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I. INTRODUCTION

Structural analysis involves computing not only the ex-
ternal reactions and the internal forces (and stresses) of a
structure, but also strains and deflections throughout,

There are many techniques to achieve these purposes, In sta-
tically determinate structures, the external reactions and
the internal forces are computed first, then the strains and
the deflections can be computed subsequently. In statically
indeterminate structures, it is usually desirable to express
the relation between the given forces and the unknown joint
displacements in a simple and systematic form, Recent appli-
cations of matrix algebra to the solution of structural prob-
lems have achieved this purpose. The invention of the elec-
tronic computer and its wide usage in solving engineering
problems has led the structural engineer to solve more com=-
plicated and highly redundant structures by matrix methods,

In the matrix method of statically indeterminate struc-
tural analysis, two approaches have been developed, One is
called the "force method" or flexibility method" (2, 4, 6, 8):
the other is called the "displacement method" or "stiffness
method” (1, 4, 5, 6, 7). The force method expresses the de-
flection of the primary structure in terms of the unknown
forces and the problem is solved by the conditions of continu-
ity. The displacement method expresses the internal forces

in terms of the displacement components which are determined



by the conditions of equilibrium, Both methods have their
advantages (4, 7). 1In general, both methods of analysis
serve useful purposes for hand calculations, The preferred
method of solution will usually be the one that involves the
smaller number of unknowns, For computer programming the
stiffness method is normally much more suitable than the
flexibility method, The advantage of the stiffness method
arises from the automatic determination of the restrained
structure and from the fact that all effects are localized.
Of course, exceptions to the general rule occasionally will
be encountered, This thesis presents the solution of inde-
terminate space frames using the "stiffness method."

The stiffness method is one of the most fundamental
methods available to the structural analyst and is applicable
to a wide variety of structures, 1In this method of analysis,
the basic equations to be solved are those which express the
equilibrium conditions at the joints of the structures,

These equations can be written as relationships between loads
and displacements in the structure and form the so-called
stiffness matrix of the whole structure., There are two ap-
proaches to obtain the stiffness coefficients of the struc-
ture., 1In Section III the direct approach is used for the
three~-dimensional pin-connected frames, The concepts of the
stiffness coefficients, the bar stiffness matrix, the bar in-
fluence stiffness matrix, and the joint stiffness matrix are

introduced, 1In Section IV an indirect approach is used for



the three-dimensional rigidly-connected frames, The concepts
of stiffness coefficients (corresponding to member axes), ro-
tation of axes (in three-dimensions), the rotation matrix,
the rotation transformation matrix, and the member stiffness
matrix are introduced.

Using the principle of superposition and the above con-
cepts, the equations of equilibrium at the joints are estab-
lished, Then, by means of matrix algebra, a matrix equation
for an entire structure is established., The expression of
this method in matrix terms permits immediate generalization
from a very simple structure to very complicated structures,
and is one of the principal advantages of the matrix notation,
Also, the use of matrices casts the structural problem in a
form which 18 ideally suited for programming on a digital
computer,

The objective of this study was to develop a highly
systematic procedure for the analysis of articulated continu-
ous structures and use it for the analysis of a simple three
bar rigidly-connected space frame that was tested experimental-
ly. This was accomplished and comparisons were made between
analytical and experimental results with the intent to recon-
cile the differences by modification of the stiffness coeffi-
cients, The differences were found to be too large to be
modified by the analysis, so an evaluation of the test set-up
was made to suggest corrections to be incorporated in the

test procedure before considering a change in the analysis,



It should be pointed out that the application of the
theory is limited to structures that (a) experience small
displacements and rotations and (b) have linear load-
deformation relations, This infers (a) negligible effects
due to slight changes in geometry, (b) elastic properties
in the working range for the materials and the structure,
(c) no slip at the joints and (d) no buckling of any members,

The presentation of the theory in this thesis has been
prepared with reference to many writers as listed in the
Bibliography in Section VII, but parts of Section IV have
been developed directly from material presented in Analysis

of Framed Structures by Gere and Weaver (4).




II. LIST OF SYMBOLS

Cross-section area of member

Column matrix of the joint displacement components
of the whole structure

Column matrix of the joint displacement components
at joint A

Joint displacement component at joint and in
direction denoted by 1

Modulus of elasticity of the member

Axial force of member AB

Column matrix of the external loads at joint A
Column matrix of the force components induced at
joint A due to the displacement at joint A of
member AR

Column matrix of the external loads of the whole
structure

Joint force component at joint and in direction
denoted by i

The force induced at joint and in direction
denoted by 1 due to the displacement at joint
and in direction denoted by j

Moment of inertia

Stiffness coefficient at joint and in direction
denoted by 1 due to unit displacement at joint
and in direction denoted by j when all other
joint displacement components are prevented
Length of member

Rotation matrix of direction cosines of member
axes with respect to structure axes

Inverse of rotation matrix
Transpose of rotation transformation matrix

Rotation transformation matrix



10
Stiffness matrix of the whole structure with
respect to structure axes
Inverse of stiffness matrix
Bar gtiffness matrix of the end A of member AB

Bar influence stiffness matrix of the end A
due to the displacement of the end B of member AB

Coordinates of joint A
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III. ANALYSIS OF PIN-CONNECTED SPACE FRAMES

A, Outline of Analysis

In order to introduce the concepts of matrix analysis of
rigidly connected articulated three-dimensional structures,
the concepts are first introduced and illustrated in this
section with pin-connected frames using a direct approach and
extended to rigidly-connected frames using an indirect ap-
proach in Section IV,

In pin-connected frames, there are no bending moments
induced in the members at the joints so that equilibrium is
established with three equations of balanced forces at each
joint, The 3 x 3 stiffness matrices are simple to write and
manipulate and the equations are relatively simple to solve,

For the three-dimensional rigidly-connected frames ex-
plained in Section IV, six equations of equilibrium are
needed at each joint (three force equations and three moment
equations), The stiffness matrices are 6 x 6 and are formu-
lated in the same general way as the simpler 3 x 3 matrices,

but an indirect approach is used for the total solution,

B, Basic Concepts

1., Stiffness Coefficients., Consider a pin-ended pris-

matic bar AB in three-dimensional space as shown in Figure
la, It is assumed that the system of three-dimensional Car-
tesian axes, X, y and z, is a right-handed system., Assume

that joint A is displaced a distance Dj in the positive x
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Figure 1., A Pin-Znded Prismatic Bar in Three-Dimensional Space
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direction., Let the angles between bar AB and the x, y, and z
axes be &, 3, and v, respectively. Then the change in length

and the force required to produce this change are
AL = D] coso
ALl AE
F =-"T AE = D17 T cosk

where E, A, and L are the modulus of elasticity, the cross-
sectional area, and the length of the bar, respectively. The
force may be resolved into three components, Fj13, F231, and
F31, parallel to the x, y and z area, as shown in Figure la
and b, The first subscript of F refers to the axis direction
of the component and the second subscript refers to the
direction of the displacement D} at A with all other end dis-

placement components equal to zero. Thus

F11 = F cos @ = D3 cosza

vl ol

F21 = F cos B = Dy cos o cos B (1)

F31 = F cos Y Dy é% cosd cos Y

Similarly, if the components of force and displacement
at B are denoted with subscripts 4, 5, and 6, respectively,

then the reaction components at B are given by the equilibrium

conditions as

_ AE 2
Fg3 = -F13 = =Dj 7T cos™Qx

&
5]

F51 = -F21 = -D] =T cosu cosB (2)

Fgl = -F3; = -Dy é% cos™ cosY
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In Equations 1 and 2, cosqa, cosB8, and cosY are direction
cosines of the member AB, Let the coordinates of A and B be

(X3, Ya, 2zp) and (xg, vy, 2g), respectively. Then

cosa = XB ~ *A
L

cos® = ¥B - YA
L

cosy = 2B = %A
L

With D; =1 in Equations 1 and 2, the stiffness coeffi-
clents are found, where the stiffness coefficient k231 may be
defined as the force at A in the y direction due to a unit

displacement Dj at A in the x direction,

_ 2
ki1 = (xp - xa)” 83
k21 = (xp - xa) (v - va) 283

AE
k31 = (xp - xa) (zg - z3) %3

kg = -(xg - xa)? é%
. AE
kg = =(xp - x5) (yp - ¥a) —€'3
- AE
kgl = '(XB - x5) (zg -~ za) —E3

The subscripts of the stiffness coefficients have the same
meaning as for the forces, For example, kg1 refers to the
stiffness coefficient at B in the y direction (denoted by 5)

of the bar AB due to the unit displacement D} = 1 at A in
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the x direction (denoted by 1). The stiffness coefficients
for other cases can be derived in a similar way.

