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VIBRATION CIHARACTERLSTICS oF

FABRICATED SPACE IFRAME

by

A.M.0. PESSU
Ph.D. 1978

SUMMARY

This thesis describes an investigation to determine the natural
frequencies and modal shapes of fabricated space frames.

Both theoretical and experimental approaches have been used in
the investigations. Finite Element method have been extensively used
in the theoretical analysis.

Variations between the experimental and theoretical results have
been traced to errors in the assumed joint boundary conditions. Working
on simpler frame structures, a method of joint representation has been
established to take full account of the actual joint boundary conditions,
The joint representation adopted is especially suited for finite element
analysis and very easily applied to any frame analysis. All forms of
joint conditions can easily be taken account of by this type of boundary
condition representations.

Given a suitable size of computer, the vibration analysis of any
space frame can be carried out readily with the computer programme
developed. The method of matrices reduction is recommended to keep

computer core requirement to a minimum.

BOUNDARY VIBRATION CHARACTERISTICS SPACE FRAMIES
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Shape Function constant
Cross sectional area
(subscript) element
Young's Modulus of Elasticity
Local or beam force
Rigidity Modulus

Second moment of area
Identity matrix

Stiffness coefficient
Length of a beam

Lower triangular matrix
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System or Frame displacement
System or Frame force
Transformation matrix
Time in sec.

Kinetic energy

Local or beam displacement
Strain energy

Natural frequency
Distance from the origin
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Axes

Zero matrix
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CHAPTER ONE

INTRODUCTION

1.1 Preamble

A structure can be classified as one-dimensional, two-dimensional or
three-dimensional according to the character of its components. To a first
approximation, a beam is usually analysed as a line structure by
representing it by its centroidal axis. Hence, a beam can be regarded as
a one-dimensional structure even if the line is curved. A shell or plate
is represented by its middle surface for the purpose of analysis. A small
element of it (shell or plate) will therefore be capable of extension in
two dimensions. In reality, most bodies are three-dimensional, but only

a few of them are analysed as such.

A structure whose components are all one-dimensional is usually called
a framed structure. This is the type of structure dealt with in this work.
Such a frame as a whole usually exhibits three-dimensional extension. A
space frame, in particular, has components which span three-dimensional

space. Hence it extends in three dimensions.

Structural analysis spans a broad spectrum of investigations. Some
of the main areas of investigation include: stress distribution, dis-
placement distribution, structural stability, thermo-elasticity, plasticity,

creep, stress concentrations, fatigue and crack propagation, vibration



frequencies and normal modes of vibration. As the title of this thesis

NS
suggests, thejzzégz;e of this work is an investigation of the vibration

frequencies and normal modes.of vibration of space frames.

Recent advances in science and technology have required greater
accuracy and speed of analysis. This requirement has also reflected
itself in structural technology. Greater accuracy and speed will

guarantee that more factors can be taken into account at design stages.

The old practice of ignoring vibration considerations during the
design stages has many disadvantages, The vibration engineer who has to
solve the vibration hazard of completed structures is left with very
little option. Usually, the main choice available is the application of
one type of vibration isolation or another. But in modern structures,
such as long span bridges, tall buildings etc., vibration isolation is

even more difficult to apply.

In recent years, the presence of giant oil rigs has attracted some
attention, Much effort is being put into detailed analysis and checks on
the conditions of the rigs. Owing to the severe wave battering they
receive, 0il rigs are prone to fatigue failure, stress concentrations
occur at the joints giving rise to additional danger. Accurate means of
determining these stresses are always being sought (ref.10). Huge
sums of money are spent each year for diving checks on the several feet

of submerged parts of the oil rigs.

An accurate knowledge of the vibration characteristics of space
frames investigated in this work, would be applicable for checks on oil

rigs in particular and other structures in general,
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1.2 Scope
The work described in this thesis is an attempt to study frame vibration

with simple frames. A space frame was initially chosen for the study.
Although it was expected to be a simple space frame, the results obtained

showed that an accurate analysis of it presented many difficulties.

Theoretical and experimental vibration analysis of the space produced
some differences in the results., Attempts have been made to trace the
sources of error resulting in the differences noticed. The main reason
for the error has been traced to the incorrect prediction and represent-

ation of the joint boundary conditions of the space frame.

In order to overcome this error, attention was paid to one- and two-
dimensional static and dynamic analysis of small component members of the
original framed structure. These analyses were to simulate accurately

the actual effects of the various joints.

A further eight chapters describe the-work done in this project.
Chapter 2 describes the design of the space frame required for this work.
Chapter 3 describes the analytical method used in the theoretical work.
Finite Element methods have been used extensively. Chapter 4 contains
the various computer programmes written for the theoretical analysis, and
Chapter 5 describes the experimental methods used in verifying the theore-

tical results,

Chapter 6 contains the theoretical and experimental vibration analysis
of the space frame as well as some discussion of the results. This leads to
Chapter 7 where the difference in results of the previous chapter are analy-
sed and solutions sought by means of smaller one- and two-dimensional frames.
Chapter 8 contains a further discussion of the results obtained and their

applications. The conclusions are in the final chapter - Chapter 9.
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CHAPTER TWO

FABRICATED SPACE FRAME DESIGN

2.1 Design Objectives

Any structure in general has a primary function of supporting and
transferring externally applied loads to the reaction points. For a civil

engineering structure, the reaction points refer to the points of the

structure which are attached to a rigid foundation.

\Structural design usually involves the analysis of known structural
configurations which are subjected to known distributions of static or
dynamic loads, displacements and temperatures. It is really a structural
synthesis which should lead to the most efficient design (or optimum
design) for the specified load and temper;ture environment. Thus, most
structural design may proceed in steps of (i) a prior very rough
appraisal of the statics of the structures to obtain some measure of the
way the loads are carried, (ii) guessing or estimating the sizes of the
members or components, (iii) analysis of the structure i.e. attempting to
solve for the internal forces, or stresses and the resulting deformations
under the action of the prescribed loading conditions, (iv) checking the
strength of the elements of the strﬁcture and (v) successively modifying

the original guesses for optimum use of the materials and load carrying

capacity of the structure.



In the case of the design of the framed structure required for this
work, most of the above steps in structural design are not necessary.
There is no prescribed load that the structure is expected to carry.
However, some factors have to be borne in mind in the choice of the

structure used for the vibration investigation.

First of all, the structure has to be linear. Hence, its material

as well as the joints have to behave linearly.

Secondly, for ease of construction and low cost of the frame, its
members should be made from standard sized locally available materials.

Also the joints should be of corresponding standard materials.

Thirdly, it is envisaged that the frame will be dismantled and
rebuilt adding more components when necessary. Hence fixed joints are

not recommended. Welded joints in particular should be avoided.

2.2 Design
Fig. 2.2.1 shows the Fabricated Space Frame used in this work. It
is essentially a cube shaped frame standing on four vertical leg members,

where it is clamped to a rigid bed.

All the beam members are made of standard 3/4 inch square tubes -
fig. 2.2.2. Its material is mild steel with Young's Modulus, E, 207 kN/mm?

and Modulud of Rigidity, G, 80 kN/mm?.



The top four corners of the space frame (fig. 2.2.1 joints 1, 2,
3 and 4) are each made from the 3 points joint shown in fig.2.2.3(a).
While the other four corners (joints 5, 6, 7 and 8) are each made from
the 4 points joint shown in fig. 2.2.3(b). Both these joints are
standard 5oiﬂts which take the chosen 3/4 inch square section tubes of
fig. 2.2.2. They are orthogonal and therefore they do not take the
cross-members directly.

'

These joints also contain some plastic padding in order to produce
a tight fitting with the square tube beams. This in turn leads to some
non linear behaviour of the frame at these joints. To overcome this
effect, the joints were further strengthened with small plates shown in

fig. 2.2.4. These plates were bolted on all faces of the corner joints.

In addition to strengthening the joints, the plates became the
points of ‘attachment of the cross-member beam to the corner joints.

Again, the cross-members are bolted to the plates.

The feet of the frame are bratﬁed to plates as shown in fig. 2.2.5.

This forms the means of clamping the frame to the rigid bed.

Treating the fabricated space frame (fig. 2.2.1) as a rigid jointed
frame, the number of joints (j) is 12; the number of members (m) is 22;
and the total number of reactive elements (forces and couples) at the
support (S) is 24. Then the degree of indeterminancy (r) of the space

frame is given by (ref.5).

r 6m ~ 6j + S
132 - 72 % 24

i.e. r = 84 which is greater than zero.

Thus the space frame is rigid and not a mechanism,
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CHAPTER THREE

FINITE ELEMENT METHOD APPLIED TO SPACE

FRAME VIBRATION

3.1 Introduction

Two methods may be said to exist for the analysis of structures.

They include analytical and numerical methods.

The difficulties and limitations associated with analytical methods
are well known and cannot be over-emphasised. Closed-form solutions
are possible only in special cases, and approximate solutions may be
,arrived at for some simple structures. But, generally, analytical

methods cannot be applied to complex structures.

Numerical methods are the most practical methods for the solution
of complex structural analysis. This has been re-enforced by the

advent of the digital coﬁputer.

Numerical methods of structural analysis can be further divided
into two types namely (i) numerical solution of the differential equations

and (ii) matrix methods based on discrete-element idealization.
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(1) Numerical solution of the differential equations is based on
the mathematical approximations of the differential equations. The
process is achieved either by finite-difference techniques or by direct
numerical integration. Again, practical limitations exist in the
application of this method. Hence, .it is mainly restricted to the analysis

of simple structures.

The numerical solution of the differential equations usually ends
up with equations which can be cast into matrix notations. But the
method is still not classified as a matrix method since the original
formulationsdo not entail matrix connotations.

(ii) In the matrix method of structural analysis, matrix algebra
is used throughout all the stages of development of the analysis. First
of all, the structure is idealized into an assemblage of discrete
structural elements. The assumed displacements are then combined into

a matrix equation satisfying the boundary conditions at the joints

of these elements.

Matrix based methods of structural analysis are very suitable for
automation and programming for digital computers. The analysis is
based on very simple steps of numerical work. This method is there-
fore suitable for the analysis of complex structure once there is an

access to a suitably sized digital computer.

Matrix method of analysis has been found to be very suitable for the

analysis of this work.
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The Finite Element method of structural analysis falls into this
category of matrix method of numerical analysis. In frame structural
analysis in particular, the Finite Element method is much preferred to
its other numerical method counterparts (such as the finite Difference
method which is an older method) because of its versatility and

flexibility of usage.

The application of the Finite Element method to frame vibration
involves imagining the frame to be actually broken up into a number of
beam 'elements' of 'finite' lengths. This concept has given rise to
its name. As already discussed in Chapter One, frame structures contain
one-dimensional components (beams). Generally a structure would be
imagined to be actually broken up into a number of 'elements' of 'finite'
dimensions. A structure of n(= 1, 2, 3) dimensions of space will have

to be broken up into a system of n-dimensional finite elements.

The frame is subdivided into finite elements connected by nodes as
shown in fig. 3.1.1. These finite elements may have equal or unequal
lengths. The versatility of the Finite Element method means that
variations in the element lengths can be easily taken into account

without any additional difficulty.

The next step in this method of analysis is the determination of
the "element stiffness and mass matrices" of the individual elements
representing the frame. These are then assembled to form the '"overall
stiffness and mass matrices'" for the entire "discretized' frame by
requiring that the continuity of displacements and equilibrium of forces

prevail at all nodes in the finite element model of the body. This will
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lead to the equation of vibrating motion in matrix form
M1{q} + [K]{q} ={qQ} 3.1.1

where [M] = overall mass matrix of the frame

[K] = overall stiffness matrix of the frame
{Q} = column matrix of exciting force
{q} = displacement column matrix

and {4} = acceleration column matrix

In free vibration {Q} = 0 and {q} is a harmonic function of time. Then

{q} = {u}sin(wt + ¢) 3.1.2a
and {g} = -{ulw?sin(ut + ¢) 3.1.2b

Substituting equations 3.1.2 in equation 3.1.1 yields:

[K]{u} = w?[M]{u} 3.1.3

Equation 3.1.3 represents an eigenvalue problem. The solution of
this eigenvalue problem will yield the eigenvalues wi?, wz?, ws?,.....
hence Wy, W2, W3,..... which corresponds to the natural frequencies of
vibration of the discretized frame whilst the corresponding {u}i, {ula,
{u}s,..... are its natural modes of vibration.

In summary, therefore, the finite element solution of the Free
vibration of a given frame structure retluires the execution of the -
following operatjons in this order:

(i) Discretization or subdivision of the frame into a system of
finite elements.

(ii) Derivation of the "element stiffness and mass matrices" for
each individuél element representing the framed structure.

(iii) Assembly of the "overall stiffness and mass matrices" of the

frame.
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(iv) Solution of eigenvalue problem (equation 3.1.3)
(v) Where necessary, as is most often the case, the eigenvectors
are plotted to get a feel of the modal shape of free vibration of the

frame.

3.2 Consistent mass and stiffness matrices of beam element

It has already been shown that the discretization of a framed structure
should produce beam finite elements. Hence the next step in its
vibration analysis is derivation of the consistent mass and stiffness

matrices of the beam element.

Consider a beam element shown in fig. 3.2.0. Its extremities are
identified by the letters A and B. These represent its points of

connection to the nodes of the finite element discretization of the frame.

The beam element is in three-dimensional space and its orthogonal
axes X, Y, and z, are chosen such that the xe-axis lie on the beam
neutral axis.

If the beam.element is subjected to a set of arbitrary external
forces, then it will give rise to six internal reactive forces at each
extremity of the beam. These will have their associated displacements.
Forces here denote both forces and moments; and displacements include

linear and angular.displacements.

'As shown in fig.3.2.0, these forces include:
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(i) Axial forces F1 and F7
(ii) Shearing forces F2,F3,Fg, and Fq
(iii) Twisting moments Fy and Fyq
and (iv) Bending moments Fs, Fg¢, F11, and F;,

The corresponding displacements are:
(i) Axial displacements u; and uy
(ii) Transverse displacements wup, us, ug, and ug
(iii) Twisting angles uy, and ujg

and (iv) Bending angles us, ug, u11, and ujz

The positive directions of these displacements correspond to the positive

directions of the corresponding forces as shown in fig. 3.2.0.

The consistent mass and stiffness matrices of the beam element is
of order 12 x 12, In this case, since the element axes are chosen to
coincide with the principal axes of the beam cross section, it is now
possible to construct the 12 x 12 matrices from sets of 2 x 2 and 4 x 4
sunmatrices. From the engineering theories of beam bending and torsion,

it is obvious that the axial forces F; and F; are functions of their

corresponding displacements wu; and u; only; the same is true also for
the twisting moments (torques) Fy and F;q in relation to their twisting

angles uy and u;o.

For arbitrarily chosen bending planes, the bending moments and
shearing forces in the XY plane would depend on their corresponding
displacements as well as on the displacements corresponding to the
forces in the XYe plane. But in this case, the choice of axis have been
such that the XoYe and Xz, Planes coincide wifh the principal axes of
‘the cross section. Hence the bending and shearing in these planes can be

considered to be independent of each other.
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All forces acting on the beam elements can then be separated into
four groups and considered independently of each other. With suitable
choice of corresponding displacement patterns within these groups -
expressions can be obtained for the kinetic energy (Te) and strain energy
(Ue) of the beam in terms of the displacements. The consistent mass
and stiffness matrix terms will then be derived from these energy

expressions.

3.2.1 Axial Vibration in x_ axis

Fig. 3.2.1 shows the beam element unéer consideration. The beam
is undergoing an axial deformation or vibration. Elementary mechanics of
materials show that the state of strain varies linearly within the beam
element. Here, vibration is involved, hence the displacement is a

function of time (t) also.

Thus a suitable displacement function is of the form
u(x,t) = ap + aijx = [1 x] agp 5e2al

a1

Applying the element boundary conditions of u(o,t) = u; and

u(%,t) = uz, we have

u; 1 0 ap ' 84242
uz 1 % a;
or {u}=s [H]{a} 3.2.3

Solving for {a} in equation 3.2.2 we have

ag 1 0 =1 uy 1 0 uy
ay 1 A uz -1/.?, 1/2, .l.l7
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Substituting into equation 3.2,1,

u(x;t) = [1 x] 1 0 u;
L

“1f£ 1/ uy

so that  u(x,t) = [(1 - */2) %2 (s | 3.2.4
| o |
or u(x,t) = [Nl(X) Nz(}()] ui 3.2.5
uz

Let A be the cross sectional area of the beam. Then the strain energy

of the beam in axial direction is given by

U=5/ EA(—=) dx | 3.2.6

Substituting equation 3.2.4 in 3.2.6, we have

% ) -
Us=2/ Cfuru,] (172} ear-tz2 703 ] "16)ax 3.2.7
° _1/2 uz ‘

On integration this reduces to the form

1 EA EA | ,
U = '2‘ [ll1 l.l7] T v - -i_ u ’ 3.2.8
EA EA
This is of the form
U= %{u}t[K]{u} : : 3.2.9

Thus comparison of equations 3.2.8 and 3.2.9 shows that
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Ki, i  Ki,7 ' 1 -1

[X] T 3.2.10

K7,1  Kz,7 -1 1

which is the axial stiffness matrix of the beam element.

