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FOREWORD 

This report presents results of work performed by L0ck2ee&~s 

Huntsville Research & Engineering Center for the Aero-Astronautics 

Laboratory of NASA-Marshall Space Flight Center under Contract 

NAS8-21435, "Nonlinear Dynamic Analysis of Structures." This work 

represents the Phase I1 effort entitled llStructural Joint Damping." 

Printed under separate cover is  the Phase I effort, I'Nonlinear 

Damping in S t r u c t ~ r e s , ~ ~  LMSC/HREC Dl491 71 -I, dated July 1970. 

The NASA-MSFC technical monitor for this contract is Mr. 

Larry A. Kiefling, S&E-AF,RO-DDS. 
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SUMMARY 

Results of detailed studies of simple joint damping are pre- 

sented. In particular, the dissipation between two elastic plates 

pressed together by mechanical fasteners and experiencing rela- 

tive dynamic deformations i s  discussed. 

Experimental studies are employed to develop a working 

engineering theory of the contact damping problem. 

iii 

1.OCKHEED - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



CONTENTS 

Section 

FOREWORD 

ACKNOWLEDGEMENT 

SUMMARY 

LIST O F  TABLES 

LIST O F  ILLUSTXATIONS 

1 INTRODUCTION 

2 GENERAL CONSIDERATIONS 

3 EXPERIMENTAL INVESTIGATION O F  THE 
STATIC CONTACT O F  ELASTIC PLATES 

4 DAMPING O F  SINGLE L A P  JOINT IN TORSION 

5 CONTACT ZONES O F  MULTIPLE-BOLT JOINTS 

6 D U P I N G  IN MULTIPLE-BOLT JOINT SPECIMENS 

7 CONCLUSIONS 

REFERENCES 

Page 

ii 

ii 

iii 

v 

vi 

1 

3 

LOCKHELD - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



LIST O F  TABLES 

Table 

1 Single Lap Joint Test  Data 

2 Computed Joint Dissipation Rate 

3 Planar Multiple -Screw Joint Damping Test  Data 

4 Computed Dissipation Due t o  One Screw 

5 Three -Dimensional Joint Damping Test  Data 

6 Computed Dissipations Due t o  Various Screws 
in  Multiple -Bolt, Cylindrical Joint 

Figure 

LIST OF ILLUSTRATIONS 

Single -Bolt Lap Joint 

Cantilevered Aluminum Beam 

A Structure Representing the Simplest Case 
Where. Joint Damping is Present  

Assumed Contact S t ress  Distribution 

Test  Setup t o  Measure Area of Contact 
Between Clamped Plexiglas Plate Specimens 

Photograph Showing Test  Setup t o  Measure Area of 
Contact Between Clamped Plexiglas Plate Specimens 

Sample Test  Data - Contact Area of Plexiglas 
Plates  Under Bolt Fastener  

Close up View of Plexiglas Specimens Under Test  

LOCK;-IEtD -HUNTSVILLE RESEARCH & ENGINEERING CENTER 

Page 

3 1 

35 

44 

47 

49 

Page 

4 

6 



LIST OF ILLUSTRATIONS 
(Continued) 

Page Figure 

9 Contact Area Test Data 
(Specimen: 1 in. Thick Plexiglas PCMES) 

Contact Area Test Data 
(Specimen: 3/4 in. Thick Plexiglas PCMES) 

Contact Area Test Data 
(Specimen: 1/2 in. Thick Plexiglas PCMES) 

Summary of Test Results - Contact Area Diameter 
vs Clamping Force 

Test Setup for Investigation of Relationship Between 
Clamping Force, Contact Area and Specimen Moduli 

Comparison of Contact Zone Diameters Between 
Plexiglas and Glass Specimens 

Test Setup to Measure Edge Deflection of Plexiglas 
Specimen Under Clamping 

Edge Deflections for 6-Inch Circular Plexiglas Plate 
Specimens of Various Thicknesses 

Schematic of Test Setup to Measure Damping in 
Torsion of Simple Lap Joint 

Specially Designed Steel Bolt to Minimize Torsional 
Stiffness and Contribution to Damping by Test Fixture 

Joint Damping in Torsion 

Te st Specimen for Multiple - Joint Damping Study 

Test Spe cirnen for Determination of Damping of One 
Bolt in Multiple -Bolt Planar Joint 

Test Specimen for Determination of Damping of One 
Bolt in Multiple Bolt, Cylindrical Joint 

LOCKHEtD - HUNTSVILLE RESEARCH & ENGINEERING CENTER .- 
i 



Section 1 

INT RODUC T ION 

The principal. type of damping in low-frequency vibrations of large, 

complicated structures has been identified to be joint damping (see, for ex- 

ample, Ref. 1) .  Associated with this recognition i s  also the acknowledged 

fact that joint damping is a highly complex phenomenon which has defied 

theoretical analyses for sometime. In a limited way, the objective of the 

present project is to take ail initial step toward developing a workable engi- 

neering theory for analysis and prediction of joint damping. An ideal pro- 

gram to study joint damping would encompass the following tasks: (1) a 

laboratory investigation of the joint damping phenomenon in a simple config- 

uratiofi. Parameters which exhibit influence over damping are  to be isolated; 

(2) development of an engineering theory based on physical insight thus ob- 

tained for the simple joint; (3) carrying out control experiments to establish the 

range of applicab2ity of the developed engineering theory; (4) generalization of 

the theory of joint damping to more complicated structural joint configurations; 

and (5) final experimental verification of the approach on structures. 

The investigations conducted during Phase I1 of the present project 

touched upon tasks (1) through (4) of the above list in various depths. . Some 

of the results, as  well as  the techniques used to obtain them are  considered 

new and significant to the long-range goal of understanding joint damping. No 

claim of completeness, however, is made. Indeed, the above outlined ideal 

program was not completely formulated until late i n  the current project. 