It will be found that kj, = kg etc., and ky; = Kyqy,
K22 = kg5 and k33 = Kege

2, Bar Stiffness Matrices (3). When the pin-ended

prismatic bar AB of Figure la is displaced [DA] at A in an
arbitrary direction under an arbitrary external load [EA} ,
the [DA]and [FA} values can be resolved into x, y and 2z

components, (D, D2, D3) and (F;, Fz, F3), From the defini-

tion of stiffness coefficient and the condition of equili-

brium,
F1 = kyq D1 *+ Kyp D2 + ky3 D3
Fp = kpy Dy + k22 D2 + k23 D3 (3)
F3 = k31 D1 * k3 Dp * k33 D3
Expressed in matrix form, Equation 3 can be written as

or in a more compact form

)20 = [5ad] o)

{Fl} ki1 k12 k13| [Py
(F2/= k21 k22 k23| |D2 (4)
|F3) [kal k32 k33] |D3

(5)

where [SAA]is the bar stiffness matrix for space frame mem=-

bers, [FAA]AB is force column matrix of member AB at joint A
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and [DAJ is displacement column matrix of joint A,

3. Bar Influence Stiffness Matrices, By the same pro-

cedure used in deriving the bar stiffness matrix, the reaction

at joint B due to a displacement of [DA] at A can be expressed

as

Fq = Kq1 D1 * kyp Dy ¥ K43 D3
Fg = kgy Dy + kgp Dy + kg3 D3 (6)

where Fy4q, Fg, and Fg are x, y, and z reaction components at

B, this can be written in matrix form as
Fa| (ka1 k42 K43) rDl]

Fg|=|ks1 k52 Ks3 Dz‘ (7)

|
|
Fo| |k61 ke2 kg3 | D3
or
[Faa] = [s8a] [a] @

where [SBA] is the bar influence stiffness matrix, a term

introduced to differentiate [SBA]from the bar stiffness

matrix [SBB]-

4, Bar Matrix Relationships. Using the definitions of

the bar stiffness matrix and the bar influence stiffness

matrix and the relations of bar stiffness coefficients,
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(k41 k42 k43) [=k11 =k12 K13

[Sma) = |ksi Ksz ks3| =|-k21 =k22 -k23| = - [SAA] (9)

Kgy kg2 Kg3 -k31 =k32 =k33

In a similar way
[ong) = - [sms] . (ona) = [o83] 2nd (sme) = [sm] 20

These can be generalized as

(a) The bar stiffness matrix for one end of a given
prismatic bar is equal to the bar stiffness matrix for the
other end of the same bar, [Spa] = [SBB]'

(b) The bar influence stiffness matrix is equal to the
negative of the bar stiffness matrix for a given bar,

(s3n) = - [s2a)-

(c) The bar influence stiffness matrix at one end due
to the displacement of the other end for a given bar is
equal to the bar influence stiffness matrix at the other end
due to the displacement of the first end, [SAB] = [SBA] .

5. Bar Force Egquations, A prismatic bar AB from a

given structure is isolated, as shown in Figure 2a, The
heavy solid line AB represents its original position and the
heavy dashed line represents its final position under load-
ings. The three components of displacement at joint A are
Dy, Dz and D3, and for joint B are Dg4, Dg and Dg. The x, ¥y
and z components of the effective displacement are D4 - Dy,
Dg - D and Dg - D3, respectively, and the change in length

due to these displacements are
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Figure 2., A Prismatic Bar With Its Deformed Position.
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i}

AL (Dy =~ D1) cos

ALy (Dg - Dy) cosB
ALy = (Dg ~ D3) cosY

The total change in length is
AL =ALjy + ALy +ALg

= (Dyg4=Dj)coso + (Dg=Dy)cosB + (Dg-D3)cosY

By Hooke's Law, the force in the bar AB, Fpp, due to this

change in length, AL, is

AE
Fap AI'—E

i

It

[(D4-Dy)cosa + (Dg-Dy)cos® + (Dg=D3)cosY]

AR (11)
L

which can be written as
Fap = [(D4—Dl)(XB-XA) + (DS“DQ)(YB‘YA)
+ (Dg-D3) (zp-z, JAE2 (12)

Bquation 12 is the fundamental bar force eguation for

the three-dimensional pin-connected frame,

6. Joint Stiffness Matrix (3). A pin-connected space

frame with only joint A free to move and the other joints
fixed against translations is shown in Figure 3 with reference

axes x, y and z. Under the external load [FA] = (Fy, F2, F3)
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Figure 3., The Pin-Connected Space Frame with Only One
Joint Movable,
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at A, the joint is subjected to a displacement [DA] =
(D, Dy, D3), the subscripts of 1, 2, and 3 refer to the x,
y and z directions, respectively. By Equation 5 the forces

in each member due to displacement [Dp]at A are
Faa)ap = (S»a) ap [Pa]

[Faa)ac = (Saa)ac [oa) (13)

[Faa)an = [San) sy (Pa)

where [FAA]AB is the force induced in the bar AB and [SAA]AB
is the bar stiffness matrix of the bar AB,

The structure of Figure 3 is stable and in equilibriumg
the sum of the forces in each member must be equal to the

external load [FA]at A, Thus,

[Fan] =(san]aB (Pa]*(3aa)ac(Pa]* [Saa] ay [Pa]

or

(Fan)= (X(san]) [pa) (14)

where 5 (Spa] is the joint stiffness matrix which is the sum

of the bar stiffness matrices of all bars connected to the

joint A,

C. Analysis

l, Stiffness Matrix for the Whole Structure., A general-

ized pin-connected space frame is shown in Figure 4, The

solid lines represent the original structure and dashed lines
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Figure 4., A General Pin-Connected Space Frame and Its
. Deformed Shape.
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represent the deformed structure under loads. Each joint

has an unknown displacement matrix which must be found to
solve the problem, To derive the general equations relating
the external forces and joint displacements, consider a joint
G. If this joint has a final displacement (Dg]and all other
joints are fixed in position, then the force required to pro-

duce this displacement (Dg]is given by Equation 14,

[Fae) = (X [56s)) [Pg)

If joint A is displaced an amount (Dpjwith all other Jjoints,
including joint G, fixed in their original position, then

the reaction at joint G due to [DA]is given by Equation 8,
(Fea) = [sa] (Da]

where Sgp is the bar influence stiffness matrix of bar AG,
Similarly the other joint displacements will induce reactions
at G, Since joint G is in equilibrium, the sum of the ef-
fects of all joint displacements must be equal to the external

load acting at G, Thus

Fg) = [Fea)* (Fep)* « « - *[Fag)

= (sca)a)* (68) (Pa]* - « « * (Z3a)) (2]

where [FG]is the column matrix representing the force acting
at G,
All other joints can be considered in the same way;

they are summed up as follows:
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(Fa] = (Z(saa))[Dal* (Sap)®B) * - - « *(Sag) [Dg]

(F8] = [Sga) [Pa) * (Z(Sm) ) [Pg) * - . - *(ong](Dg]
(15)

[Fs] = (Sea) (Pa] * [SeB])(PB) * « - - * (Y [sea )) (D)

which can be written in matrix form as:

(Fa]l [T (5aa) [saB] « « - [sm}T ([DA]]
(Fg] _ [sBA] HSBB] « « « [Spg] [Dg) (16)
[Fs)] | (Sea) [3eB) - « -1(Saq)| |[Pa)

or in a more compact form
[(r] =(s] [p) (17)

where [F] i1s the external force matrix including reactions;
[S] is the stiffness matrix of the whole structure; [D] is
the joint displacement matrix. From Equation 16, it can be
seen that one row of the stiffness matrix represents the ef-
fects of the displacements of all joints on the joint corre-
sponding to that row, while one column of the stiffness matrix
represents the effect of the displacement of a joint corre-
sponding to that column on all joints.

Since (Sap) = (Spa]: [Sac)= [SCA]: etc., it can be seen
that the stiffness matrix is symmetrical., Since the elements

in the stiffness matrix [ 5] are the joint stiffness matrices
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and the bar influence stiffness matrices, and the elements
in the joint stiffness matrices and in the bar influence
stiffness matrices are the stiffness coefficients which de-
pend on the properties and dimensions of the bar concerned,
it can be seen that the stiffness matrix in Equation 16 is
not affected by the loading conditions but depends on the
properties and the dimensions of the structure only. Hence,
once the stiffness matrix (S] for a given structure has been
set up, it can be used for any kind of loading,

2, Modified Stiffness Matrix. In the frame shown in

Figure 4 joints A, C, E and F are hinged supports. Therefore,
at these joints, the force matrices [FA],[FC},{FE] and [FF}
are the unknown joint reactions and the displacement matrices
[Da). [D¢), [Pg), and([Dp] are known to be zero. Equation 16
may be modified by dropping out the corresponding rows and

columns for joints A, C, E and F as follows:

N

[Fs]| [tlses) (sep] [ssa)] [(Ds)
(Fp)| =| (Sps] L[5pD] (Spg) (D) | (18)
(Fs)] | (Ses) [(SeD) ¥(Ssq)| |[pa]]
or simply
[e*) = (s') (o) (19)

where [S'] is the modified stiffness matrix for the whole

space frame; [F'|is the modified force matrix which does
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not include the unknown joint reactions: and [D' is the

modified displacement matrix which does not include the

known joint displacements,
By inverting the modified stiffness matrix (S'] of Equa-
tion 19, the unknown modified displacement matrix may be

found

(0] = (s')7 [ ®) (20)

’

Once the unknown joint displacements are found, the bar
forces of each member can be found by using Equation 12 and

the solution for the reactions at A, C, E and F follow.
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IV, ANALYSIS OF RIGIDLY~CONNZCTED SPACE FRAMES

A, Basic Concepts

1. Methods of Analyses. The bar stiffness coefficients

referred to a single set of axes for the total structure may
be found by either of two methods.

