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CHAPTER I

INTRODUCTION TO THE PROBLEM

It is common practice in design work to use bolts as a means of attaching load car-
rying members. In many instances it is not possible to locate the bolt so the line of action of the
external load will pass through the bolt axis. As a result, there are secondary loads, resulting from
the eccentricity of the load paths, which the bolt must resist in addition to the primary loads. Fig-
ure 1 is an example of a typical flanged attachment. Figure 2 is an illustration of the same flanged
attachment represented as a free-body diagram with the forces and moments shown. Force Fi is
the externally applied load. Force F: is the load applied to the flange by the bolt. This force may
exist because of initial tightening of the bolt, because of the external force Fi, or because of a
combination of the two. Force Fs is the resultant force acting on the bottom of the flange and is
necessary to place the flange in equilibrium. Force Fs is equal in magnitude to the product of the
average pressure and the area under contact on the lower face of the flange. Its location is at the
centroid of the pressure. Moments M» and M; are the restoring moments at the bolt and at the
external load carrying member respectively that occur when the flange tends to rotate as a result
of F1.

Until recently, very little information was available on the stresses that would be in-
duced in a bolt used in an application similar to that shown in Figure 1. However, formulas are
now available which enable the designer to predict stress variations in the bolt of a flanged at-
tachment as long as the joint between the flange and base does not open.' Apparently, the prob-

lem of bolt stress variations after the joint has started to open has not been investigated.

1. T. J. Doland and J. H. McClow, “The Influence of Bolt Tension and Eccentric Tensile Loads on Behavior of
a Bolted Joint,” Society of Experimental Stress Analysis, Vol. 8, No. 1, p. 31.







Y

TYPICAL FLANGE ATTACHMENT







AN AT

FIGURE 2
FREEBODY DIAGRAM OF FLANGE ATTACHMENT







Statement of the problem. This study was undertaken to develop formulas to be used
to predict variations in stress in the attaching bolt of a typical flanged attachment after an
external load has started to open the joint between the flange and the base to which the flange

is attached.

Importance of the study. In an article on this same general subject it was stated:

The design of a fastening in which two or more members are held together by the
tensile forces in a bolt or group of bolts appears at first to be a rather simple problem in
stress analysis; nevertheless, little fundamental information is available on which to base a
rational design procedure. During the last war, the complexities of the problem were em-
phasized by the many failures of connecting rod bolts and cylinder head bolts encoun-
tered during the development of new aircraft engines.”

There are other fields in which similar problems arise. In the field of structural steel
work there are numerous examples of this type of attachment. Aircraft design frequently must
employ such attachments for structural purposes. In fact, any designer who uses structural shapes,
joined by a means other than welding, will often be forced to use this type of attachment.

In practically every flanged attachment it is desirable to have the pre-tension on the
attaching bolt of the joint large enough to prevent any opening when an external load is applied.
This will tend to minimize the range of stress in the bolt and thus increase fatigue life.* How-
ever, in some cases it is not possible to prevent the joint from opening under the external loads
applied. In these instances a knowledge of the probable bolt stress variations would be necessary

to determine if the joint would be satisfactory in service.

Reviews of previous work. A search of the literature available at the University of

New Mexico Library, at the Sandia Corporation Technical Library, and of other sources, failed

2. lbid., p. 29.

3. Ibid., p. 41.
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to uncover any work directly applicable to this subject. However, two articles were found which
are indirectly applicable.* * These articles cover the behavior of bolted attachments before there

is any separation of the flange from the base as a result of an external load.

Definition of terms used. The following terms are used frequently throughout the
text. It is felt that a definition of these terms will be of advantage in understanding the work to
follow.

Load Bolt. A strain gaged capscrew used for measuring the magnitude of the load

applied to the flange being tested.

Test Bolt. A strain gaged capscrew used to bolt the Test F lange into the Test Jig. The

capscrew was strain gaged to detect both axial and bending loads.

Test Jig. The apparatus used for applying an external load to the Test Flange.

Test Section. The portion of the Test Jig in which the Test Flange was mounted.

Test Flange. Any one of a number of different configurations of flanges used in the

test portion of this study.

Eccentrically loaded. A term used to denote that the line of action of an external load

n a ﬂangcd attachment does not coincide with the center line of the bolt securing the

flanged attachment.

