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Abstract

Tt has been said tha prenmental modal analysns (EMA) “grew to promi-

- nence because the engineering community was incapable ~f properly analyz-

ing the dynamics of commercially significant structures” [24]. The advent
of powerful theoretical methods, such as the Finite Element Method (FEM)
has not, however, resulted in the demise of EMA. In fact both FEM and
EMA ha.ve undergone rapid growth and the merging of the two into an effec-

_ tive design and diagnostic tool has had a major impact on the engineering
community’s approach to dynamics related problems. In this study, the

term dual has no mathematical connotations and is used to describe the = |

complementary use of the techniques of EMA and FEM. The mining indus-
try, worldwide, has experienced dynamics related problems in the operation

_ of conveyances in vertical shafts. 4 study undertaken in South Africa inves-
 tigated the behaviour of shaft steelwork and skips, resulting in a set of design
. guidelines for future shaft steelwork designs. This work only investigated -
- the dynamic behaviour of skips. In this project, the ABAQUS and MODEL
SOLUTION FEM codes were used to construct models of a mine cage. An’

impact modal test was carried out on the cage, using a GenRad 2515 CAT
system. An impact hammer, suitable for exciting large stractures, and a

strain gauge force transducer were designed and built for the purpose of the

test. The natural frequencies and mode shapes obtained from both FEM
and EMA are compared by means of the modal assurance criterion (MAC).
The test data is used to tune the model to produce accurate results, The
mode] could. then be used {with minimal further test work) for predicting

 the response of the structure to dynarcuc loading or the effects of structural
mochﬁcatmns
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Chapter 1

1.1 STRUCTURAL ANALYSIS

Structural analysis may be broadly divided into two areas, namely static

and dynamic. Static analysis involves the evaluation of forces, moments, -

detle. ‘lons, stresses and strains that arise from time invariant loads. The
techniques for such analyses are relatively straight forward and although

- they have been in use for decades, they are still comnmnly used today, Dy-
naroic analysis, on the other hand, involves determining the sarne variables,

but under conditions of time variant loads. The techniques required are
considerably more complicated and it is only with the advent of powerful
computers and computation methods that these techniques are being used

for structural analysis,

Historically engineers have desigﬁed excessively heavy and stiff structures

to avoid the complexity of dynamic analyses, However, in the modem

highly competitive engineering world, only efficiently designed products can

- survive. Vibration problems can no longer be solved by simply “beefing up”
components, The consumer demands structural components that are light -

ard strong (and thug more susceptible to vibration), yet fail less frequently.

It is thus vitally important for the modern engineer to have a knowledge of

the dynamic properties of a structure and how they affect its performance.

Ideally the static and dynamic design cbnsider_ations should be a.ccou_nted
for in the design phase of a structure. However the operating conditions are
often not known accurately, or they may he different from the design condi-

tions. In such cases a structure, thongh well designed, may not perform sat- -

isfactorily and it may be necessary to modify it to change its characteristics,
It is thus obvious that a knowledge of structural dynamic characteristics is
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' essential in both the design stage as well as'in trouble shootmg of exlslung

strucﬁures

In South Africa, extensive dynamics-related problems regarding the oper-
ation of mine conveyances in vertical shafts have been experienced. These

. problems and the research program undertaken to rectify them are d‘scussed

bneﬂy in the next section.

1.2 MINE CONVEYANCES-

Conveyances used in South Afnca.n gold mines may be broadly divided into
two groups:

- @ SKIPS — used fo remove the gold-bearing oré from the \?orking levels,

» CAGES — used to transport mmen, eqmpment and ma.terlals to the
1eve!s where they are neeled.

These conveyances (of which there are several per shaft) generslly run in

steel equipped, concrete-lined, vertical, circular shafts. The shrif steelwork
serves the puxpose of guiding the conveyance as it travels in the shaft. Each

conveyance runs in its own compartment, Several guide configurations are
used, the most popilar being two and three guide systems. Figure 1.1 shows

" a typical shaft installation, Figures 1,2 and 1.3 show a typical skip and cage

respectively.

1.2.1 Behaviour of Conveyances and Steelwork

Although gold mines in South Africa have hecume progressively deeper and
larger, few parallel advances in the design of shaft ateelwork and conveyances
have been made. Greenway [1] states that the approach to the design of
steelwork was to assume that a certain fraction of the total conveyance
weight acted (statically) on the steelwork. The system was thus not viewed
as a dynamic one. It was realized in the 1960’ that this lack of understand-
ing of the dynamic behaviour of steelwork and conveyances could lead to
unsatisfactory performance. This has been the case; extensive dynamics-
related problems have been experienced by a number of mines [1,2,3]. Fortu-
nately most of the problems have not been severe — minor fatigue cmclung
of components, loosening of bolts, excessive guide wear and difficulty in
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maintalning a.ccepta‘"; guide alignment. However one shaft has experi-

enced bunton failure, scessitating a costly bunton replacement and guide
realignment program.. '

- As a result of these pmbl‘emsan-extensive research prera.m, funded by

the Chamber of Mines Research Organization (COMRO), has been pur-
sued since 1982 [1]. The objective of this research has been to improve the

~ understanding of the dynamic behaviour of mineshaft steelwork and con- -

veyances and ultimately to provide design engineers with guidelines which:
will enable them to aveid the dynmamic problems experienced in present

installations.

1.2.2 CQ.MRO- Research Program

The COMRO research program set out to develop an understanding of the
interaction between a skip and shaft steelwork by means of an extensive

 test program. Computer simulations were then used to carry out para-

metric studies to determine the effect of various design parameters. These
parametric studies were used to develop a set of design guidelines.

- The test program included the 'acquisit'ion of data to fully characterize the

dynamic properties of both a skip and the shaft steelwork at a shaft where

~ problems were being experienced. It was found that the skip behaviour
‘was mainly rigid body type and hence the dynamic properties of the skip-



-Figure.l._.‘?: Typical SALA type skip -

 Top _Transom \ - DrawBar-

-Eséapa__
 Hateh

Ty
o
Do

ot
Wl
s ;».Sc_reens

—

Corner_: el A
Angles |

-Bracing

_ -q:“ Jack Catches
"

Figure 1.3: T}'rpica_l three deck aluminium mine cage |

D o

———



steelwork system were not important to overall behaviour. However it was
found that where metal to metal contact between slipper plates and guides

ocourred during an event known as slamming, both the skip and the steel-

work responded in their natural flexible modes of vibration. This vibration

 of the steelwork and skip is the cause of fatigue cracking of comp otients a.nd :

loosening of bolts etc., mentioned a.bove

Slamming occurs w_hen metal to meta,l coutact between the skip and guides
takes place at a point on the guide near a bunton. In this area the guide is

“very stiff in comparison to its stiffness at mid span and high impact forces
. result. Metal to metal contact occurs when the guide rollers do not function

correctly as a result of a roiler tyre failure, incorrect pre-load settings or if

. the guides are badly aligned. Local, rather than globa.l guide misalignment

is of prime 1mpori’.ance here.

Parametric studies with a computer model of the sla,mrmng phenomenon
indicated that slamming forces could be reduced by increasing the stiffness

~ of the guides and decreasing the stiffness of the buntons. In addition the
behaviour of a rigid SALA type skip was compared to that of a more flexible -

JETO type skip and it was found that the forces in a slammmg event were
very much lower in the case of the JETO slclp

In a.ll of- these studies only skips were investigated. Although it is known

~ that skips are generally stiffer than cages, no wotk has been carried out to

qua.xmfy the dynamic characteristics of cages. The techmquu of structural

- analysis may be used to this end.

In this study, the techniques of ExPemnenta.I Modal Ana,lys:s (E\IA) and

the Finite Element Method (FEM) are used in the analysis of a mine cage.
The natural frequencies and mode shapes of the cage are detrmined by

‘conducting a modal test using the impact excitation technique, A large

hammer and transducer are designed and built for this purpose. Finite el-
ement models of the cage are developed and tuned to accurately reproduce
results of the modal test. The use of the experimental and analytical meth-
ods is termed the dual approach in tlns thesis. The term “dual” has no

‘mathematical connotations.




1.3 OBJECTIVES

" The ob_]ecti'ves of this project are pr&sented in point fori-n below. Ii was
realized at the beginning of the project that some of these objectives would -

be difficult to achieve. The project does not set out to fully investigate the

dynamic behaviour of mine cages and shaft steelwork, It sets out to improve

the present understandmg of mine cages and in so doing provide the author
with a vehicle to improve his own knowledge in the fields of experimental

‘and analytical dyna.mlc a.ns.lysm

. 1. To apply expenmauta.l modal testing technigues in the eva.lua.tmn of

 the dynamic characteristics of mine cages.

9. To evaluate the use and application of the Finite EIement Metho_d for

determjning the dynamic characteristics of mine cages.

‘8. To use the dual FEM-EMA a.pproa.ch to develop a FEM model ofa

mine cage.

4. To improve the understa.ndiﬁg of the dynamic bé]ia.viour of mine éa.ge_s'. |
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‘1.4 DISSERTATION STRUCTURE

The remainder of the dissertation is set out as follows:
The experimental procedure and some important points on sign 1l processing -
as well as the theory relevant to the techniques of dynamic analysis are

discussed in Chapter 2. This includes methods for curve fitting to EMA
data and some numerical techniques used in solving eigen problems in the
FEM. Important characteristics of conveyance and shaft steelwork systems

are discussed in Chapter 3. A simple structure in the form of a flat steel -
plate iz analyzed using EMA and FEM in Chapter 4, This analysis was

conducted to gain experience in the use of EMA and FFAI. A mine cage is
analyzed using the dual FEM-EMA approach in Chapter 5. A discussion of
the project is presented in Chapter 6 and conclusions and recommendations
are presented in Chapters 7 and 8 respectively. A brief description of the
equipment used in the study and other information and results which would
otherwise detract from the contmmty of the dissertation are presented in
the Append1ces

A
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Cha-pt'er 2
DYNAMIC ANALYSIS

. E\pemmenta.l \'{oda.l Analysis (EMA) or modal testmg is descnbed by Ewma

[6] as

‘the processes mvafﬂéd in testing components or structures with _
the object’ve of obiaining a mathematical descmptzon of their
. dynamic or vibration behamour : - '

Mitchell [24] claims that EMA “grew bo prominence because the engineer-

ing community was incapable of properly analyzing the dynamics of com-
mercially significant structures”. However, techniques such as the Finite
Element Method (FEM), with significant dynami¢ capabilities, have been
developed. Rieger [21] describes Finite Element Analysis (FEA) as a “com-
puterized procedie for the analysis of structures and other continua’, De-

‘spite advances in analytical modelling, EMA continues to thrive. In fnct,

Ewins goes on to say that perhaps the most common application of modal
testing is the measurement of data for comparison and validation of finite
element or other theoretical models. Stevens [23] states that recent develop-
ments in the merging of experimental and analytical techniques have made it
possible tu construct accurate analytical models of complex systems, which

- in turn is having a major impact on design procedures. Rieger [21], shows
by means of case studies that experimental modal analysis and finite ele-

ment analysis can be co-ordinated into an e:&'ectxve diagnostic procedure for

o wbla.tmn analys:s

- From the above it is apparent tha.t there are two tech.mques available for
‘the dyna.rmc modelling of structures. One is an experimental technique

and the other is an analytical technique. The two techriques can be used

‘independently of one another, but used together they form a powerful design

a.nd dlagnostlc tool.

e csu ol a L e me w ma we r
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The dynamic characteristics of a structure can be defined by means of its

mass, stiffness and damping properties — the time domain or spatial model.

Although real structures are continuous systems and their mass, stiffness -
and damping are thus disti‘buted, they can often be represented as an
‘assemblage of rigid masses connected by spring and damper elements. The
equations of motion for such a lumped parameter system are easily obtained :
" by applying Newton’s Second Law of Motion :

ZF.;ma o . - ._ (21)

to each mass. The resulting equations of motion are :

[ 3]
-2
B Sl

MO+ OHe} e = Y e

© A similar set of :equa,tions'a.re obtained by means of the Pinite Element
Method, In this method, the structure is divided into small finite elements,
- . interconnected by nodes. A simple distribution of displacernent is assumed

within each element and the unknown nodal displacements are solved for,
using numerical methods. The method is an appro*{lma.te one, but skillful

~ selection .of the element type and mesh results in a realistic and accurate
- model.- :

An a.lterna.ﬁve to the time domain model is the modal modei, the dynamic

characteristics being defined by means of the natural frequencies, mode

shapes and modal damping. Here the system’s responses are a function of
frequency rather than time. The two models are equivalent and in principle

it is possible to derive one from the other by mathematically trmsfornnng

from the time domain to the frequency domain or vice versa,

Analytical modal a.na_lysm is' the process whereby the modal model is ex-

tracted frory the time domain model. This may be achieved by finding the
eigenvalues and eigenvectcrs of equation 2.2, the external forces {F} be-

 ing set to zero (the free wibration condition). The eigenvalues determine

the natural frequencies and damping for each mode, while the eigenvectors
represent the corresponding characteristic deflected shape or mode shape of

the stl‘uctui'e

Experlmenta.l modal analysis is the process of extracting the modal model
from experitnental data. The structure is subjected to an excitation f(2)

and the responses z(t) are measured. The responses are determined by the

structure’s. properties 2(¢). Using the Laplace Transform, it is possible to
transform to the frequency domain. This is represented schema.t:cally in

- Figure 2.1. -
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The réla.tioﬁ between stia‘a.ﬂ-y sf:a.te input aﬁd output is...represented by
.(s)H(s) X@) o | (2..3.)

' or | .
mo-X0 e

F(s)

where H () is called the trans, , inction, éxptessing the dynamic charac-
teristics of tie structure in terms of the complex vatiable s = ¢ + jw. A

special case of this iransform occurs when a = 0 and is called the Fourier

Transform. This is easily calculated using the Fast Fourier Transform (FFT)

“algorithm with a digital computer. The transfer function then becomes

| X(J'w):

H(jw) - i (2.5)

. and is called the Frequency Response Punction (FRF). FRF's are calculated

from measurements of system response by means of multichannel spectrum

‘analyzers. In practice the excitation (usually a force) is applied to a sinall

number of points on tie structure and the response {usually an acceleration)

* is measured at a large number of points. A large number of FRF’s are thus

required to describe a striucture. By curve fitting analytical expressions to

 the measured FRF’s, the natural frequencies, damping and modes shapes

of the structure are obta.mecl

 The analysis_ is ba.se_d on the fact that for a lurear system, the response
to any excitation may be expressed as a linear combination of the natural
modes of vibration of the system. The most important a.SS.lmptlon is that

the structme is assumed to be linear.

‘2.1 BASIC THEORY

Consider the simple system consisting of a mass m, a .spring of stiffness k,
~and a damper of viscrus damping coeflicient ¢, depicted in Figure 2.2, If
" the system ig set in motion by one or another means, the displacement or

response of the mass is time dependent and is given by 2(t). If an excitation
in the form of a force f(t) is applied to the system, the response is termed
forced vibration. If the system is set in motion and no further excitation
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force is applied, the response is termed free vibration, Free vibrations de-
scribe the naiural behaviour or the nafural modes of vibration of the system.
In a system with damping, the free vibrations will diminish with time as

the damper dissipates the energy initially input to the system. If there is

no da.mpmg present, the vibrations will not diminish with time as the en-

ergy is not dissipated ~— the system i said to be conservative. The number

“of degrees of freedom of a vibratory system is the number of independent
spatial coordinates necessary to define its geometric configuration [10]. A
rigid body in space requires six degrees of freedom to describe its configu-
ration — three translational and three rotational degrees of freedom, The
system shown in Figure 2.2 requires only one degree of freedom to describe

 its configuration, hence it is termed a single degree of freedom (SDOF) sys-
tem. A system requiring n degrees of freedom to describe its configuration

‘would be capable of vibrating in n different natural modes of vibration.
each characterized by a natural frequency, corresponding mede shape and

‘description of th~ rate of energy dissipation — the modal damping.

The spatial model consists of the mass, stiffness and damping properties
of the system. A [requency response analysis of the spatial model leads
to a description of the structure’s properties as a function of frequency. A
free vibration analysis produces a description of the manner it which the
system behaves naturally by means of the natural frequencies, mode shapes

and modal damping - the modal model. In a forced response analysis, a.-

sinusoidal excitation is applied to the system and the steady state response
is examined, The response and excitation are sinusoidal and of the same

frequency for a linear system. The frequency response characteristics of the

structure are described by means of frequency response functions, defined
as the ratio of response to excitation — the response model. Hence there

three models describing a system. Analysis of the spatial model leads to

development of the madal mode! and the response model.

2.1.1 -, SDOF Systems

Applying Newton’s Second Law of Motion to the ahove sm'gl'e degree of
freedom system results in the following equation of rr stion descubmg the
8y stem' .

mE -+ ¢d + kz = f
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Undamped sysiems

Consider this 's_ystem with no excitation force or da.mping; that is the un-
damped free vibration situation. The solution to the resulting equation is

_obtained by substituting a tiial solution [8,7] of the form 2(t) = ze™, re-

sulting in the requirement that & —w?m = 0. This produces a single natural
frequency |

=y f— o - (2.
w=ifE : (20)

Now considering the response of the system to an excitation of the form
f(t) = fe™, we once again assume a solution of the form xz(3) = xe™:
Substituting into the equation of miotion and re-arranging to obtain an
expression for the ratio of the response to excitation results in a frequency

- response function:

Damped systems

: V:scous dampmg
If we include the presente of a viscous da.mper the free v1bra.t10n situation

requires a more general trial solution, of the form 2(t) = ze*, resulting in
the conditton ms® + ¢s + k = 0. This equation has two roots:

~ok V&~ Lhm

2m

S12 =

Defining wp = / ﬁ- and ! = 57"-#-’;-, the solution becomes:

811 = —wol % dwoy/1 — (2

Since there are two roots, the response will take the form
:c(t) = Xl ea:t o Xzes:t

where X7, are constants determined by the inisial conditions, Deﬁmng wn =

~ woy1—C* and substatutmg and s1mp11fymg gwes the following expression
' for the rcsponse' :
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z(t) = e““""“.-[(Xl + Xa) coslt + i( Xy — Xp) sin Q{,t]-

Since the response is a real inhysical quantity, (X3 + X;) and i Xy - X5)

must each be real too. In order for this to be the case, X, and X3 must be
complex conjugates, hence the response becormes :

m(t) = ¢“b*( By coswht + A; sin wpt)

Clearly, the response has two components: an imaginary, oscillatory part
with a frequency of wy — the damped natural frequency, and a real, decay

 part resulting from the damping. For the forced response analysis, the same

form of excitation and respouse as for the undamped system are used. This

-results in frequency regponse function:

L
K, 1r1r'1m.s'2 + iwe

a(w) =

In contrast to the undamped FRF, this is a complex guantity, containing

magnitude and phase information.

Hysteretic damping

It is-found that for real structures, having many Qegrﬁes of freedom, the vis-

cous damping model is not a.dequate A damper whose rate varies inversely
with frequency is required [6,15,13] — the structural or hysteretic damper.

- The equation of motion for the forced response of the siructurally damped

systemn hecomes:
(wim 4 ko 4 ih)pe = felt
and the frequency response function hecones:

1

- ofw) = k- w’m»{-ah

Analysis of the free ‘v'lbratlon case presents some difficulty and is not dealt
with 11ere

2,1.2 MDOF 'Systems N

Real systems are genera.lly multi degree of freedom {(MDOF) systems and
' the equations of motlon are conveniently written in matm: form, as follows:
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DIE0) + [CHE0} + [K}a() = L)

Foran N degj:e.e of freedom system, [M], [K], (C] are NV IV matrices and’

© {x(t)}, its time derivatives and {f(¢)} are Nx1 vectors. There is an equation

of motion for each degree of freedom. The stiffness matrix [K] is symmet-
ric due to the Maxwell-Betti reciprocity relationship for elastic structures
[T}, The mass matrix [M] is also symmetric due to the Beltrami-Mitchell
compatibility lequlrements .

Undamp-e'd_ system

Consider again the undamped free vibration condition for the multi degree
of freedom system. Assume a solution of the form {z(t)} = ze™! [6,7].
This implies that the entire system can vibrate at a single frequency w.
Substituting into the mafrix equation of motion lea.ds to the requirement
t‘.ha.t

1] ~ w? [} =0

which. gives N possible values of w?, the unda.mped natural frequencies w,

of the system. Substituting these va.lues of w? into the equations of motion

leads to a corresponding set of values for the vector {x}. These are the

mode shapes {1}, corresponding to the natural frequencies w.. The modal
model may thus be presented in the form of two NNV eigen matrices:
a diagonal matrix of the natural frequencies {eigenvalues) w? and a matrix
whose columns are the modes sha.pe vectors (eigenvectors) {4},, represented
as []. The eigenvalue makrix is unique, but the eigenvectors are not. Each
eigenvector represents the relativ~ displacements of the degreés of freedom.,
The scaling of the vector is determined by the procedures followed o obtain
the solution and does not affect its shape. The modal model has certain
orthogonality properties such that:

WF = b | @
and | |
mmml[hw B . S )

The values m, and k, are called the modgl mass and stiffness of mode r.
Because [f] is not unique, neither are m, and &, however the ratio &= is
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umque and ;@‘- = w?. One important means of scaling the eigenvectors is
known as mass—norma.hzmg [6] and the mass normalized eigenvectors are
denoted: : :

‘[95} TW_ | _ {2.9)
'hencé
[¢]T[M][ 4l = Ulies | I 20)

IR = o2l

| ~ The usefulness of thiz transformation will become apparent later,

'~ For the forced response analysis we assume a solution of the same form as for

the free vibration case, but the structure is now excited by a set of sinusoidal
forces, all of the same frequency, ie: {f(t)} = {f}e™". Substltutmg into the

'mzl,trm equa.t:on of motion and reanangmg

()= ﬁ-ﬂ—-_—{_—fj—m = la )}

[a(w\] is now an N xV matrix of flequeucy response functmns An element

~of t} g8 ma.trm 15 deﬁned as:

=

fk

with the condition that f, = 0 form . 1, N; % k. Essentially this means
that ey is the FRF resulting from a response at 7 induced by an excitation

-t k, all other excitations being zero. Again the Maxwell-Betti reciprocal

relation applies {7] and aj = oy, hence [ofw)] is a symmetric matrix.

- Using the orthogonality relationships, it is possible to denve a more useful

expressmn for elements of the FRF matrix: :
(]~ P01 =l

P_remulfiplying* by [qS]T"and post multiplying by _[¢]- we get:
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LI - G (18] = (817} 8]
it %l = 706
'théréfore
)] = [0 ~ oLzl

The fact that [e(w)] is a symmetnc matrix is confirmed by the form of this
equation. An element of the matrix is given by :

. .
"Q';kw). z r¢jr¢k | )

=1 'r

-or

| N 7 jf.:
apw) =Y

2 2
oowl—w

where ,Aj, =, » 5 oy I8 defined as the mode] constant for mode r, for the
FRF linking coordinates j and k. :

Systems with proportio.na'i damping

- Proportional da.m;nng oceurs when the da.mpmg matrix is also orthogonal

to the eigenvectors of the undamped s; fStblIl. [6 7]

wmdm=mm;

The system can be replesented by a set of decoupled second order dlfferentla.l
equations ) o

Viscous dampmfr

‘We now consider the spec:al case where the viscous damping matix s
assumed to be proportional to 2 linear combmatlon of the mass and stiffness
matrices: :
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- [C)=alM] +AlK]

| and by pfe~ .a.ncl post multiplying by the undamped system [

TGS = oty Ml + BT K]

IO = alkJaes + Bl = [l

" The significance of this is that the mode shapes of the damped and un-

damped system are identical, while the resonant [requencies differ slightly:

W '“-T'.f-"r\-/l - (2 |

where C, = 9& + £ The forced response analysis leads to the following
equa.tlon for an element of the FRF matrix;

. a‘-k(w) = % . rAgh_
N

I—Iysteretxc dampmg :
A similar result can be obtzined for the proportmna.lly hysteretmally darnped

. system., In this case, the equa.tmn of motion is:

[MUE®)} + (K +iH{e(t)} = {F()}
and |

[H] = a[K] + B{M]
The FRF s given by:

o) i
a”‘_(w).. 2 w? —w? 4 iq,w,?

r=1

The mode Sha.pes are again the same as for the undamped system, and the '
elgenvalues (denoted by A) are complex
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where

nr"'—"a“‘u%

T

- For the undamped and proportionally damped systems, the mode shapes

are all idextical. The natural frequencies of the proportionally damped
systems are complex, with an oscillatory part and a decay part which arises
from the dissipation of energy by the damping elements,

Systems with general damping

Hysteretlc damping .
~ The general hysteretxca.lly damped system is dlScussed first because 1’5 is

simpler- than its viscous counterpart.

The equa.tmn of motion of the free vibration system is:

[WMH+WMHMMMm=

Assuming & solution of the form {m(t)} {a:}e‘ ¥ leads $o the requirement
that: .

]+ 6 ~ XM = 0

As with the undamped system, the solution is in the form of the two matrices
containing the eigenvectors and eigenvalues respectively. However, in this
case, both of these maftrices are complex. We can write the rth eigenvalue

a8

z\r = W:.’\/ 1 + 3.'!},-

~ where w is the natural frequency and 9, is the structural dé.mpiilg loss
factor, This is similar to the eigenvalues for the proportionally damped

system, but the resonant frequency w{' is not necessarily the same as for
the undamped case, w,, The most important difference results from the

eigenvectors being complex. The displacement of each coordinate has a
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~ phase angle a3 well as a magnitude. This means that when the system is

vibrating at a natural frequency, all coordinates of the mode shape do not
reach their maximum displacement at the same time, as they do for the
undamped and proportionally damped systems. For the latter systems, the
displacements could be considered complex, but with a zero complex part:
the phase is thus either 0 or 180 degrees. The orthogonality properties of
the system are as follows:

B M) = i
and - |

U + 4E110] = [k e
and

=t

’I‘he mass norma.hzed ewenvecl;ors are aga.m given by

_

The forced response a.na.lvs1s leads to the fo]lowmg expression for an element

of I:he FRF matrix:

N

) =3 -

=1 Wi w0t inwl

~ Because the mode shapes are coruplex, the numerator of this expression is

also complex.

