minor nut diameter with the larger end at the bearing face. 

It is interesting to note that the slightly tapered nut with a uniform 

pitch gives a uniform thread shear force distribution and implies 

neglecting the influence of the axial force in the bar, that an equal 

probability of crack initiation exists along the full length of the 

nut, even at the free face. 

Generally this figure shows that a large reduction in the 

maximum thread load can be made by using nuts with slightly larger 

pitch, nuts with a varying pitch, or tapered nuts with uniform pitch. 

Also, Sopwith indicated that these peak load reductions could be 

obtained with a uniform pitch difference or nut taper of only 1 in 

1000. 

Although none of these variations in pitch could be detected 

within the Type D threads where the nut could be removed from the 

failed end, the fabrication procedure following the galvanizing could 

possibly result in some pitch variations. One variation could result 

from using a tapered thread tap to oversize the galvanized nut. 

If the nut is tapped from the bearing face and not completely threaded 

through the nut, the oversizing process may leave the nut threads with 

the required variation in taper. 

Also, if the nut threads were formed on a machine with a 

slightly different tool lead than the machine which fabricated the 

bolt threads, a uniform difference in pitch and reduction in peak 

thread load may result. These examples illustrate that differences 

in thread pitch may be responsible for the exceptional crack initiation 

behavior for the Type D specimen due to variations in peak thread 

shear load within the nut. 

4.3 Effects of Residual Stresses 

Specimens with rolled threads (Type E) endured over 11 and 16 

million cycles at stress ranges of 15 and 10 ksi, respectively, with 
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no failures. In addition, no crack indications were found in any of 

these specimens when inspected ultrasonically. It has been proposed 

previous1y7 that specimens with rolled threads may partially attribute 

their long life and runout behavior at low stress ranges to the 

presence of compressive residual stresses that have been induced 

at the root of the thread profile by the thread rolling process. 

Although no qualitative values can be assigned to these stresses, they 

may be great enough to reduce the effective stress range at the thread 

root to a value below which fatigue cracks can not be initiated or to 

a point below which an existing crack will not propagate. In addition, 

rolled threads may also gain additional life over comparable cut 

threads due to the smoother root radius and its effect on fatigue 

crack initiation. Either of the above qualities resulting from rolled 

thread fabrication may be responsible for the higher fatigue limit or 

run out stress exhibited by the Type E specimens. 

Although the statistical comparisons of the A36, 1-3/8 in. 

specimens with rolled and cut threads showed no significant difference 

in their fatigue behavior, the Type D specimens with cut threads were 

the type which exhibited multiple cracking before failure. Since the 

multiple cracking should tend to extend the fatigue life beyond that 

of a bolt with a single crack surface, comparisons of life made on a 

typical single crack basis would show rolled threads giving longer 

lives with run out at low stress ranges. However, the trade off of 

added fabrication cost with the increase in fatigue life should be 

considered before specifying rolled threads on anchor bolts. It may 

be more economical to increase the number or size of standard cut 

thread bolts rather than reducing the number of bolts by specifying 

rolled threads. 



C HAP T E R 5 

COMPARISONS WITH PREVIOUS RESULTS 

The results of the fatigue tests complied in this study were 

d .. .. 13,16 d compared to the results obtaine in prev10us 1nvest1gat1ons an 

were seen to give very good correlations as shown in the plot of all 

test results in Fig. 45. 

. 13 
The low-cycle fatigue tests of 1arge-d1ameter bolts were 

done using high strength 4340 steels with varying yield strengths which 

ranged from 90 to 153 ksi. These specimens ranged in diameter from 

1 to 5 in. and included threads which were machined, rolled, ground, 

and polished. Also, some specimens were tested using a taper in the 

nut threads. 

Although the majority of these specimens were tested at 

stress ranges of 40 to 80 ksi with some tests at 18 to 30 ksi ranges, 

the results of these tests are seen to correlate well with the results 

of all high strength specimens tested in this study. Some of the 

specimens gave almost identical fatigue lives in both sets of data. 

