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ABSTRACT

This report presents an analytical and experimental investigation
into the sloshing of water in torus tanks under horizontal earthquake
ground motions. This studybwas motivated because of the use of torus
tanks for pressure-suppression pools in Boiling Water Reactors. Such a
pressure-suppression pocol would typically have 80 ft and 140 ft inside
and outside diameters, a 30 ft diameter section, and a water depth of
15 ft.

A general finite element analysis was developed for all axisymmet-
ric tanks and a computer program was written to obtain time-history plots
of sloshing displacements of water and dynamic pressures. Tests were
carried out on a 1/60th scale model under sinusoidal as well as simulat-
ed earthquake ground motions. Tests and analytical results regarding
natural frequencies, surface water displacements, and dynamic pressures
were compared and a good agreement was found within the range of dis-
placements studied. The computer program gave satisfactory results with-
in a maximum range of sloshing displacements in the full-size prototype
of 30 in. which is greater than the value obtained under the full inten-
sity of the El Centro earthquake (N-S component 1940). The range of
linear behavior was studied ezperimentally by subjecting the torus model
to increasing intensities of the El Centro earthquake. The general com-
pgter program was also used for comparison with a previous study on
the sloshing of water in annular tanks, and the previous annular tank

solution was also used as an approximate solution in the torus tank
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problem showing that sloshing response is not very sensitive to the pre-
cise cross-section geometry of an axisymmetric tank.

Tests were also conducted to study the effect of vertical ground
motions on the dynamic response of the fluid. These showed a negligible

effect on sloshing displacements.

KEY WORDS

Sloshing Response, Pressure-suppression pocol, Torus tanks,
Annular tanks, Earthquake response, Dynamic préssures, Finite

element solution.
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1. INTRODUCTION

1.1 Objective

This report preéents the results of a study into the sloshing
response of water in torus tanks under the action of earthquake-induced
ground motions, and is a continuation of a previous investigation into
the sloshing response of water in annular tanks [1].

Torus tanks are used as pressure-suppression pools in certain de-
signs of boiling water reactors (BWR) (e.g., General Electric Mark I),
and a knowledge of the dynamic response of the water and particularly
of the resulfing water surface elevations is important in evaluating
thé éffeétiveness of the system under earthquake conditions. A typical
térus suppression.pool as used in the GE Mark I reactor has an outside
diamefer of 140 ft and a section height of 30 ft. A 1/60th scale ideal-
ized model of‘such a pool is shown in Fig. 2-la.

| Rather thanvderiving a particular analytical solution to the torus

'ténk problem, it was decided at the outset to undertake a general study
into the sloshing of water in axisymmetric tanks; this ‘would be appli-
cable to thé torus tank, the annular tank previously studied, and to all
tanks with a constant section of revolution. References [1] through
[16] are some of the previous studies related to the sloshing of fluids

in tanks.



1.2 Scope of the Investigation

This study includes the testing of a 1/60th scale model of GE
Mark 1 torus, the dévelopment of a general finite element theory for
axisymmetric tanks, and a computer code to implement the finite element
theory. A comparison of test results with an approximate analysis based
on the annular tank theory is.also given in Chapter 2.

The test model was constructed by cementing together wedge—sﬁaped
lengths of 6 in. lucite tubing as shown in Fig. 2-1. This was tested
under harmonic and simulated earthquake ground motions. The quantities

measured included the sloshing frequencies and free surface displacements.

The finite element equations (Chapter 3) wére derived using the
Galerkin principle and a linearized small displacement theory was used.
The velocity potential ¢ was taken as the field variable and the slosh-
ing displacements as well as impulsive pressures were derived from ¢. |
The finite element equations were first derived for a general three di-
mensional sloshing problem under arbitrary ground motions, and then it
was specialized to an axisymmetric tank subjected to horizontal earth-
quake ground motions only.

A computer code named 'SLOSH2' was developed to implement the
finite element theory, and a comparison of sloshing displacements aﬁd
pressures as predicted by the computer program was made with the test
results from annular [1l] and torus tanks. These comparisons show that
the finite element program can successfully predict the sloshing ais~
placements as well as impulsive pressures in an axisymmetric tank under

horizontal ground motions within the range of linear behavior.
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2. TORUS TANK MODEL TESTS AND COMPARISON WITH APPROXIMATE ANALYSIS

2.1 Introduction

The objective of the tests on the torus tank model was to obtain
experimental data to compare with the results obtained from approximate
analysis based on a previous study on annular tanks [1], and also to check
the accuracy of the finite element solution developed and described in
Chapter 3.

Test data on sloshing displacements was obtained for harmonic as
well as simulated seismic-type ground motions. Details of the test pro-
cedure, experimental data, and comparison with results of approximate

analysis based on annular tank theory are discussed in this chapter.

2.2 Model Description and Instrumentation

A simplified 1/60th scale model of a Mark 1 suppression pool was
constructed as shown in Figs. 2-la and 2-1b. The model was fabricated
from 16 short lengths of 6 in. diameter clear plastic tubing cemented
together to. approximate complete torus. The internal details of the
prototype, including the 'Headers' and 'Downcomers', were not repro-
duced in the model and not taken into account in the analysis. However,
for reference purposes, the Header and Downcomer configuration is shown
in Fig. 2-1C for a 1/30th écaled model designed for proof-tests by the
reactor manufacturer. The mean diameter of the 1/60th scale model was

22 in. The normal operating water depth was 3 in.; that is, the water



surface at the section diameter, though water surface elevations above
and below this level were also studied. The tank was mounted on a ply-
wood base which was in turn prestressed to the shaking table.

The model was instrumented with one displacement gage located at
a distance of 3/8 in. from the inside wall. This gage was of the same

type as used in the annular tank tests [1].

2.3 Test Procedure and Experimental Data

2.3.1 Tests on the small shaking table

Sloshing frequencies of the 1/60th scale model of the Mark 1 torus
and the steady state sloshing response under sinusoidal table motions
were measured using the 3 X 4 ft shaking table described in Ref. [1] Sec.
4.4. The test set-up is shown in Fig. 2-2 and is similar to that de-
scribed in Ref. [1] Sec. 4.5, the only difference being that this time a
spectrum analyzer was used to determine the sloshing frequencies.

The test procedure to determine the steady state sloshing response
under sinusoidal motions was the same as described in Ref. [1] Sec. 4.5
and was measured at the gage location shown in Fig. 2-la. To determine
the sloshing frequencies, the frequency of the table motion was contin- =
uously changed and the water displacement signal was fed to the spec-
trum analyzer which was arraﬁged to produce an averaged frequehcy spec-
trum. In this way the sloshing frequencies were read directly.’

Tests on the small shakiné table were not only conducted at the

normal depth of 3 in., but also at depths of 2, 2.5, 3.5 and 4 in.
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Test data regarding the sloshing frequencies and the wave heights are
presented in Tables 2-1 and 2-2 respectively. Table 2-1 shows the mode
number, the depth of water, and the measured as well as the analytical
sloshing frequencies as approximated by using annular tank theory.

Table 2-2 gives the steady-state response for harmonic ground motion,
and tabulates the frequency of table motion, depth of water in the tank,
amplitude of the table acceleration, and measured as well as the pre-
dicted values of the amplitudes of wave heights at the gage location.
Two approximate solutions are given based on annuiar tank theory and are

described in Sec. 2.4.

2.3.2 Tests under simulated earthquakes

Tests under simulated earthquake motion using the E1 Centro (1940)
record were made at the University of California's Earthquake Simulator
Laboratory. The test set-up of the 1/60th scale model of the Mark 1
torus is shown in Fig. 2-3 where the model is shown mounted on the
20 X 20 ft shaking table. Details of the shaking table facility and
data acquisition system are givén in Ref. [1] Chapter 5. The testing
procedure was similar to that described in Ref. [1] Sec. 5.6. The proto-
type of the El Centro earthquake record was reduced by a factor of V60
to meet the similitude requirementsbof a 1/60th scale model.

In each test the quantities that were recorded, digitized and
stored on magneti¢ tape included the horizontal and vertical table accel-
erations and displacements, and the water surface displacements in the
model at the gage location shown in Fig. 2-1. The peak values of these

quantities together, with the test numbers are shown in Table 2-3. The

maximum and minimum water displacements in this table represents the
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peak upward and downward displacements respectively. These tests were
carried out both with and without the Vertical component of the recorded
ground motion. They were made at increasing amplitudes of ground motion
in order to determine the range of linear response. Some selected re-
sults are plotted in Figs. 2-4 through 2-8. The center graph in Figs.
2-4 through 2-7 also shows a comparison of the measured displacement with
approximate results from annular tank theory under horizontal ground mo-
tion only, Figure 2-8 shows that the vertical ground motion alone does
not produce sloshing displacements as could be expected.

It should be remembered that a shaking tablé acts as a low-pass
filter and will not fully reproduce motions at frequencies above the
natural frequency of the system. The small time scale (Tr =60 = 7.75)
used in this study resulted in the acéeleratién peaks associated with
high frequency ground motion being filtered out by the table. Hence the
intensity of the earthquake given in Table 2-3, and measured by peak table
acceleration, cannot be compared directly with the intensity of the orig-
inal El1 Centro record. However the sloshing response is produced mainly
by the low frequency components of the ground motion and these are cor-
rectly reproduced. It is estimated that the simulated earthquake ground
motion in Table 2-3 with a peak acceleration of 0.34 g is equivalent to
approximately 2.0 times the actual intensity of the El Centro earthquake

in the significant low frequency components.

(Note: The recorded peak acceleration in the actual 1940 E1 Centro

earthquake is 0.32 g.)



2.4 Comparison of Test Results with Approximate Theory

Approximate analyses were carried out ﬁsing the computer program

" 'SLOSH' which is based on the annular tank theory developed in Ref. [1].
For carrying out the anélyses the measured ﬁable acceleration was used
and the tank radii a and b were taken as the horizontal distances from
the axis of sfmmetry to the outer and inner walls where the free water
surfaces come in contact with the solid boundaries. Two approximations
were then made for the water depth as follows:

(1) In the first approximation the depth of the water (h) in the
torus tank solution was taken as the actual depth from the bottom of the
torus to the free surface. This is called the 'Annular Tank' approxima—
tion in Tables 2-1 and 2-2.

(2) In the second approximation, the depth of water used in the
annular solution was adjusted to make the volume of water in the annular
tank (with the same values of a and b as the torus tank) equal to the
actual volume in the torus. This is called the 'Equivalent Volume'
approximation in Tables 2-1 and 2-2.

Using these two approximations,analyses were carried out using the
SLOSH program and the comparison of test and computer results for the

sloshing frequencies and displacements is given.

2.4.1 Comparison of natural sloshing frequencies

Table 2-1 shows the comparison between the approximate results
based on annular tank theory and the test values. It can be seen that
for the first four modes, and within the range of water depth considered,

the two approximations give very similar results. This could be expected
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as in an annular tank over this range the natural frequencies are not
very sehsitive to water depth. Also, the approximate solutions compare
well with the measured torus values in the 2 in. to 4 in. depth range
indicating that frequencies are not very sensitive to the actual shape

of cross-section of the tank.

2.4.2 Comparison of sloshing displacements under steady state harmonic

ground motion

Table 2~2 gives a comparison of the measured and computed results
from approximate annular tank theory for water depths ranging from 2.5 in.
to 3.5 in. under steady state sinusoidal table motions varying in frequgncy
from 1.50 Hz to 2.55 Hz. It can be observed in Table 2-2 that the annular
tank theory gives satisfactory results for this range of water depth and
the 'Equivalent Volume' approximation gives better results in most cases.
It was also found that when the torus tank is nearly empty or nearly full
(water depths less than 2 in. or greater than 4 in. in the model) as could
be expected the approximate theory does not give satisfactory results and

should not be used.

2.4.3 Comparison of sloshing displacements under simulated earthquake

ground motions

Figures 2-4 through 2-7 show the time-history plots of the water
surface displacements at a distance of 3/8" from the inside wall under
increasing intensities of the simulated El Centro earthquake motion (hori-
zontal component only). The depth of water in the torus tank was 3 in.’
in all these tests and the comparison of measured and approximate analyE—

ical displacements is given in the middle plot in. each case. 1In Fig. 2-4



the analysis was carried out using approximation (1) (i.e., depth of
water in the annular solution was taken as 3 in.). It can be seen that
the measured and coﬁputed results differ by about 30% in displacement
amplitude,and the measured frequency of response oscillation is some-
what lower. 1In Fig. 2-5 the 'Equivalent Volume' approximation was used
( h = 2.36 in.) for the same ground motion and it can be seen that the
agreement between the test and approximate analysis is better as regards
displacement amplitude.

Figures 2-6 and 2-7 show a comparison at higher %ntensities of the
ground motion where the analysis in both cases was done using the
'Equivalent Volume' annular tank approgimation. It can be seen that even
at these relatively large displacements the approximate theory, where a
modified depth based on an equivalent volume is used in the annular tank
solution, gives reasonably satisfactory results. This approximate theory
should however 5e used with caution especially when the water depth is

outside the range of that used in these tests.

2.5 Dynamic Pressures

The dynamic pressures were not measured oh account of their small
values and therefore no comparison is available between measured and
analytical results. It is however anticipated that the annular ténk
theory should not be expected to give satisfactory results for the dy-
namic impulsive pressures in a torus tank and should not be used for
this purpose. If the pressures are required in the torus, the Finite

Element Method described in the next chapter should be used.
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2.6 Linearity Range

The range of linear behavior of sloshing respdnse was tested ex-
perimentally by subjecting the model to increasing intensities of the
simulated E1 Centro earthquake khorizontal component only), and measur-
ing the maximum (upward) and minimum (downward) peak water surface.dis—
placements. The displacements associated with this ground motion are
primarily in the first radial mode, and hence the following comménts on
linearity are primarily related to displacements in this mode. The re-
sults are plotted in Fig. 2-9 and are tabulated in Table 2-3, together
with some tests which included the vertical component of ground motion.

For displacements iess than 0.1 in. in the model, linearity holds
within 1%. But as the anmplitude of displacement increases, nonlinearity
also increases and becomes approximately 10% at displacements in the
order of 0.4 in. estimated on ;he basis of both upward aﬁd downward dis-
placements. For practical purposes it may be assumed that the linear
theory gives satisfactory results as long as the displacements are less
than 0.5 in. in the model (or 30 in. in the prototype Mark 1 suppression
pool). It may be seen in Fig. 2-6 that the modified annular tank theory
(Equivalent Volume approximation) gives quite satisfactory results al-

though the displacements are of the order of 0.5 in.

2.7 Summary of Important Observations on Sloshing in Torus Tank Model

1) The overall sloshing behavior of water in the torus tank model
studied in this report was very similar to that in the annular tank de-

scribed in Ref. [1].
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2) The effect of vertical ground motion on the sloshing displace-
ments is negligible in the linear range (compare Test No. 220378.2 with
Test No. 220378.10 in Table 2-3) but becomes more significant in the non-
linear range (compare Test No. 220378.6 with Test No. 220378.13 in Table
2-3).

3) Modified annular tank theory gives sétisfactory'results for
sloshing displacements in the torus tank. However this approximate
theory cannot be applied for the determination of dynamic pressures.

4) A non-linearity of approximately 10% could be expected at dis-
placements of the order of 0.4 in. in the model (or 24 in. in the proto-
type). Linear theory gives satisfactory results even under strong

ground motions such as the El Centro earthquake of 1940.
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TABLE 2~-1. Natural sloshing frequencies of small scale model
(1/60-sc¢ale model).

Natural Frequencies (Hz)

Mode Depth of
No. Water Test Theory
(in.) Annular Tank Equivalent Volume

1 3 0.45 0.49 0.44
2 3 2.15 2.18 2.12
3 . 3 3.02 3.20 3.1%
4 3 3.95 3.93 3.92
1 4 0.55 0.56 0.52
2 . 4 2.37 2.34 2.31
23 4 _ 3.15 3.31 3.30
4 4 4.15 - 4.04 4.04
1 2 0.35 0.40 0.34
2 2 2.00 2.13 1.91
3 2 3.20. 3.27 3.16

4 2 3.92 4.04 4.00




TABLE 2-2.

2-11

Sloshing response of water in torus tank under sinusoidal
ground acceleration (1/60th scale model) a = 14", b = 8",

Frequency Depth AchTZiZtion Displacement at Inner Wall (in.)

(Hz) (in.) (9) Test _ Theory
(Equivalent Volume) Annular Tank

1.5 3.0 .0109 .069 . 069 .0685
1.8 3.0 .00392 .040
1.8 3.0 .00785 .079
1.8 .0 .0118 .119
1.8 3.0 .0157 .157 .157 .139
1.8 3.0 . 0196 179
1.9 3.0 .00438 .058
1.9 3.0 .00875 .116
1.9 .0 .0131 .179
1.9 3.0 .0175 .240 .240 .190
1.9 3.0 .0218 .271
2.4 3.0 .0242 .246 .205 .319
1.50 2.5 .0118 .083 .078 .073
1.50 2.5 .0233 .165
1.80 .5 .0163 .216 .210 .148
1.80 2.5 .0326 .444
1.80 2.5 .0245 .330
1.50 3.5 .0118 .072 .074
1.80 .5 .0163 .150 .140 .132
1.80 3.5 .0326 .310
2.55 3.5 .0325 .252 .226 .275




TABLE 2-3. Extreme values in torus tank model tests under simulated E1l Centro 1940 earthquake
(time scale (= V60 = 7.75, depth of water = 3 inches).

bPeak Table Acceleration Peak Table Displacement Water Displacement
(g9) (inches) (inches)
Test No Horizontal  Vertical Horizontal Vertical Maximum Minimum

(up) = (down)

220378.2 0.115 0.0 | 0.048 0.0 0.246  0.231
220378.3 - 1 0.164 0.0 . 0.073 0.0 0.409  0.346
220378.4 10.237 0.0 0.100 0.0 © 0.614  0.458
220378.5 | 0.284 0.0 0.125 0.0 0.826  0.563
220378.6 0.338 0.0 0.149 0.0 . 0.999  0.667
220378.7 0.049 . 0.0 : 0.023 0.0 0.109  0.111
1 220378.8 0.0 0.083 0.0 0.05 0.003  0.006
220378.9 0.0 0.260 0.0 0.160 ~0.014  0.012
220378.10 10.107 0.067 0.046 0.036 | 0.249  0.245
220378.11 0.170 0.103 0.075 0.063 0.485  0.378
220378.12 0.232 © 0.163 0.100 0.098 0.758  0.552
220378.13 0.358 0.217 0.151 0.136 1.26 0.924

230378.1 0.477 . 0.0 : 0.201 0.0 1.22 0.921

-Z1-¢
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XBB 785-5492

FIG.2-1b CONSTRUCTION OF 1|/60 SCALE MODEL OF MARK I TORUS
PRESSURE SUPPRESSION POOL
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CBB 779-8988
FIG.2-2 1/60 SCALE MODEL OF TORUS TANK ON SMALL SHAKING TABLE

XBB 785-5344
FIG.2-3 1/60 SCALE MODEL ON 20ft X 20ft SHAKING TABLE
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3. FINITE ELEMENT ANALYSIS OF EARTHQUAKE INDUCED SLOSHING IN
AXTISYMMETRIC TANKS

3.1 Introduction

The finite element analysis [18] has become a powerful tool in
solving complex engineering problems. Since the finite element method
is completely general, it'was decided that instead of looking for a
closed form solution to predict the sloshing displacements and hydro-
dynamic pressures due to earthquake ground motions in a torus tank, the
finite element method would be a better alternative in that it would be
more general and thus can be applied to tank shapes other than cylindri-
cal and toroidal.

Previous work on the finite element analysis of sloshing in tanks
was done by Edwards [19] in which the shell theory was used for the pre-
diction of seismic stresses and displacements in a cylindrical tank
filled with liquid, but the sloshing was not considered in this analysis.

Finite element analysis for liquid sloshing problems by Luck [20]
gives only the mode shapes and frequencies in an elastic container. His
analysis is based on the variational principle suggested by Tong [21].

In this investigation our main concern is to study the sloshing
effects in pressure-suppression pools of boiling water reactors, namely
the Mark I torus and the Mark IIT annular suppressionlpools. Such struc-
tures can be considered as effectiveiy rigid for the sloshing problem
and thus the coupled effect of water-structure interaction is neglected
in this analysis. Also the nonlinear sloshing problem has been linear-

alized [13] for this analysis.



The finite element equations were first derived for a completely
general three dimensional problem and then were specialized to an axisym-
metric tank subjected to arbitrary horizontal ground motions. The finite
element equations were derived using the Galerkin principle [22]. More

background information on Galerkin method may be found in References [18]

and [23-26].