The first method consists of a direct formulation of
the stiffness coefficients. In this approach, unit displace-
ments in the directions of the reference axes, as shown in
Figure 5a, are induced at the ends of the bar, and the cor-
responding restraint forces in the same directions are calcu-
lated. These forces become the elements of the bar stiffness
matrix along each axis. These concepts were used in Section
III,

The second method, on the other hand, consists of first
obtaining the stiffness matrices along member-oriented axes,
as shown in Figure 5b, and then transforming this matrix to
the structure-oriented axes by a process of rotation of axes,
Using an appropriate transformation matrix, the rotation of
axes may be executed by matrix multiplications, as described
in the following pages.,

The direct approach to obtain the stiffness matrix is
demonstrated in Section III for pin-connected frames, but
this technique becomes quite involved for rigidly-connected
frames with six degrees of freedom., On the other hand, the

rotation of axes method is a formalized approach which is no
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Figure 5,

Numbering System for Space Frame.
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more difficult in theory for a complicated structure than
for a simple one, In order to derive the stiffness matrix
for a rigid member in space with reference to the structure-
oriented axes, the stiffness matrix with reference to the
member-oriented axes is derived first, Then an appropriate
transformation matrix is obtained by the rotation of axes
method. Finally, the stiffness matrix for the structure-
oriented axes is obtained by matrix multiplications,

2, Stiffness Coefficients., Consider a prismatic bar

AB with fixed ends as shown in Figure 5b., The xy axis coin-
cides with the centroidal axis of the bar, The yy and zy
a4xXes are principal axes for the bar, At joint A the trans-
lations are numbered 1, 2 and 3, and the rotations are num-
bered 4, 5 and 6, Similarly, at joint B, 7, 8 and 9 are
translations, and 10, 11 and 12 are rotations. The unit dis-
placements are considered to be induced one at a time while
all other end displacements are zero, and they are assumed

to be positive in the xy, yy and zy directions,

The bar stiffnesses with respect to these axes for the
end displacements at A are summarized in Figure 6, Bar
stiffnesses for displacements at B can be similarly found.

An arrow with a single head represents a force vector and an
arrow with a double head represents a moment vector. All of
the bar stiffnesses shown in the figure are derived by deter-
mining the values of the restraining forces required to hold

the distorted member in equilibrium, The space frame member
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stiffness matrix [SM] is shown in Table 1l; it is of order
12 x 12 and symmetrical, Each column in the matrix repre-
sents the forces caused by one of the unit displacements,
This matrix can be written as

(sm] = (21)
where the elements are described in Section III-A-2 and 3.

3. Rotation of Axes. Consider a force vector F as
shown in Figure 7 with two sets of orthogonal axes at the
origin O, The x, y and z axes are taken parallel to a set
of reference axes for the structure of which this member is
a part and the xy, ym and zy axes are member-oriented axes.
Let the direction cosines of the (xM), (yM) and (zM) axes
with respect to the (x, y and z) axes be (X171, A12, A13),
(21, A22, X23), and (i31, X32, A33), respectively. The
vector F may be represented by either of two sets of ortho-
gonal components, (Fy, Fy, Fz) or (Fyy, Fyme Fzy)e The one
set of components may be related to the other as follows,

It may be shown that Fyy is equal to the sum of the
projections of Fy, Fy, and F, on the xy axis. The components

Fym and Fzy may be expressed in a similar manner,

Fxy = A 1Fx + MNoFy + A 3Fz

i

Fyy = A21Fx + A22Fy + Np3Fz (22)

Fzy = A31Fx + A3pFy + A33Fz
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Figure 7, Rotation of Reference Axes,

Figure 8, Rotation of the x, y and z Axes,
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in matrix form, these expressions become

Fxm] M1 M2 w3 [ Fx|

Fym =221 2 N3| |Fy (23)
(Fzm| [M81 M2 M33) [Fz

or
(Fn] = (R][F) (24)

where (Fy] and [ F] are vector components with respect to
member axes and structure axes, respectively, [R] is the
three~dimensional rotation matrix of direction cosines.

Similarly, the x, y, z set of components of the vector F

may be expressed in terms of the xy, ym and zy set of com=-

ponents,
Fe] [A1 A21 a1 [ Fam
[F)=|Fy| =|r2 *22 32| | Fyy (25)
| Fz A13 r23 *33) | Fzy
ox (7] =(r)(ry) (26)

where [R'] is the transpose of the rotation matrix (R].
From Equations 24 and 26 it is apparent that the transpose
of [R) is equal to its inverse and the rotation matrix [R]is

an orthogonal matrix.
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Since displacements as well as forces may be treated as
vectors, the relationships formulated above for the force F

may be applied equally well to displacements,

(ou]) = [®] (p] (27)
and (D] =(r')({oN]) (28)

where [Dy] and [ D ] are matrices of components of the dis-
placement D parallel to the member axes and structure axes,

repectively.

4. Rotation Matrix. The member stiffness matrix [S]for
structure axes is developed from [SM] for member axes using
the method of rotation of axes described above. The rotation
matrix required for this transformation may take one of
several forms, of varying complexity, depending upon the
orientation of the member in space,

Displacements of the ends of a bar AB are shown in Figure
6 for member-oriented axes, and the stiffness matrix [Sy] is
shown in Table 1. This matrix is transformed by means of a
rotation transformation matrix [RT]into the matrix [s].

The form of the rotation matrix [R] depends upon the
particular orientation of the member axes. In general, the
space frame member has its principal axes yy and zy in skew
directions., The orientation of the principal axes can be
specified by means of an angle of rotation about the xM axis,
Three successive rotations from the structure axes to the

member axes are shown in Figure 8., The first is a rotation
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of x-axis through an angle B about the y axis, This rotation
places the axes in the positions denoted by the subscript 8 .
The rotation matrix (Rg] for this transformation consists of
the direction cosines of the B-axes with respect to the struc-

ture axes, That is

cosB 0 sing

[RJ 0 1 0 (29)

-sing 0 COSsB

In the general form of the rotation matrix [R] , as in
Equation 23, the three elements Aj;, A12, and \13 in the

first row are the direction cosines for the member itself,

thus
kll — X )\] 2 Y an >\13 “BLSA - C

where L =N/<XB-XA)2 + (YB—YA)Z + (ZB‘ZA)z

The functions cosf and sing 4in Equation 29 may be ex-

pressed in terms of Cx, Cy, and Cz as

Cx2+Cz P Cx<+Cz

Therefore
i%ﬁi?’ O *.—C‘z——\
CxZ2+Co JoxZ2+Cz2
[RB] = 0 1 0 (20)
|
T_':%_—_—_TQ— O - 5. 5
WCOxetCez Cx“+Ce i




37

The matrix (Rg] may also be used to transform the vector (F],
referred to the structure axes, into the vector [Fd, referred

to the g-axis

(7e) =[] (7] (31)

The second rotation is a rotation through an angle Yy
about the zg axis., This rotation places the axes in the
positions denoted by the subscript Y, This rotation also
places the x axis in its final position, xy. The rotation
matrix Ry for this transformation consists of the direction
cosines of the Y-axes with respect to the g-axes., That is

cosy siny O
{Ry] =l -siny cosYy O (32)

0 0 1

The functions cosY¥ and sinY may be expressed in terms of

Cx, Cy, and Cz
Jex2 + ¢c2z Cy 0
(Ry] = ~Cy ~ ex?+Cz2 0 (33)

6] 8] 1

This rotation also transforms the vector [Fg] into the vector
[Fy} as

[(Fv] = [&y][B) (34)

Finally, the third rotation is a rotation through an

angle « about the x, axis, causing the Y, and 2y axes to
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coincide with the principal axes of the member, yy and Zy e
The rotation matrix [Rx] for this final transformation
consists of the direction cosines of the member axes (also
x-axes) with respect to the Y-axes,
1 0 0
[Ra]= 0 coso sino (35)

0 =sino cos ™

This final rotation also transforms [Fy] into [FM], thus

[FM] =£Ra] [FY] (36)

In summary, it will be noted that the x, y and z axes
are rotated to coincide with the xy, yy and zy, axes, respec-
tively, by multiplying them successively by [(Rg] , [Ry] and
[Rod

Correspondingly the force vector [F] can be transformed

into [FM] by the same multiplication and expressed as

[Frn]) = [Re] [Rv] (o] [F] (37)
or [Fy]=(&r] [F) (38)
where [R] = [Ra] [Ry) ( Rg] (39)

(R} is the rotation matrix for the three successive rota-

tions and is equal to

Cx ) Cy Cz
-C«CycoSx-CzSinx 2 -C,Cz:C05a+C,SiN™
o | = a2 2 IR /C2+CE coSa —=r=2 z (40)
(r]) = ST Gy o St
CsCySiNX-CiCO0SX = /C2vCASino CyCzSiN+CxCOSH
JCE G2 * ~JC2 Cg2

I'd
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This rotation matrix is expressed in terms of the direction
cosines of the member (or the coordinates of its ends) and
the angle o« , which is given in the structure description,

5. Member Stiffness. The force-displacement relation-

ships at the ends of a member for the member axes is

¢ N
Fuy [ kM11 Kmpz o+ o+ e Km1,12 Dy
Fm2 Km2i  Xm22 - ¢ - Kym2,12 D2
= (41)
FM12 Km12,1 ®¥mM12,2 =« - le2,12J P12
From Equations 21, 24 and 27, Equation 41 becomes
( ‘.
[R] [ Faz) (R} (Day)
[R]) [ Fa2] [R][Dy2)
= [SM] (42)
(R] (Fp1) [R)(Dp1]
|[R] [ FB2] | (R)(pB2]

where the subscripts A and B indicate the end which is dis-
placed, the subscript 1 denotes translation and subscript 2
dentoes rotation,

This equation can be written as

(Rl 0 0 0] [(Fa1] R 0 0 o (Da1]
0 (R) 0 0] |[Fa2) 0 R} 0 O (Da2)
0 O (R O {FBU:[SM] 0 o (R} © (Dp1) 1)
0 0 0 (R)| |[Fg2) 0 0 0 (R] (Dg2)
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or (rr) [F] =[sy]|Re) (D) (44)

where (Rp ] is defined as the rotation transformation matrix

[RT] = (45)