The fatigue data compiled by the United States Steel 

corporation
16 

was based on the behavior of A36, 1-1/2 in.-UNC-1A, 

threaded rods which were subjected to variable and/or constant 

amplitude loads. Since some of the specimens were subjected to 

variable loading, an effective stress range was calculated and 

reported for each specimen. The effective stress range, sometimes 

referred to as the root-mean-square stress range, is a constant stress 

range which would produce the same fatigue life as the random stress. 

Although all stresses were based on the tensile stress area, these 

rods were subjected to secondary bending stresses which were not 

included in the stresses plotted. 

45 
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This data, as shown in Fig. 45, is seen to be slightly below 

the A36 test data generated in the current study. This difference is 

most likely due to the bending stresses which if included would 

increase the stress range. 

It should also be noted from Fig. 45 that no apparent fatigue 

limit is evident even at very low effective stress ranges, 4 to 5 ksi. 

Also, all the threaded rods were reported to have failed at the first 

engaged thread at the bearing face of the nut as did the majority of 

anchor bolts in this study. 

Considering the wide range in steels, diameters, threads, and 

testing techniques represented by these results in Fig. 45, their 

good correlation with the results of the present study provide 

additional confidence in the individual test results reported herein. 

The allowable fatigue stress range for a Category E detail 

in the AASHTO fatigue specifications is shown by the dashed line in 

Fig. 45. This line corresponding to this category is seen to provide 

a reasonable lower bound for the anchor bolt data and is recommended 

for design. 



C HAP T E R 6 

SUMMARY AND CONCLUSIONS 

This study has covered many aspects of anchor bolt fatigue 

behavior by investigating a wide range of commonly used steels, 

diameters, thread types and loading. Statistical analysis was used 

to determine the significance of several design parameters, and 

supporting tests for mechanical properties, chemical composition 

and material toughness characteristics were also performed and 

reported. In addition, full-sized tension tests were used to verify 

static load capacity and ultrasonic inspection was used to detect 

crack initiation and growth within the fatigue specimens during the 

application of load cycles. The findings and conclusions of this 

study are listed as follows: 

(1) Stress range was the most significant variable accounting 

for the greatest variation in fatigue life. 

(2) The variation of bolt diameter had no significant effect on 

fatigue life. 

(3) There was no significant difference in fatigue life between 

the two types of high strength steels tested. 

(4) A significant difference in fatigue behavior was observed 

between high and low strength steel with the low strength 

steel giving significantly longer lives. 

(5) Although confounded by additional variables to be resolved by 

future tests, thread series and thread forming method showed 

no significant difference in fatigue behavior. 

(6) Investigations of thread measurements showed 63 percent of 

all specimens failed on the end with the smaller average 

major diameter. However, absolute values of thread major 
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diameter could not be used to predict the specimen 

fatigue life. 

(7) Slight undersizes in bolt threads produced no adverse 

effects on fatigue life. Also, a specified oversizing of 

coated nuts by a maximum of 0.033 in. on the minor diameter 

should produce no adverse effects on fatigue life when used 

on coated bolts that fall within allowable ANSI minimum 

uncoated thread tolerances. 

(8) Considerable scatter was observed in specimen fatigue 

behavior even from one end of a specimen to the other. In 

addition, the majority of specimens failed from a single 

crack which initiated and propagated from the first engaged 

thread at the bearing face of the nut. Cracks in the Type D 

specimens initiated at two-thirds the nut length from the 

loaded face and propagated into a series of multiple cracks 

before failure. 

(9) All specimens failed by net section yielding. 

(10) The log-log model relating stress range to cycle life was 

observed to give the best fit to the test data. 

(11) Tension tests performed on full-size specimens gave results 

that correlated well with calculated loads which were based 

on tensile stress area. 
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(12) Charpy Impact tests indicated adequate toughness of all A193 

Gr. B7 and A36 steels used in this study at all highway 

service temperatures. However, the heat treated 4340 steel 

was found to approach minimum toughness requirements within 

possible service temperature ranges. Therefore, Charpy 

V-notch tests of heat treated 4340 steels should be specified 

to insure sufficient toughness levels for the design service 

application. 
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(13) Ultrasonic inspection was found to be a very effective method 

for finding very small fatigue cracks. However, experience 

showed that inspections must be carefully and thoroughly 

performed by trained personnel in order to be fully 

effective and reliable. 