3.2 Mathematical Formulation:

3.2,1 Equation of motion

Consider a tank of arbitrary shape with rigid walls filled with
a liquid whose free surface area is B2 as shown in Fig. 3-1. Bl repre-
sents the surface area of liquid in contact with the solid boundary of the
container. YV is the volume of the liquid and ¢ is the surface water dis-
placement with respect to the undisturbed liquid surface. Using the
same assumptions as in Ref. [1] Sec. 2.2, the veiocity potential ¢ exists
at every point in V and must satisfy the Laplace equation which in rect-

angular coordinates can be written as:
—_—) + —X + —= = 0 (3-1)

where ¢d=9¢ (x, v, z, t).
Equation (3-1) will be solved by the finite element method subject

to the appropriate time dependent boundary conditions as specified below.
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3.2.2 Boundary conditions

Let vn(t) be the velocity of the tank wall along its outward
normal to the boundary at any pount, then:

g%- = vn(t) on Bl (3-2)
where n is the outward normal to the solid boundary and v, is a function
of time t.

It can also be shown that a liquid particle on the free surface

B2 must satisfy the following two conditions [13]

26 35 20 20 85 36 _ ]
5% dx 3z Ty sy the -0 (3=3)

and
56 1{ 592 362 . dé2| _ )
'gd+3t+2[(3x +(8y) +(2)z)]-0 (3-4)

where g is the acceleration of gravity.

Equations (3-3) and (3—4) which represent the non-linear free
surface boundary conditions can be simplified and combined into one
boundary condition by neglecting higher order terms and eliminating §.
This single linearized boundary condition [13] can be written as follows.
939-+ 99 _ 0 on B2. (3-5)

t2 z

Q|+
U
@
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3.3 Finite Element Formulation

3.3.1 Derivation of finite element equations

In the finite element analysis, the continuum is divided into
discrete elements or subregions which are interconnected at a finite
number of points called nodes. The necessary formulation follows the
Galerkin principle where we let the unknown field variable ¢, through-

out the solution domain, be approximated as

N, (%, v, (t ' 3-6
J(x v, 2z) ¢J( )‘ ( )

=
]
=)=

in which Nj are the shape functions defined piecewise, element by element,
and ¢j(t) are the time dependent nodal values of the field variable i.e.,
the velocity potential in this case. In the summation process an appro-
priate function for the particular point in space must be used. The N
nodal values ¢j are obtained by solving a set of N simultaneous gquations
each derived by equating the bouhdary and interiof residuais calculated
by multiplying with a weighting functio; and integrating ovef £he domain.
In the Galerkin approach, thg shape functions afe taken as>the4weighting
functions and fo; a typical node i substitutiﬁg Eq. (3—6) into Egs. (3-1),
(3—2) and (3;5) and equating the weighted and integrated interior aﬁd
boundary residual, we have:

N
2 2 2
“/ﬂN. 9 + d + 9 i} E: N.¢.dv = J/” N. jL
i 2 2 2 '3 i 9n
v ox oy dz 1

Bl

N
a2 Ni o 92 )
- N.,v ds + ——}: N.¢. + N, —
in g at2 i’J iodz

B2 1

(3-7)

QL

k‘r\/WZ P‘PV/}Z

Bl
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in which [ dv and J ds represent the integrals over the volume and appro-
priate surfaces respectively. Consider the first term on the left hand
side of Eq. (3-7) and write it in the following form

aNj Ny ul aNj
) o - | 0 e
1

2

N 3N
. , 3
N.T ]¢.dv=/— N,
'[1%. 3x2 J -’vax *

\'4

= Nz

(3-8)
Applying the Divergence theorem on the first integral oh the

right hand side of Eq. (3-8), we can rewrite it in the following form.

..“BN )
/ ¢Jdv=LNi

in which B = Bl + B2 and Q’x is the direction cosine in the x-direction of

|z

__J - ___m __J'_
N £<p ds [8 e ¢)jdv

(3-9)

w/
Hr\

the outward normal n. Similar expression can be written for the second
and third terms in Eg. (3-7). Substituting Eq. (3-9) and similar expres-

sions into the right hand side of Eq. (3-7), we get

.Ii E)Nj - XN BNJ N anj
A N<Z T byt ) st ) 5 ) 4
1 "1 1
N N N
IN, N, ON. — ON, 9N. — ON.
- T __J _x - 1 —3 -
/< X z ax ¢j * y 2_ 3y ¢j * 3z Z. 9z ¢j> dv (3-10)
v 1 1 1
N BNj 1 N /‘ »I:I—SNj
= / Nl 2_ e cbjds - N.v ds + P Ni 2_ Nj(b ds + le —é?(bjds
Bl 1 Bl B2 1 B2 1

in which ¢ = dzd)/dtz.
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The boundary integral on the left hand side of Eq. (3-10) can be substi-

tuted by

N
_._J_ -
f Z Y j (3-11)
1

or by

; N 3N . N
A __J_ -
L N, Z T (bjds +/ Z A q>jds. (3-12)
1 v 1

Replacing the boundary integral of left hand side of Eq. (3-10) with Eq.

(3-12) and using the approximation (small slopes)

3 N — on B2, Eq. (3-10)

N N N
IN. — ON, — ON,
‘i __J_ _J_ RS W |
fl: Z 5% %5 Z 5y %5t 5z >_ 52 "’j] dv
1 1 1 -

(3-13)
N
l ‘. -n
+ = NiZN.d).ds = van ds
9 Jm2 33 Bl
1
or
M¢+K¢=F (3-14)

in which the elements of M, K and F are given by

N N ds (3-15)
EB2

/’<3N 3N 3Ni aNj 3Ni BNj>

+ + dv (3-16)
v ox ax 3y oy 9z 9dz A
fE

LQII—'

N, V ds (3-17)
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where summation for Mij co&ers only the elements on the free surfacevbound—
ary and the integral is carried out on the free surface of each element

EB2. Summation for Kij covers the contribution of each element and EV is
the element region. EBl refers only to the elements which lie on the solid
boundary, Bl, and the loading term thus is associated with the elements that
lie on the tank wall boundary.

The free surface matrix M and the fluid matrix K are comparable to
the mass and stiffness matrices respectively used in structural dynamics.
It is interesting to note that the free surface matrix M gets the contribu—
tion only from the free surface elements. M and K are symmetric matrices
and Eq. (3-14) is a set of second order linear differential equations which

can be solved either by direct integration or by mode superposition.

3.3.2 Isoparametric formulation for axisymmetric tank under arbitrary

horizontal ground motions

The following analysis will be restricted to rigid tanks which
are symmetrical about the z - axis and are subjected to arbitrary hor-
izontal ground motions alone. Since Eg. (3-13) involves only the first
derivatives of shape functions, a 4-node quadrilateral element with
linear ‘interpolation functions will sétisfy the convergence requirements.
However, the more recently developed 4-to-8 variable node isoparametric
element [27] has greater flexibility in accommodating the curved bound-
aries and is convenient for numerical integration. Therefore a variable
4-to-8 node, 2-dimensional isoparametric element will be used in the
present formulation. Such an element can be used to model an axi-
symmetric problem or a two dimensional problem such as sloshing in a

rectangular tank.
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Figure 3-2(a) shows such a 4-to-8 variable node element lying in
the x-z plane where z is the axis of symmetry. Any of the mid-side nodes
5 through 8 may or may not be present and can be eliminated if desired.
Such a curvilinear 4-to-8 node element can be obtained by using an iso- .
parametric mapping from a bi-unit square which has a local r-s coordinate
system as shown in Fig. 3-2(b). The local coordinates r and s vary be-
tween -1 and +1. The nodes 1 through 4 are the corner nodes and the
nodes 5 through 8 are the mid-side nodes corresponding to Fig. 3-2(a).
Node 1 has the coordinates (1,1), The mapping between the local coordi-
nate system (r,s) and the global (x,z) coordinate system must be unique
in order to carry out the transformations properly. The coordinate trans-

formation between the bi-unit square and the curvilinear element is given

by;
8
X (r,s) = }~ hi(r,s)xim (3-18)
i=1
8
z (x,s) = }: hi(r,s)zim (3-19)
i=1

in which (xim, zim) are the global coordinates of node i in element m
and hi are the interpolation functions in local coordinates correspond-

ing to node m. The interpolation functions hi*for any element m are

defined as follows:



1 1 1

h1 = Z-(l+r) (1+s) - > h5 5 h8
1 1 1

h2 =7 (1-r) (1l+s) - 5 h5 5 h6
1 1 1

h, =7 (1-r) (1-s) - 5 hg = 5 hy
1 1 1

h4 = Z-(l+r) (1-s) - ) h7 5 h8
X ) (3-20)

= —- - +
h5 > (1-r") (1+s)
2

n =% (1-r) (1-s%)

h7 = %—(1—r2) (1-s)

ho =21 (1+r) (1-s°).

8 2

<

Since a horizontal ground motion will excite only the antisym-
metric modes (in the linearized case) of sloshing in an axisymmetric tank,
we can approximate the distribution of the velocity potential within an

element m in terms of the velocity potential at node 1 through 8 and the

interpolation functions given by Eq. (3-20)

8 .
¢m (r,s,0,t) = 2; hi(r,s) cosnf ¢im(t) (3-21)

i l\/lsi

in which ¢im is the value of the velocity potential at node i of element
m.

It is obvious that if this shape function given by Eg. (3-21) is
used in Eg. (3-17) to calculate the loading vector, the iﬁtegral between
the limits 0 ‘and 27 will be non-zero only when n = 1 in the case of hor-

izontal ground motion only, because v in such a case varies as a function



of cosf and the {fﬂ cosO ¢ cosn® A0 = 0 for any n # 1. Therefore Eq. (3-21)

can be written as

8
¢m (r,s,0,t) = E: hi {(r,s) cosb °¢im(t) (3—22)

i=1

and

8
3 -\ 9
5;—¢m (r,s,0,t) ZL- §}'hi' cosf ¢im(t) (3-23)
i=1
8
jL—¢ (r,s,b tk=§: 9 h, cosb+p, (t) (3-24)
s 'm rerey ds i im
i=1 -

or in matrix form, the above two equations can be written as

- "
¢
dr p_ (r,s)| ¢ (t)
= cosb j%% gga (3-25)
L)
ds
m . s

in which pm(r,s) contains the derivatives of interpolation functions

derived from Eq. (3-20). Using the chain rule of differentiation, we can

relate the global derivatives to the local derivatives.

( 7 ~ =~
20 ax oz |[ 20
or Jr dor dx
= (3-26)
20 x 9z || 2
ds ds ds 3z
L _Jm L P Jm

Jacobian matrix
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by inverting

"‘m‘\ r-§_¢i~~\
9x or
=gt (3-27)
_m
3¢ 3¢
_Baml Las_m

in which J;l is the inverse of the Jacobian matrix in Eq. (3-26). Sub-
stituting for 9¢/39r and for 9¢ 9ds from Eqg. (3-25) into Eq. (3-27), we

obtain the relationship between the global derivatives and nodal values

of ¢.

=J P, (r,s) ¢m(t)‘ cosb (3-28)

or

¢ (t) cosb (3-29)

15"
|5

. . B _
in which Ba = m E“l (3-30)

Thus

= B cosB (3-31)



3.3.3 Free surface (mass) matrix for axisymmetric element

The complete free surface matrix for the system is formed by
direct summation of individual element matrices i.e.,

M= L (3-32)
=739

M
L

AL

1

where n is the total number bf free surface elements, and the element

matrix gm is a 2 X2 matrix given by

M= f NN ds. (3-33)
EB2

In case of axisymmetric case the surface integral can be transformed to
a line integral. Consider a free surface element with nodes ‘i and j
(Fig. 3-3) and let

local coordinates for free surface boundary element

r =
R(r) = radius to any point r between node i and j
L = length of the elements
_ 2 2 '
L = \/(xi x) 7+ (227 (3-34)

Assuming that x-axis coincides with the horizontal plane, we can write

the transformation.

R(1)

I

(a-zxm r/LJ{:;} (3-35)

ds R(r) 4rad (3-36)

where 8 is defined in Fig. 3-2

. X, '
ds = [l - r/L r/L:]{xl}drde . (3-38)
3.



Thus
N = ['l - r/L r/;] cosH. (3—39)
Therefore
m 1-r/0)\ : 2
M = { r .}[}l—r/L) r/%} R(x) cos 0+drdf. (3-40)
A
o Jo r/L.
L1e/n) -
M =nf{ o }E(l-r/L) r/L:] R(r) drdf. (3-41)
=
0 r/L

Evaluation of the above matrix gives

X, -
M. = & [ X, + —lJ (3-42)
ii 2 i T3,
TL i X,
= — —_— 4 -
M ; [ 3 j ] (3-43)
L A
= — + -
R AN (3-44)

3.3.4 Evaluation of fluid (stiffness) matrix for axisymmetric element

The complete system fluid matrix is formed by direct summation of

element matrices

(3-45)

J'=
3]
™~ s

K
—m
1

i

where n is the number of liquid elements and the element matrix Em is

obtained by using Eq. (3-31) and Eg. (3-16).

K = f cos?0 BY B dv (3-46)
—m BV -m —m

In case of an axisymmetric element, dv = R d0dr, the volume inte-~

gral then becomes
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™
=f f c0526 R BT B dadb (3-47)
—m M
0 Am

where R is the radius of any point and A is the area.
In the natural coordinate system dA = Lﬂnldsdr where lJmI is the

determinant of the Jacobian matrix, therefore

1 sl
=T RB. B |J | asdr. (3-48)
-1 -1 - —m m

The above integral can be evaluated numerically using Gaussian quadrature

as follows [18]

N li -
}_ Z ByH)E (g8 (3-49)

j=l i=1

-

where N refers to the order of integration; Hi and Hj are the weighting
factors and

T
£ (ry,s,) =B (r;,s.) B (r;,s)|3 (;,s)| R (x;,s)) (3-49)

3.3.5 Ioad vector for axisymmetric element

The loading vector F for the complete system is the sum of the

contribution of individual elements and using Egq. (3-17) we can write

n n
F Z f N v_ds = Z F (3-50)
F - E.
m=1 =1
where
=[ N;‘:vnds (3-51)
EB1

where summation is over all the n elements which are at the liquid-solid

interface.



Consider a typical liquid-solid boundary element with nodes i and j
and let r be a local coordinate as shown in Fig. 3-4. Let R(r) be the

radius at any point r and L be the length of the element where

L = \/(x.—x.)2 + (z.—z.)2 .
i3 i3

X,
— - 1 -—
R(r) = [ (l-z/L) r/L]{xj} : (3-52)
N = {:(l—r/L) r/ilcose (3-53)
ds = R(r) dr df.

If v, T horizontal ground velocity in the x-direction then

X, - X,
v. = v _ cosOscosy where Y = tan 1 (—i———Ql); then
n x z z.

i J
L 2T (X,
F =v {}l—r/15>[kl-r/L) r/L| t cos26'cosw d8dr (3-54)
-1m X o o r/L . “x.
J

integrating we get the following element load vector
TTLvx cosy 2xi + x,
F = —% T . (3-55)
—m 6 .
x. + 2x. 3
1 3
The contribution to the loading matrix comes from those elements

which lie at the liquid-solid interface.

3.4 Numerical Solution of Finite Element Equations

The discretization of the continuum into finite elements and the
assemblage of free surface, liquid and loading element matrices results in
a set of linear, coupled, second order ordinafy differential equations. Since
these equations are linear they can be uncoupled by an orthogonal transfor-

mation and the solution can be obtained using mode superposition [28, 29]



or they can be solved by direct step-by-step integration. In this study
Newmark's step by step integration method [30,29] which is based on.the

following expressions was used.

¢t+At = q;t + At (1-9) q)t + At6¢t+At~ (3-56)

¢t+At = q>t + Atcf)t + At2 (—;—-oa) $t+ At2 o &th (3-57)
in which At is step size. o and § are parameters which are selected to
produce the desired stability and accuracy. In all the sample analyses
carried out in this investigation, Newmark's constant—average—acceleration
method (§=1/2 and o= 1/4) was used, which is an unconditionally stable
method without numerical damping.

This is an implicit method and satisfies the equilibrium equations

at time t + At, i.e.,

+ K9 (3-58)

Mine ¥ XAt = Teaae
The above three equations can be combined into a step-by-step
algorithm which involves the solution of a set of equations at each time

step of the form.

*

*
K epe =E (3-59)

In this analysis Ef is independent of time and is formed and
triangularized only once. To make the numerical algorithm more general,
the option of combining the Wilson Theta method [31] with the Newmark
method was incorporated in the computer program. The Wilson Theta method
was first applied to Newmark's linear accelerator method in order to im-
prove stability and to damp out high frequency oscillations which often

develop in step by step integration. A summary of the Newmark-Wilson

algorithm used in the computer program is given below.
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3.4.1 The Newmark-Wilson algorithm for linear step-by-step

integration

INITIAL CALCULATIONS
1. Initialize ¢O and ¢O(taken to be zero) (¢ is a vector)
2. TForm the free surface and fluid matrices_(g, X)

3. Specify algorithm parameters a, ¢ and 6

4. Calculate integration constants.

1
. T = 0At ay; = o 1 a, = AtS
1 § 2 1
8 T "3 =5 "1t ag = A" (G- )
oT
S T 2
a; =57 ag =~ (8/a -2) ag = oAt
1
a2 _E a6 = At (1-8)
*
5. Form K =K+ ao M
* * T

6. Triangularize K : K = LDL

FOR EACH TIME STEP

*
1. Calculate the effective load vector F at time t+T

. ] .
E =F ot M (agh +a0+agp).

2. Solve for velocity potential ¢ at €t + T:

L T F*
D =
DL 9, p

3. Calculate the velocity potential ¢ and its derivatives at time t +At:

?t+’[ =a, &

err - O —“_a2¢t— a6,

. L - '
Serne= b * 5 .(¢t+’l' _“(Pt)

Prae= P * 2%t 2%

depar= bp * ARG+ agh +agb



4. Determine the sloshing displacements and hydrodynamic impulsive

pressures at time t + At

I -
t+At g

-0

hi .
Sloshing displacement § t+At

Impulsive pressure

Pesat = t+At

3.5 Computer Program ‘'SLOSH2'

The program 'SLOSH2' developed to implement the finite element
theory of the sloshing phenomenon in axisymmétric tanks is coded in stand-
ard FORTRAN IV language. The basic set up of SLOSH2 is the same as that
of the computer program DOT [32] because of the fact that the finite
element formulation of the sloshing problem is similar in certain respects
to that of the heat conduction equations.

The earthquake input can either be as an accelerogram or a dis-
placement-time history, digitized in the appropriate format. The program
derives the velocity-time hiétory by integration or differentiation de-
pending upon the type of ground motion input. The earthquake input must
be properly adjusted for base-line correction such that at the end of
earthquake as acceleration goes to zero, the ground velocity and displace-
ment also go to zero.

The }effective' equilibrium equations (Eq. (3-59) are solved using
the linear equation solver COLSOL {33]. This subroutine processes only
those elements which are within the skyline of 5*, thus minimizing the
storage requirements as well as the number of operations. This subroutine
is based on Gauss elimination and requires a symmetrical positive-definite

system of equations.



A compact storage scheme is used in the computer program whereby
a one-dimensional array is used to store only those elements of K* which
are within its skyline. In the actual implementation of the computer pro-
gram a lumped mass parameter system was used which not only simplifies the
analysis considerably, but also minimizes the storage requirements. . The
three finite element groups namely, the free surface elements, the fluid
elements and the ligquid-solid interface elements,are processed in blocks
and then stored on the disc fof later use in order to increase the max-
imum capacity of the program.

It should be noted that the free surface elements and the liquid-
solid interface elements which contribute to M and F respectively, are
only two node elements for the axisymmetric case, whereas the liquid con-
tinuum itself is discretized by two-dimensional 4-to-8 node isoparametric
elements which contribute to the fluid matrix X.