From Equation 44, [F ] becomes

() = [RT]—l [ sm](Rp)(P) (46)

Since [R] is orthogonal, [RT] is also orthogonal, hence the

transpose of [Rp )] is also the inverse of (Rp]. Therefore,
(F) = [R})(sul(rp)(p] = [s](p] (47)
where (s] = [ R}][( Sp)(Re) (48)

Equation 48 is quite complicated when expressed in
literal form, and for this reason it will not be expanded
here, The fact that such a lengthy set of relationships
can be represented so concisely by Equation 48 is one of the
principal advantages of matrix methods in the analysis of
structures, (4)

In many instances a space frame member will be oriented
so that the principal axes of the cross-section lie in hori-
zontal and vertical planes (as an I beam with its web in a
vertical plane), or has two axes of symmetry in the cross-

section and the same moment of inertia about each axis(as a
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circular section). For such cases the yy and zy axes can be
selected so that o is equal to zero, and [Ra] becomes a unit

matrix, Then Equation 39 is reduced to the form

[R] = [ &yl Rg] (49)
or ( Cx Cy Cz
- 2 -2 =CyCz
C
[R J = chx + CZZ x'C e chx + sz (50)

o A 0 F£§==‘“7"
o2 2 c?
C + C z x + C z)

This is the rotation matrix used in the experimental structure
problem in Section V.,

€. Rotation for Unknown Principal Axes, In some struc-

tures the direction of the principal transverse axes for some
members may not be readily available; i.e., the angle & may
not be known or conveniently found. In that event, a point P
(Figure 8) which lies in one of the principal planes of the
member but not on the longitudinal axis of the member must

be specified, The angle of rotation @ can then be expressed
in terms of the coordinates of P and the coordinates of one
end of that member, If the coordinates of points P and A are
Xp, Yp: Zp and xp, ya, 2z, respectively, the coordinates of P

with respect to point A are

XpA = Xp = Xz, Ypa T Yp = Yas Zpa T Zp < Zp (51)
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The coordinates of P with reference to the Y-axes are ob-
tained from the coordinates with reference to the structure

axes by a rotation of the structure axes through the angles

B and v ,
XpYT [Xpa ( CxXpA+ CyYPA + CzZpp )
-CxC 2o 2Yop SYC2Z
Yoy [ =(Ry) (Rg) |YPA || SoxZ+ c2? PA # " ex2ece PA( 52)
z N e S o
| “PY “PA ka2+sz ex2+Cz

The matrix elements for rotation through angle o can then be

found,
z
sin « =Ajr§ Py 5 cosa = ____YPY_ (53)
Y4, ¥ 2%, VyZp,* 27y,

The rotation matrix (R} (Equation 40) can now be completed,

7. Vertical Member Rotation Matrix. The rotation nma-

trix for a vertical member AB (Figure 9) takes a different
form., There is no rotation needed through angle B8 . Theb
first rotation of the x-axis is through angle Y , which may
be either 90° or 270°, The second rotation is through angle

& , The rotation matrix is

= [ RyJ(Ry] = -Cy cosx O sinx (54)
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Figure 9c¢ shows the case where a point P must be used and the
angle o is between 90° and 180°:; and Figure 9d shows the

case where a point P must be used and o is between 00 and 90°,

sino = ’ij=iE§==7— cos o = -X Cy (55)
X A + z + z

P PA X pa PA

If o« 1is equal to zero, the rotation matrix becomes

[ o Cy 0
|

(R], = | =Cy 0 0 (56)
Lo o 1

B. Summary

In summary, the member stiffness matrix [ Sy, ] is first
obtained for each member (in reference to member axes).
Next, a rotation matrix [R] is constructed for each member
in a form which depends upon the direction of the member un-
der consideration, using either the angle & or the coordi-
nates of a point P to identify a principal plane., Finally,
the rotation transformation matrix (Rp) 1is formed and the
member stiffness matrix in reference to the structure axes
is computed,

After the stiffness matrix for each member is obtained,
each joint stiffness matrix aﬁd each influence stiffness

matrix is constructed, Then the stiffness matrix for the
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Figure 9. Rotation of Axes and Point P for a Vertical
Member,
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whole structure is formed. The stiffness matrix is inverted
and multiplied by the load matrix to give the matrix solution

of deflections of the joints of the structure.
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V. EXPERIMENTAL TEST

A, Test Description

A simple space frame was set up as shown in Figure 10,
One end of each of three one-half inch diameter circular
steel bars were welded together to form a typical space frame
joint at A, The other ends of the bars were welded to a
heavy three-quarters inch thick steel plate, 16 inches wide
by 25 inches long, stiffened by four-inch channel beams, A
small horizontal steel plate, four and one-half inches in
diameter by one-half inch thick, was welded to joint A to
support applied loads. Small holes were drilled on the sur-
face to provide spherical seats for the applied loads, one
and three-quartérs inches from the axis of the joint. Four
horizontal extension arms, five inches long, were attached
to the plate 90 degrees apart to be used for determining
joint displacement., Displacement components were measured
with dial gages to the nearest ,0001 inch. Four gages were
set vertically under extension arms at the ends. Four gages
were set horizontally against the sides of the extension arms
at the ends., The complete test set-up is shown in the photo-
graph of Figure 1ll.

B. Test Procedure
The frame was loaded in a Baldwin mechanical screw type
testing machine with a 24,000 pound capacity. The 6,000

pound low range was used, Load was applied gradually up to
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Photograph of Test Model

Figure 11,
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500 pounds at the center of joint A and at each of three
points around the edge of the load plate, thus producing
pure vertical axial load and axial load with each of three
eccentric moments. The load was applied through a short
strut to assure that the machine head would not restrict
horizontal movement of the joint, The dial gages were read
during loading and unloading sequences and the loads were
applied and released a sufficient number of times until
there were no differences in successive cycles.

Initially there were apparent errors and some incon-
sistencies in the measurements that were made. The test
apparatus and the procedure were examined and modified until
the measurements appeared to be consistently good.

Care had to be exercised in the placement of the ap-
paratus in the machine to assure vertical loading. Gages
were carefully set to read horizontal and vertical displace-
ments without beilng affected by the joint rotations.

Errors due to bending or warping of the base plate in
early loadings were essentially eliminated by added channel
stiffeners to the plate and isolating the dial gages from
the base on a plate referenced to the fixed ends of the
three bars,

C. Test Results
During the loading sequences for each of four load con-
ditions, the eight dial gages on the test set-up were read

(See Figures 10 and 11 and Sections VA and VB). These
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deflection readings were then used to compute the six com-
ponents of motion of the movable joint. The results are

shown in Table 2,

D, &Analysis of the Test Model

1. Description. A matrix method for the analysis of

rigidly-connected space frames was discussed and developed

in Section IV. This method was used for the analysis of the
test model described in Section V-A, and involves the follow-
ing steps:

a. Establishing an origin and directions for
three orthogonal axes for the structure,

b, Determining the coordinates of all joints
with reference to the structure-oriented
axes,

c. Determine the directions of the member-
oriented axes and the orientation angles
of these directions with reference to the
structure-oriented axes.

d. Determine the lengths of each member and
the rotation matrices for each member.

e, Determine the stiffness coefficients for
each member, the stiffness matrix for each
Joint and the combined stiffness matrix
for the whole structure,

f. Solve the problem of matrix inversion and
multiplication to determine the joint dis-

placements and support reactions.
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g. Determine the axial forces and bending

moments at each end of each member,

2. Computer Program. The steps for the analysis of a

rigidly-connected space frame were programmed for solution
on the IBM 1401-7040 Computer at Virginia Polytechnic Insti-
tute, The program was written in Fortran IV language and is
reproduced in the Appendix. The total program consists of
a main program and four subroutine programs:
a., A subroutine for generating the stiffness
matrix for the whole structure.
b. A subroutine for matrix inversion.
c. A subroutine for the calculation of joint
displacements and reactions,
d. A subroutine for the calculation of forces
and bending moments on each member.,

It should be noted that this general solution of the
stiffnesé matrix for the whole structure is independent of
load and may easily be used for any number or type of load
condition after it has been developed for a given structure,

3. Analytical Results, Structure-oriented axes were

established for the test frame as shown on Figure 10 and
the basic data on geometry, material properties and loads
were prepared in a proper form to be used as data for the
computer program described above,

The results of the analysis are shown in Table 3 in

the same manner as the test results were shown in Table 2,
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E, Comparison of Test and Analysis

1. Comparison of Results. The analysis was developed

to predict test results, The degree of success is presented
in Table 4 in the same manner as in Tables 2 and 3., However,
for each condition, two values are givens
a., The numerical value of the test result
minus the analytical result.
b, The difference as a percentage of the
test result, A positive percentage
indicates that the test result is nu-
merically larger than the analytical
result,

2., Discussion. A cursory examination of Table 4 would

indicate that the analysis did not provide a satisfactory
solution for displacements and rotations of the loaded joint -
of the test frame, Differences range from -57% to +150%,

A closer examination of the differences would reveal
that they are of the order of magnitude of a few ten-
thousandths of an inch in deflection or a few ten-thousandths
of a radian in rotation., Considering the sensitivity of the
test frame measuring apparatus, the fact that dial gages
measured only to the nearest 0,0001 inch and the fact that
almost 90 per cent of the deflection components were less
than 0,0042 inch, the results can be of value,

Furthermore, a study of the test frame construction,

the support base, the loading plate and the deflection
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measuring appurtenances would indicate that the differences
cited above were due more to discrepancies in the test than
in the analysis,

