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ABSTRACT 

Tension in each of sixty 7/8 11 diameter A-325 structural steel 

bolts was monitored for a period of 45 days. Primary variables were 

paint treatments on the clamped plates before insertion of the bolts 

and tightening method. Two types of red lead and an inorganic zinc 

paint were applied in varying thicknesses. Both the calibrated

impact-wrench and turn-of-the-nut methods of tightening were used. 

Losses of tension in joints where the exterior surfaces were 

painted with lead paint and the faying surfaces were bare ranged 

from 1.2 kips to 13 kips. Remaining tensions in the bolts ranged 

from 24.4 kips to 42.5 kips with half falling below the minimum spe

cified tension of 39 kips. 

In bolts tightened by the turn-of-the-nut method initial tensions 

were higher and more uniform than those in bolts tightened by the cali

brated-impact-wrench method, and could, therefore, tolerate greater 

losses without falling below the minimum specified tension. 
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CHAPTER l 

INTRODUCTION AND SCOPE OF THE PROBLEM 

1. l INTRODUCTION 

On several recent Missouri Highway Department construction pro

jects an unusually large number of structural steel bolts failed to 

pass the torque inspection. The bolts had presumably been tightened 

to the proper tension with an air impact wrench, but when inspected 

with a manual torque wrench, failed to meet the torque specifications. 

In most, if not all of the cases, there were layers of shop paint 

under the heads and nuts of the bolts. One particular bridge was 

painted with a very slow drying paint that was still soft when it 

reached the field. As a result, there was an inordinate amount of 

damage to the paint in handling and a great deal of touch-up was re

quired. Field logs indicated that the paint was as much as 16 mils. 

thick under the heads of some of the bolts, though none of the faying 

surfaces were painted. It has been speculated that the failure of the 

bolts to pass the torque inspection may have been related to the vary

ing layers of paint under the bolt heads. 

l 

One possible reason for this inspection failure is that the paint 

acts as a lubricant and allows the bolt to turn when subjected to the 

torque inspection while actually the bolt may contain the required ten

sion. Another possible reason is that a thick layer of paint tends to 

creep out from under the bolt head and nut, allowing the tension in 

the bolt to relax. A relaxation of only one-thousandth of an inch in 

a 3 1/2 inch bolt would reduce the tension in the bolt by approximately 



25 percent. Both the relaxation effect and the lubrication effect 

could be dependent on the type, thickness, and drying time of the 

paint. Of course it is possible the bolts were not adequately ten

sioned initially. 

1.2 SCOPE OF THE PROBLEM 

The objective of this research project was to study the possible 

causes of the failure of the large number of structural bolts to pass 

inspection and to make recommendations for eliminating the problem in 

the future. 

2 

The scope of the project entailed a study of various bolt tighten

ing techniques and a series of tests to study the relaxation of bolt 

tension. The study of bolt tightening techniques involved field obser

vation of the tightening process, a literature survey, and a series of 

laboratory tests to determine the torque-nut rotation-tension charac

teristics of structural bolts using both an air impact wrench and a 

manual torque wrench. The relaxation tests involved a series of twenty 

specimens with various paint treatments, each consisting of three, 3/4 

inch thick steel plates clamped together by three, 7/8 inch diameter 

A-325 bolts. 

The type of paint and the paint thickness were the primary varia

bles in the test seri es, while the method of tightening was a secondary 

variable. Seven of the specimens were tightened by the turn-of-the 

nut method. Bolt tensions were monitored daily with electric resis

tance strain gauges for a period of 45 days. 
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2. l Conclusions 

CHAPTER 2 

CONCLUSIONS AND RECOMMENDATIONS 

3 

Test results indicate that paint under the surface of a bolt head 

or nut allows relaxation of tension in the bolt. The amount is small 

for the inorganic zinc. For 7/8 inch diameter bolts with a grip of 

2 1/4 inch the average relaxation varied from approximately 2.2 kips 

for 5 mils of paint to 5. 1 kips for 13 mils of paint under both the 

head and nut. 

For the red lead paints, average relaxation was approximately 9.7 

kips for a paint thickness of 4 to 6 mils. For paint thicker than 4 to 

6 mils relaxation was slightly less, apparently because of the tenden

cy for the excess soft red lead to inmediately squeeze out from under 

the bolt head during tensioning. 

Test results indicate there is a wide variation in tension for 

bolts tightened by the calibrated impact wrench method. It does not 

seem realistic to expect all bolt tensions to fall within a range at 

least 5 percent but no greater than 10 percent above 39 kips. Of the 

test specimens tightened by this method, only 8 percent of the bolts 

developed tensions in this range. 

Test results also indicated that lubrication is very important in 

bolt tensioning. Lack of lubrication results in higher required torque, 

lower tension in the bolt, and bolt failure at a smaller angle of nut 

rotation. If bolts are coated with a lubricant when received, it is 

not necessary to wash them unless the lubricant is contaminated with 



4 

dirt or some other foreign material. 

Bolts that had been under tension for a period of 30 days or more 

required 50 percent more torque for a given tension than they did for 

initial tensioning. Thus present torque inspection methods are non

conservative if there is a delay between initial tightening and in

spection. 

2.2 RECOMMENDATIONS 

Turn-of-the-nut appears to be a more reliable and more convenient 

method of tightening structural steel bolts than the calibrated impact 

wrench. Tensions produced by the turn-of-the-nut method are higher 

and more uniform. These higher bolt tensions provide a higher toler

ance to relaxation of tension. Inspection requires only verification 

that the nut has been given the specified number of turns. 

If the calibrated impact wrench method is used, bolts should be 

tensioned at least 5 percent above the specified minimum tension, with 

no upper limit on tension. However, some provision should be made to 

prevent twisting the nut more than 1/2 turn into the plastic range. 

This may be very difficult unless it can be assured that the workman 

will always continue tightening until the wrench stalls. In this case 

it can be argued that if the wrench is set to a torque higher than the 

ultimate capacity of the bolt, the bolt will be twisted off and can be 

replaced. 