In this computer program, a variable dimension is used for dynamic
allocation of primary storage into a single array in blank common. The
lower primary storage locations are used for the storage of each block of
element group data which is read in from the secondary storage (disc) as
required during the solution phase. The user has to supply the maximum
estimated number of storage locations required to store any individual
element group in the lowest primary storage. Usually this number is
determined by the number of liquid elements that form the K matrix and
not the free surface or liquid-solid interface elements. An éstimation
of the C.P.U. time required to run the program on CDC 6400 will be indi-
cated in the next article. A user's manual and Fortran listing for

SLOSH2 are given in Appendix Al and A2 respectively.
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3.6 Sample Analyses and Comparison with Test Data from Annular and

Torus Tanks

Figures 3-5 and 3-6 show the finite element mesh iayout for the
8 ft diameter annular tank and the 28 inches diameter torus tank models
respectively which were studied in Ref. [1] and in Chapter 2 of this
report. The annular tank chosen for this analysis is a simplified 1/15th
scale model of pressure-suppression pool of Boiling Water Reacfor GE
Mark III (see Ref. [1] Figs. 5-3 and 5-7a) whereas the torus tank repre-
sents the 1/60th scale model (see Fig. 2-1) of the GE Mark I pressure-
suppression pool. These analyses were carried out to check the accuracy
of the finite element model against precise test data. A finer mesh size
has been used near the free water surfaces because that is where the max-

imum sloshing displacements occur.

3.6.1 Annular tank

In Fig. 3-5 the x-axis is taken at the bottom of the tank and
z-axis as the axis of symmetry of the annular tank. There are a total of
25, 10 and 17 elements in group Nos. 1, 2 and 3 respectively. Group No.l
contains 4-to-8 node elements whereas group Nos. 2 and 3 contain the ffee
surface elements and ligquid-solid interface elements respectively with
two nodes each. There are a total of 52 nodes in this mesh. The finite
element analysis was done using the digitized accelerogram recorded in
Test No. 211276.1 of Ref. [1] Chapter 5 and a comparison of measured and
predicted results is given in Figs. 3-7 and 3-8.

Figure 3-7 shows a comparison of the sloshing displacements at

node 2 between the finite element solution and the test data under the
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same ground motion. The results are shown for the first six seconds and
it can be seen that there is close agreement between the test and finite
element results.

Figure 3-8 shows a comparison of impulsive pressures between the
measured and finite element results, and it can be seen again that tﬁe
agreemen£ between the two is excellent with test results consistently
5-10% higher compared with the finite element solution indicating a pos-
sible error of calibration of pressure gage and some error due to eléc-

trical noise. This comparison is given at node 52 (Fig. 3.5).

3.6.2 Torus tank

The finite element mesh layout for the torus tank model (Fig. 3-6)
has a total of 24, 12 and 24 elements in group Nos. 1, 2 and 3 respectively.
The z-axis is taken as thé axis of symmetry of the torus and the x-axis at
the bottom of the tank. The total number of nodes in this case is 73.

The earthquake input used for the finite element analysis was the
recorded shaking table displacement instead of acceleration because the
displacements gave zero velocity and acceleration on differentiation at the
end of the earthuakes whereas the integration of the accelerogram usually gives
finite amount of velocity and displacement without a base line correction.

In comparing the finite element'solutionrwith the test data for
the torus tank it should be remembered that the two systems are not exactly
the same: the finite element solution is for a perfectly round tank, where-
as the test tank was made of a set of 16 straight segments as shown in Fig.
2-1. Figures 3-9, 3-10 and 3-11 show the comparison of sloshing displace-
ments at node No.2 for increasing intensity of ground motion. In Figs.

3-9 and 3-10 the agreement between the two results during the first half



of the earthquake is excellent and for the rest of the earthquake quite
satisfactory. 1In Fig. 3-11, although the sloshing response is relatively
large, the linear finite element analysis still gives satisfactory results
for practical purposes. The hydrodynamic pressures in this case were not
measured on account of their relatively small magnitude in this small
scale model.

The C.P.U. time required by the CDC 6400 to obtain the time-history
response in the torus tank model analysis (Fig. 3~9) with the mesh size

shown in Fig. 3-6 was 126 seconds.

3.7 $Sample Analysis of Mark I Prototype Torus Tank Under El Centro

1940 Earthquake

Figure 3-12 shows the sloshing response in the prototype of Mark I
torus under the full intensity of the 1940 El Centro earthquake (N-S
component). The mesh layout for this analysis was similar to that shown
in Fig. 3-6 except the overall dimensions which in this case are 60 times
larger. The sloshing displacement shown in Fig. 3-12 is at node #2 with

a maximum value of 24.3",
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4. CONCLUSIONS

(1) A comparison of data from shaking table tests on annular
and torus tanks confirms that the finite element analysis presented in
this report.can successfully predict hydrodynamic pressures and free
surface displacement in rigid axisymmetric tanks under st?ong motion
earthquakes. The finite element program is applicable not only to axi-
symmetric tanks but may also have possible application to offshore struc-
tures under seismic conditions.

(2) As sloshing response is not very sensitive to the precise
geometry of the tank section, a modified annular tank solution gives
satisfactory results in predicting the sloshing frequencies and displace-
ments in torus tanks under horizontal ground motions.

(3) The validity of the theory developed herein is independent
of the size of the model that was analyzed and tested. In the 1/60-scale
torus model the sloshing response is produced mainly by the low frequency
components of the reference earthguake ground motion, and these are cor-

rectly reproduced on the 20-foot shaking table.
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APPENDIX Al

SLOSH2 USER'S MANUAL

SLOSH2: A linear finite element program which determines the
sloshing displacements and impulsive pressures in axi-
symmetric rigid tanks under arbitrary horizontal ground

motions.

Developed by: Mohammad Aslam
Department of Civil Engineering
University of California, Berkeley

CONTENTS
Al.l Program Description
Al.2 Program Capacity
Al.3 Input Data

I. Problem Initiation and Title
II. Master Control Card
IITI. Nodal Coordinates
IV. Solution Time and Step Size
V. Earthquake Input
VI. Element Data

Type 1l: Two Dimensional Finite Elements
Type 2: Free Surface Elements
Type 3: Solid-Liquid Interface Elements

VII. New Problem Data

VIII. Termination Card

Al.4 Output
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Al.l1 Program Description

The computer program SLOSH2 has been developed to éredict
sloshiné displacements and impulsive pressures in a liquid filled axi-
symmetric container subjected to only horizontal ground motion. The
tank is assumed to be rigid and fixed_at the base. The program requires
the following three types of elements.

1. Two dimension 4-to-8 node axisymmetric elements

idealizing the liquid.

2. Two node free surface elements.

3. Two node elements representing the liquid-solid interface.

Al.2 Program Capacity

The program uses a variable dimensioning in order to make an
optimum use of high speed storage. Element group data is stored block
wise on the disc. The program capacity can be varied through two Fortran
statements in the main program.

COMMON (n)
MTOT = n

The total memory n required can be estimated by the following

formula.
n=M+ 2 * NPTM + iO * NUMNP
in which
M = NEL1 * (4 * MXNODS - 2)
NEL1 = Number of elements in group 1
MXNODS = Maximum nodes in anyvelement of group 1
NPTM = Number of points of earthquake input

NUMNP = Total number of node points
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Al.3 Program Input Data

The following format should be followed for the necessary input

data.

I. Problem Initiation and Title (A5, 3X, 1824) - one card

Columns Variable Description
1- 5 MODE Punch the word 'START'
9 - 80 HED Title of the problem

II. Master Control Card (4I5) - one card

Columns Variable Description
1 - 5 NUMNP Total number of nodes
6 - 10 NEG Number of element groups
11 - 15 NUMEST Estimated number of storage locations

required (Mj) for element group 1.
Zero or blank: defaults to 3000

16 - 20 MODEX Execution mode. Specify
(a) Zero: data check only
(b) 1l: execution

ITI. Nodal Coordinates (I5, 5X, 2F 10.0, I5)

As many cards as needed to generate total number of nodes

NUMNP and their coordinates

Columns Variable Description
1 - 5 N Node number
See Note 1
11 - 20 X (N) X coordinate
21 - 30 Y (N) Z coordinate
35 - 35 KN Node number difference between suc-

cessive generated nodes (given on
first card in a sequence).

Specify.
Zero: No generation.
See Note 2.

Note:

(1) Node cards may not be in numerical order. Eventually, how-

ever, all nodes must be identified.
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(2) The mesh generation parameter KN must appear on the first
card of a series of nodal points to be generated. The inter—
mediate nodes to be generated between nodes (say N1 and N2)
will be located at equal intervals along the straight line
joining the two nodes. KN is the nodal increment to be added
to previous node number. The node difference N2-N1 must be

exactly divisible by KN.

IV. Solution Time and Step Size (2I5, 3F10.0, 3I5)

Columns Variable Description
l1- 5 NDT Number of solution time steps.
Specify

Zero: defaults to 1 step
6 - 15 DT Step size

16 - 20 NPRINT Time interval for printout of
nodal displacements and pressures
expressed as a multiple of the
integration time step.

Specify

Zero: defaults to 1

V. BEarthquake Input

A. Control Information (2I5) - one card

Columns Variable Description
1- 5 NBCF Number of ground input components
(use 1)
6 - 10 NPTM Maximum number of points to describe

the earthquake input. See Note 1.

Note:

(1) NPTM is the number of [ £f(t),t] pairs used to define the earth-
quake ground motion which could be either an acceleration or
displacement-time history record. At least two points are

required to describe the input.
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B. Earthquake Input Data

For one component of ground motion (horizontal in this case) a
control card followed by as many cards as needed to define the earth-

quake.

1. Control Card (215, F10.0, I5) - First card

Columns Variable Description
1- 5 NC Function number. Specify equal to 1
in this case
6 - 10 NPTS (NC) Number of time points used to describe
the earthquake input (GE.2 and EQ. to
NPTM)
11 - 20 FOM Multiplication factor for conversion

to right units. See Note 1
21 - 25 INPUT Specify

1 - If acceleration is ground input
2 - If displacement is the given
ground input.

2. [£f(t), t] Barthquake Data (8F10.0)

As many cards as needed to define NPTS (NC) pairs of points

[ TFN(NC,I), FN(NC,I)]; four pairs per card. See Note 2.

Columns Variable Description
1l - 10 TFN (NC, 1) Time at point 1 : tl
11 - 20 FN(NC,1) Acceleration or displacement value
at point 1 : £ (tl)
21 - 30 TFN(NC,2) t2
31 - 40 FN (NC, 2) f(t2)
41 - 50 TFN (NC, 3) t3
51 - 60 FN (NC, 3) f(t3)
61l - 70 TFN(NC, 4) t4
71 - 80 FN(NC, 4) f(t4)
Next card(s) - as many as needed to define the earth-

quake input.



Note:

VI.

(1)

(2)
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Factor of multiplication if necessary to make the units of
ground input compatible with the units of the tank dimensions.
This option is available only if input is in the form of accel-
erogram. In case of displacement history the units must be in

inches, seconds and pounds.

Time values at successive points are assumed to increase in

magnitude. Values of ground input other than TFN(NC,I) are

calculated within the program using a linear interpolgtion.

Element Data

Elements are divided into three groups (NEG). An element group

is a series of elements of a particular type.

The elements in a particular group must be numbered sequentially

starting with the number of the first element as specified on the element

group control card.

program.

Following are the three types of element groups used in this

Type 1 - Two Dimensional Finite Elements

These are 4-to-8 node axisymmetric isoparametric elements
which lie in the global X-Z plane and are used to model the
liquid continuum. Z-axis has been taken as the axis of

revolution for the axisymmetric tank.

Type 2 - Free Surface Elements

These are 2 node axisymmetric elements which have been .

used to represent the free surface of the liquid. These
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elements lie in the X~-Z global plane where Z is the axis of
revolution of the tank. These elements contribute to mass

matrix.

Type 3 - Liquid-Solid Interface Elements

These are two node axisymmetric elements and lie in the
global X-Z plane. These elements contribute to the loading

vector.

\

Type 1 - Two Dimensional Finite Elements

A. Control Information (6I5) - one card.

Colunmns Variable Description
1 - 5 NGR Element group indicator. Punch the
number "1".
6 - 10 NEL1 Number of elements in group 1.
11 - 15 MFST Element number of the first element

in this. See Note 1.

16 - 20 ITYP2D Element type code. Specify
Zero: axisymmetric

21 - 25 MXNODS Maximum number of nodes used to
describe any one element. Specify
Zero: defaults to 4.
(GE.4 and LE.8)

26 - 30 NINT Numerical integration order to be used
in Gaussian quadrature. Specify
Zero: defaults to 2
(GE.2 and LE.4) See Note 2.

(1) Element numbers in any group may not start from 1 if MFST
is specified.

(2) For rectangular elements, an integration order of 2 is suf-
ficient. For non rectangular elements a higher order should

be used.



B. Element Data

(1115)
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As many data cards as are needed in order to

element data for the elements (NEL1l) in this group.

‘Note:

(1)

(2)

Columns
1 - 5
6 - 10

11 - 15

16 - 20

21 - 25

26 ~ 30

31 - 35

36 - 40

41 - 45

46 - 50

51 - 55

Variable

M

NOD (1)
NOD (2)
NOD (3)
NOD (4)
NOD (5)
NOD (6)
NOD(7)
NOD(8)

IEL

KG

Description

Element number
See Note 1

Global
Global
Global
Global
Global
Global
Global
Global

node
node
node
node
node
node
node

node

See Note 2

number
numbexr
number
number
number
number
number
number

Number of nodes in
defaults to

Zero:

generate the

of element node

of element hode

1
2
of element node 3
of element node 4

5

of element node 5.
od element node 6.

é
of element node 7.
8

of element node

the element.
MXNODS

Node number increment for element
generation (given on 1lst card in a
sequence)
defaults to 1
See Note 3

Zexro:

Elements must be input in increasing sequence, with MFST

being the 1lst element.

must be included.

Cards for the first and last element

If an element has less than 8 nodes (i.e., IEL.LT.8), input

a zero or blank corresponding to the missing node location.

For example, for a 6 node element with nodes 6 and 8 missing,

the element node number array would be NOD(I) =K X:X X X0 XO0]

where X entries represent the global node numbers.
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(3) The node generation parameter KG must appear on the first
element card of a sequence and is used to determine the node
numbers for a group of missing elements in that sequence. If
M is the first element of the sequence and the elements [M+ 1,
M+ 2, ..... M+ J] are the missing J elements, then the node
numbers of the successive J elements are automatically incre-
mented by the value KG given for the element M. Only the
nonzero node numbers appearing on the M-th element card are
incremented in this automatic generation. In the printout of
the element data, generated elements are marked with an

asterisk.

Type 2 - Free Surface Boundary Elements

A. Control Information (4I5) - one card.

Columns Variable Description
1- 5 NGR Element group number.
Punch the number '2°'.
6 - 10 NEL2 Number of elements in group 2
11 - 15 MFST Number of the first element in group

2 (need not start with 1)

16 - 20 ITYP Element type. Specify
Zero: axisymmetric
this is the only option available.

B. Element Data (415)

As many cards as needed to generate NEL? elements.
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Columns Variable Descrigtion
1- 5 M | ‘ Element number
See Note (1)
6 - 10 NOD (1) Global node number of element node I
.11 - 15 NOD(2) Global node number of'element node J
16 - 20 KG Node number increment for element

generation. Zero: defaults to 1.
See Note (2)

Note:

(1) All elements must be input in ascending numerical order,
starting with element number MFST. Cards for the first and

last element must be included.

(2) The node generation parameter KG must be given on the first
element card prior to a group of missing elements. In the
print out of the element data, generated elements are pre-

fixed by an asterisk.

Type 3 - Liquid-Solid Interface Elements

A. Control Infbrmation (4I5) - one card.

Columns Variable Description
1 - 5 NGR Element group number
Punch the number '3’
6 - 10 NEL3 Number of elements in group 3
11 - 15 MFST Number of first element in group 3 °
16 - 20 ITYP Element type : Specify

Zero: axisymmetric (the only option
available)
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B. Element Data (3I5, 5X, F10.0)

. v As many cards as the number of elements NEL3 in group 3
Columns Variable Description
i 1- 5 M Element number
6 - 10 NOD(1) Global node number of element node I
11 - 15 NOD (2) Global node number of element node J
21 - 30 COSsS X-direction cosine of the outward

normal to the element.

VII. New Problem Data

A new problem may now be solved by adding data starting with

Section I. Any number of problems can be solved in one run.

VIII. Termination Card (A4) - one card

Columns Variable Description

1 - 4 MODE Punch the word 'STOP'.

Al.4 Output

Output includes the nodal displacements and impulsive pressures.

Displacements are meaningful only for the free surface nodes.
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AR AR HHORAIAAAIIAAAAK NI K HKANACIAKAAR KNOKIKAIAAK

PROGRAM SLOSH2 ( INPUT.OUTPUT. PUNCH, TRPES = INPUT. TRPE6 =0UTPUT. SLOSH
+ TAPE 1. TAPE2., TAPE3=PUNCH) nggﬁ
L
SORIR R KORARIARAIOR KA AKIAKNAK KA AR AR HOK IR AOK AR K K ASKHOKOK0KIKS | OS H
SLOSH
SLOSH2----A FINITE ELEMENT PROGRAM TO DETERMINE THE SLOSHING SLOSH
RESPONSE UNDER EARTHQUAKE GROUND MOTIONS IN AN SLOSH
AXI-SYMETRIC RIGID TANK SLOSH
DEVELOPED BY--- MOHARMMAD ASLAM. DEPARTMENT OF CIVIL SLOSH
ENGINEERING. UNIVERSITY OF CALIFORNIR.BERKELEY SLOSH
AUGUST 1978 nggH
LOSH
ORI K A KRR A AN AKNRKAAOK A A A AR HOKA N K AKOK AKX AR KK AOKKAAOKINOIOKS L OSH
SLOSH
COMMON /CNTRL 1/ NUMNP.NEG.MODEX.NPAR(18),NG.KBC SLOSH
COMMON /CNTRL2/ KST.NDT.DT. TSTART. TAMB,.NPRINT.NTSREF. TIME.KP SLOSH
COMMON /DIM 7 N1,N2,N3,.N4,.N53,.N6.N7.NB,NS. Nla N11.N12.N13.N14.N1SSLOSH
COMMON ~ELSTOR~- NUMEST.MIDEST.MAXEST SLOSH
COMMON /JUNK ~ HED(18).MTOT.NLINE SLOSH
COMON /NBC 7/ NHBC.NBCF.NPTM SLOSH
COMMON ~WORK ~ LIORK(2080) SLOSH
CgBTﬂN/CONST /7AB.A1.A2.R3.R4.A5.A6.A7.A8.AS. THETA. DELTAH.ALPHR.PI. GnggH
+ LOSH
DIMENSION SD(2008).PB(2006) SLOSH
COMMON A(100808) L SLOSH
SLOSH
MTOT = 10000 SLOSH
MAXEST = @ SLOSH
o SLOSH
mEzxc===cz== SLOSH
INPUT PHASE SLOSH
sszzs=s===== SLOSH
SLOSH
PROGRAM MASTER CONTROL DATA SLOSH
CALL DOTI . SLOSH
INFPUT ELEMENT INFORMATION SLOSH
SLOSH
CALL ELCAL SLOSH
‘ SLOSH
EEETLTERESEZEE - SLOSH
SOLUTION PHARSE ' SLOSH
Esz==zzzzsx=== SLOSH
SLOSH
HORAK AR AR ACHKAKAKAKACHKA KA A A AR AR AN AKANAA A AR K RORIOKS L OSH
SLOSH
BLANK COMMON STORAGE ALLOCATION gtggH
' H
ARRAY ——=—=m——=—- DESCRIPTION--~-~=——~== DIMENZION SLOSH
N1 TFN TIME VALUES AT POINTS NPTMX BCF SLOSH
N2 FN FUNCTION VALUES AT POINTS NPTMX.{BCF SLOSH
N3 NPTS NUMBER OF FUNCTION INPUT POINTS NBCF SLOSH
N4 TD FIRST DERIVATIVE OF VEL POT. NUMNP SLOSH
NS TDD 2ND DERIVATIVE OF VEL. POT. NUMNP SLOSH
N6 TTAU NUMNP SLOSH
N7 P PRESSURE (DYNAMIC IMPULSIVE) NUMNP SLOSH
N8 T VELOCITY POTEMTIAL NUMNP SLOSH
N9 MAXA ADDRESSES OF XK DIAGOMAL ELEMEMTS NUMNP +1 SLOSH
N1@ xK EFFELCTIVE STIFFNESS MATRIX NLK SLOSH
NIl A LOARDING VECTOR NUMNP SLOSH
N12 C MASS MARTRIX NUMNP SLOSH
N13 E WATER DISPLACEMENTS AT SURFACE NUMNP SLOSH

WOOMODNANUH GIN -
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15

20
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25

A2-3
Nida TT VELOCITY POTENTIAL AT (T-DT) NUMNP

SLOSH S8
SLOSH S9

AR AN KA I AKAK AR AIANI AR I AAAKNAKAK K HOKAAKAKAAAHOR IR AN KKK KSLOSH 60

CALL ADRSK (A(N11).A(N12),.NUMNP.NLK,MB)
SHIFT STORAGE TO ELIMINRTE NNDAL COORDINRTE DATA

I = 1 + MAXEST
Ni2Mm = N12 - 1
DO 18 J=NZ.N12M
ACD) = QiJ)

= +

= 1 + MAXEST
N2 = NI <+ NPTMKNBCF
= N2 + NPTMKNBCF
N4 = N3 + NBCF
NS=N4 + NUMNP
N6=NS + NUMNP
N7=N6 + NUMNP
N8=N7 + NUMNP

N9 = NB <+ NUMNP
N1I@ = N9 + HNUMNP + 1
N1i = NIB + NWK

N12 = NIl + NUMNP
N13 = NI12 + NUMNP
Ni4 = NI3 + HNUMNP
N15 = Ni4 + NUMNP

IF(N15.GT.MTOT) CALL ERROR (N15-MTOT)

IF (MODEX.EQ.8) GO TO 208

INITIALIZE STIFFNESS MATRIX (XK) AND LOADING VECTOR 0
NI2M = N12 - 1

DO 15 I=N18.N12M

ACI) = 8.8 ,

INITIALIZE VELUCITY POTENTIAL VECTOR AT AT TT(@)=T(®)
DO 28 I=1.NUMNP

IT =N8 +1-1

ITT = N14 + 1 - |

ACITTY) = ACIT)

INITIALIZE THE TIME STEP COUNTER

KSTEP = B
TIME=8.

