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ABSTRACT

A procedure of analysis is presented for determining
the dynamic instability and response of framed structures
subjected to pulsating axial loads, time-dependent lateral
forces, or foundation movements. Included in the analytical
work are the instability criterion of a structural system,
the finite element technique of structural matrix formula-
tion, and the computer solution methods.

The dynamic instability is defined by a region in
relation to transverse natural frequency, longitudinal
forcing frequency and the magnitude of axial dynamic force.
The axial pulsating load is expressed in terms of static
buckling load for ensuring that the applied load is not
greater than the buckling capacity of a structural system.
Consequently, the natural frequency and static instability
analyses are also included. For static instability analysis,
both the concentrated and uniformly distributed axial loads
are investigated.

The displacement method is used in this research for
structural matrix formulation for which the elementary
matrices of mass, stiffness, and stability are developed using
the Lagrangian equation and the system matrices are formulated
using the equilibrium and compatibility conditions of the
constituent members of a system.

Two numerical integration techniques of the fourth order
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Runge-Kutta method and the linear acceleration method are
employed for the elastic and elasto-plastic response of
continuous beams, shear buildings, and frameworks. The
general considerations are the bending deformation, p-A
effect, and the effect of girder shears on columns. For
the elasto-plastic analysis, the effect of axial load on
plastic moment is also included.

A number of selected examples are presented and the
results are illustrated on a series of charts, tables, and
figures from which the significant effect of pulsating load
on the amplitude of transverse vibration is observed.

The work may be considered significant in the sense that
the response behavior of parametric vibrations has been
throughly studied and the computer programs developed can

be used for various types of frameworks.



iv

ACKNOWLEDGEMENTS

The author wishes to express his sincere appreciation
to his advisor, Dr. F.Y. Cheng, for the suggestion of the
topic of this dissertation and for his valuable assistance
and guidance throughout this investigation.

Thanks are extended to members of the Graduate Commit-
tee: Dr. J.H. Senne, Dr. J.L. Best, Dr. W.A. Andrews, and
Dr. M.G. Parry. The financial support from the National
Science Foundation Grant No. GI 34966 is also gratefully
acknowledged.

The numerical phase of the work was made possible
by funds from the Civil Engineering Department of the
University of Missouri-Rolla.

The author further wishes to express his deep' gratitude
to his wife, Ellise, for her patience, understanding and

encouragement throughout his years of graduate study.



TABLE OF CONTENTS

Page
ABSTRACT. ...... ® © @ ® 6 @ © o ® ® ® ® © ® O 0 O O & O & O & 0 O O O O 0 e e e e e oo

ACKNOWLEDGEMENTS . o v e ccsecssaoccccccccsccacscscsascsacccscsss
LIST OF FIGURES ooooo © 6 00 0606 @ 000000 00 @000 0® 0600000060000 00 .-\fiii
LIST OF TABLES © © 00 006000006060 0060006000000000000000eeosoeseosoece . X

LISBT OF SYMBOLSsssasssssssssnsomssnonnssusasswnonsnsosas Xl

I. INTRODUCTION:. ¢ cceco oo cececeessescsssecesesssen s 1
A. Purpose of Investigation............ - 1
B. Scope of Investigation......cccccccececcece. 2

II. REVIEWOF LITERATURE.....................I..... 4

A. Structural Dynamic with Longitudinal
ExcitationS.sssssssscecssscsesssssnsssnsnns 4

B. Structural Dynamics without
Longitudinal Excitations......cccccececceccen. 4

ITI. MATRIX FORMULATION OF ELASTIC STRUCTURAL
SYSTEMS........I......'......‘......-.......Q.. 7

A. Governing Differential Equation............ 7

B. Derivation of Member Mass, Stiffness,
Stability MatricesS..ccccccecccccccccccccecacs 13

C. System Matrix of Mass, Stiffness and

Stability..eeeceeeeeaceceaocaanns ceeeeceeee. 17

D. Shear Building Subjected to Lateral
FOYCES eeecacacecasosacscsccccecses ssssEsEEHE B 20
Iv. STATIC AND DYNAMIC STABILITY e o eecceee ceecae eeae 21
A. Boundary of Dynamic Instabilitye........ ceeee 21

B. Static Buckling Load and Natural
Frequency.......Q.........'.‘.........‘.Q... 26

C. Static Buckling due to a Combined
Action of Distributed and Concentrated
AX1Al FOYCEeS eeeecooceoccaccscsscsascsassassess 3L



VI.

VII.

VIITI.

vi

TABLE OF CONTENTS (continued)

Page
l. Formulation of Stability MatriX....... ce 33
2. Numerical EXampleS. ....ceceeceececeecesea ees 39

NUMERICAL INTEGRATION METHODS AND THEIR
APPLICATION TO DYNAMIC RESPONSE.....ceecceceeeoo. 48

A. Fourth Order Runge-Kutta Method............. 48

B. Linear Acceleration Method........cceeeeeee. 52

C. Modal ANalySiS..;ssssssssssspsnssssssnonesrssn 56

D. Application of Numerical Integration Methods
to a Structure Subjected to a Ground

AcceleratioNsssssseassssaosies as sséesss e e . 56

DYNAMIC RESPONSE OF ELASTIC STRUCTURAL
SYSTEMS cccecceccoccccccecss ccececccsscsc s .o wE 71

A. Numerical EXampleSecccecececccccsccccscoceensas 74
B. Discussion of ResultScceccecoccccccccccconcasal3

MATRIX FORMULATION FOR ELASTO-PLASTIC

STRUCTURAL SYSTEMS: ceccccecoecoseses enEsa v e EGE S eSS e S

A. Idealized Elasto-Plastic Moment-Rotation
CharacteristiCSe.cccecececacccoe & & ;e e i ] PRI - 3

B. Reduced Plastic Moment..ccecececcocooceccocosocesos 84

C. Modified Elementary Mass, Stiffness,
and Stability MatricesS.ceoeecececece.n. % 56 88 @ i i e 86

D. System Matrix of Mass, Stiffness, and
SEEbIlitVinernannsmann s ne 5 P 91

DYNAMIC RESPONSE OF ELASTO-PLASTIC
STRUCTURES secassssnssiosaassssass S HEEmE S EE S eeos 92

A. Transfer Matrix for Plastic Moments
and Their Associated Shears ceceeceecoecccccoccses 92

B. Calculation of Plastic Hinge Rotation.....-.. 93



vii

TALBE OF CONTENT (continued)

Page
C. Numerical EXampleS...ccccoceccceccecccscsse 95
B. Discanssion of ResultS.ccscspossasssssss 97
IX. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE
WORK. ¢ o s a0 = cecose ceoseoee ceeccessesescscecae 100

A. Summary and ConclusionS......cececece.... 100

B. Recommendations for Future Work....... 101
BIBLIOGRAPHY .. e ccecececescose T g e e E e e e 102
APPENDIX - Computer PrOgramMSee.ccoeceececcecsccecoscsscse sesse 106

VITA. . eccacsoscccccccasne ceccscccscccs cececcscnce ceccene .o 145



viii

LIST OF FIGURES

Figure Page
3.1 General PrObhlefll..cscssonsrnssndsssnnsns bnsisnandss ceees. 8
3.2 Loading on a Typical Member........ccceeeeeeccecaceaas 8
3.3 Generalized Local Coordinates and Generalized

Forces for a Typical BeaMies svsssssmsvasnssssnsssss . 14

4.1 InStabilibty Regioliccsesnuwsnsssunmnrnvapenprsaspnens o0

4.2 Example 4.1l....ccccceceeccscacccns e e AR E BB E e ceeeees 30
4.3 Dynamic Instability RegionN....cceceeeceen. ceccaan cowas 32
4.4 Typical Bar Subjected to Concentrated Axial

Load N and Uniformly Distributed Load g...... samssar 39
4.5 Example 4.2 ....ciccccccoccccccctccscecsscscnocncas « s «d0
4.6 Example 4.3...ccccecccccccccscscaccocscncaccas wewws s I
5.1 Solutions of x and y of Example 5.1......00ccuece.. «e. 59
5.2 Solutions of x, y and z of Example 5.2.cccccce.. ceee. 62
5:.3 ExXample S5.3cesecssvsvasvsvsasnssnenss cecccsccccscscass 64
5.4 Diagrams for Example 5.3¢cccccccccccccccccccsccs =% @ e 65

5.5 Dynamic Response of y1 and y2 of Example 5.3........ 67
6.1 Example 6.]l.cccececcccctccsctcccccccccnccscncccsnsus . 74

6.2 Dynamic Instability Region of Example 6.l........... 75

6.3 Dynamic Response of Example 6.1 ....... cseasves o 76
6.4 Example 6.2....cccceeccccccccccccaes P cewss 17
6.5 Dynamic Instability Region of Example 6.2..... 5 4w & 78
6.6 yl of Example 6.2 by Runge-Kutta Method...... cecesss 19

6.7 Y, of Example 6.2 by Runge-Kutta Method............. 80

6.8 Y, of Example 6.2 by Linear Acceleration Method..... 81



LIST OF FIGURES (continued)

Figure Page
6.9 Yo of Example 6.2 by Linear Acceleration Method..... 82
7.1 Idealized Moment-Rotation Relationshipsescececcecceccce. 85
7.2 Generalized Local Coordinates and Generalized

Forces of a Beam with j End Hingedseeccccccccccccccee 86
7.3 Generalized Local Coordinates and Generalized

Forces of a Beam with i End Hinged-:------ ceeecec....89
8.1 Dynamic Response of Example 8.l:cccccccecccccccccccccgg
8.2 Dynamic Response of Y4 of Example 8.2..... cecccccccan 98
8.3 .99

Dynamic Response of Yo of Example 8.2ccccceacccaccos

ix



Table

IT.
ITT.

Iv.

VI.

VII.

VIIT.

IX.
X.

XI.

LIST OF TABLES

Page
Buckling Load qcr'With N Given of Example 4.2,.,.. 44
Buckling Load Ncr with g Given of Example 4.2,,.. 45
Buckling Load . with N Given of Example 4.3,... 46
Buckling Load N., with g Given of Example 4.3,... 47
Values of x and y of Example 5.1 by Direct
Integrablion MebRod , . civvswesnmmemsmmnan o s e vanssy 57
Values of x and y of Example 5.1 by Runge-
Kutta Method , ., cevsssscosssnssnnsassspsonsnsncsa » 58
Values of x, y, z of Example 5.2 by Direct
Integration Method,......cccc0eu.. kRO 60
Values of x, y, z of Example 5.2 by Runge-
Kutta Method....... n b A P AT |
Modal Matrix Solution of Example 5.3......cc000....68
Runge-Kutta Solution of Example 5.3 .....ccccece...69
Linear Acceleration Solution of Example 5.3...... .70



[Am]
a1
[Apg]

aj, as, asg, a,

dt

[mij

M]

LIST OF SYMBOLS

member cross—sectional area

equilibrium matrix relating internal
moments to external nodal moments

equilibrium matrix relating internal
shears to external nodal forces

diagonal matrix involves the inertia
forces due to joint displacements

= constants

time increment

modulus of elasticity
plastic hinge rotations
external nodal moments
external nodal forces
moment inertia

member stiffness matrix
structural stiffness matrix
length of member

member mass per unit length
member mass matrix
structural mass matrix
static buckling load
concentrated axial load
concentrated buckling load
time dependent axial force
distributed load

uniformly distributed buckling load

xXi



[S]

LIST

xii

OF SYMBOLS (continued)

generalized forces

generalized coordinates

generalized velocities

generalized acceleration

member stability matrix

structural stability matrix

kinetic energy

strain energy of bending

potential energy due to axial force

work done by generalized external forces
global coordinates

global rotations

global displacements

acceleration due to global rotations
acceleration due to global displacements
beam deflection

time

shape function

matrix of dimension r X s

column matrix (vector) of dimension r X 1
transpose of matrix

inverse of square matrix

partial derivative operators

fractional factor



xiii

LIST OF SYMBOLS (continued)

= unit weight

longitudinal forcing frequency

I

natural frequency



I. INTRODUCTION

In recent years the theory of dynamic instability has
become one of the newest branches of the structural dynamics
and mechanics of deformable solids. The problems which are
examined based on classical theory of vibrations and
structural dynamics are emphasizing on response history due
to lateral time-dependent excitations. It is known that
when a rod is subjected to the action of longitudinal com-
pressive force varying periodically with time, for a definite
ratio of the longitudinal frequency to the transverse
frequency, the transverse vibrations of the rod will have
rapidly increasing amplitude. Thus the study of the forma-
tion of this type of vibrations and the methods for the
prevention of their occurence are necessary in the various
areas of mechanics, transportation, industrial construction,

structures excited by earthquakes.

A. Purpose of Investigation

The purpose of this study is to develop an analytical
method for determining the behavior of dynamic instability
and response of structural systems subjected to longitudinal
pulsating loads and lateral dynamic forces or foundation
movements. The mathematical formulation is general for
computer analysis of large structural systems with consider-

ation of geometric and material nonlinearity.



B. Scope of Investigation

The scope of the study may be briefly stated as the
derivation of instability criteria, finite element formula-
tion of structural matrices and the numerical methods of a
computer solution.

Chapter III presents the basic formulation of mass
matrix, stiffness matrix, and stability matrix by using
the energy concept and finite element technique. The
governing differential equation is expressed in terms of a
system matrix which is formulated based on structural
geometric and equilibrium conditions.

In order to evaluate the dynamic instability regions,
it is convenient to express the axial load in terms of static
buckling load and the longitudinal forcing frequency in terms
of natural frequency. Thus Chapter IV presents the
techniques of finding natural frequencies, buckling loads
and instability'regions. For the buckling load case the
uniform axial load is also investigated.

Two numerical integration techniques for dynamic
response using the fourth order Runge-Kutta method and the
linear acceleration method are presented in Chapter V in
which the comparison of numerical solutions shows the
accuracy of the presented methods.

Chapter VI contains dynamic response of various types
of frameworks subjected to axial pulsating load and lateral

forces or foundation movements.



The elasto-plastic case is given in Chapters VII and
VIII for the formulation of member matrices and system
matrix; plastic hinge rotations and numerical solutions.

Two typical computer programs of elastic and elasto-

plastic analyses of general types of rigid frames are

given in the Appendix.



IT. REVIEW OF LITERATURE

A. Structural Dynamics with Longitudinal Excitations

The behavior of structural systems subjected to both
lateral and longitudinal excitations is little known. Most
of the research work has been concentrated on the problem
of an elastic column subjected to a periodically varying
axial load for the purpose of searching for the stability
criteria of double symmetric columns (1) as well as non-
symmetric columns (2).

Sevin E. (3), among other investigators, studied the
effect of longitudinal impact on the lateral deformation
of initially imperfect columns. Recently, Cheng and Tseng
(5) investigated the effect of static axial load on the
Timoshenko beam-column systems.

It seems that very little work has been done for the
criteria of dynamic instability and response behavior of
framed structures subjected to dynamic lateral and

longitudinal excitations.

B. Structural Dynamics without Longitudinal Excitations

The conventional structural dynamics problems have been
generally solved by using three methods of lumped mass,
distributed mass, and consistent mass. Before the computer
facilities were available, the lumped mass model with a finite

degree of freedom had been extensively studied by a number



of investigators. With the advent of computers, the
research works on multistory structures were performed
by early investigators, namely N.M. Newmark, R.W. Clough,
J.A. Blume (6,7,9,10,11,12,17), and later by Cheng (13),
E.L. Wilson, I.P. King, etc. (14,15,16).

For the distributed mass system, the early research
work was limited to single members (18), or one-story-frames
(19). Later Levin and Hartz (20) used the dynamic flexibility
matrix method to solve one and two-story rigid frames,

Cheng (4,13,29) solved free and forced vibrations of
continuous beams and rigid frames by using displacement
method. The displacement and flexibility methods cited above
may be considered exact in the sense that the members must
be prismatic and the structural joints are rigid.

In recent years, the finite element technique has
been extensively used for solving structural dynamics
problems. The method was initially propose by Archer (21)
for plane frameworks; Cheng (22) recently extended the
technique to solve space frame problems. The model of the
method is similar to the distributed mass system. The
equation of motion, however, is expressed in an explicit
form for which the solution effort is much less than that
of the distributed mass model.

The fundamental behavior of dynamic response of elasto-
plastic systems may be found in standard texts (23,24). The

elasto-plastic analysis method of beams and one-story frames



with distributed mass has appeared in references (25,26)
in which the method is limited to simple structures.

For large structures, typical work may be referred to
references (27,28). Berg and Dadeppo (27) investigated the
response of a multistory elasto-plastic structure due to
lateral dynamic forces. Walpole and Sheperd (28) studied
the behavior of reinforced concrete frames subjected to

earthquake movements.



ITIT. MATRIX FORMULATION OF ELASTIC STRUCTURAL SYSTEMS

The displacement matrix method has been used for the
structural system formulation for static and dynamic
instability analysis, and dynamic response. The formulation
involves deriving differential equations, element matrices
of stiffness, mass, stability, and the matrix of general
structural systems. The structures are plane frameworks
of which the joints are rigid and the constituent members
are prismatic. As shown in Fig. 3.1, the structure is
subjected to time-dependent axial forces N(t) and lateral
dynamic load F (t) or foundation movement G(t), and may
have superimposed uniform mass m and concentrated mass
Mi in addition to its own weight.

For the purpose of investigating large systems, the
shears transmitted from girders to columns are taken into
consideration and the members are assumed to have bending

deformation only.

A. Governing Differential Equation

Consider an arbitrary member of a structural system as
shown in Fig. 3.2. The governing differential equations
for such an elemént can be obtained by using the Lagrangian

equation

da ,aT oT oU oV oW
=) - + - = =Q, (3.1)
dt *aq, od4 9q; g4 g5 i




N; (t) N, (t)
ol ko L Ll L Ll Ll Ll F (t)
.N3(t) M1 N4 (t) Mo N5(t)
@
>
b 7» Yo

}——-G(t5

Fig.

3.1 General Problem

—— c )

F, (t)

f(t)

N (t)

Y

Fig. 3.2

Loading on a Typical Member



in which

T = kinetic energy;

U = strain energy of bending;

V = potential energy done by axial force;

Qi = generalized forces;

q; = generalized coordinates at node i associated with
Q7

éi = generalized velocities;

W = work done by generalized external forces.

Let ¢ (x) be the shape function and qi(t) be the time
function of the beam motion, then the displacement of the beam

can be expressed as

h~™B

y(x,t) =

_ qi(t)¢i(X). (3.2)
1

1

The kinetic energy for lateral displacement of the

member is

L g
T = 5 mIL Ry 2ay (3.3)
0

where m is the mass per unit length.
The strain energy for bending of the member may be

represented by

L 2
U =%/ EI[3 (x;t)]zdx (3.4)
X
0
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where E, I are elastic Young's modulus and moment of inertia,
respectively.

The potential energy for the longitudinal force is

L
Vo= uf n(e) [2EeE) 2y (3.5)
0

By the substitution of Eq. (3.2), one may obtain

n  ndq; dq; .=
T=3%3I I — —Lf mp;(x)d,(x)dx (3.6)
j=1 §=1 9t deg i j

n n = d2¢ s d?o¢.-
U=%2 I q,q [EI 0100 20500 4y (3.7)
i=1 3=1 1 J, a2%x d%x
n n déj (x) do4(x)
V=2%X72Z z qiquLN(t) bilx Lz dx (3.8)
i=1 =1 5 dx
or
nn e o .. {.} -
= = L .
T %i §mijqiqj s{g} [mij] q ( )
nn T 1 )
= . .g.g. = . 3.10
U %i § kqulqJ %{q} [klj]{q} (
nn T )
= $ . g.gs = r .11
\Y% %i g 559394 %{q} [le]{q} (

where
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L
mij = | m¢i(x)¢j(x)dx (3.12)
0
L 11] 11}
kij = f EI¢i(x)¢j(x)dx (3.13)
0
L , ' V
siy = J N(t)¢i(x)¢j(x)dx (3.14)
0

To include the concentrated masses in the formulation

of m.

i§° let us consider masses Mk(xk) acting at the

positions Xpr k=1,2,-+-,r, then Eq. (3.12) should be expressed

as

L r
m,. = f m¢i(x)¢j(x)dx + X

i3 / « Mk(xk)q)i(xk)d)j(xk) (3.15)

1

The work done by external forces acting at the general-

ized coordinate d; is

n P L

W= .E [.E {Fj(xj)¢i(xj)} + [ f(X,t)¢i(X)dx]qi (3.16)
i=1 j=1 3

where Fj(xj) is the concentrated forces acting at positions

x j=1’2’...,p.

jl
Let N(t)=(a+Bcoset)No, then Eg. (3.14) becomes

s', = (o+Bcosbt)s, . (3.17)
1] 1]
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where

L ! v
Sij = £ N0¢i(x)¢j(x)dx.

Substituting Egs. (3.9), (3.10), (3.11) and (3.17) into
Eg. (3.1l) and performing the operation shown in Eg. (3.1)
lead to the following governing differential equations of

motion

[mij]{q} + [kij]{q} - (a+8coset)[sij]{q} = {f} (3.18)
in which the matrices [mij], [kij]’ and [sij] are the
matrices of mass, stiffness, and stability defined in Egs.
(3.12), (3.13), (3.17), respectively. {f} is the vector of
equivalent generalized external forces. All the elements in
[mij], [kij], and [sij] will be derived in the next section.
For a structural system, the member matrices are
assembled together by using the equilibrium and continuity

conditions at nodal points and will be discussed in Section

C. Similar to Eg. (3.18), the system matrix may be written

as

M] {X} + [K]{X} - (a+Bcos6t)[S]{X} = {F} (3.19)

in which {X} are global coordinates; [M], [K], and [S] are

the matrices of total structural mass, stiffness, and
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stability, respectively, and may be formulated through

the procedure of displacement method. Eg. (3.19) is

the governing differential equation of motion to be used in
this study of the dynamic instability problem and dynamic

response.

B. Derivation of Members Mass, Stiffness, Stability Matrices

For the displacement method, it is generally preferable
to formulate the mass matrix, stiffness matrix, and stability
matrix of a typical member based on a set of defined local
coordinates; then the system matrices will be formulated by
transfering local coordinates to global coordinates using
equilibrium and compatibility conditions.