When inorganic zinc paint is used, the paint thickness under the 

bolt heads and nuts should not exceed 4 to 6 mils. For the red lead 

paints it would be preferable to have no paint under the bolt heads or 

nuts. If red lead paint is permitted under the bolt heads, the turn

of-the-nut method should be used for tensioning. 
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CHAPTER 3 

LITERATURE SURVEY 

3. 1 BOLT TIGHTENING HISTORY 

For a number of years after the advent of the high strength 

structural steel bolt, no attempt was made to obtain any precise amount 

of minimum tension in the bolts. This did not change until the found

ing of the Research Council on Riveted and Bolted Joints (1) in 1947. 

With the advent of the air impact wrench, the need for skilled opera

tors to run these wrenches was brought about. The bolts were tightened 

with these wrenches for a certain period of time, or until the operator 

could 11 feel 11 they were properly tensioned. A hydraulic ram that could 

directly read bolt tension was used for calibration purposes while the 

bolts were inspected with a manual torque wrench. 

W. H. Munse (2), in the mid-fifties, showed that it was possible 

5 

to relate the induced tension and the applied torque in a bolt. This 

subsequently led to the torque-tension table which was established for 

inspection purposes. Due to erratic field results, the Research Council 

abandoned the torque-tension table in 1962 and in its place they recom

mended that both torque and impact wrenches 11 
••• be calibrated by 

tightening in a device capable of indicating actual bolt tension, not 

less than 3 typical bolts from the lot to be installed". 

Also during this period, the need for a more precise method of 

tightening with an impact wrench brought about the developnent of an 

adjustable friction clutch (1). This mechanism, which was applied be

tween the wrench and the socket, proved to be too bulky for handling 



purposes. Soon afterwards, the air tool manufacturers developed a 

built in torque control to shut off the air pressure at adjustable 

torques. A hydraulic ram was used to calibrate the torque control. 

This torque control system, which is found on modern impact wrenches, 

must be calibrated at least daily. Other situations which warrant re

calibration are a change in bolt length, bolt diameter, air hose 

length, or air hose diameter. 

6 

In the same period as the developement of the torque control, the 

American Associati on of Railroads (AAR) was searching for an easier and 

more reliable way to tighten bolts in renote areas. Consequently, in 

1954, E. J. Ruble (3) conducted a large series of tests to detennine if 

the number of turns could be used to tension bolts. Ruble discovered 

that 1/2 turn from finger tight gave the minimum required bolt tension 

for all diameter bolts. He recommended using one full turn, and in 

1955 the Research Council, in Appendix B to the specifications, recom

mended using the one full turn method. Field experience then began to 

show that finger tight proved unreliable due to dirt, dents, and mis

matched threads. Also, the contractors did not like hand tightening 

when they had impact wrenches that could do the job much faster. 

Bethlehem Steel (3), with tests of their own and results from AAR, 

developed a tightening system known as the modified turn-of-the-nut 

method. This system was easily applicable to an impact wrench for it 

defined a snug tight condition rather than finger tight. Snug tight 

was defined as the point where the wrench first begins to impact. From 

this point, the nut or bolt is given the required number of turns. Due 
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to its refinement from the one full turn method and its applicability 

to an impact wrench, the modified turn-of-the-nut method was incorpo

rated into the 1960 Research Council specifications. 

3.2 MECHANICS OF THE TURN-OF-THE-NUT METHOD (STRAIN CONTROL) 

7 

The turn-of-the-nut method {4} for controlling bolt tension is 

primarily a strain control. The method's effectiveness depends pri

marily on the starting point and the accuracy of the rotational mea

surements. Desired tensions in the inelastic region can be obtained if 

some degree of control is exercised in using the turn-of-the-nut method. 

Due to the relatively flat portion of the inelastic region of a load

elongation curve, small variations in snug tight result in only minor 

tension variations as shown in Figure 3. 1. Tests have indicated that 

the average bolt tension is about 20 percent greater than the required 

minimum tension when the turn-of-the-nut method is used. It has also 

been said {1} that it usually requires 2 to 3 full rotations of the nut 

before bolt failure, making chances of failure by this mode relatively 

small. 

3.3 MECHANICS OF THE AIR IMPACT WRENCH METHOD OF TIGHTENING (TORQUE 

CONTROL) 

Modern impact wrenches rely on torque control as a means of 

sensing bolt tension (4). These wrenches can be adjusted so that a 

prescribed torque will cause the air pressure to shut off. The mechan

ical system of an air impact wrench (5) consists of 2 principal parts: 

1) Motor 
2) Impact Unit 
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The motor operates at a speed in proportion to the air pressure. The 

drive shaft of the motor is connected to a rotating hammer which im

parts a rotatory impact to an anvil. These impacts are transmitted to 

the nut through a closely fitting chuck. 

The impact wrench is calibrated with the aid of a hydraulic ram 

fr001 which bolt tension can be read directly. The bolt is placed in 

the ram and tightened until the wrench 11 stalls 11
, which is the point 

at which the adjustable torque control shuts off the air pressure. The 

bolt tension is noted and another bolt is placed in the ram and tight

ened. If the bolt tension is not within specifications, the tensioning 

can be adjusted by means of a set screw, which in turn adjusts the 

torque control. When three successive bolts have been tightened within 

specifications, the wrench is calibrated. 

In 1954, A. Pauw and L. Howard (6) showed great variability in 

the final bolt tension when a group of bolts was tightened with the 

same air impact wrench setting. Experience in the field use of bolts 

confirmed the erratic nature of this relationship. The tests per

formed by Pauw and Howard indicated that final bolt tensions varied 

+ 30 percent from the mean tension desired, with an average variation 

of+ 10 percent, for bolts from the same lot. 