Vlscous dampmg
The equatlon of motion for the general viscous damped system is:

[M {m(f)} +[0] {&(f)} + [K]{m(f)} {1}

If we deﬁne a vect;01 {y(t)} ma.de up of displacements a,ud velocities, such
that: -

’ 's-,nl‘”
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(v }={ 48}
then the equation of motion can then be re-written as:

[Mﬂ[m] ﬂ}+[wlﬂﬂ]{ﬂt} {fu}

resulting in a set of N equa.tlons, but with 2N unknowns By mt:roducmg

* the identity equation:

I} ~ (M)} =

- wrltten in the form :

[m (] {4 ﬂ}+[4M]M]{Mﬂ} { }

we can obtain an equation of the form:

[ ] w Bl )

o or

wumynmum} ) S € S ¢

which is 2N equationa in 2N unknowns. This is now in the form of the -
well known and simple to solve eigenvalue problem. It can be seen that
for the free vibration situation, where we assume a solution of the form
{y(1)} = {y}e** and set {2(£)} = 0, equation 2.11 only has a solution when

JslA] + (B]| =€

" The rih eigenpair consmtmg of 2N eagenVa,lues 5, and 2N eigenvectors

{9},. satisfy the equatmn.

(mm+wmwew S R

- {8}, now consists of a displacement vector and a velocity vector. By manip-

ulating equation 2.12 we can again arrive al the orthogonality propertles,
this time stated in terms of the matrices {4] and [B]: '




(OYII4{0), =0

and

(B, = O

- for the cases where = g, which implies that =

LA = ol

Camd

[9]’1' [B ][9 [br]dmy :

" It can be shown ([6,7]) that

: e
QoG = —

*

and

' where m,, k. and ¢, are the modal mass, stiffness and da.mping_ terms.

For the forced reéponse a.nalvms; we assume a trial solution of the form -
{y(t)} = {y}e™* and an excitation of the form z(f) = {z}¢™* and substi-
tuting into equation 2.11 and d1v1d111g by e, we get:

iw[é]{y}+_[31{y}={z} | o )

Because the 2V eigenvectors are linearly independent of one another it is

possiblé, using the principle of superposition, to write:

Cor=l

()= E%{g}r ) E S (2.14)

' whére -7,; are a set of coefﬁclents determining the participation of each eigen-

vector in the response {}. Substltutmg equa.tmn 2.14 into equation 2.13
and multiplymg by {6}7 we get: :

TN T R o A eea T
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SUHEN £ o CHEMIOE {e}i;"{z}

r-']. F=1

: Simpiifying usir;g the brthogona;lity properties we get:

Wag Yy + byt = _{9}'{{3} .
and solving for , we get:

IR 03
: _ (iway + by)

~ where a,, bg_.a;re the qth élemeﬁts o the diagonals of [a,.]d;.,g' and [Z}',.]d,-ag_'

respectively. Back substituting into equation 2.14 we get: .

2N T fo :
v} =-§ ngi-i_ 5}:'

By fﬁrther manipulation of equation 2,12 we can show that

: ;.b,,

8, = —
ay
hénce o o
N T ) ' ' '
- __{y}_-- g ——-—————{i}(zﬁ ﬁ)}‘” - | | N (2.15)

N ow the complex mgenvalues obta,xned by the free vibration a,na.lysw s,. ma.y
be written as;

'-wr( Gk 2\/ 1 Cg)

- Substituting for §; in equation 2,15 and returning to the original coorrlma.te

gystem (vecalling that {m} = jw{z}) we get: .

;u{m} -_w oy { 3_{ } o
{ } vt a,.(zw+Crwr:l:=w\/1 Cé)
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If we now isolate a specific case for the excitation applied at location k and :
the response measured at lucation j, we get that : . _ |

v !
5y Bl
—= =L

7, S =2 a,(m+g,w,i~uu,\/1-c2

or defining

' rgj rgk
ik = ar
we get:
Dy aN | . fik' | .16
@;. ") =Y — . — . R - (2.16)

2w Gun i1 02

In the above .discussion, the éoncept of a fréquency response function afw) -

- was introduced. It was defined as the ratio of tle response to the excitation

and in all the cases dealt with, the response was a displacement z(t), and
the excitation a force f(t). Practically, i may not be convenient to measure o .
the displacement response of the system. Hence we may define other forms -

~of the FRF using the velocity response v(t) or the acceleration response

a(t) as follows: ¥'(w) = % and Alw) = §. The terms afw), ¥'{w) and Afw)
are known as the system receptance, mobaht,; and {nertance respectively,
It can be seen that if we let z(¢) = ze™?, then ¥{w) = iwa(w) and that

Afw) = —wla(w).

At this stage it'. is impdrta.nt to point out that by a.ppljri].lg. an excitation

at one pei.t on a structure and measuring tlie responses at all points of

~ interesi, we are able to determine a single row (or column) of the FRF

- In this section, some of the more important considerations in carrying out
" an experimental modal analysis are discnssed, Points relevant to the im- I

the impact and other test procedures is available in [6,7]. The techuical -

mattix. 1f we excite the structure at more than one point, we are able to
measure more tows of the FRF matrix.

2.2 MODAL TEST PROCEDURE

i f

pact test procedurc are dealt with. More detailed information regarding | b
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.spemﬁca.tlons of the equlprnent used in the mcdal tests may be found i in

Appendix A.
Experimental modal a.ria.lysis reguires that a structure’s response to an ex-
citation, as well as the excitation iteelf, be measured in order to determine
the structure’s properties. The test system comprises the following:

o Structure

‘e Transduction system

e .E_:ccit'a.hion sys_tem.

o Analyzer

2.2.1 Structuce Set Up

In selecting the type of support for the structure, the conditions under which
the test piece will normally operate must be taken into consideration. The
structure to be tested must be set up in such a way that the data to be mea-
sured will suit the objective of ihe test. It must be decided what boundary
conditicns sv.t this purpose — there ave essentially only two choices: either
the structure will be grounded or it will Le free. In the grounded condition,
some nuints of the structuve will be restrained or fixed to ground. In the

free condition, no point of the structure is restrained. In reality, neither of

these conditions can he petfecily created, though approximation to the free
condition is easier to achieve than the grounded condition. In analyzing a
cantilevered beam, testing the beam in the free condition would serve little
purpose, as the operating conditions require that one ena of the beam he
restrained in several degrees of freedom. Cleatly, more meaningful results
will be obtained by testing the heam with one énd properly restrained.

Becatse the structure must be held in some way. it is not possible to achieve

‘& truly free condition. However, it is possible to mount the structure in such

a way as to minimize the interference of the mountings on the motion in cer-

tain degrees of freedom of interest. For example, a plate could be suspended
~ along its edge by means of rigid wires. These wires, being perpendicular

to the primary vibrations of the plate, would have an insignificant effect on
such vibrations. Alternatively, the structure could be mounted on very flex-
ible supports. For example, the plate could be Jaid on a piece of soft sponge.

In this case, the mounting would interfere with the degrees of freedom of
interest, however provided that the sponge is soft enough, the effect will

not be great enough to have any influence on the flexural modes. Ewins [6],

indicates that the highest rigld body mode frequency of the structure and
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its mountings shotld he less than 20 % of that of the lowest flexural made. .
Should it not be possible to avoid interference with degrees of freedom of
interest, then the mountings should be placed as near to nodes of the first
flexural mode as possible. Obviously for very large structures, providing
mountings to simulate the free condition bécomes more difficult and such
structures must then be tested in the grounded condition. It may seem
that to fix or ground a given point on a structure is & simple matter when
comnpared to attempting to simulate a free condition. However, any support
structure designed to ground the test piece is not perfectly rigid and it is
found in practice that providing a rigid base is not a simple task. Care must
be taken to ensure that the support does not influence the stiffness of the
structure and that the flexibility of the support at all of the ground points
* is much higher than that of the structure at such points.

Having decided on the boundary conditions for the test, the measurement
grid must be established. The basic criteria in selecting response mea-
surement points is that they should be capable of defining adequately the
geometry of the structure when in resonance at the highest mode of interest.
‘When the dual EMA and FEM approach is used, responses must be mea- .
sured at points matching those on the FEM grid, to allow comparison of the
FEM and experimental mode shapes, Where possible, responses should not y _
e measured at points which are L.iown to be nodes as the low responses will ' ' ;
make accurate measurements difticult to obtain. If results of a preliminary o
'FEM analysis are available, they can be useful in avoiding such problems,
A preliminary FEM analysis can also indicate whether there are any local
 effects present which should be investigated in the modal test.

1f the structure ig correctly set up and the measurement grid thoughtfully
designed, numerous tests will not be necessary. This is particularly impor-
tant when Investigating a practical problem where the test object cemnot
-easxly be taken out of production for test purposes.

- 2.2.2 Transduction System

The transduction system comprises acerlerometess for measuring responses,
force transducers for measuring the excitation and the signal conditioning
amplifiers needed to boost the transducer signals to levels suitable for input
to the analyzer., A FM tape recorder is also useful to store the signals for
later processing, should it not be practical to use the analyzer at the site of
the test. Transducers are generally of the plezoelectnc f.ype

L

1 .- The means of fixing the accelerometers to the structure is of pm:a.moun.t
f‘ - - importance. Wax, magnets and studs are some of the possible methods.

L . P e |} A L
TSI F STt I N
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Each method has a frequency limit, beyond which it should not be used.

Studs provide reliability over the greatest frequency range. It is not always

- possible to attach studs directly to a structure, however, a technique used
successfully by the author entailed gluing small steel discs to the struc-

ture. The discs had been drilled and tapped using a lathe and one surface
ground to a smooth finish, This ensured that the axis of the stud would
be perpendicular to the disc and there would be good contact between the

accelerometer and dise. On small structures, the method of attachment and -

the mass of the accelerometer can affect the stiffness and mass character-
istics of the structure, resulting in erroneous results, For larger structures
these effects are less significant,

When testing a large structure, very long cables are required. Care must

‘be taken to ensure that the number of joints is kept to a minimum and

that connections are good. It is good practice to check all cables in the
laboratory prior to attempting a test on site. Cables should be prevented

from hanging loosely and moving in wind as this can produce spurious-

signals. The gain of the amplifiers should be checked and adjusted for each
point on the measurement grid to ensure that signals of suitable strength
are a.vmlable for the analyzer

2.2.3 Excitation .

Exciters can be broadly divided into contacting and non-contacting classes,
Impact excitation falls into the non-contacting class of excilation as the
exciter (harhmer) is only in contect with the structure for a very short
period of time. Exciters in the contacting class remain in contact with

the structure throughout the test. Special precautions must be taken to

ensure that such exciters do not interfere with the motion of the structure,
Consequently they require a greater sef up time. Impact excitation has the
advantage of being a very quick method, but more accurate results can be
obtained using contacting type excitation techniques. As a result, impact
testing is often used for a “first look” to identify areas of interest whlch are

“then investigated thoroughly using & contacting type technique. Further -

discussion will be limited to impach excitation.

The impact hammer comprises a massive body, the mass of wh:ch can be
varied by means of extender masses, a force transducer and a set of tips of
varying stiffness, The magnitude of the impact foree is controlled by means
of the mass of the hammer and its velocity. The frequency Iange over which
the hammer imparts energy to the structure is controlled via the stiffness
of the tip and the mass of the hammer. The hammer-tip system has a
resonant frequency determined by the mass of the hammer and the stiffness
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of the tip. Above this frequency very little energy will be imparted to the

structure. The force pulse delivered by a hammer blow is similar in shape
“to a half sine wave, which has a frequency content that is flat, but which
drops off sharply after the hammer-tip resonant frequency. To ensure that
- the maximum energy is imparted to the test structure within the frequency

range of interest, the mass and stiffness of the tip should be selected to

‘coincide the hammer-tip resonant frequency with the maximum fr'equency

of interest.

Heiu ne: blows should be applied at the same point on the structure and
at the same orientation. A number of impacts should be averaged to ob-
tain data at a particular point on the measurement grid (averaging reduces

randoin errors}). Double impacts should be avoided and the magnitude of

the blows should also be kept reasonably constant in order to make use of
the full dynamic range of the analyzer. The above considerations are eas-

ler to fulfill if the hammer is suspended by some mechanism, rather than
‘hand held. The structure’s responses must have decaye 1 to zero, e. it must

have stopped ringing, before the next hammer blow is delivered. All attach-

ments — extender masses and tips — must be firmly mounted to elimiaate

spurious signals Ca,used by vibration of loose components. When selecting
the point of impact of the hammer, care should be taien that the impacts
do not load the structure beyond iis linear (elastic) range. The excitation

point sho_uld also be chosen in such a way tha.t all foreseeable modes are

excited.

2.2.4 Analyzer Set Up

Setting up the anaiyzer (GR 2515) to c#pture data was a task éimpliﬁed
by means of the DATM data acquisition software available, There are es-
sentially three potential signal processing problems, associated with the

calculation of the discreet fousier transform, which the user must be aware

of. They are aliasing, leakage and noise,

Aliasing

Aliasing results from the digitizing of the original analogue time histories.
It affects mainly the response signals. If the digitizing sampling rate is too
slow, then some high frequency data will be indistingnishable from certain
low frequency data, causing distortion of the spectrum calculated from the

 discreet fourier transform. To correct this problem, anti-aliasing fiiters are

used, These are low-pass, sharp cui-off filters. Because the cut-off occurs

over o finite frequency, the spectrum In the cut-off area will not be alias-free.
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For example, if the analyzer is set up witli a baseband frequency of 64 Hz,

then only the spectrum up to say 50 Hz will be alias-free. Thus the analysis

can be confidently conducted in the range 0~50 Hz, and not 0-64 Ha.

Léakage and Noise

Leakage results from the combined effects of the need to measure signals
of only finite length and the assumption (required by the discrete Fourier

transform) that the signal is periodic in time. It affects mainly the response o
‘signals. If the signal is periodic in the finite time sample, then there is no
discontinnity between the value at the beginning and end of the sample. -

However, if it is not, then there is a discontinuity and this caitses energy

-~ to be “leaked” into the spectrum in frequencies near to those of the true -
spectrum frequencies. Noise is a problem that affects both the excitation

and tesponse signals, but which is particularly important for the excitation

{force) signal. Leakage and noise can be reduced using windows especially

designed for that purpose [26].

An e‘cponentml window is applied to the response signal in order to force
the signal to zero at its ends, eliminating the discontinuity and hence the

_ lua.ka.we Such a window is necessary when the responses do not decay nat-
- umlly to Zero within the required sampling interval. This usually arises

when a lightly damped structure is analyzed with a large frequency base-
band because the structure rings for a long time after the impact and the
high frequency baseband demands a short time inferval. The window may

be applied several times, if necessary, and it introduces artificial damping,

which may be evaluated and subtracted from damping estimates to deter-
mine the real damping present.

A force window is used to improw.e’ the sig ~al-toenoise ratio on the force sig-

1 nal, The force 31gnal comprises a half sine wave pulse, the duration of which
is small in comparison with the length of the time span. Consequently, the
energy contained in the noise can be significant compared to that contained

in the force pulse, The force window artificially eliminates any signal exist~
ing immediately before and after the furce pulse The force pulse resembles
a half sine wave, but when such a pulse is viewed on the analyzer, some
vinging is appm-ent This is metely a consequence of the anti-aliasing ﬁlters,
and nol; nnglng of +he harmner—tzp a.rra.ngement
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- 2.2.5 Coherence

The coherence function gives the tester some indication of how well the

measurements of transfer function have been made. A very brief descrip-
‘tion of coherence will be presented here. Further defail may be obtained

from texts such as {6,12]. In essence, analyzers are able to estimate vari-

. ous quantities involved in calculating an estimate of the transfer function.
These quantities are estimates because because only finite data samples are
used. There are ab least two “formulae” for arriving at an estimate of the -

transfer function. These two formulae will not necessarily produce exactly
the same result, hence by comparison of the two results, we have an indica-

tion of how well the measurements have been made. Coherence is defined

as the ratio of the transfer functions derived from the two formulac. Ideally,
the coherence should be equal to unity, but this will not be the case as the
two estimates of the transfer function will rarely be identical. In fa.ct, the

coherence is always less than or equal to unity (6].

Sources_of less than unity coherence include the fc‘:ll_owing:

1. Noise on either the response or excitation signal. Near resonance,
the excitation signal is more vulnerable because the measured force
is very small, resulting in poor a signal—to-noise ratio, Conversely,
‘near anti-resonances, the response signal is more susceptible fo low

_ sxgnal—to-nome ratios,

2. Where the frequeéncy resolution of the a.mlyzer is not small enough to
~ describe adequately the rapid variations encountered near a resonance,

3. Where the structure is not linear and the response is not entirely
attributed to the effect of the excitation.
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2.3 MODAL PARAMETER EXTRACTION

The dlspla.y of the FRF data forms a very zmporta,nt part; of the a.nalys:s
procedure and there are many methods which may be used. Because the
FRF is generally a complex quantity it has magnitude and phase, each:
varying with frequency. The miost common type of plot is the Bode plot,
consisting of plots of magnitude and phase versus frequency, all quantities
Deing plotted on log scales because of the large range of data encountered..
Another type of plot is the Nyquist plot, consisting of the locus traced by
plotting the imaginary part against the real part as the frequency varies.
~ On the Bode plot, resonances appear as peaks, separated by troughs or -
by “negative” peaks, known as anti-resonances. Under certain conditions, -
the Nyquist plot traces a circle in the region around a resonance. A more
detailed discussion of the form of these plots may be found in [6]

Once the FRF’S have been measured, the next step_ in the analysis is the
extraction of modal pararneters from the FRF data. This is done by curve
- fitting a theoretical expression to the FRF data either in the time domain
or in the frequency domain. There are numerous curve fitting techniques
“available, each having its own peculiarities, strengths and weaknesses: Mod-
ern modal analysis systems offer the user the choice of several methods. In
order for the nser to decide which method is best suited to his situation and
to obtain the best pevformance from the chosen method, a knowledge of
how these techniques vperate is essential. Single degree of freedorn (3DOF)
curve fitting procedures make the assumption that around a resonance, the
system response is dominated by that resonance. Such methods fit a curve
to a single resonance or mode on an FRE. However, for systems of high
modal density, the modes may be so close together or 5o heavily damped
that the response at resonance is not dominated by one mode. In such cases
it is necessary to fit a curve to the entire FRF, including all resonances of
interest. These methods are called multi degree of freedom (MDOF) curve
fitting procedures. SDOF techniques should be used if possible as they are
faster and simpler than MDOF techniques, though with the availability of
increasingly sophisticated computers, computing time is becoming less of a
-deciding factor in the choice of the type of curve fitting technique. As a
practical guide to deciding when MDOF methods should be used, Smiley
et al [18] suggest that when the peaks on FRF's are more than 3 dB above
the surrounding data, SDOF techniques are sufficlently accurate.
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- 2.3.1 -Interpretatinn Functions

 Two functions that are commonly used in the interpretation of experimen-
tally measured transfer functions are the mode indicator function (MIF)

and the conjugate summation function (Co F) [8], These functions are use-
ful for identifying the number and approximate position of resonances since
they operate on the whole database. They are usually used o provide some

visual indication of the number a.nd position of modes before the curve

ﬁt‘.tmg process is sta,rted

_Tlle MIF is deﬁ.ued as:

2 |Re(ajk)] lozz|

Z ol

1IIF--

p The MIF has 2 maximum vabie of unity and local minimums occur where

modes of the structure ocour. Even modes with low a.mplxtudes will be
apparent.

" The CSF is defined simply as:

CSF =3 apey

" The C'SF has local peaks where modes of the structure ocour, Modes with - |

low amplitude may not be apparent because of the lamge c!yna.mm range of

_ the data.

2.3.2 SDOF Curve Fitting Techmques :

' .The methods descnbed here are frequency domain methods.

| Circle-ﬁt r‘nethad

Usmg the hysteret:ca.lly da.mped system as an ew:a.mple, the receptam:e FRF

i gwen by
oo N A .
. L eAgh . .
C*k =2 T
"X (@
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~ whichi can be showx to be the equation of a circle in the real-imaginary plane

Pl i e T T . . et g

A

[6]. Splitting this equation into two terms describing the spec1ﬁc mode in

_ questlon and all the other modes, we can write: -

.. ' .. A,k . N | A;k . :
- (2.
o= w=(1~(--)*+mr)+mz,3; T R (217)

Tora s‘meﬂl ra.nge of frequency around the frequency of mode r, the second

term s assumed independent of frequency. This means that the circle traced
out by the first term alone is the same as that traced out by the sum of

the two terms, but is displaced from the origin by the amount of the second -
term. It is thus possible to examine a particular modal circle for.the purpose

of extracting the modal parameters. For a particular mode and a particular

FRF we dmp the subscrlpt.s and look at the ﬁrst term only:

A
= G + i)

To mmphfy, we can set A = 1 since the effect of the modal constant A is

to scale the diameter by |A| and rotate it by B = arcta,nﬁl- It can be

shown that the rate at which the the circle is traced out as the %requency w

increases from 0 through to infinity, reaches a maximum when w = w,. The

damping of the mode may be evaluated by conmdermg two points « and &
on the Cl'L‘Cle shown in 1”‘1gure 2.3, '

. -IL(""—)i
(-

2 U

‘and similarly

ta.n (.f}i) =.(..:_?.‘_)_2_:_]:. .

_ 2 Dr.

By ztdd_ing these two equations a.ﬁd solving fdr 7. We get

- and if the damping is light this may be simplified to:

(2.18)

e TR S T T
i el

i -



-

34

=  2(wg — w)
 wy (tan (%) + tan (%))

For the case where 8, = 8, = 90 degrees (t]ie_ha.lf power points), this

- simplifies further to:

o — 0y -
= 9.1
=t )

- At resonance, w = w, and the diameter of the circlé is given by:

= —-———'fl - - {2.20)
S W S

The same steps may be applied to the system with viscous damping, but
using the system mobility rather than receptance as it is the former that

- produces a circle in the real-imaginary plane for this case.

The abave circle fit procedure thus entails the following:

» Fit a circle to the poinis.in the region where a resonance is suspected,
- o Establish the natural frequency by finding the maximum sweep rate,
« Use equation 2.18 to determine the damping,

» Evaluate the modal constant A using the diameter of the circle to find
|A| (equation 2.20} and the circle centre position to eviluate the phase
angle. - : - :

This procedure can be done for évr'ry FRF obtained and ai every resonance
identified, hence damping estimates and mode shapes for each resonance
are calculated. .

Peak pick'meth_od .

This method is simpler, but less accurate than the above mwethod, It is
not & curve fitting procedure as such. A peak on an FRF plot (Figure 2.4) -
is chosen and the frequency of maximum response (Rmqz) s taken as the
natural frequency w,. The half power points are then identified — the points
at which the response level is equal to 5\%‘- Equation 2.19 can then be used
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to estimate the damping. The modal constant A may then be estimated
by a.ssulmng that the total response at resonance is a.ttnbuted to only the
resonance in questlon :

Ca L 2-
A = Bnos Wy

This assumption ignores the effects of the other modes all together, unlike
in the above procedure where the effect is considered. "> addition, only real
modal constants may be estimated because the value Tpqn used is a real

- number, being the mag_nituda of the FRT at a specific fr .quencj}'.

: 2._-3.3 MDOF Curve F1tt111g Techmques |
Extensmn of SDOF metlmd

: l'n the SDOF circle fit method, we assumed that the second term in equa-
~ tlon 2,17 was constant for a small range of frequency around the resonance
of interest. If we first carry out a SDOF analysis we will have an estimate
of the required coefficients that make up the second term and thus we no
longer reed assume that the second term remain constant. We can calculate
~ the value of that term, subtract it from a measured value for the term on
the left hand side of equation 2.17 and then perform a curve fit for the fivst
term, obtaining a new, better estimate for the parameters for mode r. This
- procedure can then be repeated iteratively until suitable convergence has
. been achieved.

~ Complex exponential method

- This method is a time domain curve fitting procedure [6,8]. A single FRF
is used to extract the modal parameters. It makes use of the time domain
- version of the FRF — the Impulse Response Function (IRF), which is ob-
tained by inverse Fourier transforming the FRF. The IRF represents the
decaying time history response of the system subjected to a unit impulse
[12]. Considering the system with viscous damping, we have an expression
- for o{w) in equation 2:18. By inverse Fourier transfo::mmg this expressmn
" we can arrive ab an expression for the IRF, ksx(t): . '

| . W -
h,rk(f) Zf 013 e’rt

Sl
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If the time interval over which the IRF is defined is divided into 2 equal
intervals of length T, then the value of the IRF for the }.x th mterval is given

* by (dropping subscnpts)

: N L
h(tx) = E A rVL

r=1

where ,V = e’*T Expa.ndmg this equa.twn at ea.ch time mferva.l gives the

. following set of equa.taons

Ch(te) = 1A+ A+ reoday A |
ht) = 1AV a4V oo doav AonV : '
h(ta) = 14 lvg-}' 24V oy AV (2.21)

L h{tan) = 1A VI oA VI o dany A gV

There' is a polynomié.l_of order 2n that will satisfy the expression:

VR4p VT b VIR Vb =0 (222)

and which has roots (V, 3V, « 1w, V, i which case the polynomial may be

© re~written as:

(V=1 VXV =2 V)V = V) =0

In order to determine the coefficients p in the polynonﬁal, multiply row 1 of

- equation 2.21 by pon, row 2 by pan.i ete., noting that from equation 2.22,

o= 1:
Panh(te) = paa(ad 2Ad ety A)
pam-th{ty) = paa1(xA 1V 24,V4 ooy AanV)
- poan-zh(ta) = pa n-z(u*l Vi 2d Vi cidgp Ao VE)

Q

h(izn)— 144 Vo | 24 V4 -_--%wAgNV"’“

Summing:

Z Pon-k ﬁ(fn) = 2 Pan—K Z A, V‘T\ =3 .4 (Z Pan-K rV‘

=0 - K=0 } ) K=0



2
h;’

N

3
Clearly, since .V is a root of equation 2.22,

n

z Pan-K rV
S K= _

Therefo:e

ng,,_._ﬁ h(t;‘)_o o o (22)

~ This éntile procedure is then repea;'ted but this time starting with row 2 of

equation 2.21. An extra row is added to equation 2.21 for A(tan+1) so that

~ there are always a set of 2n + 1 equations. Lius results in the equation

2n
Z. Pon—f h(h&’-{-i) =
- O Fw

An entire set of such equations. can be developed and written m the form

' of a matrix equation:

Bltanct) h(tmea) k() T[T e 1. [ hita)

h(i:zn) h{tzn-1) ~--h(t1) P:% = .M_*ﬂ;‘“) - (2.24)
h(f-ln-n) h(fmwa) (tzn—-i) Pon h(tsnar) .

una.txon 2.24 is solved for the unknown coefficients p which are then sub-

' stituted into equation 2,22 and the roots .V are solved for. Since ,V = %7,

a.nc_l. §p = iy (=G + a\/IT(fE) it can be shown that.
] = T

and
£ .rV = wrm T

from which values of w, and (, may be obtained, All that remains to
solve for is the modal consta.nt +A by substituting for the roots in ,V in

~ equation 2.21.
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In order to use the method, . estimate of the of the number of degrees of

freedom (2n) is required. To do this, the method calculates an estimate of

the FRF using a number of diftezent values of 2 and compares the difference
or ervor between them. This is presented in the form of an error plot which
gives the'error versus the number of degrees of freedom. When the correct
number degrees of freedom is reached, the error levels off, indicating that the
use of a larger number of degrees of freedom will not improve the accuracy.