Let us consider a typical bar shown in Fig. 3.3 in
which q; (i=1,2,3,4) are local coordinates in positive
direction and Qi (i=1,2,3,4) are positive local generalized
forces corresponding to aj- The compressive axial force
N(t) is considered to be positive. The displacements qj
are due to the application of the generalized forces Qi'

The displacement y(x,t) of the beam section at point x and

time t may be written as

y(x,t) =

™

q. (£, (x) (3.20)

i=1 1 i

If bending deformation is considered only, then the differ-

ential equation of beam deflection is ¢"" (x)=0 of which



y
dq A~ 4
G N
a5 a,
Q1 Q
Np _ﬁ\ Cr 2
0, o

Fig. 3.3 Generalized Local Coordinates and
Generalized Forces for a Typical Beam

14
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the solution may be expressed in cubic polynomials

¢ (x) = a; + a,x + a3x2 + a4x3

which is the shape function in Eg. (3.20). Let the
coordinates q; in Fig. 3.3 be displaced, one at each time,

for a unit displacement; then ¢ (x) becomes

¢, (x) = (x-2x2/L+x3/12) (3.21)
¢, (x) = (x3/L%*-x%/L) (3.22)
$5(x) = (-1+3x2/L.2-2%x3%/L%) (3.23)
b, (x) = (3x2/L2-2x°/L%) . (3.24)

Substituting Egs. (3.21 to 3.24) into Egs. (3.12 to 3.14)
and performing the integration over the bar length, we can

obtain [m..], [k..], and [s..] as follows:
ij ij ij

[ [ 4mL2 -3mL3 -22mL? 13mL2 ][ .. ]
Q 420 420 420 420 9
-3mL3 4mI3 13mnL2  -22mL2 || ..
Q) 420 420 420 420 2
< Y = \ >(3.25)
-22mL?2 13mL? 156mL -54mL 5
Q3 420 420 420 420 3
13mL? -22mL? -54mL 156mL 2
Q4 { 420 420 420 420 4
m - -
) ‘ - [my 5] =

i3
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[ ] [4EI 2EI -6EI -6EI|[ ]
Ql L L L2 L2 d3
o 2ET AET —~6ET ~6ET
2 L L L2 L2 q2
< = ¢ ) (3.26)
o ~6ET -6EI 12ET 12ET
3 Lz 12 L3 L3 q3
~6ET G BT 12ET 12ET
Q L’ L2 L3 L3 9y
1x | 11l ]
[kij]
[ ] [ 2L -L -1 -1 7] ]
0 = o = =1l g
1 15 30 10 10 1
=L 2L -1 -1
Qs 30 15 10 10 9,
= > 3. 27
q ) =N, ﬁ (3.27)
o =1 =1 6 &
3 10 10 5L 51, 93
-1 -1 6 6
Q 10 10 5L st || Y4
i Il L ] |
[sij]

Note that Ql’ Q. and Q3, Q. are corresponding to moments and

2 4
shears, respectively; ql, q2 and q3, q4 are corresponding to
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rotations and displacements, respectively; ﬁl' 62 and 63’ I

are accelerations due to rotations and displacements,
respectively. For convenience, let us rewrite Egs. (3.25,
3.26, 3.27) in the following condensed forms

( 3 r | ( 3
Qn [MMR]E[MMY] q

{ = f S p— K. — { == > (3.28)

I
([MVR] [[MVY] || §

QI TR T L (3.29)

o, |y [KVR]?[KVY] q

\ J \

( !
Qn [SMR]E[SMY] q

S S D % ----- — (3.30)

in which the subscripts m, k, p signify that the moments {Qm},
shears {Q, } are associated with [mij]' [kij], and [sij],
respectively; the subscripts r and s signify the joint

rotations and displacements, respectively.

C. ©System Matrix of Mass, Stiffness and Stability

The displacement method of formulating structural
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system matrix has been well documented (31,32). Following
Cheng's recent work (13), one may rewrite the relationship
between the generalized external forces {F} and generalized

external displacement {X} as

[Ay] [MVY] [Ay]7

[a,] [RMY] [A,17] [X,

[a,] [kvY] [A,1T] [x

[Am] [SMY] [Ay1T] [x,

|
[
o X <__ (3.31)
| T
i [Ay] [SVY] [Ay] 1%

Knowing {F,} and {Fg}, one may find {x,.}, {xg}, {ir}, {§S}
from Eg. (3.31) by using numerical integration to be
presented in Chapter V. Consequently, the member end

moments and end shears can be obtained as follows:
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( ( T | g
Qm [MMR] [Am] : [MMY] [AV] Xr
A " r| V%
MV X
Q. [MVR] [An]™ 1 [MVR] [A] | X ]
T i
[KMR] [A 17 | [KMY][A,] [ x,
Y D L {___
T | T
[KVR][AhJ 1 [KVY] [A,]7 U Xg J
T T
[SMR] [A]] i [sMY] [A,] [ x_
= | e mine — ;—1 —————————— == (3.32)
[SVR] [A_] i [SVY] [AV]T U Xy
in which
[Am] = equilibrium matrix relating internal moments
to external nodal moments;
[AV] = equilibrium matrix relating internal shears
to external nodal forces;
[Fr] = external nodal moments;
[FS] = external nodal forces;
[Xr] = global rotations;
[Xg] = global displacements;
[ir] = acceleration due to global rotations;
[Xs] = acceleration due to global displacement;
[Ahs] = diagonal matrix involves the inertia forces

due to joint displacements; and

T = transpose of matrix.
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Egs. (3.31, 3.32) have been explained in detail in

SUBROUTINE ASATA, ASATB, SATMV shown. in the Appendix.

D. Shear Building Subjected to Lateral Forces

In many practical cases the girder stiffnesses compared
with those of columns are sufficiently large. Consequently,
the structural joint rotations are very small and only
the sway displacements are significant. Neglecting the
global coordinates corresponding to structural joint

rotations, one may rewrite Eg. (3.31) as

M1{X } + [KI{x_ } - [s1{x } = {F.} (3.33a)

where
[M]
[K]
[s]

[Ay] IMVY] [A,1T + [Ap ]
[A,] [KVY] [A,1T
[A,] [sVY] [Ay1T

When the axial load is N(t)=(a+8coset)N0, then Eg. (3.33a)

becomes

M1{X_} + [K1{X_} - (a+Bcoset)[SI1{x_ } = {F_} (3.33Db)
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IV. STATIC AND DYNAMIC STABILITY

A. Boundary of Dynamic Instability

When a structural framework is subjected to a transverse
pulsating load, the framework will generally experience
forced vibration with a certain frequency of the excitation.
The amplitude of the vibration becomes larger and larger
when the forcing frequency approaches closer to the natural
frequency of the vibrating system. The behavior is called
resonance. However, when the frame is subjected to pulsating
axial load as shown in Eg. (3.19) an entirely different type
of resonance will be observed, the resonance will occur when
a certain relationship exists between the natural frequency,
the frequency of longitudinal forces and their magnitude.
This resonance is called parametric resonance. The behavior
of parametric resonance may be studied by using the
governing differential equations of motion Eq. (3.19).

Let us consider the time dependent axial forces only,

then Eq. (3.19) becomes

M]{X} + [[K] - (a+Bcos6t) [S11{X} = 0O (4.1)

which represents a system of second order differential
equations with periodic coefficient of the known Mathieu-
Hill type. It has been observed that the Mathieu-Hill equa-

tion similar to Eg. (4.1) has periodic solutions with period
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T and 2T (T=2m/6) at the boundaries of the instability region
(2). The regions of instability may be determined by finding
the periodic solutions of Eg. (4.1) in the form of a
trigonometric series. The instability regions are bounded
by two solutions with same period and stability regions are
bounded by two solutions with different periods. The
critical values of parameters of o, B, 6 contained in
Egq. (4.1) are obtained from the condition that Eg. (4.1)
has periodic solutions. The stability or instability
solutions of Eg. (4.1l) correspond to the stability or
instability of the structural system. The above-mentioned
statement may be illustrated by the following derivation.

For the solution with period 2T, let the trial solution

be in the form of series

[oo]

{xX} = = (Aksin5§2v+ Bkcoskgg) (4.2)

k=1,3,5,°"" “ 2

in which A, , By are vectors independent of time. Substi-

tuting Eq. (4.2) into Eg. (4.1), the following system of

matrix equations will be obtain by a comparison of the
k6t k6t

coefficients of sin-i—-and cos—E—.

([K] - (a-%B)[S] - %06%[M])A; - %LB[S]A5 = 0

([K] - alS] - %k*6*[MI)A,_ - %BISI(Ay_,+Ay o) = 0

(k = 315171"°°')l
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([K] - (a+%5B)[S] - %62 [M])B; - %B[SIB3 = 0

([K] - alS] - %k?6%[M])B, - %B[S](By_,+B; ,) = 0

“(k = 3,5,7,°"***).

Solution having the period 2T=4T/6 can occur if the following

conditions are satified

92
[K]-(ai%B)[S]-Z—[M] -%B[S] 0 .o
~%8[s] (K- [S1702 [M] ~%8(s] e
=0
0 ~%8[s] [K]-o[S1-226% [M] ...
(4.3)
Similarly, for the solution with period T, let the trial
solution be represented by
{x} = 4By + = (Aksinket+Bkcos£§E). (4.4)
k=2,4,6,°"" 2 2

Substituting Eg. (4.4) into Eq. (4.1l) yields Egs. (4.5) and
(4.6) for the solution having the period T=27/6.
For finding the regions of instability as sketched in

Fig. 4.1, one may solve Egs. (4.3), (4.5) and (4.6) for the
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critical values of the parameters (o, B, Ny, 0). The first
region of instability (Region A) is determined from Eg. (4.3).
Similarly, the second region of instability (Region C) is
determined from Egs. (4.5) and (4.6). The stability

region (Region B) is confined by Region A and Region C.

B
/
egion C
Region
//////////’ ////
//////// Region B ]
/ ~
7
il
w
Fig. 4.1 Instability Region
[K]-o0[S]-6%[M] -%B[S] 0 ...
-%B[S] [K]-a[S]-4672 [M] -%B[s] .o
£ 0
0 -%B [S] [K]1-a[S]-166%[M] ...

(4.5)
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[K]-a[s] - B[Sl 0 -

-%B8[S] [K]l-a[S]-67[M] -%B[s]

0 -%B[S] [K]1-a[S]1-462[M] ...| = 0 (4.6)
0 0 -%B[S] ‘s

In practice, only the finite number of terms in the
determinant is used for studying the principal instability
regions. Thus when the first term of the series of Eq. (4.2)
is considered (i.e., k=1, {X}=A

sin(6t/2)+B,cos (6t/2)), one

1 1

may have
2
| [K] - (otkB) [S] - %—[M]I =0 (4.7)

which is corresponding to the first matrix element along the
diagonal of Eg. (4.3). The solutions of Eg. (4.7) gives the
principal regions of dynamic instability. Similarly, from

Eg. (4.5) and Eq. (4.6) we may have

| [K] - alS] - 02[M]| = 0O

and
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[K]-a[s] - BI[S]

-%BI[S] [K1-[S]1-62[M]

which give the secondary region (Region C of Fig. 4.1) of
dynamic instability. Note that Eg. (4.7) is an eigenvalue
equation which can be solved by a conventional method of
expanding the determinant equation (Eq. (4.7)) into a
polynomial equation for the eigenvalue and its associated
eigenvector. For this research of studying large structural
systems, a different technique of matrix iteration has been

used by utilizing computer facilities (32).

B. Static Buckling Load and Natural Fregquency

It may be observed from Eg. (4.7) that an instability
region is confined by axial load and the ratio of the axial
forcing frequency to the natural frequency. In order to
ensure the amount of axial load to be applied is not greater
than the elastic buckling capacity of the system, it is
essential to express the applied load in terms of buckling
load NO' as aNo and BNO, o and B are fractional numbers less
than one. This section is to discuss the techniques of
finding static buckling load and natural frequency.

Observing Eg. (4.1l) one may obtain three groups of

eigenvalue problems classified as (a), (b) and (c) shown

below:
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(a). For static buckling case when {§}=0, BcosOt=0, then

Eg. (4.1l) becomes
([K] = a[s]){X} = 0 or |I[K] - a[S]] =0 (4.8)

(b). For free vibration of harmonic motions without external

axial loads Eg. (4.1) may be written as

[M]{X} + [KI{X} = 0 (4.9)
Let {X}={Aeiwt} then Eg. (4.9) becomes

| [K] - w?[M]| = 0O (4.10)

which gives the natural frequency w.

(c). For the influence of static axial loads on the

natural frequency one may rewrite Eg. (4.1l) as
| [K] - a[S] - w?2[M]] =0 (4.11)

from which one may observe that the compressive load will
decrease the natural frequency and tensile force will
increase the natural frequency.

Let Egs. (4.7), (4.8), (4.10) and (4.11) be expressed

in a standard eigenvlaue form as



28

1
;{X} = [DM] {x} (4.12)
where [DM] and X in Eq. (4.7) signify

[DM] = [[K] - (a+%B)([S]] ' [M], and A

62/4 (4.13)

or

[DM] [[K] - (a=%B)[S]1”'[M], and A = 62/4 (4.14)

[DM] and A in Eg. (4.8) represent

[DM] = [K]~'[S], and A = o

For Eq. (4.10)

[DM] = [K]™ ' [S], and A 2

]
€

and for Eq. (4.11)

[DM] = [[K] - a[S11”'[M], and A = w?

The matrix iteration method by Cheng (30) has been employed
to obtain the eigenvalue )X and its associated eigenvector {X}.
Example 4.1. Consider a step beam given in Fig. 4.2a

subjected to axial force N(t)=aN0+BNocoset. The cross
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section of segments AB, BC are 8.375"x3.465" and 6.925"x
3.465", respectively. Let E=30x10°psi, Y=490 lbs/ft?,
Lap=144", Lpc=96". Find the dynamic instability region.
Solution: Using the local coordinates {gl} and global
coordinates {X} shown in Fig. 4.2b and 4.2c, respectively,
one may find the equilibrium matrices [Am], [Av] tabulated

in Fig. 4.2d and then manipulate Eg. (3.19) for

3 3 2 2 A
r4mABLAB+4mBCLBC —22mABLAB+22mBCLBC
420 420
[M]= (4.18)
2
~22my gLap+22mpcLpc 156mppLap+156mpcLpc
420 420 |
L J
( 3
4EI,p 4EIp. -6EIag  6EIpc
T, + - It 2
AB BC AB BC
[K]= (4.19)
—6EIAB 6EIBC 12EIAB 12EIBC
2 + 2 3 - 3
L
AB BC AB BC J
\;
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N (t) -
——*';ZI ; %——N(t)
A B c

(a) Given Problem

1

4 N 4
4 17 2
2
(b) Global Coordinates
1 2 4
|V N 4}’ ~
g AN /1
(c) Local Coordinates
M
By 1 2 3 4
Am
O. {1. 1. oO.
P 1 2 3 4
s
Av
0. | 1. ~1. | O.

(d) Equilibrium Matrices

Fig. 4.2 Example 4.1
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r
15 15

[s] = (4.20)

SLAB 5LBC

Thus substituting Egs. (4.19) and (4.20) into Eq. (4.8)
gives the static buckling load N0=2975. kips. Using Egs.
(4.10) and (4.12) yields the natural frequency w=28.95 cps.
Let o=0., 0.1, 0.2, 0.3, 0.4, 0.5, and Bg=0., 0.1, 0.2, 0.3,
0.4, 0.5, then one may find various values of 6 from

Egs. (4.12), (4.13), (4.14). Expressing 6 in terms of

6/w and then using parameters o and B one may draw the

instability regions shown in Fig. 4.3.(12).

C. Static Buckling due to a Combined Action of Distributed
and Concentrated Axial Forces

In the previous section, the static buckling load is
assumed to be acting at the structural joints as a
concentrated force. However, there are many cases where
the longitudinal forces are distributed along the members.
Typical examples may be the self-weight of chimneys, the
self-weight of slender tall buildings and the weight of
wall attached to columns. The stability matrix for above
mentioned type of structures is different from that in

Eq. (3.27).
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It is well known that if the longitudinal compressive
force is continuously distributed along a bar, the classical
mathematical formulation becomes very sophisticated because
the differential equation of the deflection curve of the
buckled bar will no longer be an equation with constant
coefficients. Consequently, the direct integration of the
equation can only be applied to simple bars such as cantile-
ver columns. It is the purpose of this section to present
the stability matrix due to a combined action of distributed

and concentrated axial forces.

1. Formulation of Stability Matrix

Consider the beam of Fig. 4.4a subjected to a concentrated
axial force N, and a uniformly distributed axial load g. The
generalized coordinates q; and generalized forces Q; are
shown in Fig. 4.4b and c, respectively. Let N, g, Qj, gj are
positive as shown, the displacement y(x) of the beam at
point x due to q; and Qi may be expressed as

4

y(x) = ¥ q;¢,(x). (4.21)
i=1

For bending deformation only, the shape functions ¢ (x) of
Eq. (4.21) are the same as Egs. (3.21, 3.22, 3.23, 3.24)

shown below:
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(x - 2x2/L + x3/L2?)

¢l(X)

¢2(x) (x3/L? - x2/L)

(4.22)
¢3(x) = (-1 + 3x?/L2% - 2x3/L3%)

¢4(x) = (3x2%/L% - 2x3/L3)

The total potential energy V due to N and g is given by

where VN is the virtual workbdone by the axial force N on
displacement A, and Vq is the virtual work done by uniformly
distributed axial load g on displacement A; where A is the
displacement resulting from the displacements gj. For an

element dx shown in Fig. 4.4d one may have

dA = ds - dx (4.23)

ds = dx{1 + (dy/dx)z};5 (4.24)
for small deflection, Eq. (4.24) becomes

ds = dx{1l + %(dy/dx)?} (4.25)

Substituting Eq. (4.25) into Eg. (4.23) and then integrating

over the length yield
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A = %[ (dy/dx)2dx
0

We can now write the work VN as

L
Y, = NA = LN[ (dy/dx)?dx
0
Ol ~x
Y g

(a) Typical Bar

(b) Local Generalized Coordinates
3N @ Q
G D
Q4

(c) Local Generalized Forces

Q
1
ds
N = N

T 1 —
% | d e
— ) le—dx o
2 4
L Q,

(d) Force-Deformation Relationship

I
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(4.26)

Fig. 4.4 Typical Bar Subjected to :Concentrated Axial

Load N and Uniformly Distributed Load g
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From Fig. 4.4d, dA=ds-dx=%(dy/dx)?dx the work done by the

load acting on the right side of x on dA is

dvq = (L-x)dA = q(L-x){%(dy/dx)?}dx

Therefore, the total work produced by the distributed load

over the length is

L L
Vq = f qu = %f g (L-x) (dy/dx) 2dx (4.27)
0 0

The strain energy is
L
U =%[ EI{y"(x)}2dx (4.28)
0
The virtual work done by forces Q; on q; may be written as
W= ZQ.q, (4.29)
By Lagrange's equation

3U/dq, - 9V/3q, = 9W/3q, (4.30)

upon which the substitution of Egs. (4.26), (4.27), (4.28),

(4.29) leads

{vu} - {vy} - {W_} = {VW} (4.31)



From Eqg. (4.21)

y' (x) Zg.¢' (x)
iii

y" () = Za;0f (x)

thus substituting Egs (4.32), (4.

and (4.28), respectively, gives

_ _ T
_ _ T
vy = %i § 5;49;95 = %{q} [Sij
V. =X%I % g..q.9. = Tig..
g %i : 9359595 5{q} [gl:|
in which
T
k., = f EI¢" (x)¢" (x)dx
ij 5 i j
L
s;: = [ No!(x)¢' (x)dx
j S 5 .
= Pam-x) ! (x) ¢! (x)dx
gij = q i 5 .

0

Substituting Egs. (4.34), (4.35),

37

(4.32)

(4.33)

33) into Egs (4.26), (4.27)

1{q} (4.34)

1{q} (4.35)

1{q} (4.36)

and (4.36) into Eqg. (4.30)

yields the results of Eg. (4.31) as
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{vu}

[k 514q)

vyl = [s; 41 {a}

(4.37)
{vw_} = [g, 1{q}
g ij
{vw} = {q}
Therefore Eg. (4.31) may be rewritten as
[x,.1{q} - Is,.1{q} - [g,.1{q} = {q} (4.38)
ij 1j ij

in which [kij], [sij] are exactly the same as Egs. (3.26

and 3.27), [g, 1 is the stability matrix due to uniformly
1]
distributed axial load and can be expressed as follows

s 5\ N\
6gL®> -gL? (
Q 60 60 0 0 93
-qL? 2gL? =-gL -gL
Q q
2 | | 60 60 10 10 2 (4. 38)
-qL 39 39
Q 0 q
3 10 5 5 3
-gL_ 39 39
0 q.
2y 10 5 5 4
4 J \ i )
[gij]

Through the displacement method discussed in Section C
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of Chapter III, one can calculate the buckling load of a
structure subjected to a simultaneous action of concentrated
axial force N and distributed axial load g. The following
examples are selected for the comparison of numerical
solution obtained by the present method with that by

Timoshenko's rigorous mathematical approach (34).

2. Numerical Examples

Example 4.2. Consider the uniform cantilever column
shown in Fig. 4.5a with a concentrated axial force N acting
at end B and a uniform load g acting along the axis. Find
the critical load doy Or the critical load N,,.- Let the
member length L=240 in., the uniform cross section A=24 in?,
I=96 in?, and E=30x10°psi.

Solution: Let the column be divided into five segments
as shown in Fig. 4.5a. The global coordinates and local
coordinates are shown in Fig. 4.5b and 4.5c, respectively,
from which the equilibrium matrices [Am] and [AV] are

established as follows

PMl 2 3 4 5 6 7 8 9 10
1/0 1 1 0 0 O O O O O
2/0 o 0 11 0 0 0 0 O
[Be.] = 3/o0 o o o 0 1 1 0 0 O
4o o oo 0 0 0 1 1 1
5/0 0 0 0 0 0 O O O O




A q
1
A
| 48" ’ 8" 48" 48" 8"
(a) Loading
1 2 3 4 5
4 N N N N\
4 V| Y NI N q\‘
6 7 8 9
10
(b) Global Coordinates
1 2 3 4 5 6 7 8 9 10
I N YN YR \IK\ AYE Ve N |
L\ Uy I 1 I L 1 T \_{

(c)

Fig.

Local Coordinates

4.5 Example 4.2

40
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[Av] = 3 0o 0 0 0 0 1 -1 0 O0 O

The eigenvalue equation of this problem is similar to

Eq. (4.8) with the inclusion of [gij]. Using the digital
computer program based on the matrix iteration method (32)
yields the solutions shown in Tables I and II in which the
comparison of the present solution with Timoshenko's
solution is very satisfactory.

Example 4.3. Consider the simply supported uniform
beam shown in Fig. 4.6a with a concentrated axial force
N acting at both ends A and B and a uniform load g acting
along the axis. Find the critical load e for given N and
critical load N, for given g. Let L=240 in., A=30.2376 in%,
1=192 in., and E=30x10°psi.