Although the scope of this thesis was primarily intended
to include only the development of the analytical technique
and an illustration of its use, the construction of the test
frame and the collection of reliable data proved to be a
ma jor problem. Rebuilding the test frame with changes and
improvements, now recognized as essential, is beyond the scope
of this work, but some recommendations are made for further
studies and are listed in Section VI,

Some improvements were incorporated in the test set-up
during the building process and these have been described
in Section V-A,

Originally it was anticipated that the three-quarters
inch thick base plate would provide fixed-end conditions for
the bars welded to it, but either because of variations from
a plane surface or warping due to the load application, it
was suspected that errors would arise, It was felt that
these errors were essentially eliminated when the base plate
was stiffened by welding channels to it,

It would have been ideal to measure deflections with
reference to a plane through the fixed ends of the three bar
members, A plate mounted on supports at these three points
would have provided a good reference surface, but it would

have been difficult to add to the completed frame, Stiffening
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the base was assumed adequate to make it a satisfactory
reference plane and the gage mountings were clamped to it,

The application of the load to the circular load plate
circumference caused bending of that plate and thus affected
the movement of the extension arms to give erroneous readings,
A simplified computation was made of the bending deflections
and subtracted from the recorded deflections. Although this
reduced the differences, it did not bring the test results
in line with the analytical results; while it decreased some
differences, it increased others, Evidently the load caused
some warping of the plate and this could not be easily
calculated,

The extension arms were welded on the circular plate af-
ter the frame was constructed and it was found to be impossi-
ble to place the large dial gages where they were needed,
Smaller dial gages were not available, The contact surfaces
for the dial gages were not perfectly plane and they were not
all normal to the principal axes so that readings might be
non-linear and displacements normal to a dial gage axis might
also indicate a small amount of movement of the dial, An
accurate evaluation of these effects could not be made; when
approximate ad justments were made the results still gave
large differences that could not be accounted for, The re-
sults presented in Table 2, therefore, are not adjusted for

this effect,
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It is likely that many of the errors arising from the
use of dial gages and the deflection measuring apparatus
could have been off-set if bar forces and bending moments
could have been determined from electric strain gage measure-
ments and compared with those analytical wvalues, S5uch test
data would require extensive instrumentation and was not
considered for this initial study.

The results of this study will certainly provide a

sound base on which to make further studies,
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VI. CONCLUSION

The principal objective of this thesis has been accom=-
plished, The technique for the analysis of a space frame
has been developed and described, A computer program has
been written and presented, A test frame was constructed,
analyzed and tested and the results for deflections and ro-
tations compared,

Although the differences between test results and ana-
lytical results were too large to verify the analytical solu-
tion, there are several valuable conclusions to be drawn from
“the works
1. There is no indication that the analysis is not

a good one, The differences are more likely to
have been due to the test results,

2, Improvement of the test apparatus and frame de-
sign is necessary before modifications are made
in the analysis,

3, If the same basic test set-up is used, the dial
gage holders must be isolated from any effect of
bending of the base plate, A "floating plane"
supported only at the bases of the three bars
would provide a satisfactory support.

4., The extension arms used to activate the dial
gages should be attached directly to the joint
of the members and remain free of the loading

pla te,
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The extension arms should be circular in cross-
section and the dial gages should have flat con-
tact surfaces., This would eliminate errors due
to displacements and rotations in directions
other than those being measured,

The base plate must be stiff enough to assure
rigid fixity of the attached bars as intended,
With a satisfactory test set-up some of the bars
should be instrumented with electric strain gages
to provide means of calculating axial forces,
torque and bending moments that may be compared
with analytical results,

The study should be continued and extended to
evaluate the effect of the relative size of the
joint connections on the action of a loaded space

frame,
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X. APPENDIX

The Computer Program used for the analysis of the space
frame described in Section V is listed on the following pages,
It consists of a main program and four subroutine programs:

a, Subroutine 1 - for generating the structure

stiffness matrix,

b. Subroutine 2 - for matrix 4inversion,

C. Subroutine 3 -~ for determining joint displace-

ments and reactions,.
d, Subroutine 4 -~ for determining bar forces

and bending moments,



COMMON XoYoZodJeJK s AX e AIXsAIY s AIZsELIRsRLsJKLISMsSMRsSMD S 9A

65

AME ANALYSIS

NSTON X&) sY(4)sZ(8)aJJdi3)sJK(3)sAXI3)sAIX(3)sATY(3)sAIZ(3)s

fSM{12e¢12)45MRI12412)

DATA

ASTIC MODULUS FOR TENSION OR COMPRESSION

SMD

<2

(1

FORMAT{1IH1///50X+29HANALYSIS OF SPACE RIGID FRAME///)

FORMAT(/41Xs49HMEMBER DESIGNATIONSs PROPERTIESS

JJI

TA)
EsG

NJsaH NRsDH  NRJI9SXsIHE»IX 9 1HG/

F JOINTS)

5Xe1HY s5X s 1HZ)
NATS OF JOINT J

J)

/01?)91
o ARIZ4) 9D (24 ) 9 AF(12)91J(6)9S5(2446)

AND ORTIENTATIONS)

AT(/IIX«OHMEMBER s 2H JJy3H JK97X92HAXs12X93HA1X912X93HAIY912X9_
CXeBX 92HCY 46X e2HCZ 97X 91HQ)

) o JK(I)=DESIGNATION FOR

2uCz 10 526140369 LIN,
SI15Jon
SIBFTC D1 | | .
C PROGRAME FCR SPACE RIGID FR
DIME
TEL{3)eR{3s9)yRL{24) s JKL(24)
29A024) s AMLI3s 12 AT {24) A0 (24)
DIMENSION F(697)
lAVLaApsurtr“-uaﬁ”~IJ9‘K‘HsN9ngNK~ iRJaNNsEH$G
C INPUT AND OUTPUT STRUCTURE
C M=NO OF MEWEE?S
C N=NC OF DEGRzcS OF FREcDCM
C “J=NO CF JOINTS _ 7
C NR=NO OF SUPPORT RESTRAINTS
C NRJ=NO OF RESTRAINED JUINTS
C E=tl
C G=ELASTIC MODULDS FOR SHEAR
TTAD(Re2) MeNUsNRINRIIESG
2 FORMAT (4T442F10,1)
NN =& 3N
M MNN=NR
WRITE(6+101)
1C1
”OITC(69¢L2)
102 FORMATI(/S X91+HbTRUCTURt DA
\'.’RITE(ésldj e Naitd e NReNRU s
103 FORMAT(/47Xs 1HMe4H N’qu“
144X 95146 2F1061/7/77)
WRITF(6s10U4)
104 FORMATI(55Xs21HCCORDINATES O
WRITF{4541058)
105 FORMAT(/55Xs5HJOINT 94X s 1HX
- DO 4 I=1eNJ )
C JeK=JOINT INDEX
X\J‘aY(J) Z{J)=XsYs COORDI
LPU(S’B) J’X(J!9,(J)9 J)
3 FORMATI(IZs3F€s1) _
4 WRITE(6+4106) JeX(J)aY(J)sZA
106 FORMAT(55X91392X93F6-1)
WRITE(64107) ‘
107
MRITE(65108)
108 FORM
12HATZ ¢ 7X s 2HAASSH LebXos2H
& DC 15 J=1,M
C I=MEMBER TNDEX

END J AND K OF MEMBER

I



OO My

(@)

109

12

[y

AX{D)=CRCSS=5CTIONAL ARKEA OF MENMELR I
AIX{I)=TORSION CONSTANT 0F MEMIER I

ALY (1) sAIZ{1)=MOMENTS OF INERTIA ASQUT THE Y AND 2 AXES
AA=ORTENTATION ANGLE OF THE PRINCIPAL AXES OF THE CROSS=SECTION
READ(596) TodJ{I ) oJdK{TI ) aAX(TI) e ATX(IYSAIY (T ) 9ATIZ(T)sAA
FORMAT (2134401548 9F340)

J1=JdJ(1)

iz (i)

KCLsYCLsZCL=XaYs2Z CONPON*NiS OF LENGTH OF MEMDER
XCL X(Kl)—X(JL)

YlL=EY (K1)Y=Y{

2Cl=2 Vl)-é(JL)

i

EL(I)=LENGTH GF MEMBER 1
EL{T )= (XCL#*%2+YCL®%2+ZCL#*%2) %% 45 B
CXUI)eCY(T)eC2Z(1)=XsYsZ OIRECTION COSINES OF MEMBER I

CX=xXcL/zb(Iy
Cy=YCL/EL{I)
CZ=7CL/FLLTY
Qe {CX#%24+CL%%2) %% 45 .
AQTT:(691U9) TodJ (D)o JKUI)sAXITI) s ATXKCT ) 0ATY (T sATZ T ) sAASEL(])
CYsCZ4Q -
FORMAT(lZXs1392X9213,4515.89F3 OsbF8eByFTe5)
(I+K)=ROTATION MATRIX OF MEMBER I

) L/O 7T K=149

R(i’()’b.
IF(AA=-1.) 1098410
XPaYP;ZP=COORDINATS OF POINT P ON PRINCIPAL PLANE
READ(59G) T9XPaYPsZP
rORNATi.,’3F6o¢)
XBS=XP=X(J1)

YRPS=YP-Y(J1)}

ZPS=ZP=Z2(J1)

IF(Q-0.001) 11+13,13
R{I»2)=CY

R{Is4)==CY

R(I+9)=1.0

IF(AA=L1e) 1512415

SQ= (XPOS##24ZPS#F#Z ) #% 45
COSA==-XPS*CY/SQ
SINA=ZPS/SQ
R{Is4)==CY*COSA
R{Is6)=SINA
R(I+7)=CY®SINA
R{1+9)=COSA
GO TO 15
R{T+1)1=CX
R{Is2)=CY
R(1+3)=CZ

