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. .SUMMARY

Machine tool joints not only provide the major source of energy
dissipation but are also responsible in the main for a large proportion
of overall deflections. ihey thus possess high potential as devices
for optimizing directional orientations of modal flexibilities as well
as improving the overall damping. The feasibility of these are first
examined and then an improved 'approximate method' of optimization is

proposed.

The main part of this work, however, is concerned with the design,
manufacture and calibration of an apparatus for measuring the joints'
parameters with universally applicable 'yardsticks'. Such 'yardsticks'
could only be defined in terms of energies. A completely symmetric two
degrees of freedom system results in orthogonal principal coordinates
hence fulfilling this condition. Acting as a mechanical amplifier it
dynamically isolates the rig from the surroundings whilst considerably
reducing the size of the shakers, The first mode is employed for
measuring the extraneous effects as well as calibrating the instruments

whilst the second mode is used for the actual measurements.

Repeated tests are carried out on a number of 'classic joints'
namely turned and ground to represent single and multi point tool cut

surfaces. Equations are derived which relate stiffness and damping of

~ turned surfaces to four independent variables of: area, roughness,

pressure and viscosity of lubricant. It has been shown that the non-
dimensional dependent variables employed herc to describe the
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effect of lubrication are almost independent of dry stiffness. This
results in a more accurate and generalised form of informatiﬁﬁ. With-
in the range of independent variables considered, area and roughness
emerged as the main parameters influencing both loss and stiffness

factors.

An improved distribution of potential energies can be achieved
through maximising the quadrature component of the overall stiffness,
This is believed to ensure the stiffness integrity whilst producing
large increases in the overall damping. A jointed ensemble with
lubricated and smooth but SPT cut surfaces is expected to experience

by far the larger quadrature component of stiffness than the identical

assembly with ground surfaces.



NOMENCLATURE

a;,3, Acceleration of: upper, lower inertia block

A2,82 Coefficients of coordinate transformation as defined in
equation 5.6.2.

c Spring-index as defined in equation 8.10

C.0.M Cocfficient of Merit - a measure of chatter resistance
as indicated in Fig. 1.

d Wire diameter of spring

D0 . Dissipated energy per cycle

Dol’Doz Mean diameter of coil springs Kl and K2

E Young's Modulus of elasticity

E.L.S Equivalent Length of Solid Steel

G Shear modulus of elasticity

h Hysteretic damping coefficient

k Stiffness of elements in the uniform system of Fig. 18b.

K+iCuw Complex stiffness of'jointed specimen column' of Fig.44b.

K11+iC11w Complex stiffness of auxiliary system as indicated in Fig.24b.

K12+1C12w Complex stiffness of auxiliary system as indicated in Fig.24b.

K21+iC21m Complex stiffness of auxiliary system as indicated in Fig.24b.

KI’ K2 Stiffne§s of a?xiliary system of preloading-isolating,weight
supporting spring (symmetric system)

‘j+iCJw Complex stiffness of joint

K tiC v Complex stiffness of 'solid specimen column' of Fig. 44a.

Kt+iCtm Complex stiffness of the equivalent system of Fig, 15d.
at second mode,

£ Length of specimen column

lJ E.L.S. of joint

mo Mass of elements in the uniform system of Fig. 18b.

my M, ,M Apparent mass vectors as defined in Table 8a.

Ml,Mz Mass of upper, lower inertia block

M.P.T Multi-Point-Tool

n Number of active coils

N Number of effective joints in 'specimen column'

NFI,NF2 Natural frequency of first, sccond mode of vibration

Pys Py Principal coordinates

Pmax Maximum permissible load on spring

T, T, Modal shapes as defined in Table 8a.

R’Rlz’RJz Stiffness rations as defined in Appendix 2.

Ry» Rz Stiffness of preloading-isolating, weight supporting spring

Ry Stiffness factor (lubricated inphase stiffness/dry inphase
stiffness)

nax Maximum length Ml can be raised or lowered.
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Area of joint

Loss-factor as defined in Appendix 2
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Joint Interface Pressure

Permissible shear stress

Phase angle between force and displacement

Specific damping capacity

Natural frequency of first, second mode of vibration

Undamped natural, damped natural, resonance frequency
Surface roughness: C.L.A.

w?



Table 1.

8a.
8b.
0,

10. &
1l.

12.§
13.

14,

15.

- xii =~ .

'LIST OF TABLES!

Values of b in K; = bo for a range of surfacesproduced from
mild steel.

; c(lrlﬂ)
Values of ¢ and m in KJ B e for different surface finish-
ing processes.

The calculated maximum mean interface pressure on the actual
bolted joints shown in figure 13 using Roetscher's Cone.

Specimens for studying the effect of 'aspect ratio’.
Specimens for studying the effect of 'area',
The cutting conditions

Relationships amongst different measures of damping at the
natural frequency of an S.D.F. system.

Evaluation of effective Voigtian parémeters of unproportion-
ally dampened two degrees of freedom systems. :

Calibration and test procedure for evaluation of effective
Voightian specimen parameters K and C,

Specification of the rig.

Summary tables for two factor analysis of variance with three
fold replication. The significance of the effect of:
frequency and static load upon the accuracy (and precision)
of 'm' method of measurement when using Kistler 906B/5001
load washer and charge amplifier. Phase and gain error.

Summary tables for two factor analysis of variance with three
fold replication., The significance of the effect of:
frequency and static load upon the accuracy (and precision)
of the 'm' method of measurement when using Kistler 903A/5001
load washer and charge amplifier. Phase and gain error.

Summary table for four factor analysis of variance on the
results of the three methods of measurement (considered as
'replicates'). The precision of the method of measurement
and the standard deviation of the mean error. Loss factor
per unit area of joint.

Summary table for four factor analysis of variance on the
results of the three methods of measurement (considered as
'replicates'). The precision of methods of measurement
and the standard deviation of the mean error. Inphase
stiffness per unit area of joint,



Table 16.

17,

- xiii -

Summary of four factor analysis of variance with two-
fold replication. The significance of the effects
of: area, pressure, viscosity of lubricant and rough-

ness upon the loss factor per unit area of turned
surface.

Summary for four factor analysis of variance with two-
fold replication. The significance of the effect of:
area, pressure, viscosity of lubricant and roughness
upon the stiffness factor per unit area of turned
surfaces.

A



Figure 1,

11.

12,

13,
14,
15,
16.

17,

18,
19,

20.

- xiv -

'LIST .OF FIGURES'

Resistance to chatter in terms of modal flexibilities.
The influence of material and of joints on damping.

Response of a non-linear spring to force of low and high
amplitudes, ///

Four different joint orientations between the main structural
elements of an arch-type body.

Dynamic test results; loading inside the plane of the arches.

Cross receptance and displacement plots in the plane of the
arches,

Response of BBCBTB & C.S and BBCBTS & C.S at cross-slide mid

point to a force of 5[1bf,] amplitude (normal direction).

Direct receptance of BLC T, & C.Sat cross-slide mid point
(normal direction).

General static characteristics of joints.

General dynamic characteristics of joints. Some proposed
theoretical models.

A quantitative survey on behaviour of joints in the normal
direction,

Definition of specific damping capacity y; Linear and non-
linear damping. '

Examples of actual bolted joints,
The main feature of the rig.
Schematic systems' reﬁresentation.

A guide to phasor positions in the argand plane for an asym-
metric system with two degrees of freedom.

A guide to phasor positions in the argand plane for symmetric
systems with two degrees of freedom.

Theoretical models for jointed column. ;
Maximum effect of discs' inertia.

Surface roughness produced by common production methods.




- XV =-

Figure 21, Variation of outside diameter of specimens of different
areas with aspect ratio,

22. Specimens,

23, The effect of feed and nose radius upon surface finish,
24, Static loading of specimens.

25, Optimum dimensions of inertia blocks,

26a. Loading efficiency VS stiffness ratio,

26b. Optimization of wire diameter of weight supporting springs

K2 and the stiffness ratio R.

27. Transverse stability of K, springs. Variation of critical
stiffness ratio with différent end conditions and wire
diameters.

28. Transverse stability. Critical relative deflection (GlLo)cr.

29.1 General assembly of test rig.

29.2 Detailsof parts.
-29,.6

29.7 List of parts

30. Block diagram of the system. Perfect symmetry-free vibration.

31. Block diagram of the system. General.

32. External synchroniser for Philips variable phase oscillator

PM 5161.
33. Triggering and control unit.
34, Static calibration of K, springs.
35. General view of the apparatus.

36, Static calibration of load washers and associated charge
amplifier.

37a. Static calibration of the test rig: range 0 - 4000 [KP].
37b. Static calibration of the test rig: range 0 - 600 [KP].
38, Calibration of pressure gauge.

39. Absolute and relative calibration of transducers and charge
amplifiers.



it i e e o AR 8

Figure 40a.
40b,
41,
42a,
42b,

43,

44.
45,

46,

47,

48.

49,
50.

S1.

52,

53,

54,

55.

56.

57.

- xvi -

Gain error of charge amplifiers at different gain settings.
Phase error of charge amplifiers.at different gain settings.
Gain and phase error of transducers (B & K).

Error envelopes for relative gains.

Error envelopes for phase.

The effect of stiffness distribution upon the modal shapes
and the natural frequencies.

Test arrangement: (a) Equivalent solid (b) Jointed specimens.

Effective values of stiffness and mass of auxiliary system
at different levels of preload.

Effective values of damping within auxiliary system at
different levels of preload.

Correction factor due to stiffness of auxiliary system VS
frequency -

Correction factor due to damping within the auxiliary system
VS frequency.

Specimens for studying the size and shape effects.

The set-up for testing joints.

Calibration for 'm' method. (a) Gain error of 906B load
washer and 5001 charge amplifier (b) Gain error of 903A

load washer and 5001 charge amplifier.

Inphase stiffness under dry conditions VS pressure for turned
surfaces 'B' and 'C',

Repeatability under dry conditions for BTND1 and CTNDI.
A check on flatness errors.

The effect of preload and lubrication upon inphase stiffness
and damping of BTNDI1.

The effect of preload and lubrication upon inphase stiffness
and damping of BTND2.

The effect of preload and lubrication upon inphase stiffness
and damping of BTND3.

The effect of preload and lubrication upon inphase stiffness
and damping of CTNDI1.



Figure 58.
59,

60.
61.
62.
63.

64.

- 65,

66,

67..

68.

69.

70,

71,

72,

73.

74,

75..

76.

- xvii -

The effect of preload and lubrication upon inphase stiff-
ness and damping of CTND2.

The effect of preload and lubrication upon inphase stiff-
ness and damping of CTND3.

Mean of loss factors VS roughness. The effect of arca.

Mean of loss factors VS pressure. The effect of roughness.
Mean of loss factors VS pressure. The effect of viscosity.
Mean of stiffness factors VS foughncss. The effect of arca.

Mean of stiffness factors VS pressure. The effect of
roughness,

Mcan of stiffness factors VS pressure, The effect of
viscosity.

Mean of loss factors and inphase stiffness factors of
TND1 VS joint area. The effect of shape factor.

Mcan of loss factors and inphase stiffness factors of
(A, B, S, C and E) TND1 VS pressure.

Inphase stiffness under dry conditions for the fine
turned joints VS pressure.

Inphase stiffness of solid and jointed dry ground columns
VS pressurce.,

Inphase stiffness of ground joints under dry conditions.

Mean values of inphase stiffness of dry, turned and ground
joints (B and C) VS pressure.

Mcan values of inphase stiffness of solid and jointed columns
(ground A, B, S, C and E)VS pressure.

Mcan valucs of loss factors of solid and jointed columns
(ground A, B S, C and E)VS pressure.

Mean values of inphase stiffness of solid and jointed columns
(turned A, B, S, C, and E) VS pressure.

‘fean values of loss factors of solid and jointed columns
(turned A, B, S, C and E)VS pressure. :

Mcan valucs of stiffness and damping of solid and jointed
columns of 'B' and 'C' typec specimens.



CHAPTER 1

INTRODUCTION

1.1 Efficiency of Machine Tool Structures

In modern performance testing of a machine tool, the criterion by
which the machine is judged is "The ability of the machine to produce
within a minimum time and at small operating costs, an end product with
acceptable geometric accuracy and surface finish".

~

Geometric accuracy of the workpiece is determined by the static
stiffness of the structure and the alignment of its sliding mechanisms;
in turn the efficiency and accuracy of the slideways are dependent upon
the static stiffness. Any deviation from optimum tool geometry and

hence tool life, will also be influenced by the static stiffness.

-

-~

Adequate surface finish would in most cases require a steady state
operation. Excessive amplitudes in a steady state or a self-induced

vibration, is the main factor limiting the machine output.

The stability of a cutting process is determined by the cutting
conditions and some dynamic characteristics of the machine frame.
Theories of chatter prediction rely on the quantitative values of
responsc,'namely operative receptance - the cross receptances of the
structure iﬁ the direction of co-ordinates in line with P cutting force

and Y normal to the cut surface‘(Fig.l). The maximum negative real comp-

onent of this receptance limits the chip-size according to:



_ 1
blim T 226, p ' 1.1
min

In the past, attempts have mainly been &irected towards indiscrimi-
nate increase in stiffness/mass ratio of all the structural components.,
Whilst this would increase the overall dynamic rigidity and hence improve
the chatter behaviour of the machines. and on the whole is advantageous,
not enough attention has been given to the funcational requirements of
machines, the most important of them being the optimum orientation of
decisive modes with respect to the cutting process. A very considerable
increase (300 per cent) in the stability of a lathe, with the normal
horizontal tool position, is reported to have resulted by a simple alter-
ation in the cross-section of its tail stock(l)*. Another example of
optimization can be found in reference (2) where much higher rigidity of
a single column planer type milling machine in a decisive mode has been

achieved through appropriate alteration made to its stiffness and mass

distribution,

Furthermofe, the increase in natural frequencies through increased
stiffness/mass can never be large enough to avoid resonance conditions and
hence damping ability of the system becomes increasingly significant as
these frequencies are approached. Depending upon the ratio of fluctua-
ting to steady cutting forces, incréased dynamic rigidity or static stiff-

ness becomes more effective respectively.

Provided adequate static stiffness is maintained, the optimum struct- .

ure is therefore regarded as one with optimum directional orientations of

* Figures in brackets refer to references given in Pages 230 to 235.



modal flexibilities with maximum inclusion of potential energies at

highly damped regions of the structures.

Obviously, the prerequisite of any syﬁtematic methods of optimiza-
tion is to be able to predict response from the drawing office stages
of design.

~

1.2 Machine Tool Joints - Discrete and Major Sources of Energy Dissipation

Machine tool structures, unlike other engineering frames of highly
stressed and usually“dry constructions, normally undergo only small
stresses within the members but, possess discrete regions of high damp-
ing properties, i.e. joints. Whilst the former case, due to almost
proportional distribution of damping within the members, would permit
uncoupling of the principal co-ordinates: in machine tool structures
this should not be possible - the solution of eigenvalue problems would

therefore involve complex values and hence increase the computational

size to an impractical level.

Relative numbers of 1, 10 and 300 for the damping ability of a
spindle, for unmounted and mounted conditions, give a good indication
of the existence of such concenérated or discrete damping sources in
a structure. The first two correspond to material damping of the
spindle manufactured from low damping steel and high damping cast iron
materials respectively. Whilst the last number refers to the same
member mounted in bearingsts). Loewenfeld(4) has shown how the level
of damping is influenced by the joints of a lathe by measuring the

log-decrements at its different stages of construction. (See Fig. 2.).



Damping ratios encountered in machine tool structures, despite
presence of joints, however, very rarely attain values above 5%. This
is because the joints are never allowed or in fact rarely can, experience

significant proportions of the total potential energies stored in modes

of vibration.

'Synthetic joints'* are increasingly being proved to show some

' . s s ¢ s (5, 6 §7) .
advantages over the 'classic joints' in some areas . Their
potentialities as high damping sources and/or devices for optimization
of orientations of modal flexibilities or, damping, should be examined

from practical viewpoints,

]

1.3 Machine Tool Joints - Significant Sources of Overall Deflections

The findings of Levina and Reéhetov(sl, though obviously not valid
for all machines, due to the very high percentages reported (i.e. 85
- 90%), do however prove as a rule the significance of joints in deter-
mining the overall static bchaviour of machine tool structures. Further
evidence in support of this statement can be found in reference (9)I
where Taylor reports on an improvement of 39% in the stiffness of an
open sided planing machine measured at the rear tﬁol box,‘when the
joint between the cross rail and the columns was assumed to be rigid
instead of being assumed to have some reasonable value of stiffness,
The work of Thornley and Khoyi on model structurés of a plano miller
has shown the percentage of overall deflection caused by the local
deformations around the column-bed joints to be 60 - 75% when measured

at the top of the columnstlo).

* 1Synthetic Joints' (as against 'Classic Joints') will refer to joints

whose manufacture involves unconventional means or methods.



1.4 The Present Work

In this work 'joints' are under study, not only because they have
always been considered as stumbling blocks towards response prediction
but also apﬁear to possess high potential as a device for optimizing
and improving the overall damping capacity of machine tool structures,
and consequently of practical value in the application of 'Modular
Design'. ‘The feasibility of the latter was first examined on a -%
scale model of an arch type plano-miller and then an improved approxi--

mate method of optimization based upon the thecory of 'energies at reso-

nance' proposed.

The central issue however is that the stiffness and damping
characteristics of all the structural elements, including joint layers
(classic or synthetic) must be known quantitatively within ranges of

interest, if guess-work on values of damping ratios (for approximate

methods) or damping forces (for exact methods of optimization) is to

be abandoned.

The meésurement of stiffness énd in particular damping of machine
tool joints has suffered - more than its usual share - from problems
commonly associated with such measurcments, mainly because of‘the very
high stiffnesses involved, The results were a small %—ratio, large
extraneous effects due to various modes' coupling hence limited fre-
quency range etc. Because of these difficulties and the fact that
the mechanisms of damping within joints are not yet fully discovered
no valid dat; reduction could be possible. It is mainly for these
reasons that most of the previous works on the damping of joints must

be regarded as of a qualitative nature.
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The urgent need for a new technique of complex modulus measurement
was therefore appreciated not only to overcome or reduce the above dif-
ficulties but also to facilitate measurement of damping with a univer-
sally plausible 'yardstick' best suited for response analysis and at the
same time being independent of any particular‘regime of energy dissipa-

tion.

The bulk of the present work consisted of design, manufacture and
calibration of such a measuring device which employed pﬁéisely this very
undesirable feature (i.e. high transmissibility at joints) to create
ideal test conditions (namely a highly isolated rig with a much reduced
size of shakers), when operating at all levels of variables encounterecd

in practice.

Due to the complexity of mechanisms involved, it was realised
that extensive experiments had first to be carried out to measure the
dependent var%ables and to observe the effect of independent variables
quantitatively before any valid judgement could be made as to the cause
of joints' behaviour. In the next stage of the work, therefore, experi-

ments were carried out on a number of 'classic joints' (namely turned

and ground to represent single and multi point tool cut surfaces) and

equations relating stiffness and damping to the four independent para-

meters of: area, roughness, pressure and viscosity of lubricant derived.

Compﬁter aided statistical methods were employed first to establish
the effectiveness of the independent variables and their interactions
(analysis of variance with replicates), and then to derive the equations

of stiffness and damping (regression analysis).



CHAPTER 2

RESPONSE PREDICTIONS AND OPTIMIZATION OF MACHINE TOOL

STRUCTURES WITH PARTICULAR REFERENCE TO JOINTS AND DAMPING

2.1 Introduction

(11)

Koenigsberger in an article on trends in the design of metal
cutting machine tools states:

'Another trend combining versatility with éimplicity can be seen in
the growing use of modular construction which becomes particularly .
attractive with group technology!
He adds

'The implementation of this concept requires much skill from designer,
manufacturer and user alike. In particular the connecting faces between
modules, fixed joints, guideways, the power transmission, drive combi-
nation, (mechanical or electrical), etc., will have to be quite different

from those used in conventional machines. '

After a brief introduction to the methods of response prediction
and their application in optimishtion of machine tool structures, in
this chapter, the potentialities of joints as a means of optimisation
are first studied and then evidence from some specially designed experi-
ments is given to check the feasibility of sueh an arrangement. Finally
a method utilising joints (classic or synthetic) for this purpose is

proposed.
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2.2 Exact Methods

Theoretically, frequency response of a complex but linear system
subject to any complex loading can be computed if stiffness, mass and
damping distribution in the system are known, i.e. lumped constant

method when the number of 'lumps' is taken to be sufficiently large(lz’

13,14 and 15)

Practically however, there are limitations; difficulties arise
not only from the fact that our knowledge of stiffness and -in particular
daﬁping distribution is limited, but also computational size which makes
the above mentioned technique, if not impossible, a very expensive

process of computation.
S

The techniqueof 'synthesis of receptances' employed in (2) has
been developed further in (16) to embrace not only.lumped parameters

of one dimensional model (i.e. beams) but also general finite elements

-

and distributed mass and stiffness.

Hammill and Andrew(17) have developed receptances of lumped parameter
systems containing only a small number of discrete sources relative to
n the number of degrees of freedom necessary to define undamped
characteristics and hence reduced computing size, Whilst this
technique should prove valuable in the application of damping inserts
or similar applications, until frictional forces at joints can be
simulated, the method cannot be used in machine tool structures. Even
if this were possible, duc to the fact that damping ratios are relatively
low, there is no reason to believe that exact methods will introduce

less error than approximate methods.
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2.3 Approximate Methods

Generally one of the major sources of uncertainties in theoretical
simulation of machine tool structures is to be found around the regions
of material discontinuity; i.e. joints which have in general inherently
non-linear and frequency dependent characteristics. On the other hand,
the permis sible assumptions are.extremely rewarding as far as approximate
simplified solutions are concerned. The most important of them being:

(a) Low amplitude

A machine tool structure cutting in a steady state of operation will
normally exhibit only small amplitudes hence permitting linearity
assumptions, even though some inherently non-linear members such as
joints are present (see Fig. 3.).

Therefore linear differential equations with effective values of

viscous and spring constants could, with sufficient accuracy within the

working range, describe the motion.

(b) Low damping ..

The damping ratios encountered within the frequency range of interest
are normally sufficiently low (frequently less than 0,05) to permit
solution of eigen-value problems to yield relatively accurate natural
frequencies ( or resonance frequencies in this case) and modal shape
predictions, It is on the strength of this assumption that the following

approximate methods of response prediction are based.

Method 1 - Viscous Damping with Estimated Values of Damping Ratios

The method presumes a damping ratio for each equivalent single degree

of frcedom system for each mode and from this the desired receptances

arc calculated as a factored sum of the modal flexibilities.
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The method has successfully been emplo&ed in the past for both

chatter prediction and design improvements.(Refs.13 and 1 respectively).

Method 2 - Energies at Resonance

In this method the structure is broken into a number of sub-systems such
as beams, etc., specific damping capacity of which are known. The

damping ratios for each mode is then computed from the modal shape.

This method is preferred to method 1 for two main reasons:

(a) it does not rely on purely guessed valﬁes for damping ratios

(b) energy methods offer the freedom from any particular mechanism
of damping, e.g. stiffness and damping parameters can vary with
frequency. This phenomenon could be important should the

squeeze film effect become significant.

2.4 Significance of 'Ends' on the overall Behaviour of Machine

Tool Structures

-

The term 'end effect' as referred to here would normally mean the
'joint effect' caused by any of the three forms of joints: sliding,
fixed and sliding-fixed (clamped); but it is also meant to represent
a general meaning. It not only implies any sort of connection
between any parts of a machine, or machine and its foundation, but it
implies any end condition a machine would take during a cutting operation,
or different settings of tool and work-piece. For example, the slow
moving parts of the feed drive system during a cutting operation,.or
a different position of the overarm in a horizontal milling machine
in different settings, would change the joint;s configuration and hence

the end conditions.
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By changing the end conditions, not only the mass and/or stiffness

distribution of the structure would change, but the damping capacity

of the system, which is believed to be produced mainly through inter-
actions within the interface of the joints. Therefore, by altering

the end conditions one would expect some changes in natural frequencies,

directional orientations of modes, dynamic rigidities and effective

damping ratios.

If the first few modal shapes of any machine structure are examined
to trace the weak areas, it will be apparent that joints are responsible
for a large proportion of the total deformation, particularly at lower

modes which are normally more likely to be excited and correspond to

higher amplitudes (rocking modes). The extent to which joints influence

the overall behaviour depends upon the type of machine. For example,

in the case of a lathe, the frame and fixed joints are not as influential,

as the other kinds of joints in the spindle and the machine workpiece

interface. On the other hand, in radial drilling machines, the frame

and the fixed joints play a major part in the stability of the machine.
‘The modal shapes also reveal the directions of major flexibilities at
the joints. For example in fixed joints it is mainly the rotational

flexibility rather than shear which determines the joint behaviour.

In practice many apparently identical machines under identical
cutting conditions have been found to ferform differently under chatter
conditionscla). The difference could only be attributed to the joints,
especially in the groups of machines whose performance for chatter is
more influenced by their spindle and its bearings and joints placed

immediately in the cutting areca rather than the whole frame.
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Similar types of machines usually have roughly the same modal shapeg.
For example the first two modes of a radial drilling machine normally
take the form of rocking, and that of a tuning fork. In some instances
it may be possible to improve the stability of the machine by changing
the end conditions. For example stiffness adjustment at the joints may
place the modes in the most favourable position with respect to each
other and thus prevent chatter or even increase the rigidity., It may
even be possible in some cases that some structural sub-system could
be made to act as a vibration absorber and/or damper at certain frequency
bands. - The addition of a pendant motortlg) was found to split the first
principal mode of a horizontal boring/milling machine around 12 HZ into
11 and 15 HZ and resulted in 100% increase of tool point rigidity.
Another possible application of adjustable end conditions could Se that
of shifting the natural frequencies to avoid chatter or dangerous

resonances in forced vibration, e.g. in the case of unbalanced rotary

mass, etc,
Experimental investigation into the effect of fixed joints and their
orientation upon the static and dynamic characteristics of a model of
an arch type plano-miller is given in Ref,(20), A significant differ-
ence was observed between the four configurations shown in Fig.(4).
The overall distribution of mass and stiffness for all the machines
were kept as close as possible e#cept around the joint regions where
the only difference was caused by the different orientations of the

joints' planes,

Figures 5 and 6 show how the joints between the bed and the columns

affected the damping - when the planes of the joints werc altered from
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the vertical position to the horizontal position the damping ratio
was found to increase about 100%. This was accompanied by a small
rise in the resonance frequency indicating an increase in the actual

damping capacity C at the joints of more than 100%.

An example of the effect on the modal flexibilities is also
illustrated in Fig:6 where the jéints between the columns and the top
picce were found to be very influential with regard to the second prin-
cipal mode of BBCBT' By simply changing the top piece from TB to TS
a coupling/absorbing effect was produced between the two_modes of the
bed vibration and hence resulted in a further increase in rigidity.
(Figs.6¢c,6d). A similar effect was observed in the normal direction.
Figure 7 shows the frequency displacement plots together with the modal
shapes. Again the increase in the tool point rigidity at the second

mode was attributed to the bed vibration.

+

Further experiments were carried outon the BBCBTB configuration
to q;amine the effect of the preload at the joints and therefore check
the feasibility of using preload as a tool for optimisation purposes.
Figure 8 shows the receptance plots in argand plane forltwo values of
preloading of the cross-slide-éolumn joint. Here a decrease in joint
stiffness of the cross-slide has significantly increased the rigidity
at the second principal mode without causing any decrease in the

rigidity at the first.

In reference (20) it is also shown that for any of the four configur-
ations, damping ratios, depending upon the modal shapes can vary grossly

from mode to mode. These results suggest that method I of response



prediction is indeed inaccurate, and it is essential to find damping

ratios ‘according to the method proposed below with the help of the

modal shapes., (Method II).

2.5 Proposed Approximate Method of Response Prediction

The method described below will demonstrate the basic pattern of

progress towards a response prediction of structures containing joints,

The method dispenses with damping forces for the reason mentioned
earlier namely uncertainties with regard to validity of linear
differential equations of motion and also the frequency dependence of

the parameters.

It is basically an approximate energy method which would give the
effective damping ratios whilst the natural frequencies and modal shapes
are found by iteration technique. The assumption of low damping is

retained and therefore all the points on the structure will move in-

phase or out of phase.

It can be assumed that the energy dissipated during one cycle
of a massless system or, a single degree of freedom system oscillating
at resonance frequency, is proportional to the maximum potential energy
stored in the systems. The factor of proportionality, being a measure
of effective damping ability of the system, is called specific ﬁamping
capacity (¥). It can be shown that ¢ is related to the damping ratio

of the siﬁglc degrce of frcedom system by

Ll oy 2.1
where £ is the damping ratio and ¢Othe specific damping capacity zat

resonance (see Appendix 1). '
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The assumption of low damping will then allow extension of this
analysis to any complex system oscillating at the mth mode as follows.
Assuming the system isbroken into p sub-systems, each sub-sy;tem having q
generalised co-ordinates, then the damping ratio at the mth mode is given

by:

<|°
2~
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Distribution of potentiai energies in the system y can be computed
from the modal shapes (assuming that the potential energies are propor-
tional to the amplitude squared). If the specific damping capacities
of the sub-systems were known, then £, could be computed for each mode
and the desired receptances could then readily be found in the same way
as in method 1, i.e. the factored sum of the modal flexibilities.

L

If in equation (2.2) a joint is taken as one sub-system and is
then itself divided into a number of units, provided no interaction
exists amongst units, the specific damping capacity of the joint can
likewise be computed in terms of the parameters of the elements fof

each mode from:

e :
'.. u z LN ] - 2.3
Yij 1 ¢eJ Yej

Where, again wej is the specific damping capacity of a unit when it
is oscillating in the j co-ordinate and Yej is the potential energy

distribution at the joint.

Therefore, $ej must be determined for each of 'q' generalised co-

ordinates (Q = 6). For most practical purposes 'q' for the joints
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can be reduced to two or even one, For example, in the case of flat
joints these are normal and tangential directions to the interface.
The boundaries must be identified and then the values of ¢ej and kej
modified for these conditions.

The solution of the eigen-value (undamped) could first be found
assuming constant-static stiffness for the joint. Generally this is
not the case for lubricated joints - any contaminated joint interface
experiences higher stiffness during oscillation(ZI). Because of this
effect the variation of inphase component of stiffness Kw with
frequency at the joints must also be determined alongside that of

specific damping capacity.

By establishing the variation of stiffness versus frequency, a
second iteration of the eigen-value problem will yield more accurate
values of both resonance frequencies and modal shapes, hence the

pressure distribution,which in turn, would give new values of inphase

component of stiffness for joints.

Repeating the above procedure a few times will ensure the final
solution. The results can then be used in cquation (2.1) to find
damping ratios which would eventually render complete response.

2.6 Proposed Approximate Method of Optimization

As long as an exact method of reéponse prediction is not fully
developed, either due to the lack of necessary data or the large
volume of computation necessary, optimum distribution of mass, spring

and damping obviously can only be aproximated.
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The following describes an approximate method of optimization, which

when fully developed could be carried out with the aid of a computer.

Even though the method is general, particular reference is given to

joints as a tool for optimization.

Procedure: (See Figure 1)

(1)

Study the most commonly cccurring Y-P plane with respect to
the V, U and W axes (if the Y-P variation is large, consider

the worst position with respect to the decisive modes).

" From previous performance tests one can gain an insight into

(iii)

(iv)

(v)

which modes play a major part in the stability of the cutting

operation.

Take a number of different machine configurations, i.e.

Settlngs Cl ] c2. . l". L cn.

Assuming rigid joints, solve eigen value problems to give

resonance frequencies and modal shapes.

In the frequency range of interest for the machine, consider
m number of modes which have maximum projection on the Y-P
plane. It will be found that not more than two or three

modes are required.

Calculate the distribution of potential and kinetic energies

of each component (or sub-system) at these modes.
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(vi) Find the tool point modal compliances and directions, using

equation (1) and taking into account only material damping.

(vii) Calculate COM values (Coefficient of Merit) for each

Cys € senes C,’ using the method as used in reference (1).

(viii) By varying the positions of modal flexibilities with respect
to Y and P, find the trend of oy and oy for COM improvements.

(ix) Consulting the modal shapes and the energy distributions,
instigate a design change employing joints as new sub-systems

connecting the olds as follows:

Using the equilibrium principle of mechanical energy at resonance
determine the flexibilities at the joints which would give the optimum
orientations of the modes. The equilibrium principle will ensure
that the steady state cutting performance of the machine, if not improved,
will not appreciably deteriorate. During optimization a component
with the highest percentage of potential energy could be stiffened, or

a component with negligible percentage of potential energy could be

made more flexible.

In the appropriate directions of co-ordinates, where increased
flexibility is required, discrete damping sources in the form of-poly-
meric films or gaskets sandwiched between joints faces or cut-outs
within apﬁropriate members could be provided, and their effect on the
dynamic behaviour of the machine re-examined. A few iterations will

ensure the optimum structure.
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2.7 Summary and Conclusions

The distribution of stiffness and mass in conventional machine
tool structures could in some cases be corrected to concur with optimum

directional orientations of modal flexibilities.

Sufficient evidence has now been presented to bring to light a

new facade of 'joint' as an effective tool for the optimization.

In the light of the preceding observations, and also the increasing
evidence for the advantages that could be gained by using some 'synthetic
joints', it should not appear too unreasonable, for future optimization
methods, particularly when applied to modular techniques, to think in
terms of 'adjustable end conditions' - ends which could be adjusted
during installations of the machine or even for different settings and
cutting conditions to give the best possible performance of the machine.

The fact that near-resonance working conditions areby no means
rare in practice indicates that the need for including the damping
in the response analysis in a systematic and also economic way is
much to be desired, Modal analysis of such structures which have non-
proportional distribution of damping is not possible at present. Since
the damping values are low, even if this werc possible there is no
reason to believe that this would introduce less error than the
approximate energy methods described here.

Damping ratios could be calculated from the corresponding modal
sﬁapes (equation 2.2) which would in turn result in a more accurate

response than other methods where these values are only estimated and
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as shown in this report could be grossly erroneous. Whenever possible
attempts should be made to increase the potential energies associated
with the highly damped region of the structure, such as joints, with
respect to the total potential energies at thc decisive modes of
vibration. The principle of "Equilibrium of Potential Energies at
Resonance", analogous to "Spring in Series" for a static loading, is

to be employed in order to ensure that no significant drop in static

stiffness occurs.

The damping terms preferrcd in the study were also in terms of
energy; this dispensed with frictional forces and hence were not bound
to any particular regime of energy dissipation - it could vary with
frequency independently and also be valid for non-linear systems. In
the same way as the mechanisms of static approach have, to a large
extent, been unveiled, the quantitative values of complex modulus of
the joints must therefore be measured (within the working range of

interest and in terms of energy) before attempting a theoretical model.
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CHAPTER 3

STIFFNESS AND DAMPING OF CONTACTING SURFACES

3.1 Introduction

1 ]
.2t

The following is a resumé of the present state of the art. To
avoid repetition the author has omitted detailed historical survey, as
such a survey could indeed be found in many theses and reports presented
up to the present time (e.g. see References 22 - 24),

-

3.2 Normal Approach

3.2.1 Mechanisms in Action

A great deal of work has,in the past 35 ycars,been directed
towards understanding the mechanisms in action within interfaces. The
beginning of the investigation, however, dates back to 1699 - Amonton's '
laws of friction; their verification by Coulomb and its later development

by Bowden and Tabor(zs).

As far as joints in machine tool structures are concerned the first

known investigation into the relationship between load and deflection

of mating surfaces was made by Votimov(ZG). His work has been followed

in more recent times by Levina, Reshetov and Ostrovskii(8’27) who
present similar equations of approach. The most extensive work on the

subject is however attributed to Thornley, Connolly and Schofield who
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set out to study the normal stiffness of mating surfaces and their

effect on the overall behaviour of bolted structural element:s(28 - 35).

Non-linear behaviour of contacting surfaces in the normal direction
- g}’
is attributed to the changes which take place during loading and un-
loading in the dimensions, numbers and the state of the load carrying

elements, namely asperities.

Examination of the load-deflection graphs given in (29) for static ‘
approach of contacting surfaces show that if the load does not exceed
the maximum in the history of the joints then subsequent unloading and
loading curves overlap. That is to say the joint behaves elastically
but non-linearity is still present. The stiffness is found to increase
with load and the permanent approach being dependent on the maximum

load, (See figure 9).

The progressive stiffness characteristic and also the permanent
'set' at zero load are explained by a number of possible mechanisms
in action. They are all the direct consequence of the fact that the
true area of contact is very small compared with that of the apparent.
The increase in stiffness with load has been explained by:

a. Increased area of contact by Amonton's law, i.e. plastic
flow at tip of asperities.

b. Coming into contact of new asperities as the load is increased.
Approach of the surfaces is attributed to the deflection of
asperities (plastic and/or elastic)

c.  Work-hardening of asperities. This effect has been reported

to be negligible(SG).
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The residual deflection or 'permanent sct' is therefore the result

of plastic deformation of asperitics.

Depending upon joint conditions the degrce of importance of any of
the above mechanisms varies from joint to joint. Generally speaking,
it is truc to say that during loading of the joints combined elastic
and plastic deformation of asperities takes place and gives rise to

increased dimensions and numbers of the asperities in contact.

3.2,.2 Real Areca of Contact

Frictional forces between contacting surfaces are believed
to be proportional to the real arca of contacttzs). There is a good
deal of evidence to suggest that the normal stiffness of joints if not

(22)

proportional, is also closcly rclated to the real area of contact.

Amonton's laws of friction can readily be explained by the flow of
material at the tipg of asperities - proportionality between the arca
of contact and the load follows immediately. However the same result
d (37,38)

has been obtained by Archard and Greenwoo with purely elastic

thcories based on the llerzian method (Timoshenko § Goodier, 1951). The
formor uses model asperities of superimposed hemi-spheres (multiple
contact) whilst the latter introduces statistical distribution of

asperity heights.,

3.3 Normal Static Stiffness -

(1) Dry Condition

In the study of normal stiffness at joints it is helpful to

classify the joints into two groups; thosc whose manufacture involves
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single point tools (SPT) and others involving multi point tools (MPT).
The SPT cut surfaces possess regular geometric textures whilst the

MPT cut surfaces display more or less random irregularitieﬁ{

Reported investigations on normal stiffness of joints are sub-
stantial but mainly of . qualitative nature. The reason is two fold:
N~
one being discrepancies attributed to flatness errors especially with

large areas, and the other, difficulties in defining surface texture.

Surface roughness was initially thought to have a decisive effect
upon the joint behaviour and work was directed towards analysis of
some conventional machines surfaces., SchoE;eld(so) has used idealized
forms of enlarged asperities in calculating plastic and elastic compo-
nents of deflection, Further development of the method can be found
in references(34 and 35). However it was interesting to discover that
rough surfaces with regular textures, e.g. SPT cut surfaces which could
besimulated more readily by mathematical models tended to behave almost
independently of surface roughness and only dependent on pressure(sg).