In Section 2 of this report, joint damping i s  discussed in general to 

provide a background for subsequent discussions. In the order presented in 

the remainder of this document, the following studies a re  reported: 
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1. A parametric study of the area of contact between two elastic 
plates due to the clamping of a machine bolt. 

2. A parametric study of plate deflections at remote locations 
with respect to the clamping bolt. 

3. An investigation of damping of clamped plates in torsional 
vibrations. 

4. A v?'sual observation cf the interaction of contact areas in a 
multiple- bolt lap joint. 

5. Determination of the contribution to total damping of a single 
bolt in multipie -bolt joint specimens. 
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Section 2 

GENERAL CONSIDERATIONS 

On several occasions during the study of damping in Saturn launch 

vehicle models (full-scale dynamic test structures and reduced-scale models) 

i t  had been noted that the modal damping coefficients in many bending vibra- 

tion modes vary with the modal response amplitude (Refs. 1 through 4). 

Furthermore, the measured damping values for such structures were usually 

greater (by an order of magnitude or  more) than what can be attributed to 

other sougces such as material damping and air damping ccmbined (Ref. 1). 

Joints are, therefore, likely to be the major contributor of damping in conl- 

plicated structures such as the Saturn launch vehicles. In a recent effort 

(Ref. 5), structural joint damping was measured for some of the t!rpical 

joints of the Skylab orbiting cluster. Total modal damping coefficierlts were 

calculated, using the measured joint damping data and material damping prop- 

erties available from the literature. It was shown in Ref. 5 that the latter 

contributes a negligible amount of damping in all vibration modes investigated 

for the structure. The need for more intensive investigation of joint damping 

was, once again, established. 

The following is an order -of -magnitude type of estimate of joint damping 

which is included to reveal the (surprisingly large) magnitude of damping 

capacity of a structural joint. Consider two 1/8-in. plates clamped together 

by a steel bolt of 1/8-in. diameter, a s  shown in Fig. 1. The tensile strength 

of such a bolt i s  approximately 1000 lb. Yet, a 1/8-in. bolt can easily snap 

during structural assembly and, therefore, i s  not commonly used in practice. 

In other words, a single bolt clamping force of 1000 lb i s  not uncommon in 

actual structural joints. If it i s  assumed tentatively that uniform sliding is  

to occur across the two contacting surfaces in a sinusoidal motion with an 

amplitude of 10- in., the total energy dissipation per cycle may be com- 

puted by the expression 
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Annular Contact Zone 
Between Plates 
(bolt not shown) 

Top View 

1/8-in. Steel Bolt \ 

Side View 

Fig. 1 - Single-Bolt Lap Joivt 
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where is  the coefficient of friction and i s  assigned th.e value of 0.3, P is 

the total clampiilg force of 1000 lb, and x is the displacement amplitude of 
- 3 

13 in. The quantity D i s ,  therefore, approximately i .O in.-lb/cycle. That 

this rate of energy dissipation is appreciable may be demonstrated with the 

following example. 

C,..nsider the aluminum beam of Fig. 2. A lap joint is used to cantilever 

the left end of the beam. The calculated dynamic characteristics of the rigidly 

cantilevered beam in the first  mode are  

Natural frequency, = 62.5 rad/sec 
- 5 2 Generalized mass*. m = 8.12 x 10 ib-sec /in. 

For  a modal damping, 5, of 1% of critical, the energy dissipation per cycle 

per inch of tip deflection amplitude is 

Divided equally among the bolts, the energy dissipation at each of the four 

contact areas is  only 5x in.-lb/cycle, about one two-hundredth of the 1.0 

in. -lb/cycle value caIculated previously. It i s  obvious, therefore, that the 

contacting plate surfaces do not totally slide with respect to each other under 

these conditions, and that the assumed in. of sliding amplitude is  

too great. In short, joint damping for conventional structures can be appre- 

ciable without having gross sliding of one part with respect to another, and 

with (partial) relative slipping being of extremely small amplitudes. 

$6 
W i t h  the mode shape normalized to unity at the free end. 
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The fact that under ordinary conditions gross slipping over an entire 

contact area is not likely to occur immediately increases the magnitude.of 

the analytical task. The concept of partial slipping of contact areas indicates 

that, in order to compute joint damping, it i s  no longer sufficient to determine 

the total clamping force for a fastener only. Rather, the static contact s t ress  

distribution must be determined for a given joint clamping force. Under vib- 

ration conditions, this contact s t ress  distribution at joint locations will under- 

go cyclic changes which must also be determined. To obtain an idea of what 

the analytical tasks involves, consider again the simple joint of Fig. 1. This 
.* 

joint is used in the construction of a beam with a single elastic-plus dissipa- 

tive boundary condition, as shown i n  Fig. 3. In order to determine the steady- 

state response of the specimen under an applied couple a s  shown, the following 

tasks must be accomplished: 

Determining the Static Preload Condition: This problem must be treated 

as  a three-dimensional elasticity problem with radial symmetry because local 

deformations and stresses near the bolts a re  the needed solutions. One of the 

difficulties encountered in attempting to find an analytical solution to the prob- 

lem is  the fact that the boundary condition an the inner plate surfaces i s  a * 
mixed one (zero normal displacement within the contact area , and zero 

normal s t ress  distribution on the outoide), with tks location of the boundary 

dividing the zero s t ress  area and the zero displacement area being one of the 

unknowns of the problem. While similar difficulties have been overcome in 

the development of Hertz theory of contact stresses between solid bodies of 

revolution, the current problem is complicated by the presence of the bolt hole. 

Determining the Steady State Vibration Conditions: - After the static con- 

tact s t r ess  distribution over the area of contact has been determined, the 

steady-state vibration problems must then be formulated. One line of 7,pproach 

may, for example, proceed as follows. A distribution of the normal contact 

- 

.b ,.- 
Also assuming symmetry about the interface 
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stress with a general shape indicated in Fig. 4 will be qualitatively assumed. 