Solution: Let the beam be divided into five segments
shown in Fig. 4.6a. The generalized global coordinates and
generalized local coordinates are shown in Figs. 4.6b and
4.6c, respectively, from which the equilibrium matrices

[A,] and [A,] are established as follows
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q
N
B
48" 48" _ 48" 48" 48"
(a) Loading
2 3 4 5 6
N N J N N
\‘ \} \l \‘ o
7. 8 9 10

(b) Global Coordinates

(c) Local Coordinates

Fig. 4.6 Example 4.3



g 1 2 3 4 5 6 7 8 9 10
1 1 0 0o o o o0 O O o0 O
2 6 1 1 o0 o o0 o0 o o0 o
3 6 0 0 1 1 o0 O O o0 O
[Am] - 4 0O 0 0 0 o 1 1 o0 o0 O
5 0 0 0 0 o 0o O 1 1 o
6 0O 0 0 0 o 0 O O o0 1
P
P 1 2 3 4 5 6 7 8 9 10
i 0 1-1 0o o O O O o0 O
2 0o 0 0 1-1 o0 O O o0 O
[a,] =
3 o 0 0 o 0 1 -1 0o o0 O
4 0o 0 0o o 0 0 O 1 -1 0
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Similar to Example 4.2, the solutions obtained by using

the computer program are shown in Tables III and IV in which

a very good comparison between the present solution with

Timoshenko's solution is shown.



Table I Buckling Load g, with N Given of Example 4.2

Timoshenko (34) Present Method
b N=bEI/L®> (lbs) a qcr=a'n2EI/L3 (lbs/in.) g, (lbs/in.)
ﬂ2/4. 123,370.00 0.00 0.00 0.00
2.28 114,000.00 0.25 128.51 130.99
2.08 104,000.00 0.50 257.02 269.06
1.91 95,500.00 0.75 385.53 385.42
1.72 86,000.00 1.00 514.04 514.70
0.96 48,000.00 2.00 1,028.08 1,019.80
0.15 7,500.00 3.00 1,542.13 1,538.97

0.00 0.00 3.18 1,634.66 1,632.92



Table II Buckling Load Ncr with g Given of Example 4.2

Timoshenko (34) Present Method
a g=am’EI/L® (lbs/in.) b Nor=bEI/L® (1lbs) Noy (1bs)
0.00 0.00 m2/4. 123,370.00 123,372.92
0.25 128.51 2,28 114,000.00 114,184.90
0.50 257 .02 2.08 104,000.00 104,898.80
0.75 385,53 191 95,500.00 95,499,12
1.00 514.04 Lo 7o 86,000.00 86,064.87
2,00 1,028.08 0.96 48,000.00 47,358.83
3.00 1,542.13 015 7,500.00 17;276.96

3.18 1,634.66 0.00 0.00 0.00



b

8.63
7.36
6.08
4.77

Table III Buckling Load - - with N Given of Example 4.3

N=bEI/L® (1bs)

986,965.00
836,000.00
736,000.00
608,000.00
477,000.00

Timoshenko (34)

a

0.00
0.25
0.50
0.75
1.00

4o =am’EI/L® (1lbs/in.)

0.00
1,028.09
2,056,18
3,084.26
4,112,35

Present Method

qCI'

(1bs/in.)

0.00
1,025.64
2,057.84
3,084.26
4,112.62

46



0.00
0.25
0.50
0.75
1.00

Table IV Buckling Load Nap with g Given of Example 4.3

Timoshenko (34)

g=an?EI/L® (lbs/in.)

0.00
1,028.09
2,056.18
3,084.27
4,112.35

8.63
7.36
6.08
4.77

- 2
N_,=bEI/L? (lbs)

986,965.00
863,000.00
736,000.00
608,000.00
477,000.00

Present Method

. - (1bs)

987,110.30
862,559.50
725,177.20
607,814.00
476,929.00

47
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V. NUMERICAL INTEGRATION METHODS AND THEIR
APPLICATION TO DYNAMIC RESPONSE

In the analysis of dynamic response, an exact or
rigorous mathematical approach may be possible for a very
simple structure subjected to a force expressable in a
mathematical function. For practical problems of complicated
structures and loadings, the direct mathematic integration
becomes tedious, or, perhaps impossible. Therefore, it is
often desirable and sometimes imperative to solve the
equations of motion by step-by-step numerical integration
procedures which are designed to utilize the modern computa-
tional techniques.

Two well-known methods, the Runge—-Kutta fourth order method
and the linear acceleration method, have been employed in this
research for general dynamic excitation of elastic as well

as inelastic structures.

A. Fourth Order Runge-Kutta Method
Consider the following second order simultaneous

differential equations

da?x

{
dt?

} = F(t,x,dx/dt) (5.1)

of which the numerical integration by the fourth-order Runge-

Kutta method may be expressed as (33)
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(X, o= ) - @) 0+ G5 (R K, bRy (5.2)
(X}, = X}, - i({Kl}+2{K2}+2{K3}+{K4}) (5.3)
where

{R;} = (AB)F (t;,{X};,{X};)

{Ky} = (At)F (t;+ 2 X}, + {x} AXY 1K ]

{K,} = (dt)F(ti+%E,{x}i+%5{k}i+%E{Kl},{k}i+%{K2})

{K4} = (dt)F (t;+dt, {X}, +dt{x} + {K }, X}, s HIRSH
2
From Eq. (3.19) or Eg. (3.31), one may write the

acceleration equations as
{x} = M7 ({F} - (IK] - (a+Bcos6t) [S]){X}) (5.4)

Because of the similarity between Eq. (5.1) and Eg. (5.4),
the solution of Eg. (5.4) can be obtained by applying the
fourth order Runge-Kutta method.

The SUBROUTINE GFMKP in the appended computer programs
is based on Egs. (5.2 and 5.3) for which two examples are
selected for the comparison of the numerical solution with
the exact solution by direct integration.

Example 5.1. Find x and y of the following simultaneous

second order differential equations by using (a) direct
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integration and (b) the fourth order Runge-Kutta method.

d?x , d
+ X, o - y = sint
dat? dt
(5.5)
d2
——% + — + x -y = 2t2
dt t
of which the initial conditions are
x=2., y=—-4.5, dx/dt=-1., and dy/dt=-3.5 at t=0.
Solution: (a) Using the given initial conditions one

may find the following solution to Eg. (5.5) by the direct

integration technique.

X = l+t—2t2+3t3—lt“+e—t—sint
3 6
y = —6—3t—4t2—%t“+et—e—t—%sint—%cost

in which x and y are function of t. Let t be varied in
an interval of 0.1 sec., then the values of X and y are
tabulated in Table V.

(b) Let Eg. (5.5) be rewritten in the following matrix

form
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1 0 % 0 1 x 1 -1 X sint
2¢2

o
[
X
=
o
%0
=
|
=
0

Using the computer program GFMKP the solution of x and y
in Eg. (5.6) has been found for the interval of time
dt=0.004 sec. The result is shown in Table VI. Comparing
Table V with Table VI reveals that the difference is
negligible. x and y obtained in (a) and (b) are plotted in
Fig. 5.1.

Example 5.2. Find x, y, z of the following simultaneous
second order differential equations by using (a) direct

integration method and (b) fourth order Runge-Kutta method.

d?x/dt? + d?z/dt? - x =0

(5.7)

I
o

d?y/dt? + d?z/dt? - y

d?x/dt? + y = 2cost
of which the initial conditions are x=0, y=0, z=3, dx/dy=0,
dy/dt=0 and dz/dt=1.5 at t=0.

Solution: (a) The solutions to Egq. (5.7) are obtained
by the direct integration method as

x = t sint

t sint

~
I



52

z = 1.5t - 2tsint - 2(l-cost) - 3

The numerical values of x, y, z are tabulated in Table VII.

(b) Let Eg. (5.7) be rewritten in matrix form as

1 0 1) ( z ) (0 0o =-1) ( z ) (0 )
1 1 ol{¥ P + o -1 o {yp={ o F (5.8)
(0 0 1) { kX | o 1 0) { x | | 2cost |

The computer solution of Eg. (5.8) for dt=0.002 sec. is shown
in Table VIII. The comparison between the results obtained
by these two methods is very satisfactory. Fig. 5.2 shows

the function of x, y, z vs time.

B. Linear Acceleration Method
The general expression of numerical integration of a

second order differential equation may be rewritten as (17)

~ : ey g " e )

{xp o= Ax} _ .+ X} _ . @8) + CG-B){X} _, (dt)" + B {x} _(at)
(5.9)

{x} =X} _  +%20UX}__ .+ {X}))(dr) (5.10)

in which the parameter B' to be chosen is to change the form



of the variation of acceleration in the time interval dt.
When B'=1/6, the motion solution corresponds to a linear
variation of acceleration in the time interval dt, and

Egs. (5.9), (5.10) become

_ é -];.. 2 -];.- >

X}, = X} _g¢ + @)X} _ .+ 3{X}t_dt(dt) + 6{x}t(dt)
(5.11)

X=X} _g¢ +2@0)IX} 4 + H@E) X} (5.12)

in which the subscript t, and t-dt denote the response at
time t and the previous t-dt, respectively. Thus the
solution method is called linear acceleration method.

Let the governing differential equation of motion of

Eg. (3.19) be rewritten as

[M]{X} + ([K] - (o+Bcos6t)[S]){x} = {F} (5.13)

which is actually a nonlinear differential equation, because
the stability matrix (o+Bcosft) [S] is time-dependent. The
motion equation may be considered to be linear during a
very short time duration, dt, for which Eq. (5.13) can be

expressed in an incremental form as

[M]1{AX} + ([K] - (a+Bcosét)[s]){Ax} = {AF} (5.14)

53



in which
{AX}
{Ax}
{AF}

From Egs.

{AX}

and

{AX}

in which

{AX}

{a}

{B}

= incremental acceleration;
= incremental displacement; and
= incremental force.

(5.11) and (5.12) we have

{x}, - {x}

3/7dt{Ax} + {B}

t t-dt

= {X}p - {X}p_gq¢ = 6/dt2{ax} + {a}

= {x}t - {x}t_dt

= -6/at{x}__ . - 3{X}__

t dt

= -3{x}t_dt - dt/2{x}t_dt

{5.158)

(5.16)

(5.17)

(5.18)

(5.19)

Substituting Egs. (5.15 to 5.19) into Eg. (5.14) yields the

following symbolic form

[K']1{AX} = {AR}

in which

[K']

{ AR}

[s']

6/dt? [M] + [K] - [S']

{AF} - [M]{A}

1

(a+Bcosbt) [S]

(5.20)

(5.21)

(5.22)

(5.23)

54
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Thus Eg. (5.14) is reduced to the pseudo static form of

Eg. (5.20) from which {AX} can be solved as
{ax} = [K'17'{AR} (5.24)
Using the pseudo static form to find the dynamic

response of a structure, one must repeatedly perform the

following procedures.

{a} = —6/dt{x}t_dt—3{x}t_dt
{B} = -3{x} _gat/2{X} _4¢
{AR} = {AF} - [M]{A}

[K'] = ([K]1-[S'1+6/dt2[M])
{AX} = [K']1”'{AR}

{x}t = {X}t dt+{AX}

{x},_ = {x}

£ t+{Ax} = {X}t_dt—B/dt{AX}+{B}

t-d

X} ={X +{AX} = 6/dt2{X +{A
&y, ={X} 4 +(8K} = 6/at?{x} __  +{A}
in which [S'] is different from time to time. Consequently,
the structure is assumed to behave in a linear manner during
each time increment, and the nonlinear response is obtained

as a sequence of successive increments.
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C. Modal Analysis

In analyzing the response of a structural system
subjected to dynamic excitation, the governing differential
equations of motion are usually composed of a set of coupled
differential equations of second order. One of the
approaches of solving these coupled equations is to
uncouple the equations by using a technique of linear
coordinate transformation. The linear transformation is
obtained by assuming that the response is a superposition
of the normal modes of a system multiplied by corresponding
time-dependent generalized coordinates. The solutions to
the uncoupled equations can be obtained by using Duhamel's

integral. This analysis is called modal analysis (23,24).

D. Application of Numerical Integration Methods to a
Structure Subjected to a Ground Acceleration

When a structure is excited by a ground acceleration,
the motion equations of Eq. (3.19) may be expressed in terms

of the following relative coordinates:

{Xs}relative = {xg} - {Xg}
{Xr}relative = {Xr}
.o .o (5.25)
{Xs}relative = {Xs} B {Xg}
(X 3} = {X }

r relative r



Table V Values of x and y of Example 5.1
by Direct Integration Method

Time Direct Integration Method

sec. x (inch) y (inch)

0.0 0.2000000E 01 -0.4500000E
0.1 0.1885653E 01 -0.4877422E
0.2 0.1745129E 01 -0.5309491E
0.3 0.1581950E 01 -0.5796082E
0.4 0.1399307E 01 -0.6337336E
0.5 0.1200031E 01 -0.6933632E
0.6 0.9865822E 00 -0.7585610E
0.7 0.7610353E 00 -0.8294145E
0.8 0.5250612E 00 -0.9060350E
0.9 0.2799199E 00 -0.9885552E
1.0 0.2643967E-01 -0.1077128E
1.1 -0.2349665E 00 -0.1171918E
1.2 -0.5043706E 00 -0.1273120E
1.3 -0.7822802E 00 -0.1380931E
1.4 -0.1069665E 01 -0.1495567E
1.5 -0.1367968E 01 -0.1617241E
1.6 -0.1679098E 01 -0.1746175E
1.7 -0.2005452E 01 -0.1882587E
1.8 -0.2349898E 01 -0.2026689E
1.9 -0.2715786E 01 -0.2178680E
2.0 -0.3106950E 01 -0.2338741E

01
01
01
01
01
01
01
01
01
01
02
02
02
02
02
02
02
02
02
02
02
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Table VI Values of x and y of Example 5.1
by Runge-Kutta Method

Time Runge—-Kutta Method

sec. x (inch) y (inch)

0.0 0.2000000E O1 -0.4500000E
0.1 0.1885633E 01 -0.4877402E
0.2 0.1745090E 01 -0.5309444E
0.3 0.1581895E 01 -0.5796010E
0.4 0.1399232E 01 -0.6337241E
0.5 0.1199939E 01 -0.9933517E
0.6 0.9864780E 00 -0.7585473E
0.7 0.7609386E 00 -0.8293986 E
0.8 0.5249753E 00 -0.9060167E
0.9 0.2798458E 00 -0.9885345E
1.0 0.2638184E-01 -0.1077105E
1.1 -0.2350211E 00 -0.1171899E
1.2 -0.5044181E 00 -0.1273105E
1.3 -0.7823184E 00 -0.1380923E
1.4 -0.1069688E 01 -0.1495564 E
1.5 -0.1367956 E 01 -0.1617238E
1.6 -0.1679055E 01 -0.1746130E
1.7 -0.2005371E 01 -0.1882509E
1.8 -0.2349773E 01 -0.2026601E
1.9 -0.2715609E 01 -0.2178578E
2.0 -0.3106709E 01 -0.2338623E



x and y value (in.)

5.0

0.

-2.5¢

-5.0%

Fig. 5.1 Solutions of x and y of Example 5.1

2:0
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Table VII Value of x, y, z of Example 5.2
by Direct Integration Method

Time Direct Integration Method

sec. x or y (inch) z (inch)

0.1496104E 01 0.4115623E
0.1599156E 01 0.4259301E
0.1685648E 01 0.4435519E
0.1752727€ 01 0.4647988E

0.1797756E 01 0.4900013E
0.1818370E 01 0.5194410E

0.0 0.0000000E 00 0.3000000E
0.1 0.9983279E-02 0.3140006E
0.2 0.3973359E-01 0.3260354E
0.3 0.8865470E-01 0.3361946E
0.4 0.1557643E 00 0.3446251E
0.5 0.2397080E 00 0.3515290E
0.6 0.3387790E 00 0.3571613E
0.7 0.4509431E 00 0.3618241E
0.8 0.5738719E 00 0.3658622E
0.9 0.7049769E 00 0.3696569E
1.0 0.8414487E 00 0.3736200E
1.1 0.9802999E 00 0.3781870E
1.2 0.1118392g 01 0.3838078E
1.3 0.1252545g 01 0.3909409E
1.4 0.1379519E 01 0.4000428E
1.5

1.6

1.7

1.8

1.9

2.0
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Table VIII

Time

secC.

ocowvwo~NooULbWNHFOVWONOULIBPWNEFO

Values of x,

z of Example 5.2
by Runge-Kutta Method

Runge-Kutta Method

X or y (inch)

0.0000000E

00

0.9983249E-02
0.,3973317=01
0.8865428E-01

0.1557640E
0.2397076E
0.3387781E
0.4509427E
0.5738727E
0.7049797E
0.8414543E
0.,9803007E
0.1118409E
0.1252581E
0.1379579E
0.1496188E
0.1599264E
0.1685781E
0.1752886E
0.1797944E
0.1818587E

00
00
00
00
0o
00

z (inch)

0.3000000E
0.3140024E
0.3260397E
0.3362012E
0.3446340E
0.3515406E
0.3571754E
0.3618406F
0.3658814F
0.3696787E
0.3736449E
0.3782142E
0.3838374E
0.3909723E
0.4000764E
0.4115977E
0.42596 74E
0.4435905E
0.4648388E
0.4900426E
0.5194835E

01
01
01
01

01
01
01
01
01
0l
0l
01
01
01
01
01
01
01
01
01
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Fig. 5.2 Solutions of x, y and z of Example 5.2

2.0
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in which
{Xg} = ground displacement; and
{Xg} = ground acceleration.

Substituting Eg. (5.25) into Egq. (3.19), the motion equations

become

o

[M] { - } + ([K]-(a+Bcosbt) [S]) —= = X [M] {2\
Xs Jrel. Xs rel. i Ll?

(5.26)

If the joint rotations are neglected, then Eg. (5.13)

becomes

MI{X ) o1, + [[K] - (a+Bcosot) [S11{X_} = -X MI{1}

rel.

(5.27)

Example 5.3. Consider the shear building shown in
Fig. 5.3 subjected to a ground acceleration §g=(—8.wzsin4ﬂt)
in./sec%. The structure is assumed to be stationary at
t=0. Find the relative displacements y; and Yo

Solution: Without considering the joint rotations, the
diagrams of relative displacements and internal shears are
shown in Fig. 5.4a and 5.4b, respectively. The governing

differential equations of motion can be established as
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M =

177 .1b-sec.?/in.

2

:OI_NH :Ol.m.—.. —
Wl% dg
‘Ut C0pg=l ‘T C0Gb=T L
g
-
N
o
o ﬁw E =
S 0} =] o
- 0) - ]
. 4 . o
o — o N
o ° o
o < o
< o 0
Il N Il
I Il H
1
=
JUT Cove=I JUT *0S¥=I \ %g
—L .

Example 5.3

5.3

Fig.



(a) Relative displacements

11 12’
I | e
4
1 .
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o | | J. .
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777777 7777
(b) Internal Shears

Fig. 5.4 Diagrams for Example 5.3
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0.294 0 f yl 113.4258  -57.8703) [ y,
+
0 0.177 "2 -57.8703 57.8703 Y,
(-0.294
= (-872%sindTt) (5.28)
-0.177

The solutions to Eq. (5.28) by modal matrix method are

KL
]

(1.435726sinw t - 0.015225inw2t - 1.118190sin47mt) in.
1 1

)
Il

(2.0774003inw1t + 0.01747sinw2t - 1.695700sin47t) in.

in which w=10.0493 rad./sec. and w2=24.7338 rad./sec..

Eg. (5.28) is also solved by Runge-Kutta method and linear
acceleration method. The results obtained by using these
three methods are shown in Tables IX, X, and XI. The values
of y; and y, obtained by Runge-Kutta method are plotted

in Fig. 5.5.
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Table IX Modal Matrix Solution of Example 5.3

Time

secC.

0.00
0.25
0.50
0.75
1.00
128
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
3.75
4.00
4.25
4.50
4.75
5.00

Modal Matrix Method

yl(inch)

0.0000000E 00
0.8464944E 00
-0.1363268E 01
0.1368720E 01
-0.8336927E 00
0.5519118E~03
0.8590817E 00
-0.1358700E 01
0.1373142E 01
-0.8222809E 00
-0.5587449E-02
0.8692333E 00
-0.1355897E 01
0.1374121E 01
-0.8128962E 00
-0.5842257E-02
0.8772812E 00
-0.1357949E 01
0.1373104E 01
-0.8089312E 00
-0.1285170E-01

yz(inch)

0.0000000E 00O
0.1220889E 01
-0.1980392E 01
0.1968805E 01
-0.1221648E 01
-0.1810213E-01
0.1220779E 01
-0.1991364E 01
0.1958570E 01
-0.1220102E 01
-0.3398962E-01
0.1222534E 01
-0.1998659E 01
0.1950198E 01
-0.1215090E 01
-0.4788642E-01
0.1229915E 01
-0.2004099E 01
0.1948336E 01
-0.1207948E 01
-0.5452869E-01

68



Table X Runge-Kutta Solution of Example 5.3

Time

secC.

0.00
0.25
0.50
0.75
1.00
1:25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3+25
3.50
379
4.00
4.25
4.50
4.75
5.00

Runge—-Kutta Method

y (inch)
1

0.0000000E 0O
0.8465530E 00
-0.1362926E 01
0.1368614E 01
-0.8329155E 00
0.4706755E-03
0.8594314E 00
-0.1358029E 01
0.1372542E 01
-0.8211390E 00
-0.1396582E-02
0.8695287E 00
-0.1355843E 01
0.1372791E 01
-0.8122261E 00
-0.7707227E-02
0.8767487E 00
-0.1358685E 01
0.1370356E 01
-0.8087917E 00
-0.1628288E-01

y (inch)
2

0.0000000E 0O
0.1220697E 01
-0.1980345E 01
0.1968013E 01
-0.1221237E 01
-0.1900962E-01
0.1220535E 01
-0.1991096E 01
0.1957166E 01
-0.1219411E 01
-0.3526889E-01
0.1223184E 01
-0.1997948E 01
0.1949301E 01
-0.1212588E 01
-0.4857550E-01
0.1231712E 01
-0.2002067E 01
0.1948045E 01
-0.1203523E 01
-0.5468697E-01
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Table XI

Time

secC.

0.00
0.25
0.50
0.75
1.00
1.25
1.50
1.75
2.00
2.25
2.50
2.75
3.00
3.25
3.50
Swdd
4.00
4.25
4.50
4.75
5.00

Linear Acceleration Solution of Example 5.3

Linear Acceleration Method

yl(inch) y2(inch)
0.0000000E 00 0.0000000E 0O
0.8443995E 00 0.1216910E 01
-0.1357155E 01 -0.1973529E 01
0.1362345E 01 0.1956882E 01
-0.8228942E 00 -0.1209591E 01
-0.6071389E~-02 -0.3182024E-01
0.8656081E 00 0.1225681E 01
=0.,1353907E Q1 -0.1989300E 01
0.1364450E 01 0.1941218E 01
-0.8034375E 00 -0.1198106E 01
-0.1523147E-01 -0.5947738E-01
0.8820280E 00 0.1237475E 01
-0.1353487E 01 -0.1997902E 01
0.1362159E 01 0.1931440E 01
-0.7889202E 00 -0.1180500E 01
-0.3058952E-01 -0.8214664E-01
0.8945796E 00 0.1258290E 01
-0.1360874E 01 =0.2003111E 01
0.1354414E 01 0.1928658E 01
-0.7809602E 00 =~0.1157982E 01
-0.4974973E-01 -0.9619385E-01
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VI. DYNAMIC RESPONSE OF ELASTIC STRUCTURAL SYSTEMS

The numerical integration techniques described in the
preceding chapter will be used herein to study the instability
behavior and displacement response of a structure subjected
to time dependent axial forces as well as lateral forces
or foundation movements. A number of selected examples
given below have been studied by using digital computer
programs based on the numerical integration techniques

described in Chapter V.