Of all the relationships proposed for pressure o and approaéh A,
the following two are most commonly used:

Refs. (29,32) A

%110%§ + C_ 8<o<480 KP/cn’ (100<0<6800PSI) 3.1

Ref. (8) A = co” 0.5<0<50 KP/cm® (7<g<700 PSI) 3.2

The basic difference betwcen the two equations is that the rate
of increase of stiffness per unit area with pressure for 3.1 remains

constant, whilst for 3.2 gradually decreases with pressure:
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Ref. (29) K = gﬂ = bo ‘ 3.3
J A .

Ref. (8 o™

ef. (8) K= s 3.4

Values of coefficient 'b' for a range of machines surfaces produced
from mild steel and those of 'c' and 'm' for a range of finishing pro-

cesses are given in Tables 1 and 2 respectively.

The difference in practical terms appears to be due to the fact
that in reference (8) thepressures looked at were very low, areas too
large and surfaces toﬁ smooth (scraped and ground) which makes it more
vulnerable to flatness errors hindering reliéble stiffness prediction..
On the other hand the values of 'b' given in reference (29) do not
account for density of contact spots and also material properties such
as hardness. In references (34 and 35) these aspects have been covered.
The results take into account the density of contacting spots and
material properties but they appear to be valid only for surfaces with
regular geometry of asperities with amplitudes sufficiently large to
reduce error due to flatness deviations. It can therefore be con-
cluded that the results must be good for most surfaces machined wifh

single point tools.

In references (39 and 40) evidence can be found in support of the
above conclusion where stiffness of turned asd shot-blasted joints are
found to increase almost linearly with pressure,

(ii) Lubricated Condition

Some- loss of stiffness (about 18%) was reported in reference

(6) after lubricating the joint surface, compared with the dry condition.
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However Levina(s) reports on a slight increase of static stiffness for
rough and lubricated joints. Obviously the only conclusion which can
be drawn is that the effect of oil on the static stiffness of joints

can be regarded as negligible (see also reference (28)).

3.4 Normal Static Hysteresis

As mentioned previously there is almost only one single elastic
curve representing the loading and unloading. Therefore no static
damping is traceable. Hysteresis attributed to.either external or

internal friction within the interfaces is therefore negligible.

3.5 Normal Dynamic Behaviour

Measurements of stress and strain across joints' surfaces by many
investigators has shown that the strain always lags behind the stress
to a greater and lesser degree depending upon the joints' condition,

In other words energy is being dissipated.

(i) Clean and Dry Joints

The expression clean and dry is only a relative definition
for the joints' interface; air will always be present between asperities
and will give rise to the air pumping effect in the case of oscillation
which would consequently amouné for some damping(41). Corbach(42)
states dry joints behave similar to equivalent Voigt Units with frequency

independent parameters (see Fig.10d).

(ii) Contaminated Joints . o

When interfaces are said to be contaminated, it is meant

that either lubricant or some kind of viscoelastic material is present
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between the surfaces. Contaminated joints, as- far as their dynamic
behaviour is concerned are superior to dry joints as they introduce a
major source of energy dissipation, increasethe in-phase stiffness and

if properly employed they could even increase static stiffness of
(5,6)

Some research work on dynamic behaviour of joints suggest that
both the in-phase and quadrature components of joints stiffness increase

with frcquency(33-39).

However Reshetov and Levina's findingstzl) are to the contrary,
ize. the effect of frequency is reported to be insignificant (and also
that of boundary effect).

I

Theoretical works on squeeze film assumes bulk flow of contami-

(43-46)

nant It is not true to say that this is the case for all

joints. A theoretical model based upon the squeeze film between long
narrow landiﬁgs has been tried out by Waring(40) for quantitative .
assessment of in-phase and quadrature component of stiffness for a large
and small (1.0 inz. and 0.6 inz.) sizes of flat joints with surfaces

generated by shot-blasting, The main conclusion drawn is as follows:

The normal dynamic stiffness of an oil-filled rough joint cannot
be attributed only to the bulk flow of the lubricant. It has been
suggested that the stiffnesses arise from the sum of the effects of
individual asperites together with the bulk movement of the fluid. It
is therefore added that: 'statistical analysis of surface topography is

necessary to predict the dynamic stiffness of machined joints. Brown(4?)
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has proposed a simplified model simulating hydrostatic thrust bearings
by a piston and a cylinder which is connected to a constant pressure
reservoir by a flow resisting orifice (see Fig.10a). He checked his

experimental results upon this model and good agreement was found. -

The results from some fixed-joints were also checked on this
model and the authors suggest that such a model could also be regarded

as represcntative of such joints(sg).

Indeed the model proposed by
Brown being an approximate one for hydrostatic bearings would apparently
represent a more accurate model for fixed joints - the hydrostatic effect
Kh being small compared with that of Maxwell unit was linearized in the
original model and placed in parallel with it; as thissimplified the
analysis (Fig. 10b)7 For fixed joints not only the Kst is often lérger

or of the same order as that of the film but because it is actually in

parallel with it the model should be more accurate.

The equivalent values of spring stiffness and viscous coefficients

would therefore be as follows:

22
C wk .
w C2M2+K2 st
2 o
C = czx v 3'*
w w +K

Variation of in-phase and quadrature component of stiffness with"
frequency in non-dimensional form can be seen in Fig.10c. For the
purpose of comparison Fig. 10d shows the same only for a Voigt unit

with frequency - independent parameters (e.g.a dry joint).
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The above results indicate that the mechanisms in action within
contaminated joint interfaces cannot be pin pointed with any degree of
accuracy. It can only be concluded that hydro-elastic-frictional
forces produced within surfaces result from both bulk flow as well as
accumulated similar effects over much smaller areas around individual
asperities, The significance of any of the above mechanisms varies
with joint condition. It is likely that sliding-joints follow a bulk
flow pattern whilst fixed-joints (with higher pressure) that of the

latter.

3.6 Tangential loading-

~ Information on stiffness properties of machine tool joints in the
tangential direction is limited when compared to that of the normal.
The réason is due not only to the fact that they account for only small
flexibilities but also their constant deterioration caused by fretting
and corrosion, and its irreversible behaviour which makes reliable
pfedictions difficult. However, Kirsanova(48) has produced empirical
formulae for 5tiffness of cast-iron joints imﬁiying that the elastic
part of deformation is‘unalfered under repeated loadings. It must
be remembered that two types of displacements (slips) are recognised
within joint interfaces: micro-slip and gross-slip. Micro-slip is
a continuous mode of deformation - it takes place cven before the
tangential lo;d rcaches the coulombian frictional force(SI). Micro-
slip has been studied by Masuko et al, for some bolted joints who also

investigated their damping properties (49'51).

Gross-slip on the other
hand is expected to follow the coulombian laws and to occur at relatively
low contact pressures. It can therefore be concluded that depending

upon pressure distribution, surface texture, etc., regions of deformations




- 30 -

over the interface distinct from one another is crecated where different
combinations of elastic, micro or gross slip occurs(36). Earle et al.
(52’53), using the gross-slip have made an extensive study of frictional
dampers. The theoretical analysis employed however does not take

into account the elastic deformations of asperities and therefore the
reported increase in coefficient of friction with slip amplitude still
remains unexplained. In reference (53) cvidence can be found as to

the departure of experimental curves from purely coulombian damping

and their approach to purely hysteretic damping (i.e.from semi circles
to.full circles in an argand plane). This observation is in agreement
with K,Tanaka's opinion which was put forward in the discussion of
reference (50). He suggested that damping within the jointed conti-
beam was due to elasto-plastic deformation of asperities which is of the
type produced within materials (i.e.structural hysteric) rather than
distinct coulombian type. Masuko et al.(SI) have subjected a bolted
joint to repeated static loading in tangential direction. They report
on two types of hysteresis loops. One having a repeatable loop
(ground mild steel and brass) and the other a progressive loop having a
gradually decreasing width (ground cast iron). Reshetov and Levina(zl)
have measured specific damping capacity of a conical and a flat joint,
the former under combined normal and tangential and the latter under pure
tangential oscillations. An interesting result of their work was that
the specific damping capacity for lubricated joint under pure tangential
oscillation was about 7 - 10 times that of the dry joint. It can
thercfore be concluded that hydro-elastic-frictional forces play a

much greater part in determining the damping capacity of the system than

Coulombian or material damping.
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The above observations lead to the general conclusion that
mechanisms of energy dissipation in tangential direétion like those
for the normal direction cannot be pin pointed or generalised. They
vary with the joint condition. The major source of energy dissipation
must first be recogﬁised through quantitative measurement of specific

damping capacity under practical conditions before attempting any

elaborate analysis in search of a mathematical model.

3.7 Summary and Conclusions

The solution for the static stiffness of joints is now at its
final stages. A great deal of work has revealed stiffness character-
istics of contacting surfaces. The author has compiled soﬁe 28 results
on tﬁe normal static stiffness of different joints obtained by some 20
researchers throughout the world and is represented in E.L.S.* in Fig.lla,
An interesting conclusion which is drawn ffom these hystogrémmes is that
the E.L.S. of surfaces cut by single point tools remains almost constant
for all at around 5 inches at 250 PSI preload\(12.7 cms at 17.6 KP/cmz).
This result is in a very close agreement with the figures proposed by
Andrew in reference (39). These quantitative results, when used to-
gether with appropriate pressure-dcflection relationship, will provide
enough information for an iterative method of deformation - pressure
distribution to converge to an end solution of deflections. A similar
method was employed in references (54 and 55) using power laws proposed
by Levina and Reshectov, in dealing with some model structural joints
and agreements between theory and experiments-appears to be good. The
technique is to make use of a computer in dealing with finite elements

and it is thought that at a later stage the flatness errors could also be

* E.L.S. Equivalent Length of Solid Mild Steel.
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included in the pressure distribution considerations and hence modify

the end deflections.

Damping within joints could be attributed to both rate-dependent
and rate-independent mechanisms of energy dissipation, i.e. dynamic
and static hysteresis., The latter could be of non-linear Coulombian
type due to rubbing and/or linear hysteresis caused by quasi elastic
deformation of material itself - hysteretic damping, sometimes referred
to as structural damping, is thought to be negligible compared with the
otﬁer mechanisms of damping. The rate dependent is due to oil or any
contaminant trapped within the surface asperities and joint surfaces |

which give rise to 'squeeze film' mechanism and hence energy dissipation.

L

Assuming a linear rheological network (j.e. combination of Voigt
and Maxwell units) representing joints! layers attempts were made by
the author to compile quantitative values of stiffness factor and specific
damping capacity in the normal direction for SPT cut surfaces from the
work of others, but it was soon realised that as far as quantitative
assessment of these values was concerned no reliable conclusions could
be drawn, and the picture was even more blurred for other types of cut

surfaces (see Fig.1lb and 1llc).

The effect of size, shape or in other words ‘that of boundary
conditions is not yef fully understood. Reshetov and Levinatzl)
report only slight change of y with these factors, Further study of

these effects over a wider range of joints' condition is most urgently

needed to help unveil the major mechanisms in action within the inter-

faces,
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The boundary condition must also be distinguished for dry joints
under tangential loading where the major part of damping is believed

to result from the plastic flow, micro and macro slip.

In general, therefore, both in-phase and quadrature components of
joint stiffness should be considered as complex functionsof frequency
(and amplitude) and hence the only valid damping measure must be in
energy terms such as Specific Damping Capacity or factors directly
related to it (i.e. loss factor) which are not bound to any particular
regime of damping and therefore remain valid under all conditions.

In the same way as numerous testing of static stiffness revealed the
mechanism, of approach, the Specific Damping Capacity alongside oscil-
latory in-phase stiffness must first be measured quantitatively for

various conditions, before attempting any theoretical model.
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CHAPTER 4

SPECIAL FEATURES OF THE MEASURING SET-UP

4,1 Introduction

Of all the characteristics of a vibratory system, damping is the
hardest to evaluate accurately, The actual dissipative mechanisms
are rather complex and do notusually confine themselves to one type
or another. Apart from the experimental difficulties encountered
in the classical methods of damping measurcment'joints' introduce
problems of their own. These problems will unveil themselves step-
by-step in the following discussion and by considering the practical
ranges of joints'parameters. Finally an optimum method will emerge

from these discussions,

In order to be able to choose a suitable techniqde of measurement,
firstly the distinction between lincar and non linear damping will

briefly be examined.

The following classification embraces only mechanisms of energy
dissipation which have been discovered during the history of resecarch
in this field., It should thercfore not be regarded as exhaustive

(see reference (57)).
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4.1.1 Dynamic Hysteresis

This type of damping, as its name suggests, is a rate
dependent mechanism of energy dissipation. Sometimes identified as
viscoelastic, rheological hysteresis is best rcpresentétive of materials
such as polymers, But anelasticity first named by Zener, can also be

observed to some extent in other materials as well, i.e. metals.

The relation between strain and stress is essentially linear,

involving time derivatives:

2 n 2 .
2 3 ] 3
(a + a + a — tiss et —“)0“ (b +h '-"'""b —_— EEEE]
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The theoretical model can readily be built from the above formula,
comprising of various configurations of springs and dashpots depending
upon the mechanism, or in other words the actual values of a and b.
This model can then be reduced to a single Voigt unit whose stiffness
and damping coefficients are generally frequency dependent. (e.g. see
Fig. 10c). For such a system therefore, in general, the damping
measures derived from band-width methods would be invalid. The par-
ticular cases where the band-width method would still be valid are when
the damping forces are proportional to velocity or displécement. The
former describes the Voigt unit with frequency independent parameters -
the most convenient model as far as theoretical analysis is concerned.
The latter, often referred to as 'hysteretic or structural damping',
best describes the behaviour of materials commonly used in structures.

It is interesting to note that for these cases ng¢l in equation 4.1.
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4,1.2 Static lysteresis

In contrast with dynamic hysteresism static hysteresis involves
stress-strain laws which are insensitive to time but are essentially
non-linear; the shape of force-deflection loops under sinusoidal exci-
tation are no longer elliptical, as is the case for linear damping, but

become pointed at the ends (Fig. 12b).

It must be mentioned that not all static hysteresis should necessarily
be of non-linear type; for a system to possess non-linear damping the

diésipation energy per cycle deformation will be of the form

D =co” wheren # 2 4.2

"As an example internal damping due to material at low stresses could,
for all practical purposes, be assumed to have n = 2, i.e. linear -

(For mild steel at stress levels less than 8000 PSI n =2,3).

The basic mechanism giving rise to static hysteresis could be said
to be generally of Coulomb type friction only with smaller or larger
dimensional scale, when it is describing internal-material damping it
is said to be due to magnetoelasticity or microscopic clasto-plastic
strain, and when it is describing external damping it is believed to
be due to plﬁstic shear due to micro- or -gross-slip at contacting
asperitics. As far as the methods of measurement for this type of
damping is concerned the cnergy loss and also the maximum potential energy
stored in one cycle could be measured from the hysteresis loops obtained

from static loading of the specimentss).

The only dynamic method which
could give meaningful results is the trcatment of the system to steady
harmonic loading., Interprctation of results for non-harmonic loading

of a non-Voigtian system is not yet devcloped theorctically.  Further-
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more it must be emphasized that the response to harmonic loading in this
discussion is assumcd not to be appreciably affected by the non-linearity

of the damping.,

4.1.3 Methods of Measurement

The following methods have frequently been used in the
past for measuring damping capacity particularly that of metals and~

viscoelastic materials. (e.g. see references 59 = 63).

(i) Free vibration methods
(ii) Forced Vibration methods
a, Non Resonance
b. Resonance
(iii) Energy method - Free/forced vibration at resonance
(iv) Propogation methods
a. Continuous waves
b. Pulses
Variations in the 'experimental arrangements' using any of the
above methods are virtually boundless. But on the other hand, practical
difficulties and requirements limit'the choice to a very large extent.
Some of thesg limiting factors are, the size, shape, the mechanism or
predominant mechanism of damping, the magnitude of damping capacity,
the effect of conditions such as temperature, stress level and history,
frequency and mode of vibration, the specific objective, and the most

desirable form of data.
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The literature reveals that important achievements have been
attained with simple inexpensive damping test apparatus, whereas some

elaborate and costly installations appear to have been unproductive.

For the purpose of the present work, method (iv) is obviously
ruled out - its application is only to material damping in high frequency
ranges (normally in the order of KHz for continuous and ultrasonic .

frequences for pulse method).

Either method (i) or (ii) could be considered when testing linear
spring-dashpot system, i.e. Voigt unit with frequency independent para-
meters. If the system comprises of a number of springs and dashpots,
i.e. viscoelastic or frequency dependent parameters, then method (ii)'
is more advantageous as the frequency effect can be examined without
off-setting the set-up., The exéitation must be harmonic in order to _
be able to determine the effective Voigtian parameters from the response
of non-linear types.

One major practical consideration in the choice of free or forced
vibration is based upon the level of damping which is to be measured:
due to the problems associated.with accurate measurementg of small
phase angles the free vibration method is normally recommended for
loss factors below 0.1 (corresponding to about 5.7° phase angle between
strain and stress) whereas forced vibration methods are best suited
for testing highly damped systems. For the purpose of the present
work, therefore, it is desirable to be able to employ both free aﬁd
forced vibration methods of measurement. (See Fig.llb for the range of
loss factor likely to be encountered in the measurement of contaminated

joints in machine tools,)



Methods (i) and (ii) would only furnish both the stiffncss and the
damping if M the equivalent mass of the set-up is either zero or known
exactly (i.e. ideal system). If the system cannot be regarded as ideal
then the inertia forces can cause error, particularly at high frequencies.
This is of course due to the fact that in off-resonance condition for
a single degree of frecedom system the total energy stored (i.e. potential

-D

and kinetic) varies during one cycle and therefore ¢ = ?2' becomes
o
ambiguous (see Fig, 12a). It is only at the mnatural frequency that the

damping capacity of the whole system equals that of the specimen.

For non-ideal conditions the three system parameters K, M and C

could be determined by 'Cnergy Method', method (iii) as follows:

Free vibration method will first yield y of the specimen:
(see Appendix 1 and Table 7).
W4 .
b= 2—.8) = 28 4.3
n

The stiffness is then determined from the forced vibration at the natural

frequency
ZVO
K ﬂ_—- . 404
x2
o
where
D,
Vo= ¥ T N -3
== 2 = - i = 4.6
Do =-1Cw Xo nFX051n¢ —nFXo and -
M= sz ) 4.7
n

Sin ¢ could be determined by measuring the phase angle betwecn the force
and the displacement or using a velocity pick up and multiplying the
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velocity by force and measuring the D.C. Component of the product.
The latter technique would have the advantage of avoiding difficulties
associated with accurate phase angle measurement of distorted signals

which could be caused by non-linearity(GZ).

Off-resonant forced vibration methods would only yield accurate
quantitative results if the extraneous inertia forces could accurately

be determined at such frequencies.

The main problem encountered in measurement of damping is caused
by the usually inevitable presence of extraneous modes introduced by
auxiliary system containing the specimen. The problem of mode coupling
becomes more acute for highly damped systems with close natural frequencies
where the 'ideal system' can no longer be simulated - the coordinate
phasors will no longer be completely in (or out of) phase and hence the
above techniques break down. It is therefore essential that in such
cases un-coupling of the modes must be realised through the only means
'possible, i.e. multi-point excitation; the number of excitation points

being the same as the number of degrees of freedom.

4.2 Measuring 'Yardsticks' - Dépendent Variables

After careful examination of the results from previous works
(chapter 3) it was decided that the design of experimentation be based
upon the supposition that the whole system would not only behave non-

.

linearly but possess frequency dependent parameters. T

Any meaningful measure of damping for such a system could only be

defined in terms of energy, so as to be independent of any particular
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regime of cnergy dissipation., One such measure is 'Specific Damping
Capacity' defined as the ratio of the energy dissipated to the maximum
potential energy stored during one cycle. Depending upon wﬁether the
system can be simulated as ideal (massless) or not the !'Specific Damping
Capacity' measurement would yield complecte information regarding the
specimen parameters at all the frequencies or only at the natural
frequency of the system respectively. (seec Appendix 1 and Fig. 12a).

It also follows automatically that pure mode excitation becomes an essen- |

tial requirement for energy methods, should the measuring arrangement

exhibit multi-degree of freedom features.

The most desired parameter representing damping as far as ease in
handling mathematical packages is concerned is the viscous coefficient
which lends itself to simple mathematical analysis i.e. resulting in
linear differential equations of motion, Such a parameter is associated
with a'Voigt unit' with effective values at different frequencies (and

amplitudes).

Effective values of specific damping capacity'(ww) and oscillatory
spring stiffness [Km) (or parameters directly related to them) if known
alongside the frequency of excitation effective Voigtion parameters could
readily be found. It was also decided that these parameters should be
evaluated for unit area of joint in order to introduce ‘area' as an

independent variable in its own right.

4,3 Independent Variables

The variables known, or expected to affect the stiffness and damping

of joints to a grcater or lcsser degree are listed over:
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(i) Surface texture
(ii) Pressure
(iii) Area
(iv) Shape
(v) Properties and quantity of intermediate film
(vi) Properties of asperites
(vii) History of Joint and environmental factors
(viii) Frequency, and

(ix) Amplitude.

The 1levels of the variables for the present study were chosen by
consulting the different test conditions and results from previous yorks
(Fig.11) and the practical conditions in machine tool structures; The
Complete list of these levels used in actual testing can be found in
chapter 14, As far as design of method of measurement and apparatus
were concerned however, the following three parameters had to be determined
in advance:

4.3.1 The Range of Area: 34A413 cm? (.S5<A L2 in?)

In order to obtain, as nearly as possible, uniform pressure
distribution, the area of joint layers must be taken as small as practi-
cally possible; as any method of machining or processing of surfaces will
introduce random flatness or waviness errors, resulting in non-uniform

distribution of pressure.

On the other hand if the area is taken too small, difficulties

could arise in accurate phase angle or damping measurements. This may

be due to the fact that the reduction in quadraturc component of stiffness,
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by reducing joint area, is much sharper than that of the inphase, This
ﬁroblem was observed in reference (39) when testing small machined
surface (3,2 csz. The theoretical moéel proposed by Brown(47) also
predicts this to be the case in the frequency range of interest, i.e.

near to the origin in Figure 10c,

Considering the evidence given in reference (39) that areas larger
than 13Cn? would probably contain waviness errors, it seemed advisable
that the range of arcas to be considered for the present work to be

3440413 cmz.

4,3,2 The Range of Preloading Pressure:

0.1 40 £ 224, Kp/em® (14 o.& 3185 PSI)

The next step was to select the pressure range hence obtaining
an estimate of stiffness which could in turn be used to help the design
of an appropriate testing method.

(i) Fixed Joints

The maximum level of the apparent preloading pressure of the
joints was determined by examination of some existing machine tool joints.
Figure 13 shows the design of the bed-column fixation of a K$llman,A.G.
plano-miller, a Billeter, A.G. and a Kinoshita Iron work planer , all

of arch-type structure (64).

The precload Q produced by tightening a bolt up to maximum practical

level is given by:

Q = 0.5Q, 4.8

Qu = Ab'au _ 4.9
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! where

Ab is the cross-sectional area of the Bolt at its minor diameter

%, is the ultimate tensile strength of the material of the bolt.

0.5 LA Ab

Ar

c =

Q .
S

where

Um is the maximum mean preloading pressure

AR is the area on the interface bound by R¥tscher's Cone.

Table 3 shows the variation of Um for the four different materials of

the bolts for the above mentioned machines.

It is believed that the pressure values given in Table 3 are hard
to achieve in practice unless some special means of tightening of the
bolts is employed. -On the other hand these ﬁalues arc only the mean
values in the RStscher's Cone not the maximum. It was therefore
decided to use them as the maximum preloading pressures likely to be

encountered in machine tool joints.

(ii) Sliding Joints

The following values for Oax 2T compiled from the sources

indicated, These figures are those of design data,

h“

USSR NORM H49-2 (Ref.65)

G 3
max ON cast iron slideways

Lathe, Milling machine Omax

= 25-30 [KP/cmz]
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L o 2
Pléper, Shaper Opax = 8.0[KP/cm™]
Large size machines operating at high sliding‘velocity O ax < 4.0
Large size machines operating at low sliding_velocity Gmax<:10.0

~ Special machine tools built for very heavy cutting O ax = 075
~— conditions )

Umax for cast iron VS steel same as cast .iron VS cast iron

(4] for steel VS steel a =1,2,1.3 times cast iron
max max. VS cast

The following data gives the actual values of contact pressure in
the slideways.
(a) Presented by Mr.Saito in Yamaguchi University (66)

0.3~ 0.5 [KP/cn?]

Small sized lathe Onax =
s . - "
Grinding machine | Onax 0.4 0'65.
i i = v Q.
Hobbing machine O nax 0.2n 0.3

(b) Presented by one machine tool manufacturer in Japan (IKEGAI IRON WORKS)

non-cutting condition 0.1~1.0 [KP/cmz]
8 feet Lathe .
(V2.4 m) max.cutting condition 1.3 5.0

‘ - non-cutting condition 0.07~ 0.90
6 feet lathe
(*1.8 m) max.cutting condition 0.7V 4.1

(67)

(¢) According to Corbach's observations 1-6 [KP/cmz] has been

shown to cover most cases under practical conditions,

4.3.3 The Range of Frequency: up to 2000 [Hz]

In previously reported research of this nature the main factor
limiting the frequency band has been the mode coupling due to extraneous

-effects. In the works reported, the average frequency has rarely been
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above 150 [Hiz].. Machine tools may of cour;e be found to experience
decisive modes at much higher frequencies. . 0-500 [Hz] is thought to

'be the most susceptible range due to the fact that within this range

most machines experience their lower principal modes which correspond

to higher receptances. The frequency band of reliable testing will
therefore be widened in the present study not only for the aforementioned
reason but in order to gain a clear insighg into the mechanism of

energy dissipation,

4.4 Summary and Conclusions

The next stage of this work was therefore to instigate a method of
'Complex Modulus measurement, best suited for testing contacting surfaces
in particular, but with the maximum possible versatility, i.e. with the
maximum dynamic (and static) range of measurement enabling tests on the
other materials and net-works, e.g. rubbers etc. The direction normal to
the joint interfacc was considered as the principal loading direction

but attempts were to be made in design to facilitate easy conversion to
ﬁeasurements in other directions such as tangential torsional, etc. and

also other types of tests such as fatigue test etc.

Referring to Figure (11a), at about 17.6 KP/cm2 (250 PSI) prcssure

for S.P.T. cut surfaces the E.L.S. could be taken as 12.7 cm. (5 inches).

This would give an estimated stiffness of about 26,773 MN/m.(ISleO6

2 (2 inz) at the maximum pre-

1bf/in) for a joint surface of 12,9 cm
loading pressure of 224 KP/cm2 (3185 PSI). This figure was obtained
- without taking into account the effect of squeeze film which would have

resulted in even a larger value (see Fig. 1llc).
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Design of a test rig to contain such a small area with such a
high stiffness would be difficultjeven if measurement did not create
much problem the separation or data analysis due to the inevitable
presence of extrancous effects particularly that of damping would practi-
_ cally be impossible. It is therefore desirable to build in an isolator
to reduce the transmissibility hence the extraneous effects and also to
. be able to measure them (i.e. pure mode excitation) in order that
appropriate corrections could be made of the results. In addition the
stiffness can be reduced by placing a number of discs in series to form
a column, Providing a stack of identical discs would give a further
édvantage of statistical representation of surface texture. As the
areas were small the effect of flatness error and out of parallelism on
transmitting tangential loads which could be envisaged due to tilting
of discs would be minimal (chapter 155. The corrections for the extra-
neous stiffness and damping within the jointed column is relatively
simple and is dealt with in chapter 6. The question as to whether the
inertia forces of discs would allow forced vibration data analysis on

the assumption of an ideal system to give a reliable result is alsé

studied in chapter 6 and answered in the affirmative.

From the foregoing discussions it is evident that the new measuring
technique must include the following features: |
(a) Both uncoupled free, and harmonic forced vibration should be bossible.

It is therefore essential that all points on the structure should
move completely in or out of phase relative to one another (i.e. pure
mode excitation),

The above feature cnables meésurement of damping interms of specific

damping capacity y to be carried out at any two points within the structure.
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(b) Due to high stiffness of the joints a built-in isolator is con-
sidered necessary to minimize thc extraneous effects. For increased
. accuracy these extrancous effects, however small should be evaluated so

that they can be taken into account.

The direct implication of the first feature (free-vibration) is the

resonance condition. That of the second- feature is the inclusion of

some low stiffness spring,as isolators with associated mass block, which
also determines the natﬁral frequencies. The final system should there-
fore be of the type shown: in Fig. l4a. It is basically a 2 degrees of
freedom system. The isolating springs also act as preloading devices.
The first mode will give values of stiffness and damping of extrancous
elements which could then be taken into account in the second mode to find
the joints' stiffness and dampings alone. The ddvantage of such a system
is that the size of vibrators can be reduced considerably due to the
ampiifying effect of the mass blocks as resonance is approached (sce

Fig, 14b). The load ampiification factor in the frequency range of

0 - J?omzis always greater than unity. Depending upon the damping
ratio g,, this factor tends to reduce from 1 at Jé.mzto zero as the
frequency is increased. The rate of reduction in the load amplification
factor for undamped systems, i.e. the worst case, is 12db(0ctave. Due to
the fact that lower values of wy correspond to lower values of joint
preload and at these preloads the damping ratio is expected to bg high,
the drop in loading efficiency even at very high frequencies would con-

sequently not be significant.

Similarly the transmissibility to the foundation is rcduced by a
K w, 2 _
factor of approximately 5%- o (ala compared with a situation where the
2

specimens are in direct contact with the foundation (sce Appendix 2).
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Different frequencies of resonance could be achieved by altering
the number of discs in the column; As far as forced vibration method
is concerned the bandwidth of the system around the second natural
frequency will determine the level of load amplification and its useful
range of frequency, i.e. where high enough load magnification is still
maintained, It is,thecrefore,possible to encounter a situation where for

any value of preload only a certain frequency range can be examined.

It must be noted that when testing joints, as mentioned carlier,
this condition is not likely to occur frequently because of high damping
properties of joints. TFurthermore it is expected that the floating
direction of the w, in the frequency domain if at all significant, would
coincide with the direction of change (see refcrence (39) and Fig. 10c

around the origin) hence creating a self regulating mechanism of load

amplification.
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CHAPTER 5

EVALUATION OF EFFECTIVE PARAMETERS OF A

DAMPED TWO DEGREES OF FREEDOM SYSTEM

5.1 Introduction

The ultimate aim behind this analysis is to devise a simple
technique of measuring the effective values of Voigtian parameters

of the specimen C and K. (see Fig.15a)

‘The analysis is arranged in such a manner as to help master some
allusive concepts such as orthogonality of principal coordinates, un-
coupled free and forced vibration in actual physical terms so that
the knowledge gained from it could be used in design of both the test

rig and the measuring technique.

The system will be treated to harmonic loading so as to assist
interpretation of results without having to pre-empt the Voigtian
behaviour of the system. The analysis would therefore be valid for
non-linear s}stems as long as the response is not appreciably distor-

ted by the harmonics. (see Fig.3)

Furthermore, nowhere during the generalised analysis has refer-
ence been made to bandwidth or parameters related to it. It there-

fore remains valid for systems with frequency dependent paramecters,
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5.2 Differential Equations of Motion

Kinetic, potential and dissipative energies are:
2

2 5.1

2T = M)X] + M)X;

V= K x2 + K(x, - x,)2 + K x | 5.2
=M% 1 2 272

= C %+ Clhy - %) + €55 - 5.3
=415 1 2 272

Differential equations of motion are derived from the Lagrange's

equation:

d oT T 3V aD

- (=) - + + = = F, 5.4
dt Bxi axi axi axi i

[M X, +(C+C, )X, + (K+K,)x,] + [-CX,-Kx,] = F 5i4.1

171 S Sy T i K | 2 2 1
[“2x2+(c+02)i2+(K+K2)x2] + [_cgl_xxl] = p2 5.4.2
Or in matrix form

M 0| [X csc, -c1lx Kek, =K | [x F

! 1, 1 il 1 1.1
0 Mz X, -C C+C2 iz -K K+K2 X, F2

(It can be shown that for any linear system the above matrices are
always symmetric)

5.3 UnCouEIed Free Vibration

5.3.1 No i
—2mal or Principal Modes and Coordinates

The di . :
differentia) equations of motion 5.4.1 and 5,4,2 are said
to be coupled bec ‘
ause X, and X, appear in both; xl'and x, are hence called
generalized cogordj
Tdinates, Appropriate coordinate transformation for any

undamped Syst
em ca .
n be performed to uncouple these equations.
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The new coordinates are referred to as normal or principal
coordinates.
(It can be scen from 5.4.3 that for uncoupled motion the sym-

metric matrices will have the leading diagonals zero.)

In order that the system may have uncoupled free vibration [C]
must satisfy certain requirements which would lead to the same and
the only normal modes of the undamped systemcﬁg). The eigenvalue
problem is therefore solved first to find these normal modes and then
a practical condition is instigated where de-coupling under damped

.conditions would also follow:

M, 0 b4 K+K -K | |x 0 )
1 1, 1 - 5.5
o m| 1%, K Keko| |x, 0
But
X; = APy Bypy
5.6.0
Xy = APy * Bopy
or
X ABy Py
i} 5.6.1
Xy A, By P

where P, and.p2 are the normal or principal coordinates. The above
sct of equations are found by linear transformation of coordinates
which is valid for any linear system. Note that the above trans-
formation is also valid for a damped system only this time 'x' and
'p' are in general phased relative to one another (see reference (69)

P.P.441),
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5.3.2 Undamped Free Vibration

x, and x, are the coordinates which can be measured directly;

the coordinates are therefore normalized as follows:

let X, =Dy when Py = 0 So A= 1
let X, = p, vwhen p, =0 ceByp =1
X1 5P P |
Xy = Azpl + szz 5.6.2

In order to have uncoupled vibration the cross products in the

kinetic and potential energy cquations must be zero.

- .2 .2 = L] . 2 .2 . 2
2T = M)x) + MX5 = M, (P;+P,)" + M,(A,p;+B,b,) 5.7

2 2 2 2 2
2V=K1x1+K(x1-x2) +K2x2 = Kl(pl+p2) +K[(1-A2)p1+(1-B2)p2]

' ' 2
*+ K5 (A,p;+B,p,) 5.8

the cross products are:

2M1+2M A Bz and 2K

272

1+2K,A,B, +2x[(1fA2)§1-Bz)]

] 13

therefore
My M8y = 0 |
Kl + K2A232+K(;-A2)(1-82) =0 5.9

from which Az and B2 hre found to be:

Ay

B,

L) -aee) ]+ [[allse)- (140)) 2]l

5.10

>|N
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. where

(
1,
M,

¢ Kl
-K—Bb 5.11
K

[ K °¢

The eigenfunction or modal shapes are thercfore found. The next

step is to find the eigenvalues or the natural frequencies.

Equation 5.7 and 5.8 without the cross-products are as follows:
2, 422 2,.2
2T = (M) APy + (4 M5B)P; 5.12

2

2V = [K +A]

2,2 2 2, 2
K2+K(1-A2) ]p1 + [K1+K282+K(1-Bz) ]p2 5.13

and from 5.4, the Lagrange's equation, the differential equation of

motion are derived in terms of the principal coordinate as:

2, e 2 2. _

(M, +ASM,) DB, +[K1+A2K2+K(I-A2) ]p1 =0 5.14

(M, +B2M.)P, + [K,+B2K +K(1-B.)?]p, = 0 5.15
17°2%27P; 17522 2} 1P .

i.e. the uncoupled homogeneous linear.differential equations; hence

the eigenvalues are:

2 2 2
W, = {[K1+A2K2+K(1-A2) ]/(M1+A2M2]}i 5.16
2, .., 2 2 5.17
wy = {[K1+32K2+k(1-82) ]/(M1+32M2)}i

And the initial conditions required for free vibration in a pure mode,
i.e, simple harmonic motion can be found from equations (5.6.2) after

having found A, and B, from equations 5,10,

Al -
5 .
-4
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Note:  The eigenvalue problem is normally solved with the aid of a

.'computer using matrices in dealing with systems which possess a large

number of degrees of freedom(6’7’7o). The method employed here was

chosen not only because the system possessed only two degrees of free-
dom hence affording easy solution, but mainly because it provided

easicr understanding of normal modes and coordinates.

5.3.3 Damped Free-Vibration

Linear transformation which de-couples the equations of

- motion must also de-couple the damping terh if single mode vibration
in a state of free vibration is desired, i.e. the cross product in the

'-dissipation function should become zero if A2 and 82 found from equat-

ions 5,10 are used in it.

_ 2 2..2 2, o1n 12152
- 2D=[C, +C,A5+C(1-A,) “]py+[(C,+C,By+C(1-B,) 1p5+[2C,+2C,A,B ¢

2¢(1-A,) (1-B,) 1P, B,

5.18

( ,

M AB.M, =0 .
| 1 ¥ AP 5.19
| C1+C2AZBZ+C(1—A2)(1-BZ] =0

BZ = - a/A2
A . 1

A, = %{[(l+d)-a(1+e)] - [a(1+e)-(1+d)]2 + 4d}?} 5.20

; .

where E£-= d, €2 =

Al

Comparing equations 5.10 and 5.20 it follows that either
(i) c=¢e C Proportional distribution

b=d 1 N ‘of damping, or: 5.21
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(ii) a =1, b=candd=c, i.e. complete symmetry,

For this case Az =1, B2 = -1 and C1 = C2 5.22

Proportional distribution of damping is only possible if specimen
damping is of a particular type (e.g.structural) which defeats the
object. Therefore it is only the second condition which does not
place such a demand and should be attempted, i.e. symmetry. In prac-
tice, ﬁowevcr due to manufacturing error etc. perfect symmetry might
not be achieved hence coupling due to damping in equation 5.19 might
become significant hindering uncoupled free vibration. Forced vibra-
. _fion (double point excitation) would then be the only means by which
single mode cxcitation is possible. Double point excitation at
natural frequencies in any case is required to inject proper inifial
conditions should w, and Wy be too closc to one another or damping too

1
high.

