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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 study was motivated because of the use of torus 

tanks for pressure-suppression pools in Boiling Water Reactors. Such a 

pressure-suppression pool 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 experimentally by subjecting the torus model 

to increasing intensities of the El Centro earthquake. The general com

puter 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 pool, Torus tanks, 

Annular tanks, Earthquake response, Dynamic pressures, Finite 

element solution. 
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1. INTRODUCTION 

1.1 Objective 

This report presents 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 resulting water surface elevations is important in evaluating 

the effectiveness of the ~ystem under earthquake conditions. A typical 

torus suppression pool as used in the GE Mark I reactor has an outside 

diameter 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 than deriving a particular analytical solution to the torus 

tank 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 the 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. 
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1.2 Scope of the Investigation 

This study includes the testing of a 1/60th scale model of GE 

Mark 1 torus, the development 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-shaped 

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) were 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 and 

pressures as predicted by the computer program was made with the test 

results from annular [1] and torus tanks. These comparisons show that 

the finite element program can successfully predict the sloshing dis

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 [I], 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-lb. 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-lC for a 1/30th scaled 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 
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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 x4 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 arranged to produce an averaged frequency spec

trum. In this way the sloshing frequencies were read directly.' 

Tests on the small shaking 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 annular tank theory and are 

described in Sec. 2.4. 

2.3.2 Tests under simulated earthquakes 

Tests under simulated earthquake motion using the El 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 given 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 requirements of a 1/60th scale model. 

In each test the quantities that were recorded, digitized and 

stored on magnetic 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 table 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 (T = v60 = 7.75) 
r 

used in this study resulted in the acceleration 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 El 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 El Centro 

earthquake is 0.32 g.) 
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2.4 Comparison o~ Test Results with Approximate Theory 

Approximate analyses were carried out using the computer program 

'SLOSH' which is based on the annular tank theory developed in Ref. [1] . 

For carrying out the analyses the measured table acceleration was used 

and the tank radii a and b were taken as the horizontal distances from 

the axis of symmetry 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 sensitive 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 frequency 

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 analyt

ical displacements is given in the middle plot in. each case. In Fig. 2-4 
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the analysis was carried out using ap}?roximation (1) (i.e., depth of 

water in the annular solution was taken as 3 in.). It can be seen that 

the measured and computed results differ by about 30% in displacement 

amplitude, and the measured frequency of response oscillation is some

what lower. In 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 :lDetween the test and approximate analysis is better as regards 

displacement amplitude. 

Figures 2-6 and 2-7 show a comparison at higher intensities of the 

ground motion where the analysis in both cases was done using the 

'Equivalent Volume' annular tank approximation. 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 be 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 on account of their small 

values and therefore no comparison is available between measured and 

analytical results. It is however antic~pated that the annular tank 

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. 



2-8 

2.6 Linearity Range 

The range o;e linear behavior of sloshing response was tested ex

perimentally by Subjecting the model to increasing intensities of the 

simulated El Centro earthquake (horizontal 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 comments 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 less than 0.1 in. in the model, linearity holds 

within 1%. But as the amplitude of displacement increases, nonlinearity 

also increases and becomes approximately 10% at displacements in the 

order of 0.4 in. estimated on the basis of both upward and 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 ef;f;ect o;e yertica,l gl;'ound 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 satisfactory 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-l. Natural sloshing frequencies of small scale model 
(1/60-scale model). 

Mode Depth of 
Natural Frequencies (Hz) 

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 3.19 

4 3 3.95 3.93 3.92 

1 4 0.55 0.56 0.52 

2 4 2.37 2.34 2.31 

3 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 
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TABLE 2-2. Sloshing response o~ water in torus tank under sinusoidal 
ground acceleration (1/60th scale model) a == 14", b = 8". 

Table 
Displacement at Inner Wall (in. ) Frequency Depth Acceleration 

(Hz) (in. ) (g) 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 3.0 .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 3.0 .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 2.5 .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 3.5 .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 El Centro 1940 earthquake 
(time scale (= ~ = 7.75, depth of water = 3 inches). 

Peak Table Acceleration Peak Table Displacement Water Displacement 
(g) (inches) (inches) 

Test No Horizontal Vertical Horizontal Vertical Maximum Minimum 

~) (down) 

220378.2 0.115 0.0 0.048 0.0 0.246 0.231 

220378.3 0.164 0.0 0.073 0.0 0.409 0.346 

220378.4 0.237 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 I'.) 

I 
...... 

220378.8 0.0 0.083 0.0 0.05 0.003 0.006 I'.) 

I 

220378.9 0.0 0.260 0.0 0.160 0.014 0.012 

220378.10 0.107 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 

.#. 
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3. FINITE ELEMENT ANAL\'SIS OF EARTHQUAKE INDUCED SLOSHING IN 

AXISYMMETRIC Tfu~S 

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 III annular suppression pools. Such struc

tures can be considered as effectively rigid for the sloshing problem 

and thus the coupled effect of water-structure interaction is neglected 

in this analysis. Also the nonlinear slosh~ng 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. V is the volume of the liquid and 0 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 velocity potential ¢ exists 

at every point in V and must satisfy the Laplace equation which in rect-

angular coordinates can be written as: 

+ + o (3-1) 

where ¢ = ¢ (x, y, 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 Bounda~y conditions 

Let v (t) be the velocity of the tank wall along its outward 
n 

normal to the boundary at any pount, then: 

v (t) 
n 

on Bl (3-2) 

where n is the outward normal to the solid boundary and v is a function 
n 

of time t. 

