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ABSTRACT

A direct comparison of the rheological behavior of a mass supported by a complex spring and a
mass supported by a spring-dashpot arrangement provides a means of establishing a relationship
between material damping in the frequency domain and the frequency dependent Q(w). For the
speciél case where Q{m) is constant over a given frequency range, the expansion of Q'l(cn) into a
Laurent Series yields a set of damping coefficients whose values are determined by minimizing
the mean square error of the series over the prescribed frequency range. The resulting damping
expression is used in conjunction with an elastoplastic constitutive matrix in finite element
discretization to produce a viscoplastic mode! suitable for a direct step by step time integration.
The proposed model is very convenient for use in finite element discretization for the analyses of

earthquake, blast, shock, and other soil-structure interaction problems involving cyclic loading.
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SECTION 1
INTRODUCTION

The complex behavior of geologic materials has in recent years generated extensive investigation
by researchers to develop material models to predict the path-dependent behavior of such materi-
als within the framework of the theory of classical plasticity. To better predict the hysteresis
displayed by soils when loaded and unloaded hydrostatically, the cap model (27) was developed.
This model, which is based on a modified classical plasticity theory, was further modified to
include the effect of kinematic hardening (11). The bounding surface plasticity theory which
utilizes two yield surfaces was proposed to simulate the behavior of sand under cyclic loading
(19). While the above mentioned models predict the path-dependent behavior of material fairly
well, they fail to address the dependence of material behavior on time. In many geomechanical
problems, however, material behavior is also governed by rheological behavior. To account for
energy dissipation which is associated with foundation media in soil-structure interaction
problems, the material has been idealized to be viscoelastic solid (23,24). The effect of Q on
wave attenuation and velocity dispersion in geologic materials has been investigated by research-
ers in recent years within the framework of viscoelasticity (2,3,4). In Ref. 28, the convolution
integral relating stress to strain history in geologic media (assumed viscoelastic) has been trans-
formed into a convergent sequence of constant coefficient differential operators of increasing
order, through the use of Pade approximants, with the value of Q assumed over a prescribed
frequency range. In this format, the convolution integral is reduced into a form suitable for time
stepping in finite difference schemes for wave propagation problems. The above mentioned
viscoelastic models, however, fail to account for the path-dependent behavior of materials. A
more realistic model would be a viscoplastic model which accounts for the path dependence as
well as the energy dissipation characteristics of the material. Several attempts have been made
by researchers to predict the time as well as path-dependence of material in recent years
(5,6,18,20).

The contribution of this research is to provide explicit representation of the viscous and energy

dissipation characteristics of material suitable for time stepping in finite element discretization

through the Q-model, Qlw) being a measure of energy dissipation per cycle in a medium during

cyclic loading. A relation between damping in the frequency domain and the frequency depend-

ent QN(w) is established through a direct comparison of rheological representation of a mass
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supported by a complex spring and a Ihass supported by a spring-dashpot arrangement, in the
frequency domain. For the special case where Q(m) is constant over a prescribed frequency
range, the expansion of Ql(w) into a Laurent Series yields a set of damping coefficients whose
values are determined by minimizing the mean square error of the series over the prescribed
frequency range. The resulting damping expression is used in conjunction with an elastoplastic
constitutive matrix in finite element discretization to produce an elasto-viscoplastic model
suitable for step by step time integration. It should be mentioned that the proposed model
follows quite a different approach from those proposed in Refs. 5 and 6. Also, earlier finite
clement models for elastoviscoplastic materials have focused on the quasi-static behavior of the
materials {25,26). The merits of the proposed model lie not only in the ease of its application in
dynamic problems but also in the readiness in which the parameters involved could be deter-
mined from dynamic tests in the laboratory. The proposed model will find very useful applica-
tion in seismic problems such as design of dams, bridges, buildings, subjected to earthquake
excitation. The model could be adapted to suit viscoelastic problems simply by replacing the
elastoplastic constitutive matrix with an elastic constitutive matrix. This makes the model

suitable for a much wider variety of problems.
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SECTION 2
SURVEY OF SOIL MODELS

2.1 Simple Plasticity Models
The elastic ideally-plastic soil model with a fixed yield surface defined by

characterizes the earlier plasticity soil models. Here S defines a stress point in the stress space.

In terms of stress invariants, the yield surface is given by
F(1,,3,J3) =0 (2-2)
where J;,J,,]; are the first, second, and third stress invariants, respectively.

The material is elastic when the stress point lies inside the yield surface, in which case changes in

stresses result in recoverable deformations. The increment in elastic strain is given by
e 1 1
deij = 2—G-dsij + §K‘8u dek (2'3)

where:

dsij = Increment in deviatoric stress

dokk = Increment in volumetric stress
Bij = Kronecker delta
K =Bulk modulus

G = Shear modulus

On the yield surface, total strain increment is given by

2-1



de;; = def, + def (2-4)

where de;fi is the elastic strain increment defined by equation (2-3) and

0
dﬁﬁ = A, 'agl; (2'5)

where:

q = plastic potential
A = nonnegative scalar function

de}; = plastic strain rate
If F = q then equation (2-5) becomes

A % F=0
- 0 u F<0 0
<

and the flow rule is said to be associated, and hence the plastic strain rate is normal to the yield
surface at the current stress point. Furthermore, for a convex yield surface, uniqueness is as-
sured. In general, however, when the yield surface does not coincide with the plastic potential,
ie., F # g, the corresponding flow rule is said to be non-associated. In this case, uniqueness

cannot, in general, be proved.
Stress outside the yield surface, i.e., F > 0 is not permitted.
Uniqueness and Stability

Uniqueness, stability, and continuity are basic requirements for continuum models. From
Drucker’s stability postulate (Ref. 7) nonnegative work must be done by an external agent in any

excursion from equilibrium. In particular for any stress cycle, where Gi:. is the stress at equilib-

riym state
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[ (o3 - 0}) dey 20 @2-7)

The equal sign applies only for elastic or reversible paths. Satisfying Drucker’s postulate is
sufficient (but not necessary) to insure uniqueness and continuity.

By eliminating the elastic or reversible strains and by choosing O';j (equation (2-7) on the yield

surface, the condition for stability in the "small" for elastic-plastic models is obtained, i.e.,
dojdef 20 2-8)

This means that the yield condition can only move outward (or not move) at a stress point, i.e.,

work softening or strain softening is not permitted.
The condition for stability in the "large" for elastoplastic materials is given by
(o - of) def 20 (2-9)

It can be noted that equation (2-9) requires the normality of the plastic strain rate vector, and the
convexity of the yield surface. (See Figure 2-1.)

2.2 von Mises

The von Mises yield condition is given by

AT, =k (2-10)

where J is the second invariant of the deviatoric stress and is given by

J; = -é— 8ij 8ij (2-11)



do; ij

Yield or Loading Surface

FIGURE 2-1 Geometric Interpretation of Drucker’s Stability Postulate
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and k is a constant.

The von Mises yield surface is a cylinder in the principal stress space (see Figure 2-2), and is a
good representation of the failure surface of many saturated clays.

2.3 Drucker and Prager

Drucker and Prager, Ref. (10), proposed an ideally plastic yield condition for granular materials
given by

F=V], +oJ; -k=0 (2-12)

This is a modified Mohr-Coulomb failure criterion which reduces to the Mohr-Coulomb equa-
tions in a triaxial test when

2sin ¢

a= m (2-13)
and
__bccosd ]
k V3 (3-sin 0) @19

In equation (2-12), J 1 and Jé are, respectively, the first and second invariants of stress and stress

deviator. o and k are defined by equations (2-13) and (2-14) respectively, ¢ is the friction angle
and c is cohesion of soil. (See Figures 2-3 and 2-4.) This model satisfies Drucker’s postulates
for stability and uniqueness when used with the associated flow rule as defined earlier.
However, the model has the following shortcomings:

1.  Due to the normality principle and the concept of the associated flow rule, considerable
dilatancy effects are predicted which are much greater than observed experimentally;



FIGURE 2-2 Von Mises Yield Surface Cylinder
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-Jy

FIGURE 2-3 Drucker - Prager Yield Surface



V3C cotd

FIGURE 2-4 Drucker - Prager Yield Surface (Cone)

2-8



2. Experimental observations have shown that considerable hysteresis in a hydrostatic
load-unloading path occurs which cannot be predicted using the same elastic bulk
modulus of loading and unloading and a yield surface which does not cross the hydros-
tatic (J;) axis; and

3,  Soils pass through the flnid state at high pressures where shear strength does not vary
with hydrostatic pressure. Therefore, the yield condition should essentially be independ-
ent of J, for large J;.

24 The Development of the Cap Model

To control the plastic volumetric change or dilatation of soils, Drucker, Gibson and Henkel (Ref.
8) added a movable cap to the Drucker-Prager model, which crosses the hydrostatic loading axis.
This modification reproduces better the hysteresis which soils display when loaded and unloaded

hydrostatically.

Several strain hardening plasticity models based on critical-state concepts have since then been
developed by a group at Cambridge University.

A group of researchers from MIT also worked on a similar model where the yield curves are
ellipses of constant eccentricity. However, Drucker-Prager’s postulate of stability in the small is
not fully satisfied at all points on the yield surface and, therefore, the irreversibility condition

Gij dEﬂ =0 (2-15)

is nof satisfied.

DiMaggio and Sandler (Ref. 27) have proposed a new cap model for granular soil which satisfies
continuity, stability, and uniqueness conditions.

The new cap model has an ideally plastic modified Drucker-Prager yield condition denoted by

29



£ (0 ,V5) -0 (2-16)

and a strain-hardening cap, which expands or contracts as the plastic volumetric strain decreases

or increases, respectively, denoted by
f (3,3, €) =0 217)

A full discussion of the above model and its application to McCormick Ranch sand is covered in

a different section.

Modifications to the cap model to include kinematic hardening has been made for materials
whose hysteresis is independent of strain rate (Ref. 11). This modification is achieved by
replacing the stress tensor Oy by the quantity ((5ij - aij), where o4 is the tensor whose components

are memory parameters defining the translation of the yield surface in stress space. The

kinematic hardening is assumed to occur in shear only. Hence

where the summation convention of the subscripts apply. The memory parameter 0o is governed

by a kinematic hardening rule given by
ojj =Co & (2-19)

where éfj are the deviatoric components of plastic strain, and C,, is a constant. Extensive cover-

age of this subject has been made in Ref. 11.
2.5 Bounding Surface Plasticity Theory

The bounding surface (Ref. 19) is represented in the 2-D octahedral, shear-vs-normal stress space
by a half-ellipse with a variable axis length (Figure 2-5). The ellipse’s horizontal axis coincides
with the normal stress axis and has one of its end points fixed to the origin of coordinate system,
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CRITICAL e
STATE LINE ’/

BOUNDING SURFACE

FIGURE 2-5 Bounding Surface
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and the other end point, as well as the ratio of the axis lengths, is determined by the hardening
law. The hardening law is obtained along the standard triaxial stress path. An ellipse is formu-
lated such that:

1. It contains the stress point representing the state of stress in the triaxial test sample at all

times; and

2. The "vector" normal at this stress point is proportional to the plastic strain rate "vector"
measured in the triaxial test. The major axis and the ratio between the axes are then
expressed as functions of the stress level and accumulated plastic strain. Under this new

hardening law, the bounding surface, for any chosen loading path, always expands,

Elasto-Plastic Constitutive Equations

e~}
3
Qe

#-% 1 (2-20)

where:

< > = Operation <L > =LH(L)
H =Heaviside’s step function
8P = Plastic strain rate tensor

kp = Generalized plastic modulus

n = Second order tensor such thatn:in = 1

E=D":6-<T=>1 2-21)
P

or inverted
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Dy 2 F (2-22)

where £ is the total strain rate tensor.
Radial Mapping

The radial projection of a stress point representing gproduces 3 on the bounding surface, where

o]
1l
™
1Q

(2-23)

with [, the radial mapping scalar, being unity when g lies on the bounding surface itself.

Loading Condition

Loading path: n=1;k, =k, with B =1 (2-24)
unloading path: n=-f ; ky, = Hy/(B-1) (2-25)
with § pointing inwards from F

reloading path: n=1:k, = Hr(B-1) (2-26)

with & pointing outwards from F where H, and H, are material parameters

S

1~}
H

(2-27)

=

1

where the operator V is defined in the stress space and Vf is evaluated at the stress state T.
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kp =- TVET o 276 [tr ()1 - (2-28)

n=fn=fz-&& (2:29)

and &” is the deviator of £&°. The link between the generalized plastic moduli k, and k, is given by

!qo
i:§1
Q

ng
L% (2-30)

:

Bounding Surface

The bounding surface f is defined as

f=31%-; +T1-Ap =0 (2-31)
where:

T, =1, (2-32)
and

T =8I (2-33)

The strain dependency of the hardening surface f is defined by the slope N = N(1), of the critical
state line, and the axis, A, = pA of the half-ellipse; where A = A(n) and p is the atmospheric

pressurc.
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The bounding surface parameters A and N are related to the shear dilatation angle o by

7 VT,

I CEHNA) (2-34)

where 0d4 =1 - % tr()Q. The main feature of this 8-parameter model is its hardening law which

-

is defined along the standard triaxial test path to emphasize the shear dilatation of sands. The
model’s ability to simulate important characteristics of sand under cyclic loading compares well
with laboratory tests.

2.6 The Endochronic Theory
The Endochronic Theory is based on the hypothesis that the current state of stress is a linear
function of the entire history of plastic strain, with the history defined with respect to a time scale

(intrinsic time) which is itself a property of the material at hand.

The equations governing the Endochronic Theory are as follows:

7o 26::
i = H Zy -2 = N VA
¢jj =Hp 5[ P(Zo -Z) 57

y (2-35)
+ &;Hu I O(Zu -Z') })ag"
d 4
doy; = [Ko (de - d6) - 2/3 Gode] & (2-36)

+ 2Go (dﬁij - deij)
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where the intrinsic time scales, Z; and Z, are positive,

defined by the ff expressions:

dZ8 = koodlp, + kol

dZ% = ko dCZD +ky dCﬁ

where:

Hy, = Hardening function

Hy; = Softening function
deij and d9 are defined such that

dEE = deij + *:1; de&j

or

do = del,

monotonically increasing quantities

(2-37)

(2-38)

(2-39)

(2-40)

Also K G, denote the bulk and elastic shear moduli, respectively. p(z) and ¢(z) are material

functions. The intrinsic time measures dCD and dCH are defined as follows.

el = d6y;do;

s =1d8 P

(2-41)

(2-42)

and the k, are elements of the material-dependent coupling matrix [k]. It is evident that the

materials described by the above equations are plastic strain history dependent but strain rate
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independent (i.e., are independent of the natural time scale given by a clock). The following
kernel functions may be used to represent soils using the Endochronic Theory

p@ = (2-43)
0@ (2-44)
Hp (2) = Hy + (H - Ho) (1 - €) (2-45)
Hy () = (Om- )P (2-46)

where k, H, I, ¥, 8, and B are constants. For numerical purposes, the incremental form of

equation (2-35) may be used as follows
7o
w 28
doj =|{ Hp | p(Zp - Z) -———182,2 dZ’ | dZp
<o

7y (2-47)
0%0
+ Sij [H}{ j ¢ (ZH - Z’) W dZ’] dZH

2.7 The Hyperbolic Stress-Strain Law

Considered as a hybrid of plasticity theory and endochronic theory, the hyperbolic stress-strain
law was proposed by Kondner and his co-workers to model nonlinear stress-strain relations in

soil (Ref. 22). The nonlinear stress-strain curve is represented by a hyperbola of the form

€y
a + beg,

(01 -03) = (2-48)

in which (o, - ;) is the principal stress difference, €, is the axial strain, and a and b are
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parameters whose values are determined experimentally, As shown in Figure 2-6, these
parameters are the reciprocals of the initial slope (initial tangent modulus) and the asymptote to
the G - € curve. To determine the parameters a and b, equation (2-48) may be transformed into
the form

€a

G -op “2tPe | =

As shown in Figure 2-7, the parameters a and b are, respectively, the intercept and the slope of
the straight line. The ratio

(01 - 03) failure _
(0'1 - 0'3) ultimate

R¢ (2-50)

where R; < 1, and is a correlation factor called "failure ratio.” Values of R, for a variety of

different soils have been found to range from 0.5 to 1.0 and to be essentially independent of

confining pressure.
2.8 Earlier Viscoplastic Models

Viscoplasticity is a term which has been used by researchers to describe material behavior
whereby all plastic strains in the material are developed with time; that is, there is a delayed
plasticity, in contrast with elasto-plastic strains, which are produced instantaneously, i.e. are
independent of time. This section outlines some of the earlier viscoplastic models used for
time-dependent materials,

Rheology
Consider the rheological model of an elasto-viscoplastic material shown in Figure 2-8. It con-
sists of a spring which is in series with a slider and dashpot system in parallel. The spring gives

the elastic response while the dashpot and slider allow viscous deformation only for stresses

greater than a certain limit.
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DEVIATOR STRESS (0;-0)

ASYMPTOTE = (07 - 0°3 JULTIMATE

ACTUAL o -€ CURVE -

HYPERBOLA
N
e

(0y- o 3)FAILURE

o5 = CONST,
/ 3 1/b=(0y-03)uLr.

E,=1/0

FIGURE 2-6 Hyperbolic Representation Of Stress-Strain Curve
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b =1/(o1 - 0'3) ULT

&,/(0;, -0y

AXIAL STRAIN &

FIGURE 2-7 Transformed Hyperbolic Representation of Stress-Strain Curve
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@ SPRING

DASHPOT =P I::_J

<@ SLIDER

FIGURE 2-8 Rheological Model Of Elasto- Viscoplasticity
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Figure 2-9 shows a stress-strain curve in 1-D to illustrate the behavior of an elasto-viscoplastic

model. If ¢ < O, where Oy is the yield stress of the material, no viscoplastic strains are

developed. However, if ¢ > o, viscoplastic strains are developed at a finite rate which depends

on the excess of O - o, A steady state is reached at time t = T when the stress is on the yield

surface and no further increase in viscoplastic strains occur. A full discussion on the develop-

ment of viscoplastic strains is covered in later sections in this report.

2.8.1. The Rigid-Viscoplastic Models

In rigid-viscoplastic models, materials show rigid behavior (no deformation) when applied stress
is below a certain limit and show viscous response when the limit is exceeded. These are re-

ferred to as Bingham materials.

For such materials, the constitutive equation can be expressed in the form

8ij = % + 2 Mej; (2-51)
where 8 is the deviatoric stress given by

8ij = Gy - 1/30u & (2-52)
'eij is the deviatoric strain rate given by

& = & - 136k By (2-53)
where:

1 = Viscosity coefficient
A = Scaler multiplier

Consider the von Mises yield condition
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ELASTO-VISCOPLASTIC PATH
t=0 F>0 IS ADMISSIBLE

STEADY STATE
POINTS

ELASTOPLASTIC PATH
F>(0 NOT ADMISSIBLE

4

VISCOPLASTIC STRAIN l ELASTIC I
i STRAI

FIGURE 2-9 Typical Stress-Strain Curve For Elasto-Viscoplastic Model
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5=k (2-54)

where J} is the second invariant of deviatoric stress given by
A

2

and k is the yield stress in pure shear, and rewrite equation (2-51) in the form
1 . o
Sij = (fx + 211) &y = 21’¢;j (2-56)

where 11’ is a variable viscosity coefficient.

From equation (2-54) we can obtain

, k ‘\l}g PAS|
2n’=2n(1 = = 2-57
il TI( + 2n_\/£) '\E{ LENT, (2-57)

where:

Generally " > m and 1’ = m only when \ﬁ; —» oo, From equation (2-57) we can rewrite
equation (2-51) in the form

-1
s; =21 (1 - %) &; if I >k? (2-58)
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For the rate of work to be positive during plastic deformation
syéy =2k\L + 4l >0 (2-59)
This, however, becomes zero as J, — k%,

The volume remains incompressible during deformation, ie., éﬁ — 0. For I’ <k* the body is

rigid.
2.8.2 Elasto-Viscoplastic Models

In elasto-viscoplastic models, the material behavior is elastic when applied stress is below a

certain limit, and shows viscous response under the action of higher stress.

The constitutive equation for such a material behavior is composed of elastic and viscoplastic

components.
We have
Gy =8 +8& (2-60)
or
. 2A
€jj = 28—[(]} + 134 m Sij (2-61)
or from equation (2-58)
. _ 8 1 X o ifT o 12 2-62
CU—ZG-J-Z 1- ) SulJz> ( )
(R
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. . * « . QE -VP
and G, = 3Kg,, (elastic volumetric behavior). In the above equations, €;, €;, €,

> €; are respec-

tively the total, elastic, and viscoplastic strain rates, and G is the shear modulus.

Equation (2-62) can be written more generally as

c _ 8 1 kY.
61, = + < 1 - > S‘J (2“63)
2G " 2n ( \]J: )
where the notation < > is defined such that
<F>=0ifF<0
(2-64)

<F>=FifF>0

where F is an arbitary function. The above model can be viewed as a modification of the
Prandtl-Reuss model to include the viscous effect of materials.

Loading Condition

The loading condition may be defined locally using the rate of working. Now
«  +E s+ VP
W=W +W (2-65)

» « E « VP
where W, W | W denote, respectively, the total rate of working, the rate of work due to elastic

and viscoplastic deformations. Hence
- .E AVP
8ij €ij = 8y eij + §j;€ (2-66)
or

. 1 (v .G k \p
§jjCij = m (Jz + 2ﬁ (1 - VE) 12) (2-67)
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Notice that W > 0if I} > k2. If

T, >k* andse;; >0
2 j €ij

then we have loading. There are three types of loading:

1. If in addition to equation (2-68)
0’ L VP » E
J, >0, and therefore W > O, W > 0
the process is called total loading.
2. If in addition to equation (2-68)
., + VP + E
J; =0, and therefore W > O, W = 0

then we have neutral loading.

3. If in addition to equation (2-68)
J2 <Obut W >0
we have partial loading, If

J'2 > k? and ngéij =0

+ E « VP
ie.when-W =W >0

then we have a state of pure relaxation. If
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T, >k and §;€; < O (2-73)

the process is called quasi-unloading because the decrease of the stress is more rapid than in a

relaxation process, and therefore corresponds to stress decrease at the boundary of the body,
. VP .
while still W > 0. A state of pure unloading (instantaneous) corresponds to J; = oo.

During stress relaxation at constant strain, equation (2-67) becomes

I, + % (1 - i) T, =0 (2-74)

7,

which has a solution of the form
VI, ©=k+ (VI -k) exp [ % (t-to):| (2-75)

where:
V12 =1, ()

and t_ is the reference time at which relaxation process begins. Now when t =« V], = k*

(from above)
tim T, )=k (276)

In other words, as the time approaches infinity, the stress deviator relaxes towards a point on the
yield surface I, = '

Perzyna (Ref. 6) has introduced more parameters in the visco-plastic model including hardening
properties. He postulated a constitutive equation of the form
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G = ok + V<0 > o @-77)

. G
&i = 3 (2-78)

where:

Gij 5 EE’-
F=F (Gij , 8}}) =f (—JK—J) -1 (2-79)

is the statical yield function. G and K are, respectively, the elastic shear and bulk moduli, and vy
is a material constant. The symbol < ¢(F) > is defined as follows

0 for F<0

<0(F)> = { (2-80)

oF) for F>0

The function f(oy eif;) depends on the state of stress 6; and on the state of anelastic strain eg and
o
K= K(W,) = d[ o de? (2-81)

is the work-hardening parameter. Consider the anelastic part of the constitutive equation (2-77)

o of ]
g; = Yo(F) 36; | (2-82)
squaring both sides of equation (2-82) we obtain
a | |
P P
g & =V {¢® B_O'u} (2-83)
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Now let
g-L1g (2-84)
27 o M

where Ig is the second invariant of the plastic strain rate. Then equation (2-83) becomes

2
2 =2 {q,(F) a%fij } (2-85)
or
F -1 Ig i—
o] 7O 50
2 ' 90y 00y

where ¢'1 denotes the functional inverse of ¢ or

IP 1
(o) x00 f10' [ i || @)

2 7 304 90a

This expression implicitly represents dynamical yield condition for elasto-viscoplastic work

hardening materials and also describes the dependence of the yield criterion on the strain rate.

From equation (2-82) it is evident that the plastic strain rate vector é; in the 9-D stress hyper-

space is always along the normal to the subsequent loading surface. (See Figure 2-10.) The

yield theory described above reduces to classical rate independent (inviscid) theory for vanish-
ingly small strain rates.

Different forms of the function ¢ (F) in equation (2-77) have been proposed by Perzyna in Ref. 6
as
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FIGURE 2-10 Typical Yield Surface For An Elasto-Viscoplastic Material
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¢ (F) =F°
¢ (®) =F

¢ (F)=expF-1 (2-88)

N
o (F) =Y Ac[expF® - 1]
a=1

N
¢(F)=ZlBaF“

The above functions, however, describe perfectly plastic rate sensitive material under dynamic
loading.

Hohenemser and Prager have proposed an elasto-viscoplastic constitutive equation of the form

& =y [Fu] i (2-89)
j M [—Iz
and
, ( i;)
L=k \1+ (2-90)

where k_ is the yield stress in simple shear and
r _.l 2-91
Iz =3 €ij Cij ( )
v is a material constant and
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Fum = ol 1 (2-92)

To generalize equation (2-89) to include the effect of work hardening, Rosenblatt (Ref. 12)

proposed a constitutive equation of the form

& =y[o (F)] —fﬁ-— (2-93)
3 .

This relation, however, violates the normality requirement sufficient for uniqueness, in the limit
of vanishing inelastic strain rates except for the special case where the expression is governed by
equation (2-92).

2.8.3 Elastic-Viscoplastic Models

In these models, the material behavior is elastic if stresses are below a certain limit. If stresses
exceed this limit, material exhibits instantaneous plastic deformation in addition to a delayed

(viscous) deformation. The total strain rate is given by

N +B . +VP

& =& + & +8&; (2-94)
where 85 , ég- , &'-:;P denote, respectively, the elastic, plastic, viscoplastic strain rates.

Yannis F. Dafalias (Ref. 20) has used the above postulate to model the behavior of cohesive
soils. Dafalias used constitutive equations of the form

& = Ciju G

1 of & . of e
+<_@a?ijou>aﬁij+<¢(Ac)>Rii

(2-95)

where:
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Cm{l = Elastic compliance

f(0,,q%) = 0 = Yield surface

& = KL ai >t (2-96)
(the plastic modulus)
of
Kp =- o n (2-97)

and rg is a function of the state only, K, > 0 denotes stable response and LS 0 denotes unstable

response, AG is overstress. The notation < > is defined such that
<F>=0ifF <0and
<F>=FifF>0

From normality principle

v _dF
R = a—a_u (2-98)

where F defines the bounding surface given by
¥ (Uij , qg) =0 (2-99

The functional form of F = 0 can be similar to the form of f = 0. Bars over stress quantitics
indicate points on F = 0, and the actual stress lies inoron F =0,
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2.9 Viscoelastic-Plastic Models

In the viscoelastic-plastic model (Ref. 5), the total strain is the sum of a viscoelastic component

and a plastic component, i.e.
ej =¢ +ef (2-100)

where ¢, e;‘j’,E , e{} denote, respectively, the total, viscoelastic, and plastic strains. The viscoelastic

component of strain follows a creep integral law of classical linear viscoelastic theory of the form

t
ey (1) =s§ (0T1 (0 + IJI (t-7) a—s’iiagtﬁfl dt (2-101)

00Kk (x T) dr

(t) o (T2 (1) + J. I 1) —— (2-102)

where J; and J, denote, respectively, the creep functions in shear and isotropic compression (or
dilatation) which may have finite jump discontinuities at t = 0, s, (x) stands for s, (x 0%), and so

on, The initial response of the viscoelastic solid of the type represented by equations (2-101) and
(2-102) is assumed to be elastic. That is

& =ef" )=k (2-103)
Similarly
E VE Oix
gy =&y O =3¢ (2-104)

Consider the arbitrary 9-dimensional yield surface in stress space
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i=1.23
j=123

where:

oy = State of stress at a generic point in the stress space
EPij = Plastic strain
Xy = Work-hardening effect due to time history

K = Effect of work-hardening due to path history alone

Define the functional

Xi = Xij (ekvl - 851) (2-106)
and

ef = €]} (Ou, Yomn > Xpo) (2-107)

where al‘(ll denotes time dependent strain tensor and eﬁ denotes elastic strain tensor. Now con-

sider the time rate of f in equation (2-105)

of o O o A o A .

f= 56-1] G a p e + ax xu aKi,' X (2-108)
The loading criterion is as follows: If

of & + 25 % <0 andf < 0; (unloading) (2-109)

90y 8 T gy M
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If

of . of . ‘ s . )
B_GE Oy + PR X = 0 and = 0; (neutral loading) (2-110)
If
af . af - _ . . N
305 O; + T % > 0 and f = 0; (loading) (2-111)

Constitutive Equations

Consider the yield surface given by
f= f(crij lgj,x) (2-112)

where { is the instantaneous yield surface similar to equation (2-105). However, here Ky = eg

and x;; is replaced by x.
O . O . Of
f= 30; Cij + ae§} g; + e 4 (2-113)

Since é{;. is directed to the normal of the instantaneous loading surface f

o | A a‘%f iff=0
& = ’ (2-114)
0 iff<0

Substitute equation (2-114) into equation (2-113)

of . of of of .
LS V) S L S L B 2-11
3oy % * Oef A 305 "o X 0 (2115
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Therefore

O'kl + 5= af

oX%,
of of
a d0u

of
A=.90

Substitute equation (2-116) into equation (2-114)

of . of
s _ 90w " o =0
y of o ooy
del, 9%«
& ~0iff<0
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SECTION 3
THE CAP MODEL AND DEVELOPMENT OF AN EXPLICIT FORM
OF ELASTO-PLASTIC CONSTITUTIVE MATRIX OF MATERIAL

3.1 The Cap Model

The cap model (Ref. 1) is a classical incremental plasticity model defined by a yield surface and
a plastic strain rate vector (Figure 3-1), The model exhibits three different modes of behavior:
elastic, failure, and cap.

Elastic Mode: The elastic mode of behavior occurs when the stress point is within the failure

envelope, and stress changes result in recoverable deformations.

Failure Mode: During the failure mode of behavior, the stress point lies on the failure envelope
with a stress-strain relation given by equation (3-1). As shown in Figure 3-1, the associated flow
rule requires that the plastic strain rate vector be directed upward and to the left. Therefore, the
plastic strain during failure is composed of a deviatoric or shear component together with a
volumetric, or dilatant component.

Cap Mode: The cap mode of behavior occurs when the stress point lies on the movable cap and
pushes it cutward. The stress-strain relation is given by equation (3-2). As shown in Figure 3-1.
the associated flow rule requires that during cap action the plastic strain rate vector be directed
upward and to the right. This implies that the plastic strain rate produces an irreversible decrease
in volume in conjunction with the irreversible shearstrain. This reduction in volume is referred

to as compaction.

This compaction leads to an increase in the cap parameter ef, which, in turn, through equation

(3-5), leads to an increase in X(x) and hence the cap moves to the right. Either J; or V], or both

must increase to maintain the cap mode of behavior.

In soils, the dilatancy associated with failure leads to a decrease in EY, resulting in a leftward

movement of the cap. This cap movement is limited if and when the cap reaches the stress point
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(so that the stress point is at a corner of the yield surface). When this occurs, the associated flow
rule requires that the plastic strain rate vector lie between the outward drawn normals at the
corner. At this point, the subsequent plastic straining is purely in shear.

Constitutive Equations (see Figure 3-1)

The following constitutive relations were developed for the McCormick Ranch Sand (Ref. 1).

Failure Mode:
Fr(Ji) = A-Cexp (BJ1) Ji <L (3-1)
Cap Mode:
Fo(Ti.%) = 2 V{X®-LOP - [ -LoP} L<Ty <X (3-2)
where:
Kifx <0
L(x) = { (3-3)
0ifk20
X(x) = k-RFg (x) (3-4)

and A,B,C, and R are material parameters and X is a hardening parameter.