INITIALIZE MASS MATRIX (LUMPED MASS SYSTEM)

Ni3M = NI1Z ~ 1
DO 25 1=NH12.N13M
ACD = 8.9

CALCULRTE CONSTANTS OF INTFGRATION

PI=3,141592654
G=38c.18
R0O=0.c86n3351
THETA=1.0

SLOSH 61
SLOSH 62
SLOSH 63
SLOSH 64
SLOSH 65
SLOSH 66
SLOSH 67
SLOSH 68
SLOSH 63
SLOSH 78
SLOSH 71
SLOSH 72
SLOSH 73
SLOSH 74
SLOSH 75
SLOSH 76
SLOSH 77
SLOSH 78
SLOSH 79
SLOSH 89
SLOSH 81
SLOSH 82
SLOSH 83
SLOSH 84
SLOSH 85
SLOSH 86
SLOSH 87
SLOSH 88
SLOSH 89
SLOSH 908
SLOSH 91
SLOSH 92
SLOSH 93
SLOSH 94
SLOSH 85
SLOSH 96
SLOSH S?
SLOSH 98
SLOSH 99
SLOSH109
SLOSH1081
SLOSH182
SLOSH183
SLOSH184
SLOSH18S
SLOSH106
SLOSHIRT
SLOSH188
SLOSH189
SLOSH! 108
SLOSH111
SLOSH112
SLOSHI113
SLOSH114
SLOSH11S
SLOSHI16
SLOSH117
SLOSH118
SLOSH119
SLOSH1208
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84

DELTR=0.50

ALPHA=8.25
TAU=THETAXDT
AB=1.06/(ALPHAXTAUXTAU)
A1=DEL TR/ (ALPHAXTAU)
R2=1./(ALPHAXTAU)
A3=1.-(2.%ALPHA)-1.
A4=DEL TR/RLPHA-1.
AS=TAUX*(DELTAR-ALPHA-2.0) 2.
RE=DTx(1.-DELTR)
A7=DT*DELTA
A8=DTxDTx(B.5-ALPHA)
A9=ALPHAXDT*DT

ASSESELE THE EFFEECTIVE SYSTEM STIFFNESS MATRIX(KX)
CALL RSSEMK

FORM THE EFFECTIVE K AND CALL IT XK

CALL KSTAR(ACND).A(N1D).A(N12))

INITIALIZE VELOCITY POTENTIAL AND ITS DERIVATIVES
N6M=N6-1

2?1?681=N4.N6

TRIANGULARIZE THE EFFECTIVE CGHDUCTIVITY MATRIX. (K¥)

KTR = B
CALL COLSOL (A(N18).A(N11).ACNI).NUMNP. MB. NUK.KTR)

TIME MARCHING LOOP ,
INITIALIZE O

N12M=N12-1

DO 44 I=N11.M12M

Al =A.

TX=THETAXDT

EEZESSSSETEESE=SSaSD

KSTEP = KSTEP + |

TTH=TIME+TX

TIME = TIME + DT

FORM THC LOAD VECTOR

CALL FIORMAC(TTH)

COMPUTE EFFECTIVE LOAD VECTOR

CALL GEFFC(A(NILII.A(NI2).ANB).A(N4).AINSY . NUMNP)
UPDATE (TT> VECTOR

DO 82 I=1.HUMNP

IT =N + 1 -1

ITT = Ni4 4+ 1 - 1

RCITTY = ALIT

SOLVE THE EQUILIBRIUM EQUATIONS FOR VELOCITY POTENTIAL

KTR = 2

SLOSH121
SLOSH122
SLOSH123
SLOSH124
SLOSH125
SLOSH126
SLOSH127
SLOSH128
SLOSH129
SLOSH138
SLOSH131
SLOSH132
SLOSH133

SLOSH134

SLOSH13S5
SLOSH136
SLOSH137
SLOSH138
SLOSH133
SLOSH 148
SLOSH141
SLOSH142
SLOSH143
SLOSH144
SLOSH145
SLOSH146
SLOSH147
SLOSH148
SLOSH148
SLOSH158
SLOSH151
SLOSH152
SLOSH153
SLOSH154
SLOSH155
SLOSH156
SLOSH157
SLOSH158
SLOSH159
SLOSH168
SLOSH161
SLOSH162
SLOSH163
SLOSH164
SLOSH16S
SLOSH166
SLOSH167
SLOSH168
SLOSH169
SLOSH178
SLOSH171
SLOSH172
SLOSHI173
SLOSH174
SLOSHI?S
SLOSH176
SLOSH177
SLOSH178
SLOSH179
SLOSH188
SLOSH181
SLOSH182
SLOSH183
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CALL COLSOL (ACNIB).AN11).A(NI),NUMNP.MB.NWK.KTR) gtggn%gg
Q-VECTOR IS NOW T-VECTOR. SET T(I)=G(I> AND Q(I1)=8. - SLOSH186
SLOSH186
DO 85 I=1.NUMNP SLOSH187
IT=N8 + 1 -1 SLOSH188
10 = N1T + 1 - 1 SLOSH183
ACITY = ACIQ SLOSH198
85 A(IG) = B.9 ’ SLOSH131
' SLOSH192
CALCULATE VEL. POTENTIAL AND ITS DERIVITIVE AT TIME4DT SLOSH193
CALL CALCUCGR(NS) ., A(NLI ,A(NA)I.A(NS).AIN7I.ACN1I3) . NUMNP) SLgSngg
SLOSHI
PRINT AND./OR PUNCH THE NODRL DISPLARCEMENTS AND PRESSU=ES. SLOSH1%6
IF REQUESTED. AT THIS TIME STEP SLOSH137
SLOSH198
K = MODC(KSTEF.HNPRINT} SLOSH199
IF(K.NE.B) GO TO 96 SLOSHZB8
CALL OUTC(ACNLI3) . NUMHP, TIME.KSTEP) SLOSH281
CALL OUP(ACNY) .NUMNP.TIME.KSTEP> SLOSH212
98 IF(KFP.EQ.B) GO T0O 92 SLOSH2E3
L = MOD(KSTEP.KP) SLOSHZ284
IF(L.NE.B) GO TO 92 SLOSH28S
CALL PTEMP (R(N8J.TIME.NUMHF) SLOSH286
SLOSH207
CONTINUE : SLOSH208
SD(1)=0. SLOSHZ289
NN=KSTEF+1 SLOSH2 1@
CHECK FOR FIMAL TIME STEF - SLOSH211
SLOSHZ212
IF(KSTEP.LT.HDTY GO TO 160 SLOSHZ13
GO TO =86 SLOSHZ 14
SLOSH21S
END SLOSH216
SUBROUTINE DOTI DOTI 1
DOTI 2
COMMOH ~“CHTRL1. NUMNP.NEG,MODEX.NPAR(18) .NG.KBC DOTI 3
COMMON ~CHTRLZ2. KST.NDT.DT.TSTART. TAMB. HFRINT,NTSREF. TiME.KF DOTI 4
commMod ~DIM s M1.H2 M3, HA. NS, HE,HP L HE, NS, HIB. N1, HIZ2 . H13.N14,N1SDOTI S
COMMCH ~ELSTOR.. NUMEST.MIDEST.MARXEST LOT! 6
COMMOM ~JUHK  ~ HEDC(I8),MTOT.HLINE DOTI v
COMMON ~NBC < HMNBC.NBCF.HFTM DOTI g
cormMmMot KL DOTI 9
DIMENSION MOD(2) DOTI 1@
DATA MAOD/SHSTART.SHSTOP ~ DOTI 11
roTr 12
s S I T FEE TS T 3 ¥ DOTI 13
READ CONTROL INFURMATION DOTI 14
=zzz=zzssST==S===c:i=S=ERE=c DOTI 19
LOTI 16
18 READ (5.10003 MODE.HED DOTI 17
IF (MODE.EQ.MOD(2)) STOP - DOTI 8
IF(MODE.EQ.MOD(1)) GO TO 2@ pOT!I 18
URITE(F.3003) poTlr 2
L0 TO 1o o7l 21
poTr 22
26 READ (S5.1001) HUMHP.NEG.NUMEST.MODEX pPOTI 23
pOTI 24
IF(HUTIEST.ED. O NUMEST = 4000 DOTI 25
IF(NUIMHP . CT.8 GO TO 30 ATl 26
LWRITELG6,.30B 1) poaTr 27
STOP DOTI 28

28 IF(NEG.GT.8) GO TO 40 poT!r 29
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WRITE (6.3802)
STOP

CALL TITLE (HED)
WRITE (6.2880) NUMNP.NEG.NUMEST.MODEX
NLINE = 17

DOT! 30
DOTI 31
DOTI 32
pOTI 33
poTI 34
DOTI 3S
DOTI 36
DOTI 37

ARAANRR KK AR NI AN AN K AOK AR AR AR AR KA AAORAOK I AN DOTI 38

BLANK COMMON STORAGE

ARRAY ==-—-—--=- DESCRIPTION--====m=m
NI X NODAL X-COORD INATES
N2 Y NODAL Y-COORD INATES
N3  TFN  TIME VALUES AT POINTS
N4 FN FUNCTION VALUES AT POINTS

NS NPTS  NUMBER OF FUNCTION INPUT POINTS
N6 1D FIRST DERIVATIVE OF VEL POT.
N7 DD 2ND DERIVATIVE OF VEL. POT.

N8 TTAU
N9 P PRESSURE (DYNAMIC IMPULSIVE)
Nl T VELOCITY POTENTIAL

N11  MAXA  ADDRESSES OF (XK) DIRGONAL ELTS.

N12 MHT ACTIVE COLUMN HEIGHTS

ALLOCATION

DIMENSICHN
NUMNP
NUMNP

NP TMHECF
NPTMx:BCF
NBCF
NUMNP
NUMNP
NUMNP
NUMNP
NUMNP
NUMNP +1
NUMNP

DOT1 39

" DOTI 48

DOT! 41
DOT1 42
DOTI 43
DOT1 44
DOTI 45

“DOTI 46

DOTI 47
DOTI 48 -
DOTI49
DOTISA
DOTISI1
DOTI 52
DOTI 53
DOTI 5S4
DOTI SS

HORKAOK AR AR NRMK KA I AR KK K A A AK R ATKAN N A4 MR AN A4 Aok R AKANIORKKDO T 56

RERD NODAL POINT COORDINARTE DRTR

S S NS S S S SRS SIS ER SRS S S SSEESSE

Nl = 1 + NUMEST
N2 = NI + NUMNP
N3 = N2 + HNUMNP

IF(N3.GT.MTOT) CALL ERROR (N3-MTOT)
CALL COORD (A(NI13.ACN2).NUMNP)

Sz

REQD oOLUTlOH TIHE AND GRDUND QFCELERQTIUN

READ(S. 1802)NDT,.DT.NPRINT.KP
KST=9 $ TSTART=0.
TAMB=0. % NTSREF=0

IF (NDT .EQ.0) NDT =1

IF (NPRINT.EQ.Q) NPRINT = 1
CAlLL TITLE (HED)

WRITErE.20801) NDT.DT.NPRINT.KF
NLINE = 22

EEE e R T IR N E S EE S S I EEESEREENERSES=IRE=RE

REARD THC ERRTHQUARKE ACCELEROGRAMS

EE T S-S S RS TS CXECECEECEEEETTE=SSREEESRS=TESE

FEAD (5.1082) NBCF.NPTM.NNBC
WRITE(E.2002) HBCF.NPTM
HLINE = NLINE + 9

N4 = HNZ + HPTMKNBCF

NS = N4 + NPTMKNBCF

N6 = HS <+ NBCF

DOTI 57
DOTI S8
DOTI S8
DOTI 68
DOTI 61
DOTI 62
DOTI €3
DOTI 64
DOT! &S5
DOTI 66
DOTI 67
DOT! 68
DOTI 69
DOT! 7e
BOTI 71
pOTl 72
DOTI- 73
DOTI- 73
DOTI- 73
DOTI 74
DOTI 75
DOTI 76
poTI 7

- DOTI- 78

pOTI 79
DOT! 68
DOTI 81
pOTI- 82
DOTI 83
DOTI 84
DOTI 85
DOTI 86
DOTI 87
DOTI 91
DOTI 82
DOTI 93
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IF(N6.GT.MTOT) CALL ERROR (N6-MTOT) gg;{
CALL FUNC (AN3).A(N4),A(NS).NPTM) gg;{
60 CALL TITLE (HED) poTI
NLINE = 16 DOTI
%] N7 =N&+NUMNP : DOTI-
N8=N? +NUMNP DOTI-
NS =N8+NUMNP DOTI-
N18=NI+NUI'NP DOTI-~
IF(N19.GT.MTOT) CALL ERROR (W18-MTOT) DOTI
DOTI
EE=E==ZC TS ECZEECEXCSCSRESSRSESSSSESEZISS=S DOT!I!
INITIALISE VEL. POTENTIAL ‘ DOTI-
ESE =SS =Z=Z=S=S==ZCEES=S=SEESSSEISScaasSsS=S DOTI
DOTI
88 H11 = HNI1B + HNUMNP DOTI
IF(N11.GT.MTOTY CALL ERROR (N11-MTOT) DOTI
DOTI
CALL INITAL (ACH18).TAMB.HUMNP) pOTI
DOTI
FORMAT STATEMENTS DO;I
DOTI
1ABA FORMAT(ARS. 3X. 18R4A) DOTI
1891 FORMAT(L4IS) DOTI
V82 FORMAT(IS.F18.8.219) DOTI-
18003 FORMAT(31S) DOTI
2000 FORMAT (20 1HX) ~28H CONTROL INFORMATION/ZB(1HX) /v DOTI
1 34K HUMBER QOF NODAL POINTS ..... = IS~ DOTI
2 34H HUMBER OF ELCMENT GROUPS ... = IS5~ DOTI
3 34H MAX. ELEMENT GROUP STORAGE . = IS~/ : DOTI
4 34H SOLUTION MODE ... .0 vns = 15/ DOTI
4 23 EQ. O. DATA CHECK.-EX, 16HEG. 1, EXECUTION, - /) DOTI
2801 FORNHT&JG(IH*)fJSH SOLUTION TIME AND PRINT.FUNCH . DOTI-
1 1ZH IHFORMATION/SO C1H¥) 7 ‘DOTI
5 48H HUMBER OF SOLUTIOHM TIME STEPS ....covenn.. = IS/ DOTI
6 43H SOLUTION TIME STEF IMCREMERT ............. = F18.4//D0T1
9 SH QUTPUT PRINT IMTERVAL . ...ttt ieanns. = [S/ DOTI
B Sh OQUTPUT PUNCH INTERVAL ... i ieiiiennaans = IS-77) DOTI
2002 FDRNHT( SO 725H TIME DEPENDENT FUMCTIONWS - 2S5 C1HX) £7/ DPOTI
48H NUMBER OF TIME DEFENDENT FUHCTIONS ....... = IS~ DOTI
2 48H MAXIMUM HUMBER OF (F(T).T) FCINTS ........ 1S~73 DOTI
3080 FORMAT(/ S1H *+ERROR*x FRECELEM DECK tWUST BEGIN WITH S’RRT CArRD) DOTI
3081 FORMAT(~/r43H #+ERROR*x HNO. OF HODAL PUINTS MUST BE .G7. ZERD) POTI
3082 FORMAT(/~S1H *¢ERROR#x NO. OF ELEMENHT GBROUFS MUST BE .67, IzRD DO;I
DOTI
RETURHN DOTI
END DOTI
SUBROUTINE COORD (X.Y,NUMHP) CO0OR
COOR
RCACACA A AT A A ACH A ACA A ACK R AN A AR A A A AR A AR A SROROK KR R AOKAKK +.4: -fﬁ-'fi'4‘3-%"}7*1****1:DUR'
THIC FFHTV'L FtQDS AND GCUEPH]Eb THE GLOBRL NODAL POINT COOR
’ "HRANMCETRIC ELEMENTS COCR
S AR EAAORRR JORKAOK 1A 5% KAOKRIOKC OOR
COOR
DIMENMSICH HXoD).Y(D) COOR
common < JUuME. ~ HEDC(18) .MTOT.LHLINE COOR
COOR
READ OF GEHERATE MHODAL FOINWT LATA Eggg
WRITEE.27200) COOR
WRITE(E.2031) COOoR

NLINE = HLINE + 12 COOR

94

95

96
181
102
184
185
186
187
108
112
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
138
131
132
133
134
135
136
137
138
142
143
146
148
149
158
151
155
156
157
158
159
160

—
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38

50
100

ZQQIIFORMRT(IB(IH*)/ISH A.

NOLD =0

READ (5.18808) N.X(N).Y(N).KN,JPR
IF(N.EQ.1) IPR=JPR
IF(NLINE.LT.S5) GO TO 1S

CALL TITLE (HED)

WRITE(6.2801)

NLINE = 18

WRITE(6.2082) N.X(N).Y(N).KH
NLINE = NLINE + 1

IF(NOLD.EQ.8) GO TO 30

CHECK IF GENERATION IS REQUIRED

IF (KNOLD.EG.B) GO TO 30

NUM = (N-NOLD)/KNOLD

NUMN = NUM - 1

RNUM = NUM

DX = (X(N)-X(NOLD)) /RNUM

DY = (Y(N)-Y(NOLD) ) /RNUM
= NOLD

DU 20 J=1.NUMN

KK = K

K = K 4+ KNOLD

X(K) = X(KK) + DX

Y(K) = Y(KK) + DY

NOLD = N

KNOLD= KN

IF(N.NE.NUMNP) GO TO 19
IFCIPR.EQ.1) GO TO 200
PRINT ALL NODAL POINT DARTR

CALL TITLE (HED)
WRITE (€. 2603)
NLINE = 9

NROW = MUMNP-/3 + 1
NR = 8

DO 188 I=1.NUMNP.3

NR = HR + 1

IF =1 +2

IF(NR.EQ.NROW) IP = NUMNP
IF(NLJNE.LT.55) GO TO 5@

CALL TITLE (HED)

WRITE(6.2803)

NLINE = 9

URITE(S 2084) (N.X(N).Y(N).N=1.IP)
NLINE = NLINE + 1

FORMAT STATEMENTS

1868 FORMAT(IS.S5X.2F10.0.15.11)
2008 FORMAT(238( 114 /28H NODAL POINT COORDINATE DATR28C1HX) /)
INFUT NODE DATR/IS(1H¥)///

4%, AHHUDE , 5X, 7HX-COORD . 5:X, 7HY-COORD . SX, 4HD IFF /)
2882 FORMAT(3X.15.2F12.3.3X.15)
2003 FORMQT!Z:(IHYJ/23H B.