. This optimum number of degrees of freedom will result in the determination

of the true strctural modes as well as some computational modes which
attempt to account for effects of modes outside the frame of analysis as well

as discrepancies resulting from the measurement process (noise, leakage
errors, effects of using time windows),

" Polyreferenre technique

This technique is also a time domain 'technique operating on the IRF. How- o

ever it is a global curve fitting technique which operates on multiple FRF's
for multiple veference locations. A complete discussion of the technique may
be found in references [16.17,3]. The FRF database may be built up using

FREF's obtained from several separate smgle exciter tests or from a single -
multiple exciter test. The method requires as input FRF's as defined in the -

above sectiong — that is the FRF helween two points, one of which is the
point of- excata.tmn, all other excitations being zero. In other words a test
procedure whereby the structure is excited by simultaneous multiple inputs,

and the FRF calculated simply as the ratio of response to one of the inputs, -

wili not be correctly analyzed by the polyreference method.

- The analysis procedure involves summing the FRF’s from various referunce

locations into a correlation matrix. This matrix is used to extract the
natural frequencies, damping coefficients and mode shapes of the system,

The selection of response locations that are incorporated in the matrix has

a significant effect on the final results. By choosing responses from a certain
part of the structure, local modes will be emphasized, On the other hand,
by using all responses, the overall structural modes will he dominant. In the
case where only one reference location is used, the polyreference technique
pr;oduces the same result as the complex exponential technique and the
latter is considered a special case of the former. The advantage of the

polyreference method is that it produces a global estimate of the required

parameters ag opposed to a set obtained by examining a single FRF (as

in the complex exponential method), This is especially significant when

we consider that a single exciter test may not excite all of the modes of a
systemi. By including data from a test with exciters in different locations a
more comple*e and a.ccura.te description of the system i possible,
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Many other modal parameter estimation techniques exist and new ories are
constantly being developed, particularly methods that provide global esti-

mates of modal parameters. Ibrahim [19] coneludes that generally, time do-
main curve fitting methaods are more accurate, bettér able to handle systems
with high modal density and require less operator judgment and interaction .

than frequency doma.m methods,

It is important to realize that the quality of results obtained are only as good

as the quality of the measured data. The use of sophisticated curve fitting

- algorithms on poor data cannot account for 1na.deq1.a<:1es in the measured
data. :

2.3.4 Residuals

In the alove discussion of curve fitting techniques, methods for determin-

ing modal parameters were discussed. Wlhen these parameters are used to
generate a theoretical FRF it is often found that the resulting curve does
not appear to fit the measured data very well. This is a result of the effects
 of modes outside the frequency range of the analysis. When the theoretical
FRF is generated, the equation used w1]l typically be of the type:

me A
: : itk

gl = E - - .
. ! ( ) r=ml wy — w? +W\"‘."’$

The limits m1 and m2 represeﬁt the limits over which the curve fit took
place, The equation which would represent the actual data would mclude
the effect of terms below ml and terms above m2:

N
rAJk

Q‘Jk(w). Z

which may be re-stated as:

o micl  m2 Ag
%k Z"‘E“’f L (w,.—w2+t'ﬁ,.w$)

=l pEml pmm2dl

A structure’s low frequency response is dominated by its mass characteris-
tics, while its high frequency response is dominated by its stiffness character-
istics, In the above equa.tmn, the first term, representing the low frequency
bebaviour of the structure is ca.lled the resideal mass and the third term,
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representing the high frequency behaviour is cail_ed the residual stiffness

* of the FRF, The tesidual terms are evaluated by comparing the measured

value of the FRF to the theoretically generated value at the respective ends

of the analysis. The difference between the two values at the low frequency
end is used to evaluate a residual texm of the form —p=r w" M . At the upper
end of the frequency range the residual of the form -—K——- is eva.lua.tecl The
addition of these residual terms do not affect the estimates of the original
_ parameters, but merely allows the theoretical curve to fit more closely to the
 measured curve by taking into account effects outmde the freqv.ency ra.nge
¢ f the analysis. '

2.3.5 Quality of Modal Database

Once a set of natural frequencies, mode shapes and damping factors have
lbeen determined, the question arises as to how good these estimater are.
If we consider the results in isolation from results obtained by any cther
~ method of analysis, there are essentially two checks which can be used to

~‘evaluate the quality of the database. Firstly, the database should be able
to synthesize FRE's that correspond well with the measured data, This
check amounts to visually comparing measured and synthesized curves. The
" second check is based on the fact that each mode shape should be linearly
- independent of the others. The Modal Assurance Criteria (MAC) provides

a measure of the least squares deviation frorm the straight line correlation
of two mode shapes For two mode sha.pes, a and E: the MAC is deﬁned as

[k

| (o) ()3

MAC = 23=1 (éu) (da); Lot (¢#)j(¢b)} _

The * represents the complex conjuga.te, hence complex mode shapes can

be compared. When the two mode shapes are identical or if they differ
ouly by a sealing factor, M AC,, = 1, indicating 100 % correlation and that
the mode shapes are fully liuearly dependent If the two mode shapes are
linearly independent, then 3 AC,; == 0, indicating 0 % correlation. The
values of M AC,; are usually presented in matrix form. If & set of mode
shapes from an EMA are compared to one another, the values of MAC will
be in the form of a symmefyical square matrix with unity on the diagonal,
The off-diagonal terms should be very low — of the order of 0.05 if the

modes are linearly independent. I the off dmgonal terms are hxgh, one of

the following may be the cause: non-linearities in the test structure, split
modes (the same mode identified at two different but very close frequenmes)
oise on the measured data or poor analysis of the data.

Fa!
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While the MAC was originally used to check the linear independence of
mode shapes obtained from EMA, it can be used to compare mode shapes
from two different analyses, for example an EMA and FEM ana.lysls When
a set of mode shapes are compared to themselves the matrix is known
as the Auto-MAC, while if shapes from different analyses are cormpared,
the matrix is called the Cross-MAC, The Auto-MAC is always a square,
symmetric matrix with unity on the diagonal [6,7). The Cross-MAC need
‘ot exhibit any of thess characteristics. _ :

2.4 'THE FINITE ELEMENT METHOD (FEM)

The finite element method is a numerical procedure for obtaining an ap-
proximate solution to partial differential equations. Such équations oceur
in fields such as stress analysis, fluid flow, heat transfer etc.. A structure or
" flow field is divided into a number of small or finite elemenis. Elements are
assumed to be connected to one another at a discrete number of positions or
nodes along their boundaries. The variable of interest i defined by simple
functions which are chosen to uniquely define the stafe of the field within
~ the element in terms of the value of the variable at the nodes. ‘This <wables

“the solution to be found for each element and subsequently for the entire

problem. As the size of the elements used decteases and simultaneously
~ the number of elements increase, we can expect the golution to converge
towards the true solution,

One formulation of the method is that applied to stress analysis, known as
the displacernent based method. It can be viewed as an exiension of the
displacement method of analysis used in the analysis of beam and truss
structures. In this case, the variation of the displacement {s} through the
element is defined in terms of the displacements at the nodes {u}. Gen-
- erally, each uode requires 3 translations and 3 rotations to fully define its
~ displacement in space. The functions chosen to approximate the variation
of displacement are called shape functions or mterpolatwn functions, [NV].
The displacement; at a point within an element is given by {s} = [¥]{u} and
the velocity is given by {8} = [¥]{#}. To a large extent the choice of the
functions [¥] determines the degree of accuracy thal can be achieved by the
method, The shape functions usually take the form of polynomials, More
advanced developments include the time dimension in the formulation of
~ the shape functions, This can be useful for dynamic analyses but obviously
the addition of another dimension increases the complexity of the problem.,
Usually the standard displacement type formulation is used in conjunction
with standard integration algorithms to dt.termme the response properties
2s a function of tirme.
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The Lagrange method expresses the energies of the system in terms of the

generalized coordinates {U} and obtains the equations of motion of the

system directly. The Lagrange equa.tlons [10] for a conservative system are:

@ e

where 7 is the system kinetic energy and P is the system potential energy.

~ The ldnetic energy of an element of density p can be expréssed as

Ty= [ '?p{é}?{é}dh-i—{fs}?‘ [ravi o

The mtegral fmf p[NVZ[N)dV = frn] is called the mass matrix of the element

The work done by internal stresses resulting from deforma.tmn of the struc—

ture is stored as internal strain eneigy, S, The strains {} experienced by an
_element are related to the nodal displacements by the sirain-displacement

matriz [Bl:
=18

Generally, {€} has 3 direct strains and 3 shear strains. For an element with
material whose elastic properties may be described by the matrix [5], the

-internal strain energy is

Sa = /,, 'I%{E}T[E]_{e}.&y =_'-;-{u].'f ,/,, ;IEB]T.{E]{B]dV{tIE} _ (2.27)

The mtegla.l f,,O;[B]T[E] [B]dV ] is called the stifiness matrix of the

element.

' The total kinetic energy, T and the total internal strain: energy of the struc-

ture, S are found smply by. summmg equation 2.26 and 2.27 over all ele-
ments; . :

r= z::r;, z%{fi}ftaz]{a}f-fé{ff}“‘[ear]{ff}' C em

. and
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where [M], [K], {U} and {U} are the structure mass matzix, structure stiff-
ness matrix and structure nodal velocity and deflection vectors respectively.
The structure stiffness matrix [X] is made up by summing the contributions
made by element stiffness matrices [£] into the structure stiffness matrix.
Each [k] is associated with an area within [K]. Since many elements will
share common nodes, there will be some overlapping of [£] terms in [X].

 These overlapping terms are simply added and account for the fact that

many elements can contribute to the stiffness at a particular node, The
mass matrix [M] is known as the congistent mass matrix [15] since the

~ same shape functions are used to generate it ay are used to generate the

stiffness matrix. Thus the formulation of the mass matrix is mathemati-
cally consistent with the process of minimizing the total system energy. An
alternative means of generating the mass matrix is to merely lump point
masses at the nodes. This results in a diagonal matrix called the Jumped
mass matrix. It is difficult to decide which formulation is the best. The

consistent formulation is more difficult to generate and is generally compu- -

tationally inefficient. If the lumped mass approximation is crude then many

elements are required to obtain sufficient ACCUTACY.

- tial energy of the siructure is equal fo the internal strain energy ie. P = S."

It there are no external forces acting on the structure, then the total poten-

Substituting equations 2.28 and 2.29 into equa.tmn_ 2.25 we get
MU} + KU} =0

While the mass and stiffness matrices of the structure can be deterinined in
a straight forward manner, the same is not true of the damping matrix. We
cant develop a term describing the dissipation of energy within the element,

by a.ssuﬂnng that the dJSSlpa.twe forces are proportional to the nodal veloci-

~ continuous damping model applied to the entire structure. In reality bolted

Rt bt

ties. The problern arises in determining the element dampmg matrix [¢}. For
a Newtonian fluid, [e] can be evaluated. However, in structural mechanics

hysteretic cather tlmn viscous damping is encountered and the magnitude -
- of the damping force is proportional to the stress rather than velocity, We

can attempt to model damping by constructing the damping matrix as a
linear combination of the mass and stiffness matrices. This represents a

and welded joints introduce damping effects that are not accounted for in a
continuous damping FEM model. Any damping matrix that we may con-

struct from element damping matrices will thus not be a true reflection of

the actual structure damping properties. In fact it is accepted [13,14,15]

A —— B e e UV S ey, -
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that it is impractical to determine meaningful damping factors for finite &l-
emen’ systems by assembling the element damping matrices. This is not to

say that the Finite Element Method cannot analyze situations that include -
-dampm but rather some other means of detenmmng the damping matrix .

is needed, Experimental techmques such as experunenta.l modal analysis

" should be used to this end.,

Having established a method for evaluating the mass and stiffness matxi-

ces of a structure, we now turn to methods of solving particular problems.
Since the element and structure properties sre evaluated mumerically, so-

* lution strategies will also be numerical: Due to the difficulties in defining

the damping matrix, the following discussion will be restricted to meth-
ods ‘of determining the solution to the undamped system. Since we are.
initially interested in obtaining the natural frequencies and mode shapes
of the structure, we will consider the free wbratlon ca.se, the equation of -

- motion being;

()5} + (e = 0} . D)
and we recall that this reduces to the eigenvalue problem

(.[I{] _w.ﬂ[;f.{{-.u ¢’} =ﬂ | .. . | . | | | (2.31)

"The system maintains the orthogonality properties as stated in equa.tioﬁs 27—

2.10. This equation represents the basic mathematical description of a struc-
ture, thus consi_dera.ble research has been devoted to its efficient solution.

| 2.4.1 Numerical Solution of the Eigenvalue Problem

- All numerical solution procedures for the eigen problem must be iterative

in nature. This is because solving the eigen problem is basically eqmva,lent

to finding the roots of the polynomla.l

- |[K] - wi[M] =10

_which has the same order as that of [K] and [M]. There are no.exphmt
 means of solving any polynormal of order greater than four, s¢ iterative
' --procadures must be used. :

- Many methods .for-solvmg eigen problems exist. Of particular intersst are
the vector iteration methods ahd one of these, the inverse vector iteration
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‘method will be discussed next. Inverse vector iteration is particularly suited =

to computer applications because it requires less reading and writing storage
operations than many other methods [13]. :

 Inverse vector iteration

Equémtio_ri__ 2.31 ca.ﬁ be represented as
LMML—%MMMw_ o e

'\Iulmplymg by the inverse of [K], settmg [Ia] ' = [G] and leIde‘ by
Ar == w} puts this equation into the standard form

'1-{«1:} - (6 _' - e

The left hand s1de of equa.twn 2 33 is a vector multlphed by a scalar whlle

the right hand side is a vector muitiplied by a matrix. The former opera-
tion merely scales the vector, leaving its direction unchanged. The latter

_ operation scales the vector and rotates it. Equation 2.33 is only satisfied by

2 unique vector — the eigenvector —— that is not rotated by multiplication
by the matrix, but merely scaled. When the amount of scaling introduced
by the matrix is equal to the scaling by the scalar on the left hand side,
that scalar répresents the eigenvalue, To solve equation 2.33 iteratively we
substitute a trial vector for the vector on the right hand side and obtain a

 nevw, scaled and rotated vector. This direction of this vector is compared to

that of the original vector and if it is not the same the process is repeated
using the new vector as the next guess. The procedure eventually converges
on the lowest mode of the system and when it does so, the eigenvalue is
mierely the ratio of the last two computed vectors. The method takes its
name from the fact that the a matrix must be inverted and vecto:l,s are

solved for 1tera.twe1y : '

The procedure may be explained mathematically as follows: We assume any
arbitrary vector {v}o as a first guess. Since the eigenvectors of the system
are known to be independent of one another, this vector can be wrltten ag

& linear combma.txon of the exgenvectors

Wh~2@@h D 239

r-l

Letting :
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' Clea.rly /\1

{”}ﬂ = [C]{U}n—l : | o B | ) g (235)

1t can be seen tha.t

{”}1 = [G]{”D} Z Cr G1{’rb}r z cr"_“[’:b]’r

=1 . r-l "

and -

{v}2 [G]Z crA {y}, = ZnDCG)

1'--1 r=l

| By analogy it can be seen that

r==1

het o) e | o ew

Sepa.rating the first term from the remaining terms in equation 2,36

{v}ﬂ - (_-.) c1{¢}1 ¥ ( ) Se(f) . em
. r=2 \n/ . _

Assummg that the eige_nvalues are ordered:

1\1<A3<¢\3<,..{An |
then 3% < 1 and as n — 0o, (%t)n —+ 0 and

D Lan o
h=(5) alth
) 1

»

" and

1 ndl

{ohen E(H) ci{dh = 11—{{11},. - | : | (238) )

1J.|..1
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In this fo:xri, the method seems capable of obtaining only the frst eigenpair,
however it can be modified to obtain the second and successive eigenpairs.

- This may be achieved in two ways [13] — matriz deflation and iteration
- vector deflation. Matrix deflation modifies the matrices to filter out the
elrrenpan: that has been calculated, allowing convergence on the next eigen-

pair. Iteration vector deflation achxeves the same result by vperating on the
iteration vecto1s

- Matrix deflation will be used here. In order to suppress the first eigenpair
and allow the solution to converge on the second eigenpair, we make use of

the orthogonality requirements of the system and the linear independence
of the eigenvectors to develop a {ransformation which will constrain or flter
out the first eigenpair, leaving the other modes unchang~"' irstly, since

the eigenvectors are linearly independent of one another, ... .esponse {.'r:} .

of I:he structure may be written as a linear combination of the eigenvectors:

{m} hb]{P} | | o 239

where {P} is a vector of constants determined by the initial conditions. It
can be seen that P, determines the contribution made to all the elements

of {z} by the first eigenvector {¢}1 By setting Py = 0 we can effectively
- eliminate that component of the response at the frequency of the ﬁrst mode
_Pxemulhplymg equation 2.39 by [¢] ~1 we get

_{_P-} = W{@} =@zt

and wetting P = 0 results in the following equation

Py=qum + qrada 4 oo Qo = 0 | (2.40)

If we choose our trial vector {v}o we can-i:ansform it to a new vector {F}o,

ensuring that equation 2.40 is satisfied.  The transformation shown below
ensures that this will be the case:

@1 e (ha <t gy |

o
oo

00
0 01 0 w0 {o1o .. o
oo o o] Jooo.. 1]

~Solving for {7}
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@1 @2 Qe q_n'"l 00 0 - 0]
0.1 0 . O 0t 0 -0

@)= 0 0 1 0 0 01 04 {up} =I[S|{ro}
(0 0 0 - 1| (000 - 1]

_All that we require to perform this transformation is the first row of [Q]
‘since all other terms that make up [5] are either unity or zero. To find

[Q] we make use of the orthogonality properties stated in equation 2.7.

. Pz:emultlplylng th:s equatlon by [m,laiag and post muliiplying by [16]~! we

get

eI = el @]

' _l\’ow if we look at the first row of these niatrices we see that

[ rm. q1§ q_n]=;%-{1¢1 We v 1P }:[ﬂ'!]

Hence we can detexmine the matrix [S] that will transform our trial vector -

to a new vector and ensure that the iterative procedure will convergs to
the second eigenpair. Once 1e second eigenpair has been obtained, a new
matrix [S] is constructed by finding the second row of {Q]. ‘A further appli-
cation of the iterative process will produce the third eigenpa’r, the first two
pairs having been “swept” out of the solution by the sweepze'g ma.trlx [5].
Equatmn 2.33 may then be represented as

%{w};; G e

- The above procedure experiences numerical difficulties when there is a zero

natural frequency, A zero natural frequency occurs when a structure is not
fully constrained and rigid body motion is possible, To avoid this problem,

- the concept of an eigenvalue shift is used. We make a substitution such that

pe=Ae—ve . (a4

- We are then able to sole for y, using the inverse vector iteration method
- without encountering .atmerical deﬁcu]ties a:nd Ar is obtained by back sub-
_stutuflon into equa.tlon 2 42
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‘Subspace iieration method -

Ecﬂxa.f.io’n 2.33 may be restated, ﬁsing a matrix of p eigenvecﬁo:s rather than
a single vector, as follows

[ = ..[G] [6]){Arlasag | '_ | - '(2-.43)_

[1#} has p columns, each defining an eigenvector, [Ar]dis, contains the eigen-
value associated with each eigenvector. The usual orthogonality properties
apply, but it ~hould be noted that equation 2.43 is a necessary and sufficient
condition that the vectors of [y} are eigenvectors while the orthogonality

‘convlitions are necessary but not sufficient, Now the p eigenvectors defined

in equation 2.43 form a p-dimensional subspace of the full space. If we it-
erate using the inverse vector iteration method with p lirearly independent

- vectors [v)p as our flust guesses, then we are iterating w'th a subspace, de-

noted E. Each successive iteration produces a new subspace. The iteration
procedure can be written as

ol = [Glfohh-1 , n =120 o (4

Using a vector deflation procedure, such as the Gram-Schmidt procedure,

the starting vectors are converted into an orthogonal basis. The Gram-
Schmidt method [13] uses the fact that if a guess vector is orthogonal to

“an eigenvector, then it will not converge to that eigenvector. At the first

iteration, no eigenvectors have been established, but if the guess vectors
form an orthonormal basis, then we can expect convergence to occur in
fewer iterations. We first find the projection of the matrix [C'] onto the
subspace .

(Gl = BRIGI

“This results in the much swaller eigenvalue problem

Ol = bl (248)

 As the solution progresses and the vectors become closer and closer to eigen- _

vectors, [G] tends toward diagonal form, A method such as the generalized

- Jacobi transformatior method [13] may be used for an efficient solution to

this problem. We now have the eigenvectors [ and eigenvalues 4, of the
projected problem. An improved estimate of the cigenvectors of the original

. system are found from the reverse pro;ectwn
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These vectors a.re_ then subjected to the Gram-Schmict ortirogeisubeation
procedure and then used as the new guess vectors.

In practice it is found that a higher convergence rate is achiev:d by asing
more than p vectors in the iteration. A value of the minimum of ip or

* p+8 is found to be effective. The rate at which convergence oceurs is also

dependent on the choice of starting vectors. If the vectors are chosen in such
a way that they excite those parts of the structure with small stiffness and
large mass, then fewer iterations will be required to obtain convergence.
This is due to the fact that, as we have seen from the discussion of the
inverse iteration method. convergence occurs on the lower modes, From
equation 2.6 it can be seen that large mass and small stiffness implies a

low natural frequency. Intuitively, a vector tha* lisplaces the degrees of

freedom with highest mass and lowest stiffness would represent the lowest

‘mode of vibration. In essence, fewer iterations are required if the starting

vectors are close to the eigenvectors. An example of a scheme for selecting

‘the starting vectors is the one used in the MODEL SOLUTION code of I-
Deas (8], The first vector is chosen as the diagon:d of the mass matrix. This.
‘ensures that every degree of freedom associated with mass is excited, The

remaining vectors are each glven a value of unity at the degrees of freedom

with the highest ratio of mass-to-stiffness as determined by comparing the

terms on the diagonals of the mass and stiffness matrices. On either side
of the values of unity, three degrees of freedom are given a “perturbation”

value of 0,01, but only if a value of unity or another perturbation has not
been assigned to this degree of freedom iu any of the remaining vectors. This -

constraint ensures that all the vectors, other than the first, are orthogonal.
This scheme is presented below for four start vectors :

% yector 1 veclor 2 vector 3 wector 4

3. B 1 0 0

3 -2 .01 0 0

2 8 0. 1 0

1 &5 -0 0 1

5 3 -0 .01 0
9 2 o0 o1 0

03 .2 0 0 01

The method is well suited to solving for & reasonably small aumber of eigen-
pairs (less than 20) [13] in a system of equations that has many hundreds
or thousands of degrees of freedom. This is usually the case in practical
FEM problems, where the model may consist of a few thousand degrees of

mooee S
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freedom and only the ﬁ_rst ten: modes of vibration are of interest. If a large -

number of eigenpairs is sought, the method becomes more costly and can

encounter problems with computer storage requirements, Usually the lower
‘modes of & siructure are the ones of most interest and this drawback is not _
considered to be a major one.

242 Reduction of'Mass'and Stiffness Matrices

Often a problem may be of such a size that even methods such as subspace
iteration cannot produce an economical solution. In such cases it is desirable

- to reduce the size of the problem. One such procedure is that proposed by

Guyan [20].

* The nodal d:splacement‘. vector {U} of the FD\I model may be peutltloned

into two parts as fOllOWS |

‘In order to reduce the size of the problem, we assume that the slave dis-
placements {2} are uniquely related to the master displacements {U )

_.{Uz} = _[L']-{Ui}-

the_refqre:

{U}':[[[II:]]]{Ui} ZIco (246)

Subst1tutmg equatlon 2.46 mto equa.txons 2.28 and 2.29, the kinetic and
potentzal energies of the system may be written as

r=lUrereaagy (2.47)_'
and.
CSouErmEG: e
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Substituting equations 2.46 and 2.48 into the Lagrange equation 2.25 ‘we
get - : '

mm@mwn%m%mmwu=o

| The. problem has been reduced to one with only the deprees of freedom of
the master degrees of freedom. It can be seen that the reduced mags and-

stlffness matrices are
m* m%mw D (249

and -

K= EFE ..__' . o (280)

The relation between the aster and slave deg_rees of freedom is found us-

 ing engineering judgment and intuition, We assume that any displacement
~ pattern which may occur is the same as that obtained by giving the master
degrees of freedom the same digplacements they had in such a pattern. In
‘other words, if we displace the master degrees of freedom, the slaves will

follow in 2 manner determined only by the stiffness and geometry of the
structure. Mathematically, the stiffness matrix is partitioned in the same
way as the displacement vector, forces {F;} are applied to the masters and
no forces'are applied to the slaves: :

(- [ {6

froin which it can be seen that

[ = ~[KR K o )

The mass mateix is partitioned such that

My (M
[m [WMLM%]

.Subsfituting eqﬁa,t_ion 2.51 info equations 2.50 and 249
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o[£ ] [K]11“[K]12[K121[K]21

(M) = s = (MK — (RIS (s — (M) (KI5

These expressmns can be simplified further using the fact that [K]y; = [K]7,

: a.Jld [ﬂ(f]gl - [114]12;

The reduced stiffness matrix retains ali the information contatned in the
original matrix, hence there is no approximation inherent in’the reduced
stiffness matrix. However, the reduced mass matrix has combinationz of
stiffness and mass terms, indicating that some approximation has resulfed.