A. Numerical Examples
Example 6.1. Consider a beam-column shown in Fig. 6.la

subjected to N_ at both ends and periodic lateral force F.

t
at point B. The periodic force F. is shown in Fig. 6.1b
and the axial force is Nt=(u+Bcoset)N0. The member
properties are
Cross sectional area: AAB=30.24 inf, ABC=24. in?
Member length - LAB=144' in., LBC=96. in.
Moment inertia : Ipp=l92. int, Ipc=96. in.
The static buckling load and natural frequency are found to
be 2974.80 kips and 181.9423 rad./sec., respectively. The
principal dynamic instability region for N,=2974.80 kips,
w=181.9423 rad./sec. and a=0., B=0.2 is shown in Fig. 6.2.

Two cases of dynamic response are investigated by using the

Runge-Kutta method with time interval dt=0.004 sec.. As
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indicated in Fig. 6.2, case A is for ©6=251.7872 rad./sec.
in the stability region and case B is for 6=364.00 rad./sec.
in the principal instability region. The lateral deflections
at point B corresponding to case A and case B are shown
in Fig. 6.3.

Example 6.2. Consider a two-story steel framework
shown in Fig. 6.4a in which the masses lumped at the
floors, the length and moment inertia of the constituent
members are given. The columns of the frame are subjected
to time dependent axial force Nt=(oc+scoset)N0 and the base
of the frame is excited by a ground acceleration
§g=(—8ﬂzsin4ﬂt) in./sec%. After the static buckling load,
NO’ and natural frequency, w, of the structural system
have been found, the principal instability regions for
Np=1001.626 kips, w=10.0494 rad./sec. are investigated
and the results are shown in Fig. 6.5 for various axial
loads corresponding to o=0., 0.2, 0.4, and B8=0.1, 0.2, 0.3,
0.4, 0.5. Two cases of dynamic response sketched in Fig. 6.5
have been studied in which case A is for o=0., B=0.3 and
9=15.0 rad./sec. in the stability region and case B is
for a=0., B=0.3, and 6=20.1 rad./sec. in the instability
region. The Runge-Kutta method with time interval dt=0.025
sec. has been employed for studying the relative displacements
yl and Y, » The results associéted with case A and case B
are shown in Fig. 6.6 and Fig. 6.7. These two cases are also

investigated by the linear acceleration method with time
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interval dt=0.0125 sec.. The relative displacements Y4

and y., are shown in Fig. 6.8 and Fig. 6.9.
2

B. Discussion of Results

For the cases in the instability region, the deflection
response grows exponentially with time. The deflection
response associated with the cases in the stability region,
however, is quite stable. The results obtained by the
Runge-Kutta method agree satisfactorily with those obtained

by the linear acceleration method.
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VII. MATRIX FORMULATION FOR ELASTO-PLASTIC STRUCTURAL SYSTEMS

When the deflection of a structural framework becomes
sufficiently large, the internal moments of the constituent
members may exceed the elastic limit. Consequently, the
elastic analysis will no longer be correct and the structure
must be analyzed to include the inelastic deformation.
Therefore the elementary mass, stiffness and stability
matrices of a typical member must be derived to account for

the deformation beyond elastic limit.

A. Idealized Elasto-Plastic Moment—-Rotation Characteristics
Let us assume that the constituent members of a frame
have an ideal elasto-plastic moment rotation characteristics
as shown in Fig. 7.1l. The typical moment-rotation diagram
has a linear relationship called elastic branch which varies
from zero moment to the reduced plastic moment Mpc. The
reduced plastic moment will be evaluated to account for
the effect of axial load on the plastic moment. For any
further deformation, the member will have a plastic hinge

at which the applied moment is M When the member has

pc’
reverse deformation, the moment-rotation relationship becomes
linear and parallel to the original elastic branch. The
elastic behavior remains to be unchanged until the internal

moment reaches Mpc' Consequently, a plastic hinge will be

assumed and a constant moment will be applied at the hinge.
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The cyclic process is sketched in Fig. 7.1.

B. Reduced Plastic Moment

The influence of axial force on plastic moment will

be calculated according to ASCE manuals (35) as

where

(

(

N

2 =

g o H W
~

a)

b)

PC

for wide-flange sections

when 0 < P < 0.15Py

Mpc = Mp = FYZ (7.1)
when 0.15p_ < P < P
y = =Y
Mpe = l.lS[l—(P/PY)]Mp (7.2)

for rectangular section

== = 2
Moo = [1 - (B/P))* 1M, (7.3)

= plastic section modulus;
= FyA;

= yielding stress of steel;
= cross sectional area;

= axial force;

= FyZ = plastic moment; and

= reduced plastic moment.
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C. Modified Elementary Mass, Stiffness, and Stability
Matrices

An elastic analysis for dynamic response can only be
carried out to the loading stage at which none of the
internal moment reaches plastic moment. When an internal
moment reaches plastic moment, the frame is then modified
by inserting a real hinge at the location with a plastic
moment applied at the hinge. Thus the mass, stiffness and
stability matrices of that member must be modified according to
the hinge location.

Let the typical member shown in Fig. 7.2 have a hinge

at j, then the shape functions of the member are

¢1(X) = (x3%/2L?% - 3x2%/2L +x)

¢2(X) =0
(7.4)

I

¢3(x) (-x3/2L3% + 3x2/2L% -1)

¢4(X) = (3x2/2L%? - x3/2L3%)

—O
i j
Q
Q : 2
ap. Yt Y
N < | Y N,
Q3
d; /~‘q2
% q
iy d,

Fig. 7.2 Generalized Local Coordinates and General-
ized Forces of a Beam with j End Hinged
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Following the same procedure used in Chapter III, one can

derive the mass,

Q

8mlL 3 0
420 :
0. 0.
-36mL? 5
420 :
11mL 2 o
280 :
[mij
0. 0.
-3EI
L2 O.
'3€I 0.
L

stiffness and stability matrices as

(k..

1]

~-36mL2 11mL2 )
420 280
0. 0.
204mL —39mL
420 280
-39mL 99mL
280 420
Jl
-3EI -3ET )
T:® L2
0. 0.
3EI 3EI
L® L’
3EI 3EI
3 3
Is L

>(7.5)

5(7.6)
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( ) [ L =1 -1 \/ )
Q == 0. - e q
1 5 5 5 1
Q2 0. 0. 0. 0. q2
= N
{ 3 " { > (7.7)
-1
Q I 0. —6 —6 q
3 5 5L 5L 3
o =5 " _6 _6
4 5 : 5L, 51, 9y
{ ;B L )\ J
[sij]

Similarly, let the typical member shown in Fig. 7.3
have a hinge at end i, then the shape functions for the

boundary conditions of the member may be derived as

¢1(X) = D
¢, (x) = (x3/21% - x/2)

(7.8)
¢3(X) = (-x3/2L® + 3x/2L - 1)

(-x%/2L% + 3x/2L)

¢4(X)
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Fig. 7.3 Generalized Local Coordinates and Generalized
Forces of a Beam with i End Hinged

Consequently, the mass, stiffness and stability matrices

become
( w ( o
Ql 0- 0. 0. 0. } ( ql ]
. gmL ° 11mL* -36mL” .
2 0. 420 280 420 95
{ y = { >(7.9)
11mL 2 99mL -39mL .
Q 0. =2 g
3 280 420 280 3
-36mL°> -39mL 204mL .
Q4 0. 420 280 420 qy
\ )m \ J L J
L [m_ _] i |

1]
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> (7.10)

> (7.11)

)
(0, s 0. 0. 0.
3EI -3EI ~ 3BT
4 % -3EI 3EI 3EI
~Q3 = 1.2 L3 T,
-3E
o, " 21 3?1 3EI
\ Jk IL L L L3
[ki5]
[ Q, 1 [ 0. 0. 0. 0.
L -1 -1
Q 0.
5 5 5 5
< > =Ng L ] ]
0. .
9 5 5L 5L
Q 0. - T b 5
4 5 5L 5L
\ Jp \

If a member has both ends hinged, then the stiffness

and stability matrices become null and the mass matrix is

( 1 (
Ql 0. 0. 0.
Q2 0. 0. 0.
< > - 2mL
Q3 0. 0. —3—
-mL
Q4 i 0. 0. 3
( J L
‘ [m; ]

> (7.12)
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D. System Matrix of Mass, Stiffness and Stability

Since the mass, stiffness and stability matrices of a
member with one end or both ends hinged have been modified
to account for the boundary conditions. Therefore the
formulation of system mass, stiffness and stability matrices
can be done by following the same procedure described

in Section C of Chapter III.
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VIII. DYNAMIC RESPONSE OF ELASTO-PLASTIC STRUCTURES

A. Transfer Matrix for Plastic Moments and Their Associated
Shears

When an internal moment at the nodal point of a member
is equal to or greater than the reduced plastic moment, then
a plastic hinge will be assumed at the node with a constant
moment Mpc applied at the hinge. Thus the plastic hinge will
be treated as a real hinge and the member mass, stiffness,
and stability matrices must be modified to satisfy the
boundary conditions. If a plastic hinge forms at end i of
member ij, the moment Mpc at that end must be carried over
to end j with the magnitude of Mpcfco (fco is the carry-over
factor including the effect of axial force). Consequently,

pcfco will be treated as the external moment at joint j.

The shears due to Mpc and Mpcfco

transfered to the structural nodes and become the external

on the member ij are then

forces.
Let {FEM}, {FEV} represent the plastic moments My,

M__f , respectively, then

Mpcfco and shears due to Mpc’ pcico

the transfer matrix may be expressed as

i [A_1{FEM}
{(rr} = ¢ T\ = “m (8.1)
¥, [A,]1{FEV}
where {TF} = external load matrix transfered from plastic

moments {TFr} = [Am]{FEM}, and shears

{tF } = [Ay1{FEV}.
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F
{TF} should be combined with the load matrix r} in Eq.
F
(3.31) for dynamic response of the elasto—plastfc case.
The internal moments and shears can be evaluated from

Eg. (3.32), and should be combined with moments {FEM}, and

shears {FEV} for the final solution.

B. Calculation of Plastic Hinge Rotation

As discussed previously, when an internal nodal moment
reaches the plastic moment capacity, a real hinge will be
inserted at that node with a constant moment applied at the
hinge which is allowed to rotate according to the material
behavior shown in Fig. 7.1l. When the hinge rotates in the
direction of the plastic moment, the moment is assumed to be
constant and the rotation can increase indefinitely. When
the hinge rotation is in the opposite direction of the
moment, however, the plastic moment will be removed and the
member becomes elastic. Thus the plastic hinge rotation
must be calculated at each step of numerical integrations
and compared with the previous one, if any, in order to
check the change of the sign of rotation. For a whole
structural system, the hinge rotations may be otained as

follows:
P _ T
{Hr} = ([FS]{Qm} - [FY] [AV] {xs}) [Am] {xr} (8.2)

in which the first term of the right side of Eq. (8.2) is
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composed of the force-deformation relationship of constituent
members given in Egs (3.29, 3.30) and the second term is due
to external nodal rotations. The typical element in the

first term may be derived from Egs. (3.29, 3.30) as
= -1 T
{qr} [KMR+SMR] {Qm} + [RMY+SMY] [A_] {xs} (8.3)

Thus the elements in Eq. (8.2) are

,

5
[FM],
[FM]%
[FS] = \\ (8-4)
[FM].
1
\\\
{ [FMI_ )
( (4EI1 2NiLl) (ZEIl . NlLl)
Ly 15 Lj 30
- 1 (8.5)
FM], =
[EM] 4 DET;
2EI NiLi) (4EIi 2NiLi)
~ . 15
L Ly 30 L; J
B (6EIi _ NiLi) (2EIi _ NiLi) (8.6)
e L 10 Iy 6
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([L]1, )
(L],
[FY] = Y (8.7)
(L]
(L],
. J
=t -1 )
Li Li
(L], = (8.8)
-1 -1
L. L
.t 1

Note that {Qm} is the vector of internal nodal moments due
to nodal displacements. The subscript i denotes the number
of members. The element i of the vector {H.} will have value

only if a plastic hinge exists at node i.

C. Numerical Examples

Example 8.1 Example 6.1 is used to investigate the
elasto-plastic dynamic response for q=0., 3=0.2 and g=364.
rad./sec.. The deflections of point B for elastic and
elasto-plastic cases are shown in Fig. 8.1.

Example 8.2 Example 6.2 is used to investigate the

elasto-plastic dynamic response for a=0., B=0.3, and
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Fig. 8.1 Dynamic Response of Example 8.1
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6=20.1 rad./sec.. The lateral deflections of Yy and Yo
for both elastic and elasto-plastic cases are shown in

Fig. 8.2 and Fig. 8.3.

D. Discussion of Results

From these two examples, it may be observed that the
behavior of elastic case is different from that of the elasto-
plastic case. The parametric resonance shows up clearly
for the elastic case and can not be observed for the elasto-
plastic case. The reason is that the dynamic instability
region is based on the assumption that the structure is

elastic.



98

-~

N
@
Q
—
£
©
»
=)
= s
~—
< >
U
o
(O]
1]
=
(o]
Q
2]
V]
~
O
-~
g
©
S
>
') A
5 2
o o ®
) 0 ;
iR 3
n 0 =]
T  ©
-
(=S B
I
I
I
I
5 - . r
. (28]
X} I

o

(*ut) Hh qusueoeTdsTd

-6.0"



99

6.0

(*uT) Nm ausuweorTdsTA

o~
o
()
=2 —
Q,
1=
5
,,,,, = Y
|||||||||| o
N
< >
—_— 4
\\\\\ o)
0
o
(o]
0y
)
[0))
~
O
O -
0 =
- o
>
(9) a
e
0] +
0 0 o™
(] i} .
O — =
(a¥]
c - L]
- c @ T I mm———_— o
) 4 -~ -
1) 0 o Py
(] © =
— —
£a] [£a}
oy YT T T ==
I -
I
I
I
oy =t
- S o =



100

IX. CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

A. Summary and Conclusions

An analytical method is presented for determining the
behavior of dynamic instability and response of frameworks
subjected to longitudinal pulsating loads and lateral dynamic
forces or foundation movements. Some of the features of
this work may be summarized as follows:

1l. Dynamic instability criteria are discussed and
formulated in relation to the magnitude of axial force, the
longitudinal forcing frequency, and the transverse
frequency.

2. The displacement method is employed for structural
matrix formulation for which the typical member matrices
of mass, stiffness, and stability are derived.

3. Eigenvalues of free vibrations and static
instability are investigated in this work. The static
instability analysis includes both concentrated and
uniformly distributed loads.

4. The elastic and elasto-plastic frameworks are
analyzed for the response of displacements, internal moments
and shears due to dynamic lateral forces or ground
accelerations. General considerations include bending
deformation, geometric nonlinearity, the effect of girder

shears on columns and the effect of axial loads on plastic

moments.
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5. Two numerical methods of fourth order Runge-Kutta
method and the linear acceleration method are used for the
solutions to nonlinear differential equations of motion.
The comparison between the solutions obtained by these two
methods is very satisfactory.

6. A number of selected examples are presented from
which it may be observed that the deflection response
corresponding to the instability region grows exponentially
with time.

7. The dynamic instability analysis yields the
stability and instability regions from which one may
design a structure to avoid the occurrence of parametric

resonance.

B. Recommendation for Future Work

1. One may include the structural damping in the
differential equations of motion to investigate the
effect of damping on dynamic instability and response.

2. The structural material may be considered highly
nonlinear in the form of Ramberg-Osgood or bilinear.

3. The static instability analysis method for
distributed axial load may be applied to investigate the
effect of structural self-weight on the buckling capacity of
a structure.

4. The optimum design technique may be applied to
parametrically excited structures with consideration of the

constraints of longitudinal and transverse frequencies.



10.

102

BIBLIOGRAPHY

Beilin, E.A. and Dzhanelidze, G. Yu., "Survey of Work
on the Dynamic Stability of Elastic Systems", Prikl.
Mat. Mekh., Vol. 16, 1952, Translated by Trirogoff,
K.N. and Cooper, R.M., Report No. TDR-930 (2119) TN-2,
U.S. Dept. of Commerce, Office of Tech. Services,
November 1961.

Bolotin, V.V., "Dynamic Stability of Elastic System",
(Russian Translation), Holden-Day, Inc., San Francisco,
1964.

Sevin, E., "On the Elastic Bending of Columns due to
Dynamic Axial Forces Including Effects of Axial
Inertia", Journal of Applied Mechanics, March 1960, pp.
125-131.

Cheng, F.Y., "Vibrations of Timoshenko Beams and Frames",
Journal of the Structural Division, ASCE, Vol. 96,
ST3, pp. 551-571, March, 1970.

Cheng, F.Y. and Tseng, W.H., "Dynamic Matrix of Timoshenko
Beam Columns", Journal of Structural Division, ASCE
Vol. 99, ST3, March, 1973.

Tung, T.P. and N.M. Newmark, "Numerical Analysis of
Earthquake Response of Tall Structure", Seismological
Society of America, Bulletin, Vol. 45, No. 4, October
1955, pp. 269-278.

Jennings, Richard L. and N.M. Newmark, "Elastic Response

Multi-Story Shear Beam Type Structures Subjected to
Strong Ground Motion", in World Conference on Earthquake
Engineering, 2d, Tokyo and Kyoto, Japan, 1960,
Proceedings, Tokyo, Science Council of Japan, 1960,

Vol. 2 pp. 699-718.

Blume, J.A., L. Corning and N.M. Newmark, Design of
Multi-Story Reinforced Concrete Building for Earthquake
Motions, Chicago, Illinois, Portland Cement
Association, 1961.

Clough, R.W. "On the Importance of Higher Modes of Vibra-
tion in the Earthquake Response of a Tall Building",
Seismological Society of America, Bulletin, Vol. 45,

No. 4, October 1955, pp. 289-301.

Blume, J.A. "Structural Dynamics in Earthquake Resistant
Design", ASCE, Structural Division, Journal, Vol. 84,
No. ST4, July 1958, Proc. Paper 1695



11.

12.

13.

14.

15.

l6.

17.

18.

19.

20.

21.

103

BIBLIOGRAPHY (continued)

Clough, R.W. "Earthquake Analysis by Response Spectrum
Superposition", Seismological Society of America,
Bulletin, Vol. 52, No. 3, July 1962, pp. 647-660.

Cheng, F.Y. and W.H. Tseng, "Dynamic Parametric Insta-
bility and Response of Frameworks", Presented at the
Column Research Council, Technical Session and Annual
Meeting, Proceedings, 1972.

Cheng, F.Y., "Dynamics of Frames with Nonuniform
Elastic Members", Journal of the Structural Division,
ASCE, Vol. 94, ST10, pp. 2411-2428, Oct., 1968.

Clough, R.W., I.P. King and E.L. Wilson, "Large
Capacity Multi-Story Frame Analysis Programs", ASCE,
Structural Division, Journal, Vol. 89, No. ST4,

pp. 179-204, August 1963.

Clough, R.W., I.P. King and E.L. Wilson, "Structural
Analysis of Multistory Building", ASCE Structural
Division, Journal, Vol. 90, No. ST3, pp. 19-34,

June 1964.

Clough, R.W., K.L. Benuska and E.L. Wilson, "Inelastic
Earthquake Response of Tall Buildings", in World
Conference on Earthquake Engineering, 3d, Auckland

and Wellington, New Zealand, 1965, Proceedings,
Wellington, New Zealand National Committe on Earthquake
Engineering, 1965, Vol. 2, Session II, pp.68-69.

Newmark, N.M., "A Method of Computation for Structural
Dynamics", Journal of the Engineering Mechanics Division,
ASCE, Vol. 185, No. EM3, pp. 67-94, July 1959.

Herrmann, G. "Forced Methods of Timoshenko Beams",
Journal of Applied Mechanics 22, pp. 53-56, 1955.

DeHart, R.C., "Response of Rigid Frame to a Dist;ibuted
Transient Load", Journal of the Structural Division,
ASCE 82, pp. 1056, Sept. 1956.

Levien, K.W. and Hartz, B.J., "Dynamic Flexibility
Matrix Analysis of Frames", ASCE Structural Journal 89,

pp. 515-534, 1963.

Archer, J.S., "Consistent Mass Matrix_for Distributed
Mass Systems", ASCE, Structural Division, Vol. 89,
No. ST4, pp. 161-178., August 1963.



22.

23.

24.

25.

26.

27.

28.

29‘

30.

31.

32.

33.

104

BIBLIOGRAPHY (continued)

Cheng, F.Y., "Dynamic Response of Nonlinear Space
Frames by Finite Element Methods", presented at the
Symposium of International Association for Shell
Structures, Tokyo and Kyoto, Japan, Paper 9-5,
Proceedings, October 17-23 1971.

Rogers, G.L., Dynamics of Framed Structures ,
New York, John Wiley & Sons, 1959.

Biggs, J.M., Structural Dynamics , New York,
McGraw-Hill Book Company, 1964.

Bleich, Hans H. and Salvadori, Mario G., "Impulsive
Motion of Elasto-Plasto-Plastic Beams", Transactions,
ASCE 120, pp. 499-515, 1955.

Seiler, J.A., etc. "Impulsive Loading of Elasto-Plastic
Beams", Journal Applied Mechanics 23, pp. 515-521,
Dec. 1956.

Berg. G.V. and Dadeppo, D.A., "Dynamic Analysis of
Elasto-Plastic Structures", ASCE Engineering Mechanics
Journal 86, pp. 35-58, 1960.

Walpole, W.R. And Sheperd, R., "Elasto-Plastic Seismic
Response of Reinforced Concrete Frame", ASCE,
Structural Division 95, pp. 2031-2055, 1969.

Cheng, F.Y., M.E. Botkin and W.H. Tseng, "Matrix
Calculations of Structural Dynamic Characteristics

and Response", presented at the International
Conference on Earthquake Analysis of Structures, Jassy,
Romania, Vol. 1, pp. 85-102, Sept. 1-4 1970.

Cheng, F.Y., Lecture Course CE 401, University of
Missouri-Rolla, Missouri, 1969.

Wang, C.K., Matrix Method of Structural Analysis ,
Scranton, Pa., International Textbook Company, 1966.

Wang, C.K., "Stability of Rigid Frames with Nonuniform
Members", Journal of the Structural Division, ASCE,
Vol. 93, Stl, Feb. 1967.

Merlin L. James, Applied Numerical Methods for Digital
Computation , International Textbook Co., Scranton,
Pennsylvania, 1967.