4. lbid., pp. 29-43.

5. M. F. Spotts, “Effect of Initial Stress on Eccentrically Loaded Bolt,” Machine Design and Manufacturing Bulle-
tin, Vol. 20, No. 7, pp. 1-5.







CHAPTER 1I

DESIGN AND (CONSTRUCTION OF THE TEST APPARATUS

This chapter is devioted to the design of the test apparatus, a description of the various
parts of the apparatus, and a dlescription of the various piecesof commercial equipment used in
conjunction with the testing. The various parts are identified by means of photographs as well

as written descriptions.

Basic design. The "Test Jig consisted of two primary groups of parts. Photographs
showing the general test setup: and identifying the various parts of the apparatus may be found
in Figures 3 and 4. The first grcoup, the main body of the jig, was made up of two main beams,
one upper and one lower, witth a compression column between the beams at one end and a
hydraulic jack at the other end!. The second group, the Test Section, was made up of a Test
Flange, a strain gaged capscrew for attaching the Test Flange to the base (the Test Bolt), a
thick washer, a mounting base;, and several parts, including z second strain gaged capscrew,
which were used to attach the Test Flange to the upper beam. The latter strain gaged capscrew

(the Load Bolt) was used for measuring the input load to the Test Flange.

Details of various puarts. The following paragraph: contain more detailed descrip-
tions of the various parts of the "Test Jig.

Each main beam of ithe jig was fabricated from twe pieces of 3 inch structural steel
channel bolted together, back tto back, with three 0.25 inch thick spacers between them. The
beams were used as levers to apyply the load to the Test Section.

The compression collumn, located at one end of the ‘ig was made of wood and served
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as a fixed reaction point for the beams.

A hydraulic jack wias located at the other end of tle beam. A wooden spacer block
was placed between the jack andl the upper beam to avoid over-xtending the hydraulic cylinder
of the jack during the tests. The hydraulic jack was used to fore the beams apart at one end and

thus load the Test Section.

Each Test Flange hiad the appearance of a 4 inch lagth of angle with one leg about
2 inches long and the other leg; about 7 inches long. The shorer leg was the flange attachment
portion, while the longer leg serrved as the external load carryig member. The longer legs of
all Test Flanges were 0.25 inchees thick. The shorter legs of tl: Test Flanges were of varying
thicknesses. In all, nine Test Fllanges were fabricated. Of thes, three had the shorter leg 0.25
inches thick, three had the leg 0..50 inches thick,and three had te leg 0.88 inches thick. In each
group of three flanges of the same thickness, one flange was driltd so the mounting bolt and load
path were eccentric by 1.44 inches, one flange eccentric by 1.12 nches, and one flange eccentric
by 0.81 inches. Figure 5 is a photcograph of all of the flanges testd. The detailed drawing of the
flanges may be found in Appendiix B.

The strain gaged capscrews were fabricated from 050 inch diameter steel bolts hav-
ing an ultimate tensile strength of 125,000 pounds per square nch. Two electric strain gages
were bonded to the opposite sidees of cach bolt with the center of the gages 0.6Z inches from
the underside of the bolt head. T'wo curved shims of steel, 0.03 inches thick, were soldered to
the bolt between the gages to prostect them from abrasion durin; use. The electrical leads were
brought out through two holes drilled in the head of each boi. A close-up photograph of the
two strain gaged bolts may be fownd in Figure 6. The detailed dawing of the bolts is contained

in Appendix B.

In order to use the saime test capscrew for all three flage thicknesses, it was necessary

to provide spacers between the bolt head and flange for each apilication. The spacers consisted
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of thick washers 0.56 inches inside diameter by 0.75 inches outsde diameter. The thickness of
each washer was contirolled so the sum of the flange thickness aid the washer thickness totaled
0.938 inches for each fflange. The washers were made of steel havng an ultimate tensile strength
of 125,000 pounds per- square inch. Figure 7 is a photograph of he three washers, shown on a
stepped block that cor:responds to the three different thicknesses f flanges. Appendix B contains

the detailed drawing ef the washers.