' The much reduced problem may now be solved with a considerable saving
- in computing effort, The full mode shapes may be recovered by reversing

the transformation of equation 2.46, The results obtained using the above
reduction rely strongly on the selection of the master degrees of freedom.
The master degrees of freedom must be able to represent the modes ot the
structure which are of interest and should 11_1c11_1de degrees of freedom that
are expected to contribute significantly to the kinetic energy of the modes
of interest. Rotational degrees of freedom and degrees of freedom not in the
plane of interest ¢re usually the first priority for slaves, followed by degrees
of freedom with low mass-to-stiffness ratios. The effect of the reduction
is to raise the lower frequericies due to the constraints imposed while the
higher frequencies are not represented at all. The latter may be used to
advantage in certain situations, for example in a structure composed of
beams and plates, We may not be interested in the numerous local modes
of the plates, but rather the main structural modes, The plates contribute
to the mass and stiffness properties of the structure and must be modelled.
By choosing the master degrees of freedom to model the main structural
modes, the local modes will be “missed”,

2.4.3 D_yné.mic _Resp(}nse -

While the previous sections have dealt with methods of obtaining the eigen-
- vectors and eigenvalues of the undamped free-vibration system, it now be-

comes necessary to examine the dynamic response of the structure to some

_excitation. For the moment we will not concern ourselves with how the -

damping mafrix of the system is set up in the finite element method. The
response to an excitation is obtained by integrating the equations of motion.
An analytical solution is generally not possible and numetical integration

 techniques are uged. There are two basic approaches to the problem — the

mode superposition and direct integration methods [13,14,15]. The mode

N
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‘superposition method transforms the problem into a set of decoupled equa-
tions. This means that the there is an independent equation for each degree

- of freedom, each analogous to the equation for a single degree of freedom

system. The decoupled equations are solved using numerical integration or

by evaluating the Duhamel integral {13] and the response is obtained by
superposition of the results for each decoupled degree of freedom. In the

- divect integration method, the coupled equations are integrated directly —

tiere is no transformation before the integration.

The mode superposition method is suitable 1f only the low frequency modes
are needed to describe adequately the response. This will be determined

~ by the frequency content of the excitation. In essence, if the excitation has
a frequency content in the range wi~w,, then all modes in that range must -

be used in the superposwon A few modes are easily extracted from a very

- large system using eigenvalue extraction techniques such as the subspace it-

eration method, If the frequency content of the excitation spaus a very large
frequency range, then a large number of modes will have to be extracted at

great computational effort, In such & case, the direct integration method is
preferred. There are many such rnethods available. Explicit methods solve -

the equations of motion at time ¢ to predict the response at time ¢ 4 At,
while implicit methods solve the equations at time ¢+ A¢ to predict response
at time t + Af. Explicit methods are unstable unless At is small enough

~ conditionally stable, while implicit methods are stable irrespective of At

— unconditionally stable, Generally, the smaller the time step used; the
greater is the accuracy obtained and the greater is the computational effort

required for the entire solution. The time step chosen for explicit methods is -

based on stability requirements and it is found that accuracy requirements
are usually exceeded by this choice. For implicit methods, the time step
is chosen by considering the highest frequency of interest. The response
will be modelled accura.tely below this frequency and no computing effort
will be expended in modelling the response outside the frequency range of
interest. Finally, the mode superposition method is based on the assump-
tion that the system is linear, while direct integration methods are able to
handle non-linear systems. The rode superpomtmn mef.hod is of pa.rtmular
inmterest and is discussed next.

Mode superposition method

This method is Pé‘i’ ticularly effective when the .damp'ing is Propox.tiona.l ‘The
- equations of motion for the prolaorhonally viscous damped system are

[M]{w}+[0]{w}+[ ]{-1:} {7t
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| -and we recall that the undamped system eigenvectors are aléo [C] orthogona.l

and that ¢, = 2w,{;m,., Thus these equations may be decoupled by trans-
forming to the generalized coordinate system {g} via the following coordi-
nate tr+rsformation:

| '{m} - 16}

Using this transformation and premultiplying t'.he equa.tlon of motion by
[#17 (the mass normalized mode sha.pes] we get

: an 617} + [qs]'*"[c] o + WG} = WP L)
Usilxzxg. thé.or.thogonéli_ty é'qn&ition’s, thig .re-iuc:es e

m{ﬁ} + Bl 1+ Bl ) — W

Each equation corresponds to a mode of vibration. These decoupled equa-
‘tions may now be solved using the methods of direct integration. Tae

solusion in terms of the original coordinate systern is fo:md by applying the
reve:se transformation. -

If we know that the e*cmtatlon will’ only excite the lower modes, we need

only include such modes in the above equations, with the accompanying
reduction in size of the problem to be solved. Clearly an eigenvalue ex-

traction must be performed first in order to determine the required mode
shapes. While this is a large computational task itself, the cost involved will
be offset if the response to a number of load cases is to be calculated. The
eigenvalue extraction need only be done once and the mode superposition
analysis done for each load case, whereas if direct integration methods were
used, they would have to be done in entirety for each load case. It should
be pointed out that although only a few of the generalized coordinates are
used in the transformation, all of the original coordinates are included in
the solution.

- 2.4.4 ‘Beam and Shell Elements

A brief description of the elements used in this stud:f is presented here.

More information regarding these elements may be found in references [8,9],

- . The elements were low order elements, using low order polynomials for the

sha.pe functlons Generally, such low order elements are too stiff, a,nd very

A
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fine meshes are required to achieve reasonable accurey. However, their

performance can be lmproved by neglecting the strain energy due to shear
in the formulation and by using the dicrete Kirchoff ass .nption that the
shear deformation is zero at certain discretc points of the element [13).
This formulation has the advantage that low order eloments can provide

‘satisfactory accuracy at a cost lower than that incurred by using higher order

elements. A comparison of results from the literature [27] and ABAQUS and

‘MODEL SOLUTION FEM models indicated that good accuracy could be
expected from the low order elements of both codes. Ten two-noded beam -
elements were used to model a cantilevered steel beam 1.5 m long and of

solid rectangular section 120 mm x 50 mm. The results are summarized
in Table 2.1,  The FEM models included the effects of shear while the

theoretical model did not. As a result, the natural frequencies of the FEM -

models should be lower t_:han_the _former_ and the results bear this out,

ABAQUS elements

T.wo—noded (1331) a.hd_ three-noded (B32) beam clements and four-noded
(S4R) and eight-noded (S8R) shell elements were used. Each node has
three translational and three rotational degrees of freedom associated with

| i, These elements follow Timoshenko beam theory [9] — they allow trans-

verse shear deformation. It is assumed that the heam cross-section does
not deform and warping of the cross-section does not occur. Plane sections
remain plane. The B31 elements are based on linear interpolation paly-
nomials (shape functions) while the B32 elements are based on quadratic
interpolation polynomials. .

The shell elements used were S4R four-noded and S8R eight- noded elements,

implementing the discrete Kirchoff assumption. Each node has three trans- -

lational and three rotational degrees of freedom associated with it.

MODEL SOLUTION elements

Twwo-noded “linear” beam elements and four-noded “linear” shell elements
were used. The beam elements approximate Timoshenke beam theory, but
Euler-Bernoulli beams may be modelled by setting the shear area ratios
to zero [8]. The shell elements appromma.te Klrchoﬂ-‘ shell theory — defor-
mation due to transverse shear is not included. In both beam and shell
elements, each nade has three translational and t]uee rotational degrees of
freedom :
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]. 5 DUAL EMA-L E. . APPROACH

* The impression ma.y have béén created that the finite element method pro- -

vides the analyst with a foolproof modelling tool. All he has o do is break
the structure down into a number of elements, the system matrices will be
calculated accurately and all further calculations will produce accurate re-
sults, Unforturately, this is not the case. While the system matrices for
a given assemblage of elements are readily and accurately calculated, the

~erux of the matter lies in whether or not the assemblage of elements accu-

ratey represents the structure. The answer to this question is determined

by the skill and experience of the FEM modeller. The modeller will deter-
" mine the types of element used and how the structure is built up from those -

elements, The experience of the modeller will enable him to decide which

*features must be modelled carefully and which features are less important.

There will always be a trade off between the accuracy 1equ1rec1 and the
computational and rnodellmg effort required.

Similarly, EMA. does not provide a foolproof tool for experimentally deter-

‘mining a structure’s dynamic properties. The type of excitation, measure-

ment methods and curve fitting procedures are all quantities in which the
imowledge and skill of the experimenter play a very large role. The tech-
niques used have a strong influence on the results obtained and must be
selected to ensure that the results satisfy the final purpose of the test.

" The fact tilat there is a certain amount of uncertainty present in results pre-

dicted by FEM and measured by EMA was highlighted by two surveys [25]
designed to assess state-of-the-art measurement and prediction methods.
In one survey, test pieces were circulated to various organizations who were
then asked to measure a particular FRF. The survey showed that there was

‘some scabter i the measurements. In the other survey, detail design data |

for a simiple structure was provided o a number of organizations who were

“asked to analytically predict certain dynamic structure properties, includ-

ing an FRF. There was a large amount of scatter in the predictions. While
some predictions were close to experimentally measured results, others were
rather poor. The surveys showed the need for good quality measured dats
in the use of EMA and that there is a very clear need for exper:mentm
vahda.twn of ana.lytma.l models. : :

- Before the advent of FEM, t'.he engiﬁeering community was ihcapa.blé. of

properly analyzing the dynamics of large structures. As a result the tech-

- nique of EMA grew to prominence as a method for identifying deficiencies in

existing structures. EMA was used largely as a cure for dynamics problems
that could ot be prevented in the design stage. Today, through the use of
FEM, the engineering community is far more capable of analyzing structural
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dyna.rmcs waevér, EMA continues to thrive Bot]_l as a trouble shooting
tool and ,as a means of validating FEM models. Recent trends have been
to use EMA and FEM ftogéther as an effective design and diagnostic tocl.

- In this study the term dual refers to the combined use of the techr.uques of
FEM and EMA. T ha.s no mathema.t:lcal connotations.

The dua.l approach cal also be used in the design phase of a product. Ob-

o viously in the initial stages there would not be a product to conduct an
- experimental analysis on, but once a prototype bas been built, EMA can
- be used to validate the analytical models and shortcomings in the design -

can be overcome without the expense of constructing numerous prototypes.
It has been shown that the FEM cannot constiuct 2 meaningful damping
matrix for a real structure. Since damping plays a very important part in
the response characteristics of a structure, this leads to the question as to
how we tan use the FEM to analyze the forced response of a structure. The
answer to this question is found in using (for example) the mode superposi-
tion analysis described above in conjunction with damping estimates from
EMA — the dual approach. If an experimental modal analysis was con-
ducted, some of the natural frequencies, modal damping factors and mode

shapes of the system will be known, The natural frequencies and mode

shapes of an undamped FEM model of the structure could then be tuned

to reproduce the natural frequencies and mode shapes of the test. Once

this has been achieved, the experimental modal dampmg factors from the

modal test can be used as good estimates of the dampmg factors in l'.he'
_FEM modal superpomtlon a.na.lysas :
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Table 2.1: Theoretical and FEM E'equencies for a cantilever beam -

_ Mode

Theory

MODEL

ABAQUS
: SOLUTION

mm—mmp'-g

18435

44219

| 115.485
277116
323.305

18300 | 18.44d
43.804 44,093
112.365 | 115.031
264.080 | 288.897
306.004 | 319.748
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| Chapter 3

| DYNAMIC BEHAVIOUR OF

SHAFTS AND
CONVEYANCES

Structural problems caused by vibration of mine conveya.nces' are COmMMOoN in

showed that minor structural problems such as the Ioosemng of bolts, fatigue
cracking of components and una,ccepta.ble vibration levels were encountered.
Solutions to these problems were found by using bolts with locking devices,

~ the mining mdustry. A survey [3] conducted on gold mines in South Africa

strengthening certain components and by reducing hoisting s_peeds._ Green- .

way [1] states that more serious structural problems such as the fatigue and
overload failure of buntons have been less common. However, with increas-
ing production requirements necessitating larger conveyances and higher
hoisting speeds, a long term solution to the problem was desirable. To this
end, the Chamber of Mines Reseatrch Organization (COMRO), with the as-

sistance of the American hased Siructural Dynamics Research Corporation

(SDRC') embarked upon an extensive investigation into the dynamics of
shaft steelwork and conveyances, This research embraced a test and anal-
ysis phase and culminated in the production of a set of design guidelines
which could be used to avoid the recurrence of dynamics related problems

in future shafts, _

'I'he research program 1nvest1gated only skips and much of the test work

was carried out at the President Steyn No. 4 shaft, where dynamics related -

problerns had been experienced. The conclusions of the test phase were that

the predominant behaviour of the skip was that of a rigid body moving in_

rotation and translation, elastically restrained by the guide rollers and/or

 the slipper plates bearing on the guides, The shaft guides are not perfectly

E 1SDRC-is & service mark of Structural Dynamics Research Corporation
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aligned and it is this misalignment that provides the basic excitation of the
lateral motion of the skip. During slow speed operation the guide rollers
are able to guide the skip over the imperfectly aligned guides. However at

high speed, the guide rollers had insufficient travel and metal to metal con-

tact between the slipper plates and guides occurred. This resulted in higher K

loading of the shaft steelwork. In cases where the guide rollers are com-
pletely inoperative (for example when a roller failure had occurred), severe
impacting of the slipper plates on the guides occurred. This phenornenon
has been called slamming and results in very high Ioa.dmg of the steelwork.

Sla.m.nnng is illustrated in Figure 3.1.

The sklp strikes the guide near mid span. As the skip approaches the
bunton, the stiffness of the guide progressively increases until the lateral
motion of the skip is arrested by the hunton. The skip is catapulted into
the opposite guide, tlie forces involved in the impact belng very high. A
numerical model [5] was developed to investigate this behavion-.. The skip
was modelled as a lumped mass representing the effective mass of the skip
at the contact point. The guides were modelled -as prismatic beams simply

 supported on s¢prings representing the buntons. The model is shown in

Figure 3.2. The skip was given an initial lateral velocity and allowed fo
impact the guide at a number of points along its length. A numerical time

stepping algorithm was used to sulve the equations of motion of the mass,
taking into account the variation of stittuess of the guide along its length. -

~ . The computer study indicated that for the President Steyn number 4 shaft

skip and steelwork, in the worst case the skip may be catapulted into the

opposite guide at 2.7 times the velocity that it struck the first guide. If this
gain in lateral kinetic energy was to occur for every impact, the result would
be catastrophic. In practice this does not occur because tor some impacts
kinetic energy is lost rather than gained, hence a limit state response is
reached. The conclusions of the computer study were as follows:

‘s slamming is a.ggravated by i mcreasmg skip mass and higher skip ve-
locity,

. sla.numng is alleviated if gulde stn‘fness is mcreased and bunton stiff-
ness is reduced.

Mounting the slipper plates on flexible rather than rigid mountings has the
same effect as reducing bunton stiffness and iz a more economical manner
to reduce slamming than replacing or modifying buntons. This leads to the
intuitive conclusion that if the skip was in fact a flexible rather than rigid
structure, slamming would be reduced. A study involving a different, more
flexible type of skip confirmed this. It may also be seen that by increasing

the spacing of buntons and maintaining the stiffness of the guide at mid .

IR SF-EUR (R |
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span (by using a ‘stiffer gulde), sia.mmmg is alleviated. Fewer bu.utons may |
be used resultlng in a saving in the cost of steelwork.

The des1gn of shaft steelwork was thus governed by the loads 1mposed by

slamming and these loads were strongly dependent-on stiffness parameters

of the steelwork. The design procedure is thus an iterative one. Using the
computer study lescribed above, several dimensionless piots of the impor-
tant parameters were developed and used as the basis for a set of design
guidelines for shaft steelwork [4]. These guidelines have been applied to the

- design of a new shaft [1] and have resulfed in improved slamming behaviour .

and a substant:a.l sa.vmg in the cost of steelwork.

While the above work was- based largely on 2 numerical study of the slam-

ming behaviour of a conveyance, Schmidt and Tondl [11] mvestnga.ted the
vibration of a cage from a completely theoretical angle. The aim of their
work was to identify the cause of failure of every seco.d guide bar on al-

" ternate sides of the guide system. In their work, the excitation of the

conveyance is caused by the variation of stiffness of guide system as the
conveyance moves along it. The excitation is termed parametric since one
of the paraimeters governing the svstem provides the excitation, The model
analyzed by Schmidt and Tondl is shown in Figure 3.3. The conveyance

is nesuméd to behave ag a rigid body, For a constant travel speed, v, the
stiffness of the gnide varies with a frequency of w = 2xv/l. Assuming that
. this variation is a harmonic one, the stifiness of the guide at points 1 and 2

is gwen by
by = ko(l + u coswt)

| ka = kol + p cos(wt — )

whete ko is the average stiffness of the guide, = 2rz2 is the phase dif-

ference between points 1 and 2 and p is the half amplitude of the stiffness

variation, Assuming that the conveyance moves in the guides with no clear-

ance and that the centroid lies at the centre of ¢':e conveyance, the following

two equations of motion are obtained by applying La.grauges equa.luon to

the sy stem

d + 9?{[1._47 %ﬁ [cos wi + cos(wt — ]16 + _%#[oqs wt ~ cos(wt — $)Ju} =0

i+ Q2{[1 + %p[cos wt - cos{wt —.qb]]u + :‘lilu[cos wt — cos(wt — )]0} = 0
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 where 91 and 3, are the mean natural frequencies of rotational and transla-

tional vibrations respectively and u = 2. Instability intervals — frequency

_ intervals where the system will exhlbli; a parametric resonance — are de-

fined as follows:
Intervals of the first kind, first order:

| S X
20, — -j-'-_pa,, < w < 2, + —pag,
C2 2
Intervals of the second kind, first order:

- L o _
€0 + Qa — gp0/Brater <@ < [+ Dof+ HV/B12G0

- whére_ 1y = Gz = -:1;1 /2(1 +cos 'I,b) ahd Gy = O = -1/‘7(1 — cos ).

Using the President Steyn 4 shaft skip and steelwork parameters, w =
16.0 rads™? and the stability intervals are (see Appendix D)
of the first kind, ﬁrst‘. order:

62.3 <w < 62,5
o7t <w <1073
df .ti1e.se.<;ond kind, first order:
M3 <w<852

These intervals are very narrow, but nonetheless they do exist. While the
system is not operating near a parametric resonance, some important con-
clusions may be drawn from these stability intervals. It may be seen that
for I/la = 3,1%,... the first interval does not exist and for I/l = 1,2,.

the second ;nterval does not exist. Evidently only one of these mtewals
may be eliminated by choosing the appropriate bunton spacing, However,
the width of both intervals can be reduced by reducing the value of g, that

"is by reducing the variability of the guide stiffness. This may be achieved

by reducing bunton stiffness and increasing guide stiiness, or simply by
mounting the slipper plates on flexible mountings. These conclusions are
exactly those arrived at by the the numerical study of COMRO and SDRC.

The above results were obtained by assuming that the coaveyance moved in

‘the guides with no clearance. Schmidt and Tondl go on to investigate the



o

i b

- 67

' effect of clearance. For the case where ﬁhe'convéya.nce- length is an integer

multiple of the bunton spacing (this is very nearly the case for the President
Steyn number 4 shaft skip), the equations of motion decouple and may be
written in the dimensionless form shown below by making the substitution

= w/Q, W = 8/6; = ujup and 7 = {,t. The constants fy and ug are’

the values of rota.tlon and tru.nsla.non respectivel,, requlred to take up the

clearance.

iy W =20+ pcbs 77) =0

Including lnear and progressive dampmg coeﬂiments band § reSpectlver,
the equa.taon can be wntten as:

Wk (b SWEYY 4 F(V = 1)(1 poosyr) =0
A solution of the form

W= Acos(%nr—‘]—_ )

is assumed A represents the amplitude of the vibrations of the conw eyance.
A value of unity or less indicates that the conveyance is noving within the

clearapce space between the guides. Values greater than unity indicate that
the conveyance is causing deflection of the guides. Schmidt and Tondl show
that the solution is obtamed from tie equations :

. 1, 1 . ' : '

CEnfb 4 SEA%) = 2 10, . : . - .

2?7(__+46A) z_y.Qsm?.tp _ o .(3.1) |
o | o _

(3 )2 — Q = “#Q cos 2 o ) (3.2)

where

g I VAT =1 | _ N

"'Q#;zl_-(arctanvvi?»-— —-'—j-_%,‘,-'--}i),A>1
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The r_esdnance- curve, showing‘- the variation of A with 5 may be obtained
from equations 3.1 and 3.2. The “backbone” curve is given by

e __3\/5 '
and the “limit envelope” is given by

7= #Q |
b 3647

Using values of p = 0,042 (for the President Steyn steelwork), & = 0.0 and

'~ § = 0.01, the resonance curve shown in Figure 3.4 is obtained.

The operating points for the translational and rotational resonances are 7=

0,50 and 7 = 0.29 respectively. Similar operating points for the President

Steyn No 4 shaft cage can be calculated — 5 = 0.37 and 7 = 0.22 for the
translational and -+ ational resonances. The cage is a lighter conveyance,
resulting in high.. -sonant frequencies. These points are away from the

- region of parametric resonance, indicating that an increase in the speed of
* the conveyances can he accommodated without parametric resonance being

encountered. -

The parameters in one of the dimensionless plots developed by COMRO
and SDRC, namely “dimensionless bunton stiffness”, “bunton:guide stiff-
ness ratio” and “dimensionless skip displacement”, can be manipulated to
be analogous to the parameters 1, 4 and W respectively, of Schmidt and
Tondl. When this is done, the COMRO/SDRC results do not show the

same resonance peak characteristic (see Appendix D) found by Schmidt

and Tondl. This would seem to indicate that the former data is in the

- region defined by g < 0.75 on the latter’s resonance curve, An increase

in hoisting speed would cause the operating points to move up the reso-
nance curve, approaching the parametric resonance. The position of this
resonance is approximately stationary, but the amplification as represented
by A increases in inverse proportion to the variability of the guide stiffness.
This means that the hoisting speed can be increased substantially (perhaps
even doubled) before a parametric resonance is encountered, provided that
the shaft steelwork can survive the increased slamming loads. To achieve

- 'higher hoisting speeds, the slamming forces must be controlled by correct
- steelwork design and parametric resonances must be avoided.
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.F.i'gure 3.4: Resonance curve for President Steyn steelworlk
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Chapter 4

DYNAMIC ANALYSIS OF A

FLAT PLATE

In order to gain familiarity with the t_echniques of EMA and FEM, an exer-
cise was catried out on a flat plate. The results of this exercise are presented

-and discussed in this chapter. Further mformatlon on this analysis is pre-

sented in App endix C,

41 FEM MODELS

Finite element modelling of this pla,te.was carried out using the ABAQUS

~ code available on the mainframe computer. Several models of the plate were

developed using different types of element and varying mesh refinement.
The nodes of the models were chosen so that they would coincide with
those used in the modal test, in order to compare the mode shapes using

~ the modal assurance criterion. As a result the FEM models are physically

smaller because a 10 mm boundary of material is omitted. This means
that the structure modelled in FEM actually has higher natural frequencies
than the real structure. This was not considered to be a serious limitation
because in reality it is very difficult to model exactly every physical detail of

a complex structure. It was realized from the start that perfect correlation

between the natural frequencies of experimental and finite element models -
would not be attained. In all of the models the material properties are the

. sa,me 'A summary of the different models is shown in Table 4.1.

The basic approach to mode]lmg the pla.te was to start with a coarse mesh
and increase the mesh density, observing the effect on natural frequency.

- When sa.t_l_sfa.ctnry convergence had been obtained, higher otder elements
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* were used to observe if there was any advantage in their use. The frst three

models employed linear elements and the number of elements and nodes

* used was progressively increased. The second two models employed fewer

elements (of higher order), maintaining a large number of nodes. Many of
the models (especially those with the linear elements) produced some spu-
rious numerical modes which were immediately identified by their strange,
unrealistic mode shapes. Comparison of results with EMA and theory is
presented in section 4.3, Mode shapes for some of the models may be found

. in Appendix C.

4.2 EXPERIMENTAL MODAL ANALYSIS

4.2.1 Tmpact Tests

* Impact tests on the plate were carried out using & small PCB hammer

equipped with a piezoelectric force transducer. The plate was divided into

" a grid of 50 points and suspended by two strings as shown in Figure 4.1,

Three accelerometers were fixed to the plate at points 6, 28 and 50, to mea-
sure the response in the direction perpendicular to the plane of the plate.
The impact point was moved around as this was simpler and quicker than
removing ‘and replacing the accelerometers. This approach also allowed a
set of FRF’s for three reference locations to be measured simmltaneously,
In addition, the shifting of natural frequencies which may have occurred

as a result of changing the structure’s mass distribution by moving the ac-

celerometers could also be avoided. The FRF’s were re-numbered according
to the reciprocity theorem after the test so that in effect there were 3 ref-
erence locations and 50 response locations. This resulted in a set of 150
FRE%. o - '

The menu driveﬁ'mo-de of MODAL-PLUS was used to capture the data
and perform the curve fits. The menu driven mode was selected because it

- guides the user through the necessary steps in the acquisition and processing

of data. In this way the user would learn the necessary steps in performing
a modal test and eventually the faster command mode could be used. The
GR 2515 was set up using a baseband of 400 Hz. Approximately 14 reso-
nances were identified in this region. The tip for the imapact hammer was
selected to give a frequency content of over 400 Hz, The data was averaged
over 10 impacts at each point. Frequency response functions were stored.