(14) Ultrasonic inspections indicated the presence of fatigue 

cracks in 58 percent of all unfai1ed specimen ends. 

(15) The results of the ultrasonic inspections were used to 

develop a method of determining inspection scanning levels, 

setting inspection intervals when no crack indications are found 

found, and estimating remaining fatigue life when a crack 

indication is detected during inspection. 

(16) The Category E fatigue stress ranges in the present AASHTO 

fatigue specifications provide a lower bound to the anchor 

bolt fatigue data. 
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TABLE 1. SPECIMEN SERIES AND TEST VARIABLES 

Specimen Steel Bolt Thread Forming 
Series Type Diameter Series Method 

A A193 Gr. B7 1-3/8 in. 8UN Cut 
B A193 Gr. B7 1-3/4 in. 8UN Cut 
C 4340 1-3/8 in. 8UN Cut 
D A36~'r: 1-3/8 in. 6UNC Cut 
E A36~'r: 1-3/8 in. 8UN Rolled 
F A36 2 in. 4-1/2UNC Cut 

it 
Hot Dipped Galvanized 

TABLE 2. INITIAL EXPERIMENT DESIGN 

Stress Specimen Series 
Range A B C D E F (ksi) 

30 2l 'r: 2 2 2 2 2 
20 2 2 2 2 2 2 
10 2 2 2 2 2 2 

* Number of Replicates 

TABLE 3. FINAL EXPERIMENT DESIGN 

Stress Specimen Series 
Range 
(ksi) A B C D E F 

30 2 2 2 

25 1 1 
(2) * (3) 

20 2 2 2 3 3 3 
(1) 

15 1 
10 2 2 2 2 2 2 

* Numbers in parenthesis indicate data from retested 
specimens. 



TABLE 4. MECHANICAL PROPERTIES OF TEST MATERIALS 

Specimen Steel Nominal Reporting Dynamic Static 0.2% Off- Ul tima te Rupture Percent Reduction 
Series Type Yield Test Yield Yield set Yield Stress Stress Elong.* of Area 

(ksi) (ksi) (ksi) (ksi) (ksi) (ksi) (%) (%) 

A 
A193 Mill 127.5 140.0 22.0 58.6 

Gr. B7 105 Lab. 114.5 139.9 216.4 20.9 55.3 

B 
A193 Mill 117.0 136.2 19.2 64.0 

Gr. B7 105 Lab. 109.5 132.2 235.9 24.4 63.9 

Heat- Mill** 
C treated 150 Lab. 171. 3 181.4 253.0 15.0 49.6 4340 

T 
Mill 45.79 69.85 21. 0 

D A36 36 Lab. 38.3 34.5 60.1 96.5 41.9 51.8 

T 
Mill 41. 72 65.97 31. 0 

F A36 36 Lab. 26.7 23.2 43.5 100.2 50.0 73.8 

*2 in. gage length except where noted. 
**Certified Heat Treatment: Hardening at 1550 of for 2 hrs and quenched in oil; first tempering 

at 900 of for 3 hrs and quenched in air for final Brinell hardness of 363-388. 
T8 in. gage length. \.J1 

N 



TABLE 5. CHEMICAL COMPOSITION ANALYSIS FOR ALL TEST SERIES 

Specimen Analysis C Kn P S Si Ni Cr 1'10 Cu V B Pb 
Series Used 

A Kill Report 0.41 0.92 0.012 0.024 0.30 1.06 0.17 
1-3/8 A193 

Lab Analysis 0.41 0.98 0.012 0.026 0.28 0.14 1.01 0.17 0.19 <0.01 0.0005 Gr. B7 
AS'lM A193-73 0.38-0.48 0.75-1.00 0.04 max 0.04 0.20-0.35 0.80-1.10 0.15-0.25 

Check Var. 100.02 100.04 +0.005 +0.005 ±0.02 ±0.05 ±0.02 

B Kill Report 0.41 0.90 0.010 0.028 0.28 O.lfi 0.97 0.22 
1-3/4 A193 

Lab Analysis 0.45 0.95 0.012 0.033 0.28 0.14 0.92 0.20 0.15 <0.01 0.0005 Gr. B7 
AS'lM A193-73 0.38-0.48 0.'75-1.00 0.035 max 0.04 0.20-0.35 0.80-1.10 0.15-0.25 