105

BIBLIOGRAPHY (continued)

34. Timoshenko, S.P. and J.M. Gere, The Theory of Elastic
Stability , McGraw-Hill Book Co., New York, 1961.

35. ASCE-Manuals and Reports on Engineering Practice-No. 41
Plastic Design in STeel , 1971.




106

APPENDIX

Computer Programs
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LIST OF SYMBOLS USED IN COMPUTER PROGRAMS

AFV = matrix relating girder shears to columns

AFP = matrix relating vertical forces to axial
force in columns

AF = axial force in column

AM = matrix [A]

AV = matrix [Av]

AMS = matrix [Apgl

AREA = cross section area

A, B, C, D = constants of Kl' K2, K3, K4 for Runge-Kutta
formula

ALPHA = coefficient of axial load

BETA = coefficient of axial load

DT = small increment of time

FY = yielding stress Fy

PSB - = static buckling load

PT = time-dependent axial force

PM = plastic moment ZFy

PY = cross section area times Fy

NM = number of member

NP = number of degrees of freedom

NPR = number of degrees of freedom in joint rota-
tion

NPS = number of degrees of freedom in side sway

NVP = Number of vertical forces acting on columns

VA = o value



VB

NPTS

XL

XM

XTI

XE

XT

XTT

XEM

XEV

XXM

XXK

XXP

ZzP

ZETA

NPH

LPH

NRH

HR

FEM

FEV

COFR

B value
number of time steps
member length

mass per unit length

108

moment of inertia of cross section

elastic Young's modulus
displacement

velocity

acceleration

internal end moments
internal end shears
system mass matrix [M]
system stiffness matrix
system stability matrix
time

plastic modulus

6 value

new plastic hinge

0old plastic hinge

relieved plastic hinge

[K]
[S]

plastic hinge rotation {H,}

internal moment due to plastic moment

internal shear due to plastic moment

carry-over factor fco
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FRY1, FRY2, FRY3, FRY4 = element of matrix [FY]

FMV]1, FMV2, FMV3, FMV4 = element of matrix [L]

FRM1, FRM2, FRM3, FRMg4 = element of matrix [FS]

PMR1, PMR2, PMR3, PMR4 = element of submatrix [SMR]
PMY1l, PMY2, PMY3, PMY4 = element of submatrix [SMY]
PVRl1, PVR2, PVR3, PVR4 = element of submatrix [SVR]
PVYl, PVY2, PVY3, PVY4 = element of submatrix [SVY]
SMR1, SMR2, SMR3, SMR4 = element of submatrix [KMR]
SMY1l, SMY2, SMY3, SMY4 = element of submatrix [KMY]
SVR1l, SVR2, SVR3, SVR4 = element of submatrix [KVR]
SVYl, SVY2, SVY3, SVY4 = element of submatrix [KVY]
XMR1 , XMR2, XMR3, XMR4 = element of submatrix [MMR]
XMY1l, XMY2, XMY3, XMY4 = element of submatrix [MMY]
XVRl, XVR2, XVR3, XVR4 = element of submatrix [MVR]

XVYl, XVY2, XVY3, XVY4 = element of submatrix [MVY]
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FLOW CHART OF ELASTIC DYNAMIC RESPONSE PROGRAM

l!ﬂq!ﬂil

|_READ AND WRITE INPUT |
'

SET UP MEMBER MASS MATRIX [m. 3
AND MEMBER STIFFNESS MATRIX [k

l

SET UP STRUCTURAL MASS MATRIX [M]
AND STRUCTURAL STIFFNESS MATRIX [K]

[ INVERT MASS MATRIX [M] |

| carcuraTe saT TOR [M] AND [K] |

| DEFINE AND WRITE INITIAL CONDITIONS |

| DO 9999 KK = 2, NPTS |

| FIND AXIAL FORCE IN COLUMNS |

I SET UP MEMBER STABILITY MATRIX [sij]

[ SET UP STRUCTURAL STABILITY MATRIX [S] |

| carcuraTe saT For [s] |
1

| CALL SUBROUTINE GFMKP |

[ CALCULATE {X}, {X}, {X} BY RUNGE-KUTTA METHOD J
'

[ CALCULATE INTERNAL FORCES |
t

[T =T + DT |

[ 9999 CONTINUE |

[ sTOP |
[ END |
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FLOW CHART OF ELASTO-PLASTIC DYNAMIC RESPONSE PROGRAM

START

READ AND WRITE INPUT
CALCULATE REDUCED PLASTIC MOMENT

_ i
| DEFINE AND WRITE INITIAL CONDITIONS |

[ DO 9999 KK = 2, NPTS |

{ FIND AXIAL FORCE IN COLUMNS |

1
| CALCULATE {F?M} AND {FEV} |

SET UP MEMBER STABILITY MATRIX [Sij]
AND STRUCTURAL STABILITY MATRIX[S]

CALCULATE SAT FOR [S] |

T

SET MEMBER MASS MATRIX [mjij]

4 AND MEMBER STIFFNESS MATRIX [kij]
SET UP STRUCTURAL MASS MATRIX

AND STRUCTURAL STIFFNESS MATRIX [K]

T
‘ | INVERT MASS MATRIX [M] |

\
| carcurate saT FOrR [M] AND [K] |

yes no
—— IS THERE ANY MEMBER WITH BOTH ENDS HINGED? }-——-—-—ﬁ

CALCULATE SECONDARY SHEAR SECDV
TRANSFER TO EXTERNAL JOINT LOAD

[ CALL SUBROUTINE GEXTP |

CALL SUBRQUTINE GFMKP
CALCULATE {X}, {x}, {X} BY RUNGE-KUTTA METHOD

[ CALCULATE INTERNAL FORCES |
K3
| CALCULATE HINGE ROTATION {H, } |

5 b
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® ©

yves

IS THERE ANY NEW PLASTIC HINGE FORMED? |

ADJUST {FEM} AND {FEV} | [no

yes
— IS THERE NAY OLD PLASTIC HINGE RELIEVED? |

—{ ADJUST {FEM} AND {FEV! | |no

[ T=T + DT |

[ 9999 CONTINUE |

STOP

| END |
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Computer Programs
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* ELASTIC DYMAMIC RESPONSE *

NIMENMSICN
DIMENS ION
DI VENSION
DIMENS ION
DIMENS INN
DIMENSION
DIMENS ION
DI MENSION
NIMENS ION
NIMENSION
NIMENSION
DI MENS ION
DIMENSION
DIMENSION
DIMENSION
NIMENSINN
DIMENS ION
DIMENSICN
DIMENSION
DIMENSICN
DIMENSION
DIMENS ION
DIMENSICN
DIMENSICN
DIMENSICN
DIMENSIOM
NIMEMNSTON
DI MENS ICN
DIMENSICN
DIVENSIOM
DIMENS TGN
DIMENSICN
DIMENSICN
DIMENSTON
READ(1,2)

IF(NDO) 52,

ALPHA(10) yPAR(LD) yBETA(L1O0),RATIN(19)
AM{12,18),AMS(3,3),AVI(12,1R7)
XLELO) o XI(LO) 4 XM(1LO)

NPH(18)

ASAT(10,10),INDEX(50)
XXK{L10,10) o XXM(1O410),XXP(10,10)
SMRI(10)ySMR2(10),SMYL(10),SY2(10)
SMR3(10)ySMR&(10),SMY3(10),5MY4(10)
XMR1(10)yXMR2(10),XMY1(10), X4Y2(10)
XMR3(10)yXMR4(L10)yXMY3(10),XMY4(10)
PMR1(10),PMR2(10),PMY1(10),PMY2(10)
PMR3(10),PMR4(10),PMY3(10),°PMY4&(10)
SVR1(10) ,SVR2{10),SVY1(10),SVvY2(10)
SVR3(10),SVR4(10),SVY3(10),SVYL(10)
PVR1(10),+PVR2(10),PVY1(10),PVY2(10)
PVR3({10) yPVR4(10),PVY3(10),PVY&(1D)
XVR1(10)4XVR2(10)+XVYLI10),XVY2(10)
XVR3{10) 9XVR4(10)4XVY3(10),XVYL(10)
XMP(18,10) yXVP(18,19),XEM{]18)
XMK(18910) 9 XMM(18,10)yXVK(18,10)
Al(10),8(10),C(10),N(10),XMI(10C,19)
PX{10)yRXT(10),RXTT(10)

X{10) oXT(10) ,XTT(1D)
XA(10),XB(10),XC(12),XD(10)

XTA(LO) s XTS(1D) oy XTC(10), XTD(10)

XAC (10) . XTAC(10Q)
XEV(18),XVYM(18,10), XEVM(18)
XEMPK(L18),XEVPK(13),XEMM(18)
AFIL10)3AFVI10,18),AFP(10,18),PT(10)
AFVVI(10),AFPP(10)
FMV1(10),FMV2(19),5MV3(10),FMV4(1D)
ARFA{10),FY(10),PY(10}),rDO2M(18)
EDPM(12),PM{18),ZP(10)
AXIALF(18),PLIMIT{18),RPEQUC(18)

NO

52+3

HWRITE(3,1001)
WRITE(3,500) NO
READ(1,401) NM,NP,NPR,yNPS,NVP

NEM=2%N™"

READ(1,1009) (NPH(I),I=1,NEM)
READ(1,400)(XL{I),I=1,NM)
READ(1,400) {AREA(T),I=1,N")
READ(1,400) (XI(I)sI=1,NM)
READ(1,400) (XM{I)sI=1,MM)
READ(1,400){ZP (1) ,1=1,NM)
RFAD(1,400){FY(I),1=1,NM)
READ(1,400) {ALPHA(I) ,I=1,NM)
READ(1,400) (BETA(I),I=1,MY)
READ(1,601) PS8,XE
REAN{1,400) VA,V8,ZETA



52
53
54
55
56
57
58
59
690
61
62
63
64
55
56
67
63
59

70
71
72
73
T4
75
76
77
78
79
80
81
82
83

85
86
87
88
89
90
91
92
93
94
95
96
37
98
39
100
101
102

3346
402
407
414
415
406
495
404
409

403

410
413

412
411
416

417

145

. WRITE(3,700)

WRITE(3,70L)(XL{T)y[=1,NM)
WRITE(3,702)
WRITF(3,70L3(XI(I)yI=1,NM)
WRITE(3,703)
WRITE(3,70L)(XM(I),I=1,NM)
WRITE(3,704)
WRITE(3,701)(ALPHA(I) yI=1,NM)
WRITE(3,705)

WRITE(3,701) (BETA(I),I=1,NM)
WRITE(3,706)

WRITE(3,701) PSB,XE
WRITE(3,4321) VA,VB,ZETA
WRITE(3,3348)

DC 3346 I=1,ANM
PY(I)=AREA(I)%*FY(I)
PM{IN=ZP(I)*FYI(I)
WRITE(3,3347) I,AREA(I),FY(I),PY(I)yZP(I),

EPM{T)

CONTINUE

DO 402 I=1,NPR

DO 402 J=1,NEM
AM(T,J)=0.

DO 407 I=1,NPS

DO 407 J=1,MNEM
AV(I,J)=0.

DO 414 I=1,NM

DO 414 J=1,NEM
AFVI(I,J)=0.

DO 415 I=1,NM

00 415 J=1,NVP
AFP(I,J)=0.
REAR(14403) I,J,AMIJ
IF(1) 404,404,405
AM{I,J)=AMIJ

GO TO 406
READ(1,403) 1,J,AVIJ
IF(I) 408,408,409
AV(ILJ)=AVIJ

GO TO 404

DO 410 I=1,NPS

DO 410 J=1,NPS
AMS{1,J)=0.
READ(1,403) I,J,AMSIJ
IF(I) 411,411,412
AMS(I,J)=AMSTY

GO TO 413
READ(1,403) I,J,AFVIJ
IF(I) 417,417,416
AFV(I,J)=AFVIJ

GO TO 411
READ(1,403) I1,J,AFPIJ



103
104
125
105
107
108
129
110
111
112
113
114
115

116
117
118

119

120

121

122
123
124
125

126

127
128
129
130
131
132
133
134
135
136
137

415

418

1000
Cc

671

116

IF(I) 418,418,419

AFP(],J)=AFPIJ

GN TO 417

WRITE(3,650)

WRITE(3,603) ((AM(I2J)yJ=14NEM),I=1,NPR)

WRITE(3,651)

WRITE(3,603) ((AV(T,J),4J=1,NEM),T=1,NPS)

WRITE(3,652)

WRITE(3,633)((AMS(I43J)9J=14NPS),I=1,0MNPS)

WRITE(3,653)

WRITE(3,603)({AFV(T,4J) 9Jd=LyNEM),[=],NM)

WRITE(3,654)

WRITE(3,603)( (AFP(I,J) 9J=LyNVP)I=1,NM)

FORMULATE MASS & STIFF. MATRIX

DO 1000 I=1,MM

MN=]

CALL STIFFA{SMR]1,SMR2,SMR3, SMR&,
ESMY1,SMY2,SMY34,SMY4&,SVR]1,SVR2,SVR3,SVR4,,
£ESVY1,SVY2,SVY¥3,SVY4,XMR1,XMR2yXMR3,XMRG,
EXMY 1y XMY2 9 XMY 3 yXMY4 4 XVRL 9y XVR2y XVR3 9y XVR4G,
EXVYL1 g XVY2 ¢ XVY3 g XVYSL gMN 9y XE g XI o XL yXM)

CONTINUE
SET UP XXMy XXK
CALL ASATA(NPR,NPS,NMyAM, AV,

ESMR1,SMR2,SMR3,SMR4,SMY1l,SMY2, SMY3,SMY4,
ESVR1ySVR2,SVR3,SVR4,SVY1,45VY24ySVY3,SVY4 4XXK)
CALL ASATBI(NPRyNPSyNM;AM, AV,

EXMRL ¢y XMR2 y XMR3 ¢ XMR& 9 XMY 1 ¢ XMY 2y XMY3 , XMY4,
EXVR 19 XVR2 ¢ XVR3 ¢ XVR4y XVY1 9 XVY24¢XVY3yXVYL,

RAMS y XXM)

CALL ASATM(NP s XXMy XMI)

FORMULATE S=*AT

CALL SATMVINPR,NPS,NMySMR1ySMR2,5MR 3,
ESMR&4 ,SMY]1 ,SMY2,SMY3,SMY4,AM,AV,XMK)

CALL SATMV(NPR yNPSyNMySVR1,SVR2,5VR 3,
ESVR4,SVY1,SVY2,SVY3,SVY&L,AMyAV,XVK)

CALL SATMVINPR yNPSyNMy XMR1y XMR 2, XM2 3,
EXMRG ¢ XMYL 9 XMY 2 ¢ XMY3 3 XMY4 s AMy AV 9 XMM)

CALL SATMVINPR yNPSyNMyXVR1L y XVR2,XVR3,

EXVREG 3 XVY1L 9y XVY 24 XVY3, XVY4LyAMyAV,y XVM)
DEFINF THE INITIAL CONDITION
READ(1,900)(X(I)sI=1,4NP)
READ(1,900)(XT(I)yI=1,NP)
READ(1,900)(XTT(I) I=1,NP)

DO 671 I=14NEM

XEV{I)=0.

CCNTINUE

T=0.

NPTS=201

WRITE(3,901)T

D0 9000 I=1,NP

WRITE(3,903) X(I)yXT(I)XTTII)



133
139
140
L41
142
143
144
L45
L456

147
1483
L49
150
151
152
153
154
155
155
157
158
159
150
151
162
153
164
155
156
157

163
159

170

171

172
173
174
L75
175
Y77

178
179

000

930

666

667

668

1100

3001
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COMTIMUE
DT=0.002

DO 9999 KK=2,NPTS

D0 930 I=1,NP

RX(I)=X(I)

RXT(I)=XT (1)

RXTT(I)=XTT(I)

CONTINUE

RT=T

FIND AXIAL FORCE

ZT=ZETA*T

CZT=COS(ZT)

DO 655 I=1,NVP
PT(I)=VA%PSB+VP*PSB*CZT
CCNTINUE

DO 66K I=14NM

AFVV(I)=0.

DO 666 J=1,NEM

AFVV (1)=AFVV (1) +AFVII,J)*XEV(J)
CONTINUE '

DO 667 I=1,NM

AFPP(1)=0.

DO 667 J=1,NVP
AFPP{I)=AFPP(I)+AFP(I,J)*PT(J)
CONTINUE

NC 668 I=1,NM
AFL{I)=AFVV{I)+AFPP(I)

CONTINUE
DO 1100 I=1,NM

MN=1

CALL STIFPA(PMRL,PMR2,PMR3,PMR4,

EPMY]1,PMY2,PMY3,PMY4,PVR]1,PVR2,PVR3,PV4,
EMNy XLy AF)

CONT INUE

CALL ASATA(NPR,yNPS,NM,yAM, AV,
EPMR1,PMR2,PMR3 ,PMR4,PMY1l,PMY2,PMY3,PUY4,
&EPVR14PVR2 yPVR3,PVR4,PVYLl,PVY2,PVY3,PVY4,XXP)
CALCULATE S*AT FOR P

CALL SATMVINPR yNPS,NM,PMR]1, PMR2, PMR3,
EPMR%4yPMY]L ,PMY 2, PMY3, PMY4L, AM, AV, X'1P)
CALL SATMV{NPP yNPS,\NM,PVYR1,PVR2,PV?3,

EPVR43PVYL yPVY2,PVY3,PVYs, AV, AV, XVP)
CALCULATE A+8,C+D VECTOR

DN 3001 I=1,4NP

XA(I)=PX(I)

XTA{I)=RXT(I)

CONTINUE

TA=RT

CALL GFMKP{TA,DT4NPyNPRyVA,VB,ZETA,PSB,y XA, XXP,
EXXKgXMI4A)

TR=RT+DT/2.

DO 931 TI=1,NP



130Q
131
132
133

134
135
186
187
138
189
190
131
192
193
194
195

136
197
163

199

. 200

201
202
203
204
235

206
207
208
209
210
211
212
213

214
215

- 216

217
218

219

220
221
222
223
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ABLI)=RX{I)+(DOT/2.)%RXT{1)
LTB(I)=RXT(I)+0.S*%A(T)
931 CONTINUE
CALL GFMKP{TByDTyNP yNPRyVASVRB,,ZFTA,PSB,yX3,XXP,
EXXKyXMI,B) ’
TC=RT+DT/2.
DO 934 I=1,NP
XCUI)=RX(I)+(DT/2)*(RXT(I))+(NT/4.)*{A(T1))
XTCUI)=RXT(I)+0.5%B( 1)
934 CONTINUE
CALL GFMKP{TCsDT9yNPsNPRyVA,VB,ZETA,PSBy XCy XXP,
EXXK ¢ XMT ,C)
TD=RT+DT
DO 936 I=1,NP
XDII)=RXt{I)+DT*RXTII)+{DT/72.)*B(1)
XTO(I)=RXT(I)+C(I)
936 CONTINUE .
CALL GFMKP(TDyDTyNPNPRyVA,VB,ZETA,PSB,4y XD, XXP,
EXXKyXMI D)
DO 938 I1=1,NP
X{I)=RX(I)V4+DT*RXT(I)+(DT/5.)*(A{T)+B(I)+C(1))
XTUI)=RXT(I)+{1e/6)*(A{I)+2.%B{I)+2.*C (1) +
£D( 1))
938 CONTINUE
TAC=RT+DT
DO 939 I=1,NP
XAC(I)=X(1)
XTAC(I)=XT{(1)
939 CONTINUE
CALL GFMKP{TAC DTsNPNPRyVA,VB,ZETA,PSB,XAC,
EXXP g XXK g XMI o XTT)
DO 941 1=1,NP
XTT(I)=XTT(I) /0T
941 CONTINUE
T=RT+DT
WRITE(3,901)T
DO 9100 I=1,NP
WRITE(3,503) X(I)XTUI),XTT(I)
3100 CONTINUE
CALCULATE END FORCES
DO 890 I=1,NEM
XEM(I)=0.
XEVI(I)=0.
DO 890 J=1,4NP
XEMUI)=XEM(I)+(XMK{I J)=XMP(I,J))*X{J)+
EXMM(T 4 J)EXTT(J)
xgv(l)=x5v(1)+(XVK(I,J)-XVP(I,J))*X(J)+
EXVM(TI L J)RXTT(J)
890 CONTINUE
WRITE(3,891) T
DO 9001 I=1,NEM
WRITE(3,892) I,XEMII), XEVII)
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9001 CONTINUF
T=RT+0T
3599 CONTINUE
2 FORMATI(1S)
400 FORMAT{5F10.4)
401 FORMATI(S515)
403 FORMAT(2I5,F10.5%)
500 FORMAT(//10X, *NO. OF PROGRAMS =',15)
601 FORMAT(2F10.2)
603 FNRMAT(12F10.4)
633 FORMAT(2F10.4)
650 FORMATI(//10X,'AM MATRIX?")
651 FCORMAT(//10X,*AV MATRIX')
652 FORMATI(//10X,*AMS MATRIX')
653 FORMAT(//10X, *AFV MATRIX®)
654 FORMAT(//10X, *AFP MATRIX?)
700 FORMAT(//10X, *MEMBER LENGTH')
701 FORMATI(3E1l6.7)
702 FORMAT(//10X, "MEMBER MOMENT INERTIA')
703 FORMAT(//10X, *MEMBER MASS')
704 FORMAT(//10X,*ALPHA VALUE')
705 FARMATI(//10X,'BETA VALUE')
706 FORMAT(//10X,*LOAD P AND ELASTIC MODULUS®)
892 FORMAT(//2Xs'PT?'31242X3E16.T94X9EL6794XyELH.T
E94Xy9EL1BeT 94XyELHLT)
891 FORMAT(//10X, *EMD MOMENT,END SHEAR AT TIME=?,
£F10.7)
900 FORMAT(6F10.4)
903 FORMAT(//10X,E16.7310X»E16.7+410X,F16.7)
1001 FORMAT({1H1)
Q01 FORMAT(// 10Xy *XyXToXTT AT TIME T=',F10.7)
1009 FORMAT(615)
3347 FORMAT(//10X,15,5E16.7)
3348 FORMAT(//10X, *MEMRER MC.',10X, "AREA', 10X, *FY"*,
E10X,*PY? 410X, ZP?,10X,'PM')
4321 FORMAT(// 10X, TVA=?,F10.495Xy'VB="2F10.4,5X,
6E'ZFTA=",F10.4)
52 STOP
END
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24
25
26
27
23
29
30
31

33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
43
49

50 .