GENERATED NODE DARTAR/23(1HX)///
3(4X. 4HH0DE . SX 7HX-CCORD. 5X. FHY-COORD, 5X) /)
2804 FURMQT(3(3H.15 2F12.3.,5X))

COOR

"COOR

COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
CNOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR

COOR

COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
COOR
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c COOR 79
260 RETURN COOR 80
END COOR 8l

c SUBROUTINE FUNC (TFN.FN. NPTS NPTMI1) : ES:E é
C ******************************************************%**t********FUNC 3

Cc DEFINE ALL BOUNDARY CONDITION FUNCTIONS FUNC 4
Cc HORRAKAKHRIAACAAAKAKHAAK KA A AR A AR A AR AHORAK N A AN R AAKAAKAAKAKF INT 5
C FUNC 6
DIMENSION TFN(NPTHML, 1)L.FN(NPTML,. 1).NPTS(1) FUNC 7
COMMON ~CNTRL2~- KST.NDT.DT.TSTART. TAMB. NPRINT.NTSREF., TiME.KP FUNC 8

COMMON /JUNK  ~ HED(18).MTOT.NLINE FUNC S

cormioM /NBC 7 NNBC.NBCF.NPTHM FUNC 10
COMMON ~WORK ~ FORM(4).WORK(196) FUNC 11

C FUHC 12
WRITE(6.2801) : FUNC 13

NLINE = MLINE + 3 FUNC 14

C FUNC 1S

DO 108 LL=1.NBCF FUNC- 186

RERD (5.1880) NC.MPTS(NC).FOM. INPUT FUNC- 17
WRITE(6.2002) NC.NPTS(NC).FOM ’ FUNC-18

NLINE = NLINE + 1 FUNC 19

IF(NPTS(NC).GE.2.AND.NPTS(NC).LE.NPTIM) GO TO 20 FUHNC 29
WRITE(6.3088) FUNC 21

STOP FUNC 22

C FUMC 23

C READ TIME FUNCTION VERSUS TIME TABLE FUHC 24

C FUNC 2S5

20 NT = NPTS(NC) FUNC 26

READ (5.18081) (TFN(K.NCI.FN(K,.NCY.K=1.HT) FUNC 27

C FUNC 28

c CHECK THART TIME POINTS ARE IN INCRERSING CRDER FUNC 29

C FUNC 30
TOLD = ~1. FUNC 31

DO 38 K=1.NT FunC 32

IFCTFN(K,.NC)Y .GT.TOLD) GO TO 38 FUNC 33

WRITE(E.3881) FUNC 34

STOP : FUNC 35

38 TOLD = TFNC(K.HNO) FUNC 36

(o FUNC 37

Cc FUNC 45

S6 DO 78 K=1.NHT FUNC 46

IFC(HLIKF.LT.55) GO TO 68 FUNC 47

CALL TITLE C(HED) FUNC 48

WRITE(6.2808) FUNC 49

WRITE(6.2001) FUNC SB

HLINE = 10 FUNC S1

60 WRITE(6.2803) K,TFN(K.NC).FN(K.HC) FUNC S2

78 NLINE = MLINE + 1} FUNC 53

(o FUNC S4
(8 FUNC-55S
C INTEGRATE THE ACCELEROGRAM TO OBTAIN THE VELOCITY FUNC-55
(o FUNC-55
FI=FH(1.HC) FUNC-5V
FHCL.HC) =0, FUNC-SS
IFCIMPUT.EQ.2) GO TO S5 FUNC-59

DO 80 K=2.MT FUNC-69
L=K-1 FUNC-61
FI1=FH(K,.HC)} FUNC-62
FHOKLHC) =FHLLHCY +(FI4F I D R (TFN(KLHC) =TFNI(L . NC) ) xFOM.~2. FUNC-63
FI=FI1 FUNC-64
LRITE(6.C1IK.,. TFN(K.NC).FN(K.HNC) FUNC-65

81 FORMAT (60X, 15.2F15.5) FUNC-66
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@  CONTINUE FUNC-67

GO TO 100 FUNC-68

_ FUNC-68

DIFFERENTIATE DISPLACEMENT TO GET VELOCITY FUNC-€9
UNC-

S5 DO 118 I1=2,NT FUNC-71
J=1-1 FUNC-72
IFC1.EQ.NT) GO TO 111 FUNC-73
K=l+1 FUNC-74
A=TFNCI.NC)-TFNCJ, NC) FUNC-75
B=TFN(K.NC)-TFN(1.NC) FUNC-76
C=FN(I.NO) FUNC-77
D=(C-F 1) /A FUNC-78
E=(FN(K.NC)-C)/B FUNC-79
FNCILHC) = (D+E) /2. FUNC-89
F1=C FUNC-81
LRITE(6,81) 1. TENCI.NC) . FNCI.NC) FUNC-82

10 CONTINUE ) FUNC-83

11 FNHTLNC =(FN(NT.NC)-CYZ(TFN(NT.NC)-TFN(J.NC)) FUNC-84
WRITE(6.81)K, TFN(K.NC) ,FN(K.NC) FUNC-85

1868 CONTINUE FUNC 55
FUNC 56

FUNC 57

FORMAT STATEMENTS FUNC S8
FUNC 53

1890 FORMAT(215.F10.8.15) FUNC- 60

1881 FORMAT(BF 10.8) FUNC 61

2000 FORMAT(25(1Hx) /25H TIME DEPENDENT FUNCTIONS /25 (1H%) /) FUNC 62

2001 FORMAT(4X.8HFUNCTION. 4X.SHNUMBER OF ,6X, 1BHTIME POINT.4'L.4ATIME. FUNC 63

1 4%, 8HFUNCTION/SX. 6HNUMBER, 4%, 1 IHTIME POINTS. 7X. 5HNUMSER, FUNC 64
5%, SHVALUE . SX. SHVALUE /) FUNC 65

2882 FORMAT(4X. 15.7X, 15.48X,. xMULTIPLICATION FACTOR=%.F18.4) FUNC~- 66

2803 FORMAT(31X,16.F12.3,F12.6) FUNC- 67

3008 FORMAT(/-49H *%*¥ERRORxx (NPTS) MUST BE .GE. 2 AND .LE. (NPTM)) FUNC 68

3001 FGRMAT(//52H *xERRORMx BC FUNCTION TIME POINTS ARE OUT OF ORLER) FUNC €9

UNC 72

RETURHN FUNC 73
END FUNC 74
SUBROUTINE INITAL (T.TAMB.NUMNP) INIT 1
KA RO AN M . A A o KA KKK I A AACH A NCA KA AR A AR K ok AANORKNKAIOKAOK HAR R AGRARIIOKIK INIT ¢ 3
INITIALISE V.P. (VELOCITY POTENTIRL) UNUT- 4
3K AR A AOK M A HCAHCH AR AR IORAC AR A AR K A 3k AR KO A A KA A A o RAORNOKAK AR K A AR AR IN T T S
INIT 6

DIMENSION  T(NUMNP) INIT 7
INIT 8

ICON=0 INIT- Q
TAMB=0. INIT-, 18
DO 108 I=1,NUMNP INIT 12
108 T(I) = TAMB INIT | 13
388 RETURN INIT ' 35
END INIT ' 36
SUBROUTINE ELCAL ELCL ¢ 1§
ELCL » 2

COMMON /CNTRL1/ NUMNP,NEG.MODEX. NPAR ( 18) . HG . KBC ELCL 3
COMWN /DIM 7/ N1.N2,NH3.N4. NS, HE6,.N7.N8. NS, N18,N11,N12.M13.H14.N1SELCL - 4
COMMON ~ELSTOR~ NUMEST.MIDEST,MAXEST ELCL S
COITIN ~JUNK  ~ HED(18).MTOT.NL INE ELCL 6
COMMON ARK  ~ NST(1@) . LORK (150) ELCL 7
COMIION  AC(L) ELCL 8
DIMENSION LABFL(2,2) ELCL 9
DATA LABEL.GHAXISYM,EHMETRIC.6HP L A .6HH A R ELCL 18
L 11
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THIS ROUTINE CALLS THE APPROPRIATE ELEMENT ROUTINES FOR READING.
GENERATING AND STORING THE ELEMENT DATA

TAPE ALLOCATIONAG

TAPE 1 - STORES ELEMENT GROUP DATA

ELCL 13
ELCL 14
ELCL 15
ELCL 16
ELCL 17

o8 R b R K RO 3 K 3 R A K K A KR K R KK R A KK AR KRR AR AKIR KRR OIKEL CL. 18

TWO DIMENSIONAL

NFRR (1)
NPAR (2)
NPAR (3)
NPAR (4)

NPAR(S)
NFAR(6)

1
NUUMBER OF TWO DIMENSIONAL ELEMEWTS (NEL1)
NHUMBER OF FIRST ELEMENT IN THIS GROUP (MFET)

ELEMENT TYPE CODPE (ITYP2D)
EQ.8. AXISYMMETRIC

MRXIMUM NUMBER OF NODES (MMXNCDZ)
NUMERICAL INTEGRATION ORDER (MINT)

FINITE ELEMENTS

ELCL . 18
ELCL 28
ELCL 21
ELCL 22
ELCL 23
ELCL 24
ELCL 25
ELCL 27
ELCL 28

AR KA RN 3K AR AR KKK IR KKK KRR A KKK A A A AT + A 4 AKKRIOKKYELCL 32

FREE SURFACE
NPAR(1) =

NPAR(2)= NUMBER OF FREE SURFACE ELEMENTS(MEL2)
NUMBER OF FIRST ELEMEHT IM THIS

NPRR(3) =
NPAR(4) =

ELEMENTS
2

ELEMENT TYPE CODE (ITYP)

GROUP (MF3T)
EQ.0. AXISYMETRIC FREE SURFACE ELEMENT

ELCL- 33
ELCL 34
ELCL 35
ELCL- 36
ELCL 37
ELCL 38
ELCL~ 39

ARKAAAAKKHKACAKAAKAKHARAAOK KA AKACKAAAKAAAAAAAAK A KRAKKAAAAAK R ATNAAKAIIOOKELCL 42
SOLID BOUMDRY ELEMENTS

NPAR(1) =

NPAR (2) =NUMBER OF SOLID BOUNDARY ELEMENTS (HEL3}
NPAR(3) = NUMBER OF FIRST ELEMENT IN THIS GROUP (MF5T)

NPAR(Z) =

3

ELEMENT TYPE LODE CITYP)

EQ.8, AXISYMMETRIC SOLID-LIQUID BOUNDARY ZLEMEMNTS

ELCL-43

ELCL 44
ELCL 45
ELCL- 456
ELCL 47
ELEL- 47
ELCL--47

SRR ACKAAACAK A A AR KKK KRR AR ACH A ORK R A HR N AORRAOROK AR & A A KKK IOKE L CL. 48

ZERO ACTIVE COLUMN HEIGHT ARRAY (MHT)

N12
N13

N11 + NUMNP + 1
Nid -+ HUMHP

IF(N1I3.GT.MTOT) CARLL ERROR tN13-MTOT)
DO 5 I=N12.N13

5 ACD) = 0.0

REWIND 1

LOOP OVER ALL ELEMENT GROUFS

DO 189 HG=1.MHEG
CALL TITLE C(HED)
WRITE (6.26803 NG

HLINE = 7

READ (5.1089) HPAR
HGR = HPARCL)
GO TO (1.2.33 HGR

1 IF(HPAR(2) .GT.B) GO TO 18

ELCL 49
ELCL 58
ELCL St
ELCL 352
ELCL 53
ELCL 5S4
ELCL 55
ELCL 56
ELCL 57
ELCL S8
EILCL S8
ELCL 68
ELCL 61
ELCL 62
ELCL 63
ELCL 64
ELCL 65
ELCL 66
ELCL 67
ELCL &8
ELCL 68
ELCL r@
ELCL. 71
ELCL 72
ELCL 73
ELCL 74
ELCL 75
ELCL 76
ELCL 77
ELCL 78
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WRITE(6.30800)
STOP

IF (NPAR(6) .LE.4) GO TO 28
WRITE(6.3001)

STOP »
IF(NPAR(3) .EQ.8) NPAR(3)
IF (NPAR(S) .EG.B) NPAR(S)
IF (NPAR(6) .EQ.8) HPAR(6)
IF (NPAR(?) .EQ.B) NPAR(?7)
IF(NPRR(8) .EQ.B) NPAR(8)
IT = NPAR(4) + 1 :

WRITE(6.2881) NGR. (LABEL(I.IT).1=1.2).NPAR(2).NPAR(3).HPAR(S}.,
NPAR(E)

nanes
e B B e

|
CALL ADRS1

GO TO 58

IF (NPAR(2) .GT.8) GO TO 38
WRITE(6.30800)

STOP

I (NPAR(S) .EQ.B) NPAR(S) = |
IT = NPAR(4) + 1

WRITE(6.20802) NGR. (LABEL(I,IT).1=1.2),.NPAR(2),NPAR(3I)
CALL ADRS2
GO T0 58

ELEMENT GROUP 3

IF (NPRR(2) .GT.8) GO TO 48
WRITE (6.3002)

STOP

IFCNPAR(3) .EQ.B) NPAR(3) = 1

IT=HPRAR(4) +1

WRITE(E.2802) NGR, (LABEL(I.IT).I1=1.2).NPAR(2).NPRAR(3)., ! !IPrPk 53
CALL ADRS3

IF(MIDEST.GT.MARXEST) MAXEST = MIDEST
IF(MIDEST.LE.NUMEST) GO TO 6@

GO TO 1o6

STARE ALL CLEMENT GROUP INFORMARTION ONTO TAFE 1
WRITEC(1) MIDEST.NPAR.NST.(R(I), [=1.MIDEST)
CONTINUE

IF(MA>EST.LE.NUMEST) GO TO 300

WRITE(6.30A2) MAXEST

STOP

FORMAT STRTEMENTS

FORMAT(1B1S)
FORMAT (23 1H¥)-20H ELEMENT DATA. GROUP, I323(1Hx) /)

FORMAT (26H ELLCIENT GROUP INDICATOR =13.18H (TWO DIMENSIONAL ,2R6.

ELCL 79
ELCL 80
ELCL 81
ELCL 82
ELCL 83
ELCL 84
ELCL 85
ELCL 86
ELCL 87
ELCL 88
ELCL 83
ELCL 90
ELCL 91
ELCL-92

ELCL 93
ELCL 94
ELCL 95
ELCL 96
ELCL 97
ELCL 98
ELCL 99
ELCL 100
ELCL 181
ELCL 182
ELCL-183
ELCL 185
ELCL 106
ELCL-107
ELCL 188
ELCL 183
ELCL 118
ELCL 111
ELCL 112
ELCL 113
ELCL 114
ELCL 115
ELCL 116
ELCL 117
ELCL 118
ELCL 119
ELCL-107
ELCL 187
ELCL 122
ELCL 123
ELCL 124
ELCL 12S
ELCL 126
ELCL 127
ELCL 128
ELCL 129
ELCL 13@
ELCL 131
ELCL 132
ELCL 133
ELCL 134
ELCL 135
ELCL 136
ELCL 137
ELCL 138
ELCL 138
ELCL 1408
ELCL 14}
ELCL t42
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10H ELEMENTS) 77/

38H
38H
38H
38H

NUMBER OF ELEMENTS .............
NO. OF FIRST ELEMENT IN GROUP ..
MAX. NO. OF NODES PER ELEMENT ..
NUMERICAL INTEGRATION ORDER ....

2002 FDRMHT(26H ELEMENT GROUP INDICATOR =13,
2H (.205.36H FREE SURFACE ELEMENTS

3000
30801

3002
c

OOO0OOO0O0O00O0000O

()

300

2
3

FORMAT(/-S1H *kERROR*x NO. OF ELTS.
FORMAT(/S3H *kERRORx*x NO. OF INTEGRATIOHN FTS.
FORMAT(//41H *kERRORXx

RETURN
END

38H
38H

NUMBER OF ELEMENTS .............
HU. OF FIRST ELEMENT INH GROUFP ..

SUBROUTINE ADRS1

COMMON
COMMON
COMMON
COMMON
COMMON

SRAAKOK KKK AR K AR KK AR AR M HCH KKK AR ACK AR A OROKROK KK AOK LR

COMMON

BLA

M1
M"ﬁ
M3
M4

ZCNTRL 1 NUMNP.NEG.MODEX.NPAR(18) , NG, KBC
7 N1.H2,.N3.N4.NS, N6, NP . NB.NS. H18.N11.H12 N13.

#DIM

#ELSTOR~ NUMEST.MIDEST.MAXEST
< M1.M2.M3.M4. M5, M6, M7 . MB. MI - M18. LORK (13%)

ZWORK
ACL)

N K

APRAY
LM
e
IELT
NODS

----------- DESCRIPTION-—---=-----
ELEMENT COMMECTIVITY ARRAY
ELEMENT COORD INATES

NO. OF NODES DESCRIBING ELEMENT
MIDSIDE NODES LOCATION ARRAY

=

157
15/
IS/
1573

Va4
157
1S5/}

STORAGE ALLOCATTI

DIMENS 0N

IH GRCUP MUST BE .GT. ZERO)
MUST Bz
(NUMEST) MUST BE INCRERSED TO i8)

MANDOD S HEL |

SHMMZDSHHEL L

HELT
HDSD I+ HE

L1

ACACRACA A AR AR A A AR ROR A AR A A ACE AR F AR AR A . ORI KA KK A DIOK 390k 444 4K AOKKKA D S 1 26

HEL1

MNOI'S

HDM
HDSD 1M

M1
M2
M3
M4
M5
NLAST=

{1 L (I 1 |

1
M1
M2
M3
M4
15-1

HPRR (23
NPAR (S)
2#411=H0DS
I'MXNODS-4

+ MANODS*NEL 1
+ MDMXNEL 1

+ MEL1

+ MDSDIMKNEL 1

WRITE(E.26888) NLAST
= MLAGT
IF(HDSLIM.EQ.B) NDSDIM = 1

CALL ELGE1 (R(H1DILACN2).ANI2).AMII.AM2) . 5(M3) . A(MA) . rIxNODS.NDM.ADSI- 52
1MDSD LIt}

C
2086 FORMATC(22H
C

MIDEST

PETURH
EHD

LENGTH OF ELEMENT INFORPHMATIGH ..