5.4 Uncoupled Forced-Vibration

The energy equations for the principal coordinates of any vibrat-

ory system can be written in the form:

02 -2 02
2T = alpl + azpz + .0.........l+ anpn 5.23
2 2 2
2V = clp1 + C,p, ¢ sesesssssaset Py 5.24
2D = b p2 + bpl + v abpl e 2b pp + 5.25
lpl 21]2 L B I I B I B N I B BN ) n n 12 1 2 L N L]

Differential equations of motions are derived using Lagrange's equation.

d 9T 3T 3V - 3D :
( 3 ) - + + T = P 5.26
dt apr apr apr Bpr by




- 57 -

n
where P = inl Fi¢ir 5.27
axi
.and '¢ir = -51-;— 5.28
T
For the system‘under study n = 2 and ¢3r is determined from
equation 5.6
(alp1 + bp, f clpl) + b0, = F; +AF, 5.26.1
(azp2 + bzp2 + czpz) + b21p1 = F1 + BZFZ 5.26.2
where
a, =M + 2M
1 =M MM, :
2 2
bl =C, + AC, + C(l-AZJ
2 2
¢, = Kl + AZKZ + K(I-Az)
- - "‘B
by, = C; + C,AB, + C(1-A,) (1 2)
. and
a, = M, + BM
2 1 22
2 2
b, = C; + B5C, + C(1-B,)
2 2
c, = Kl - Bsz + K(l-Bz)
521 = P12 . 5.29

(see eqﬁations 5,12, 5.13 and 5.18)

For harmonic double point excitation with the same frequcncy,p1
and Py will also ﬁe harmonic with the samcﬂfrequency. In general
they all will have complex amﬁlitudesltﬁhasdns) each containing infor-

mation concerning the amplitude and the phase angle as follows:
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_ 5 lwt T a 1
'Fl & F1 c where Fl F1 ei¢
F, = Fz et  here Fz = F, elf2
and
P, =P et yhere P =P i3
= e where = e
Py Pz P 2 P 2

- Equations 5.26 will then be of the form:

2 - 3 -
(c; - aw’+ iwb,)p, + dub P, = F; + AF, 5.30.1

- - 2 & - i - -
lwblzpl + (cz - azw . lmbz)Pz = Fl + BZFZ 5.30.2

[Solution of the above set of differential equations can be found
from the following equation derived for a n degree of freedom
_system under forced vibration in the direction of x generalized co-
ordinates and corresponding generalized forces F:

n

R ay F 5.31
s=1 °S ‘
where
receptance arg = (-1)7'° 6r§ 5.32
A

and Ap, is the characteristic determinant A with row r and column s

omitted (see reference (69), pp.434)]

In order that only a single mode appear at any given frequency

the amplitude and phase relation between the forces should be ad-

<

justed as follows:

2 i AT = =

[(c1 - a0 )+ 1wb1]p1 = F, + AF,

5 =0 5.33
Py

T

(iwblz]p1 = F1 + 32 2



« 50

5.5 Evaluation of Effective Voigtian Parameters of Specimen K and C

5.5.1 Forced - Vibration Methods

(1) Asymmetry: K, # K, and/or M, # M,, i.el Ay #1, B, g -1,

From 5.6.2 the gencralized coordinates il and iz in terms of

principal coordinates are:

X1 =P * Py
5.6.3

Xy = APy *+ Bypy

The first purc mode is realised when 52 = 0, or

21 =P
5.35
X, = AZPI.

- take X, =Py = Xl real
from equation 5.33

11 * A2 Far

Fy

wblxl = F

2
(c)-2)w )X, R * A2 Far 5.36

mble = 'FII + B2 F

0 = F,.+B_F
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The second pure mode is realised when 51 = 0 or

-' -
X %P 5.37

take §i = 52 = Xi real

from equation 5,34

+ B, F!

[}
ixr}
-

1
mble

11 ¥ By Py
2 _ 1
(cy-au™)X] = Fjp * By Fop
5,38
= ' '
wby X) = Fip + Ay Foy

0= Fip+ A Fip

For the purpose of visual representation of above cquations fig-
ures 16 and 17 were constructed which were also to serve as a guide in

actual testing, i.e. pure mode excitation.

Replacing the system parameters from 5.29 into equations 5.36 for

the first pure mode:

C,+(1-A,)%cea%c, = AL 2 21 5.39
1+ (1-A5)"C+ACy X
1
: F.+ A, F
2 2 2 1R * A2 Fop
Ky + (1-Ay) “KeA K -0”M -Au’M, - 5,40
1
F,. + B, F
11 * By For .
. C, + (1-A)) (1-B)C+A,B.C, = : 5.41

and-for the second pure mode into equation 5.38
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F!_ + B, F!
11 2 21
C, + (1-B)) 2c4p2 5C, = o 5.42
1
J F! + B, F!
2 2 2 22 1R 2 "2R
Ky + (1-B,)°K + ByK,-u’M, -B“wM,= 5 5.43
1
F'_ + A, F) :
1I 2 " 21
C, + (1-A,)(1-B,)C+A,B,C, Y 5.44
1
- and from equations 5.9, the eigenvector equations
Ml + A2B2M2 =0 ' 5.45
Kl + (I-Az)(l—Bz)K + Azﬂzkz =0 5.46
where
| 2 Fir
Ay = o= = o — 5.47
2 X '
1 . .
2R
and’
X! F
Bz = -x—l-%— = - !ﬂl— 5048
1 F '
2R

There are four equations in terms of Kl' K, Kz, Ml and Mz
(equations 40, 43, 45 and 46) and also.four equations in terms of
Cl’ C and C2 (equations 39, 41, 42.and 44). Equations 41 and 44
are in fact one, as the coupling effect for a linear system would be
identical at cither modg, i.e. b12 = b21‘

Theoretically, therefore, the first set of simultaneous equations
in terms of stiffness and mass, would, under forced vibration, be inde-
terminate but the second set of equations in terms of dashpot constants
could be solved provided the system is forced to vibrate separately at

the first and the second mode.
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Practically, however, it could be said that both the above sets
are indeterminate equation 41 (or 44 ) is expected to be of little
pfactical use as it rcpresents a small difference which would be hard
to measure accurately. The small difference would be dué to propor-
tional distribution of damping and/or near symmetry. Hence one more

- equation is required for each sct to render them determinate., This
can be achieved by having one further measurement of force at the spe-
cimen column, i,e, F measurement (see Fig, 15b),  Such a measurement
.is generally not considered permissible during the actual tests as the
:size and shape of the specimen under test might not allow i£. lHowever,
it can be carried out under a specially designed calibration arrange-
ment for evaluating the auxiliary parameters Kl, “1'01 and KZ’MZ’CZ

- at different frequencies (and amplitudes). This information could
thenvbe used, under actual testing of specimens, at the second pure

mode. to dctermine C and K from equations 42 and 43.

The following set of five simultaneous equations is to be used
when F measurcments are carried out, Such a measurement produces the
three equations 49, 50 and 51, in place of 40 and 43 which consequently
.become redundant, Equations 49, 50 and 51 together with the two equa-
tions 45 and 46 (Eigenvector equations derived as 5.9) will constitute
| five equations in terms of the five unknown parameters of stiffness and
mass, As for damping factors equations 52, 53 and 54 will directly

give C,, C and C2.

1’
It is interesting to note that when employing F measurement only
a single mode need be excited., This is of great practical value when

the two natural frequencies NFy and NF, are too far apart; under such
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a condition, cxcitation of a mode at frequencies close to the NF of

the other mode would require very large and accurately balanced loads.

+ From 5.9
Ml + A232M2 =0 5.45
Kl + (1-A2)(1-82)K + AZBZK2 =0 5.46
: , F, +F
" and from Fig,15b. K, -M m2 = AR R 5.49
11 Xl
E
K = oo . 5.50
271
F, -F :
2 . "2R "R
Kz-Mzm = X 5.51
.2
and also
F, +F
c. = 2L 1 5.52
1 7%
1
F .
c - . 5.53
X,-X
. F,,~-F
c. = -2 1 5.54
2 i2 '
2

F is positive in tension and negative in compression.

Note: For proportionally distributed damping where the coupling term
c .
(equations 5.41 or 5.44) is zero and El-= ﬁ£'= %- a further
1 2 ' .

equation in terms of stiffnesses can be derived from equations

5.39 and 5.542, hence F measurcment becomes redundant.
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ii ry: = =
,( ) Stiffness and Mass Symmetry: Kl K2, Ml M2 but C1 # C2

From equations 5.45 and 5.46 it follows that Ay =1 and B, = -1;

Consequently X, = X,, F Fjp at the first and Xz = =X

2R T IR
~ at the second mode (equations 5.47 and 5.48).

!
1’

The most important feature of this condition is that Kl and M,
need not be known separately butlit is sufficient to evgluate (Kl—lez).
This implies that F measurement becomes redundant which itself results
~in a further advantagcous condition where (Kl-Mlmz) is found under the
actual test condition, Hence it need not‘be known in advance (unless
excitation of the first mode becomes unpractical, e.g. at very high
frequencies where for the required amplitude of vibration the shaker
unit capacity is exceeded) or conversely if the auxiliary pérameters
are known in advance it is possible to calibrate the transducers

‘quite simply at the first mode before proceeding to the actual tests

at the second. (See Chapter 11).

The following sets of equations reduced from equations 39, 40 and
41, are used to evaluate the effects due to the auxiliary parameters

(or for calibration of transducers):

c = -— 5.55

Lo
1
1

5.56

Kj-Mp” = g= = 5 (as Fyp = Fop)

c = ee— . - 5'57
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The following equations reduced from 42 and 43 would furnish the

specimen parameters:

F!_-F}

C,+4C+C, =1L 2L 5.58
1 2 X'
1
F} -F!
2 _ 1R _ "2r
(K, -M,w")+2K = XX (as Fjp = -F§)  5.59
Equation 44 is similarly reduced to
Fl_+F) '
c, - c, = 2L 21 5.60
I 2 x'
1

which represents small differences of relatively large values hence

not of great practical value,

(iii) 'Complete Symmetry': K1 = Ké, Ml = M2 and C1 = C2 (see Fig.15c)

From equations 5.45 and 5.46 it follows that: A, = 1, B, = -1

-

= U* = =- 3 '::-
and b12 0; conseque?tly Xz Xl, F2 F1 at the first and Xz Xi,

ﬁé = -ﬁi at the second mode (equations 5,47, 5.48, 5,41 and 5.44).
The extra feature of this condition, compared to that of the stiff-
ness and mass symmetry is its capability to undergo uncoupled free vib-

rations which is an important requirement in accurate measurement of

parameters from the decay curvesy provided K1 and Ml are known separately.

As it will be shown in the next few pages, the scparation of Ki
~and M from (Kl-Mlmz) is in fact possible without the use of F measure-
ment but under a combined forced/free vibration at the natural frequen-

cies of the system (The Energy Method).
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Equations 5.39, 40 and 41 are now reduced to

F F .
c,=c, = AL 21 5.61
X X
1 1
F F
2 1R 2R
KI-MIM = -i-i—- = ')'{1—- . 5.62

—e

which when used in the following equations (reduced from equations

5.42 and 5.43) would furnish the specimen parameters at the second

mode:
F! -F!
2+C =re —2L 5.63
X X!
| 1
) F! -F!
S IR TR
(Kl-Mlm )+2K = i-i—-' --i'{—- 5.64

5.5.2 Free-Vibration Method

For the purpose of accuracy in extracting information from
the decay curves, this method requires uncoupled free-vibration. This
condition is realised when the coupling term due to damping is elimi-
nated, i.e. b,, = b,, = 0. Equations 5.21 and 5.22 indicate that the
above requirement would be satisfied if the dampings within the system
were proportionally distributed according to the stiffnesses, or the

system were completely symmetrih.

(i) Complete Symmetry: K1 = KZ' Ml = Mz, C1 = Cz, 1.e.A2 =1, B2 = -1,

byp = 0
The coefficients in the differential equations of motion in terms
of the principal coordinates as given in equations 5.29 are modified

for this condition as follows:
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a2 f 2M1

h1 = 2Cl

c1 = 2K1
\\H‘#f/ b12 =0 o 5.65
and

a2 = 2M1

b2 = 2C1 + 4C

c2 = 2K1 + 4K

From equations 5.26.1 and 5.26.2

Mppy * Cypy + K

]
1Py = 3(Fy+F,)

b hJ » - 1
Mlpz +(C+2C]p2+(K1+2}‘)p2 = i(FI'Fz) 5.66

The normalized coordinates in equation 5.6.2 are further simpli-

fied as follows:

5.67

The first pure mode is excited when p, = 0, therefore §1 - ﬁl and also

from equations 5.39 and 5.48: F1 = F2 or:

Mlxl + Clxl + lel = Fl 5.68

The second pure mode is excited when ﬁl = 0, therefore §1 = fh

and also from equations 5.44 and 5.47: F! = -F}, or

1 2

l.‘ - ’ =
Mlxl + (C1+20)xi + (h1+2K)xi Fi - 5.69
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Equations 5.68 and 5.69 represent two equivalent single degrees
of freedom as shown in Fig. 15d. The treatment of S.D.F. system is

given in Appendix 1 for the purpose of refercnce.

Generally speaking the free vibration methods on their own will
not rgﬁher sufficient information to determine the system parameters.
However if the auxiliary parameters K,, C, and M, were determined in
advance with the aid of forced/free vibration at the first pure mode,

C and K could readily be found from the free vibration method at the

second pure mode:

2
wy = (K *+2K)/M) K

5.70

_1
Cl+20 = szle C-= §-(C2w2M1-C1) 5.71

where from Table 7

[=]

2

m

¥
u

EI £

N e

dlmo’
i

One particular case when the auxiliary parameters are frequency
independent has much practical use:

M

Mg 2 _
K = 5 (2-u3) | 5.72
M
C = - €y 80 5.73

Evaluation.of the Auxiliary Parameters Kl, Ml and C1

In contrast to the forced-vibration method where only (Kl-Mldz)
and C1 would be sufficient to account for the auxiliary paremcters
effect, infree-vibration method Ky and M should be known individually

alongside Cl.(See equations 5,70 and 5.71)
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Frequency Independent Auxiliary Parameters

(a) The Energy Method

A combined forced/free vibration method at the first undamped/damped

natural frequency of the system would render Kl, M, and C, as follows:

Frece-decay curve will yield ¢1 by measuring the logarithmic decre-
ment 61. (see Appendix 1 and Table 7); “ﬂ\}

Y4
Y = Ei..al.z = 26

1 5.74

Kl and Ml are determined from the forced vibration at the first

'undamped-natural frequency' Wy

K, = = 5.75

where

5.76

and

S5.77

C1 is determined from

o KM - M, 0,
1" Y T 1° 27

= wl.Ml.fl 5.78

The accuracy of the above technique is largely dependent upon that
of input energy measurement. If C + 0 as indeed is the desired and

expected case, D, measurement might prove impractical.

(b) Band-Width Method

This method requires exact location and measurement of the first

natural frequency and two frequencies at either side of the natural
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frequency where amplitude remains at a constant level relative to it
(The exciting forces are kept constant). At -3db level, the damping

ratio is gound from:

Aw
£1= 'w_l- 5.79

K1 and M, are determined from equation 5.62.
)

If C, >0 this method could also prové impractical, In this

case the free-vibration method should be employed:

Ci = ClmlMl 5.80
where .
4 =wd .(-S.:!'.= -6_.1...
1 5;" m w

Frequency Dependent Auxiliary Parameters

Generally speaking, if the effect of frequency were significant
the only method of measurement which would be valid and render all the
auxiliary parameters is the 'Energy Method' at the first natural fre-
quency of the sysfem. The fact that the 'Energy Method!' require§
natural frequency excitation it places a limitation on the investigation
of the frequency effect. However, it is theoretically feasible to
employ the second natural frequency at.which M is determined whilst

1

respectively:

C1 and K, are evaluated at the first mode from equations 5.61 and 5.62

From 5.63 and 5,71

Ft F!
zc+c1=,—1-1-=-ﬁ- 5.63

1 ]

X X
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where €2 is determined from free-decay curve,

F F

I 21
Cl = ).-(— = ;—-— 5.61
1 1 ’\
F F '
2 IR _ "2R
Ky -Hp~ = X, D% 5.62

The above technique implies the use of specimens with varied

stiffness in order to cover the required range of frequency.

(ii) Proportionally Distributed Damping

(]
(@]

1
K1 # K2 and/or Ml # MZ' but — = —— =

1 2

=]

The above condition zresults in A, # 1; B, # -1, but by, = byy = 0.
It can be seen from equations 5.26.1 and 5.29 that unlike the system
with complete symmetry, the auxiliary parameters cannot be determincd
from the 'energy method' at the first natural frequency alone. The
'energy method' at the second natural frequency must also be employed
to furnish three more equations which together with the two eigcnvectof
equations of 5.9 will render all parameters determinate (i.e. eight
equations and eight unknowns). This procedure, of course, assumes that
the parameters arc frequency independent. In the general case where
the parameters are frequency dependent the forced vibration method

should be emplo}ed (see the 'Note' for asymmetry).
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5.6 Summary and Conclusions

. 5.6.1 Orthogonality of Principal Coordinates-Uncoupled Free

Vibration

Equations 5.30.1 and 5.30.2 indicate that unless blztcoupling
term due to damping) is zero neither 51 nor 52 could, under free vib-
ration, exist on their own. In other words if El =_Fz = 0 and say
ﬁl = 0; p, must also be zero as b,, #0 (trivial solution). The free-
vibration would therefore in this case consist of two hermonic motions
of different frequencies (v Wy and mz); that is to say a decaying
pefiodic rather than harmonic motion hence making the analysis of

results from the decay curves inaccurate.

On the other hand if b, = 0, 51 and P, would literally have no
'projection' upon one another hence referred to as 'orthogonal'; there-
fore'ﬁl and p, can exist independently implying that p, or P, can be
set to zero by injecting appropriate initial conditions given in equa-

tions 5.6.2.

The prerequisite of free-vibration exhibiting simple harmonic
motion is therefore that no 'coupling' due to damping exists within
the system. This condition is satisfied only if the principal co-
ordinates are orthogonal, i.e:
a) cither the damping is proportionally distributed, or

b) the system is completely symmetric.

S5.6.,2 Multi-Point Excitation

Equation 5.30 also indicates that singlec point excitation

will in general excite both modes unless:
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(i) principal coordinates are orthogonal, i.e. b12 = 0, and
(ii) the loading occurs in the direction of a principal coordinate,

i.e. ¢, = 0 (equation 5.28).

An example of such an arrangement is the axial loading of the joint
column, a ‘uniform system' theoretically shown to possess uncoupled
equations of motion along the axis of the column (See Fig. 18b), In
practice however normal coordinates rarely manifest themselves, there-
fore single point loading will have projections upon the.other ngrmal,
coordinates hence causing impurity - the coordinate phasors will be

phased relative to one another hindering the quantitative analysis of

the results.

Double forcingalong the two generalized coordinates Xq apd X, is
therefore necessary in order to excite the pure modes which would not
only create appropriate initial conditions for free-vibration method
but also make it possible to account for the auxiliary system effects

in exact quantitative terms.

As a general guide and quick reference to methods of testing and
data reduction Tables & and 8b were constructed which arc in fact the
summary of the preceding analyses and therefore no further elaborations
will be necessary. It will, however, be noted that equations 5.39 -

5.54 arc now represented in terms of vectors ﬁi and r, where:

?l
ﬁi = gl- is the 'apparent mass vector' 5.63
1 ‘ =
and _
T = Eg is the modal shape ‘ 5,64

1
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This style of representation was adopted, not only for its obvious
attractive feature, i.e. simplicity, but mainly for its direct practical
application when using accelerometers and a measuring device with inbuilt

vector-dividing facility,.

5.6.3 The optimum system ~'Complete Symmetry!'

All three effective frequency dependent parameters of a
single degree of frecedom system (K, M and C) can only be determined
from the 'Energy Method' at its natural frequency, i.e. a combined
forced and free vibration method. Similarly the eight parameters of
a two degrees of freedom system are determinate only if the system can
be simulated by two equivalent single degree of freedom systems, i.e.
pure mode excitation with no coupling due to damping. The method of
measurement must again be the 'Energy Method' but at the two natural
frequencies of the system w, and w3 each furnishing three equations
which together with the two equations from the eigenvector equations
will render the parameters determinate. This technique does however
assume that the paramcters remain unchanged at Wy and Wye It there-
fore follows that in general the two dcgrees of freedom system with
frequency dependent parameters is indeterminate as far as evaluation

of system parameters is concerned.

Forced vibration method although does not require the orthogonal-
ity of principal coordiﬁates i.e. zero coupling due to damping, however
still remains indeterminate: it provides secven equations in all (two
of which are again the ecigenvector equations 5.4) four in terms of the
mass and stiffness parameters and three in terms of damping cocfficients.
Hence damping coefficiénts will be determinate whilst the stiffness and

mass equations need one more cquation. This extra equation can be
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obtained if the damping within the system i; of the structural type,
i.e. proportionally distributed which also re;ults in orthogonality

of the principal coordinates.  This assumption (as F measurement)
cannot be accepted in general as they defeat the object: no limitation
on the behaviour of the specimen parameters K and C (or their shape

and size) is allowed.

However, if the system possesses the stiffness and mass symmetry,
it has been shown in the analysis that the first mode becomes completely

independent of the specimen (i.e. A, =1, B, = -1). This feature of

2
the symmetric system enables it to be calibrated for the auxiliary

arameters 'effect under the exact test conditions and without the nec-
P

essity of determining the individual values of K; and M, but merely

1 1
that of (Kl-Mlmz)i.e. the inphase component of stiffness at the first

mode (equation 5.56). The specimen parameters are then evaluated

from equations 5.58 and 5.59.

-

One further refinement of the system was realised by making it

completely symmetric; Kl = KZ’ Ml = M2 and ¢, =6 which resulted in

orthogonal principal coordinates, hence uncoupled free vibrations.

Free-vibration method at relatively low frequencics (m1<w<4.591)w0u1d

still requirec the individual values of K, and M, which could be pre-

1

determined at wy and wzlusing a range of calibration specimens to in-

duce varied wy (the energy method). However, it is unlikely that the
auxiliary parameters would be frequency dependent hence the 'Energy

Method' or similar methods around w, are expected to be sufficient in

establishing the values of the auxiliary paraﬁcters.
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CHAPTER 6

'THEORETICAL MODEL OF THE JOINT ASSEMBLY'

6.1 Rheological Representation of Joint Layers

Exact mathematical analysis of any vibratory system is only pos-
sible if the frictional forces are viscous (or hysteretic) and the

springs too are linear.

The theoretical model of a joint layer will thercfore be simulated
by a Voigt unit having 'equivalent' values of viscous and spring co-
efficients. These values are in general frequency dependent - depending
upon the distribution of Voight and Maxwell units the mechanism of
dynamic approach can vary according to:

2 n 2

d d 3 _ ? p
@g*ay5e 227 - g’ P +bygp*by izt
31'1
n Bt"
E eimt

For sinusoidal excitation F =

. 2 = . 2 T
(a°+1a1w-32m + eee anmn) F = (bo+1b1m-b2m e bnmn)x 6.2

(See reference -(61)).
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6.2 The Ideal System - Forced Vibration

The total deflection across an array of Voigt Units connected in

series is the sum of the deflections of the individual units:
X, =X ' 6.3
Because there is no inertia forces present each unit transmits

exactly the ‘instantaneous force applied to it from the neighbouring

unit - all units are subject to the same load at all times:
- - ’*-ﬂ : *-
F kt Xt Kr X, 6.4
where K* = K(1+iC) denotes the 'complex stiffness'.
Similarly, for a number of Voigt Units connected in parallel so
that they all experience the same deflection at all times, the total

force applied to the system is always equal to the sum of the forces

exerted by the individual springs.

xt = Xr 6.§
and

TektY = * Y .

F Kt xt I Kr xr 6.6

Referring to Appendix (1) the energy loss per cycle of the ass-
emblies in terms of the individual units can be written as follows:

< (2 = 2 '
D, = £ D =-InCw X [ =-n2g K |X_]| 6.7

< 12 < 12
but Dt ='“th |xt| z-th.Kt[th _ 6.8
' 3 12
o o Pl , 6.9
t Klilz
ti7t
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Equations 6.3 and 6.4 for the series ensemble, and 6.5 and 6.6

for the parallel ensemble when multiplied would yield the enérgy

expression:
* Y 1Y = (K* X ITX = *Y Y
(Kt Xt)xt (Kr Xr)EXr Z(err)xr 6.10
* Y\ =% * Y = *Y VY
(Kt xt)¥t Xt z Kr Xr z(err)xr 6.11

Therefore, it can be concluded that for any series ensemble or
for any parallel ensemble and hence also for any combination of series

parallel ensemble the energy expression can be written as:

- - = *Ill -~
(k¥ X)X, = Z(KEX DX 6.12

From equation 9 in Appendix (1).

Crm
T
Cr
if ¥~ = constant, i.e. proportional distribution of damping it is
T

evident from equation (6.13) that all points of the structure will be
inphase. Therefore the real part of the energy expression in equation

(6.12) can be written as follows:

12 _ < 12 -
K X % = 2K |X ] | - 6.14

The above cquation when used in equation 6.9 will yield the loss
factor of the assembly:
<2
zg K |X| i

= L. 6.15

; =
L Y b
r' r
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If a joint asscmbly is comprised of identical units (Fig.18a) the
loss factor of the assembly will therefore be equal to that of a single

unit:
C = Clgcz ...0.=;r 6.16

and the equivalent values for coefficients of spring and damping of a
joint unit could be found from the respective values for the whole ass-

embly at the exciting frequency as follows:

N
Kr = ?'Kt 6,17
_N
Cr =5 Ct 6.18
where
K .
=t
Ct == Ct 6.19

N is the number of units in series and P the number of units in

parallel (see reference (71)).

6.3 The Real System

In practice the ideal system cannot be simulated over an indefi-
nite range of frequency. As the frequency is increased the extraneous
inertia forces become significant taking up a considerable proportion

of the elastic restoring forces and causing mode coupling.

The following analysis is made in order to establish the effect

of the inertia forces due to the mass of the jointed column.
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6.3.1 Eigenvalue and Eigenfunctions of a Uniform System

The system shown in Fig. 18b represents a stack of discs

making up the jointed column with no damping.

If m and k are the mass and stiffness of the discs and the joints
respectively, the equation for dynamic equilibrium for (r+l)th disc

can be written as:

mi_, +k(U_,, -U -U )=0 6.20

- The general solution of the above equation, assuming the system

possesses n modes of vibration is:

U =

r U n (CnCosmnt+DnS1nmnt) 6.21-

U,
n -
for a pure mode n,

.o 2 /o

Ur+1 = -0 Ur+1 6.22

Equation 6.20 can now be written as

muw

n
Ur+2,n *2 (Zk

- 1) Ur+1,n + Ur,n =0 6.23

A solution for the above equation is:

= 6.24
Ur,n Bn *n
or
2 T
(an + 2Bnun + I)Bnan 0 6.25
h
where 5
m
Bn =3 - 1 6.26

but Bn and @ # 0, otherwise there would be no vibration.
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. 2
« . . = 2Bnan +1=0
or
2, .
a = -B * /B°-1 = exp. (¢ Bn) 6.27
where Coshen = —Bn ' 6.28
. . Ur,n =IBn exp.(ran) +an exp.(-rﬁn) 6.29
or Ur,n = Gn81nh(ren) + HnCosh(ren) 6.30

The values of Gn and Hn arc determined by the boundary conditions,

The boundary conditions are satisfied by equating the strain at
both ends of the system with zero. Using the central finite differ-

ence representation the strains at the ends are:

(1] - U

D LAY 6.31
U 3] ’
N+1,n . N-1,n =0 6.32

From equation 6.30

Ul,n = GnSIHhﬂn + HnCoshen

U-l,n = Gn51nh(-9n)+ HnCosh(-en)
or

ZGnSinh(en) =0 6.33

~ but Sinhon # 0, otherwise there would be no vibration

Gn =0

- or

Ur,n = HnCosh(an) - 6.34
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and from 6.32 for r = N4+l

HnCosh(Nen + On) - Hn Cosh(Nen - an) =0

or
SinhNBnSinhe =0 6.35
as . . .
Smhen £ 0 . . SlnhNBn =0
but X
' Nand 8 #0 .°. Ne = inm 6,36
or n
en = 1 N— m™

6, from above is substituted in equation 6.34 to give the eigen-

function or the modal shape:

. N
U, n= HnCOSh(l ﬁ-n.r)

by

or

n
Ur,n = HnCOS(ﬁ-n.r) _ 6.37

The eigenvalues or the natural frequencies are in turn found from

equations 6.26 and 6.28:
-6, = +Cosh8n =+ Cos gm =1 - 5=
or

2
w =

222 - cos@m) 6.38

w = 2V 248in = 6.39
n m -

or for

w = ¢K.DBT 6.40
m .



- 83 -

Obviously the discrecte mass approximation in this way does not
predict the natural frequencies for higher than the N th mode (1&n¢N).
The first natural frcquency of a solid column given by the discrete

mass approximation underestimates the trug¢ natural frequency

‘gm-o{. N=U
N nv, ELquations 6.39 and 6.40 show that for n = 1 this error
(o, =y éJﬁ_a‘ !

is only about 2.5 per cent,

6.3.2 Forced Vibration of a Uniform System

Central finite differcnce approximation to the second deri-
vative at (r+1)th  disc is:

2
9 Ur+1

ar2

+ U 6.41

=t ur+2 - 2Ur+1 T

Equation 6.20 can now be approximated to:

J 9 Ur+1
m -k =0
T+l arz
or
82U t) BZU t) .
N €759 RN N €. 3.9 RS 6.42
3r2 3 Bt2

which has a steady state solution of the form:

U((r,t) = U(r) [C Sinwt + D Coswt] 6.43

Equation 6.42 is therefore reduced to:

2
MUy |

n - 6.44
: =Y 0
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which itself has the solution:

’ = 3 6.45
. U(r) Clslnar + DlCosur
where
2 m 2
= 6.46
a E w
. . U(r,tj = (Clsinar + DICosar)(C51nwt + DCosuwt) | 6.47

to satisfy the end conditions, at r = 0 and T = N the strains are con-

stant and directly proportional to the loads. The constant of propor-

tionality being k:

BU(r

,t - .

+ k[ ——“af-l‘] = Fy Cosut tension 6.48
T r=N '

U r,t) - '

-k ““LET" ] = F Cosut compression 6.49

1‘ I‘=0 -
from 6.47
WVier 1) :
——E;L——-= (ClaCosar - DluSinar)(CSinum + DCosut) 6.50

At r = 0, assume Fo - Fo, real

from equation 6.49 for r = 0,

—ka(Cl-O)(CSinwt + DCoswt) = FOCOSwt

. . C=0 6.51
let CID = 03 6.52
.or -k‘aC3 = Fo

. "F

. CS = T 6,53
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and at r = N, from equation 6.48:

ka(C,CosaN - D,SinaN)D Cosut = F,,Coswt

N
ka(C CosaN - D DSinaN) = Fy
let 1’.}lD1 = D3 ’ 6.54
ku(CSCosaN - DsslnaN] = FN
] - =1 = i’ .
.« D3 --Ea (FOCotaN + FNCosec.aN) o 6.55

Equation 6.47 can now be written in terms of F_ and E& and system

parameters as follows:

U(r,t) = (Csslnur + DSCosur)Cosut
-1 P -
= E;»[F051nar+(FbCotuN - FNCosec.uN)Cosar]Coswt
or
1 . p
U(r,t) = - E33C.51n(ur + ¢)Cosut 6.57
where -
_ tpl 2,3 6.58.
C= [F0+(F0CotaN + FNCosecaN) ]
and
FOCosuN+FN 6
5. L .59
tan ¢ FOSLnaN .
1 .
For the symmetric system shown in Fig, 16d, at the sccond mode:
Fy=-F
therefore )
C = F Sec N , and
0 2
oN aN
tan¢ =~tan 5 ¢ ==3—
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-F
or u = —2 Sina(r - H-)Cosu:t 6.60
(r,t) KaCos%Ii 2
But:
“nax
@ ax = X (see equation 6.46)
Y m
wvhere y
2K+K :
- = —L /K / k
- /2m2 = V2 VA 2v M, 2 ./"—TMI(NH
(sce Fig. 15d)
or
2 m 2 W
o 2 /B 2 6.61
max - N1 My N+l /i

For small values of %§3 Equation 6.60 is reduced to:

F
Ur,t) = = (g- - 1)Cosut 6.62

which represents a linear distribution of deflcction along the system
under ideal (massless) conditions. (see Fig.18c).
o

Figure 19 shows the variation of mgx. with N and W for the

different sizes of specimens (see also Fig. 22)., Equation 6.62 can
therefore be used instead of equation 6.60 in the following procedure
in estimating the inertia forces in terms of the percentages of the

total elastic restoring forces along the jointed column.

2 T

Ir=0
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The transmitted load along the jointed column is minimum at the

centre disc:

2 N/2
F = F_-mw~ E U
N/2 o r=0 (r)
= F -mw2 E-vU (see Fig. 18c) - 6.64
o 4 "o g. :
but ‘
Fo = ZKUO for the ideal system,
Therefore the maximum percentage error due to the inertia of the
discs is:
2
mw N
H max.
(E;) —g— X 100 6.65
max
where
_ k _ Jk 2 W
“max = %max. Vm = Vm° Aoy TV
_k
and K= )

or

E) = -gl ¥ ¥ 100

Figure 19also shows the variation of this error with N and w
It is evident from this figure that the percentage of the elastic
force contributed to ine?tia of disc' increases with size and number
of discs, However it is not expected to exceced about 2.5 per cent
in the worst casec (E270 typc specimens and 36 number of discs), hence

it is negligible,
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6.4 The Effect of Stiffness and Damping of the Discs

Pseudo - Material Effect

The inertia effect of the discs as proved in 6.3 is insignificant,
however the stiffness and damping ¢ffect due to the material of the
discs must be extracted from the results in order to determine thosc of
the joint alone. This will be referred to here as the Pseudo-material
effect in order to indicate also other extraneous effects which happen

to be present e.g. that of the transducer, etc.

The Pseudo-material effect can be determined from a separate test

of equivalent solid column shown in Fig.d4a.

The model representing the jointed specimens is one of a Voigt unit
which itself is comprised of two Voigt units connected in series. (see
Fig. 18d). The receptance of the assembly being the sum of the recep-
tances of the two units gives two sets of equations relating the stiff-
ness and damping of the assembly to those of the pseudo-material and the

joints as follows:

1 1 N
K+iCo = K +iC » & K.+iC.w 6.67
m m J J
where N is the effective number of joints, Equation 6.67 can be written

in two separatc cquations representingthe real and quadrature components:

NKJ - K - Kﬂ__ 6.68
K2+C2m2 K2+sz K2+c2m2
J J m m "
and
NCJm _ Co _ Cmm ¢ 69
2 2 2 2 22 2 22 *
kJ+CJw K+Cw Lm+Cmm
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KJ and CJ could therefore be found from the above equations.

Alternatively these equations can be written in terms of stiffness and

loss-factors as shown below:

e N 6.70
KJ(1+;J) K(1+z") Km;1+cm)
and
NCJ - 4 *n 5
= " 2 T Y (1ae2 -
K;(1+z7) K(1+z7) a(1+e)
. or
. Equation 6.71 6 75/
3 Equation 6.70 e
and
N .
KJ = 6.73

(1+;i) Equation 6.70

6.5 Summary and Conclusions

 The distribution of deflection along the jointed column is linear
for ideal and sinusoidal for real system. The latter is due to the
inertia of the discs. The wavelength depends upon the frequency of

~ excitation and the system parameters:

*  where

The natural frequencies of the system are struck when

w o

k
n Y m

Therefore A=
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The maximum frequency of excitation (/Z_wz) with the largest spe-
cimen size (E270 type) and the maximum number of discs (36), i.e. the
worst case, is only about 13 per cent of the first natural frequency
of the jointed column. This corresponds to about 12° at the ends
of the column of full 180° half wave length representing a nearly
linear distribution of deflection. The maximum inertia force due to
the mass of the discs is only about 2.5% of the elastic restoring force.

For all practical purposes thercfore it can be concluded that the effect
of inertia of discs is negligible and the system can be regarded as ideal.

(sce Fig. 18 and 19).

The parameters of a single joint unit (together with the stiffness
and damping due to the discs'material) can be found from those of the
jointed column if the joint units are identical which results in compl-
etly in-or-out of phase movement of the discs, hence

. =¢

and

k; = (N+1)K

In order to account for the effect of material it is suggested that
an extra test on an identical but solid column be carried out (Fig.44a)
and the results be used together with those from the jointed column in

equations 6.72 and 6.73 to determine the parameters of the joint alone.
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CHAPTER 7

DESIGN OF SPECIMENS

7.1 Surface Texture

The only variable as far as surface texture in this work was con-
cerned was froughness' or micro-irregularities. Attempts were there-
fore directed towards minimizing large wavelength irregularities, i.e.

- waviness (caused by vibration, tool wear, sudden entry of tool into the
ﬁaterial in the case of non homogenous material) and irregularities with
even larger wavelengths (caused by slideway misalignment, tool wear ctc)

which together constitute flatness errors.

Two types of joints, namely turned and ground, were selccted to
represent the basic types of single and multi point cut surfaces resp-

ectively.

The grades of surface finish to be produced were chosen after
consulting Fig, 20 and accounting for practical limitations as far as
manufacture and roughness measureﬁent were concerned at the time. The
target values of roughne;s for turned and ground surfaces were as
follows:

TNDI  CLA  Average 60p' (1.52um)
TND2 CLA  Average 180u" (4.57um)

TND3 CLA  Average  380u" (9.65um)

and GND  CLA  Average . 8p" (0.20um)
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7.2 Form

Circular plan form was chosen for the following rcasons:

1,  SPT machining can be simulated by turning, which is best suited
for holding small size specimens.

2. It is also best suited for eliminating flatness ergors as the
machine configuration remains unaltered in the cutting direction
(unlike e.g. shaping or milling operations) but only in the feed
direction. Measures were to be taken to minimize the errors due
to lack of parallelism and to flatness in the feed direction, using

a magnetic chuck.

3. The advantages of polar symmctry which facilitate testing and

analysis in particular for torsional tests,

4., Mass production of specimens on a capstan lathe.

7.3 ShaEe

The shape factor was expccted to have a significant effect on the
behaviour of joints should the squeeze film be pronounced. It was
therefore decided to define a shape factor for circular plan forms.

This parameter is sometimes referred to as the Aspect Ratio.

_ (OD-ID)

Ao R = .T[”(OD-“'-I-D._) 7. 1

The two extremes will therefore be :

ID = 0.0 A.R. = %-= 0.318 , and

ID = OD A.R. = 0.0
which represents a solid disc and an infinitely thin ring respectively.
Fig. 21, constructed with the aid of a computer, shows the variation

of 0.D. with A.R. for different values of the joint area.



It was decided to study the effect of shape over an area
0.9 in2(5.8 sz) as this was thought to be small enough to have mini-
mal flatness error at the same time being large enough to give signi-

ficant values of quadrature stiffness components. (see Fig. 22).

Consideration was given to minimize the cutting time by using
standard 'hollow bars' and also the ease in use of quartz load washers
which were available on the market. Table (4) shows the range of shape-
factors together with the corresponding sizes and part numbers of
standard hollow bars and type numbers of the load washers which were

to be used.

7.4 Size

It was decided to study the effect of area for four convenient
sizes of specimens shown in Fig. 22 with A.R. = %ﬁ' small enough to
alléw one dimensional squeeze film analysis to be valid (for reasons
of simplicity). For A.R. » 0.1 as seen from Fig. 21 the variation of
6.D. is minimal therefore any major alteration of standard hollow bars
would be carried out on the inside diameter. This was considered
advantageous because the borc diameters of the hollow bars were found
to be eccentric (about 2.5 mm on the average) and therefore single
alteration of the inner diameter would result inboth correcting this

-defect whilst bringing ifs size to the desired level,

Reduced flatness error was achieved by having no greater an area
than 2.7 in? (17.4 Cm?). Consideration was given to minimising
cutting time by using suitable standard hollow bars as shown in Table

(5): only A45 specimens were manufactured from a steel due to their
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small size., The choice of material was made by consulting the chemical
._c0mposition of the hollow bars and their yield point - the latter was
- considered the main possible effective parameter in the joint's behaviour

as far as its material was concerned.