3. 4 RELAXATION 

Fisher and Struik (4) indicate that relaxation of a bolt clamping 

bare surfaces is believed to be due mainly to the high stress level in 

the threaded part of the bolt. Tests have indicated that immediately 

upon c001pletion of torquing, there was a 2 to 11 percent drop in load. 
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The average loss was 5 percent of the maximum registered bolt tension. 

The irranediate drop in bolt tension is believed to be the result of an 

elastic recovery which takes place as soon as the wrench is removed. 

Some creep and yielding in the bolt are due to the high stress levels 

at the root of the threads. 

Relaxation tests on bolts have shown that an additional 4 percent 

loss in bolt tension can be expected after 21 days as compared to the 

tension one minute after torquing. Ninety percent of this loss oc

curred in the first day. The rate of loss in the next 20 days occurred 

in an exponential manner. 

By extrapolation of data, Japanese research studies (4) have 

shown that relaxation after 100,000 hours (11.4 yrs.) would be about 6 

percent for bare surfaces. Their results compared similarly to the 

test results previously mentioned. 

Although no data were available on painted joints, galvanized 

plates and bolts show about twice the relaxation of bare surfaces. The 

amount of relaxation was apparently related to the thickness of the 

galvanizing and was probably due to the creep or flow of the galvan

izing material. Most of the relaxation occurred immediately upon com

pletion of the tightening process. 
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CHAPTER 4 

SPECIFICATIONS (7) 

4.1 CALIBRATED ~ENCH TIGHTENING 

11 

The Missouri State Highway Department (MSHD) specifications, sec

tion 712.11.2, (a), require that when calibrated impact wrenches are 

used to tighten bolts to a tension specified in Table 4.1, "their set

ting shall be such as to induce a bolt tension 5 percent to 10 percent 

in excess of the specified value. These wrenches shall be calibrated 

at least once each working day by tightening, in a device capable of 

indicating actual bolt tension, not less than three typical bolts of 

each diameter from the bolts to be installed. Power wrenches shall be 

adjusted to stall or cut out at the selected tension. If manual torque 

wrenches are used, the torque indication corresponding to the selected 

tension shall be noted and used in the installation of all bolts of the 

tested lot". The specification continues by saying, "a nut shall be in 

the tightening motion when torque is measured" with a torque wrench. 

During the tightening process the part not being turned by the wrench 

must be held against rotation. 

4.2 TURN OF THE NUT METHOD 

The MSHD specifications, section 712.11.2 (d), allow the turn-of-the

nut method to be used if this method is indicated on the plans. This 

specification states that the nuts shall first be brought to the snug 

tight position, which is a condition defined by "a few impacts of an 

impact wrench, or the full effort of a man using an ordinary spud 



Bolt Size 
(inches) 

1/2 

5/8 

3/4 

7/8 

1 

1 1/8 

l l /4 

1 3/8 

1 1/2 

TABLE 4-1 

BOLT TENS ION 
For A-325 Bo 1 ts 

Minimum Bolt Tension* 
(thousands of pounds) 

12 

19 

28 

39 

51 

56 

71 

85 

103 

*Equal to 70 percent of the specified minimum tensile 
strength of bolts, rounded off to the nearest thousand 
pounds. 

12 
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wrench". The specification continues by saying the nuts shall then be 

tightened "the applicable amount of rotation as specified" in Table 

4-2. "During the operation there shal 1 be no rotation of the part not 

turned by the wrench. 11 

4. 3 INSPECTION 

According to MSHD specifications, section 712.11.3, if the turn-of

the-nut method is used for tensioning bolts, the engineer will observe 

the installation procedure and detennine that the procedure was followed 

correctly and all of the bolts were tightened. 

If the calibrated impact wrench method is used, the following pro

cedure must be followed for inspection according to MSHD specifications, 

section 712.11.3, (b). "Three bolts of a representative length, and of 

the same grade, diameter, and condition as those under inspection shall 

be placed individually in a calibration device capable of indicating 

bolt tension." The bolt must then be tightened to the minimum tension 

specified by any available means and a hand torque wrench is used to 

measure 11 
••• torque necessary to turn the nut or head 5 degress (approx

imately one inch at 12-inch radius) in the tightening direction ••. ". 

The average torque of the three bolts is to be taken as the job inspec

tion torque. 



TABLE 4-2 

Nut Rotation ab/ from snug tight condition 

Disposition of outer faces of bolted parts 

Both faces nonnal to bolt axis, or one 
face normal to axis and other face
sloped c/ 

(Bevel washer not used) 

Bolt length d/ 
not exceeding 8 
or 8 inches 

1/2 Turn 

Bolt length d/ 
exceeding 8 diameters 
or 8 inches 

2/3 Turn 

Both faces sloped c/ 
from normal to bolt 
axis (Bevel washers 
not used) 

For all length of 
bolts 

3/4 Turn 

a/ For coarse thread heavy hexagon structural bolts of all sizes and 
lengths and heavy hexagon semi-finished nuts. 

b/ Nut rotation is rotation relative to bolt regardless of the part 
being turned. Tolerance on rotation: 1/6 turn (60 degrees) over 
and nothing under. 

c/ Slope 1:20 Maximum 

d/ Bolt length is measured from underside of head to extreme end of 
point. 

14 
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CHAPTER 5 

OBSERVATIONS 

15 

As an inital phase of the project a local construction site was 

visited to observe the field procedure used in bolt tightening. The 

project was a highway overpass on which the steel girders were being 

erected. The calibrated impact wrench method was being used to tension 

the bolts. A Skidmore-Wilhelm calibration device, often referred to as 

a Skidmore, which indicates the tension in the bolt directly, was being 

used to calibrate the wrench. Adjusting the wrench involved use of an 

allen wrench to rotate a set screw which changed the setting of the 

internal torque control so the wrench would 11 stall II at the prescribed 

torque. After numerous unsuccessful attempts to set the wrench to 

11 stal1 11 in a range of at least 5 percent but not more than 10 percent 

above the specified minimum tension, it was decided to tighten the 

bolts with the wrench at the best possible setting. Upon tensioning, 

all bolts were inspected irrmediately to see if any retightening was 

required. The bolts were inspected with a manual torque wrench and 

any required retightening was done with this torque wrench. Field 

inspectors indicate that calibration is often a major problem. 