Similarly, the kinetic energy of the beam in axial motion is given by

2
T=35/ pA(—7—) dx 3.2.11

where p is the mass density of the beam.
Substituting from equation 3.2.4 into 3.2.11 and noting that {u, us}t

is in fact a function of time t, integrating and simplifying gives

roLl{ouw 7% e pm Buy 5.2.12
2 Lot ot 3 6 at e
PAR PAL duy
6 3 ot

This is again of the form

2 31'.3 [m] 3 3.2.13

Thus, from equations 3.2.12 and 3.2.12, the axial mass matrix of the beam

element is given by

[m] = mi,1 my,7

Q= W=
W= OV

mz,1 mz,7 3.2._14
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3.2.2 Twisting about the xe-axis

The beam element under torsional vibration is as shown in fig.

3.2.2. As with the axial case, the angle of twist varies linearly along

the beam in the form

0(x,t)

210 *+ 211X
[1 x] aio
a1

The appropriate boundary conditions are

0(x,t)

6(o,t)=uy, and u(l,t) = ujo

Hence from equation 3.2.15 we have

uy 1 0 )\ aje
Uio0 1 L a1

or {u} = [H]{a}

From equation 3.2.16, we have
i 1 0 -1 i, {1 0 ] {Uk
dyy 1 2 b -1/% 1/% 10
Substituting for {a} into equation 3.2.15, we have

[1 x]§ 1 0 Uy
-1/  -1/2 ujo
o(x,t) = [(L-9 71 | w
uio

=1

0(x,t)

Thus

Let Ix be the polar second moment of area of the beam cross-

section about the xe axis.

3.2.15

3.2.16

L5

3.2.18
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Then the torsional strain energy of the beam is given by

. |
U=270I M) dx 3.2.19
0]

Substituting equation 3.2.18 into 3.2.19, integratiﬁg and simplifying

yields

F
U=l[u o] GI, _ GI_ u
2L 10 2 [) 3.2.20
-GI_x GIx Uio
L 2 %

which is of the form

- %{u}t[K]{u} ' 3.2.21

Hence the torsional stiffness matrix of the beam element is given by

-
Kuss  Ky,10 1 -1

[K] = - T" 3.2.22

Kio,u Klo.lﬂ -1 1

And the torsional kinetic energy of the beam element is given by

L

T=2/ pl (39(" * 4x 3.2.23
0 X

Substituting equation 3.2.18 into 3.2.23, integrating and simplifying

we have

pl & pIXR,-] ” T

X alh;
R 3t
T = 1 Qus Buio, 4 ¥ 3.2.24
217 3t 3t . -
P P X dui0

which is of the form

=3 at} [m 1{3‘;} 3.2.25
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Thus the torsional mass matrix of the beam element is given by

- -
|- 7 I I
My, 4 My, 10 ‘_x _x
3A 6A
[n] = = PAL 3.2.26
I I
Mig,4 Mi0,10 X X
g - LGA 3A

3.2,3 Shearing and bending in the XY plane

The beam under consideration is shown in fig. 3.2.3. Engineering
theory of bar bending indicates that the deformation is characterised by

\\ro.
the deflection curve taken up by the centre time of the bar.

The element has four degrees of freedom, Hence a suitable displace-

ment model is of the form

u(x,t) = azo + az1x + azpx® + az3x’
or u(x,t) = [1 x x* x%] Pa“ 3.2.27
d az1
az2
\ 323

The boundary conditions are

u(o,t) = uz, %(o,t) = Ug

u(t,t) = us, and L(L,t) = up

Substituting the above boundary conditions into equation 3.2.27 we

have:



Substituting equations 3.2.29 and 3.2.

u(x,t) = [1 x

az21

az22

-

0 -

r 320‘1

3.2.28

azs

3. 2. 29

3.2,30

20 in equation 3.2.27, we have

3 2 d

5450 (=

2 1 "

% 2z Q 6

g B 5.2.51
2z 27 Us

l 1_2 u2

[} [ L
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Let Iz be the second moment of area of the cross section about the

z -axis.
e

Then, neglecting the effects of shear deformation, the strain energy
of the beam element under the action of the shearing forces and bending

moments in the XY e plane is given by

2 2
_ 1 9°u(x, t)

Substituting equation 3.2.31 into equation 3.2.32 and simplifying

we have b
f"u;}] 12ET ¥ r )

—FE symmetric uz
1
k) 6EI 4ET
ug < Z ug
22 3 3.2.33
. f o i
12E1 6EI 12EI
z z z
Usg = 13 2T E 13 Us
6EIz ZEIz 6EIz 4EIz
Lu12J 72 T - T2 T uiz

Thus the beam stiffness matrix in flexure in the XY e plane is given by

. . = =
‘ k232 i
symmetric 12 64 =12 6%
k2,6 Ke,o 62 42% -68 282
EI
[x] = Wi
k2,8 ke, s ks,s - 08 | -12 -6 12 -6%
k2,12 ke,12 Kks,12 kiz,12 68 222 -68 482

3.2.34
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Also, the kinetic energy of the beam element in XY e plane due to

shearing forces and bending moments is given by

)
T =%/ 0A b))z gy 3.2.35
(o]

Substituting from equation 3.2.31 into equation 3.2.35 and simplifying

we have
tf = e
_ duz 13pAL . duz

T = 3t 33 symmetric 3t
dus 11pAL? pAL® due
at 210 105 ot P
dug 9pAL 13pA%% 13pA% T dug
at 70 420 35 ot
duiz || 13pA? _ pAs? 11pA%  pAR® duiz
5t ||~ ~420 140 210 105 | \‘ ot |

Thus the beam mass matrix in flexure in the XY plane (neglecting the

effects of shear deformation) is given by

- TR 7]
[ m2,e : L3 symmetric
? symmetric 35
[m]=| m2,¢ mg,s = pAL 112 82
21 105
m2,es Mg, 8 Mg, s 9_ 138 _'._l-_i
20 35
mz,12 Mg,12 Mgy12 M12,12 29 2 “ s
3 - -13 22 18 &
L‘ 420 140 210 105

3.2.36
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3.2.4 Shearing and bending in the xéﬁe plane

Fig. 3.2.4 shows the beam under consideration.

of forces and displacements are as illustrated.

Four degrees of freedom is envisaged and a suitable displacement

model is of the form

u(x,t)

or u(x,t)

a0 + @31X + azaX> + 233X

[1 X KS] r aso

asi
j asz

Laas

3

3.2.37

The geometric boundary conditions as illustrated in fig.3.2.4 are

as follows

u(o,t)

u(f,t)

Hence, equations 3.2.38
us
-~ Us
Ug

-~ U1

us,

Ju
g, 52(L,t)

Wo,t) =

and 3.2.37 give

1 0 0
0 1 o0
1 2 2
0 1 22

= =13

3.2. 38
aso
asl

3.2.39
asl

a33

Positive directions
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Notice the sign of the displacements us and uj; into equations

3.2.38 and 3.2.39.

A comparison of figs. 3.2.4 and 3.3.3 shows that

the positive direction of the bending moments Fs and F,;is opposite

to that of Fg and Fja.

in the XoZg planes are different.

in the above equations.

Thus, from equation 3.2.39, we have

<
aso

asi

a32

a33

and

t_aaa

|

1

0

1

0

1

L

S §1o«varu bﬂ‘”

The directions of the positive bending moments

This has been taken into account

2%

-

|

i e

-

|

Us
-

Ug

k-UIl

F
us

-uS

O 3.2.40

Ug

L -ui11

Substituting equation 3.2.40 into equation 3.2.37 we have

u(x,t) = [1 x

X

2

%21

1

0

lu

L2

[y
rﬂhﬁgpnzﬂ

2 1 ¢ 7

) us

1

[

2 9 p

23 us

1

= uii
J L

3.2.41
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Let Iy be the second moment of area of cross section about the b

axis.

Then, neglecting the effects of shear deformation, the strain
energy of the beam element under the action of shearing forces and

bending moments in the Xz, plane is given by

U——J’EI( ‘”‘t))d 3.2.42

o]

Substituting equation 3.2.41 into equation 3.2.42 integrating and

simplifying, we have

sol 12E1 3
) us —T'z us
_ 6EI 4EI
o us & T Jdu P 3.2.43

_12EI 6EI 12EI
He X ) =
6EI 2B GEL  4EI
i I S A 2z 59 L Ak

From equation 3.2.43, the flexural beam stiffness matrix in the plane
is given by

[K] = k3,3 symmetric -W
k3,s Kks,s

k3,9  ks,s  kg,y

k311 ks,11 ke,11 ki

- s
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= r 12EI .
y symmetric
2
6EI 4EI
- _; _X
I3 3
12EI 6EI 12EI
y y
23 22
6EI 2EI 6EI
. Y y
X [ 22
e

Similarly, the expression for the kinetic energy of the beam is given by

equation 3.2.35.

d 3U3

9t

dus
ot

dug
ot

duyy
| &

Substitution of equation 3.2.41 into 3.2.25 gives
t
| 13082 1 ( 2us
35 ot
_11pAg?  pAg® dus
210 105 ot
9pAL  13pAL°  13pAL dus.
70 420 35 ot
13pAs?  pAL® 11pA22 pAR3 du 1
| 420 T 140 210 105 | |3t |
3.2.45

3.2.44

And from equation 3.2.45, the flexural beam mass matrix in the

XYe plane is given by
[m] = rma,a
M3,5

M3,s

M3,11

symmetric
Ms,s
ms,q Mg,9
Ms,11 Me,y11

mi1,11
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o[ 13 |
=P 3
- 11 2
210 105
3.2.46
9 1% 13 '
70 420 35
132 42 112 82
420 140 210 105

3.2,5 Beam matrices in assembled form

From the above analysis and results, the 12 x 12 consistent mass

and stiffness matrices of the beam element can be obtained.

Assembling equations 3.2.10, 3.2.22, 3.2.34 and 3.2.44, we have
the complete stiffness matrix [Ke] of the beam element given by

equation 3.2.47,

Similarly, assembling equations 3.2.14, 3.2.26, 3.2.36 and
3.2.46, we have the complete mass matrix [Me] of the beam element given

by equation 3.2.48
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3.3 Beam properties in frame coordinate system

The mass and stiffness matrices obtained in section 3.2.5 consist
of 12 x 12 dimensional arrays. These have been derived with respect to
a convenient set of orthogonal axes Xor Yor Zg such that the Xo lies on
the beam neutral ‘axis while the.xeye and XyZg flane coincide with the
principal axis of the beam cross-section. The choice of this coordinate
system has ted to a simplified derivation and results in equations 3.2.47

and 3.2.48.

The set of axes Xos» Yo 2, aTE therefore localised axis or beam
element axes. The beam element considered is one of many beam elements
in the finite element discretization of the space frame in question.
Each element will generally have a different set of axes such that these

axes will not coincide with each other.

BN U T tvhew Nrwm TR

It is therefore necessary to define a global or frame set of
coordinate system to which each beam element properties will have to
be transformed. Fig. 3.3.0 shows a typical beam element in three-
dimensional space. The Xos Ygr Zo aXeS define the beam element
coordinate system as explained in section 3.2. While the X, Y, Z axis
define the global or frame coordinate system. A transformation matrix
should exist which relates the beam element properties (displacements,
forces, stiffhess,’mass etc.) in the element coordinate system XosYgsZ

e

to their frame coordinate counterparts.

2.32.1 Plane axes transformation

It may be helpful to look at the transformation of the beam element
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properties from its local system to the frame system in a plane frame

situation. Here, the process is much easier to derive and understand.

Fig. 3.3.1 shows a beam element connecting two joints A and B in
a plane finite element discretization. The X - and Yy -axes are the
element coordinate axes, while the X- and Y-axes are the frame co-
ordinate axes. Angle a is the angle of rotation from X-axis to xev.axisr
the position direction being the anti-clockwise rotatoon shown in the

figure.
The forces (forces and moments) acting at the two joints A and B
are as shown in the figure in both the element coordinate system and

the frame coordinate system.

The following are the equilibrium of forces equations at the the two

joints.

At joint A,
FXA + erAcosa - FyeA51na =0
FYA + erA51na + FyeAcosa =0
MA * MeA =4

At joint B,
FXB + erBcosa - FyeB51na =0
FYB + Fx6351na + FyeBcosa =0
M, +M =0

B eB
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In matrix notation, we have

At joint A FXD --cosa sina 0.-1 i Fx
eA
FYA b = |-sino -coso O 9 FyeA P 5.3.1
MA . 1 0 0 1_ LMeA il ;
= 3 p— -— -
At joint B FX -cost sina O l Fx j
B _ eB
FYB = |-sina -cosa O < Fyop > 3.3.2
My | 0 0 <1 | \-MeB J

Thus the transformation for a plane beam element is of the form

4 B 0 0 0 (" Fx
el
o [R M] 0 0 0 FyeA
¢ 0 0 MeA k3 3:3:3
< 9 1
0 0 0 | erB
0 0 0 [R M] FyeB
LMB 0 0 0 L MeB
b a—— —
The transformation matrix is therefore a 6 x 6 matrix. The same

matrix will transform the displacement, stiffness and mass matrices.

It should be noted that a plane beam element, as analysed above,
has six degrees of freedom. This in turn requires 6 x 6 transformation

matrix.
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A space beam element has twelve degrees of freedom. Thus a 12 x 12
transformation matrix is expected for effective transformation of the

element properties to the space frame coordinate system.

It will be seen that transformation matrix can be built from 3 x 3

submatrices of the form [R M] above.

In the case of a space frame, there will be three rotations of
axes rather than one rotation in the plane frame just analysed. The
transformation of forces (excluding moments) only will be considered
first., Moments transformation will then be deduced from the results.

The three types of rotations are considered in turn below.

3.3.2 Rotation about the Z-axis
In fig. 3.3.2 the frame-axes system is represented by (X, Y, Z)

at the joint A, A second axes system represented by (xi1, Y1, z1) is
also present at the same joint A, and is different from the frame-axes
system only because of a clockwise rotation of o about the positive

direction of the Z-axis.

Two sets of equilibrating forces (FX, FY, FZ) and (Fxi, Fy:i, Fzi)
act in the frame axes system (X, Y, Z) and x;, yi, zi) respectively as
shown in fig. 3.3.2(b). Equilibrium equations for the two sets of

forces are as follows:

n
o

FX + Fxjcosa - Fy;sina

n
o

FY + Fxjsinoa - Fy;cosa

FZ + Fz, =0
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In matrix notations, we have

FX -cosa sina O Fx
FY ' =|-sina rcosa O Fy 3.3.4
FZ 0 0 -1 Fz

or {F} = [Ra]{F;} 3.3.5

3.3.3 Rotation about the yj;-axis

In fig. 3.3.3, the axes system (X1, y1, z1) defined in section 3.3.2
is shown in addition to a new set of axes system represented by
(x2, Y2, 22). This new set of axes system differs from the previous
one only because of a clockwise rotation of B about the positive

direction of the yj-axis.
The sets of forces (Fxy, Fyi, Fz;) and (Fxz, Fyz, Fzz) are equili-
brating forces acting at the same joint.A in the old (xi1, Y1, z1) and

new (X2, Y2, z2) set of axes systems respectively.

Equilibrium equations for these two sets of forces are as follows:

Fx; + FxpcosB + FzzsinB = 0
Fyp + Fy2 =0
Fz; - FxzsinB + Fzacosf = 0
and in matrix notation
Fx; -cosB 0 -sinB Fx2
Fy1 o -1 0 Fya 3.3.6
Fz, ) sinf 0 -cosB Fz,

or {F1} = [R B]{F;} 3.3.7
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3.3.4 Rotation about the xz-axis

Here (fig. 3.3.4) the set of axes system (X2, Y2, 2z2) is as
defined in the last subsection 3.3.3. The set of axes (xe, Yer ze)
represents the beam element coordinate system as previously defined.
The latter axes defers from the (X2, y2, z2) system only because of a
positive (clockwise) rotation of y about the positive direction of the

X2 axis.

Forces (er, Fye, er) are the final set of forces acting on the
beam element in the beam element coordinate system. These forces,
therefore, equilibrate the former set of forces (Fx2, Fya, Fzz) as

illustrated in fig. 3.3.4(b).

Again, the equilibrium equations for these two sets of forces are

as follows:
Fx, + er =0
Fy, + FyecosY - ersiny =0
Fzp, + FyesinY + ercosy =0
and in matrix notation, we have
o Cp
Fx2 -1 0 0 er
Fy2 0 =-cosy siny Fye ¥ 3.3.8
Fzz ) 0 -siny -cosy er
-

or {F,} = [RY]{Fe} 3.3.9
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3.3.5 Overall transformation matrix

The results of the three step rotation as discussed in subsections
3.3.2, 3.3.3 and 3.3.4 above have the final effect of rotation of the
frame coordinate system (X, Y, Z) into the beam element coordinate

system (xe, Yar %) for the joint A.