?.5 Method of Manufacture

“

All groups of specimens (except E270) were machined in a Capstan
lathe (Herbert,A.) which made it possible to complete all the operat-
ions; turning, boring and parting-off in a single setting of éppropr-
iate tools and stops on the turret and tool holder. The operation
proved very efficient, i.e. a grecat number of specimens could be pro-
duced in a relatively short time. The next operations were as follows:
1. Numbering and marking for angular positioning.

2.. Relieving stress in the case of work hardening during cutting
operation.

3. With a magnetic chuck assembled on the spindle of a lathe a
thin sheet of steel was placed on it and a very small cut was then

taken to correct for untrue positioning of the chuck.

The specimens were secured on this surface and very small cuts
were taken with appropriate speed and varied feced in order to produce
" different grades of surface finish. This operational procedure

ensures minimum crror due to both flatness and lack of parallclism.
' Because of the very small depth of cut and abundant usc of coolant

the work-hardening was minimal.



7.6 Cutting Conditions for Turned Surfaces

Due to the complexity of roughness formation during the cutting
operation, exact cutting conditions for any given roughness were not
expected to be realized; However, it was possible to obtain relatively
good estimates from published results on this area (i.e. references

(73), (74) and (75)).

7.6.1 Speed

Estimates of speeds were made for each of the specimen sizes

when using a High Speed Steel T001(76).

For this purpose hardness
measurements had to be made. This measurement was also informative in
so far as indicating whether significant work-hardening due to cutting

at the first stage had occurred. For this purpose a'batchof specimens

were stress relieved and tested,

It was found that the avcrage values of hardness remained constant
at about 50 Rockwell B scale roughly equivalent to 83 Bl number. The
results indicated thé; no tangible work-hardening had occurred under the
first stage cutting or subsequent‘grinding operation. This was attri-
buted mainly to the abundant use of coolant. Heat treatment was there-
forc not considercd necessary. °* Further information gained from hard-
ness tests was that En 5A which was used for A and BS specimens possessed

very similar yield point to that of the standard hollow tubes used for

the B, C and E type specimens.

v 48.8

"M =Ghep ¥ TopeID 7.2
T2 2

48.8 m/min (160 ft/min) is the rccommended speed given in reference (76).



7.6.2 Feed

For S.P.T. cut surfaces a number of empirical relations
were considered; they relate roughness to feed rate and nose radius of
the cutting tool. One such equation is given below, whilst the other

is shown in Fig. 23 (reference (73)).

2
(Ref. (74)) - Q =

[CLA] 7.3
18V/3r

where

s is in [m/rev.] and r in [m].

7.6.3 Depth of Cut

The depths of cut had to be kept to a minimum in order to
reduce the flatness errors and also possible indetectable work-hardening

of asperities at about 25-50 um (1-2 thou).

7.6.4 ELstablished Cutting Conditions

The cutting conditions were finally established after some
process of trial and error and they are given in Table (6). The tip

radius was 1,0 mm,

Twelve discs were turned for each group of specimens from which
after roughness measurements four surfaces with the highest error of
roughness were first marked and then ground to form the ground end

surfaces (sece Fig. 44b).
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CHAPTER 8

DESIGN OF TEST RIG

8.1 Introduction

.ﬁhe ideal system, as far as dynamic behaviour was concerned, was
to be realised by reducing the stiffness of the preloading-isolating
springs K1 and also making the system symmetrical as far as praéti;

_ call} possible. Both these features would help result in reduced
mode coupling, i.ec. aﬁpfoaching a semi-definite (proportionally damped)
and completely symmetric system and thercfore satisfying the condition
given in cquations 5.21 partially and that given in 5.2 2. completely.
Reduced KI would also have thec advantage of increased isolation
property and also extended useful frequency range at the lower end of

the spectrum,

It was imperative that some sort of arrangement be made for
supporting the weight of Ml, thelloading platform and the K1 springs,
which had to be capable of adjustment in the normal direction to‘
accommodate different sizes of specimens. This was achieved by
using another sct of springs Kz. Idoally these springs were to be

added to the system of Fig. 14a symmectrically as shown in Fig. 24a.

This was not considered practical and indeed proved.to be unnecessary:
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K2 springs were cmployed only under the top inertia block Ml. (Fig.
24b). By having Kz springs much more flexible than Kl springs not

only was deviation from symmctry negligible but also a very high

F

static loading efficiency Fg' was reached (see Appendix 2, equation
11

13).  Attempts were therefore made in the design to maximize R

J2
and RIZ’ the stiffness ratios defined in Appendix 2,

In order to ensure that the natural frequencies lay within the
frequency range of interest (i.e. NF 15 - 1500 Hz), firstly estimates
were made of quantitative values of joint stiffnesses, likely to be
encountered during the tests. The maximum stiffness of the jointed
column and the higher end of the frequency spectrum determined the °
mass which had to be placed at its end. The minimum stiffness of
the jqinted coluﬁn and the lower end of ;he frequency spectrum on

the other hand determined the stiffness of the preloading springs.

Resonance conditions at any particular preloading werc to be
achieved by varying the number of discs placed in scries within the
jointed column. The maximum number of discs or the maximum length
of the jointed column had of course to be limited to a practical level
lest : not only the system would be pfone to unwanted modes of
vibration but also become tedious and time consuning during the

actual tests.

In the following preliminary calculations, the above consider-
ations were taken into account in sizing-up the overall dimensions

of the rig: an cssential starting-off platform for the detailed
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design of parts which followed.

Because most British manufacturers still turned out standard
parts in the Imperial System of units, this system was employed
principally in this section as a matter of expediency, Neverthe-

less, wherever appropriate the Metric equivalents are also given.

8.2 Prcliminary Calculations

Fi
8.2.1 E.L.S. of Joint Surfaces

The following caléulations assume that the joint surfaces
are manufactured by single point tools, Quantitative values of
stiffness in terms of 'équivalent Length of Solid Steel' for these
typeé of joints found by sifferent researchers as seen in Fig. lla,

are in good agreement and therefore considered to result in reliable

estimates., The length determined from these references was about
5.0 inches at 250 PSI joints preload. Linear relationship
between stiffness and preload was also assumedtzg'sz).

_ v 250
by=d x == 8.1

for

100 < o < 6800 [PSI] -

The range of preloading pressure was chosen by consulting the
values given in Table 3 for fixed joints and in Chapter 4.5.2 for
sliding joints respectively. Maximum pressure can be as high as

3185 PSI and minimum as low as 1.0 PSI. For preloads as low as
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this there could be no reliable estimate of stiffness at this stage.

The increase in the in-phase component of stiffness under
dynamic loading was taken to be 1.5 times its static stiffness, as a
fair estimate (sec Fig. llc). This effect was thought to increase

as the preload was reduced.

The maximum stiffness of joint surface likely to be encountered

in practice was thercfore presented by:

S 5x250 _ .
Gidnin = Tosc1ss - -2 [ined 8.2

-8,2.2 E.L.S. of Jointed Column

If Ec is the E.L.S. of the jointed column, t the thick-

ness and N the number of discs, then

Bo= N+ 12+ Nt 8.3

Four discs were chosen as a minimum., This number was thought
to be sufficiently large to be statistically representative
of the surface roughness. Therefore the maximum stiffness of

jointed column was:

K _ Amax'E 2.7 x 30 x 106

6 .

(see Fig. 22)
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8.2.3 The Maximum Length of Jointed Column

A frcquency band of about three octaves was considered
sufficiently large to indicate the effect of frequenc}, should
the resonance vibration become indispensible. The maximum number
of discs making up the jointed column would therefore be about 30 -

- 36 bringing its maximum length to about one foot (v 30.Cm).

8.2.4 Shape and Weight of Inertia Blocks

. A cylindrical shape for the mass blocks was chosen, not
. only for its obvious ease of manufacture but because the design of
the test rig should be such that at a later date the rig can be

converted to a torsional test rig.

“The mass of the inertia block was found from the following

formula:

- 8.5

2
(NZ) max
where

6 . _
Kmax = 29.45 x 10~ [1bf/in.], and

(mz)max = 211(N.F2)max = 27 x 1500 = 30007 [rad/sec.]

M = 256.0 [1b.] = 116.0 [Kg]

8.2,5 Dimensions of Inertia Blocks (and Ky Springs)

From equation 8.5 and for cylindrical inertia blocks
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- made of steel it follows:

DYH= 34 8.6

Where, D and H are the diameter and the length of the blocks in

' ;nches.

The values of D and H were determined after considering the

following points:
(1) number and stiffness of preloading springs Ky

-+ »(ii) overall height of the test rig.

_These springs were required to have minimum stiffness in order
to (a) increase the isolation properties of preloading springs and
[B]'place the two resonance frequencies as far apart as possible to

reduce the mode coupling. This implied a maximum spring index

D
32- (l’)0 is the mean diameter of spring coil and d is the diameter of

- the spring wire) and also a minimum number of springs whilst produc-
ing the maximum preloading required. It can be shown that if this

. is to be achieved by N1 number of identical springs in parallel,

. d
the overall stiffness would be proportional to Ny ;
101
d1
Kl o Nl 2 8.7
1701

where n is the number of active coils per spring.
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To reduce d1 it was therefore decided to use a high duty spring
bar of EN 45 material which had the maximum permissible stress of
55.0 [tons/inz.]. To increase DOIOH the other hand meant maximum
use of the space available on the interia blocks. A single central

. spring was not considered practical because of the difficulty in
access to the centre of the mass blocks for connecting them to the
shakers. The best alternative therefore, was to arrange three
springs at 120 degrees pitch around the centre of the mass block.
‘The outside diameter of the springs relative to D the diameter of

thé mass blocks was so chosen that if required extra springs could
be added to increase the precloading capacity whilst making the best

~ use of the space available (sce Fig. 25).

DI= 3(001 + dl) 8.8
or le 3d1(c1 + 1) 8.9
D
ol
where c1 = a;f- 8.10

is the 'spring index'.

As the stiffness of the jointed column tends to zero the
second natural frequency of the system approaches to that of the

first; in the linit

3R
2 _ .2 N
(w2)min - (ml) M 8.11

1
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. where

()4 = 27(NF)) o= 21 x 15 = 307 [rad/sec.]

) and Rl =

HLJR

,» the spring rate (stiffness)

therefore from 8.5 and 8.11

R, = 1970 [1bf/in.]

. The following formulae for helical springs together with an ex-

pression for the overall height of the rig were used in finding another
expression between D and h (equation 8.17). This relationship in con-
- junction with equation 8.6 roughly determined the dimensions of the

inertia blocks. The maximum load capacity of a helical spring max IS

dqtermined from:

3 2

> nd T ax ) nd *Toax
max = 8.12
; 8D _.wv 8c, Vv
o
Qhere V is the Wahf factor found from:
v=9..:__il .. 8,13
c- .

which corrects for variation of shear stress within the cross-section

of wire due to the coils curvature. Thax is the maximum permissible

‘shear stress of the wire material: 55 [Ton/inz.].

o

but Proy ® —— s x 1.1 8.14

3185 x 2.7

3 x 1.1 = 3153 [1bf.]
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(The factor 1.1 was introduced in the calculations of both springs in
order to avoid the non-linear part due to the gradual and random reduct-
don in the number of active coils at the near closing state of the

springs.)

- . .. The active number of coils n and the free length of the spring were

determined from equations

4

n = Gd3 - cg . 8.15
. SDOR 8cR
and
P X
L=(n+1)d+ -%E%— ' 8.16
where

G is the shear modulus of the wire material:

11.5 x 10% [1bf/in.]

One further equation was required and this was obtained by intro-
dﬁcing a constraint equation relating the lengths of springs, mass blocks
thé'jointed column and the platform together with associated locking nuts

(ésfiﬁated at 6 inches) as follows:

2L, + 2H + 12 + 6 = 42

1

or H = 12-L T . 8.17

The 42 inches was the height betwcen the cross-beams made up of
two standard universal beams making the overall length of 5',4" (1.62m).

This height was considered appropriate permitting casy access to all

parts of the rig.
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The procedurc was as follows:

For different values ofcl,.d1 and n, were found from equations 8,12

and 8.15 respectively which were then used in equation 8.16 té give

thé frce length of the springs. From cquation 8.17 and 8.9 respec-
.ii§e values of h and D were evaluated. Figure 25 shows both the curves
'féund by this method and from equation 8.6. The point of intersection
of two curves determined the optimum dimensions of the inertia blocks

and the K, springs as:

h=7.,4", D-=12.6", and

-

d, = .66", D

1 = 3.52", L1 = 4,6" and n, = 3.25,

ol
The above calculations §erved as a sketch in bringing to light
the overall outlines of the rig and subsequently avoiding not only un-
;ttractivc features but also practical problems such as difficulties
~ in access to all parts of the rig, etc. The final decision on design
~parameters was then followed with the aim of simplicity and reduced
cost, e.g. use of standard parts, ctc.,after detailed examination of

ﬁossibilitics which are reported in the rest of this chapter.

8.3 Design of Inertia Blocks and Kl Springs (Part Nos.5 & 24) *

A spring is completely defined by four paramecters of: wire

Qiaﬁeter d, coil diameter Do' free length L and number of active Eoils n,

- * The 'General Asscmbly' drawing of the final system and the 'List of
Items' are given in Figures 29.1 and 29.7 respectively. Figures

29.2 - 29,6 inclusive show the detailed drawings of the parts.
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The nearest standard size of spring ba£ to the optimum size found
from Fig. 25 was d = .6875", In order to be able to use the springs
to their full capacity - for larger areas of joints or higher preloads
of joints, it was decided to increése the number of active coils., The
extra length was to be compensated by 1ntroduc1ng appropriate counter
S1nks in the mass blocks. This would, in addition have the advantage
of bringxng the centre of grav1ty of the mass blocks closer to the load
bear1hg surfaces hence reduc1ng the effect of poss1b1e .unbalanced
}oad1ng in the lateral directions. On the other hand compensation
'alég'had to be made for the reduction of weight of the mass blocks.
Tﬁeﬁorrection was made by a slight increase in the dimensions of the mass
bISEks and a reduction in diameter of the springs. The inside diameter
of the springs was reduced from 2,.85" to 2,375" corresponding to the
outer diameter of an appropriate standard ball-bushing of 1.5" bearing
dlameter (Part No 26). Equat1ons 8.12, 8. 15 and 8.16 were then used to
glve n, and L1 (n1 = 5,67, L = 6 23")

-Thc final deci;ion was made on the dimension of mass blocks aqd

spring parameters as follows:

h = 8,0" D= 13,0"

d,= 0.6875" ; D_ = 3.0625" , L,= 6.0", ny= 5.25

.the ground spring bars after manufacture of springs were to be shot-

.peened to increase the fatigue resistance (see Fig.29.6).
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8.4 Design of the Rig Frame (Parts No.l, 2 § 3)

8.4.1 Shape:

A typc of arched structure was chosen to contain the double
-. spring mass system with facilities at its top end to accommodate a
“platform driven by a set of three hydraulic cylinders which provided

preloading of specimens through the springs Kl' The lateral movement

- of the blocks was prevented by using three ball-bushings housed at 60°

to the hydraulic cylinders within the blocks. The latter contained
.three pillars which connected the top and bottom cross beams and the
weight supporting . springs K2 were arranged around these pillars

. .(See G|A.F13429| I) .

8,4,2 Form:

A rectangular shape was chosen to reduce the machining cost

.,by fabricating standard RSJ's, universal beams and plates.

8.4,3 Size:

The overall height was not to be greater than 5'.4" (1,62m)

to provide easy access to all parts.

. The final dimensions were established as shown in Fig. 29.2.
from the standard R.S.J's and universal beams available on the market

and after determining the sizes of the hydraulic cylinders, the pillars

and the shakers (Chapter 9.6.2).
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8.5 Choice of Hydraulic Cylinders (Part No.29)

8.5,1 Introduction

In order to be able to lock the platform (Part Nﬁ.6) for
downward movement, the arms of the cylinders (Part No.13) had to be
capable of being locked in this direction. Hollow cylinders were set
upright between the plates of the upper sandwich (Part No.2) locked to
it‘at both ends using the threaded rings (Pért No.7). The arms were
~ then locked to the assembly through locking nuts at the upper end of the
Eylinder where they protruded sufficiently not only for this purpose but
also for that of safety in acting as a second support for the vibrator

(Paft No.21).

8.5.2 Stroke and load carrying capacity

The maximum stroke of the cylinder was first estimated from

equations 8, 11 and 13 in Appendix 2 as follows:

(x..) d-(FIIJmax — 2(FJ)max 8.18
117max Ke - Ky i
" but: .
(Fp) oy = Fpay by = 3185 x 2.7 = 8599.5 [Ibf.]

" and from equation 8.15, R, was found to be 2130 [1bf.in.], therefore

1
Kl = 3R1 = 3 x 2130 = 6390.0 [1bf/in.]
- 2 X 8599.5 _ .
(xll) = T6390.0 2.69 [in.]

the least required load carrying capacity Fll was then determined from

 équati6n'13 in Appendix 2 as:
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1

1
3'[F11)max 3'(FJ)max

8599.5

m = 1,28 [tonf.] 8.19

The range of strokes and load capacities of commercially.available
.hollow cylinders are rather limited, normally having higher load capacity
ahd lower strokes than those found for the present work. The choice was
"ﬁéde by searching for maximum stroke and suitable dimensions. The dim-

| éﬁ;iéns considered suitable were those of the height and diameter of a
éyiindgr which could be contained in the upper sandwich using standard

: ;i;e RSJ's, leaving enough space both at the ends to take the locking
fiﬁg; (Part No.7) and also on the sandwich to take the pillars' locking

nuts.

- fhe decision made was for cylinders cach with 2,0" stroke and 20
[foﬂf] capacity. These cylinders were threaded only on one end and
fﬁerefore the other end had £é be cut. This §imp1e alteration was the
dﬁif preparatory work which had to be done on the cylindets. The 0.9
[inch] remainder of stroke was to be achieved by locking the plhtform
to the pillars and then lowering the extended arms of the cylinders
(Part No.13) for a second stage of loading. Locking the ﬁlatform to
the pillars was considered necessary, not only for this purpose but also
- because the rams' stiffpess in the upward direction was not considered

adequate. The stiffness at the maximum stroke was estimated from:

: dF . .
= =W - 8.20
11 f |
'B,-bulk modulus of oil = 200,000 [1b£/in’.]

4.725 [inZ.]

A, effective arca ofpressure

'V, volume of o0il at maximum = 10.0 [ins.] -
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or . dF
dxll ~ 1.34 x 10°
11

[1b£f/in.]

' 8.6 Design of K, Springs (Part No.25)

8.6.1 The Outer Diameter

As scen from Equation 4‘of the Appendix 2 for large values
of R12 the difference between the ideal symmetric and the system with a

‘single set of K2 springs is negligible as far as the preloading effic-

iency is concerned (see also Fig. 26a). = For large values of R,. and R

12 J2
the system with a single set of K, springs (Fig. 24b) will also approach

' the ideal symmetric system (Fig. 24a) dynamically, i.e. reducing mode
coupling in free vibration, since they will experience only small propor-
tions of Fl1 and hence the additional elastic and dissipative forces
will be minimized. In view of_Fhe fact that a singlg set spring systen,
apart from the above considera;ion;_would resuit in a much simpler system,

it was decided that this system should be adopted and attempts be made

to reduce the stiffness of the Kz springs to the minimum level possible.

D
- This meant increasing its index 392- to the highest possible level.
' 2

Reduced d2 was achieved by having a high duty ground bar. Maximum D02
was obtained by making use of all the space available between the pillars
and the counter-sinks on the blocks. The outer diameter of springs were
therefore found to be 2.75" at its maiimum, giving about 5/16" clearance
between the nuts upon which these springs rest (Part Nos. 11 § 12) and
the counter-sink on the_M1 (Part No.5). This clearance was considered
the minimum required in order to be able to cmploy a purpose-built.

"épander in altering the position of the nuts on the pillars for very

small lengths of test spccimens.’
(00), = 2.75 [in.]
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- . The optimum wire diameter, free length and number of coils were
determined by considering further limitations of space; strength and
‘'resistance to lateral loading or buckling as explained in the following

~sections:

8.6.2 The Constraint Equations

If 'S' denotes the displacement of Ml (Part No.5) in order

to accommodate the specimen and,

L1 free length of K1 springs (Part No,24)

Lz free length of K2 springs (Part No.25)

5

Lmin minimum length of specimen

tp thickness of the platform (Part No.6)

X, displaccment of M, "and KZ springs duc to the weight of M

1
and those of the platform and 3K1 springs

1

t1
" to londing)

- x, total displacement of Ml (including displacement due
X4 displacement of platform due to loadiﬁg alone

Four constraint relationships aﬁohgst these lengths could be

written as follo&s:

a - threaded parts of the pillars which support the springs K2

should not enter the bearing on the Ml:

S $.L2 ) (txl)max 8'21
b - the locking nuts of the platform should not enter the
bearing arca on the pillars:
8.22

S &L+ ty - (Xypdnax
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¢ - the overall length between the cross-beam being 42" is
' “distributed betwcen different parts as shown in Fig.29 gives

the third equation:

d -‘the minimum distance between the mass blocks Lmin is

determined by dimensions of parts 5,11 § 12:and 15" Clearance :

zmin = L2 - (xw + 2.75) . 8.24

but from cquations 8 and 9 of Appendix 2, the maximum displacements of

Ml and the platform are found to be:

(Fyq)
. 11’max R _ R

(*Vmax = % * K R - %t M TR 8.25

and .
(F:9)
11/max 1+42R _ 1+2R

%117 nax K] R - 17 TR 8.18
(see Fig.29.6) -
NOTE: All lengths are in inches.

Ry, was taken infinity and R is replaced for Rl2 for simplicity

The objective functions are 'S' which is to be maximized

and 'K,' which is to be minimized, S_ can directly be found

from the above constraint relationships:

R

Smax = LZ - (xw + 1.7 -m{-) J ) 8.26
1+2R o ' '

Smax = 6 + tp - 1.7 STV 8,27

Smax = 15,0 - (tp + 2min] . 8.28

0 = -L2 +xw + zmin + 2,75 8.29
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&

Adding thc above equations together and dividing by 3 gives Smax:

- o 143R
Smax 7.9 1.7 ETT:ET 8.30

or in other words the optimum stroke is independent of all paramecters
but R:

(Sppdpow = 7-9 = 1.7 = 6.2"

And adding equations 8.26 and 8.29, it follows that:

1.7
Lmin =5.1- 3(1+R 8.31

or

Cpindpoe * 5-1"

“and from equation 8.27 and 8.29 tp and L, - x, are found as:

1.7 2+3R
= el £ - 8.32
tp 1.9 + T TR .
.or (tp)R+w = 3.6"
1.7 o :

L2 - X, = 7.8 - ECT)) 8.33

"

or _ (L, - xw)R+w = 7.8

It can be shown that for R > 20 "these values remain almost
_constant, e.g. maximum difference betwcen the values found for

R =20 and R = 50 is less than 5%.
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8.6.3 Range of Wire Diameter d2 '

If Wt were the fotal weigh;, and
'WS the weight of K1 spring
.WP the weight of‘platform
the total force exerted on K, spring is found from equations 6 and 7

of Appendix 2: _
" F o o

= 11 vy P :
: W +3W +W : -
SRy e s B 'SP _ 25143x6.8+112 _ 100 11pey 835

Reseo t 3 3

' would give the lower end of fhé range. Knowing fhe thickness of the

: platfofm its weight WP was found aﬁd added to those of the Ml and‘KI.
springs to give the overall load wﬁiﬁh was to be taken up by 3K2 springs

when Ro<,

W, = 112 [1b] is the weight of 3.6" thick disc of 13" diameter with one
_central hole of 4'" diameter; and 3 holes of 1 %P, 3 holes of 1 %P
diameter through which the pillars and preloading arms pass
respectively.

Wy = 251 and Wg = 3 x 6.8 [1b] were calculated from Figs.29.3 & 29.6

' respectively.
F .
. _ 1 : .
. e F21 =Rt 128 . 8.36

Eounts . - " - 1. -
- Equation 8.12 gives (dZ)min 0.24" for P = 1.1x128 = 141 [1bf]

T ax» Permissible shear stress for high duty ground spring bars

of this size was taken 34 [ton/inz.].
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The upper limit of d2 was estimated at 0.31" - giving 1/8" clear-
ance between the inner diameter of spring and the outside diameter of

the threaded pillar round which the springs were to be located,

0024 < d < 0.31 [ino] ot

2

Figure 26b was constructed by calculating the critical values of

~ the stiffness ratio R, for different values of d2 within the above
range for strength, space and stability limitations. The procedure

is outlined in the following three sections.

8.6.4 Strength Limitation Rmin; Curve 1

For different values of d2 between the above range Rmin is

found from the following formula:

(F..)
117 max
ZlJmax = Wt * R, +1 ' 8.37
min ,

(F
yhere

(F P x of K

21)max =Pl found from equation 8.12

2
W, = 128 [Ibf.]

(F = 1,7 x 2130 = 362 [1bf.] (sce Fig. 29.6)

ll)max

Curve 1 of Fig. 26b shows the variation of R jn With the wire
diameter. It can be shown that values of Rmin found by this method

are also valid for any number of Kl springs placed in parallel.
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8.6.5 Space Limitation R___; Curve 2
max

The next step was to find the maximum number of coils which
could be accommodated in the length given by equation 8.33 (in order to
increase R to its maximum possible level as far as space permitted).

To this end an iteration technique was developed which was performed

for each wire diameter as follows:

1. Take Rmin from Curve 1 of Fig. 26b.

2.  Find x_ from
w

Nt

3. Find 1.2 from equation 8.33

L,=7.8+Xx
W
4. Find stiffness per coil’RC from equation 8,15

r. = G:d 8.39
C 3
8c

5. Find deflection per coil &, from

P .
8 =~k 8.40
C Re
where Pmax is given by equation 8.12
6. Find the maximum number of coils from
L, - 2d
2__ 2. 8.41
n, = g .
2 GC + d2

7. Find Ry the stiffness of K2 springs from

R

C
— 42
R2=n2 - 8.4
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8. Find R, the stiffness ratio from ‘

A R ) - 542

9. Compare R with the original Rmin‘ If different the above
procedure was repeated with the new value of R until the final

are repre-

value of R was established. These valyes of R
max max

sented by Curve 2 in Fig. 26b.

8.6.6 Stability Limitation: Curve 3

A spring's resistance to buckling depends upon the ratio of
maximum deflection to its free length, the type of supports and its coil

diameter,

The following procedure was adopted for different values of R, and

‘wire diameters:

1. Find the deflection due to the weight alone from 8.38

We o128

*w‘ﬁ;=.mm;-n

2. Find the total deflection of the spring due to the weight

and preloading at its maximum from 8.25.
(txl) = X ¢ 1.7
3. Find‘the free length‘of the spfihgs from equation 8.33.
L2 = 7.8 + X,
-

4. Construct Curve 1 (Figure 27) of: fL against R.
2
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CD

5. Determine‘EE-o. (See figures 27 and 28)
2

where Cedepending on end-supports varies from 1.0 to 2.0.

- For K2 springs take Ce= 1.5 (i.e. the top end pivoted and the

lower end fixed).

and
’Do = 2.75 - d2
1
6. Referring to figure 28 determine o -
2 cr
*1
7. Construct (ira set of curves numbered 2 in Fig.27.
2 cp
8. Find the points of intersection of Curves 2 and curve 1,

for each wire diameter, in Fig,27,

9. Transfer these points to Fig. 26b making the Curve 3; Rc:’

8.6.7 The Choice of Wire Diameter dz

The ranges of permissible R and d2 were determined by the

boundary of the shaded area shown in Fig. 26b, i.e.

18 < R < 52 8.43
and 0.265" < d2 < 0,310" : 8.44

The wire diameter of 0.265'" was the optimum for loading efficiency,
i.e. resulting in the maximum permissible R of 52. On the other hand
this point represented the critical values for both strength and stabi-
lity. The sensitivity of R.» (Curve 3) to the way in which the épring
is supported is too great, ' This effect is well illustrated in Fig:27
where R.p for different end supports (C value) are shown to differ

grosslv.
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The above consideration and noting the loading efficiency (Fig.26a)
led to a choice of wire diameter of 0.294" (standard size) which left a

;afe clearance of about 9/64" from the pillars.

d, = ,294"

The spring'5pecifications were determined as follows:

" A 10% increase in Rmin corresponding to d2 = 0.294 was allowed

for safety rcasons.

R=1,1 x 30 = 33, therefore

R
1 _ 2130 _

From 8.15 the number of active coils was determined as

and the free length of the spring was obtained from 8.33.

'l 1-7
L2 - + 7.8 - eTI0)

whefe
| x = Ye 128 . 1.98 [in] -
w R, T6as T

-3 "
L2 9.80

- (see Fig. 29.6)
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The extra capacity of the spring (at its solid length, 356 1bf.,)

can be employed in reducing £ by loading to the required amount

min
- for shorter length specimens. A small portion of this extra capacity
could‘also be employed to exert a preload on the arms of the cylin-
’ders to help overcome back lashes;.the frictional and gravitational
forces within the system and return the pistons to their original
'flusﬁi positions. * Care must be faken, however not to exceed the

limit specified in equation 8.21 in order to avoid any damage to the

Ml'bearings.

8.7 Supplementary Design and Final Observations

The constraint équations8.21, 8.22, 8,23, together with the
known dimensions of the rig frame, the inertia blocks and the springs
provided enough information to design the pillars (Part No.4), the
platform (Part No. 6) and the remaining auxiliary parts. Details of

all parts can be found in the drawings given in figures 29.2 - 29.6.

The following charts indicate the final values obtained after
manufacturing the parts. A slight;deviation from the opfimum or
‘designed values of some parts were either deliberate as matters of
expediency or due to some manufacturing errorg. It is noted that
-these differences as seen below are small and have no significant

bearing upon the overall behaviour of the'apparatus.




K2 spring 25

Kz spring 25

which resulted in slight changes of some parameters as follows:

From equation 8.42
From equation 8.38
From equation 8.29
From equation 8,27

From equation 8.11

Part Parameter
‘ No.

‘y{ S5 weight

#;_ ‘ 5 weight
“Ki springs 24  stiffness
Platform 6 thickness

- Platform 6 weight

Kz spring 25 length

Active coils

Stiffness
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Unit

pounds
pounds
pounds/in,
inches
pounds
inches
number

pounds/in,

inches
inches
inches

tz

Optimum

Designed
:256 251
256 251
1970 2130
3.6 3.25
112 103
9.8 9.8.
11.5 11.5
64.5 64.5

- 33
2.06 1.88
4.99 5.17
6.25 5.90
iS.O 15.8

Manufactured

245,7
244.5
2337
3.25
103
9.57
11,75

64.0

35
1.90
4,92
5.90

16.6

For the purposes of the present work only about 80% of the full

preloading capacity of the apparatus was needed (see cquation 8.14 and

Fig. 29.6).

- if required

6S...J) =L

max
max

or

(Smax)
max.

= 6.55 [in.]

(Fll)max 1 + 2R

K 1+

1

Consequently Smax could be raised to the following figure

(equations 8.22 and 8.18)
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For the purpose of quick reference a summary of specification of
the apparatus is presented in Table (9) which was produced with the help
of the results from Chapters 10 and 12 (static and dynamic calibration

of the rig).
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CHAPTER 9

INSTRUMENTATION

9.1 The Features

| The basic requirements of the measuring, apparatus were as follows:

(a) Accurate mecasurements of phase and gain to realize ﬁure mode

R excitation; point-to-point measurement and vector division was
most desirable for the purpose of increased efficiency.

(b) Double point excitation with variable phase and gain in order
to sustain pure mode.

(c) Recording of decay curves, and

(d) Accurate measurement of frequencies.

(Sce Table 8)

The following procedures investigate and fulfil every one of the

above requirements leading to the final choice of instruments,

9.2 Frequency Response Analysis

Until recently manufacturers of transfer function or frequency
..résponse analysers have been concerned mainly with electrical servo
systems. The results in-the majority of cases were (a) thc frequency
-band was too high and (b) point-to-point meaéuremenf, which is of
_particular interest to vibration or control engineers was not possiPle
or extremely tedious.

- Low cost phase-meters, designed principally for use in power



- 125 -

Systens and transnission lines, work on the principal of 'zcro crossing'
3nd henco aro too sensitive to noise and harmonics.  More refined and
accurate variations of such instrumcnts (sometimes accompanied by a

£aln moter) do exist but apart froa the above basic shortcomings there
is alvays a 1imitation on the minimn input signal or the ratio of the
tvo input signals, Furthermore such instruzents are within or very
close to tho price bracket of Transfer Function Analysers. Again most
Transfer Tunction Analysers are cquipped to be used only for *single-
Polntenoasurcaent', {.0. the response measured would include the effect
of the shaker and its associated pover amplificr or other intermediary

notwork plus that of the *Black Box' under study.

The procoss of cleaning the response signal of noise and distortion
(e.g. harronics caused by non-linecarity) is an integral part of the
frequency response analysis as far as gain is concerned. This process
2130 becomos an essential part of any accurate phase angle measurement.
Depending upon the principle of the cleaning operation thesc systems
&re divided into two main groups: |

1. Sino wave correlation

2' F!l‘crlngo

9,2.1 Sine Wave Correlation

Inphase and quadrature signals from the built-in generator driv-
ing tho systea, are multiplicd by the two (point-to-point; SOIartr?nJ
Or one (singlo point; S.E.LAB,) response signals and arc integrated
V€T a finite numhor of cycles depending upon the accuracy required.

The Spurious signals having frequencies other than that of the cxcitat-

fon wil} result in a zoro A.C. and only D.C. components proportional
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to inphase and quadrature components will be the‘outcome. In some
systems a 'mechanical reference synchroniser' is provided to-lock the
~ generator frequency to some external signal. Such a facility is of
grea£ value in the casc of external excitation. This option will be
doubly beneficial in single-point-analysers as it makes point-to-point

measurement also possible.

9.2.2 Filtering Techniques

There are two basic variations of these instruments distin-

guished by the method with which the centre frequency of band pass

filter and frequency of excitation are brought together.

(i) Programmable Active Filters

The centre frequency of the filter is continuously programmed
b} a D.C. voltage until it is on tune with the input signal., The feed-
_back voltage is produced withi;\a phase sensitive detector by comparing
the input signal with the quadrature component of the filter output,
When on tune, the resonant circuit (the filter) produces two signals

which are inphase and quadrature with the fundamental frequency of the

input signal.

These filters when combined with other phase sensitive detectors

can form a 'tracking filter' (AIM).

An error in phase angle measurement of up to 10° has been reported

when.using active filters within the frequency range of 2 Hz - 2KHz.
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(ii) Single and Double Conversion Hcterodyne

The principle of operation is similar to that of some radio
receivers. The tuning is achieved by shifting the input signal aloﬁg
the frequency domain by frequency modulation. The operational tech-
nique here is the reverse of that used in (i): it employs passive

filters.

A carrier converter combines the tuning signal frequency with a
relatively high but constant frequency which is produced by a crystal
~oscillator, The next stage of operation is the mixing of this signal
with the input signal in a 'balanced modulator' to give the sum and
the difference of frequencies. - Now if a crystal filter with the same
centre frequency as the crystal oscillator is used to attenuate alien
~ frequency signals, then this type of analyser is called single conver-
sion heterodyne. Derritron, Spectral Dynamics and Ad-Yu systems all
use analysers of the single conversion heterodyne type. If instcad
of a crystal filter low-pass filters are employed then the analyser has
to be of the Double Conversion heterodyne type. The reason is thaf
the tuning frequency has to be lowered further to a practical frequency
spectrum which can be handled with low pass filters. Bruel § Kjaer

and Quantech both used the double conversion technique in their analyser.

It is true to say that the filtering techniques are only suitable
for electrical servo systems. Point-to-point measurement is not pos-
sible, and if a sweep-frequency plot is rcquired the only possible way
.is to have two 'identical' analysers in order to obtain transfer funct-

ions plots of two points, e.g. force and displacement and then normalise
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the plots, lowever to have identical filters with identical frequency
depehdency is almost impossible in practice. A further disadvantage of
the filtering technique is the limitation imposed by the band width.

In reference (82) a semi-automatic method of correction for such errors

) has been employed using a computer.

For the'purpose of this work, however, frequency sweep plots were
ﬁot required and therefore considering the evidence given above the
most suitable type of analyser was that employing sine wave correlation
or integrating techniques which afford point-to-point and more accurate
phase measurement. The choice had to be made between two products,
(a) Solartron 1179 series, and (b) SESM 200 series. The former not
only offered point-to-point measurement but also vector division, auto
raﬁging, frequency sweep, automatic D.C. rejection and a frequency
range of 0.001 Hz - 10 KHz, The latter was about 10% cheaper but
lacked the following features: auto ranging, D.C. rejection and freque-
ncy sweep facilities. Also, it could only measure single points whilst
Solartron afforded both direct and indirect point-to-point measuremcﬁt in
the'case of excitation within. The Solartron was not equipped as yet
for external excitation and hence constituted the major disadvantage.
~The S.E. analyser, on the other hand, did provide the'mechanical refer-
eﬁce synchroniser! but under practical conditions it was found that in
order to lock the frequencies the input to synchroniser had to be clean
- (and relatively of high levels-min.150 mv RMS) hence defeating the object

of the exercise.

9.3 Double-Pbiht Excitation and the Choice of Analyser

This requirement was satisfied by having two sets of power
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amplificr-shakers. The decision however had to be taken on whether
“to use.the generator. output of the analyser with a phase contiol unit,
oria separate variable phase oscillator and a mechanical reference
gynchroniser in order to lock the frequency of the analyser to that of
thé oscillator (e.g. S.E.LAB), The limitations imposed by the former

' systems were two-fold.

:(a) Should the system possess perfect symmetry the analyser could be
r;dundant when only free-vibration methods are to be employed (Fig.

- 30)., To achieve pure mo&e ékcitation the loads are equal in magnitude,
in or out of phase at all‘frequencics. Such a condition could be en-
sured by a simple variable phase oscillator and a simple monitoring

device, e.g. oscilloscope. (see Figs. 17b and 30)

(b) As thc generators within the analysers produce sinusoidal signals
by }bits', distortion is rather high (= 1%) compared with conventional
L.C. analogue oscillators (distortidn = 0.1%) but they have a much highor
. ;tability (crystal controlled] which makes them ideal for locating thc

 natural frequencies.

On the other hand the alternative, i.e. use of a separate variable
phase oscillator seemed to limit the choice of analyser to 'S.E.LAB!'
which was, unlike the Solartron, equipped with an external synchrohis-

ing unit,

As both methods'werc similar in cost, attempts were madc to modify

a variable phase oscillator so that it could be slaved to an external
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generator and thus not only make the best' of both worlds but still re-
tain the option on the analysers. As will be explained in the follow-
ing section, this was achieved using Philips' variable phase oscillator

(PM 5161) for which a very simple synchroniser unit was built and added.