The moumting base consisted of a 4 inch square piec of 0.50 inch thick steel plate
with a second 4 inch sqquare piece of 0.25 inch steel plate welded tcthe bottom side to form a “T”
shaped member. Two itapped holes were located near the centerof the 0.50 inch plate directly
above the 0.25 inch plate. One of these holes was used for boltingthe Test Flange in place. Two
holes were provided so a number of different load path eccentricties could be examined if nec-
essary. In use, the 0.25' inch leg of the “T” was slipped between tie channels of the lower beam
and pinned in place writh a 0.50 inch bolt. Six holes were providel in the vertical leg of the “T”
so that, in combinatiom with the two tapped holes, a total of twele different eccentricities could

be accommodated. However, only three eccentricities were tested

The severall parts used to attach the Test Flange to th upper beam were fabricated
from steel plate and baar. Figure 8 is a photograph of the various»arts assembled together. The
lowest pertion consisteed of a clevis type part that was pinned wih a 0.50 inch bolt to the Test
Flange. This piece had ' a tapped hole in the top into which the Lod Bolt was screwed. A second
clevis shaped piece, witth a clearance hole in the end for the LoadBolt, was the next part in the
assembly. A strap was jpinned between this second clevis and theupper beam with a 0.50 inch
bolt. The Load Bolt waas passed through the upper clevis and scrwed into the lower clevis to
complete the assembly.. The parts were fabricated with two of thepinned joints at right angles

so the assembly would 1not tend to introduce any moments into th system.

The Test Jigg was mounted in a wooden “A” frame foiconvenience in testing.
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Commercial equipment. The instrument used for measuring the induced strains in

the system was a Portable Strain Indicator, type RS-10, serial number 4229-1, manufactured by
the Hathaway Instrument Company of Denver, Colo.

The commercial external bridge circuits used with the strain gages were type WA,
serial numbers 4229-2 and 4229-3, also manufactured by the Hathaway Instrument Company.
Figure 9 is a photograph of the Portable Strain Indicator and iwo of the external bridge circuits
used in the experiments.

The batteries used were standard 12 volt Delco automobile batteries. Both bat-
teries were connected to a trickle charger when not in use, to keep the voltages high and nearly
equal.

The strain gages used were of the electrical resistance type (SR-4) manufactured by
the Baldwin-Lima-Hamilton Company of Philadelphia, Pa. Type A-7 gages with a nominal re-
sistance of 120 ohms were used. These gages have an overall length of 0.75 inches and a width of
0.25 inches. The gage length is 0.25 inches.

The hydraulic jack used with the Test Jig was a Buda model 5-8.5 having a capacity
of 10,000 pounds. The jack was manufactured by the Buda Company of Harvey, Il1.












CHAPTER I

TEST PROCEDURE

This chapter deals primarily with the procedures followed in measuring the strains
induced in the Test Bolt. The results of pre-test trial runs to check out the equipment, and a

description of the types of readings taken and their significance, are also included.

Signijficance of readings taken. As noted in Chapter II, both the Test Bolt and Load
Bolt were strain ggaged with two gages on each. These gages were located on opposite sides of
the bolts.

On the Load Bolt, the strain gages were electrically connected in opposite arms of the
strain gage bridgre so that all bending strains would automatically cancel.” The strain readings
taken were the sium of the strains detected by the two gages. Normally, it would be necessary to
divide this readimg by two in order to obtain the average axial strain. However, the Portable
Strain Indicator wsed on these tests was calibrated so this was accomplished automatically.”

The ILoad Bolt was mounted in a section in which pinned joints were used to trans-
mit the load so thzat, for all practical purposes, no bending loads were transmitted. For this reason
it was unnecessary to instrument the Load Bolt to detect any loads other than axial.

On thie Test Bolt the strain readings of each gage were recorded separately. In this
case, it was necess:ary to double each reading obtained since the Portable Strain Indicator is cali-
brated for 2 gagess additively.