TV = W {exp [DX(x)] - 1} (3-5)

. & ifé) <0orx<J; andx <0
& = (3-6)

0 otherwise



Tension cutoff is assumed to be represented by

leT

where T denotes the maximum allowable hydrostatic tension.

3.1.1 Derivatives of Cap Functions

3-7

Consider the yield function in terms of stress invariants and a hardening parameter given by

F(Jl,\ﬁg,x) =0

where:
J1 = 08 = O

in which Sij is the Kronecker delta and

, 1 1 1 1
Jz = 5 8385 = -2- (O'ij - g Gkkaij) (O'ij - § O'kksij)

and x is the hardening parameter. Now differentiating equation (3-8) we get

aF = &F oF

1 9F .
al + —— 9 a1 4 %E 5
ol NI oy, o

Divide equation (3-11) by Oy and get

OF OoF i 1 oF 9
9%; oJ1 90 2\[6 B'JJ; oGij

(3-8)

(3-9

(3-10)

(3-11)

(3-12)



or

Failure Mode:

From equation (3-1)

Fr =1, - A+ Cexp (BI)

Hence

oFr
8_11 =CB €Xp (BJl)

dFg

T,

=1

Hence from equation (3-13)

a—FE =CB exp (BL)) dij + S

003 2\/1—2

Cap Mode:

From equation (3-2)

F. =1, - 4 V{00 - Loor - (1 - Loor)

3-5

(3-13)

(3-14)

(3-15)

(3-16)

G-17

(3-18)



Differentiating equation (3-18) we get

R2 T, OF, + 2R230; = (X-L)IX + (J; - X) AL + (L -Jy)

Divide equation (3-19) by acij and rearrange terms

BFG _ ZSij (L - I])

acij*ﬁ-Rz-\/};ﬁi‘i

oF: _ (L-X)

BXMRZ-\[JTZ

oOF (X-1Ii)

a_L—sz\/g

From equation (3-4)

oX
I = 1 + RCB exp(Bx)

From equation (3-3)

Now

aL 1 ifK(O
oK

0 ifx=20

JF, OF, 8X  9F, oL
ox 9X “ox "L ok

3-6

(3-19)

(3-20)

(3-21)

(3-22)

(3-23)

(3-24)
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L-X) X-1)
= [1+RCB exp (BX)] + ~—==
2 ‘\/J’2 R? ‘\/J’2

ifk<O0

o)

dF, - (L-x)
oK RZ J’Z

[1+RCBexp (Bx)] ifx20

Elasto-Plastic Constitutive Matrix

Consider the yield surface defined by

F (gsK) =0

where;

X = Hardening parameter
¢ = General state of stress

From incremental theory of plasticity

de =de® + deP

where:

de = Increment of total strain
de® = Increment of elastic strain

deP = Increment of plastic strain

Now

3-7

(3-26)

(3-27)

(3-28)

(3-29)

(3-30)



" (3-31)

This is known as the normality principle and since F is assumed to coincide with the plastic

potential, this phenomenon is also referred to as associated flow rule. Equation (3-29) becomes

| 3F
de=[D]" dg+ A 3G , (3-32)

Now differentiating equation (3-28) we get

aF=g—g dg+g—Fﬁ dc=0 (3-33)
or

{gg}T g Ah=0 (334
where:

A=t Eax (335)
and

dg = [do; do, dos do, dos dog]” (3-36)

is the vector form of the increment of the stress tensor. Hence

do, = do'11



do, = do,,
do, = do;,
do, = do,, = do;,
dog = do;; = doy,;
do, =do, = do,,

T
Multiply equation (3-32) by {%g} [D]. We get

T

aF)" JF)" OF JF
8 v s (B0 2
From equation (3-34)

aF\"
s

Substituting equation (3-39) into equation (3-38) we get

aF)" aF)" OF

B o[ (] o]
oF) " oF) T R T

e[S o[ a1

3-9

(3-37)

(3-38)

(3-39)

(3-40)

(3-41)



From equation (3-32)

4 = [D} de - D] = (3-42)

Substituting value of A into equation (3-42) we get

T T %
dg = ({D] - [D] {gg—} {g—g} D] - (A + {g—g} D] {g—i}) ) € (3-43)

The elasto-plastic stress strain relation can be expressed in incremental form as

do = [D] de (3-44)

where [DP), the elasto-plastic constitutive matrix, is given by
(0] = o1 - 1 {2 [ mr- (4 (2 1or (26} (3-45)
- 9o ( |99 00 do )

and [D] is the elastic constitutive matrix. The work hardening parameter K is taken as the

amount of plastic work done during plastic deformation. Thus
dx = o, def + opde] + ¢ ¢+ + Ogded = ¢ deP (3-46)

Substituting equation (3-46) into equation (3-31) we get

r OF

dK = AQ 35

(3-47)

Eliminate A by substituting equation (3-47) into equation (3-35) and get
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SECTION 4
THE PROPOSED Q-MODEL

Wave energy dissipation in a medium results not only from dispersion of wave energy from the
source but also from damping by energy losses within the medium. In this report, attention is
focused on the latter.

Material damping has been modeled in diverse ways in recent years. The Rayleigh damping of
the form

C=oM + BK 4-1)

has been used with some success in time stepping schemes. Here C is the damping matrix, o, B

are constants, M and K are mass and stiffness matrices, respectively.

The proposed Q-model emphasizes the viscous and energy dissipation characteristics of the
material. This model is of great advantage because all the parameters involved are readily
determined from tests, and the resulting damping expression is very easy to apply in time step-
ping schemes, and thus lends itself readily for use in computer codes. The Q-model is used in
conjunction with elastic or elastoplastic constitutive matrix to produce a viscoelastic or viscoplas-

tic material model, respectively.
4.1 Theoretical Development

The specific dissipation factor, sometimes referred to as the coefficient of internal friction is
defined as

1 AW

Q! = W (4-2)

where W is the elastic strain energy stored per unit cycle per unit volume, and AW is the energy

dissipated per unit cycle per unit volume.
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In terms of phase angle
Q' =tan¢ 4-3)
where ¢ is the phase angle between stress and strain.

In terms of logarithmic decrement

4 O
Ql:i

(4-4)

where d is the logarithmic decrement.

Now consider the complex spring-mass system as shown in Figure 4-1. The equation of motion

of the system can be expressed as

F() - X" x = mx 4-3)
where k is the complex spring constant given by

k™ =k(1 + itan ¢) (4-6)

where ¢ is the coefficient of internal friction, and m is the mass of the system. From equation
(4-5)

mx + k(1 + itan ¢) x = F(t) 4-7
By Fourier Transformation of equation (4-7) we get
-0*mx + k(1 + itan ¢) x = F (@) (4-8)

Substitute equation (4-3) into equation (4-8) and get



Y

F(t)

E

f 5
F() - Fs = mx

m
X ; mx + k*x = F(t)
o

FIGURE 4-1 Mechanical Model For Single Degree Of Freedom
Anelastic Spring Mass System




-o*mx + k(1 +iQ?) x=F (w) (4-9)

Alternatively, for a single degree of freedom system, the equation of motion of the system can be
expressed as

mx + c(t)X + kx = F(t) (4-10)
where:
m = mass constant
¢ = damping constant
k = spring constant
Taking Fourier Transform of equation (4-10) we get

-w?mx + (k + i€ (0)) x = F (o) (4-11)

or

-m2mx+k(l + imak(m))x=f‘:(0)) 4-12)

Comparing the complex terms of equations (4-9) and (4-12) we get

Qt =& (13)
or
T(w) = %i (4-14)

In general, (®) could be expanded in the form of a Laurent Series with “even powers of ®." For
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simplicity we can write
- a1 az
= —_— see 4-1
¢ () i R (4-15)

in order to avoid the involvement of higher derivatives of x(t) associated with terms like b’s in
the general form:

'6(0))=(b10)2+b20)4+"')+a0+%15+%+"' (4-16)

Consider a constant Q-model (i.e., frequency independent over a prescribed frequency range).
Let

Q(w) = Q, between Q; << L, w>0 4-17)

then from equation (4-14)

-1

- k a a

c(m):%;=ao+c—nz‘— 5 (4-18)
or

kQ;1=aom+%;-+% ®20 (4-19)

The mean square error €(£2;,2,) between Q, and Q, is given by

Q2

2
e:J (kq;‘ -aom-% 30)2—3) de (4-20)

o)

Minimization of e(£2,,£2,) to obtain the constant a’s gives
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or

or

or

kQ;

» o

4-6

aom-ﬂ-i"-)oadmo

'—2— (Qg -Qg) -% (Qg -Q?) -a1(Qz -Ql) + az (n';

(4-21)

(4-22)

(4-23)

(4-24)

(4-25)

(4-26)



Equations (4-22), (4-24) and (4-26) can be expressed in matrix form as

w00 (d-d) H(a

bae) @-oy -(g4)

1 1Y 1/1 1Y) 11 1
RCERICEIRICE)

di

az

kQ!
—= (95 - Qi)

. Q
-kQlIn (mg—i)

KU1 1
2 9 &

The above system of equations can be solved for the values of a, a) and a,. Multiply both sides

of equation (4-15) by iwX, and get

T (M) iOX = a,iX + %imi + azi)(fi
or

e oo X ()aX

¢ (W)ioX = a,inX - o )
Define the operator

d .
D= 4 =10
then the inverse operator

t
g 1
D -Ofdt_im

(4-27)

(4-28)

(4-29)

(4-30)

From the relation in equations (4-29) and (4-30), equation (4-28) can be rewritten in the time

domain as

4-7



c(t) Dx(t) = a, Dx(t) - a; D x() + a, D3 x(t) (4-31)

or

c(X =aox - & fx(r)dt +a _[tj _1[ x(t)drdtdt (4-32)

Substituting equation (4-32) into equation (4-10), the equation of motion of the system becomes

T
F(t) = mX + 2% + kx - a1 | x(v)dt
. (4-33)

T
+az | | | x(t)drdrde
000

4.2 Numerical Procedure

The equation of motion of the system as presented in equation (4-33) can be solved numerically.
Two integration schemes -- the explicit time integration scheme using the Central Difference

Method and the implicit time integration scheme using the Newmark Method -- are considered

here.
1T 1T
Let z; = [ | [ x(v)dwduds (4-34)
000
1
z3 = [ x(t)dt (4-35)
o
zy=x% | (4-36)
Zs =X (4-37)
26 = % (4-38)



Then

le\ (ZZ\
Z2 Z3
4 {237 =9
Z4 Zs
\.Zs./ \.ZgJ

and equation (4-33) becomes
F(t) =mzs + a,zs + kzg - 2123 + 222y

from which

[F(t) - apzs - kzg4 + 2123 - a224]

-1
%=m

4.2.1 Explicit Time Integration Scheme Using Central Difference Method

From Central Difference Method the following expressions are obtained

vy _ 1 prear, oA,y _t
Z) = 2At ( z zl) Z

1y, _ 1 meA, Aty _t
22"2At( /3 2) ='z3

ty, _ 1 etear, -ty _t
z3'"2At( z3 z3) ='z4

_t-At

.1
"2 = g (02 -T2 ="

(4-39)

(4-40)

(4-41)

(4-42)

(4-43)

(4-44)

(4-45)



tiS — %{ (1+At25 _t-AtZs) =tZ6 (4-46)

From Taylor’s expansion of z, we get

t+AtZ4=tZ4+Atti4+%t3*ti4 ooe (4‘47)
"24 = %2_ (I+Atz4 _124 -At"igt) (4-48)

Substituting value of 'z, from equation (4-45) into equation (4-48) and rearranging terms, we get

ty, _ 1 t+ At _nt t- At =l .
u—th( 74 - 22y +17%2) =tz (4-49)

Similar derivations result in the following expressions

'z = Z\-l-t-z- (trhtzy -2'zy +%z) =tz, 4-50)
Y = ag (P82 -2 + M) =iz (4-51)
i = qg (023 -2z 4 8g) =iz (4-52)

The equilibrium equation for a multi-degree of freedom system is given at time t by
MIX +[CIX +[KIX =F®) (4-53)
Substituting values of X , i(t , X and [C] into equation (4-53), we get

MI'z +[Acl'z -TA1]'g, +[As)'z +[KI'z =FQ® (4-54)
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where the sign (.) under a letter denotes ‘vector.’

Further substitution and rearrangement of terms give the explicit integration scheme

A
(A_lg M] +2LAt [Ao])t+At§4 =F(t) - ([K] - % IM])Z4

(4-55)
1 1 .
-(E__ [M] - AT [A(,])t A‘g4 +[A4] 12;3 - [Az] tZI
where:
[A ] =a[K]
[A1=BIK] (4-56)
[A,]=¥K]
Taylor’s expansion of 22,2 results in the following expressions
tJrAtz tZ +AttZ +A_2tzt§5 J e (4'57)
I+Atz _tz +Attz +ATt2t§4+ooo (4'58)
t+Atz =tZ +At‘Z +é_ti'-z e (4'59)
T | ~2 2 "3
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4.3. Implicit Time Integration Scheme Using Newmark Method
From Newmark’s Method we assume

~

t+ At _t _ Ryt t + At -
z, ="z + At[(l &'z +8 ;6] (4-60)

teat, =tz +Af'z + A [(l-k)tg +7Lt+AtZ.] (4-61)
~4 4 5 2 6 5

where 8 and A are integration parameters, and Z,,Z, and z are the displacement, velocity, and

acceleration vectors, respectively. The dynamic equation of motion at time t + At is given by

MIX  +[CIX  +[KIX _—F(t+A) (4-62)

At
or

[M] t+At;6 + [Ao]l+AtZ5 - [A]]t+AtZ3 + [Az]t+At;1

(4-63)
+[K]'+4z, =F(t+ A
From equation (4-61)
1 A
t+ At _ t+ At _t _ Al N _ -
Z, = (M2, -7, - Az (fx 1)46 (4-64)
substitute values '+4¢ Z, from equation (4-64) into equation (4-60) and get
tedty tz L Al-8)z +OAE*Ag (4-65)
5 s s 6

Substitute values of t*+4 z and t+& z from equations (4-65) and (4-64) into equation (4-63) and
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rearrange terms and get

(—7&; M + 0 [Ad] + (K] )‘““ z,

=1§(t+At)+[M](H§t7‘g4 +7t.1ATt tgs +(71X -1)‘;6)

n [Al] l+Al;3 _ [AZ]t+At§1

(4-66)

where again

[A_] = ofK]
[A,] = BIK]
[A,;] = K]

o,f3,y are constants from Q-model.
4.4 The Numerical Algorithm

1. Determine stress-strain relation of material using any appropriate elastoplastic material
model.

2. Obtain elasto-plastic constitutive matrix [DP].

3. Obtain elasto-plastic stiffness matrix using the relation

4-13



(K] = | [BIF [D*][B] dv

where [B] is the strain displacement matrix.

4. Solve the dynamic equation of motion
[MIX + [CIX + [KIX = F(®
where:

[C] X = [Ao] X(%) - [A4] f X(?) dt + [Ag) f [ [ X(o)drdrd

[A,] = olK]
[A;]=BIK]
[A,] =1K]

o,P,y are constants from Q-model.

4.4.1 Explicit Time Integration Scheme

For explicit Time Integration Scheme using the Central Difference Method, the dynamic equa-

tion of motion at time t is solved as follows:

1. Select time step At, At < At

2, Compute integration constants

AR
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T = 7A¢
T =217,

1
13—12

4. Obtain effective mass matrix
[M] =T M] + 1: [Ad]

5. Triangularlize [lOI] :10[ =[L] [D] [L]T

6. For each time step:

a. Calculate effective force at time t:

I}(t) =F(t) - (K]-2IM]) ‘2, - (Ml - [Ao]) "2,
+[A1] 'z, - [A2] 'z,

b. Solve for displacements at time t + At
[L1 D LT **#z, =)

¢. Solve for 2,22, at time t + At as follows
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Aty _tz L At'z + o 'z
1 2 T 73
Aty _tz pAt'z _,_l 'z
~2 T2 ~4
LAl Sty 4 At'z +a g
~3 =3 4 T2 s

also

ty =1y (-2z + t+8y
"5 "4 4

ty =1, (V7 -2z + 8y
6 4 4 ~4

4.4.2 Implicit Time Integration Scheme

For Implicit Time Integration scheme using Newmark’s method, the dynamic equation of motion

at time t + At is solved as follows:

1. Select time step At

2. Compute integration parameters 2 0.5 A 20.25 (0.5 + 5)

L
® = 3¢

T

H
gl
(=S
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13 = -1

d
’C4=I~l

At [
Ts =T(X-2)
16 = At(1 - 8)
T7 = OAt

. Initializez ,z ,z ,z ,Z ,Z
71772737 %4’ "5’ "¢

. Form effective stiffness matrix

[K] = (K] + % [M] + 11 [A]
. Triangularize (K] : [K] = [LJ[DIL]"
. For each time step

a. Compute z (t + At), z, {t + Af), z, (t + At) from Taylor’s expansion as follows

A2
1 "1 2 3

A
HMZ ='z +At'z +5= 1z
2 ) 2 4

At?
Ayl L At'z + 5 iy
3 3 2 5
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b. Compute effective loads at time t + At

F(t + At = F(t + At) + [M] (10‘ z, + Uz T z6)

+ [Ao] (T1t§4 +T4t:55 +151§6) + [AI]HA:ZS - [AZ]H-Atgl

c. Solve for displacements at time t + At:

[L} [D][L]" '+, = F(t + Af)

d. Calculate accelerations and velocities at time t + At;

tvlty g Az _tz Y -Tlz -Tilz
~6 4 "4 s ~6

t+At§ =tZ +TﬁtZ +T7E+AIZ
5 "5 "6 "6

4.5 Numerical Example

The three-dimensional problem shown in Fig. 4-2A is used to test the new proposed model. The
system consists of a medium discretized into three-dimensional Lagrangian elements whose
interior nodes have been condensed out in the stiffness matrix formulation by the substructure
technique (16). The surface nodes were subjected to a sinusoidal excitation as shown in Fig.
4-2A The support conditions are also indicated in the figure. For clarity, only the displacement
history in the direction of excitation (Z direction) for four nodes (nodes 1,2,3,4) on the surface
were plotted. The displacement history at these nodes are sufficient to display the essential
features of the proposed model. The cap model (1) was utilized to generate stress-strain relations

from which an elastoplastic constitutive matrix was derived (see Section 3).
Four different tests were performed:
Test 1. This test was performed to investigate the effect of Q when the proposed viscoplastic

model is adapted to predict responses in viscoelastic media. The elastoplastic constitutive matrix
4-18
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was replaced by an elastic constitutive matrix in the stiffness matrix formulation. For a constant
time step At/T of 0.2 the value of the constant Q was varied from 10, 20, 30, 40, 50, 100, 500,
1000, using 200 time steps in the implicit time integration algorithm. The displacement history
for the various values of Q are shown in Figure 4-3.

Test 2. For a constant time step At/T = 0.1 the effect of Q on displacement was observed for
200 time steps using the outlined implicit time integration algorithm. Here T denotes the funda-
mental period of the system under investigation. The value of Q was varied from 10, 20, 30, 40,

50, 100, 500, to 1000, The displacement history due to the applied sinusoidal excitation is shown
in Figure 4-4.

Test 3. For a constant Q value of 30 the model was tested for convergence by varying the time
step At/T as follows: AYT = 0.1, 0.08, 0.05, 0.025 for 200 time steps using the proposed implicit
time integration algorithm. The displacement history due to the applied sinusoidal excitation is
shown in Figure 4-5.

Test 4. Test 4 was performed to investigate the stability of the model using the proposed
explicit time integration algorithm. Here for a constant Q value of 30, the time step At was
varied from At/T = 0.01 to 0.005 and the corresponding displacement history observed (Figure
4-6).

4.6 Discussions

From Figure 4-5, it is observed that for the implicit time integration scheme using Newmark’s
method, the model is stable for At/T < 0.1, where T is the fundamental period of the system. Itis
also noted that no further accuracy of the system response is achieved by using smaller time
steps. On the other hand, for the explicit time integration scheme using the Central Difference
scheme, a much smaller time step of AUT < 0.01 is required for stability (Figure 4-6). Clearly,
the implicit time integration scheme is by far superior to the explicit time integration scheme in

terms of savings in computer time.

The effect of the value of Q on the displacements history is clearly shown in Figs. 4-4. It is
observed that larger values of Q result in less damping, hence larger displacements, and vice
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versa. The choice of an appropriate value of Q for a particular material or medium is based on
dynamic tests which can readily be performed in the laboratory. A Q value of 35 has been
observed on laboratory tests performed on Ottawa sand in Ref. 29.

Fig. 4-2B shows a plot of 1/Q versus logarithm to base 10 of frequency for a constant Q value of
30. '
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SECTION §
CONCLUSION

The proposed Q-model provides a means to conveniently establish a viscoplastic model which
greatly enhances the analyses of earthquake, shock, blast and other vibration excitations often
encountered in soil-structure interaction problems.

The frequency dependent Q'l(o)) is expanded into a Laurent Series which generates a set of
damping coefficients. For the special case when Q is constant over a prescribed frequency range,
such damping coefficients are readily determined through minimization of the mean square error

over the prescribed frequency range.

Numerical tests performed with Q constant over a frequency range of 0.1 to 10 radians/second
show the model to be stable and accurate, provided the time step At is sufficiently small.
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The Computer Program follows the following steps:

Evaluation of Stress~Strain Relation of Material Using
an Appropriate Material Model. In the test problem the
cap model(l) was used., The routine STRESS generates the

stress—-strain relation.

Evaluation aof the 3-D Material Constitutive Matrix.

The derivation of the elastoplastic constitutive matrix
is shown in section 3 of the text. The subroutine
DMATRX evaluates either elastic or elastoplastic
constitutive matrix by setting the counter MMODE to

1 or 3 respectively.

Evaluation of 3-D Stiffness Matrix.

The subroutine STIFF3D evaluates the 3-D stiffness
matrix from a user supplied nodal coordinates of a
discretized medium. In the test problem the medium was
discretized into 3-D Lagrangian elements with three
nodes in X,¥,2 directions - a total of 27 nodes
(£ig.13a). The interior nodes were then condensed out
by the sub structure techique. Integration for stiff-
ness matrix was performed over three Gauss points User
has the option to supply the stiffness matrix, in which
case steps 1, 2, and 3 can ke omitted.

Evaluation of Mass Matrix.

The- subroutine GMASS evaluates the global mass matrix of
the discretized medium f£rom user supplied nodal co-
ordinates. User has the option %o supply the mass matrix.

Evaluation of Damping Coefficients.

Damping coefficients are evaluated from the (Q-Model by
the subroutine QMOD. This routine is called by EXPLCT

and IMPLCT for the evaluation of displacement history.

Evaluation of Response History.

Two integration schemes have been presented. The sub-
routines EXPLCT and IMPLCT evaluate the response his-
tory of the system by the explicit and implicit direct
step by step time integration schemes respectively.

S E R s U p P L I E D I N P U T

STIFFNESS AND MASS MATRIX EVALUATION.

STIFF-————————a stiffness Matrix of discretized medium
(Elastic or Elastoplastic).

XMASSmmemm————— Mass Matrix of discretized medium

e T ] Material Constitutive Matrix. This is



supplied only when STIFF is not supplied
by user.

XXC,¥YYC,23C---~Nodal Coordinates of spatially discret-
ized medium. Omit when STIFF and XMASS
are supplied by user.

NCNSTR, JBNDRY-~Number of Constraints in the spatially
discretized medium. Omit when STIFF and
XMASS are supplied by user.

NGPSm—mwwm——— --Number of Gauss points required for the
formulation of the stiffness and mass
matrices. Omit when STIFF and XMASS are
user supplied.

NODE-==~—~—=w=-~Total number of nodes in the spatially
discretized medium.

NDOF~mm———— e Number of degrees of freedom in the
discretized medium.

MX,MY,MZ-—=www=Number of nodes in the X,¥,Z directions
respectively for the Lagrangian element.

EVALUATION OF DAMPING CCEFFICIENTS FROM THE Q-MODEL.

Q Specific Dissipation Factor of material
OMEGl,OMEG2---~Lower and Upper Frequency Limits for
which Q is constant. i i

’EVALUATION CF DYNAMIC RESPONSE.

CONST1,CONST2-~Ratio of time step and fundamental periocd
of the system for the explicit and
implicit time integration schemes resp-
ectively. These constants help to select
appropriate time steps for stability and
accuracy.

ICOUNT~===—=——==A Counter which indicates whether explicit
or implicit time inteqration scheme is
used,

ICOUNT=0 EXPLICIT
ICOUNT=l IMPLICIT

MTIMEl ,MTIME2--Number of time steps required for the
system response for the explicit and
implicit time integration schenes
respectively.

SAMPLE INPUT

-250 .65 .18 .67 2.5 .066 66.67 40,0 1 .3 ,4903 ,25 00l
0. 0. 0. Qo2
1. 0. oO. Qo3
2. 0. 0. 004
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005

0. 1. 0.

2. 1. Q. 006
0.+°2. 0. ca?
1.,.2. 0. cos8
2. . 0. 009
0. 0. 1. 0lo0
2. 0. 1. 0l1
0. 2. 1. 012
2. 2. 1. 013
0. 0. 2. 014
1. 0. 2. 015
2. 0. 2. 016
0. 1. 2. 017
2. L. 2. gl8
0. 2. 2. 01s
l. 2. 2, 020
2. 2. 2. 021
1. 1. 0. 022
1. 0. 1. 023
2. 1. 1. 024
1. 2. 1. 025
0. 1. 1. 026
1. 1. 2, 027
1. 1. 1. 028
§ 029
69 1 .005 1000 .2 200 3 030
30. .1 1lo. 031
1234567891011 12 13 14 15 16 17 18 032
19 20 21 22 23 24 25 26 28 29 31 32 34 35 37 033
38 40 41 43 44 46 47 49 50 52 53 55 56 58 59 034
6l 62 63 §4 65 66 67 68 69 70 T1 72 73 74 75 035
76 77 78 79 80 81 036

LINE BY LINE DESCRIPTION OF INPUT:

Line 1:

Line 2-28:
Line 29:

Line 30:

Line 31:

Line 32-36:

Soil properties and cap constants for the Cap
Madel used to generate the stress-strain rel-
ations. In order these are:

A, B, C, D, R, W, BULK(Bulk Modulus),
SHEAR(Shear Modulus),MAT, TCUT, FCUT,
YNU(Poisson’s Ratio),

The above are cap constants except as noted.

X, ¥, 2 coordinates of discretized medium.
MAXITR- the number of iterations required

to generate the stress-strain relation using
the Cap Model.

NCNSTR, ICOUNT, CONST1, MTIMEl, CONSTZ, MTIMEZ,
NGPS

Q, OMEG1l, OMEG2

JBNDRY
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»
*
]
THIS PROGRAM COMPUTES VISCOPLASTIC CONSTITUTIVE *
RELATIONS. *
THE PROGRAM COMBINES A CAP MODEL FOR THE *
ELASTO-PLASTIC PART, AND A Q-MODEL FOR THE *
VISCOUS ( DAMPING ) PART TO GENERATE A *
VISCOPLASTIC MODEL »
k]
THE PROGRAM UTILIZES A 3-D FINITE ELEMENT "
SPATIAL DISCRETIZATION FORMULATION. *
%*
*
*
*

te A AR AR RS RS RS ER sttt afat st SR ]

DEFINITION grFr VARIABLES

CONSTL1,CONST2--THE RATIO OF TIME STEP AND FUNDAMENTAL PERIOD OF
THE SYSTEM IN THE DYNAMIC SAMPLE PROBLEM FOR
EXPLICIT AND IMPLICIT TIME INTEGRATION RESP.

DFDSIG—===—= «~=FIRST DERIVATIVE OF THE YIELD FUNCTION WITH RESPECT
TC THE STRESS VECTOR

DFDEKAPA——=—m———— FIRST DERIVATIVE QOF THE YIELD FUNCTION WITH RESPECT
TO THE HARDENING PARAMETER

DM MATERIAL CONSTITUTIVE MATRIX

ICOUNT-=w—————— A COUNTER WHICH INDICATES WHETHER EXPLICIT QR

IMPLICIT TIME INTEGRATION SCHEME IS IN USE
ICOUNT=0 EXPLICIT
ICOUNT=1_ IMPLICIT
NDQF—m=—mu ~=---—NUMBER OF DEGREES OF FREEDOM IN THE SAMPLE PROBLEM
ITERl-~=~=~—=—-«A COUNTER FOR ITERATIONS TO GENERATE STRESS~STRAIN
RELATIONS OF THE MATERIAL

JBNDRY == PARAMETER DENOTING NODES WITH CONSTRAINTS
JSIZE-=mmm————— SIZE OF REDUCED STIFFNESS AND MASS MATRICES AFTER
ELIMINATION DUE TO PRESCRIBED BOUNDARY CONDITIONS
. MAXITR-=— e MAXIMUM NUMBER OF ITERATIONS TO GENERATE THE
STRESS-STRAIN RELATICN OF THE MATERIAL IN THE CAP MODEL
MMAT————— e ———— TYPE OF MATERIAL

MMAT=] SOIL
MMAT=2 ROCK
MMODE-w——ea———— MODE OF MATERIAL BEHAVIOR
MMODE=() TENSION MODE
MMODE=1 ELASTIC MODE
MMODE=2 FAILURE MODE
MMCDE=3 CAP MODE
MTIMEL ,MTIME2--MAXIMUM NUMBER OF TIME STEPS USED IN THE DYNAMIC
SAMPLE PROBLEM FOR EXPLICIT AND IMPLICIT TIME
INTEGRATION SCHEMES RESP.
NCNSTR=————m——— NUMBER OF CONSTRAINTS IN THE SAMPLE PROBLEM
NODE-==———m———— NUMBER OF NODES IN THE SAMPLE PROBLEM

A0 NOANaO0aAaOAaAaONNaQAOONaAaONOaONNaNONNOONANOOONNOONO0N
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NODB3———m—mmmemam 3I4NODE

300 ) - —— A VECTOR CONTAINING THE MATERIAL CONSTANTS IN
THE CAP MODEL

SIGIJ~~=——=—=-=TOTAL STRESS VECTOR

SIGMA=—=m = TOTAL STRESS VECTOR

STIFP=————————— REDUCED STIFFNESS MATRIX IN ACCORDANCE WITH
PRESCRIBED BOUNDARY CONDITIONS

STIFFL-———————— GLOBAL STIFFNESS MATRIX

TTHOG====m e ~TWO TIMES THE MATERIAL SHEAR MODULUS

VEKAPA~ws =t —m——— MATERIAL HARDENING PARAMETER

XXC,¥¥C,22C~---COORDINATES OF ELEMENTS IN SAMPLE PROBLEM

XMASS——m—m————— REDUCED MASS MATRIX IN ACCORDANCE WITH

PRESCRIBED BOUNDARY CONDITIONS
ZMASS~mwwwawene=GLOBAL MASS MATRIX

ROUTINES CALLED 1) STRESS
2) DMATRX
3) STIF3D
4) REMOVE
5) GMASS

6) EXPLCT
m

IMPLCT

USER SUPPLIED INPUTS

1., STIFFNESS AND MASS MATRIX EVALUATION

STIFFe—e———————— STIFFNESS MATRIX OF SYSTEM (ELASTIC OR ELASTOPLASTIC)

IMASS———mmm————— MASS MATRIX OF SYSTEM.

DM MATERIAL CONSTITUTIVE MATRIX. THIS IS SUPPLIED ONLY
WHEN [STIFF] 1S NOT SUPPLIED BY USER.

XXC,¥YYC,Z22C————m NODAL COORDINATES OF SPATIALLY DISCRETIZED HMEDIUHM.