Thus from equations 3.3.5, 3.3.7 and 3.3.9 we have
{F} = [Ra] [R B] [R y] {Fe} 3.3.10
or {F} = [R M]{Fe} 3.3:11

where [RM] = [Ra] [RB] [R Y]

or -cosa sing 0 ':cosB 0 -sinB} |-1 0 0
[R M] = |-sina -cosa 0 0 -1 0 0 =-cosa sina
0 0 -1 sinB 0 -cosB| { 0 -sina coso.
3312

So far, only sets of three orthogonal forces (excluding moment)
have been considered. But generally for a space frame, and the beanm
element under investigation, there is the set of three orthogonal

moment also acting on the beam element. These moments will act about

the orthogonal axes.

With the strict adherence made so far to the convention that a
positive moment is a clockwise moment when viewed along its axis, the
operations described above for transformation of forces will also be
applicable to moments transfodmation. Thus equations 3.3.10 and

3.3.11 also hold true for moments.
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Let Qi, Q2, Q3, Qu, Qs, Qs be the forces (and moments) acting on

the beam element at the joint A in the frame coordinate system.

And Q7, Qs, Qv, Qi0, Qi1, Q12 be the forces (and moments) acting on

d
the beam element at the other hoint B in the frame coordinate system.

Also, let Fe;, Fez,.....Feg and Fey, Feg,.....Fejz be the other
set of forces (and moments) acting on the beam element at the joint A

and B respectively in the beam element coordinate system.

Then the 12 equilibrium equations relating actions on the element
in the frame coordinate system and the beam element coordinate system
can be seen to be similar to the results obtained above. In fact, the

transformation in matrix terms is given by:

= = r‘ )
Q F
: gy w o@m m
Q2 Fez
(2] [R M] {z] {z]
jl P = o &, 3.3.13
(2] [z] [R M] (21
(2] [z] (2] [R M]
) {Be |
0 0 0
where fz} = |0 0 0 3.3.14
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and from equation 3.3.12
-cosa. cosB, sina.cosy - coso.sinB.siny, -sina.siny - coso.sinB.cosy
[R M] =|-sina.cosB, -cosa.cosy - sina.sinB.siny , cosa.siny -’ sina.sinB.cosy
sinB -cosB.siny ', -cosB. cosy

(3%3)
3- 3. 15

Equation 3.3.13 is of the form
{Q} = [RI{F} 5.3,16
RM @ (2
[R] = | (2] [RM]  [Z]  [z]
(z] (2] [RM] [Z] 3.3.17
L}ZJ (z1 2] [RM])

All force transformations discussed so far also hold exactly for
displacements. Thus, if the corresponding displacements of the beam

element in frame coordinate system are denoted by qi, Q2,...+.q12,

then equation 3.3.16 can be written for the displacement as follows

{q}

n

[R]{u} 3.3.18

where

{u}t

n
—
e
-
=
(5]
e
w

..... uy2], as defined in section 3.2
represents the displacements of the beam elemented in the beam element

coordinate system.

Now, the strain energy of the beam element is given by

U= {u}t[ke]{u} 3.3.19
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It is worth noting that the transformation matrix [R] is an
orthogonal one. Thus, its inverse is equal to its transpose. Hence,
from equation 3.3.18, we have

{u} = [R1"Hq)

[R]*{q} 3.3.20

And substituting equation 3.3.20 into equation 3.3.19 we have, that the
strain energy of the beam element is given by

U= {q}t[R][ke][R]t{q} 3.3.21

Equation 3.3.21 is of the form
U = {q}*[x1{q} 3.5.22
which is an expression of the strain energy of the beam element in terms

of the displacements qi(i =1,..,.12) in the frame coordinate system.

The matrix [k] is a 12 x 12 matrix and it is the stiffness matrix of
the beam element in the frame coordinate system. From equations

3.3.21 and 3.3.22, it can be deduced that
t
[k] = [R][k.][R]

where the matrix [ke] is given by equation 3.2.47.

Similarly the kinetic energy of the beam element is given by

t
_ rdu Ju

Substituting equation 3.3.20 into equation 3.3.24, we have, that the

kinetic energy of the beam element is given by

-
1= 88 Rl RIFED 3.3.25



o

Again, this is of the form

t
T= {%}_ {m]{%%} 3.3.26

which is an expression of the kinetic energy of the beam element in
terms of the displacements‘qi(i =1,2,....12) in the force coordinate

system,

Comparing equations 3.3.25 with 3.3.26 we have

[n] = [R][m ][R]® 3.3.27
where the matrix [me] is given by equation 3.2.48.

The matrix [m] is a 12 x 12 matrix which represents the mass matrix

of the beam element in the frame coordinate system.

3.4 Assembly of system mass and stiffness matrices

The mass and stiffness matrices obtained after the coordinate
transformation, express the beam element properties in terms of the
system (or global) coordinate system. These need to be assembled into

the overall matrices for the frame. Thus the contribution of the beam

element in question to the frame mass and stiffness matrices are to be
identified and added accordingly. The code number method is utilised

here.

The transformed beam element matrices are each 12 x 12 matrices.
The first 6 rows or colums of these matrices are related to the frame
coordinates at the end A of the beam, which the other 6 (7 - 12) rows

or colums are related to frame coordinates at the other end B of the
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beam element. Thus, the matrices are such that the rows and columms
1,2 and 3 relate to the translated displacement components in the X-,
Y-, and Z-directions of the frame axis system at the end A. The rows
and columns 4, 5 and 6 relate to the rotational displacement components
about the X-, Y-, and Z-axes of the frame axis system at the end A.
Similarly, the rows and columns 7, 8 and 9 relate to the translational
displacement components in the X-, Y- and Z-directions of the frame
axis system at the end B, And the rows and columns 10, 11 and 12
relate to rotational displacement components about the X-, Y-, and X-
axes of the frame axes system at the end B. The idea of the code
number method is to assign to each of these 12 beam element matrix
rows and colums, a number which represents the corresponding frame

coordinate at those points.

Each of the 12 beam element coordinates should have a corresponding
coordinate in the frame coordinate system. Any element coordinate
which does not contribute to the frame coordinate system is assigned a
zero code number. All other element coordinates are given code
numbers equal to the value of the coordinate in the frame coordinate
system. Thus the code number at any point is a positive (including
zero) integer not greater than the total number of degrees of freedom
of the discretized frame structure. It is worth noting that the
inclusion of the zero code number makes it possible to analyse 1~
dimensional and plane frame structures from the general 3-dimensional

beam finite element discretization model.
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As an example, suppose a beam element connects two points A and B
of a frame structure as shown in fig. 3.4.1. The frame coordinates
are as shown at the two ends. After the appropriate transformation,
a 12 x 12 matrix is obtained for both the mass and stiffness matrices
of the beam element. The code numbers for the addition of the beam
element contribution to the frame mass and stiffness can easily be
written down as follows:
local coordinate 1 2 3 4 5 6 7 8 9 10 11 12
frame coordinate 18 820 0 0 7 0 4 2 O 1 3
The 12 integer values representing the frame coordinates constitute the
code numbers for the proper assembly of the beam element contribution
to the frame mass and stiffness matrices. Note that repeated code

numbers (except zeros) for the same beam element is meaningless and

wrong.

In the above example, the frame coordinate 18 corresponds to the
transformed beam coordinate 1. Thus the assembly routine is such that
all beam matrix elements on the rows and columns 1 are to be added to
the appropriate frame matrix elements on the rows and columms 18. A
progressive addition is done in this manner from the rows and columms
1 to 12 of the beam matrix elements marching with the given code

numbers. Zero code numbers imply no beam matrix element contribution

at that point and hence no addition.
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(b)
Forces in equilibrium
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CHAPTER FOUR

DEVELOPMENT OF COMPUTER PROGRAMMES

4.1 Introduction

The digital computer is a very useful modern machine which lends
itself to the perform prodigious feats of arithmetic calculations in small
fractions of a second. To this end, it has become an indispensable tool

to the scientist in general and the engineer in particular,

A proper use of the computer lies in ones ability to translate a
problem into simple repeated steps of operations in a form which lends
itself to the mode of working of the computer. In order to perform a
particular job, the computer must be fed with the set of numbers to

operate upon (data) and the set of operations required (programme).

In this work, as always, the theories and processes of solution of
our problems have to be well represented in the form of computer programmes
and data for the correct results to be obtained. In the previous chapter
the theories for obtaining the mass and stiffness matrices of a beam
element have been developed. The eventual goal of obtaining a computational
dynamic analysis of a space frame structure can then be achieved through

the sensible use of the digital computer.
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Three main computer programmes have been developed in this work.
The first of these programmes is called MASSTIFPROP. As the name tends
to suggest, it produces the overall mass and stiffness matrices
(properties) of a framed structure when supplied with the suitable
properties of the constituent beam elements. The results of the last

chapter are widely used in this programme.

Although the aim of this work is the dynamic'analysis of structures,
it has been found that static consideration becomes useful in the process.
Recalling equation 3.1.1 (section 3.1) the equation of vibrating motion
of a discretized body in matrix form is

[M1{q} + [K]{q} = {Q}

In statics, the acceleration term {4} equals a zero vector {0}. Thus
the static equilibrium equation is of the form

[Kl{q} = {q} 4.1.1

This represents a set linear algebraic equationsfrom which the displace-
ments {q} can be solved for any given force vector {Q} . Here, a programme
called STATICPROB has been developed to solve these systems of linear

algebraic equations.

Thirdly, the programme NAGFEIGNVAL solves the eigenvalue problem of
the form given by equation 3.1.3 (section 3.1) namely
[K1{u} = w?[M]{u}
The results from this programme include the natural frequencies (eigen-
values) and normal modes (eigenvectors) of the system under consideration.

The eigenvectors could be plotted to obtain a pictorial view of the modes

of free vibration of the structure.
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It is to be remarked that the discretization of any structure by
finite elements usually lead to large order overall mass and stiffness
matrices. Most modern digital computers are capable of working with
large order matrices. But even so, the largest computérs available have
limited sizes hence they have limits to the size of matrices that they

can input into them,

Space frames are particularly prone to producing very large order
matrices in finite element discretizations. To reduce the effective
core requirement of the computer programme, it is useful to reduce the
number and size of the arrays declared in the programme to the bearest

minimum.

One useful property of the mass and stiffness matrices of a real
structure is symmetry. Thus, no data is lost by storing only the
matrices as only upper or lower triangular matrices. The corresponding
strict lower or upper triangular matrices then form useful core spaces

for other data in the programme.

Furthermore, the overall mass and stiffness matrices of a structure
are generally sparsematrices. But through intelligent numbering of
the nodes (and nodal displacement coordinates) the actual matrices can be
made to become band matrices with as little b;nd width as possible
(refs. 1 and 5). For efficient use of the computer, advantage should be

taken of the banded nature of the matrices.
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In writing the computer programmes for this work, the factors
discussed above have been put into advantageous use wherever possible.
But in some cases, it has not been practicable to actually save computer
core by using these matrix properties. Hence, inevitable need for large
core storage still exists. This in turn has placed a very high
limitation on the number of degrees of freedom of structures which could

be analysed on the available computer.

All the computer programmes described in this chapter are written
in the Extended FORTRAN language. They have been developed on an
ICL 19045 computer which is in operation at the University of Aston
Computer Centre. The computer is controlled by the GEORGE 3 operating

system,

The computer system carries a large library of standard routines
which can be called for the specific data7manipu1ations. A particular
library on this computer is the NAG FORTRAN LIBRARY (NAG here means the
NOTTINGHAM ALGORITHMIC GROUP). Among the many routines with this NAG

Fortran Library are a large variety of them designed for matrix manipu-

lations.

Some of these routines have been used in two of the computer program-

mes written in this work namely STATICPROB and NAGFEIGNVAL

4,2 Mass and Stiffness matrices programme

The computer programme called into play here is named MASSTIFPROP.

This is a general programme which assembles the mass and stiffness matrices
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of a space frame structure. Strictly speaking, the frame structure does
not have to be a 3-dimensional one. Plain frames as well as one-

dimensional beams are also analysed by this programme.

MASSTIFPROP assumes that the structure is made up of similar
uniform beam elements (all of the same cross section and elastic
properties) with a total of 12 degree-offfreedom per beam element as
discussed in Chapter 3. The 12 x 12 matrices of equations 3.2.47 and
3.2.48 (section 3.2.5), for the beam finite element stiffness and mass
matrices respectively, are used for the analysis. If required, only
a light modification of the programme is needed to adapt it for frame
structures with uniform beam elements of different elastic constants and

cross sections.

The beam finite element properties are transformed from the element
(local) coordinate system into the frame (global) coordinate system.
Through the use of the code method, the contribution of the beam finite

element is added to the appropriate coordinates in frame coordinate system.

The fact that both stiffness and mass matrices are symmetric have
been put into consideration in the assembled matrices for the frame
structure. Both matrices have been stored as upper and lower triangular
matrices in a rectangular array. Thus computer core storage has been

minimized,
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The programme also incorporates the addition of concentrated mass
and stiffness properties to any coordinate of the frame., Thus joint
masses (and other masses) can be added to the appropriate elements of
the mass matrix, while the effect of spring stiffness can be added to

the corresponding elements of the frame stiffness matrix.

4.2.1 Programme MASSTIFPROP

A flow chart of MASSTIFPROP is shown in fig. 4.2.1. Appendix Al

contains a compiled listing of the programme.

The method of modular programming has been used here and the flow
chart is actually a modular flow chart. Modular programming implies a
formal use of segmentation of a computer programme. In a Fortran
programme, this involves the use of a minimum amount of the programme
logic in the MASTER or main segment. The master segment, therefore,
consists mainly of data areas, loops and call statements. The call

statements refer to subroutine segments which carry out the details of

the problem working.

As shown in the flow chart, the first segment in the programme is
the Programme Description Segment., Channel numbers are here associated
with specific unit numbers of the computer peripherals. This allows the
possibility of reading ;he input data from various files (large input data

are envisaged) and also writing the output mass and stiffness matrices

onto computer files for use by latter programmes.
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Array variables and other variables are next declared in a common
statement, since these variables are used in the called subroutine
segments. The most important variable here is the array ASSEMMATRIX.
This is a rectangﬁlar array whose dimensions should at least consist of
one plus the "number-of-degrees-of-freedom'" of the frame rows and
"number-of-degrees-oflfreedom'" (NDOF) columns. The assembled mass and
stiffness matrices are then held in this array as lower and upper
triangular matrices respectively. Thus the stiffness matrix is held
as an upper triangular matrix of the array ASSEMMATRIX starting with the
element ASSEMMATRIX .(1,1) through to the ele@ent ASSEMMATRIX(NDOF,NDOF).
And the mass matrix is held as a lower triangular matrix of the array
ASSEMMATRIX starting with the element ASSEMMATRIX(2,1) through to the

element ASSEMMATRIX (NDOF+1,NDOF).

The number of problems to be analysed is read in to create a loop
all through the remainder of the programme. This enables any number of

systems of framed structure to be analysed in one run of the programme.

The channel number of the data input and output files are also read
from the input card. From now on, all data read statements refer to the

stated input channel number.

Other data elements are then read. These include the number of
degrees of freedom of the frame structure, the number of beam finite
elements of the discretized frame, the Young's and Rigidity modulii of
the component beam elements of frame, the mass per unit length of the

beam, the second moments of area of the beam element cross-section about



- 57 -

its x-, y-, and z-axis, and the area of cross-section of the beam element.

These data are also printed out on paper for checking purposes.

The subroutine segment ZEROASSEM is called to initialize the array
ASSEMMATRIX.  ZEROASSEM set all elements of the ASSEMMATRIX array equal
to zero ready for subsequent adding of the contribution from each beam
finite element to the frame mass and stiffness matrices. Thus sub-
routine also sets to zero two other arrays needed in a latter part of

the programme.

The element code read should have values of 0, 1 or 2. A value of
0 implies that the next beam finite element has both length and orientation
to the frame coordinate system different from the last element considered.
Thus the programme continues with the next statement. A value of 1
implies that the next beam finite element has the same length as the
previous element but at a different orientation. Thus the programme
should skip the next statement which is a call statement. A value of 2
implies that the next beam finite element has the same length and
orientation as the last element considered. Hence, the programme can

skip the next two call statements.

Subroutine ELEMENT reads the length of the beam finite element and
calculates the element mass (EMASS) and stiffness (ESTIF) matrices as
12 x 12 arrays from the equations 3.2.48 and 3.2.47 respectively of sub-

section 3.2.5.
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Subroutine DIRECTN reads the coordinate transformation angles o, B
and Yy (section'3.3) and transforms the element mass and stiffness matrices
from the element coordinate system to the frame coordinate system using
equations 3.3.27 and 3.3.23. The subroutine calls another subroutine
TRANSFORM, which produces the transformation matrix [R M] using equation

3.3.15.

Subroutine ASSEMBLE assembles (or added) the contribution of the
beam finite element properties to the system mass and stiffness matrices.

This is where the code number method is utilised.