Check Var. ±0.02 ±0.04 +0.005 +0.005 ±0.02 ±0.05 ±0.02 

C Hill Report 0.40 0.69 0.015 0.015 0.27 1. 76 0.78 0.25 
1-3/8 4340 Lab Analysis 0.41 0.95 0.013 0.030 0.32 1. 70 0.87 0.18 0.09 «J.01 0.0005 * 

AISI 4340 0.38-0.43 0.60-0.80 0.04 max 0.04 max 0.20-0.35 1.65-2.00 0.70-0.90 0.20-0.30 

D Mill Report 0.22 0.79 0.007 0.028 
1-3/8 A36 Lab Analysis 0.22 0.85 0.014 0.040 0.05 O. l3 0.09 0.01 0.28 <D.01 0.0008 

AS'lM A36-74 0.27 max 0.60-0.90 0.04 max 0.05 max 
Check Var. ±0.02 100.03 +0.008 +0.008 

F Mill Report 0.18 0.80 0.007 0.028 
2 A36 Lab Analysis 0.06 0.38 0.005 0.018 <D.01 0.01 0.02 <0.01 0.01 <0.01 <D. 0005 

AS'lM A36-74 0.28 max 0.60-0.90 0.04 max 0.05 max 
Check Var. ±0.02 ±0.03 +0.008 +0.008 

*Lead detected in analysis; no percen tsge repor ted. 



Example: A31A 

A 
Test Series 

Test Series: 

TABLE 6. SPECIMEN DESIGNATION 

3 
Stress Range 

A - A193, 1-3/811 

B - A193, 1-3/411 
C - 4340, 1-3/811 

D - A36, 1-3/8 11 

E - A36, 1-3/8" 
F - A36, 211 

1 
Specimen 
Number 

R 
Retest 

Indication 
(Optional) 

8UN - Cut Threads 
8UN - Cut Threads 
8UN - Cut Threads 
6UNC - Cut Threads 
8UNC - Rolled Threads 

4-l/2UNC - Cut Threads 

54 

A 
Specimen 

End 

S 
r 

1, 2, 3 indicate first, second ... stress range 

Replicate 1 or 2 
No. 

Specimen A or B 
End 

Retest Mark R 
(Optional) 

Example: C32A 

4340 steel, 1-3/8 11 diameter with 8UN cut threads 

Third magnitude of stress range (30 ksi) 

Specimen No.2 

End A 

Specimen is not retested (R is deleted) 
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TABLE 7. INDEX TO TEST SPECIMENS BY IDENTIFYING CODE 

Specimen Stress Range (ksi) 
Series 

30 25 20 15 10 

A 
A3l A2l All 
A32 A22 A12 

B B3l B2l Bll 
B32 B22 B12* 

C 
C3l C2l Cll 
C32 C22 C12 

D32 D3l 
D D22R D2l Dll 

DllR D22 D12 

E32R E3l E32 Ell 
EllR E2l E12 
E12R E22 

E3lR 

F3l Fll 
F F32 F2l Fl2 

F22 

*Extra fa tigue specimen, designated BDOT-BBAR, also 
tested. 
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TABLE 8. SUMMARY OF ANCHOR BOLT FAILURE DATA 

Failed Stress Max. Min. Failure Crack Defect 
End Range Stress Stress Cycles Detected Rating 

Designation (ksi) (ksi) (ksi) (Nf) (Nc) (db) 

A32A 30.0 78.8 48.8 59,760 27,500 28 
A32B 30.0 78.8 48.8 65,270 23,330 30 
A21B 20.0 78.8 58.8 189,270 68,720 27 
A22A 20.0 78.8 58.8 176,810* 
All 10.0 78.8 68.8 11,800,000 
A12A 10.0 78.8 68.8 2,012,500 1,357,500 15 

B31B 30.0 78.8 48.8 63,610 
B32A 30.0 78.8 48.8 61,180 30,000 35 
B21A 20.0 78.8 58.8 138,810 
B22B 20.0 78.8 58.8 181,500 100,000 34 
B11A 10.0 78.8 68.8 1,402,700 
B12 10.0 78.8 68.8 Threads stripped during static loading 
B** 10.0 78.8 68.8 2,031,000 