OMIT WHEN [STIFF]| AND [XMASS) ARE SUPPLIED BY USER.
NCNSTR, JBNDRY—--NUMBER OF CONSTRAINTS IN THE SPATIALLY DISCRETIZED
MEDIUM. OMIT WHEN [STIFF] AND [XMASS] ARE SUPPLIED

BY USER.
NGPS NUMBER OF GAUSS POINTS REQUIRED FOR THE FORMULATION
OF STIFFNESS AND MASS MATRICES. OMIT WHEN [STIFF)
AND [XMASS| ARE SUPPLIED BY USER.
NODE~-======-««-TQOTAL NUMBER OF NODES IN THE SYSTEM.
NODB3m=m=m=—m—— e 3*NQODE
NDOF——— e e e NUMBER OF DEGREES OF FREEDOM IN THE SYSTEM.
MX MY MIeee———en NUMBER OF NODES (PER PLANE) IN THE X.,Y,Z, DIRECTIONS

RESPECTIVELY FOR THE LAGRANGIAN ELEMENT. -

IN THE TEST PROBLEM THE CAP MODEL WAS USED TO GENERATE STRES~-STRAIN
RELATIONS FROM WHICH THE ELASTOPLASTIC CONSTITUTIVE MATIX WAS
EVALUATED. THIS WAS THEN USED TO EVALUATE THE STIFFNESS MATRIX.



2. EVALUATICN OF DAMPING CONSTANTS FROM THE Q-MODEL

Q SPECIFIC DISSIPATION FACTOR OF MATERIAL
OMEGl, OMEG2~--LOWER AND UPPER FREQUENCY LIMITS FOR THE
CONSTANT Q¢ - VALUE.

3. EVALUATION OF DYNAMIC RESPONSE

CONST1,CONST2-~-RATIO OF TIME STEP AND FUNDAMENTAL PERIOD OF THE SYSTEM
FOR THE EXPLICIT AND IMPLICIT TIME INTEGRATION RESP.
THESE CONSTANTS HELP TO SELECT APPROPIATE TIME STEPS
FOR STABILITY AND ACCURACY. THE FUNDAMENTAL PERIQD OF
THE SYSTEM IS AUTOMATICALLY EVALUATED BY THE PROGRAM.

ICOUNT—-—~==——rerem A COUNTER WHICH INDICATES WHETHER EXPLICIT OR IMPLICIT
TIME INTEGRATION SCHEME IS USED.
ICOUNT=0 EXPLICIT
ICOUNT=1 IMPLICIT

MTIMEl ,MTIME2~-~=NUMBER OF TIME STEPS REQUIRED FOR THE SYSTEM RESPONSE
FOR THE EXPLICIT AND IMPLICIT TIME INTEGRATION SCHEMES
RESP.

J e e e de Yo ok ol vl e v o o e e g o e ol o e ol e o O Je O T o R T o o o ole o T ol ol e e ol vl s oy 0 T e ole ok o e ol ol e o e v e ol e o e o ok e ke o e e
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IMPLICIT REAL*8(A-~H,0~-2)

PARAMETER (NODE=27,NODB3=81,NDOF=12,

. MX=3,HY=3 MZ=3)

COMMON /QCONST/ Q,OMEG1,0OMEG2

DIMENSION PROP(12),8I1GIJ(6,1},SIGMA(6,l),DFDSIG(6,]1),
JBNDRY(200), ¥YMINV{NDOF,NDOF),WWRK1(NDOF,NDOF),
WWRK2 ( NDOF ) , WWRK3 (NDOF ) ,WWRE4 { NDOF ) , WWRKS (NDOF') ,
ZZ1(NDOF),2ZZ2(NDOF),Z23(NDOF),2Z4(NDOF),ZZ24I(NDOF),
ZZS5({NDOF),2Z6(NDOF),Z2266{NDOF) ,AAD(NDOF,NDOF),
AALl (NDOF,NDOF) ,AAZ (NDOF,NDOF) , WWRK6 ( NDOF) ,
WWRK7 (NDOF ) , WWRK8 {NDOF, 1)} ,WWRK9 (NDOF) ,DM(6,6),
DDRVTS{NODE, 3,10),FFNC(NODE,3,10),DDNRM{NODE, 3),
BESAVE(NODE, 3} ,WWRK(NODB3,NODB3 ) ,NNLST{NODE),
XXX(NODE),YYY(NODE},Z2Z(NCDE) ,XXC(NODE) ,YYC(NODE},
22C(NODE),STIFF{NDOF,NDOF},STIFFL{NODB3,NCGDB3),
ZMASS (NODB3,NODB3) ,XMASS(NDQF,NDOF ), SHAPE(NCDE),
BIGN(3,NODB3),BIGNT(NODB3,3),FN(NODB3,NODB3),
FFORCE(NDOF,1) ,EFK({NDQF,NDOF} ,WWRK10(NDOF ,NDOF),
WWRK11(NDOF,1),WWRK12(NDOF,1),WWRK13(NDCF,6NDOF),
EFMAS ( NDOF, NDOF )

e W W T M N W OW ST OW O OWMOwW omow

E e R R R R L R L R T R R e T2 X R AR R RS S s R NS AR S SRS T ]

INPUT VARIABLES

onoanaanannonon

INPUT SOIL PROPERTIES AMD CONSTANTS FOR CAP MODEL



READ(S,*){PROP(I),I=1,12)

INPUT NCDAL COORDINATES

aonnn 0

DO 1 I=1,NODE
1 READ{S,*)XXC(I),¥Y¥C(1),2Z2C{(I)

c
C
READ(S5, *)MAXITR
o
READ( S, *)NCNSTR, ICOUNT, CONST1,MTIMELl, CONST2,MTIME2,NGP
c
READ(5,*)Q,0MEGL,OMEG2
(o
c INPUT BOUNDARY CONSTRAINTS
c
READ(S5,*)(JBNDRY(I),I=1,NCNSTR)
PRINT™*, ' JBNDRY(I)=’, (JBNDRY{I),I=»l , NCNSTR)
(o
c
MMAT=1
VEAPA=0,13304
c
C
C
c*ﬁﬁ***w*****t*tt***tt*t****t******tttt*t**ﬁ**t**tﬁi****tt*****t
c
c
c
c COMPUTE STRESS~STRAIN RELATIONS
c
c
(o4
[o
c DECLARE INITIAL STRESSES
C
DO 3 I=1,6
3 SIGIJ(I,1}=0.
Cc
(of
c
DO 4 ITER1=1,MAXITR
of
c
CALL STRESS(SIGIJ,MMAT,VERAPA,PROP,SIGMA,DFDSIG,ITERL,
' MMODE, TTWOG, DFDKAP)
C
c
DO 5 II=1,6
S SIGIJ(II,l)=SIGMA(II,1)
c
c
SIGMX=SIGMA{1l,1)
SIGMY=SIGMA{2,1)
SIGHMZ=SIGMA{3,1)
SIGMXY=SIGMA(6,1)
SIGMXZ=SIGMA{S,1)
SIGMYZ=SIGMA(4,1)



aan

WRITE(7,1000)
WRITE(7,1001)ITER]1,6 MMODE

WRITE(7,1002)
WRITE(7,1003)SIGMX,SIGMY,SIGMZ, SIGMKY,SIGMXZ,SIGHYZ,
VEAPA
of
c
4 CONTINUE
c
c
C END OF COMPUTATION OF STRESS-STRAIN RELATIONS
C
o
ot R L T T 2 e
c
c
c
C COMPUTE THE CONSTITUTIVE MATRIX
of
c
c
C
CALL DMATRX(SIGMA,PROP,MMODE,DFDSIG,DFDKAF,
' TTWOG,DM)
c
WRITE(7,1004)

WRITE(7,1005)((DM(IX,J3),JJ=1,6},1I=1,6)

Chaddrhhhhdhhhbhhhhiddrhdrhhhdrdhdrdddkhrrhhhhdddrihwikddrivr

COMPUTE STIFFNESS MATRIX

anNnNaon

CALL STIF3D(DM,MX,MY,MZ,NGP,XXC,YYC,22C,NODE,
' NODB3,DDRVTS, FFNC,DDNRM,BBSAVE, WWRK, NNLST,
' XXX, YYY,Z2Z,AJAC,STIFFL)

REDUCE STIFFNESS MATRIX IN ACCORDANCE WITH
PRESCRIBED BOUNDARY CONDITIONS

NnNNnNaoan

CALL REMOVE{STIFFL,NODB3,STIFF,NDOF,JBNDRY,NCNSTR,
' JSIZE)

de e ve dr g ve o e ok 7 ok o A Tk e e ok o v ol e ok o ole e e o ol e ok o o ko o ke e e e o o ol o e e o Y T vl S ok ok o e sk ok o e ok

CCMPUTE GLOBAL MASS MATRIX

naononaoaannna

CALL GMASS(FFNC,AJAC,XXX,YYY,2Z2,NODE,NODB3,NGP,
’ SHAPE,BIGN,BIGNT, FN,ZMASS)

O



REDUCE MASS MATRIX IN ACCORDANCE WITH
PRESCRIBED BOUNDARY CONDITIONS

nao

CALL REMOVE(ZMASS,NODB3,XMASS,NDOF,JBNDRY,NCNSTR,
’ JSI2ZE)

LRI 2SR 22X RSS2 R 2SR R 22222222 2R 2222222222223 )

noaaaonNnoa

WRITE(7,1006)
WRITE(7,1007}((STIFF(I11,JJ),JJ=1,NDOF),II=l, NDOF)

(2]

WRITE(7,1008)
WRITE(7,1009)((XMASS(II,JJ),JJ=1,NDOF),II=1,NDOF)

AAAA AL ISR SRS 22 2 2 X 2 a2 22 2 2R 2 2 22t X

COMPUTE THE DYNAMIC RESPONSE OF MATERIAL

TO PERFORM EITHER EXPLICIT OR IMPLICIT TIME
INTEGRATION. ICOUNT IS SET TC 0 CR 1 RESP.

IF(ICOUNT.EQ.0) THEN

G NaOQONAOaaON0ONa0

CALL EXPLCT(XMASS,STIFF,NDOF,CONST1,MTIMELl,WWRK1,

, WWRKZ,WWRK3,WWRK4,WWRKS,WWRKS8,WWRK10,WWRKLL,

, WWRK12,WWRK13,221,222,223,224,224I,
225,226,2266 ,An0,AALl,AA2,FFORCE,EFMAS)

c
¢
c
c
ELSE
c
CALL IMPLCT(XMASS,STIFF,NDOF,CONSTZ,MTIME2,WWRK1,
, WWRK2,WWRK3,WWRK4, WWRKS , WWRK6 , WWRK7 , WWRKS , WWRKY ,
, WWRK10,WWRK11,WWRK1Z2,221,222,223,224,225,226,
, 2266,AA0,AAl,AA2,FFORCE,EFK)
¢
c
c
ENDIF
c
¢
c
C*******t*ﬁt******t****#*ﬁ**i*ﬁ*****ﬁ***i**tﬁ*‘*fiti****‘**ﬁtiiQt*
c
c
c
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1000 FORMAT(///////.4%, ITERL',4X, MMODE"}

1001 FORMAT(3X,13,4X,I2)

1002 FORMAT(///,10X,'SIGMX’,9X,'SIGMY’,9X,'SIGHMZ’,
, 9X,’SIGMXY',9X,7’SIGMXZ’,9X, 'SIGMYZ’,b9X, 'VKAPA’)

1003 FPORMAT{2X,8F10.6)

1004 FORMAT(///,2X.,'[ D 17}

1005 FORMAT(2X,6F12.6)

10G6 FORMATI(///,2X,’] STIFFNESS ]’)

1007 FORMAT(2X,8F9.4)

1008 FORMAT(///.,2X,'{ ZXMASS ]’}

1009 FORMAT(2X,8F9.4)

aGOoan

STOP
END

SUBRQUTINE STRESS{STROQ,MAT,HKAPA,YPROP,SIGNM,DFDS,ITER,
+ MODE, TWOG, DFDK)

LAARARASEEE SRR ARAERE R 2R 2222 X222 2 2R RR X2 XXX}

THIS SUBROUTINE DETERMINES THE STRESS-STRAIN BEEAVIOR
OF THE MATERIAL USING THE CAP MODEL

LA A LRSI R R X 2R Rt X2 Rt 2R i X222 R )

anonNnaanonoaoanNnnNOanNaaOnNaanNaonnNNnn

DEFINITION oF TERNMS
BULK-—~e—em e BULK MODULUS OF MATERIAL
CAPL-~~—————e FUNCTION DEFINING POSITION QF CAP
DEPS==em—e——— CHANGE CF STRAIN VECTOR
CONV—mm e me CONVERGENCE FACTOR FOR CAP ITERATION
DEV-==me————— CHANGE OF VOLUMETRIC STRAIN
DEVP——=m=—mm—— CHANGE IN PLASTIC VOLUMETRIC STRAIN
DFDJlwmem———e FIRST DERIVATIVE OF YIELD SURFACE WITH RESPECT TO
THE FIRST INVARIANT OF STRESSES
DFDS—=em————— CHANGE IN YIELD SURFACE WITH RESPECT TQ STRESS VECTOR
EVPm=———m———. PLASTIZ VOLUMETRIC STRAIN
Formr e ———— FUNCTION DEFINING FAILURE SURFACE
FCAP=~~=—=———— FUNCTION DEFINING CAP SURFACE
FCUT==m—m——— THE VALUE OF J1 FOR WHICH F(J1)=0.
GEQPw—~—~mmw— INITIAL HYDROSTATIC PRESSURE
HEAPA--—————— HARDENING PARAMETER

A-11



C ITERA===== ~-—CDUNTER FOR CAP ITERATION

C MAT-==m~-=e=eTYPE OF MATERIAL

c MAT=1 SOIL

c MAT=2 ROCK

c MODE~==~-==~~—-MODE OF MATERIAL BEHAVIOR

o4 MODE=0 TENSION MODE

c MODE=1 ELASTIC MODE

c MODE=2 FAILURE MODE

ot MODE=3 CAP MODE

c NIT-—————————— MAXIMUM NUMBER OF ITERATIONS FOR CAP CONVERGENCE
C SHEAR-=——=~=— SHEAR MODULUS OF MATERIAL

c SIGKK(=m—mem—— INITIAL VOLUMETRIC STRESS

C SIGH-~—mm———— TOTAL STRESS VECTOR

o STR-==—=——m—— DEVIATORIC STRESS VECTOR

c P TENSION CUT-OFF (MAXIMUM TENSION PERMITTED)

c VARJl-m=—m—m FIRST INVARIANT OF STRESSES

C VARJ2=————meem SECOND INVARIANT QOF DEVIATORIC STRESSES

C YA,¥B,¥YC,¥YD,YR, YW, -——=~MATERIAL CONSTANTS IN CAP MODEL

c . {OBTAINED EXPERIMENTALLY)

C YNUm———mmmm e POISSON'S RATIO

C YPROP--~~«==VECTOR CONTAINIG THE MATERIAL CONSTANTS IN CAP MODEL
c X FUNCTION DEFINING POSITON OF ELLIPTIC CAP

c

c

c

e e R R R e L L
c

c

IMPLICIT REAL*8(A-H,0-2)
DIMENSION STR(6,1),DEPS(6,1)},STRO(6,1),DFDS(6,1),SIGM(6,1],

+ YPROF(6)
C
C**ﬁ**ﬁ******t*****ﬂﬁ*t* FUNCTION STATEHENTS 222222222222 R SRR X 2 2 &
c
C THE FOLLOWING ARE STATEMENT FUNCTIONS DEFINING
o CAP MODEL EQUATIONS
c
EXPS{Z}=DMAX1(DBLE(-500.),DEXP{Z})
o
o FAILURE ENVELOPE FUNCTION FOR VARJZ "SQRT J2PRIME"
c
F(VARJl }=YA-YC*EXPS(YB*VARJ]1)
c .
¢ CAP STATEMENT FUNCTIONS (CAPL=BIGL(HKAPA),XX=X(HKAPA))
[
BIGL(HKAPA)=DMIN1(DBLE(0.Q),HKAPA)
R{CAPL)=Y¥R
X{HKAPA)=HKAPA-R(BIGL(HKAPA) ) *F({HKAPA)
EVP(XX)«YWr{ EXPS(YD*XX)}-1.0}
FCAP(VARJL, XX, CAPL)=DSQRT{DABS{ { XX~-CAPL) **2~(VARJL-CAPL}**2) )/
/R(CAPL)
C
c ELASTIC MODULI FUNCTIONS (EV IS CURRENT VALUE OF EVP(XX))-
c
BMOD{VARJ1,EV)=BULK
SMOD(VARJZ,EV)=SHEAR
o
Chhhdhhrkkhknhhwdnersannr END OF FUNCTION STATEMENTS *2## At udkaakhhdaranrnt
¢
[
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YA=YPROP(1)
YB=YPROP(2)
YC=YPROP( 3)
YD=YPROP( 4)
YR=YPROP(S5)}
YW=YPROP(6)
BULK=YPROP(7)
SHEAR=YPROP(8)
MAT=YPROP(9)
TCUT=YPROP(10)
FCUT=YPROP(1l1l)
YNU=YPROP(12)

CONV=_, 001
NIT=60
GEOP={ .
ITERA=(

DO 1 I=1,6

DEPS(I,1)=0.0

DFDS(1,1)=0.0

STR(I,1l)=0.0
1 CONTINUE

IF(ITER.LE.10)JDEPS(3,1)=~0.005
IF(ITER.GT.l0,AND.ITER.LE.15)DEPS(3,1)=0.002
IF{ITER.GT.15)}DEPS(3,1)=0.001

THE FOLLOWING ARE EQNS 15,16,17 RESP.

CAPL=BIGL(HKAPA)
XX=X(HRAPA)
EVPI=EVP(XX)

CALCULATE DEVIATORIC STRAIN INCREMENTS

DEV=DEPS(1,1}+DEPS(2,1)+DEPS(3,1}
DEVB3=DEV/3.0
DEPX=DEPS(1,1)-DEVB3
DEPY=DEPS(2,1)-DEVBE3
DEPZ=DEPS{3,1)-DEVB3

CALCULATE INITIAL DEVIATORIC STRESSES
SIGKKO=(STRO(1,1)+STRO(2,1}+STRO(3,1))/3.0
STRO(1,1)=STRO(1,1)-5IGKKO
STRO(2,1)=5TRO(2,1)-SIGKKO
SIRO(3,1)=STRO(3,1)-SIGKKD

IN.IIAL STRESS INVARIANTS
VARJ1I=3.*(SIGKKO+GEOP)

VARJ2I=DSQRT((STRO(1,1)**2+STRO(2,1)**2+STRO(3,1)**2+
+2.*STRO(4,1)**2+2.*STRCG(S5,1)**2+2.*STRO(6,1)**2)/2.)
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o4
o ELASTIC MATERIAL PROPERTIES
C

THREEK=3.*BMOD(VARJ1I,EVPI)
TWOG=2 . *SMOD(VARJZL,EVPI)

[
c*******t**t*t**it**tt*****tt*******t****
o] *
o ELASTIC TRIAL *
c *
c*********************************t*i****
o
STR{1,1)=STR0O(1,1)+TWOG*DEPX
STR(2,1)=STR0O(2,1)+TWOG*DEPY
STR(3,1)=STRO(3,1)+TWOG*DEPZ
STR(4,1)=5TRO(4,1)+TWOG*DEPS(4,1)
STR(5,1)=8STRCG(5,1)+TWOG*DEPS(5,1)
STR(6,1)=STRO(6,1)+TWOG*DERS(6,1)
c
RATIO=1.0
MODE=1
o)
C STRESS INVARIANTS
(o4
VARJ1=THREEK*DEV+VARJ1I
VARJIZ=DSQRT( (STR{L1,1)**2 +STR(2,1)**2 +5TR(3,1)**2 +
+2.*STR(4,1)**2  +2 *STR(5,1)**2, +2 ,*STR(6,1)**2_}/2.})
[of
c*****i*iﬂ*****ﬁ***ﬂ*ﬂittt**i*!*ii****t**
C *
[ TENSILE CODING *
C *
c**t****tt***.*i***fﬂit**!ﬂ‘t‘ttiitt**‘l‘**t
c
TENCUT=DMINL (FCUT, TCUT+3. *GEOQP)
[of
c THE FOLLOWING CONDITION APPLIES
C WHEN TENSION LIMIT IS NOQT EXCEEDED
[
IF{VARJ1.LT.TENCUT)GO TO 10
[of
c THE FOLLOWING CONDITION APPLIES
c WHEN TENSION LIMIT IS EXCEEDED
o4 THAT IS SET Jla=T
[od
VARJ1=TENCUT
RATIO=0,0
MODE=(
c
c - CONDITION FOR EITHER ROCK MODEL OR
c KAPPA' (DOT) 1S.GE.ZERO
c
IF(MAT.EQ.2.0R.EKAPA.GE.0.0)GO TO 200
C
c TENSION DILATANCY CODING
c
HKAPAl=DMAX1(DBLE{(0.0) ,HKAPA+CONV*F (HKAPA))
[of
c EQUATION 16 FOLLOWS
c
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XXL=X(HRAPAL)
DENOM=EVP( XXL)~-EVPI
IF(DENOM.GT.0.0)GO TO 5
HRKAPA=(.0
GO TO 200
EQN. 22 FOLLOWS
DEVP=DEV-(VARJ1-VARJLI ) /THREEK
HKAPA=HKAPA+DEVP*( HKAPAl-HKAPA) /DENOM
EQNS (18}, & {20) PFOLLOW
HEKAPAR=DMIN1(DBLE(Q.Q),HRAPA)

GO TO 200

A Jr de o ot v ke o o o v vt ole e o o o o o oir de e e o ok o o ko ok e ok o ok o ok

b

CHECK FAILURE ENVELOPE *
*

LA AR SRR AR R X RESSRS SRR 2 2]

CONTINUE

THE FOLLOWING CONDITION IMPLIES FAILURE
MQDE DOES NOT APPLY

IF(VARJ1.LT.CAPL)GO TO 30

VON MISES TRANSITION
VONMIS=FCAP(CAPL, XX, CAPL)
FJl=F{VARJ1)
FF=VARJ2-DMIN1(FJ1,VONMIS)
IF(FF.LE.0.0)GO TO 200
FAILURE SURFACE CALLCULATION

MODE=2
DFDJIL1=0.0

CALLCULATION OF DFE/DJ1 @ JlE
IF(FJ1.LT.VONMIS}DFDJl=(FJ1~F(VARJL+CONV*VARJ2))/(CONV*VARJ2Z)
EQN (33) FOLLOWS

DEVP=3, *DFDJ1*FF/(3.*THREEK*DFDJIL**2+0.5*TWOG}
VARJI1=VARJ1-THREEK*DEVP

DILATANCY AND CORNER CODING
IF({MAT.EQ.1.AND.HKAPA.LT.0.0.AND.VARJ1.GT.CAPL)GO TO 60
VARJ1=DMAX1(VARJ1,CAPL)}

GO0 TO 70
CONTINUE
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C EQN (37) FOLLOWS

c
BEKAPAl=BIGL({VARJL)
XXL=X{HKAPAL)
IF(DEVP.LE.0.0)GC TO 70
DEVPT=DMAX1 (DEVP, EVP{XXL)-EVPI)
HKAPA=HKAPA+( HKAPAl-HKAPA )} *DEVP/DEVPT
c
70 CONTINUE
FJl=F{VARJ1)
RATIO=DMINL1(FJ1,VONMIS) /VARJI2
c
CRIRERRR R AR RN AR TR TR kRN ke
c *
c CAP CALCULATION *
[od *

(C % e v e e e e dr e e e e o 3 e e e b e e e e e e o e e e O ok e A e e ok

c
30 CONTINUE

c
c CONDITION FOR CAP MODE COMPUTATION
o
IF(VARJL1.LT.XX)GO TO 40
IF(VARJ2.LE.FCAP(VARJL,XX,CAPL) GO TO 200
4Q CONTINUE
c
VARJ1E=VARJ1
VARJZE=VARJ2
C
o AN INITIAL VALUE FOR THE HARDENING
C PARAMETER KAPPA IS ASSUMED AND THEN
c REFINED USING THE REGULA FALSI
c ITERATION PROCEDURE
C
HRAPALl=HEAPA
HKAPA2=VARJI1E
IF(VARJLE.LE.XX)FL={BKAPA~VARJ1E) /( HKAPA-XX)
IP{VARJIE.GT.XX)FL=2 . *VARJ2E/(VARJI2ZE+FCAP(VARJ1E, XX, CAPL))-1.0
c
XR=X(HKAPAZ)
VARJ1R=VARJ1E~THREEK* (EVP(XR)-EVPI)
FR={ XR-VARJ1R)/(HKAPA2-XR)
COMP=CONV*F( { FL*XR-FR*XX ) /{FL-FR))
IF{DABS{VARJ1)+VARJZ.LT.COMP)GO TO 200
C
MODE=3
FOLD=(0.0
c
c

c******t**************ti*i**ﬁ****t*i*********t***i*********

c

c ITERATION FOR CAP CONVERGENCE BEGINS

c
C****t***t*i****ttti**g*tt*ttt**i*t*t*t*tt*t**********t****
c

C

DO 150 ITERA=1,NIT

HKAPA=( FL*HKAPA2-FR*HKAPALl)/(FL-FR)
XX=X{HKAPA)

DEVP=EVP(XX)~EVPI
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VARJ1=VARJ1E-THREEK*DEVP

CAPL=BIGL ( HKAPA)
IF(VARJ1.LE.XX)FC={HKAPA~-VARJL }/{ HKAPA-XX)
IF(VARJL.GE.CAPL)FCa{XX~VARJ1)/{CAPL-XX)
IF(VARJ1.LE.XX.OR.VARJ1.GE.CAPL)GO TO 300

VARJ2=FCAP(VARJ1,XX,CAPL)
DELJ1=CONV*( XX-VARJ1)
DESP=0.0
IF(VARJ1+DELJLl.NE.VARJ1)DESP=(DEVP/6. ) *{DELJ1/{VARJ2Z-
~FCAP(VARJ1+DELJL, XX,CAPL)))
VARJZT=VARJ2+TWOG*DESP
FCa(VARJ2E~VARJ2T)/{VARJZE+VARJ2T)
c
c
o2 2R R L T L Ly L Ty P T T T e
c
Cc OUTLET OF CAP ITERATION LOQP FOLLOWS
of
IF{DABS{VARJ2E~VARJ2T).LE.COMP)GO TO 195
IF{FC.GT.0.0.AND.VARJ1-CAPL.GE.DELJ1}GO TO 195
nd

ChRAEA A AR A AR N AR AN AN AN AR RTI A AR RA AT R TR TR RART TRk A A AR RAR

300 IF(FC.GT.0.)GO TO 320
C
’ HKAPAZ=HKAPA
FR=FC
IF(FOLD.LT.0.)FL=0,5*FL
GO TO 180
320 CONTINUE

HKAPAL=HKAPA

FL=FC

IF{FOLD.GT.0.)FR=0,5%FR
190 FOLD=FC

nnan

VARJ1=DMAX1(VARJ1, XX)
IF{VARJ1.GT.BIGL{HRKAPAZ) )VARJ1=CAPL
VARJ2=DMINL (VARJ2E,FCAP(VARJL,XX,CAPL))
195 RATIO=0.0
IF(VARJZ2E.NE.Q. )RATIO=VARJ2/VARJZE
200 CONTINUE

COMPUTE FINAL DEVIATORIC STRESSES

a0onn

STR(1,1)=STR(l,Ll)*RATIO
STR{2,1}=STR(2,1)*RATIO
STR{3,1)=STR(3,1)*RATIO
STR(6,1)=STR(6,1)*RATIC
STR(5,1)=8TR(5,1)*RATIO
STR(4,1)=STR(4,1)*RATIC

COMPUTE FINAL TOTAL STRESSES

aaan

SIGKB3=VARJLl/3.-GEOP
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SIGM(1,1)=STR(1,1)+SIGKE3
SIGM(2,1)=STR(2,1)+SIGKB3
SIGM(3,1)=STR(3,1)+SIGKE3
SIGM(4,1l)=STR(4,1)
SIGH(SIl)-STR(SIl)
SIGM(6,1)=STR(6,1)

aonn

XX=X(HKAPA}

CAPL=BIGL(HKAPA)

IF(MODE.LE.1) GO TO 99

IF(MODE.EQ.2) THEN !FAILURE MODE
DFDJ1leYB*YC*EXPS{YB*VARJ1)

DFDE=(.0

ENDIF

IF{MODE.EQ.3) THEN !CAP MODE
DFDJ1=2, *(VARJ1-CAPL)/{ YR*YR*VARJIZ)
DFDX={ CAPL-XX)/{YR¥*YR*VARJ2)
DXDK=1.+{ YR*YC*YB*( EXPS({YB*HKAPA)))
DFDL={ XX-VARJ1 ) /{YR*YR*VARJ2)
IF(HKAPA.GE.0.) THEN

DLDR={,

ELSE

DLDK=1.

ENDIF

DFDK=DFDX*DXDK+DFDL*DLDK

ENDIF

IF(VARJ2.LT.1.E-25) GO TO 99
FCAP2=2.*VARJ2
DFDS(1,1)=8TR(1,1)/FCAP2+DFDJ]
DFDS{2,1)=S8TR{2,1)/FCAP2+DFDJ1
DFDS{3,1)=STR{3,1)/FCAP2+DFDJL
DFDS{4,1)=STR{4,1)/FCAP2
DFDS{5,1)=STR(5,1)/FCAP2
DFDS(6,]1)=STR(6,1)/FCAP2

99 CONTINUE

OO0 OO0

RETURN
END

SUBROUTINE DHATRX(SIGM.X?ROP,MODB,DF:DFDK.TWOG.D)
c

Chhhihdehdrhhkhnrhrvrwdehedrrrwrhrhrrrdbhdehrdhrwiehrmvwdoddedidert

c *
c THIS SUBROUTINE COMPUTES THE ELASTO-PLASTIC *
c MATRIX FROM THE CAP MODEL *
c *
C ARGUMENTS : *
c *
c E , XNU ====—e—- YOUNG'S MODULUS AND POISSON'S *
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LR R EZ LSRR EEIEEASSS SRR RS RRR RS RRR AR R LSRR R 22X 2]

C RATIO RESPECTIVELY *
C *
c D CONSTITUTIVE MATRIX *
[ *
c ALL OTHER ARGUMENTS ARE DEFINED IN *
C THE SUBROUTINE *
c *
C *
c THIS SUBROUTINE IS CALLED BY : *
c (1} MAIN PROGRAM *
c *
c THIE SUBROUTINE CALLS : *
C (L) TRANSP *
C (2) MXMULT *
c *
C -
c

c

c

IMPLICIT REAL*8{A-H,0-2)

DIMENSION SIGM(6,1),SIGMAT(1,6),DF(6,1),DFT(1,6),

‘ BB(6,1),BM(1,1),AM(1,1),PD(6,6},QD(1,6),RD(6,6),
' SD(6,6),D(6,6),XPROP(12)

naaoa

XNU=XPROP(12)
A=l.-XNU
B=1l,-2,*XNU

NOTE: TWQOG=E/(l+XNU)

onaaannao

)=TWCG*A/B
}=TWOG*XNU /B
y=TWOG*A/B

) =TWOG*XNU /B
1 =TWOG*XNU /B
)-gwosta/a
Y=,

}=0.
J=0.