 The baseband chosen did not allow the acceleration signals to decay to zero

in the time window, hence it was necessary to apply an exponential window
to the response signals, The exponential window caused the response signal
to decay (artificially) to zero within the window to avoid leakage errors.

e g



Table 4.1: Su.mma.rv of ABAQUS Plate Models

|| ‘Model [ Element Type (ABAQUS Designation) | Elements | Nodes |

1 4-noded quadrilateral (S4R) 6
L2 4-noded quadrilateral (S4R) . 18
'3 4-noded quadrilateral (S4R) 36
4  8-noded quadrilateral (S8R) - 10
5 | 9noded quadrilateral (SOR5) 10

F ig‘ui‘e 4.1: Set uﬁ_.for tests on plate
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The amplifiers weze set up to give an accelerometer signal in the range of

mtinus 1 volt to plus 1 volt (approximately). This meant that the gain of
the amplifiers was changed from point to point because response levels vary,
depending on the proximity to nodes, The necessary calibration constants in

- the GR 2515 set-up were accordingly changed. This effected a high signal-
" noise-ratio for all measurement points. The hammer signal amplification

was not cha,nged beca.use the strength of the impact was kepl; as constant

- as possible,

* Care was taken to allow all ringing of the plate to stop before the next

impact was applied. In some instances “double hits” occurred — that is

_there were two impacts from the hammer in one window. In this case the

impact was rejected and not included in the averaged FRF. The coherence
was checked after each set of 10 impacts. If it was poor, the test was
repeated. Coherence was not stored. ' S

4.2.2 Extraction of Moda_llParameters

Betfore any curve _ﬁté were undertaken, two function interpretation tools

" available in MODAL-PLUS were used to determiné the expected number

and frequencies of the mode shapes. These functions — the conjugate sum-

" mation function and the mode indicator function — are shown in Figures 4.2

and 4.3, Maxima in the conjigate summation function and minima in the

mode indicator function indicate the presence of a resonance. Figures 4.4

and 4.5 show two driving point FRF’s. Clearly, more resonances are evident
in the FRF measured at point 50 than a that measured at poizt 28. For this’
reason, this FRF was used in the curve fitting procedures. The polyrefer-
ence technique requires that a correlation matrix be set up ‘when estimating
the modal parameters. To ensure that all resonances were extracted and to
allow for the effect of resonances outside of the analysis frequency range,
the curve fits were carried out over two ranges: 0-255 Hz and 200453 Hz. .
The error plots for these tivo ranges are shown in Figures 4.6 and 4.7. The
number of roots estimated were chosen on the basis of these plots (14 and

16 for the ﬁrst and second ranges respectively).

Roots which were obviousl_y incorrect were discarded. Analytic functions
were generated on the basis of the remaining, “good” roots. These are
showx overlaid on the measured function in Figures 4.8 and 4.9. The modal
parameters obtained from curve fitting over the two frequency ranges were
consolidated into a single set of parameters which could then be used to
synthesize functions over the entire frequency range. Because of the overlap
in frequency range, one of the modes was identified twice — once in each
range -— one of th*m was merely delel;ed :
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Once a set of sausfactory modal parameters had been found, the mode
shapes could be estimated. The 14 modes extract 'l are shown in Ap-
pendix C.  The total response method was used to estimate the shapes.
The modes were real

4.2.3 Quality of Modal Data

- The quality of the modal database was evaluated by visually checking the
accuracy of FRF's synthesized by the modal parameters and by carrying
out 2 check on the linear independence of the mode shapes was carried out

by means of the Modal Assurance Cutena. (MAC). '

Figures 4. 10 and 4.1 show synthesmed FRFs overlaid on the corresponding
 measured FRIs. The synthesized functions are represented by circles. ’I‘he
database is clea.rly capable of accura.tely synthesmmg FRIs,

_ 'I‘a._ble 4...'. shows the results of the linear mdependen-ce check on the mode -
shapes. Diagonal entries are all 100 % and the matrix is symmetric ag
expected for an Auto-MAC correlation. The off-diagonal entries are all
very low, the largest being 3.0 %. This clearly shows that the modes are
Imearly mdependent, as t;hey should be :Eor a good ana.l} sis. :
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Ta.ble 4.2: Auto-MAC for EMA Pla.te Analysm

7

~Modal Assurance Criteria (%)

Mode no 1 2 3 4 ] 6 7
Freq (Hz) [| 27.30 | 40.37 | 80.10 { 108.59 [ 157.26 | 173.10 | 245.83
1] 2739 || 180.0 0.2 61 | 0L | 46 | 07 [ 07
214937 || 02 [160.0| 02 | 01 | 0.0 | 23 1.1
3 | 80.10 {{ 0.1 02 |1000| 03 0.1 0.0 | 07
4 10389 o1 0.1 03 [1000| 05 | 05 | 01
5157261 46 { 00 | 01 3 05 |100.0) 0. 0.1
6 |173.20 | 0.7 25 | 0.0 0.5 | 01 10007 03 |
7T (24583 0.7 1| 07 |01 | 01 0.3 | 100.0°
S |28481 0 3.1 | 02 13 | 38 00 | 08 0.0
9 | 25865 0.0 05 | 23 | 01 0.3 | 09 | 02
10 | 279.36 | 0.1 0.0 1.1 2.0 { 05 0.1 | 01
1132144 4.9 0.1 | 00 | 00 | 0l 00 | 05
12 | 36548 [ 0.4 2.8 0.0 0.1 ] 04 35 | o7
1340022 50 | 12 | 04 | 01 | B9 1.5, [ 03
14 {41452 2.1 | 01 5.0 | 02 06 | 01 | 01
Modeno || 8§ 9 10 11 12 | 13 | 14
| Freq (Hz) )| 254.51 | 258,65 { 279.36 | 321 44 | 365.48 | 400.22 | 414.52
112739 ] 31 ] 00 | 01 | 489 | od | 50 { 2T
2 [ 4037 {02 0.5 0.0 | 0.1 28 | 12 0.1
h3isot0f 13 { 23 1.1 0.0 0.0 | 04 5.0
4 (10859 8.8 0.1 2.0 0.0 0.1 0.1 0.2
Il 511872614 00 0.3 0.5 0.1 0.4 3.9 0.8
6 |173.10| 0.8 08 | 01 | 00 | 35 15 | 01
7 124583 | 0.0 02 | 0.1 0.5 0.7 0.3 0.1
8 1284511 100.0¢ 00 [ 0.0 1.6 0.4 04 | Ol
9 25865 08 [100.0f 12 | 00 01 | 04 | 14
101279.36 || 0.0 12 j100.0] 01 [ 0.0 | 00 | 16
J11 132144 1.8 0.0 01 {1000| 04 | 0.0 | 05
1238548 04 | 01 | 00 04 {1000! 11 0.0
13]40022 | 04 | 04 | 00 | 00 | 1.1 |100.0| 0.0
14 {41452 o1 | 14 | 18 0.5 0.0 | 0.0 {1000
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4 3 CORRELATION BETWEEN FEM AND

EMA: MAC

The expenmental and FEM results are compared here, using the modal
asgurance criteria. Tables 4.3 and 4.4 that follow show the Cross-MAC for
the vunplest and most complex FEM models, respectively, The tables for
the remaining three FEM models. may be found in Appendix C. In 2l cases
the FEM modes are represented by the rows and the EMA results by the
columns of the tables. Finally, Table 4.5 is a summary of the natural fre-
quencies of the plate, obtained by means of theoretical methods, FEM. and

~ EMA. The “theoretical” natural frequencies of the plate were obta.me'l by
assuming that the plate behaved as a slender beam. Equations for natural
frequency of transverse vibrations of slender heams may be found in (27},

The formulas given by Blevins [27] for torsional vibrations of slender beams
are not accurate for beams of cross section other than circular, hence the
torsional V1bra.t1on natural frequencies were not ca.lcula.ted
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- Table 4.3: Cross-MAC for plate: FEM 1 vs EMA
o Modal Assurance Criteria (%)
Mode no. 1. 2 3 4 5 6 7
Freq (Hz) || 27.39 | 49.37 | 80.10 | 103.59 | 157.26 | 173.10 | 245.83
812507965 05 | 00 | 00 [ 837 [ 21 [ 24
9| 4217 | 00 | 928 | 02 |00 | 20 | 371 | 09
10591 00 | 06 | 01 | 06 | 53 | 743 | 20 |
11| 7746 | 15 | 00 | 01 | 98.2 | Ll 1.0 | 39
12/8195) 00 | 00 |88 ] 05 | 02 | 00 | 05
1310108 | 110 | 02 | 00 00 | 37| 00 | 189
14(17247f 00 | 01 | 61 | 02 | 00 00 | 165
15118692 | 0.0 01 | 45 [ 0l | 00 | 00 | 167
16 | 21147 | 5.8 0.3 00 | 01 | 1.2 02 | 71.5
1722817 04 | 116 | 02 | 10 | 80 | 814 | 3.0
1822817 22 | 89 | 05 | 02 | 17 {699 | 07
Mode no ) 9 10 | 11 12 | 13 | 14
_Freq (Hz) | 254.51 | 258.65 | 279.36 | 32144 | 365.48 | 400.22 | 414.52
§72507 [ o [ 00 | 02 | 106 | 14 [ 78 | 1.9
94217 || 00 | 09 | 00 10 [ 745 | 88 | 03
10 59.91 || 0.8 1.6 | 02 03 | 81 ] 02 | 00
i) orrde f| 782 | 1301 | 72 | 21 16 | 0t | Q1
(12| 8195 03 | 03 | 20 | 01 | 01 | 15 | 100
131006 01 | 16 | 00 | 918 | 76 08 | 12
14 | 17247 | 65 | 173 | 842 | 10 | .01 3.1 | 153
15118692 | 6.6 | 171 §{ 65,0 | 1.0 0.1 2.9 | 144
(1621147 158 | 109 | 29 | 7.8 | 00 | 151 [ 20
171228174 08 | 00 | 59 | 64 | 21 1.7 1.6
1822817 02 | 95 | 79 | 1868 | 93 | 01 | 28
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Table 4.4: Cross-MAC for plate: FEM 5 vs EMA

I Modal Assurance Criteria. (%) -
Mode no 1 2 3 4 | 5 6 7
| Preq (Hz) || 27.39 | 40.37 | 80.10 | 103.59 | 157.26 | 173.10 | 245.83
73140 ] 965 [ 0.3 | 0.1 00 [ 55 | 07 | 0.0
S 8| 5608 | 0.0 ) 98.0 | 0.3 0.2 00 | 22 03 |
9 | 8352 || 0.5 0.0 0.0 | 79.8 ] 07 | 09 | 09
10| 87.69 {f 0.0 00 | 9838 | 06 | 01 | 00 0.6
11(9833 [ 00 | 00 | 17 | 05 ( 00 [ .00 [ 39
12)12115( o1 | 00 | 00 | 982 ! 11 14 0.0
13| 174.86.|| 9.3 0.0 0.0 0.1 | 948 | 44 | 02
14-[ 19822 || 0.0 8.1 | 00 0.3 2.6 | 92.8 | 19
15{286.65 | 0.0 00 |- 78 01 | 186 00 | 24
16 | 29445 || 1.5 0.l | 0.3 80. | 00 |- 01 | &8
17180356) 27 1 02 | 01 | 01 | 02} 04 | B2B ). G
18 (33557 08 | 00 § 10 | 01 |- 10 | 00 5.2 S A
Mode no’ S [ 9 [ 10 | 11 T 12 13 14 - : L

Freq (Hz) || 254.51 | 258.65 | 279.36 | 321.44 | 365.48 | 400.22 | 414.52
7T [8L40 | 6.1 00 | 01 | 398 [ 03 | 54 [ 22
8| 5698{ 01 0.3 0.0 0.0 25 | 08 0.1
0| 83.52 || 215 | 24 43 | 0.8 0.6 0.1 0.1
108760 | 03 { 29 2.0 0.0 | 00 0.3 4.7
11 9833 || 10 | 3.7 ] 285 | 05 0.0 22 | 19.8
12012115 8.0 | 02 | 14 0.0 0.2 0.1 | 0
1811748 00 | 01} 02 | 0.0 0.1 | 58 0.8
S | 141198220 02 | 08 | 62 .} 00 4.0 1.0 0.0
B B lis|asees|| s | ses | oo | 12 | o1 | 15 | 08
) 16| 29445 | 72.8 | 9.7 8.8 3.5 05 | 0.8 0.2

oo frrisessef 125 | 01 ) 29 oo | ool | 07 | 03
o a8 ]38s57Y 41 | 25 | 836 | 10 | 04 | 02 | 14
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Table 4.5 Plate natural frequencies: theory, EMA and FEM
| . NaturalFrequemey (Hz) = =~~~
Mode | Theory || EMA |FEM 1 |FEM 2 | FEM 3 | FEM 4 [ FEM 5
T | 209 [ 274 | 251 | 302 | 804 | 314 | 8i4
2 | — 404 | 422 | 461 | 534 | 7.0 | 570
3 82.3 80.1 | 82.0 81.7 { 835 | 884 87.7
4 = [ 103.6 | 77.5 95.1 1111 | 1209 | 1212
-5 1614 | 1673, — [ 1422 | 164.6 | 180.3 { 1749
6 | — -[l173.a{ 509 | 1481 | 1748 | 201.0 | 1982
T 246.8 || 245.8 ) 2115 | — 258.0 | 811.0 | 303.6
© 8 — 2545 | ~ — 252.2 304.1 294.53
g | 206688 |[2586| — | — 2552 | 305.7 286.7
10 | — 2194 1869 | — | 2050 | — | 3356
11 — 3214 1011 —_— 300.1 —_ =
2 | — fsesst — | — | — | — | —
13| 3085 [a002f — | — | — | — | —
W = faws| — | o~ | ] — | =
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Chap’t.er 5

'._DYNAMIC ANALYSIS OF A
MINE CAGE

5.1 CAGE DESCRIPTION

The mine cage analyzed in this section was the four deck a.lum.iriium.ca.ge
in operation at President Steyn Mine number 4 shaft, shown in Figure 1.3,

- This cage is constructed mainly from aluminium plates and sections, the
‘only load bearing steel components being the top and bottom transoms and .

the slipper plates or guide shoes. All structural connections are bolted.
The cage has four decks and a mass of about 7 000 Lg, with a maximum
payload mass of about § 000 kg. The approximate dimensions of the cage
are 10.6 m x 2.9 m x 1.6 m. The major coniponents of the cage are described
below: :

Transoms: Two pa.lré of steel I—sechloﬁs, a pair at the top of the cage,

where the rope is attached, and a pair at the bottom of the cage. The
top and bottom transoms are Jomed by the bridle legs.

Bridles: T'wo legs, each fa.bnca.ted from aluminium pla.te and argle sec-
tions. These are the main st1uctma.1 members joining the top and
“bottom transoms.

Top Sectzon This part of the cage is made from heavy aluminium plates

- and plowdes the load pafh between top transoms a.nd bridles and
" corner a.ngles. ' :

 Corner Angles* Alumlmum angles formmg the corners of the cage.

8
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- Decks: Each decs comprises a network of aluminium beams, covered with

an aluminium plate and provides the area on which the loads rest.
There are four decks. ' :

Guide Shoes: These are steel wear plates that locate the guides and pro-
tect the cage from damage should metal-to-metal contact oceur be-
‘tween the cage and the shaft guides. There are five gu1de shoe loca-
tions along the length of the cage. : :

Gulde Rollers: Sohd rubber tyres wﬁ.h a. spring loaded. mechanism to
guide the cage over irregularities in the guide profile,

Screens Light aluminium plates covering the side and back of the cage to
protect the occupa.nts from fa.lhng debris and contact with the shaft
steelwork., :

Doors: Roller shutter doors cover the entrance to each deck.
This cage was designed to aperate in either two or three guide compart-

ments. In the two guide confipuration, the guides run in the channels formed .
by the bridle legs. In the three giide configuration, the guides run in the

channels formed by the guide shoes at the rear of the cage and at the front

two corners of the cage — Flgure 5.1

-52 EXPER]MENTA.L MODAL ANALY-

SIS (EMA)

It is well Inown tha.t an impact modal test does not prodﬁce modal data of
exceptional quality when used on Jarge and complex structures. However it

s equally well known that it is by far the fastest, cheapest method of modal

testing. The latter factor coupled with limited equipment resources resulted
in the use of the impact technique for tests on the cage. A cage which had
been in use in the shaft for several months, and which was removed for
madifications to be made, was employed for the tests,

5.2.1 Impact Tests

A large hammer had been successfully used in other similar tests cond-icted
by COMRO/ SDRC’ on a skip. A su:mla.r hammer was thus designed and

1SDRC is o service marL of Structural Dynamics’ Research Corporatmn
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' _eqﬁipped with a specially designed proving ring type load cell. The rnass of '

this hammer was approximately 70 kg and it could be fitted with various
dzes of rubber tips. Design considerations and a description of this hammer

_may be found in Appendix B. The cage was suspended in the P sident
Steyn number 4 shaft conveyance changing device, from the normal suspen-

sion point at the midpoint of the top transoms. This meant that the cage

was free to move in all directions except vertically. Because the cage was

suspended from a smgle point in a very confined space, some means of pre-
venfing it from swinging and snagging the support structure was necessary.
Rubber hose was used to restrain the bottom of the cage. This resulted in

& fairly flexible restraint which would prevent the cage from snagging the

support steelwork and at the same time not affect the desired boundary

- conditions. A $otal of 25 points were selected for measurement purposes. A
-schematic representation of the cage test seb up is shown in Figure 5.2.

Tiwo acce wrometers were fixed to a moun'ting. block to allow rapid move-

ment from one point to another. A small steel disc with a hole drilled and -
tapped at itz mid point, was glued to each of the measurement points. The
accelerometer block was then merely screwed to this disc. At each mea-
surement’ location, the block was positioned to rieasure accelerations in the
horizontal plane only (along the z- and y-directions). The measurement
points and axis system are shown in Figure 5.3. The point of excitation was
chosen as point 2, in the negative a-divection. This excitation point was not
changed throughout the tests. The impact hammer was suspended from a
point in the suppart structure. The impact point had to be resiricted to a

~ small area (about 400mm x 200mm) that was stiff enough to prevent the

ocgurzence of local damage. Special care had to be taken to prevent missing
this area because the cage & ed under the effects of wind as well as the
impacts. : :

- The initial  'pact tests carried out on the cage indicated that the hammer

was not ‘mparting sufficient energy fo the cage in the frequency range of
interest. L 1is problem was overcome by trimming the rubber tip, effectively
increasing its stiffness, until the cage was excited over a sufficient frequency
range, ie. 0-40 Hz. Flgure 5.4, a plot of the hammer input spectrum shows
clearly how the energy tra.nsxmtted to the cage drops off sharply above
frequencies of about 40 Hz. Although the FRE’s were captured in the 0~
64 Hz range, the impact hammer was not capable of supplying energy to the

- system above a frequency of about 40 Hz hence the ... lysis was conducted

in the 0—35 Hz'range. . .

The coherence function (based on the average of § impacts af each point)
was calculated for each transfer function and used to check thaf measure-

- ments bad heen properly made. As with the test conducted on the flat plate,
- care was taken to avoid double impacts. The signal levels were adjusted to




88

reasonable levels 2t each measurement point and the amplifier gains were
very carefully noted so that the correct calibration factors could be used

‘when the tape recorded data was replayed. Figure 5.5 shows Bode plots of

FRI''s measured at point 4 in the positive z- and y-directions. It is apparent

that FRF’s obtained using accelerometer responses not in the direction of
the impact, ie. in the y-direction, were not as “clean” as those obtained us-

ing responses in the z-direction. This was attributed to the fact that there
was little response in the y-direction and consequnntiy the signal-to-noise
ratio was low.

' Figure 5.6 shows the coherence for measurements taken in the o- and y-

directions, for the average of 8 impacts. The frequency range covered ig 0-
64ilz, the frequency baseband used in the measurement of the FRF's. For
the function (upper figure) where the response was meastred at point 12 in

the negative z-direction. the coherence is close to unity, but appears to de- -

teriorate above 40 Hz. This is probably cansed by the fact that above 40 Hz,

the hammer was not spplying much energy to the cage, hence responses

and the signal-to-noise ratio would be low, For the functior (lower figure)
where the response was measured at point § in the positive y-direciion, the
colierence is low in many areas, not just above 40 Hz. This is probably a
result of poor signal-to-noise ratio .aused by the small responses obtained

- in thie g-direction. On the whole, the coherence functions indicated that the

mea.surements had been a.dequa.tely ta.ken

The position of the impacts was not changed, but the two accelerometers
were moved o each of the 25 measuring points after 10 impacts had been

vecorded at each., This resulted in sufficient data for a set of 50 FREs

to La consfructed.  This database was transferred from the GR 2515 to
the MicroVax II, where SDRC's L DEAS software was used for alt further

plocessmg

5.2.2 Extraction of Modal Parameters

The mode indicator function was used to establish the number and fle-
quency of modes in the frequency range of interest. Figure 5.7 shows that

_ seven modes ars identified.

- I-Deas modal analysis software offered several methods of exiraction of

modal parameters, among them the SDOF circle fif, the polyreference
method and the complex exponential method. The complex exponential
method was chosen as it was capable of & multi-degree-of-freedom (MDOF)
curve fit, The complex exponential method proved to be & very fast and
effective method of estimating the poles. Analytic frequency response fune-

&3
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' t_ibns were generated using fliese poles and the best correlation between the
- measured FRF and the analytic FRF was obtained with seven poles — seven

resonances were jdentified in the (0-35 Hz frequency range. The FRF used
for estimating the poles and the analytic function generated usmg these
poles are shown overlaid in Figure 5.8, the analytic function is indicated

“with crosses. The upper part of the ﬁgure shows the analytic curve with-

out the residuals added, while the lower includes the residuals. The curve
with residuals is clearly a better fit than that withous, especially in the low

frequency area.

Having obtained & satisfactory curve fit, the mode shapes were extracted.
The mode shapes were essentially real. The mode shapes are shown in
Figures 5.9~ 5.12. Mode 1 depicts the first bending mode of the cage, in the

plane of the guides. Modes 2,3 and 4 are very similar and represent; what is

 essentially the second bending mode, also in the plane of the guidss, Modes

5 and 6 show flexure of the lower part of the cage (also in the guide plane).
Finally, mode 7 is the third bending mode of the cage, also in the plane of
the guides. Further discussion of the mode shapes and the reasons for some

of them having similar appearance may be found in the section 5.2.3:

e T TP I SUTL NS o hrackt SR
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5.2.3 Quality of Modal Data
The quality of the modal database rr_iay be assessed by examining:

o the accuracy with which the mode! can syathesize FRE’s other than

the one used in extracting the modal parameters

o the linear iﬁdépendence of the mode ghapes exﬁra.cted, using the Modal
Assurance Criteria

Figure 5.13 shows the synthesized function obtained for a measured func-
tion, namely for the transfer function measured between points 22- and
17z-. The synthesized function is indicated by carcles The lower figure
includes the residuals,

The fact that the synthesized functwn resembles the measured function
closely is evidence that the modal model is a good one, at least in the

' frequency range of the analysis.

~ A check on the linear mdependence of the rnode sha,pes was carried out

using the modal assiwrance criteria and is shown in Table 5.1.

_Ta.ble 5.1: Auto MAC for cage EMA “

e _ ’\J.[oda.l Assmance Criteria (%) . -
"Modeno | 1 2 4 5 g8 [ 7
Freg (Hz) §j 11.58 | 19.51 21.27 23,16 | 27.53 | 28,40 | 32.89

11,58 [[100.0 [ 6.1 | 17 [ 5.6 0.5 0.6 0.4
19,51 0.1 100.0 } 58.1 77.2 | 666 45.7 19.6

20,27 4| 174 | 881 |100.0f 912 [ 334 | 24.2 6.9

23.16 56 | T7.2 | 91,2 | 100.0 | 454 | 34.9 11.1

2753 | 05 | 56.6 | 334 | 454 [100.0 | 729 | 7909

9546 || 0.6 | 457 | 242 | 349 | 729 |100.0]| 57.9

3289 | 04 | 196 1 6.9 | 111 { 79.9 | 5790 | 100.0

1 Ox O e ©O DO B

The high off-diagonal values indicate that some of the modes are not linearly
independent. This is the effect of spatial truncativn — there are clearly not

enough degrees of freedom to differentiate between the motion of some of

the modes, Modes 2,3 and 4 show high correlation with one another, as
do modes 5,6 and 7. In order to distinguish the differénces between these
modes, it is necessary to measure fransfer functions at more points. It is
likely that the vibration of the scveens covering the sides and back of the

. cage ave responsible for some of the modes. If their resonant frequency

et e 2 e o et s 5

o
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was close to that of the main resonance, then the mode shape obtained -
using the limited degrees of freedom would appear similar to that of the
‘main resonance. A simple means to determine if this was the case would be
to measure » few transfer functions at a number of points on one of these

. screens and compare the resonant frequencies to those obtained for the main
test, '

- D T T T gy e e s - - T I TR
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5.3 FEM MODELS

Since a cage was nof available for testing initially, work began with the

development of the FEM model. As only an older version of ABAQUS

with very limited pre- and post-processing capabilities was available, al-
most every node had to be input individually. The geometry of the cage

allowed only minimal use of ABAQUS® limited node and element generation
capabilities, This proved o be a very tedious task and with virtnally non- -

existent pre- and post-processing capabilities, the numerous errors which
occurred were difficult to find and correct. Indeed, many errors were only

- discovered when the I-DEAS software package became available on a Mi-
croVax II computer. The MODEL SOLUTION FEM code available within
I-DEAS was also used in the analysis. A practical approach was empha- -

sized. No atternpt was made to model the cage in minute detail — a simple,

- inexpensive model depicting the major characteristics of the real cage was -

desired, It soon became obvious that without any experimental data with
which to compare results of the analysis, little confidence could be placed
in their accuracy, Aveas requiring attention could not be identified and the
FEM modelling came to a halt. Once the results of the EMA were known,
deﬁmenmes in the models were corrected and a new model developecl

In all models, f;he beam joints were modelled as simple moment connec-

" tions, with no special consideration piven to detail modelling of joints. The

material properties and beam and plate properties that were used in all the

' _rnodels are presented in Appendix E. The following sections describe the
various models developed.

5.3 First ABAQUS Model

The initial model of the cage was cleveloped using a mainframe version of
ABAQUS, This model was transferred to the MiroVax II and the extensive
pre- and post-processing capabilities of I-DEAS were used to correct errors
and prepare the model for analysis by the MicroVax version of ABAQUS,
This model of the cage consisted of two-noded (B31) beam elements and
four-noded (S4R) shell elements. Orly the major features of the cage were
modelled, These included the top and bottom transoms, the bridles, tran-
soms, floor decks, corner angles and the plates forming the top section of the
cage. The floor plates, bracing and scieens were not modelled, The mini-
mium number of nodes and the lowest order elements needed to define these

~ features were used. This model comprised 496 nodes and 2976 degrees of

freedom.. Twelve modes were extracted using the subspace iteration method

s solving large eigen problems. Six of these were rigid body modes (since

+ e rr———— - rromsrny v - s LI
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the cage was not restrained) and six were flexural niodes. Using F-DEAS it
was possible fo animate the mode shapes — a valuable tool for visualizing
the vibration of the cage at natural frequencies. The first shape was the
first bending mode — a half sine wave shape in the plane of the guides, The
second was the second bending mode — a full sine wave shape in the plane
of the guides, The third mode was the first torsional mode — twisting along
the axis of the cage. The fourth mode was the third bending mode, once
again in the plane of the guides. The fifth and sixth modes showed localized
effects — the motion of the massive siee] top transoms and the heavy top
section of the cage. The natural frequencies of these modes were in the
range 7-20 Hz. No out of plane bending modes were a.ppa.rent. The greater
out-of-plane stiffness of the cage wo.ld account for this — these modes
would occur in a higher frequency range than their in-plane counterparts.