51

* ELASTO

DIMEMSION
DIMENSION
NTIMENS ION
DIMENSION
NDIMFNS IOM
DIMENSICM
DIMENSION
DIMENSICON
DIMENSIIN
DIMENS ION
DIMENSION
DIMENSION
DIMEMNSION
DI MENSION
DIMENSION
DIMENSION
DI MENSION
DIMENS ION
DI MENSION
DIMENSICN
DIMENSION
DIMENSION
DI MENS ION
NI MENSION
DIMENSION
DIMENSION
DIMENSINN
DIMENSION
DIMENSICN
DIMENSTION
DIMENSION
DIMENSION
DIMENSION
DIMENSINN
NIMENSICN
DIMENSICM
DIMENSION
DIMENSICN
DIMEMNSION
DIMENSION
DIMENSICN
DIMENSION
DIMENSION
READ(1,2)
IF(NO) 52,
WRITE(3,10
WRITE(3,50
REAN(1,401
NEM=2%NM
ALOWM=1.05
ALCWR=0.30

120

-PLASTIC DYNAMIC RESPCHSE

AM(12412)sAMS(&444),AV(12,12)
ASAT(10410) , INDEX(50),XL{10),XT(10)
ALPHA(10)+PABI10)4RFTA(1N) XU (10)
XXK{(10910) 3XXM({LO510),XXP(10,10)
SMR1I(10)4SMR2(10),4SMYLI10),SMY2(10)
SME3({10)ySMP4(1D)ySMY3(10),SMY4(10D)
XM21 (10) g XMR2(1N0) yXMYL(10),XMY2(10)
XMR3(10) 9 XMR&(10)yXMY3(10),XMY4(1D)
PMR1 (10),PMR2{10),PMY1(10),PMY2(10)
PMR3I (10),PMR4(10),PMY3{10),PMY4(10)
SVR1(10),SVR2(10),SVYL(10),SVY2(1D)
SVR3(10),SVR4(10),SVY3(10),SVY&(10)
PVR1(10),PVR2(19),PVY1(10),°PVY2(19D)
PVR3 (10),PVR4(10),2VY3(10),PVY&{10)
XVR1{10)yXVR2({10),XVYL1(10),XVY2(10)
XVR3(10) yXVR&4(10)yXVY3(10),XVY4(10)
XMP(18,10) yXVP(18,10),XEM(18)
XMK(18,10) s XMM{18,10)yXVK{18,10)
A(L0)9E(10)4C(L10)4ND(10)4XMI(10,10)
PX(10)yRXT{10),RXTT(10)
X{LO)yXT(LO) 4 XTT(10)
XA{10),XB{10),XC(13),XD(10)
XTA(L10), XTB(10) 4 XTC(10),XTD(10)
XEV{1R) 4XVM{18,10),XEVM(18)
XEMPK(18),XEVPK(18),XEMM(18)
DR{18),DY(13),FAVT(L1S,18),ENDR(19)
FRM1(10) 4FRM2(10)4FRM3(10),FRM4(10)
FRY1{10),FRY2(10),FRY3{10),FRY&(10)
AF(10),AFV(10418),AFP(10,12),PT(10)
FMV1{10),F4V2(10),FMV3(10),FMV4(1D)
FEM(12),FEV{12),PE(1D),RSFT(10)
AREA(10) 4FY(10),PY(10),RDPM(18)
NRH({LE),LPH(18),PRHR(18),NPH(18)
LPHR (18) yLPHRD(18),ENPM{18),PM(1C
CCFR(10)yXEV(20) 4MNPH(20) s MNRH(20D)
SPVYL(10),SPVY2(10),SPVY3(10)
SAVT(20,20),SECDVI20),SPVY4(10)
DET(10),AFVV(10),AFPP(10)
PSE(10),XS{10),2P(10)
AXIALF(18),PLIMIT(18)
REDUC(20),HRATIN(18)
XAC(10),XTAC(10)

AMTX(18) ,HR(18)

NG

5243

ol)

0) NC

) NM NP ,NPRyNPSyNVP



73

31

82
33
84
35
86
37
33
39
30
91
S2
93
94
35
95
37
93
99
199
191

c

3346

1007

407

READ(1,400)(XL(I) I=1,MNM)

PEAN (L ,400) (AREA(I) yI=1,NM)
READ(L,400)(XTI(I)y,I=1,NV)
FEAD(L,400)({XM(I),T=1,NM)
READ(1,400)(ZP(1),1=1,NM)
READI1,400)(FY(I),I=1,NM)

READ(L y400){ALPHA(TI) yI=1,NM)
REAND(L4400)(RETA(I)yI=1,4ii")
READ(1,601) PS3,XE

RFEAD(1,400) VA,VB,ZETA
WRITE(3,730)
WRITE(3,701)(XLIT),I=1,N")
WRITE(3,702)
WRITE(3,701)(XT(I)yI=1yNM)
WRITE{(3,703)

WRITE(3,703)

WRITE(3,701) (XM{T),I=1,NM)
WRITE(3,704)

WRITE(3,701) {ALPHA(I),I=1,NM)
WRITE(3,705)

WRITE(3,701) (BETA(TI),I=1,M)
WRITE(3,706)

WRITE(3,701) PSB,XF
WRITE(3,4321) VA&,VB,ZETA
WRITE(3,3348)

DO 3346 I=1,NM
PY(I)=AREA(I)*FY(I)
PMITI)=ZP{IV%XFY(])

WRITE(3,33467) T1,4AREA(TI)LFY(I),PY(I}yZ2P(1),
PM(T)

CONTINUF

CALCULATE REDUCED PLASTIC MOMENT
DO 1007 I=1,NM™
AXTALF(I)=(ALPHA(I)*=VA+RETA(I)=%=VB)*xPSA
PLIMIT(I)=0.15%PY{1])
REDUCITI)=((ALPHA(I)=VA+BETA(I)=VP)«PSR)/PY (1)
RDPM(I1)=PM(I)*(1.,-REDUCII)*REDUCI(TI))
IL=2%1-1

JR=2%1

EDP™(IL)=ROPMI(TI)
EPPM( JR ) =RDPM(T)

CONTINUE

WRITE(3,3349)

DD 3447 T=1,NM

WRITE(3,3347) I,AXIALF(I),PLIMIT(I),P0P“(])
CONT IMUF

DN 402 1=1,NPR

DO 402 J=1,MNEM

AM{I,4)=0.

DD 407 I=1,4NPS

DD 407 J=1,NEM

AVII,J)=0.
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102
103
104%
135
106
107
103
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
123
123
130
131
132
133
134
135
135
137
133
139
140
141
142
143
144
145
146

147
148
149
150
151
152

414
415
4056
405
404
409
408

410
413

‘412

411
416
417
419

418

561

DO <14 I=1,NM

NO 414 J=1,NEM

AFV(I,4,J)=0.

D3 415 T=1,MM

DN 415 J=1,NVP

AFP{T1,J)=0.

QREAND(1,403) I,J,AMI

IF(I) 4044404,440¢%

AMIT,J)=AMIY

GO TO 406

READ(1,403) 1,J,AVIY

IF(I) 408,408,409

AV(I,J)=AVIJ

GO TN 404

NO 410 I=1,NPS

DO 410 J=1,NPS

AMS(I,J)=0.

READ(1,403) I,J,AMSIJ

IF(I) 411,411,412

AMS(I,J)=AMSIJ

GO TO 413

READ(1,403) I,J,AFVIJ

IFLI) 417,417,416

AFV(I,J)=AFVIJ

GO TO 411

REAND(1,403) 1,J4,AFPIJ

IF(I) 418,418,419

AFP(1,J)=AFPIJ

GO TO 417

WRITE(3,650)

WRITE(3,€03) ((AM(T,3J0)9J=14NEM),I=1,NPR)

WRITE(3,651)

WRITE(3,603) ((AV{IyJ)9J=1y4NEM),I=1,NPS)

WRITE(3,652)

WRITE(3,633)((AMS(19J11J=1,NPS)vI=quPS)

WRITE(3,5653)

WRITE(3,603)( (AFV(I,J) s J=L1yNEM) ,I=]1,NM)

WRITE(3,654) ,

WRITE(31603)((AFP(IvJ)1J=1'NVp)vI=1yNM)

DO 561 1=1,NM

FMVI(I)==1./XL(I)

FMV2(I)==1./XL(I)

FMV3(I)=—1./XL(T)

EMV&4(I)==1./XL{TI)

CONTINUE

DEFINE THE INITIAL CONDITION

DO 567 I=1,NEM

NPH(I)=0

MNPH (I

NRH(I)

MNRH( T
)

)=0

=0

)=0
LPH(I)=0
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N -

153
15%
165
166
157
163
169
170
171
172
173
174
175
176
177
1738
179
130
181
132
133
134
185
135
187
188
139
139
191
132
133
134
195
1956
197
1938
139
299
291
232
203

4ans

6001

2449

560

671

3000

1599

PRHR(T) =0,

HRATIN(TI)=0.

LPHRD{TI)=0

CCNTIMUE

DD 4446 1=1,MPS

XS(1)=0.

CONTINUE

N0 5001 I=1,NEM
SECDV(I)=0,

CCNTINUE

DO Q44S T=1,NP

PSE(TI)=0.

CCNTINUE

DO 560 I=1,NEM

FEV(1)=0.

FEM(I)=0.

CONTINUE
REAND(1,S00)(X(I)yI=14NP)
READ(1,900)(XT(I),I=1,NP)
READ(1,900) (XTT(I),I=1,NP)
DO 671 I=1,NEM

XEV(I)=0.

CCNTINUE

WRITE(3,674)
WRITE(3,S00)IXEVII),yI=1,NEM)
T=0.

DT=0.004%

KZERC=0

WRITE(3,501L)T

DO 9000 I=1,NP
WRITE(3,503) X{I)XT(I),XTT(T)
CONTINUE
WRITE(3,1920)(LPH(I),I=1,NEM)
NPTS=651

NO 6699 KK=2,NPTS
WRITE(3,1001) ’
WRITE(3,1919) (LPH{[),I=1,NEM)
NO 230 I=1,NP

RX(I)=X(I)

RXT{1)=XT(1I)
RXTTI{I)=XTTA(I)

CONTINUE

DO 5682 J=1,NE™
RXEV(JI=XEV(J)

CONTINUE

RT=T

PRT=RT

WRITE(3,901) PRT

DO 1972 1=1,NP
WRITE(3,603) PX{I)yRXT(I)IXTT(T)
CCMNTINUE

FIND AXIAL FORCE
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204
2905
206
227
2J3
203
210
211
212
213
21«
215
215
217
218
219
220
221

222
223

224
225
2206
227
228
2293
230
231
232
233
234%
235
235
237
233
233
2490
241
242
243
24%

245
245
247
2438
249
250
251
252

¢595

666

667

668

1601

2011
2013

2014

2012
2015

2016

1020

562

IT=ZETA*T

CZT=COS(ZT)

00 655 I=1,NVP
PT(I)=VA*PSB+Va*pPSB=CZT
CCMTINUF :

DO 665 I=1,N"

LFVVIIT)=0.

DN €65 J=1,MEY
AFVVII)=AFVV(I)#+AFV(I,J)=XEV(.)
CONTIMUE

DO 667 1=1,AM

AFPP(I)=0.

DO 667 J=1,NVP
AFPPLIN=AFPP(I)+AFP(I,J)*PT(J)
CONTINUE

DO 668 T=1,NM
AF(I)=AFVV(I)+AFPP(])
CCNTINUE

CALCULATE CARRY CVER FACTCR
DO 1601 I=1,N\NM

COFRP(T)=(2.%XE=XI{I)/XLII)+AF(T)=XL(I)/30.)/
E(4 o xXFERXTI(I)/XLII)=2.%AF(T)*XL(1)/15.)

CCNTINUE

DO 1020 I=1,NM

IL=2%]-1

JR=2*]

MIL=LPH(TIL)

MJR=LPH(JR)

IF(MIL) 2011,2011,2012
IF(MJP) 2013,2013,2014
FEM(IL)=0.

FEM(JR)=0.

GO TN 1020
FEM(IL)=FEM(JR)I*COFR(T)
FEM(JR)I=FEM(JIR)

G TO 1020

IF(MJR) 2015,201%,2016
FEM(IL)=FEM(IL)
FEM(JR)=FEM(IL)=*COFR(I)
GO TO 1020
FEM(IL)=FEM(IL)
FEM(JR)=FEM(JR)
CONTIMUE

FINDED EMD SHEAR

DO 562 K=1yNM

L=2%*K-1

M=2*K
FEVIL)=FMV1(K)*FEM(L)+FMV2(K)*=FEM(M)
FEV(M)=FWV3(K)*FEM(L)+FNV4(K)*FEM(M)
CONTINUE

DO 1000 I=1,NM

MN =]
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271
272
273
274
275
275
277
273
279
230
231
232

IL=2%]-1
JR=2*1
NIL=LPH{TIL)
RIR=LPH(IPR)
IF(MNMTL)1INL1,1011,1002

1YLl TFR(MJR 1003,10C3,1C04

LO03 CaLL STIFPL(PMRAL 4y FMR2,4PM¢3, i,
EPMYL yOMY2 ,PMY3 ,PMY4L ,PYR]L ,,PYR2,PVE3,PYRA,
EPVY1,4PVYY2,PVY3,PVY4, Ny XILyAF)
GN 70 10090

1004 CALL STIFPR(PMRL,PMR2,PMRY, ONRS,
EPMY]1 ,PMY2,PMY3,PMY44,PVR]1,PVR2,PVR3,PVR /4,
EPVY1,yPVY24PVY3,PVY4,MNyXL,AF)
GO TN 1000

1002 IF(MJR) 1005,10C5,1006

L00S CALL STIFPC(PMR] 4PMR2,PMR3,PMRSL,
EPMYLl,PMY2,PMY3,PMY4,PVR1,PVR2,PVF3,PVKk4,
EPVYL1yPVY2,PVY3,PVYL,MNyXLyAF)
GC T2 1000

1006 CALL STIFPD(PMR],PMR2yPMR3, PMR4L,
EPMY1,PMY2,PMY3,PMY4,PVR]1,PYR2,PYR3,PVRL,
EPVY1,PVY2,4PVY3,PVY4,1:4XLyAF)

1000 CCNTINUE
CALL ASATLINPRyNPS,,NM,AMy LV,
£PMP1,PMR2,PMR3 ,PMR4,yPMY]1,PMY2,PNY3,DMY4,
6EPVR1,PVR2 yPVR3 yPVR4,PVY1,2VY2,PVY3,PVY4L,,XXP)

CALL SATMVINPR ¢ NPS MMy PMRL, PUR2, PURT,
GEPMRLG ,PMY]L yPMY2 , PitY3 4, PMYL, AMyAY 4 XIMP)
CALL SATNMVIMPR JNPS,MNM,PVR]L,PVR2,PV23,

EPVREG 3PVYL,,PVY2,4PVY3,PVY&L,AM, AV XVP)
DO 8000 I=1,MM
MN=T
IL=2*%1-1
JR=2%*]
IF(KZERD.FQ.0) GO TO 8101
IF(LPHRD(IL)=-LPH(IL)) 8121,8102,8101
3102 IF(LPHRD(JR)=LPHI(JR)) ¥101,82092,7101
3101 NIL=LPH(IL)
MJR=LPH{JIR)
IFINIL)BD211,8011,8002
3011 IF(NJR) 2003,8003,8004
3003 CALL STIFFA(SMR]L ,SMR2,5MR3,5"P4,
ESMY L, SMY2,SMY3,5MY4,SVP1,SVR2,S5VKk3,SVR4,
ESVYLySYY23SVY3 pSVY4L g XMRLyXMR2y XMR2, XMB 4,
EXMY Ly XMY2 9 XMY3 9 XMYSL XVP 14 XVR2,XVR3 4 XVR4E,
EXVYLyXVY29gXVY3 g XVY%yMNyXEyXTyXLoyXM)
GO 70 80920
3704 CALL STIFFR{SMR1,SMR2,SMR3,S"R4,
&SMYL,SMYZySMY3,SVY4ySVPl,5VPZ,SV”3.SVRQ,
GSVYI,SVY2,SVY3ySVYQ,XVPl.XMP?yXMQ3'K”Q$,
SX”YL,XVYZ,XMYB,XVY4yXVR1,XVRZ,XV°3,XVQ4,
&XVYI,XVYZ,XVYBvXVY4vWN,XE,XI9XL,X”)
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233
239

239
291
232
293
29%
235
236

297

238
239

3990
301

302

303
304
305

396
307
308
309
310
311
312
313
314

315
315

3002
3005

3006

8000

8201

3204

8203
1081

4444

5012
5011

5013

GC TN 8700

IFINJR) 3005,80C5,8005

CALL STIFFC(SMR]L 4SMR?2,SNMD23,SMRG,
ESMY1,SMY2,SMY3,SMY4,SVR1,SVR2,SV?3,SVR4,
ESVY1ysSVY2,SVY34SVY4SL 4 XMRL 4y XMR2,, XMP R, XMR4,
EXMY 1y XMY2 )y XMY3 g XMY4 g XVIEL g XVR?2 4 XVR3 4 XVRS,
EXVYL e XVY2 3 XVY 39 XVYLaMN g XEg XTIy XLyXM)

GO TC EONO

CaLL STIFFD(SMP1,SMR2,SMR3,SMR4,,
ESMY1,SMY2,SMY3,SMY4,SVP1,SVP2,5VR3,5VR4,
ESVY1ySVY2,SVY3,SVY4 4 XMR]1,4,XMR2yXMR3 4, X"MRG,
EXMY1 g XMY2 3 XMY3 4 XMY4,y XVR]1 9y XVR24yXVR3,4XVRS&G,
EXVY1 9 XVY2 3 XVY3 g XVYSLyMN g XF 9 XT g XLyXH')
CONTINUE

IF(KZERC.EQ.0) GO TO 8204

DO 8201 I=1,NEM

IF(LPHRNI{I)=-LPH(I)) 3204,3201,3204
CONTINUE

GO TOQ 8203

CALL ASATA(NPR yNPSyNMyAM, AV,
£§SMR1,y SMR2,SMR3,SMR4,S5MY]1,SMY2,SMY3,SMY4,
ESVR1,SVR2,SVR3ySVR4,SVY1l,SVY2,SVY3,S5VY4,XXK)
CALL ASATB(NPR,NPS,NM, AM, AV,
EXMR 19 XMR2 4 XMR 3y XMR4 9 XMY 1 ¢ XMY 2y XMY 3, XMY4,
EXVR1yXVR2yXVR3 9 XVR4,XVY1,,XVY2,XVY3,XVY4L,

EAMS 4y XXM)

CALL ASATM(NPy XXMy, XMI)

CALL SATMVINPR yNPSyNMySMR1,SMR2,SMR3,
£SMR4 4 SMY1 ,SMY2,SMY3,SMY4, A1y AV, XMK)

CALL SATMVINPR,NPSyNM,SVR1ySVR2,SVR3,
ESVR4,SVY1,SVY2,SVY3,SVY4,AM,AV,XVK)

CALL SATMVINPR yNPS,NMy XMR 1, X"¥R2yXMP 3,
EXMRG g XMYL g XMY 2 g XMY 3 3 XMY4 3 AMy AV 4 XMM)

caLtL SATMVINPR yNPSyNMyXVRLyXVR2,yXVR3,

CXVR4,XVY11XVY29XVY31XVY41AM7AV1XVM)
RECCRD LPHI(I)

DO 1081 I=1,MNEM

LPHRD{I)=LPHI(I)

CONTINUE

126

CHECK IF THERF IS ANY MEMBFER 30TH FENDS HINGED

NG 5011 I=1,RNM

IL=2%1-1

JR=2x*1

NMIL=LPH(IL)
NMJIR=LPH{ JR)

IF(NMIL) 5011,5011,5012
IF(NMJR) S5011,5011,5013
CONT INUE

GO TC 4445

CALCULATE SECONDARY SHEAR
DN 4020 I=1,KAM

IL=2*1~-1



127

317 JR=2%]

313 MMIL=LPHIIL)

313 MMIJR=LPH( JR)

329 IF(MMTIIL) 4012,4012,4011

321 4511 IF(MMJR) 4012,4012,4013

322 4013 SPVYL(I)=AF(I)*(=-1/XL(T))

323 SPVY2(I)=AF(I)*(=1./XL(I))

32+ SPVY3(I)=AF(TI)*(—-1./XL(]))

325 SPVY&4 (T )=AF(I)*(=1L./XL{I))

326 GO T 4020

327 4912 SPVYL(I)=AF(I)*0.

323 SPVY2(I)=AF(1)*0.

329 SPVY3(1)=AF(I1)*0.

330 SPVY4 (1 )=AF(I)*0.

331 4020 COMNTINUE

332 DO 4470 J=1,NPS

333 DO 4470 K=1,NM

334 L=2%K~-1

335 M=2%K

336 _ SAVT (M aJd)=SPVY3(K)®AV(J,L)+SPVYL(K)xAV(J,™M)

337 SAVTIL ¢ J)=SPVYLIK)RAV{ JyL)+SOVY2(K)*AY(J,yi4)

3313 4470 CONMNTINMNUE

339 DC 4480 I=1,NEM

340 SECDV(I)=0.

341 N0 4480 J=1,NPS

342 SECDVI(I)=SECHV(I)+SAVTI(I,J)*XS(J)

3+3 4480 CCNTINUE
C TRANSFER SECCNDARY SHEAR TI FEXTERNAL JOTINT

344 NO 4564 I=1,NPS

345 [I=1+NPR

345 PSE(II)=0.

347 DT 45584 J=1,NEM

3438 PSE{II)=PSE(IT)I+AV(IJ)*SECIV(I)

349 4564 CONTINUE

350 WRITF(32,903)(PSE(LL),LL=1,HP)

351 46545 CALL GEXTPIAMMZAV NP ,NPRyNM,ECMFEV,PSE,RSFT)
C CALCULATE A,ByCyD VFCTCX

352 DO 3001 I=1,NP

353 XA(I)=0RX(I)

354 XTA(I)=RXTI(I)

355 3001 CONTIMUE

355 TA=RT

357 CALL GFMKP(TA, DT NP ,,NPR,VA,VR,ZFETA,258,Xa,XXP,

EXXK9gXMUMIHZRSFT,LA)

353 T8=RT+DT/2.

359 DO ¢31 I=1,NP

360 XBII)=RX(I)+(DNT/2.)*PXT(T)

}6l XTBII)=RXT(I)+0.5*A(1I])

362 331 CCNTINUE

353 CALL GFMKP(TS,DTyNPJMNPRyVA,VR,ZETA,PST, XR,,XXP,

AEXXK g XWI4RSFT,8)
354 TC=PT+DT/2.