D )=D(2,1)

}=D(3,1)

UUUUUUOUUUDUUUUUOEEEU

A-19



D(1,4)=D(4,1)
D(1,5)=D(5,1)
D(1,6)=D(6,1)
D(2!3)-0(312)
0(2:4)-0(412)
D(Z,5)=D(5,2)
D(2,6)=D(6,2)
D(3,4)=D(4,3)
D(3,5)=D(5,3)
D(4,5)=D(5,4}
D(4,6)=D(6,4)
D(5,6)=D(6,5)

IN THE ELASTIC MODE MATERIAL BEHAVIOR IS
ELASTIC . THEREFORE THE CONSTITUTIVE MATRIX
IS ELASTIC

ELASTIC MODE
IF(MODE.EQ.0.OR.MODE.EQ.1)GO TO 20

IN THE FAILURE AND CAP MCODES THE
CONSTITUTIVE MATRIX IS COMPUTED AS
ELASTO-PLASTIC

LR 222222222222 2222t X2 222X 222222222 2222l Ril2 Rl lX]
*

COMPUTE ELASTO-PLASTIC CONSTITUTIVE MATRIX *

*
o e e o e v e v e o o vk vk ok e dke s v i e ol e s ok o W Y o i o vie sl b o v o o ok e e e o ol ol e o o

COMPUTE [DF] TRANSPOSE
CALL TRANSP(DF,DFT,5,1)
COMPUTE [SIGMA] TRANSPOCSE

CALL TRANSP{SIGM,SIGMAT,6,1)

.CALL MXMULT{D,DF,BB,6,6,6,1)
CALL MXMULT{DFT,BB,BM,1,6,6,1)
CALL MXMULT{SIGMAT,DF,AM,1,6,6,1)

HARD REPRESENTS THE HARDENING FUNCTION
HARD=~DFDK*AM(1,1}

HM=1./(HARD+BM(1,1)}

O O OO0 N0 A AN 00N OO0 nnNnaonnan aaannnaaonnn

DO 12 1I=1,6
Do 12 JJ-liﬁ

A-20



12 PD(II,JJ)=D(II,Jd)*dn

CALL MXMULT(DFT,PD,QD,1, 5 6.6)
CALL MXMULT(DF,QD,RD, 6 1,6}
CALL MXMULT(D,RD,SD,S6, 6)

DO 14 Izwl,$

DO 14 JJ=1,6
14 D(II,JJ)=D{(II,2J}-SD(II,J3)

20 CONTINUE

a0 anoon

RETURN
END

SUBRCUTINE MULTVC(A,B,C,NR}

ChededdhdesdrhhdwhrhwhdddhhrerwbrdddhrmrrkbwdddedordwawrheiriRorwdweder

C *
C »
o THIS SUBROUTINE PERFORMS *
Cc MULTIPLICATION OF MATRICES *
c IN SYMMETRIC STORAGE FORM. *
[ [
[od *
Ci********i****ii**********i************tﬁ******i*******t**it****i
C *
C ARGUMENTS: A ==== QUTPUT VECTCR OF LENGTH N(N+1)}/2 CON- *
c TAINING THE RESULT OF [B].{C} IN S¥YM- *
C METRIC STORAGE FORM. *
C B ==== INPUT/OUTPUT VECTOR OF LENGTH N(N+1)/2 =*
c WHICH IS5 THE SYMMETRIC STORAGE FORHM. *
o4 c -=== INPUT/OUTPUT VECTOR OF LENGTH N. *
C NR ---- ROW DIMENSION OF THE MATRIX [B]. *
C %*
c *
C *
C *
o A S E S22 2 RS ReRR  R s R sttt Rl Rl
C

c

C

IMPLICIT REAL*8(A-H,0-2)
DIMENSION A(990),B(990),C{44)
INTEGER IR,NR,KL,KS,KSS,KSL,1
DO 101 I~=1,NR
101 A{I)=0.0
DO 103 1IR=1,NR
KL=IR*{IR-1)/2
SUM=0.0
DO 102 KS=1,NR
KSS=KS*(KS-1)/2
IF{KS.LT.IR) KSL=KL+KS
IF(KS.GE.IR) KSL=KSS+IR
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SUM=SUM+B(KSL) *C(KS)

102 CONTINUE
A(IR)=SUM
103 CCONTINUE
RETURN
END

SUBROUTINE REMOVE(XM,NODB23,YM,KDOF,KBNDRY,KONSTR,

ISIZE)

C
(o
Ci****ﬁ*********&i****t*******ﬁ*t**ﬁ********ﬂw*************i**
C *
c *
c THIS SUBROUTINE ELIMINATES AFPROPRIATE ROWS AND *
C COLUMNS FROM THE GLOBAL MATRIX TO SATISFY *
C SUPPORT CONDITIONS *
C *
C *
c *
c »*
€ THIS SUBROUTINE IS5 CALLED BY *
c (1) MAIN PROGRAM *
c *
¢ THIS SUBROUTINE CALLS : NONE *
c w*
c*******t*i****tt**f****!'i*t******i**tt****t*****t**ttt****i*
[of
c
c

IMPLICIT REAL*8(A-H,0-Z)

DIMENSION XM{NODB3,NODB3},YM{KDOF,KDOF),KBNDRY{200)
C
c
[nd *
C *
c ARGUMENTS ARE: *
o XM-—---BIG MATRIX *
c YM-+~-=SMALL MATRIX *
c ISIZE----SIZE OF REDUCED MATRIX »
c { ISIZE X ISIZE *
c IROW, JCOL-==—~—VECTORS CONTAINING THE *
C ORIGINAL DIRECTION {(3i-2),{3i-1) »
C (3i) FOR EACH NODE AS REPRESENTED*
c IN THE REDUCED MTRIX *
[ *
c «
c
c

M=1

DO 1 I=1,NODE3
o]
c
c THE FOLLOWING DESCRIBE THE BOUNDARY CONDITIONS
o BY SETTING DISPLACEMENTS AT SUPPORTS TO ZERO
c

DO 10 L=1,KONSTR
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IF(I.EQ.KBNDRY(L))GO TO 1
10 CONTINUE

aan

Nae 1
DO 2 J=1,NODB3

DC 11 L=1,KONSTR

IF(J.EQ.XBNDRY(L))GO TO 2
11 CONTINUE

YM(M,N)=XM(I,J)
N=N+1

2 CONTINUE
M=pM+l

1 CONTINUE

n O N o N Oon

M=M-1
N=N-1
ISIZE=M

RETURN
END

SUBROUTINE TRANSPE(AA,BB,IROW,ICOL)
¢

Chidehdehdddedhdehfhhbhdhdehhbhbrhdbbbhhdwhrrdddhwhdddin

THIS SUBROUTINE TRANSPOSES
MATRICES

[BB=[AA] TRAMSPOSE

*
*
"
*
*
*
ARGUMENTS ARE: *
----- (INPUT) MATRIX TO BE TRANSPOSED *
BB--——- {QUTPUT) TRANSPOSED MATRIX *
IROW, ICOL-~-NUMBER OF ROWS AND COLUMNS RESP.*
OF THE INPUT MATRIX AA *
*
*
*
*
»
*
*

THIS SUBROUTINE IS CALLED BY:

(1) MAIN PROGRAM
(2) DMATRX

C THIS SUBROUTINE CALLS : NONE

(% e ve e e e e o ok s e vk e iy o ol e ol v e e A e oy v e e b b o e e o e e e e e b

aOaonNanNaaOnNONaNaOnNn

nNaan

IMPLICIT REAL*8(A-H,0-3)
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DIMENSION AA(IROW,ICOL),BB(ICOL,IRCW)

DO 1 M=l,IROW
DO 2 J=1,ICOL
BB(J,M)=AA(M,JT)
2 CONTINUE
1 CONTINUE

RETURN
END

SUBROUTINE MXMULT(AA,BB,CC,IROWA,ICOLA, IRCWB,ICOLB)

c

o R L e T LY
c *
c THIS SUBROUTINE MULTIPLIES TWO MATRICES *
C *
c ARGUMENTS ARE: *
c *
c {CC] = [AA][BB] *
C *
c IROWA & IROWB ARE NUMBER OF ROWS IN *
c THE MATRICES [AA] , [BB] RESP. *
(o4 *
c ICOLA & ICOLB ARE NUMBER OF COLUMNS *
c IN MATRICES (AA] , [BB) RESP. *
c *
c *
C *
c THIS SUBROUTINE IS CALLED BY : *
c {1} MAIN PROGRAM*
of {2} DMATRX *
c *
c THIS SUBROUTINE CALLS : NONE *
C *
kR R Y e s T 2L
c

c

Cc

IMPLICIT REAL*8(A-H,0-32)
DIMENSION AA(IROWA,ICOLA),BB{IROWB,ICOLB},
CC(IROWA,ICOLB)

C
DO 1 M=1,IROWA
PO 2 J=1,ICOLB
c
SUM=0.
c
DO 3 JJ=1,ICOLA
CC(M,J)=AA(M,JJ)*BB(JJ,J)
SUM=SUM+CC(M,J)
3 CONTINUE
c
CC{M,J)=SUM
C
2 CONTINUE
1 CONTINUE
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C

RETURN
END

SUBROUTINE PLOTZ2D(YDISP,XTIME, LDOF,LTINE)

THIS ROUTINE PLOTS RESULTS FROM COMPUTER OUTPUT

IMPLICIT REAL(A-H,0-2)
DIMENSION XTIME(1000),¥DISP(1000,10Q)

SET THE Y (DISPLACEMENT) MINIMUM AND MAXIMUM AS
-.003 AND +.003 RESPECTIVELY

CALL AGSETF('Y/MINIMUM.’, -.003)
CALL AGSETF('Y/MAXIMUM.’, .003)

SET UP THE LEFT LABEL
CALL AGSETF('LABEL/NAME.’,'L’)
CALL AGSETI('LINE/NUMBER.’,100)
CALL AGSETP(’'LINE/TEXT.’, 'NODAL DISPLACEMENTS’,1)

SET UP BOTTOM LABEL
CALL AGSETF(’LABEL/NAME.’,’'B’}

CALL AGSETI('LINE/NUMBER.',-100)
CALL AGSETP('LINE/TEXT.’,'TIMES’,l)

SET UP LABELS

CALL ANOTAT('TIME(S$)$', ’NODAL DISPLACEMENT(FT)$’,
0,0,0,0)

DRAW BOUNDARY ARUJOND THE EDGE OF THE PLOTTER FRAME
CALL BNDARY
DRAW THE GRAPH, USING EZIMXY

CALL EZMXY{XTIME,YDISP,LTIME,LDOF,LTIME,
*DISP VRS. TIME (EXPLICIT)S")

RETURN
END

SUBROUTINE EXPLCT(XMAS,STIF,NDOF,CONST,NTIME,WRK1,
. WRK2,WRK3,WRK4,WRKS,WRK8 ,WRK10,WRK.l, WRK12,
R WRK13,21,22,23,24,241,25,26,266,

R AQ,Al,A2,FORCE,EFMAS)

C******t****'******ﬁ**t*iﬁt#*i**#**t*t**iﬁ**ﬁ****t*'ttt**'ﬁ*tti*
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THIS ROUTINE COMPUTES EXPLICIT TIME INTEGRATION

c »*
c *
c *
C DEFINITION o F VARIABLES *
*
G .
C *
c STIF STIFFNESS MATRIX OF SYSTEM *
c TAUO, TAUl, TAU2, TAU3-INTEGRATION PARAMETERS *
C XMAS MASS MATRIX OF SYSTEM *
c WRK1 THRU WRKf———m——- WORKING MATRIX AND VECTORS USED AS *
C INTERMEDIARY STAGES IN VARIOUS STAGES *
C 21 TRIPLE INTEGRATION OF DISPLACEMENT *
c VECTOR WITH RESPECT TO TIME *
C z2 DOUBLE INTEGRATION OF DISPLACEMENT *
c VECTOR WITH RESPECT TO TIME *
c z3 INTEGRATION OF DISPLACEMENT VECTOR *
o WITH RESPECT TO TIME *
C Z4 -=-=VECTOR CONTAINING NODAL DISPLACEMENT »
c AT TIME T *
[ Z41 VECTOR CONTAINING NODAL DISPLACEMENT *
c AT TIME T-DELT *
c zZ5 VELOCITY VECTOR *
c 26 ACCELERATION VECTOR *
c *
C *
c *
c ROUTINES CALLED 1) QMODEL -
¢ 2) VMULT *
C A 3) PLOT2D *
c***lﬂ**ii**l****ﬂt*t*t**tii***ti****ii***iii***i***t**i******i*
c
c
c
C

IMPLICIT REAL*8(A~H,0-Z)

DIMENSION XMAS(NDOF,NDOF},STIF(NDOF,NDOF},Z1(NDOF),
Z2(NDOF),Z3(NDOF),Z4(NDOF),Z4I(NDOF),Z5(NDOF},
26 (NDOF) ,WRK1{NDOF,NDOF) ,WRK2 (NDOF},WRK3(NDOQF),
WRK4 {NDOF) ,WRKS(NDOF),FORCE(NDOF,1},A0(NDOF,NDCF),
Al (NDOF,NDOF ) ,A2{NDOF,NDOPF},Z66(NDOF) ,WRK6{5050},
YMAS(5050),EFMAS{NDOF,NDQF},UD(100),%B(3,1),
WRK8(NDOF,1),WRK10(NDOF,NDOF),WRK11{NDOF, 1),
WRK12(NDOF,1),WRK13(NDOF,NDOF),EIGM(100,100),

L T T T

EIGV(100Q)
c
REAL ZTIME{1000),2DISP{1000,100)
c
c

R AR R R AR R AR AN LR TR AR AR A AR R H A AR TR R RN R RN AR RN RARN AR AR A AT AN AN AN AR AR KA R A A A,

c
TO0=0.
TIME=TO
PI=3.1415927

EVALUATE THE NATURAL FREQUENCY OF THE SYSTEM.
THIS IS ESSENTIAL FOR SELECTION OF TIME STEP FOR STABILITY

anNnaaan

CALL EIGN(STIF,XMAS,NDOF,EIGM,EIGV)
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OMSQ=0.
DO 13 I=1,NDOF

13 OMSQ=DMAXL{EIGV(I),OMSQ)
OMEG1=DSQRT(OMSQ)

c
PRIOD=?2.*PI/OMEGl
DELT=PRIOD*CONST
c
c

(5 i e e e e o e e e e Ak e R ok ok e ok o e e ok e vt e e e e e sk ok o ok ok ok o ke vk ok ok e e ke
c
c COMPUTE INTEGRATION PARAMETERS
c
TAUQ=1./(DELT**2.)
TAUl=1./{(2.*DELT)
TAUZ2=2, *TAUO0
TAU3=1./Tau2

e dp e v e e v ok e dr v o i v e vk e e o v vk ot o e e e v vk e e o ok e v o o d e v o e o o o v v Y e o o de s ok de de e e

COMPUTE ALPHA, BETA, GAMMA CONSTANTS FROM Q - MODEL

CALL QMODEL(XB)

O aanaoonan

ALPHA=XB(1,1)
BETA=XB(2,1)
GAMMA=XB(3,1)

COMPUTE DAMPING MATRICES [A0], [al]l, [Aa2]

nann

DO 6 II=1,NDOF

DO 6 JJ=1,MDOF

AQ(II,JJ)mALPHA*STIF(II,JJ)

Al(II,JJ)=BETA*STIF(II,JJ)

A2(II,JJ)=GAMMA*STIF(II,JJ)
6 CONTINUE

Ikl ke r A AR A A dekdedr A AT h o ook kb e W e o e A e ok e e e T e e R e ke e ko

c
c
c
c
¢ COMPUTE INITIAL VALUES OF VARIABLES
o

DO 1 I=1,NDOF

Z1(I)=0.

Z2{(I)=0.

23(1)=0.

Z4{1)=0,

Z5(I)=0.
1 CONTINUE

TRIANGULARIZE MASS MATRIX

naonNnn

CALL DECOMP(XMAS,WRK10,NDOF,NDOF,1)
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12

COMPUTE INITIAL ACCELERATION

FIRST COMBUTE [R]*{24}
CALL VMULT{STIF,Z4,Z6,NDCF,NDOF,NDOF)

NEXT COMPUTE [AG]*{25]
CALL VMULT{AQ,25,266,NDOF,NDOF,NDOF)

DO 2 I=1,NDOF
WRKB(1I,1)=FCN(TIME,I}~26(1)~266(1I)
CONTINUE

CALL SOLVEQ{WRK10,WRKB,WRK1ll,NDOF,NDOF,1,1,1,1)

DO 14 I=1,NDOF
Z6{I)=WRK11{I,1)

COMPUTE Z4(-DELT)
DO 3 M=1,NDOF
Z4I(M)»Z4({M)~DELT*ZS(M)+TAUI*ZE(M)

TIME ITERATION BEGINS

DO 4 JTIME=]1,NTIHE

COMPUTE EFFECTIVE FORCE VECTOR

DO 5 I=1, NDOF

DO 5 J=1,NDOF
WRK1(I,J})=STIF{I,J)-TAU2Z*XMAS(I,J)

CALL VMULT(WRK1,24,WRKZ2,NDOF,6NDOF,NDOF)

DO 12 I=1,NDOF

DO 12 J=1,NDOF
WRK1(I,J)=TAUCG*XMAS(I,J)-TAUL*AG(I,J)
CALL VMULT{WRK1,24I,WRK3,NDOF,NDOF,NDOF}
CALL VMULT(ALl,Z3,WRK4,NDOF,NDOF,NDOE)
CALL VMULT(A2,Zl,WRKS,NDOF,NDOF,NDOF)

DO 7 I=1,NDOF
FORCE(I,1)=FCN{TIME,I)-WRK2{I)~-WRK3(I)-WRK4(I)-WRKS(I)

CCMPUTE EFFECTIVE MASS MATRIX

DO 8 I=1,NDOF
DO 8 J=1,NDQOF
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8 EFMAS(I,J)=TAUO*XMAS(I,J)+TAUL*AOQ(I,J)

C
c
Lo} TRIANGULARIZE EFFECTIVE MASS MATRIX
c
CALL DECOMP(EFMAS,WRKI13,NDOF,NDOF,1)
c
c CALCULATE DISPLACEMENT VECTOR AT TIME T+DELT
c
CALL SOLVEQ(WRK13,FORCE,WRK12,NDOF,NDOF,1,1,1,1}
C
Do 15 I=l,NDOF
15 UD(I)=WRK12(I,1l}
c
C
WRITE(7,2000)
WRITE(7,2001){(UD(I),I=1,NDOF)
c
c
¢ REARRANGE DATA FOR PLOTTING
C
ZTIME(JTIME)}=TIME
DO 11 IJ=1,4
JI=1J+6
11 2DISP(JTIME,IJ)=24(J1J)
¢
Cc
c INCREMENT TIME AND UPDATE VARIABLES
c
TIME=TIME+DELT
c
c
DO 10 I=1,NDOF
Z1(I)=2Z3(1),/TAU2+21(I)+DELT*22(1I)
2Z2(I)=2Z4(1)},/TAU2+22(1)+DELT*23(1)
Z3(I)=25(I)/TAU2+Z3(I)+DELT*Z4(1)
Z41(1)=24(1)
Z24(1)=UD(1)
10 CONTINUE
c
c
c
c
4 CONTINUE
c
C
C***tt*it*************t*t****i*****i**ﬁi******i’t***ﬁ*******
c
C
c PLOT THE RESULTS
o
CALL PLOT2D(ZDISP,ZTIME,4,NTIME)
c
C
o
c
c********t*********ﬁ*********‘\***t*ﬁ*******i*******w****w*****
c
C

2000 FORMAT{//,6X,  DISPLACEMENT')
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2001 FORMAT(2X,8Fl12.6)

c
c
¢
c
RETURN
END
c
c
¢
c EXTERNAL FUNCTION FOR THE FORCE VECTOR AT EACH TIME STEP
FUNCTION FCN(TIME,I)
IMPLICIT REAL#*8(A-H,0-3Z)
OMEGA=1.
FCN=0.
IF{I.GE.5)FCNw.l*DSIN(CMEGA*TIME)
RETURN
END
SUBROUTINE VMULT(AA,BB,CC,IROWA,ICOLA,IROWB)
c
c
C'.*'ﬁi******.i‘f***i***********’***t*i***t******t****t**********ﬁ***
c
c
c THIS ROUTINE MULTIPLIES THE MATRIX [AA] BY
c THE VECTOR (BB} TO GIVE THE VETOR {CC}
c {ccl = [An]{BB]}
g****l’t#*********ﬂ*ﬁ**********ﬁ*’t****ﬁ'********'***ﬁ***t*t*itﬁ****
c
c
c
c

IMPLICIT REAL*8(A-H,0-3Z)
DIMENSION AA(IRCWA,ICOLA),BB{IROWB),CC(IROWA}

c
DO 1 M=1,IROWA
C
S5UM=Q.
c
DO 2 JJI=1,ICOLA
CC{M)=AA{M,JI)*BB(JJ)
SUM=SUM+CC(M)
2 CONTINUE
c
CC{M)=SUM
(o
1 CCNTINUE
c
"ZTURN
END
SUBROUTINE BNDARY
c
C
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CALL PLOTIT( 0, 0,0}

CALL PLOTIT(32767, 0,1}

CALL PLOTIT(32767,32767,1)

CALL PLOTIT( 0,32767,1)

CALL PLOTIT( e, 0,1)
C
C

RETURN

END

SUBROUTIMNE IMPLCT{XMAS,STIF,NDOF,CONST,NTIME,

, WRK1,WRK2,WRK3,WRK4,WRKS,WRKE ,WRK7,WRKS,WRKS,

, WRK10,WRK1l,WRK12,21,22,23,24,25,26,266,

, A0,Al,A2,FPORCE,EFFK)
c
c
C**iﬁ*i***t*******tt****************l*t****************************
C L]
o} THIS ROUTINE COMPUTES IMPLICIT TIME INTEGRATION *
¢ *
C********iit*****t*i****ﬂ**t********i***!****t*t*i**i*i**t***t*****
[od *
C *
c *
o DEFINITION OF VARIABLES *
C *
c 1/0 *
c DEL NEWMARK'S INTEGRATION PARAMETER *
c DELT I TIME INTERVALS FOR NUMERICAL INTEGRATION *
o EIGM Qo MATRIX STORING EIGENVETORS OF SYSTEM *
c COLUMNWISE *
c EIGV 0 VECTOR STORING EIGENVALUES *
c STIF I STIFFNESS MATRIX OF SYSTEM *
c TAUU THRU TAU7———=- INTEGRATION PARAMETERS *
o uDp 0 NODAL DISPLACEMENT AT TIME T {SAME AS Z4) *
c XMAS 1 MASS MATRIX OF SYSTEM *
c YMAS MASS MATRIX QOF SYSTEM IN SYMMETRIC STORAGE®
c FORM *
o] WRK1 THRU WRK9=—m——m— WORKING VECTORS USED AS INTERMEDIARY *
c STEPS IN VARIOUS STAGES OF COMPUTATION *
(o 1 TRIPLE INTEGRATION OF DISPLACEMENT *
c VECTOR WITH RESPECT TO TIME *
c z2 DOUBLE INTEGRATION OF DISPLACEMENT *
c VECTOR WITH RESPECT TO TIME *
c 23 —~=TNTEGRATION OF DISPLACEMENT VECTOR *
c WITH RESPECT TO TIME *
c Z4 VECTOR CONTAINING NODAL DISPLACEMENT *
o AT TIME T *
c 25 VELOCITY VECTOR *
C zZ6 ACCELERATION VECTOR >

*

< .
C *
C ROUTINES CALLED 1) QMODEL *
c 2) VMULT *
c 3) EIGN *
C *
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ci***********t*i****tti****i******tI***t****i*i*************i**i***

c
c
c
IMPLICIT REAL*8(A-H,0-2)
DIMENSION XMAS(NDOF,NDOF),STIF(NDOF,NDOF},21({NDOF),
, Z2(NDOF),2Z3(NDOF),Z4{NDOF),Z5(NDOQF ), Z6{NDOF),
. 266 ( NDOF ) ,WRK1{NDOF,NDOF),WRK2 (NDOF) ,WRK3 (NDOF ),
. WRK4(NDOF} ,WRK5(NDOF) , WRK6 { NDOF ) , WRK7 (NDOF),
‘ FORCE(NDOF,1),¥STIF{5050),A0(NDOF,NDOF),
, Al (NDOF,NDOF),A2(NDOF,NDQF) ,EFFK(NDOF,NDOF),
. UD(100),XB(3,1),WRKB (NDOF,1),¥YMAS{5050),
, WRK9 (NDOF ) , WRK10 (NDQF,NDOF )} ,WRK11 (NDOF, 1),
. WRK12(NDOF,1),EIGM(100,100),EIGV(100)
c
REAL ZTIME(200),ZDISP(200,100)
c
c
c ,
C'A‘*i***tt****i****ii**i***i*i**i**ii******ii*******'h*****n***********
c
o]
c
¢
c
TO=Q.
TIME=TO
PI=3.1415927
c
c
c
c EVALUATE THE NATURAL FREQUENCIES OF THE SYSTEM
c THIS IS ESSENTIAL FOR ACCURACY IN CHOICE OF TIME STEP DELT
c
CALL EIGN{STIF,XMAS,NDOF,EIGM,EIGV)
¢
c EVALUATE THE FUNDAMENTAL FREQUENCY AND PERIOD OF $YSTEM
c
OMSQ=0.
DG 16 I=l,NDOF
16 OMSQ=DMAX1(EIGV(I),OMSQ)
OMEG1l=DSQRT(OMSQ)
PRIOD=2.*PI/OMEGI
c
C
DELT=PRIOD*CONST
(o
c
c*t******i************************t**i**i****t**iﬁ**ﬁ*************
C
c
c
c COMPUTE INTEGRATION PARAMETERS
c

DEL=1,
XLAMD=( . 25* (0 .5+DEL) **2,

n

TAUO=1./(XLAMD*DELT*#2.)
TAU1=DEL/{ XLAMD*DELT)
TAU2=1./{ XLAMD*DELT)
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TAU3={1./2.*XLAMD}-1.
TAU4=DEL/XLAMD-1.
TAUS=DELT*(DEL/XLAMD~2.)/2.
TAU6=DELT*(1.-DEL)
TAU7=DEL*DELT

o

ChRAIRAARTR R A AR AR AR AR AN AAARRARANARARRA N AR AR AR IR AR R AR RA AR AR R A dh

COMPUTE ALPHA, BETA, GAMMA CONSTANTS FROM Q - MODEL

CALL QMODEL({XB)

O oo

ALPHA=XB(1l,1)
BETA=XB({2,1)
GAMMA=XB(3,1)

COMPUTE DAMPING MATRICES [A0],{All,([a2]

Qaan

DO 3 II=l,NDOF
DO 3 JJ=1,NDOF
AQ(II,JJ)=ALPHA*STIF(II,JJ)
Al(11,JJ)=BETA*STIF({II,JJ)
A2(II,JJ)=GAMMA*STIF(II,JJ)
3 CONTINUE
C
c
C*i******t*******t**********t**ttcti*t************ﬁ*t***i*******t**
C COMPUTE INITIAL VALUES OF VARIABLES
c
DO 1 I=1,NDOP
21{1)=0.
Z2(1)=0,
Z3(I)=0,
Z4(I)=0.
25(1)=0.
1 CONTINUE

TRIANGULARIZE THE MASS MATRIX
CALL DECOMP{XMAS,WRK10,NDOF,NDOF,1)

COMPUTE INITIAL ACCELERATION AS FOLLOWS
-1
{26(0)}=({M] {F(0}~{X){24(0)}~-(A0]{Z5¢(0)}} (SINCE
[AL}{2Z3(0)],(A2]{Z1¢C)} ARE IDENTICALLY EQUAL TO ZERO

FIRST COMPUTE (K1{Z4(0}}
CALL VMULT(STIF,Z4,WRK9,NDOF,NDOF, NDOF)

NEXT COMPUTE [A0]1{zZ5(0)}
CALL VMULT(AQ,ZS5,266,NDOF,NDOF,NDOF)

a0 N aaanaaa oo

DC 2 I=1,NDOF
WRKB(I,l)=FFCN(TIME,I)~WRKI(I)~266(1I}
2 CONTINUE

aa

COMPUTE INITIAL VALUE OF 26
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CALL SOLVEQ(WRK10,WRKS8,WRKll,6NDOF,NDOF,1,1,1,1)
DO 102 I=1,NDOF
102 z6{1)=WRK11(I,1)

Chidhhdehhdehhddhdhhkdhhbrrhhhh bk dr bk hdhddordhrdhdr kbbb ddrdnn

COMPUTE EFFECTIVE STIFFNESS HMATRIX

naaan

DO 5 I=1,NDOF
DO 5 J=1,NDOF
5 EFFK(I,J)=STIF(I,J)+TAUO*XMAS{I,J)+TAUL*AC(I,J)

TRIANGULARIZE THE EFFECTIVE STIFFNESS MATRIX
AND STORE IN WERK1

CALL DECOMP{EFFK,WRKLl,NDOF,NDOF,1)

e e e ot g e e Je e v de e e e v dr ok v de e e ok ok o e o e Je 9 U o ok e e g o 9 A e o e o ok e o o o o T g e g o e S e o e e O g o e St e ok e

TIME ITERATION BEGINS

DC 4 JTIME=1,NTIME

CALCULATE EFFECTIVE LOADS AT TIME T+DELT

OO0 Ao aonNnaaoan

PO 7 II=1,NDOF
7 WRRZ(II)=TAUO*Z4(II}+TAU2*Z5{II}+TAU3*Z6(II)}

ann

COMPUTE {XMAS]{WRK2}

DO 104 MM=1,NDQF
SUML=0.
DO 105 JJ=1,NDQF
WRK3(MM)=XMAS(MM,JJ)*WRK2(JJ)
SUM1=SUM1+WRK3 (MM}

105 CONTINUE
WRE3(MM)=SUML

104 CONTINUE

C

PO 8 II=1,NDOF

8 WRK4(II)=TAUL*Z4(II)}+TAU4*ZS{II)+TAUS*Z6(II)

C

CALL VMULT(AQ,WRK4,WRKS,NDOF, NDOF,NDOF)
c
[
C
Cc COMPUTE Z1(T+DELT), Z2(T+DELT), Z3{T+DELT) USING
o] TAYLOR'S EXPANSION
(o

DO 9 II=1,NDOF

Z1(II)=mZ1l(II)+Z2¢(II}*DELT+Z3(I1)}*0,5*DELT**2,

Z2(II)=Z2(TII)+2Z3(II)*DELT+Z4(II}*0.5*DELT**2,

Z3(II)=Z23(II1)+24(II)*DELT+2Z5(II}*0.5*DELT**2.
9 CONTINUE

A-34



o]

0O 0ona aoan

2 XaEakzX2N2)

nnanoaan

NN o anoonNnnan

CALL VMULT(AL,Z3,WRK6,NDOF,NDOF,NDOF)
CALL VMULT(AZ2,Z1,WRK7,NDOF,NDOF,NDOF)

COMPUTE EFFECTIVE FORCE AT TIME T+DELT

TTIME=TIME+DELT
DO 10 I=1,NDOF
10 FORCE(I,l)=FFCN(TTIME,I)+WRK3{I}+WRKS(I}~-
-WRK6{(I}~WRK7(I)

CALCULATE DISPLACEMENT VECTOR AT TIME T+DELT
CALL SOLVEQ{WRKl,FORCE,WRKl2,NDOF,NDOF,1,1,1,1)

DO 14 I=1,NDOF
UD(I)=WRK12(I,1)

14 CONTINUE
WRITE(7,2000)
WRITE(7,2001)(UD(I),I=1,12)

REARRANGE DATA FOR PLOTTING

ZTIME{JTIME)=TIME
JI=IJ+6
1l Z2DISP(JTIME,IJ)=24(J3J)

COMPUTE ACCELERATION AND VELOCITY VECTORS
AT TIME T+DELT

DO 12 I=1,NDOF

SAVE=Z6(1I)
Z6(T)=TAUQ*{UD(I}-Z4{I))-TAU2*Z5(I}~-TAU3I*SAVE
Z5(I)=25(1)+TAUG*SAVE+TAUT*26(1I)

24(1)=UD(1I}
12 CONTINUE

INCREMENT TIME

TIME=TIME+DELT

4 CONTINUE
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PLOT RESULTS

SET THE DISPLACEMENT AXIS TO A MINIMUM AND
MAXIMUM OF -.003 1NCH AND +.003 INCH RESPECTIVELY

NOaGOnNaan

CALL AGSETF('Y/MINIMUM.', -,003)
CALL AGSETF('Y/MAXIMUM.', .,003)

SET UP LABELS

oaan

CALL ANOTAT(’TIME(S}S$’,'NODAL DISPLACEMENT{FT)S',
0.,0,0,0}
DRAW THE BOUNDARY ARQUND THE PLOTTER FRAME
CALL BNDARY

DRAW THE GRAPH, USING EIZMXY

nana oaaona

CALL EZMXY(2ZTIME,ZDISP,NTIME,4,NTIME,
; 'DISP VRS. TIME (IMPLICIT)S$')
c
2000 FORMAT(//,6X,’DISPLACEMENT’)
2001 FORMAT(2X,12F8.3)

o
o
C*'i***********ti**tﬁ**********i#****ﬁﬂ**iw*********i*****i
c
C
c
RETURN
END
C
c
(o EXTERNAL FUNCTION FOR THE FORCE VECTOR AT EACH TIME STEP
FUNCTION FFCN(TTIME,I)
IMPLICIT REAL*8(A-~H,0-Z)
OMEGA=1.,
FFCN=Q.
IP(I.GE.5)FFCN=.1*DSIN{QMEGA*TTIME )
RETURN
END
SUBROUTINE QMODEL(B)
c
c

Gt ke dededode etk ket e R e ke ok A Aok R e e ek ok ek e ok R R ok ek ek A e ek
(o

(o} THIS ROUTINE COMPUTES THE ALPHA, BETA, GAMMA CONSTANTS

o} FROM MEAN SQUARE ERRQR IN THE Q - MODEL

C

jod AR A A AR AL RS ASRL AR RSl ARl sttt ittt Rl
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DEFINITI

IMPLICIT REAL*8(A-H,0-2)
COMMON /QCONST/ Q,0MEGl,OMEG2
DIMENSION A{3,3),B{(3,1),C(3,1),WRK(3,3)

e gt de e e o e o e o o e o I ok ok S okr ko e s o e it ok ol ok e s o o o e o e e e ok A v e e ko ok vk o o dle ol i e v e e e ok R e

ON OF TERMS

OMEGLl ,OMEGZ ~————=—v

oo anaonNoonnaoanOaaon 0O 0O Nanon

MATRIX WHOSE ELEMENTS ARE THE COEFFICIENT
OF THE VARIABLES IN THE SYSTEM OF EQUATIONS
IN THE MEAN SQUARE ERROR FORMULATION
MATRIX IS STORED AS FULL MATRIX

A VECTOR WHOSE ELEMENTS FORM THE VARIABLES
IN THE SYSTEM OF EQUATIONS FROM THE MEAN
SQUARE ERRCR FORMULATION

A VECTOR WHOSE ELEMENTS FORM THE CONSTANTS
IN THE SYSTEM OF EQUATIONS FROM THE MEAN
SQUARE ERROR FORMULATION

DENOTE THE LOWER AND UPPER LIMITS RESP.
FOR WHICH THE VARIABLE, CMEGA, 1S CONSTANT

LA AR AR AR SRRl R 222 2 2022 s i R AR R Y]

A{l,1)=(OMEG2**3,-OMEG1**3,)/3.