For a given Ezequency and forcing function amplitude, the shear stress trans- 

mitted betweei- the plates on the outer r im of the contact area will exceed 

the maximum frictisn stress first. Relative slipping will, therefore, occur 

there while t?.e remainday of the contact area adheres. The extent of this 

"slipped region" is determined by balancing the energy dissipation per cycle 

over the slipped region and the rate of work being done by the excitation. 

Damping will likely be a function of the response amplitude, and the dynamic 

problem will accordingly be nonlinear. For small amplitudes and low damp- 

ing, the technique developed in Ref. 1 may be used to advantage. The contact 

area between the plates can be represented by a nonlinear, dissipative spring, 

with the spring rate and the damping force analyzed in advance f o r  static 

conditions. 

For the more general case in which radial and plane symmetries a re  

n o  longer preser-<bed under dynamic conditions and where many fasteners 

a r e  used, joint darnping represents probably one of the most difficult prob- 

lems in engineering. Engineering approaches, perhaps based on empirical 

concepts, must be developed to handle such problems. 
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Contact Area, 

Bottom Plate of Structure 
Shown in Fig. 3 

Assumed Distribution 
of Contact Stress 

Fig. 4 - Assumed Co~tact  Stress Distribution 
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Section 3 

EXPERIMENTAL INVESTIGATION OF THE STATIC 
CONTACT OF ELASTIC PLATES 

According to previous discussions, the first needed task in a joint 

damping st:udy obviously is to determine the static contact stress distribution. 

The s i ~ q l e s t  possible case is one where there a r e  both radial symmetry 

about the bolt and plane symmetry about the contacting surfaces. 

In view of the difficulties a*;sociated with seeking an analytical solution 

of the problem, a series of experimental investigations was conducted. A 

simple technique was developed for this purpose in which thick, Plexiglas 

plates were used a s  specimens. Matched pairs of circular or square Plexi- 

glas plates with a centrally located hole (3/8 in. in diameter) a re  clamped 

together by a steel bolt through the hole. The clamping force is measured 

by a load washer a s  shown in the schematic drawing of the test setup in Fig. 5. 

Figure 6 is a photograph of the actual setup. The contact area i s  visible to 

the eyes under suitable lighting conditions and may be photographed for accu- 

rate measurements. Figure 7 is a sample of the test data. Figure 8 presents 

a closeup view of the specimen under test. 

Four pairs of 6 -in. diameter, circular plates and one pair of 6 -in. square 

plates were used. The square plates a r e  1 -in. thick, and the circular plate 

thicknesses a re  3/4-, 1/2-; 1/4- and 1/8-in. Photographs representing test 

data for the 1 -, 3/4- and 1/2-in. thick specimens a re  shown in Figs. 9, 10 and 

11, respectively. The diameter of contact area for the 1/4- and 1/8-in. speci- 

mens were too small f o r  measurement even for the maximum applied forces. 

Test results for the thicker specimens a re  summarized in Fig. 12, in which the 

4. q- 

A probable explanation of the reason why the area of contact between the 
plates is visible i s  that the neighboring surfaces simply cease to reflect 
light under hard contact. 
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Camera 
t 1 

3/8-in. Bolt Extending 
to Steel Baseplate 

- Steel Washer 

Steel Washer 

Load Washer 

I-in. Steel Base Plate 

Fig. 5 - Test Setup to Measure Area of Contact Between Clamped 
Plexiglas Plate Specimens 
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Irregular i ty  of - 
Contact Area 

Actual Teet Data 

Bolt Head 

, Fringing 
Due to  
Circular  
Wedge 
of Air  

- Specimen 

Fig. 7 - Sample Test  Data - Contact Area of Plexiglas Plates 
Under Bolt Fas tener  
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Fig .  8 - C l o s e  up View of P lex ig las  S p e c i m e n s  Under  T e s t  
( A r e a  of Contac t  i s  'Jisible at  the  C e n t e r  of the Spec imen)  



Clamping F o r c e  = 132.9 lb Clamping F o r c e  = 260.4 lb 

Clamping Force  = 283.4 lb Clamping F o r c e  = 510.9 lb 

I Clamping Force  = 638.7 lb Clamping F o r c e  = 777.8 lb 

Fig. 9 - Contact Area  Tes t  Data (Specimen: 1 in. Thick Plexiglas PCMES) 
0 1 Scale (in.): ,-- 
16 
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Clamping F o r c e  = 127.5 lb  Cla.mping F o r c e  = 254.0 lb  

Clamping F o r c e  = 382.6 lb  Clamping F o r c e  = 515.0 l b  

P" 

P 

I Clamping F o r c e  = 639.2 lb Clamping F o r c e  = 775.7 l b  

Fig. 10 - Contact A r e a  T e s t  Data (Specimen: 3/4 in. Thick Plex ig las  P C M S )  
k 

I 0 1 Sca le  (in.): - 
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Clamping F o r c e  = 132.9 lb Clamping F o r c e  = 264.0 lb  

Clamping F o r c e  = 386.9 lb Clamping F o r c e  = 514.5 lb  

Clamping F o r c e  = 642.6 lb  Clamping F o r c e  = 768.1 lb  

F ig .  11 - Contact A r e a  T e s t  Data (Specimen: 1/2 in. Thick Plexiglas  PCMES) - 
0 1 Sca le  (in.): - 

18 
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* 
average diameters of the near circular contact areas a re  plotted against 

the clamping force. It is noted upon examination of test data that the outer 

diameter of the annular area cf contact increases nonlinearly with the 

clamping force, the rate of increase being a decreasing function of the force. 

For different specimen thicknesses, the contact diameters appear to asym- 

atically approach (from below) a different limiting value for large values of 

the applied force. Of the five sets of specimens tested, the maximum contact 

diameter for the 1/8-, and 1/4-in. thick specimens is less  than the diameter 

of the upper Plexiglas washer (0.558 in.) and could not be measured. Of the 

remaining three sets ,  the 1 -in. thick specimen shows the greatest contact 

diameter for a given clamping force. The limiting diameter in the 1 -in. spec- 

imens appears to be 1.96 in. for clamping forces greater than 1400 lb. The 

limiting diameter for the 3/4-in. specimens i s  1.64 in. for forces greater 

than 1300 lb. For  the 1/2-in. specizens, the limiting diameter i s  1.17 in. 

for forces greater than 1000 lb. 