With the strain readings on the Test Bolt recorded separately, it was possible to

6. C. C.. Perry, and H. R. Lissner, The Strain Gage Primer (New York: McGraw-Hill Book Company, Inc.,
1955), p. 61.

7. Hatlaway Type RS-10 Portable Strain Indicator Instruction Book H-172 (Denver, Colorado: Hathaway In-
strument Company), p. '11.
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mathematically reduce the data to an axial load and a bending load. Hovever, the problem was
somewhat complicated by the fact that the gages were not always orientedso the strain gage axis
was coincident with the axis where the maximum bending strains occured. (It was assumed
that the theoretical axis of maximum bending was in a plane perpendicilar to the intersection
of the two legs of the Test Flange.) Figure 10 shows the relation betveen the various axes.
This problem arose since the gages, which were bonded to the bolt, woulc rotate as the bolt was
screwed into the tapped hole in the mounting base. The final angle between the gage axis and
the axis of maximum bending would then be a function of the flange thickness, the spacer
washer thickness, and the bolt pre-tension. The sum of the flange thickniss and washer thick-
ness was controlled by carefully grinding the washer until its thickness was such that the gage
axis, with the Test Bolt snug but not tightened, was between 20 and 50 cegrees of the axis of
maximum bending. The washer thickness was chosen so that additional tghtening would first
decrease the angle to zero, and then would increase it to a larger angle onthe other side of the
axis of maximum bending. In this way, it was possible to run all of the tess with the angle be-
tween the gage axis and the axis of maximum bending less than 50 degree. The angle between
the gage axis and the theoretical axis of maximum bending was kept as snall as possible since
the correction factor involved division by the cosine of the angle, and one wver the cosine of the
angle does not vary greatly for angles less than 50 degrees. The equations br reducing the data

are given in Appendix C.

Pre-test trial runs. A series of tests were run before the data of his study were actu-
ally collected. These runs were made primarily to gain familiarity with th: equipment and to

establish a consistent method of taking data.

A test was run in this early series to determine if the directin the flange faced,

toward or away from the hydraulic jack, would have any significant effct on the readings.
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FIGURE 10
RELATION BETWEEN MAXIMUM BENDING AXIS AND MEISURED BENDING AXIS
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The results of this test showed no discernible difference in the readings. However, to be consist-

ent, the flange was faced away from the jack in subsequent studies.

It was found in these early runs that the apparent Test Bolt pre-tension due to tight-
ening would drop appreciably after the first test at a given extemal load. In a second test at the
same load there would be a small decrease. A third test at the same load usually would result
in no significant change in pre-tension. The strains recorded or each test at the maximum load
would be essentially the same for all three tests. If a fourth test were made at a still higher ex-
ternal load, the pre-tension would again decrease. A fifth run atthis higher external load would
usually show no significant change. There was no evidence of the bolt turning and thus con-
tributing to this effect. Figure 11 is a graph of the results of the tests performed as indicated
above. From this behavior of the Test Bolt pre-tension it was corcluded that an additional prob-
lem existed. The new problem was that of determining how much the pre-tension of a bolt
would decrease in use. The original problem was that of determining the variations of Test Bolt
loads as a function of external load, after the pre-tension had reached a state of equilibrium. The
solution to both problems is obviously needed to completely evahate a given design. Since the
latter problem was considered more likely to lend itself to a theor:tical solution, it was decided to
investigate this problem only, for this study. The problem of te decrease in bolt pre-tension

is left for a separate study.

To prevent this pre-tension loss from affecting the tess, a set procedure was followed
on each test run. The bolt was first torqued until the strain giges indicated 20 to 40 percent
greater pre-tension than desired. The external load was taken te the maximum for the test and
then released. This was repeated until there was no further shiftin the zero readings. When the
zero readings were consistent a test run was made. If, after the rin, the zero readings had again
shifted, the test was repeated. In this way any effects on the resuts of a decrease in pre-tension

during the test were eliminated.
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Recommended test procedures. The following procedures wereused throughout all

tests reported in this study. The same sequence and procedure were followed so that variations
which might affect the results would not be introduced.

1. As soon as a series of runs was started, all of the strain gageswere connected into
the circuit. Because of the circuit in the type of strain indicator used, all ofthe gages were con-
tinuously carrying current throughout the test. The current was large, abait 50 milliamperes,
so there evidently was some heating. It usually took about 10 to 15 minute: for the readings to
become consistent.

2. While the system was warming up, the battery voltages werccarefully compared
and adjusted. With this type of strain indicator the two power sources musthave the same volt-
age since the reading is based on comparing the voltage drop in an internal iridge with the volt-
age drop in an external bridge. A wiring schematic may be found in Figurc12.