A{2,1)=(0OMEG2-OMEG1)
A{2,2)==(1./0MEG2~1.
A{3,1)=={1./0MEG2-1.

/OMEG1)
/OMEG1)

A(3,2)==(1./(OMEG2*%3,)=1,/(OMEG1**3, })/3.
A(3,3)»=(1./(OMEG2**5,}=-1./(0MEG1**5.))/5.

A(l,2)=A(2,1}
A{l,3)=A(3,1}
A(2,3)=A(3,2)
C
(o
C{l,1)={OMEG2**2_ -OMEGl#**2_)/(2.*Q)
€{2,1)==-({DLOG{CMEG2 /ONEG1) ) /Q
C{3,1)=-{1./(OMEG2**2.)=-1./{0OMEGLl**2.))/(2.*Q)
C
o
c TRIANGULARIZE [ A ]
CALL DECOMP(A,WRK,3,3,1}
C
C SOLVE THE SYSTEM OF EQUATIONS FOR { B }
CALL SOLVEQ(WRK,C,B,3,3,1,1,1,1)
c
¢
o
RETURN
END
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SUBROUTINE STIF3D{DMTRX,NX,NY,NZ,6NGS,X,Y,Z,
,  NDIM,NDIM3,DRVTS,FNC,DNRM,BSAVE,WRK,NLST,
, XX,YY,22,AJAC,STIF1)

Fedehded kiR hhhhhhdddwhhewhddedhkhhhhdhidd

* *
* PROGRAM STIrF 3D *
* *

Fkddedrdedehdeh kA r Ak h ok deddkdadhda

A IN-CORE DOUBLE PRECISION PROGRAM TO CALCULATE THE ELEMENT STIFFNESS
MATRIX OF A 3-D COMPLEX ELEMENT OF ARBITRARY BRICK SHAPE WITH
BOUNDARY NODES ONLY (i.e. SERENDIPITY ELEMENTS); THE NUMBER OF NCDES
ALONG EACH DIRECTION CAN BE GIVEN AS AN INPUT.

THE CONCEPT OF COBTAINING THE STIFFNESS MATRIX IS :

1. GENERATE INTERNAL NODAL POINTS FROM THE GIVEN BOUNDARY NODES
SUCH THAT IT FORMS A LAGRANGIAN ELEMENT

2. CALCULATE ALL OF THE SHAPE FUNCTIONS CORRESPONDING L. ELEM.

3. FORM STIFFNESS MATRIX OF THE L. ELEMENT BY USING GAUSS-~-
LEGENDRE QUADRATRUE INTEGRATION SCHEME.

4. CONDENCE OUT ALL OF THE INTERNAL NODES; THE STIFFNESS MATRIX
IS OBTAINED.

ONOOOO0NOOONANANNNOaONaAGaONOANNa00N0O00NAGONONNaGANNNaNNNNN

VARIABLE NAME LISTING :
ARARRANR AT R ARK AR RRR AN

STIFl ...,.,., LOCAL STIFFNESS MATRIX WITH DIMENSION 3*NDIM x 3*NDIM

DRVTS ...... MATRIX STORAGE WHICH CONTAINS THE DERIVATIVES OF THE
NONLINEAR INTERPOLATION FUNCTION AT EACH GAUSS POINT.
(i.e. IT HAS DIMENSION NDIM x 3 x 10;

3 --- INDICATES DERIVATIVES AT EACHE DIRECTION;
10-—- INDICATES THE NUMBER OF GAUSS POINTS.
DMTRX ...... A 6 x 6 MATRIX CONTAINS THE MATERIAL CONSTANT MATRIX.
FNC ...... MATRIX STORAGE WHICH CONTAINS THE VALUES OF THE

NONLINEAR INTERPOLATION FUNCTIONS OBTAINED AT EACH
GAUSS POINT. IT HAS SAME DIMENSION AS DRVTS.

DNRM ......, MATRIX STORAGE WITH DIMENSION NDIM x 3, WHICH CONTAINS
THE VALUES OF THE NORMALIZATION FACTORS.
X,¥Y,2 ...... ARRAYS OF LENGTH NDIM, WHICH CONTAIN THE X, Y, AND 2

COORDINATES OF NODES IN GLOBAL COORDINATES SYSTENM;
WHERE NDIM(TOTAL NUMBER OF NODES)=NX*NY*NZ.

XX, ¥YY,22 ...... ARRAYS OF LENGTH NDIM, WHICH CONATINS A SET OF LOCAL
COORDINATES. ]
BSAVE ...... STORAGE OF CALCULATED DERIVATIVES OF SHAPT TUNCTIONS
WHICH ARE USED TO FORM THE [B]-MATRIX.
WRK ...... A 3*NDIM x 3*NDIM WORKING ARRAY FOR WORKTNG PACE.
WGHT ...... VECTOR OF LENGTH 10 CONTAINS THE WEIGHTS FOR EACH
GAUSS POINT,
NGS ...... ACTUAL REQUIRED GAUSS POINTS.
NDIM ...... TOTAL NUMBER OF NODES
NDIM3 ....,. INITIAL DIMENSION OF STIFFNESS MATRIX.(3*NDIM)
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C NLST ...... A LOCAL NODAL NUMBER LIST FOR REDUCING THE LAGRANGIAN
c ELEMENT STIFFNESS MATRIX TO SEREDIPITY ONE PROPERLY.
c IRED ...... INDICATOR IF THE CONDENCING PROCEDURE IS5 REQUIRED;
C " IRED = 0 ... NO CONDENCE; IRED = 1 ... CONDENCE REQ.
C NX,NY,NZ ...... NUMBER OF NODES ALCNG X, ¥, AND Z DIRECTION, RESPECT.
c ITAPE ...... LOGICAL UNIT NUMBER ON WHICH THE STIFFNESS MATRIX OF
c LAGRANGIAN ELEMENT IS SAVE IF IT IS5 NECESSERARY. IF
c ITAPE = 0, NO SAVE IS DONE.
c ‘
o
c
IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION STIFLl(NDIM3,NDIM3),DRVTS(NDIM,3,10),DMTRX(6,6),

+ FNC(NDIM,3,10),DNRM{NDIM,3),BSAVE(NDIM,3),X(NDIN),

+ Y(NDIM),Z(NDIM),WRK(NDIM3,NDIM3) NLST{NDIM),WGHT(10),

+ XX{NDIM),¥YY{NDIM),ZZ{NDINM)
C
o}
C OBTAIN A LOCAL NODAL NUMBER LISTING =--~- BOUNDARY NODES IN THE FRONT
C FOLLOWED BY INTER NODES
c .

CALL LCNODE(NLST,NX,NY,NZ,NDIM)
c
C OBTAIN THE SHAPE FUNCTIONS
C

CALL SHAPELl(XX,YY,ZZ,DRVTS,FNC,DNRM,NDIM,NX,NY,NZ,NGS,WRK,NDIN3,0)
c
C OBTAIN THE LOCAL STIFFNESS MATRIX
c

CALL LCSTIF(STIFl,DRVTS,DMTRX,FNC,DNRM,BSAVE,X,Y,Z,WRK,NGS,NDINM,

+ NDIM3,NLST,0,NX,NY, NZ,0,AJAC)
c
of

RETURN

END

C******tt**t*i******i*tt*tti*t*i*!t******t****tt*t*‘*t***tttt'********i*

SUBROUTINE BMTRX1(X,Y¥,Z,XX,YY,2Z,BMTRX,NDIM,NX,NY,NZ,NGS,WRK,

+ VWRK,AJAC, IGEN)
ol R R e e s e R 2 2 2 e Y

CALCULATE THE B-MATRIX BY USING GAUSS-LEGENDRE QUADRATURE FORMULA.

X oo ARRAY OF GLOBAL NODAL COORDINATES IN X.

c

c

c

C

c Y ...... ARRAY OF GLOBAL NODAL COORDINATES IN Y.

C 2 ...... ARRAY OF GLOBAL NODAL COORDINATES IN 7.

[ XX ...... ARRAY OF NORMAL {natural) NODAL COORDINATES IN XX.

C Y ..... . ARRAY OF NORMAL (natural) NODAL COORDINATES IN YY.

C ZZ ...... ARRAY OF NORMAL (natural) NODAL CCOORDINATES IN ZZ.

C BMTRX ...... ARRAY OF DIMENSION (3#NPE x 3 x NGS), WHICH CONTAINS THE
c EVALUATED B-MATRIX AT EACH GAUSS POINTS; Where

c (NPE ~-- number of nodes per elemeuc)

C NDIM ...... FIRST ROW DIMENSION OF X,Y,Z2,XX,YY,ZZ AND BMTRX IN

C CALLING PROGRAM.

c NX ,..... NUMBER OF NODES ALONG X.

C NY ...... NUMBER OF NODES ALONG Y.

[of NZ ..... . NUMBER OF NODES ALOGN Z.

C NGS ..... . NUMBER QF GAUSS POINTS REQUIRED IN NUMERICAL INTEGRATION.
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C WRE ...... WORKING SPACE OF LENGTH AT LEAST 3*NDIM.

C VWRK ...... WORKING VECTOR OF LENGTH AT LEAST AS SAME AS X, Y, AND Z.
C AJAC ...... ARRAY OF LENGTH NG$ WITH JACOBIAN VALUES AT EACH GAUSS

c POINTS. (i.e. determinent of JACOBIAN matrix)

¢ IGEN ..... . NODAL POINT COORDINATE GENERATIONS INDICATOR

C IGEN = ¢ NORMAL COORDINATES ARE GENERATED;

c IGEN = 1 NORMAL COORDINATES ARE FROM INPUT.
Cuvvnennsnnnnnnns e s s ereasteat et it e ettt e e s tanentrses s e
C

C SUBROUTINES CALLED :

c

c DERVTS ---- CALCULATE DERIVATIVES.

c JACOBN --—-- CALCULATE INVERSE OF JACOBIAN MATRIX, AND
c VALUE OF JACOBIAN.

C NCOORD --—- GENERATE A SET NORMAL NODAL COORDINATES.
c NUMINT -——- PERFORM THE NUMERICAL INTEGRATIONS.

c

C

C

IMPLICIT REAL*8 (A-H,0-Z)

PIMENSION X({NDIM),Y(NDIM),Z(NDIM),XX(NDIM},YY(NDIM),22(NDINM),
+ BMTRX(NDIM,3,10),VWRK{NDIM) WRK(1),6AJAC(10},
pVX(3,10),pvY(3,10),DvZ(3,10},DFUNC(3},AJACB(3,3),
+ XINT1(10),XINT2(10),XINT3{10),DVXX(10),DVY¥Y(10),DVZZ(10)

+

NPE=8+4#* ( NX+NY¥+N2Z~6)
IWRK1=0
IWRK2=IWRK1+NDIM
IWRK3=IWRK2+NDIN
o
C INITIALIZE XX, YY, 2Z, VWRK, WRK AND BMTRX.
c
DO 2 I=1,NDIM
DO 1 J-l'3
DO 1 K=l1,NGS
BMTRX(I,J,K)=0.0
1 CONTINUE
IK1=IWREK1+1I
IRK2=IWRKZ+I
IRK3=IWRK3+I
IF(IGEN.EQ.0) THEN
XL(I)=0.0
YY(I}=0.0
ZZ({I)=0.0
ENDIF
WRK(IK1)=X(I)
WRK(IK2)=Y(1}
WRK(IK3)}=Z(1I)
VWRK(I)=0.0
2 CONTINUE
DO 3 I=1,3
DO 3 J=1,NGS
DVX(I,J)=0.0
DVY(I,J}=0.0
DVZ(I,J}=0.0
3 CONTINUE
C
C GENERATE NODAL COORDINATES IN NORMAL (NATURAL)} COOQORDINATES
€ IF IT IS REQUIRED.
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IF(IGEN.EQ.0) CALL NCOORD(XX,YY,22,NX,NY,NZ, NDIM)

CALCULATE THE NORMALIZED INTERPOLATICN FUNCTIONS (I.F.) AND THE
CORRESPONDING DERIVATIVES
dF /dXX=85um{dF{i)/dXX}, i=l1,NPE; etc....
where
F(i)=Fi(XX)*Fi(YY)*Fi(22), i.e.
dF (i) /dXX=Fi (YY) *Fi(Z22)*{dFi(XX}/dXX) etc.....

anNaNnOoOnNna o

DO 4 IPE=]l,NPE t{EBvaluations node by node

TRAS1=1.0

TRAS2=1.0

TRAS3=1.0

IPTX=(Q

IPTY=(

IPTZ={

0O IXYZ=1,NPE

X{IXYZ2)=0.

Y(IXYZ)=0.

Z(IXYZ)=0.

END DO

DO 5 INOQOD=1,NPE

IF(INOD.EQ.IPE) GO TO 5 tonly choose i .ne. j the term
C
€ EVALUATE NORMALIZATION FACTORS AND CHOQSE APPROPRIATE NODAL POINTS.
C

IF(YY{INCD).EQ.YY(IPE).AND.Z2(INOD).EQ.ZZ{IPE)) THEN

IPTX=IPTX+1 !Interpolation function along XX
TERM1=XX{IPE)-XX(INOD) 'Normalization factor in XX
TRAS1=TRAS1*TERMl

X(IPTX)=XX{INOD} {XX-points of interpeclation func
ENDIF

IF(XX{INOD).EQ.XX(IPE).AND.ZZ{INOD}.EQ.ZZ2(IPE)} THEN
IPTY=IPTY+1l !Interpolation function aleng YY
TERM2=YY{IPE)-YY(INOD) INormalization factor in YY
TRASZ=TRASZ2*TERM2

Y{IPTY)=YY{INOD} I¥Y¥-points of interpolation func
ENDIF

IF(XX(INOD).EQ.XX(IPE).AND.YY(INOD).EQ.YY(IPE)) THEN
IPTZ=IPTZ+1 !Interpolation function along 32
TERM3=ZZ(IPE)-ZZ(INOD) INormalization factor in I3
TRAS3=TRAS3*TERM3

Z(IPTZ)=22Z(INOD} {22-points of interpolation func
ENDIF )

5 CONTINUE

c .
C PERFORM NUMERICAL INTEGRATIONS WITHOUT WEIGHTS (1WG=0)
c

CALL NUMINT(X,NDIM,IPTX,NGS,XINTL,0)

CALL NUMINT(Y,NDIM,IPTY,NGS,XINT2,0)

CALL NUMINT(Z,NDIM, IPTZ,NGS,XINT3,0)

DNRM=TRASL*TRAS2*TRAS3

c

C CALCULATE DERIVATIVES ABOUT X, Y, AND Z.

c
CALL DERVTS(DVXX,X,NDIM,IPTX,VWRK,NGS)
CALL DERVTS(DVYY,Y, NDIM,IPTY,VWRK,NGS)
CALL DERVTS(DVZZ,Z,NDIM,IPTZ,VWRK,NGS)

c

A-41



C Saving the evaluated values

c
IKl=IWRK1+IPE
IK2=IWRK2+IPE
IRK3=IWRK3+IPE
DO 10 IGS=1,NGS
XINT23=XINT2{IGS)*XINT3{IG3)
XINT13=sXINT1{IGS)*XINT3(IGS)
XINT12=XINTL(IGS)*XINT2(IGS)
XXDV=DVXX{IGS )} *XINT23/DNRM
YYDV=DVYY({IGS)*XINT13/DNRM
ZZDV=DVZZ{IGS)*XINT12,/DNRM
BMTRX(IPE,1l,IGS)=XXDV
BMTRX(IPE,2,IG5)=YYDV
BMTRX(IPE,3,IGS)=22DV

C Calculate dX(XX,YY,ZZ)/dXX=Sum(X(i)*dF(i)/dXX), i=1,NPE

C for each GAUSS point

c
DVX(1,IGS)=DVX(1l,IGS)+WRK(IK1}*XXDV
DVX(2,IGS)=DVX(2,IGS)+WRK({IK1)}*YYDV
DVX(3,1GS)=DVX(3,IGS)+WRK(1IK]l}*ZZDV
DVY(1l,IGS)=DVY(1l,IGS)+WRK(IK2)*XXDV
DVY(2,IGS)=DVY(2,IG5)+WRK(IK2)*YYDV
DVY(3,IGS)=DVY(3,IGS)+WRK(IK2)*Z2DV
DVZ(1,IGS)=DVZ(1,IGS)+WRK(IK3)*XXDV
DVZ(2,IGS )=mDVZ(2,IGS)+WRK(IK3)*YYDV
DVZ(3,IGS}=DVZ{3,IGS)+WRK(IK3)*ZZDV

10 CONTINUE
4 CONTINUE

at each GAUSS points.

aoon

NXYZ=6

DO 11 IGS=1,NGS
DO 12 IJB=1,3
DVXX{IJB)=DVX(IJB,IGS)
DVYY(IJB)=DVY{IJB,IGS3)
DVZZ{IJB)=DVZ(IJB,IGS)

12 CONTINUE
CALL JACOBN(DVXX,DVYY,DVZZ,AJAC1,AJACB,NXYZ)
AJAC(IGS)=AJACL

i.e. {dF(i)/dX(i)}=[{AJACB]*{dF(i}/dXX(i)]}, where
X(i) ..... Global coordinates;
XxX{(i) ..... Natural coordinates;
i ..... the nodal numbers

[sNsReNeNeNeNe!

etc.....

Evaluate the inverse of JACOBIAN-Matrix and determinant of Jacobian

Form B-matrix at each GAUSS point in terms of X, ¥, and Z values,

DO 6 IPE=l,NPE {Evaluate it node by node.

DO 7 IDR=1,3

DFUNC(IDR)=0.0

DO 8 IDC=1,3

DFUNC{ IDR)=DFUNC(IDK)+AJACB(IDR,IDC)*BMTRX(IPE,IDC,IGS)
8 CONTINUE
7 CONTINUE

BMTRX{IPE,l,1GS)=DFUNC(1)

BMTRX{IPE,2,IGS}=DFUNC(2)

BMTRX(IPE,3,IGS)=DFUNC(3)
6 CONTINUE
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11 CONTINUE

¢
(o4
RETURN
END
[od DECO0001
C*******#*********i**t******tt*t*t********t****t**tt*********ﬁktk*****i*DECOOOOZ
SUBROUTINE DECOMP{SAVE,A,NROW,NDIM,ISYM) DEC00Q03
c****ttw*’*t*ttc*t***w**w**a:*******wr**w*****w*****wt*ﬁ***w*t*w******w*pgcgQ(}gq
c DECOOCOS
C A DOUBLE PRECISION CODE WHICH PERFORMS THE LU-DECOMPOSITION QF THE DECOGQ06
C SQUARE MATRIX [Al; [Al=[(L}*{U]. tF [A] IS SYMTRIC MATRIX {(i.e.ISYM=~1)DEC0O0CO7
¢ THEN THE SYMTRIC MATRIX DECOMPOSITION IS PERFCRMED; [A]=Trans{L]+*{L].DEC00008
[of DECQ0QQ9
[o DEC0OQL0
c A ..... DECOMPOSED MATRIX A=LU. DEC00011
C SAVE....... INPUT MATRIX TO BE DECOMPOSED. THIS MATRIX REMAINS INTACT DECOO0LllA
c UPON RETURN DECOCL1B
C NROW ..... ROW DIMENSION OF MATRIX [Al. DEC00012
C NDIM ..... INITIAL DIMENSION OF MATRIX [A]. DEC00013
¢ ISYM ..... SYMETRIC INDICATOR; ISYM=Q ... NONSYM. BUT POSITIVE. DEC00014
c ISYMwl ... SYMMET. AND POSITIVE. DECG0Q1S
C ISYM=3 ... NONSYM. AND NCNPOSIT. DECO00QLS6
C DECO001l7
(o DECO00018
IMPLICIT REAL*8 (A-H,0-2) DEC00019
DIMENSION A(NDIM,NDIM),SAVE(NDIM, NDIM) DEC00020
c DEC0C021
C SAVE CORIGINAL MATRIX BEFORE DECOMPOSITION DECC021a
c DECG021B
DO 6 I=1,NROW DECCO021C
DO 6 J=1,NROW DECOQ21LC
6 A(I,J)=SAVE(I,J) DECOGZLE
c DECCO21F
C START DECOMPOSITION. DEC00022
[of DECQ0023
PO 1 IELE=l,NROW DEC00024
c DECCQ02E
C DETERMINE ELEMENT OF [L]. DEC00026
c : DECC0027
DO 2 IROWmIELE,NROW DEC00028
CSUM=aQ. DECGO002¢
IF{IELE.EQ.1) GO TO 997 DECC003¢
DO 3 ISUMml,IELE-l DEC00031
CSUMSCSUM+A{ IROW, ISUM) *A{ ISUN, IELE) DECON032
3 CONTINUE DECU0003:Z
997 A(IROW,IELE)=A(IRCW,IELE)-CSUM DECU0034
AA=A(IELE,IELE) DECC00 3¢S
IF{ISYM.LT.3.AND.AA.LT.1.D=-10) GO TO 998 ICHECK POSIT. AND SYM.DECOO00Q3€
IF(DABS{AA) . LT.1.D-10Q) GO TO 998 ICHECK IF PIVQT = 0. DECQO037
IF{ISYM.EQ.l} THEN DEC0003E
IF{IROW.Ly.IELE) THENW DEC0003¢
A{IELE,IELE)=DSQRT(AA) DEC0004¢(
ELSE DEC00041
A{IROW,IELE)=A(IROW,IELE)/A(IELE,IELE) DECQ004zZ
ENDIF DECO004:
ENDIF DEC0004¢
2 CONTINUE DECDO004S
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Cc
c
c

DETERMINE ELEMENTS OF [U]

IF(IELE.EQ.NROW) GO TO 1

DO 4 JCOL=IELE+l,NRCW

RSUM=(Q.0

IF(ISYM.EQ.l) GO TO 995

IF(IELE.EQ.l) GO TO 996

DO 5 ISUM=]1,IELE-l

RSUM=RSUM+A(IELE, ISUM)*A(ISUM,JCOL)
S CONTINUE

996 A(IELE,JCOL)=(A(IELE,JCOL)~RSUM)/A(IELE,IELE)

GO TO 4

995 A(IELE,JCOL}=A(JCOL, IELE)

c

4 CONTINUE
1 CONTINUE

RETURN
998 CONTINUE
IF(AA,.LT.0.) THEN
PRINT 1000, IRCW, AA
ELSE
PRINT 1001, IROW
ENDIF
1000 FORMAT(/,’ *%+* ERROR
e ’

* ’ PIVOTING VALUE =’, D1G.4./)
1001 FORMAT(/,’ **%* ERROR : MATRIX IS NEARLY SINGULAR
+ ' EQUATION NUMBER ’,I10./)
STCP
END

MATRIX IS NON-POSITIVE DEFINITE ...’
EQUATION NUMBER ', I10,/,

"/

ey

DECO004E
DEC00047
DEC00048
DEC00G049
DEC00050
DECU000S!1
DEC00052
DEC00053
DEC000S4
DEC0QQ5SE
DECOO00SE
DEC00057
DECDOOSE
DECOQO0SE
DECOGO6C
DEC00061
DEC00062
DEC0006:
DEC0006¢
DECQ006¢E
DECQ006¢
DEC0006°
DECO006E
DECO006¢
DECQ007¢
DEC0007:
DEC0007:
DEC0007:
DEC0007:¢
DEC0007¢
DEC0OQQ7¢
DER0OO00:

RN A RN RN NN R A N AR AR AR AR R AN T AR A RR AR RN IR AR ARSI R AR N AR A ANAARNYOERITTC)

SUBROUTINE DERVTS(DVXI,XX,NDIM,NPT,WRK,NGS,NWRK,ICOL)
o 2 R R T L R R R T R s} - L o o

c

aooaoaoaaoooannNnanannann

nnN

CALCULATE THE DERIVATIVE (Numerically) OF INTERPOLATION FUNCTIONS X
BY USING GAUSS~LEGENDRE QUADRATURE FORMULA.
DVXI ...... ARRAY OF LENGTH NGS, THE DERIVATIVES OF THE
INTERPOLATION FUNCTION AT EACH GAUSS POQINTS.

XX ...... ARRAY OF INITIAL LENGTH NDIM, CONTAINS THE NODAL
COORDINATES IN THE INTERPCLATION FUNCTION (i.e.
normal coordinate system).

NDIM ...... INITIAL DIMENSION OF ARRAY X.

NPT ...... ACTUAL LENGTH OF ARRAY X.

WRK ...... WORKING SPACE WITH DIMENSION NWRK X NWRK.
NGS ...... NUMBER OF GAUSS POINTS QUIRED.
NWRK ...... INITIAL DIMENSION OF MATRIX WRK.

ICOL ...... I~TH COLUMN, WHICH WILL BE USED AS A WORKING SPACE.

SUBRQUTINES CALLED :

NUMINT --=-=- A NUMERICAL INTERATION ROUTINE.

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION XX(NDIM),WRK({NWRK,NWRK),DVXI(10),DVXJ3(10Q)

INITINALIZE WRK
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DERQOOOQ!
DERQOOQ!
DEROO0GO"
DEROQQQ:
DERCQOO’
DEROOQL
DERGOOQL.
DEROOQL.
DEROCOL.
DEROQOL
DERQQO1
DEROCOL
DEROOO1
DERCQOL
DEROCOL
DERO0QQ2
DERQQO2
DERCOQO2
DERGQ02Z
DERQOQO2
DERQQOO2
DERQ0G2
DERO0O2
DER0QOC2
DER00OQ2



NAMOAOOON

c

nnnNnaaaannan

aan

andc

DERQ0Q30

DO 1 I=1,NPT DER00Q31
WRK(I,ICOL)=XX(I) DER0OGO32

1 CONTINUE DER0GQ33
DO 2 1I=1,10 DEROOO34
DVXI(I})=0.0 tInitialize dFi{XX)/dxX, DERQ0035

2 CONTINUE DER(GQQ36
DER0QQ37

Fi{xx)=(XX-XX(1) I *{XX-XX(2))*. ... . *(RKX=XX(i=1) ) *(XX-XX(i+1))*....DERGOC38
hence : DER0OOQ3S
dFi(XX)/dXX=Sun{dFij(XX)/dXX],ij=1,NPT; DER00040
there DERQOQ41
dFij(XX)/dXX=(XX~XX(1) ) *(XX-XX(2))*...... *(XX-XX(j=-1))*(XX-XX(j+1)*DERCOO42
...... P XX-XX{i-1) )" {XX-XX(i+1) > ..., DERCQ043

DER0GOQ44

DO 3 ITERM=1l NPT {Calculate dFiy(XX)/dXx. DER0OC0O45

IPT=0 DER0OG46

DC 4 IX=1,NPT !Choose proper XX-points. BER0QO047
IF{IX.EQ.ITERM) GO TD 4 18kip XX(i) and xX{j). DER0OQ048
IPT=IPT+1 DERO0Q4S
XX{IPT)=WRK(1IX,ICOL) DEROOO50

4 CONTINUE DEROO0QS1
CALL NUMINT{XX,NDIN,IPT,NGS,DVXJ,0) DERQQO52

DO 5 IG=1,NGS DEROO0O0S3
DVXI(IG)=DVXI(IG)}+DVXJI{IG) tSum of dFij(XX)/dXX in j. DERGO0S4

5 CONTINUE DEROOOSS
3 CONTINUE DER00Q56
DER000QS7T

DER0O0QS9

RETURN DERCOO60

END DERCOQ&L
FOROQO0QL
Cﬁ&i***ir'h**#***#*ﬁ***t*tt****w*tt*i*******tt*##*t*#****t******k********tFORQUOQZ
SUBROUTINE PORMVK(VWRK,VWK) FORCOQ03
A A A A AR TR AN AN T A AN XA TR R AT RRRNARNRRRA TN AANAAR N AN R AA SR rewwwr wrwexy FORO0CO 4
FOR00COS

FORM AN APPROPERIATE B-MTRIX FOR INTERPOLATION FUNCTION # INOD. FOROOQCQ6
FORO00OQ7

VWREK ...... A SUB-MATRIX QF B-MATRIX FOR NODAL NUMBER (INOD) WITH FORQCO0O0S8
DIMENSION 6 x 3. FOROCCQS

VWK ...... AN ARRAY OF LENGTH 3, WHICH CONTAINS THE DERIVATIVES OFFORQ0010
THE INTERPOLATION FUNCTIONS WITH RESPECT TO X, ¥, AND ZFQRO0CQI1

IN GLOBAL COCRDINATE SYSTEM. FORQOG12

FOROGO013

FOROGOL14

IMPLICIT REAL*8 (A-H,0-Z)} FOROQO1S
DIMENSION VWRK(&,3),VWK{3) FORO0OL1S
FOROQQ17

INITIALIZE MATRIX VWRK. FORQOQ18
FOR00O019

DC 1 IVR=l,6 FOR00020

DO 1 JVE=l,3 FORQQ021

1 VWRK(IVK,JVK)={.0 FORCQQ22
FOR0OQ023

FORM VWRK SUB-MATRIX. FOR0Q024
FOR000ZS

VWRK(1,1)}=VWK(1) FORCQ026
VWRK(2,2)=VWK(2]) FOR(CO0027
VWRK(3,3)=UVWK(3) FORG0028
VWRK(4,1)»VWRK(2,2) FOR00Q029
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VWRK(4,2)=VWRK{1,1) FORC0030

VWRK(5,1)=VWRK(3,3) FOR00031

VWRK({5,3)=VWRK(I, 1)} FORCOQ032

VWRK(6,2)=VWRK{3,3) FORGQ033
(2,2)