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

B2 must satisfy the following two conditions [13] 

and 

a<p ~_~+~ ~+~=O 
h ax az ay ay at 

gO +~+ !.[(a<P)2 + (~)2 + e~)2J = 0 
at 2 ax ay az 

where g is the acceleration of gravity. 

(3-3) 

(3-4) 

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 O. 

This single linearized boundary condition [13] can be written as follows. 

1 
g 

on B2. (3-5) 
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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 

¢ = \" 
I 

L 
N.(x, y, z) ¢.(t) 

] ] 
(3-6) 

1 

in which N. are the shape functions defined piecewise, element by element, 
] 

and ¢. (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 ¢. are obtained by solving a set of N simultaneous equations 
] 

each derived by equating the boundary and interior residuals calculated 

by multiplying with a weighting function and integrating over the domain. 

In the Galerkin approach, the shape functions are taken as the weighting 

functions and for a typical node i substituting Eq. (3-6) into Eqs. (3-1), 

(3-2) and (3-5) and equating the weighted and integrated interior and 

boundary residual, we have: 

f {"2 3
2 

3
2} f N 

N.¢.dv t a L N.¢.dS N --+--+-- = N. 
an v i ax

2 
ay2 az

2 
1 ] ] ~ ] ] 

1 
(3-7) 

N N 

-£ N.v ds +/ C; a 2 

L N.¢. + 33z ~ Nj~j} ds 
at

2 N. 
~ n ] ] ~ 

B2 1 
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in which J 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 

(3-8) 

Applying the Divergence theorem on the first integral on the 

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

2 a N. 

--f <P. dv = r N. JB 1. 

N 
\ aN j 

L -", - Q, <p. ds f aN. -~-
_ _1. \ 

ax L 
v 1 

aN. 
~. J <P. dv 

(,IX J ax J aX X J 
1 

(3-9) 

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

the outward normal n. Similar expression can be written for the second 

and third terms in Eq. (3-7). Substituting Eq. (3-9) and similar expres-

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

N 
aN. --
~Q,<p·+2 aX X J _ 

1 

_ [(aNi ~ aN j + 
ax L ax <P j 

v 1 

N 
aN. 

= 1 N L ~ <p.ds 
Bl i n J 1 

in which ¢ = d
2

<P/dt
2

. 

aN. 
~Q,<P.+ 
ay Y J 

N 

aa:i ~ 
1 

-i N.v ds 
1. n 

N 

L aN. ) 
_J Q, <P ds a z z j 

1 

aN. ~ aN. ) 
+ a zl. L a; <P j dv 

1 

N 

+[, 11 ~ N.<P ds +- N. 
g B2 1. J 1 

(3-10) 

.E: aN. 

NiL a1 <Pj ds 1 
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The boundary integral on the left hand side of Eq. (3-10) can be substi-

tuted by 

1 
N aN. 

N. [ a;; ¢ j ds 
~ 

1 

(3-11) 

or by 

L 
N aN. N aN. 

N. L r¢·dS + [2 
N. L J -a- ¢. ds • 

~ n J ~ n J 
1 1 

(3-12) 

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

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

on B2, Eq. (3-10) 

can be simplified to the following form. 

1 

If. +-
g B2 

or 

N 

N. \_. N .;p . ds 
~L J J 

1 

1 

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

M. . = - \ N. N. ds 1--1 
~J g L EB2 ~ J 

N.v ds 
~ n 

--1 ( aN. aN . aN. aN. aN. d N . ) 
- \ ~ J ~ J ~ J dv 

Kij - L EV 9X ax + ay ay + a;-~ 

F. 
~ 

N.v ds 
~ n 

( 3-13) 

(3-14) 

(3-15) 

(3-16) 

(3-17) 
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where summation for M .. covers only the elements on the free surface bound-
1) 

ary and the integral is carried out on the free surface of each element 

EB2. Summation for K .. covers the contribution of each element and EV is 
1) 

the element region. EBI 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 ~ and the fluid matrix ~ are comparable to 

the mass and stiffness matrices respectively used in structural dynamics. 

It is interesting to note that the free surface matrix ~ 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 Eq. (3-13) involves only the first 

derivatives of shape functions, a 4-node quadrilateral element with 

linear interpolation functions will satisfy 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 prpblem 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 mayor 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 rand 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) x. m 1m 
(3-18) 

i=l 

8 

z (r ,s) = ~ h. (r,s)z. m 1. 1m 
(3-19) 

i=l 

in which (x. , z. ) are the global coordinates of node i in element m 
1m 1m 

and h. are the interpolation functions in local coordinates correspond-
1 

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

defined as follows: 
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1 (1+s) 
1 1 

hI = - (l+r) - 2" hS 2" hS 4 

1 1 1 
h2 = (l-r) (l+s) - 2" hS '2 h6 4 

1 1 1 
h3 = (l-r) (l-s) - '2 h6 '2 h7 4 

1 
(l-s) 

1 !.h 
h4 (l+r) --h 

4 2 7 2 s 
(3-20) 

1 2 
(1+s) hS 2 

(l-r ) 

1 2 
h6 2 

(l-r) (l-s ) 

1 2 
(l-s) h7 2 

(l-r ) 

1 2 
h =- (l+r) (l-s ). 

S 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 S and the 

interpolation functions given by Eq. (3-20) 

<p (r,s,8,t) 
m 

06 S 

n=l i=l 

h.(r,s) cosn8 <p. (t) 
1 1m 

(3-21) 

in which <p. is the value of the velocity potential at node i of element 
1m 

m. 