To obtain an idea of the role that the modulus of elasticity plays 

in  the solution of contact s t ress  problem, a set of 1/2-in. glass plate speci- 

mens was tested to compare with the 1/2 Plexiglas specimens. Because it 

i s  difficult to drill holes in the glass specimen, clamping was not applied by 

a bolt. Rather, the specimens (without bolt holes) were clamped in  a vise, 

as shown in Fig. 13, and the diameter of contact was estimated visually. The 

results of this test a r e  summari.zed in Fig. 14. The most significant finding 

of this test is that the maximum contact area diameters for Plexiglas (E = 
3 6 532 x 10 psi) and glass (E = 10 x 10 ) a r e  not significantly different (1.05 in. 

versus 1.13 in.). 

In the next ser ies  of experiments, the separation of the outer edges of ** 
the same specimens under clamping were measured i n  addition to the local 

- * 
Initial tests showed irregularities of the contact area. The situation was 
drastically improved by removing all dust particles from the contacting 
surfaces. 

*:: 
Actually, plate separations a t  a radius of 2.5 in. were measured. 
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Fig. 13 - Test Setup for Investigation of Relationship Between 
Clamping Force, Contact Area and Specimen Moduli 
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Clamping Force (lb) 

Fig. 14 - Comparison of Contact Zone Diameters Between Plexiglas 
and Glass Specimens 
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measurements described above. A linear -variable-differential-transformer 

(LVDT) was used to measure the total separation of the two top surfaces of 

the Plexiglas specimens as functions of the clamping force. The same test 

fixture as before was used; see Fig. 15. Test data were directly plotted on * 
an x-y recorder and results are summarized in Fig. 16. Edge-deflection 

for the 1/4-in. specimens is at least an order of magnitude greater than any 

other curve in Fig. 16 (note differences in vertical scales). 

In appearance, each curve in Fig. 16 (corresponding to a given specimen 

thickness) seemed to have different characteristics. The differences are  

actually due to the method of measurement because the LVDT senses the total 

relative displacement of the upper surfaces of the specimen plates, which i s  

the algebraic sum of the separation of the inner surfaces (sign: positive 

i n  Fig. 16) and the compression of the upper plate (sign: negative in Fig. 16) 

between the upper Plexiglas washer and the contact zone. The compression 

of the plate in the immediate vicinity of the bolt must be obtained via three- 

dimensional elasticity considerations. Several attempts along this line were 

made during the course of Phase I1 study without success. On the other hand, 

the separation of the inner surfaces at the edges of the specimens may be 

analyzed from plate bending theory if the stress distributions on both sur - 
faces of the plate a r e  known. For an approximate solution of plate edge sepa- 

ration, however, the distributed contact stress may be replaced by a circular 

line load centered about the bolt. The diameter of this circle is a function of 

the contact zone diameter. For small clamping forces, the contact zone is 

small. There i s  very little edge separation and a relatively large portion of 

the total LVDT oiltput signal is  due to the compression of the plate. For thick 

plates, this compression i s  quite easily identifiable by the negative-going, 

initial portions of the curves of -Fig. 16. As the clamping force is  increased, 

both the diameter and magnitude of the equivalent circular line load on the 

* 
The 1 -in. specimen showed practically zero edge separation and could not 
be measured with accuracy by the reported test setup. 

L O C K l i E t O  - HUNTSVILLE RESEARCH & ENGINEERING CENTER 



/r 
Plexiglas Specimens 

3/8-in. Bolt Extending 
to Steel Baseplate 

L 
+ Steel Washer 

4- Plexiglas Washer 

- + 
1 Separation of These Plexiglas Washer 

Two Surfaces is 
Measured Steel Washer 

Load Washer 

1 1  
t 1 1 -in. Steel Base Bolt 

I 
I 

~ - - ~ ~ ~  - - ~ -  I I I 
/ 

Fig. 15 - Test Setup to Measure Edge Deflection of Plexiglas 
Specimen Under Clamping 
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Clamping Force (lb) 

Fig. 16 - Edge Deflections for 6-Inch Circular Plexiglas 
Plate Specimens of Various Thicknesses 
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contact surface increase. The diameter of the equivalent line load between 

the upper Plexiglas washer and the plate cannot, however, be greater than 

the outside diameter of the washer. Plates, therefore, separate, and the 

slopes of the curves in Fig. 16 gradually increase. For very large clam-ping 

forces, the diameter of the equivalent line load on the contact surface approaches 

a limit, &%id both the compression and the aeparation components of the LVDT 

output turn into linear (incremental) functions of the damping force. This 

phenomenon is most obviously dem.onstrated by the test data for the 1/4-in. 

specimens. It is interesting to note that for the 1/8-in. specimens, the 

measured deflections a re  of the same order of magnitude a s  the 1/2- and 

3/4-in. specimens, while all of them a re  significantly less than the deflection 

of the 1/4-in. specimens for any given load. For the two thicker specimens, 

the large values of their flexur,xl rigidities a re  the primary reason why the 

separations are small. For the 1/8-in. plates, the reason is that the maximum 

contact zone diameter is always small, and that edge separations due to com- 

pres sion and bending a re  of approximately the same magnitudes but with oppo- 

site signs. The net result i s  a smalltotal measurement, as shown in Fig. 16. 

Since in most engineering applications, the joints a re  designed to obtain 

maximum contact area and minimum plate separation, realistic stuciies of 

mear joint damping in the future must include the analysis of the very norl' 

portions of the force-deflection relationship. 
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Section 4 

DAMPING OF SINGLE LAP JOINT I N  TORSION 

The objective of the series of experiments described in  this section i s  

twofold: (1) to make a thorough investigation of the single joint damping under 

controlled environments; and (2) to obtain an indirect measurement of the 

normal stress distribution at the outer edge of the contact zone through reso- 

nant frequency and damping measurements. The test series consists of reso- * 
nant vibration tests at various excitation amplitudes and for cliff ereut clamping 

forces. 