VWRK (6,3 )=VWRK FOROQ034
¢ FOR(Q0035
C FINISH FOR0Q036
[od FOR00037

RETURN FOR00038

END FCORO0039
c GCo0g001
CRhdd R ARk RN Ak AN IR H AR RN N R R NA R TR Rk a e dkhr b MR R ek Xk k ek kh ek x ¥GCO00002

SUBRCUTINE GCOGCRD(X,Y,Z,NX,NY,NZ,NDIM,NLST) GCROGo03
c******t*ti**’ht***t********ttiii**#ﬂ*******t**tiﬁt-ﬁi**ii*iit***t**ﬁ*t*t*Gcoooeo4
Lof GCO0C00S
C GENERATE A SET OF NODAL COQORDINATES, WHICH ARE NOT ON THE ELEMENT GCO00006
C EDGES, IN GLOBAL COORDINATES SYSTEM IN ORDER TO FORM A LAGRANGIAN GCOo0C007
C ELEMENTS FROM THE GIVEN SERENDIPITY ELEMENTS. GCo00Qos8
[of GLo00009
c GCO00010
c X,¥,2 «..... NODAL COOQRDINATES IN X, Y, AND Z-DIRECTIONS. AS INPUT GCOOQQ1l
c THEY MUST CONTAIN THE COORDINATES OF THE NODES WHICH GC000012
c ARE ON THE EDGES IN PROPER SEQUENCE. GCo00013
C NX,NY,NZ ...... NUMBER OF NODES IN X, ¥, AND 2-DIRECTIONS. GCDOC014
c NDIM ..... . INITIAL DIMENSION OF X, ¥, AND Z VECTORS. GCO0001s
c NLST ...... LOCAL NODAL NUMBER LISTING. GCogaols
c GC000017
c GCogaols

INPLICIT REAL*8 (A-H,0-2) GCog0019

DIMENSION X(NDIM),Y(NDINM),Z(NDIM),NLST{NDIM} GCogoo2e
c G£000021

NPElw8+4* { NX+NY+NZ-6) I{NUMBER OF ELEMENTS ON EDGESGC000022

IPT1=NPEl+1l GCogC023

NNX=NX GCOo00024

NNY=NY GCoaeo02s

NNZ=NZ GCoaa02s

IF{NNX.LE.Q) NNX=1 GCoea0zy

IF(NNY.LE.Q) NNY=1 GCoao028

IF(NNZ.LE.0Q) NNZ=l GCR00029
(o4 GCoa003¢
C GENERATE NODES GCo00031
C GCcoQo32

NZl=w2*{NX+NY-2) GCOo00033

NZ2=NZ1+4*(NZ-2) GCo009034

RATIO=1. /DFLOAT(NZ-1) GCo00035

DO 1 IZ=1,NZ GCO00Q36

IZ1=NZ1l+4*(1I2~2) {STARTING POINT GCo0g037

IF(IZ.EQ.1) IZ1l=NX GCoo0D3s

IF(IZ.EQ.NZ) IZ1=IZ1+NX GCoo0Q39

DX0=Q. GCC00040

DYQ=Q. GCo00041

DZ0={. GCo00042

DX1l=ag. GCO00Q43

DY1l=0, GCo00044

DZ1=0. GCO00045

IF(IZ.GT.1.AND.IZ.LT,NZ) THEN GCo00046

DXO0=(X(IZ1+3)=X(2X21+1))*RATIO GCo00047

DX1=(X(121+4)-X(I21+2))*RATIO GCoo0048

DYOm({Y(1Z1+3)-Y(IZ1+1))2*RATIO GC000049

DY1=({Y(IZ1+4)=-Y(IZ1+2))*RATIO GCO0005¢
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DZ0={2(IZ1+3)-Z(IZ1+1))*RATIO
DZ1w=(Z(IZ1+4)~Z2(IZ1+2))*RATIO
ENDIF

ITY1=IZ1+1

IEY1l=ITY1l+l

DO 2 Iy=1,NNY

IP({IZ.EQ.1.0R.IZ.EQ.NZ).AND.IY.EQ.NNY} GO TO 2
IF((IZ.EQ.1.0R.IZ.EQ.NZ).AND.IY.EQ.l) GO TO 2

IF(IY.EQ.1.OR.IY.EQ.NY} THEN
IF(IY.EQ.1l) ITY=IZ1+l
IF(IY.EQ.NY) ITY=IZ1l+3
IEY=ITY+1

X0=X({ITY)

YO0=Y{ITY)

Z0=Z(ITY)

X1l=X(IEY)

¥Yi=¥Y(IEY)

Z1=Z(1EY)

ELSE
X0=X(ITY1)+DFLOAT(IY-1)*DX0
YO0=Y(ITY1)+DOFLOAT(IY-1)*DYO
Z0=Z(ITY1)+DFLOAT(IY-1)*D20
X1=X({IEY1l)+DFLOAT(1Y-1)*DX1
Yl=Y{IEY1)+DFLOAT{IY-1)*DYl
Z1=Z(IEY1l)+DFLOAT(IY-1)*DZ1
IF(IZ.EQ.1.0R.IZ.EQ.NZ) THEN
ITY1=IEYL+1

IEYlwITY1l+1

ENDIF

ENDIF

X2=X0

X3mx1l
DX=(X1-X0)/DFLOAT(NNX-1)
DY=({¥Y1-Y0)/DFLOAT{NNY-1l)
DZ=(Z1-%20) /DFLOAT(NNZ-1)

IF{IZ.EQ.1.OR.IZ.EQ.NZ) GO TO 89

IF{IY¥.GT.l.AND.IY.LT.NY) THEN
X2=X2-DX
X3=X3+DX
ENDIF
89 CONTINUE
DQ 3 IX=1l,NNX
DDX1=X0-X2
DDX2=X0-X3

IF(DABS{DDX1).LE.1.D~8,0R.DABS{DDX2).LE.1.D-8) GC TO 9

X{IPT1)=X0
Y{IPT1l)=Y0
Z(IPT1)=zZ0
IPTI=IPTl+l
9 X0=X0+DX
YO0=Y0+DY
Z0=Z0+DZ
CONTINUE
CONTINUE
CONTINUE

[ S N VY]

RETURN
END
(of

GCo00051
GC00005Z
GCo0005:2
GC000054
GC00005E
Geo000se
GCo00057
GCO0005E
GCoQ005¢
GCOO006¢
GCO00Q06!l
GCO00062
GCO0006:
GC00006¢
GCC00068
GCCO006¢
GCo0006°
GCRO006E
GC0O006¢
GCo0007¢
GCO0007.
GCOQ007:
GCO0007:
GCOo0007:
GCO0007:
GCO00Q7¢
GCo0007"
GCOQ007!
GC00007¢
GCoooo08ts
GC00008:
GCoGo08
Geo0008
GCoooo0s
GCo0008
GCC0008:
GCo0008
Geeooos
GCooo08:
GCo0008
GCo0009
GCo009Q9
GCO0009
GCO0009
GCOo0009
GCO0009
GC00009
GCo0009
GCo0009
GCo00190
GCOoC010
GCo0010
GCo0010
GCoool10
GCoool0
GCo0010
GCO0010
GCo001l0
JACQ0Q0

c**'*ii*tttiitt*ttt***ﬁ***tt*t*!*t**t*it**i********ﬁ*ttﬁﬁi**t**t**"**#*sﬂcoooﬂ
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SUBROUTINE JACOBN{DX,DY,DZ,AJAC,AJACB,NXYZ)

JAC00003

c**i****************ﬁ******ttt**ﬁ***ﬁ**t**ﬂ**ﬁ*i’*i*t**ﬁ**i********'it'itJAcoooo4

PROGRAM TO EVALUATE THE JACOBRIAN - MATRIX AND ITS DETERMINANT.

BX ...... DERIVATIVES WITH RESPECT TO X, DIMENSION 3.
BY ...... DERIVATIVES WItTH RESPECT TOQ ¥, DIMENSION 3.

bz ...... DERIVATIVES WITH RESPECT TO Z, DIMENSION 3.
AJAC ...... DETERMINANT OF JACOBIAN MATRIX
AJACB ...... THE INVERSE JACOBIAN MATRIX.
NX¥Z ...... THE INITIAL DIMENSION OF ARRAYS DX, DY, AND DZ.

JACD000S
JAC00006
JACUQ0Q7
JACO0C0O08
JACQQO009
JACO(0010
JACQCO0I1
Jacogoliz
Jacoggli
JAC00014
JACCQ015

anoonnanonnnan

C
c

anan

c

IMPLICIT REAL*8 (A-H,0-2)
DIMENSION DX(NXYZ),DY(NXYZ),DZ(NXYZ)},AJACB(3,3)

Evaluate the determinant of JACOBIAN - matrix.

AJAC=DX(3)*(DY(1l}*DZ(2)-D¥(2}*DZ(1))-(DY{3)*(DX(1)*DZ{2)~
+ DX(2)*DZ(1)))+DZ(3)*(DX(1}*DY(2)~DX(2)*DY(1))

Evaluate the inverse of JACOBIAN - matrix.

AJACB(L1,l)=(DY(2}*DZ(3)-DY(3)*DZ(2))/AJAC
AJACB(1,2)=(D¥(3)}*DT(1)=-DY(1)}*DZ(3))/AJAC
AJACB(1,3)=(DY¥(1)*DZ(2)-DY¥(2)*DZ(1))/AJAC
AJACB(2,1)=(DX(3)*DZ(2)-DX(2)*DZ(3))/AJAC
AJACB(2,2)={(DX(1)}*DZ(3)~DX(3)*DZ(1})/AJAC

AJACB(2,3)={DX(2)*DZ(1)-DX{1)*DZ{2})/AJAC
AJACB(3,1)=(DX(2}*DY¥Y(3)-DX(3)*DY(2})/AJAC
AJACB(3,2)=(DX(3}*DY(1)-DX(1)*D¥{3))/AJAC
AJACB(3,3)={DX(1)*D¥(2)-DX(2)*DY¥(1))/AJAC
RETURN

END

JACC0016
JACG0017
JACO0O018
JACO00019
JAC0CQ20
JACD0021
JAC00022
JACQ0023
JACD0024
JAC00025
JACQ0026
JAC00027
JacQg00zs
JAC00029
JAC0C030
JACQ0031
JAC00032
JAC00033
JACO0034
JaAC0003s
JACOQ036
JACD0037
JAaC00038
LCNOQOQL

R R R R N R R AT AN AR AR AT AT R R RN ANAT T E T AR RRNRI N AN AN TR e A ww e rwrvr e * LONOOO02

SUBROUTINE LCNODE({NLST,NX,NY,NZ,NDIM)

LCNOOO0O3

CRA AR AR T AR AR AR R R AR RN ARAAARAERR AN RRRBRAR RN AR AT AR R wen AT ww e e rnrwr* v LONOHO0Y

anoaoaoaaanon

naan

THIS SUBROUTINE GENERATES A NODAL NUMBER LIST OF A LAGURANGIAN
ELEMENT SUCE THAT THE FIRST "NSE" NUMBERS ARE IN THE SEQUENCE OF A
SERENDIPITY ELEMENT AND FOLLOWED BY THE "OFF EDGE" NODAL NUMBERS.

NLST ...... ARRAY; AFTER RETURN IT CONTAINS THE RESULT.
NX,NY,NZ ...... NUMBER OF NODES ALONG X, Y, AND Z DIRECTION,
NDIM ...... INITIAL DIMENSION OF ARRAY NLST.

IMPLICIT REAL*8 (A-H,0-2)
DIMENSION NLST{NDIM)

NSE=8+4* (NX+NY+NZ-6)
NLE=sNX*NY*N2Z

INITIALIZE NLST
DO 1 I=1,NDIN

A-43

LCNQQOQQS
LCNQOO00S
LCNG0007
LCN0QO0O8
LCNOOO00S
LCNQOOLO
LCNOOOLL
LCNQOOLlZ
LCNQOQL3
LCNOQOL14
LCNQOQLS
LCNQOQLS
LCNQOOL?T
LCNOOC18
LCNQGQ19
LCNOOQ20
LCNOQO21
LCroQo22
LCN00023
LCNO0024



1 NLST(I)}=0 LCNOQOZE

c LCNOQQ2€
C NUMBERING START LCNGGO27T
of LCNQOQ2E
C 1. FACE AT IZ=sl, AND IZ=NZ : LCNOOOQ2¢
C LCNOOO3C
IzZ1l=0 LCNQOO3I
INCDl=l LCNOOQ3Z
IZN=NSE-2*(NX+NY-2) LCNOOQ3:
INODZ=sNLE~-NX*NY+1 LCNOOO03¢
ISEl=NSE i LCNOOO3E
ISEZ=INODZ+2*{NX+NY-2)~-1 LCNQDO3¢

DO 2 I¥=l,NY LCNOOQO3”

DO 3 IX=1,NX LCNOQO3{
IF({IY.GT.1.AND.IY.LT.NY) .AND.(IX.GT,l.AND.IX.LT.NX)) GC TO 900 LCNOOQ3¢
IZ1=121+1 LCNOQQ4(
IZN=IZN+1 LCNOQO4:
NLST(I21)=1INOD1 LCNOQO 4.
NLST(IZN)=INOD2Z LCNQQOO4!

GO TO 901 LCNCOQ 4.

900 ISEl=ISEl+l LCNGQO4:
ISEZ=1SEZ+1 LCNCO04¢
NLST(ISEl)=INODL LCNO004”
NLST(ISEZ )=INCDZ LCNCOOO04:

901 INOD1=INCDL+l LCNOQO4:
INODZ=INQDZ+1 LCNOQOOS

3 CONTINUE LCNQOQOS.

2 CONTINUE LCNOQOQS
IF(NZ.LE.2Z) RETURN LCNOOQS

DO 4 IZ=2,NZ-1 LCNOQOS

DO 5 I¥=l,NY LCNDQOS

DO 6 IX=1,NX LCNOOQQS
IF(IY.GT.1.AND.IY.LT.NY) GO TC 902 LCNQOQS
IF(IX.GT.1.AND.IX.LT.NX) GO TO 902 LCNOQOQS
IZ1=121+1 LCNQOCS
NLST(IZ1)=INOD] LCN0O0O6

GO T0O 903 LCNOOOGS

902 1ISEleISEl+l LCNOGG6
NLST{ISELl)=INODL LCNOOOS6

903 INODI=INOD1+1 LCNOOGS

6 CONTINUE LCNQQQ5

5 CONTINUE LCNOOQS

4 CONTINUE LCNOGO6

C LCNCQQ6
RETURN LCNOOOS

END LCNOOQ7

C LCS00G0

b R R R T L S R R T XS Ned-Ao L o]
SUBROUTINE LCSTIF(STIFl,DRVTS,DMTRX,FNC,DNRM,BSAVE,X,¥Y,Z,WRK,NGS,LC50000

* NDIM,NDIN3,NLST, IRED,NX,NY,N2,ITAPE,AJAC) LCSGCao0
ot 22 T T R T P LR S L S R TR T XS HedLokedols)
c ‘ LCsg0a0
C A DOUBLE PRECISION IN-CORE PROGRAM TO FORM THE LOCAL STIFFNESS MATRIXLCS(0O00O0
C OF COMPLEX CUBIC ELEMENTS. AT THE FIRST, THE STIFFNESS MATRIX IS LCsg00¢C
C FORMED FOR LAGRANGE ELEMENT, AND THEN A REDUCTION IS PERFROMED TO LCSQ000
C REDUCE THE L.G. STIFFNESS MATRIX TO A SERENDIPITY ELEMENT STIFFNESS LCS0001
C MATRIX, (i.e. NODAL POINTS ON THE EDGES OF THE CUBIC ONLY.). LCsS0001
lod LCS0001
o LC50001
c STIFF ...... LOCAL STIFFNESS MATRIX WITH DIMENSION 3#NOD x 3*NOD LCsg001
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DRVTS ...... MATRIX STORAGE WHICH CONTAINS THE DERIVATIVES OF THE

LCS00018

C
c NONLINEAR INTERPOLATION FUNCTION AT EACH GAUSS POINT. LCS00016
o] (i.e. IT HAS DIMENSION NOD x 3 x §; LCS00017
c 3 ~—~ INDICATES DERIVATIVES AT EACH DIRECTION; LCS00018
c § —--- INDICATES THE NUMBER OF GAUSS POINTS. LCS00019
c DMTEX ...... A 6 x 6 MATRIX CONTAINS THE MATERIAL CONSTANT MATRIX. LCS00020
c FNC ...... MATRIX STORAGE WHICH CONTAINS THE VALUES OF THE LCS00021
C NONLINEAR INTERPOLATION FUNCTIONS OBTAINED AT EACH LCs00C22
c GAUSS POINT. IT HAS SAME DIMENSION AS DRVTS. LCs00023
c DNRM ...... MATRIX STORAGE WITH DIMENSION NOD x 3, WHICH CONTAINS LCS00024
c THE VALUES OF THE NORMALIZATION FACTORS. LCS00025
c X,¥,2 ...... ARRAYS OF LENGTH NOD, WHICH CONTAIN THE X, Y, AND 2 LCS00026
c COORDINATES OF NODES IN GLOBAL COORDINATES SYSTEM; LCsS00027
c WHERE NOD=NX*NY#*NZ. LCs00028
c BSAVE ...... STORAGE OF CALCULATED DERIVATIVES OF SHAPE FUNCTIONS LCS00029
c WHICH ARE USED TO FORM THE (B]-MATRIX. LCS000Q30
c WRE ...... A 3*NOD x 3I*NOD WORKING ARRAY FOR WORKING PACE. LCsS00031
c WGHT ...... VECTOR WITH LENGTH 6 CONTAINS THE WEIGHTS FOR EACH LCS00032
c GAUSS POINT. LC500033
c NGS ...... ACTUAL REQUIRED GAUSS POINTS. LCS00034
c NDIM ..... . INITIAL DIMENSION OF X, Y, AND Z. LC500035
c NDIM3 ...... INITIAL DIMENSION CF STIFFNESS MATRIX. LC500036
oy NLST ..... . A LOCAL NODAL NUMBER LIST FOR REDUCING THE LAGRANGIAN LCS00037
[ ELEMENT STIFFNESS MATRIX TO SEREDIPITY ONE PROFERLY. LCS00038
c IRED ...... INDICATOR IF THE CONDENCING PROCEDURE IS REQUIRED; LCs00039
C IRED =~ 0 ... NO CONDENCE; IRED = 1 ... CONDENCE REQ. LCS00040
¢ NX,NY,NZ ...... NUMBER OF NODES ALONG X, Y, AND Z DIRECTION, RESPECT. LCS00041
c ITAPE ...... LOGICAL UNIT NUMBER ON WHICH THE STIFFNESS MATRIX OF LCS00042
(o LAGRANGIAN ELEMENT IS SAVE IF IT IS NECESSERARY. IF LCS00043
c ITAPE = O, NO SAVE IS5 DONE. LC500044
c LCsSQ0045
[of LC500046
(o} LCS0a047
IMPLICIT REAL*8 (A-H,0-2) LCS00048
DIMENSION STIFl(NDIM3,NDIM3),DRVTS(NDIM,3,10),DMTRX(6,6), LCS00049
+ FNC(NDIM, 3,10}, DNRM{NDIM, 3}),BSAVE(NDIN,3),X(NDIN), LCS00050
+ Y(NDIM),Z{NDIM),WRK(NDIM3 , NDIM3),NLST{NDIM},WGHT(10) LCsS00051
[of LCsS00052
NOD=NX*NY*NZ !FIND THE TOTAL NUMBER OF NODES, LCS00053
NOD3=3*NOD LCS00054
NSEmB8+4* ( NX+NY+NZ~6) IFIND # NODES OF SEREN. ELMEMENT.LCS00055
NSE3=3*NSE LCsS00056
c LCS00057
€ OBTAIN THE WEIGHTS CORRESPONDING TO THE REQUIRED NUMBER OF GAUSS L£S00058
C POINTS. LCS00059
c LCS00060
CALL NUMINT(X,NDIM,NX,NGS,WGHT,1l) LCS00061
c LC50Q062
€ OBTAIN THE GLOBAL COORDINATES OF A LAGRANGIAN ELEMENT FROM THE GIVEN LCS00063
C COORDINATES OF THE BOUNDARY NODES. LCS00064
[of LCS00065
CALL GCOORD(X,Y,Z,NX,NY,NZ,NDIM,NLST) LCS00066
o] LCS00Cw
¢ RENUMBING THE GLOBAL COORDINATES CALCULATED FRCM ABQOVE. LCS00068
C L LCS0QuauS
CALL RENUMB(X,Y,Z,NX,NY,NZ,NDIM,0,NLST) LCS00070
¢ LCs00071
€ EVALUATE THE LOCAL STIFFNESS MATRIX IN LAGRANGIAN ELEMENT FORM. LCS0Q072
c LC500073
CALL STIFFl(WRK,DRVTS,DMTRX,FNC,DNRM,STIFl,WGHT,NGS,NOD,NDIM3, LCS00074
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c PUT

(K] = |

NDINX,X,¥,Z,BSAVE,AJAC)

IF(ITAPE.NE.0} WRITE(ITAPE) WRK
IF(IRED.EQ.Q) THEN

Do 1 I=1,n0D3

DO 1 J=1,NOD3
STIFL1(I,J)=WRK(I,J)
STIF1(I,I)=DABS(WRK(I,I))
IF(I.NE.J) STIF1(J,I)=STIFL(I.J)
CONTINUE

ELSE

CONDENCE QUT THE INTERIQR NODES FROM [STIFl] SUCH TEAT AT RETURN

STIFFNESS MATRIX REPRESENTS THE BOUNDARY NCDES ONLY.
T [R11], [K12] T
| {K21], [K22] |

REFORM THE STIFFNESS MATRIX SO THAT THE CONDENSING PROCEDURE CAN BE
DONE CORRECTLY.

CALL REFORM(WRK,STIF1l,NDIM3,NLST,NDIM,NOD)
CALL SWITCH({WRK,STIFl,NDIM3,NOD,NSE,()

-1

FORM A R~H-S MATRIX IN ORDER TO CALCULATE [K22] =*({r21l].

NK22=NOD3~-NSE3

DO 3 I=l,NR22

DO 3 J=1,NSE3
JK21=NK22+J
STIFL(I,J)=WRK(I,JK21)
CONTINUE

-1
CALCULATE [K22] +(K2l].

CALL SOLVEQ(WRK,STIFl,NK22,NDIM3,NSE3,NDIM3,1,0)

CALCULATE [K’'] =» [X1l] - [K12]}*{K22] =»[K2l].

DO 4 I=1,NSE3
IK12=»NK22+X

IK11=IX12

DO 5 J=1,NSE3

SUM=(.0

JK11=NK22+J

DO 6 K-l oNK22
SUMeSUM+WRK{IK12,K)*STIF1(K,J)
CONTINUE
WRK(IK11,JK11)=WRK{IK1ll,JK11})-5UM
IF({DABS{WRK{IK11,JK11)).LT.1.D-~10) WREK{IK1ll,JR11)=0.0
CONTINUE

CONTINUE

[STIF1] BACK IN CORRECT ORDER.
DG 7 I=1,NSE3

A-51

[K'}] = [K11l] - {KlZl*[KZZ]-

LCS0007S
LCsS00076
LCsS00077
LCS00078
LCs00079
Lcs00a80
LCs00081
LCs00081
LCs00082
Lcso0008s
LCS00084
LCsS0008¢
LCSQ008¢€
LCseqQose
LCs0008¢
LC50009C
LCS00091
LCs00092
LCS0002:2
LC500094
LCS0009<
LCS0Q09¢€
LCs00097
LC50009¢
LCs0009¢
LCs0010C
LC500101
LCS0010<
LCs00lo:
LCs0010¢
LCS0010¢
LCS0010¢
LC500107
LCSQQ1L0s
LCSQ010<
LCSCO01l(
LCS001L:
LCS0011:
LCSQ011:
LCSQ011«
LCS001l:
LCS0011¢
LCS0011”
LCs0011¢
LCS0011¢
LCS0012¢
LCcsg0l2:
LCsQ0012:
LCS0012!
LCso012.
LCS0012:
LCso012¢
LC50012°
LCS0012:
LCs0012!
LCs0013:
LCs0013
LCsS0013:
LCs0013.
LCS0013-



IKllaNK22+T

DO 8 J=I,NSE3

JRK11l=NE22+J
STIF1{I,J)=WRK(IK11l,JK11)
STIF1{(J,I)=STIFL(I.J)
STIFL1(I,I)=DABS(STIFL(I,1I})

8§ CONTINUE
7 CONTINUE
c
ENDIF
C PROGRAM ENDS
o
RETURN
END
c
C
SUBRQUTINE MPRNT(A,NR,NC,NCOL,NRD,NCD,NOUT)
C==w== PHINT A REAL MATRIX OF. SIZE A{NR,NC)
" REAL*8 A{NRD,NCD)
DO 100 J=1,NC,NCCL
IF(NCOL.EQ.8) JH=J+7
IF(NCOL.EQ.4) JH=J+3
IF(JH=-NC) 75,75,50
S0 JH=NC
75 IF(NCOL.EQ.4) WRITE(NOUT,4000) (N,N=J,JH)
IF(NCOL.EQ.8) WRITE(NOUT,3000) (N,N=J,JH)
DO 100 I=1,NR .
IF({NCOL.EQ.4) WRITE(NOUT,4001} I, (A(I,K),K=J,6 JH}
IF(NCOL.EQ.8) WRITE{NOUT,3001) i, (A(i,K),K=J,JH}
100 cantinue
RETURN

3000 FORMAT(/8X,81I15)
3001 FORMAT(1X,Id4, 3x,8d15.6)
4000 FORMAT(/8X,4I15)
4001 FORMAT(1X,1I4,3X,4D15.6)

c

END

LCS00135
LCsS0Q136
LC500137
LCs00138
LCsS00139
LCS0CL140
LCS500140
LCS00141
LCSG0142
LC50142A
LC508143
LCsS00144
LC500145
LCS00146
MPROOOO1
MPR0O0O0O02
MPRO0CQO3
MPRO0004
MPROQOQE
MPROQOOE
MPROOQOY
MPRO0OOE
MPRO0Q0¢
MPROCOLC
MPROOOL1
MPROCOLZ
MPROOOL:
MPROO0O01+¢
MPROQOLE
MPRQQO1¢
MPROOOL™
MPROO0OLE
MPROOOLS
MPROOQ 2!
MPRO002!
MPRO002!
NCC0000:

c**"'**i**ii*&*****t*iﬁ*ﬁ**ﬂi*ﬁ**iiﬂ**‘.iiﬁﬁﬂii'*Q*‘ﬁ**ﬁi'ﬁ****‘*l’i‘l***Q*NCOUOOO:

SUBROUTINE NCOORD{Xl,Y1l,21,NX,NY,NZ,6NDIM)

NCG0000!

C‘ii"t***ﬁt*it*ﬁ*ﬂ*ﬁt\h*iiﬂt**ittﬁ*ii'i*i*iiti'ii'!ﬁtt*t*'i'!*t!ii‘-**iﬁtucoco00‘

PROGRAM TO GENERATE A SET OF NODAL COORDINATES IN NATURAL (NORMAL)

COORDINATES IN 3-D WITH ALL NODAL POINTS ON THE EDGES ONLX.

X1,¥1,21 ........ ARRAXS OF ELEMENT NODAL COORDINATES (NATURE).
NX,NY,NZ ....... . NUMBERS OF NCDES ALONG Z,X, AND Y DIRECTIONS.
NDIM ........ INITIAL DIMESION OF ARRAXS 21,X1,AND ¥l.

anononOnann

anNnonn

IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION X1(NDIM),Yl{NDIM),Z1(NDIM)

DETERMINE THE INCREMENTS OF X1,Y1,AND 21.
IN NORMAL COORDINATES -l¢» X1,¥1,21 <= 1.
LENGTH OF EACH EDGES = 2.

IF{NX.GT.1) DX1l=2,/DFLOAT(NX-1)

IF{NY.GT.l) DYl=2,/DFLOAT(NY-1)
IF(NZ2.GT.l) DzZl=2./DFLOAT(NZ~-1)

A-5H2

NCO000Q!
NCT0000¢
NCO0000"
NCOO000Q0:
NCoCooogQ!
NCQQ001
NCO00Q1
-==NCOO0C01
NCQQQO1
NCO0001
NCQ00Q1
NCO0O001
NCo0001
NC0QQ01
NCO0001
NCQO0002
NCQQO002
NC0O0002
NCO0002
NCO0002
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CALCULATE Z,X,AND Y VALUES IN THE NATURAL (NORMAL) COCRDINATES

IPT=0
NNZ=aNZ
NNY=NY
NNXaNX
IF(NZ.EQ.0) NNZ=l
IF(NY.EQ.0) NNY=l
IF(NX.EQ.0) NNX=i
START NODAL POINT NUMBERING.
IF(NZ.GE.l) Z20=-1.-DZ1l
DO 1 IZ=]1 NNZ
Z0=2Q0+DZ1
IF(NY.GE.l} Y0w-1.-DY1
DO 2 IVYw=l,NNY
Y0=v0+DY1
IF(NX.GE,1) X0=-1,-DX1
DO 3 IX=1,NNX
IPT=IPT+1
X0=X0+DX1
R1{1PT)=X0
Y1(IPT)wYD
Z1{(IPT)=Z0
CONTINUE
CONTINUE
CONTINUZ

HNW

RETURN
END

fog A2 2 AR AR 2R ARl R A Rad i Rttt il otttz asdls s

SUBROUTINE NUMINT(X,NDIM,NX,NGS,XR,IWG)

fod LA 2 A AR AL AR SRS ARt et a st A i R sl ittt ss iR
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NUMERICAL INTEGRATION BY QAUSS-—-LEGENDRE QUADRATURE FORMULA FOR
INTERPCLATION FUNCTIONS IN NATURAL (NORMAL) COORDINATES ONLY.

X coeinnn ARRAY OF LENGTH NX, WHICH CONTAINS THE NODAL
NDIM ........ INITIAL DIMENSION CF ARRAY X.
NX ........ ACTUAL LENGTH QF ARRAY X.{TOT &% QF NQDES)

NGS ........ NUMBER OF GAUSS POINTS REQUIRED FOR THE INTEGRATIONS.

IT HAS TO BE ONE OF THE FOLLOWING :
NGS = 2, 3, 4, 5, 6,7,8,9,19.

XR ........ ARRAY OF LENGTH NGS, WHICH CONTAIN THE INTEGRATED

VALUES AT EACH GAUSS POINTS.
IWG ........ EVALUATION INDICATOR

IWG = 0 -wwww EVALUATE FUNCTION AT GAUSS POINT ONLY
{i.e. without multiplying the WEIGHTS.

ING = 1 | we=eew TRANSFER THE VALUES OF WEIGHTS INTO
XR.