~The mode shapes for this model are shown in Figures 5,14~ 5.16

5.3.2 Second ABAQUS Model

_ The results of the first ABAQUS FEM-mc;'del were co.mpa.r'erl to the EMA

results on both a qualitative and quantitative level (more detail on the
methods used may be found in section 5.4): It was evident that the FEM
model was not stiff enough because its natural frequencies for the bending

‘modes were significantly lower than those indicated by the EMA. Further-

more, the FEM analysis indicated that a torsional-type mode was present,
whereas no torsional mode was identified by the EMA, There were two
poasxble explanations for this. Firstly, it could be assumed that the EMA
analysis was correct and there was no torsional mode in the frequency range
investigated. As it was already established that the FEM model was not

_ stiff enough, stiffening of the model could increase the frequancy « f this tor-

sional mode, causing it to be shiffed to outside the EMA frequency range.
On the other hand, it was possible that the EMA analysis had not succeeded
in identifying the torsional mode, possibly because the excitation had been
applied in such a way that it would tend not to excite a torsional mode, At
this point one of the advantages of the dual type approach became evident.
Rather than design another test to establish experimentally the presence
or absence of the mode, the question could be nweshgated easily using the-
analytical model.

To improve on the fiest ABAQUS model, refinements _in_ three directions were

. made. Firstly, the model had to be stiffened. In an effort to develop the

simplest possible model, the light screens covering the sides and back of the
rage weve omitted from the first model. They were included in the second
model. Secondly, the mesh density was increased to improve definition of

‘the main flexural modes. This entailed increasing the aumbér of elements
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used to model the bridles and corner angles. Stiffening the model had infact -
necsssitated increasing the mesh density of these members anyway, because
more nodes had to be created in order to attach the screens. Finally, the
order of the elements used in the model was increased: three-noded (B32)

‘beam elements and eight-noded (S8R) shell elements were used.

All of these changes wete effected using the pre—proceséing capabilities of |
I-deas. - Ironically, the ease with which the elements could be upgraded-

lead to the failure of the model. The number of degrees of freedom to

be analyzed increased by 286 % (from 2976 to 8500), while the number -
of elements increased by 186 % (from 365 to 678). This model suffered

from two main problems, Firstly, it required very long run times to extract -
the modes due to the number of degrees of freedom involved. Secondly,
numerous modes resulting from local resonances of the screens were detected

ak fréfmencies' ‘around 8.5 Hz and 10 Hz — two of these mode shapes are

shown in Figure 5.17. These numerous unwanted modes made it difficult
to locate the main flexural mbdes and coupled with the long run tnnes-

- requued, rendered the rmodel 1mp1act1ca.l

Nevertheless, valuable insight into the origin of one of the peaks observed in
tlle FRF’s was gained, This peak occurred at a frequency of approximately

8.5 Hz and is clearly visible in Figure 5.8. It is proba,hle that. this peak is
ca.used by the resonarce of the screens. '

5.3.3  MODEL SOLUTION Model

Frotn the results obtained by the above (second ABAQUS) model, it cotld
nof be concluded that the addition of the screens had had the desired effect.
The third model was derived from the second by retaining the elements de-

- fined for the second, bvi converting them back to two-noded beams and

four-noded shell elements It was anticipated that this would reduce the
number degrees of freedom back to a manageable level, This model con-

sisted of 678 two-noded beam and four-noded shell elements using 520 nodes

and 3120 degrees of freedom. In this model the screens were modefled be-
cause it was believed that the stiffness that they contributed was significant,
To reduce the run times and eliminate the problem of extracting numerous
modes showing only the flexure of the screens, as had happened in the previ-
ous model, a Guyan Reduction technique available in MODEL SOLUTION,

~ was opted for, The maximum allowable number of master degrees of free-

dom (221) were used in the reductxon. ‘These were selected on the following

basiss
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= degrees of freedom corresponding to those at which the.response was
~ measured in the modal tests were retained

e only degrees of freedom in the z-and y-directions were retained as the
response in the z-direction for the modes consxdered was known to be
neghg1ble ' : :

o degrees of freedom not in the direction of motlon of the first few modes
(fe. y-direction) were dropped in preference to those in the z-direction,

The first ‘thirteen mode shapes were extracted, the first five being rigid

~body modes and the remaining six flexural modes. Ounly five modes were
‘rigid body modes in this case because the elimination of some degrees of

freedom, as discussed above, effectively restrained one of the rigid body

" rmodes. - The mode shapes for this model are shown in Figures 5.18- 5.21,

The fist flexural mode was again the first bending mode, in the plane of .
the guides. The second mode shows the effect of the heavy top section of
the cage coupled with the low stiffness associated with the door opening.
The third mode is the second bending mode in the plane of the guides. The
fourth mode shows local effects resulting from the out-of-phase motion of
the massjve top transoms. The fifth mode shows in-phase motion of the top

- ftransoms as well as flexure of the middle section of the cage. The_ sixth mode
- - also shows localized effects — motion of the top transoms again and flexure
- of the screens on the firet deck of the cage, The seventh mode iz clearly the

third bending mode of the cage, in the plane of the guides, Some local effects

- caused by the {op transoms aré again present, The last mode exiracted

shows only local effects of the flexure of plates and screens at the top of
the cage. In this mode, the displacemient of the screens (included as slave
degrees of freedom) cam be clearly seen to merely follow the displacement
of the bridle and plates at the top of the cage (mcluded as master degrees

©of freedom), - _ _
" The rasults from this model showed'-that tlﬁe screens had had the desired

effect and the natural frequencies were increased to values more in line with
those obtained from the EMA. The correlation of the FEM and EMA results .
will now be d1scussec1 '
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54 C ORRELATION BETWEEN FEM AND
| EMA MAC

Ewins (6] states that generally, a value for the MAGC in excess of 90 %
should be attained for correlated modes and a value of less than 5 % for
uncorrelated modes. However, other researchers [29) have set poals as low

23’60 % for correlation between FEM and EMA studies. _
‘Correlation between the first AB AQUS model and hhé modal model is pre-

sented in Table 5.2. Entries showing high correlation are indicated in bold
face. The natural frequencies predicted by the FEM mode] are between

36 % and 57 % lower than their EMA counterparts. Despite the poor -
. correlation in the natural frequenc:tes, the mode shapes themselves show

acceptable levels of correlation, varying between 67.6 % and 80.5 %. EMA

wodes 2,3 and 4 correlate well » th the second bending mode identified by -~

the FEM analysis. This is attributed to the effects of spatial truncation. In
order to evaluate the differences between these three modes, more degrees of
freedom in the EMA model are required. Exactly which of the three modes
is the second bending mode is difficult to establish, though the correlation

to the FEM second bending mode would indicate that it is EMA mode ¢

at a flequency of 23.16 Hxz.

-Table 5.2: 'Croés-MAC: ABAQUS model (rows) vs EMA

e ~ Modal Assurance Criteria (%) _

Mode no 1 2 3 4 5 8 | 7
| Freq (Hlz) || 11.58 | 1951 | 21.27 | 23.16 | 27.53 | 28.46 | 32.89
(T [ 736 [ 786 06 | 106 [ 22 | 0.2 | 25 | 0.1
8 {1069 0.1 | 73,8 676|805 404 | 348 | 10.1
{9 ltos| 70 | 1.3 | 71 | 60 | 76 [ 60 | 35
10 | 14.04 | 0.0 341 1.3 0.1 | 412 | 25.8 | 7T2.1
114192t ) 64 J o1 ! o1} 0o 03] 02| 01l

Table 5.3 shows correlation between the MODEL SOLUTION model and
EMA. Entries showing high correlation are indicated in bold face, The
cotrelation between natural frequencies In this model ate much better, The
FEM frequencies vary between 3 % and 20 % lower than than their EMA

- counterparts, Opce again, the correlation in mode shapes is good, ranging
from 66.6 % to 83.0 %. As expected,the second bending mode identified

in the FEM analysis still shows high correlation with three EMA . modes,

 reinforcing the theory that this is caused by spatial truncation in the EMA
- model. An Interesting observation is that the correlation between the FEM
and EMA first bending mode shape has shown a decrease, from 78.6 % in
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the ABAQUS model to 69.7 % in the MODEL SOLUTION model, while
the natural frequencies are now within 3 % of one another. All of the other
- mode shapes have shown an increase in correlation. Intuitively, one would
" expect that as the complexity of a FEM model increases, not only do the -
number. of modes accurately predicted increase, but also. the acouracy of .
the lower modes. Although this trend is followed in simple models, in more
complex models it s not always the case. Features of the nodel whlch might
" be 1ns1gmﬁ,cant for representation of one mode may be significant for the
representatmn of another mode, A surnmary of the FEM and EMA results
- is presented in Table 5 4 . :

Table 5.3: Cross-MA_C: MODEL SOLUTION model (rows) vs EMA

. Modal Assurance Criteria (%) -

Modeno f 1 | 2 | 3 | 4 5.1 B 7
 Freq (Hz) || 11.58 | 19.51 | 21.27 | 23.16 | 27.53 | 28.46 | 32.89
6 (111841 6971 0.0 [ 219 [ T4 2.6 0.2 3.7
7 [18.60 j 18.7 | 14.2 | 26 4.5 | 857 66 | 18
g 119610 01 1668 7271|830 454 [ 38.2 | 13.3
912127 ue | 22 | 60 | 34 | 03 | 03 ; 19
120 2498 41 | 48 {07 | 02 | 478 | 36.0 | 73.7

- Table 5.4:. Summary of e:cperimenta,l'an'd a.naiytical reeults

Description - Frequency (Hz) -
of Mode Shape EMA [ ABAQDS I ABAQUS IT | MODEL SOL_
Bending of Screens 85 — 1
First Bending 1158 ) _7_.-36 [ N/A ] 1138
B C1gsl s — -
Second Bending | 21.2T - | N/A -
: 23.16°| - 10.69 —_— 19.61
First Torsion - 11.06 N/A =
Tw:stmg ofTop || — | — |  NJA 2117
Bendmg of Bottom 2753 | - - N/A —
28.46 - —
__Third Bending {1 3289 |  14.04 - N/A 26,40

L - .,__,__.T.,,.,,_.__._..__:__T._____,,j_.,.,_‘.,._.__',._,_, s *—“W PR L
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SORC 1-DEAS 3.9: Pre/Post Prdcessing 20-0CT-88 22,43 28 |
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First bending: 736 Hz ~ Second bending: 10.69 He

. Figure 5.14: ABAC JS: Cage modes 7 and 3
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- - Figure 5.15: ABAQUS: Cage modes 9 and 10
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" Figure 5.19: MODEL SOLUTION: Cage modes 8 and 9
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Chapter 6

DISCUSSION

“Widespread structural problems in the mining industry, both o srseas and

locally, have lead to extensive investigations into the dynamic behaviour of
4aft steelwork and conveyance systems. In South Africa, work has been
aer wentr . ed on the behaviour of skips operating in gold mines. Little
yre-% has been carried out in the area of mine cages, probably because the

- problems encountered have been of a less seriots nature. With increasing

production needs, the size and hoisting speed of both skips and cages must
increase. While these aspects may be considered from the early stages of

the design of new shafts, the effects of increased hoisting speed in existing
shafts must be evaluated before speeds may be increased., The phenomenon

of slamming, investigated by COMRO and SDR(, becomes more severe as

- the mass and speed of the conveyance increase. Slamming can be reduced

by reducing the variability of the guide stiffness and by introducing flexibil-
ity into the conveyance. This is is also shown to be the case by Schmidt and
Tondl, who also show the existence of parametric resonances, which, if en-
courtered, can lead to catastrophic failure of the steelwork. The President
Steyn 4 shaft skip and cage both operate well below parametric resonance
and i should be possible to increase the hoisting speed of both these con-

veyances without encountermg a parametric resonance, although the forces

induced by slamming wi pr-*ably be the limiting factor,

‘One of the aims of this work was to investigate the dynamic ‘haracteristics

of a mine cage in order to increase the understanding of che behaviour
of cages. This was to be achieved by determining the natural frequencies
and mode shapes of the cage via a dual FEM and EMA approach. In
order to gain familiarity with the equipment and techniques nsed in a dual
FEM-EMA approach, a simple structure, in the form of a flat steel plate,
was selected for analysis, Some theoretical frequencies of this structure

" could be valeulated from results in the literature to assess the accuracy

112
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of both the FEM and EMA results. The imp.act testing method with a
GenRad 2515 CAT system was used for the EMA. and the FEM models were

analyzed using a main frame version of ABAQUS. Apart from developmg :
‘the necessary skills for a dual FEM-EMA analysis, the exercise served as &

baseline test, demonstrating the levels of accurar:y that could be attained for

the analysis of a simple structure. The exercise showed that while very good -

correlation between the mode shapes of the F'2M and EMA models could
be obtained easity, good correlation between fiequencies was mw~~e difficult
to achieve. For the simplest model of the plate and MAC correl - . greater

“than 90 %, the FEM frequencies were 8-88 % lower than those predicted by

the EMA. For the most complex model and MAC correlation greater than

' 90 %, the FEM frequencies were 9-17% highe: than those predicted by the

EMA. Good correlation between mode shapes does not therefore gua,ranfc:e
good correlation between natural frequencles -

The experunf.nta.l modal analysis of the mine cage employed the technique

‘of impact excitation. Of the numerous metlods available, this technique
required the simplest (and cheapest) equipment, least effort in setting up
‘the equipment and preparing the structure and produced results in the
shortest time. The enfire process of preparng and testing the structure.
“took less than two days. The test data was recorded on an FM tape recorder = -

and processed to produce a set of Frequency Response Functions using a
Ge. ad 2515 Computer Aided Test Systemn The database of FRF's was

| ‘pagsed to a MicroVax II computer where I-Deas modal analysis software
- was used to carry out the curve ﬁttmg and node sha.pe extraction phases

of the analysis.

(Generally, the irnpact excitation is unsuitable for use in large structires

since high impact forces are required to in ect sufficient energy into the

structure, without damaging the structure. - However, in the case of the

- mine ~age, the point of impact, namely a guide shoe, allowed the high
- forces necessary to be achieved without damaging the structure. The rub-
ber tip used allowed responses up to a frequercy of 40 Hz to be excited. The

quality of data acquired by the impact excitaion method is not of the same

- standard that may be achieved by other methods. However, as the ultimate
aim of the experimental analysis was the vaidation of a FEM model, the

speed and ease with which reasonably reliable data could be obtained was

considered of greater importance. The possibility of carrying out a more -

sophisticated test was not ruled out, but the availability of the necessary

equipment, the cage itself and time constraints eventually made this op-

tion unattractive. The fact that a siiccessful analysis was carried out on
a large structure, usi.g a “home-made” homraer and transducer illustrates
that sophisticated equipment and techniques ure not always necessary, The

experimental modal analysis indicated that there were seven modes in the
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~ frequency  .ge up to 35 Hz. However, some of the mode shapes appeared

to be very similar, indigating a deficiericy in the model. More measutement
points ate required to allow differentiation between such mode shapes, Some
peaks in the FRF’s were not very sharp, indicating high damping or high
modal density in that region. Local resonances of the screens could nmot

- be evaluated because no measurements on the screens were taken. These
resonances could account for the high modal density suspected in some ar-.

eas of the FRF plots, They could also explain why several mode shapes
appeared tc have the same shape. While the model was less than perfect, it
did describe adequately the major flexural modes and thus would be useful
for comparison with FEM models.

FEM mbtie;;ing of the cage was done with the ABAQUS code as well as
the MODEL SOLUTION code available within I-Deas, all on the MicroVax

* TI The first FEM morel of the structure employed the smallest possible

riumber of linear beam and shell elements possible to define the network
of beams and plates making up the cage. The ABAQUS FEM code was
used. The screens covering the sides and back of the cage, plates covering
the floors of the cage and the roller shutter doors were not modelled. The
first finite element model of the cage was not a satisfactory one and clearly

~ indicates that a significant amount of skill and experience are required for

successful modelling of real structures. The first flexural mode had a fre-
quency of 7.38 Hz, compared with the 11.58 Il2 measured in the EMA, The

- omission of the screens covering the sides of the cage was a result of the
- lack of experience of the modeller. The screens had a significant stiffening

effect on the structitre and affected the natural frequencies ~f the flexural
modes of vibration. Development of the FEM model from a position of very
little experience highlighted the need for some rocans of vahda.t.mg the FEM

- The experimental modal analysis alldWed the FEM model to be developed

and tuned to produce results in line with those actually measured. With the
aid of modern pre-processing software, the FEM model was easily upgraded
and modified. A second ABAQUS model included the screens and a denser
mesh o allow & better spatial description of the main modes. The floors
and roller shutter doors were not modelled as their contribution to the
bending and forsional stiffniess of the model was considered to be small,
Quadratic rather than linear elements were used. However it was found that
the size of the model, as represented by the number of degrees of freedom,
exceeded the practical capabilities of the hardware. Eigenvalue extraction is
a computationally expensive process and by increasing the size of the model
to over 8 000 degrees of freedom, excessively long run-times were required

to extract the eigen solution, Numerous modes depicting the vibration of

the screens were extracted, rather than the more important main structural
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modes. In particular, modes of vibration of the screens at 8.5 Hz a.nd :

10 Hz were found. These problems were overcome by reverting to linear
elements and using the technique proposed by Guyan to reduce the size of
the mags and stiffness matrices. The MODEL SOLUTION F M code, with
the facility for implementing the Guyan reduction */as uzed - the lhird

" model. The mass matrix was condensed to one having ~nls 221 ler .e+ of

freedom, significantly reducing the required computing effort a"yron ‘e
selection of the 221 degrees of freedom in the reduced model e -1:»Z that
the main structural modes would be represented while the costly extraction
of numerous modes depicting the local vibration of the screeus wae avoided.

Mode shapes from the FEM and EMA studies were passed from the Mi-
croVax to a personal computer for comparison by means ¢f the M.odal As-

surance Criteria, using a program written in PASCAL. The MAC provided
a quantitative means of comparmg mode shapes from the EMA and FEM
studies. While MAC correlations in excess of 90 % were obtained for the

. plate analysis, correlation for the cage analysis varied between 69 % and -

83 %. FEM natural frequencies differed from EMA frequenc:lea by 3-20 %
for the cage a.ua.lyms

Use of the dual a.pproa.ch led to a better understanding of the structure

than would otherwise have been possible. It became clear that the screens
contribute significantly to the bending and torsional stiffness of the cage.
The oceurrence of a small peak on some of the FRF’s at about 8.5 Hz
could be explained by noting that a mode of vibration of the screens (as
determined by the FEM analysis) occurred at approximately that frequency.
The EMA failed to identify a torsional mode of vibration of the cage in the
frequency rang 0-35 Hz. The EMA alone could not allow a conclusion to
be drawn with vegard to the presence of a torsional mode: either it did

not exist in the frequency range of the analysis, or else it wag simply not

sufficiently excited to show on the EMA. The FEM analysis proved that

* there was no such mode in the frequency range of the analysis,

The analysis has shown thaf the cage exhibits lower natural freqﬁendies than
the skip, even in the empty conditivu, indicating that it is more flexible. Its

~ mass i8 also much lower than that of the skip, hence slamming effects will

be Jess severe, The Jowest flexural natural frequency of the cage (11.58 Hz)

is far hlgher than the bunton passing frequency of 2.5 Hz, hence flexural -
. resonancé should not be encountered. In addition, the cage appears to

operate further from parametric resonance than the skip, 50 an increase
in hoisting speed can be more safely accommodated with the cage. The
analysis of Schmidt and Tondl assumes that the conveyance behaves as a

~ rigid body. While the work of COMRO and SDRC has shown that this is

a reasonable assumptmn for the President Steyn skip, it is not necessarily
the case for all conveyances. Further research should investigate the effects
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of Hexible conveyances on the position of the parametric resonance.-
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Chapter 7

'CONCLUSIONS

. The n'npa;ct method of modal testing can provide a very quick and
“ simple method for estuna.tmg the natural modes of wbratlon of large

structures

Th. finite element me  ad us_ed for the extraction of eigenvalues from
problems with many degrees of freedom requires considerable skill,
The ca.pablhtms of the computer hardware can be exceeded easﬂy by

 attempting to model the structure too finely.

7‘

. EMA provides an important means of vallda.tmg a dyna.mlc FEM
~ model of u complex structure.

Using a dual FEM- EMA a.pproa.ch the analysn can gann 3 greater

understanding of the dynamics of the structure than would be possible

using either of the two techniques in jsolation from one another.

, Seven natural modes of vibration of the President Steyn 4 shaft mine

cage were identified in the 0-35 Hz rangs. These included the first,
second and third bending modes, in the plane of the guides:

. The lowest of the cage flexural &eqﬁenmes (11.58 Hz) is too far from
the bunton passing frequency (2 50 Hz) for resonance to be encoun- -
tered.

The screens on a ca.ge contxibute significantly to its bendmg and tor-
sional stiffness.

. The President Steyn 4 shaft cage is more flexible and hghter than
- the skip, hence slamming effects will be less pronounced. The cage -
) 'opera.tes further from parametric resonance than the skip, Hence an

increase in hoisting speed can be more safely accommodated with the

: cage tha.n vnth the skxp

nr




Chapt-er 8

1.

RECOMMENDATIONS

A more sop.hi.'st,icagted EMA should be carried out on the cage to inves-

 tigate in detail the reason for several modes having the same shape,

Such testing should include more measurement points on the bridles

‘as well as some measurement points on the screens, An electromag-

netic shaker should be used and positioned in such a way as to excite

_ﬂexural and torsional modes.

. Further FEM modelling to evaluate the effects of the cage- pa.yloa,d
- should be undertaken. Other improvements in the model could include

the plates covering the floors and the roller shutter doors. These

features can probably be modelled as pomt INasses as 1t is u.nl:lkely '

. that they affect the stiffness of the cage in bending,

3

The effect of ‘conveyance flexibility should be incorporated ‘into the
model of Schimidt and Tondl to investigate its influence on the ‘position - -

of parametric Tesonance.
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Appendix A

‘EXPERIMENTAL

EQUIPMENT

This chapter ducrlbes briefly the eqmpment vsed in the moda,l tests of the

 mine cage and flat pla.te

Al GENRAD 2515 COMPUTER AIDED

TEST (CAT) SYSTEM

This instrument is a four channel structura.l and signal analysis machine. It
provides 320 alias free frequency lines for 1.25 Hz to 20.48 kHz bandwidths
and 400 alias free lines for a 25.6 kHz bandwidth. Software is available for

- a wide range of applications, from signal analysis to structural and acous-

tic analysis to rotating machinery vibration analysis. The software used in
this project was SDRC’s MODAL-PLUS, a package designed sp_eciﬁca,lly

- for modal analysis and DATM, software to capture FRE's for processing

by MODAL-PLUS. All acquisition of FRF’s and some of the extraction of

~modal parameters was carried out using thls system. Some of the spemﬁca—

tions are shown below.

Manufacturer GenRa.d Inc

Model: GR 2515
No Ghanhels:' 4 baseband or 2 zoom _
Dise Storage:_EOIMb hard disc_a.nd 0.5 Mb 53" floppy disc

1SDRC is a service mark of Structural Dynamics Research Corporation |

122




123

© Frequency accuracy: £0.45 dB

Amplitude acr_:uracy: 001 % '

' Sen;éitiVif.y: 8 ranges from 62.5 mV o8V
Sanﬁpling rate-. 85 536 Hz ma.xﬁﬁuni .per channel |

Anti-Alias Filters: One at 25 6 kHz in cascade with 13 others below-
25 kHz .

A2 ACC ELEROMETERS

Acceleromﬁte'rs used for both the plate and miné cage tests were of the
_ piezo electric type and were used in conjunction wﬂ:h cha,rge a.mphﬁers
_Accelerometer speaﬁca.t:ons are listed below: o

A2 Acceleromet.ers

Manufacturer PCB Piezotronics Intematzonal Inc
" Model: B02 and B10 e

| '_'Type Piezoelectric _ _ _
Sensitivity: B02=989 mV/g a.nd B10= 99.7TmV/g
Serial No: B02=7317 and B10=7723

A.2.2 Amplifiers

Manufacturer PCB Plezotromcs Iuterna.txona.l Inc
Model: 4338A08 |

" Type: Charge amplifier _

_ '_Ser__iaI- Nd: 286
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'A.3 INSTRUMENTED HAMMERS

- The hammer used for exciting the flat plate was a small custom made unit _

equipped with a PCB force {'.ra.nsduce_r. A nyloﬁ-tip was found to be sujtable.
The hammer used for exciting the mine cage was a “home made” unit

equipped with a specially built proving ring load cell (see Appendix B). -
~ A large rubber tip was used. The specifications of the hammers are listed -

below.

A.3.1 PCB Hammer Kit

Manufacturer: PCB Piezotronics International, Inc.

Model: GX201B05

Transducer Type: Piezoelectric

- Frequency Range: 5 kHz
. Force Range: 22 000 N

Resonant Frequency: 28 kHz
Sensitivity: 0.22 mV/N

- Mass: 0.45 kg + 0.20 kg extender

Serial No: 831

A.3.2 Large Hammer Kit

The lé.i-ge hammer was used in 'éonjuﬁction with strain gauge amplifier and
the two were calibrated as a unit (see Appendix B.

-Hammer

Manufacturer: N/A

N Transducer Type: Strain ga.u'ge. )

Force R"ange:_ﬁﬂ kN
Sensitivity: 51 000 N/V
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Mass: 72.5 kg + 30.5 kg extender

'SeriaI._Ne:_ N/A

A.3.3 Amplifier

Manufacturer: Measurew. .uts Group Instruments Division.

Model: P-3500

Serial No: 50550

A.4 TAPE RECORDER

A T channel FM tape recorder was used to record all transdu r signals.