IS7

SUBROLTIME ELGR1 (X.Y.MHT,LM. KY. JELT.NODS.M-NODS.NDM. HIZD 1M

INPUT [HFORMATION FOR 4- TO 8-MODE ISOPARANETRIC ELEME:TS

ELCL 143
ELCL 144
ELCL 145
ELCL 145
ELCL-147
ELCL 153
ELCL 154
ELCL 155
ELCL 156
ELCL 162
.LE. FOURYELCL 163
ELCL 164
ELCL 165
ELCL 166
ELCL 167
ADS1 i
ADS1 2
ADS 1 3
Hi4,.N1SADS1 4
ADS1 S
ADS1 6
ADSt 7
ADS1 8
FARKANKADS 1 9
ADS1 18
3 M ADS! 11
ADS1 12
ADS1 13
ADS1 14
RDS1 IS
ADS1 16
ADS1 17
ADS1 25
ADS1 27
ADS1 28
ADS1 23
ADS1 32
ADS1 33
ADS1 34
ADS1 35S
ADS1 36
ADS! 37
ADS1 38
ADS! 39
RDSI- 40
ADS1 47
ADS1 48
ADS1 49
ADS! SO
ADS! S!
ADSI- S3
ADS1 55
ARDS1 S6
ADS1 57
RDS1 S8
ADS1 59

ELG-
ELGI

ELGI

1
3
HAKAANACA R AR ACK A AAKRAAAKARANAAA AN AANAA AL RRAKRORAR KN 3 4k 0ROk KORKE LG 1 4
S
6

AOKAOKAAAAA A A A HAKHKAAKAOKAAAAH K HARAKAAAKAAK A 4 AAKANNAKAK H 4R 4 b RKAHKAIKEL G ]
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NODS(NDSDIM. 1)
COMMON ~/CNTRL1/ NUMNP,NEG.MODEX.NPAR(18) .NG.KBC
COMMON ~JUNK ~ HED(18).MTOT,NLINE
COMMON ~UORK ~ DUM(18).NOD(8),.NODM(8).NODSM(8) .WORK(166)
DIMENSION AST(2)
DATA AST/2H .2H wx/

NEL1 = NPAR(2)
MFST = NPAR(3)

lDlHENSION XC1).YC(1) ,MAT (1), LM(MXNODS. 1) . XY(NDM. 1), IELT(1),

CALL TITLE (HED)

READ AND GENERATE ELEMENT INFORMATION

CALL TITLE (HED)
WRITE(6.20883) NG
WRITE(6.20084) (I,1=1.8)

NLINE = 18

N = 1

IMEM = {FST

NLAST = MFST + NELI1 - 1

RERD (S.1802> M.NOD. IEL.KG

IF(MTYP.EG.B) MTYP = |
IFCIEL. .EG.0) IEL = MXNODS
IF(KG .EG.0) KG =1

IF (MXNGDS.GE.IEL) GO 7O 110
WRITE(6.3882) M

sToP

IF(M-TMEM) 280.120.200
SAVE ELEMENT INFORMATION FOR GENERATION OF ADDITIONAL ZLEMENTS

DO 130 1=1.8

NODMCI) =NODC1)
{?(éEL.EO.d) GO TO 150
DO 148 1=5.8

NN=NOD (I}

IF(NN.EQ.D) GO TO 140
I1=11 + 1

NODSM(11) =1

CONTINUE

1ELM IEL
KKK KG
AsSTT AST(1)

STORE PERMAMENT ELEMENT INFORMATION

12 =0

DO 239 1=1.1ELM
IF(I.LE.4) GO TO 218
JJ = NODSM(I-4)

ELGI
ELG!
ELG1-
ELG!
ELG1
ELG1
ELG1
ELGI
ELG1
ELG1
ELGI
ELG!
ELG1
ELGI
ELGI
ELG1
ELG1
ELG1
ELG!
ELG!
ELGI
ELGI
ELGI
ELG]
ELG!
ELGI
ELG]
ELGI
ELGI
ELG-
ELG1
ELG!
ELG1
ELGI
ELG1
ELG1
ELG!
ELG!
ELG]
ELG1
ELG!
ELG1
ELG!
ELGI
ELGI
ELGI
ELGI
ELG!
ELG!
ELGI
ELG1
ELG]
ELGI
ELG1-
ELG1
ELGI
ELGI
ELGI
ELG]
ELGI
ELG1
ELGI
ELGI
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Il = NODM(JJ) ELG] 98
GO TO 220 ELG! 99
218 11 = NODMC(I) ELG1 100
220 LM(I.N) = 11 ' ELG! 101
12 = 12 + 2 , ELG] 182
XY(I12-1.N) = X(ID ELG1 183
238 Xy(l2z .N) = Y(ID) ELG]l 194
_ ELG! 185
IELT(N) = IELM ‘ ELG1 106
IFCIELM.EQ.4) GO TO 250 ELG1 108
NN=IELM - 4 ELG1 183
DO 248 I=1.NN : ELGL 119
240 NODS(I.N)=NODSM(I) : ELG! 111
ELG1 112
UPDATE COLUMN HEIGHTS AND BANDWIDTH ELE% 113
L 11
250 CALL COLHT (MHT. IELM.LMCL.N)) ELGL 115
ELG!1 116
IF(NLINE.LT.S5S) GO TO 260 ELGI 117
CALL TITLE (HED) : ELG1 118
WRITE(6.2003) NG ELG1 119
WRITE(6.20884) (I.1=1.8) ELGl 120
NLINE = 18 ELG1 121
ELG1 122
268 WRITE(6.208083) ASTT, IMEM.NODM. IELM ELG1-123
NLINE = NHLINE + 1 ELG1 124
IFCIMEM.EQ.NLAST) GO TO 300 ELG! 125
ELG1 126
N=N+1 ELG1 127
IMEM = IMEM + 1 ELG1 128
ELG1 129
CHECK IF ELEMENT DATA 1S TO BE STORED FOR CURRENT ELEMENT ELEI 1%6
ELG1 131
IFCIMEM.EQ.M) GO TO 120 ELG1 132
ELG1 133
GENERATE NODE NUMBERS FOR HEXT ELEMENT ELE{ lgg
L 1

DO 278 I=1.8 ELG] 136
IF (NODMC(1) .EQ.8) GO TO 270 ELGI 137
NODMC 1) =NODMC 1) +KKK ELG1 138
279 CONTINUE ELG1 133
ELG] 148

CHECK IF HEXT ELEMENT CARD IS TO BE RERD ELG1 141
ELGI 142
ASTT=A5T2) ELG! 143
IFCIMEM.GT.ID GO TO 1009 ELG] 144
ELG1 145
GENEFATE IHFORMATION FOR NEXT ELEMENT Etg{ }gé

[
GO TO 206 ELG] 148
ELG! 149
260 URITE(6.3983) M ELG1 150
STOP ELG1 151
ELG1 152
FORMART STRTEMENTS ELGI 153
) ELG]1 154
1802 FORMATC(111S) ELGI-155
2083 FORMATIZO0C1H4) 727H ELEMENT INFORMATION. GROUP.13/3B8(1Hw) ) ELG] 168
28084 FORMAT (4. 4HELT.,.3X, 18 (1H-). 12HNODE NUMBERS. 1@ (1H-).3X.5H - 3X.ELG! 169
1 EHNO. OF /SX.3HNO..,3X.8(3X. 11),4X.3HNG. . SX,SHNODES. ) ELG1 179
28685 FORMAT(AZ2. 15.4X,814, 18X, 15) ELG1-171

3902 FORMAT(//1QH **EI.LEMENT., IS.34H EXCEEDS MAXIMUM NUMBER OF NOTESwk) ELGl 174
3803 FORMAT(//26H **ERRORxk ELEMENT CARD =IS.16H DUT OF SEQUEICE) ELG] 175
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c ELG1 176
380 RETURN ELG! 177
END - ELGI 178
SUBROUTINE ADRS2 ADS2 1
C ADS2 2
COMMON /CNTRL1/ NUMNP.NEG.MODEX.NPAR(18).NG.KBC ADS2 3
COMON /DIM  / N1.N2.N3.N4,.NS.N6.N7.N8.NI.N18.N11.N12.N13.N14.N1SADS2 4
COMMON /ELSTOR/ NUMEST,.MIDEST.MAXEST ADS2 S
COMMON ZWORK  ~ M1.M2.M3.M4. M5, M6.M7.MB. M3, M10. WORK (131 ADS2 6
COMMON ACl) ADS2 7
c ADSZ 8
C AOAAKKAAKA KA AR AN ARAOKAC KA AN AR A KAOK N HKAHAHAANAAAK 7 A HCK K AAONIKA D S 2 9
C ADS2 19
c BLANK COMMON STORAGE ALLOCATION ADS2 11
C ADS2 12
C ARRAY ———-————eee DESCRIPTION-~~====smm- DIMENZICN ADS2 13
c M1 LM ELEMENT CONNECTIVITY ARRAY 2xNEL 2 ADS2 14
c M2 XX ELEMENT X-COORDINATES 2XNEL 2 ADS2 1S5
c M3 CcL ELEMENT LENGTHS NEL2 gggg lg
c 2
c HKAOR KKK A K AKIAACKIAAKAAAAKAARAAAARAKAOK A HAKKAAAK K AN RAKKKKADS 2 24
C ADS2 25
NEL2 = HPAR(2) ADS2 26
(o ADS2 28
M1 = ] ADS2 29
M2 = Ml + 2%NEL2 ADsS2 3@
M3 = M2 + 2%NEL2 ADS2 31
Md = M3 + NEL2 ADS2 32
NLAST=M4-1 ADS2- 33
c ADS2 49
WRITE(6.2008) NLAST ADS2 41
MIDEST = NLAST ADS2 42
ADS2 43
c CALL ELGRZ (A(ND).A(N2).AMMI).A(M2),A(M3)) ggg% %
2008 FORMAT(38H LENCTH OF ELEMENT INFORMATION .. = IS/ //3 ADS2 47
c _ ADS2 48
RE TURN ADS2 49
END ADS2 S8
c SUBROUTINE ELGR2 (X.,Y.LM.XX.CL) EIEE%— g
C K NOK IR SRR AR AN K IR K AR IR AR AR KON AR AR AAAKAK 20 3K ¥ 19K AKIOKE L 5 2 3
c INPUT INFORMATION FOR FREE SURFACE ELEMENTS ELGZ2 - 4
c SRR AR AR O KNI A KK A KK K KA KA AH A NI AR AN 1 AR HACK A AANNOKE |G 2 S
¢ ELG2 6
. DIMENSION X(1),YC(1),LM(2,1),XX(2,1).CL(1) ELG2- 7
COMMON /CNTRL 1~ NIMNP,NEG, MODEX. NPAR (18) . NG. KBC ELG2 10
COMMON ~/JUNK ~ HED(18).MTOT.NLINE ELG2 11
oMol /NBC 7/ NNBC.NBCF.NPTM ELG2 12
COMMON ~WORK ~ DUM(18).NOD(2).NODM(2).WORK(186) ELG2 13
DIMENSION AST(2) ELG2 14
DATA AST/2H .2H %/ ELG2 15
c ELG2 16
NEL2 = NPAR(2) ELG2 17
MFST = NPAR(3) ELG2 18
C ELGZ2 18
Cc ESECCECCIESCCEEEIEERSESESSSSEIZsizzece ELGZ 28
KBC = © ELG2 24
c ELG2 44
c XS EEZXCsECESCSCEZTNEEZSCNSCSSEIZESETEST . ELG2 45
C READ AND GEMERATE ELEMENT INFORMATION ELGZ 46
c EEE S =SS ZSCZCCCrOREEEELZIESSSSSERRERE ELG2 a7
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N = 1

IMEM = MFST

NLAST = MFST + NEL2 - 1
CALL TITLE (HED)
WRITE(6.2883) NG
WRITE(6.2004)

NLINE = 18

READ (5.1883) M.NOD.KG
IF(KG .EQ.8) KG =1
I1 = NODC(1)
JJ = NOD(2)
IF(M-IMEM) 288. 128,200

SAVE ELEMENT INFORMATION FOR GEMERATION OF ARDDITIONAL cLEMENTS

NODM(1) = 11

NODM(2) = JJ

KKK = KG

ASTT = AST(D) v

XL = SORTC((XCIII=X(IDI%kA2 + (VI -N{11))%%x2)

STORE PERMANENT ELEMENT INFORMATION
DO 228 I=1,2

I1J = HODMC(I)
LMCE.NY = 1)
ARCILHY = XD
CL G = XL

IF(NLINE.LT.53) GO TO 258
CALL TITLE (HED)
WRITE(E.2803) NG
WRITE(6.2884)

NLINE = 10

WRITE(E,20853 ASTT. IMEM.NODM
NLINE = MNLINE + 1
IF(IMEM.EQ.NLAST) GO TO 308

N=H+1
IMEM = IMEM + 1

CHECK IF ELEMENT DATA IS TO BE STORED FOR CURRENT ELEMINT
IFCIMEM.EG.M) GO TO 120
GENERATE NOLDE NUMBERS FOR NEXT ELEMENT

b0 27g I1=1.2
MODMOTY = HODMOT) 4+ KKK

CHECKE IF HENXT ZLEMENT CARD IS TO BE FEAD

ASTT = AST(2)
IFCIMEM.GT.H) GO TO 100

GEWERATE INFORMATION FOR HEXT ELEMENT

ELGZ 48
ELG2 43
ELGZ2 59
ELG2 Si
ELG2 52
ELG2 S3
ELG2 54
ELG2 55
ELG2 56
ELG2- 57
ELG2 S8
ELG2 68
ELG2 6!
ELGZ &2
ELGZ2 63
ELG2 64
ELG2 65
ELG2 66
ELG2 67
ELG2 68
ELGZ2 €9
ELGZ 71
ELGZ2 72
ELG2 73
ELG2 74
ELG2 75
ELG2 76
ELG2 77
ELGZ2 78
ELG2 73
ELGZ2 80
ELGZ2 81
ELG2 82
ELG2 84
ELG2 85
ELG2 86
ELG2 87
ELGZ 88
ELGZ2 89
ELGZ2 90

.ELG2-91

ELG2 92
ELG2 93
ELG2 94
ELGZ2 95
ELG2 396
ELG2 97
ELG2 98
ELGZ 99
ELG2 188
ELG2 101
ELG2 102
ELG2 103
ELG2 184
ELG2 185
ELG2 106
ELG2 187
ELG2 188
ELG2 109
ELG2 110
ELG2 111
ELG2 112
ELG2 113
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GO TO 200 : ELG2 114

ELG2 115

280 LRITE(6.3882) M ELG2 116
STOP _ ELG2 117

c ' ELG2 118
C FORMAT STATEMENTS ELG2 119
c ELG2 128
- 1803 FORMAT(415) ELG2-121
2083 FORMAT(3B(1Hx) 727H ELEMENT INFORMATION, GROUP. I3/38(1H+3/") ELG2 133
2884 FORMAT (4X.4HELT..4X.6HI-NODE. 4X. EHJ-NODE. 4X, 5H /5X. ELG2 134
1 3HHO. . 25X. 3HNO. /) ELGZ 135S

2905 FORMAT(AZ, 15.5X. 15.5X., I5) ELG2-136
3082 FORMAT(//726H **ERROR»x ELEMENT CARRD =1S. i16H CQUT OF SEZUENCE) ELG2 139
c ELG2 140
380 RETURN ELG2 141
END ELG2 142
SUBROUTINE ADRS3 ADS3 1

c ADS3 2
COMMON /CNTRL 1/ NUMNP,.NEG.MODEX.NPARR(18).NG.KBC ADS3 3
COMMON /ELSTOR NUMEST.MIDEST.MAXEST ADS3 4
COMION /DIM 7 N1.N2,N3.N4.N5.N6.N7.N8. NS N19.N11,.N12.N13.N14.N15ADS2 4
COMMDON AJORK 7 ML,.M2,.M3.M4,.M5.M6.M7.M8,.M9.M10., WORK (193} ADS3 6
COMMON  R(1) ADS3 e

c ADS3 8
Cc MOKAOK KKK KA AN KA AR AR AR ANOKAAK AN 7. KA K AAOKAOKANOIOKA D S 3 9
C ADS3 18
c BLANK COMMON STORAGE ARLLOCATION ADS3 11
C ADS3 12
C ARRAY -—-——ee—e—-- DESCRIPTION=---—=—==——= DIMENSION ADS3 13
C M1 LM ELEMENT LOCATIOH ARRAY NEL3 ADS3 14
c M2 xXX ELEMENT X-COORDINATES 2xNEL3 ADS3- 1S5
C M3 CL ELEMENT LENGTHS NEL3 ADS3- 16
C 4 SINS SINE OF ANGLE SI NEL3 ADS3- 17
E MS €0ss COSINE OF ANGLE SI NEL3 gggg— ég
C **x****************************x***x***xmw***************xm***x***ﬂD23 21
c ADS3 22
NEL3 = NPAR(2) ADS3 23

C : ADS3 24
M1 =1 ADS3 25
M2=M1+2%NEL3 ADS3- 26
M3=M2+2¥NEL3 ADS3- 27
MA=M3+NEL3 ADS3- 28
MS=MJ4+NEL3 ADS3- 28

M6 =MS+NEL3 ADS3- 23
NLAST=M6-1 ADS3- 30
WRITE(6.20088) NLAST ADS3- 31
MIDEST = NLAST ADS3- 32

CALL ELGR3 (R(ND)LAWMN2).AMD.AMD) ,AM3).A(MY) .A(MS)) ADS3- 33

2098 FORMAT(38H LENGTH OF ELEMENT INFORMATION .. = IS/ /7% ADS3- 34
RETURN : ADS3 42

END ADS3 43

c SUBROUTINE ELGR3(X,Y.,LM,XX.CL.,SINS,C0S3) Etgg---é
C ****Y***W**Y************A*****************w&********** ARAOREAIOIKKE L G2 3
C INPUT IHFORMATION FOR SOLID BOUNDARY ELEMENT ELG3- 4
E SRR AK A .2 A AOK AR AOK AR AR AR KRNI KA AR K KK NRKKAOKKKKK K. = ¥ XOKKIOKKKE L G2 ]
ELG2 6

c DIMENSION X(1),YC(1),LM(2,1).%X(2,.1),.CLI1,.SINS(1),COS3(1) Etgg— ;
COMMON /CHTRL 1/ NUMNP.NEG.MODEX.NPRR(18) .NG,.KBC ELG2 10
COMMON /JUNK  ~ HED(18).MTOT.NL.INE ELG2 11
COMMOH /NBC 7 NNBC.NBCF.NPTM ELG2 12
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COMMON /UDRK‘ ~» DUMC18) .NOD(2) ,NODM(2) ., WORK (186)
DIMENSION AST(2)
DATA AST/2H .2H %/

NEL3=NPAR(2)
MFST = NPAR(3)

=z
"o
—

IMEM MEST
NLARST=MFST+HEL 3-1
CALL TITLE C(HED).
WRITE(6.2683) MG
WRITE(E.2884)
NUINE = 18

READ(S. 1093)M.NOD.KG. LS. SS

IF(KG .EQ.8) KG =1
I1 = HODC(I)
JJ = NOD(2)

IF(M-IMEM) 288.120.208
SAVE ELEMENT INFORMATICH FOR GEMERATION OF ADDITIONAL =iEiEhTS

NODMC( 1) 11

NODM(2? JJ

YD=RBES (Y(I1)-=-Y(JII))
IF(YD.GT.0.0060u081) GO TO S
§1=999335533.9

GO TO 6

SI=(X(ID=-XJIV3I/(Y(ID)-Y(II))

KKK =KG

ASTT = A5Tc)

AL = SERTC(R(III=XCIII) %2 4+ 7 JII="VIT1) ) k2)

STORE FERMAHEHT ELEMENT INFORMATIOH

DO 2328 I=1.2
IJ = HGDMCI)
LMCTLHND 1J
KXCIL.ND XL

!

CL(ND = ¥
SI=ATAH(S 1)
SINS(N3=SIN(SI)
CUSS(H)=CDS(SI)
rosscH3 =CS
JIN“(HJ'QJ

IF(HLIME.LT.55) GO TO 258
CALL TITLEC (HED)
WRITE(&,.2033) HG

WRITE (&.2064)

HLINE = 10
WRITECE.2085). RSTT. IMEM. NODM

ELG2 13
ELG2 14
ELGZ IS
ELG2 16
ELG2--17
ELG2 18
ELG2 18
ELG2 29
ELG2 24
ELG2 44
ELG2 45
ELGZ2 46
ELGZ 47
ELG2 48
ELGZ2 49
ELG2 58
ELG2- 51
ELG2 52
ELGZ2 53
ELGZ2 54
ELGZ2 55
ELGZ2 56
ELG2- 57
ELG2 58
ELG2 68
ELG2 61
ELG2 62
ELG2 63
ELG2 64
ELGZ 65
ELG2 66
ELG2 67
ELG2 68
ELG2 69
ELG2- 70
ELG2- 71
ELG2- 72
ELG2- 73
ELGZ2- 74
ELG2- 75
ELGZ2 72
ELG2- 73
ELGZ 74
ELGZ 7S
ELG2 76
ELG2 7?7
ELGZ2 7

ELG2 79
ELGZ2 88
ELGZ2 81
ELG2 82
ELG2-83

ELG2- 84
ELGZ2~ 85
ELG2- 86
ELG2- 88
ELG2 84
ELG2 85
ELG2 86
ELGZ2 87
ELGZ 88
ELGZ2 89
ELG2- 98
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NLINE = NLINE +
IF (IMEM.EQ. NLRST) GO TO 300

¢ N=NG+1
IMEM = IMEM + |
E CHECK IF ELEMENT DATAR IS TO BE STORED FOR CURRENT ELEMENT
© IFCIMEM.EQ.M) GO TO 120
E GENERATE NODE NUMBERS FOR NEXT ELEMENT

DB 278 I=1.2
278 NODMC(I) = NODM(I) + KKK

c

E CHECK IF NEXT ELEMENT CARD IS TO BE RERD
ASTT = AST(2)

c IFCIMEM.GT.M) GO TO 108

E GENERRTE INFORMATION FOR NEXT ELEMENT

c GO TC 288

280 LRITE(6.3882) M

STOP

c

E FORMAT STATEMENTS

1883 FORMAT(415.2F10.8)
2003 FORMAT(30(1H*) /27H ELEMENT INFORMATION, GROUP,13/30(1H*)//)
2004 FORMAT(4X.4HELT..4X.6HI-NODE. 4X,.6HJ-NODE. 4X. SHDIREC/SX.
1 3HNO. . 25X, 6HCOS INE )
2805 FORMAT(AZ.15.5X.15.5X,1S)
3882 FORMAT(//26H *4ERROR%* ELEMENT CARD =15.1€H OUT OF SEZUENCE)

c
308 RETURN
END
c SUBROUTINE COLHT (MHT.ND.LM
c DIMENSION LMCD)L.MHT(D
E FIND SMALLEST GLOBAL NODE NUMBER (LS) FDR ELEMENT

LS=10P068

DO 189 I1=1.ND

IF (LM(I)) 808.1008.80
80 IF (LM(I)-LS) S8.108.100
88 LS=LM(D)
100 CONTINUE

COMPUTE COLUMN HEIGHT ABOVE DIAGONAL (ME) AND CHECK IF rMAXIMUM

DO 269 I=1.ND

I1=LMCI)