IWG = 2 cm—ee PERFORM THE NUMERICAL INTEGRATION

COMPLETELY ~ i.e. G~cum{wt{i)F{gs(i))]

IMPLICIT REAL*8 (A-H,0-2)

DIMENSION GS2(2),WT2(2),G83(3),WT3(3),G54(4),WT4(4)
+ GS5(5) ,WTS(5).GS6(6),WT6(6),GS7(T) ,WTT7{7)
+ GS8(8),WT8(8),G59(9),WT9({9),G510(10),

’
¢

NCC00025
NC0Q000Q26
NCO0Q027
NC0OQ0028
NCO0002¢
NCO00030
NCO00Q31
NCO0QQ32
NCO0Q033
NCO0gQ34
NCO00035
NCO0Q036
NC000037
NCO0Q038
NCOCQ039
NCD00040
NCOQ0041
NCO00042
NCO00Q43
NCOCQ044
NCO0Q045
NCO000456
NC0O00047
NCO00048
NCO30049
NC0O0QQ50
NC000051
NCO0Q052
NC000053
NC0O0054
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+ WTl0(10),X(NDIM),XR(10)}
DATA BLCOCKS OF GAUSS POINTS AND CORRESPCONDING WEIGHTS.
1. DATA BLOCK FOR TWO-POINT GAUSS QUADRATURE

DATA GS2,/-0.5773502692, 0.57735026%2/
DATA WT2,/ 1.0000000000, 1.0000000000/

2. DATA BLOCK FOR THREE-POINT GAUSS QUADRATURE

DATA GS3,/-0.7745966692, 0.0000000000, 0.7745966692/
DATA WT3,/ 0.5555555555, 0.8888888889, §.5555535555/

3. DATA BLOCK FOR FOUR~PQINT GAUSS QUADRATURE
DATA GS4/-0.8611363116,-0.3399810435, 0.3399810435,
+ 0.8611363116/ i
DATA WT4,/ 0.3478548451, 0.6521451548, 0.6521451548,
+ 0.3478548451/
4, DATA BLOCK FOR FIVE-POINT GAUSS QUADRATURE

DATA GS5/-0.9061798459,-0.5384693101, 0.0000000000,

+ 0.5384693101, 0.9061798459/
DATA WTS/ 0.2369268850, 0.4786286705, 0.,5688888889,
+ 0.4786286705, 0.2369268850/

5. DATA BLOCK FOR SIX-POINT GAUSS QUACDRATURE
DATA GS6,/-0.9324695142,-0.6612093865,-0.2386191861,

+ 0.2386191861, 0.6612093865, 0.9324695142/
DATA WT6,/ 0.1713244924, 0.3607615730, 0.4679139346,
+ - 0.4679139346, 0.3607615730, 0.1713244924/

6. DATA BLOCK FOR SEVEN-PCINT GAUSS QUADRATURE

DATA GS7/-0.9491079123,-0.7415311856,-0.4058451514,
+ 0.0000000000, 0.4058451514, 0.7415311856,
- 0.9491079123/

DATA WT7,/ 0.1294849662, 0.2797053915, 0.3818300505,
+ 0.4179591837, 0.3818300505, 0.2797053915,
+ 0.1294849662/

7. DATA BLOCK POR EIGHT-POINT GAUSS QUADRATURE
DATA GS8/-0.9602898565,-0.7966664774,~0.525532409¢9,

+ ~0.1834346425, 0.1834346425, 0.5255324099,
+ 0.7966664774, 0.9602898565/

DATA WT&, 0.1012285363, 0.2223810345, 0.313706645%,
+ 0.3626837834, 0.3626837834, 0.3137066459,
+ 0.2223810345, 0.1012285363/

8. DATA BLOCK FOR NINE-PUINT GAUSS QUADRA.uRE

DATA G$9,/-0.96816023%5,-0.8360311073,-0.6133714327,

+ -0.3242534234, 0.0000000000, 0.3242534234,
+ 0.6133714327, 0.8360311073, 0.9681602395/

DATA WT9/ 0.0812743884, 0.1806481607, 0.2606106964,
+ 0.3123470770, 0.3302393550, 0.3123470770,
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C EVALUATE EACH TERM OF THE INTERPOLATION FUNCTIONS AT THE GA

c

+

0.2606106964, 0.1806481607, 0.0812743884/

9. DATA BLOCK FOR TEN-POINT GAUSS QUADRATURE

DATA GS10,/-0.9739065285,-0.8650633667,-0.5794095683,
-0.4333953941,-0.1488743330,
0.4333953941, 0,6794095683, 0.8650633667,

+ 4+

0.9739065285/

DATA WT10/ 0.0666713443,

++ ¢+

0.2692667193,
0.0666713443/

IF(NX.LT.0) GO TO 99

IDN=IWG~1

0.1488743390,

0.1494513492, 0.21908636265,
0.2955242247, 0.2955242247,
0.2692667193, 0.2190863625, 0.1494513492,

END OF DATA BLOCEKS

START EVALUATION PROCEDURE (POINT BY POINT)

DO 1 IG=1,NGS

XX=1.0
IF(NGS.EQ.2)
WT=WT2(1G)
GS=GS52(16)
ENDIF
IF({NGS.EQ.3)
WT=WT3(IG)
GS=GS3(1IG)
ENDIF
IF(NGS.EQ.4)
WT=WTA4(IG)
GS=GS4(IG)
ENDIF
IF{NGS.EQ.5)
WT=ATS(IG)
GS=G55(IG)
ENDIF.
IF{NGS.EQ.6)
WT=WT6(IG)
GS5=GS6( IG)
ENDIF
IF(NGS.EQ.7)
WT=WTT(1IG)
G3=GS7(16G)
ENDIF
IF{NGS.EQ.8)
WT=WTB(1G)
GS=GSB(IG)
ENDIF
IF{NGS.EQ.9)
WT=WTI(IG)
GS=GS9(IG}
ENDIF

IF{NGS.EQ.10) THEN

WT=WT10(IG)
GS=G510(IG)
ENDIF

THEN

THEN

THEN

THEN

THEN
THEN
THEN

THEN
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IF{IDN) 96,97,96
96 IF{NX.NE.Q) THEN
DO 2 IX=1,NX
XX=XX*(GS-X(IX)}}
2 CONTINUE
ELSE
XX=1.
ENDIF
XR(IG)=XX
IF(IWG.EQ.2) XR{IG)=WT*XX
GO TO 1
97 XR(IG)=aWT
1 CONTINUE
c
C END OF GAUSS-LEGENDRE QUADRATURE EVALUATIONS
c
RETURN
99 WRITE(6,1001) NX
1001 FORMAT(/,
4! %®xwxk* ERRCR IN NUMERICAL INTEGRATION, NO FUNCTIONS EXIST #wxexw»’/,
+/,' www#wx QRDER OF INTERPOLATION FUNCTION NITP =’,I8)

RETURN
END
c REF00001
c****tt'**ttftttttt-vat*tti.ia.t.t.iittitttiiﬂ:ttt:*ﬂiqtta*«.tttiﬁaitt*itaagrooooz
SUBROUTINE REFORM(STIF1,STIF2,NDIML,NLST,NDIM2,NPE) REF00003
AR A AN A A A A AR A AR T AR AR A A AT R AARRAAA AR AN RARNARNRRR RN A R A RN AN RN AR w " *REFOG004
c REF0000¢
C THIS SUBROUTINE RE-QRDERS THE STIFFNESS MATRIX SUCH THAT IT HAS THE REF00006
¢ "EDGE~-NODES" IN THE FRONT AND ALL OF THE "OFF-EDGE" NODES ON THE REFQCQO7
C BACK. REFQ0QQS
c REFQ000¢
ot REF0001C
C STIFl ...... ARRAY OF DIMENSION 3*NPE X 3*NPE. IT CONTAINS THE INPUT REFQCO01l
c STIFFNESS MATRIX OF A LAGURANGIAN ELEMENT. REF0001:
C STIF2 ...... ARRAY OF DIMENSICN 3*NPE X 3*NFE., AFTER RETURN IT HAS REF0001:
c THE RE-QORDERED STIFFNESS MATRIX. REF0001¢
C NDIM1 ..... + INITIAL DIMENSION OF MATRICES "STIFl1l" AND "STIF2". REF0001¢
C NLST ...... LOCAL NODAL NUMBER LISTING. REF0001¢
C WDIM2 ...... INITIAL DIMENSION OF VECTOR “NLST". REFC001°
c NPE ...... TOTAL NUMBER OF NODES OF THE GIVEN LAGURANGIAN. ELEMENT. REFCQO1l¢
c REF0001¢
c REFQ0C2¢C
IMPLICIT REAL*E8 (A-H,0-2) REFQ002:
DIMENSION STIFL1{NDIM1,NDIM1l},STIF2Z(NDIM1, NDIM1),NLST{NDIMZ) REFC002:
c REFQ002:
C INITIALIZE STIF2 ... REF004Q2-
c REF0002!
DO 1 I=1,NDIM3 REF0002¢
DO 1 J=1,NDIM3 REF0002"
1 STIF2{I,J)=0.0 REF0002!
c o REF0002¢
C PERFORMING THE RE-~-ORDERING ...... REFQ0003
c REF0003:
DO 2 I«1,NPE REF0003:
IROWl=3n(I-1) REFQ003.
JROWLl=3*(NLST(I)=-1) - REF0003
DO 3 J=l,NPE REFQQ03°
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ICOL1l=3*J~3 REF000368

JCOLl1=3*(NLST(J)=-1) REF00037

DO 4 KI=1,3 REF00038
IROW=IROW1+KY REF00039
JROW=JROW1+KI REF00040Q

DO 5 RJ=1,3 REF00041
ICOL=ICOLLl+KJ REF00042
JCOL=JCOLl+RJ REF00043
STIF2(IROW,ICOL)=STIF1(JROW,JCOL) REF00Q44

5 CONTINUE REF00045

4 CONTINUE REF00046

3 CONTINUE REF00047

2 CONTINUE REF000438

c REF00049
RETURN REFC0050

END REF(000S1

C RENCOQOL
ol e L L L L L - s [ [P
SUBROUTINE RENUMB{(X,Y,Z,NX,NY,NZ,NDIM,NDIR,NLST) RENQQOCOC3

AR AR R AR A AR AT E AR R RN RN RN RN R AR AN R A RN RN R RN N RN RN R AN RN AR RN RS Tk kN **e xR RENGO 004
o RENQQOOQS
C THIS PROGRAM RENUMBERS THE NODAL NUMBER SEQUENCE SUCH THAT IT FORMS RENQQQOS6
C A LAGUANGIAN ELEMENT FROM SERENDIPITY ELEMENT, QR V.V.S.. RENOOOQO7
c RENQGOO8
c REN0QOO9
c X,¥,2 ...... X, Y, AND Z COORDINATES WHICH ARE IN THE SEQUENCE THATRENO0GOQ10
c FIRST "NSE®" VALUES ARE NODES ON EDGES AND REST OF THEMRENOOO11
c (i.e. NX*NY*NZ~NSE) ARE THE NODES OFF THE EDGES. RENQOQOOU12
C NODE: ALL OF THE VALUES MUST BE IN THE CORRECT SEQUENCE. RENQOQO13
¢ NX,NY,NZ ...... NUMBER OF NODES ALONG X, Y, AND Z DIRECTION, RESPECT. RENOOOl4
C NDIM ...... INITIAL DIMENSION OF THE CALLING PROGRAM. RENQQOQLS
c NDIR ...... OPERATING INDICATOR : RENQQOQO1l6
c NDIR = 0 ... RENUMBER TO L. ELEMENT; RENQQO17
< NDIR = 1 ... RENUMBER TO S. ELEMENT. RENQOOQ138
c NLST ...... LOCAL NODAL NUMBER LIST. RENQOOLS
c RENOOOZ2C
C RENCOOQZ21
IMPLICIT REAL*8 (A-H,0-3) RENOCO2Z
DIMENSION X(NDIM),Y(NDIM),Z(NDIM) ,NLST(NDI¥) RENQQO2Z

c RENQOOQZ24
C FIND THE TOTAL NUMBERS OF NGDES IN SERENDIPITY ELEMENT AND RENOQOQOZE
C CORRESPONDING LAGURANGIAN ELEMENT. RENOQO2€E
c REN00027
NSE=8+4* ( NX+NY+NZ-§) l§ OF NODES OF S. ELEMENT RENQOOZE
NLE=NX*NY*NZ 1§ OF NODES OF L. ELEMENT RENQOQQZS
NDF=NLE=-NSE IDIFFERENCE BTW, NSE & NLE RENQQQ3C

c REN00031
IF(NDIR.EQ.1l) GO TO 9999 REN0QQO3C

c RENQQOQ3:
BO 1 I=1,NDF RENQOQOQ 3¢
IST=NSE+I RENOOQO 3¢
ILC=NLST(IST) RENQQC3€
NCHe=IST-ILC RENQOC 3™
XSAVE=X(ILC) RENQQQ3E
YSAVE=Y(ILC) RENOQQ3¢
IZSAVE=Z(ILC) RENQCGQ4(
X(ILC)=X(IST) RENQQG4:
Y(ILC)=Y(IST) RENOOQ4:
Z(ILC)=Z(IST) REN0QQ4:
IF(NCH.LT.1) GO TO 1 RENQ0Q 4«
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DO 2 J=1,NCH
JLC=ILC+J
XSAV1=X(JLC)
YSAV1=Y(JLC)
ZSAV1=Z(JLC}
X{JLC)=XSAVE
Y{JLC)=YSAVE
Z{JLC)=ISAVE
XSAVE=XSAvV1
YSAVE=YSAV1
ZSAVE=ZSAV1

2 CONTINUE

1 CONTINUE

RETURN

9999 CONTINUE
RETURN
END

REN0Q04S
RENQ0046
RENOCO047
RENOOQ48
RENGOQOG49
REN0COSO
RENOCOS1
REN0QOS2
RENGQQS3
RENQQQ34
RENGQGSS
RENQOOSS
RENOQQOS7
RENOQOOS8
RENO00Q59
RENQQOGC
RENQQO6L
RENQQO62
SHAQQQOQ1

ol R R Y e e T T T L 21 7 VL )
SUBRCUTINE SHAPELl(XX,YY,ZZ,DRVTS,FNC,DNRM,NDIM, NX,NY,6NZ,NGS,WRK, SHAQ0003

+ NWRK, IGEN) SHACQ004
Chihdbhhrhdbhddddnhe AR b rdhrr e whrdkderrrrrrrrrrbwhdrwrrrwrarrnrnrerwrSHAQOODOOS
c SHAQ0006
C CALCULATE THE INTERPOLATION FUNCTIONS ABOUT EVERY NODAL POINT BY SHAQQQO07
C USING GAUSS-LEGENDRE QUADRATURE FORMULA. SHAQ0QQQS
c SHAQ0QQQ9
C XX ...... ARRAY OF NORMAL (natural] NODAL COORDINATES IN XX. SHAQOQLO
c ¥Y ...... ARRAY OF NORMAL (natural) NODAL COORDINATES IN YY. SHAQ0011
C ZZ ...... ARRAY OF NORMAL (natural} NODAL COORDINATES IN IZ. SHAQOQl2
C DRVTS ...... ARRAY OF DIMENSION {NPE x 3 x NGS5), WHICH CONTAINS THE SHAQO0013
c EVALUATED DERIVATIVES ABOUT NORMAL COORDINATES SYSTEM SHAQ0014
c AT EACH GAUSS POINTS; Where SHAQ001S
c (NPE --- number of nodes per element) SHAQ0016
o FNC ...... ARRAY OF NPE x 3 x 10, WHICH CONTAINS THE VALUES OF THE SHAQCQLl7
c INTERPOLATION FUNCTICN AT EACH GAUSS PQINT. SHAQQ0138
C DNRM ...... ARRAY QF NPE x 3, WHICH CONTAINS THE VALUES OF THE SHAQQOL1S
c NCRMALIZATION FACTORS IN X, Y, AND Z AT EACH NODE. SHAQQQG20
C NDIM ...... FIRST ROW DIMENSION COF X,Y,Z,XX,YY,ZZ AND DRVTS IN SHA(QQ021
c CALLING PROGRAM.{(EQ # OF NODES) SHA00022
¢ NX ...... NUMBER OF NODES ALONG X. SHAQQQ023
ot NY ...... NUMBER OF NODES ALONG Y. SHAQQ024
C NZ ...... NUMBER OF NQDES ALONG Z. SHAQQO025
c NGS ...... NUMBER OF GAUSS POINTS REQUIRED IN NUMERICAL INTEGRATION.SHAQQ026
C WRK ...... WORRKING SPACE OF DIMENSION NWRK X NWRK. SHAQQQ27
C NWRK ...... INITIAL DIMENSION OF MATRIX WRK. SHAQQ028
¢ IGEN ...... NORMAL COORDINATES GENERATICON INDICATOR : SHAQ0029
c IGEN = 0 NORMAL CQORDINATES ARE GENERATED; SHAQQ030
c IGEN = 1 NORMAL COORDINATES ARE FROM INPUT. SHAQ0031
S B L R TR R R SHA(QQ032
c SHAQQ033
C SUBRQUTINES CALLED : SEAQQO34
C SHAQQO35
c DERVTS —--- CALCULATE DERIVATIVES. SHAQQOQ36
c NCOORD -=~-- GENERATE A SET NORMAL NODAL COORDINATES. SHACQ037
c NUMINT —-=-— PERFORM THE NUMERICAL INTEGRATIONS. SHAQCO38
c SHAQ00Q39
c SHAQ0040
c SHAQ0041

IMPLICIT REAL*8 (A-H#,0-2) SHAQ0042
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DIMENSION XX{NDIM),YY(NDIM)},ZZ{NDIM),DRVIS(NDIN,3,10},
+ WRK ( NWRK, NWRK) , DNRM(NDIM,3),XINT1(10),XINT2{10),XINT3(10),
- DVXX{10),0vYY(10},0v2Z2(10),FNC{NDIN,3,10)

NPE=NX*NY*NZ
IWRK1=Q
IWRK2=IWRK1+NDIM
IWRK3=IWRKZ+NDIM

INITIALIZE XX, YY¥, 22, VWRK, WRK, DRVTS AND FNC.

Do 2 I=1,NDIM
DO 1 J=1,3
DO 1 KR=1,NGS
DRVTS(1,7,K)=0.0
FNC(I,J,K)=0.0

1 CONTINUE
IK1=IWRK1+I
IK2=IWRK2+I
IXKI=IWRK3+T
IF(IGEN.EQ.0) THEN
XX(I)=0.0
YY(I)=(.0
ZZ(1)=0.0
ELSE
WRK(IKL,1)=XX(I)
WRK(IRZ,1)=YY(I)
WRK(IK3,1)=22(1I)
ENDIF
WRK(I,2)=0.0

2 CONTINUE

GENERATE NODAL CCORDINATES IN NORMAL {NATURAL) COORDINATES
IF IT IS REQUIRED.

IF(IGEN.EQ.0) THEN
CALL NCOORD(XX,YY,ZZ,NX,NY,NZ,NDIM)
DO IKE=1,NPE
IK1=IWRK1+IKK
IK2=IWRK2+IKK
IR3=IWRR3+IKK
WRK(IK1,1l)=XX(IXK}
WREK(IK2,l)=YY(IKK}
WRK(IK3,1l)=ZZ(IKK)
END DO

END IF

CALCULATE THE NORMALIZED INTERPOLATION FUNCTIONS (I.F.) AND THE
CORRESPONDING DERIVATIVES IN X, Y, AND Z, RESPECTIVELY.
dF /dXX=Sum{dF(i})/dXX}, i=l1,NPE; etc....
where
F(i)=Fi(XX}*Fi(Y¥YY)*Fi{22), i.e.
dF{i)/dXX=PLi (YY)} *Fi(22)*(dFi(XX}/dXX) etc.....

DO 4 IPE=1,NPE tEvaluations node by node
TRAS1=1.0
TRAS2=1.0
TRAS3I=1.0
IPTA=0
IPTY=0
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SHAQQQ4 T
SHACO044
SHA00045
SHA000456
SHAG0047
SHAQ0048
SHAQ0049
SHAQ0450
SHAQ00S1
SHA00052
SHAQ00053
SHEA00054
SHAQC055
SHAQ0056
SHAQQ057
SHAQ0058
SHAQ0059
SHAQD060
SHAQ0061
SHA00062
SHAQQ063
SHA00064
SHAOQQ065
SHA00066
SHA00067
SHAQ0068
SHAOD069
SHA00070
SHA00071
SHA000732
SHAQ00073
SHAQ0074
SHAQQQ7S
SHAQ0Q76
SHAQ0077
SHA00078
SHAQQ07¢S
SHAOQQOBC
SHA00081
SHAQD0BZ
SHAQ0083
SHA00084
SHA0008¢S
SHAQO008€

SHAQ0087
SHAQQ08¢
SHACQQ8¢S
SHA0009¢C
$HA00091
SHA0009:
SHAQQQO:
SHAQQQ9¢
SHAQ009:
SHAQ009¢
SHA0Q09"
SHA0009¢
SHA0009¢
SHAQ010¢
SHAQ010:
SHACO010:



IPTZ=0

IK1l=IWRK1+IPE
IK2=IWRKZ+IPE
IK3=IWRK3+IPE

Do

IXYZI=1,NPE

XX({IXYZ)=0.
YY({IXYZ)=0.
ZZ(IXYZ)=0.
END DO

DO

S INOD=1,NPE

IF{INOD.EQ.IPE) GO TO 5 tonly chogse i .ne, j the term
IKN1=IWRK1+INOD
IEN2=IWRK2+INOD
IKN3=IWRK3+INOD

c

€ EVALUATE NORMALIZATION FACTORS AND CHQOSE APPROPRIATE NODAL POINTS.

c

IF(WRK(IKNZ,1).EQ.WRK(IK2,1l).AND.WRK(IKN3,1).EQ.WRK(IK3,1))
+ THEN
IPTX=IPTX+1 tInterpolation function along XX
TERM1=WRK(IKL,l1)-WRK(IKNl,l) !Normalization factor in XX
TRAS1=TRAS1*TERM1
XX{IPTX)=WRK{IKN1,1) {XX-points of interpolation func
ENDIF
IF(WRK(IKN1,1l).EQ.WRK(IK1,l).AND.WRK{IKN3,1).EQ.WRK{IK3,1))
+ THEN
IPTY=IPTY+1 t{Interpolation function along ¥YY
TERMI=WRK(IK2,1)-WRK{IKN2,l) !Normalization factor in Y¥Y
TRASZ=TRASZ2*TERMZ
YY({IPTY)=WRK{IKNZ,1) {¥¥-paints of interpolation func
ENDIF
IF(WRK(IKN1,1).EQ.WRK(IX1,1l).AND.WRK(IKNZ,1).EQ.WRK(IK2Z,1))
+ THEN
IPTZ=IPTZ+1 tInterpolation function along 22
TERM3=WRK(IK3,l)-WRK{IKN3,l) !Normalization factor in 22
TRAS3I=TRAS3I*TERM3
ZZ(IPTZ)=WRK{IKN3,1) 12Z-points of interpolation func
ENDIF ’
5 CONTINUE
OCNRM(IPE, 1 )=TRAS]
DNRM(IPE,2)=TRAS2Z
DNRM( IPE, 3 )=TRAS3

>

C PERFORM NUMERICAL INTEGRATIONS WITHQUT WEIGHTS (IWG=0)

c

. CALL
CALL
CALL

CALCULATE

annn

CALL
CALL
CALL

nonN

NUMINT(XX,NDIM, IPTX,NGS,XINTL, )
NUMINT(YY,NDIM, IPTY,NGS,XINTZ,0)
NUMINT(ZZ,NDIM, IPTZ,NGS,XINT3,0)

DERIVATIVES ABOUT X, ¥, AND 3.
DERVTS(DVXX, XX,NDIM, IPTX,WRK, NG5S, NWREK, 2)

DERVTS(DVYY,YY,NDIM,IPTY,WRK,NGS,NWRK, 2}
DERVTS(DVZZ,22,NDIM, IPTZ,WRK,NGS,NWRK, 2}

Saving the evaluated values

DO 10 IGS=1,NGS
FNC(IPE,l,IGS)=XINTI(IGS)
FNC{IPE,2,IGS)=XINT2(IGS)
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SHAQQLQ3
SHAQO0104
SHAQ001Q5
SHA00106
SHAQ0L07
SHAQOLO0E
SHAQ0109
SHAGO110
SHAQOL1lL
SHAGOLl1l2
SHAGOL13
SHAOQ00114
SHAQOQ11lS
SHAQOQ11ls
SHAQO117
SHAQOQLlS8
SHAQO119
SHA00120
SHAQQ121
SHAQO0122
SHAQC122
SHAQOL24
SHAQO12%S
SHAQOL12¢
SHAQ0127
SHAQQL2E
SHAQO012¢
SHAQ013C
SHA00131
SHAQ0L13Z
SHAQ013:
SHA0013¢
SHADD13:
SHA0013¢
SHAO0013"
SHAQOL3¢
SHAQ013¢
SHAQ014¢(
SHAO0014:
SHAQOL4:
SHADOL4:
SHAQ014-
SHAQ014¢
SHAQOL1 4¢
SHACO1 4"
SHAQ014:
SHAD014"
SHAQ01S
SHAQOQ1S
SHAQ015
SHAQ01S
SHAQO015
SHAQO1S
SHAQ01S
SHAQQ015S
SHAQ01S
SHAQQLS
SHAQ016
SHAQO016
SHAQ0Q16



ann

ann

C

FNC(IPE,3,IGS)=KINT3(IGS)
DRVTS(IPE,1l,IGS)=DVXX(IGS)
DRVTS{IPE,2,IGS)=0VYY(IGS)
DRVTS(IPE, 3,1GS5)=DVZZ{IG5)
10 CONTINUE
4 - CONTINUE

RETURN BACK XX, YY, AND 2ZZ VALUE.

DO 11 I=1,NPE
IKl=IWRK1+I
IK2=IWRKZ+I
IK3=IWRK3+I
XX(I)=WRK(IRL1,1)
YY(I)=WRK(IK2Z,1)
ZZ(I)=WRK({IK3,1)
11 CONTINUE

FINISH

RETURN
END

SHAQ0163
SHAQO164
SHAQQLl65
SHAQ0166
SHAQGL167
SHAQOL68
SHAQQLEYD
SHAQ0170
SHACO0171
SHAO0Q0172
SHAQ0173
SHAQ0L174
SHAQQL7S
SHAQQ17¢6
SHAQQ0177
SHAQQ178
SHAQ00179
SBAQ0l18Q
SHAQO01l81
SHAQ0182
SHACQ0183
SHA0Q184

'SOL0000L

c**t!'lttiItliﬂ*iI***t*ttit*t**i*'**t’ﬁt*&ﬁi.i!"tl*tt*’*f***'k**l‘**ii***‘lsor‘oooﬂz

SUBROUTINE SOLVEQ(A,SAV1,B,NEQ,NRD,NB,NBD,ISYM,JUMP)

SOLQ0CO3

RN N R R R R R T T AR AR R RN N AN N AN R AT R R A AN NI RSP I AR BRI R RN TR IR r R e e r v e e wSOLOO004

A IN CORE LINEAR EQUATION SOLVER SUBROQUTINE IN DOQUBLE PRECISION.

IT CALLS A LU~-DECOMPOSITION SUBRQUTINE "DECOMP"

[2 X2 X 2] NAOaAAAaNaNNaan

aaonoNnNaaan

A ...... DECOMPOSED COEFFECIENT MATRIX IN LU FORM
B ...... SOLUTION AFTER SOLVING SYSTEM OF EQUATIONS
SAV1....... INPUT R.H.5 VECTORS
NEQ ...... NUMBER OF EQUATICNS
NB ...... NUMBER QF RIGHT HAND SIDE VECTORS
NBD ...... INITIAL COLUMN DIMENSION OF MATRIX (B]
ISYM ...... SYMMETRIC INDICATOR; ISYM=( ... NONSYM.;ISYM=l
JUMP ...... OQPERATING INDICATOR; JUMP=1 ... LU-DECOMP. IS SKIPPED

IMPLICIT REAL*8 {A-H,0-2)
DIMENSION A(NRD,NRD),B(NRD,NBD},SAV1(NRD,NBD)

SAVE R.H.S VECTORS BEFORE SYSTEM QF EQUATIONS ARE SOLVED

DO 7 I=1,NEQ
DO 7 J=1,NBD

FORM LU DECOMPOSITION FORM

IF(JUMP.NE.1) THEN
DG & I=1,NEQ
DO 8 J=1,NEQ
8 SAVZ(I,J)=A{I,J)
CALL DECOMP(SAV2,A,NEQ,NRD,ISYM)
ENDIF

CALCULATE MATRIX (Y] FROM EQUATION [L][Y]=({B]

A-61

S0L000QS
sQLooQo6
SOLO0GO7
50L00008
S0L0C009
SOLO0QOL0
S0LO0011
SOLO0LllA
SQLO0CLIZ
50L00CL3
SO0L00014
SOLOC0CLS
SQLOQOl6
SQLO0O0Ll7
soLgoalis
SOL0GO019
$0L0C020
SCOL00021
SOL0021A
SOL0021B
S0L0O21C
SQLOC21D
SOLOCZLlE
SQLOQ2LlF
SOLJ0022
SOL000Z3
SOL00Z3A
sQL0023B
sQLgo23¢
SQL0023D
SOLO023E
SQL00024
SQL0002S
5QL0002e



sS0L0Q0027

c
DO 1 ICOL=1,NB soL0028
B(1,ICOL)=-B(1,ICOL}/A(2,1) SoL(0029
DO 2 IROW=2,NEQ SOL00030
SUM=0. S0L00031
DO 3 ISUM=l,IROW-1 S0L00032
SUM=SUM+A({ IROW, ISUM) *B(ISUM, ICOL) SCL00Q33
3 CONTINUE SOL00034
B(IROW, ICOL)=(B(IROW, ICOL)-SUM) /A({ IROW, IRCOW) sSeLo003s
2 CONTINUE SQL0OO0036
1l CONTINUE SOL00037
c SOLO0038
C OBTAIN THE FINAL SOLUTION FROM (U}[X]={Y) SOL00039
c SOL00040
DO 4 ICOL=l,NB SOL00041
IBRW=NEQ S0L00042
IF(ISYM.EQ.1l) B(IBRW,ICOL)=B(IBRW,ICOL)/A(NEQ,NEQ) SOLO004:
DO S5 IROW=2,NEQ SOL00G44
ISTR=IBRW S0L00Q4¢E
IBRW=IBRW-1 SOL00Q 4¢
SUM=Q, SOLQCAO47
DO 6 lSUM=ISTR,NEQ SOLQQQ4¢E
SUM=SUM+A( IBRW, ISUM) *B{ ISUM, ICQOL) SOL0O004¢
6 CONTINUE SOL00O5¢C
B(IBRW, ICOL)=B(IBRW,ICOL)~-3UM SOLOCGQS1
IF{ISYM.EQ.l) B{IBRW, ICOL)=B(IBRW, ICOL)/A(IBRW, IBRW) SOLOQQS:
5 CONTINUE SOL000S:
4 CONTINUE S0L000S¢
ot SOLU00SE
C EQUATICN HAS BEEN SOLVED SOLOQQ5¢€
od SOLQ0QS™
RETURN S0LJ00QS¢E
END 50L0005¢
o1 STI0O000:
AR R AR R AT AN AR R AN A AR R AR R R NR R AR I AN AN R A AR AR R AN AR AR A AR d ek ke d R " STION000:
SUBROUTINE STIFFl(STIFF,DRVTS,DMTRX, FNC,DNRM,WRK,WGHT, NGS,NCD, STI00QQ:
* NDIM3 ,NDIM,X,Y,Z,BSAVE,AJAQ) STIO0000«
CoRA RN AR AR RERANARARRRAN RN RN N NRA BTN R AR RARARRR AR AR TR bR AR ARt bR A* *STTOOQ0C
c STI0COO¢
c THIS SUBROUTINE CALCULATES THE LOCAL STIFFNESS MATRIX BY USING GAUSSSTIOCQ0Q”
C QUADRATURE FORMULA FOR ELEMENTS WITE NONLINEAR INTERPOLATION STIC000¢
c FUNCTIONS. STI0000¢
c STI0001¢
o STIFF ...... LOCAL STIFFNESS MATRIX WITH DIMENSION 3*#NOD x 3I*NOD STI0O001:
C PRVTS ...... MATRIX STORAGE WHICH CONTAINS THE DERIVATIVES OF THE STIOO0L:
[of NONLINEAR INTERPCLATION FUNCTION AT EACH GAUSS POINT. STIOQOQ1:
c (i.e. IT HAS DIMENSION NOD x 3 x 10; STIQOO01.
c 3 -—- INDICATES DERIVATIVES AT EACH DIRECTION; STIQQCL.
C 10 --- INDICATES THE NUMBER OF GAUSS POINTS. STI000L1
c DMTRX ...... A 6 x & MATRIX CONTAINS THE MATERIAL CONSTANT MATRIX. STIOCQLS
c FNC ..... . MATRIX STORAGE WHICH CONTAINS THE VALUES OF THE STI00CL
c NONLINEAR INTERPOLATION FUNCTIONS OBTAINED AT EACH §T10001
C GAUSS POINT. IT HAS SAME DIMENSION AS DRVTS. STI0002
C DNRM ....., MATRIX STORAGE WITH DIMENSION NOD x 3, WHICH CONTAINS ST.v002
[o THE VALUES OF THE NORMALIZATION FACTORS. S§TI0002
C WRK ,..... A NDIM3 X NDIM3 WORKING SPACE FOR WORKING PACE. $.10002
C WGHT ...... VECTOR OF LENGTH 10 CONTAINS THE WEIGHTS FOR EACH STI0002
Cc GAUSS POINT. STICQ02
(o} NGS ...... ACTUAL REQUIRED GAUSS POINTS. STI0Q02
c NOD ...... NUMBER OF NODES FOR THE ELEMENT. STICQO02
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NDIM3 ...... INITIAL DIMENSION OF STIFFNESS MATRIX. .
NDIM ...... INITIAL DIMENSION OF X, ¥, AND Z.
¥,2 ...... ARRAYS QF LENGTH NOD, WHICH CONTAIN THE X, Y, AND 2