CXs



C

14

17
18

112

99

67

R(T1s4)==Cx*CY/Q
R(1551)=0

R(156)==CY*CZ/Q

9(1571==C2/0 L
2(159)=CX/Q

TF{AR=Y Y T25414,15

YPGSR{ i XPS=RIIF)HYPELR(T46)%2PS
ZPG=R (197 )*¥XPS+R{1+6)¥YPSHR(149) %ZPS

SQ=(YPZ#%2+ZPG* %2 ) %% 45
COSA=YPG/SQ
SINA=ZRPG/ SO

R{Tat) = (mCA¥CY*CO0A=CI*5INA)/Q

“{1s5)=0xCOLA

R{1s6)=(=CYsC28C00a+CX*SINAY/Q

(197)={CX*CY*SINA=CZ%CUSAY/Q
RUle8)==0%STNA

R(I1+9)1={CY*CZ%STNA+CX*COSAY/Q

CONTTNUF

SN
3
1
—
-
<

TE(69113) [aR(1s1
lR(197)-R(l9c)9h(199)
FORMATHU{//6CX 92HR {911
WRITE(64+110)

FORMATI(/ /56X 16HJOINT RESTRAINTS)

WRITE(69111)

FORMAT(/41Xs50HJOINT XTRANSe YTRANSS
RLIJ)=JOINT RESTRAINT LIST OF JOINT J

DO 16 K=1,8N
RL(K)=0.,
DO 18 J=1+NRJ

READ(5517) KsRL(6%K=5)sRL{H6%K=4) sRL{H¥K~

1IRL 1 6%K)

GENERATION OF STIFFNESS MATRIX

STMA=STIFFRESS MATRIX
CALL STMA ,

INVERSION OF STIFFNESS MATRIX
KK =N

LL=KK+1

DO 201 I=1sN

s8H) MATRIX/12Xs9E1244)

ZTRANS. XROTAs

YROTA

P ) e {142V sR(193)9R(Is4)1sR(I95)sR(1s6)

3) sRL{6%K=2) sRL{6%K=1)y

ZROTA.)

FORMAT(I3+6F30)

WRITE(65112) KsRL{6%K=5) sRL(6*K=4)sRL(6%K=3) sRL(E*K=2)yRL{E%K~1)
IRL{&*K)
FORMAT(41XsI23+94XsF340s2(5XKeF3e0)95XsF2e052(4XsF3e0))
JKL{J)Y=CUMULATIVE RESTRAINT LIST OF JOINT J

JKL(1)Y=RL (1) e

DO 96 K=2 s NN

I T=RL(IK) i,

JKL{KY=UKL(K=1)+11




201

S{TsJ)=F(14J)

WRITE(64115) ' :
FORMAT (11 /////752%+26H INVERTED STIFFNESS MATRIX//)
WRITE(6e114) ((S{Ied)sd=1eN)el=1sN)

FORMATILIOX 621748
AS

e SOl L ACE DN

TS ANU SULPPORTS REACTIONS
CALL Lo PL o 77

STRESS=MEMBER END=ACTIONS AF (1)
AF(1)=AXIAL FORCE IN I DIRECTION

AM(T)=MOMENT ABOUT 1 AXIS R
CAILL STRESS . . ... ... S
END

AND AM(IY —




15 0TJ01)sd6) s (
22 lIKI1)9K6)
S(IsJ)=STIFFNESS MATRIX FOR WHOLE STRUCTURE =

- 69“,. .

EGUIVALENCE (1J(61e01) s

TR{6)eK1) o {TH15)4KZ2) 9!

DO 59 J=1,N
TR K=l G N
00 80 I=1.M
DG 18 J=146
TU(Jy=6%JJl T-J
TX{J)=6%JK ([ )+1=J
SCM=STIFFNESS CONSTANT FOR M
ELL=EL(I)
SCMIA=E%*AX(I)/ELL
SCM1B= G*AIX(I)/ELL
SCM2Y=4 o *F#ATY(I)/ELL
5CM3Y=1l. 5»<CJ2Y/ LL
SCM4Y=24%SCHM3Y/ELL
SCM2Z=be %E*AIZ (1) /ELL
SCHM3Z=145%5CM22/ELL
SCM4Z=2e%5CM32/ELL
IF(RL(J1)) 20919420
Jl=J1=-JKL(J1l)
GO T0 21
J1=N+JKL(J1)
TF(RL(J2)) 23224923
J2=J2=-JKL(J2)
GO TO 24
J2=N+JKL (J2)
TF{RL{JZ)) 26925426
J3=J3=UKL{(J3) -
GO TO 27

=IN+JIKL(J3)
IF(RL{usY)) 29928’29
Jbh=Jdb=JKL(Jb)
GO TO 30
Ja=N+JKL (J&)
IF(RLEJS)) 32931432

*\..,

EMBER

S JB=JsS5=JKL (JD)

GO TO 33

SURY
GEMNERATICN OF STIFFNESS VATQIX FORG9wWHOLE STRUCTURE .
SUSROUTINE STMA
DIYENSION X(u}aY }ﬁ‘(4}9JJ{3)9JK(379AX(3)9AIX(3)9AIY(3)9AIZ(3)9,¢m
SLUZ3)eR{Z309) oL (26 ) oKL ZG) s SM{12612) e2M (1212105 MD{12912)9IK(6)
94(24)9&%’ (2 7Y 9AEL26) s ACL24) s AR(2G) s D(26)sAF(12)e1J(6)9S5(2446)
CCHUiiON XeaYeolodded l s AXsARIXsAIY aAL ;QVLQWQQle\;QSV SMReSMDIS A
A'L,;At,rf(9f~<9a)’h s Je Thowidal e N e NE e N o ey

IJ{))9J2)91leq)9J))9(IJ(3)9J4)o(IJ(2)’JS)
[K(4)sK2) 9 (1K(3)sKaY s (IK(2)sK5)




Wt
NSV ]

LY W
N

J5=NhN+JUKL{J5)
IFIRL(JE)) 35934435
JE=JE=J4L(J6)

GO T7C 36 o
Je=N+UKL({J6)
IFIRL(KI)) 2843743858
K1=K1=JK[ (1)

GO TO 29

YI1=N+JKL (1)
IFIRL(XZ2)Y) 419404481
K72=K?=JKL({KZ2)

GO 10 42 -
K2=N+JKL (K2)
PUUIRL VY 2y ) LbhelBy44
Lo ENE=o L (KD

GO TO 45 ,
K3=N+J<L(K3)
IF(RLIKEG) )Y 4746447
Ka=KL~JKL{KE)

N T00 4R
Kf=N+ JKL (K&)
ITZ(RL(KE )Y
K5=K5=JKL{K5)
GO T0O 51
Ks=N+JKL(K5)
IF{RL(K6&6))
Ke=Ké=JKL{K6)
GO 70O 54 ]
K5=N+JUKL(K6) |

5Ns4Q9450

53,52,53

70

SMI(1sJ)=MEMBER STIFFNESS MATRIX FOR MEMBER-ORIENTED AXES

DO 55 J=1s12
N 88 K=1e12
SM{JsK)=0,
SM(141)=SCMIA
SM({147)==SCM1A
SM{2.2)=8CM47Z
SM(296)=5CM3Z
SM(248)==5CM47
SHM(2412)=5CY32Z
SM(3,3)1=SCMLY

S (3465)==SCVM3Y
SM{349)==SCM4Y

GM{a.11)=m5CM3y T

SM(Lst)=5CMIR
SY(44510)==SCM1R
SM{B4R)=SCMDY
SV{3,9)=5CM3Y
SM(5,11)=5CM2Y /2.




"

SM{6&sE)=5CM22Z
SH{6498)==5CM32Z
SH{64912)=SCM22/2.
SM{Te7i=5C1A
SM{B4B1=5CM42
S""(Bng)“ SCMRZ
5\' ; ;{CA__‘V
'(9&]1) sSevaY
i“(”‘u1 )"Sclla
S¥ (11411 )y=SCM2Y.
SM(12412)=5CM22
N
r

56 J=1912

D0

00 56 K=Jsl2

P L Y =R LK)
WRLITE(- 210y ]

110 FORMAT(1H1//7/760Xs3H5M{«1148H) MATRIX//)
WRITE(S+4114) ({(SM(KeJ)sd=1912)sK=1s12)

114 FORMATIEXs1221J43) , A
SMR(1sJ)=PRODUCTED MATRIX OF SM AND RT MATRICES

=ROTATION TRANSFCRMATION MATRIX

DO 57 K=1l44
DO 57 J=1.12 o ] o ; . B
SMR(Je3%K=2)=5M(Js3%K=2 )% (141 )+SM(Js3%K=1)#R(1s4)+
1SM{Js3¥K)#RI(T47) .
SMR{Js3%K = 1)—54(J,BKK 2)H¥R(192)+SM(Js3%K=1)%R(I45)+
1SM{Js3%K)#R(148)

=+ 1

57 SMR(Js3%K) SM(J,B*K-Z)*R(1,3f+sM1J;3*K—1)%R(I,e)+5M(J,3*K>*R(I,9)

WRITE(6s111) T S
111 FORMAT(///59Xs&4HEMR{»1158H) MATRIX//)
WRITE(S6s114) ({277 (€ sJ)sd=1s12)9sK=1s12)