IF (I11.eQ.0) GO TO 200

ME=I] - LS

IF (ME.GT.MHTCID)) MHTAI D =MC
200 CONTINUE

RETURN
END
SUBROUTINE ERROR (N)

(Yo Rl

ELG2 92
ELG2 93
ELG2 94
ELG2 95
ELGZ 86
ELG2 97
ELG2 98
ELG2 99
ELGZ 189
ELG2 181
ELG2 182
ELG2 183
ELG2 184
ELG2 185
ELG2 186
ELG2 187
ELG2 108
ELG2 189
ELGZ 119
ELGZ 111
ELG2 112
ELG2 113
ELG2 114
ELG2 115
ELG2 116
ELG2 117
ELGZ2 118
ELG2 119
ELG2 128
ELG2-121
ELG2 133
ELG1-121
ELG2-135
ELG2-136
ELG2 139
ELG2 148
ELG2 141
ELG2 142
CLHT 1
CLHT 2
CLHT 3
CLHT 4
CLHT S
CLHT 6
CLHT 7
CLHT 8
CLHT 9
CLHT 1@
CLHT 11
CLHT 12
CLHT 13
CLHT 14
CLHT 1S
CLHT 16
CLHT 17
CLHT 18
CLHT 1S
CLHT 20
CLHT 21
CLHT 22
CLHT 23
CLHT 24
ERR 1
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C ERR 2
WRITE(6.2008) N ERR 3
2000 FORMAT( - 31H *kERRORX* STORAGE EXCEEDED BY 16) ERR 4
STOP ERR S

END ERR 6
SUBROUTINE TITLE (HED) TITL 1

C TITL 2
DIMENSION HEDC(18) TITL 3
C ’ TITL 4
C THIS ROUTINE PRINTS THE TITLE CARD AT TOF GF OUTPUT PRSE ¥I;L 2

C ITL

WRITE(6.20083 HED TITL 7

2000 FORMRTC(1H!. 18R4.33X.8HDOT 1976) TITL 5]
RETURN TITL 9

END TITL 18
SUBROUTINE ADRSK (MAXA.MHT., NUMHP . NWK. MA) ADSK 1

C RDSK 2
c SORAOKACK AR KA KA RORORRAOKAOR A AR A A AAKOKAKA KA A AR F K ACK 4 50408 4 4 AN AKNKA DS K K
C TO CALCULATE ADDRESSES OF DIAGOMAL ELEMENTS IN R ADSK 4
C BANDED MATRIX WHOSE COLUMN HEIGHTS ARE KNOLR. RDSK S
C ADSK €
C MA = MAXIMUM BAND WIDTH ADSK 7
(o MHT = ACTIVE COLUMN HEIGHTS AREOVE DIAGONAL ADSK 8
C MAXA = ADDRESSES OF DIAGOMAL ELEMENTS . ADSK 9
c NWK = MAXIMUM STORAGE REQUIRED ADSK 10
C HOKHOK AR AR A AR AKORMKKKRANHORACA S AN AAOK RN A ARAAOKAAAKAA LA A AAAOORADSK 11
C ADSK 12
DIMENSION MAXACLD)Y.MHT(1) ADSK. 13
c ADSK 14
MRXA(LY = 1 RDSK 1S
MRXA(Z) = 2 ' ADSK 16

M = @& ADSK 17

IF (HUMHF.EG. 1Y GO TO 108 ADSK 18

D1 18 1=2.HUINNP . ADSK 18

IF (MHTCID .GT.MARY MA = MHTC(D) RDSK 28

18 MAXACTIHL) = MAKAR(D)Y + MHTC(ID) + 1 RDSK 21
198 MR =113 + 1 ADSK 22
HWK = MOEACHUMNP+L) - ] AD3K 23
C ADSK 24
RETURH ADSK 25

CHD RDSK 2
SUBROUTIHE ASSErK ASMY 1

C ASMK 2
C A OK A AACH AR A SRR ORK KA A A A A A ARAA A A RAORAKORN RN ¢ Ak LK OROKORR S MK 3
[ ASSENMEBLE THE EFFECTIVE SYSTEM STIFFNESS MATRIX (K¥) ASMk- 4
C A A AACAR AL A AR KRR K K KK A A A A R A AR A A A AR A A ROROKARCOR AR 1 b v b i Ak S MK 5
C RSMK 6
CoMMON ACHTRL1. NUMNP.NEG.MODEX.NPAR (18) . ML .KBC RSMK T
cCoMMoH ~DIM /7 N1,NZ2.NZ,. N4, HS.HEL. N7 .NB.HA. HIO. N11.N12.N1Z i 13.NISARSMK 8
COMMON AWORK  ~/ MLLM2.M3.MA.M5.ME. M7 M8 M3 .i110. WORK (19 ASMK Q
cormMo Aty ASMK 10
DIMEHSION HSTC(180) ASMK - 11
EQUIVALENCE {HSTC(13.MD) ASMK. 12
C RSIK 13
PELIIND 1 ASMK 14
mCWIND 2 ASME 1S

C R5MK 16
£ LOOP OVER ALL ELEMENT GRCUFPS - RSMK 17
C ' ASMK 18
DO 188 NG=1.HEG ASMK 19

C ASMK 20
READ (13 MIDEST.NPAR.NST.(A(CI),I=1.MIDEST ASHMK 21

c ASMK 22
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NGR = NPARC(1)
GO TO (1.2.3) NGR

MXNODE = HPAR(S)
NDM = 2%MNODS
HDSDIM = M-HODS-4

IF(NDSDIM.EC.B) NDSDIM = 1

CALL CONDI1 (AMDILAM2) . ARIM3) . A(MA) , H(NS) . TI-NODS. Wbl

i

GO TC 108

CALL COMDZ (AMDILAMMA)LAM3) ]
GO TO 109

- — - ———— — — —

CONTINUE
CONTINUE

RETURN
END

SUBROUTIHE COND! (LM.XY,IELT.HODS.T.IM<NODZ.tDM.HDSDIMD

T T8 O 2 SR T B T Y T 6 L 9 o (8] 1 Ea 8 T e 0 TR N T e N A T e R 6 % S L

FORM THE EFFECTIVE SYSTEM STIFFHESS MATRIM

AR A AT A AL A R AT AR AR AR A AT AR A 47 8 O e

K

DIVMEHSION  LMOTRHODS, 1)L INDML 1) D TELT 010 L DECKHDSEIM.

CoMoH ~CHTREL L
COMMOM
Coimon <Trin g
COMMci < TODIM »~ HEL.HODS.MTYFE.HHDS

COMMOM ~WORE  ~ DUMC18) . 5K {64 .50 (3 . HF (30
COMHOM ACL)

HEL1 = HPAR(Z23
DO 12 H=1.HELL
HEL = H

HODS = ITELT(HD
HHDS = MODS - 4
HDUF = MOLS4HODS

ZERO ELEMEMT STIFFNESS MATRIM SKOHODS.HIDD:

DO 18 I=i,HLOF
SOl o= BLE

JERD ELEMENT MASS WECTOE =SCCHCDSD

DC 40 I=1.H0DS
SCel) = 8.aa

HUMNP L, HEG. MODEX.HPAR (18 . NG . KEL
_HTPLZ . KST.HDT.DT. TSTRRET. TRIB.HFA 1T HTSPEF.T ¢ '
SHLLHZ M3 HA HS O HE L HT L HS L NS L8 ML HLE s

. THOD 81

IR

M

CCoH1
CON1
CoM1
Cant-
conl
CON1
CONL
COML
CON1-
CON1
ConNl
CON1
CON1

23
24
25

PN
N

Gl Ll NI N

DDA o D W0

I

a1
a2
a3
44
as
a6
43
50
51

X
r

€2

no

G

n

(4 X8)]
w o

LN GJo — DD =3 fadhes 00 = 10N fa O =

B0 I0 ) b vt s ot bt 0 s b e

J
(s

3=
-

22
—
23
30
3t
32
33
41
43
44

Sl
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FORM ELEMENT STIFFNESS MATRIX USING GARUSS QUADRATURE
CALL FORMK1 (SK.SC,XY(1.N),NODS(1.N).NODS)

ASSEMBLE EFFECTIVE ELEMENT STIFFNESS MATRIX (SKx)
INTO EFFECTIVE STRUCTURAL  STIFFNESS MATRIX (Kx)

CALL ADDBAN (R(Nla).R(NS).SK.LN(l.N);NODS)
CONTINUE

RETURN
END
SUBROUTINE FORMKI (SK.SC.XY.NODS.NODS)

CON1-
CON1
CONE-
CON1
CONE-
CONI-
CON1
CON1
CON1
CON1
CON1
COM1
FMK1-
FrK1

ROKACK K K A AR A K KK AR KACK AN AAAOKACAAOKKA A A A ACKIKAOKACKA K '+ 4 WA AR AIOKF MK |

ISOPARAMETRIC FORMULATION OF ELEMENT STIFFHESS MATRIX

FOR AXI-SYMMETRIC ELEMENT

FMK1-
FMK1-

KKK AR AR RO OKR A AR A K A K AOK K A KK AOK K A A4 SRR AR A st Ak 5K A AIOK oK MK ]

DIMENSION SK(NODS.NODS).SC(NODS) . XY(1).HODS(1)
COMMON /CNTRL 1/ NUMNP.NEG.MODEX.NPRR(18),NG.KBC

COMMON ~CNTRL2/ KST.NDT.DT.TSTART. TAMB,.NPRIMT.NTSREF. Til"E.HF
COMMON ~WORK .~ DUM(98).H(8).P(2.8).B8(2.8),XJ(2.2).EK(Z).LORI(5S)

DIMENSION XG(4.4).UGT(4.4)

Dng ><G / ﬂ., 8.‘ @.-
1 -.5773562691886. .5773502631896. 8..
2 -.77453666%2415. .08800GOENNBOB, .7745366522415,

3 -.8611363115941,~.3399818435849, .3399818425843, .B61.563!

DATA WGT ~ 2.083. : a.. e..
1 1.00000006850000. ]1.0808006P0DN00. 0..
2 .5555555555556. .8888806E88889,. .5555555555556.

3 .3478548451375. .6521451548625. .6521451548625, .3470545451375

ITYP2D NPAR (4)
NINT NPAR(6)

LOOP OYER RLL INTEGRATION POINTS
VoL = 9.0

DO 168 LX=1.NINT

R = AKG(LX.NINT)

DO 108 L¥Y=1.NINT

S = KG(LY.HNINT)

WT = WETLX.NINTIXRUGT(LY.NINT)-

FIND INTERPOLATION FUNCTIONS (H) AMD THEIR
FIND JACOBIAN (XJ) AND ITS DETERMINANT (DET

CALL SHAPE! (R.S.XY.H.P.NODS.XJ.DETI)

).

IERIVATIVES

P

1S

2
0
a
a

o
9

41

»
»
,
/
-
»
»
/

FrKl
FMK1-
FMK1
FMK1
FMK1
FMK1
FrK1
FMK1
FMK1
FMK1
FMK1
FMK1
FMK1
FMK1
FMK1
FMK1
FMK1
FIMK1
FrK1
FMK1
FMK1
FMK 1
Fril
FMK1
FMK1
FrMK1
FrK1
FHK1
FMK1
FMK1
FMK1
FIMK1
FMK1

EVALURTE JACOBIAN INVERSE (XJI) AND GLOBAL LERIVATIVE IPSEATOR (BIFMKI

AT EACH INTEGRATION POINT (R.S) WITHIN THE ELEMENT
CALL LERIVI (XY, H.P.B.XJ.DETJ.RAD. ITYr2D?}

FAC = UT#RAD*DETJ
YOL = VOL + FAC

FORM Sk = B(TRANSPOSE)*EK*E FOR INTEGRATION POINT (R.=»

DO 58 1=1.H0ODS
BT1 = B(1.[)

Fri1
FMK 1
Fii
FrMK1
FrK1
FMK1
FMK1
FMK1
Fii ]
FMK1
FMK1

52
S3
54

60
61
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22
23
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28
23
28
31
32
33
34

36
37
38
33
40
41
42
43
44
45
46
47
48
49
Se
77
V8
79
g0

.
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BT2 = B(2.1)
DO 58 J=1.NODS
SK(I.,J)=SK(I. J)+(BT1*B(1 I +BT2¥B (2. J))KFAC

CONTINUE

NODM = NODS - 1
DO 260 I=1.HODM
Il =1 + 1

DO 208 J=11,NODS
SK(J, 1) = SK(I.J)

SUBROUTINE SHAPE1 (R.S.XY.H.P.NODS.XJ,DETJ)

SHP1
SHP1

HOKAOKAKAACK KA A A M AORAKAOKHAAAK A A AKAA AN A A AKAOK A KA HAKKACKAAAOK AR IKNOKAOKNNKS HP 1

1. TO FIND INTERPOLATION FUNCTIONS ( H )

AND DERIVATIVES ( P ) CORRESPONDING TO THE NODAL POiHTS
OF R 4- TO 8-NODE TWO DIMENSIONAL ISOPARGMETRIC ELE'EMT
2. TO FIND JACOBIAN C XJ ) AND ITS DETERMINANT ¢ DETJ

NODE NUMBERING CONVENTION

2
0..... ) . .
) s

6 0 .. .R
'+ S : B

3 7

N I =

O

4

SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP 1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP 1
SHP1
SHP1
SHP1
SHP1

ORI IKAAK A KRNI AR AKAAKARK AR AR AEAR 1 3 AR AARAKAOK ¥ 30K 5 IO IOKS HP 1

DIMENSION XY(2.1).H(1).P(2.1).NODS5(1).,XJ(2.

COMMON /TODIM ~ NEL.NODS.MTYPE.NNDS
DIMENSION IPERM(4)
DATA IPERM-2.3.4.1/

INTERPOLATION FUNCTIONS (4-NODE ELEMENT)

RP = 1.0 + R

SP = 1. B + S

#M =1.8 - R

SM =1.8 -6

R2 = 1.0 - R&R
s2 = 1.8 - 5%5
H(1) = 0.25%RP*SP
H(2) = B.25%RM*SP
H(3) = a 25 4RM4ASM

SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP1
SHP |
SHP1
SHP1
SHP1
SHP1
SHP1
SHP |

10

439
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H(4) = B8.25%RPxSM

LOCAL DERIVATIVES OF INTERPOLATION FUNCTIONS (4-NODE ELEMENT)

P(1,1) = B.25%SP
P(1.2) = -P(1. 1)
P(1.3) = -8.25%5M
P(l.4) = -F(1.,3)
P(2.1) = B.25%RP
P(2.2) = B.25%RM
P(2.3) = -P(2.2)
P(2.4) = -P(2.1)

INTERFCOLATION FUNCTIONS AND LNCAL DERIVATIVES FOR MIDS(DE rCDES

IF(NODS.EQ.4) GO TO S@

I =0

I =1+1

IF (I.GT.NNDS) GO 70 49
NN = NODS(I) - 4
GO TO (5.6.7.8) NN
H(S) = B.50%R2%SP
P(1,5) = -RxSP '
P(2.5) = 0.59%R2

GO 70 2

H(B) = B.SB¥RM*KS2
P(1.6) = -0.59482
P(2.8) = -RMXS

GO TO 2

H(?) = 8.50*%R2¥5M
P(1.7) = —-R#%SM
P(2.7) = -0.5S04%R2
GO TO 2

H(8) = B.504+RP%xS2
F(1,.3) = 8.58x%352
P(2.8) = -RPaS

GO 10 2

MODIFY INTERPOLATION FUNCTIOHS H(13

IH =080

IH = TH + 1
IFCIH.CT.NHDS) GO TO 58
IN = HODSCIH)

1.5%H(IN)
CSHHCINY

0.5x%P(J, I
) = 0.5%F (J, IH)
P I, [H+4) )
GO TG 31

EVALUATE THE JARZOBIAN MATRIX AT POINT (R.C:

DO 103 I=1.2
DGO 168 J=1.2
SUM = 8.0

DO 9A K=1.,MHODS

TO H(4) AND LOCAL VERIVATIVES

SHP!
SHP1
SHP 1
SHP1
SHP 1
SHP 1
SHP1
SHP1
SHP 1
SHP 1
SHP1
SHP1
SHP1
SHP1
SHP1
SHF 1
SHP 1
SHP1
SHP1
SHP 1
SHP1
SHP 1
SHP 1
SHP1
SHP1
SHP1
SHP 1
SHP 1
SHF 1
SHP1
SHP 1
SHP 1
SHP1
SHFP 1
SHP 1
SHP 1
SHP1
SHP1
SHP 1
SHP1
SHP1
SHP1
SHP 1
SHPL
SHP 1
SHP |
SHP 1
SHP 1
SHP1
SHF1
SHP1

SHP1! .

SHP 1
SHFP1
SHP |
SHP1
SHP1
SHP1
SHP1
SHP1
SHP 1
SHP 1

SHP1 -

-
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SUM = SUM + PCI.K)%* XY(J.K) ' SHP1
XJICI.J) = SUM gn;i
COMPUTE THE DETERMINANT OF THE JACOBIAN MATRIX AT POINT (R.S) ggpl
Pl
DETJ = XJC1, 1)% XJ(2.2) - XJ(2.1)% XI(1,2) SHP1
DUM = ABS(DETD) SHP1
IF (DUM.GT. 1.9E-8) GO TO 500 SHP1
WRITE (6.3008) NEL SHP1
STOP gHPl
’ HP1
FORMAT(//49H **ERROR** ZERD JACOBIAN DETERMINANT FOR ZLEMENT.IS) SHPI
SHP1
RETURN SHP1
END SHP 1
SUBROUTINE DERIV1I (XY.H.P.B.XJ.DETJ.RAD. ITVF2D) DER1
DER 1
KRR ALK KK K KA AR KA M A KK AR AR HAK A AR NN, A KRR ACHK AR AK 44Kt = oS NORKNIOKDE R |
EVALUATION OF THE GLOBAL DERIVATIVE OFERATOR (B) AT A FOINT (R.S) DERI
FOR A GUADRILATERAL ELEMENT HAVING PLANAR OR AXISYMMETF IC GEGMETRYDER]
SRR I A K 3 R K K AR HIOK A I K A AOK AR K AR AOKNK A + 3 4 A AKKKOKKDER |
' DER1
DIMENSION XY(2. 1), H(1).P(2.1).B(2.1).XJ(2.2) . DER1
COMMON ~/TODIM ~ NEL.NODS.MTYPE.NNDS DER1
COMMON ~WORK ~ DUM(145).XJ1(2.2).WORK(51) DER
R1
COMPUTE INVERSE OF THE JACOBIAN MATRIX , ggRl
R1
DETJI = 1.0/DETJ DER1
XJT(1.1) = XJ(2.2)% DETJI DER1
XJ1(1.2) = -XJ(1.2)% DETII DER1
XIL(2.1) = -XJ(2.1)% DETJI DER1
XJ1(2.2) = XJ(1.1)% DETJII EER1
R1
EVALUATE GLOBAL DERIVATIVE OPERATOR ( B-MATRIX ) DER |
R1
PO 1@ K=1.NODS DER1
B(1,K) = XJTC1, 1DKPC1.K} + XJI(1,2)%P(2,K) DER1
B(2.K) = XJT(2, 1D*P(1.K) + XJII(2.25#P(2.K} DEF 1
1
RAD = 1.0 DER1
IFCITYP2D.ME.®) GO TO 580 EEE{
[ =4
COMPUTE THE RADIUS AT POINT (R.S) FOR AXISYMMETRIC SOL!D DER |
. 1
RAD = 0.0 DER1
DO 52 K=1.HODS DER1
RAD = RAD + H{K)% XY(1.K) DEF 1
ER1
IF (RAD.GT.1.6E-8) GO TO S00 DER1
WRITE (6.3000) NEL DER1
STOP _ DER1
. DER1
FORMAT(//SBH **ERROR** ZERD RADIUS ENCOUNTERED IN ELESENT na..xs>g§§1
ER 1
RETURN DER1
END DER1
SUBROUTINF ADDBAN (A.MAXA.S.LM.NDOF) ADBN
BN

AR ARARNA AACKASKAKKANNMKAKAAKRAAKAARAAAAKAEAKNHRIARAOKAORNK * ¥k ExokoiokiokADBN
ASSEMELE ELEMENT STIFFNESS INTO COMPACTED .GLOBAL STIFF-: ADBN-
AORAKAAAAAA A KK HKARAAAAKAAAKAARAAAAKAKKIAAKAAKARRAAKAAOKKK 1 ¥ AN ROk RRR DRN

ADBN

el g
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DIMENSION ACD.MAXA(1).S(1).LM(D ADBN 7
ADBN 8