A possible reason for the difficulty in the calibration of the 

impact wrench may lie in the interpretation of the MSHD specifications. 

These specifications read, "When calibrated wrenches are used to pro

vide the tension specified in 'Table 4-1', their setting shall be such 

as to induce a bolt tension 5 percent to 10 percent in excess of the 

specified value". Current AISC specifications read, "When calibrated 
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wrenches are used, they should be set to provide a tension at least 5 

percent in excess of the minimum tension ••• ". In the AISC specifica

tions no mention is made of an upper limit. At least in some cases the 

MSHO specification is being interpreted to mean within a range of at 

least 5 percent but not more than 10 percent. If the MSHO specifica

tions were interpreted as at least 5 or 10 percent above the minimun 

specified tension, the specification would be much easier to satisfy 

and more in line wi~h current AISC specifications. 

It was also observed that a Skidmore will not acco1TJTiodate bolts 

with a length of less than 3 1/2 inches. Bolts greater than 4 inches 

in length require the use of spacers. It was observed in the field that 

the bolts used to calibrate the wrench were often not the same length 

as the bolts used on the job. When the calibration bolts are· not from 

the regular stock being used on the job there may be considerable dif

ference between the thread condition of the calibration bolts and that 

of the bolts being tightened. 

Since erratic bolt tensioning seemed to be the major problem in 

calibration of the wrench, a closer look was taken to see if the nature 

of the problem might be determined. Friction seemed to play an impor

tant part in bolt tensioning, so an analysis was undertaken to deter

mine the magnitude of the applied torque that was used to overcome 

friction. 

The torque required to tighten a nut can be divided into 3 parts: 

1) Friction between the nut and the washer. 

2) Friction in the threads. 

3) Torque to apply a force in the bolt. 
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With 9 threads per inch for a 7/8 inch diameter bolt, one revolution of 

the nut advances the bolt 1/9 or. 1111 inch. Considering a constant 

force, work energy balance, 

2TIT = .llllP 

where, 

T = Applied torque in inch-kips 

P = Induced bolt force in kips 

To induce a tension in the bolt of 42 kips (MSHD specifications for a 

7/8 inch diameter A-325 bolt), if all frictional forces are ignored, 

the required torque is: 

T = {.llllP)/(2TI) 

or, 

T = .743 inch-kips= 62 ft.-lbs. 

Field experience has shown that it requires approximately 550 ft.-lbs. 

of torque to tighten a 7/8 inch diameter bolt to a force of 42 kips. 

Thus 550-62 ft.-lbs. of torque is divided between (l) and (2). Thus, 

approximately 90 percent of the applied torque is used to overcome 

friction. In cases where bolts are tightened to a specified torque, 

even small variations in this large frictional resistance can produce 

significant variations in bolt tension. 

Uniform lubrication of the bolts is important in insuring that the 

frictional forces are minimal, which in turn leads to more uniform bolt 

tensioning. If the threads of the bolt were cut after heat treatment, 

they may be coated with residual cutting oil when received. If the 

bolt was heat treated following forming of the threads, the threads may 
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be coated with residual quenching oil. Some bolts are coated with an 

oil-based preservative that is probably more uniform and a better lubri

cant than either the cutting oil or the quenching oil. 

It was observed that the bolts used in the field were washed in 

gasoline, kerosene, or some similar prod~ct. This practice removes any 
I 

of the residual oils from the bolts, which would increase the frictional 

forces and require a larger torque to induce a specified tension in a 

bolt. Relubrication of the bolts is mandatory in cases where washing 

is necessary to rsnove dirt or other foreign material. 

When purchasing bolts, suppliers will not guarantee that the bolts 

will be from the same lot. In fact, there is really no easy way to de

termine how many different lots a shipment of bolts might contain. In 

many cases the nuts and washers are not manufactured by the same com

pany producing the bolts, in which case the threads may not be very 

well matched. 
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CHAPTER 6 

I TEST PROCEDURE 

I 

I 

I 
I 

6. l RELAXATION TESTS 

Twenty specimens with various paint treatments were tested. Each 

specimen consisted of 3, 7/8 inch diameter A-325 bolts clamping 3 tri-

angular steel plates together. The specimen dimensions are shown in 

Figure 6-1, while an unassembled specimen and an assembled specimen are 

shown in the photographs of Figure 6-2 and 6-3 respectively. The tri

angular plates which made up the specimen were 3/4 inch thick, pro

viding a total grip of 2 1/4 inches. The bolt holes were punched and 

the edges of the plates sheared to simulate actual field conditions. 

Each of the 3 bolts in a specimen was instrumented with 2 electric 

resistance strain gauges as seen in Figure 6-2. The gauges were placed 

longitudinally on opposite sides of the shank of the bolt to negate the 

effects of any bending in the bolt that might occur during tensioning. 

The gauges were located on the bolt so they would lie within the tri

sectioned center plate when the specimen was assembled. Much care was 

taken to insure that the threads were left in the "as received" condi

tion, which consisted of an oil-based preservative with uniform lubri

cation properties. The center plate of each specimen was tri-sectioned 

to allow the wires to lead out from the strain gauges. When the spe

cimens were assembled, the tri-sectioned plates were left far enough 

apart to provide room for the gauge wires. The gauges were water

proofed for protection against moisture and also for protection against 

damage when the bolt was tensioned. After the bolts had been tensioned, 
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a manual null-balance strain indicator was used to monitor the gauges. 

Two "dummy" gauges were monitored to account for changes in the temper

ature and for any changes that might take place in the equipment. Fol

lowing tightening of the bolts, the gauges were read immediately and 

then several more times the first day to note any relaxation tendencies. 

Following the first day, the gauges were read daily for a period of 52 

to 71 days. At the end of the test period the nuts were loosened and 

the release strain measured. 