It is obvious that if this shape function given by Eq. (3-21) is 

used in Eq. (3-17) to calculate the loading vector, the integral between 

the limits o and 2n 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 
n 
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2'IT 
of cose and the ~ cose· cosne de o for any n * 1. Therefore Eq. (3-21) 

can be written as 

and 

¢ (r,s,e,t) 
m 

8 
d \-ar ¢m (r,s,e,t) L 

i=l 

8 

(r , s) cose· ¢. (t) 
~m 

~h 
dr i 

cose·¢. (t) 
~m 

ddS ¢m (r,s,e,t)= I :s hi 

i=l 

cose·¢. (t) 
~m 

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

cose 

m 

Pm (r,s) 

2X8 

¢ (t) 
m 

8xl 

(3-22) 

(3-23) 

(3-24) 

(3-25) 

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

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

relate the global derivatives to the local derivatives. 

d¢ dX dZ ~ ax:- dr dr dX 

= (3-26) 

d¢ dX dZ ~ as dS a; dZ 
~ m 
~ 

m 

Jacobian matrix 
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by inverting 

a <p o<p 
ax ar 

-1 
= J (3-27) 

m 
a <p a<p 
~ as 

m m 

in which J-
l 

is the inverse of the Jacobian matrix in Eq. (3-26). Sub
m 

stituting for a<P/ar and for a<p as from Eq. (3-25) into Eq. (3-27), we 

obtain the relationship between the global derivatives and nodal values 

of <p. 

or 

in which 

Thus 

ax ~·l 
I 

a<p J oz 
m 

-1 
B = J P 

m m m 

aN 'I 
ax ~ 

aNJ 
ay 

m 

(r, s) <p (t)· cose 
m 

8xl 

= B <p (t) cose 
m m 

B cose 
m 

(3-28) 

(3-29) 

(3-30) 

(3-31) 
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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 = 
1 
g 

n 

m=l 

M 
m 

(3-32) 

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

matrix M is a 2 x 2 matrix given by 
-m 

T 
N N ds. 
-m-m 

(3-33) 

In case of axisymmetric case the surface integral can be transformed to 

a line integral. Consider a free surface element with nodesi and j 

(Fig. 3-3) and let 

r local coordinates for free surface boundary element 

R(r) radius to any point r between node i and j 

L = length of the elements 

fi 2 2 .J ( x. -x . ) + (z. - z . ) . 
]. J ]. J 

(3-34) L 

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

the transformation. 

R( r) ~ [(1 - r/L) r/L J{:~} . (3-35) 

ds R(r) drde (3-36) 

where e is defined in Fig. 3-2 

ds = [1 - r/L (3-38) 
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Thus 

N = [1 - r/L r/L] cose. 

Therefore 

M 
-m 

M 
-m 

= fTI t {l-r/L~[(l_r/L) 
Jo Jo r/L.f 

= TI [L t l-r/L} [ (l-r/L) 
)0 ~ r/L 

.J 2 
r/~ R(r) cos e·drde. 

r/LJ R (r) drde. 

Evaluation of the above matrix gives 

TIL 
x._ 

M .. 
4 [ xi + -f.J ~~ 

M .. 
TIL [ xi x.l - -+ J.J 

JJ 4 3 

TIL [ I M .. - x. + x. J 
~J 12 ~ J. 

(3-39) 

(3-40) 

(3-41) 

(3-42) 

( 3-43) 

(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 

n 

K = > ~ (3-45) 

m=l 

where n is the number of liquid elements and the element matrix K is 
-m 

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

K 
-m 

In case of an axisymmetric element, dv 

gral then becomes 

(3-46) 

R dedr, the volume inte-
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R BT B dAde 
-m-m 

where R is the radius of any point and A is the area. 

(3-47) 

In the natural coordinate system dA = !Jm! dsdr where ! J
m

! is the 

determinant of the Jacobian matrix, therefore 

K 
-m 

= TI R B B /J! dsdr. f IJI T 

-1 -1 -m -m m 
( 3-48) 

The above integral can be evaluated numerically using Gaussian quadrature 

as follows [1'8] 

H. H. f (r., s. ) 
l. J l. l. 

(3-49) 

j=l i=l 

where N refers to the order of integration; H. and H. are the weighting 
l. J 

factors and 

f (r., s. ) 
- l. l. 

BT (r.,s.) B (r.,s.)/J (r.,s.)! R (r.,s.) 
-m l.l.1ll l.l. m l.l. l.l. 

3.3.5 Load vector for axisymmetric element 

(3-49) 

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

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

n 

[Bl 

n 

F = ~ NT v ds = ~ F 
m n -m 

m=l m=l 

(3-50) 

where 

F 
= L1 NT v ds 

~ m n 
(3-51) 

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

interface. 
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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 rand L be the length of the element where 

L = j ( x. -x . ) 2 + ( z . _ z . ) 2 • 
1 J 1 J 

If v 

v 

x 

= 
n 

F 
~ 

R(r) = [ (l-r/L) r/LJ{:;} . 
N r (l-r/L) r/Llcose 

'--

ds = R(r) dr de . 

= horizontal ground velocity in the x-direction 
x. - x. 

cose·cos1jJ where 1jJ = 
-1 

( 
1 J) ; then v tan 

x z. - z. 
1 J 

L 2'TT { } 
v [f (l-/r/L [(l-r/L) X)o 0 r L -

integrating we get the following element load vector 

F = 
~ 

then 

(3-52) 

(3-53) 

(3-54) 

(3-55) 

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 ordinary 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] 
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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. 

(3-56) 

(3-57) 

in which 6t is step size. a and 0 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 (0 = 1/2 and a = 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 + 6t, i.e., 

(3-58) 

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. 

* 

* F (3-59) 

In this analysis K 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 <PO and ~o (taken to be zero) (<P is a vector) 

2. Form the free surface and fluid matrices (~, ~) 

3. Specify algorithm parameters a, 0 and e 

4. Calculate integration constants. 

5. 