C31 30.0 112.5 82.5 54,000 
C32 30.0 112.5 82.5 38,720 
C21 20.0 112.5 92.5 114,440 
C22 20.0 112.5 92.5 121,120 
C11 10.0 112.5 102.5 1,203,100 
C12 10.0 112.5 102.5 2,774,540 

D32A 25.0 27.0 2.0 793,290 
D22B-R 25.0 27.0 2.0 224,660 55,000 40 
D11B-R 25.0 27.0 2.0 240,060 178,400 33 
D31A 20.0 27.0 7.0 1,794,410 850,000 25 
D21A 20.0 27.0 7.0 1,137,500 680,000 11 
D22B 20.0 27.0 7.0 1,753,460 735,400 21 
D11B 10.0 27.0 17.0 15,838,480 7,000,000 19 
D12A 10.0 27.0 17.0 11,205,890 9,762,940 15 

E32A-R 25.0 27.0 2.0 720,580 
E11A-R 25.0 27.0 2.0 347,690 
E12A-R 25.0 27.0 2.0 296,440 206,000 34 
E31A 20.0 27.0 7.0 579,140 
E31A-R 20.0 27.0 7.0 366,590 
E21B 20.0 27.0 7.0 4,907,050 1,574,500 26 
E22A 20.0 27.0 7.0 509,330* 
E32 15.0 27.0 12.0 11,035,420* 
Ell 10.0 27.0 17.0 16,392,620* 
E12 10.0 27.0 17.0 17,202,204 

F32A 24.0 27.0 3.0 131,560 40,000 38 
F31A 20.0 Z7.0 7.0 240,360 130,700 33 
F21A 20.0 27.0 7.0 227,340 
F22A 20.0 27.0 7.0 1,028,540 
Fl1B 10.0 27.0 17 .0 3,163,240 
F12A 10.0 27.0 17.0 1,625,300 704,500 28 

Data not available 

* Specimen removed before failure; no cracks detected 
** Designates ~tra fatigUe test specimea, noted al BOOT-BBAR. 



TABLE 9. SUMMARY OF SPECIMENS WITH CRACKS 
AT THE UNFAILED END 

Specimen Series 

A B C D E F 

Number of 6 6 6 6 6 6 
Specimens 

Percent of 66 66 50 83 0 83 
Specimens 
Cracked on 
Unfailed End 

Percentage of all specimens cracked on unfai1ed 
end = 58%. 

TABLE 10. ANALYSIS OF VARIANCE STRESS RANGE VS. 
THREAD FORMING METHOD 

Factorial I 

A36, 1-3/8 in.: Cut Threads and Rolled Threads 
Confounded by Thread Series 

Source of 
Variation 

Stress Range 
Forming Me thod 
Interaction 
Residual 
Total 

*a. == 0.05 

Sum of 
Squares 

0.7215 
0.0149 
0.0679 
0.6151 
1.4194 

Degree of 
Freedom 

1 
1 
1 
8 

11 

Mean 
Squares 

0.7215 
0.0149 
0.0679 
0.0769 
0.1290 

F Calc. 

9.3846 
0.1943 
0.8827 

F* Tab. 

5.32 
5.32 
5.32 
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TABLE 11. ANALYSIS OF VARIANCE STRESS 
RANGE VS. BAR DIAMETER 

Factorial II 

A193 Gr. B7, 8UN, Cut Threads: 1-3/8 in. and 1-3/4 in. 

Source of Sum of Degree of Mean 
Variation Squares Freedom Squares 

Stress Range 5.9414 2 2.9707 
Bar Diameter 0.0910 1 0.0910 
Interaction 0.1247 2 0.0623 
Residual 0.3164 6 0.0527 
Total 6.4734 11 0.5885 

Factorial III 

A36, Ga1v., Cut Threads: 1-3/8 in. and 2 in. 

Confounded by Thread Series 

Source of Sum of Degree of Mean 
Variation Squares Freedom Squares 

Stress Range 1. 4208 1 1.4208 
Bar Diameter 0.9586 1 0.9586 
Interaction 0.0118 1 0.0118 
Residual 0.1431 4 0.0358 
Total 2.5343 7 0.3620 

",'c 

a. == 0.05 

* F Calc. F Tab. 