.Manufacturer: TE.AC. |
Model: RT7L |

Type: FM cassette recorder
Serial No: 160475

A5 COMPUTER FACILITIES

" The computer facilities used can be divided into four main areas as follows:

1. Main frame computer — ABAQUS finite element code. This facility
was used for the modelling of the flat plate and initial modelling of the

- cage. For the most part version 4-4 was used, but version 4-6 became
available later. '

2. MicroVax IT computer — this computer was equipped with SDRC's In-
tegrated Design Engineering Analysis Software (I-DEAS), and ABA-
 QUS version 4-5. I-DEAS is an extensive software package comprising
modules for solid modelling, finite element pre-and post-processing,

finite element analysis and analysis of test data. In this study the

'MODEL SOLUTION linear finite element code and ABAQUS ver-
sion 4-5 were used to analyze the cage. The pre- and post-processing

*

-
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module was used to examine the results from both codes. The test
data analysis option was used to extract modal parameters and mode

- shapes from the FRF’s captured by the GenRad 2515 CAT s‘yS’_sem. _
. GenRad 2515 CAT System -— this system was eqﬁipped. with SDRC’s

MODAL-PLUS modal analysis and DATM data capture software. Tt

~ was used to capture data from both the tests on the plate and the
. cage. It was also used fo extract the modal parameters and mode

shapes from the plate data.

. Personal computer — a pfogra;m was written in PAS CAL to compare -
‘the experimental and analytical results. This program may be found

in Appendix F. Results from the mainframe, MicroVax and GenRad
were all passed to this computer via various crmulation software.




. App-eﬁdix B

LOADCELL DESIGN FOR A

70 KG HAMMER

B.l INTRODUCTION

As funds 'i.'or the purchase of a loadeell were not :a.\*a.ila.ble, a loadcell had to

be designed for the large impact haramer. The hammer was essentially a

150 mm diameter stesl shaft with fittings for a rubber tip, extension tiass
and suspension arm. The loadcell was designed to fit between the tip and
the hammer body. The followmg constramts and cntema. were considered

to he important:

. Size — the 'loa.dcell would have to be small enough to fit between
the massive body of the hammer and its light tip without protru-
siona which could easily be damaged No dimension could thus exceed
150 mm.

¢ Ease of construction — the loadeell would have to be_ constructed from
chea.p ma.tenals using sunple mauchmmg methods. :

» Transduction — strain gauges were to be used as the load detectmg
elements as they were freely available, as were the required amplifiers.

~ « Ease of calibration ~— the transducer should be easy to calibrate and

re-ca.hbrate

o Useof different tips — it qhou,ld be easy to atta.ch a vanety of tlps of
different stiffness.

o Sensitivity — To ensure that the transducer would have a reason- |

able vutput for loads in the design range, the stress induced by the

127
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| - maximum load at the strain gauge location was set a.t a minimum of
100 MPa. :

o Sensitivicy to eccentnc loading — sensitivity to eccentnc loa.ds should
be Immma.l '

o Linearity ~— tra.nsducer output should be linearly rela.{'.ed to load.

B.2 ESTIMATION OF LOADCELL CAPAC-

ITY

- To estimate the capacity of the required load cell, it was assumed that the . .

hammer of mass M would be allowed to swing pendulum-like from a height
h and impact, through a rubber tip of stiffness &, a rigid body with zero

- rebound velocity. It was expected that these assumptions would result in a

conservative design because there would always be a rebound velocity and
the body impacted would not be rigid. The magnitude of the impact force
is determined by the stiffness of the rubber tip and is given by:

Peke ey

" The work done on the rubbel tip is equal te the change in pol.entla.l energy
of the mass: _ _ '

Mgh = Ske® _ | (B.2)

T

from which it can be seen that:

F=BMghk | (B3

The stifiness & of the rubber tip was experimentally estimated by compress-
ing it in an Amsler universal tester. In the range 0-13 KN it was found to be
approximately 800 kN/m. For a worst case analysis, the hamimer of mass

M =110 kg (including a 35 kg extender mass), was allowed to swing from

2 height of A=1 m, This resulted in an impact force of F' = 41552 N. The
final design capacity for the loadcell was selected as 50 kN.
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strain
gauges

accentric ' i F
load

Fi_gure'B.lﬁ Proving-ring Loadcell

'B.3 TRANSDUCER DESIGN

A proving ring loadcell was chosen because it could satisfy most of the
constraints and criteria set out above. It is essentially a short section of
cylinder, to which strain sensitive devicrs may be attached in order to de-

‘termine the loading on the ring. If situated correctly, and provided the

cylinder is “thin-walled”, then the strain measured bears a linear relation-
ship to the load applied. It is easy to construct and calibrate and its open
constiuction would facilitate the attachment of different tips. The stress in
the proving ring at the locations indicated in Figure B.1 is given by [28]:

1.08Fr -
wi?

—

(B4)

By choosing a ring of the 'follo\.ving dimensions:

inside diameter=100 mm

outside diameter =5 130 mm

width (w) = 120 mm

and using a load of 50 kN, the stress ab the location of the gauges was

- @ = 115 MPa. The dimensional requirsments of the transducer were thus

satisfied, as were the sensitivity requirements.

iy
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- Figure B.2: Wheatstone Bridge circuit _
B.4 STRAIN GAUGE WHEATSTONE BRIDGE

Strain geuges were glued to the ring in the locations shown in Figure B.1
and wired into » wheatstone bridge, using two gauges per arm as shown in
- Figure B.2, The gauges were connected in this way for two reasons:

o the use of two ganges per arm doubles the sensitivity of the wheatstone
bridge. o

-+ the gauges are'émrra.ﬁged in such a way that the effects of an eccentric
loading will be averaged out (see Figures B.1 and B.2).

B.5 CALIBRATION |

- _ ‘The loadcell was set up in an Amsler Universal Testing Machine and sub-
o ' jected fo a compressive load in- the ra.hge 0-45 kN, The strain indicator
used in the calibration was also used in the actual tests, ie. the loadcell
. and strain indicator were to be used as a calikrated system. Figure B3
shows the result of the calibration exercise: It is evident that the loadcell’s
characterisiics are linear as required. The equation relating the load on the
tlansducer to the systern, output was found to be: :

 F=-0118+487328V (B5)

R P ey or S Akt 1 R gy R e AR . £
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50 kN LOADCELL CALIBRATION

tncrepeing and decresalng loed

Amplifior autput Vi

S o L Loadt o
.8 Inerensinglosd . : o Decrone'ng loud

o Figﬁre B.3: Calibration of loadeell-strain indicator system
where; o -

F = load on transducer (kN)
V' = system output voltage (V)

Figure B.4 shows the hammer, loadcell and tip assembled as for use. The
extender mass s not shown. h

3
S
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Figure B.4:. Harrimer, loadcell and tip
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App endix C

' RESULTS OF PLATE
ANALYSIS

Tl'le mode shapes and MAC ta.bles obtained for the plate analysis are pre-

‘sented in this Appendix.

C.1 MODE SHAPES

- Mode shapes for the first (FEM 1) and ﬁfth'(F.EM 5) FEM studies are

presented a.long with the mode sh'a.pes for the EMA in Figures C.1 - C.32.

C.2 CROSS MAC BE”"‘WEEN FEM AND_

EMA STUDIES

Cross-MAC ta.bles for the FEM-EMA analysis are presented. Only tables
- corresponding to the second (FEM 2), third (FEM 8) and-fourth (FEM 4)
FEM models are shown (Tables C.1 - C.8), The tables for the first and fifth

models are presented in Cha.pter 4.
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Figure C.1: FEM 1 - plate mode 8: 25.1 Hz
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. Figure C.9: EMA - plate mo

de 3: SU.i'Hz .
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| Tigure C.14: EMA ~ pla.té ﬁzode 51573 Hz
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Figure C.22: EMA ~ plate mode § 2545 Hz
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‘Figure C.24: EMA - plate mode 9 358.7 He




:

Figure C.27: EMA - plate mode 10 279.4 Hz
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' Figure C.29: EMA - plate mode 11 821.4 Hz
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o - | Figure C.32: EMA - plate mode 14 414.5 Hz
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Table C.1: Cross-‘\fIAC for plate: FEM 2 vs EMA

- Modal Assura.nce Cntena. (%)

Maodeno || 1 2 "3 4 5 6 T
Freq (Hz) | 27.39 | 49.37 | 80.10 | 103.59 15'_?._26 +173.10 | 245,83
778 [ 0o 0.0 04 | 00 | 00 [ 00 [ 0.3
83020 | 95.9 | 04 | 01 | 00 | 3.9 04 0.6
0 | 4347 1.1 ] 0.0 0.0 0.0 0.9 0.0 - 2.0
101 46.08 | 0.0 | 989 | 04 02 | 00 19 | 02
i1 | 7110 0.0 00 | 11 ¢t 00 0.0 0.0 | 06
F12) 8173 |00 | 0.0 | 878 0.4 0.1 0.0 0.2
13| 95.11 {| 0.1 0.0 0.0 98.2 | 1.5 | 14 | 0.0
14 | 101.80 1.2 0.0 00 | 00 | 1.6 0.0 2,1
1512871 1 0.0 0.0 09 | 00 | 0.0 0.0 | 0.2
18 | 142.23 2.3 0.0 0.0 | 0D 63.6 20 | 04
17 (148001 00 | 56 | 00 | 03 | 84 | 934 | 16

15{16637) 16 | 01 | 00 | 00 | 174 | 13 | 123§ ,,4
[ Modeno || 8 ] 9 | 10 ] 12 13 | 14 | |

TFreq (Hz) || 254.51 | 258,65 | 279. 36 82144 | 36548 | 400,22 | 414.52 |
T8 |03 017 [ 23 | 0.0 0.1 05 | 2.7 |
8| 80.20 | 00 00 | 00 | 176 | 1.8 4.8 2.2
3 ERELE ! 02 | 00 | 458 0.0 | 2.3 0.4

10| 46.08 f 0.0 | 03 | 00 | 00 20 | 0.5 0.0
7o 03 | 00 | 50 | 00 0.1 1.2 4.9
H1z! 8rs o0l 1.8 12 L el [ 02 | 30 | 224
1319511 [ 23 02 1 11 L 00| 02 | o1 | 00
o p 14101680 01 | 03 0.0 | 4.0 00 | 124 | 1.4
-~ ' 1512871 0.2 | 3.1 140 | 0.0 a1 | ot | 47
SR e 1223y 0.0 | 00 02 | 00 | 0.0 01 | 0.2
S | eseo i 02 0.9 0.1 0.0. | 43 | 098 | 00
fe e : 18416637 || 0.8 | 13 [ o1 | 370 | 50 | 40 | 0.0

B R e e
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. Table C.2 Cross-MAGC for plate: FEM 3 vs EMA
_ Modal Assurance Criteria (%) _
Mode no 1 2 3 4 5 6 7 _
Freq (Hz) | 27.89 | 49.37 | 80.10 | 108.59 | 157.26 | 173.10 | 245.83
TAT2L ] 00 0.0 0.2 00 [ 00 [ 00 [ 0.0
813036 | 966 | 0.3 0.1 0.0 | 57 | 07 0.0
9 [ 3335 00 | 99.0 [ 0.3 0.2 0.0 23 | 03
10| 8351 | 0.0 | 00 | 988 | 05 04 0.0 0.8
11]11L13 | 0.1 0.0 0.0 | 982 | Ll | 14 0.0
12164571 3.2 | 0.0 | 00 | 01 | 949 | 43 0.8 I
13 {17480 | 0.0 53 | 0.0 | 03 | 26 | 927 | 19 |
14 [ 25218 | 1.4 | 01 03 | 4.9 0.0 | 01 | 6.0
1328517 0.0 | 0.0 0.1 0.0 | 0.0 0.1 | 201
16 | 258.01 || 3.4 0.2 | 0.1 0.1 0.8 0.2 | 68.8.
1729495 | 0.0 | 0.0 0.5 0.1 0.0 | 00 [ 07
|18]30018 | 84 | 01 | 01 | 00 | 02 | 00 | 37
Mode no 8 g 10 11 12 13 14
Freq (Hz) | 254.51 | 258.65 | 279.36 § 321.44 | 365.48 | 400.22 | 414,52
7 [ 172 0.6 0:0 [ U5 0.0 0.0 0.1 0.3
83036 | 01 [ 00 | 01 3.9 | 03 5.4 2.2
v 15335 ¢ 01 | 03 0.0 | 00 | 26 | 08 0.1
10| 8351 | 0.3 | 3.4 1.8 | 00 0.0 0.4 5.0
| 1111118 85 02 | L5 0.1 0.2 0.1 0.1
12 116457 || 0.1 0.2 0.2 0.8 0.3 5.4 0.5
13 117480 | 0.2 07 | 02 | 00 | 63 | 14 | GO
i 14252181 72.7 | 9.7 8.5 3.9 1.5 0.4 0.1
15 | 25517 54 | 626 | 165 | 1.0 0.0 0.8 5.1
16 (23801 1| 174 | 6.3 5.0 1.6 | 01 0.7 0.3
1720405 | 04 95 | 725 | 16 | 03 | 04 1.8
1830013 || 0.1 1 01 00 | 885 | 74 | 00 2.1
s i e Ty - w, T
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Table C.3: Cross-MAG for plate: FEM 4 vs EMA
' - " Modal Assurance Criteria._-(%) |
Modeto || T 51 3 | 4 | 5 5 7
Freq (Hz) | 27.39 | 49.37 | 80.10 | 103.59 | 157.26 | 173.10 | 245.83

7131410 965 { 03 | 00 | 00 [ 94 [ 10 0.0
S |5700) 00 [990 | 03 | 01 | 00 | 33 | 03
‘9| 8844 || 00 [ 00 | 982 | 06 | 02 00 | 09
10 { 120.04 i - 0.1 0.1 00 | 982 | L1 1.1 0.0
11 {180.31 || 13.6 0.1 | 0.0 0.0 | 947 | 44 0.2
12 (20101] 00 | 80 | 00 | 0.4 26 | 827 | L8
#137304.08 | 1.5 0.0 03 | 102 | 00 02 | 54
14305694 0.0 ! 0.0 8.2 0.1 1.0 0.0 4.7,
Lis(311.03 28 | 02} 01 | 01 [ 01 | 04 | 8.7
[Modeno [ 8 | 9 10 | 11 12 13 4
Freq (Hz) | 254,51 | 258.65 | 279.86 | 32144 | 365.48 | 400,22 | 414.52 .

e

Wk

rr——r

7T13l4l [ 0.0 0.0 0.2 5:6 03
8] 5700 | 00 | 0.3 0.0 00 | 35 | 10 0.1
9 | 8844 | 04 4.9 28 | 0.0 6.0 | 0.0 8.1
1012084 45 | 03 [ 17 [ o1 | 02 0.1 0.1
fla1f1s031 o1 | 08 | 08 0.2 0.2 7.9 1.2
12120101 || 0.1 08 | 02 0.0 | 53 14 0.1
13130408 1| 717 | 9.7 8.9 3.9 23 | 04 ] 01
14 (30569 f 201 | 843 | BY 12 | 0.0 0.0 2.9
15131103 ) 128 | 02 | 24 15 | 02 | 06 | 00




Appendix D

PRESIDENT STEYN

'NUMBER 4 SHAFT
'CHARACTERISTICS

The shaft steelwork pammeters a.nd ca.lcula.txons are presented in tlus sec-
tion. _

D.1 SHAFT STEELWORK

The stiffness of the gnide-bunton system varies from a maximum at one of

the buntons to a minimum at the mid span of the buntons. The maximum
stiffness Kniaz, is that of the bunton, k. The minimum stiffness ki, is the
- effective stiffness of the bunton and guide, in parallel: :

bmaz =ky -

111

T B Ry

where kg is the stiffness at mid span of the guide mounted on rigid supports.

The average stlffness ko, is given by:

-..1 o
'lho = §(kmw + km:'n)

and the v_a.ria.i:ioh above and below this average stiffniess is:
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- '(kmaa: + km:'n) '
- : '2ku

N -1 (ﬁgures taken from [4]), therefore
| k_c, = 13 558 Nmm™’
Cp=0,942

Tﬁe_hbisting speed is 15.24 ms™! and the buaton spacing, o is 6.1 m, re-

- sulting in a bunton passing frequency of 2.5 Hz or 15,7 rads™?.

D.2 SKIP

. The mass m, of the fully loaded skip is approximately 27 300 kg. The

distance between the two extreme guide shoes, ! is approximately 11 m.
The average natural frequencies of translation and rotation, {y and Qg

_respectwely, of the sklp-steelwork systern are glven by [11]:

2ko

Fitg

Qg_iJ R o 3.6 rads~
Ty Iy : o

Q'], = 381.2 rads™!

For Prosident Steyn mumber 4 shaft, b = 26 330 Nmm and k, = 810

where r is the radius of gyration of the skip in the plane of the guides, The
ratios of the bunion passing frequency to the skip frequencies are os follows: -

—
o
-1

ﬂ1=§-f§-=U.5U
N LA :
_.1??-—“?6——0-29

Coom

The stability intervals of the first kind, fivst order arer

i
v
. //., B TR T
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11
293 - _'#asa < w< 2“3 + —'#a,,-
Ty ghte
and of the second kind, first order: |

|Q1 +- ﬂg[ — '2'“[,51/(112021 < < |Q]_ + le -+ E)‘.h/ﬂ]_gam _

~ where a1 = dgg = 1/2(1 + cosep ) and aig = dgy = -;-\/2(1 - cc»s-qb) an(l %

s the phase difference between the guide shoes: qb =l

For the skip, these intervals (in rads™1) are:

- of the first kind: .
T 823 <w < 82,5

107.1 < w < 107.3

of the second kind:
84.3 <w < 85.2

D.3 _CAGE_”

The mass of a fully loaded cage is a.pprommately 15000 kg. The distance

between the two extreme guide shoes is approximately 10 m. The resulting
natural frequencies for the cage are found using the equations shown above; _

Qg =42.5 rads™!
=728 rads~!

The ratios of the bunton passing frequency to the cage frequencies are as
follows:

m= =087
e = RE = 0.22

‘The éta.bility iﬁterva_ls_ are: |

of the fist kind:

e e T L L ;..'.;;;‘-:_.Hﬁ..._‘:f.;_..“
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849 <w <852 .

1455 < w < 145.8

" of the second kind;

1149 <w <115.8

D.4 COMPARISON OF COMRO/SDRC DE-

- SIGN GUIDELINES WITH THE RES-
ONANCE CURVE oF SCHMIDT/TONDL

In thie section, an attempt is made to_ correlate the findings of the COM-
RO/SDRC with those nf Schmidt and Tondl, The dimenstonless parameters -

-0 *he COMRO/SDRC design guidelines are manipulated to become analo-

gous to those defined by Schmidt/Tondl. Scaling factors are ignored as the
trends that are observed that are of interest.. An explanation of the param-

 eters. discussed may be found in Chapter 3 and references (1 1] and [4].

The “dimensionless skip displacement? 3 of COMRO/ SDRC is a.na.logous '
to the parameter A defined by Schmidt/Tondl.

The “dimensionless- bunton stlffness” of the COMRO / SDR(" design guide-
hnes is defined as:

klg

MeU?

kb' =

whers Iy, Iy and v are as defined above and m, is the “effective” mass of

' the conveyance at the guide shoe, It iz the effective mass that acts at the

gun.de shoe during an impact. The square root of k; is a frequency of the

_conveyance-steelwork system, although it requires correct scaling before it

becomes either the translation or rotational natural frequency. If the term
is then inverted, it becomes a.ua.logous to the variable n deﬁned by Schmidt
and Tond).

The following data was reiﬁd off the plot for dirnensxonless bunton displace-

~ ment in [4]; for a value of bunton—to-gmde #"iness ratio of 32.5 (Pres1dent
Steyn number 4 shaft):

This data is plptted-m Flguré D.1:

L i e

.
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Table D.1: h and & : Buntbn«to-guida stiffness ratio = 32.5

(% 004 [ 603 [ .002 | .0015 | .001
W% | 19 | 61 | 180 | 350 | Si0

.;..,'

B

¥e

0 jﬁ

Figure D.1: } versus &
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Appendix E

'CAGE FEM MODEL DATA

The properties of the beam and shellelements used in the FEM madels
are presented here, The material properties used are given in Table I.1.
Different beam, cross-sections are associated with a particular element “set”,

Each element set is given. a code name to enable quick identification and for -
‘use in the FEM model. Beams and shells belonging to these element sets
are indicated in Figures E.1 - E.3, Figure E.1 iy a general arrangement of

the cage Tigures E.2 - E.3 are cross sections through the cage at the levels

indicatea in Figure B.1, showing the network of beams at each level. The

properties defining the beams and shells are given in Tables E.2 and E.3.
Table E.{ indicates which beams belong to the element sets,

In cases where the beam centrmda.l axes were oﬂ'set from the requlred or
chosen node position, the properties about an axis through this position

were calculated. This is equivalent to using a rigid offset to offset the beam.

axis from a nocle position.

Table E.1: Material Properties

Material | Young Modulus | Shear Modulus | Density
' ' : GPa. GPa, kg~S
~ Steel 208 | 79 7850
Aluminium | IR 96 2770

The properties listed in Table E.2 are:

A.: Cross-section area
Tt Fust momens of area about local beam z-axis

I, First moment of area about local beamn y-&a.xié
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Codt A T L 1 Lo | Iz | Ly | d
(Material) | m? m? m’ | mt m! | m m*
| -1 6.855 0 0 1.0190 0 1.8670 | 1.9689

Steel x10™3 x10-% ' x10™ | x10™4.

-2 8.214 | 4.2915 | 1.0432 | 3.4704 | -3.3168 | 2.7388 | 2.7735
Aluminium, | x10~* | x10~° [ x10~% | x10-% | x10-% | x10~* | %10~

3 5.230 { -2.6150 | -7.4005 | 1.7433 | 3.7002 | 2.2393 | 2.2410
Aluminium | x1073 | %10~ | %10~ | x10~7 | x10~® | x10~* | xi07*
& 6.800 | 3.5474 | -6.4769 | 2.9695 | -2.0561 | 1.4757 | 1.5054
Aluminium | X102 | x10~% | x10~* | x10~¢ | x10~¢ | x10™ | x10~
5 1,600 0| -4.7250 | 3.7500 0 1.2555 | 1.2539
Alumintum | x20~% ] .} x10-4 | x10-® x10~ | x10™4.
CRE 2209 1 5.7974 | 1.7519 | 2.8195 | 4.4146 [ 2.2022 | 2.4841
Aluminium | x107% | x10-% | x10~* | x10~¢ | x10~% | x10~% | x10-®
T 1,150 [ -2.5272 | 6.2339 | 1.1854 | -1.7427 | 4.01 | 5,1954
Alwminiom | x10~2 | x10~* | x10~% | x10~¢ | x10~® | x10~® | x10—® |
S - 7.864 | 4.4665 | -1.0791 | 3.4588 | -3.1374 | 2.7017 | 2.7306
‘Aluminium | x107% } x10% | x10-° | x10~% | %10~ | x10~* | x10~*
9 B, 769 | 3.5624 |-7.0428 { 2.9685 | -1.3222 [ 1.8220 { 1.8516
Aluminjum | x10-% 1 x10~° [ x10~ | x10-% | x10~% | x10=* | x10~
10 12200 [ 5.797% | 57519 | 2.8195 | 4.416 [ 2.2022 | 2.4841
Alominium | x10*? | x10~% | %10~ | x10~% | x10~® { x10~% | x10~"
11 7 [ 1.240 | 2,0198 § -2.4452 [ 1.58767 | -6.1304 | 7.7238 [ 7.8814
Aluminium | x20-2 | x10-7 | x10-¢ | x10~% | x10-% | %10~ | x10~
120 12,084 | 6.907 | -9.0052 | 3.2961 | -2.105 | 2.9637 | 2.9957
Aluminiom | 1078 | x10~% | x10™% | «10% | x10~% | x10-* | x10-*
13 2.181 0 ~1.6617 | L1M7 0 |2.1002 | 22118
Aluminium | 1072 | - x10~4 | x107° x10~% | x10-°
14 2299 | 5.7974 | -1L.7519 | 2.8195 | -4.4177 { 2.2022 | 24841
Aluminiom | x10™2 | x10~% | x10~* | x10~® | x10~% | x10~% | x10-®
15 i 8,534 0 -5.103 | 2.9241 0 7.8438 | 8.1362
Aluminium { x10-% ] | x10~® | x10-® x10-% | x10-8
16 7619 [ 0 8.0462 | 2.0875 0 3.6408 | 3.8585
Aluminiwm | x10~2 1078 | x10-¢ . x10-8 | %10~ ||
1T | 1919 0 9.2612 | 3.7307 0 | 59426 | 6.3157
Aluminium | x10~% | x107% | x10-7 x10-¢ | x10-¢
- 18, 3.696 0 -3,7656 | 1.9513 0 62042 | 6.4894 |
Aluminium | 103 | x10~4 | x10-® x10~8 | x10~8
18 1,388 0 |-1.6288 | 29390 0 8,5014 ° 5.88563
| Stesl | x1077 ]| | x107® | 007 | x10™4 | %13~
TBRIDLE | 7.320 | 1.IT88 | 0 [4.4983 | 0 | a.1360 |o.819 |
Aluminium | x10~% | x10~ x10~¢ | x10- ] x10™*
-RANGLE | 1.844 | 5.3308 | 5.3308 | 3.3546 | 4.6572 | 3,3546 | 6.7092
Aluminium | x107% | x10™% | x10-% | x10-% | %107 | %10~ | x10-®
FANGLE | 3.294 |-2.489; | -1,1513 | 2.5786 | 3.6681 | 1.1014 | 1.3593
Aluminium | x10-3 | xlO"‘_”m' %104 | x107® | x10-% | x10~° | x10~F




¢ -

Yzt Second moment of area about lacal beam z-axis

* Iayt Product .of area about local beam z- and y-axes

I,y¢ Second moment of area about 1065._1 beam y-axig

J: Torsional constant
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" Table

B.3: Shell Properties

Code

| “Matertal|

.:’.I_'_hi;:lmess
mm '

“BOX

' Alumlmum

10

[ScREENS

Alurmnmm

‘I‘a,ble E.d: Allocation of bea.ms to element sets

Code Pomts defining bea.ms Tn cloment sets
b (refer to Figures E.1 - £.3)
1 [4—24] [5-25]
3 [1—4] [5—6] [6-11] [20-26] [21-24] (35-26]
3 [4-5] [24-25]
4 [31—35] 86-47] [¢3-4?’]
-5 __[80-81] [42-43]
6 [51~53] 56-58] [51-56] [50-55] -
7 [54-—59] [53-54] [58-59] [60~62] {63-64] (66-68] {69 70]
B =
9 - [30-42]
10 [60*66] [61-67] [64-70] [65— 71
11 I ]
12 12-8] [3-9] [17-22] [18-23] [10-19]
13 [32-44] [33-45] [34—46] [52-B7] [53-60] -
14 B (3143} - .
15 [7-11] [16-20]
18 . [87-38] [40~41
17 [36-37] [39-40]"
18 - [12-18} [14~18]
19 - [62-68] {63-69
TRy [t M~ T
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?Appendix F

COMPUTER PROGRAMME -
LISTING |

F.1 PROGRAMME “MAC"

This programme, written in Turbopascal 4.0, .wa.s used to éalculate- the

modal assurance criteria, co-ordinate modal assurance criteria from two
separate analyses. :

161 - -
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- const

' type
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{$M B0000,0,655360}.

program modal assurance_criteria; :

{**********************4x*********************************************-
THIS PROGRAM CALCULATES THE MODAL ASSURANCE CRITERIA AND
CO~ORDINATE MODAL ASSURANCE CRITERTA BETWEEN DATA - FROM
WO ANALYSES.