T ellt 

1 
a o = --2 

aT 
0 

a
l aT 

1 
a =-

2 aT 

* Form K 

* * 6. Triangularize K K 

FOR EACH TIME STEP 

1 
1 a

3 2a 

0 
1 a

4 a 

T (o/a - 2) as -
2 

a
6 

= lit (1-0) 

* 

a
7 

as 

a g 

lito 

lIt
2 

alit 

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

2. Solve for velocity potential <P at t + T: 

LDLT <P = F* 
=-- t+T 

1 
(- -
2 

2 

a) 

3. Calculate the velocity potential <P and its derivatives at time t+lIt: 

<Pt+T = a O 

<Pt+lIt= <P t 

~t+lIt= ~t + a6<Pt + a 7<Pt+lIt 

<Pt+lIt= <P t + lIt¢t + as<Pt + a9<Pt+lIt 
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4. Determine the sloshing displacements and hydrodynamic impulsive 

pressures at time t + 6t 

Sloshing displacement 

Impulsive pressure 

3.5 Computer Program 'SLOSH2' 

1 • 
°t+6t = - g ~t+6t 
Pt+6t = p $t+6t 

The program 'SLOSH2' developed to implement the finite element 

theory of the sloshing phenomenon in axisymmetric 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 history 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 ~ , 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. 
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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 liquid-solid interface elements,are processed in blocks 

and then stored on the disc for 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 ~ and ~ 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 K. 

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 estimation 

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 layout 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 l/lSth 

scale model of pressure-suppression pool of Boiling water Reactor 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.1 

contains 4-to-8 node elements whereas group Nos. 2 and 3 contain the free 

surface elements and liquid-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 the 

agreement 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 elec

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 the 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 earthquakes whereas the integration of the accelerogramusually gives 

finite amount of velocity and displacement without a base line correction. 

In comparing the finite element solution with 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 
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of the earthquake is excellent and for the rest of the earthquake quite 

satisfactory. In 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 Anulysis 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 strong 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 earthquake ground motion, and these are cor

rectly reproduced on the 20-foot shaking table. 



A-I 

ACKNOWLEDGMENTS 

This investigation was sponsored by the united States Nuclear 

Regulatory Commission and was done with support from the united States 

Department of Energy. 



R-l 

REFERENCES 

1. M. Aslam, W. G. Godden, and D. T. Scalise, "Sloshing of Water in 

Annular Pressure-Suppression Pool of Boiling Water Reactors Under 

Earthquake Ground Motionsll,Lawrence Berkeley Laboratory, University 

of California, Berkeley, Ca. LBL-6754, August 1977. 

2. E. W. Graham and A. M. Rodriguez, "The Characteristics of Fuel 

Motion which Affect Airplane Dynamics", Journal of Applied 

Mechanics, Vol. 19, No.3, September 1952. 

3. J. Miles, "On the Sloshing of Liquid in a Flexible Tank", ASME, 

Paper No. 57-A-12, 1957. 

4. J. Miles, "On the Sloshing of a Liquid in a Cylindrical Tank", 

Ramo-Wooldridge AM-6-5, CM-TR-18, 1956. 

5. B. Budiansky, "Sloshing of Liquids in Circular Canals and Spher

ical Tanks", Lockheed Aircraft Corp. LMSD-5151, December 1958. 

6. H. F. Bauer, "Fluidoscillations in a Circular Cylindrical Tank", 

American Boilers Manufacturers Association (ABMA) Report DA-TR-1-58. 

7. H. F. Bauer, "Fluidoscillations in a Cylindrical Tank with Damping", 

ABMA Report DA-TR-4-58. 

8. H. F. Bauer, "Fluidoscillations in a Circular Cylindrical Tank Due 

to Bending of Tank Walls", ABMA Report DA-3-58. 

9. H. F. Bauer, "Damped Fluidoscillations in a Circular Cylindrical 

Tank Due to Bending Walls", ABMA Report DA-9-58. 



R-2 

10. K. Kachigan, "Forced Oscillations of a Fluid in a Cylindrical 

Tank", Convair Report ZU-7-046, October 1956. 

11. A. F. Schmitt, "Forced Oscillations of a Fluid in a Cylindrical 

Tank Undergoing Both Translation and Rotation", Convair Report 

Zu-7-069, October 1956. 

12. H. F. Bauer, "The Dynamic Behavior of Liquids in Moving Containers", 

National Aeronautics and Space Administration, Washington, D.C., 

1966, edited by H. Norman Abramson. 

13. J. J. Stoker, "Water Waves", Interscience Publishers, Inc., New 

York, 1957. 

14. L. S. Jacobson and R. S. Ayre, "Hydrodynamic Experiments with 

Rigid Cylindrical Tanks Subjected to Transient Motions", 

Bull. Seism. Soc. Am., Vol. 41, 1952. 

15. P. C. Jennings, G. W. Housner, and N. C. Tsai, "Simulated Earth

quake Motion", California Institute of Technology, Pasadena, 

California, April, 1968. 

16. D. P. Clough, "Experimental Evaluation of Seismic Design Methods 

for Broad Cylindrical Tanks", Ph.D. Dissertation, University of 

California, Berkeley, 1976. 

17. A. S. Veletsos and J. Y. Yang, "Dynamics of Fixed-Base Liquid 

Storage Tank", U. S., Japan Seminar on Lifelines, 1976. 

18. O. C. Zienkiewicz, "The Finite Element Method in Engineering Science'; 

McGraw-Hill, London 1978. 



R-3 

19. N. W. Edwards, "A Procedure for Dynamic Analysis of Thin-Walled 

Cylindrical Liquid Storage Tanks Subjected to Lateral Ground 

Motions", Ph.D. Dissertation, University of Michigan, 1969. 