SMD(14sJ)=MEMBER STIFFNESS MATRX FOR STRUCTURE-ORIENTED AXES

DO 58 J=144
DO 58 K=1412

SMD{3%J=2,K)=R{ 1, 1) *SMR(3%J=24K) +R( I 44)¥SMR(3%J=1,K)+

IR(T97)*¥SMR({3%JsK)
SMD (33%J=1,K)=R(T42)%SMR(3%J=2,K)+R(I+5)¥SMR(3%J-14K)+

IR{I$B)Y*SMR(3%JsK)

58 SMD(S*J,K)—R(1,3)*5MR(3*J~29K)+R(I96)*SMR(3*J—1,K)+vww

1R(I159)#SMR{3%JsK)
WRITE(6,112) T

112 FORMATI(///5GXs4HSVMD(s11484) MATRIX//) o
WRITE (6,114) ((SMD(KsJ}sJ=1s12)9K=1412)
JJ1=A%J(1)=5
IF(RL{JIII) 61s604+61

60 DO 17 J=146
MM:?-—J
K=1J{MM)
S{KsJ1)=S(KsJ1)+SMD(Js1)
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68
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12
71

72

_MM=T-y

Lz DL (V)
S{KeJi =SV I+E el
Jdi=eRs{ 1Y -
IF{PLIJUZ 1)
S0 14 U=l
M =T
vo1J0n
S{K «J2 V=8 KyJ2) 40T Je2)
K=K (MM)
S{KsJZ)=8SVD(J+642)
JJ3=6xJJ(1)-3
IF(RLIJUB)Y)Y 65956L965

S0 15 J=146

MM=T-J

K=1J(MM)
S{KeJ3)=5{KsJ3)+SMD{Js3)
K=TK{MM)

S{K e J2)=SMD{J+643)
JJb=Aa¥JJ(1)=?
IFIRLIJIL))Y 6766467

DO 14 J=14+6

K=1J(MM)
S(KsJG)=S{KsJb)+SMD(Jss)
K=K (MM)
S(KsJG)=SMD(J+694)
JJ5=6%JJ(1)=1

IFIRLIJIE )] 69s68469

20 13 J=146
MMzT -
<=1J(nw)

S(KsJ5)=5(KsJ5)+SMD(Js5)

K= TK(MM)
S(KsJ5)1=SVD(J+6+5)
JUe=6%JJ(1)

IF(RLIJIE)) T1e70571
DO 12 J=146

MM=T -

K=T1J(MM)

S(X9J8)=S(Kad6)+SMD(Us6)

=1 (MM
S(KsJB)=SND(J+Esh)
KK1=6%J< {1 )=5
IF(RLIKKI)) 73472973
DO 11 J=1s6

MM =T e
K=T1J{MM)
S{X K1) =5"DlJy Ty

72




oy

N
N

DM XN~

A v

1)+SMD(J+647)

— N
U e N
DO Oy X —~

59764475

]
w
D N W

d
~

2
-~

MMz T -
C=T1J (MM
S{Ke¥2)=SMD(JsR) B i o I
Ka K (MM}
10 S({KsK2)=S(K,K2)+SMD(J+648)
75 KK3=6%JK(I1)-3
IF(RL(KK3Y)Y 7776877 . R e
76 DO 9 J=1ls6
MM= T~
K=TJ{MM]}
S(KeK2)=SMD(J»9)
K=K (MM)
77 KK4=a*JK(T1Y=-2 .
IF(RL(KKG)Y) 79478479
G S{KeK3)=S{KsK3)+SMD(J+6,4+9)
78 DO 8 J=1s6
MM=T~]
K=1J(MM)
S{KeK4)=5MD(Js10)
K=1K (MM}
B8 S(KeKL)=5({KeK&)+SMD(J+64+10)
7S KKS5=6%JK(I)-1
[F{RL(KKS)) 82+81+82
B1 DO 7 J=1lsh
VIVISL oy
K=1J(MM)
S{KeK5)=5MD(Js11)
K=TK{MM)
7 S(KsK5)=S(KsK5)+SMD(J+6911)
82 KK6=6%JK(I)
IF(RL(JKE)) 80983980
83 DO 6 J=1+6
MM=T7=J
K=TJ{MM)
S{KeKE)=SMD{Js12)
K=TK(MM)
6 S(KeKBE)I=S({KKEY+SEMD(J+6412)
80 CONTINUE
WRITE(H4113) , o B L
113 FORMATI(1IH1//7/7/752X+26HSTRUCTURE STIFFNESS MATRIX//)
WRITE{E4115) ((StIled)ad=1saN)el=1,sN)

;

115 FORMATI(15Xs6E1748)
RETURN
END
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TIFFTC SuR2
C MATRIX INVERSION
SUBROUTINE INVERT(FE sMgNNY
DIMENSTION F(NytM)
NN=N+1
6 DO 13 K=1sN
DO 100 J=1,N
100 E(JaN+1)=0.
E(KoN+1)=1e
DO 105 J=1sN
IF (J=K) 851058
8 TF({E{KIK)) 75414975
14 WRITE(6.101)

101 FORMAT(10Xs47THZEROC GENcRATED ON DIAGGNALs INVERSE SET TO ZERC)
DO 3 I=14N
DO 3 JJ=1 sNN
E(1sJJ)=Ca0
GO T0O 5

75 A=f {KeK)
C=E{J+K)

. DO 9 T=14NN

9 El(JdslN=E(Jel}=E(KsI}y*C/A
105 CONTINUE

DO 1€ J=1sNN

(¥}

10 E(KsJ)=E(KsJ)/A

DO 11 J=1sN - B - o
11 E{JsK)=F(JsN+1)

CONT INUE )
5 RTTURN

END B . o



$SIBFTC SUB3

C

CALCULATIGON OF DISPLACEMzNTS AND RzACTIONS
SUBROUTINE DISPL

DIMCNSION X{&TeY (479 Z2(4)9JJ(3) 9 JdR(3)sAX(3)sAIX(3)sAIY(3)9AIZ(3)y
TEL{2)sR{2:9) s RLI(24) s JKL{24)9SM(12512)95MR(12+12)sSMD(12412)IK(6)
29A(26) s AML (29 12) 9 AZ (26 ) sACI26) s AR(2419D(Z24)YsAF{12)s1J(6)95(2446)
COMMON X oY 9Z ooJdsd N sAXsAIXKeRIYsAIZ s L sRIRLaJKLISM Sk 9SMDISsAY
1AML s AEsAC AR D s AF s T U IKaMaNsNJINRINRIINNIE G

INPUT AND PRINT LOAD DATA

WRITE(6+116)

116 FORMAT(1H1/////761Xs9HLOAD DATAY 777

NLJ=NO OF LOADED JUOINTS
MLM=NO OF LOADED MEMBERS
WRITE(65117) o

117 FORMAT(/62Xs8HNLJ NLM)
READ(Ss84) NLJsNLM

84 FORMATI(213)
WRITE(69118) NLJSNLM

118 FORMAT(61Xs13s2Xs13)

IFINLJ) B5,88485
RS WRITF(6s119) ,

119 FORMAT(/53X+s25HACTIONS APPLIED AT JOINTS)
WRITE(6+120)

120 FORMAT(/36X+s5CHJOINT XFORCE YFORCE ZFORCE XMOMENT YMOMENT ZMOMENT)
A(I)=ACTIONS APPLIED AT JOINTS ' ' ‘ o T
DO 87 J=1sNLJ
READ(5986) KsA(E6%K=5) sA(6%K=4) sA(6%K=3) s A({E6%K=2) sA(6%*K=1) A (6%K)

86 FORMAT(I13+6F3.0)
87 WRITE(65121) KsA(6%K=5) sA(6%K=4) s Al 6%K=3) sA(6*K=2)sA(6*#K=1) sA{6%K)’

121 FORMAT(36Xs13+3(4XsF340)s3(5XeF340))

88 IF(NLM) 89+92,+89
89 WRITE(6+122) - - - S o

122 FORMAT(/36Xs50HACTIONS AT ENDS OF RESTRAINED MEMBERS DUE TO LOADS)
AML (JoK)=ACTIONS AT ENDS J AND K OF RESTRAINED MEMBER DUE TO LOADS
WRITE(6+123)

123 FORMAT(/48Xs36HMEMBER AML1 AML2 AML3 AML4 AMLS AMLE)
WRITE(6+124)

124 FORMAT(55Xs32HAML7 AMLS AMLY AML1IO AML11 AML12)
DO 91 J=1a.NLM
READ(5+90) I sAML(Ts1)sAML(I+2) yAMLITIs3) sAMLITIs4)sAML{Ts5)sAML(1,46)

1oAML{To7) s AML{T 98 ) 9AMLE[99)sAML(Ts10) sAML(Is11)sAML(Is12) — 7
90 FORMATI(I3412F4&4.1) - S S
WRITE(65125) LosAMLI{TIs1)sAML(I42) sAML(I93)sAML{Ts4),
IAMU LT o5 )Y s AML(T96) o
125 FORMAT(L8Xs1394XsFbales5(1XeFbal))
91 WRITE(6+126) AML(I47)sAMLITa8) sAML(T4G) sAML(TI+10)9AML(T411)s
TAMLI(T412)
126 FORMAT(54Xs4 (1XsFbal)s2(2XeFboel))



)

CKaz6®JK(1)=2

92
C
c
93
GL
95
C
96
97
98
100
C
200
C

CNT=N+]

76

IF{NLM) 93,96+93

CONSTRUCTION OF VECTORS ASSOCIATED WITH LOADS
AE(JIY=EQUIVALENT JOINT LOADS

DO ¢4 I=1sNN
AE(I)=OJ

D0 08 J=14M
J1=6%JJ(1)=5
J?2=hEJILTY=4
JAebH JJ( 1) =3
Je=6xJJtIy=2
Jo=6%JJ(l)-1

Je=6%JJ5(1)