3. The galvanometer was carefully zeroed and the internal brige balanced.

4. 'The external bridge circuits were balanced. Each external circuit is provided
with a potentiometer which can be adjusted so that each gage reads zero. Vhen all of the gage
readings had ceased changing, the external bridge circuits were rebalanced o zero, where nec-
essary, and the test was started.

5. The Test Bolt was torqued until the value of pre-tension ws 20 to 40 percent
above the desired value. The angle between the strain gage axis on the bolt ad the axis of maxi-
mum bending was measured and recorded.

6. The external load was increased to the maximum value and -eleased. This proc-
ess was repeated until the pre-tension at zero load no longer shifted.

7. A test was run with approximately equally spaced increment of input load until

the maximum load was reached. The load was then released and the no load-alue of pre-tension






23

INEWTONVENY 161 40 WVIOVIQ ONTHIM
T OO

&
o P

FOAE LT0d ISAL IOAE IT06 ISIL

FOa]g 1708 avol







24
rechecked. If any appreciable shift had occurred, the test was rerun.

8. The Test Bolt was loosened and all of the gage readings rechecked to make sure
no appreciable zero shifts had occurred during the test. If an appreciable shift had occurred, the
test was repeated. It was found that very few tests had to be repeated becaise of a shift in zero
readings.

9. The Test Bolt was torqued to a new value of pre-tension and steps 5 through 8
were repeated. The battery voltages were checked frequently throughout the tests to make sure

they remained equal.






CHAPTER IV

TEST RESULTS

The results obtained from the tests are presented in this chaprer. Tables of the raw

data, as well as the method of reducing the data, are covered in Appendix C.

The results are shown graphically in this chapter. The system used for numbering
the different tests is also presented. The final paragraphs contain some obs:rvations and conclu-

sions concerning the test results.

Test numberimg system. It was evident early in the program that it would be ad-
vantageous to have a system of numbering each test run that would tend toidentify the run with
a given flange. Therefore, every test run was identified by three numbers, each separated by a
dash. The first number was used to identify the thickness of the flange being tested. The number
selected was the number of eighths of an inch in the thickness of the flang:. That is, a 7 for the
first number would identify a 0.88 inches flange thickness. The second number was used to iden-
tify the amount of eccentricity between the load path and the Test Bolt centerline. Since only
three different eccentricity ratios were tested, these were identified at 1, 2, :nd 3. Number 1 rep-
resented the greatest eccemtricity and number 3 the least. The third number of the three digit
identifying number represiented the test run on the particular flange identfied by the previous
two numbers. These were numbered consecutively from 1 to 4, there being four runs at different
bolt pre-tensions on each filange. The higher the number, the greater the pre-tension. Thus, a
complete identifying numiber of 4-3-4 would identify a 0.50 inch thick fhnge, with the least

eccentricity, and the test run would be the one with the highest pre-tension.
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Reduction of test data. Tle graphs shown in Figures 13 through 21 represent the re-
sults of tests on the nine Test Flanges. The left-hand portion of each graph i<a plot of the resulting
axial bolt load versus the input load. "These curves pass through the origin of the graph only for
zero pre-tension on the Test Bolt. Thws the points on the graph for zero inout load represent the
axial load resulting from the torque applied to the Test Bolt. The righthand portion of each
graph is a plot of the maximum bending moment induced at the head «f the bolt versus the
input load. A small cross-section drawing to scale of the flange tested is also shown on each
graph. (Detailed drawings of the Test Flanges may be found in Appendix B.)

The graphs shown in Figures 22 through 24 are plots of maximum stress versus
input load for the different flanges. Tthe data for these graphs were obtained by adding the maxi-
mum bending stress to the axial tensiile stress.

Preliminary tests were comducted on all of the 0.25 inch thick flanges to determine
the yield load of each flange since the fflange stress in some cases was near the yield strength. The
actual tests were carried to a load below the yield strength of the flange so that no permanent set

would occur in any of the flanges. Thiss resulted in the lowered input loads en flanges 2-1 and 2-2.

Discussion of test results. M study of the results obtained on thenine Test Flanges re-
vealed the following:

1. The plot of the inducecd axial Test Bolt load versus the inpat load for each test
run was comprised of three portions: za first portion with a relatively small and constant slope;
a second portion with a gradually increeasing slope; and a third portion wth a relatively large
and approximatel<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>