Three paints were used on the specimens in the relaxation tests. 

The three consisted of a slow drying type 2 red lead, a slow drying type 

5 red lead, and a fast drying inorganic zinc. The paint specifications and 

the application specifications are shown in Table 6-1. Only the prime 

coat and intermediate coats were applied on the specimens with red lead 

paints, and in the case of inorganic zinc, only the prime coat was ap

plied. This was done to simulate field conditions under which only the 

shop coats are applied before the bolts are tensioned. Any remaining 

coats are applied in the field after the bolts have been tightened. 

The 20 specimens were painted according to the schedule in Table 

6-2. The paint was, in all cases, applied with a brush and required 

several coats to obtain the minimum thickness. For the specimens with 

the thicker paint coatings as many as 8 or 9 coats were applied with 

the brush before this thickness could be met. Each coat of red lead 

was allowed to dry at least 24 hours before the next coat was applied. 

The paint on all specimens cured a minimum of 14 days before the bolts 

were tightened. The paint thickness was measured with a magnetic 

I 
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PAINT TYPE 

#2 Red Lead 
Lead Oxide 

#5 Red Lead 
Basic Red Lead 
Silico Chromate, 
Type 5 

Inorganic Zinc 
Silicate 

- ------
TABLE 6-1 

PAINT SPECIFICATIONS 

PAINT SPECIFICATION SYSTEM SPECIFICATION 

MSHD Specification for System "A" 
Bridges, Section 1045.4 MSHD Specification 

Section 712.12.3 

Federal System 11 B11 

Specification MSHD Specification 
TT-P-615d Section 712.12.3 

MSHD Specification for System 11 C11 

Bridges, Section 1045. 15 MSHD Specification 
Section 712. 12. 3 

APPLICATION 

Prime and 
Intermediate 

Coats 

Prime and 
Intermediate 

Coats 

Prime Coat 

N 
w 
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TABLE . 6-2 

PAINT SCHEDULE 

Specimen Each Exterior Surface Each Interior Surface 
No. Under Bolt Heads & Nuts Friction Surfaces 

(Actual Paint Thickness) (Actual ·Paint Thickness) 

1 Bare Bare 

2 #2 Red Lead Bare 
(6 mils) 

3 #2 Red Lead Bare 
(12 mils) 

4 #5 Red Lead Bare 
(6.5 mils) 

5 #5 Red Lead Bare 
(11 mils) 

6 Inorganic Zinc Bare 
· (5 mi 1 s) 

7 Inorganic Zinc Bare 
(14 mi 1 s) 

8 #2 Red Lead Inorganic Zinc 
(13 mils) (5 mils) 

9 #5 Red Lead Inorganic Zinc 
{12 mi 1 s) (4 mils) 

10 Inorganic Zinc 
(12 mils) 

Inorganic Zinc 
(4 mils) 

11 #2 Red Lead Inorganic Zinc 
(5 mils) ( 5 mi 1 s) 

12 #5 Red Lead Inorganic Zinc 
(5 mils) (6 mils) 

13 Inorganic Zinc Inorganic Zinc 
· ( 5 mi 1 s) (5 mils) 

Note - Specimens 1-13 were tightened with an air impact wrench. 
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TABLE 6-2 {Con 1 t) 

PAINT SCHEDULE 

14 Bare Bare 

15 #2 Red Lead Bare 
{6 mils) 

16 #5 Red Lead Bare 

17 Inorganic Zinc 
{5 mils) 

Bare 

18 #2 Red Lead Inorganic Zinc 
{5 mils) {4 mils) 

19 #5 Red Lead Inorganic Zinc 
{7 mils) {4 mils) 

20 Inorganic Zinc Inorganic Zinc 
{5 mils) {5 mils) 

Note - Specimens 14-20 were tightened by the turn of the nut method 
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device of the type used by the Highway Department. This instrument is 

capable of directly indicating dry film thickness of paint. 

Specimens 1-13 were tightened with an air impact wrench according 

to MSHD specifications. The air pressure to the wrench ranged from 110 

to 125 psi. A Skidmore was used to calibrate the wrench and arrive at 

a 11 j ob torque". 

Specimens 14-20 were tightened by the turn-of-the-nut method using 

a hand torque wrench. "Snug tight 11 was obtained by the full effort of a 

man using a wrench similar to a spud wrench. From this point the nuts 

were given 1/2 turn with the manual torque wrench as required by the 

MSHD specifications shown in Table 4-2. 

A hand torque wrench was used for inspection purposes according to 

the State Highway Department specifications. One bolt from each speci

men was inspected after a period of 40 to 55 days. The manual torque 

wrench had satisfactorily been checked for calibration and the inspec

tion torques were read as the nut was rotated through an angle of ap

proximately 5 degrees in the tightening direction. Heads of the bolts 

were not held during inspection. 

6.2 TORQUE-TENSION RELATION TESTS 

For a better understanding of the mechanics of bolt tensioning, a 

series of tests was conducted to determine both the torque and the 

tension induced in a bolt during the tightening process. This was 

accomplished with a tension load cell and a torsional load cell. A 

jig was constructed to hold the load cells and a bolt so that as the 

bolt was tightened, the load cells could be monitored. The 
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instrumentation system is shown in the photograph of Figure 6-4. Nut 

rotation was monitored with the aid of a linear potentiometer and a 

small disk that fit over the nut. As the nut was rotated a monofilament 

line that was connected to the potentiometer wrapped around the disk. 

The potentiometer was calibrated to directly plot turns of the nut. For 

the turn-of-the-nut method, plots were then made of Bolt Tension vs. 

Turns of the Nut and Bolt Torsion vs. Turns of the Nut, by monitoring 

the system with an electronic plotter. 