56.3395 5.14 
1.7252 5.99 
1. 1822 5.14 

* F Calc. F Tab. 

39.7152 7.71 
26.7965 7.71 
0.3290 7.71 
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TABLE 12. ANALYSIS OF VARIANCE STRESS 
RANGE VS. TYPE OF STEEL 

Factorial IV 

1- 3/8 in., 8UN, Cut Threads: A193 Gr. B7 and 4340 

Source of Sum of Degree of Mean F Calc. 
Variation Squares Freedom Squares 

Stress Range 6.6065 2 3.3033 53.1199 
Type of Steel 0.1888 1 0.1888 3.0365 
Interaction 0.0475 2 0.0237 0.3818 
Residual 0.3731 6 0.0622 
Total 7.2159 11 0.6560 

Factorial V 

1-3/8 in., Cut Threads: A193 Gr. B7, 4340 and A36 

Confounded by Thread Series 

Source of Sum of Degree of Mean F Calc. 
Variation Squares Freedom Squares 

Stress Range 4.1671 1 4.1671 66.4512 
Type of Steel 2.0908 2 1.0454 16.6705 
Interaction 0.1281 2 0.0641 1. 0214 
Residual 0.3763 6 0.0627 
Total 6.7623 11 0.6148 

* a. = 0.05 
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* F Tab. 

5.14 
5.99 
5.14 

* F Tab. 

5.99 
5.14 
5.14 



TABLE 13. ANALYSIS OF VARIANCE STRESS 
RANGE VS. TYPE OF STEEL 

Factorial VI 

1-3/8 in., 8UN: A193 Gr. B7, 4340, and A36 

Confounded by Forming Method 

Source of Sum of Degree of Mean 
Variation Squares Freedom Squares 

Stress Range 4.7196 1 4.7196 
Type of Steel 2.0326 2 1.0163 
Interaction 0.0448 2 0.0224 
Residual 0.5970 6 0.0995 
Total 7.3941 11 0.6722 

Factorial VII 

1-3/8 in., Cut Threads: A193 Gr. B7 and A36 

Confounded by Thread Series 

Source of Sum of Degree of Mean 
Variation Squares Freedom Squares 

Stress Range 2.7492 1 2.7492 
Type of Steel 0.9518 1 0.9518 
Interaction 0.1279 1 0.1279 
Residual 0.3101 4 0.0775 
Total 4.l390 7 0.5913 

* a = 0.05 

F Calc. 

47.4355 
10.2146 
0.2254 

F Calc. 

35.4613 
12.2768 
1. 6495 
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* F Tab. 

5.99 
5.14 
5.14 

* F Tab. 

7.71 
7.71 
7.71 



Model A: 

Model B: 

Model 

A 
B 

A 
B 

A 
B 

A 
B 

A 
B 

A 
B 

A 
B 

TABLE 14. REGRESSION ANALYSIS RESlIT..TS 
OF INDIVIDUAL TEST SERIES 

Log N = B1 + B2 Sr 

Log N = B1 + B2 Log Sr 

B1 B2 Correlation 
Coefficient 

Series A - 5 SEecimens 

6.85208 -0.0712851 0.96807 
9.41167 - 3 .14801 0.99643 

Series B - 6 SEecimens 

6.83995 -0.0716135 0.096567 
9.24365 -3.04591 0.99096 

Series C - 6 SEecimens 

6.93252 -0.0800791 0.94961 
9.63964 -3.42128 0.97886 

Series D - 8 SEecimens 

8.20595 -0.104603 0.96038 
11.0020 -3.82111 0.94508 

Series E - 7 SEecimens 

7.16156 -0.0615184 0.39546 
10.0607 -3.17400 0.39546 

Series F - 6 SEecimens 

7.20542 -0.0831979 0.88501 
9.24874 -2.87129 0.87403 

All Series - 38 SEecimens 

7.26453 -0.0793083 0.79804 
9.64392 -3.11698 0.78312 
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Standard 
Error of Est. 