The test setup is shown schematically in  Fig. 17. The joint interface i s  

formed between the two 1-in. thick Plexiglas plates and a special 3/8-in. 

machine bolt. An aluminum beam with a wide integral base flange is attached 

to the edge of the upper Plexiglas plate with a very thin layer of cement and 

two 1/4-in. bolts so that there was virtually no energy dissipation at this 

joint. The dimensions of the aluminum beam are  9.4 in. (L) x 1 in. (W) x 0.2 

in. (T). This beam and the upper Plexiglas plate may then be considered as  

a beam having a stiff rotational base spring which i s  also dissipative (damping 

contributed by the joint interface) so that experimental te-hniques developed 

in Phase I of this study may be used to measure the spring stiffness and 

damping. The steel bolt i s  specially designed, see Fig. 18, so that it is very 

soft in torsion. Torsional stiffness of the base of the vibrating system i s  

primarily obtained from the lower Plexiglas plate. Torque i s  transmitted 

from the top to the bottom plate via friction over the contact area between 

them. Relative partial slipping of the contact surfaces will be the primary 

source of damping since the bolt does not car ry  more than 1% of the total 

transmitted torque. Consequently, damping in the washers, threads between 

* -8. 

At frequencies where the response lags the excitation by 45, 90 and :35 
degrees. 
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Annular Area 
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i Sinusoidal 

{ 1/4 in. r Excitation 

\ 

1 ,  
\ \-/' 

-2.6 in.+ 0.2 in. 
4 - iC 9.4 in. 

f -,- 
.r 

Steel Base  Plate 

/ / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / / I / / /  * .  "//I/ / / / /  

Nut Used 

'O Clamping Apply -\ c 4.5 in. - 

Fig. 17 - Schematic of Test Setup to Measure Damping 
i n  Torsion of Simple Lap Joint 
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Force 

P1 exigla s 
Specimens 
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3/8 

in. 

in. -24 

I L. 0.166 in. I 
1- 4.62 in. -4 

Fig. 18 - Specially Designed Steel Bolt to Minimize Torsional Stiffness 
and Contribution to Damping by Test Fixture 

LOCKHEED -HUNTSVILLE RESEARCH & ENGINEERING CENTER 



the bolt and the nut, and between the bottom threads of the bolt and the base 

plate a re  very small fractions of the total base damping, and may be easily 

calibrated and their effects eliminated. 

Tests were conducted for various clamping forces which produced con- 

tact area diameters ranging from 0.65 to 2.05 in. For  each clamping force, 

resonance tests in the second mode were conducted for a range of excitation 

and response amplitudes. Test data are  summarized in Table 1. A quick 

examination of test  results shows immediately that the resonant frequency in 

a given condition (clamping force) of the specimen does not vary by more than 

0.2% over a significant dynamic response range. The restoring force of the 

system must, therefore, be relatively independent of the response amplitude. 

Consequently, modal damping has a well defined meaning and may be computed 

frcm the bandwidth. The energy dissipated per cycle is  equated to the work 

done by the excitation force, and the generalized mass may be computed from 

the expression. 

. . 
:. , ;., 

2 P plitude, 5 is the fractionai modal damping coefficient, w is the resonant 
. % 

0 
:, & .. -~, frequency, and x the response amplitude. The above computations carried 
;:. 

out for all test data in Table 1 show that m does not vary by more than 3% 
:! !? I? 

-, and can be considered as a constant for  the entire test series. 

I For the maximum applied clamping force condition (control zone diam- 

eter = 2.05 in.), the resonant frequency and bandwidth were found to be com- 

. #' 
pletely independent of response and excitation in amplitudes. Therefore, it  

. . . . : : r  + 
r. ~ 

re: 
may be assumed that the end conditions has approached a rigid cantilevered 

. . ;:j 
<,.. - ~~~ .. 
:'lj * ,... ..*< 
?*.I 

Where a wider dynamic range could be easily covered with the test setup and 
:": . .- ..- , readout instrumentation than in  the first mode. 

<$,. -- a. I 
.. .< 30 -.:: .: 
% :. 
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Table 1 

SINGLE L A P  JOINT TEST 

rn 

DATA 

(Coritinued) 



;,. 

::, : 
,. . . 
, , ,  

(Continued) 

! 

I 

I 

I 

Table 1 (Continued) . 
, . 

. . 

Contact 
Diameter  

(in:) 

1.4 

1 
1.4 

1.9 

1.9 

2.0 

2.05 

I 

7 

Natural  
Frequency 

(Hz) 

3 14.4 

314.5 

314.6 

314.6 

314.6 

3114.6 

314.6 

314.7 

314.7 

314.7 

314.6 

3 14.7 

3 14.6 

315.0 

315.0 

315.0 

315.0 

3 15.0 

315.0 

315.0 

Exciting 
F o r c e  

Amplitude 
(lb, 0-pk) 

19.89 

13.55 

9.67 

6.8 9 

4.86 

3.32 

2.29 

1.67 

1.17 

0.8 1 

18.97 

3.36 

19.03 

15.83 

11.33 

8.00 

5.67 

3.96 

2.79 

1.98 

45-degree 
Frequency 

(HZ 

313.6 

313.8 

313.8 

3 13.8 

313.8 

313.9 

313.9 

313.9 

313.9 

3 14.0 

313.9 

313.9 

314.3 

314.3 

3i4.4 

314.4 

314.4 

3 14.4 

314.4 

Resonant 
Response 
Amplitude 
( i n .  0-pk) 

1 1 . ~ 2 ~  

7.946 

5.645 

3.973 

2.788 

1.974 

1.394 

1.005 

0.6910 

0.4936 

11.22 

1.974 

11.22 

11.22 

7.946 

5.645 

3.973 

2.795 

1.974 

1.400 

45-degree 
Response 
Amplitude 
( i n .  0 - pk) 