365
365
367
351
3159

370
371
372
373
374
375

375
377
3738

373
3390
331
3382
333
384
385

336
387
333
339
339
391
392
393
39%
335
395
337

333
339
400
401
402
403
404
%05
406
4J7
438
4J9
410
4ll

3936

OC G34 T=1,MP
XCOI)=PX(I)+(NT/2)*(RXT(I))I*+(NDT/ <o) *x(A(T))
XTC(I)=PXT(I)+D.5%B(1)

CCNTINUE

TO=RT+DT

DO G636 I=1,MP
XO(I)=PX(I)+DTARXT(I)+{(DT/2.)%3(1)
XTO(I)=RPXT(I)+CI(I)

CONT INMNUE

128

CALL GFMKP{TC 4DTyNPyNPRyVAWVR,ZETA,PSH, XCy XXP,
EXXKyXMIZRSFT,C)

CaLL GFMKP(TD,yDTyNP yNPRyVAZVB,ZETAHPSB XDy XXP,

EXXKyXMIZRSFTHD)

NDC 938 I=1,NP

X(I)=RPX({I)+DT*RXT(I)+(DT/5.)*(A(I)+B(I)+C(1I))

XTUI)=RXT(I)#(Lle/6)*(A(I1)+2.%8(T)+2.*C(]1)+

ED(I))

G38 CONTIMUE

3939

Q41

T445
44412

3100

890

TAC=RT+NT

DO 939 I=1,NP
XeC(I)=xX(1)
XTAC(I)=XT(I)
CONTINUE

CALL GFMKPUTAC DTyNPNPRyVA,VB,ZETA,PSB,XAC,
EXXP ¢ XXK 9y XMI ,RSFTyXTT)

NDC 941 I=1,MP

XTT(I)=XTT(I)/DT

CCNTINUE

DO 7446 1=1,NPS

IT=I1+NPR

XS(1)=X(IT)

CCMTINUE

T=RT+DT

WRITF(3,901)T

NO 9100 I=1,NP

WRITE(3,203) X(I)oXTUI)XTT(I)
CONTINUE

CALCULATE END FQORCES

NC 890 I=1,MNE"

XEMPK(TI)=0.

XEVPK(I)=0.

XEMM(I)=0.

XEVM(I)=0.

DO 890 J=1,NP

XEMPK(T)=XEMPK (I)+(XMK(I,J)=XMP{1,J))*X(J)
XEVPK(I)=XEVPK(I)+(XVKII,J)=XVP(I,J))*X(J])
XEMM(T )=XEMM(I)+XMM(I,J)*XTT(J)
XEVM(T)=XEVM(I)+XVM(I,J)*XTT(J)
CONTINUFE

DC 1890 1=1,NEM
XEMPK(T)=XEMPKI(I)+FEM(T)
XEVPK(I)sXEVPK(I)+FEV(I)+SFCDV(I)



13

419
420
421
422
423
424
425
426
427
423
429
430
431
&332
433
434
+35
&35
437
433
439
440
441
442
443
444
445
345
447
443
445
4590
451
452
453
454
455
455
457

c

129

1530 CONTIMUE

450

460

470

¢80

490

499

4c1

OFFCRMATICN CHECK
N3 450 I=1,NH4
DET(I)=(6XXFEXT(TI)/XLUT)=AaF(I)*XL{I)/10.)*

LE2RXERXTLT)/XLAT)=AF(T)EXL(T)/6.)

FRMLI(I)=( (4= XEXXT(T)/XLLII)I=(2.%AF(T ) XL (1) /

E15.))/DET (1)

FRMA(I)=( (4 xXEXXT(TI)/XLCTII)—(2.%0F(T) XL (T)/

15.))/DETLI)
FRM2(I)==( (2. #XFEXI(I)/XLUI))+(La® AF{I)®RXL(I)/

£30.))/DET(I)

FRM3(T)==((2.%XExXI(T)/XLITI))+(1oxAF(T)%XL(T)/
30.))/DET (1)

FRY1(I)==1./XL(1)
FRY2({I)==1./XL{T)
FRY3(I)==1./XL(1I)
FRY&(I)==1./XL{I)
CCNTINUFE

DG 460 K=14NM
L=2#%K-1

M=2*K

DP (L) =FRML(K)*XEMPKI(L)+FRM2(K)*XEMPK (™)
DRAIM)=FRMI{K) AXFMPK(L)+FRM4(K)*XEMPK(M)
CCNTINUE

DG 470 J=1,NPS

DD 470 K=1,NM

L=2*%K~-1

M= 23K

FAVT (L ,J) =FRYL(KI*AV(J, L) +FRY2(K)*AV(J,M)
FAVT(MyJ)=FRYZ(K)*AV(J L) +FRYL(K)*AV(J,M)
CCNTINUE

D0 480 I=1,NEM

DY(I)=0.

DN 420 J=1,NPS

JJ=J+NPR

NDYLIN=DY(I)+FAVT(I,,J)*X(JJ)

CCNTINUFE

DC 490 I=1,NEM

ENDR(I)=DR(1)-DY(I)

CCNTINUE

DO 4«91 I=1,NEM

AMTX(1)=0a

DO 499 J=1,NPR
AMTX(I)=AMTX(II+AM(J,T)%xX(J)

COMTINUE

HR(I)=ENNR(I)=AMTX(I)

CONTINUE

DD 492 T=1,NEM

IF{ABS(HR(I)).LF.0.0000001) HR(I)=0.

CCMNTIMUE
WRITE(3,550)
DO 551 I=1,MEM



458
459
456)
461
462
453
25%
455
466
467

4538
4659
470
471
472
273
&74%
475
476
4717
473
479
4890
481
282
433
434
435
486
437
+38
4389
490
491
492
493
494
495
496
437
438
499
500
501
502
503
504
505
506
507
508

8% 3
9001
7856

7857

569

566
581

582
590

2599

5678

5680

5683

WARITE(34552) T ,HR{I)ZEMDR(T)yAMTX(T),PRHR({T)

CCNTINUE
DO 893 I=1,NE

XEM{T)=XEMPK (I)+XEMM(T)
XEVII)=XEVPK( L) +XFVM(T)

CONTINUE
WRITE(3,831) T
DO 9001 I=1,NEM

WRITE{(3,392) I ,XEM(I),XEV(I)

CONTINUE

CHECK : IS THERE ANY

DO 569 I=1,NEM

IFIMNRH(T)) 7856,7857,7€57
IF(ABS(XEM(I)/EDPM(I)).CT.ALIWM) NPH(I)=1

GO TC 569

IF(LPH(TI).EQ.1) GO T2 569
IF(ABS(XEM(I)/EDPM{T)).GCT.1) NPH(TI)=1

CCNTINUE
D3 560 I=1,NEM

TFINPH(Y).EQ.0) GO 7O £¢0
LPH(I)=LPH(I) +MPH(T)

MNPH(I)=NPH(TI)
IF(XEM(I).LT.O)
KC=1

GO 70 581

KC=-1

FEM(I)=KC*EDPMI(I)

NCM=(TI+1)/2

IF(I.EQ.2%*NOM) GO TC 582
IF(LPHI{I+1).EQ.0)

GO TC 590

CONT INUE
DO 596 I=1,NEM

IF(NPH(I).EN.0) GO TO 56°

DO 2599 K=1,NEM
NPH(K) =0
CONTINUE

T=RT

DO 5678 J=1,NP
X(J)=RX{J)
XT(J)=RXT(J)
XTT(J)=RXTT(J)
CONTINUE

DO 5680 J=1,NEM
XEVIJ)I=RXEV(J)
CONTINUE

DO 5683 J=1,NPS

JI=J+NPR
XS(J)=RX(JJ)
CCNTINUF

GO TO 1599

FEM(I+1)=FEY(I)

FEM(I-1)=FEM(I)
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i
)
G

2000
2001
2004

2003

2005

573

572

574
571

3599

5679

5681

CONTIMUE

CHECK IS THERE ANY NLD PLASTIC HINGE
DG 2005 I=1,NEM
IFIMNPH(I).EN.1) GO TO 2C05
IF(LPH(I).EQ.0) GI TC 2005
IF{HR(I)) 2C00,2001,2001
IF{PRHR(I)) 20€C4,2003,2C03
IF(PRHR(I)) 2003,2004,2004%
HRATID(T)=(PRHRII)=HP(T))/PRY2(T)
IF(HRATIO(I)LGTALOWR) G TO 20073
GO TN 2005

NRH(T)==1

MNRHUT)=NRH(I)

CONTINUE

PO S71 I=1,NEM
IF(MRHII).EQ.0) GO TN 571
WRITF(3,595) I,NRH(I)
LPH{I)=LPH(I)+NRH(T)
NOM=(1+1)/2

IF(I.FN.2%NOM) GO TN 572
IF(LPH(I+L).EQ.1) GO TC 573
FEM(I+1)=0.

FEM{I)=0.

GO TO 571
FEM{I)=FEM(I+1)*COFRINOM)
GN TC 571

IF(LPH(I-1).EQ.1) GO TO 574
FFM{I-1)=0.

FEM(1)=0.

GO TO 571
FEM(I)=FEM(I=1)%*COFR (NM)
CONTIMUE

NN 594 I=1,NEM
IF(MRY(I)EQ.0) GC TN £24
0D 3505 J=1,NEM

MRHIJ)Y=0

CONTINMUE

T=RT

DO S679 K=1,NP

X(K)=2X(K)

XT(K)=RXT(K)

XTT(K)=RXTT(K)

CONTIMUE

NG 5631 J=1,NEM
XEVIJ)=RXEV(J)

CONTINUE

NO 5684 J=1,MNPS

JJ=J+NP?

XS{J)=RX(JJ)

CCNTINUE

NN 568S L=1,NKP

PSF(L)=J.

131

PELIEVFD



132

560 5659 CONTINUE

561 GN TO 1599

562 524 CONTIMUE

C CHOOSE THE MAX HINGE RCTATION

563 NO 583 I=1,NEM _

554 IF(LPH(I).EQ.O0) GO TQ 583

565 IF(HR(I)) 585,586,585

555 535 IF(PRH2(I)) 587,588,538

567 586 IF(PRH2(I)) 588,587,587

363 587 IF(ARS(HR{I)).GT.ARS(PRHR(I))) PRHR{I)=HR(T)

559 GO TO 583

570 538 PRHR(I)=HR(I)

571 583 CONTINUE

572 DO 580 I=1,NEM

573 LPHRUT)=LPHI(T)

574 NPHII) =0

575 MNPH(T)=0

576 NRH(I)=0

577 MNRH(T)=0

578 580 CONTIMUE :

5793 DO 5585 J=1,NP

580 JJI=J+NPR

581 XS(J)=X(JJ)

582 5695 CONTINUE

533 KZERO=KK

584 T=RT+DT

585 9399 CONTINUE

585 2 FORMAT(I5)

537 400 FORMAT{6F10.4)

588 401 FORMATI(515)

533 403 FORMAT(2I5,F10.4)

590 500 FORMAT(//10X,*NO. OF PROGRAMS =*,I5)

591 550 FORMAT(//5X, *HINGE ROTATION®, 18X, 'HR ", 18X, 'DF
£410Xy "AMTX® y13X,"MAX. PRHR'")

592 552 FORMAT(//10Xy *POINT('4I5,') ', 10Xs4E16.7)

593 595 FORMAT (//10X, *PLASTIC HINGE RELIEVED AT POINTY,
£1592X,15) .

594 601 FORMAT(2F10.2)

595 603 FORMAT(12F10.4)

596 633 FORMAT(2F10.4)

597 5650 FORMAT{//10X,*'AM  MATRIX')

598 651 FORMAT(//10X,'AV MATRIX')

599 652 FORMAT(//10X, *AMS MATRIX')

500 653 FORMAT(//10X,*AFV  MATRIX')

501 654 FORMAT{//10X,*AFP  MATRIX")

602 674 FORMAT(//10X, * INITIAL XEV')

503 700 FORMAT(//10X,*MEMBER LENGTH®)

504 701 FORMAT(3E16.7)

595 702 FORMAT(//10X,*MEMBER MOMENT INERTIA®)

606 703 FORMAT(//10X, *MEMBER MASS')

537 704 FORMAT(//10X, *ALPHA VALUE"')

508 705 FORMAT(//10X,'BETA VALUE")



5709

619
511
512

513
51%
515
616

517
513

519

520
621

622
623

624

625
6526
627
6523
623

530
631
632
633
534
6535

335

237
633
639
840
541
642
5%3
A44
545

645

2G2 FORMAT(//2Xy"PT 'y I53FE16aTyaXyFlO.T94X,E156.7,
E4XyEL6.T9y4X9EL6.T)

706 FORMAT(//10X, *LCAD P AND ELASTIC MI2DULYSY)

Sl FORMAT(//710Xy "X9XToXTT AT TIME T='yF10.7)

S21l FORMAT(//10X,y*END MOMEMNT,END SHELP AT TIWk=1,

AF10.7)

700 FORMAT(5F10.4)

3503 FORMAT(//10XeELET 10X sELS.T91OXyFlKa7)
1301 FORMAT(LHL)

1920 FORMAT(//10X,'PLASTIC HINGE LCCATIONCINITYAL)!

£4615)

1919 FORMAT(//10X,'PLASTIC HINGE LOCATICN?®y6I%)

3348 FORMAT(//10X, *MEMBER N o', 10Xy "AREAT', LOX,'FY?,
E10Xs*'PY",10X,*2ZP',10X, "PM?)

4321 FORMAT(//10Xs'VA=',F1l0.4,5X,'VA=",F10.4,5X,
EVZETA='"4yF10.4)

3347 FORMAT(//10Xs1595E16.7)

334G FORMAT(//10X,*NO. OF MEMBER® 42X, "AXIALF',y2X,
EYPLIMIT, 2X,'RDPM?)

52 ST3P
END

SUBROUYTINE ASATA(NPR,NPS,NMyAM,AV,
EAMR1,AMR2 ,AMR3 ,AMR4S , AMY]1 ,AMY2,AMY3,4MY4,
EAVR)1 9 AVR2,AVR3,AVR4,AVY1,AVY2,AVY3,AVY4,XXA)

DIMENSION
DIMENSION
DIMENSION
DIMENS INN
DIMENSION
FORMULATE

AMRL1 (10)AMR2(10)2¥R3(19),AMPA(10)
AMY1(10) 9AMY2(10),AMY3(10),AMY4(10)
AVR1{10),AVR2(19),4VR3(10),AVR4(10)
AVYL(1C)sAVY2({12),4VY3(10),LVY&(1N)
AM(12,12)9AVIL2,12),%XA(1D,10)

FRAME STIFFNESS & STARILITY “AT2IX

DO 419 I=1,MPR
DO 419 J=1,NPR
XXA(I,J)=0.

DO 413 K=1,MM

L=2%K~-1
M=2%K

XXA(T 3 J)=XXA(1,J)4AM(T,L)*LAMRL(K)&AM{J,L) +
EAMR2(K)IHMAM{J M) ) +AM (T, M)=(AMRB(K)*AM(J, L) +
ELAMRA(K) EAM(I,M))

419 CCNTINUE

DD 420 T=1,4NPS
DO 420 J=14MPR

II=1+MPR

XXA(II,J)=0.
DO 420 K=1,NM

L=2%K-1
M=2%*K

133

XXA(II.J)=XXA(II,J)*AV(I,L)*(AVRL(V)*A“(J,L)+
EAVR2(K)ZAM(Jy M) I+AV(I M) X(AVRI(K)*AMEJ,L) +

EAVR4 (K)%AaM(JyM))

420 CONTINUE



547
543
549
650
€51
652
6573
654

655
650
557
653
559
660
561
8562
663
654

6565
565
657

658

5693
579
671
672
573
674
675
676
677
673
679
580
6381

632
683
684
585
636
587
638

DAQ 421 I=1,NPR
DD 421 J=1,NPS
JJI=J+MPR
XXA(I,JJ)=0.
D0 421 K=1,NM
L=2%K-1

M=2 %K

XXALI 9 JI)=XXA(T 2 JJ)+AM(T,L)*(AMYL(K)*AV(J,L) +

EAMY2(K)*AV(JIsM) ) +AM(TI M) % (AMY3 (K)*®AV(J,L)+

EAMY4L (K)*=AV(JyM))
421 CONTINUE

DO 422 I=1,NPS

DO 422 J=1,MNPS

II=1I+NPR

JJ=J+NPPR

XXA{II,JJ)=0.

DO 422 K=1,NM

L =2%K=-1

M= 2%K

134

XXACIT pJJ)=XXALIT ,JJ)+AVII,L)*(AVYL(K)*AV(J,L)

E+AVY2(K)*AVIJeM)) ¢AVII M) *(AVY3(K)*AV(J,L )+
EAVYS4(K)*AV(JeM))
422 CONTINUE
RETURN
END

SUBRCUTINE ASATB(NPRyNPS,NM, AM,AV,AMR 1, AMR2,
&AMRB-AMR4,ANY1,AMYZ,AMYB,AMYé,AVRl.AVRZ.AVRB,
EAVR4 9y AVYL1,AVY2,AVY3,AVY4,AMS, XXA)

FCRMULATE FRAME MASS “ATRIX

DIMENSION AMR1(10),AMR2(10),AMR3(10),AMR4(10)

DIMENSION AMYL(10),AMY2(10),AMY3(10),AMY4(10)

DIMENSICN AVR1(10),AVR2(1J),AVR3(10),AVR4(10)

DIMENSICN AVY1(10),AVY2(10),AVY3(10),AVY4(10)

DIMENSION AM({12,12),AV(12,12),XXA(10,10)

DIMENSION AMS(4,4)

NO 419 I=1,NPR

DO 419 J=1,NPR

XXA(I,J)=0.

DO 419 K=1,NM

L=2%K-1

M=2%K

XXA(I.J)=XXA(I.J)+AM(I,L)*(AMRI(K)*AM(J,L)+
EAMRZ(K)*AM(J,M))+AM(I,N)*(AMRB(K)*AM(J,Li+
EAMR4L {K)*AM(J,yM))

419 CONTINUE

DO 420 I=1,NPS

DO 420 J=1,MPR

II=1+NPR

XXA{II,J)=0.

DO 420 K=1,NM

L=2%K—-1
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6373 M=2%K

539 XXA(IT 5J)=XXA(TIT,9)+2AVII,L)*(AVRI(K)=AM(J,L)+
EAVR2(K)*AMII M) ) +AVIT M) (AVRI(K)=AM(I,L) ¢
FAVRA4(K) xAM(JyM))

571 420 CCNTINVIE

692 N3 421 I=1,NPR

5493 0N 421 J=1,NPS

694 JJ=Jenipe

595 XXA(1,33)=0.

696 DO 421 K=1,NM

697 L=2%K~1

699 M= 2%K

699 XXA(T 9 JJ)=XXA(T JI)+AMIT L) *(AMYL(KI*AV(J,L)+

EAMY2 (K)XAV(JyM))+AM(T,M) *(AMY3(K)*AVII,L) ¢+
EAMYS(K)*AV(J, 1))

700 421 CUONTINUE

701 NI 422 I=1,MPS

702 DO 422 J=1,NPS

703 II=14+NPR

T04 JJI=J+NPR '

705 XXA(IT »dJ)=AMS(I,J)

7906 DO 422 K=1,NM

707 L=2%K-1

723 M=2%K

709 XXA(TITpJJ)=XXA(TTyJUI+AVII,L)I*(PVYL(K)ZAV(J,yL)

S+AVY2(K) AV s M) ) #AV(I M) = (AVY3(K) XAV (J,L) +
EAVY4 (K)*AV(JyM))

710 422 CONTINUE

711 RETURN

712 END

713 SUNROUTINE ASATM(NP,ASAT, ASATI)
714 DIMENSION ASAT(10,10),ASATI(10,10),INDFX(100)
715 DO l& T=1,NP

715 16 INDEX(I)=0

717 17 AMAX=-1.

718 D73 18 I=1,NP

713 IF (IMDEX{(I)) 18,169,119

7290 19 TEMP=ARBS(ASAT(I,I))

721 IF(TEMP-AMAX) 18,18,20

722 20 ICCL=1I

723 AMAX=TEMP

124 18 CONTINUE

725 IF(AMAX) 21, 29, 22

726 22 INDEX(ICAOL)=1

727 PIVOT=ASAT(ICOL,ICNL)

723 ASAT(ICOL,ICOL)=1.0

1293 PIVOT=1./PIVOT

730 DN 23 J=1,NP

731 23 ASAT(ICCLyJ)=ASAT(ICGL,J)*°IVOT
732 DO 24 1=1,NP

733 IF(I-ICOL) 25+24+25



734
735
736
737
733
733
740
741
742
743
T44
745
745
747

743

17493
750
751
752
753
754
755
755
57
758
759
760
751
752
763
T754%
755
766
767
768

759

770
771
T72
773
174
TT75
7756
177

O

25
25
24
21
27

29
100

1500

600

TEMP=ASAT (I, ICNOL)
ASATI(TI,IC0OL)=0.0

DC 25 J=1,

NP

ASAT (I 4 J)=ASAT(I,J)-ASAT(ICCL,J)*TEMP

CUNTINUE
G0 TO 17

DO 27 I=1,NP
DG 27 J=1,NP
ASATI(I,J)=ASAT(I,J)

GO TN 28

WRITE(3,100)
FORMAT (//10X, * SINGULAR MATRIX TCCUKS?*)

RETURN
END

SUBROUTINE SATMV(INPR yNPS,NM4AMR1,AMR2,AM3,
EAMR4 ) AMYL g AMY 2 , AMY3,AMYS&4 4, AM, AV, AMK)

FORMUILLATE
DIMENSIOCN
DIMENSICN
DIMENSION

DO 1500 J=
DO 1500 K=

L=2%K-1
M= 2 %K

S*AT

AM(12,18),AV{(12,18),AMK(18,10)
AMR1(10),4aMR2(10),AMR3(10),AMP4(10)
AMY1(10) ,AMY2{10),AMY3(10), AMY4&(10)
LyNPR

1,MM

AMK(LyJ)=AMRL(K)*AM(Jy L) +AMR2(K)*AM(J M)
AMK(M,y J) =AMR3(K)I*AM(J, L) +AMRG(K)*AM(J,M)

CONTINUE

DO 600 J=1,NPS
DO 600 K=1,NM

L=2%K~-1
M=2 %K
JJ=J+NPR

AMKIL 9JJ) =AMYL (K) XAV (J,L) #AMY2 (K ) €AV (J ™)
AMKIM,JJd) =AMY3 (K)ZAVIJ, L) +AMYL(K)FAV( JyM)

CONTINUE
RETURN
END

SUBROUTIME STIFFA(SMRL,SMR2,SMR3,SMR4,

ESMY1,SMY2,

SMY3,SMY4, SVK1ySVR2,SVF3,SYR4,

ESVY1l,SVY2,SVY3,SVY4, XMRLyXMF2,XMR3,XMR4,
EXMY 1, XMY2 2 XMY3 y XMY4 4 XVRL ,XVR2,XVR3,XVP4,
&XVYI,XVYZ,XVY3,XVY4,IyXE,XI,XL,XM)

DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSION
DIMENSTION

XI(10)yXL{10)XM{10)

SMR1(10)ySMR2(10),SMY1L(10),5MY2(10)
SMR3(10)ySMR4(10),SMY3(10),SMY4(10)
XMR1(10)yXMR2(10) yXMYL(10),XMY2(10)
XMR3(10) 9 XMR&( 1), XMY3(10),yXMY4(10)
SVR1(10),SVR2(10),SVY1(10),SVY2(10)
SVR3(10) 4SVR4{10),5VY3(10),SVY4(10)
XVR1(10)¢XVR2{10),XVYL(10)yXVY2(10)

136



137

713 DIMENSTION XVR3(10)4XVR&(10),XVY3I(10),XVYL{10)
773 SMRI(IN=(4*XE=XTI(I))/XL(T)

73 SMR2(I)={2.*XEXXI(I))/XLIT)

781 SMRIFJAT )=(2,*xXExXI(I))/XL(T)

732 SMRAE( I )=(G*AEXXI(T))/XL(T)

733 SMYL(I)=(=6.xXEXXI(L))/(XLIT)=XL(T))

734 SMY2(I)={—-6=XEXXTII))/Z(XL(T)=XL(I))

7135 SMYA(T)=(-6*XEAXI(IN)/Z(XL(T)=XL (1))

7S50 SMYLG (T ) =( =56 *XEXXI(T))/(XLLT)*XL(TI))

737 SVRI(ID)=(-6*XEXXI(IN) /(XL (I)=XL{1))

783 SVR2(I)=(=8,%xXEXXI{I))/{XLLT)*XL(T))

739 SVR3(IN=(=6%xXEXXI{I))/(XL{I)=XL(]I))

739 SVRA(T)={ -6 *XE*XT({I))/IXLLT)=XL(1))

791 SVYL(T)={12.XEXXT(I))/Z(XL(TI)IXXL{TI)*=XL (L))
732 SVY2(I)={12.%XE*XI{IN)/Z(XLET)=XL(I)%XL(T1))
733 SVY3(I)=(12.*%XEXXI(I))/(XL(I)xXXL(I)®XL(T))
794 SVYL{I)=(12.#*XEXXI(I))/UXLAI)=XLUTI)®*XL(T))
795 XMRL(I)=(4%XM{T)AXL(I)=XLIT)*XL(T))/420.
795 XMR2UT)=(=3xXM{I)=XL{I)*XL{I)*XL(I))/42).
797 XMRI(I)=( =36 XM{T)=XL(T)=XL({I)*=XL(T))/42D.
798 XMRE(T)=(4.4XM(I)xXL(T)*=XL(I)*XL(TI))/420.
793 XMYL(I)={-22 . xXM{I)*XL{I)*XL(I))/420.