COORDINATES OFf NODES IN GLOBAL COORDINATES SYSTEM.

aaooaoannon

aoon

nnNnonnNnN

aQaoaaan

noaonn

IMPLICIT REAL*8 (A-H,0-2)
DIMENSION STIFF(NDIM3,NDIM3),DRVTS(NDIM,3,10),DMTRX(6,6),

+ BSAVE(NDIM,3),FNG(NDIM,3,10),DNRM{NDIM, 3},
+ WRK(NDIM3,NDIM3),WGHT(10),VWRK(6,3),DVK{3),DVY(3)},
+ DVZ(3),AJACM(3,3),VWK(3),X(NDIM),Y(NDIM),Z(NDIN)
NGSX=NGS ‘
NGSY=NGS
NGSZ=NGS

INITIALIZE STIFF

NDF=3*NOD
DO 1 IST=1,NDIM3
DO 1 J5T=1,NDIM3

i STIFF(IST,JST)=0.0

START EVALUATING GAUSS POINT BY GAUSS POINT
(STIFF] = Sum{WGHT({IGS].(STIFF(IGS)]}; IGS=1,NGS.
where the sumation has to be Tripled.

i.e. [STIFF] = Sum{wght(i)*Sum{wght(3j)*Sum{wght(k)*STIF¥r(1,J,K]}}}

DO 2 IGSX=1,NGSX 1sun in XX-direction

DO 12 IGSY=1,NGSY {Sum in YY¥-direction

DO 22 IGSZ=1,NGSZ tSum in 2Z2-direction
DO IZR=1,3

DVX(IZR)=0.0

DVY(IZR)=0.0

DVZ(IZR)=0.0
END DO

FORM THE SHAPE FUNCTIONS AND ITS DERIVATIVES
N{XXi,YYj,22k) = £(XXi)*g(¥YY¥j)*h(22k)
AN(XXi,¥Y¥j,22k)/dXX = (df{XXi)/dXX)*g(¥Y¥j)*h(22k)
dN(XX1i,YYj,22k}/dYY = £(XXi)*(dg(¥Yi)/dYY)I*h(2Zk)
dN(XX{,YY],22k)/dZZ = £(XXi}*g(¥Yj)}*{dh(Z2k)/dZ3Z)

DO 14 INZ=l,NOD

AINT12=FNC(INZ,1,IGSX)*FNC(INZ,2,IGSY) TE(XXL)*q(YY¥])
AINT13=FNC{INZ,1l,IGSX)*FNC{INZ,3,IGS52Z) VE(XXi)*h(22k)
AINTZ23=FNC({INZ,2,IGSY)*FNC{INZ,3,IGS2) 1g{Y¥Y¥jl*h(2Zk)
DNMT=DNRM{INZ,1l)*DNRM(INZ,2)*DNRM{INZ,3)
DX=DRVTS(INZ,1,IGSX) tdE({XXi) /dXX
DY=DRVTS({INZ,2,IGSY) tdgfvyYj)ayy
DZ=DRVTS{INZ,3,IGSZ) tdh{zzk)/dzz
WRK{ INZ,7)=DX*AINT23,/DNNT 1dN(XX1,YY§,Z2k)1d4/XX
WRK{INZ,8)=DY*AINT13/DNMT 1dN(XXi, ¥YY§,22k)d YY
WRK{INZ,9)=DZ*AINTI12/ONMT 1dN(XXi,¥YY],22k)d/22

FORM JACOBIAN MATRIX
dX(XXi,Y¥},22k)/dXXe Sum(X(ip)*dN{(XXi,¥YYj,Z22k)/dXX)

dX(XXi,¥¥j,22k)/dY¥Y¥= Sum(X(ip)+dN{XXi,Y¥Y],2Zk)/d¥Y]
dX(XXi,¥¥3,2Zk)/dZ2Z= Sum(X(ip)*dN(XXi,¥Y¥],2Zk)/dZZ]
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sTIgog28
STI0002%

~8TI00C30

STI0O0031
STI0Q032

STINCG33

STI00Q34
STICCOQ3S
STICQQ036
STI00037
sTI00038
STI0Q03¢
STI00040
STI00C41
STINQ042
STI00043
STI0N0044
STI00045
STIN0046
STI0N0047
STICC048
STI00049
STI0Q050
STIQ000S1
STI00052
STI00053
STI00054
STICQ0SS
STI0Q0SE
STICQ0S57
STICQ058
STI00059
STINQ060
STI00061
STICQ0062
STI00063
STI00064
STI0006S
STI00066
STI00067
5TI00Q068
STI00069
STI00070Q
STIQQQ71
STIQ0Q72
STIDQG73
STINQ074
STIONQQ7S
STINQQ76
STI00077
STIO00O078
STI0QO79
STI00080
STIQQ081
STI00082
STI00083
STI00084
STI00085
STIQ0086
STIQQ0087



aooonoonnNnNNOoNOO

nanaa 0na

anoaanNnnNnONOaan

dY{%XXi,¥Yj,22k)/dXX=
dY{XXi,¥Yj,22k)/dYY=
dY{XXi,¥Y¥j,22k)/dZZ=
dZ{XXi,¥¥3,22k)/dXX=
dZ(XXi,¥Y3,22k) /dYy=
dZ(XXi,¥Y3,22k)/dZz%=

sum{Y(ip)*dN(XXi, ¥Yj,22k)/dXX]
sum{Y(ip)*dN(XXi, ¥¥j,22k)/dYY]
sum{Y(ip)*dN(XXi,YY],223k)/d22Z]
Sum{Z(ip) *dN(XXi,¥Y]j,22k)/dxX]
Sum[Z(ip)*dN{XXi,¥Yj,23k)/dYY]
sum{Z(ip)*dN(XXi,¥Y¥],22k)/dz2]

where ip=l - Nod

14

EVALUATE THE INVERSE OF THE JACCBIAN MATRIX AND ITS DETERMINENT

FORM dFi/dX, +..ses X ~~- in GLOBAL COCRDINATE SYSTEM

. T
{dN/dX, dN/dY, dN/dZ} = Inverse{J] . {dN/dXX, dns/dyy, dnN/dzz}

15

{J] = {{ dX/dXX, d¥/dXX, dZ/dXX },
{ dxs/dYY, dy,/dyy, dz/dyy |},
{ dx/dz22, d¥,/dzz, dZ,/dzzZ }}

DVX{1)=DVX(1)+X(INZ)*WRK{INZ,7)
DVX{2)=DVX(2)+X(INZ)*WRK(INZ,8)
DVX(3)=DVX(3)+X(INZ)*WRK(INZ,9)
DVY(l)=DVY(1l)+Y{INZ)*WRK{INZ,7)
DVY(2)=DVY(2)+Y{IN2Z)*WRK(INZ,8)
DVY(3}=DVY(3)+Y{INZ)*WRK(INZ,9)
DVZ{1l)=DVZ(1)+2Z(INZ)*WRK{INZ,7)
DVZ(2}=wDVZ(2)+2(INZ)*WRK(INZ,8)
DVZ(3}=DVZ(3)+2(INZ)*WRK{INZ,9)
CONTINUE

CALL JACOBN(DVX,DVY,DVZ,AJAC,AJACH,3)

DO 3 INOD=l,NOD

VWK(1)=0.9

VWK(Z2)=0.0

VWK(3)=0.0

DO 15 IVV=l,3

IVu§+IVV
VWR(1)=VWK(1)+AJACHM(L,IVV)*WRK(INOD, IV}
VWK(2)=VWK(2)+AJACH(2,IVV)*WRK( INOD, IV}
VWK( 3)=VWK(3)+AJACM(3,IVV)*WRK(INOD,IV)
CONTINUE

IF{DABS(VWK(1l)).LT.1.D-10) VWK(1l)=0.0
IF(DABS(VWK(2)).LT.1.D-10) VWK(2)=0.0
IF{DABS(VWK(3)).LT.1.D-10) VWK(3)=0.0
BSAVE{INCD,1l)=VWK(1)

BSAVE{ INOD,2)=VWK(2)
BSAVE{INCD, 3 }=VWK( 1)

B-Matrix has the form :

T dnidx 0 0 cae... T
0 dNi/dy 0 ceeses |
| 0 0 dNi/d8Z ...... |
[B] = | dNi/dY dNi/dx 0 iiiae. |
| dNi/dzZ ] dNi/dx sasoan E
!

0 dNi/dz dNi/dY cevese

CALL FORMVK(VWRK, VWK)
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STIVGOSE
STI0NQO8C
STI0Q09¢
STI0009]
STICO009:
STICQO09:
§T10009¢
STI0009¢
STI0009¢
STI0009
STIN009¢
STI0N009¢
STI0010¢(
STI0010:
STI0010:
STI0010:
STIQO010:
srI0010!
STI0010t¢
STIN0L10"
STI0010!
STINO010®
STIOOLlL
STIOO011.
STIQO11:
STIO0011
STICO01l
STICO1l
STICO011
STIONO01X
STIO0011
STI0O011
§TI0012
STION012
s§TI0012
sTI0012
§TIC01Z
STI0012
sSTI0012
§TIO0012
S$TI0012
STI0Q12
§T10013
STI0013
STI0013
STI0013
STI0013
STI0NO013
STI0O013
STI0013
STI0013
STIO0O013
STIO0014
STI001l4
STIQ014
STIO014
STI0014
STI0014
STI0014
STI0014



c ‘ 57100148
¢ STEP ¢+ CALCULATE [WRK(IGS)] = Trans{B(IGS)].[{D(IG5)] STI00149
¢ STI00150
IBl=3*{INCD=-1)}+1 STI0O0151
IB2=IBl+1 $TI00152
IB3=IB2+1 STI00153

PO 4 IWK=1,6 : STI00154
WRK(IBLl,IWK)=0.0 STI00155
WRK(IB2,IWK)=0.0 : STI00156
WRK{IB3,IWK)={Q.0 STI00157

DO 5 ISUMm=1,6 STIO001S8
WRK(IB1l,IWK)=WRK(IB1,IWR)+VWRE(ISUM,1) *DMTRX(ISUM, IWK) §TIN01S9
WRK(IB2,IWK)=WRK{IB2,IWK)+VWRK(ISUM,Z)*DMTRX(ISUM, IWK) STIO0L60Q
WRK{IB3,IWK)=WRK(IB3, IWK)+VWRK(ISUM,3)*DMTRX(ISUM, IWK) STION0161

5 CONTINUE STIN0162

I1F (DABS(WRK(IBI,IWK))}.LT.1.D~10) WRK(IBl,IWK)}=(.0 STIN0L63
IF(DABS(WRK(1IB2,IWK)}.LT,1.D=-10) WRK(IB2,IWK)=(,0 STIQO0164
IP(DABS(WRK(IB3,IWK)).LT.1.D=-10) WRK(IB3,IWK)=(0.0 STIN016S

4 . CONTINUE. STIO0NL166

3 CONTINUE STI00167

¢ STr00168
C STEP 2 : EVALUATE LOCAL STI!FFNESS MATRIX AT .GAUSS POINT "IGS", STI00169
c [STIFF(IGS)] = [WRK(IGS)].[B(IGS)] ; AT G.P. ™“IGS", STI00170
c STI00171
WGHTS=WGHT( IGSX ) *WGHT({ IGSY ) *WGHT( IGS53Z) 5TI0N0172

DO 6§ INOD=1,NOD ) 5TI00173
IBl=3%({INOD-1l)%l STI0O0174
IB2=IBl+1 STI00L7S
IB3=IE2+1 5TIQQL76
VWK(1)=BSAVE(INOCD,1) §TI00L77
VWK(2)=BSAVE(INOD,2) STICO0L78
YWK(3)=BSAVE({INOD, 3) STI00179

CALL PORMVK(VWRK, VWK) STI00180

DO 7 IST=1,NDF §TI00181
sSUMl=0.0 STI00182
SUM2=0.0 §TI00183
SUM3=0.0 STI00184
IF(IST.LT.IB1) GO TO 97 'AVOID REPEAT CALCULATIONS (DUE -SYM.)}STI00185

DO 8 ISUM=1,6 STI00186
SUM1=SUMl+WRK(IST, ISUM)*VWRK(ISUM,1) S$T100187
IF(IST.LT.IB2Z) GO TG & 'AVOID REPEAT CALCULATIONS (DUE SYM.)}STIO0Q188
SUM2=SUM2+WRK(IST, ISUM) *VWRK(ISUM,2) STI00189
IF(IST.LT.IB3) GO TO 8 'AVOID REPEAT CALCULATIONS (DUE SYM. }STI00190
SUM3=SUM3+WRK(IST, ISUM) *VWRK({ISUN, 3) STIQ0191

8 CONTINUE STIN0192
STIFF{IST,IBl)=STIFF(IST,IBl)+AJAC*WGHTS*SUML 5TI00193
STIFF{IST,IB2)=STIFF(IST,IB2)+AJAC*WGHTS*SUM2 STIO00194
STIFF{IST,IB3)=STIFF(IST,IB3)+AJAC*WGHTS*SUM3 STI0N0L19%
IF(DABS{STIFF(IST,IBl)).LT.1.D~10) STIFF(IST,IBl)=(.0 STIN0196
IF(DABS{STIFF(IST,IB2)).LT.1.D~10) STIFF(IST,IB2)=0.0 STIO00197
IF{DABS(STIFF(IST,IB3)).LT.1.D-10) STIFF(IST,IB3)=0.0 STI00198

97 STIFF{IBl,IST)=STIFF(IST,IB1) STI00199
STIFF{IB2,IST)=STIFF(1ST,IBR2) STI00200
STIFF{IB3,IST)~STIFF(IST,IB3) _ STI00201

7 CONTINUE _ ST100202

6 CONTINUE STI0Q203

c STI00204
22 CONTINUE STI00205
12 CONTINUE STI00206

2 CONTINUE STINC207
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c

€ FINISH

c .
RETURN
END

c

STI100208
STI00209
STI00210
STIOO21l
§Tr00212
SWI100001

CRR AR R R R AR AR R AR N NN AR AR R RSN R RN RRNRRNRRR A NN AR N RI ISR vran e b wnre v *x*SWIC0002

SUBROUTINE SWITCH(STIFl,WRK,NDIM,NOD,NSE,IDR)

SWIQ0003

CRURR R AN R AR RARTRERANTRA AR RAANARNRARPRR AR RN RNI RN RN NNk A kAR e e rww e x*x e wSWIN0004

MARKE {STIFl] =

FROM (K] =

T (R22] {g21] T T (K11] R[{12]
E (K21] K[22]

{ (K12] {R11] I

OR VICE VER.

.
[
!

A IN-CORE SUBROUTINE WHICH SWITCHES BLOCK SUBMATRICES OF STIFFNESS
MATRIX FROM THE GIVEN FORM.

STIFl ...... OUT PUT SWITCHED MATRIX.

WRK ...... INPUT MATRIX TO BE SWITCHED.

NDIM ...... INITIAL DIMENSION OF MATRICES {STIFl] AND [WRK].
NOD ...... TOTAL NUMBER OF NODES OF A LAGRANGIAN ELEMENT.
NSE ..... . NUMBER OF NODES ON THE BOUNDARY.

IDR ...... SWITCHING DIRECTION INDICATOR.

NOOONONONNNAANONOOOON

nnn

Cmmm
Commme
o S

Comm

IMPLICIT REAL*8 (A-H,0-1)
DIMENSION STIFl{NDIM,NDINM),WRK(NDIM,NDIM)

DECIDE SWITCHING DIRECTION.

NSE3I=3*NSE
NOD 3= 3*NQOD
NR22=NOD3-NSE3
IF{IDR.EQ.1l) THEN
NSAV=NSE3
NSE3=NK22
NEK22=NSAV

ENDIF

NSTPwNK22

IF(NSTP.LT.NSE3) NSTP=NSE3
DO 1 I=l,NSTP

IK22=NSE3+I

IS22=NK22+1

DO 2 Jel,NSTP

JK22«NSE3+J

JS22=NK22+J

SWITCH [K21] ......

IF(I.LE.NK22.AND.J.LE.NSE3} STIF1(I, .-2)=WRK{IK22,J}
SWITCH {K21] ......

IF{I.LE.NSE3.AND.J.LE.NK22) STIF1(1I8I2,J)=WRK(I,6JK22)
SWITCH [K22] ......

IF{I.LE.NK22,AND.J.LE.NK22) STIF1(I,J)=WRK(IK22,JK22)
SWITCH [K1Il] ......

IF(I.LE.NSE3,.AND.J.LE.NSE3) STIF1(IS22,J822)=WRK(I,J)
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SWIJ000S
SWI0Q006
SWID0007
sw100008
SWI00009
SWI00010
SWICO001ll
SWIO000l2
SWI100013
S5WIQ0014
SWI0001s
SWINGoaQls
SWIQ001l7
SwWIQ0018
SWIDQ019
SWI00020
SWI00021
SWIQQ022
sW100023
SWI00024
S$W10002S5
SWI0NGO026
SW100027
SW100028
SWI00029
SWI00030
SWI00031
SWI00032
SWI00033
SWI00034
SWIO00035
SWID0036
SWIQQ037
SWIO00038
SWINO0D39
SWI00040
SWI00041
SWI0D0042
SWID0D43
SWI00044
SWI00045
SWI0004dse
SWI00047
SWi00048
SWIQ0Q049
SWIDDOSO
SWr000s51
SWI00052
SWI00053
SWI00054
SWI00055



SWIN0O0SE
SWI00057
SW100058
SW10005¢

 SWI0006C

2 CONTINUE
1 CONTINUE
c
RETURN
END

SUBROUTINE GMASS{FNC,AJAC,XX,¥Y,ZZ,NODE, NODE3,NGS, SHAPE,

. BIGN,BIGNT, PN, XMAS)
c -
c*ﬂ*f***t**iit*tt**tittiti*t**ﬁttt***t.tt***ﬁ***i***a!***t*****t****
c
c THIS SUBROUTINE COMPUTES GLOBAL MASS MATRIX BY THE
c CONSISTENT MASS APPROACH
C -
c***i*t**i**t***ﬁ**iiti*t*t*t*'hi*******#ﬁ*t'*i*ti**i*t*****tt**ti*it
c

IMPLICIT REAL*8(A~H,0-3)

DIMENSION SHAPE(NODE),FNC(NODE,3,10),BIGN(3,NODB3),

, BIGNT(NODB3,3),FN(NODB3,NODB3) ,WGT1(10),

, WGT2(10),WGT3(10),XMAS(NODB3,NODB3)
c
c
c*t**wt****it****ﬁ*t*t**t***t*t*i****t*tti***#**i*#***tt*i*wt#***tt
¢ DEFINITION OF VARIABLES .
¢ VARIABLE 1I/0 DEFINITION
c
c
¢ PFNC I MATRIX STORAGE CONTAINING THE VALUES
¢ NONLINEAR INTERPOLATION FUNCTIONS EVALUATED
¢ AT EACH GAUSS POINT. ITS DIMENSION IS
c (NODE, 3,10); WHERE
o4 3ww==INDICATES EVALUATION IN X,Y,2 DIRECTIONS
< 10~==INDICATES NUMBER OF GAUSS POINTS
C  SHAPE ARRAY OF SHAPE FUNCTIONS AT NODE
¢ BIGN « MATRIX PRESENTATION OF SHAPE FUNCTIONS IN
c ACCORDANCE WITH 3-0 ELASTICITY.
c i.e [BIGN]= N1 O 0 N2 C 0 N3 0 0 ——— N(NCDE) 0 ©
< 0 N1 Q O N2O QO N3 0 ——==0 N(NCDE) O
c 0 0 NLOON2G O N3 ———=0 0 N(NODE)
€  BIGNT TRANSPOSE OF [BIGN] ,
¢ FN THE FUNCTION [BIGN]T*(BIGN]
€ WGT1,WGT2,WGT3w===--VECTOR CONTAINING THE WEIGHTS OF THE GAUSS
c LEGENDRE QUADRATURE FOR INTEGRATION IN THE
c X,¥,2 DIRECTIONS RESPECTIVELY
C  XMAS GLOBAL MASS MATRIX
c
c
c**Q********i*w**w****i*w**at'***t*wﬁ**t*****t**********tw***ﬁ***w****t*iw**
G "
c

RHO=120,
c
c OBTAIN WEIGHTS FOR THE GAUSS-LEGENDRE QUADRATURE
c

CALL NUMINT(XX,NODE,NODE,NGS,WGT1,1)
CALL NUMINT{ YY,NODE,NODE,NGS,WGT2,1)
CALL NUMINT(ZZ,NODE,NCDE,NGS,WGT3,1}

A-67 -



aann

(g X2 N2 X2) aanon nno

naoan a0

ao

INITIALIZE MASS MATRIX
DO 1 I=1,NODB3
DO 1 J=1,NODB3
XMAS(I,J)=0.

DO 2 IGSX=1,NGS
DO 2 IGSY=l,NGS
DO 2 IGSZ=1,NGS

OBTAIN SHAPE FUNCTIONS FOR EACH NODE (EVALUATED AT EACH GAUSS POINT
N{XXi,¥¥i,221)=£{XKi).g(¥Yi). . h(221)

DO 3 IPE=l,NODE
SHAPE(IPE)=FNC(IPE,l,IGSX)*FNC(IPE,2,IGSY)*FNC({IPE,3,IGSZ)

PLACE SHAPE PUNCTIONS IN MATRIX FORM FOR 3-0 ELASTICITY

DO 4 I«1,3
DO 4 J=1,NODB3
BIGN(I,J)=0.

DO 5 IPE=1l,NODE
Ju3*IPE-2

JI=J+1

JII=J+2
BIGN(1,J)=SHAPE{IPE)
BIGN(2,J3)wSHAPE(IPE}
BIGN(3,J3J)=SHAPE(IPE)
CONTINUE

T
COMPUTE (N] (N]

CALL TRANSP{BIGN,BIGNT,3,NODB3)
CALL MXMULT(BIGNT,BIGN,FN,NODB3,3,3,NODB3)

MULTIPLY THE FUNCTION FN BY THE WEIGHTS FOR THE GAUSS~LEGENDRE
QUADRATURE

WGHTS=WGTL ( IGSX) *WGT2({ IGSY) *WGT3(IGS3)
DO 6 I=l,NODB3

DO 6 J=1,NODB3
XMAS(I,J)=XMAS(I,J)+WGHTS*FN(I,6J)

CONTINUE

COMPUTE THE CONSISTENT GLOBAL MASS MATRIX

DO 7 1=1,NODR3
DO 7 J=1,NODB3
XMAS(1,J)=RHO*AJAC*XMAS(I,J)/32.2

PRINT*, 'AJAC=’ ,AJAC, 'WGHTS=' ,WGHTS
PRINT*, 'WGTlw’,{WGT1(1),1I=1,3)
PRINT*, 'WGT2=', (WGT2(1),I=1,3)
PRINT*, 'WGT3=’, (WGT3(I),I=l,3)
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RETURN
END

c

SUBROUTINE EIGN{A,B,NDOF,X,EIGV)

Cﬁ***i*****'*t**ﬁ*t*!*i****i***i*t*i!l’!**Q*tilttlﬁtii!it**t**ﬂtt*!**I**i***

VARIABLE

THIS SUBPROGRAM SQLVES THE GENERALIZED EIGENPROBLEM

USING THE GENERALIZED JACOBI ITERATION

DESCRIFTION OF VARIABLES

DESCRIPTICN

STIFFNESS MATRIX (POSITIVE DEFINITE)}
ON QUTPUT [A] CONTAINS DIAGONALIZED
STIFFNESS MATRIX

=MASS MATRIX (POSITIVE DEFINITE). ON OUTPUT

{B] CONTAINS DIAGONALIZED MASS MATRIX

~MATRIX STORING EIGENVECTORS ON SOLUTION EXIT

ON QUTPUT [X] CONTAINS EIGENVECTORS STORED
COLUMNWISE .
VECTOR STORING EIGENVALUES ON SOLUTION EXIT

WORKING VECTOR

ORDER OF MATRICES A AND B

1,/0
A 1,/0
B I/0
4 I/0
EIGV 1/0
D I
NDOF I
RTOL 1
NSMAX I
IFPR I

OO0OONNOOaOOONaAANOONaOONNONNAONN0AONN

IMPLICIT REAL*8(A-H,0-Z)

CONVERGENCE TORELANCE{(USUALLY SET AT 10.+%w-12)
MAX NUMBER OF SWEEPS ALLOWED (USUALLY SET TO 15
FLAG FOR PRINTING DURING ITERATION

EQ=0 NO PRINTING

EQml INTERMEDIATE RESULTS ARE PRINTED

LA LA Sl AR A R AR AR a2 Rl s R a2 aX Rt 2

DIMENSION A(NDQF,NDOF},B(NDOF,NDOF),.X{100,100),EIGV(100),

[

c

os
RTIOL=10.**
IFPR=(
NSMAX=15

o

c

c

c

o
DO 10 I=1 ’

D{100Q)

-12

NDCF

INITIALIZE EIGENVALUE AND EIGENVECTOR MATRICES

IF(A(L,I).GT.0..AND.B(IL,I).GT.0.}G0 TO 4
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WRITE(7,2020)
RETURN

4 D(I)=A(I,I)/B(I,I}
10 EIGV(I)=D(I)
DO 30 I=1,NDOF
DO 20 J=1,NDOF
20 X(1I,3)=0.
30 X(I,I)=1.
IF(NDOF.EQ.1)RETURN

INITIALIZE SWEEP COUNTER AND B3EGIN ITERATION

ann

NSWEEP=(.
NR=NDOF~-1

40 NSWEEP=NSWEEP+l
IF{IFPR.EQ.1)WRITE(7,2000)NSWEEP

CHECK 1IF PRESENT OFF-DIAGONAL ELEMENT IS LARGE ENOUGH TO REQUIRE ZEROING

[sXsde)

EPSm( 01 **NSWEEP)**2

0C 210 J=1,NR

JImJ+l

DO 210 K=JJ,NDOF
EPTOLA=(A(J,K)*A(J,K})/(A(J,J)*A(K,KR))
EPTOLB=(B(J,K)*B(J,K})/(B(J,J)*B(K,K))
IF(EPTOLA.LT.EPS.AND.EPTOLB.LT.EPS)GO TC 210

IF ZEROING IS REQUIRED, CALCULATE THE ROTATION MATRIX ELEMENT CA AND CG

ann

AKRK=A(K,K)*B(J,K}=-B(K,K}*A(J,K)
AJJ=A(J,J)*B(J,K}=-B(J,J)*A(J K}
AB=A(J,J)*B(K,K}=-A{K,R)*B{(J,J)
CHECK=(AB*AB+4.¥AKK*AJJ)/4.
IF(CHECK)50,60,560

50 WRITE(7,2020)
RETURN

60 SQCHw=DSQRT({CHECK}
Dl=AB/2.+8QCH
D2=AB/2.-SQCH
DEN=D1
IF(DABS(D2).GT.DABS(Dl) JDEN=D2
1F(DEN)80,70,80

70 CA=Q,
CG-‘A(J:R)/A(KaK)
G0 TO 90

80 CA=ARK/DEN
CGa~-AJJ/DEN

o]
C PERFORM THE GENERALIZED ROTATION TO ZERO THE PRESENT QFF-DIAGONAL ELEMENT
c :
90 IF(NDOF-2)100,190,100
100 J. .3+
JMluJ-1
Ro l=Kel
KMl=K-1
IF{JM1-1)130,110,110
116 po 120 I=1,JM1
AJ=A(I,J)
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ann

120
130
140

150
160
1740

180
190

BJ=B(I,J)

AK=A(I,K)

BK=B(I,K)

A(I,3)e2J+lG*AK

B(I,J)mBJi+CG*BK

A( LI, K)=AK+CA*AT

B{I,K)=BK+CA*BJ

IF(KP1-NDOF) 140,140,160

DO 150 I=KPl,NDOF

AJ-A(J'I)

BJ-B(J'I)

ARsA(R,I)

BR=B(K,I)

ALd,I1)=AJ+CG*AK

B(J,I})=RJ+CG*EX

A{K,I)=AR+CA*AJ

B(X,I)=3R+CA*BJ
IF(JP1-KM1)170,170,190

DO 180 1=-JP1,KM1 :

AJ-A(J'I)

BJ=B{J,I)

AE"‘A( IIK,

BK“"B( Iax)

A(J,1)=Al»CG*AR

B(J,I)=BJ+{G*BK

A(I,R}nAE+CAMAT

B(I,R}nBK+CA*EJS

AKwA{K,K)

BRwB(K,K) .
A(K,K)=AK+2,*CA*A(J,K)+CA*CA*A(JT,JT)
B(K,K)mBE+2 *CA%B(J,K}+CA*CA*B(J,J)
A(J,J)1=a(J,J)+4. *CG*A(J ,K)+CGACG*AK
B(J,J1=B{J,J)+2.*CG*D(J,K)+{G*CG*BK
A{J,K}=0.

B(J,K)=0.

UFDUATE EIGENVECTOR MATRIX AFTER EACH ROTATION

200
219

220

230

DQ 20C I=1,NDCF
X3-X{1,J)
XKeX(1,K)
X(I,Jd)="AI+CG*XK
X{I,K)=XK+CA*XJ
CONTINUE

UPDATE THE EIGENVALUZS AFTER EACH SWEEP
DO 220 I=i,NDOF
IF(A{I,I).GT.0..AND.B(I,I).GT.0.)G0 TO 220
WRITE(7,2020)
RETUEN
EIGV(I)»A(I,I)/B(1,1)
IF(IFPR.EQ.0)GD TO 230
WRITE(7,2030)
WRITE(7,2010)(EIGV(I),I=1 NDOF)

CHECK FOR CONVERGENCE

DO 240 I=»1,NDOF
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240

CHECK ALL OFF-DIAGONAL ELEMENTS TO SEE IF ANOTHER SWEEP IS REQUIRED

250

FILL OUT BOTTOM TRIANGLE OF RESULTANT MATRICES AND SCALE EIGENVECTORS

255

260

270

28¢
29¢

2000
2010
2020

2030

TOL=RTOL*D{ I)
DIF=DABS(EIGV(I)-D(I)}
IF(DIF.GT.TOL)GO TO 280
CONTINUE

EPS=RTOL#**2

DQ 250 J=1,NR

JI=J+l

DO 250 K=JJ,NDOF
EPSA=(A(J,K)*A(J,K))/(A(J,J)*A(K,K))
EPSB=(B(J,K)*B{J,X))/(B(J,J)*B(K, K))
IF((EPSA.LT.EPS) .AND.{(EPSB.LT.EPS))GO TO 250
GO TO 280

CONTINUE

DO 260 I=1,NDOP
DG 260 J=1,NDOF
A(J,I)=A(X, )
B(J,I)=8(1,3)

DG 270 J=1,NDOF
BB=DSQRT(B(J,J))
DO 270 K=1,NDOF
X(R,J)=wX{K,J)/88
RETURN

UPDATE (D] MATRIX AND START NEW SWEEP, IF ALLOWED

DO 290 I=1,NDOF
D(I)=EIGV(I}
IF(NSWEEP.LT.NSMAX)GO TO 40
GO TO 255

FORMAT(27HOSWEEP NUMBER IN * EIGN * =,I4)
FORMAT(140,6E20.12)
FORMAT( 25HO#*» ERROR SOLUTION STOP /

30H MATRICES NOT PQSITIVE DEFINITE}
FORMAT( 36HOCURRENT EIGENVALUES IN * EIGN * ARE,/)
END
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