The beam finite element length and transformation angles o, B, Y are
also printed on paper as a checking procedure. If all finite elements
of the discretized frame have not been covered, programme control goes

back to read the element code for the next beam finite element.

Subroutine POINTPROP takes care of the presence of point or
concentrated mass and stiffness properties in the nodes of the frame
structure. It reads the row and column coordinates as well as the
corresponding value of the mass and/or stiffness and adds the values

to the appropriate elements of the assembled matrices.

Subroutine STOREMATX writes the rectangular array ASSEMMATRIX into
a specified file for that purpose. This is the file from which future
progtammes (STATICPROB and NAGFEIGNVAL) will read the mass and stiffness
matrices of the structure. It can also be listed on paper for checking

purposes.  But this should be avoided as much as possible except in test
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cases where the mass and stiffness matrices are of very small order of
magnitude. In large structures where the number of degrees of freedom
runs into a hundred or more, large amounts of paper will be required to

list the matrices.

At this point in the programme the loop for the number of problems
to be analysed is completed. This multiple problem loop is useful where
it is required to analyse the same frame structure with varying degrees
of finite element refinement. It is therefore possible to make an
immediate compafison of results of the analysis of a structure with
increasing amount of refinement on the finite element discretization,
and to see if the results justify the increased work in solving the

structure with higher degrees of freedom.

4,2.2 Programme MASSTIFPROP-Input Data

A total of up to 12 input data card types go to produce a complete
combination of input data for successful execution of the programme
MASSTIFPROP. . All,but the first card type, could appear more than once,

in any one job.

The required input data are summarised below.
Card Type 1
Columns 1 - 5 Integer IS5 - Number of problems
Card Type 2.
Columns 1 - 5 Integer I5 - Input file channel number
=1, 8, 9, 10, 11 or 12.
Columns 6- 10 Integer I5 - Output file channel number

=3, 3, 4, 6. 0r'7.




Card Type 3.

Columns 1 - 5 Integer IS5 -

Columns 6 - 10 Integer IS

Card Type 4.

Columns 1 - 10 Real F10.2

Columns 11 - 20 Real F10.2

Columns 21 - 30 Real F10.7

= 60 =

Number of degrees of freedom of the
structure.
Number of beam finite elements in

the structure.

Young's Modulus of elasticity of
the beam element material N/mm’.
Modulus of Rigidity of the beam
element material  N/mm?

Mass per unit length of beam

element Kg/mm,

Cart Type 5.

Columns 1 - 10 Real F10.2

Columns 11 - 20 Real F10.2

Columns 21 - 30 Real F10.2

Columns 31 - 40 Real F10.2

Card Type 6.

Columns 1 - 3 Integer I3

Card Type 7.

Columns 1 - 10 Real F10.2 -

Second polar moment of area of the
beam cross section mm"

- Second moment of area of the beam
cross section about the y-axis mm*
Second moment of area of the beam
cross section about the z-axis mm"
Area of cross section of the beam

element mm?

Element code = 0, 1 or 2.

Length of beam finite element mm.



Card Type 8.
Columns
Columns

Columns
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1 - 10 Real F10.2 - Rotation angle a degrees

11 - 20 Real F10.2 - Rotation angle B degrees

21 - 30 Real F10.2 - Rotation angle 7y degrees

Carduyypg 9.

Columns 1~ 5 Integer I5

n
"

"

"

"

Card Type 10.
Columns

Columns
Card Type 11.

Columns

"

Card Type 12.

Columns

"

"

6-10
11-15
16-20
21-25
26-30
31-35
36-40
41-45
46-50
51-55

56-60

1

1

6

1

6 -

11

1

& =

11

Integer I5 - Code number for finite element

"

1"

5 Integer IS - Number of point masses

10 " 15

5 JInteger I5
10 v 15

20 Real F10.4

5 Integer IS
10 Ly 15

20 Real E10.3

"

"

"

"

"

"

"

Row number of point mass.

Column number of point mass.

"

"

"

"

"

"

"

"

stiffnesses

"

1"

"

Value of point mass Kg.

-~ Code number for finite element coordinate 1.

coordinate 2.

"

"

Row number of point stiffness

Column number of point stiffness.

Value of point stiffness N-mm.

10.

11.

12.
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4.2.3 Input Data Example

It will be useful to give an illustration of the input data required
for the analysis of a frame structure. Fig. 4.2.4(a) shows a simple
space frame structure which is to be analysed with the aid of programme

MASSTIFPROP.

All beam members are of the square cross section as shown in fig.
4,2.4(b). The masses (m; and mz) at the two joints represent concentrated
masses. A linear spring k;, is also present and it represents an axis

connection of the beam member to a fixed base.

The materials of the frame beam components are the same. And it is
to be assumed that all free joints of the frame each have six degrees of
freedom - three linear and three rotational. The two feet fixings each

have zero degrees of freedom, while the spring fixed end has four degrees

of freedom - one linear and 3 rotational.

Fig. (c) and (d) of fig. 4.2.4 show two finite element discretizations
'of the frame structure. Fig. 4.2.4(c) represents a 4 element (3 nodes)
discretization as a first approximation analysis. Fig. 4.2.4 (d)
represents an 8 element (7 nodes) discretization as a second approximation
analysis of the frame structure. Hence the former is a 16 D.O.F. system

and the latter is a 40 D.O.F. system.

Below are the essential figures for obtaining the required data

for the analysis of the structure:



- 63 =

Young's Modulus of beam material E 207 kN/mm?

Rigidity " noon " G 80 kN/mm?

Mass per unit length of beam m

. 3.08 x 10 3kg/mm

Polar second moment of area of beam

cross section I = 26600 mm*

Second moment of area of beam cross

section about the y_-axis Iy = 13300 mm*

Second moment of area of beam cross

section about the z_-axis I, = 13300 mm*
Area of cross section of the beam A = 400 mm?
Mass m; | = 1.25 kg
Mass mjy = 0.75 kg

Spring constant kj 7 x 10° N/mm?
The input data required for the analysis of the above two finite
element discretization models of the frame structure is as shown on the

following two pages of compufer card data layout sheets - Table 4_2.1.

Note that it has been assumed that the mode of input of these data
to the computér programme MASSTIFPROP is via the card reader and that
the resulting mass and stiffness for the 16 D.0.F. and 40 D.O.F. systems

are required to be stored on files assigned to channel numbers 3 and 4

respectively.
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4.3 Static analysis programme

The idea of the static analysis of the frame structure arose at some
stage in the work when it was becoming more and more difficult to under-
stand the reason(s) for the unsatisfactory result of the dynamic analysis
and experimentations. The practical means of the verification of the
dynamic results should involve testing the accuracy of the stiffness
matrix of the structure as obtained by computer programme MASSTIFPROP.
This point will be d;scussed in detail in Chapter Six. But for the
moment, it should be sufficient to note that the problem required to

be solved 'is a static one.

In the static analysis of a structure, the problem involves the
solution of a system of linear equations whose terms include the
stiffness coefficients, structural displacements and the applied force(s).
In matric terms, the system of linear equations is represented by
equation 4.1.1 (section 4.1) namely

[kK1{q} = {Q}
where [K] is the stiffness matrix of the structure.
{q} is the column matrix representing the nodal
displacement of the structure
and {Q} is the column matrix representing the nodal

force vector acting on the structure,

Knowing the applied force vector {Q}, it is usually required to solve
for the resulting displacement vector {q}. Here, the computer programme

STATICPROB has been developed to help solve this problem of statics.
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4.3.1 Programme STATICPROB

A full compiled listing of this programme is shown in Appendix A.Z2.
With the aid of the NAG Fortran Library, the computer programme STATICPROB,
is much simpler. What the programme needs is the assembled stiffness
matrix of the structure as output by the programme MASSTIFPROP plus the
non zero elements of the force vector {Q} representing the magnitude of
the applied force(s) acting on the structure and specified in theaframe

(or global) system of coordinates.

The NAG-Fortran Library routine FO4ASF is called to solve for the
displacements. In its dﬁcumentation, it is described that FO4ASF
calculates the accurate solution of a set of real symmetric positive
definite linear equatiohs with a single right hand side (of the form

[K1{q} = {Q}, by Cholesky's decomposition method.

Given the set of linear equations, [K]{q}= {Q}, the routine FO4ASF
uses Cholesky's method to decompose [K] into triangular matrices such that
T
[K] = [L][L]

where [L] is lower triangular.

An approximation to {q} is found by forward and backward substitution
The residual vector
{r} = {Q} - [Al{q} is then calculated and a correction,
{d} to {q} is found by the solution of [L][L]T{d} = {r}. The vector {q}
is then replaced by ({x} + {d}) and the process repeated until full machine

accuracy is obtained.
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The programme STATICPROB prints out the two vectors - force {qQ} and

displacement {q} - as two separate vectors along side each other.

Here also, the programme can be used to solve more than one set of
matrix equations. It is possible to solve for the displacement vectors
using the same stiffness matrix [K] but different combinations of the force
vector {Q}. The programme has its own Programme Description Segment to
allow the use of multiple files as in programme MASSTIFPROP.  Thus
several problems with different stiffness matrices [K] can be solved in

one run of the programme.

4,3.2 Programme STATICPROB-Input Data

The input data cards for this programme are relatively simple and few.
They include.
Card Type 1

Columns 6 - 10 Integer I5 - Number of problems.

Card Type 2.

Columns 6 - 10 Integer I5 - Problem Indicator = 0 or 1.

1

Columns 11 - 15 ‘Integer I5 - Input file channel number

= 3,4, 5, 6, 7 or 8.

Card Type 3.

Number of non-zero elements

Columns 6 - 10 Integer I5

in the force vector.

Card Type 4.
Columns 1 - 5 Integer I5 - Coordinate of force element

Columns 6 - 15 Real F10.2 - Magnitude of force in Newtons.
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In card type 2, the value of O for the problem indicator implies
that the stiffness matrix is the same as for the last problem solved.
A value of 1 for the problem indicator implies that a new stiffness
matrix is to be.read and used for the computation. Card type 4 is to
be provided for each non-zero element of the force vector specified in

card type 3.

4.4 gigenvalue Programme

The determination of the vibration characteristics of any structure
should involve the solution of an eigenvalue problem of the form given by
eﬁuation 3.1.3 (section 3.1) namely

[K]{u} = w?[M]{u} or [M]{u} = A[K]{u}
The solution of this equation will yield the natural frequencies w of
the structure and the corresponding modal shape (or eigenvector)represented
by {u}. 'In this work a computer programme has been developed to solve

such eigenvalue problems namely Programme NAGFEIGNVAL.

4.4.1 Programme NAGFEIGNVAL

A full compiled listing of this computer programme is shown in

Appendix A.3.

Once again, the NAG Fortran Library have been used extensively in
this programme. The major data required by programme NAGFEIGNVAL comes
from the file produced by programme MASSTIFPROP and containing the mass
and stiffness matrices of the structure in question. The programme has

a built in set of four options of the solution required for any particular
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eigenvalue problem. These options include solving for (i) some (less
than 25%) of the eigenvalues (frequencies) only, (ii) all the eigenvalues
(iii) some (less than 25%) of both eigenvalues and eigenvectors only and
(iv) all eigenvalues and eigenvectors. By so doing, the programme
caters for small problems (where all the eigenvalues and eigenvectors
could easily be computed) as well as large problems (where it would be

undesirable and wasteful to compute all parameters.

Eight main subroutines from the NAG Fortran Library are used in this
programme for the solution of the eigenvalue problem. They include
FO1AEF, FOlAGF, FO2BFF, FO2ADF, FO2BEF, FOlAHF, FO1AFF, and FO2AEF.

Other NAG Fortran Library routines called by this problem include
X01AAF, X02AAF and X02ADF, where XO1AAF fetches the mathematical constant
m and XO02AAF and XO2ADF fetches other machine constants (computer

dependent constants) needed by the above NAG Fortran Library routines.

FOlAEF reduces the eigenproblem [M]{u} = [K]{u} to the standard
symmetric eigenproblem [P]{Z} = A{Z}. [K] being a real symmetric positive
definite matrix it can be factorised using Cholesky's method so that

[K] = [L][L]T. Therefore, [M]{u} = A[K]{u} implies

w1t m et e = Ayl
which is the standard eigenproblem

[P1{z} = A{z}
whiers [Pl = [ iy Y

and {2} [L]MMu}
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Routine FOIAGF gives the Householder reduction of a real symmetric

matrix to the tridiagonal form for use in FO2BFF and FO2BEF.

FO2BFF calculates selected eigenvalues of a real symmetric tri-
diagonal matrix, where, if the eigenvalues are numbered in ascending
order, the numbers of the first and last eigenvalues required are given.

A
Routine FO2ADF calculates all the eigenvalues of the eigenvalue

problem using Householder reduction and the QL algorithm.

Routine FO2BEF calculates selected eigenvalues and eigenvectors of
a real symmetric tridiagonal matrix, where the selected eigenvalues lie

between two given values.

Routine FOIAHF derives the eigenvectors of real symmetric matrix
from the eigenvectors of the tridiagonal form where the tridiagonal matrix

was produced by FOlAGF.

1l

Routine FOLAFF derives the eigenvectors {u} of the problem
M]{u} = [K]{u} from the corresponding eigenvectors {Z} = [L]{u}
of the derived standard symmetric eigenproblem. The eigenvector {u}

is normalized such that

W [K]{u} = 1

Routine FO2AEF calculates all the eigenvalues and eigenvectors of
the eigenvalue problem using Householder reduction and the QL algorithm.

The eigenvectors are also normalised such that

(WK} = 1
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Further details of the mathematical processes and theories used in

the above routines can be obtained from ref.21.

The programme NAGFEIGNVAL also has the facility for mulfiple problems
i.e. solving more than one eigenvalue problem in one computer run. Its
Programme Description Segment allows the assignment of multiple files as
input and output files. Where desired and when both eigenvalues and
eigenvectors are computed,'the results can also be stored on computer

files for possible ‘future use.

4.422 Programme NAGFEIGNVAL-Input Data

Apart from the input file containing the mass and stiffness matrices
from programme MASSTIFPROP, this programme requires very little input data.
Only a maximum of 4 different card types constitutes the set of data
cards required by this programme. They include:

Card Type 1.

1

Columns 6 - 10 Integer IS5 - Number of problems.

Card Type 2.
Columns g - 10 Integer I5 - Input f}lpgfh?nﬁs{lﬂumher = 3,4,5,6 or 7.
Columns 11 - 15 Integer IS5 - Outpﬁt file channel number
=0, 8 9, 10, 11 or 12.

Columns 16 - 20 Integer I5 - Problem indicator = 1, 2, 3 or 4.

Card Type 3.
Columns 6 - 10 Integer I5 - Mode number of the lowest natural
frequency required.
Columns 11 - 15 Integer IS - Mode number of the highest natural

Frequency required.
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Card Type 4.

Columns 6 - 10 Integer I5 - Number of eigenvalues in the

N
required range.

Columns 11 - 20 Real E10.3

Lower bound of the required eigen-

value A _.
min

Columns 21 - 30 Real E10.3

1

Upper bound of the required eigen-
value Amax
In card type 2, the value of zero for the output file channel number
implies that no output file is written. The values of 1, 2, 3 and 4
for the problem indicator corresponding to the respective four problem
options stated earlier. Thus a value of 1 implies that some eigenvalues

only are required etc.
Card type 3 only applies if problem indicator equals 1. Card type 4
only applied when problem indicator equals 3 - i.e. some eigenvalues and

corresponding eigenvectors are required.

4.5 Programme Tests

The greatest problem with computing is the high possibility of
obtaining the wrong results from an otherwise well written computer
programme. Possible sources of error range from the 'serious' cases
of errors in the fundamental theories used in formulating the problem
to the 'trivial' cases of errors in punching of the programme and/or
data. It is, therefore, absolutely essential for all computer programmes

to undergo very rigorous and probing tests before being put into use.
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All three computer programmes described earlier in this chapter have
undergone such extensive tests and the writer has been very satisfied
with the results. It will not be useful to describe and discuss all
the tests here. But two tests stand out here and a presentation of.
these gives some idea of what to expect in using these programmes.

These tests include the analysis of a

(a) Simply supported beam,

(b) Portal frame.

4.5.1 Simply Supported Beam

The simply supported beam is as shown in fig. 4.5.1(a). It has been
analysed using the finite element discretizations of l-element, 2-elements,
4-elements and 8-elements systems producing 2-, 4-, 8-, and 16- D.O.F.
systems respectively. The 8 finite elements (16 D.0.F.) discretization

is shown in fig. 4.5.1.(b).

The beam properties are:

E = 207 kN/mm?

G = 80 kN/mm?

I = 10046 mm"

X

I = 5023 mm*

b4

I, = 5023 mm*

PA = me = 0.00065 Kg/mm

A = 90 mm?

Static displacements of the beam under the action of a central load

Q have been computed.by programme STATICPROB. Fig. 4.5.2(a) shows a
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sketch of this static deflection curve. The deflection curve represents
a half-sine wave as is to be expected from a knowledge of elementary beam
theory. The results with fewer beam element discretizations produce

the same pattern of curve, only with fewer coordinate values.