20. C. H. Luk, "Finite Element Analysis for Liquid Sloshing Problems", 

Office of Aerospace Research, U. S., Air Force Report No. 69-1504 

TR, 1969. 

21. P. Tong and T. Pain, "A Va:r;iational Principle and Conver

gence of a Finite Element Model Based on Stress Distributions", 

AFOSR TR 68-0384 (M.I.T. ASRL Tr 144-1), June 1968. 

22. S. Crandall, "Engineering Analysis",McGraw-Hill, New York, 1965. 

23. B. A. Finlaysan, "The Method of Weighted Residuals", Applied Mech

anics Reviews, Vol. 19 No.9, September 1966. 

24. S. G. Hutton, "Finite Element Method~alerkin Approach", Journal 

of Engineering Mechanics Division, Vol. 97 No. EMS, October 1971. 

25. O. C. Zienkiewicz and C. J. Parekh", Transient Field Problems: Two

Dimensional and Three-Dimensional Analysis by Isoparametric Finite 

Elements", International Journal of Numerical Methods in Engineering, 

Vol. 2, No.1, June 1970. 

26. G. P. Pinder, "Application of Galerkin Procedure to Acquifer 

Problems", ASCE Journal of Water Resources, Vol. 8 No.1, February 

1972 . 



R-4 

27. I. Ergatoudis, B. M. Irons and O. C. Zienkiewicz, "Curved Iso

parametric Quadrilateral Elements for Finite Element Analysis", 

International Journal of Solids and Structures, Vol. 4, 1968, pp. 

31-42. 

28. R. W. Clough and J. Penzien, "Dynamics of Structures", McGraw-Hill 

Book Company, New York, N.Y., 1975. 

29. K. J. Bathe and E. L. Wilson, "Numerical Methods inFinite Element 

Analysis', Prentice-Hall, Inc., Englewood Cliffs, N.J. 1976. 

30. N. M. Newmark, "A Method of Computation for Structural Dynamics", 

ASCE, Journal of Engineering Mechanics Division', Vol. 85, 1959, 

pp. 67-94. 

31. E. L. Wilson, "Computer Analysis Language for the Static and 

Dynamic Analysis of Structural Systems", Department of Civil 

Engineering, University of California, Berkeley, California, 

Report No. UC SESM 77-2. January 1977. 

32. R. M. Polivka and E. L. Wilson, "Finite Element Analysis of Non

Linear Heat Transfer Problems", Department of Civil Engineering, 

University of California, Berkeley, California. Report No. UC SESM 

76-2, June 1976. 

33. E. L. Wilson, K. J. Bathe and W.P. Doherty, "Direct Solution of 

Large Systems of Linear Equations", Computers and Structures, Vol. 

4, No.2, pp. 363-372, March 1974. 

'. 



AI-I 

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 
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Al.I Program Description 

The computer program SLOSH2 has been developed to predict 

sloshing displacements and impulsive pressures in a liquid filled axi-

synunetric 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. 

formula. 

in which 

COMMON (n) 

MTOT = n 

The total memory n required can be estimated by the following 

n = M + 2 * NPTM + 10 * NUMNP 

M = NELl * (4 * MXNODS - 2) 

NELl Number of elements in group I 

MXNODS = Maximum nodes in any element 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 (AS, 3X, 18A4) - one card 

Columns 

1 - 5 

9 - 80 

Variable 

MODE 

HED 

Description 

Punch the word 'START' 

Title of the problem 

II. Master Control Card (415) - one card 

Columns 

1 - 5 

6 - 10 

11 - 15 

16 - 20 

Variable 

NUMNP 

NEG 

NUMEST 

MODEX 

Description 

Total number of nodes 

Number of element groups 

Estimated number of storage locations 
required (Ml) for element group 1. 
Zero or blank: defaults to 3000 

Execution mode. Specify 
(a) Zero: data check only 
(b) 1: execution 

III. Nodal Coordinates (IS, 5X, 2F 10.0, IS) 

Note: 

As many cards as needed to generate total number of nodes 

NUMNP and their coordinates 

Columns 

1 - 5 

11 - 20 

21 - 30 

35 - 35 

Variable 

N 

x (N) 

Y(N) 

KN 

Description 

Node number 
See Note 1 

X coordinate 

Z coordinate 

Node number difference between suc
cessive generated nodes (given on 
first card in a sequence). 

Specify. 
Zero: No generation. 
See Note 2. 

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

ever, all nodes must be identified. 



(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 Nl 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-Nl must be 

exactly divisible by KN. 

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

Columns 

1 - 5 

6 - 15 

16 - 20 

Variable 

NDT 

DT 

NPRINT 

Description 

Number of solution time steps. 
Specify 

Zero: defaults to 1 step 

Step size 

Time interval for printout of 
nodal displacements and pressures 
expressed as a multiple of the 
integration time step. 
Specify 

Zero:. defaults to 1 

V. Earthquake Input 

A. Control Information (2I5) - one card 

Note: 

Columns variable 

1 - 5 NBCF 

6 - 10 NPTM 

Description 

Number of ground input components 
(use 1) 

Maximum number of points to describe 
the earthquake input. See Note 1. 

(1) NPTM is the number of [f(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. 



Al-5 

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, FlO.O, 15) - First card 

Columns Variable 

1 - 5 NC 

6 - 10 NPTS(NC) 

11 - 20 FOM 

21 - 25 INPUT 

Description 

Function number. Specify equal to 1 
in this case 

Number of time points used to describe 
the earthquake input (GE.2 and EQ. to 
NPTM) 

Multiplication factor for conversion 
to right units. See Note 1 

Specify 

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

ground input. 