The decigion to acquire the Solartron (1172) analyser was finally
reached; in short, the most powerful feature of 1172 which tipped the
balance in its favour was its capability of point-to-point measurement
which was considered of great value not only for the present work but
for any similar work which might be undertaken in the future. Fig. 31
shows the complete block diagram of instrumentation. Information

regarding individual blocks are given below.

9.4 External Synchroniser for Oscillator (PM 5161)

The following briefly describes the additional circuitry which
enabled the Philips PM 5161 oscillator to latch on to the analyser's
frequency. The specification of the network was supplied by the

Company and it will be given here for future reference (sce Fig. 32).

The collector of BC 108 transistor was cannected to the collector
of TS 302 within the oscillator. When in use the oscillator was sct
up to approximately the frequency of excitation. The analyser sine
output was connected to the base of BC 108 and the output was increascd
until BC 108 collector was pulled down which in turn pulled down the

TS 302 forcing the oscillator to lock into synchronism.

The 'lock', once established enabled the frequency from the
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analyser to be varied over about 3 dbs without affecting stability or
increasing distortion. The signals thus obtained, possessed the high
frequency stability of the crystal oscillator and also the low distort-

ion of classic oscillators.

9.5 Triggering Control Unit

The unit was built as shown in Fig. 33 to perform the following‘

functions:

(a) Cut-off drive to shaker units and simultaneously trigger the
oscilloscope to record and store the damped oscillation which
ensued.

(b) Attenuate equallylthe input voltages to the shaker units,

(c) Switch individual shaker units indcpendently.

The first requirement was achieved employing a three pole change-
over relay. Two of its poles were used to switch the inputs to the
shaker units and the third to send a pulse to trigger the oscilloscope.
The contacts 'normally closed' when the relay is de-energised, routes
the oscillator outputs to the inputs of the power amplifiers (P.A.l1 and

P.A.2 using RL1 and RL2).

With the relay energised, these poles cut off the input to the
power amplifier from the oscillator outputs and short-circuited the
inputs of the power amplifiers. The high inherent damping of the
power amplifiers enabled this approach to be used successfully with no

high pulses reflecting on the shakers.
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e emmwtamma s

As a 12 volt D.C. supply was available to actuate the reclay this
supply was employed to feed a resistance potential divider to-give a
tapping point at approximately +2.5 volts for connection to the 'open
contact' of the third pole of the relay (RL3). When the relay was de-
energised (Trigg. Switch off) the 100 pf capacitor was connccted to the
relay's normally closed contact and was discharged by zin (100 KQ) the
input impedadce of the external trigger circuit of the oscilloscope.
When the relay was operated the third pole connected this 100 pf capa-
citor to the 'open contact' which was at 2.5 volts., The resultant
spike triggered the oscilloscope which had previously been set up for
the external trigger mode. The transient signal applied to the y axes -

of the oscilloscope were thus stored on the screen.

The second requirement was achieved employing a dual ganged poten- F
tiometer placed in series and preceding the two poles of RL1 and RL2, f
This enabled simultaneous attenuation of the inputs to the shaker units

up to about 2 dbs for fine adjustments. !

The third requirement was achicved by simply placing two toggle

switches (switches 1 and 2 in Fig. 33) at the inputs to the respective

TR ———

power amplifiers.

9.6 The Transducers, the Associated Amplifiers and the Shaker Systems

Force and displacement, under both static and dynamic test conditions
are normally measured using inductive or capacitive detectors with ass-
ociated amplificrs, basically consisting of high frequency carrier and

filtering techniques. It is therefore evident that, as far as dynamic
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measurcments are concerned they suffer from the ;ame disadvantages men-
tioned for filtering methods of analysers, namely phase changes through
the amplifiers which make phase measurements extremely tedious, Diffi-
culties are also experienced with 'setting' as the sensitivity of such
transducers normally depend upon the 'gap' or positioning of probes.
Furthermore for measuring very small displacements which is the case
when testing joints (mostly fractions of 1 um) sufficient sensitivity

is often not available with such transducers.

The latest development in piezo-electric transducers and charge
amplifiers has made possible a faithful reproduction of loading regime -
under both static and dynamic loading., That is to say that apart from
very good linearity the output will be representative of actual timing
or phase of the load. Obviously displacement measurement is not pos-
sible under static conditions as the crystals have to be strained to
sustain electric charges. _Piezo-electric accelerometers were there-
fore developed to remedy this shortcoming in measurement of motion.
They employ seismic ﬁeights against crystals with relatively high nat-
ural frequencies. At sufficiently low frequencies the following
equation:

F=«mas= mmzx 9,1

gives acceleration or displacement, The uppér and lower limits of
frequency are therefore determined by the natural frequency of the
seismic assembly or transducer connection to the vibrﬁting body which-
ever is lower, and the time constant of the range circuitry of charge

amplifiers.

A decision was therefore made to use piezo-clectric transducers
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with associated charge amplifiers for both force.(Fl, Fz, F) and accel-

eration (al and a2) measurements.

The make, type and sensitivity of the transducers with associated
amplifiers were specified after the following preliminary calculations-
which roughly determined the range of forces and accelerations likely
to be encountered during the tests. These calculations also determined

the size and wattage of the shakers and power amplifiers respectively.

Apart from the assumption made in the design, i.e. E.L.S. of the

joint being found from:

2,=5x22, 100 <o <6800  [PSI] 9.2
One further assumption concerning the quantitative behaviour of joints
i.e. the range of damping values likely to be encountered was made.
This range was estimated from Fig. 1llb as:
g =0.1-1.0 (at 250 PSI) 9.3
J

In order to simplify the calculations, perfect symmetry of the i

system, zero extrancous effects and frequency independency of parameters

were also assumed.

9.6.1 (ai)min: The Choice of Accelerometers and Charge Amplifiers

In an attempt to gain an insight into the order of amplitude
(and frequency range) in machine tool joints; it is rcported in refer-

ence (82) that displaccment of 2u'" (.05 ym) were typical valucs found at
the tool holder joints of a lathe.
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The displacement of the inertia blocks, at its minimum was there-

fore estimated as:

1
Ppin =7 N+ Dpsn X5 9.4
where
(N+1)min =5
and X; = 2 x 106[in.] = 0,05 [um] 9.5

The minimum frequency was determined by referring to Fig. 43: for
all practical purposes the frequency at which the second mode can be
excited, without the possibility of significant deviation from the
'symmetry' and hence minimal mode coupling, is about 30 [Hiz]. The

minimum acceleration was determined from:

2

L
(al)min = “nin (xl)min 9.6

= 0.178 [in/sec.] = 0.46 x 10~ %[g]
The resolution and accuracy of the analyser (Solartron 1172)
is 10[pv] and 20.3 per cent * digit respectively. The highest condi-

tioning gain available on charge amplifiers is normally 10{v/g] when

used with accelerometers with sensitivities of at least 10[Pc/g].

The minimum size of accelerometers (to increcase the useful range
of its frequency) and the associated amplifiers which would produce

signals of the order of [mv] for (al}min were then determined as

follows:
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2 x charge amplifiers B § K 2626 max.grain 10 [v/g]
—
2 x accelcrometer B & K 4343 sensitivity 75 [Pc/g]
one standard accelerometer B § K 8305 sensitivity 1,247 [Pc/ﬁ]

for calibration purposes (see Chapter 11),

This arrangement would produce a 4.6 [mv] signal rcpresenting a
5 [u"] displacement of the blocks at 30 [Hz], a minimum possible signal

likely to be experienced during the testing of joints.

The sensitivity thus obtained was about thirty times of that
achieved in reference (39) and seven times of that achieved in reference
(40). Both used inductive type displacement transducers but the:latter
was specially tailored for maximum sensitivity by replacing the copper
core with a ferrite rod., It is therefore cvident that for small dy-
namic displacements such as those experienced in testing joints the
acceleration measurements not only offer much simpler method but also

much higher sensitivities.

9.6.2 (Fljmax: The choice of the Shaker System

From equation 15 of Appendix (2), the excitation force in
terns of stiffness of specimen column K and deflection of the blocks

xi, at the second mode, was estimated at;
B

at the second natural frequency of the system NF

2.2 .22 .} 9.7
= 2Kx) [(1-35)° + 3585 )

29 32 = 1:

- [ ]
|F1|- 2Kx} T, 9,8
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Assuming material damping to be zero, from equation 6.71

2
C =£.K_..1._+...EL... ;
2 KJ 1+ C2 J
and
1F
1 = o B
X1 T 7K+
but
*
F = xJ.KJ
K* K, (1+ ¢33
. J . J J

1 1
TN ETINE LT
2

Equations 9.9 and 9.12 were inserted for cz and xi

9.8, yielding [Fll:

I, | 1+ ;g
F = NKx L
1 J 1+ C§ J
but
AE . AE

NK =N T £,J+t

5y > %, (¢, = 0
therefore

IFy | Jp 29
l'max ~ LJ+t

at 250 PSI, 2 5 inches, equation 9.16 was reduced to:

J

|F 11.16 &; [1bf.]

llqu

but 0.45 < A< 2.7[in2] and 0.1 < g < 1., therefore:

9.9

9,10

9.11

9.12

in equation

9.13

9.14

9.15

9.16

9.17

sl e il
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0.5 <|F1]max < 30.1 [1bf]

0.2 <|F < 13.6  [KP]

llmax

The above figure indicated roughly the size and power of the shaker

and its amplifier: it was reasonable to assume that variation of

5y
£J+t

~ be tenable for other pressures too. The following system satisfied

with pressure would be small and hence the above estimate would

the above requirements as well as having suitable dimensions:

2 x Shaker Derritron VP4B 1load capacity 50 [lbf.PK] = 22,7 [KP.PK]

2 x Power Amplifier Derriton 300 wattage 300 [W]

9,6.3 The Load-Washers, the Force-links and the Associated

Charge-Amplifiers

(i) F measurcment

Appropriate load-washers werc selected after referring to
Fig. (22) for dimension and to Table (9) for the minimum load carrying

capacity, i.e. 5.0 [Tons].

Make Type Max.load Sensitivity
1 x Load-washer Kistler S03A . 6 [Tons] 4.4 [PC/N]
1 x Load-washer Kistler 906B 20 [Tons] 21 [PC/KA
1 x Charge amplifier 5001 - -

(see Tables 4 and 5)

(ii) Fi measurement

As the force-links were to carry only dynamic loads of relat-
ively low levels (23 KP.max.) the critcria for selection were only the

suitable dimensions and high sensitivities:

R T
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2 x Force-links B & K 8200 500 [KP] ~ 4,0 [PC/N]

2 x Charge amplifier B § K 2626 - -

9.7 Fast Routing of Recovered Signals and 'Earthing'

(see Figure 31)

A switch-box was built to satisfy the following requirements:
(a) To be able to route any of the five recovered signals
(Fl, F2, F, a, and a2) speedily to any measuring/monitoring
" device.
(b) To avoid 'earth loop ' or similar disturbing effects on the

recovered signals.

Inter-unit wiring was carefully arranged and run to the switch box
using screened co-axial cables and B.N,C, connectors. The switches
not only directed desired signals to the measuring devices but also
simultaneously short circuited the screcenings (braids) of the input/
output lines. The input/output B.N.C. sockets were similarly floated
on an insulating pancl. To prevent 'cross-talk' between the signals
only alternate switch. positions were used for signal/screen connect-

ions, the interleaving switch positions being earthed.

The earth point on the 'mcasuring system' was made at one of the
‘conditioning charge amplifiers (Kistler). The rest of the instrument
terminals were floating but for the power amplifiers which were also
earthed to the rack. As the power amplifiers werc isolated from the
;ig no alternative routes cexisted for the recovered signals but through
the 'common carth point',i.c.the rig, thus nolearth loops were possible

(See Fig.35).
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9.8 Reccording of Decay Curves

Two double beam storage oscilloscopes (Telequipment DM 64) to-
gether with a specially designed triggering mechanism (Fig. 33) pro-

vided for both on the spot examination and photography of dccay curves.

9.9 Frequency Counting

The analyser had a digital frequency display - however should the
system possess perfect symmetry in the absence of the analyser (Fig.30)
a frequency counter would be required to measure the natural frequencies

(e.g. Racal 9835).

9,10 Summary

All the objectives listed in section 9.1 were realised in addition
to the following advantagcous features:

(i) The System of Excitation

The high frequency stability of the crystal oscillators were
retained together with the low distortion featurc of the L.C. oscillat-
ors. This was achieved employing the crystal controlled generator of an
analyser tﬁ drive a variable phase oscillator which in turn produced the

two signals required for the double point excitation.

The use of an 'external mechanical reference synchronizer' and a
!Yphase control unit' was obviated by a simple modification of the oscil-

lator (see Figs. 31 and 32).

A further advantage gained by retaining the variable oscillator was

that it could be uscd under its own steam in the abscnce of the analyser;

T e et
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e.g. whenever the system exhibited 'perfect symmetry' (Free-vibration

method., Fig. 30).

(ii) The System of Measurement

The use of piezo-electric transducers and charge amplifiers
resulted in accurate and direct phase angle (and gain) mcasurcments

between any two points within the system (Point-to-point measurcment).

The use of accelerometers apart from the above advantages resulted
in high sensitivity under dynamic measurements of very low displacements,
hence they were ideal for testing 'joints' (a = - xwzJ: Sensitivity
at 30 [Hz] was about 40 [mv/um] or 1 [mv/u"], being seven and thirty ]
times those reported in references (39) and (40) respectively, where 1

inductive transducers were employed.

Direct measurement of the 'Apparent Mass Vector' m and the
'Modal Shape' T (see Table 8) was possible by a turn of a switch; thanks
to the vector dividing facility on the analyser and a switch box which

was built for this purpose.

Recording of decay curves and on-the-spot measurcment of stiff-
ness and damping was possible under free-vibration methods by employing
- the storage facility on the oscilloscope and a specially designed trig-

gering mechanism (sec Figs. 30 and 33).
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CHAPTER 10

TEST RIG ASSEMBLY AND ITS STATIC CALIBRATION

10.1 Static Calibration of Preloading Springs Kl (24)*

A Denison machine was used to test the springs with a view to opti-
mising the stiffness (and mass) distribution to achieve as closc a sym-
- metry as possible when assembled, Furthermore as shown in Chapter 10,3
the best method of determining the preload on the specimen was by meas-
uring the deflection of block My3 therefore their stiffness had to be

measured accurately.

The error for the certified range (grade Al) according to BS 1610:

1964 were as follows:

0 - % full scale +0.1% of full scale

-
1

full scale +0.5% of verification load

All the springs werc numbered and then tested measuring the deflect-
ion across the flats using a 10'3 [inch] dial gauge. The results are
shown in Fig. 34. The'Best Lines' in Fig. 34 were determined with the

- aid of a computer and represented those resulting in minimum sums of

" squared deviations from the observed values.

* The number in brackets in linc with the text refers to part numbers
given in the general assembly drawing; Figure 29.1.
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There were two regions of non-linearity .in the force-deflection
graphs as expected. The reduction in stiffness at the initial stages
of loading was due to the end coils. Increased stiffness at high
loads on the other hand was due to the gradual reduction in the number

- of active coils.

The springs' height was measured and they were also-tested for-

. squareness. Errors in height werc found to be about 20 - 30 thou'

—(0&5-0.8 mm) and in squareness they fell within the range of 5 - 10
“thou' taken over the diameter. Errors of squareness were always found
to be in the same direction hence thought to have been caused by mis-

‘alignment in the slideway mechanisms of the grinding machine.

The selection of Kll and Klz sets of springs were made by consider-

ing the following points:

(p) In order to minimize the possibility of damage caused by bending
moments at bearing (26) and the effect of interfering cxtrancous
modes of vibration, the stiffnesses of the springs of each sct
should be as closc as possible to one another,

(b) The set with higher stiffnéﬁs was chosen for Klz so as to

hence resulting in closer

21
= 110.9 Kg, assumed equal).

counteract the effect of K

symmetry (M1 = 111.4, Mz

Examination of Fig. 34 resulted in the following grouping.

Spring Nos. 1, 3, 4 for K12 , and

2, 5, 6 for kll
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‘The difference in stiffness between the groups was about

3% hence compensating almost fully for the effect of KZI springs.

Two more attempts at further refinement were followed by partially
compensating for the errors in length and squareness of the springs.
As an example, the springs in group K12 were positioned on the lower
sandwich (3) in such a manner that the errors in the length were in the
opposite direction to that of the 'level' of the sandwich, As for
. squareness crrors it was considered favourable to have identical angular

~ position relative to the centre to reduce bending at the bearings.

10.2 Rig Assembly |

The following briefly describe the assembly of different parts in

the order which they took part in the ensemble, (see Fig.29.1 and 29.7). '

.10.2,1 Supporting Plate (20)

It was important that the base plate upon which all the other
parts rest be level for ease of alignment in gravitational directions
and to reduce bending moments particularly on the pillars (4). The level
of the concrete platform and posi;ion of the rag bolts were adjusted
using a dummy wooden base plate. The accuracy of this method was not
too great due to non-homogeneity of the concrete mixture -« the level
changed somewhat after the mixture dried. The final adjustments had to
be made, therefore, using shims under appropfiatc supporting RSJ's (&0)

~ after the lower sandwich (3) had been fixed to them at its lower plate.
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10,2.2 Supporting R.S.J's (20) and Lower Sandwich (3)

Assembly of these parts was accompanied by accurately level-
ling the lower sandwich using aluminium shims which werc placed under
appropriate supports. They were rings placed round the bolts connecting
the R.S.J's to the base plate. 'The thicgness of the shims was deter-
mined by a high accuracy spirit level (.0005" over 10") about .022"

;.56 mm), The resultant level accuracy of the lower sandwich in all
directions was % two divisions of the spirit level which was considered

to be quite adequate.

Alignment of the centres of the lower sandwich and the base plate
was carried out using a plumb-line before tightening the bolts. This was l
necessary in order to ensure alignment of the centres of the lower i:&

shaker and mass block MZ(S)' .

10.2.3 Columns (1)

The columns were then placed in position, the bolts slightly

tightened allowing slippage if knocked by a wooden hammer.

10.2.4 Pillars (4), K12 Springs (24) and their Seatings (10),

Inertia block M2 (5), Kz Springs’secatings and locking Discs

(11, 12).

M,, with its bearings (26) placed in position using the
‘ appropriate retainers (17), was suspended ‘at its centre with the hard-
ened end facing upwards. The pillars (4) were then inserted through

‘the bearings and where they emerged appropriate K, springs were placed
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and their scatings (10) were screwed on. It proved convenient to have
,th¢ K, seatings and the locking discs positioned at their lowest posi-
tion on the pillars so that they would hold the pillars by resting |
égainst MZ' The K1 spring seatings were then screwed all the way up

until they came against the springs. The whole unit was lowered into

-
position using a plumb-line to align the centres of M2 and the supporting

plate (20). " The pillars were then locked to the lower sandwich to
-retain the alignment using the locking nuts (33) and the associated re-

taining rings (27).

©10.2.5 Kz Springs (25), Inertia Block Ml (s), Kll Springs (24)and

Platform (6)

The distance between the blocks was adjusted to the desired

level by screwing the K, seatings away from M, and locking them in posi-

2
tioﬁ before insefting the K, springs.  Because these springs possessed
very low stiffness (64 1bf/in) their dimensional accuracy and also
their positioning accuracy on the pillars did not need to be great. .
‘The next steps were to lower Hl(with its hardened surface facing down-
wardﬁ) onto the KZ springs, to insert the Kll springs round the pillars,

to lower the platform in position and finally screw in the locking nuts

(31) and (32) respectively.

10.2.6 Upper Sandwich (2), Hydraulic Hollow Cylinders (29) with

their Sleeve (19), and mounting Rings (7), Strengthening

Studs and Associated Retaining Rings (28), Retaining Rings

for the Pillar (27) and Extended Arms for the Cylinders (13)

- Using a plumb-line;'the centres of upper sandwich and MI(S)
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were aligned using a wooden hammer knocking in position the columns (1)
gnd the upper sandwich, before tightening the nuts (28, 32, 37). The
mounting rings (7) were tightened after screwing in position the extended
arms for the cylinders (13) and aligning them with centres of correspon-
ding holes in the platform (6). Before finally locking the pillars to
the upper sandwich by means of the nuts resting against the lower face

of the upper'sandwich a small preload of about 8 [KP] was applied to

Kll and KZ springs by pumping some o0il to the cylinders. This had two
beneficial effects. Firstly it helped the rams' fast return when un-
loaded and secondly it eliminated any backlash within the system, res-

ulting in good permanent grip of the springs Kll and KZ'
The final rig complete with the appropriate adaptors (8, 9, 14, 15,
16, 30, 34) for shakers (21) together with the measuring instruments is

shown in Fig. 35.

10.3 Mcasurement of Preload on Specimens

In order to determine the preload on specimens there were three
possibilities:
(i) Measuring pressurc at the cylinder (Part No.29):
The‘efficiency of this method was undermined by
(a) Correction which had to be made due to the

flexibility of the specimen itself:

o Ryp « Ryp o Fyy 3SRy,

= - —-—-—‘_ﬂ. F
J % R,(I3R) *R, = 3R, + 35 ° 11

10.1

(equation 4 Appendix 2)
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For flexible specimens ( + 0), F, must be

Ry2 J

determined from equation 10.1,

(b) The initial pressures, e.g. that for returning the
rams and overcoming the back-laches, had to be taken
into account particularly at low levels of preload.

(c) Sufficiently high resolution (which was required for

" testing at very low levels) on a pressure gauge which
would cover the whole range (v up to 777 PSI = ~ 54

KP/cmz.) could not be achieved.

(ii) To measure the load directly across the specimen using
load-washers in pseudo-static mode.
This was considered to have the following disadvantages:

(a) For accurate mecasurement of D,C. output a digital

voltmeter was considered neccessary.

(b) Step-by-Step loading or unloading would not be

possible,

(c) To avoid 'drift', the leads' connection had to be

protected against any foreign agents at all times
thus rendering it impractical.

(d) It was not considered acceptable to assume that shape
and size of specimens would, as a matter of course,
be accommodating as far as the load washers were con-
cerned.

(iii) To measure deflection of M2 (5);
This meant accurate calibration of Mz deflection against

the joint load. The calibration was to be carried out
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(iii) continued
using the load washers and measuring the deflection
by a 1073 [inch] dial gauges. It was of course

necessary to calibrate the load washers beforehand.

The above method proved to be the most practical of the three for

the present work., However a pressure gauge (35) was considered neces-

sary for safety if not for measurcment,

10.4 Static Calibration of Load Washer

The Denison testing machine was also used to calibrate the load
washers. The output from the charge amplifier was measured separately
using a digital voltmeter for each setting of the range capacitors.
Checks were made on drift by fast and slow loading and unloading. The

difference was not significant.

Examples of results can be found in Fig.36 where output voltages

of the charge amplifier at certain settings of amplification are shown,

10,5 Static Calibration of the Test Rig

Static calibration of the test rig was carried out using one of

the load washers (906B Kistler) with the charge amplifier which was

set at the same amplification factor as in Fig. 36. The sct-up was
as shown in figure 44a for testing equivalent length of solid of

jointed columns. of C180 specimens,

The o0il was pumped into the cylinders (29) taking note of:

o Bl i
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(1) 0il pressure [PST]
(ii) Reading on D.V.M. [volts]
(iii) Deflections of M2 (SJIagainst the lower sandwich (3) at 3
equi-spaced points close-to the edges of the block to check
it for rotation. Dial gauges with magnetic bases were used

for this purpose. [10'3 inches].

Differences between the three deflections measured at maximum
‘load (about 4000 KP) were never greater than0,002'" (v 005 mm) indicating
that no significant rotation or asymmetry was present as far as static
behaviour of the system was concerned. A further check on this was ~.

made by comparing the results of (ii) and (iii) above. The latter was

i,

found by relating the measured deflections to the corresponding loads il

at K12 spring given in Fig. 34.

The results are shown in figures 37 - Figure 37b was used when
testing at low preloads (e.g. A45 specimens) as figure 37a lacked the

sufficient resolution at such preloads.

The 'best-curves' of degrees one and two determined by the compu-
ter, representing the mean of the results (ii) and (iii), within the

range 0 - 4000 [KP], were as follows:

F
J

or FJ -21,4 + 119.8 x2+-q.25 X

-59.8 + 127.5 X, SSD = 5024 10.2

g SSD = 470 10,3

]

(FJ in KP and X2 in mm,)

The slighf deviation from linearity was again attributed to the

end coils'/closing coils' effect at the lower and the higher ends of
the range respectively.
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10.6 Summagx

The Kl springs were calibrated with better than 1% accuracy using
a 'grade Al' Denison Testing machine (Fig.34). There were two regions
of non-linearity in the force-deflection graphs attributed to the effects
of 'end coils' and 'closing coils', at the initial and the final stages
of loading respectively. The ‘'best-lines' were determined using a
computer representing those which resulted in minimum sums of squared
deviations from the observed values. The maximum difference found

within the rates was 7%.

" In order to minimize 'asymmetry', appropriate K1 springs were .

chosen to form the preloading-isolating springs Kiq and K12 (Fig. 24b).
The difference between the rates of the sets were about 3% thus comp- i
ensating almost fully for the effect of the weight-supporting springs
L21.

The assembly of the rig was then commenced in a systematic manner

set out in this chapter.

The next stage of operation consisted of static calibration of
the rig. Thg measurement of the load on the spccimens was made by
(i) a pressure gauge (ii) a load washer (which was in turn calibrated
with the Denison testing machine and found to be accurate within 5%.
Fig.36) and (iii) relating the deflections of the interia block to the

corresponding loads given for K,  springs in Fig. 34. The results of

12
this calibration are shown in Figs. 37 § 38. The curves (ii) and (iii)

in Fig., 37a are congruent to within 4%, indicating a good alignment of
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the mechanisms.  For increased precision, thercfore, the mean of
thesc results was used in deriving the 'best-curves': equation 10.2
(degrce 1) and equation 10.3 (degree 2). The slight deviation from
linearity was again attributed to the end coils'/closing coils' effect
at the lower and higher ends of the range respectively. These effects
are responsible for about 8% drop in the 'best rates' for the 0-4000

[KP] and 0-600 [KP] ranges as shown in Figs. 37a and 37b.

For safety and quick reference Fig. 38 was constructed from Fig.
37a relating the pressure gauge readings (i) to the preload on the

specimens.

It is noted that depending upon the test conditions and accuracy R
required any of the three methods (i), (ii) or (iii) could be used.
For the purpose of the present work method (iii) was preferred for its

better resolution and greater accuracy.
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CHAPTER 11

DYNAMIC CALIBRATION OF INSTRUMENTS

11.1 Introduction

11.1.1 General

There are basically two distinct methods of calibration.,
The first method determines the transfer function of each individual

unit whilst the other calibrates the whole of the measuring system for i
) 1
the desired mechanical parameter and under the exact simulated test o
conditions. The latter method sometimes referred to as 'mechanical

calibration' is obviously preferable as it increases efficiency.

For linear systems'the calibration technique can be refined still
further. The ratio of output to input in transfer function analysis
of a composite system is sufficient to define the system without the
need for accurate measurement of its individual absolute values. In
/impedance measurcment for example, if the ratio of acceleration to force
is found over thc frequency range of interest the system can be defined
in terms of 'Inertiance'; or inversely in terms of 'Apparent Masé'. The
calibration procedure is therefore to apply a force to a solid block of
known mass and to measure both the input force and the resulting accel-

cration signals. The ratio of these two signals is directly proport-
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ional to the mass of the calibration block which may be independently

measured to a high degree of accuracy.

signal ratio ]
Kg

f = Ma or §-= M which gives éﬁ-in [db/Kg] or [

Practical difficulty arising from such a method is the reduced dynamic
range caused'by the following two limiting factors. First the link
between mass-transducer-shaker which can be rarely made sufficiently
stiff to preclude the elastic forces' effect at high frequencies. The
other end of the frequency spectrum is marked by the fact that the
stroke of the shaker table is limited, Fortunately the piezo-electric
transducers possess very good linear characteristics(az); thercfore
calibration can be carried out at low levels affording the use of the
small size M hence not only extending the frequency spectrum but also

simplifying the calibration,

11.1.2 Calibration for Ti.and T Signals - Relative Calibration

Method

As can be seen from the equations in Table 8a all the meca-

sured quantities (ﬁi and T) are relative to a As far as calibrat-

1°
ion of force links is concerned it consists of finding the ratio per unit
mass and that of accelerometers relative to 51 (for different settinﬁs of
charge amplifiers). The Solartron analyser (type 1172) is most suit-
able for such measurements as it provides 'Vector Division' thereforc
both these quantities can be read either in direct ratios or in dbs,

The phase anglesrelative to a, should also be examined. It should be

180°/0° and 0° for the calibration of force links and accelerometers
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respectively., The error if significant can be taken into account during

the actual tests.

The input to the X channel of the analyser is a, and the input to
the Y channel is Fi or a, depending upon whether calibrating for"ﬁ'li or
T respectively.  The mode of measurement being Y/x, (By - Bx) the ratio
per unit vectors or in other words the relative sensitivities and phase

errors are determined from

for m Y/x [db/Kg] or [ signal

ratio
and phase error = (By - Bx) + 180 [Degrees] 11.2
for r Y/x [db] or [signal ratio] 11.3
and phase error = (6y - Bx) [Degrees] _ 11.4

11.1.3 Absolute Calibration Method

Whilst the 'Relative and Mechanical Method' of calibration
remains undoubtedly the most efficient tool for dealing with familiar
and linear systems, nevertheless the 'Absolute calibration' method was
desirable at the initial stages of this work for the following reasons:
(a) Should the rig or the mcasuring system behave non-lincarly then
the whole of the foregoing analysis would not be valid, e.g. the force
measured across the specimen cannot be readily related to the input
forces F1 and F, exerted to the inertia blocks. In such cases the

2

absolute values of force and acceleration need to be measured.

(b) Interchangeability,i.c.,matching transducers with charge amplifiers
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will be possible in order to reducc crrors after having found the
errors on cach unit separately.

(c) The level of amplification or gain settings of the charge ampli-
fiers generally cannot be determined in advance. All possible combin-
ation of gain settings is too numerous (16 for m, My, T and 48 for m)
for relative mechanical calibration method to be practical at the

initial stages,

-11.2 Design of the Method of Calibration

The 'chatter-ball' technique for absolute calibration of accelera-
tion was not favourcd mainly for its high error which is normally greater
than 5%(83). Instead a 'Standard Acceleromcter' a purpose built calibr-
ator which was calibrated with laser interferometry resulting in 0001
[PC] resolution was to be used., An estimated error of sensitivity
given by the manufactu?er, of the Sg used in this work was only 0.5%.

Such an accelerometer seemed ideal for a; measurement as it afforded
conversion of relative calibration to the absolufe once the error of the
charge amplifiers were taken into account., Unfortunately for maximum
gain and phase accuracy over a wide frequency band, such calibrators
must possess a high natural frequency hence they are of small size and
consequently of very low sensitivity, e.g. of}the order of 1 [PC/g].

- This sensitivity was not considered high enough for the level of accel-
erations envisaged in this work (see Chapter 9) so the idca was aban-

doned and it was only used for calibration purposes.

The acceleromcter under calibration was sccured on top of the 'Stan-

dard Accelerometer'. There is a 180° phase shift betwcen the two signals
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hence the word 'Back-to-Back' is sometimes used to describe such a

method,

An arrangement whercby both absolute and relative calibration
could be carried out simultaneously by the Back-to-Back method and by
the aid of vector-dividing facility on the analyser is shown in Fig.
39a. The méss block was manufactured from mild steel to roughly 4x2
times diameter of the force-link. Before being assembled its weight
together with the two accelerometers was measured to within less than
a gramme accuracy. This was to be replaced with the inertia blocks
on the rig once their effective values were established from Chapter

12 (see Fig. 45).

.. 11.3 Error in Gain and Phase of accelerometers

With the énalyser in Y/x, (ey - ex) mode, measurements were taken
" at different frequencies when feeding the a; signal into the X and the

as into the Y channels, The errors were calculated from

G‘

_ Y “i
Eai = 100 - [ Eci + X -C:'; (100 - ch) ] per cent 11.5
aeai = (ey - ex) - (aeci - Aecf] - 180 Degrees 11.6

(180° phase change due to back-to-back effect)

Gi and G, are the gain settings on the charge amplifiers, i.e.,

f
volts per unit of acceleration [volts/g]. (see Fig. 39a).

11.4 Error in Gain of force-link-transducers

The force signal from the transducer under calibration was fed
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via a charge amplifier Cfi (named after the same force number) into the
"X channel and the signal from the standard accelerometer via cf into
the Y channel. The error was calculated from:

G,

= - - 1 -
EFi = 100 [Eci Mg . Gf (100 ch)] Iper cent 11.7

»®|=

AaFi = 0 Degrees 11.8

as the elastic signal produced by the crystal under load is instantancous.

G, in [volts/N] and Ge in [volts/g] are gain settings on respective
charge amplifiers, M in [Kg] and g, the gravitational acceleration, in

Fﬁfsecz], (sec Fig. 39a).

As seen from equations 11.5, 11,6 and 11.7 the first requirement

is that the charge amplifiers be calibrated.

11,5 Calibration of Charge Amplifiers

As only one of the charge amplifiers, namely the Kistler (SGOlj
was equipped with calibration facilities other charge amplifiers (BGK

2626) had to be calibrated against it,

(i) Calibration of the Kistler Charge Amplifier

The calibration facility of this charge amplifier consisted of
a 1000 [PF] capacitance shunted across the input circuitry cénverting
every mV into a PC, i.e.

-3

Q= C.V=1000 x 10™° x 107 = 1072 Coulomb = 1 [PC]

The main consideration throughout calibration (scc Fig. 39b) was
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to ensure that the maximum and minimum output limit of about 5 [volts]
and 5 [mV] were never violated. The former limit was to sustain.

good phase accuracy and the latter to reduce the noise effect.

The results of this calibration can be found in Fig. 40, The
effect of 'Transducer Sensitivity' and 'Sensitivity Rénge Settings!
on the response was proved insignificant. The error was caused only.
by the tolerances on the 'Range Capacitor' or in other words the 'Gain

Settings'.

(ii) Calibration of B§K charge amplificrs

The input impedance of 5001 being sufficiently high (108 MQ)
as compared to that of the accelerometers (v 105 = 106 MQ), it could
safely be driven without overloading the accelerometers. The arrange-
ment was the same as shown in Fig.3%9a. Only the Kistler amplifier
was used in conjunction with the standard accelerometer to give the true
value of acceleration. The same signal, i.e.,from the S.A. was then
fed into the other charge amplifiers in turn and their output measured.

The errors in gain and phase were then determined by comparing these

vectors with the true acceleration vector. (Fig. 40).

11.6 The Error of Calibration

One fringe benefit of the above method was to check the accuracy
of calibration itself. This was done by finding the true value of
acceleration at different 'gain settings' of the 5001 charge amplifier.
The maximum difference for the first four high gain positions was not

greater than +3% and *3° for gain and phase respectively, - well within
the errors of the measuring cquipment.
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11.7 Calibration of Transducers and the Relative Sensitivity Errors

The results from the calibration of the charge amplifiers (Fig.40)
were used in equations 11,1, 11.2 and 11,3 to determine the sensitivity
errors of the transducers (deviation from the nominal values) which

are shown in Fig. 41,

The results of all the above calibrations were then used in corr-
ecting the nominal sensitivities of the transduccrs and their pairing
off with the charge amplifiers which were to be unaltered throughout
this work. (The Force-1link F2 was corrcected for + 6%). The corrected
sensitivity error vectors relative to 51 at their maximum were constru-

cted from the absolute calibration results and are shown in Fig.42 for

m. and T.
i

11.8 Calibration of Load Washers

The load-washers hadlto be calibrated for both static and dynamic
loading. Whilst the former had already been carried out on a 'Denison
Testing Machine' (Fig.36), a new technique had to be devised for cali-
bration under both static and dynamic loads simultaneously, i.e.,when
a dynamic load is superimposed upon a static load. This condition
was achieved by using the test rig under simulated symmetric condition
where F measurement became redundant (Sec Table 8b). | The method of

calibration is briefly described below. -

The Kistler charge amplifier was used with different sizes of the
Kistler load washers placed within the appropriate specimens given in

Table 4: the symmetric condition was to be recalized by using the



- 161 -

higher stiffness specimens, i.e.,the solid columns as shown in Fig.44a.
F, the output from the charge amplifier was measured on the Y ‘channel
of the analyser. The relative and absolute sensitivities together
with the phase error of the 'm' method were determined at the second

mode, from the following equations:

Relative Sensitivity = Y/X [db/Kg] or [Signal ratio/Kg]
Y mé + my
11.9
Y Y Ce |y
Absolute Sensitivity = IT.-| = = — Ii [volts/N]
1 g‘)‘“2““2
R1I
11.10
and
-1 ™
Phase error = (6 - 6_ ) - tan — 11,11
(0, - 8 . |

X and Y in [volts], Gg in [volts/g] and m in [Kg], g the gravitat-

ional acccleration [m/secz]- ne and my

12 and 15 in which the values of K and C had already been mecasurcd

were determined from equations

from ‘mi' or free-vibration methods.

Practical problems associated with this method were : firstly to
m

determine tam'1 El' with any degree of accuracy and secondly the fact
R

that the second mode could only be excited at high and over a very

narrow band of frequency with effective load amplification due to the
high stiffness and low damping of the solid stcel specimens.  There-
. fore, a range of specimens had to be used for both incrcased damping

and also frequency range.
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For these reasons it was decided that this check/calibration should
- be made simultaneously with the actual tests on thc joint specimens in
order to check firstly the reliability of 'm' method and secondly, if
the results were affirmative, to calibrate against a much wideg range

of frequency and damping values.

The result of this check/calibration is presented in Chapter 14.5.

11.9 Summary

A method was devised whereby both 'absolute' and 'relative' cali-
bration of instruments and mechanical units could be carried out simu-
ltaneously. The mechanical parameters of particular interest were the
'apparent mass vector ﬁi' and the 'modal shape vector T' (see Fig.39a

Table 8a and equations 11.1 - 11.4).

It is intended that when the effective values of the auxiliary
parameters, i.e. Kl, Ml, Kz, Mz are determined (Chapter 12.3); the
calibrations are to be carried out directly on the apparatus, thus

resulting in the maximum possible efficiency.

The results of the 'absolute' calibration of the charge amplifiers
and the transducers are shown in Figs. (40) and (41). The accuracy
of calibration itself was checked by measuring a constant level of
acceleration at different given settings of a calibrated charge ampli-
fier. The maximum error of gain and phasc were only 3% and +3°
respectively well within the errors of the measuring equipment. The

gain and phase errors of the charge amplifiers and the transducers
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were found to be within £ 4% and*4.0° respectively (the frequency range
15-2000 Hz).  The error in phase through the charge amplifiers tended

to change direction as the frequency was increased. A similar effect

was observed for the gain error of the transducers: only the change

was in an opposite direction. These effects were due to the influence
of an electrical and a mechanical resonant circuit within the charge

amplifier and the assembly of Fig. 39a respectively.