For bolts tightened with an impact wrench it was necessary to 

modify the instrumentation because of the high speed of the impact 

wrench. The linear potentiometer was removed and an oscilloscope and 

camera replaced the electronic plotter. Plots were then made of Bolt 

Tension vs. Time and Wrench Torque vs. Time. 
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The minimum specified tension for a 7/8 inch diameter A-325 bolt 

is 39 kips. A strict interpretation of the MSHD specifications would 

require that the torque wrench be calibrated to develop tensions be

tween 40.95 and 42.9 kips. Although the impact wrench was satisfacto

rily calibrated to meet this specification on three bolts, only 8 per

cent of the bolts in specimens 1 through 13 developed tensions within 

this range during initial tightening. Twenty-five percent of the bolts 

failed to develop tensions as great as 40.95 kips and 67 percent de

veloped tensions greater than 42.9 kips. Those bolts with low tensions 

were then re-tightened with the wrench at the same setting. After re

tightening, the tension was still below 40.95 kips in 8 percent of the 

bolts and was above 42.9 kips in 77 percent. 

As the bolt tension was monitored, plots were made of Bolt Force 

vs. Time for each of the 20 specimens. Figures 7-1 through 7-4 show 

typical relaxation curves for a bare specimen and for specimens with 

the three paints used in the study. The 38 day relaxation for each of 

the 20 specimens is shown in Table 7-1. 

Relaxation in the bare specimen shown in Figure 7-1 and the inor

ganic zinc specimen shown in Figure 7-2 is small, with most of the re

laxation occurring in 2 to 3 days. Plots for the #5 red lead, shown in 

Figure 7-3, and the #2 red lead, shown in Figure 7-4, show greater re

laxation with most of this relaxation occurring in 3 to 5 days. The 
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TABLE 7-1 

RELAXATION DATA 

SPECIMEN BOLT EXTERIOR INDICATED INDICATED RELAXATION INDICATED INDICATED TENSION 
NO. NO. SURFACES INITIAL 38 DAY (KIPS) TENSION PRIOR TENSION AFTER RELEASE 

(FAYING TENSION TENSION TO LOOSENrnG LOOSENING 
SURFACE 

1 bare 50.7 49.5 1. 2 49.8 3.6 46.2 
2 45.5 44.6 .9 44.5 1. 3 43.2 
3 (bare) 53.0 51. 7 1. 3 56.4 5.0 51. 4 

Average 49.7 48.6 1. 1 50.2 3.3 46.9 
2 1 46.3 37. 1 9.8 36.7 1. 3 35.4 

2 112, 6 mils 48.3 36. l 12.8 36.1 11. 7 24.4 
3 48.8 36.3 12.5 36.1 2.4 33.7 

Average (bare) 48.3 36.5 11.8 36.3 5. 1 31.2 
3 1 43.3 33.4 9.9 41.9 . 9 41.0 

2 :2, 12 mils 50.5 45.3 4.6 45.7 4.8 40.9 
3 45.8 38.7 7. 1 38.8 1. 3 37.5 

Average (bare) 46.6 39 .3 7.3 42. 1 2.3 39.8 
4 1 43.6 34.0 9.6 34.2 .8 33.4 

2 #5, 6. 5 mils 40.4 35.5 4.9 43.3 .8 42.5 
3 39. 1 31.3 7.8 30.9 . 6 30.3 

Average (bare) 41.0 33.6 7.4 36. 1 .7 35.4 
5 1 48.1 43.3 4.8 43.3 1. 5 41.8 

2 il5, 11 mils 43.5 37.2 6.3 48.0 5.9 42 .1 
3 39. 1 37.9 1. 2 38.0 2.6 35.4 

Average (bare) 43.5 39.5 4.0 43. 1 3.3 39.8 
6 1 35.9 34.0 1. 9 33.8 . 7 33. l 

2 zinc, 5 mils 46.3 45.8 . 5 43.8 1. 6 42.2 
3 53.8 53.1 . 7 59.8 8.4 51.4 

Average (bare) 45.3 44.3 1. 0 45.8 3.6 42.2 
7 1 48.0 41. 5 6.5 52.3 2.5 49.8 

2 zinc, 14 mils 44.4 38.0 6.4 38.0 .8 37.2 
3 53.5 41.6 11. 9 41. 6 4. 1 37.5 

Average (bare 48 . 7 40.4 8.3 44.0 2.5 41. 5 
w 
~ 

-
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TABLE7-1 (Cont'd) 

RELAXATION DATA 

SPECIMEN BOLT EXTERIOR INDICATED INDICATED RELAXATION INDICATED INDICATED TENSION 
NO. NO. SURFACES INITIAL 38 DAY (KIPS) TENSION PRIOR TENS ION AFTER RELEASE 

{FAYING TENSION TENSION TO LOOSENING LOOSENING 
SURFACE) 

8 l #2, 13 mils 48.9 37.9 11. 0 47.7 4. l 43.6 
2 42.0 32.0 10. C 31.8 ,. 7 30. l 
3 zinc, 5 mils 47.0 36.3 10. 7 36. l 2.1 34.0 

Average 46.0 35.4 10.5 38.5 2.6 35.9 
9 l 42.7 31.9 10.8 39.8 .5 39. 3 

2 #5, 12 mils 39.7 28.3 11. 4 28.2 .6 27.6 
3 52.7 48.3 4.4 47.9 3.1 44.8 

Average zinc, 4 mils 45.0 36.2 8.8 38.6 1.4 37.2 
10 1 49.9 41. 7 8.2 40.8 2.7 38. 1 

2 zinc, 12 mil s 48.9 41. 9 7. 0 41.3 3.8 37.5 
3 48.3 40. 7 7.6 48.5 4.0 44. 5 

Average zinc 1 4 mils 49.0 41. 4 7.6 43.5 3.5 40.0 
11 1 48,8 26.6 22.2 26.2 .9 25.3 

2 #2 , 5 mils 46.9 28.7 18.2 28.2 .8 27.4 
3 43 .6 25.9 17.7 33.6 .4 33.2 

Average zinc, 5 mils 46.4 33.7 19.4 29.3 . 7 28.6 
12 l 40.7 28.7 12.0 36.5 .4 36. 1 