Kl=6%#JK(I)=5

K2=6%JK(I)=~4

K3=6%#JK(1)-3

K5=6%JK(1)=-1

Ko=6%JK(1)
AE(JLIISAE(JL)=RIT o 1) #AMLIT 91 )=R{ T 94 )%¥AML(T 92)=R{147)%AML(143)
AE(J2)=AE(JU2)=RIT o2)%AMLIT 91 ) =R 145 )%AMLITI 92)=R{T4B)¥AML(1,3)
AE(JI3)=AE(J3)=RIT o3)%¥AML{T91)=RIs6)%AML{TI92)=R(I+5)%AML(143)
AE(JG)=AE(JG)=RIT s 1) *AMLIT 94 ) =R I s&)¥AML(T »S)=R(Is7)*AML(Ts6)
AE(JS )Y ZAE(JIS)=R(T 42V %AML(T94)=R{145)%AMLIT s5)=R(148)%AML(I1456)

CAE(JEISAE(JO =R s 2 wARLIT 94 ) =RIT96)¥AML(T +5)=R(1s9)*AML(I4+6)

AE(KL)=AE(KLI)=R( s 1) %AML{T97)=R{Is4)*ANML1s8)=R(197)*AML(149)
AE(K2)=AE(K2)=R(192)%AML(T197)=R(Is5)%AML(Ts8)=R(198)%AML(1+5)
AC(K3)=AE(K3)=R(193)%AML(I1s7)=R{1,6)%AML(Is8)=R(1s9)*AML(1+9)

AE (K& )=AE (K&)=R(Ts1)¥AML(T910) =R (Ts&)*AML(Ts11)=R(Is7)*AML (1512}
AE(K5)=AE(K5)=R(I192)%AML(Ts10)=R (195} %AMLI1s11)=R{Is8)%¥AML(1,12)
AE(K6)=AEIKE)=R(T93)%AML(I910)=R{Is61%AMLITs11)=RII9Q)*AML(T1512)
CONTINUE

AC(J)=COMBINED JOINT LOADS
DO 100 J=1,NN

TF(RL(J)) 98997498

K=Jd=JKL{J)

GO TO 100
K=N+JKL(J)
ACIK)=A(J)+AE(J) o
CALCULATION Al OUTPUT OF RESDLTS
D{J)=JOINT DISPLACEMENTS

s

DO 200 J=1sN
N(JY=0,

DO 200 K=1sN
D(J)=D(J)+S(JsK)*AC(K)
AR(J)=SUPPORT REACTIONS

DO 201 K=N1,NN
AR (K)==AC(K)



oy

DO 201 JU=1,N
201 AR(K)SAR(K)+S(KsJ}*D(J)
J=N+1
DO 204 K=1sNN
JESNN+1-K
IF(RLIJE)) 203,202,203
202 J=U-1
D(JEY=D(J)
GO TO 204
203 D(JE)=0.
204 CONTINUE
K=N
DO 207 KE=1,NN
TF{RL(KE)=1.) 20692054206 °
205 K=K+1
AR (KE)=AR(K)
GO TO 207
206 AD(XF)=0,
207 CONTINUF
WRITF(64127) o , ,
127 FORMAT(//45Xs41HJOINT DISPL.CEMENTS AND SUPPORT REACTIONS)
WRITE(6.128) L N L o
128 FORMAT(/15Xs5HJOINT s5X s THXTRANS « 39X s THYTRANS « 99X s THZTRANS o 9
19X+ 7THX ROTAes9Xs7HY ROTA4»9X97HZ ROTA,)
WRITE(65129)
125 FORMAT(25Xs7HX FORCEs9XsTHY FORCEs9Xs7HZ FORCEs9X s THXMOMENT »
19X s THYMOMENT s 9X s THZMOMENT)
DO 208 JE=6sNN»&6
1=JE/6 , ‘
WRITE(65130) IsD(JE=5)sD(JE=~4)3D(JE=3)sD(JE=2)sD(JE=1)sD(JE)
130 FORMAT(17Xs1152Xs6(1XsE15.8))

208 WRITE(65121) AR(JE=5)sAR(JE=4) sAR(JE=3) 4 AR(JE=2) sAR(JE=1) s AR(JE)

131 FORMATI(20Xs6(1XsE1548))
RETURN
END




“IBFTC SUB4
) CALCULATE MEMBER ENDS FORCES AND MOMENTS

C

51

SUBROUTINE STRESS

78

IN MEMBER-ORIENTED AXES

DIMENSION X(&) oY (4)sZ(4)5JJ(3)9JK(3)4AX(3)9AIXI3)4AIY(3)9AIZ(3),

1EL(3)sR(32,5,9)sRL(24) s JKL(24)9SM(12,1]

2)sSMR(12912)sSMD(1212)sIK(6)

29AL24)Y s AML{B312)sAE(24) 9 AC(24) 4AR(24) sD{24)Y4AF(12)s1J16)sS5(2446)
COMMEON XoYoZsJJadXaeAXsAIXsAIY e AIZELIRIRLIJKLISMeSMRISMD9SsA,

1AML O AE sACI AR Do AF ¢ TJs TKaMyNsNUGgNRINRISNNyEHSG

WRITE(6951)

FORMAT(1IH1////57Xs18HMEMBER END-ACTIONS)

WRITE(6552)

52 FORMAT(/12Xs6HMEMBER »TX24HAF 1513Xs4HAF 2513Xs4HAF 3,13Xs4HAM 4y

113X 9s4HAM 5413X94HAM 6)
WRITE(6453)

53 FORMAT(25Xs4HAF Ts13Xs4HAF 85 13X s4HAF 99 13Xs4HAMIOs

55

KS5=6%JUK(1)=-1

113X s4HAMILS 13X s4HAMIZ)

DO 50 I=1sM
J1=6%JJ(1)=5
J2=6%3J(1)=4
J3=6%4J01)=3
Jh=6%JJ(1)=2
Js=6%JJ(1)-1
J6=6%JJ(1)
K1=6%JK(1)=5
K2=6%JK(1) =4
K3=6%UK(1)~3

Ka=6# JKI(1)=2
K6=63%JK (1)

ELL=EL(T)
SCMIA=E*AX (T /ELL
SCM1B=G*AIX (1) /ELL
SCM2Y=&a*EXATY (1) /ELL
SCM3Y=1.5%SCM2Y/ELL
SCM&Y=24%SCM3Y/ELL
SCM2Z=4  ¥EXATIZ (1) /ELL
SCM3Z=145%SCM2Z/ELL
SCM&Z=24%SCM3Z/ELL

SM{1sJ)=MEMBER STIFFNESS M

DO 55 J=1,12
0O 55 K=1,12
SM{JsK)=0o, e
SM{141)=SCM1A
SMI(1,7)==SCMIA
SM{242)=5CM42
SM({2s6)=5CM32
SM(298)==5CM4Z
SM(2,12)=5CM32 .




o

SY(242)=SCHMLY
GV (%,8)==5CNMaY
SM(249)==5CM4Y
SM(2411)==SCM3Y
SM{Ly4)=SCM1R
SV (4410)==5CM1B
SM{545)=5CMDY
SV 17 ,9)=5CM3Y o
SM(5.11)=SCM2Y /2,
SM{696)=5CM2Z
SM(648)==5CM3Z
%(f;:« =5CM22/2. ) o o
</./)-er1A :
J,s) sSCM4z
8412)==-5CM32
ss9)"SCM4Y e e
«9,11>=SCM3Y
SM(10,10)=SCM1B
SM11411)=5CM2Y
SM(12,12)=5CM22
0D 56 J=1,.12
DO 56 K=1s12
56 SEM(KeJdY=SM(JK)
SMR(145J)=PRODUCTED MATRIX OF SM AND RT MATRICES
RT=ROTATION TRANSFORMATION MATRIX
CO 57 K=1+4
DO 57 J=1s12
SVMR(JeB#K=2) =SM(J93%¥K=2 ) %¥R(Ts1)+SM(Js " 5¥K=1)¥R (I 44)+
1SM{(Je3%K)¥R(1,7Y o
SVR(J93%K=1)=SM(Js3%K=2)¥R(142)+SM{Jy3%K=1)*R(1,5)+
SMIJe3¥K ) ¥R(148) '

.n ﬁ o U [l
& -.

(ﬁ

+—d

57 SMR{Js3%K)=SM(Js3%K=2)*R(153)+SM(Js3%K=1)%R(1+6)+SM(Js3%K)*R(159)

DO 20 J=1,12

AF(IY=AMLLT s J)

00 30 K=1,412
A:(J)“AF(J)+SMR(J9K)%D(K),vmwrm
FITE(6954) T9AF
FORMAT(12Xs1353Xs6E1748/18Xs6E1748)
R=TURN

FND
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SPACE FRAME ANALYSIS

by
Fu Tien Lin

ABSTRACT

The "displacement method" or "stiffness method" for the
structural analysis of space frames is developed in this
thesis and used for the analysis of an experimental test
frame, A direct and an indirect approach are introduced to
obtain stiffness coefficients, and then, using the principles
of superposition and matrix algebra, the structural analysis
is completed,

A digital computer program for rigidly-connected space
frames is presented, Experimental results of deflections of
a simple three member space frame loaded at one joint are
compared with the analytical results, The differences are
large, so an evaluation of the test set-up is made to suggest
corrections to be incorporated in the test procedure before

considering rhodifications of the analysis,