2. [f(t), ~ Earthquake Data (8FlO.0) 

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

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

Columns Variable Description 

1 - 10 TFN(NC,l) Time at point 1 : tl 

11 - 20 FN (NC, 1) Acceleration or displacement value 
at point 1 : f (t

l
) 

21 - 30 TFN(NC,2) t2 

31 - 40 FN(NC,2) f(t
2

) 

41 - 50 TFN(NC,3) t3 

51 - 60 FN(NC,3) f(t
3

) 

61 - 70 TFN(NC,4) t4 

71 - 80 FN(NC,4) f(t
4

) 

Next card (s) as many as needed to define the earth-
quake input. 
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(1) 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 iri 

inches, seconds and pounds. 

(2) 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 interpolation. 

VI. 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. 

Following are the three types of element groups used in this 

program. 

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 (615) - one card. 

Note: 

Columns 

1 - 5 

6 10 

11 - 15 

16 - 20 

21 - 25 

26 - 30 

Variable 

NGR 

NELl 

MFST 

ITYP2D 

MXNODS 

NINT 

Description 

Element group indicator. Punch the 
number "1". 

Number of elements in group 1. 

Element number of the first element 
in this. See Note 1. 

Element type code. Specify 
Zero: axisymmetric 

Maximum number of nodes used to 
describe anyone element. Specify 
Zero: defaults to 4. 
(GE.4 and LE. 8) 

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. 
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B. Element Data (11I5) 

element 

Note: 

As many data cards as are needed in order to generate the 

data for the elements (NELl) 

Columns Variable 

1 - 5 M 

6 - 10 NOD(l) 

Il- lS NOD (2) 

16 - 20 NOD (3) 

21 - 25 NOD(4) 

26 - 30 NOD(5) 

31 - 35 NOD (6) 

36 - 40 NOD (7) 

41 - 45 NOD (8) 

46 - 50 IEL 

51 - 55 KG 

in this group. 

Description 

Element number 
See Note 1 

Global node number of element node 

Global node number of element node 

Global node number of element node 

Global node number of element node 

Global node number of element node 

Global node number od element node 

Global node number of element node 

Global node number of element node 
See Note 2 

Number of nodes in the element. 
Zero: defaults to MXNODS 

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

(1) Elements must be input in increasing sequence, with MFST 

l. 

2. 

3. 

4. 

5. 
o. 

6. 

7. 

8. 

being the 1st element. Cards for the first and last element 

must be included. 

(2) If an element has less than 8 nodes (Le., 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) = rx XX X X 0 X 0] 

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 + ~ are the missing J elements, then the node 

numbers of the successive J elements are automatically incre-

men ted 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 

1 - 5 

6 - 10 

11 15 

16 - 20 

B. Element Data (4I5) 

Variable 

NGR 

NEL2 

MFST 

ITYP 

Description 

Element group number. 
Punch the number '2'. 

Number of elements in group 2 

Number of the first element in group 
2 (need not start with 1) 

Element type. Specify 
Zero: axisymmetric 
this is the only option available. 

As many cards as needed to generate NEL2 elements. 
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Columns Variable Description 

1 - 5 M Element number 
See Note (1) 

6 - 10 NOD (1) Global node number of element node 

11 - 15 NOD(2) Global node number of element node 

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 Information (4I5) - one card. 

Columns 

1 - 5 

6 - 10 

11 - 15 

16- 20 

variable 

NGR 

NEL.3 

MFST 

ITYP 

Description 

Element group number 
Punch the number '3' 

Number of elements in group 3 

Number of first element in group 3 

Element type : Specify 

I 

J 

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

As many cards as the number of elements NEL3 in group 3 

Columns Variable Description 

1 - 5 M Element number 

6 - 10 NOD(l) Global node number of element node I 

11- 15 NOD (2) Global node number of element node J 

21 - 30 COSS 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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C ****************.*******IIC**~***IIC***************************'*"* 
C 

PROGRAM SLOSH2(IHPUT.OUTPUT.PUHCH.TAPE5·IHPUT.TAPE6·0UTPUT. SLOSH 1 
+ T~PEl.TAPE2.TAPE3·PUHCH) SLOSH 2 

C SLOSH 3 
C *************************I!t:****************************************SLOSH 4 
C SLOSH 5 
C SLOSH2----A FIHlTE ELEI"ENT PROGRAt1 TO DETERMINE THE SLOSHING SLOSH 6 
C RESPONSE UHDER EARTHQUAKE GROUND MOTIONS IN AU SLOSH 7 
[ AXI-SYMMETRIC RIGID TANK SLOSH 8 
C DEVELOPED BY--- MOHAMMAD ASLAM. DEPARTMENT OF CIVIL SLOSH 8 
[ ENG I NEER I HG. UN IVERS ITY OF [ALI FORN I A. BERKELEY SLOSH 8 
C AUGUST 1978 SLOSH 8 
C SLOSH 9 
C ******************************************************"***********SLOSH 10 
C SLOSH 11 

[OMMON /cNTRLI/ NUMHP.HEG.MODEX.NPAR(10).NG.KBC SLOSH 12 
COMMON /CNTRL2/ KST.HDT.DT.TSTART.TAM8.NPRINT.NTSREF.TI~.KP SLOSH 13 
COMMON /DIM / Nl.H2.N3.N4.N5.N6.N7.NS.N9.NI0.Nl1.N12.~13.NI4.H15SLOSH 14 
COt11ON .l'ELSTOR/ NUtEST.MIDEST.t1AXEST SLOSH 15 
COMMON /JUNK / HED(18).MTOT.NLINE SLOSH 16 
COt1MON /HBC / HtIBC. HBCF • NPTM SLOSH 17 
COMMON /WORK / WORK(200) SLOSH 18 
[OMMOI'VCONST /A0.A 1. A2.A3.A4. AS. Ab. A7. AS. A9. THETA. DELTA. ALPHA. P I .GSLOSH 19 