0.17832 
0.06003 

0.19264 
0.09947 

0.26431 
0.17247 

0.20432 
0.23963 

0.41832 
0.41832 

0.28811 
0.30067 

0.40734 
0.42037 



Model A: 

Model B: 

Model 

A 
B 

A 
B 

A 
B 

A 
B 

TABLE 15. REGRESSION ANALYSIS RESULTS 
FOR EFFECTS OF STEEL TYPES 

Log N = B1 + B2 Sr 

Log N = B1 + B2 Log Sr 

B1 B2 Correlation 
Coefficient 

A193 Gr. B7 Steel - 11 SEecimens 

6.84277 -0.0713277 0.96689 
9.29417 -3.07319 0.99268 

4340 Steel - 6 SEecimens 

6.93252 -0.0800791 0.94961 
9.63964 -3.42128 0.97886 

All A36 Steel - 21 SEecimens 

7.54132 -0.0815412 0.75528 
9.77733 -3.01418 0.75351 

All High Strength Steel 17 SEecimens 

6.87288 -0.0742520 0.95558 
9.40879 - 3.18884 0.98266 
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Standard 
Error of Es t. 

0.16493 
0.07807 

0.26431 
0.17247 

0.38561 
0.38681 

0.19558 
0.12307 



TABLE 16. REGRESSION ANALYSIS RESULTS 
FOR EFFECTS OF BAR DIAMETER 

Model A: LogN=B1 + B2 Sr 
Model B: Log N = B1 + B2 Log Sr 

Model 

A 
B 

A 
B 

A 
B 

A 
B 

A 
B 

Correlation 
Coefficient 

Standard 
Error of Est. 

1-3/8 in. - 8UN - A193 Gr. B7 - 5 Specimens 

6.85208 
9.41167 

-0.0712851 
-3.14801 

0.96807 
0.99643 

1-3/4 in. - 8UN - A193 Gr. B7 - 6 Specimens 

6.83995 
9.24365 

-0.0716135 
-3.04591 

0.96567 
0.99096 

1-3/8 in. - 6UNC A36 - 8 Specimens 

8.20595 
11. 0020 

-0.104603 
- 3. 82111 

0.96038 
0.94508 

2 in. - 4-1/2UNC A36 6 Specimens 

7.20542 
9.24874 

-0.0831979 
2.87129 

0.88501 
0.87403 

0.17832 
0.06003 

0.19264 
0.09947 

0.20432 
0.23963 

0.28811 
0.30067 

All 1-3/8 in. High Strength Steel - 11 Specimens 

6.89072 
9.50264 

-0.0756229 
-3.26831 

0.95100 
0.97938 

All 1-3/8 in. - A36 Steel - 15 Specimens 

0.21541 
0.14076 

A 8.10884 -0.101945 0.86208 0.30798 
B 11.0302 -3.86892 0.86060 0.30951 

All 1-3/8 in. - 8UN - 18 Specimens 

A 7.01111 -0.0706487 0.75790 0.41364 
B 9.22598 -2.85265 0.73204 0.43196 

A 
B 

7.48188 
10.0637 

All 1-3/8 in. - 26 Specimens 

-0.0853601 
-3.36891 

0.78565 
0.76614 

0.44133 
0.45846 
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TABLE 17 (Continued) 

Failed Cycles Reference Crack Percen t Defect 

End 
to Flaw, Distance Cycle Rating, 

Failure db in. Life db 

D11B* 15,838,480 6 2.5 44 21 
49 16 
54 15 
69 9 
87 3 

100 3 

D12A* 11,205,890 6 4.0 87 16 
93 10 
99 10 

100 0 

E21B 4,907,050 6 4.25 32 26 
45 27 
61 24 
77 23 
88 20 

100 6 

E12A-R** 296,440 6 3.5 69 34 
76 33 
80 30 
86 28 
92 20 
99 0 

100 0 

F31A 240,360 6 4.25 54 34 
58 30 
62 30 
67 27 

100 10 

F32A 131,560 6 2.25 30 39 
42 32 
46 29 
51 29 
53 31 
57 28 
65 27 
73 25 
84 19 
91 8 
98 7 

100 7 
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TABLE 17 (Continued) 

Failed Cycles Reference Crack Percent Defect 

End 
to Flaw, Distance, Cycle Rating , 

Failure db in. Life db 

F12A 1,625,300 6 4.5 43 28 
88 9 

100 

*Indicates multiple crack data. 