2 #5, 5 mils 46.6 39.8 6.8 39.4 2.5 36.9 
3 42.8 31. 7 11. 1 31.0 0.0 31.0 

Average zinc, 6 mi ls 43.4 33.4 10.0 35.6 1.0 34.6 
13 1 45.9 40.6 5.3 46.8 2.7 44. 1 

2 zi nc, 5 mils 49.8 45.7 4. l 45.4 2.2 43 .2 
3 48.2 43.8 4.4 43.5 2.8 40.7 

Average zinc, 5 mils 48.0 43.4 4.6 45.2 2.6 42.5 
14 l 58.4 57.5 . 9 57.2 12.4 44. 8 

2 bare 53.0 52 .0 1.0 51.4 3.3 48.1 
3 53 .0 56.0 -3.0 58. l 8.5 49. 6 

Average (bare ) 54.8 55.2 .9 55.6 8.1 47.5 w 
u, 



TABLE 7-1 (Cont'd) 

RELAXATION DATA 

SPECIMEN BOLT EXTERIOR INDICATED INDICATED RELAXATION 
NO. NO . SURFACES INITIAL 38 DAY (KIPS) 

(FAYING TENSION TENSION 
SURFACE 

15 l #2, 6 mils 47.9 34.9 13. 0 
2 45.6 34.3 11.3 
3 (bare) 48.6 37 .9 10.7 

Average 47.5 35.7 11.8 
16 l 53.7 45.9 7.8 

2 #5, 5 mi 1 s 54.2 46.0 8.2 
3 50.7 44.3 6.4 

Average (bare) 52.9 45.4 7.5 
17 l 48. l 46.0 2 .1 

2 zinc, 5 mils 51.4 49.9 1.5 
3 48.3 46.0 2.3 

Average (bare) 49.7 47.3 2.4 
18 l 42.8 29.7 13. 1 

2 = 2, 5 mi 1 s 47.3 29.1 18.2 
3 45. l 34.0 11. l 

Average zinc 1 4 mils 45. l 30.9 14.2 
19 1 48.3 39.0 9.3 

2 #5, 7 mils 41. 7 31.4 10.3 
3 44.9 34.0 10.9 

Avera2e zinc, 4 mils 45.0 34.8 10.2 
20 1 50.0 46.8 3.2 

2 zinc, 5 mils 52.5 49.3 3.2 
3 50.6 45.5 5.1 

Average zinc, 5 mils 51.0 47.2 3.8 

INDICATED INDICATED 
TENSION PRIOR TENSION AFTER 
TO LOOSENING LOOSENING 

42.3 .6 
34.0 1.6 
37 .5 . 9 
38. 1 1.0 
61.2 8. l 
47.9 2.6 
44.1 1. 9 
51.1 4.2 
46.0 l.8 
59.8 8.5 
46.0 2. l 
50.6 4.1 
38.6 1.0 
29.4 .7 
33.6 2.0 
33.9 1. 2 
46.8 l.6 
30.8 .3 
33.5 . 5 
37.0 .8 
46.3 5.9 
69.7 18. 
45.0 2.3 
53.7 9.0 

TENSION 
RELEASE 

42.6 
32.4 
36.6 
37. 1 
53. 1 
45.3 
42.2 
46.9 
44.2 
51.3 
43.9 
46.5 
37.6 
28.7 
31.6 
32.7 
45.2 
30.5 
33.0 
36.2 
40.4 
51.0 
42.7 
44. 7 

w 
en 
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abrupt steps in bolt tension indicate the points at which nuts were re

tightened for inspection. Only one bolt in each specimen was inspected. 

The drop in tension at the right end of each plot indicates the re

lease in tension when the nut was loosened. Indicated residual ten

sions after loosening of the nuts are not real tensions, but represent 

inelastic defonnations of the bolt shanks. Some of the indicated-force 

plots showed that a substantial part of this inelastic action occurred 

during inspection because the indicated tension jumped well above the 

yield strength of the bolt. In 75 percent of the bolts which were not 

inspected, this inelastic strain was less than the equivalent of 3 kips 

tension in the bolt. For all bolts it was reasonable to assume that 

the inelastic deformation occurred during loading or inspection. From 

this assumption it follows that the difference between the initial in

dicated tension and the indicated tension at any point prior to inspec

tion represents actual relaxation of tension in the bolt. Furthermore, 

the indicated tension released upon loosening the nut was the actual 

tension in the bolt just prior to release. 

In 25 percent of the bolts some relaxation was still occurring 

just prior to inspection. Eighty percent of the bolts still relaxing 

involved #2 red lead on the specimen~ with the greatest relaxation rate 

equal to approximately one kip per month. 

Relaxation of tensions in bolts clamping bare plates ranged from 

.9 to 1.3 kips. The effect of paint thickness on relaxation for a 38 

day period is shown in Figures 7-5 through 7-7. For specimens with in

organic zinc paint, shown in Figure 7-5, the relaxation increased 
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linearly with paint thickness. Figure 7-6, which shows relaxation for 

red lead specimens with bare faying surfaces, indicates that relaxation 

does not increase for a paint thickness greater than 4 to 6 mils. on 

each surface. 

In Figure 7-7 the effects of inorganic zinc paint on the faying 

surfaces has been eliminated with the aid of the equation from Figure 

7-5. Thus, Figure 7-7 shows only the effects of the red lead paints. 

The tendency of the red lead paints to relax a similar or even lesser 

amount for greater paint thicknesses can once again be seen. 

Examination of the specimens indicated that for the soft red leads 

any paint in excess . of 5 or 6 mils. was immediately forced out from 

under the bolt head during the tightening process. From this point, 

the relaxation magnitude was similar to or slightly less than that for 

the specimens with thinner paint. The effect of paint creep for a red 

lead thickness of 6.5 mils. on each exterior surface can be seen in the 

photograph of Figure 7-8, while the same effect is shown for a red lead 

thickness of 13 mils. on each exterior surface in Figure 7-9. 