+.RO SLOSH 20 
DltENSION SD(2000).PB(2008) SLOSH 21 
COMMON A(10ee0) SLOSH 22 

C SLOSH 23 
t1TOT '" 1 e0ee SLOSH 24 

200 MAXEST = e SLOSH 25 
[ SLOSH 26 
C •••• ======: SLOSH 27 
C INPUT PHASE SLOSH 28 
[ ==.a======= SLOSH 29 
C SLOSH 30 
C PROGRAM MASTER CONTROL DATA SLOSH 31 

CALL DOTI SLOSH 32 
C INPUT ELEtENT INFORMATION SLOSH 33 
C SLOSH 34 

CALL ELCAL SLOSH 35 
C SLOSH 36 
C •••• ;;: •• "'= • .,.... SLOSH 37 
C SOLUT I ON PHASE SLOSH 38 
C •• ===~===:.==== SLOSH 39 
C SLOSH 40 
C ******************************************)j:***********'t:*)j:K~*******SLOSH 41 
C SLOSH 42 
C B LAN K COM M 0 N S TOR AGE ALL 0 C A i ION SLOSH 43 
C SLOSH 44 
C ARRAY -----------DESCR IPTION----------- D ltEN:: ION SLOSH 45 
C Ii 1 TFN TIrE VALUES AT PO INTS NPTM*~18CF SLOSH 46 
C N2 FN FUNCTION VALUES AT PO I tiTS NPTM*:lBCF SLOSH 47 
C N3 NPTS NUMBER OF FUNCTION INPUT PO INTS NBCF SLOSH 48 
C N4 TD FIRST DERIVATIVE OF VEL POT. NUMNP SLOSH 48 
C N5 TDD 2ND DERIVATIVE OF VEL. POT. NUMNP SLOSH 49 
C N6 TTAU NUMNP SLOSH 50 
C N7 P PRESSURE (DYNAM I C WPULS I VE) NUMNP SLOSH 51 
C NS T VELOC ITY POTEtlTIAL NUMNP SLOSH 52 
C N9 MAl'.A ADDRESSES OF XI( D I AGOtIAL ELEMENTS NUMNP+ 1 SLOSH 53 
C tU 0 XI< EFFElTI \IE STI FFNESS MAT:<' I X NlJ< SLOSH 54 
C N 11 a LOHD ItiG VErTOR NUMNP SLOSH 55 
C Nl2 C MASS MATRIX NUMNP SLOSH 56 
C Nl3 E WATER DISPLACEMENTS AT SURFACE NUMNP SLOSH 57 
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C H14 TT VELOCITY POTENTIAL AT (T-DT) HUMHP SLOSH 58 
C SLOSH 59 
C **************** •••••••• *******************************~~*******SLOSH 60 

SLOSH 61 
CALL ADRSK (A(Hll).A(N12).NUMHP.NWK.HB) SLOSH 62 

C SLOSH 63 
C SHIFT STORAGE TO ELIMINATE NODAL COORDINATE DATA SLOSH 64 
C SLOSH 65 

5 I a 1 + MAXEST SLOSH 66 
N12M • N12 - 1 SLOSH 67 
DO 10 JaN3.N12M SLOSH 68 
ACI) • A(J) SLOSH 69 

10 I .. I + 1 SLOSH 70 
C SLOSH 71 

HI· 1 + MAXEST SLOSH 72 
N2 • HI + HPTM*HBCF SLOSH 73 
N3 • H2 + NPTM*HBCF SLOSH 74 
N4 c H3 + NBCF SLOSH 75 
NS -H4 + HUt1'~P SLOSH 76 
N6"H5 + NUMHP SLOSH 77 
N('=N6 + NUMHP SLOSH 78 
H8-H7 + HUt1'IP SLOSH 79 
H9 • H8 + HUMHP SLOSH 80 
H10" H9 + NUMHP + 1 SLOSH 81 
Hil .. Hl0 + Ht.I( SLOSH 82 
Hl2 = Hll + HUt1'IP SLOSH 83 
N13 '" H12 + NUmp SLOSH 84 
H14· H13 + HUt1iP SLOSH 85 
N 15 '" N 14 + HUttiP SLOSH 86 
IFCHI5.GT.MTOT) CALL ERROR (N15-MTOT) SLOSH 87 