7.860 

5.293 

3.757 

2.751 

2.017 

1.400 

0.9872 

0.6972 

0.4855 

0.3486 

7.811 

1.347 

7.872 

5.620 

3.967 

2.8 19 

1.961 

1.375 

0.968 

135-degree 
Frequency 

(Hz) 

315.1 

315.2 

3 15.3 

315.3 

315.3 

315.3 

315.3 

315.4 

315.4 

315.3 

315.3 

315.4 

315.5 

315.5 

315.6 

315.6 

315.6 

315.6 

315.6 

+ 
135-degree 
Response 
Amplitude 
( i n  0-pk) 

8.483 x 1 u - ~  
5.799 

4.041 

2.918 

2.048 

1.437 

0.9872 

0.6910 

0.4966 

0.346 1 

8.150 

1.406 

7.891 

5.663 

4.004 

2.825 

2.005 

1.388 

0.999 



Table 1 (Continued) 

d 

Cont rac t  Natural Exciting Resonant 45-degrees 45-degree 135-degree 135-degree 
Diameter  Frequency  F o r c e  Response Frequency Response Frequency Response 

(in.) (Hz) Amplitude Amplitude (HZ Amplitude (Hz) Amplitude 
(Lb, O-pk) ( i n .  O-pk) ( i n .  O-pk) ( i n .  O-pk) 

I 

I 1 315.1 1.42 1 . 0 0 5 ~  l o v 4  3 14.4 0.678 315.6 0,729 x 

315.1 0.97 0.6910 314.4 0.484 315.6 0.478 

2.05 315.1 0.70 0.5016 3 14.4 0.343 315.6 0.347 
I 

1 - 



condition. Damping may, in this case, be assumed to be due to other sources 

such as  material and a i r  damping btit not 3ue to joint dissipation. In other 

words, damping for the maximum clamping force tests may be used as  a 

reference for other test cases. The differences in  the rate of energy dissi- 

pation between this and other cases of clamping forces may be attributed to 

the damping mechanism on the joint surface under investigation. These dif - 
ferences have been computed and resnlts a re  tabulated in  Table 2 and plotted 

in Fig. 19. Two remarkable features of the results are: (1) data scatter was 

not significant, especially in view of the consideration that the f ina l  results 

were obtained as  the differences of iwo sets of large numbers. Associated 

wit'i consistent data are,  of course, increased confidence on the absolute 

values represented by them; and (2) the energy dissipation per cycle of vib- 

ration for  all joint clamping forces a re  proportional to the square of the 

response amplitude so that linear damping i s  clearly indicated. 

In summary, test data over a wide range of joint clamping forces and 

excitation and response amplitudes have shown joint damping to be: (1) of 

c o ~ p a r a b l e  magnitude as material and a i r  damping combined; (2) linear, and 

can be measured with consistency. Neither of these features has been the 

distinguishing characteristics of joint damping as  it is commonly known. It 

may, therefore, be concluded on the basis of discpssions so far  that in  order 

to reach the goal of predicting structural damping, more complicated joint 

configurations must be considered. The commonly assumed nonlinear, high 

structural damping cannot be noticed from test data on a single, one-bolt joint 

with both radial and planar symmetries i n  dynamical conditions. 

Measured linearity of joint damping serves to indicate that the original 

concept of partial slipping i s  correct, with the overall contact area deter- 

mined under the static preload remaining constant during vibration, and with 

the normal stress distribution near the edge of the contact area approximately 

linear and continuous. As the torsional vibration amplitude i s  increased, an 

annular zone of dynamic slipping develops because the shear stress exceeds 
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Contact 
Diameter 

(in.) 

Table 2 

GONIPUTEL', JOINT DISSIPATION RATE 

Resonant Work Done Damping Joint 
Response IS ycle 6 W Dissipation 
Amplitude (in.-lb) zw 0 

P e r  Cycle 
(in., 0 -p k) % (in. -1b) 

.01431x 

.00554 

.00296 

.00152 

(Continued) 



Table 2 (Continued) 

- 

Joint 
Dissipation 
per Cycle 

(in..*lb) 

.000760x lom3  

.000329 

.0001736 

.0000789 

.0000434 

Damping 
- 6~ 
2wo 
(%I 

.2 384 

.222 5 

.2225 

.2224 

,2224 

.2065 

Work Done 
Cycle 

(in. -1b) 

.00423 x 

,002059 

.000994 

.0005272 

.0002540 

.0001216 

Contact 
Diameter 

(in.) 

7 

1.4 

I 
1.4 

Re sonant 
Response 
Amplitude 
in. 0-pk) 

2 . 7 9 5 ~  l o y 4  
1.974 

1.400 

1.005 

0.6910 

0.5016 

.055799 x 

.028283 

.014187 

.007077 

.003477 

.0017302 

.0008 708 

,0004483 

.0002106 

.0001103 

2.05 

I 
2.05 

- 

I 
l l . 2 2 x l ~ - 4  

7.946 

5.645 

3.973 

2.795 

1.974 

1.400 

1.005 

0.6910 

0.5016 

.I905 

I 
.I905 

I 
0 

I 
0 

J 



Response Amplitude 

Fig. 19 - Joint Damping in Torsion 
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the product of the coefficient of friction and the local normal stress. The total 

frictional torque of this slipped zone is approximately proportional to the radial 

width because of the linear distribution of the normal stress. The energy dissi- 

pation per cycle is  proportional to the product of the frictional torque and the 

angular displacement, and is  approximately proportional to the square of the 

vibration amplitude if slipping is restricted to a very small annular area at  

the edge of the contact zone. 
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Section 5 

CONTACT ZONES OF MULTPLE- BOLT JOINTS 

AS a f i r s t  step towards the -.~udy of damping in joints with more than 

one fastener, a v i s ~ a l  investigation of the contact areas of such a joint was 

conducted using, again, Plexiglas plate specimens. 