Fifty-six percent of the bolts tightened by the calibrated impact 

wrench relaxed to a point below 39 kips. If all of the bolts had been 

tensioned to 42.9 kips by this method, 82 percent would have relaxed 

below 39 kips. Thirty-eight percent of the bolts tightened by the 

turn-of-the-nut method relaxed to a point below 39 kips. If only the 

specimens with bare faying surfaces and bolts tightened by the turn-of

the-nut method are considered, only 15 percent of the bolts relaxed be

low 39 kips. 
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7.2 TORQUE-TENSION RELATIONSIPS 

7.2. 1 Manual Wrench 
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Automatic plots were made of the torque-nut rotation-tension char

acteristics of a bolt as shown in Figure 7-10. Noted on this plot is 

the range that snug tight varied for the seven specimens tightened by 

the turn-of-the-nut method. It can be seen that the 1/2 turn from 

snug tight always tensions a bolt into the inelastic region and often 

provides a tension near ultimate. 

During the tightening procedure with the manual torque wrench, the 

torque was relaxed several times and then re-applied. It can be seen 

from Figure 7-10 that the difference between the torque needed to over

come static friction and the torque needed to overcome moving friction 

was small, if existent, indicating that it is not necessary to apply 

constant torque while tensioning bolts. 

Table 7-2 indicated that a lubricated bolt develops a greater ten

sion than a dry bolt and requires less torque to provide this tension. 

It can also be seen that a dry bolt failed with fewer revolutions of 

the nut than a lubricated bolt. 

7.2.2 Impact Wrenches 

Plots of Bolt Tension vs. Time supported the concept of the erra

tic nature of bolt tensioning with an impact wrench. A typical plot 

is shown in Figure 7-11. The short horizontal lines indicate bolt ten

sion and the vertical spikes indicate applied torque. The erratic na

ture of the applied torque can be seen as it varies from 420 to 840 

ft.-lbs. while tensioning a bolt to 44.8 kips. The torques shown in 
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TABLE 7-2 

TURN OF THE NUT DATA 

BOLT CONDITION TURNS TO 
FAILURE 

As Received 2.6 

As Received 2 

As Received 2 

Dry l 

Dry 1.4 

Rinsed in Gasoline 1.8 

Rinsed in Gasoline 2.2 

Dry, then Relubricated 2.2 

MAXIMUM 
TORQUE 

{FT.-LBS.} 

625 

708 

667 

833 

---
958 

916 

1250 

MAXIMUM 
TENSION 
{KIPS} 

52.5 

53.0 

55.0 

35.0 

42.0 

47.0 

53.0 
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Figure 7-11 may not be the actual torques applied to the bolt. Due 

to the high velocity impacts, the dynamics of the load cell itself 

may influence these readings. However, from these plots it can be 

concluded that the torque is neither constant nor uniformly increasing 

for successive cycles of impact. A study of many of these plots for 

bolts with different surface conditions is shown in Table 7-3. All 

of the bolts shown in Table 7-3 were made with the same wrench set

ting. From the plots it can be concluded that the impacts were oc

curring at the rate of about 12 per second. An expansion of the 

torque plot indicated a torque pulse length of about 1.3 milliseconds. 

7.3 INSPECTION 

After a period of 40 to 55 days from initial tensioning, one bolt 

from each of the specimens was inspected with a manual torque wrench. 

The results are shown in Table 7-4. From three bolts tensioned to 39 

kips in the Skidmore, the job torque was determined to be 550 ft.-lbs. 

The inspection indicated that the inspection torques were consistently 

higher than the job torque, even when the bolt tension was below 39 

kips. 

A plot was made of Bolt Tension vs. Inspection Torque as shown in 

Figure 7-12 to determine the validity of the torque-tension relation

ship as it pertains to inspection. It can be seen from the two curves 

in the Figure that the actual inspection torque was greater than the 

job torque by about 50 percent, indicating the torque inspection was 

non-conservative for these conditions. This was probably the result 

of the lubricant having been squeezed out of the threads during the 

period between initial tensioning and inspection. 



48 

TABLE 7-3 

IMPACT WRENCH DATA 

TEST NO. BOLT BOLT TORQUE 
CONDITION TENSION VARIATION 

{ kiES} ft.-lbs. 

l Bolt Washed, 40.8 420-750 
Relubricated 

2 Bolt Washed, 41.6 420-580 
Relubricated 

3 As Received 46.4 420-790 

4 As Received 44.8 420-830 

5 Bolt Washed, 44.8 500-830 
Re lubricated 

6 Dry 31.2 420-710 
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I TABLE 7-4 

INSPECTION DATA 

INDICATED 
SPECIMEN BOLT INSPECTION BOLT TENSION MOVEMENT 

No. No. TORQUE {FT-LBS} {KIPS} 

1 3 800 51.4 Nut & Bolt 

2 3 700 36. 1 Nut & Bolt 

3 1 650 33.8 Nut & Bolt 

4 2 750 35.4 Nut 

5 2 700 37.0 Nut 

6 3 900 53.0 Nut 

7 1 750 41. 7 Nut 

8 1 700 38.2 Nut 

9 1 650 32. 1 Nut 

10 3 750 40.9 Nut 

11 3 625 26.3 Nut 

12 1 650 29.0 · Nut 

13 1 800 40.6 Nut 

14 1 775 57.2 Nut & Bolt 

15 1 700 35.5 Nut 

16 1 775 48.8 Nut 

17 2 800 44.9 Nut 

18 1 625 30.2 Nut 

19 1 800 39.4 Nut & Bolt 

20 2 750 49. 1 Nut 

SKIDMORE 550 39.0 

I 
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The nut was always tightened during the inspection process while 

the bolt was not restrained against rotation. Any bolt rotation that 

occurred during inspection is also shown in Table 7-4. In no instance 

did the washer on any of the bolts rotate. From the inspection data, 

no pattern could be detected as to what paint or paint thickness caused 

the bolt to rotate during inspection. 
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