DO 200 J=1,NDOF ADBN 3
JJ = LMD ADBN 18
M) = MRXA(JI]) ADBN 11
DO 208 I1=1.NDOF ADBN 12
Il = LMD ADBN 13
1J =JJ - 11 ' ADBH 14
IF(IJ) 200.1008.100 ADBH 15
100 KK = MJ + 1J ADBN 16
LS = (J-1)%NDOF + 1 ADBN 17
R(KK) = ACKK) + S(LS ADBN 18
200 CONTINUE ADBM 13
' ADBN 20

RETURN ADBHN 21
END ADBN 22
SUBROUTINE ADDC (A.SC.LM. IEL.NUMNP) QgDE- 1
ADD 2

AR KK A AR K K K AR A AACKA AR KA ANRKAKK A K A ARACKIAMAKK £ W ek Ak kxR DDC 3
ADD ELEMENT MARSS TO GLOBAL LUMPED IMASS VECTOR ADDC- 4
KKK AR AR AR KK A KK AR AOK A KA KA KA A A A AN A AAKK K KA KA = 0k do ko kA DD S
ADDC 6

DIMENSION A(1).SCC1).LM(D) ADDC 7
ADDC 8

DO 108 I=1.1EL RDDC 9
I{=LM(D) APDC 18
188 R(II) = ACII) + SC(D) ADDC 11
ADDC 12

RETURN RDDC 13
END ADDC 14
SUBROUTINE COMD2 (LM, XX.CL) qug— é
AR AR A KA A A K AR KRR AR K A A A AR R AHORHKOR K A A ROKORAOKAOK MK, - AL 2 H K AKOKIOKC ON 2 3
CALLCULATE MASS MATRIX CON2- 4
A AAAAAAAAORAACI AR AOKAN A AR AR A A A A AR AR A A ARORAAAAAAK 53 R AR AR OKC ON2 5
‘ CON2 6
DIMEMSION LM(2.1),.XX(2.13.CL(1) CoN2- 7
COMMZH ~CHTRL1. NUMNP,NEG.MODEX. NPRE(18) . HC.KBC CON2 8
COMMOM ~CHTRLZ2 KST.NDT.DT,. TSTART. TAMEB . HFR I<T.NTSREF . T:ME.i'F CON2 S
corMol ~DIM / H1LHZ2 N3 HA HE L HEL HY . B, NS 1B, NTT.H12.112 . 414, NISCOKR2 18
COMMON/CONST ~AB.AL1.R2.A3.AR4.[RS.R6.A7.RAE.R5. THETR.DELT . ALFRA.FPI1.GCON2- 11
+.R0O COMHZ2- 12
COMMON ~LIORK  ~ DUM(18).SC(23.LI0RK(1E8) CONZ2- 13
COMMON  ACl) CON2 12
CONZ2 13

NELZ = MPAR(Z) CoNZ 14
CONZ 16

DO 1868 H=1.NEL2 CON2 v
: CONz2 33

AXI-SYMMETRIC FREE SURFACE BOUHDARY ELEMENTS CON2- 33
COH2 35

38 XI = AL N) CON2 36
*J = H¥(2.H) coN2 37
WRITE(E.S) XILX¥J.CL(N).G.N COH2- 38
FOPMA .50, 1F15.5.1108) CON2- 33
SC(13=02, 4. 1+A)34CL (N (B, 534G . CON2- 40
SC(2)=(¥1+2.4:J)*CL (N) /(5. 3463 CON2- 41
CONZ 40

CALL ADLC(AH1IZ2) . SCLLMOLL NI . 2. HUMNPS CON2~ 42
108 CIOHTIHLE CONZ2 48
CONZ 49

RETUFRHN CoN2  Se

END © CON2 951
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SUBROUTINE KSTAR(MAXA,XX.C) Eg'{gg
Cmm****km****m*******m**************»% HORNORACAHKAOK 0k i IR AR S TAR
c THIS SUBROUTINE CALCULATES EFFECTIVE K KSTAR
1 0A0OKAIMAK AR KK KK M KOK A A IR AR AR ORI A A A A IR SR 34 7 KK AOK AR A KK 32Kk 4 A AKIOIOKK S TAR

COMMON /CNTRL 1/ NUMNP,.NEG.MODEX,.NPAR(18).HG.KBC KSTAR

CgTO’NUN/CONST /7AB.A1,A2.AR3,A4,A5,.A6.A7.AB.AY. THETA.DELT::.ALFHA.PI. GKg?ﬁg

+. KSTAR

DIMENSION MAXA(D) . XK(D.C(D) KSTAR

DO 188 I=1.NUMNP KSTAR

NNI=MAXR (1) KSTAR

XKINND =XK(NND)+C (1) %R0 KSTAR
100 CONTINUE KSTAR

RETURN ' KSTAR

END KSTAR
c SUBROUTINE COLSOL (R.V.MARXA.NN.MA.HNWA.KKK) _ CcoLs

COLS
[} SRV AR KK AN KA K KR AORIK KA AN A KKK AN NAAHOKAA AN A A A IKRAKAK A+ 404 A 0K KK KK C OL S
c TO SOLLVE SIMULTANEOUS EQUATIONS AX=V IN COPE. USING coLs
E COMPACTED STORARGE AND COLUMN REDUCTION SCHEIE, CoLSs

coLsS
C 9 = MATRIX STORED IN COMPACTED FORM CoLsS
c = VECTOR TO BE REDUCED COoLS
E mXﬂ VECTOR CUNTAINING ADDRESSES OF DIAGCNAL ELEMENT: CF Egtg
C FLAG FOR TRIANGULARIZATION (A=LU) AND/OR SIiPPLE FORUWAR: coLs
E REDUCTICN (LY=V) AND BACKSUBSTITUTION (UX=Y’8 caoLs

COLS
C KKK=0 TRIANGULARIZATION ONLY CoLS
C KkK=1 TRIAHNGULARIZATION PLUS SOLUTICN coLs
C KKK=2 FORWARD REDUCTION AND BACKSUBSTITUTION OHLY COLS
c KKK=3 BRCKSUBSTITUTIGN ONLY CoLsS
C HOKKAOA A A KON A KOK IR AR KK KK A KA A AR MO ACAKAK KA A A S KA A WK A K + Kot R oK AOKKKKC OL S
C CoLS

DIMENSIONM ACNUWAY,.V(1D),MAXA(]) coLs
c ' coLs

MRi=MA - 1 coLS

IF (KKK-2) 108,700,000 CoLS
C COoLS
Cc =zrzzsz=z=z=-=zzu==z coLs
C TRIAMCULARIZATION COLS
Cc EzzzcozECSEZEZSESR coLs
c COLS

180 IF(NN.EO.1) GO TO 860 COLS

N=1 COLS

IF (AC1)) 808.85.116 coLs

88 WRITE (6£.3088) N : CcoLsS
STOP CCLS
85 WRITE (6.3081) N COoLS

STOP CoLs

[ coLS
110 DO 288 H=2.NN . . COoLS

KL=MAXAN) + 1 coLs

KU=MRXA(H+1) - | coLs

IF (KU-KL) 200.210.210 coLsS

218 0=0. CcoLS
c : COoLS

KN=MAZAR (M) COoLS

K=NM CoLS

DO 220 KK=KL.KU COoLS

K=K - 1 COLS

KI=MAXRK) coLs

C=R(KKY 7R (K]) » coLs

-t et et e
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B=B + CxA(KK)
A(KK) =C
A(KN) =ACKN) - B

IF (ATKN)) 222,224,226
WRITE (6.3880) N

STOP

WRITE (6.3001) N

STOP

MR=MINB(MA1.NN-N)

IF (MR) 2808.200.228
MN=kU - KL + |

DO 248 J=1.MR
MI=MAXA(H+]) + J
MNJ=MARA (N+J+1) - MJ - 1
IF (MMJ) 2408.249.230
ND=MINHA (ML MNT)

C=8.
KU=KN + HD
IC=MJ - KN

DO 388 KK=KL.KU

C=C + RUKKI*R(KK+IC)
A(KN+IC)=A(KN+IC) - C
CONTINUE

CONTIMUE
IF(KKK.EQ.B) RETURN

FORWRRED FEDUCTION

DO 408 H=2.HN

KL=MA=RH + 1
Kil=MAZA(H+1) - 1

IF (KD-KL} 48Y.410.410
K=K

C=0.

DD 420 KE=EL.KU

K=K - 1

C=C + RIEKIAVIK)
YIN) =% (H) - C
CONTIMUE

GO Ta 2R

BALK SUBZTITUTION

DO 438 H=1.HN
K=MAXAR(H)
WMD) = M) ZACKD
IF (i ED. 1) RETURN
H=HH ' ' o
DO 508 L=2.Hn
EL=la Rkt + 1

oA ALY = ]
}F”(KU—KL) 588.510.518
DO 520 KK=KL.KU
K=K - 1
VK =V(K) - ATKKIXV(N)

coLs
coLs
COLS
COLS
COLS
CcoLS
COLS
COLS
CcoLS
COLS
COLS
coLS
coLS
COLS
COoLS
LCOLS
CcoLS
COLS
coLS
coLS
coLS
CcoLS
coLS
CoLS
CcOoLS
CcOoLS
coLs
COLS
coLS
coLS
coLS
CoLS
coLs
CcoLS
CcoLS
CcoLS
CcOoLS
coLS
coLs
COLS
COLS
COoLS
coLS
COLS
coLs
coLS
coLs
COLS
CcoLS
CcoLS
CoLS
coLs
COoLS
COLS
CcoLS
COLS
coLs
coLs
COoLS
CcoLS
coLS
COLS
CoLs
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5868 N=N - 1 CoLS
€ coLsS
E FORMAT STATEMENTS CcOoLS

COLS

3000 FORMAT(//45H »xxSTOPxx STIFFNESS NOT POSITIVE DEFINITE.../. COLS

1 18X.27H NEGATIVE PIVOT IN POSITION 14) COLS
3681 FORMAT(//33H »kSTOPxkx ZERO PIVOT IN POSITION I14) cOoLS
CcoLS
RETURN COLS
END COLS
c SUBROUTINE FORMAC(TTH) ' FHMOC-
Frac
C MK A KA K KKK I K I A ORI HORAAOKAOR AN KK 34 HOROKIKAOK A A AOK K AKI0II0IKE MAC
c CALCULATE THE LOADING VECTOR FrQac-
C HOKOKK K AOK A A KKK K KA A AR AR A AR A AR AR A A A KA KA 7K oK A KA KA AOK K MAC
c : FMQC
COMMON /CNTRL1~/ NUMNP,.NEG.MODEX.NPAR(10) .HG.KBC FrMac
COMMON /CNTRL2-/ KST.NDT.DT, TSTART. TAMB.NPRINT,NTSREF., TIME.KP Frac
COMMON /DIM 7 N1.H2.N3.N4,NS.N6.N7.NB.NS.N1B.N11.N12.H13.H14.NISFMAC
COMMON /NBC ~ NNBC.NBCF.NPTM FMQC
COMMON /UWORK / MLLM2.M3.M4E.M5.M6.M7.MB.MS. M19. WORK (19C) FrMac
COMMON  AC1) Frac
DIMENSION HNST(18) FHMQaC
EQUIVALENCE (NST(1).M1) FMQac
c : FMQC
REWIND 1 FrMac
REWIND 2 FMQC
c FMQC
C LOOP OVER ALL ELEMENT GROUPS FrQaC
c ' FMAC
DO 108 HNG=1.HEG : FrQac
c ‘ FMQC
READ (1) MIDEST.NPAR.NST. (A(I).1=1,MIDEST) FrMaC
c FHMac
NGR = NPARC(1) ' ‘FMAC
c FMQAC
IF(NGR.NE.3) GO TO 186 FMaC-
CALL FLUXZ2 (AUMDY,AM2).AMZ).AMA . AN, AMNLD LAMNZ) .4 N3 . A(NEB) . FMAC~
IAHLD) . A(NLI4Y . NPTM. TTH) FMQC-
1860 CONTINUE Frac
c FMQC
RETURN FHQC
END FHMQC

OO0

SUBROUTINE FLUXZ (LM.XX.CL.SINS.COSS, TFN.FN.NPTS. T.Q. TT.NFTIM. TTH) FLX2-
COMMON/CONST /AB.AR1.R2,R3.A4.A5.R6.A7.A8.A3. THETA.DELT . ALFHA.PI.GFLX2-

+.R0O FL;%-
L

SHORAKAKAKK IR KKK AKAAKA A AAAAAAKAAK KA 31K HAAORAAKHAK 137 K AOKOROKOKE L X2

CALCULATE THE LOADING VECTOR FLX2-

SKKAAOKH KA A AAIORKAAIOKK AR AR KA KA RAIKAAN 2 ARAARARAORAK 1Kok AR ENORARAOKE L X2

FLX2

COMMON /CMTRL 1.~ NUMNP,NEG.MODEX.NPAR(18) .HG.KBC FLX2

COIMOH /CHTRLZ2/ KST.NDT.DT. TSTART. TAIMB.NPRIHT.NTSREF, TiE. 1P FLX2

COMMON /HBC ~ ~ NNBC.NBCF. IbUITMY : FLX2-

DIMEHSION LM(2,1),XX(2. 1),CLIDL,SINS(1.COSSCD) . T, TrN NPT, 1), FLX2~

IFHNFTIL D LHPTS (D QD) L TT (L FLX2-

FLX2

NEL3=HPAR (2) FLX2~

ITYP = NPAR(4) FLX2

FLX2

DO 106 N=1.HEL3Z FLX2-

I = LML W) FLX2

JJ = LM2,.H) FLX2

Ll ord el et
N LN

io
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XL = CL(N) FLX2 29
NPT=NPTS (1) FLX2- 26

NC=1 . FLX2- 27

CALL INTERP{(TFN(1,NC).FNC(1.NC),HNPT.TTH. VvX} FLX2- 28
IF(NBCF.NE.1) GO TO 21 : FLX2- 29

VZ=8. ELX2- 38

GO TO 22 FLX2- 31

21 NC=2 FLX2- 32
NPT=NPTS(2) FLX2-33

CALL INTERPC(TFNC1,NC).FNCI.NC).NPT,TTH.VZ: FLX2- 34

22 YN=V>*C0SS (N) +VZ*SINS (N) FL¥2~- 35
C FLX S5
c FLX2 61
25 X1 = XX(1.t) FLX2 62

RI = KX(2,.N) FLX 63

QeI =ucID+ VXL k(2. %X 1+%J) 6.0 FLX2- 64

I =0IN+ VNXXL X (XI+2.%XJ) /6.0 FLX2- 65

188 CONTINUE FLX S39

c FLX2 188
RETURN FL¥X2 l@1

END FLX2 182
SUBRGUTINE IMTERP (TFN.FN.NPT.TIME.VAL) iHTP 1

C NTP 2
c HROK KR OK KK R KR ACKOKIOR AR AOK A HOK KA A AN A ARATANOH A A4 5RO AR ORI + A 3 4 AOKAOOR [N TP 3

c THIS ROUTINE INTERPOLATES A GIVEN TIME-DEFENDENT FUNCTION T3 FIND INTP 4
C THE VYALUE OF THE FUNCTION (VALY RT A PARTICULAR TIME PILT (TIME) IMTP S
C KRR A A A A ACH A ACKAOIORNOK A A AA A ACK AR A AR 4 R 3 AR A KA 4471 S N TR 6
C INTP e
DIMENSION TFHOD),.FNCD) INTP 8

C INTP S
DO 12 H=1.NFT INTP 10

DTIME = TFHiH) - TIME INTP 11
IF(DTIME.GT.B.3 GO TO 15 ' INTP 12

10 CONTIKUE INTP 13

C INTP 14
15 DIFF = TFH(H) - TFN(N-1) INTP 1S
VAL = FH(H) - (FH(N3 = FH{H-10)*DTIME-DIFF INTF 18

C INTP v

RETURH INTP 18

END INTP 13
SUBROUTINE GEFF (Q.C.T.TD.TDD.HUMNF) QEFF- |

c QEFF 2

C HKSIOK N A AR A KA K A A KA AR ROROK ARORK A A AR R A ORI A A S AR A AAOKRACK 3 37 P b AokokvokQEFF 3

C FORM THE EFFECTIVE LOARD VECTOR QEFF- 4
C AR HOR AR AK A AR AOK KA A AN A KA AR A A5 OROK AR A 04 1 ko QEF F S
C QEFF 6
CEQMDH/CUNST /R0.A1.N2.R3, A4, A5, R6.A7.AB. RS. THETAR.DELT=. 4L *HA.FP1.GOEFF- 7

+. QEFF- 8
DIMENSION QC1).C(1).TC1).TD(1).TDD(1) GEFF- S

c QEFF 8
DN 1@ I=1,HUMNP QEFF 9

18 QD =G +C D #ABXT (I +AZ2TD (D) +ASKTDD (1) QEFF- 10
C QEFF 11
RETLIFH QEFF 12

END GEFF 13
SUBRSUTIME PTEMP (T, TIME.NUMNP) PTEM 1

C FTEM 2
C FAANA A AOARROROROP R A A AR AR AR AN AOKIOR AR NORK © E ¥ L8RP TEM 3

C PUNCH THE HODAL DISPLACEMENTS FTEM- 4
It ANt A AR AR A AR AR AACAASI AR AT KA A IOKOKACKAOKAOK T 80 1 L RRokdokP TEM S
c PTEM 6
DIMEHSIOH T(1) FTEM 7

(5 FTEM 8



C

C

glply] o000 00 00

0o 00

1

O 0O0O0O00

o000

c

A2-32

WRITE(3.2000) TIME ' PTEM
NCARD = NUMNP/4 + 1| PTEM
NC =0 PTEM
PTEM
DO 180 I=1.NUMNP.4 PTEM
NC = NC + 1 PTEM
IP=1+3 PTENM
IF(NC.EU.NCARD) IP = NUMNP . PTEM
1090 WRITE(3.2881) (N.T(N).N=1.IP) ;%H
M
20808 FURMAT(3SH NODAL POINT DISPLACEMENT AT TIME = F11.4) PTEM-
2881 FORMAT(4(15.5X.F108.3)) PTEM
PTEM
RETURN PTEM
END ‘ PTEM
SUBROUTINE CALCU(T,TT.TD.TDD.P.E.NUMNP) caL
CgENON/CONST “RB.AR1.AR2.A3.R4.AS.AE.A7.ARB.AS, THETA.DEL T~ .ALFPHAR.P1.GCAL
+, CcAL
COMMON /CNTRL2- KST.NDT.DT. TSTART. TAMB.NPRINT.NTSREF. T E.KP CAL
DIMENSION T(1).TT(D.TD(D) . TDD(),.P().EC]D) caL
CAL
T ABOVE HAS VALUES AT TIME + TAU cAL
DO 1808 I=1,.NUMNP ' CAL
CALCULATE SECOND DERIVATVE OF V. P. AT TIME+ TAUCTI) ESL
: L
T1=RBx(T(I}-TT(1))-A2%TD (1) -A3XTDD (D) EgI.L_
FIND SECOND DERIVATIVE OF V.P. AT TItE+DT ‘ Egt
T2=TDD (1) CAL
TP =T2+(T1-T2) /THETA Egll:
~ FIND FIRST DERIVATIVE OF V.P. AT TIME+DT ESL
L
T3=TD(I) CAL
TD(D) =T3+REXT2+A7*TDD (1) . Egt
FIND V.P. AT TIME+DT " CAL
TCD =TTC1)+DTXT3+ABXT2+HASXTDD (1) ESIL.
FIND PRESSURE(P) AND SURFACE DISPLACEMENT E ESIL.
P(1)=-ROXTD(I) cAaL
E(D)=-TD(I} /G CAL
BAB CONTINUE ’ CAL
300 RETURN NPBC
END NPBC
SUBROUTINE OUT (T.NUMNP.TIME.KSTEP) 83_}'
AR AR R AOKAOK A A KA AHKRMAOKAAA I AR KA AR A ACK AN AN L HKAHOKAORAKANK 4Nk H AR KRR DUT
PRINT NODALDISPLACEMENTS FOR *TIMEx ouT
AKARA AR AR KA AAAIAKKAAKNAAAAAAAA KA AR AORAKAARAAKNKAOK KA1 NAAOKKAKOU T
ouT
DIMENSION T(1) ouT
= ouT
LRITE(6.20680) KSTEP.TIME ouT
WRITE(6.2001) (N.T(N).N=1.NUMNP) 83¥
FORMAT STNTEMENTS &LH_’
2028 FORMAT(,-28H DISPLACEMENT AT TIME STEP =IS.2X.7H(TIME -Eli:.d.1H)0UT
2081 FURMAT(6(16.E14.6)) 83;

16
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