Table 4.5.1 shows the computed natural frequencies of the beam with
l-element, 2-elements, 4-elements and 8-elements discretized systems.
Also the last column of this table includes the first 8 exact natural
frequencies of the beam. The exact nth natural frequencies of the beam
is given by (Chapter 5 of ref.16)

EI

= e
W = (nm) / gk

where £ is the length of the beam.

As can be seen from the table, the computed natural frequencies of
the beam improves as the finite element model is refined. This is in
keeping with known theoretical prediction, with the freQuencies reducing
and approaching the exact values. The reliability of the finite element
method used here is well illustrated by the fact that the first 5 computed
natural frequencies are within 1% of the exact value. In fact, the first
2 frequencies are exact and the error in the third is only 0.13%. The
table illustrates the degree of finite element refinement required to
obtain reasonable accuracy in the computed frequencies. For example, no
improvement is obtained in the first natural frequency between the 4-
elements and 8-element systems. The 2-elements system gives a very good

value for the first natural frequency.
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Table 4.5.1

Simply Supported Beam Vibration

Computed Natural Frequencies in Hz Exact natural
Mode frequencies
1 element 2-elements 3-elements 8-elements in
2 D.O.F. 4 D.O.F. 8 D.O.F. 16 D.O.F. Hz
1 69.72 63.08 62.84 62.84 62.82
2 319.54 278.91 252.30 251.40 251.28
3 701.12 575.80 566.12 565,38
4 1278.17 1115.68 1008.88 1005.12
5 1773.48 1584.36 1570.50
6 2804.41 2301.32 2261.52
7 4201.36 3171.27 3078.18
8 5112.68 4462.73 4020.48
9 5552.50
10 7089.29

The first 3 modes of the beam vibration have been plotted in fig.4.5.2.

These represent 1/% -1, and 1.1/2 - sine waves as was expected.

4.5.2 Portal Frame

The Portal Frame is shown in fig. 4.5.3(a). Finite element analysis
has been carried out on the portal frame as 3-element (6 D.0.F.), 6-element
(15 D.O.F.) and 12-element (33 D.0.F.) systems with each node having 3 D.O.F.
(2 linear displacements and 1 rotational displacement). The case of the
12 finite element (33 D.0.F.) discretization of the portal frame is shown

»
H

in fig. 4.5.3.(b).
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The properties of the component beams of the portal frame are the

same as for the simply supported beam.

Static displacements of the portal frame under the action of a
horizontal force at its corner have been computed by programme STATICPROB
as well as the static displacements under the action of a vertical central
load. Fig. 4.5.4(a) and fig. 4.5.5(a) show the corresponding static

deflection shapes for these two cases.

Table 4.5.2 gives a direct comparison of the computed natural
frequencies of the portal frame under the various degrees of refinement

of the finite element discretization model.

These are plotted in figs. 4.5.4(b), 4.5.5(b) and 4.5.6 representing
the first, second and third modal shapes of vibration of the portal frame

respectively.

As with the case of the beam the computed frequencies here show a
reducing trend with the improved idealization of the finite element model.
With tﬁis in mind it seems reasonable to assume (Table 4.5.2) that the
first 4 natural frequencies with the 33 D.0.F. system should be very

reliable. In particular, the first two frequencies should be very accurate.

The first two modal shapes plotted in figs.4.5.4(b) and 4.5.5(b)
correspond to the static deflection shapes shown in figs. 4.5.4(a) and
4.5.5(a) respectively. All three modal shapes plotted are in accordance
with expected shapes as obtained by other methods of frequency analysis of

a portal frame (ref.17).
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Table 4.5.2

Plane Frame Vibration

Computed Natural Frequencies in Hz

Mode 3-Elements 6-Elements 12-Elements
: 6 D.O.F. 15 D.O.F. 33 D.0.F.
1 20.43 20.40 20.40
2 96.17 80.93 80.45
3 207.96 132.80 131.42
4 1097.77 14438 142.26
5 1178.10 325.52 287.80
6 . 2004.64 426.09 353,15
7 533.19 408.37
8 832.98 622.75
9 1116.65 743.42

10 - | 1276.38 772.80

11 1303.91 1111.93

12 2377.91 1268.70

13 4078. 30 1328.91

14 4229.74 1342.73

15 | 5149.06 1544, 27

16 1955.12
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Flow Chart - MASSTIFPROP Fig. 4.2.1
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Fig. 4.5.1 continued H
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Fig. 4.2.1 continued
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All dimensions are in mm
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Mode 3

Fig. 4.5.6
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CHAPTER FIVE

EXPERIMENTAL TECHNIQUE

5.1 Introduction

Both static and dynamic experimentations have been involved in this
work. But the main one is the dynamic experimentation where vibration

characteristics are measured.

The relevant static experiments are concerned with the measurement
and verification of the structural stiffness matrices used in the
analytical work. The static experiments have here been restricted to
simple measurements in force-displacement experiments. All that is
required include a suitable arrangement for applying the load at a point
of the structure and some dial gauges for measuring the corresponding
displacements at various points of the structure. Average values of
the force per unit displacement at the various points can then be

calculated and the equivalent stiffness coefficient can be calculated.

The dynamic experimentation is a more involved set up. Basically,
what is required is a means of setting the structure under forced
vibration and measuring the response at various points of the structure.

When the forcing frequency coincides with a natural frequency of vibration
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The sweep oscillator is the basic input instrument while the

accelerometer is the hasic output instrument,

The sweep oscillator is basically a wave signal generator. For
the purpose of this work on vibration analysis, the sweep oscillator is
usea to generate sine wave signals at any required frequency. The
frequency is either set at a fixed value or varied (sweeped) automatically

or manually between any set frequency limits.

The signal from the sweep oscillator is a weak one, and the power
amplifier amplifies it to a reasonable level required by the vibrator.
The vibrator then applies the amplified signal to the structure in the
form of an oscillatory force to set the structure under forced vibration.

The accelerometer picks up the response of the structure at any
point on the structure for eventual measurement. It should be noted
that the accelerometer is an acceleration measuring transducer, not a
displacement transducer as the vibration response is supposed to measure.
However, it is known that the amplitude of vibration is proportional to
the pick value of the corresponding acceleration at that point, and
acceleration transducers are more convenient than displacement trans-
ducers. Moreover, the modal shape of vibration required represents
the relative shape of oscillation of the structure and not the absolute
mggnitude of its amplitude of vibration. Thus the use of the
accelerometer meets all the requirements of the results expected from

the experiment,
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of the structure, resonance occurs. By passing the measuring transducer
round various points of the structure, the pick responses at these points
can be obtained to produce the modal shape of vibration of the structure

at that natural frequency.

For a complicated sfructure (a space frame is a complicated one),
the measurement of the resonant frequencies and the corresponding modal
shapes is not an easy job. An arbitrary choice of the point of
excitation could lead to difficulties in producing the resonance at
certain natural frequencies of the structure. For example, exciting
the structure at a nodal point (point of zero amplitude of vibration) of
a certain natural frequency would result in missing out the resonance
at that natural frequency. In particular, it is very useful to excite
at a point of maximum amplitude of vibration of a given modal natural
frequency. Hence, it is customary to change the point of excitation

of a structure to obtain the different modes of vibration.

The beam members of a frame structure are actually a continua.
As such, measurement of its amplitudes of vibration have to be made at
many closed points in order to produce a true form of the modal shape.
In the theoretical analysis, both linear and angular displacements (or
amplitudes) can be calculated. But experimental measurements are
restricted to linear displacements only. This is an added difficulty

in the experimentation.

5.2 Vibration Instrumentation

A block diagram of the vibration instrumentation used in this work
is shown in fig. 5.2.1. Other components may be included in the actual

instrumentation set up, but the basic ones are shown in the figure.
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Again, the response signal picked up bf the accelerometer is
amplified by the charger amplifier. Owing to some degree of non-
‘linearity in the structure and/or other external interference, the
response signal obtained could be anything but a pure sine wave. The
Dynamic Analyzer receives this impure sine signal and essentially acts
as an inherently frequency-tuned bandpass filter. The concept of its
operation is as illustrated in fig. 5.2.2, The impure sine signal
represents the signal input to the analyzer while the original signal
from the sweep oscillator is fed in as the tuning frequency input.
Output from the analyzer is represented by the filtered output signal

which is a pure sine signal at the tuning frequency.

The valve voltmeter measures the R.M.S. value of the signal whose
values for various points on the structure provides the modal shape of
vibration of the structure at a particular frequency. The XY recorder
can also be used to make a graphical plot of the response over a
frequency range in the form of response (on Y-axis) vs frequency (on X-
axis). The sweep oscillator provides the frequency input to the plotter
on a D.C. scale proportional to log frequéncy or linear frequency.

Points of relatively high response on the plot constitute possible reso-

nance (or natural) frequencies of vibration of the structure.

The C.R.0. (Cathode Ray Oscilloscope) gives a more immediate view
of the response. In addition, a comparison of the response signal and
the original signal from the oscillator gives an instant relative phase
shift of the response signals on the C.R.O. In fact, the in-phase and
out-of-phase positions of the two signals have been used to designate
positive and negative signs respectively to the response of the structure

at any particular point,
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A phase meter could be used for the above purpose, but this is
considered to be too sophisticated and un-necessary for this simple

case of in- and out-phase measurement.

A frequency counter is usually connected to the instrumentation to
give a more reliable reading of the frequency of the signal generated
by the oscillator. As a check, the frequency counter is also used to
know the actual frequency of the output signal from the analyzer.

Both frequencies should read the same.
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Fig. 5.2.1 Block diagram of Vibration Instrumentation




- 95 -

Selectable Bandwidth

Signal /\__/_ Filtered

Output

Input

Tuning Frequency

Input

Fig. 5.2.2 Operation of Dynamic Analyser




CHAPTER SIX



- §6 =

. CHAPTER SIX

ANALYSIS OF FABRICATED SPACE FRAME

6.1 Introduction

The fabricated space frame (fig.2.2.1, Chapter 2) is here analysed.

Both theoretical and experimental vibration analysis are presented here.

The space frame is discretized into the 30 nodes system shown in
fig.6.1.1. This involves using the original 8 joints of fig.2.2.1,
the 4 feet joints and the mid points of each of the long member beams
which makes up the space frame. No midpoint nodes have been included
for the short feet members. The node numbering and the coordinate
numbering which follows it, have been done to reduce to a minimum the
eventual band width (refs.3,5 etc.) of the system mass and stiffness
matrices. This should havg in turn reduced the actual computer
storage space required in the analysis. But unfortunately, efficient
computer routines were not available to solve the Vibration problem

obtained whilst making use of the banded nature of the matrices.

Theoretical and experimental natural frequencies and modal shapes
have been obtained. Plots of the modal shapes for the first three

natural frequencies have been made for both theoretical and experimental
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results for comparison. In the discussion which follows, the theoretical
and experimental results are discussed in detail. Probable reasons for

errors are analysed and possible solutions are suggested.

6.2 Theoretical Vibration Analysis

The discretized form of the fabricated space frame shown in fig.6.1.1
has‘been used in this section. It is assumed here that all eight
corner joints (nodes 6, 7, 8, 9, 18, 19, 20 and 21) are each capable of
6 D.0,F. - 3 translational motion in the X-Y, and Z-axes and 3 rotational
motion about the X-, Y-, and.Z-axes in the YZ, XZ and XY planes
respectively. This assumption implies that these corner joints remain

orthogonal at all times.

The midpoint nodes should naturally have 6 D.0.F. each. This will
guaranteé continuity at these nodes since the beams are originally

continued at these points,

The feet nodes (27, 28, 29 and 30) are assumed to be perfectly
clamped. Thus both translational and rotational displacements at these

nodes are zeroes,

The above type of discretization implies that the structure becomes
a 40 elements, 26 nodes finite element system, With 6 D.O.F. at each

node, the structure is to be analysed as a 156 D.O.F.system.

In fact, the first possible discretization of the space frame

should be as defined above but without the mid point nodes. Thus
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the structure becomes an 8 nodes (22 elements) finite element system

having a total of 48 D.0.F. (see fig.2.2.1 in Chapter 2).

Any further discretization will involve more nodes hence more
D.0.F. This will then make the matrices too large for the available
computer. Thus the theoretical analysis of the fabricated space frame
has been carried out with the 40 elements, 156 D.0.F. system and the

22 elements, 48 D.O.F. system analysis for comparison and check.

The essential data required for the analysis include:
Modulus of Elasticity of beam material, E = 207 kN/mm?

Modulus of Rigidity of beam material, .G 80 kN/mm?

Area of corss-section of beam, A= 90 mm?

Mass per unit length of beam, pA = 6.5 x 10—4 Kg/mm

Second moment of area about X-axis, Ix = 10046 mm"
Second moment of area about Y-axis, Iy = 5023 mm"
Second moment of area about Z-axis, I_ = 5023 mm"

Equivalent concentrated mass at joints 6,7,8 and 9 = 0.269 kg
Equivalent concentrated mass at joints 18,19,20 and 21 = 0.284 kg

And after making allowances for the joint length,

Length of the beam such as 6-8 = 560 mm
Length of cross member beam - = 770 mm
Length of feet beam = 91 mm

Table 6.2.1 gives the computed first 10 natural frequencies of the
fabricated space frame for both the 48 D.O.F. and 156 D.0.F. systems.
It is to be expected, the computed frequencies are lower for the 156 D.O.F.

system than for the 48 D.O.F. system. The former gives a better
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TABLE 6.2.1

Computed Natural Frequencies for the Space Frame

Computed Natural Frequencies

MODE =
48 D.O.F. 156 D.O.F,
1 165.38 146.81
2 . 172.96 151.51
3 215,25 174.82
4 224.08 175.52
5 226.36 180.39
6 252.98 183,86
7 306.21 199,89
8 307.01 201.70
9 308.62 221.07
10 327.62 221,71

representation of the structure than the latter. With further
increases in the number of elements (hence number of D.0.F.), the
computed frequencies should, theoretically, tend to the lower limiting
values equal to the actual natural frequencies. But even with the
156 D.O.F. system, the frequencies should be close enough to the true.

values.

The corresponding computed modal shapes (or eigenvectors) for the

first 10 modes are included in Appendix B as Appendix Bl.
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6.3 Experimental Frequencies and Modes

In the experimental vibration work on the fabricated space frame,
the basic node system used in the theoretical finite element analysis

has been followed.

The space frame is vibrated at a convenient point and the response
is measured at other mode points 1 - 26 shown in fig. 6.2.1, Unlike
the theoretical computations, only a maximum of 3 linear displacement
coordinates could be meaéured for each of the 26 finite element nodes.
The rotational displacements are left out of the modal measurements.
However, apart from these measured displacements, it was sometimes
useful to measure the displacements on a beam between the stated nodes
in order to access the actual shape of vibration along the beam. This
is because, in some cases, the response at the stated 26 nodes on the

structure did not yield enough information required.

Appendix B2 shows the experimentally measured natural frequencies
and corresponding modal responses for the first three modes. No direct
comparison should be made between the listed absolute values of the
responses across the modes. The responses are only to be compared
with each other from point to point on the same mode. This is because
the absolute values of these responses depended on the magnitude and
point of application of the exciting force. In the first place, the
magnitude of the exciting force was kept constant during the response
measurement only for individual mode experimentations. Secondly, the
point of excitation was not fixed for the three mode measurements. To
obtain the best results, a structure should be excited at a point of
possible maximum vibration response for the particular natural frequency

intended to be measured.
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6.4 Theoretical and Experimental Mode Plots

The theoretical and experimental natural frequencies as obtained in
sections 6.2 and 6.3 do not agree. But their corresponding modal shapes

should be plotted for comparison.

The fabricated space frame under consideration is a complicated
one and plotting the modal shapes in 3-dimensional space is even more
complicated. To ease the task, plane plots of the theoretical vibrating
shapes of the structure were first made. The effects of the rotational
displacements are better seen in these 2-dimensional plots. The
complete 3-dimensional plots are built more readily from the plane plots.
The 3—d%mensional plots are difficult to interpret, but in combination
with the 2-dimensional plots, the 3-dimensional mode of vibration is

better visualised.

Six plane plots are required to obtain a complete picture of the
space frame mode of vibration. Hence 6 plane plbts'have been made for
each of the modes plots of vibration. - Appemdix B contains the plane
plots for the first three theoretical modes of vibration of the
fabricated space frame. Figs. C1.1-6 (Appendix Cl) are the plane plots
for mode 1; figs. C2.1-6 (Appendix C2) are the plane plots for mode 23

and figs. C3.1-6 (Appendix C3) are the plane plots for mode 3.