Two specimens we-e made of 1/2-in. Plexigias with 3/8-in. bolts a r -  

ranged to represent typical multiple fastener joints. A torque of up to 50 in. -1b 

was applied to each bolt in different sequences to study interactions of 

contact areas. One of the specimens has nine bolts arranged in a square 

matrix with 2 in.- pitch, Fig. 20a. The plates are  6-in. square. The contact 

diameter of the center bolt was increased by approximately 10% when sur-  

rounding bolts were tightened. The contact area remained approximately 

circular in shape. 

When one of the corner bolts was tightened first ,  and then the adjacent 

bolts, the contact preas under the corner bolt did not change noticeably in 

size, but shifted slightly toward the center of the plate. When one of the 

center side bolts was tightened first, then the adjacent ones, the contact area 

of the center side bolt showed a 10% increase in diameter of contact. 

The other specimen has five bolts but they were arranged in a staggered 

manner, see Fig. 20b. The minimum bolt-to-bolt spacing was 2.8 in. When 

the center bolt was tightened first ,  then the remaining ones increase in  con- 

tact area of the center bolt was very slight but notj.ceable. Wh-n a corner bolt 

was tightened first,  then adjacent ones, there was ns signit;.i:l.bb )crease in 

contact area for the bolt. 

The above results provide some of the necessary engineering data to 

extend contact diameter measurements obtained for a single bolt-specimen 

for actual application in multiple bolt joints. 

39 
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Fig. 20 - Test Specimen for Multiple-Joint Damping Study 
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Ssction 6 

DAMPING IN MULTIPLE- BOLT JOINT SPECIMENS 

To obtain a se t  of controlled experimental data on damping in  multiple- 

bolt joints, two sets of experiments were conducted on separate specimens. 

The first of these specimens tested is shown in Fig. 21. The mzterial 

used, aglin, was Plexiglas. The joint interfaces were machined surfaces and 

the coefficients of friction were found to be lower (0.407 against 0.48 for the 

static case, and 0.33 against 3.6 for  the kinetic case). The joint configuration 

was selected sach that: (1) it is a multiple-bolt joint; (2) the joint interface 

is planar; and (3)  translation, rather than torsion, is the type of anticipated 

slipping of the joint iaterfaces. Therefore, the joint specimen is quite com- 

plicated as compared to the single-bolt joint in  torsion. By testing the joint 

with all  screws (3-48) in place and tightened first ,  and then removing selected 

1. area can screw(s), the diz-mping due to each screw and the associated critica' 

be isolated. 

Resonant vibration tests were employed to measure joint damping. The 

following three joint configuratioil~ were tested: 

Configuration 

P6 

Description 

As shown in Fig. 2 1 all six 3-48 
screws on 

Same as P6 but with one center 
screw removed 

Same a s  P5 but with the center 
screw ox the other side also 
removed. 

4 1 
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35.8 in. 

0.125 in.- ,- 0.34 :n. 

3-48 Screws 
10-32 Screws 

P 

/ / / / / / / / / / I / / / / /  

Fig. 2 1 - Test  Specimen i o r  Determination of Damping of One Bolt 
i n  Multiple - Bolt Planar Joint 
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Test data of these configurations a re  tabulated in Table 3(a), (b) and (c). The 

work done per cycle by the excitation for each test condition is  computed for a 

common set of displacement amplitudes and a re  listed in Table 4. The ratios 

(dB differences) of energy dissipates at equal displacement amplitudes between 

Test P6 and P5, and between P5 and P4 represent. the energy dissipation per 

cycle due to the center screws. These results a re  also listed in Table 4. It 

i s  seen that one of the screws had a much greater contribution to damping than 

the other. However, neither one contributed more than 0.1 dB (1%) to the 

total damping. Once again, when a bolt i s  singled out for damping studies, its 

contribution to damping is extremely small, even though the study was not per- 

formed on a single bolt, but on one of many bolts in a joint. 

In a second series of tests, a multiple-.bolt joirit with a cylindrical inter- 

face was ernployed (Fig. 22). In diametrical cross-section, this joint i s  identi- 

cal to the planar joint specimen. Also, some machining and assembly proce- 

dures were employed for both specimens, and the test equipment -was the sane.  

Tests were conducted for the following joint configurations: 

Configliration Description 

As shown in Fig. 22 

C16 less screws 5 & 13 For test 

C14 less screws 1 & 9 data, see 
Tables 5a 

C12 less screws 7 & 11 through 5f 

C10 less screws 3 & 14. 

Energy dissipation per cycle of vibration due to each pair of screws i s  

computed and tabulated in Table 6. It is seen that damping due to screws 

No. 1 and 9 is significantly greater than damping due to all other pairs. This 

situation is  expected because m ~ s i t m u z ~  slipping occurs at these screw 

locations. 
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Table 3a 

PLANAR MULTIPLE - SCREW JOlNT DAMPING TEST DATA (CONFIGURATION P6)  

F o r c e  9 0 ~ D i s p l .  90° Pe r iod  45" Pe r iod  13 5' Pe r iod  Damping O/o 
Ampl. dB Ampl. dB ( T 9 ~ )  (T45' (T 135) (T45'T135)T90 
Re  8 x  1 0 - ~ 1 b  Re 2x 10-6 in  m s  ms ms 

T45X *l35 



Table 3b 

PLANAR MULTIPLE-SCREW JOENT DAIvlPING TEST DATA (CONFIGURATION P5) 

F o r c e  90" Displ.  90° P e r i o d  45" P e r i o d  135' Per iod  Damping 70 
Ampl.  dB4 Ampl .  dB6 
R e 8 x  10 lb R e 2 x 1 0 -  i n  

c 9 ~ 1  (T4 5) (T135) (T45-T135)T90 
m s  ms ms T45X T135 



Table 3c 

PLLANAR MULTIPLE- SCREW JOINT DAMPING TEST DATA (CONFIGURATION P4)  

F o r c e  90° Displ. 90° Pe r iod  45" !,Deriod 135O Pe r iod  Damping % 
Ampl. dB Ampl. dB 
Re  8x 1 0 ' ~ l b  Re 2x in  

(T90' v45) (' 135) (T45-T135)T90 
m s  CL, S m s  

'45 '135 

:,; 
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. . .  J.. 1 
;,,.. .: ,. 
. . .  