800 XMY2(I)=(+13.%XM{TI)=XL (I)>*XL(I))/4%20.

301 XMY3(I)={+13.*XM(I)*XL_(I)*XL(I))/420.

302 XMY4 (T )=( =22 XM )=XL(I)*XL(T))/420.

803 XVRI(I)=(=22.xXM(I)=XL(I)*XL(I))/420.

304 XVR2{I)=(+13.xXM(I)=XL{I)*XL(I))/420.

895 XVRI(I)=(+13.=XMIII=XL(T)*XL(1))}/4£2D,

305 XVR4(T)=(=22.%XM(I)=XL(I)*XL(T))/420.

37 XVYL(I)=(156.*XM{I)=XL(I))/A20.

308 XVY2(I)=(=C4,%xXM(I)xXL(1I))/420.

809 XVY3(I)=(=54.%XM(I)=XL(I))/420.

310 XVY&4(I)=(L56 % XM(T)AXL{I))/<20.

311 RE TURN

312 END

813 SURROUTIME STIFFB(SMRL,SMI2,S"k3,y5MR4,

ESMYL1,SMY2,SMY3,SMY4,SVRL,,3VR2,5VR3,SVR4,
ESVYLsSVY23SVY3pSVYL e XURLyXMP 2y XMR 3,y XRG4,
EXMYL e XMY2 9 XMY3 3 XMY4 3 XVR1 9 XVE2 3 XVE3 4 XVR4,
EXVY Ly XVY2yXVY3 g XVYSL 14 XEyXIgXLyXM)

314 DIMEMSICMN XI(10),XL(10).X"(10)

315 DIMENSINON SMR1(10),S™R2(10)sSMY1(19),SMY2(10)
316 DIMENSION SMR3(10),SM4(19),SMY3(10),SMVY4(19)
117 DIMENSICN XMRLI(10)4XMR2(10)¢XMYL1(10),XMY2(10)
318 DIMENSION XMR3(10),XMR4(10) 4XMY3(12),XMY42(10)
313 DIMENSIGN SVR1{10),SVR2(1D),35VYL{10),SVY2(10)
329 DIMENSTIIN SVR3(10),SVR4(12),5VY3(19),SVY&(10)
321 , NDIMENSIGON XVP 1(10)yXVR2(1LU) 4 XVYLI12),XVY2(10)
322 DIMENSTIGN XVR3(10) yXVR4(10)4XVY3(10),yXVY4{10)
323 SMRL(TI)=(3,%XEx*XI(T))/XL(I)

324 SMR2(1)=0.



325
3258
327
323
329
330
331
832
833
834
335
836
8137
338
8393
840
341
842
843
344
845
845
347
348
849
350
851
852
853
854
355
855

857

353
3593
369
861
362
363
354
365
356
867
863
869
870
371
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SVR2(1I
SVR3({1
SVR&4(1
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SvY4(1l
XMR1(1I
XMR4 (Y
I
I
I
I

{
3.
3
"
3
Be
XWRB( .
XMYL{(
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XMY3({1
XMY&(1)
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(@)
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0.

oXXE*XT(I))
e FXEXXI(I))

JUXLOI)=XL(TI))
ZUXLCI)*=XL(I))

BRXEXXTCI))/Z(XLITYI®XL(]))

BoxXEXXTI(IN)/Z(XLIT)®XLIT))

AXEXXT(IN)/Z (XLOT) R XL (T)*XL( )
SFXEXXI(IN )/ (XLLT)®=XL{T)=XL( )
*XEXXI{I))/Z(XL{T)AXL(T)*XL( )
SEXEXXT(I) )/ XL (I)=XL{T)=XLI( )

=X A

I
I
I
I
AXM(T) I)XL(T)%®XL(TI))/42

)
)
)
)
0

=36 ®*XM(I)=XL(I)*XL(I))/420.
L1k XMII)*XLIT)*XL(1))/280.

XVRLI(ID)=(-36*XMII)*XL{TI)®=XL(I))/420.

XVR2(1)=0
XVR3(I)=
XVR4(I)=0.

(+11.%XM(I)*XL(I)*XL(I))/ZBO.

XVYL(TI)=(+204.%XM{I)%xXL(1))/420.

XVY2{(I)=(-
XVY3(I)=
XVy4{1l)=(+
RETURN

END

SUBRQUTINE
ESMYLl,SMY2,
ESVY1l,SVY2,
EXMY1,XMY2,
EXVY 1y XVY2,

DIMENSION

DIMENSION

DIMENSIOCN

DIMENSIOM

DIMENSION

DIMENSION

DIMENSICM

DIMENSION

DIMENSION

39, %XM{I)%XL1I))/230.

(-39.%XM(I)*XL(I))/280.

99.%xXM{I)*XL(I))/420.

STIFFCISMR1,SMR2,SMR3ySMR4,
SMY3,SMY4%4,SVR1,SVR2,SVR3,SVR4,
SVY3,ySVY4 e XMRL 9 XMR2 9y XMR3 y XMR4,

XMY 3 3 XMY4 4 XVK 1y XVR2 49 XVR3 y XVR4G,

XVY3 9 XVY%y 149 XEyXIyXLyXM)

XITLO)y XL(1D)yXM(1D)
SMR1(10),SMR2(10),SMY1(10),SMY2(10)
SMR3(10)ySMR4(10),SMY3(10),SMY4(10)
XMRL{10)yXMR2(10)yX"YL(10),XMY2(10)
XMR3 (10) yXMR4(10)4XMY3(10),XMY&(10)
SVR1(10),SVR2(10),SVY1{10),SVY2(10)
SVR3(10),SVR4(10),SVY3(10),SVY4(10)
XVR1{10) 4XVR2{10),XVYL{10),XVY2(10)
XVR3(10),XVR4(10),XVY3(10),yXVY4(10)

SMR4(I)={3.%XE*XI(I))/XL(T)

SMR2(1)=0.
SMR1(1)=0.

SMY&(T)=(=3.%XE*XTI(I))/{XL{T)*XL(T})
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872
373
374
875
376
377
37H
379
33)
331
3382
333
6§34
3385
886
837
383
339
390
331
3932
833
394
335
325
397
393
879
31090

331

302
303
0%
705
2925
337
923
909
310
11
912
13
914
215
316
I17
913

SMY3(I)=(=3xXEXXT(I))/Z(XLIT)XXL(]I))
SMY2(1)=0.

SMY1(1)=0.
SVRE(TI)=(=3.xXFRXT(I))/Z{XL(T)®=XL(I))
SVR3({1)=0. ‘
SVR2(I)=(=3 . *XEEXI(I))/Z{XL(I)=X1L (1))
SVP1(1)=0.
SVYLI{TI)=(3,%xXFXEXI(I))/Z(XLOT)=XLOTI)*XL(TI))
SVY2(I ) ={3.xXE*XI{T) )/ (XL (I)=XL(I)=XL(T))
SVY3(I)=(3.,%XEAXI(I))/ZIXLET)EXL(T)%.XL(TI))
SVYSL (I )=(3.*XE*XT(TI))/Z(XLEI)=XLCI)*XL(T))
XMREL4(I)=(8.AXM(I)=XL(I)I*XL(I)=XL(I))/&20,
XMR1(I)=0.

XMR2({(I1)=0.

XMR3(1)=0.

XMYLG (T )=(-36.*XM(I)=*=XL(I)*XL(I))/420.
XMY3(I)=(+11xXM(I)EXL(TI)XXL(T))/2R0.
XMY2{(I)=0.

XMY1({(T1)=0. .
XVR4(I)={(=36.%XM{I)xXL(]I)=XL(I))/420.
XVR3(1)=0.

XVR2(I)=(+11l. *XMII)=XL(T)%=XL(T))/280.
XVR1{(I1)=0.
XVY&L(1)=(4204%XM(T)%XL(1))/420.,
XVY2(1)=(-39,%xXM{T)%xXL(1))/230.
XVY3{I)=(=-3G,%xXM{I)*XL(1))/280.
XVYL(I)=(+99. *XM(IV=XL(I))/420.

RETURN

END

SUBPCUTINE

STIFFD(SMR]L ,SMR2 45403 ,5M4R4,

£SMYLySMY2,SMY3,SMY4,SVRL,SVR2,SVR3,SV34,
ESVYLySVY2,ySVY33SVYSye XMRLyXME2y XMR 3, XMR4L,
EXMYLy XMY2 9 XMY 3 g XMY4 s XVR 1§ XVR2,4XVR3 4 XVRL,
EXVY19gXVY23XVY3 g XVY4 149 XEgXIyXLyX4)

DIMENSION
DIAFNS ION
DIMENSION
NIMENSION
DIMENSION
DIMVMENMSTON
DIMENS ICN
DIMENSION
DIMENSICN
SMR2(1)=0.
SMR1(I1)=0.
SMR3(1)=0.
SYR4(1)=0.
SMY1(T)=0.
SYY2(I1)=0.
SMY3(1)=0.
sSMY&4(1i)=0.

XTCLO)+XLE1D) X1(10)

SMR1(10)4SHMR2(10),S¥YL(10),SMY2(10)
SMR3(10),5MR&(10),5%Y3{10),SMY4(103)
XMRL{10) ¢ XMR2{10) 4X4MY1(13)y,XMY2(11)
XMR3(10)yXMR4(10)yXMY3I(10),XMYS(10)
SVR1(10),SVR2(19),SVYL(10),SVY2(19)
SVR3(10)45VR4{12),SVY3(10),SVY&(10)
XVR1(10) ¢y XVR2{10)yXVY1(10),XVY2(10)
XVR3({10),XVR4(19),XVY3({10),XVY4(1D)
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919
320
921
922
923
324
325
926
927
923
929
330
931
532
733
934
935
235
937
338
339
940
941
942
943
64

946
347
343
349
250
351
952
253
354
355
956
957
953
359
360
9561
362
363
954%
365
356
957

XVR2(1
XVR3(1
XVR4 (1
XVYL(1
Xvyza2({1
XVY3L1I
XvyY4{l
RE TURN
END

Ne ¢ o 0 ¢ ¢ 2 ¢ 0 0 6 0 ¢ o 0o © o o 0 o

AN~ 000000000000 UDOO0DOODOD

L O | (I [ | | | | (O | | | T T (O | T N T O |

2

SUBROUTINE

DIMENSION
DIMENSION
DI MENSION
DIMENSION
DIMEMSION
PMR2({1)=AF
PMR3(1)=AF
PMR&4(1)=AF
PMRL1(I)=AF
PMYL(I)=AF
PMY2(1)=AF

140

SEXM(I)%®XL(I)) /3.

=lxXM{IN*XL(I))/3,

le*XM{I)*XL(I))/3.
SEXM(T)®RXLIT))/3,

STIFPA(PMR1,PMR2,PMR3,PMR4,

PMY1l,PMY2,PMY3,PMY4,PVR]1,PVR2,PVR3,PVRSG,
GPVY1yPVY2,PVY3,PVY4,1,XL,AF)

XI(10)yXL(10)yAF(1D)
PMR1{(10),PMR2{(10),PMYL(10),PMY2(10)
PMR3 (10)4PMR4(1D),PMY3(10),PMY&{10)
PVR1(10),PVR2(10),PVY1(10),PVY2(10)
PVR3({10),PVR4(10),PVY3{10),PVY&(10)
(I)*{-XL(I)/30.)

(I)*(=XL(I)/30.)

(I)*(2.*XL(1)/15.)
(I)*(2.%XL(T)/15.)

(1¥Y%(-1.710.)

(I)*(~-1./10.)

PMY3(I)=AF(I)*{(-1./10.)

PMY4(1)=AF
PVR1(1)=AF
PVR2{1)=AF

(I)*(-1./710.)
(I)*(-1./10.)
(I)*{-1./10.)

PVR3(I)=AF(I)*(-1./10.)
PVR4(I)=AF(I)*(~-1./10.)

PVYL{II=AF{I)*(6./(5.%XL(I]
PVY2(I)=AF(I)*(6./(5.%XL (]
I
I

PVY3(I)=AF

PVY4L (I )=AF(I)*(6./(5.*XLI

RETURN

1))
(R R
(I)*x(6./715.xXLIT)))
IBR
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353 FND

D09 SUSBROUTINE STIFPR(PMRL,PVW22,0Mp3, PHR4,
EPMY L, PMY?2,PMY3,PMY %, PVL,PVRY, PV, PVis,
EPVY1,PVY2,PVY3,PVYL, T,y XL,AF)

279 DIMENSION XTICLO) o XLEL1D:,,2F(1D)

371 DIMENSTICN PMRLU10)4PUMR2(LD) 4PMYL(LT) P MY2(1"D)
272 DIMEMNSICN PMR3I{10),PMR4(1D),2MY3(1D),2%Y4(1))
973 , DIMEMSION PVR1(19),PVR2(10),PVYLI(10),PVY2(1D)
IT4H DIMENSICON PVR3(10),PVR4(10),PVY3(1D),PVY4(1D)
975 _ PMRI(ID)=AF(I)&{1oxXLII)/S.)

376 PMR2(T)=4F(I)*0.

977 PMR3(I)=AF{I)*0.

Q78 PMR4(I)Y=AF(I)*0.

979 PMYL(I)=AF{I)*(=-1./5.)

930 PMY2(I)=4AF(I)*(-1./5.)

331 PMY3(TI)=AF(T)*0.

332 PMYZ(I)=AF(1)=*0.

333 PVRI(I)=AF(I)*(~1./5.)

334 PVR2(I)=AF(I)*0.

G35 PVR3(T)=AF(1)*{~-1./5.)

335 PVR&4(TI)=AF(1)*0.

237 PVYLIT)=AF(I)*{6./(S5.*XL(T1)))

938 PVY2({I)=LF(I)*{6./(5.*XL(T)))

933 PVY3(T)=AF(I)*(6./(S5.%XL(I)}))

3990 PVY&(I)=AF(I)* {6/ (5.%XL(I)))

291 RETURN

792 END

333 SUBRCUTINE STIFPC(PMRL,PMR2,PMR3,PMRA,

EPMYL,PMY2,PMY3,PMYL,PVRLPVR2,PVR3,PVR4,
EPVYL,PVY2,PVY3,,PVY4,T,XL,AF)

394 DIMENSION XI(19),XL{10),A45(10)
G5 DIMENSION PMR1(10),PMP2(10),°PMYL(10),P"Y2(10)
935 DIMENSINN PMR3(10),PMR&(10),PMY3(10),PMY4(10)
IST DIMEMSINN PVRL(10),PVR2(10),°VY1(10),PVY2(19)
338 DIMENSION PVR3(10),PVRP4(10),2VY3(10),PVYa(]10)
299 PMRL(T)=AF{]I)=*0,
12930 pPMR2(I)=AF(]1)*0.
1J01 PMRI(I)=AF(1)*0,
1302 PMRA4(T)=AF{I)*{1l.*XL(Y)/
12073 PMY1(I)=AF(1)=*>0.
1304 ~ - PMY2(I)=AF(I)=*0.
1205 PMY3(I)=AF({I)*(-1./5.)
L1006 PMY4(T)=AF(I)*(-1./5.)
L7237 PVR1(I)=AF({I)*0.
1098 PVR2(I)=AF(I)=(~-1./5.)
1009 PVR3(I)=AF(I)=*0,
1710 PVR&(I)=AF(I)*(-1./5.)
1011 PVYL(I)=AF(I)*®x{(6./(S.*XLI{T)))
1212 PVY2(TI)=AF(I)*(5./(5.%XL{1)))
1913 PVY3(I)=AF({I)*(E./(5.%XL(T1)))
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1914 PVY&LIT)=AF(I)*(6/(5.%XL(1)))

1915 RETURN

1016 FND

1017 SUBRCUTINE STIFPN(PMRL, PMR2,PMP3,PMRSG,

EPMYLl,PMY2,PMY3,PMY4, PVR]l,PVYR?,PVR3,PVREG,
EPVY1,4PVY2,PVY3,PVY&G,y1,XL,yAF)

1718 DIMFNSION XI(1C),XL({10),AF(10)

1019 DIMFNSICN PMR1(10),PMR2(1N),PMY1(10),PMY2(10)

1020 DIMENSTION PMR3(10),PMR4(10),PMY3(10),PMY4(10)

1321 DIMENSICN PVR1(10) ,PVR2(10),PVYLI10),PVY2(10)

1022 DIMENSTION PVR3(10)4PVR4{10),PVY3{10),PVY4(10)

1023 PMRL(I)=AF(I)*0.

1924 PMR2(1)=AF(I)*0.

1025 PMR3(I)=AF(I)*0.

1025 PMR&4(I)=AF{I)*0.

1727 PMYL (T )=AF{I)*0.

1929 PMY2(1)=AF{1)*0.

1023 PMY3(I)=AF(I)%*0.

1030 PMY&(TI)=AF(I)%0.

1031 PVRL(I)=AF(I)*0,

1032 PVR2{I)=AF(I)*0.

1033 PVR3(TI)=AF{I)%*0.

1234 PVR4 (I)=AF(I)*0.

1335 PVYL(I)=AF(I)=0.

1036 PVY2(TI)=AF(T)*0.

1037 PVY3(I)=aF(I)%*0.

1238 PVY4 (1) =AF(I)*0.

1739 RETURN

1140 END

1741 SURBRCUTIME GEXTPUAM, AV ,NP,MPP,NY, FEM,FEV,PSE,
ERSFT)

1042 DIMENSINN FEV(L12),FE™(12),PE(10),RSFT(10)

1743 DIMENSION AM(12,12),AV(12,12),PSE(10)

14+ MEM=NM%2

1045 NPS=NP-NPR

1) 46 DO 563 I=1,MPR

147 PE(T)=0.

1048 PO 563 J=1,NEM

1J49 PE(I)=PE(I)+AM(I,J)=FEM(J)

1950 563 CONTINUE

1051 N0 564 1=1,APS

1352 IT1=I+NPR

1753 PE(IT)=0.

1054 NO 564 J=1,NFM

1355 PE(TIIN=PE(IT)+AV(I,JI*FEV(J)

1055 564 CONTINUE '

1057 DO 565 1=1,NP

1059 RSFT(I1)==PE(I)-PSE(I)

1059 565 CONTINUE

1960 RETURN



LJ51

1253
1)&%

1365
1765
1057
1053
1069
1370
1071
12772
1073
1074
1975
1276
1277
1078
10793
1239
1331
1332
1233
1734
1035
1J)85
1337
1034
1089
1030
1591
12232
1023
1)94
1095
1035
12?7
1)58
12939
1120
1101
1102
1103
1134
1105
1126
11237
1103

3006

9007
3009

2010
3011

9012
J013

9014
9015

901¢&
9017

7012
2008

9004

3005
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EMD

SUBRAOUTINE GFMKP{T DT yNP MPF,VA,V3,ZETA,D3R, X,
EXXP e XXK ¢ XMIyRSFT,H,G)
DIMENSION XP({10,10),XMF(10),XXMPK(1D),
EXMPKILO,10),XXK(10,10)
DIMENSION FTUL0) o XI1O) 3 XXP{1D910),,XMI{10,10),
£G(10),DGLLO)

DIMENSIGM RSET(10),SFT(10)
NPS=NP-NPR

TS1=0.02

TS2=0.02

TD1=0.04%

TD02=0.08

TD3=0.12

TD4=0.16

TD5=0.,20

‘TD6=0.24

FQ1=100092.

FN02=10000.

SLRP1=FN1/TS1
SLCP2=FN2/TS2

IF(T=TD1) ©N056,5006,92C7
SFT(Ll)=FQ1-SLOPL*T

GO TO <9008

IF{T-TD2) 9009,5009,9N010
SFT(L)==FO2+SLLCP2*(T~-TD1)
O TG <008

IF(T-TN3) 9711,C011,9012
SFT(1)=FN1=SL.OPL%X(T-TD2)
GO TO 9CI3

IF(T-TN4) 9013,95013,2J1%
SFT(1)==F02+SLOP2%(T=TD3)
5D TN <C)8

IF(T-TD5H) S5015,S015,°J16
SFT(1)=F01-SLOPL*(T-TD4)
GC TC 9008

IF(T-TDA) S017,9017,991%8
SFT(1)==FO2+4SLOP2%(T-TD5)
50 T G008

SFT{1)=2.

NC Q004 I=1,NPR
FT(I)=RSFTI(I)

CONTINUE

DO 9005 I=1,NPS5

IN=NPR+1

FTUIN)=SFT(I) +RSFT(IN)
CGNTIMNUE

NC 90k I=1,MP

XMF(1)=0.

XXMPK(I)=0.

NnQ S07 J=1,MP



1129
111D
1111
1112
1113
1114
1115
1115
1117
1113

Q90s

07

206
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XMPK(I,J)=0.

NG 908 K=1,NP
XMPK(I,J)=XMPK(IpJ)"X“I(I,K)*(XXP(KyJ)—XXK(K,J))
XXMPK (T )=XXMPK(I)+XMPK(T,J)*xX(J)
XME(T)=XMF(I)+«XMI(I,J)*FT(J)
DGII)=XMF(I)+XXMPK(I) '

GLI)=DGtI)*DT

CONTINUE

RETURN

END
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