_ WRITTEN_BY S -
. - STEVEN ROBERT GROBLER
.29 JUNE 1988

*********************************************************************,

crt;Gra?h,Printer;

: maxnnésoj 'Il{maximum'nﬁmbar'of nodes}
maxnm=15; {maximum number of modes}

arrayl=array[i..15] of intege.s;

array2=array[i..15] of real;

array3=array[1..15,1.,50,1..4] of real;
arrayd=array{l..15,1..15] of real;
arrayB=array[1,,50,1..3] of real;.

. arrays =array[l..15,1..50,1..3] of real;

ta?

var :
~ no_nodgs : tinteger; {no nodes in comparisdn}
no amodes no: bmodss sinteger+ - {no A,B modes to compare}
lmax rinteger; {no node pairs to compare}
'amode,no,bmode_no rarrayl; {no’s of the modes compared}
amoda_freq,bmode freq :array2;  {frequencies of modes compared}
amode ,bmode - rarrayd; {mode shape array} _
mac o - terray4;  {modal assurance:criteria}
comac - array5; = {coord modal assurance crit}
mag_dif o rarrayb; {mod difference between modes}
™~ o  names,nameb ~ 'stringl15]; {names of A and B data files}
- o ~ name_outh - istringf15]; {name of MAC output file}
s . menu - ipointer;  {pointer for main menu}
> © MaxX  word; {maximum screen X-coord}
5 . MaxY tword; {naximum gcresn Y-coord}
: “. GraphDrivex - iinteger; - {graphics.device driver}
v o GraphMode vinteger;  {graphics mode value}
H wword; {height of text for graphics}
W tword {width of text for graphics}

i -

{********************************************************************}




begin

_-begin

end;

el L
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{$F+}

- procedure Quit;

begin L . _ _
CloseGraph; - : .
end; ' o
{$7-}
{********************************************************************}
function int2str(l:longint):string; {conv %4s an integer to a string}
var - ' ' ' '

7 sistring;

str(l,s);
int2striss;
end;
f*********$**********************************************************}

function realZstr(l real): strlng, {converts a real number to a strlng}
var : :

- strlngfal
-a.1ntager,

- ar=trunc(l);

str(a,s);

faa125tr:=s;
end; :
{**********w*************************#*******************************}
procedure Wait; Lo {pauses until a key is struck}.
var _

.ch:Ghar;

begin

ch:=ReadKey;
end ; :
{*****************************************************************#**}

' procedure In;tlallze, : o {initializes graphics}

begin

DirectVideo:=False;
Graphdriver:=Detect;
-1n1tGraph(GraphDr1ver Grabhﬁode,*’)
MaxX :=GetMaxX;

HaﬁY:=GetMaxY;

{******************************a*************************************}‘
procedure Status(msg strlng), {status 1ine on the graphics screent
begln ' ' '

SetUsarCharSaze(4 5 3, 5)




terim i e o L i

. procedure MenuBlock(var menu:pointer);

' begln
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SetLineStyle(0,0,1);
SetTextStyle(1,0 UserChar51ze),
- SetTextJustify (1, 1), :
SetFillStyle(0,0);
H:=Textheight (*H’ '
" Bar{MaxX div 10,kox) H,MaxX div 10%9,Max¥);
Rectangle(MaxX div 10,MaxY-H,MaxX div 10%9,Max¥);
QutTextXY(MaxX div 2,MaxY-H#3 div 5,msg);
end;
{****************************#******************#**********#*********}
{draws the main menu}
var ' :
SlZe:WGrd;
x1 iword;
. X2 iword;
yl :word;
¥2 sword ;

SetUserCharSize(5,5,4,6);

SetLineStyle(0,0,1);

SetTextStyle *,0,UserCharSize);
SetTextJustify(0,1);

SetFillsStyle(0,0);

Wi=Textwidth("H’) ;-

H: —TextHelght(’H’)

x1:=MaxX div 10;

yi:=Max¥ div 10;

%x2:=MaxX div 10%9;

y2:=MaxY div 10+9+H;

Bar(xl,yl,x2,y2+4);

Rectangle(xi,yl,x2,y2+4);

Line (x1+2%W,y1,x1+24W,y2+4) ;
DutTextXY(x1+W,y1+H div 2,’L Read Modal Data’);
DutTextXY(xi+H,y1+3*H div 2,’2 Calculate MAC’);
OutTextXY (xi+W,y1+54H div 2,’3 Calcwiate COMAG’);

. OutTextXY(xi+W,y1+7+H div 2,’4 Display MAC’);
OutTextXY (x1+W,y1+9%H div 2,’6 Display COMAC’);
QutTextXY (xi+W,yi+ii+H div 2,°6 Display fad Diff Plot’),
OutTextXY (x1+W,y1+134H div 2,’7 Print COMAC, MAC');
OubTex Xy (1+W,y1+154H div 2,'8 Output MAC to File’);

© DutTextXY(xi+W,yi+17+H div 2,°Q Cuit’);

~ Size:=imageSize(x1, y1,x2; y2+4), :

. getmen(menu,Size);

uutImage(xi y1,x2 y2+4 menn");

L
el
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end;
{*************#******************************************************}

procedure.Raad_ModalhData(vax no_medes,no nodes (integer;var mode_jio:

- arrayl;var mode_ freq:array2;var mode:array3;name:string);
- var :

_filevar:Taxt;
i,j.krinteger;

asgign(filavar,name);
reget (filavar); -

Read (filevar,no_modes);
if no_modes > maxnm then

bagln
RegtoreCriModa; _ .
WriteLn(#10,%10, "Max number of modes (15) exceaded’,#10,
#10);
Writeln (47, ’PRUGRAN TERMINATED t"!!t= #7 #10,#10,#10);
halt'

end;

Read(filevar,neo_ nodes),
if no_nodes > maxnn then

begin
RestoreCriMode;
Writeln(#10,#10, 'Max nwaber of nodes (50) excesdad’,
-#10,#10);
WriteLn(#7,’PROGRAM TERMINATED !!!!!!’ #7 #10, ¥0,#40);
halt;

and: :

for i:=1 to no._moedes do

begin

Readln{filevar,mode_no[i] ,mode_freqlil);
for ji=1 to no nodes do
bagln
for ki=i to 4 do
begin .
Read (filevar,mode[i,j,k]1);
end; '
ReadLn(filevar);
and; '
end; -
close(filevar);
end; - '
{*****i***************************************************#**********}
procedure normalize Datalvar mode:array3;no_modes,no_nedes:integer);

= Tt .,,_.,,,.__,_q,j.:.__.._,._ e ,I -.,_.vw}: Tt e e
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var o L
maxdef array[i..isj of raal,
i,7,k 1nteger'

begln ' :
for i:=1 to no_modes do
begin
maxdef[i}~-o 0}
- for j:=1 to no_nodes do
begin _
~for ki=2 to 4 do
begin : : _
if abs(modeli,j,k]) > maxdef[i] then
maxdef[i] i=abs(modeli,j,kl);
- end; ' '
and; -
end;
- for i:=l to no_modes do
begin :
for ji:=l o no nodes'do
tegin
for k:=2 to 4 do
begin
~ medel[i,j,k] :=modeli,j, k] /maxdef[i];
.end; .
end;
- end;
end

etttk ok skl et et kst e ek ol ok et e okl e ok e ok sesesiee e eSSk sk Rk ok okok
procedure Calc_MAC(var mac:array4d;no_amodes,no_bmodes:integer;amode,
brode: array3;no.nodes: integer) ; :
a b_conjireal;
a“a,conj:réal;
: : b_b.conjireal;
-~ - 4,3,k 1 integex;
-MW ' begin
g : _ for i:sl %o no_anodes do .
D ' begin
- - : for Li=1 to ao_bmodes do
bagin :
~a b_conj:=0.0;
a_a_coiij 150,0;
- " b_b_conj:=0.0; :
< ) e for J'wi to no.nodes de

T
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bagin : :
for k=2 to 4 do
begin : D :
a_b_conji=a b.conj+amodali, j,k]*bmode[l,] k] ;
a_a_conj:i=a_.a_conj+sqr(amede[i,j,k]);
b_b_conj:=b_b_conj+sqr(bmodall,j k1);
end; '

end;

mac[1 1] *100*sqr(a b con;)fa a con;/b b_conj;
o emd; : _ o
: end;
and; :
{********************************************************************}
procedure Write MAC(mac: array4 ne_amodes,no_brodses: 1nteger brode_no,

~ amode_ no: arrayi; amods_freq,bmods., freqiarray2); -

var
_i,j;integer;
begin
clrecr; : . C . _ _
WriteLn (' ' Modal Assurance Criteria’,#10,#10):
Weiteln(’ o mode no / freq (Hz)');
Write(’ - : ST ' '
for i:=1 to no_bmodes db
- begin - _
Hr;ta(bmode nofij:3,? s
end; . _
Write(#10, #13 ’ M)
for i:=1 to no_bmodes do
beglﬁ
Hrlte(bmode Lreqlil: 6 2,’ ’),
end; : :
Hrlte(#io #13,’mode freg ,#10 #13, no (Hz)’,#13);
for i:=1 to no_ amodes do : B
begin
Write(#10,#13,amode_noli]:3,’ *,amode. freq[;] 812, 4);
for ji=1 to no. bmodes do
begin
Write(mac(i,§]:6:1," )
end; '
end;
arid;

{****k*********#*****************#**********************************#}
procedure Calc COMAC(var comac:arrays;var mag.dif:array6;no_ amodes,
fo_bmodes | 1integer;amode,bmode: array3;no_nodes:integer;var lmax:

T
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integer);
type - _
' array1=arrayE1..4J of real;
var . '
pair: array[i..is 1. .2] of integer;
a_b:arrayl; s
a_ aarrvayl;
b_biarrayl;
i,j,k,1,m,n:integer;
begin : '
: Hrlta(#is 210 #10 ’Input number af modes for comparlson (>1).. )3
Readln(imax) ; :
for ii= 1 %o lmax do
“begin -
 Write(’row no. and column no. of the mode palr (1 J)’)
Raad(pazrtl 1], pair(i, 2])
end;
for 1.-1 to no nodes do
begin.
for k:=2 to 4 do
begin . ' :
- a_blk]:=0.0;
a_alk] :=0,0;
_ “b_blk] :%0,0;
and;
~for j:=l to lmax do
begii
mi=pairlj,i];
ni=pair[j,2];
for ki=2 tb 4 do
begin

2_b[k] :=a_b[k]+abs(amodalm, 1,k]*bmoda[n i kﬂ),
a_alk] i=a_al[k]+gar{anede[m,i,kl);
b.blk]:=h, ka]+sqr(bmode[n,1,kﬂ),
_ ' o L mag. dif[§,1,k~1] :=abs(abs(amodelm,1 k])--
Al - R sbs (bmodeln,1,k1))
G . _ ' and;
: ) _ for ki=2 to 4 do
' comacli,k-1]1=0.0;
1fa.a[k] > 0.0 then
! S . begin |
5oL o S if b bEk] > O 0 then
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begin . : =
comacli, k-1] :=aqr{a_blk]l)/a. alkl/b_blk]l:
end; ' -
¢ ~ end;
eud;
end; &
end; '
- fctotsekopok ook ok oo sk siokakokskaiok Aok ko sk ks sk ok SRR Rk o kok
procedure. Write comac(comac:arrayb;no_nodes:integer);
var _ o o o
- i,}:integer; :
segin
clrser; : S _
WritelLn(’Co-ordinate Modal Assurance Criterion’,#13,#10);
Writeln(’ V.0 x=dir ?,? y-dir 7,’ z-dir ’);
for ii=1 to no_nodes do ' C
begin

it

21)
41) then

if (i
or (i
- begin
_ wait;
end; _ -
Writeln(’node no °,amode[1,i,11:8:0,? ¢,comac[i,1]:6:4,® 7,
comac[i,2]:6%4,’ ’,comac[i,8]:6:4); o :

end;
Wait;
end; . _ .
{****************************é*****************#*************#**#****}
procedure Disnlay_Mod_ Dif (mag_dif:array6;no_nodes,lmax:integer;amoda:
arrayd); ' '
var '
deltaX:word;
deltaY :word;
' _ yaxis:word;
~ o XAxisLengthiword;
o YAxisLengthiword;
S _ - i, kiinteger;
S3E begin
: ' © - SstUserCharSize{b,8,5,6);
‘SetText8tyle(2,0,UserCharSize);
SetTextJustify(l,1);
H:»Textheight ('H?);
S : W:=Textwidth('H?);
o deltaX:=(GetMaxX~6¥W-4) div (no._nodes-1);



S

s

'begln {x~axis ticks}

e

170

XAxisLength:=(no_nodes-1)*deltaX; -
YAxis:=(GetMaxy -14+H) div 3;

delta¥:=YAxis div 10;
YAxisLength:=deltay+*10; ' :
Setviewport(o 0 GatMaxX,GetMaxY,clipon); g

for k:=1 o lmax do "~ {loop over pairs - x-diz}
begln '
MoveTo(4*W YAx;sLength+H—Round(mag_d1fEk 1 1]*YAxlsLength))
for i:=2 to no_nodes do {1oop over nodes} :
begin

LineTo (4#W+(i-1)*deltaX, lelsLength+H-
Round (mag_dif [%,1,1]#YAxisLength));

and;
end;
: _for k:=1 %o lmax do ' -~ {loop over pairs - y-dir}
begis
MoveTo (4%W YAxlsLength*2+5*H-Round(mag_dlfEk 1, 2]*
YAxisLength));
for ii=2 to no_medes do . {loop over nodss}
begin : : -

. LineTo(4#{+(i~1)*deltaX, YAxisLength+2+5+H-
" Round(mag_dif [k,i,2]#%YAxisLength)); =~

end;
. end;
for ki=1 to Ilmax do - _ {1oop gver pairs - z-dir}
bagln
MovaTo (4%W, YAxlsLength*3+9*H—Round(mag_dlf[k 1, 3]*
YAxisLength)); : _
for i:=2 to ro_nodes do {loop ovax nodes}
begln ) ' '
LinaTo (4%W+(i~1) *deltaX, YAxisLength*3+9%H-
Round (mag.dif [k, i,8]#YAzisLength))

end;
end;_ '

‘Rectangle(4*W,H XAx;aLangth+4*W YAx15Langth+H),
for i:=1 to no_nodes do

line (4%+(i-1)*deltaX, YAxlsLangth+H-H div 2,
4+ (i-1)*deltaX, YAxisLength+i+H div 2);
- OutTaxtXY (4xi+(i-1)*deltak, YArisLength+24H,
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real2str(amodel[1,i,11));
end; - {x-axis ticks}
OutTextXY (GetMaxX div 2,yax131ength+7*H d;v 2,? -dlractlon b

for i:=1 %0 10 do

begin {y-axis ticks}
line(W*7 div 2 YAx13Length+H~1*deltaY
- W9 div. 2,YAxisLength+H~i*delta¥);
QutTextXY(Wk§ DIV 2 Yﬁx15Length+H-1*deltaY int25tr(1*10))

end; {y-axis ticks}

Rectangle(4*w YAXISLENGth+5*H XAx15Length+4*W YAxlsLength#2+5*H),
for i:=1 to mo_nodes do :

‘begin {x-axis ticks}

line(4%W+{i-1)*deltaX, YAxisLength*2~B+H-H div 2,
4x{+(i-1)*deltaX, YAzxigLength*24r-  « div 2);
QutTextXY (4%W+(i-1)*del taX, YAxasLangth*2+5*H+H,
real2str(amode[1,1,1]));

‘end; {x-axis ticks}

OutTextXY(GetMaxX div 2,yax1slength*2+15*H dlv 2, ’y~d1rectlon’)
for ii=l to 10 do
begln {y-axis ticks}
line(W*7 div 2 YAx:sLangth*2+5*H~1*de1ta3
© WS div 2,YAxisLength#2+5#H-ixde Y;
-DutTextXY(WkS DIV 2,YAxisLengths H=1*de1taY,
© inb2str(iv10)); :
end; {y-axls ticks}.

Rectangle (44W,yaxislength*2+9+H, XAxisLangth+4*W, YAxlsLength
*3+9*H) 5
for i:=l %o ne_nodes do
begin {x-axis ticks}
- 1ine (4#W+ (i-1)*deltaX, YAxmsLength*3+9*H-H div 2,
4xfi+ (i~1) #cdeltaX, YAxisLength+3+5+H+H div 2);
QutTextXY (4¥W+(i~1)*deltaX, YAxlsLength*3+10*H,
real2str(amodel1,1,11)); S

" end;  {x-axis ticks}

OutTextXY(GetMaxX div 2 yaxxslengthma+23*n div 2,’z-direction’);
for ii=1 to 10 do

.hegln {y-axis ticks}"

line(Wx7 div 2 YAxmsLength*3+9*Hvl*deltaY

W9 div 2,YAxisLength*3+9xH-ixdeltaY); :

OutTextX¥Y{W+s DIV 2, YAx:sLength*3+9*H-i*deltaY, .

1nt23tr(1*10)), : :
end; {y-axis ticks}
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- end;

{********************************************************************}
procedure Print_comac(comac:arrayb;no_nodes:integer);

var
i,j:integer;
 begin o N o o
Writeln(lst, Co-ordinate Modal Assurance Criterion?,#13,#10);
Writeln(lst,’ ', x-dir ’,? y-dir ', z-dir ’);
© for i:=1 to no_nodes do ' '
begin -

WriteLn{lst, 'node no- ’,amode[i i,11:3: 0 ’ * ,comacfi,1]
181 4 ' 7 comac[i,2]:6:4,’ ,comac[l 3]:6:4);
end; _ o e
erteLn(Lst),
and; :
{********************************************************************}
procedure Print MAC(mac:array4;mo_.amodes,no_bmodes:integer;bmode no,
amode_no: arrayi amode_freq, tmode_freq:array2); -
var . .
i,jiinteger;
~ begin - ' _ _
i Writeln(Lst,’ - Modal Assurance Criteria’,
#10,#10); _ _ L
Writeln(Let,? T " mode no / freq (Hz)?):
‘Write{lLst,’ ¥ ' . :
for i:=1 to nomhmodes do-
begin
_ Wr:ta(Lst bmode no[13 3,’ ');
end; _ .
 Write(Lst,#10,#13,’ TR
for i:=1 to no_bmodes do ' '
begin _ ' :
- -WriteCLst,bmode_freq[iJ:6:2,’ >IN
end; ' :
- . Wrive(Lst,#10,#13,’mode freq ’,#10,#13,’ no  (Hz)’,#13);
Aﬁ\ ' for i:=1 so no_amodes do
o _ . begln ' . :
- ' ' Writae(Lst, #10 ,#13,amode. no{l] 3, ? amode_freqli]:6:2," 7);
* ' for ji=1 to no_bmodes do - '
bagan ' :
Wrmta(Lst mac[l,JJ 1511, ?);
. end;
end;
Writeln(Lst,#13);

-
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- WritelLn(Lst,#13) H

" end;
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{********************************************************************}
procedure Write MAC_File(mac: array4 no_amodes,no_bmodes:integer;

bmede_no,amede_no

rarrayl; amode fraq,bmode._, freq array2 name_out:string);

var
filevar:text;
i,jrinteger;
begin - :
: &951gn(leevar nane out)
'Reﬁrlte(fllevar),
Writeln(filevar,
#10,%#10);
Writeln(filevar,’ o
Write(filevar,’ ' ')
for i:=1 to mno bmodes do
' bagln B

and; . . ..
Write(filevar,#io,#is,’_ ),
- for ir=1 to no_bmodes do
begln '
‘Write(filevar, bmode freqlil: 6 2, !
end;

for ii=1 td no_amodes do
begin
' erta(fllevar #10 #13 ,amode no[;]

16:2,° °); '

for j:=1 tn no_bmedas do

~ begin .

erte(fllevar,macfm,J] 521,
- and;

end;

Close(fllevar),
end;

Wrzte(f;leVar,bmode no[l] 3 N

Modal Assurance Criteria’,

modé_nb / freq (Hz)');

)

Write(filevar, #10 #13,’mede  freq ’,#10 #13,’ no .{Hz)’,#ié);

3, !,amode_freqli]

Yy

o e ************************************** ******************#* sk desfeokesiek e T

procedure Main Menu(menu:pointex);forward;

{****************************************************************a***}

| procedure Bptlon i3 {read madal data}

begin
RastnraCrtMode,
A551gn(1nput ”) reset(lnput),

ik o A L e A b s gt o e o

© T
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Qn.d., :
'{********************************************************************}

- end; | o S _
- etokokskiokokkokisok ok ook ok dkoR ok ook skl ok Tk ok ks ok ook
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WriﬁeLn(’Input "A" filename...’);ReadLn(namaea);

WriteLn(’ Input "B'' filename...’);Readin(nameb);

SetGraphMode (GraphMode) ;

Status(’Reading Modal Data’);

Read _Modal_ Data(no amodes no nodes amode_no, amode freq,amode,
namea) ; :
‘Read_Modal_Data(no_bmodes,no nodes bmode .ho,brode freq,bmode,
nameb) ;

normalize_ Data(;mode no_amodes, no_ nodes),

- normalize, Data{bmode,no_ bmodes,no_nodesa);

Main_Menu(manu);'

procedure Option_2; {calculate MAC} -
begin - :
GlearDevlce,
Status(’Calenlating Modal Assurance Criteria’);
Ca}c_MAC(mac,nonamodes no_bmodas, amode,bneds ,no_nodes) ;
Main_Menu(menn) ; ' ' :
end, : :
{*******************************************#************************} :

- procedure Option_3; {ca.lcula:te COMAC}
* begin

ClearDevice;
RestoreCriMode; _
Write_MAC(mac, no_amo&es,no-bmodes bmode_no,amoda_no;anode, _freq,
bmode_freq) ; ' :
Calc, COMAC(comac,mag_dif,no_amodes,no_ bmodes amode ,bmoda,
no_nodes,lmax) ;- .
SetGraphMode(GraphMode) ;
Main_Memit{menu) ;
end,
{******************************************************************w*}
procedure Dptlon 4; {display MRC}
begin
ClearDavice;
- RestoreCriMode; -
© Write_Mac(mac,no.amodes,no, bmodes,bmode na, amode _ng, amode freq,
bmode. freq), :
Hait; '
'SetGraphMode(GraphMade)
- Main Menu(menu) ; :
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procedure ﬂptlon 5; {dlsplay COMAC}

- begin.

.ClearDev1CE*

RestoreCriMode;
Hrite,CUMkG(comac,no_nodes);
SetGraphMode (GraphMode) ;
Main_Menu (menu) ;

. and;. . . .o ) )
{srscrsiesobioorort ook bookidorik Rk ook oR ok okl ok ok ]
- procedure Uptlon 6; {dlsplay Modulus leference graphlcally}

begin
ClearDevice;
Status(’Mod Diff Plot Hit a key to continue’ )
Display_Mod_ le(mag_dlf no_nodes,lmax,amode) ;
Wait; _ : _
'Maln_Menu(manu);
end; :

{*******************************************¥¢*********s*************}

procedure Uptlon 7; {print GUMAC or MAC} .
label 1,3;
var - _ .

- Ch  :Char;
begin
" ClearDevice;. :

Status (? C=COMAC M-MAC R=Main menu’ )

1: Ch:=ReadKey;

Case Ch of -
' ’C’,’c".Print COMAC(comac,no_nades) ;
M2, im? :Print_MAC (mac,no amodes,no bnodes,bmode_no,amode_no,

'amode ~fraq,bmode_freq);
’R’ 'r’ igoto 3;
elge goto 1)
end;
goto 1;
3: Main_Menu(menu);
end;
{********************m***********************************************}
procedure Option 8; {write MAC to a file}
begln
RastcraCrtMode*' ' '
Writeln(’Enter the name of the outpu: flle...’) ReadLn(name out);
Write_MAC.File(mac;no. amodes ,00_bmodes, bmode no, amode _ho,
amode, freq,bmode_fraq,name_out) ;
SetGraphMode (GraphMode) ;

ey



- Main_Menu(menu) ;
end;
*{::.:.?*.::f:'*************************m*****#m****#***********#*#**#}
'prccedure Main -Menu(menu:pointer);
label 2;
var
Ch :Char;
%1 werxd;
_ yi :word;
begin -

x1:=MaxX div 10;
yl:=Max¥ div 10;
~ ClearDevice;
Status(’Select An Uption’),
putzmage(xi,yi,menu No¥
2t Ch:=ReadKey;
© Case Ch of o
1 :Option_1; {read modal data}
'2¢ :0ption_2; {calculata MAC}
23! :0ptiom_3; {calculate COMAC}
‘4’ :0ption.4; {display MAC}
'8’ :Option.B; {display COMAC}
76’ :0ption_.6; {display COMAC graphically}
'7¢ :Option_7; . {print COMACY} -
'8 ;0ption.8; <{output MAC to file}

', iQuit;
else goto 2
end;

end; .
{******************************************************************#*}
begin {main progran}
clrscr; . :
Initialize;
_ MenuBlock(menu);
N © . ‘Main_Menu(menu);
' ' - closeGraph
L end. {main program}
3 {***************************a***************************************}
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