The corrected relative sensitivity error vectors for m and T
measurement are shown in Fig.42. The envelopes were determined by
combinations of gain settings of the charge amplifiers for Fi and a;

measurement which resulted in maximum possible errors. It can be .

seen from Fig.42 that the errors confined to the following limits:
fbr'ﬁi measurement

-5 < gain error < +2 [per cent]

-3 < phase error < 0.5 [degrees]

and for T measurement
-2 < gain error < + 1.5 [per cent]

-1 < phase error < + 1 [degrees]

A method of calibration for F measurement (calibration of the load,
washers and associated instruments under combined static and dynamic
loading) is also given using the test rig under simulated 'symmetric'
condition where W measurement becomes redundant (see Table 8b)., The

result of this check/calibration is presented in Chapter 14.5.



- 164 -

. CHAPTER 12

PILOT TESTS - DYNAMIC CALIBRATION OF TEST RIG

12,1 Introduction

Tables 8a and 8b were used as a guide for calibration of auxiliary
parameters. It must be noted that the term 'symmetry' referred to in
this table represents a reiative term. As shown in the following dis-
cussion the sensitivity of the system to asymmetric parameters becomes
more pronounced as the stiffness of specimen K is reduced. Table 8b
assumes F measurement (i.e. direct measurement of the force on the
specimen) is not possible during the actual tests as is the general case
when the specimens change shape and size. As seen from this table such
a measurement appears only for calibrating the asymmetric conditions: F
measurement, in dealing with linear systems, is only necessary when cali-
brating for highly damped asymmetric auxiliary parameters. However,
asymmetry was not expected to arise in testing high stiffness specimens
such as joints. As far as asymmetric condition is concerned F measure-
ment could prove necessary if checks are required to be made at high
frequencies and amplitudeslwhere excitation of the first pure mode lies

beyond the capacity of the forcing system, e.g. boxes III and XIX.

The notion of frequency dependent auxiliary parameters was not

likely to materialise in practice unless external coupling due to mis-
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alignment or poor isolation proved significant. Every possible care had
been taken therefore to avoid this, nevertheless the concept is dealt
with theoretically mainly to indicate that the arrangement could affo?d
such a check if the situation arose. In the absence of F measurement,
for symmetric configuration the calibration may be carried out under
individugl test conditions provided both modes are excited, (i.e. boxes
1V, V and xx; XXI). The practical implications of this will be discussed

in the next section under the heading 'Pilot Tests'.

The frequency spectrﬁm is divided into 3 bands marked by the

following limiting factors:

= 1.5 [Hz] limitation inposed ﬁy the shakers

ot}
Hh
I

o
Ph
1

2 = 4,5 NFl = 75 [Hz] This is the frequency corresponding
to the elastic forces generated by K1 and K2 springs being 5 per cent
of the total inphase forces which include elastic and inertial forces.
For frequencies higher than f2 the effect of S and K2 will either be
ignored (as in table 8b) or assumed frequency independent depending
upon the accuracy of testing which will be determined from the pilot
tests.
1 F1 max%
c. £, = = [--——=][Hz] limitation imposed by the forcing system
3 2r Mlxl ‘
in exciting the first mode with the required amplitude X For fre-

quencies above f3 the second mode has to be employed for calibration

purposes, i.e, F measurement,

With regard to thc limitation on the amplitudes of vibrations;it
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was determined by the maximum stroke of the shakers at 1 Cm. [PK].
This level of amplitude is far greater than any possible level required
for testing 'joints'; however it may be a limiting factor in testing

other units such as rubber.

As Ean be seen from Table (8b) the most favourable conditions are
those corresﬁonding to perfect symmetry as it would not only permit
free-uncoupled vibration but also obviate a need for previous calibra-
tion, i.e. empty boxes of I, II and XVII, XVIII. 1In case the effective
auxiliary parameters proved frequency independent and damping linear,
measurement of w, and ‘2 will give C and K directly, i.e, boxes XII and
XVI, For a non-linearly and/or highly damped system where free vibra-

tion methods fail, forced vibration techniques would be used; C.f.box

VIII.

In order to predict the conditions under which one is likely to
operate, i.e. to determine the effect of varied stiffness and mass dist-
ribution upon the 'symmetry' a computer programme was written to soive
the eigenfunctions for all the possible combinations of K, KI’ K2' Ml
and M2 (EIGENZWEI1l). Later, this programme was amended to include the
solution for eigenvalues, i.e. the naturallfrequencies so that the print
out could also be used in the analysis of test results (EIGENZWEI2);
the programme together with a sample print-out is given in Appendix 3.

Equations 5.10, 5.16 and 5.17 were used in computing the modal shapes

and the natural frequencies respectively,

Figure (43) was constructed with the aid of 'EIGENZWEI2', The
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envelopes were estimated by allowing the tolerances, given in B.S.

1726(79), on the nominal rates of the springs. (see Fig. 29.6).

(K, )max., = (K,,+K, ,)£7.5
1 min. 11 21 5.0 Per cent.
1095 < Kl < 1239 [KN/m)
(K )max: = (K,)* 7.5 per cent
2 min. Kiz 5.0
1063 < K, < 1203 [KN/m]
and M1= 111.4 [Kg] weighed
M2= 110.9 [Kg] weighed

As seen from this figure for K > 5000 [1bf/in.] = .876 [MN/m.]
the error in ‘'symmetry's for the worst possible combination, is less than
10%. This would mean Xy and X, (or Fl
far less than 5% error if asymmetry is to be detected above 5000 [1bf/in]

and FZ) need to be measured with

stiffness of specimen. As for natural frequencies there is only 1[Hz]
difference at 1000 [1b/in.] stiffness of specimen betwcen the extreme

cases,

The 10% overall level of error was considered to be the maximum
acceptable.  The bulk of this error was expected to be due to extran-
eous modes' coupling, e.g. rotational; (the error due to mecasuring

instruments as shown in Fig.42 is minimal).

Fig. 43 also clearly demonstrates the expected fact that when the
two natural frequencies approach one another, the coupling term (due

to damping) is intensified:
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b12 = C1 +'AZBZC2 + C(1 - AZ)(I --Bz)

For all practical purposes, therefore, it is expected that the sys-
tem containing joint specimens would behave in a very closely symmetric
fashion as far as stiffness and mass distribution is concerned; as for
damping the coupling term b12 would be consequently minimized (i.e.

A, =1, 82 = -1).
If the auxiliary parameters proved to be dependent upon frequency
and/or preloading the above statement would still be valid, as changes

on either side of the plane of symmetry would be very nearly identical.

12,2 Pilot Tests

12.2.1 Introduction

The validity of the previous analyses was checked by a
series of pilot-tests specially designed for this purpose employing the
first mode. The aim was to devise an efficient method of evaluating
the values of the auxiliary parameters at different levels of preload,

frequency (and amplitude).

12,2.2 Procedural Planning

A specimen with high stiffness but low damping, c.g. solid
specimen of equivalent dimensions and material tothose of the joint
column, resulted in the highest possible relative symmetry and hence
reduced the coupling term b12' Furthermore damping being mainly of

the structural (material) type,it would be proportionally distributed
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resulting in further decoupling; b12 = 0 hence the whole system could
be regarded as undamped. One direct implication of such an'arrange-

ment would be inphase movement of M, and M, provided F, and ?2 were in-

phase (see equations 5.26,1, 5.26.2 and 5.29). Small adjustments of

relative gain between ?1 and ?2 were then to be made to ensure F

assumes zero value (i.e. 51 = az). For such a condition the rig para-

meters could be evaluated independently in either side of the plane of

symmetry. Equations 1 and 2 of Table (8a) could be then broken up into:

C1 S WMy oeeceees 12,1
C2 = . ‘wszoonocttl 12,2
and
2,
Kl -Bilug= =() mlR EEXEEEREEER 12.3
2 2.
Kz - Mzm - -'w lIIZR ------ [N 12.4

The accuracy of these tests depended upon the assumption that no
significant degree of coupling existed within the system. This was
determined by measuring F: If mR or m, did not rise above 5 per cent
of mp OF m; (see Fig.42) thg method was regarded as reliable - In ihe
presence of higher values of coupling force F, calibration procedures

of Table (8b) were to be empioyed, i.e. pure mode excitation (Boxes

XXV and XXVI.

Pure mode excitations were to be realized by forcing Ml and Mé to
move completely in or out of phase by adjusting the phase and amplitude
of ?2 relative to ?1. If 52 and 51 could not be made inphase by mere
adjustment of ?2 amplitude it was deduced that coupling due to damping

(b,,) was present.
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This coupling could be caused either by C1 # C2 whilst stiffness
and mass symmetry holding, or in the general case of asymmetry where
all the damping sources contribute i.e, C, C, and C,.

The former case is dealt with in the boxes XX and XXI (and XIX for
lower amplitudes):

F=0 as fl =1

m = and =..-..C_1. =.-_C._2

IR T Mopr @M Myp = T Tor Ty
practically this means that slight adjustment of phase (and of ampli-

tude) would be required.

As for the general case of asymmetry where fi # 1, F can never be
made zero, hence it had to be measured if the parameters were to be
determined from the experiment as indicated in boxes XXV and XXVI of

Table (8b).

With regard to the forced-vibration method there was no need to

. 2 . 2
1 and Ml in (Kl-Mlm ) or K2 and M2 in {KZ-M2w ), but for

'complete symmetry' where uncoupled free-vibration would be possible,

separate K

and only below 75 [Hz] (see Boxes I and IX). In this case, as indicated
in the table both forced and free vibration methods could be employed

at NF, for this purpose (Energy Methods: Box IX). However Box IX is
heavily dependent upon the accurate measurement of ¢y and [ from for-
ced and free vibration respectively. Equation 31 could prove imprac-
tical as indeed-C, was expected to be small, This on the other

1

hand would imply very narrow band-width permitting evaluation of Kl
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“and Ml prior to C, at near resonance frequencies; equation 20 -and/or

1

frequency/frequencies close to it would furnish two equations. whereby

| Ml and Kl could be determined, Free decay curves would then give C

from equation 33 (e.g. see Box XIV).

1

12.2,3 Experimental Procedure
E type solid specimens (Fig. 22) were used to give maximum
K. The set up is shown in Fig. 44a. The assembly was loaded to the

maximum load (v 1,2" deflection of M, = 4000 KP). At this load the

2
'first mode' was excited at different frequencies and amplitudes;
measurements of EI and ﬁz were made at minimum W experienced by fine

adjustment of F. and f2. (originally ?1 = ?2).

1
Measurements were repeated at different preloads as the system

was being unloaded.

12,.2.4 Results
It was observed that stiffnqss and mass symmetry held
extremely good at around the first hgtural frequency, i.e. T = 1+3% and
By - Bx = £0,5°, El - -2 further indicated that no effective mode
cpupling due to damping existed.- It was also realized that the measure-
ﬁent of m 1 due to the small values of damping within the auxiliary

parameters could not,however, be made accurately.

As the frequency was increased the symmetry deteriorated slightly
which was attributed to very slight extraneous mode coupling around 200

and 400 [Hz] causcd by floor and frame vibration respectively. This
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-was expected and in no way was it detrimental to accuracy as they could

easily be avoided.

As expected the effect of preload and amplitude upon symmetry was

-not detectable, the changes,if any, were identical on either side of

- the plane of symmetry.

It was therefore concluded that the assumption of 'complete symm-
etry' could be regarded as a valid one. Hence free-vibration would be

uncoupled and therefore could be used to evaluate the auxiliary para-

meters.

12.3 Dynamic Calibration of the Test-Rig
12,3.1 Method

Due to the low damping hence narrow band-width at the first

mode, it was possible to determine K1 and Ml at two very close frequen-

cies around NF,., i.e. equation 20, This provided two equations re-

quired to find Kl and M, whilst logarithmic decrement from free decay

1
curves (equation 33) yielded C1 (Box XIV)., These values were consid-

ered valid only at low frequencies (NF1 = 16[Hz]) :Measurements were

carried out at higher frequencies to check the variation of M

1° Kl and
C, with frequency (Box V).
12,3,2 Results and Discussions
o : Kl
Equation 20 was used above 75 [llz] to evaluate (Ml - —ia
. LT w

gnq.showed that its maximum variatiqn with frequency never exceeded the
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experimental error (Fig. 42). It was concluded that M1 was frequency
independent and as fof Kl’ even if it varied with frequency, could not

. have any influence upon the measurement.

Forced vibration techniques in measuring C1 (equation 31) as
expected ran into some difficulties mainly because of the very low value
of damping. " Accurate measurement of continuously decreasing m 1 with
frequency proved impractical as higher frequencies were appro;éheh.‘
_However the evidence from the free-decay curves, i.e. very nearly expo-
: hential envelopes of decay indicated that the damping was mainly of the

linear type hence mechanism of encrgy dissipation was either viscous or

hysteretic (structural). A slight non-linearity in damping was mﬁni-
'fested by deviation from exponential to linear of the decay envelopes
-at lower amplitudes. The Coulomb friction at the bearing was thought
to be responsible for this and also for the slight increase in general
at very low speeds. The case

qf the effective values of C1 and Kl
for distinguishing between the two linear mechanisms, i.e. viscous and
hysteretic could not be established firmly. However the evidence from
forced vibration tests seemed to point towards 'viscous' as being the

main mechanism of damping. This was realized by consideringm . values

11
~as it reduced with frequency - its variation with frequency was closer
- h h
toatha.n—z—.
w

The effect of preloading upon the auxiliary parameters unlike that
of frequency, was significant in the sense that measuring technique
'gpuld detect it; their effect upon actual measurement of joint specimen

however as will be shown in later chapters remained insignificant. The

P AN

cmeEmre= s ¢ -
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figures stiffness and damping increased with preload.

As can be seen from these

The'best-curves' given below were determined by the aid of a comp-

_uter representing those which resulted in the minimum sums of the

squared deviations:

1

C1= 0,046

N 0,05365 -0,00064 X

= 1187 + 10.9 X2

in [KN/m]

in [mm,]

118.5 [Kg]

601 + 13,7 Xz

2
659 - 1.1 X2+ 0.46 Xz

in  [N/m/Sec.]

in  [mm.]

+0.001 X2

2

X, in (mm.]

2

The increase in the effective oscillating inphase stiffness of K

+0.00005 X

SSD = 1990

Mean

SSD = 18311

SSD = 3654

SSD = 0.00033

SSD = 000013

12,5

12,6 e

12.7 5

12.8

12.9

12.10

1'

" from the nominal static stiffness, was about 30% at 4000 [KP] as seen

- from Fig. 45,

The rate of increase in the dynamic stiffness reached

ST L R,
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a constant value after the initial stages were due to the 'end coils'

effect larger rates of increase were experienced. The rate.of incr-

ease given in equation 12.5 was about twice the rate implied by cquation

10.2 obtained under static loading., The doubling of the rate indicated the

existence of some joints' effects. Continuous micro slip and/or
'squeeze film' within the bearings gave rise to some additional elastic
forces thus increasing the effe¢tive oscillatory inphase stiffness (see

Chapter 3, and reference (¢1)).

The increase in damping started with a small drop at low preloads
and then a continuous rise began(with almost linearly increasing rate)
which at its maximum reached a value of about 80% higher than the min-
imum (Fig. 46). The causes of this considerable rise in damping were
attributed to the increased frictional forces at the bearings, also to
the continuous rise in the shear stress within the springs' wires hence

resulting in higher material damping.

The effective value of Ml as indicated in Fig. 45 was about 6 per
cent higher than that obtained by weighing. This was attributed to

the inertial effects of other moving parts mainly that of springs.

The pilot-tests have proved that the system possesses an excellent
degree of symmetry it also indicated that m measurement was basically
redundant. Such a measurement, was on the other hand, an essential
tool in checking that symmetry did in fact exist. As far as actual
tests were concerned it was decided that m measurements be retained

for the following reasons:

Bk esmainawiiis I3
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The accuracy of m method, i.e. direct measurement could be
checked against those of m. and free vibration methods : . m
measurcment was expected to contain an element of error

attributed to the non-axial loads caused by almost certain
existence of out of parallelism of specimens. This infor-

mation was considered useful for future reference.

As referred to in the pilot-tests non-linearity within the

auxiliary system did in fact exist, though to a very small

extent, and therefore if it was desirable to check the
auxiliary parameters at a required level of amplitude and

at frequencies above f, and under exact test conditions,

3
m measurement at the second mode would become imperative

(Boxes III and XIX).

1f w<f3 but still SOTRD L '(Box V), excitation of the
first mode could involve large values of Fl and F2 which
consequently increase the effect of extraneous modes, e.g.
those of the floor vibration etc., at certain frequencies.

It is therefore advantageous to be able to use the second

mode, i.e. m method for such instances.

Summary and Conclusions

Fi

Fon nimerrecdii 13

CE A

™

Depending upon the values of stiffness of the specimen under test,
the effective distribution of stiffness, mass and damping within the
auxiliary system and the frequency of excitation, the testing procedures

might involve measurement of force at three, two, one point(s) or none
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at all., The ideal condition being that of 'symmetric' results in un-

coupled free vibration and also greater testing efficiency (Table 8).

In order to be able to predict the conditions under which onc was
likely to operate a computer programme was written to solve the eigen-
value problem. Fig. 43 was constructed with the aid of this programme.
As seen from'this figure for K » .9 [MN/m] the error in 'symmetry' is
confined to better than 10% for the worst possible distribution of

stiffness and mass likely to be encountered.

Prior to calibration proper, a series of pilot tests were carried
'_out under a simulated condition of symmetry (when F measurement is - ' ;?5
redundant) to check the validity of the above prediction, and to realize P
a suitable technique of calibration. The results of these tests indi-

.cated that:(a) stiffness and mass symmetry held extremely good at around
the first natural frequency with only * 3% and * .5° error, (b) ?1 = FZ
. further indicated that no effective mode coupling due to the damping

existed and (c) due to very small values of damping within the auxiliary

system only the free-vibration method would prove viable in the evaluat-

ion of these parameters.

Preload had a decisive effect upon the stiffness and the damping
in particular., At 4000 [KP] of preload the oscillatory inphase stiff-
ness Kl was about 30% higher than the nominal static stiffness and the
damping experienced an 80% rise from a minimum, which was reached at
an initial stage of loading. The 'best-curves' to represent the

experimental points in Figs.(45) and (46) were determined using a
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computer which minimized the sums of the squared deviations (equations
12,5 - 12,10). The rate of increase of inphase stiffness was about
twice the rate under static loading. This indicated the existence of
some joints' effects, for which continuous micro-slip and/or 'squeeze
film' within the bearings were responsible. The causes of the consi-
derable rise in damping were attributed to both the joints' effect as

well as the increased material damping within the springs' wires.

E The effect of amplitude and frequency upon the Voigtian auxiliary

_system parameters proved insignificant : A slight non-linearity at very:

~ attributed to the Coulombian friction. At higher amplitudes, a case ' i

- shed firmly as such a check required forced-vibration methods which

low amplitudes (in order of um) was, however, detectable which was
for viscous or hysteretic (i.e. linear) damping could not be establi- E

proved impractical due to the small values of damping. However evi-
dence was found from such tests to suggest that the viscous effect was

predominant : yariation of m with frequency was closer to %-than to

I

hf‘ The mechanism of energy dissipation within the auxiliary system,

w

" in the next chapter (13.3), will therefore be considered as viscous. ‘
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CHAPTER 13

METHODS OF TESTING AND DATA REDUCTION

13.1 Introduction

The theoretical methods developed in Chapter 5 and summarized in
Tables 8a and 8b are further developed in this chapter from a practical
‘viewpoint considering the results of the pilot-tests and the dynamic
calibration presented in Chapter 12. Detailed experimental procedure
together with some recommended techniques of data reductions are given
here to determine the desired parameters of specimens from the Voigtian
parameters of 'equiyalent single degree of freedom systems' shown in
Fig. 15d. It therefore assumes 'complete symmetry': The results
will be accurate within the experimental error if the stiffness of the
specimen colunn K is above 0.9 [MN/m], e.g. testing of joints (see Fig.
43). One further result from Chapter 12, namely the frequency independ-
ency of auxiliary parameters, form the seconﬁ basis for the following

techniques.

Although particular reference in-this chapter is given for testing
joints, the methods are intended to be used for general 'Complex-Modulus'

measurement whenever the symmetry holds within an accepted overall exp-

_erimental error.
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13,2 Experimental Procedures

13.2.1 General

The following procedure was employed for the 'jointed

specimen' and 'equivalent solid' tests of Fig. 44.

Firstly, for future reference, adherence to one particular measure

of safety must be strongly emphasised and that is:

Before loading specimens, the Connector 2 (Part No.16) must

sufficiently be retracted into the Sleeve 2 (Part No.9) to

avoid loading and consequently damaging the armature of the

lower vibrator (Part No.21)

The desired level of preload was established by determining the
corresponding deflection of the lower inertia block M2 (Part No. 5)
from Fig. 37 which was then realised using a dial gauge with a magnetic

base.

Whilst the above method was employed in testing 'joints', it must
be mentioned that for other applications of the apparatus, alternatives

‘given in Chapter (10.3) should also be considered.

After the preload was applied to the specimens, the platform (Part
No.6) was securely locked in position. The vibrators were then con-

nected to Ml and Mz. As a matter of expediency the outputs of the

"variable phase oscillator were so assigned as to conform with the con-

vention used in the theory: M. was driven by the 'reference' and M

1
by the 'variable phase' outputs respectively (see Fig. 31.)

2

' . : /
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For safety the toggle switches 1 and 2 on the triggering/control unit
were initially set to the 'off' position thus short circuiting the in-

put terminals of the power amplifier (Fig. 33).

Measurements were taken under both forced vibration Omi'andlm'meth-
ods) and also free vibration., The complete pattern of testing proce-
dure will emerge in the following sections where each of these methods

is explained in detail.

The initial parameters found from the second pure mode (for 'mi'
~and free vibration methods) represented those of the 'equivalent single
degree of freedom system'. They contained two extraneous parameters
namely those of auxiliary systems and the pseudo-material within the
jointed column. These effects wefe found from Chapter (12.3) and
'equivalent-solid' tests respectively and later subtracted from the
results of 'jointed specimens' to give the parameters of joint alone.

The initial parameters were

Kt = 2K + K1 ' 13,1
Ct = 2C + C1 : 13,2
and -C w (2C+C,)w
t 1
Cz =x - 13,3
t 2;(+K1

13,2.2 Free-Vibration Method

(a) Search for NF2 ‘ -

The free vibration method, as far as damping measurement
was concerned proved practical only when the log decrement of the system

(at the second mode) remained below 0.69(loss factor of about 0.2), i.c.
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it applied when the damping was low enough to sustain at least two com-
plete cycles of vibration across the screen of the oscilloscope whilst
the amplitude reduced from the full screen (4 cm) to the smallest gréd-

uated level (1 cm.):

X
=1 n_1l, & -
Gt = H-Ln Xl =5 Ln (1) 0.69 13.4
or Ct = %_- Gt = 0,2 | 13,5

The procedure was as follows:

First it was made sure that the output from the analyser was zero.
Employing the 'variable phase oscillator' under its own steam, a single

force, e.g. F, with a very low amplitude was applied in search of the

1
second natural frequency. This preliminary test was simply to help
locate the natural frequency in the actual test without having to ad-

just the frequency on the oscillator to sustain synchronisation during

the frequency sweep; hence increase efficiency (see Chapter 9.4).

(b) Check the 'Symmetry'

In order to avoid excessive amplitudes, the output levels on
the oscillator were kept to a low level before switching on the other
load. The generator of the analyser was then made to drive the osci-

llator by programming it as follows:

Output level 2 volts RMS

Frequency close to NF2
Af frequency increment of sweep~ 0.1 - 1 [Hz]

or a

il

and X input 1

2 T 3

=1l
w1
et

Y input
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Pure Mode Excitation

The inputs to the analyser were initially F1 into X and F2 into Y

channel with the measuring mode of the instrument set for direct ratio,
Y

—_—

i.e. X

and (By - Bx). The variable phase output on the oscillator

was initially set at 0° to result inii_= -?2. Fine adjustment of

phase and amplitudes were then made to ensure

=1land 6_ - 6_= 0.
y n

Due to high stiffness of the jointed column and hence 'complete sym-
metry' of the system this procedure resulted invariably in 52 = 1,180°,
However the general method was to adjust Ez for phase and amplitude to

obtain complete out-of-phase movement of M, and My, i.e. pure second

1

mode of the system; note the acceleration ratio EQ = and then

N‘I NN

1

proceed with forced vibration methods (see Boxes XXVII and XXX in

Table 8b). T, was measured by switching into the X and Y channels of

2
the analyser, 51 and 52 signals respectively,
(c) Hit NF2 and Calculate Stiffness Kt

The next stage of the tests was to search for an exact value
of the frequency where the inertial and elastic forces counteract one
another. This was achieved by switching Fl and Fz signals in turn

into the Y channel of the analyser (and a, into X channel) and measur-

1
ing the phase (ey - ex) of ﬁi vectors whilst sweeping the frequency with

1
and 270° respectively (see Fig. 17b), the frequency of the balance

small increments (Af). When m, and ﬁz assumed phase values of 90°

between the inertial and elastic forces was struck (NFz). This fre-

quency rendered the stiffness Kt from equation 30 of Table 8a:
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= 118.5 (2m)2 NF2

K. =M, .0 2

2 . 2
e = Mpow = 4678 (NF))" [N/m] 13.6

(d) Store Free-Decay Curve and Calculate Damping Ct or g,

The free-decay curves were obtained by cutting off the inputs
to the shakers and at the same time triggering the storage oscilloscope.

The procedure for this part of the operation was as follows:

The signal 51 (or 52) was projected on the screen; the full length

of the 'Y axis was deployed to contain the a, signal. The 'Ext. Trigg'

1
push button on the oscilloscope was then pressed and the 'Trigg. level
turned down till the trace disappeared. The next sfep was to change
into 'store' mode by pressing the appropriate button and turning on

“ the 'Trigg. Switch' in Fig. 33. The decay curves then appeared and

were stored on the screen.

The above procedure was repeated so that a sufficient number of
complete cycles appeared on the time base of the screen for the ampli-
tude to decay from the full to the minimum measurable level on - the
screen (i.e. 4/1). n, the number of cyclestas then counted to give

damping at the second mode from the equation 34 of Table (8a):

C. = Z..w,., M ' 13.7

t t 2 1
1 % 1 4 44 |
but Ct "-'-'.;1-1}-. Ln a—n- & L In T = T 13.8
| 042 | (NF,}
or C, =(FD) (MINF,)) (118.5) = 327.6 —2= [N/m./Sec.]  13.9
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el

13,2.3 Forced Vibration

(i)'mi'method

(a) 'Resonance Test'

. With the frequency still set at NF, and the inputs to the

2
analyser switched to measure m, , the display mode of the analyser was
altered from the direct ratio and (Gy-Bn) into real and imaginary (a,b mode).

Such an arrangement rendered directly the miI values which were needed

to evaluate the damping at the second mode from equations 32 of Table

(8a): N
= =-um! .
Ct wm; ¢ _ 13.10
C,.w
.t
and ‘ Ct = X

but from equation 13.6

2
Kt = M1w2

13.11

-
.

-

Y
t

L}

[
[
o]
L]
u

(b) 'Off-Resonance Test'

Frequency was then altered by appropriate programming of the
analyser's generator and Ehecks were made on the oscilloscope (of on a
frequency counter) of the oscillator output to ensure the synchronisat-
ion of the oscillator frequency with that of the generator. If the
oscillator was thrown out of synchronisation a simple adjustment of
its frequency, i.e. by setting it to a frequency closer to that of the

generator, the synchronisation was restored.
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The ‘'parameters' were calculated from equation 23 and 32 of Table

(8a):
K. = w?M, - m!) = w>(l18.5 - m!,) 13,12
t 1 iR ’ iR )
= otmm!
Ct wm; y
-m! —ml
e S ¢ SN - ' 13.13
. . - 1 - ] .
t Kt Ml MR 118.5 mip _
As in 'complete symmetry' ' -mi, therefore for increased accu-
racy their mean values were used for the place of m{ :
_m| _m.
2 MRMR, 2 mIR™R
Kt = W (Ml 5 ) = w (118.5 + 3 ) 13.14
217 M1 |
C, = m(-——-—i—) 13.15
’ - t _m? X
I S mr ™I . MM 15 16
. . = T _m! - .
t Kt 2M1+(m2R mlR) 23?+(m lR)

It must be noted that the ﬁi values given above are in kilo-
grammes, hence in converting the electrical signals into [Kg] appropr-
iate factors must be evaluated by considering the gain settings on the
charge amplifiers, which includes the sign convention, e.g. ﬁl has to
be multiplied by -1 as the positive direction of ﬁl used in the ana-
lysis results in electric signals for Fl and El of opposite directions.

(ii) 'm'method

The Y input to the analyser was switched to measure F. The

measuring and display modes were left at their previous settings,the
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stiffness and damping of the specimen column were determined from

equations 12 and 15 of Table (8a).

2
w
K=3= m 13.17
_m .
C=75 m 13.18
m
Corp=. L . 13.19
i K mR .

F and 51 produced signals with the directions in accordance with
the convention used in the analysis hence no sign change was needed;
e.g. when M1 was moving in the positive direction from the equilibrium
position the specimens were under compression which resulted in negative
signals for both F and 2

1'

13.2.4 The Effect of Amplitudes

The effect of amplitude was studied mainly at NF, as at this
frequency the efficiency of load amplification is maximum (almost) hence

a greater range of amplitudes could be excited. (see Fig. 14b).

13.2.5 The Effect of Frequency

Forced vibration methods at off-resonance frequencies were
initially employed to study this effect. The limitation imposed upon
this method was mainly due to the reduction in force amplification
factor by moving away from NFZ; the determining factor being the band
width at the second mode. (Fig.l4a). However the frequency band of
one actave (6db) at X, = 0.25 um, which proved possible under all condi-
tions, was considercd large enough to indicate any effect of the fre-

quency.  For later studies, if this frequency band needed to be en-
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larged, provision had been made in the design to accommodate a varied
number of discs (or sizes of specimen) thereby moving the NFz-in the
frequency domain for another 10 dbs maximum (assuming no pseudo-

material effect of specimen column).

13,3 Data Reduction

The purﬁose of the following analyses was to determine the para-
meters of the joints alone from the results of the above tests and those

of Chapter (12.3).

13.3.1 Correction for the Effect of Auxiliary Parameters

the Correction.Factors

The values of the parameters determined at the second pure
mode for the 'equivalent single degree of freedom' (using free-vibration
or'mi method) were first corrected for the effect of auxiliary para-
meters to give those of the 'jointed specimen column' alone, i.e. K, C
(and ). The values of auxiliary parameters had already been deter-
mined from Chapter 12.3. (see Figs., 45 and 46). From equations 13.1,

13.2 and 13,13,

1
K= E'(Kt - Kl)
1
C=5(, -C)
and = +E<_1-( -z, Y | 13.20
C=x =%t xE-f 0, .

The corrections due to auxiliary parameters amounted to very

small values, ° particularly for stiffness (normally less than 1%).
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because of the high stiffnesses at the specimen column. In Figs. 47
and 48 correction-factors RK and R for stiffness and loss factors are

g
given for free or forced resonance test to demonstrate this point.

The correction-factors were defined as follows: when they are
multiplied by half the Voigtian parameters of the equivalent single
degree of freedom system of Fig. 15d, they will render those of the

specimen column, i.e.:

K, -
K= R ) 13.21
Ct )
C=R, (59 13,22
L R = ReuRy 13.23

At the natural frequency of the system, i.e. at w, the correction

factors for K, C and  can be determined from:

K
R, = 1'T<'1‘= 1_1_2_ 13.24
t 3
G
Re = 1- 13.25
t
and
R—l—(l--c-l 5 13.26
c R %2
w
where . 9 = Eéi
1
K 2K+K
2 _ N1 2 1
and I oTE o %% W
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w . g .
Ez of 10> 100 and Eg» of 1 =+ 10 were the ranges most commonly occur-
1 1

ing during the testing of joints. As can be seen from Figs.f47) and

(48) the correction-factors approach unity as w, is increased. In
w
the worst possible case, i.e. EE = 10 and El-z 1 the correction
1 2

factors were at ﬁK = -0,1 and R§ =~ -0,7 dbs indicated that the maximum

errors caused by ignoring the effects of auxiliary parameters were only

about 1 and 9% for stiffness and loss factor respectively.

13.3,2 Correction for Pseudo-Material Effect

The last stage in data reduction was to extract the effect
‘of the pseudo-material, i.e. that of the equivalent solid (Fig.44a)

from the results obtained for jointed specimens (Fig. 44b).

Theoretical treatment of this effect can be found in Chapter 6.4.

The correction procedure is therefore as follows:

(a) Calculate ¢
(i) L — L - | 13.27
K(1+2%) K (1+22)
z
(ii) t . m 13.28

K(1+2%) Km(1+;;)

(b) Calculate CJ from

- (i)
Ly ) 13.29
(c) Calculate KJ from
K = N 13.30

(1+23) ()




- 192 -

and if required

(d) Calculate C, from

J
z, K
ey Ny
FJ = — 13.31
where, N is the effective number of joints

Km and ;m are the pseudo-material stiffness and loss factor, and

KJ and gy are the joint stiffness and loss factor respectively,

13.4 Summagx

Step-by-step and clear procedures for various 'Complex Modulus
Testing' and 'Data Reduction' techniques are set out in this chapter.
The techniques make the most efficient use of the equipment in employ-
ing equations which are in terms of 'directly measurable quantities'

(equations 13,6 - 13,19),

Data reduction techniques involve extracting the effects of the
auxiliary system and/or that of the pseudo-material from the results
obtained using 'free' and 'mi'/or 'm' method. The former methods.
yield the effective pérameters of the 'equivalent single degree of
freedom system' shown in Fig. (15d) and the latter method gives dire-

ctly those of the 'jointed specimen columns'.

Correction factors have been introduced for the auxiliary system's
effects and shown to be only marginal when testing highly stiff and dam-

pced specimens, e.g. joints: For the worst possible case envisaged,

w g - .
i.e. when GE-= 10 and EZ-= 1, the maximum errors caused by ignoring
1 1

these effects are only about 1 and 9% for stiffness and loss-factor
respectively (see Figs.47 and 48).
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CHAPTER 14

DESIGN OF TESTS ON JOINTS

14,1 The Variables

The tests fell into two sections which examined two types of sur-
faces representing 'single' and 'multi' point tool cut surfaces, i.e,

'turned' and 'ground' respectively. (see Chapter 7).

The independent variables under study were: pressure, area (and
shape), roughness, viscosity of lubricant (and frequency, amplitude).
The dependent variables were initially chosen as the effective values
of Voigtian parameters (gl & cJ) together with stiffness factor‘(%g‘
representing the effect of lubrication on the inphase components of

stiffness; all per unit area of joint.

14.2 The Levels of Independent Variables

14.2.1 Pressure

In selecting the pressure levels the following relation-
ships between stiffness KJand pressure ¢ were assumed in order to ob-
tain approximately equal increments of stiffness with pressure:

K; ¢ o From Table 1 for turned surfaces 14.1

KJ o 8'5From Table 2 for ground surfaces 14,2
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For simplicity in the analysis of results it was decided to use
only one of the above relationships for both types of surfaces. Equa-
tion 14.2 proved to result in more uniform stiffness increments and

“hence was adopted.

| ‘Referring to Table 3 for maximum pressure (i.e. 224 KP/cmz) the

following pressure levels were calculated from equation 14.2:

224, 99, 25, 10 [KP/cn?]

14,2,2 Area (and shaﬁe)

The following values of area were established from Chapter

7 as: | E
: . 2 2
A45 0,45 fin] = 2.9 [em"]
B30 (& S90, R90) 0.90 = 5.81
C180 1,80 = 11,61
E270 2,70 = 17.42

(see Figure 49).

14.2,.3 Roughness

The following mean values of roughness were established

from Chapter 7 as:

TND1 60 [min] = 1.52 [um] CLA
TND2 180 = 4,57 "
TND3 380 = 9,65 4

and GND 8 = 0.20 "
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14.2.4 Lubricant, Interface Condition

Apart from the 'dry condition' two types of common industrial
lubricants representing the extreme viscosities were employed to simulate
the 'lubricated conditions'. These lubricants were:

Shell Tellus 23 and 41 with kinematic viscosity at 38° centigrade and

in atmospheric pressure of 25.2 and 112 [CS] respectively.

The test conditions for lubricated joints were realised by saturat-
ing the surfaces with oil whilst 'dry conditions' were achieved through
abundant application of 'Carbon-tetrachloride' as a powerful degreasing

agent,

14.2.5 Frequency « The Number of Discs

Initially it was decided to use a small number of discs to
reduce manufacturing time and also increase the frequency range of load
amplification. (see Fig. 14b). On the other hand this number had to be
sufficiently large to lower the effective stiffness attributed to the
joints to at leasé to the same order to that of pseudo-material stiff-
ness. The effective number of jointed surfaces chosen was to be ten,
thus satisfying the above conditions and also simplifying the calculat-
ions. (see Fig. 44b). Furthermore this number of discs resulted in
NF2 values within the frequency range frequently encountered in machine

tool structures (v 100 - 1000 [Hz]).

14,2.6 Amplitudes

The -effect of amplitude was studied at levels 1:4; level

fpur corresponding to 0.25 [um] R.M.S. deflection of the blocks resulting

L Al PP

= ——

CO S
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in a typical order of amplitude level per joint (of about 0.05 um)
"reported to have been measured at the joints of a lathe's tool

holdertaz).

i4.3 Test-procedure

The appropriate discs were placed on M, and on top of one another

" in a manner so that:

Firstly the ends faced the same direction (e.g. upwards); secondly
they were concentric with M2 (a2 number of concentric grooves on MZ
were specially made to help achieve this); and thirdly they maintained
-~ a predetermined angular position relative to one another ( grooves
along the axis of the specimens were used for this purpose).(see Fig.

50).

The load-washers were always placed at the middle of the specimen
columns, i.e. at the nodal point, resulting in a more accurate measure-

ment of F and also a closer symmetry of the system.

The pressure levels established in section 14.2.1were related to
the corresponding loads for each type of specimen. The loads in turn
‘gave the corresponding deflectionsof M, which were then realised on

“the rig using a [10'“3 in.] dial gauge.

In order to eliminate or reduce the possibility of flatness
error and also to increase the efficiency, only B90/C180/S90 specimens
were to be tested initially. Furthermore the study was to concentrate

on single point tool-cut surfaces, i.e. turned surfaces.
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The specimens were first loaded to the maximum pressure level at
which the first set of measurements were carried out. They were then
unloaded to the lower pressure stop and measurements again taken.

This procedure was repeated to incorporate the rest of the pressure

levels,

For each specimen size identical measurements were carried out

using 'equivalent-solid' length of specimen columns.