3 in. 7 

3 -48 Screws 

8 10-32 Screws 

View AA 

Fig. 22 - Test  Specimen for DetcrminatLon of Damping of One Bolt 
in  bfultiple Balt, Cylindrical Joint 
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Table 5a 

THRET-DIMENSION.AL JOINT DAMPING TEST DATA (ALL SCREWS ON) 

F o r c e  
Ampl.  dB 
~ e 8 x  1 0 - ~ l b  

90O P e r i o d  45O P e r i o d  

(T90) (T45) 
m~ m s  

13 SO Per iod  

IT135) 
ms 



Table  5b 

THREE-DI~NSIOI 'JA. '~  JOINT DAMPING TEST DATA 
(SCREWS, AT 90 A N 2  270 DEGREES, REMOVED) 

F o r c e  90" Displ. go0 P e r i o d  45O P e r i o d  1 3 5 O  P e r i o d  Damping 70 
Ampl.  d g 4  Annpl. dB 
R e 8 x 1 0  lb  - 6 .  K e 2 x 1 0  in (TgO' (T45) (T135' (T45-T135)T90 ms ms ms 2 T q 5 x  T 

135 



TabLe 5c 

THREE-DIMENSIONAL JOINT DAMPING T E S T  DATA (TWO MORE)  
SCREWS, AT ZERO AND 180 DEGREES, REMOVED) 

Force  90° Disp!. 90° Period 45' Period 135" Period Damping % 
Ampl.  dB4 Am$. dB ( T 9 ~ )  (T45' 'T135' !T45-T 135)T90 
R e 8 x l 0 -  l b  ~e 2 x  10-6in ms rn s ms T45XT135 



F o r c e  
Ampl. dB 
Re 8x 10-41b 

Table 5d 

THREE-DIMENSIONAL JOINT DAMPING TEST DATA 
(TWO MORE SCREWS, AT 45 AND 31 5 DEGREES, REMOVED) 

9 0 ~ D i s p l .  90° Per iod  45O P e r i o d  135O Pe r iod  Damping '% 
Ampl. dB 
Re 2 x  i n  (T90) 

tT4 5) (T135) (T45-T135)T9~  
m s  ms m s  2 T q 5 x T  135 



Table 5e 

THREE - DXMENSiONAL JOINT DAMPING TEST DATA 
(TWO i@RE SCREWS, AT 45 AND 3 15 DEGREES, REMOVED) 

90° Displ. 90° Pe r iod  45O P e r i o d  135' Pe r iod  Damping 70 F o r c e  
Ampl. dB Ampl. dB (T90) (*45) (T135) (T45-T135)T90 
R e  8x 1 0 - ~ 1 b  Re 2 in- m s  ms ms T45 T135 



F o r c e  
Ampl .  dB4 
R e 8 x 1 0 -  l b  

Table 5f 

THREE-DIMENSIONAL JOINT DAMPING TEST DATA 
JALL SCREWS ON, REPEATABILITY CHECKED) 

30° Displ. 90° Pe r iod  45O Pe r iod  135' Pe r iod  Damping % 
Ampl, dB 
~e 2 x l 0 - ~ i n  

(T90) (T45' (T135' (T45-T135)T90 
ms m s  m s  2xT4 * '135 



Table 6 

COMPUTED DISSIPATIONS DUE TO VARIOUS SCREWS IN MULTIPLE-BOLT, CYLINDRICAL JOINT 

Response Total  Work ~ o n e / ~ ~ c l e  dB 
Amplitude, dB Re 5.03 x in-lb 
~ e 2 x  10-bin. 

C 16 C 14 C12 C10 

Dissipation, dB, Re 5,03 x 1 0 ' ~  in- lb  

Due t o  Screw Nos, 

C8 5&13 1&9 7& 11 3& 14 

-0.33 

- 0.3 1 

- 0.26 

-0.23 

t o .  79 

t0 .81 

-0.16 

to .  19 

-0.10 



It is interesting to note also that, for the first time in the series of 

tests, data scatter was noticeable. This i s  rather significant because 

identical instrumentation and test  procedures were used for the planar joint 

test where no noticeable scattering of data was observed. The canses mast, 

therefore, be associated with the variation of local joint conditions introduced 

into the setup when an appreciable number of screws were used. The impli- 

cation of this conclusion i s  that unless stringent assembly procedu.res (far 

exceediag those required to  insure a sound structure) are  used i~ a realistic 

structural joint, it will be rather difficult to predict overall joint damping 

from analyses (or test data) obtained for damping associated with a single 

fastener joint. 



Section 7 

C OEGLTJSIONS 

Initial steps have been taken in a systematic study of joint contact 

damping. A new experimental technique has been developed to observe the 

area of contact between two elastic bodies. Since it does not depend on sym- 

metry of the specimen about either the contacting surface or  the axis through 

the center of contact, the optical method of measuring contact area is com- 

pletely general and can be used i n  other applications such as  in contact s t ress  

studies between non-spherical bodies, etc. It i s  anticipated that with suitable 

development, this approach can provide a simple approach toward obtaining 

engineering resalts related to the contact damping problem. 

Plate interface separation tests indicate that local s t ress  and strzin 

conditions near a fastener cannot be efficizntly determined by m e a s u r e ~ ~ e n t s  

at remnte locations, as originally desired. 

Experimental evidence indicates that local conditions which intimately 

govern the state of contact near each fastener in a xaltiple-fas,ener joint a re  

extremely critical with regard to the ability to predict joint damping from 

analytical considerations which do not include second order effects, o r  from 

experimental results of single fasteners. 
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