Plots of the theoretical modes of vibration of the space frame in
3-dimensions are shown in fig. 6.4.1(a) for mode 1; fig.6.4.2(a) for
mode 2; and fig; 6.4.3(a) for mode 3. The corresponding plots of the
experimental modes are shown in fig.6.4.1(b) for mode 1; fig.6.4.2(b) for

mode 2; and fig., 6.4.3(b) for mode 3.
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In all three cases, the theoretical and experimental modal shapes
are similar, The third mode of vibration represents the first
symmetric mode of vibration of the space frame (ref.17). Here, there
is relatively no horizontal motion of the tops of the stanchions and
the centres of the top member beams remain horizontal. Each of the
component beams (except the short feet beams) vibrates as if it were an
isolated hinged-hinged beam vibrating at its first mode. The first
and second modal shapes represent anti-symmetric modes of vibration. In

each case, there is a sideways sway of the fabricated space frame.

6.5 Discussion of Results

The results of the theoretical and experimental vibration analysis
of the fabricated space frame is satisfactory only in relation to the
modal shapes obtained. The theoretical analysis used in this work has
produced a very good forecast of the true modal shapes of vibration for
the first three modes analysed. However, the corresponding natural
frequencies have not been so close.

TABLE 6.5.1

/

Natural Frequencies (Hz)

MODE . Computed Experimental
1 146.81 96.00
2 151.51 104.00

3 174.82 114.00
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Table 6.5.1 shows the first three computed and experimental patural
frequencies of the fabricated space frame. The computed frequencies
are an average of about 50% higher than the experimental values. This
is not good enough, and it is necessary to trace the possible source(s)

of error in the theoretical approach.

Of all the parameters used in the analysis of the space, the most
likely source of error is in the derived mass and stiffness matrices,
from which the natural frequencies énd modal shapes were computed.
Errors of up to 50% higher computed natural frequencies should suggest
a possible 125% over-estimation of the frame stiffness matrix or 125%
under-estimation of the frame mass matrix or some combination of factions
of these. Moreover, the close agreement in the corresponding modal
shapes further raises the suspicion of such percentage estimation. But
this line of approach has proved unreasonable upon investigation. Very
extensive checks on the programmes and data have not shown any trace of
such factional possibilities. In addition, tests on other structures
of known solution have produced the correction solutions, with the same

programmes.

Several other lines of investigation have also been followed.
Among these lines is one of reconsideration of the boundary conditions
at the joints of the frame. The initial step in this direction only
involved a reconsideration of the con&itions at the brazed feet of the
frame., It was supposed that the joint at the feet could be capable of
rotation about the three axis, and theoretical analysis was carried out

on such a fabricated space frame.
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This assumption implies an additional 12 D.O.F. to the systems as

analysed in section 6.2,

Thus, referring to fig, 6.1.1; the 48 D.O.F.

and 156 D.0.F. systems now become 60 D.O.F. and 168 D.0.F. systems

respectively.

TABLE 6.5.2

Table 6.5.2 shows the computed natural frequencies

Computed Natural Frequencies (Hz)

MODE
48 D.O.F. 60 D.O.F. 156 D.O.F. 168 D.O.F.
1 165.38 102.09 146.81 98.80
2 172.96 105.65 151.51 101.91
3 215.25 127.06 174.82 122.84
4 224,08 207.17 175.52 167.03
5 226.36 224,31 180. 39 174.68
6 252.98 248.40 183.86 183.08
7 306.21 258,34 199.89 185.77
8 307.01 297.29 éOl.?O 201.66
9 308.62 307.43 221.07 217,72
10 327.62 307.43 221.71 221.35

for the new systems plus the previous results (Table 6.2.1) for the

48 D.0.F. and 156 D.0.F. systems for comparison

The computed natural frequencies with the released feet joint seemed

to give reasonable values to within 8% of the experimental values. But

it can be seen that there

is some degree of inconsistency in the values.
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The assumption involving a complete release of the feet joint as to be
capable of rotational displacement is by far a ﬁild guess of the true
conditions of the space frame. It is most unlikely that the bulk of
the error in the originally assumed joint boundary conditions lies in
the rotational rigidity of the feet joint. As such, the sharp closure
of the gap between the experimental frequencies and these computed
frequencies should give an indication that the feet rotational release

does not represent the real situation.

~ The corresponding modal shapes for the 168 D.0.F. system were also
computed, and it may seem worth while to plot these modal shapes for
comparison with the other modal shapes (experimental and the computed
156 D.0.F. system). But bearing in mind the time and effort it takes
to plot a 3-dimensional modal shape of vibration, this was avoided as

very little usefulness was expected from the results.

Of the mass and stiffness matrices of the space frame the more
practical one to be checked in isolation is the stiffness matrix, This
can be done by considering the statics of the fabricated space frame.
Load-deflection experiments can be performed on the space frame. Also,
the corresponding deflection of the frame can be calculated for a given

load from the stiffness matrix and the static equation of equation 4.1.1.

[kK1{q} = {q} 6.5.1

In fact, this gave rise to writing the static analysis programme of

section 4,3,
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The stiffness matrices for both the 156 D.O,F. and 168 D.O.F. systems
have been used in computing the displacements for applied load at
convenient points. Experimental displacements at the same points were
measured to obtain the average deflections of the frame structure fof
a fixed point load. Two such point load analyses were carried out.
Table 6.5.3 shows the experimental and theoretical displacements at some
points (coordinates) for a load of -2000 N applied at the point 4X
(coordinate 19) of the fabricated space frame. Table 6.5.4 shows the
other set of values for a load of -200 N applied at the point 16X (co-
ordinate 91) of the fabricated space frame.

TABLE 6.5.3

Applied Force = -200 N at point 4X

Frame Displacements (mm)

Coordinates Experimental Theoretical
156 D,O.F, 168 D.O.F.
1Y 2 0.087 0.069 0.067
3X 13 -0.022 -0.005 -0.031
4X 19 -0.400 -0.308 -0.335
5Y 26 -0.132 -0.057 -0.060
10X 55 -0.054 -0.019 -0.059
10Y 56 -0.009 -0.002 X -0.007
12y 68 0.090 0.014 0.012
13X 73 -0.029 -0.007 -0.042
15Y 86 0.049 -0.052 -0.058

16X 91 -0.107 -0.074 -0.113
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The two tables show that there are very great differences between
the experimental and theoretical displacements; The differences are
very complex and no definite pattern of variation can be traced. The
168 D.O.F. system has not produced a closer displacement value to the
experimental ones., Earlier it was seen that the 168 D.0.F. produced
natural frequencies which seem to be closer to the experimental values,

TABLE 6.5.4

Applied Force = -200 N at point 16X

Frame Displacements (mm)

Coordinates Experimental Theoretical
156 D.O.F. 168 D.O.F.
1Y 2 0,091 0.014 0.012
3X 13 -0.036 -0.007 -0.042
4x 19 -0.077 -0.074 -0.113
5Y 26 0.063 -0.052 ~0.058
10X 55 -0.077 -0,027 -0.082
10Y 56 0.013 -0.001 -0.010
12Y 68 0.117 0.037 0.047
13X 73 -0.137 -0.018 =0.065
15y 86 0.060 -0.045 -0.056
16X 91 -1.760 -0.617 -0.685

If these closer frequencies were genuine, then one would have expected
the displacement pattern to be closer also. This is a further
confirmation of the earlier inference that the released feet system

does not represent the real system.
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Also, the general state of the displacement pattern in the two tables
is that the theoretical displacements are lower than the experimental
values. This implies that the theoretical stiffness matrix makes the
space frame stiffer than it really is. This, in turn, should lead to

higher computed natural frequencies as already obtained.

However, the complexity of the space frame means that very little can
be expected in terms of improvement of the theoretical stiffness matrix
from such static deflection tests on the space frame., The prime source
of error in the theoretical stiffness matrix should be as regards’ the
actual boundary conditions at the joints of the fabricated space frame.
These joints include not only the brazed feet joints, but the other

joints at the 8 corner points of the frame.
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Fig. 6.4.2(a)
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. CHAPTER SEVEN

INVESTIGATION OF BOUNDARY CONDITIONS

7.1 Introduction

The results of the experimental and theoretical vibration work on
the space frame discussed in the last chapter have made to necessary to
reconsider the assumed boundary conditions at the joints of the frame.
This chapter describes the various steps taken to access the true boundary

conditions at the joints.

The mass and stiffness matrices of a beam element (equations 3.2.48
and 3.2.47) derived in Chapter 3, represent the beam properties for a
general free-free finite beam element. From these general matrices,
the particular properties for any combination of beam element boundary
conditions can be obtained, In elementary beam theory, the various types
of boundary conditions include free, guided, hinged, and clamped end

conditions.

These types of end conditions represent idealizations of the real
boundary conditions for theoretical convenience. The greatest practical
problems usually involve marching real systems such that the end

conditions coincide exactly with these known ideal end conditions. An
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alternative approach is to find suitable theoretical end conditions which
describe the real end conditions exactly, This alternative approach
has been used here. Some possible methods of such approaches are

illustrated as follows.

The clamped end of a beam represents a joint of zero rotation and
transverse displacement. And the hinged end of a beam represents a
joint of zero bending moment and transverse displacement. Now, a single
span beam may be meant to be a clamped-clamped beam, but its behaviour
could imply that the end conditions lie somewhere between a clamped-
clamped beam and a hinged-hinged beam. Possibly, one first reaction
to the situation is to calculate the fraction of the non-zero rotation
and bending moment to the ideal value with assumed hinged and claﬁped
end condition., A multiplication of the corresponding rows and columns
of the beam properties matrices by this fraction would then be expected
to yield the matrices required to describe the real end conditions
exactly. Unfortunately, this method does not give any reasonable
similation of the real system. Even on the simplest case of a simple
span becam, the static deflection curve obtained from such theoretical

analysis does not compare with the real system.

A second method of representing the real end conditions is given in
ref.6, and is illustrated in fig. 7.1.1. A beam is shown in fig.7.1.1(a)
hinged at the end B but with a non-ideal support at end A.  This method
of represcntation involves imagining the beam to be extended past the
support as shown in fig.7.1.1(b). The elastic stiffness of this hypothetic
extension A'A will determine the degree of end fixity at the support A.

!

The length (lc) of this hypothetical equivalent 'connection span" becomes
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an important parameter in the analysis. It is convenient, with its
method, to assume the same value of flexural rigidity for the actual beam
and the hypothetical equivalent span, thus variations in the degree of

fixity will be fully expressed in terms of varying span length, Ec.

This method looks simple enough for a simple problem but difficulties
do arise when larger structures are being considered. For instance, in
2- and 3-dimensional frame structures, the degree of end fixity at a
joint and hence the length (£c) of the hypothetical equivalent '"connection
span'" will be different in the various directions (X-, Y-, Z-axes).
Therefore, computation of the stiffness of the equivalent system will
become more complicated and undesirable. Moreover, illustration of
such a system on a drawing becomes impossible because of varying 'length'

of the beam element in various axes directions.

A third method of representation seems to avoid the above difficulties,

and gives a logically more satisfying picture of the real system., Here,

it is imagined that an appropriate spring is included at the non-ideal
joint to account for stiffness at that joint, as illustrated in fig.7.1.2.
Fig. 7.1.2(a) shows a propped cantilever beam AB with the end A as a non-
idcal clamping. Fig. 7.1.2(b) shows the equivalent system with a spring
of stiffness Kc at the end A, The stiffness of the spring will be such
that it accounts for the resisting bending moment and the rotation at

the joint A of the real beam System:f

Any type of joint fixity can be represented in this way. The

number of degrees of freedom at the joint does n&t give additional
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difficulties in the represenzétion and the logic of computation. The
method is suited for the analysis of any frame structure by the finite
element method., The actual boundary conditions at the joint are
represented completely by the addition of '"concentrated stiffnesses'" to
the appropriate elements of the assembled stiffness matrix of the
structure. This method of representation of the actual joint boundary

conditions have been used in this work.

The problem of assessing the boundary conditions at the joint is
mainly a static one., As such the estimation of the stiffness K, at the
joint can be done from surely static considerations. Dynamic analysis

can also be used later to confirm the results obtained.

The various types of joint conditions in the space frame are
considered individually (or in small groups) in simple beam and plane
frame configurations. Static tests are carried out on these simple
members to obtain load-deflection relationships for the simple frame
systems. The simple frame systems are then analysed using energy methods
(ref.5) or elcmentary theory of beams to obtain expressions for the
fictitious spring constants (Kc) of the springs in the equivalent systenm,

in terms of the applied load and corresponding deflections.

The values calculated for the spring constants (Kc) at the joint
are then fed into the programme MASSTIFPROP to obtain the mass and
stiffness matrices of the simple frame system under consideration. The
stiffness matrix obtained is tested on the programme STATICPROB to compute
a static deflection shape of the simple frame structure. Computed and

experimental static deflection shapes should be equivalent.
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The simple frame structures are further analysed dynamically both
experimentally and theoretically. Results of the natural frequencies
and modal shapes are indications of the accuracy and reliability of the

method of joint representation used.

Basically, three types of joints are present in the fabricated space
frame of fig.2.2.1. These joints are simulated and analysed in the

remaining part of this chapter to obtain the true boundary conditions.

7.2 Single Leg Member

Here, the brazed feet member is considered to determine its true
boundary condition. This feet joint is supposed to behave like a clamped
joint but this has not been the case. Fig. 7.2.1 shows the beam member

used to investigate the feet boundary condition.

The single leg member, which is in the form of a cantilever, is first
analysed statically. Load deflection shape of the member is obtained
experimentally for both X- and Y-directions as shown in fig. 7.2.1.
Fig.7.2.2 shows the point of application of the force and the other points

1, 2, 3 and 4 where the corresponding beam deflections are measured.

The deflections were plotted (graphs not shown) for all points to
obtain the cquivalent deflections of the beam for a load of 20 N, as
shown in Table 7.2.1. Also, this table contains computed values for
the deflection when the beam is assumed to be an ideal cantilever.
Additional points (or nodes) la, 2a, 3a and 4a (fig. 7.2.2.) have been
used for this computation. Fig. 23_.2.3 shows a graphical comparison

of the deflection shape for the experimental and theoretical results.
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It can be seen from the graphs of fig.7.2.3 that the brazed feet are

not acting like a clamped joint in both X- and Y-directions. Also,

the boundary conditions are different in both these directions. The
beam is analysed to develop a suitable theoretical model to the real

beam boundary conditions, as follows.

Fig. 7.2.4 shows a model simulation of the beam. The condition
at the brazed joint is represented by a spring (of stiffness k) which
resists the bending moment at that point. By the elementary theory of
beam bending the bending moment (M) at a point (x) along the beam is
given by

2
Elj—xl} = M = -Wx 7.2.1

Integrating once, we have

dy _ W 2
Bl = -2x2 4 i 2
Boundary condition, at x = &, g% = 0

Substituting this in equation 7.2.2, we have

Cy = EIB +-"i"-£’
Therefore, equation 7.2.2 becomes

51%--%::’+%12+me, 7.2.3

Integrating again, we have

EIY = - -'g-x’ . %‘- 22x + EIOx + Cs , 7.2.4
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20 N Load at Point 4

Deflections in mm

Point Experimental Computed
X-direction Y-direction
1a 0.049
1 0.50 0.25 0.189
2a 0.406
2 1.30 0.85 0.687
3a 1,020
3 2:35 1.67 1,392
4a 1.789
4 3.45 2.65 2,199
Boundary conditions,
at x = 0, y = =8
and at x = £, y=0

Substituting these boundary conditions, into equation 7.2.4 we have

and

Thus

-EIS$

0 =1;-9.’+Ere£+cz

§

ucz

3ET

13

+

26

7.2.5
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Now, taking moments about the point B, we have

K6 = WL
or 0 3%£ _ 7246

Substituting equation 7.2.6 into 7.2.5, we have

_ N 3 We?
§ = Mt X faked
or I A
w bz 3EI K 7.2.8

Now, for the beam under consideration,

2 = 700 mm, E = 207,000 N/mm?

I = 5043 mm"

In the X-direction,

W=20N and 6x=3.45mm

Substituting the above values into equation 7.2.8, and solving

for the stiffness Kx in the X-direction, we have that

K, = 7.835 x 10% N-mm

In the Y-direction,

W = 20N and 6, = 2.65 mm,
L

Similarly

xy = 2,174 x 107 N-mm
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These values of stiffness constants were used in computing the
beam elastic properties matrices by the computer programme MASSTIFPROP.
The static deflection shapes obtained in both cases (X- and Y-directions)

correspond to those obtained experimentally (fig. 7.2.3).

Having obtained static agreement, the beam was subjected to dynam;c
tests in the X-direction. The first three natural frequencies and
modal shapes were obtained experimentally. The natural frequencies
and modal shapes were also computed, with the beam discretized into 16
elements (33 D.O.F.).

TABLE 7.2,2

Natural Frequencies

Mode Hz
Computed Experimental
1 34.31 33.80
2 237.39 224,60
3 696.82 645.00

The first three natural frequencies of the beam (computed and
experimental) arc shown in Table 7.2.2. These show an agreement to
within less than 10% of cach other. The modal shapes are the same
for both computed and experimental results. The static deflection
curve and the first thrce modal shapes are shown in fig. 7.2.5. It
can be scen that the first modal shape corresponds to the static

deflection curve,
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7.3 Bent Cantilever Structure

The bent cantilever (fig. 7.3.1) considered here represents the
single leg member just analysed plus an additional horizontal member
fixed to its free end. The aim here is to obtain the joint boundary
condition at the point B. The model of the bent cantilever is as

shown in fig. 7.3.2.