Detailed methods of measurement and data reduction is given in

Chapter 13,2,

14,4 Calibration/Check for the 'm' Method

Calibration of the Load-Washers under Combined Static and

Dynamic Loading

The load washers had been calibrated under static load by the aid
of a ‘'Denison Testing Machine' (see Fig. 36]. The errors were aiways
less than 5% for bbth sizes of the load washers used (about 3 per cent
in average). The accuracy of 'm' method was however checked under
dynamic loadings and this was achieved by comparing the results of
the 'm' method with those of‘mi which were accurate within #5% for
stiffness and 10.05% for the loss factorcorresponding to *3° phase
error (see Fig., 42). The error due to 'asymmetry' or extraneous
effects was not allowed to exceed these levels throughout the tests
in order to sustain the same level of accuracy - whenever a 'purely”
_symmetric' motion was no longer possible with 5% gain and 3° phase

accuracy, the result of that test was discarded.
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The independent variables for this check were chosen as frequency
and preloads. The method was to calculate the percentage errors of
stiffness and errors in the loss factor of 'specimen columns' found
from 'm' relative to 'mi' method; the 'mi' results considered,were
first corrected for the auxiliary parameters' effect. The frequency
ranges of 300 - 450 [Hz] and 600 - 900 [Hz] constituted the low and
high levels and as for preloads, 4 levels cérresponding to the 4 pres-
sures used in the study of joints were considered. For each level of
preload and frequency 3 replicate results were considered.  These
results were themselves the average of results obtained for each level

of preload and at different frequencies within each level of frequency.

The analysis of variance was performed using a computer - the sig-
nificant levels being determined b& 'F tests'., The results of these
tests when using 906B load washer can be seen in Tables 10 and 11.

It is interestiné to note that the precision of forced-vibration
methods is indicated by the error variance : being the sum of the var-
iances of the two methods. The corresponding values of standard
deviations for loss-factor and stiffness were estimated at .032 and 3.2%.
These figures are in fact the maximum standard deviations which can be

expected due to random errors for 'm' or 'mi' method.

The low values of SD also prove the high precision of the calibrat-
ion itself furthermore indicating that either non-axial loading of the

washer does not occur , or its effect is insignificant,
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- In evaluating the standard deviation due to random error for the
loss-factor-phase, the variance around the Grand mean was considered;
as apparently neither frequency nor static load had a significant

effect upon the accuracy (i.e. SD =(q.oo105)% = 0.032 rad). In other

words there was no reliable evidence as to the validity of 'F' values,
they may well have happened by chance. As for stiffness - Gain error,
there was clear evidence that the two parameters did affect the accuracy.
Fig. 51a illustrates this and also confirms that no interaction exists
between frequency and static load. The points on the graph were det-

ermined by taking the average of the 3 replicates.

It was therefore reasonable to assume that Fig. 5la represented
merely the fixed-Gain error of the 906B load washer/5001 charge ampli-

fier.

Generally speaking the gain appears to drop with preload'after
reaching a maximum at some relatively low preload. On the other hand
the effect of frequency on gain, seems to be opposite, it increases

with frequency.

A similar test was carried out on the smaller load-washer 903A;

the results are presented in the Summary Tables 12,13 and Fig. 51b.

'14.5 The Effect of Frequency and the 'Yardstick' for Measurement of

Damping.
The checks were made using the forced vibration results. For in-

creased precision the mean of the two results were considered, To.
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eliminate the possible effect of amplitude, tests were carried out

with deflection of blocks of around 0.25 um at all frequencies,

The variation of stiffness and loss-factor with frequency did not.
exceed experimental error in almost all the cases. Only at the lowest
pressure of 10 [KP/cmz] and for smooth and lubricated surfaces the
stiffness teﬁded to increase with frequency, whilst the loss-factor

qtill remained unchanged.

It was at this stage that the decision on the type of parameter

to represent damping throughout this work was made:

The loss-factor was retained as the most suitable 'yardstick'.
The pseudo-hysteretic damping coefficient 'hJ‘,if required, could be
determined directly from hJ= Kjgj The latter would represent the
quadrature component of stiffness in-determining the damping forces in
solution of linear differential equations of motion whilst the former

could directly be employed in the approximate methods of response pre-

diction,

14,6 The Effect of Amplitude (Linearity)

No significant variations were observed when amplitudes were re-
duced by [four fold]-l, hence it was considered reasonable to assume
that the free-vibration method would render as accurate results as 'm'

and’m; methods of forced vibration.
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14.7 Improved Precision of Measurement

It was decided to do a statistical test upon the results obtained
for the turned B90 and C180 specimens by the three methods of 'm', ‘mi'
and free-vibration in order to establish an estimate of random error due
"to the choice of any particular method. This was achieved by using
the results of the three methods (loss_factor and inphase stiffness per
unit area of joints) as 'replicates' in the analysis of variance (basic-
ally designed for testing the effects of the independent variables and |
. used in the next chapter) whosesummar& can be found in Tables 14 and 15.
The Standard Deviations with 96 degrees of freedom (144 number of obser-
vations) were estimated at .036 and 112, [MN/m/cmz] for the loss-

factor and the stiffness measurements respectively.

For increased overall precision, therefore, in the actual analyses
the mean of these three methods will be considered. This would result
in 'Standard Errors' (The SD of the mean) of only 0,02 and 65 [MN/m/

cmz] in the measurement of the loss-factor and stiffness respectively.

14.8 The Effect of Time

Some increase in both stiffness and damping of joints was observed
under longer periods of testing. Such an effect, however, was only
detectable for fine surfaces and at lower pressures. It was, on the
whole, true to say that no significant loss of oil occurred, if any at
all, and the mechanism was one of pumping-in-and-out, sustaining the

same amount of oil within the surfaces at all times.



- 202 -

14.9 Summary and Conclusions

Recognition of sources of error and its evaluation are of paramount
importance in establishing confidence in realisation of effective var-
iables in qualitative study and accuracy in the eventual quantitative

corrclation amongst them.

The parallel terms for accuracy and precision are significant by
fixed and random errors. Corrections for the fixed errors were carried
éhrough calibration of instruments in Chapter 11, and the random error
: dﬁé to unknown, uncontrolled or controllable variables will be estimated

tﬁrough repeated testing (Chapter 15).

Dynamic calibration of piezo-electric load-washers have shown that
the gain drops with preload after rcaching a maximum at some relatively
low preload. On the other hand it rises with frequency. No significant
.efféct of preload or frequéncy could be observed on the 'phase' character-

istics of the load washers.

The tests have shown that neither 'm' nor 'ml' method of forced
vibration is expected to have standard deviation for random errors

greater then 0,03 and 5.2% (for the loss-factor and stiffness measure-

ments respectively).

For increased precision of measurements, therefore, it was decided

to take the mean of the rcsults obtained from the three methods: 'm',
'mi' and free-vibration. It was possible to pool the results of the

free-vibrations with those of the forced as the cffect of frequency and
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- amplitude proved to be minimal. The 'Standard Errors' thus obtained
were computed at only 0.02 and 65 [MN/m/cmz] for the loss factor and
‘the inphase component of stiffness of joints per unit area, after 144

~observations.

Since the effect of frequency proved to be insignificant (for turned
~ surfaces and'the ranges of independent variables considered)., The most
suitable 'yardstick' for measurement of damping was the loss-factor.

‘The loss-factor alongside K., the inphase stiffness, would render hJ

- the pseudo-hysteretic damping coefficient and thus furnishing all the
’iqformation required for the exact or the appropriate methods of response

prediction: without any need to refer to the frequencies of excitation.

Although, the effect of frequency for turned surfaces proved to be
'fipsignificant, nevertheless it could not be generalised: it was there-
‘fore decided that off-resonant tests be carried out within as wide a
’ffequency range as possible under all test conditions and the mean of

the results be considered for the analyses.

Statical methods, i.e, variance and subsequent correlation and

_regression analyses with replicates were employed and are reported in

the next chapter. In dealing with the results, a computer package

: programme (UASTATSXDS3) was used.



- 204 -

CHAPTER 15

" RESULTS OF TESTS ON JOINTS

15,1 Turned Surfaces

15.1.1 General

The results of experiments on specimens B90 and C180 are
'shéwn in a compact format in figures 52 - 65. Each figure contains
loss factor and stiffness per unit area for both dry and.lubricated
- conditions, Due to the multi-dimensional nature of the problem these
figures exhibit only some aspects of joint behaviour - the picture is
By no means complete. In order to bring to light all aspects of the
pioblem and eventually to 'measure' them, a systematic approach was

employed. The following is the result of such an attempt.

15.1.2 The Effect of Flatness Errors - Stiffness under dry

conditions
- : 2 . : 2,2
Mean Minimum Maximum [MN/m/cm™] Variance [MN/m/cm™]
604 85 2351 - . 321539

It was essential, at the outset of the experiments, that the 'flat-
ness errors' if present, be detached. For this purpose stiffness per
unit area of the specimens was measured under dry conditions. The

results of these tests can be seen in Fig. 52,
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The results of rougher surfaces, i.e. TNDZ and TND3 are in close
- agreement with the previous works both qualitatively and quantitatively
(29’39). That is to say that firstly the effect of roughness and area
~is insignificant, secondly the stiffness at around 17.6 [KP/cmz] (250

PSI) does in fact correspond to 12.7 cm. (5.0") of E.L.S. (see Fig.lla).

The results of the finest surface, i.e.‘Tan however seemed to sug-
gest the possibility of flatness error. To investigate this point
further, the tests were repeated with deliberate change in relative
‘angular position of discs and results were compared with those of the
_ p;evious tests, Repeatability was excellent (Fig.53). (Similar tests
were obtained using A45, E270 and S90 specimens; Fig. 68). It was
. #oncluded that:(a) flatness errors were obviated by the special tech-
nique of cutting, i.e. use of the ﬁagnetic chuck (see Chapter 7.5) and
fherefore (b) the effect of area (and shape) appeared to be significant.
It was not clear exactly what caused this phenomenon. The effects of
roughness and/or mate£ia1 could not be ruled out but were believed to
- be insignificant. (The values of roughness given in Fig. (68) are the
average of values measured over twenty surfaces and at four quadrangles

fﬁr each set of specimens, For-information on material of the discs
Ilééé Chapter 7; and/or Fig.22). It must be mentioned that at the pres-
;hre levels under study the clean and fine surfaces tended to 'stick!’
of”'ring' to one another. (Note the sharp drop in stiffness ﬁhén the

Ipfessure is rcduced to 99 [KP/cmz]).

With a view to reducing the possibility of prejudicing the lubri-

cated joints' results, due to any unknown effect such as that mentioned
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above, a non-dimensional parameter 'stiffness factor' (defined as the

' ratip of lubricated inphase stiffness to that of dry) was chosen in
plaée of inphase stiffness. Thelvalidity of this statement was checked
'Iby computer. The correlation factors for the non-dimensional parame-
ters, inphase and quadrature component of stiffness with the stiffness

under dry conditions, were as follows:

Loss Stiffness Inphase Quadrature
factor factor Stiffness Stiffness
Dry Stiffness = 0.17 - 0,12 + 0,955 + 0.54

The choice of stiffness factor was considered advantageous not only-
:fbr fhe reason mentioned above but also because of its generalize@, i.e.
non-dimensional nature, it could be used in conjunction with the results
of other works on dry joints to give estimates of a joints' stiffness

zundér lubricated conditions.

15.1.3 Four Factor Analyses of Variance with Replication

Analyses of variance were performed with one set of repli-
cates for both loss factor and stiffness factor: After having estab-
lished a measure of repeatability, namely the error variance, the F
values were determined as a ratio of vaiiances due to. respective indepen-
dent variables'(and their interactions) to the error variance. .The
Isignificance levels were then determined from the 'F tables'. The
results are summarized in Tables 16 and 17 for the loss-factor and
‘stiffness factor respectively. By referring to these tables the fol-

lowing points emerged:
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Loss Factor, Ly (see Table 16)

Mean Minimum Maximum Variance
0.274 0,018 1.629 | 0.115
~ A measure of overall precision is half the error variance, i.e.
0;d0§5 which is only about 6% of the total variance; (Note that small dif-
fp%énce between the valueg of total variance given here and that indi-
p;téd in Table 10 is due to the more accurate levels of independent

variables which were used in deriving the above value)

AN

The difference between the loss factors at different levels of

‘roughness is highly significant, so too is the effect of area. The only

“interaction term having a highly marked effect on the loss factor occurs

between roughness and area. Most of the other effects, although signi-

ficant are responsible for comparatively lower changes in the loss factor

Sasw =

within the ranges considered. For example pressure and viscocity have

'F' values lower than that of roughness by a factor of approximately

seven and fifteen respectively.

As a guide for the following regression analysis figures 60, 61 and
Gi'ﬁere constructed by taking means of loss factors for lubricated joints
over the whole ranges of independent variables. For example each point
oﬁ_figure 60 Represents the mean of 16 values; 2 lubricants x 4 pressures

X 2 replicates. Figure 60 suggests a sharp reduction in loss factor

-~ with roughness for smoother surfaces; similarly for TND1 and TND2 these

values seem roughly to double with the doubling joint area whilst at

. very rough joints no significant differences were apparent. These points

are signified by high values of 'F' for interaction between area and

- roughness (about 34).
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The effect of roughness, viscosity and pressure on the loss factor

are demonstrated in Figs. 61 and 62. The finest surface, i.e. TNDI

 resulted in a much higher level of energy dissipation and at the same

time being more sensitive to pressure. This was in fact expected as

the flow resistance through micro-macro-scopic apertures within the

"~ interface would begreater for a fine surface. However the level of

roughness at which this effect became sensitive to pressure was much

lower than that envisaged during the experimental design. The effect

of viscosity on the loss factor, as can be seen from Fig.62; is relati-

‘vely small, This could be explained by the fact that although the flow
‘resistance increased with viscosity it resulted in a reduced volume of

- flow hence levelling off the overall effect (see also Reference (40)).

"

‘Stiffness factor, RJ (see Table 17)

Mean Minimum Maximum Variance

1,376 1,006 3.000 0.227

A measure of overall precision is half the error variance, i.e.0.017,

‘which is only about 8%0of the total variance.

Again the effect of roughness and area is predominant. The visco-

sity effect is now almost completely diminished and that of pressure

~ reduced considerably. The major interaction term remaining is that

between roughness and area although it is somewhat more pronounced.

The above results could also be appreciated by referring to Figs.

63, 64 and 65 which were primarily constructed to help in appropriate
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transformations required to improve correlation in the multiple regres-

sion which followed.

15.1.4 Multiple Regression

The 'STATSXDS3'! was employed in an attempt to formulate the

above qualitative results in multiple regression equations.

The model employed in the package was of the following linear form:

Y = A(4) + B(J) + C(k) + D(R) + AB(ij) + AC(ik) + AD (k2) + BC(jk)

+ BD(jR) + CD (k&) + ABC (ijk) + ABD(ij®)+ ACD(ik&) + BCD(jk{&)

+ ABCD(ijk®) + E(ijkem) I
15.1

It was therefore obvious that appropriate transformations had to be
-perforﬁed on variables in order to mould the observed points to this

model as closely as possible.

Generally speaking there is no systematic method with which optimum
transformations could be found. However the following considerations
led the search eventually to a new ‘'field' at which optimisation could
in fact be performed. This was possible mainly due to the fact that
the relationships were closely of the form:

abcd
Y= ABCD 15.2

The procedure was as follows:

The values of al,bl,ciand dl'were to be estimated initially by °
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~ referring to the previous works on this subjept as a rough guide. As
such relationships were rarc or nonexistent, the information was ex-
tracted from sets of figures 60 - 62 and 63 - 65 through varying a, b,
c or d and replotting Y with non-linear scales on abscissae as the
c£f§é§ straightened, approximating to lines. The last part of optimi-
zation procedure was one of iteration through transforming the varia-
bles into their logarithms. By so doing thé above equation was trans-

- formed into linear form whose coefficients were determined by computer:
--,lgg Y= azlog A+ bzlog B + czlog C+ d210g D 15.3

) 1f 355 by, c, and d2 were different from the values previously
chosen, the new values thus found were inserted in the'original equation
iS.2 and regression analysis repeafed as before; the independent varia-

.Ele being log(Aaz Bb2 Cc2 Ddz). This procedure was repeated until
multiple correlation was maximized. Whilst there was no definite
evidence as to the validity of this procedure to result in the 'best
fit',because of the high correlation factors thus obtained the method
was considered as a powerful tool. (Correlation factors always éreater

- than ,93). The following equations represent the results obtained for

‘dry stiffness, stiffness factor and loss factor using the above technique:

DRY STIFENESS 'K

0.788 .0.251

K =25 2 15.4,
2 ’

with multiple correlation at 1% significance level of .983.
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. STIFFNESS FACTOR 'RJ'

v -0'256 -11219 1.740
RJ =1 +0,0628 ¢ Q A -0.02 15.5

with multiple correlation at 1% significance level of .978

LOSS FACTOR ch!

-0.33 -1.00 1.00

. with multiple correlation at 1% significance level of .961

or alternatively

. . -0.39 "'1.13 0-67
CJ = 0,803 o} Q A 15.7

with multiple correlation at 1% significance level of .933
NOTE: KJ in [MN/m./cmz.]
¢ Pressure in [KP/cm?]

0 Roughness in [um] CLA

A Area in [Cm?]

15.1.5 Further Experiments on the Fine Turned Surfaces

As the results indicate, area (and roughness) play a major
paft.ip determining the behaviour of lubricated joints (see Equations
1555, 15.6 and 15.7). Further experiments were carried out on fine
surfaces (TND1 : 1.2 micron CLA) in order to confirm the validity of
_ previops findings over an extended range of variables and to study the

'fogg;_qf shape factor. The choice of fine surface was made since
- such a surface possessed a much higher loss factor and stiffness factor

and on the whole was more interesting.
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. Experiments were carried out on sPecimens A, S and E. The effect

of viscosity having proved minimal only one lubricant was used, namely

" Shell 0il Tellus 41.

- All the tests were repeated and the mean of the two results consi-

dered in the following presentation.

The effect of the area on the loss factor and stiffness factor can
be seen in Figure 66 where each point of the graph represents the mean
Iof four values measured at the four pressure levels. The effect of the
shape factor at 5.8 [cmz] area is also indicated in this figure to be

insignificant,

 Figure 67 shows the effect of pressure on the loss factor and the
stiffness factor. Each point on the graph constitutes the mean of

five values measured for specimens A, B, BS, C and E.

15.2 Tests on 'Ground' Specimens

Due to the very high stiffness of ground joints under lubricated~

. conditions, quantitative study of such joints resulted in large errors.

“The source of this error was in the evaluation of small differences of

large values, i,e, K and Km, in the process of correction for the mater-

ial effect (see equations 13.29 and 13.30).

-

To demonstrate this point figure 69 was constructed where stiffness
of solids and those of dry columns are shown for the different sizes of

specimens, As.can be seen from this figure the values of stiffnesses are high
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and the differences between respective solids and jointed columns are small,
particularly at high pressures. Due to the hydro-elastic forces, this
effect was even more pronounced for lubricated joints only with rever-

sed pressure influence: that is to say at low pressures where 'squeeze

film' was more effective, stiffness of jointed columns rose more sharply
than at higher pressures. Figure 72 shows this point where for the

purpose of clarity the mean of all tests obtained from the fine speci-

men groups are presented, Figure 74 presents a similar set of results

for the fine turned surface TND1l for comparison.

15.2.1 Dry Conditions

The results of tests on dry ground joints are shown in
figure 70. Variation of stiffness per unit area with area and shape
factor appeared to become progressively significant as pressure was
increased. However no conclusive evidence could be found as to the
causes of such phenomena, The error in calculating these values could
well have masked any effects due to other sources (i.e. flatness error,

- roughness error, area and shape factor effect).

Figure 71 was constructed for the purpose of comparissn with tur-
- ned surfaces. For increased precisionthe mean values of stiffness for
B and C specimens were taken as the best estimate. As seen from this
£iéure the ground joints exhibit a rate of increase with pressure higher
tﬁaﬂ those of the turned surfaces by factors of approximately five and

- eight respectively.

15.2.2 Lubricated Conditions

For the rcason mentioned above, any analysis of ground
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joints'under lubricated conditions could only be carried out on the

~results obtained for the jointed columns.

'_15.3 Comparative Study

| Figures 72 - 75 show how a jointed column made of ground joints_
_ wéuld compare with the same length of solid gnd the jointed column of
;ingle point tool cut surface (i.e. turned) at different pressure
levels. The points on the graphs are means of results obtained for

.. the five specimen groups (i.e. A, B, 'S, C and E),

Figure 76 shows the result in a still more compact form by taking
the1average of the above results for B90 and C180 specimens at three
. p;essure levels of 24, 99 and 217 [KP/cmz]. The term used to repre-
_'Sent the elastic effect of the columns is the 'Equivalent Length of
Solid Steel'; as for damping apart from the loss-factor a further
measurc namely energy loss/cycles/unit amplitude has also been intro-
. _dﬁced in order to represent the quadrature component of stiffness (in

this case also the hysteretic damping coefficient).

The flexibility due to the 'pseudo-material' and the 'joints',
within the specimen columns, can be estimated directly from Fig. 71a.
Fig. 71b, however, contaiﬁs the information regarding a combined effect
_ qf stiffness and damping distribution within the jointed column accord-
ing to equation 6.7L These figures illustrate clearly the guide’ line
_toﬁards the optimization, i.e. 'the principle of equilibrium of the
pdtential energy distribution'. Adherence to this principle could
ensﬁre the stiffness integrity of the system whilst resulting in

.
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enormous increases in damping.  Fig. 76c was employed in determining
tﬂedoptimum distribution of stiffness and damping as it represents a
measure of K x £ = h., A clear picturc emerging from this figure is
that f1ne and lubricated but turned surfaces offer the 0pt1mum distri-
bution where both high stiffness and damping is achieved. The optimum
'diqtribution under dry conditions, on the other hand, is achieved using

ground surfaces.

By referring to equations 6.16 and 6.17 it is concluded that simi-
lar hfstrogrammes would be obtained for a single jointed member, the
ﬁéﬁber having E.L.S. of approximately 15 [mm.] and placed in séries‘
with the joint. The larger the E.L.S. the more pronounced will be

the difference between the SPT and MPT behaviour putlined above.

15.4 Summary and Conclusions

Single Point Tool Cut Surfaces - Under dry Conditions

-

The results for rougher surfaces, i.e. TND2 and TND3 are in good
agrcement with the predicted results from Fig. lla both qualitatively
and quantitatively. The 'Equivalent Length of Solid Steel' represent-

ing the joints' flexibility,at lower pressure levels, can therefore be

estimated from:

E.L.S.x 223 01  [em.]

The behaviour of the finer surface, i.e. TND1 under dry conditions,
however, could not be explained in clear terms. The possibility of
flatness error was ruled out when results under repeated but dellber—
‘_ate;y altered angular position of discs were found to be concurrent.

It was possible that the 'clean and fine' surfaces experienced a
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. 'molecular adhesion' because of the relatively high pressures used in
this study. Further work is needed to establish the exact cause of

these effects,

The repeatability of the dry tests' results also indicated the~
effectiveness of the special technique of cutting which was designed

to eliminate or reduce the flatness errors.

 The following equation for dry stiffness resulted in a multiple
" correlation factor of about 0.98 at 1% significance level:

0.79 -0025

K,=250 1) [MN/m/cm?]

J

Siggle Point Tool Cut Surfaces - Under Lubricated Conditions

‘With a view to reducing the possibility of prejudicing the lubri-
cated joints' results due to any unknown effect such as the one mentioned
above, the non-dimensional parameters RJ (and tJ) were used in the re-
~ gression analysis in preference to the inphase (and quadrature) compo-

" nents of stiffness: the correlation factors found by computer for these
nbn-dimensional parameters with 'dry stiffness' were approximately-%?
(aﬁd %} of those for the inphasé (and quadrature) components of stiff-

‘ness respectively.

The overall repeatability of individual duplicate tests on turned
surfaces were estimated at 0.006 and 0.017 being half the error variance
_ for loss and stiffness facror respectively. These values were only

"~ about 6 and 8% of the total values of variance.
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For thelrange of the independent variables considered area and
roughnesé emerged as the main parameters influencing both Rjand :J. The
effect of pressure was reduced drastically when compared with dry stiff-
‘ness and that of viscosity was non-existent upon gland only marginal

upon Zj. n

The following cquations resulted in multiple-correlation-factors,
~at’'1% significance level, of .98 and .93 for stiffness factor and loss

factor respectively:

-0. =4 067
c= 0,80 J0-39 (7113 0

J

Further Experiments on Fine-Turned Surfaces

Further experiments on fine-turned surfaces verified the above
findings and also showed that the effect of 'shape' was not significant.
The latter result together with the high interaction which was observed
. between area and roughness indicated that a combined effect due to
'micro' and 'macro' flow of the lubricant within the interfaces occur-
red. It is therefore concluded that fundamental modifications to the
theories of 'squeeze film' are needed if any analytical study of joints

is to result in building a realistic theoretical model.

Multi-Point-Tool Cut Surfaces.qualitative study

The ground joints exhibited a rate of increase in stiffness with
. pressure of about 5 - 8 times those of the turned surfaces, under dry

conditions., Duc to the very high stiffness of ground joints, and hence
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overwhelming pseudo-material effect, accurate quantitative study of
these joints, despite the very high precision of measurement, could
not be made, particularly under lubricated conditions. Nevertheless,

comparative studies were possible using the results of the 'jointed'

columns.

~ A Method of optimization is proposed for' the stiffness and damping
| d;stribution of a jointed assembly, It is based upon méximising the
'Quédraturé component' of the overall stiffness. This would result

in a more balanced distribution of potential energies within the assem-
blf,dwhich, whilst retaining overall stiffness integrity produces a

large amount of damping.

~ Joints produced by single point tools with the minimum amount of
roughness are shown to be far superior to the ground joints as they
result in maximum K ¢t = h, averaging approximately three times that

of the ground joints., -

A reverse of this was observed for dry joints where ground joints

resulted in larger values of 'h' as compared with the turned surfaces.
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CHAPTER 16

FUTURE WORK 4

The following recommendations could prove useful in future studies.

.16.1 Response Prediction and Optimization of Machine Tool Structures

- A programme of work is outlined here for investigating the use of
'jbints (classic or synthetic) as a tool for optimization purposes of
structural components. The research could find a direct relevance and
great importance in the design of machine tool structures particularly
.whén“épplied to the 'Modular techniques'.

1. Testing for practical application of the equations derived in this
work for joint stiffness and damping for predicting the overall behaviour
of. actual or model structures with the aid of eduation 2.2 (approximate

~method).

2. Optimizing for improved overall damping capacity of a jointed assembly

as proposed in Chapter 15.3.

3. Optimizing for directional orientation of modal flexibilities as

proposed in Chapter 2.6 (approximate method).

4, Area and surface texture should be given special attention as design

parameters, in the optimization processes. .

‘5.  Employing the outcome of the above studies .and of further quantitative
measurement of the joints' behaviour in other directions an efficient 'exact
method! of response prediction should be developed to include the elastic

and dissipative forces generated within the interfaces.
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16.2 The Apparatus

o Application of the complex modulus measuring apparatus is virtually
boundless.  Some possible extension to its use and capability could be

envisaged as follows:

6. C.M. measurement of materials and components such as rubbers, joints

~between a tool and a work piece, etc.
7. Fatigue testing.

8. Extend its capability by introducing a mechanism placed between the
inertia blocks to alter the dynamic loading direction and/or its mode

from normal to tangential and/or torsional,

9. Further improve the isolation property of the apparatus by isolating

_the lower shaker from the base-plate.

10. Calibrate for static and dynamic loading of the rig above the 4000

‘[Kﬁj level of preload.

11.,, Extend the Pilot-Tests in order to establish the variation in errors

of;'symmetry' with reduced stiffness of specimen columns.

~16.3 Joints

Extend the study of joints with the recommended levels of independ-

ent variables and introducing new variables as listed below:

12. | Lower the pressure levels,

13. Lower the roughness levels, ‘ -

14, | Extend the levels of area used in the regression analyses to embody

specimens sizes A45, E270 as well as B90 and C180.
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15. Study the effect of 'shape factor' at different levels of area,

preferably at A45, B90 and C180.

16. Examine the effect of quantity of lubricants especially for a

solid lubricant such as grease.

- 17, Increase the number of discs in the specimen columns in order to

widen the frequency range in the lower end of the spectrum.

'18. Improve the accuracy of data reduction in accounting for pseudo-

material effects (particularly when testing joints with high stiffness,

as in the case of ground surfaces) by reducing the thickness of the discs

‘as far as possible and avoiding the use of load-washers.

‘19, Test a more varied range of surface texture particularly for MPT

cut surfaces, e.g. scraped, lapped, etc.

20. Investigate the effect of material of joints particularly for

rougher surfaces where such an effect is expected to be more noticeable,

21, Study and test the potentialities of 'synthetic joints' employing
~various materials as intermediary agents between the interfaces, e.g.
viscoelastic materials particularly composites of polyisobutylene, lead

~or rubber foils, bonded joints, etc,

22, Further experiments under dry conditions should be carried out to
_establish the causes of the phenomena observed in this work for fine

surfaces.

23. After an extensive quantitative study of the joints' parameters,
attempts should be directed toﬁards building theoretical models rep;e-
‘senting the actual mechanisms within the interfaces., The assumption of
micro-macro flow of the intermediary agent within spherical model asper-

ities could prove valuable as a first attempt.

.
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CHAPTER 17

"CONCLUSIONS

17.1 Response Prediction and Optimization of Machine Tool Structures

1. . Distribution of stiffness, mass (and damping) in conventional machine
togl structurescould in some cases be corrected to concur with the opti-
mum directional orientations of modal flexibilities (and also improve the

overall damping capacity of the structure).

2, - “The first step towards 'exact methods' of response prediction is taken
in this work by quantitative meésurement of stiffness and damping to repre-
sent elastic and damping forces produced in the normal direction within the
interfaces, Because of the non-proportional distribution of damping within
machine tool structures (i.e. because of joints) these methods could prove

impractical from the point of view of the size of computation.

3. The results of the tests on the model structures haveshown that the

use of joints as a device for optimization is feasible.

4._:lﬁn improved approximate method of optimization is envisaged whereby
da;ﬁing ratios are estimated from the modal shapes (equation 2.2) and

jointéhére employed as a tool in Optimizétion for both directional orien
tafion of modal flexibility and also improvement in the overall damping

~capacity of the structure.

5. A method of optimization proposed here for the improvement in the
overall damping of a jointed assembly is based upon the principle of the

equilibrium of the potential energy distribution through maximising the
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- quadrature component of the overall stiffness. This is believed to en-
sure the stiffness integrity whilst producing large increases in the

~‘overall damping,

17.2 The Apparatus

6. For testing 'joints', fhe ideal conditions of 'massless and propor-
tionally damped ensemble' could not be realized in the past, as the

high transmissibility due to the high.stiffness of joints invariably

_ resﬁlted in modes' coupling hence rendering the data reduction impracti-

cal or limited only to very small frequency bands.

7; .Thq 'Energy Method', introduced in this_work, is shown to be the
oniy méthod capable of evaluating the frequency dependent parameters of
a 'real system', (a) The evaluation of the energies is only possible if
the 'eﬁéemble' is forced into a pseudo-ideal condition where all the
points on the system are in-or-out of phase with one another, i.e. when
the.gystem undergoes uncoupled vibration, (b) The prerequisite of free
vibration exhibiting simple harmonic motion is also that no coupling'due
to damping exists within the system. This condition is satisfied only
if the principal coordinates are orthogonal, i.e.

(i) either the damping is proportionally distributed, or

(ii) the system is completélf symmetric,
(c) To create the above conditions 'multi-point excitation' is, in general,
neéessary; the number of excitation points being equal td the number of

degrees of freedom.

8. ' An ideal arrangement for complex modulus measurement of highly stiff

.

specimens such as joints is a'completely symmetric' two degrees of freedom
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The main features of such an apparatus are as follows:
Uncoupled free (and forced) vibration.
Minimal transmission of load to the surroundings, hence
minimal extraneous effects. These effects, nevertheless,
are determined accurately at the first mode.

Reduced size of shakers.

The brovision of uncoupled‘free-vibration not only enables
the 'Energy Method' of measurement tolbe carried out but
also extends the capability of the apparatus in measure-
ments of damping at very low levels where forced vibration

methods fail in accuracy.

9. The introduction of inertia blocks as load amplifiers and inducers

of the free-vibration resulted also in the following advantageous

features
(a)

)
(@
(@)

(e)

()

which were never achieved colléctively in the past:

A higher sensitivity and greater simplicity of measurement

by employing piezo-electric accelerometers.

Uniformly distributed static and dynamic loading of specimeps.
On-the-spot and efficient calibration of instrumentation.
Direct measurement of force on specimens (i.e. 'm' method)

can be obviated if the shape or size of specimen did not
allow such a measurement. This would also have the advan-
tage of reduced pseudo-material flexibility hence a greater
accuracy of data reduction when testing highly stiff specimens.
A higher precision of measurement achieved through pooling
the results of three methods namely the forced (mi and m)

and the free -vibration methods. |

An extended preloading capacity [5 tons].
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10. Introduction of ‘'apparent mass' and 'modal shape' vectors (m and T)

resulted in an efficient method of calibration, testing and data reduction.

11, ' The systems of excitation and measurement have the following main

features:

 (a) The frequency stability of a crystal oscillator (10_4%)
and the low distortion of an LC oscillator (10-1%) are
retained in the reference and variable phase signals of

- ¢ .the excitation.

- (b) A considerably simpler system of excitation and measurement
is'prnvided under free-vibration where the analyser becomes
redundant.

(c) Point-to-point measurement and vector dividing facility on

the analyser result in direct measurement of W and T.

42. A method for calibration of load-washers, undcer combined static and
h}namic loading, has Eeen developed using the symmetric apparatus where

F measurement is redundant. The results of these tests suggest that the
éﬁin drops with preload after reaching a maximun at some relatively low
breload. ' On the other hand it rises with frequency. No significant
effect of these factors could be observed on the 'Phase' characteristics

bf the load washers.

13. Although provisions Agve been made in the design of the rig to
achieve varied sccond natural frequencies (through varied number of
discs in the specimen column) nevertheless due to the inevitable pres-
‘ence of the pseudo-material effect, it is expected that the target value
of three octave frequency band could never be achieved in practice (par-

ficularly when testing highly stiff : joints such as ground).
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14, The results of pilot tests indicated that 'complete symmetry' of
the rig is realised. Furthermore only a very small amount of damping

within the auxiliary system is present,

15. Extraneous modes' coupling proved insignificant when testing joints,
However, some rotational vibration of the inertia blocks is observed

when K =+ 0.

16. The preload proved to have a decisive cffect upon the stiffness and
damﬁing of the auxiliary system. Equations (12.5 - 12.10) represent

the variation of these parameters with the preload.

17. Correction factors have been introduced for the auxiliary parameters'

effects and are shown to be only marginal when testing highly stiff and

: w c
damped specimens, e.g. joints: For Eg'= 10 and Eg-= 1, the maximun errors
: 1 1

caused by ignoring these effects are only 1 and 9% for stiffness and loss

factor respectively.

17.3 Joints

18, The production of specimen 'blanks' using standard Hollow Bars on a
Capstan lathe proved most efficient. The use of a magnetic chuck, in
the final operation of roughness formation on the specimens, in reducing

or eliminating the flatness errors, also appears to have been effective,

19, The distribution of deflection along the jointed column is linear
for ideal and sinusoidal for a real system. The 'wavelength' depends
upon the frequency of excitation and the system parameters. For the
worst possible case in this study the maximum frequency of excitation

was only about 13% of the first natural frequency of the jointed column.
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This corresponds to about 7% of the first wavelength representing a nearly
linear distribution within the column. The ‘maximum inertia force due to

the mass of the discs was only about 2.5% of the elastic restoring force.

For all practical purposes, therefore, it can be concluded that the effect
of inertia of the discs is negligible and the system can be fegarded as

ideal.

20. The correction for pseudo-material effect within the specimen column
can prove erroneous for highly stiff joints. Ideally these effects
should, therefore, be minimized. On the other hand, it must be mentioned
‘that some flexibility due to the pseudo-material is beneficial when testing

highly damped joints under free vibration.

21. The 'yardsticks' employed in the quantitative study of joints' be-
haviour were: inphase stiffness under dry conditions, inphase stiffness
factor (lubricated/dry) and loss factor under lubricated conditions. The
non-dimensional parameters were preferred to their dimensional counter-
parts (inphase and quadrature components of stiffness) because they proved
to be almost independent of dry stiffness hence resulting in a more accur-

ate and also generalized form of information.

22, Quantitative analyses of the results were achieved fhrough the highly
accurate and precise methods of measurement afforded by the measuring app-
‘aratus. The fixed errors determined from calibration of the instruments
were found to be minimal for identical gain settings of charge aﬁplifieré.
The overall repeatability of individual duplicate tests on turned surfaces

were estimated at 0.006 and 0,017 being half the error variance for loss

" and stiffness factor respectively. These values were only about 6 § 8% of

the total values of variance.

e a2 o .
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23. Within the ranges of independent variables considered area and

Toughness emerged as the main parameters influencing both the loss and

stiffness factor.

24. There appeared also high interactions between area and roughness
whilst the effect of 'shape' and viscosity of lubricant proved minimal,
These contradictory results indicated a combined effect due to micro-

macro, rather than just a macro flow, of the lubricants within the inter-

faces.

25, Stiffness under dry conditions was mainly dependent upon pressure
rather than roughness; however, for finer surfaces a combined effect of
area, roughness and shape factor signified the presence of phenomena

which could not be explained clearly, Surface molecular effects could

- be responsible for this phenomena in the same way as they invalidate the

classic sinkage or bulk flow theories (c.f.24).

26. The rate of increase in stiffness of joints with pressure tends to

.zero as pressure is increased. This process is considerably faster for

lubricated than it is for dry joints.

27. For rough surfaces under dry conditions the level of pressure at

which this occurs approaches infinity. These surfaces behave al-

-most independently of roughness and area but depend primarily on pressurc,

28. The ground joints under dry conditions exhibited a rate of increase
in stiffness with pressure of about 5-8 times those of the rough and the

fine turned surfaces respectively,

29. The rate of increase of stiffness factor is an increasing function

of area whilst that of the loss-factor is a constant or a slowly reducing

function of area.
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30. The rate of increase in stiffness and loss factor with reduced rough-
ness is almost independent of roughness (or only very slowly_?ncreasing
functions of it).

31, The rate of increase in stiffness factor with reduced pressure in-

creases somewhat faster than it does for the loss factor.

32. A linear increase of loss factor with the viscosity of lubricant was
observed altﬁough this effect proved to be small. Viscosity had no infl-

uence upon the stiffness factor.

33. The effect of frequency and amplitude proved insignificant for the

ranges of independent variables considered.

34, The following equations represent the results of the regression analy-
ses, performed by the aid of a computer, upon:-dry stiffness, stiffness

factor and loss factor of the turned surfaces, all per unit area of joint.