**Indicates elevated temperature and bending data. 



A P PEN D I X 2 

FIGURES 

67 



68 

38" J 
Fig. 1. Basic Test Specimen. 

r Bearing Plates \ 

.(-- P/2 

Nut Nut 

Bolt 

Fig. 2. Specimen Loading Geometry. 
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Fig. 3. Fatigue Loading System. 

Fig. 4. Strain-gaged Specimen Ready for Testing. 

. ' 
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Fig. 5. Fatigue Test Loading Ram. 
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Distance d, inches 
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4,6-5·0 

Fig. 6. Distribution of Nut Location on Fatigue Specimens. 
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Fig. 7. Reference Flaw Calibration Posicion - Irw - Type I 
Ultrasonic Reference Block. 

Fig. 8. Ultrasonic Inspection Unit Positioned 
for Calibration. 
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Fig. 11. Characteristic Failure Surface for Each Specimen Type. 
(Left to Right: Types A, B, C, D, E, and F) 

Fig. 12. Cross Sections of Type D Failed Ends. 



Crack Stage I 
End: B32A 

Crack Stage II 
End: B32B 

Fig. 13. Crack Growth Stages for Opposite Specimen Ends. 

Factorial I 

Common: Diameter - 1-)/8 in. 
S tee 1 - A36 

Confounded by: Threads, 6UNC Vs. 8UN 

Sr 
(ks i) 

25 

20 

* 

Series 

Number of Replicates 

D 

Cut 

* ) 

3 

E 

Ro lled 

3 

4 

Fig. 14. Analysis of Variance for Effects 
of Forming Method. 

. .. 
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Factorial II 

Common: Steel - A193 Gr. B7 
Threads - 8UN 
Forming - Cut Threads 

Series A 
Sr 

(ksi) 1- 3/8 in. 

* 30 2 

20 2 

10 2 

Factorial III 

Common: Steel - A36 
Forming - Cut 
Galvanized 

B 

1-3/4 in. 

2 

2 

2 

Confounded by: Threads - 6UNC Vs. 4-1/2UNC 

Series D F 
Sr 

(ksi) 1- 3/8 in. 2 in. 

* 20 3 2 

10 2 2 

* Number of replicates 

Fig. 15. Analysis of Variance for 
Effects of Diameter. 
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Fac torial IV 

Common: Diameter 1-3/8 in. 
Forming - Cut 
Threads - 8UN 

Series A G 

Sr A193 Gr. B7 4340 (ksi) 

30 2* 2 

20 2 '2 

10 2 2 

Factorial V 

Common: Diameter - 1-3/8 in. 
Forming - Cut 

Confounded by: Threads - 8UN vs. 6UNC 

Series A C D 
Sr 

(ksi) A193 Gr. B7 4340 A36 

20 2* 2 3 

10 2 2 2 

*Number of replicates 

Fig. 16. Analysis of Variance for Effects 
of Steel Types. 
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. . 

Factorial VI 

Common: Diameter - 1-3/8 in. 
Threads - 8UN 

Confounded by: Forming - Cut vs. Rolled 

Sr 
(ksi) 

20 

10 

Series A C 

A193 Gr B7 4340 

2 

2 2 

Factorial VII 

Common: Diameter 1-3/8 in. 
Forming - Cut 

Confounded by: Threads - 8UN vs. 6UNC 

Series A 
Sr 

(ksi) A193 Gr. B7 

20 2* 

10 2 

*Number of replicates 

E 

A36 

4 

2 

D 

A36 

3 

2 

Fig. 17. Analysis of Variance for Effects 
of Steel Types . 
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STRESS 20 
RANGE 
(ksi) 4340, 

10 TYPE C 

5 

... 
~. -,. ....... -... A 193, 1- 74in. _---J. .... ... 

TYPE 8 ....... _ ....... 
...... 

CYCLES TO FAILURE 

Fig. 18 Mean Regression Lines: A193 Gr. B7 and Heat-treated 4340 Steels. 
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Fig. 27 . Loading System for Full-sized Tension Tests. 

, . 

Fig. 28 . Dial Gage for Nut Stiffness Measurement. 
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