Static deflection tests were carried out on the structure. Final
values were obtained for the average deflections §; and §, at the points
B and C for an applied load (W) of 20 N at the free end C. The values

for the joint stiffnesses K; and K; at joints A and B respectively are

Ay
then obtained by theoretical analysis of the structure as follows.

Referring to fig. 7.3.3, the bent cantilever structure can be
analysed as two beam members and the elementary beam theory applied to

each.

For member (2):

Taking point C as the origin, the bending moment of the beam is

given by
d’y
EI 55 = M = -Wx 7.3.1
i.e. EI% = - =x? + C,
d
At x = %5, 3& = 0,
C, =%£22 + EIf,




- 126 -

And
_Zd = - .....i' x? .._..h 2
EI 1 2 + > L2+ EIfB,

Integrating again, we have

%*

Ely = - % x? + 32"- zzz‘i EIf3x + C, 7.3.2

At x=% y=0

and at x =0, y = -6,

Substituting these boundary conditions into equation 7.3.2, we have

W,
Sz = SEi + Q.04 7.3.3

Taking moments about point B for member (2), we have

K2(8y - 62) = W2

or 0y = 22 , g, 7.3.4

Substituting equation 7.3.4 into equation 7.3.3 we have

3 2
.‘;gi . "‘ii + 2,0, 7.3.5

82

For member (1):

Taking point B as the origin, the bending moment of the beam is

given by
2
EI%% = M o= -HR 7.3.6
Th :p 31
us EI ax o -lex + Cg



- 127 -

At x = 0, %& = 6,
C2 = EIf;
And EI 9L = -Wpx + EI6, - 7.3.7
Integrating
EIy = - 2Hl2x? + EI6x + Cs 7.3.8
At x=0, y-= -6
and at x =2, y=0

Substituting these boundary conditions into equation 7.3.8, we

obtain
8y 2182
62 = -; + 2EI 7. 3.9
- dy _ :

Also at x = &, il 8; , and from equation 7.3.7 we have

El10; = -W!.;f.? + EIO; 7.3.10

Now,
K161 = -K2(03 - 6;) = W&, 7.3.11

From equations 7.3.9, 7.3.10 and 7.3.11, we have

_ WL2i1%22  WR4R,
61 = 551 Kl 2.2.12

And from equations 7.3.5 and 7.3.9, we have

ot EL W L
62-(3 + 2 +K2) EI +£1 61 7.3.13
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Now E = 207,000 N/mm?®, I = 5023 mm"*
Ly = 700 mm , 22 = 600 mm
W=20N
§;=4mm , and &, = 8.25 mm

Substituting these values in equation 7.3.12 and 7.3.13, we have
the following values:

K, = 7.165 x 10® N-mm

7.109 x 10° N-mm

and K2

The bent cantilever was discretized into an 8 element 22 D.O.F.)
system as shown in fig. 7.3.4. Using the above values for the stiffness

constants (K and KZ), the system is analysed to obtain the static

deflection shape. The values obtained are in agreement with the

experiment deflections.

Table 7.3.1 shows the experimental and computed values for the
first three natural frequencies of the bent cantilever. These values
are within 5% of each other. The computed and experimental modal shapes
also correspond with each other. These modal shapes as well as the
static deflection shape are plotted in fig. 7.3.5. And as expected,
the modal shape for the first natural frequency takes the form of the

static deflection configuration.
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. ' TABLE 7.3.1 ! :

Natural Frequencies Hz

Mode
Computed Experimental
1 13.3 13.7
2 37.9 38.4
3 193.8 185.1

7.4 Portal Frame

The purpose of this section is to further verify the results of the
previous section. The equivalent joint stiffness constants (K; and K;)
obtained in section 7.3 are here tested on a portal frame where a pair

each of the two types of joints are present. Thus, no experimental

static tests are carried out in this section.

Fig. 7.4.1 shows the model portal frame as a 12 elements (29 D.O.F)
discretized system. Static deflection shapes were computed for two
cases of the portal frame being acted upon by a horizontal sideways

force at coordinate 8 and a central vertical force at coordinate 15.

Experimental and computed natural frequencies and modal shapes were
also obtained. Table 7.4.1 shows the first three natural frequencies
of the portal frame for both experimental and computed cases. These

values are within 10% of each other.
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The experimental and computed modal shapes are also very similar.
The sideways sway static deflection shape and the first three modal
shapes are shown in fig. 7.4.2, The first modal shape is similar to
the sideways sway static deflection shape while the second modal shape
is similar to the static deflection shape under the action of a central

vertical force (not shown in the figure).

‘TABLE 7.4.1

Natural Frequencies Hz

Mode
Computed Experimental
1 27.88 28.5.
2 165.06 157.1
3 206.62 212.6

The agreement obtained above between the computed and experimental
vibration characteristics of the real portal frame are reasonable. Thus,
the values obtained for the joints stiffnesses, as well is the method of
representation of the real system in the computer programmes, are

reliable.
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7.5 Cross Member

In this section, the aim is to determine the actual boundary
conditions for the cross member joints of the space frame structure. As
shown in fig. 7.5.1, the cross member beam is bolted at both ends to the
stiffening plates of the space frame joints. With reference to the axes
notation of fig. 7,5.1, the essential boundary parameters investigated
here are the equivalent joint bending stiffnesses Ky and Kz in the Y-

and Z-axis respectively.

Static deflection tests were carried out on the beam while loaded
at point 4 and deflections measured at points 1 to 7 and Al and Bl as
indicated in fig. 7.5.2. From the measurements taken, the average
deflections at these points have been calculated for 100 N loading and
shown in Table 7.5.1. Also in the same table, are computed static
deflections for the beam assuming clamped-clambed and hinged-hinged end
conditions. Plots of these deflection shapes (not shown) indicate
that the real end conditions of the cross-member beam are neither of a

clamped or hinged nature.

Fig. 7.5.3 shows the model system which represents the real cross-
member beam under flexure in either the Y- or Z-directions of fig.7.5.1.
Here, the beam is assumed to be symmetric, thus the equivalent joint

stiffnesses (K) at both end joints are equal.



- 132 -

TABLE 7.5.1

Deflections in-mm

—— Experimental Theoretical
Y-direction Z-direction Clamped ends Hinged ends

Al 0.025 : 0.135

1 0.067 0.280 0.036 0.336
2 0.175 0.530 0.114 0.629
3 0.280 0.750 0.193 0.836
4 0.340 0.760 0.229 0.915
5 0.290 0.690 0.193  0.836
6 0.190 0.510 0.114 0.629
7 0.080 0.270 0.036 0.336
Bl 0.046 0.135

Now from the elementary theory of beams, the bending moment (M)

is given by
2

M=EI%§-=

=

X + K0 - W[x-%] T 5T

o
~

where the term in square brackets [ ] equals zero when its value is
negative,

Integrating equation 7.5.1, we have

2
EI%=Ex2+Kex-Ex-£ + Dy 7.5.2
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and
=W sy Leox - Mg o &2
Ely = X * EKBx - 6[x - 2] + D1x + D; 7:5:.3

Now, at x = 0, y = 0, and from equation 7.5.3 we have:

and at x = 0, %E = 0, and equation 7.5.2 gives

D; = EI®

Equation 7.5.3 becomes

3
Ely = %513 + %K x> w %{x ~‘%] + EIbx 7.5.4

Also, at x = %3 y = §, and equation 7.5.4 gives

we?

EIS T

+ %&ec%xz + EI) 7.5.5

and at x = %3 dy

O% 0 and equation 7.5.2 gives

2
lo(e + 2e1) = - s 7.5.6

Eliminating © from equations 7.5.5 and 7.5.6 we have

o Wad
= 96EI

3 K& + 4EI

° 2* XL+ 2E0) 287

{1 #
Note that substituting K = 0 and K = «» in the above equation 7.5.7, we
would obtain the standard beam theory central deflection for a hinged-

hinged beam and a clamped-clamped beam respectively.



Now E = 207,000 N/mm?®, I = 5023 mm"
£ = 770 mm , W= 100N

and § = 0.340 mm i Gz = 0,760 mm
y

Substituting these values into equation 7.5.7, gives the following

results

= 1.394 x 107 N-mm

-~
|

5

- and K 7.865 x 10 N-mm

Computations of the static deflections of the cross-member beam
using the above values of stiffness Ky and Kz in the 8 elements system
kfig. 7.5.2) have both produced similar results as the experimental
values in Table 7.5.1. Natural frequencies and modal shapes for both

Y- and Z-directions were computed using the about joint stiffnesses.

Experimental vibration tests have been carried out to verify the
computed results in the z-direction. Table 7.5.2 gives a comparison
of the computed and experimental first three natural frequencies of
vibration. From the table the first natural frequency is very accurate
indeed, the third is within 2% of each other while the second has the
most error of about 10%. However, generally, the correlation between
the computed and experimental natural frequencies are also very close.
Fig. 7.5.4 gives the static deflection and the first three modal
shapes. As expected the first mode is similar to the static

deflection shape.



TABLE 7.5.2

Natural Frequencies Hz

Mode
Computed Experimental
1 117.27 117.60
2 435,96 484.70
3 967.08 984,20

7.6 Torsion Experiments

Basicélly, three types of joints are present in the space frame
analysed in Chapter 6. These joints have been investigated so far only
in terms of their resistance to bending. Thus, the equivalent joint
stiffnesses obtained so far in this chapter refer to bending joint
stiffnesses. In this section, the aim is to obtain the real joint

stiffnesses in relation to torsional forces.

Owing to difficulties in investigating the vibration of non-circular
section bars in torsion, the investigations in this section are very much
restricted. In fact, only static experiments have been carried out.
Theoretical models can be obtained for the joints to describe the real

boundary conditions exactly.

“The three types of joints of interest here include (a) the brazed
feet of section 7.2 (fig. 7.2.1); (b) the corner joint B of fig.7.3.1 and

(c) the bolted joint of the cross-member beam shown in fig. 7.5.1.




In all three types of joints, the theoretical model representing
the torsional boundary conditions are similar . Fig. 7.6.1 gives

such a model.

Applying elementary theory of beams to the beam under torsion, the
torsional equation is given approximately by

dé

T'='G1x ax 761
and
Tx = -GIxB + Do 7.6.2
Now at x =%, 0 = BB
and at x =0, 0 = BA

Thus equation 7.6.2 becomes

T = GIx(GA - BB) 7.6.3
Also
KTBB =T
or BB = T/KT 7.6.4

Equations 7.6.3 and 7.6.4 give

ke ==z

GA =2 -G_I- 7.6-5

a) For the brazed feet, the following datawere obtained

G = 80,000 N/mm?; 1x = 10046 mm"*
L = 695 mm ; T = 600 N-mm
and o = 2:250 _ 4 60625

A 40
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Substituting these in equation 7.6.5 gives

Kp = 1.047 x 10° N-mm

b) For the corner joint B, the following are the relevant data:
G = 80,000 N/mm*; I = 10046 m*
£ = 590 mm ; T = 600 N-mm

and 0.364

BA == - 0.0091 rad

Equation 7.6.5 gives

K, = 6.929 x 10* N-mm

c) For the bolted joints of the cross-member beam, the configuration

is as shown in fig. 7.6.2. Equation 7.6.5 holds with the notation in

the figure.

Here, the relevant data includes:

G = 80,000 N/mm?; I_ = 10046 mm*
L = 385 mm ; T = 300 N-mm
and
_ 0.450 _ _
6, = —70 = 0.01125 rad.

and from equation 7.6.5, we get

Kp = 2.701 x 10* N-mm
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Fig. 7.5.1 Cross Member beam
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CHAPTER EIGHT

DISCUSSIONS

8.1 Introduction

The investigations of the joint boundary conditions have yielded
some positive results which are basic in the accurate analysis of frame
structures., Having taken due account of the true joint boundary
conditions, the computed static deflections, natural frequencies and
modal shapes have all been equivalent to their experimental counter-

parts.

The true joint boundary conditions were not taken into account in
the theoretical analyses of the space frame in Chapter 6. Having
obtained the relevant joint stiffnesses, they should now be applied to

the fabricated space frame.

8.2 Application of joint boundary conditions to Fabricated Space Frames

The three types of joints present in the fabricated space frame
have been analysed in Chapter 7. These joints boundary conditiéns
should be applied to the space frame of fig. 6.1.1 to produce a system
which gives a closer representation of the space frame. Such application
would in turn increase the number of degrees of freedom of the space frame

during analysis.
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Application of these boundary conditions will not affect the
translational displacement coordinates of the space frame. Thus at
each of the 26 finite element nodes of fig. 6.1.1, there will still
exist 3 displacement coordinates. But the rotational coordinate will
defer at all the real joints and remain the same at each of the beam

midpoint finite element joints.

The brazed feet joints will now have 3 rotational coordinates each.
These will defer from the type considered in the case of 168 D.O.F.
system, because the rotational release will only be partial, not .
total as previously analysed. The partial release implies that the
joint behaves in a form somewhere between a hinged and a clamped joint.
The release factor is then accounted for by the fictitious spring as

shown in Chapter 7.

Also,additional displacement coordinates can be deduced at each of
the 8 corner joints. In fact, at these joints, each orthogonal beam

members will contribute 3 rotational displacement coordinates.

Thus the 40 elements, finite element discretization of the
Fabricated space frame (fig. 6.1.1) will yield a total of 228 D.O.F.
system. Of these, 78 will be due to translational displacements, and
150 due to rotational displacements. The estimated computer core to
run the eigenvalue problem programme NAGFEIGNVAL for such a 228 D.O.F.
system is about 240 K. But the ICL 19045 computer Eurrently available

at the University Computer Centre only provide a maximum core size of
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100K - less than half the requirement. The alternative computer at
the Regional Computer Centre in Manchester only provides a maximum

core size of 200K, which is still less then that required.

A practical way of avoiding the need for so much computer core is
the reduction of the working number of degrees of freedom of the system
(refs.l, 9, 15 etc.). This is achieved through some manipulation of
the mass and stiffness matrices to obtain reduced matrices for the
dynamic analysis. This usually involves distinguishing between the
translational and rotational displacements of the structure as discussed

in the next section,

8.3 Eliminating rotational displacements

The declared coordinates of the space frame include translational
and rotational displacements. The experimental modal shape measure-
ments involved only the translational displacement components, Generally,
in dynamic analysis of structures, not all the static displacements are
considered. For example, in the conventional dynamic analysis of
aircraft wing structures only the deflections normal to the wing
midplane are retained. By the same reasoning, it is useful, in this
analysis of space frames, to retain only the translational displacements

of the frame and eliminate the rotational displacements.

The first step in this elimination process is the partitioning of
the stiffness matrix [K] and the displacement vector {q} of the

structure in the form:
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—[K]tst [K]t.r W | 8.3.1
[X] =
[K]I.,t [K]I.,r
and )
{ q} 8.3,2
{q} = t
{ q}r

/4

The vector {q}t refers to all the translational displacements which
are to be retained as the degrees of freedom of the structure for the
analysis. The vector {q}r refers to all the rotational displacements
which are to be eliminated for the dynamic analysis. The stiffness

matrix as partitioned in equation 8.3.1 is such that it is compatible

with the partitional displacement vector,

The static equilibrium equation is given by equation 4,1.1 as

[Kl{q} = {q} 8.3.3

and in its partitioned form, it is given by

-

[(Klg ¢ [Klg »

{Q}
8.3.4

n

[X]

{Q}

r,t [K]r,r

Assuming that the external forces {Q}r corresponding to the rotational

il

displacements are equal to zero, we have from equation 8.3.4:

a, = -[KIJ, (K, . {a}, 8.3.5

T

provided [K]r " is not singular.
]
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Substituting equation 8.3.5 into equation 8.3.4, we have

-1

Qt, = (Kl o - Kl . KT, KDL O).faby 8.3.6
or {Q}, = [K] {q} 8.3.7
where

Kl = K, -[Kl, o (KD KD, 8.3.8

[K]c represents the condensed stiffness matrix of the structure.

Let [M]c be the corresponding condensed mass matrix of the system.

Let virtual displacements {§q} be applied to the structure.

Then it follows from the th€ equivalence of the virtual work of

the two equivalent mass representations of the continuous system that

T
(8q} (-1 g}, = {6a} (-MMI{GH)

or

(8l (G}, = [8q}l{8q}l1MM] (g},  8.3.9

@

Substituting equation 8.3.5 into equation 8.3.9 we have

{Gq}T[M] {q}, = {Gq}T[A]T[M][A] {q} 8.3.10

q- ‘c 't th e c 't U

where

[Al, = (1] © 8.3.11

'[K];Tr [K]r:A

and [I] is an identity matrix.
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Thus from equation 8,3.10, the condensed mass matrix of the

structure is given by

T
M, = [AIL[MIIA] 8.3.12

Equations 8.3.12 and 8.3.8 give the condensed mass and stiffness
matrices respectively for any structure. When these equations are
applied to the 40 elements finite element discretized space frame,
two 78 x 78 matrices will be obtained for the dynamic analysis of the
structure. This will represent a considerable reduction in computer

core required for the dynamic analysis.