G+0'79. -0.25

K, =~ 25 Q

-0.26 L-1.22 ,+1.74

el
1

1+ 0,063
-0.33

Q
-1.00

A

+1.00

= 0.3190 Q A + 0.00lp - 0.12 , or

0.39 ,-1,13

0.803079%9, g +0.67

1]

. A

- 35. Due to the very high stiffness of ground joints, and hence the over-

whelming pseudo-material effect of the discs, accurate quantitative study

of these joints, despite the very high precision of measurement, could not
be made under lubricated conditions. Nevertheless comparative studies

were possible using the results of the 'jointed columns'.

36. A jointed assembly with lubricated and smooth but SPT cut surfaces is
expected to exhibit by far the larger quadraturc component of stiffness
than the identical assembly with ground surfaces, " The convernse of this

statement holds true for the dry conditions but to a lesser degree.
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APPENDIX 1

RESPONSE TO HARMONIC EXCITATION OF LINEAR 'COMPLEX

SPRINGS' AND OF SINGLE DEGREE OF FREEDOM SYSTEMS.

VARIOUS DEFINITIONS FOR DAMPING

DEFINITIONS OF DAMPING COEFFICIENTS

(i) Viscous Damping Coefficicnt C

.is the frictional force opposing the motion at unit velocity:

. FI .
FI=-CX or C=-‘u-;}-(' oo.l

(ii) Hysteretic Damping Coefficient h

is the frictional force opposing the motion at unit displacement.

, . FI
FI=-1hx orTr h'—‘-"i"'" ’ 0102

Comparing equation 1 with 2 it follows:

C = h . ceed
w

Response to Harmonic Excitation of 'Complex Springs'

(i) Vviscous

The differential equation of motion is
t

Ci + KX = F elm -ho-4
(o) ]

The solution is of the form ‘

X= i clwt 00-5

where X is the displacement phasor
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. . (K + iCw) X = FO eesl

or 52
X=X 2 o9 eee?

V1+g

X .

X = —St i(wt-9) .8

Y1+g

where
_ Cw _ |

c - K“' - tan¢ o-vg

assuming Foelwt is to represent FOSinwt equation 8 can now be

written as

xSt

V1+z

X =

2 Sin(mt'¢) ...10

(ii) Hysteretic
The above ﬁrocedurc can be reprated for springs with
hysteretic damping only C is replaced by g-, where h is the
coefficient of hysteretic damping.

The equation of motion is:
h g _ o et _ |
"";‘ x + Kx - Foe . annll

which has the solution -

X
X =

St2 Sin (pt - ¢) 00012
Yl+g

‘ where

h — - ° -9
g = X= tané eesld
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Definition of Damping Capacity for 'Complex Springs'

Specific Damping Capacity ¢

(i) Viscous
It is a non dimensional measure of damping defined as the ratio
of the energy dissipated to the maximum energy (potential)

stored per cycle of oscillation:

T

D =S F X dt ...14
o I

from equation 1
Fp=-CX
T .2
o.- DO = I - Cx dt
o

for X = XOSin(mt-¢)

The solution of the integral is:
2

D = *ﬂcwx e 15
o o .
Alternatively,
T, T
D, = - /] FXdt = - f F Sinut - mXOCos(wt-¢)dt e 16
o o
DO = -ﬂF0X081n¢ . eeel?
* - D = "“mez = "'TrF x Sin¢ RN 18
* o o ‘00
XU Xo . 5 o
VO = f FR- dx = f Kx. dx = '2- i\xo [ )
o (o]
2 B !
-D mCwX I
v 1 2 K .
o 7 I\Xo

Alternatively
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-Do uFoXOSin¢ F0
lp = V = i 2 = 21'[ "‘_-Kx Sln¢ . 021
o E'Kxo o

(ii) Hysteretic

-D

(0] h
w = '\’_"" b 21T "K" = 2“tan¢ ...22
o
Alternatively
Do Fo
Y = V_ = 2% 'K-:—('—Sln¢ ees23
o 0

1 .24

| =

where ¢ = tan~

Loss Factor ¢

(i) Viscous
It is a non-dimensional measure of damping defined as

the ratio of the quadrature to the inphase component of

stiffness:

L = %E- = tan¢ ;i T ..e25
(ii) Hysteretic

g = %— = tan¢ ‘ | vee26

NOTE: The above analysis remains valid for all the rheological
models where the paramcters are frequency dependent.  The
equivalent Voigtian paramecters, for such cases, could be de-

fined at the frequency of excitation from equation 6.2,
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Response to Illarmonic Excitation of Single Degree of Frcedom Systems

with Frequency Independent Paramcters

The response of a linear single degree of freedom system with

viscous damping is found from the following differential equation of

motion:

or

(1)

MK + CX+ KX = Foelmt

Stcady Response - Forced Vibration

X = ieiwt
2. = cn T
(K-Mo“)X + iCuX = F_
F

2
K e—1¢

=<\
un

/(1-32) 2445232

F
-0
X = K ei(mt-¢]

/(1-32) 2448252

...27

ees28

eee29

..030

assuming Foelwtto represent F Sinwt, equation 30 can now be

written as

X
X = St Sin(wt-¢) v
/(1-3%) 2448252
where
W
05 =—
“n

K
©n = VN

S ¢

vee32

l..34



and

or

where the values of D and a are determined from the initial conditions.
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= .‘E—_ - ...34
2/KM
tang = 25 .35
1-9 '

(ii) Transient Response - Free Vibration
The transient response of the system is found by adding two
particular solutions of the form edt which is found to

satisfy the homogeneous equation of motion:
MX + CX + KX = 0 cee36

(d% + Cd + K)X = 0 “ vei37

X = 0 trivial solution

"o MA®+cdeK=o0 ' ...38
or
2 ¢ K
d"'ﬁd*"ﬁ'ﬂo

but from equations 33 and 34

K 2 Cc
T w and T ZEwn

d= - Eml t #gzmi - &i = - Ewn x iwn /1-52 eee 39
- J/1-£2
take md = Un 1.5 00040
(Lw_+in)t («Ew_-iw,)t
X(t) =Ac M 4 4 nd Ceadl
-Emnt iwdt -1wdt
X(t) = e (Ae + Be )
Su t .

Equation 42 represents an exponentially decaying harmonic motion,

-
T T M TR T L T g T

T e e S T

’ e
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(iii) The overall response

The overall response is determined as the sum of the steady

and transient responses given in equations 31 and 42,

_ XSt .. -Ewnt
X(t) = Sin(wt-¢)+ De Sin(wdt-a) ees 43

Y (1-9%)244£252

Definitions of Damping Capacity for an S.D.F.System with Frequency

Independent Parameters

‘Damping Ratio £

It is a non-dimensional measure of damping within the-system de-
fined as the ratio of the viscous coefficient to that of the critical

and is given in equation 34:

C c :
EEW —E: L ] 44
or
. C
£ n

If C = C. = 2/KM the system is said to be critically damped; from
équation 40 Wy for £ = 1 is zero, i.e. no oscillatory motion is poss-

‘ible under transient conditions.

Band-width Aw

If n is the amplitude ratio obtained under a constant elevel of
'input at w and W it is deduced from equation 31 that there are two

_values of w which would satisfy this condition:

2
w? = 0 [1-269)s y1-26H)% - 1 - :—g— 11 ... 45
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or
26/6% (5 - 1)
m2=w§[1¢ “2 ] .ol 46
1-2¢
where
2

E
n

R wﬁ (1-252)'15 found by maximizing for x in equation 31.

Practical application of the above equation is realised only when
E+o0oandn—+1, i.e. for systems with a small amount of damping and
at frequencies close to W, where Aw at either side of © is equal and

proportional to &:
1
wrw, (12 V= -1)
R n2

or

Mngogn ‘,_- 1 00047

-

Band-widths are frequently given at -3db points,'i.e. at frequen-

cies where n = 72 taken relative to the amplitude at Wp (note that

2
for £ =+ o Wy = mn):
Aw = £.wR
or
T ‘
5"'&"" o ... 48
R R
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Logarithmic Decrement §

It is a non-dimensional measure of damping defined as the natural
logarithm of the ratio of the displacement levels of two successive

cycles of the oscillatory decay curve; or to express the avefage for

n'cycles,
X
1 1
GHHLHX_ 0-049
n
§ is found from cquations 42 and 40
sl _2n _£_=2_“g' ...50
_n x = . n -

Specific Damping Capacity ¢

It is defined as thc ratio of the energy dissipated to the maximum
available (potential and kinetic) energy per cycle. It can be shown
that the latter energy equals to the maximum potential energy stored in
~ one cycle, i.e. from equation 19:

1 ..2
VO- .= ? KXO

but from equation 15

= 2
Do = - nCmXo
-D
. _ _ 0 _ Cuw
« o QJ-'\T;--Z'H"-—'K essdl

~or alternatively from equation 17

-Do nFOXOSin¢ Fo
Y = = = 21 oo Siﬂ¢ eee02
vV KX ‘
o 1. .2 o
5 KX
2 0
where ¢ is the phase angle between F and X. eeeD3
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It is important to recognize that equations 51 and 52 found for
S.D.F. systems are identical to those found for the Voigt unit, i.e.
equations 20 and 21 only F and ¢ are now being measured at the mass
block. Equations 51 and 52 attain a particular significance at the
natural frequency of the system where they also represent the damping

capacity of the ensemble:

0 8
Y = 2m .151 = 4TE = 41 ——— = 2§ ... 54
Var+8%

It is also interesting to note that at the natural frequency of
the system, the sum of the kinetic and potential energies does not vary
with time, This is a direct consequence of the balance which is struck
at this frequency between the elastic and the inertial forces (see

Fig. 12a).

The practical implication of the above statement is that it is
possible to determine the effective values of C, K and M at the natural

frequency of the system as follows (thé energy method):

(1) from decay curves the log-degrament is found using equation 50:

X
§ = =1In il
*2

S

but from equation 54

Y = 47 -5
n 2 .2
Y41 +6

which gives wn
(2) from equation 15

f-Do = “Foxo (Sin¢ = 1)
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(3) but
=D -D
= -——2- ) =l -—ngn
wn - VO ¢ Vo wn

(4) From equation 19

1 2
V. = = KX
0 2 o , 2Vo
. @ Kﬂ—i— ...55
. X
(5) From cquation 54 °
Cwn
Y oo= 27 —
n K wn'K
" - C= 21'[” ...56
n
(6) From equation 33
K = Mo2
n
. K
. - b‘=":2— l..S?
n

NOTE:

In measurement of frequency dependent parameters of 'complex springs'
if the ideal massless condition can not be simulated; then valid ‘
measurements can only be made at the natural frequency of the system.
That is to say the free vibration and/or the energy method should be
employed.  Table 7 was constructed for fhe purpose of reference and
sﬁows the relationships amongst different measures of damping at the

natural frequency of a single degree of freedom system,

Amplification Factor A

It is defincd as the ratio of the dynamic to the static deflection
which is also a mcasure of damping but only at the natural frequency of

the system:
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From equation 29

-i¢
. 1 e ...58
/(1-32)2+45232

A= %
St

Quality factor

CUIt s lgl only At the natural frequency of the system, i.e. when

2 =1:

Q“IA = —— = —-;—E = %— ees59

~ Transmissibility T

It is defined as the ratio of the transmitted load to the founda-
tion through the 'complex spring', to the load applied to the mass. It
can be shown easily that this ratio is the same as that of the amplitude
of the mass to the amplitude of foundation when the vibrétion is trans-
mitted to the system through the foundation.

?t = (K + itw)X | .+ .60
Ft is the transmitted load to the foundation and from

equation 29:

3 F,
X = /X e"i¢

/(1-22)%44£%32

- 2 2
Tk« &2 )2
'_ F K iu -i¢ 10061

/(1-32) 2442232

a = tan"t %2 = 2E3 . 62
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o
/ 1+43°82 RYCES
v (1-32) 244252

.0-63

.—]

n
'-.mlﬁ 1

i

At the natural frequency of the system i.e, when 2 = 1, T is a

.. measure of damping:
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. APPENDIX 2

THE STATIC AND DYNAMIC RESPONSE OF THE SYSTEM

(i) Static Loading

The distribution of load within the specimen and the springs,
together with the associated deflections for the ideal and the real

system, are derived after referring to the respective models shown in

Figs. 24a and 24b,

The_ldeal System ) The Real System
Kyy ¢ ‘n - ‘1' Kzl L K32 = [2 and Ky =Kz = Kye Ial = K;, 122 = 0 and
K K [ 4 K
. 1 J 1 J
] - - R - R - R -
(E R N A M 12E 2T
The effoctive stiffness at the platform I:' is found as:
T A T - Ry (R 01k e o
P i_p—"""n-.'—"'_- *
LTI T o7 RRTR DT Ryt T
> and )
Ty Ry Il ¥ e
n B (RpD a B
Fy=Fy* Fy LA e 3
the static loading ofnc.lency E is
get, R2®iath . eo o, M ti ‘
Ro(R, *0) v (R, o+1] R (R, 1) oK, b
LT TCP R Ot LITRR FIUPRLY
hrlu--mdlnl R
Re2 R+l
Lowwn - f LA T e $
F
J J
e Rel v 4 + ses 6
21 11
] F
J Rel J L]
| & - | X -
‘H O ‘FE T s 7
snd therefors
L VL T 1LY ST Fea .
S Bl S 3 TR sulel el O ) wee
) ¥ EF,, F r,, F. EF, F
21 J 11 11 R 21 J 11 11 .}
WULUGET I LR [ TR CRGTR CRocer
¥ r EF F ? F EF F
12 J i1 11 R+l 12 J 11 i1 R
Rl e vad spile Lo ves 10
RTRCRTR T M STRCRTTR G R
Yor 'n and .12 = = and ‘12 =R
5 5
t. - l. - wee 11
r F
J J
- =R wee 12
LT a
r r
J . J
e . ] Ee =1 ves 13
LTy - il
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(ii) Dynamic Loading

The load amplification and transmissibility are determined
_by-making the following assumptions:
a - The system is completely symmetric (i.e. ideal)
<

b - The parameters are frequency independent, and

¢ - The excitation is harmonic.

The following derivations are made from the equivalent single

degree of freedom system at the second mode shown in Fig. 15d.

Load Amplification

Load amplification is defined here as the ratio of the load pro-

duced on the specimen F to the load applied to the inertia blocks by
" the shakers F. |
F= (2K + 1200)%, . ceo 14

but from equation 29 of Appendix 1

. ! "2 15
1T (2KeK )/ (1-225) 2440262 '
: 1 2 2%2
(Assuming ?1 = F, real)
. 20w .
_ 2K(1+i ===). F -i¢
5 2K 1 o 2 16
2.2 .22 :
(2K+K1)/(1-82) +43,E,
- . . i(9-9,)
F 2K/ 1er? 2 5
F) o 2KK) 22 22 ' o
V (1-33) %4458
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' 2
g FRZ)
= R te e 18
K 2.2 2.2
/(1—32) +432€2

or:

F_
Fy

where RK and RC are the correction factors due to the auxiliary parame-

ters. (see Chapter 13.3.1).

for 2K>>K1 and 2C>>C R, and RC + 1

1’ K
equation 18 is reduced to:
1+432E2
= 2°2
F_ = = -f
F l | 2|

1 - 2,2 ,.2,2
Y (1-82) +432£2

(see Equation 63, Appendix 1) ves 19

Variation of |[—
F

1
can be seen in Fig. 14b.

with frequency and for different values of 52

Transmissibility

Transmissibility is defined here as the ratio of the load transmit-

ted to the foundation (or the platform - Part No.6) Ft to the load applied

"to the inertiablocksby the shakers Fi'

= i X 'R 20
Ft (K1 + 1Clw)xl
or wcl
...Kltlf?.iz‘a.'_51 o -ig,
Fo= e el 21
t (2K+K,) V(1-32)%+422¢2
1 2 252
F K /142 i (6.-0.)
Rk R ST .\
F| T IR cee

2.2 ,.2,2
v (1-35)"+433E5



W
: - 1 2 - =
But sy = (EE? = (1-Ry) and g, = 2§,3,

F /. 1+432E3
. == = (-RY) oo 23
- 1 v (1-82) %4022
2 2%2
for El >0
Fel o %12 1
ol B 2.2 ,.2.2
[ (1-33) 443387
¢ W _
~ quziA (see Eqn.58 Appendix 1)
Wy 2

L N 24
and‘for El § 52 >0
* from equations 19 and 24 it follows that:
F w, 2 =
L. Ly [ E cee 25
' Fy Wy F1
or -
F iy’ F 26
Ft = (@) IFI= (1"RK)I Fl . . " esn
K
Fle <L l'| e 27
Fel® 2 IF
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APPENDIX 3

A STUDY ON VARIATION OF MODAL SHAPES AND NATURAL

FREQUENCIES OF A TWO DEGREES OF FREEDOM SYSTEM

The following style of computation, in dealing with the eigenvalue
problem, was adopted in order to illustrate (a) the effect of stiffness
~and mass distribution upon the modal shapes and (b) the effect of stiff-

ness and mass quantities upon the natural frequencies.

' The solutions are derived for all combinations of values assigned to
the parameters of the system shoﬁn in Fig.15a. A sample print out is given
below. The levels of the auxiliary parameters Kis M, M, and K, are
reflected from Chapter 12.1 but in Imperial units. The programme together
with the input data is given in the next page. Note that S, A, B and C

denote K, a, b and ¢ of Chapter 5.3.2 respectively.

€ '] € uy " A 5 ¢ a2 82 ey 0 WE2
0.100F 01 7075.00 #6A79.00 49,79 eufsn 1.005 .FOFE Us .6ACE 06 16v.87810  =0.003¥¢ thee 16,8
0.100F 01 7075,00 #070,00 ¢4%.7% 64,90 1,005 ,707€ vé ,607E 0& 9r5.965¢0  =0,00103 15,6 16,8
0.100F 02 7075,00 Aa?9,00 465,75 246h,50 1,009 fUNE US ,6n/E 03 17.06100 =0, 0%8%8 16,8 16,8
Lo 0.1006 02 707%,70 &4070,00 ¢&5%.7% ¢6b, %0 1,005 ,F08F 03 ,60/E 05 Yi.60198 =0.01035¢ 15,6 16,8
0.100F 03 7075,00 A870,U0 45,75 264,50 1,005 TOFF 0 ,08/€ 02 2,15917  +0 4633 16,4 17,0
0.YN0F €3 707%5,00 BO70.U0 245,75 464,30 1,005 ,FOFF V¢ ,00/E 02 NI *0.10218 15,7 16,9
0.100F 04 775,00 o870, 00 449,75 244,50 1,008 _70rt OV ,88/F 0V 1.0KA381 «0.925%) 14,7 18,9
0.1008 D& T7O75,00 AOZA 0N ¢S5, 7% 244,50 1,005 ,FCnE 0V ,60/E 01 1,50788 -0, 82Y03 1,1 18,6
0.100F ©% 075,00 AB70,u0 245,75 ah,%0 1,005 ,TufF Qu bRME 00 1,008 -0.09843 1.7 2.8
0.100F 05 702%,00 0Py,u0 ¢4%,.7% 266,50 1,008 ,70/€ QU L6807 00 1.04978 0,957l 18,2 32,8
0.100F 06 7G/S.00 870,60 ¢43.73 ¢46.50 1,005 ,FUFE=U) ,6R/E=O1 1.00085  «1.006ed 8.7 90,9
0.,100F 06 7075,00 sulO, U0 (45,75 646,50 1,009 ,70/F=01 ,60/E~M 1.004R7 =1,000¢e 8.2 . vo,8
Q.100F OF 7075,00 &870.09% 245,75 268,50 1,00% . FOFE=Ud 8n7E=02 1.,00008 =1.00508 .7 ne,v
.0 0.100F 07 7075.90 AOTO.UD €45,7% sLh, 30 1,008 707802 .00/E=02 1.000s9 1.004A2 14,2 82,9
TODJSN0F 07 7075.00 ABPO, U0 4%, 7% 26k, 50 1,009 N4VE"Ue L137E=02 1.00002 =1.,00%0 14,7 e31,8
0.500F 07 7475,00 AOPY, 00 ¢65.7% 244,50 4,008 141F=0¢ ,V2VE=D2 1,00010 *1.00%01 18,2 31,8

v 0LIN0F 08 POPS,00 RBPOLUD 248,79 ek 50 3, 00% FOFF0S ,6NfE=0S 1.00001 =1.00%0 14,7 893,3
© 0LY00E OB 7A7% 00 e0FPA. U0 445,.7% dea .30 4,005 70FE=03 Le0/E=0) 1,0000% =1.00%08 4.2 395.3
0,100F OV  T7o7%,00 ARPI, 00 265,79 Fak,3n 1,005 ,F070%0s L 837F=04 1.00000 =1.00%11 16,7 2824,.5
D.100F OV P075,00 AOZA, 00 ¢&5.7% £4&.%0 1,008 T0FF=08 ,007E~0e 1.00000 =1.005M 10,2 282%.9
0.100F 0V A2%3.00 AB70,00 ¢a3.7% 64,50 1,009 823E 0% ,6A7E 04 0.001%6 =832.13050 15.8 16,6

S QLI00F 01 AZSS, 00 AO70.U0 449,79 chd,d>u 1,009 L625F 04 L007E 04 151,94074 =0 00681 5.6 15,8
0.,900F 04 A2%4,00 #470.00 245,7% &6d,5) 1,009 ,02%F 03 08/t 05 0.01561 =Y 2327V 15.8 10,6
0.100F 02 42%4,00 070,00 £49,2% 244,50 1,009% ,64% 03 8078 03 15,25769 *d.063:8 15,4 13,8
0.100F 05 A2%3,00 &820,00 208,79 244,50 1,009 ,62% 04 ,03/€ 02 0.150%4 8. 67808 15,9 18,7
0.100F 03 6245,00 AUPN GO ¢&% 7% 264,50 1,005 ,62%F Q& ,807F 02 ¢.,013870 =, 497916 15,4 18,0
0,100F 04 4283, 00 677,00 249,79 Jek %0 1,008 _A2% UY ,087F 09 0,72442 =1, 38365 144 15,3
0.100F 06 4233, 00 #0020, 00 €45, 75 26k, %0 1,00% ,8625F 01 ,80/E 0% 1,078a0 =0.951a1 "7 15,0
TOL100F 0% A2%5 00 AB70 U0 C45, 75 244,50 1,009 ,42%F QU ,837F NO 0.9a801 =) n3ass " 3,0
0,1006 03 A2%5.00 nOP0,00 2a5,7% 246,30 1,009 ,0¢% Ou ,60fE 00 1,001y =0 99/%¢ 15,7 34,3
D,V00F 06 82%5.00 A873,00 €45, 7% 246,50 1,008 ,04%F=U1 ,e8/E=71 0,.Vvar7s -1 0043V ", 2 vo,8
0.,INDF 06 44S5,00 AOD7D, 00 €4, 7% ¢44, 50 1,00% 425 =01 ,00/E=0Y 1,.00074 =1 0043) 15.7 0.7
0.100F 0F A2%3 00° ABZ20,u0 245.7% 244,50 1,005 ,BLNE=Ue . AAFE=02 0.9v9A7 -1,00%46 18,2 ae,9
0.100F 07 #2%3,00 AOZO Uy 245,73 244,50 1,008 ,A25FeD¢ ,B0/ED2 1.0n004 *1,00%04 15,7 282,9
Q.300F OF AZSY A0 ABZY, 00 245,7% 264,50 1,005 ,V2%F=02 ,V37E=02 0,999%98 =1 00518 14,2 63,8
O.500F 67 A293,00 8020,00 24%, 7% 244,50 1,00% 92562yl V21802 1,00002 =1,00%10 15,7 4318
D.100F 08 A2%5,00 AATN, 00 €45, 7% 466,50 1,00% A2F"03 ,687E=0) LTI *1.00%1) 14,2 895,3
0.100F 08 A2%8,00 #020.00 245,75 266,50 %,00%% ,A425F=93 ,00/E=ul 1.00001 1 AOdIQ 15,7 8983
0,006 09 a255.00 ABIU, 00 249,79 2464,%) 1,005 645 =08 ,00/E=ny 1,00000 =1, 00%1¢ 16,3 2824,5
0.100F 09 A253,00 o0070,00 Z4%.7% 264,50 1,003 824%=us ,607E-04 1,00000 1,005 15,7 2824,%
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NORMALIZFN EIGENIUNCTIONS Awn FIGENVALUES FOR A 2DFS,
SEE CHAPTFR 5,3,2
DIMENSION S(S500),AC100),8¢€2500),C(2500)
REAL k1¢100),x2¢100),01¢1003,m2¢700)
READCY,R1) Ix 0y, 12,1M,1N
81 FORMAT(TO)
IKslMelN
IislXelY
Ti=ixel2
CALL SURRFZACIXsTY,TZoIMoIN, TR ELo1d, SeMIoM2,A08,CoKI,K2)
sTOP
END
SUBROUTINF SUBREZACIXTYoel1Z,1M.INSIK, ILelJeSeMIoM2oABeCaKIsK2)
DIMENSION SCIX)sACIRK) BCILY,FCTY)
REAL V1Y), h2C12),MICIM),M2(IN)
READCT,11) (S(1),.I=Y, llj.tl1(I!.lliolV)otKZ(ll;Il1 Iz):(u1(ll;l
121, IM) p (M2(T) 11, 0N)
1" FORMAT(FO0,0)
L=0
D014 JMz1,1M
0014 JNs1, 1IN
Lelel
ACLYBMY CUM) /M2 CIN)
14  CONTINUE
MEQ
D0 22 J=1,1Y
B0 22 1=1,!X
MEMe
RlMY=1 QY)Y /8(T)
22 CONTINUE
NE(
00 23 Qe1,10X
00 23 K=1,12
NEN+q
CiN)me2(K)/S(1)
23 CONTINUE
: WRITE(2,51)
51 FORMATC/ /o TXe 1 HE, BX,2HKY o 7N, 2HE2 60, 2HMY DX, 2HHE, SN,tHA,
16X s THRaRX S IHE s 12X s 2HA2 (GX,2HRZ X9 SHNET o6 SHNFZ)
00 24 L=1,1K
JMa(L=13/TN+1
JNsL=(L/IN)oIN
TFCIN . EQ.0)IN=IN
bO24 m=y, 1L
KXs(Mal)/IX o
KY=KXelX '
KlaMepy i
D025 N=([2e(K2=1)¢1),(12%K2) ¢
A230,5¢ (T, sntMIrmacL)nd), SEAND)ISSARTOCACLI s (T ectn) =t 4B (M)))
10246 0sA(L))) .
B2seA(L) /A2 - ) S
Jeky/ixe .
KIZxNa(N/]2Z)0]2
1FCx22,F0,.0) K22212
PlE=3 141592
CI-l1tJ}tn2-12-&¢txrt!oq{rr)-t! nz:-:t-nz:
C2=x1CJ)en2en2ex2Ce22)+s(c2)al1282)2(1=B2) Lt
AVIm(m CIm)em2LIN)uAdond) I 3RA, T
A22= (MY (JM)eM2 (N walen2) /BAA,
FNI=(SQRT(CI/A11))/(2%P1E)

(2 Nl

FEN23(8QRTIC2/A22))/t2¢p1E) RN £
25 WRITE(Z, 26)5(&;) l1{JI,(Zt‘;I).n‘(dq)'nz‘JN’"lki‘stnl‘ctul.‘z"z
1+FN1.FNZ

26 FORMAT  (8X.E9. 8,10, FR.2. 0¥, FR.2, 1K, F6.2,1X, F0,201KsFS. 801Xy’
TES. I I, FR S, 60,59, s.Zn.F!u S 3K FEVs2XsF6.1)
26 CONTINUEF
RETURN
END . o o .
FINISH

E. N LI . T ‘. s
100, 3
1000. IR . X - . .

10000, . B e .,
100000, . CE s e aianm . SR
1000000, ¢ e Lo i s NS A S e

5000000, :

10000000,

100000000,

7075,

8253,

6470,

A ' co r . - [ B .
2518 BT Terdee o T S
244,5

e . L.
-
-
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: LOAD
FINISHED SPECIMENS STANDARD BAR WASHER
KISTLER
AREA ASPECT |1.p. | 0.D. || I.D.| O.D. MATERIAL TYPE NO.
NM;{E ’mz rmz RATIO mm ™
RO - |0.90 | 5.8 | 33x10°%|34.0 | 42.7 || 32.0 | 45.0 | 451%| o068
890 " |0.90 | 5.8 | 99x1073}16.8 | 32.0 || 16.0 | 32.0 | 325*| 903a
{s90. |o.90 | 5.8 518x10° | 0.0 | 27.2 || 0.0 | 25.4 E SA | 903A
- TABLE-4. Specimens for study of ‘'aspect ratio'
3 LOAD
_FINISHED SPECIMENS STANDARD BAR WASHER
- |KISTLER
NANE LAREA ASPECT[1.D. [0.p. |[1.p. | 0.D. MATERIAL TYPE NO.
‘1 in cm2 RATIO mn mm mm mm
Ad5 10,45 2.9 .099 111.9 | 22.6 |{0.0 25.4 |E SA 903A
B90 |0.90. | 5.8 099 |16.8 | 32.0 ||16.0 '|32.0 | 325* | 903A
c180 |1.80 |[11.6 .100 |23.4 |45.0 |{20.0 |45.0 | 455* | 906B
E270 |2.70 {17.4 099 |20.1 |ss.4 ||28.0 lse.0 | ses* | o068
- TABLE 5. Specimens for study of 'arca'.Desford hollow bar TI52.
eci-
CLA NDCE A BS B C,R E-
[um]
1.52 580 580 399 291 291
SPEED
R.P.M. 4.57 580 580 399 291 291
9.65 580 580 399 291 291
FEED 1.52 60 60 47 40 32
um/Rev. 4.57 240 240 210 147 120
9,65 550 550 640 550 550
| I&pLE'G. The cutting conditions.



- 258 -

" To
obtain m *
- C h L £ :.'d" § v
Multipl n
BY
C 1 Rl% 1 1 ™ 27
¢ VKM 2VXM VKM VKM
‘M 1 1 T _2_1_7_
h X 1 X P74 X X
VKM K 1 1 . 2n
% 2
£ 2/KM 2K 2 1 27 4w
w
ds YKy X 1 1 1 2
) L 1r T 27
n .
. /it K_ L 1|1 )
2w 27 2m 4 2

TABLE 7. Relationships amongst different measures of damping at

the natural frequency of an S.D.F. syStem.

_ ) x
* wdrwnll-ﬁ andun-v/M
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~ Length of specimen (zero preload) 81,3<2<317.5 [mm]
Length of specimen (max. preload) 124.5<2<274.3 [mm]

Maximum diameter of specimen 116.8 [mm]

* % % % % %

IMaximum preloading capacity 5 [ton.f.metric]
-Maximum pump pressure 5.360 [MPa]
Maximum deflection of lower block 43.2 [mm]
Average rate of preloading - 127.5 [KP/mm]

Isolating spring

* k % * % %

Effective mass of inertia blocks 118.5[kg]

3.2<2<12,5 [in.]
4.9<8<10.8 [in.]

4.6 [in.]

4,92 [ton.f.,U.K.]
777 [PSI]
1.7 [in.]

7138 [1bf/in.]

261 [1b]

_Effective stiffness of aux.system K, = 121 + 1.114 X, [KP/mm], X, in [mm.]

'Effective loss-factor of aux.system. = 0.046+ 0.001 X,, X, in [mm.]

_Average first natural frequency. 16.3 [Hz]

* * % % % *

Correction Factors due to auxiliary parameters.

2 2 z

0" -1 9 1
R, = —— R, = = (1 - =) where 9
K 32 z 32_1 aCZ

* % % % * %

' Maximum load capacity of shaker system 22,7 [KP]

Maximum load amplification at w

2
F=l R /+REE = B
A z-2 Z,

* % Kk % % %

50 [1bf]

Overall size = 1,676 x 1,118 x 737 [nm]  : 5'6" x 3'8" x 2'S"

* k% k % Kk *

Overall weight = 2500 [1b] : 1134

TABLE 9 - SPCCIFICATION OF THE RIG

[Kgl
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Source S.S. DF VAR.Estimate F Significance
'Frequency  0.00244 1 0.00244 3.047 NS
Static Load 0.00399 3 0.00133 1.661 NS
Interaction 0.00483 3 0.00161 2.010 NS
- Error 0.01281 16 0.00080
" - i
Total 0.02407 23 0.00105  SD = (.00105)2=0,032[rad. ]
TABLE 10 - PHASE ERROR

- Source S.S. DF VAR.Estimate F Significance
Frequency 357.3 1 357.3 34.3 .<0.1%
Static Load  199.5 3 66.5 6.4 < 1%
Interaction 6.8 3 2.3 0.2 NS

Error 166.8 16 10.4- SD = (10-4)%= 3.2[%]

Total 730.4 23 31.7

TABLE 11 - GAIN

ERROR

' . Summary tables for two factor analysis of variance with three-fold

replication.

The significance of the effect of:

F REQUENCY

STATIC LOAD

and

:ﬁpon the ﬁbcuraty (and precision)'of the 'm' method of measurement when

" using Kistler 906B/5001 load washer and charge amplifier.
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© s

Sourcg S.S. DF VAR.Estimate F Significance
Frequency 0.00044 1 0.00044 1,537 NS
Static Load (.00071 3 0.00024 0,829 NS
‘Interaction (.00005 3 0.00002 0.058 NS
Error: 0.0046 16 0.00029
Total 0 .00581 23 0.00025 SD = (.00025)5= 0.016[rad.]

o TABLE 12 - PHASE ERROR

Source S.S. DF VAR.Estimate F Significance
Frequency 334.5 1 334.5 12.4 < 1%
Static Load 101.4 3 33.8 1,2 NS
Interaction * 10.9 3 3.6 0.1 NS

¥
Error. 431.7 .16 26,9 .SD = (26.9)%= 5.2 [%]
Total 878.5 23 38.2
et TABLE 13 - GAIN ERROR

Summary tables for two factor analysis of variance with three-fold

replication.
The significance of the effect of:
FREQUENCY and

STATIC LOAD

upbh the accuracy (and precision) of the 'm'method of measurement when

usiﬁg'Kistler 903A/5001 load washer and charge amplifier.
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Source S.S. DF VAR.Estimate F ‘Significance
A = Arca 0.935 1 0.935 716.86 <0.15%
B = Pressure 0.602 3 0.209 154.03 <0.1%
C = Viscosity 0.110 1 0.110 84.11 <0.1%
Q - Roughness 7.150 2 3.375  2741,84 <0.1%
gB 0.335 3 0.112 85.63 <0.1%
AC 0.015 1 0.015 11.35 < 1.0%
o 1.190 2 ©0.595 456.25  <0.1%
BC 0.088 3 0.029 22,52 <0.1%
BD 0.469 6 0.078 59.98 <0.1%
o 0.087 2 0.043 33,27 <0.1% -
ABC 0.042 3 0.014 10.81 <0.1%
ABD 0,771 6 0.128 98,52 <0.1%
ACD 0.004 2 0.002° 1.57 NS
BCD 0.142 6 0.024 18.12 <0.1%
_'_ABCD 0.034 6 0,006 4.32 < 1.0%
Error 0.1252 96 0.0015  SE = 2253 - g, 02
_Total 12,0993 143 ©0,08461

" TABLE 14 - LOSS FACTOR PER UNIT AREA OF JOINT

Summary table for four factor analysis of variance on the results

of the three methods of measurement(considered .as 'replicates') ,

The precision of the methodsof measurement and the standard deviation

of the mean error.
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S.S. DF VAR.Estimate F Significance
A, 257,218 1 257,218  20.37 <0.1%
B 56,473,900 3 18,824,600 1490.78 <0,1%
C 110,224 1 110,224 8.73 < 1.0%
D 14,918,000 2 7,458,980 590.70 <0.1%
AB . 57,694 3 19,321 1.5%' NS
AC 21,073 1 21,073  1.67 NS
AD 18,822 2 9,411 0,74 NS
BC 38,319 3 12,773 1,01 NS
BD 11,064,700 6 1,844,120 146.04 <0.1%
e 90,298 2 45,148  3.57 < 5%
-ABC 147,751 3 49,250  3.90 < 2.5%
ABD 334,511 6 55,751  4.41 <0.1%
ACD 29,546 2 14,773 1.17 NS
BCD 56,335 6 9,389 0,744 NS
ABCD 151,621 6 25,270  2.001 NS
. Error 1,212,230 96 12,627 SE = (12§Z7J%=64-9[MN/m/cm2]
Total 84,982,500 143 594,284 |

TABLE 15 - INPHASE STIFFNESS PER UNIT AREA OF JOINT

Summary table for four factor analysis of variance on the results of the

three methods of measurement (considered as 'replicates').

The precision of the methods of measurcment and the standard deviation

of the mean error.
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Source S.S. DF VAR,.Estimate F Significance
A 0.737 1 0.737 56.9 <0. 1%
B 1.176 3 0.392 30.3 <0-1%
c 0.187 1 0,187 14.4 <0-1%
D 5.803 2 2.902 224.0 <0-1%
AB 0.241 3 0,080 6.2 < 1,0%
AC 0.002 1 0,002 0.1 NS
Ab 0.088 2 0.044 33.8 <0+1%
BC 0.056 3 0.019 1.4 NS
8D 0.953 6 0,159 12.3 <0-1%
oD 0.239 2 0,119 9.2 0 -1%
ABC 0.022 3 0.007 0.6 NS
© ABD 0.457 6 0.076 5.r9' <0 1%
ACD 0.004 2 0,002 0, 1" NS
BCD 0.065 6 0.011 0.8 NS
ABCD 0027 6 0.004 0.3 NS
Error 0.6218 48 0.01295 |
Total 11.4689 95 0 .12073
TABLE 16

Summary table for four factor analysis of variance with two-fold

replication.

The significance of

"

o 0 W >
"

the effects of:

AREA
PRESSURE

VISCOSITY OF LUBRICANT, and

ROUGHNESS

- upon the loss-factor per unit area of turned surfaces.
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Source S.S. DF VAR.Estimate F Significance
A 3,466 1 3.466 99.3 <0. 1%
B 1.710 3 0.570 16.3 <0. 1%
c ' 0.027 1 0.027 -~ 0.8 NS
D 10.581 2 5.290 151.6 <o- 1%
AB 0.559 '3 0.18 - - 5.3 < 1.0%
AC 0.005 1 0.005 0.1 NS
IR 2.983 2 1.492 42.7 <0. 1%
BC 0.008 3 0.032 0.9 NS
BD 1,148 6 0,191 5.5 <0. 1%
CD 0.092 2 0.046 1.3 NS
ABC 0.055 3 0,018 0.5 NS
ABD 0.045 6 0.074 2.1 NS
ACD 0.077 2 0,038 1.1 NS
BCD 0.066 6 0.011 0.3 NS
ABCD 0.048 6 0.008 0.2 NS
Error 1.6752 48 0.0349
Total - 23,0368 95 0.242
" TABLE 17

Sﬁmmdry table for four factor analysis of variance with two-fold replication.

The significance of the effects of:

A = AREA

B = PRESSURE
€= VISCOSITY OF LUBRICANT and _
D = ROUGIHNESS ”

upon the stiffness-factor per unit area of turned surfaces.
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