However, before arriving at these condensed matrices, large sized
matrices are still to be manipulated. These may yet require more
computer core than is currently obtainable. But there are ways to

avoid the complete use of these large matrices during their manipulation.
Unfortunately, time has also run out for this work. Hence, it
has not been possible to continue with the modifications required to

arrive at the theoretical dynamic analysis required.

8.4 Further Observations

Some interesting observations can be made between the results of
the preliminary investigations and the analysis of the fabricated space
frame. In both cases, the experimental and theoretical modal shapes

are similar,
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In the case of the simple structures investigations, both the
frequencies and modal shapes agree reasonably. Here, the real boundary
conditions at the joints have been taken into account in the computations.

Hence, the agreement between the computed and experimental vibration

characteristics are to be expected.

The modal shapes of vibration obtained for these simple structures
are very similar to the standard shapes where ideal joint boundary
conditions are assumed. (Some of these standard modal shapes can be seen
in ref.17). Thus, assumption.of ideal boundary conditions at the joints
should lead to reasonable theoretical modal shapes approximating the

modal shapes for the real simple structure. The corresponding natural

frequencies show high errors.

A similar pattern of behaviour has been shown by tﬂe fabricated
space frame. The computed modal shapes have been based on assumed
ideal joint boundary conditions. These have agreed reasonably well
with the experimental modal shapes for the first three modes. But the

corresponding computed natural frequencies show errors of up to 50%.

It is therefore expected that the application of the real joint
boundary conditions to the fabricated space frame should lead to better
agreements between the experimental and theoretical natural frequencies.
The corresponding improvement in the overall pattern of the theoretical

modal shapes should be minimal.
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Natural frequencies have also been computed for the simple structures
with assumed ideal joint boundary conditions. These were compared with
the experimental values. The percentage errors in these natural
frequencies have ranged from 10% to 35% in a somewhat random manner.

But the percentage errors in the case of the fabricated space frame (as

stated in section 6.5) is about 50%.

.With the real joint boundary conditions, the percentage error in
the computed first three natural frequencies is less than 10%. There
is no direct interpolation between these percentage errors in the simple
structures which can be applied to the fabricated space frame. The
joint arrangement in the space frame is such that the commulative
effects of the assumption of ideal joint boundary conditions cannot be
deduced from the results of simple structures. But it is at least
expected that application of the real boﬁndary conditions should lead

to very reasonable reductions in the error margin obtained.
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CHAPTER NINE

CONCLUSION AND SUGGESTIONS

9.1 Conclusion

The vibration characteristics of fabricated space frame have been
found both theoretically and experimentally. The modal shapes obtained
theoretically and experimentally are very close. But the corresponding
natural frequencies of vibration show that the theoretical values are as

uch as 50% higher,

Investigations have shown that the errors in the natural frequencies
are not as a result of a direct 125% over-estimation of the theoretical
stiffness matrix. Rather, it is a result of the joint boundary conditions

not being the ideal ones originally assumed in the computations.

Static experiments, theoretical computations and experimental
vibration tests on simpler 1- and 2-dimensional frames have shown that
due account should be taken of the actual joint conditions. Having done
this, the experimental and theoretical natural frequencies and modal

shapes have assumed much closer values for the simpler frame structures.

The method of representation of real joint conditions by the

appropriate spring stiffnesses have been shown to be very effective.
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It provides a practical and diagrammatic representation of the joint.
In finite element methods, such representation is easily incorporated

’
in the analysis.

For the simple frames, the modal shapes obtained are similar to
those obtained when the joints are assumed to be ideal. This gives an
indication that similar results should be obtained for the fabricated
space frame. The theoretical modal shapes of the fabricated space
frame (with ideal joints assumptions) are close to the experimental ones,

Therefore, the theoretical modal shapes should be correct.

With an adequate size of computer the data obtained for the-real
joint boundary conditions can be fed into the MASSTIFPROP programme
developed to obtain the true mass and stiffness matrices of the space
frame. This, in turn, should yield the true vibration characteristics
of the space frame. Alternatively, the suggested method (Chapter 8)

of reducing the size of the matrices would yield the required results.

This work demonstrates the need and means of obtaining a more
accurate assessment of the true joint conditions in vibration analysis
of structures. This is not usually applied by the structural engineer
at the design stages. A factor of safety is usually applied to account
for the difference in the theoretical and real deflections of the
structure. Such practice is unsatisfactory in vibration work. A true
.account of the joint boundary conditions, as shown in this work, should

be preferred.
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9.2 Suggestions for further work

It has been seen that there is an increase in the number of degrees of
freedom of a frame when the real joint boundary conditions are taken into
account in the finite element analysis. In the case of the fabricated
space frame discussed in this work, the resulting problem has become too
big for the available computer. It is possible to reduce the problem,

for the same structure, to the capacity of the computer.

One method of reducing the problem has been discussed in Section 8.3
as the elimination of the rotational displacements from the matrix eigen-
value problem, The condensed mass and stiffness matrices obtained

would be more manageable on the computer.

Another computational investigation relates to the effective use of
the properties of the mass and stiffness matrices. The common
mathematical methods do not take full advantage of the symmetric and
banded nature of the mass and stiffness matrices in the solution of the
eigenvalue problem. In static problems where such matrix properties
are more fully used, problems of far more degrees of freedom can be

solved in computers.

Having obtained better results for the space frame with the real
joint boundary conditions, it will be useful to investigate the
transient vibration response of the space frame. Optimum shock pulse
should be investigated which will result in an optimum transient
vibration response of the frame. Pessu (ref.33) suggests that the
optimum shock pulse be a half sine wave whose duration is related to

the natural frequencies of the structure.
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Such optimum excitation analysis could be extended to situations

where transient vibration response of structures is a parameter for

assessment of the structural condition. ;
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Compiled listing of Programme MASSTIFPROP
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Compiled listing of Programme STATICPROB
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Compiled listing of Programme NAGFEIGNVAL
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APPENDIX B

FABRICATED SPACE FRAME FREQUENCIES
and

MODAL SHAPES DATA



i

MonE

5 0,4572F=03

0|3324F-Uﬁ
o0, 6821F=07
0,4254F =010
" 0,1108F=03
=0,2043F=003

== 0,1530E=03

—0,6601r-13

w0, 67BIE=0?

-0 ,6762F=07

= 0,3837F=04

~0,2816F=03
- 0,2333F=03
=0,1070QF=05

0,1R10F=06
S 0,1810r=06

»0,5472F=03

=0,2071r=04A
: 0,3501F=06
0,7871F=06
0,2968F=0?
-0,7393E=04
0,6356K=04
0,2715r=10
w0, bB45F=06H
-0,&844!-"5
»0,2123F=11
~0,6802r=04
- 0,688XM=04
»0,2071F=0n

1

=m0, 2355F=07

= 0,5473cm03
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Computed modal shape for the 156 D.O.F.

-”AT’hAL FP[NUFNFVi z

JODAL SHAPE

=0, 294%E=03

0,6163E=03
0,793RE=14
=0,6207¢=04A
0,4754LE"UG
0,1103E=03

=0,1330F=03 -

0,1201€"03
w0,14338=05
«0,67835=07

=0, 1183e=05

»0,2210F=04

m0,2332e=03

0,4520r=03
«, 2772e=V4
=0,151%¢=064

n0,4372En07

N.3370c=03

=0, ,43109F=03

0. ,23164£903

0. JH706E=10

0,7372E=U4

- 0.1176ER0%

=0, 2997EaUN
»0.6355£R04
0.6383em04

0,2071E=06

0.9344Fm06
w0, 4045EmU6
0.3400e=04

=0,1347Ea03"

fi.

=D, 1108E=0]

.0 . 60b6CF=03
i ﬂ.29458-03
«N,3R24F=NA

0,629 7F~06

=), A9t E=(064
w0 3R37E=04
=N, {1601F=03%
0,1501F=03%
A,16432F=05%
0,118bE=05
N,3501F=06

T 0,2437F=09

»0,547¢F=03
" 0,5473F=03
,2071F=04

T80, 65T 6En07
=0,1514F~06
=10,3370£=03 :

w0, 2816F=03

EZ0,6850E=04
0,2721¢E=107
7 0,117te=05
T 0,1170E=05
= 0,5773E=05 =
w0, 134TE=03
2 0,1347E=03"
=0,2071F=D6
w0 4045FE=06 =

Fabricated Space Frame

146,

41
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=0,62906E=N4".

0.1350E=40

=0.1572E=N3%:

0.2943F =01
0.,3R24E=06 .
N.4254F=06

=0.1138E=05
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0,6665E=40"
n,3501F=n6

'b-45?25'ﬂ7i
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0.1316F=03
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-0 2SF‘F-05
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., 284 2Em08

-0 104RE=11
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S 0,6074F=06

=), 1020E=N7,
=0,1360E=0%
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=0 LLIVE=DTY
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0, 4337F=05
R0y 3LI3E=06 =
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ZS04N625Em06 =

0,2623E=04
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0 1402E-06fi
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Zmh O773Ew067 .
‘Fn 387‘ 05
0.38745-05
Nn,1695FE=11
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0, 16R0Ew06

]

W
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=0 h05SE=11
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Nn,6725E=11
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fit

sl il

il

it
hfit

il
m
i
i)

il

N .fi
Al

HL
il

I
'

i |

wa
il
]

'l

I

ih
Hey -
i

SiSelss SR SIS
=iF o= emr sy
e T

g il



- 176 -

Rl

H?

_|1|“
“i

4 oH
i Hl.‘;

o
i |

T

il

Gy
1]

o

HODE 4 HATIRAL FREQUFNELY = 175,57
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0,2508F=04  Q,2737F=U3 =),162¢F=03 - (,9719E=0n6= 0,2072E=06
0 ,36441 =060 0,459RE=11 =7,527%F=11 0.1705Em=08 =N ,1345FEw13
=w0,26277T=13 =0,5200F»06 =0,27R/F=03  0,2568E=04 N, ,1422E=03
0,2072F=0p =0 ,0710E~DA Ny X6bbt=Nh =0,27R7E=03 =n_ 256BE=0h
" 0,1622r=03 " 0,2072ERUA == 0,971YE=06 - 0.3A44E=N6= =0,2568Fw04
w0,27871 =07 =0 ,1922F=U3 «0,97219FE=06 =0,2072F=06 0 36LLEwDS
- 0,25987=04 0,2798E~04 w0 ,2R7/F=11 0.1371FE=05" =0, 1371Ew05
=0,20927=05 0,2923F=04 #0,2522F=04 0,1367F=40  0,5A64L6FE=06
0,5646F=06 _0,1228E%05 w0,252¢E~04  0.2528F=04c 0, 1348F=10
-o.ssaar-u& =0,5544E=V5 N, 122bF=05 =0,2593E=n4  =0,2598F=04
“w0,3321r~11 =0,1571E%05  0.,1371E~05 =0.2092F=05° 0,1618E=03
0,1618i:=03 . 0,1932em11  =9,318LF=05 0.3184F=06 =0 1379E=(5
»0,27925=04 0,27926%04  D,T14¢E=11  =0.9541Er07" =0,9541E=07
0,14801 =05 ),236RF=U3 0,B190F=03 =0,2189E=0% =0, 4N22E=07
O,41UbE=06  0,5401E=06 50,817bE=03 0,236BE=n%.  n 2189Ew03
=0 ,41041 =06 0,6722E~U7 1,5401F=06 0N,2792F=04 =N _2792E=04
0,9387F=11 -~ 0,9341E807 =0, 19541E=07 T-0.1489FE=05 =N 2368Ew03
~0,81Y8E=03 =0,2189E=U3  0,402¢F=07 =0,4104E=06 Nn,5401Em06
==0,8198F=03 =0, ,2368EnU3 2 0,218YE=03 © 0,4104E=06F =0,4022E=07"
0,5401F=06 =0,1613~03 =0, 1610F=03 " =(,5188E=11" 0,3184Em06
m0,3184F =06 =0, T379E=U5 = 0,91265Fa04 = 0,124YE=04T =0,7734E=12
»0,2777¢=06 0.27?75-06 "0 ,6525F=06  D,96N0E=N5" =0 ,9600E=05
0,2697F=11 +0,2409E=07 - :r0_2h0°5“0?~§go.1?385-05? =N,9600Ew05
0,0600F=05  0,3163E=11 =~ 0,240YE=D7  0,2409E=n7 0,1738Em05
w0,1265Em0b =0, 1240806 :»0,3287E"12 & 0,2777E=Q6: =0,2777E=06
»0,6576F=0A4  0,1108ERV4 ~ G,2021F=03 ° 0,2529E=04 =n,1516Em06
~w0,6519C=07 =0,2175EmV6 =0,2027€203 = .0.1106E~04F =0,252PEm04
0,6510F=07 0,153146e"06 -0 2175F=06 . 0.4319E=11  0,4207E~11
" w=0,7258E=10 0, 51838n15“f'0;2331s-1¢"-"n 4XBT1E=N6T =0,2021E=03
~0,1106F=04 =0,2520gn04 =0 ,851YE=~07 "~ -o 1516E=06 =0,2175Ew06
= w0 ,1106Fm04 vo_?021g501£: O4R527YF04 = 0,1510E=062 0,6519E=07
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HODE 5 HAT'IRAL FasuusﬁcV = 1&0,39 g}
= MODbAL SwABE : S

0,100NE=03 =0 2ii70F=li3  =wh,99870=04 NW5917E=NE ™ n ,3103E=06
0,2083E=06 0,3401=117 =0, 49961 =19 N.1344F=0R n,5205E=14
0,8487F=14 D,9594Em0A =0 207%:m()3 031000E=0%= 0,99R1E=D4
w0, 3103 =06 =0 5"17F=06 Nece 0B =0b 0.2079F=0% =0 ,1000E=03
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APPENDIX B2

Experimental Natural Frequencies and Modal Shapes for the 26 nodes

Fabricated Space Frame

Response at resonance frequencies

Coordinates

Mode 1 Mode 2 Mode 3
96 Hz 104 Hz 114 Hz

1 X 1 1.73 1.98 0.19
Y 2 -1.68 1.30 ) 0.20

Z 3 -0.24 -1.25 -2,05

2 X 7 2.40 0.97 0.21
Y 8 -2.40 1.60 -0.56

Z 9 0.51 0.48 -7.50

3 X 13 2.20 1.20 -0.44
b 4 14 -1.18 0.88 -0.32

Z 15 -0.34 -0.81 -1.60

4 X 19 2.40 2.60 -0.62
¥ 20 -1.41 1.98 0.21

Z 21 0.38 -1.40 -1.40

L 25 1.40 1.45 -0.46
Y 26 -2.00 3.50 -0.49

Z 27 0.24 -0.80 -1.90

6 X 31 1.63 2.10 0.21
Y 32 -1.05 1.05 -0.34

Z 33 -0.25 -0.30 0.11

7 X 37 1.83 1.85 0.17
Y 38 -1.43 1.85 0.20

Z 39 0.10 -0.28 0.23
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Coordinates 96 Hz 104 Hz 114 Hz
g8 X 43 1.50 0.79 -0.43
Y 44 -1.30 0.70 -0.29

Z 45 0.10 -0.24 0.13

§ X 49 1.30 1.05 -0.48
Y 50 -1.40 2.10 0.22

Z 51 0.08 0.09 -0.10

10 X 55 2.00 3.00 1.00
Y 56 1.00 1.57 -1.80

Z 57 0.03 -0.11 -0.20

11 X 61 1.90 1.55 -1.70
) 4 62 -1.22 1.15 -1.10

YA 63 0.09 -0.21 0.20

12 X 67 -0.61 1.60 1.15
Y 68 -2.75 1.60 -2.40

Z 69 -0.61 -0.53 -0.55

13 X 73 4,02 -1.13 2.00
Y 74 -0.70 1.74 -2.18

Z 75 -0.70 0.88 -1.57

14 X 79 1.60 2.10 1.10
Y 80 -0.96 1.95 1.00

Z 81 0.10 -0.06 -0.02

15 X 85 2.40 3.50 -1.93
Y 86 -3.40 -0.77 2,40

Z 87 1.60 2.70 -1.32

16 X 91 3.65 1.20 -2.00
Y 92 -0.52 1.64 0.93

Z 93 0.52 -0.48 -0.62

17 X 97 1.70 2.10 -1.66
98 -1.34 3.20 0.44

Z 99 -0.07 0.09 -0.10



APPENDIX C

2-DIMENSIONAL ?LOTS OF SPACE FRAME COMPUTED MODAL SHAPES
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APPENDIX C1

Mode 1
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Fig. C.1l.1
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Fig. C.1.2
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Fig. C.1.3
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Fig. C.1.4
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Fig. C.l-s



- 191 -

26

— i

Fig. C.1.6
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APPENDIX C2

Mode 2
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Fig. C.2.5
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Fig. C.2.6
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APPENDIX C3

Mode 3

Fig. C.3.1
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Fig, C.3.4
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Figl Cl 3.5
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