C SLOSH 88 
IFCMODEX.EC.O) GO TO 200 SLOSH 89 

C SLOSH 90 
C INITIALIZE STIFFNESS MATRIX (XK) AND ~OADING VECTOR Q SLOSH 91 
C SLOSH 92 

N 12M .. tU2 - 1 SLOSH 93 
DO 15 I=NI0.NI2M SLOSH 94 

15 A <I) = O. 0 SLOSH 95 
C SLOSH 96 
C INITIALIZE VELUCITY POTENTIAL VECTOR AT AT TTOn .. HO) SLOSH 97 
C SLOSH 98 

DO 20 1= 1. NUMNP SLOSH 99 
IT c H8 + I - 1 SLOSHIOO 
ITT '" N14 + I - 1 SLOSHIOI 

20 A C ITT> = A ( IT) SLOSH 102 
C SLOSHI03 
C INITIALIZE THE TIME STEP COUNTER SLOSHI04 
C SLOSH 105 

22 KSTEP c 0 SLOSHI06 
TIME=O. SLOSHI07 

C SLOSHI08 
C INITIALIZE MASS MATRIX (LUMPED MASS SYSTEM) SLOSHI09 
C SLOSHIIO 

N13M '" H13 - 1 SLOSHlll 
DO 25 I=-t112.NI3M SLOSH112 

25 A (I) = 0.0 SLOSH 113 
C SLOSHl14 
C CALCULATE CONSTANTS OF INTFGRATION SLOSHI1S 
C SLOSHl16 

PI-3.141592654 SLOSHl17 
G=386.18 SLOSH118 
RO=0.C00093Sl SLOSHl19 
THETA: 1.0 SLOSH120 ~ 



C 
C 
C 

C 
C 
C 

C 
C 

36 
C 
C 

C 
C 
C 
C 

DELTA-0.S0 
ALPHA·0.2S 
TAU·THETA*DT 
A0-1.0/(ALPHA*TAU*TAU) 
A1-DELTA/(ALPHA*TAU) 
A2-1./(ALPHA*TAU) 
A3=1./(2.*ALPHA)-1. 
A4-DELTA/ALPHA-l. 
AS-TAU*(DELTA/ALPHA-2.0)/2. 
A6-DT*( 1.-DEL nn 
A7"DTlt:DEL TA 
A8=DT*DT*(0.S-ALPHA) 
A9=ALPHA*DTlt;DT 

A2-4 

ASSESBLE THE EFFEECTIVE SYSTEM STIFFNESS MATRIX(K*) 

30 CALL ASSEt'I( 

FORM THE EFFECTIVE K AND CALL IT XK 

CALL KSTAR(A(N9).A(NI0).A(N12» 

INITIALIZE VELOCITY POTENTIAL AND ITS DERIVATIVES 
N6M=N6-1 
DO 36 laN4.N6 
A( I) =0. 
TR IANGlILAR IZE THE EFFECTIVE CGtlDUCTlVITY MATR IX. (K*) 

40 KTR .. 0 
CALL COL SOL (A (N 10) • A (N 11 ) • A (N9) • NUi"t~P • t13. NWK. KTR) 

TIME MARCH ING LOOP 
IN ITlAL1ZE a 
NI2M=N12-1 

44 
DO 44 I =N 11 • t·112M 
A( J) =0. 
TX=THETA*DT 

C 
C 
C 

C 

•• :a=====.c======~ 
1BB KSTEP = KSTEP + 1 

TTHcTlME+TX 
TIME = TIME + DT 

C FORM THE LOAD VECTOR 
C 
75 CALL FORt'DC(TTH) 
C 
C COMPUTE EFFECTIVE LOAD VECTOR 
C 

CALL OEFF(A(Nl1).A(NI2).A(N8).A(N4).A(N5).NUMNP) 
C 
C UPDATE (TT) VECTOR 
C 

C 

DO 82 I = 1. tlumr 
IT - H8 + I - 1 
ITT .. N14 + I - 1 

82 A(ITT) = ACIT) 

C SOL \IE THE EQU I LI BR IUM EQUAT IONS FOR VELOC I T'i' POTENTI AL 
C 

84 KTR - 2 

SLOSH121 
SLOsH122 
SLOsH123 
SLOsH124 
sLOSH125 
sLOSH126 
SLOSH127 
SLOSH 128 
sLOSH129 
SLOSH130 
SLOSH131 
SLOSH132 
SLOSH133 
SLOSH 134 
sLOSH135 
sLOSH136 
SLOSH137 
SLOSH138 
SLOSH139 
SLOSH14£! 
SLOSH141 
SLOSH 142 
SLOSH 143 
SLOSH 144 
SLOSH 145 
SLOSH 146 
SLOSH 147 
SLOSH 148 
sLOSH149 
SLOSH150 
SLOSH151 
SLOSH152 
SLOSH153 
SLOSH 154 
SLOSH155 
SLOSH156 
sLOSH157 
SLOSH158 
SLOSH 159 
SLOSH 160 
SLOSH161 
SLOSH162 
SLOSH 163 
SLOSH164 
SLOSH165 
SLOSH 166 
SLOSH167 
sLOSH168 
SLOSH169 
SLOSH 170 
SLOSH171 
SLOSH172 
sLOSH173 
SLOSH174 
SLOSH175 
SLOSH176 
SLOSH I?? 
SLOSH178 
SLOSH179 
SLOSH180 
SLOSH181 
SLOSH 182 
SLOSH183 
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CALL COLSOL (A(H10).A(Hll).A(H9).HUMNP.HB.HWK.KTR) SLOSH184 
C SLOSH185 
CO-VECTOR IS HOW T-VECTOR. SET T(I)=O(I) AND O(I)=e. SLOSH186 
C SLOSH186 

DO 85 l-l.HUMHP SLOSH187 
IT • H8 + I - 1 SLOSH 188 
10 • Nil + I - I SLOSH189 
A( IT) a AClO) SLOSH190 

85 A(IO) = e.e SLOSH191 
C SLOSH192 
C CALCULATE VEL. POTEHTIAL AND ITS DER IVITI· .. ·E AT TlME+DT SLOSH 193 

CALL CALCU(A(N8) .A(NI4) .A(t~4) .A(N5) .!=l(Nn .A(HI3) .NUMNP) SLOSH194 
C SLOSH195 
C PRINT AND/OR PUNCH THE NODAL DISPLACEMENTS AND PRESSU?ES. SLOSH196 
C IF REOUESTED. AT THIS TIME STEP SLOSH197 
C SLOSH198 

K = MOD (KSTEP • t~PR I NT) SLOSH 199 
IF (K • NE. fj) GO TO 90 SLOSH200 
CALL OUT( A (tH 3) • NUMtlP. T H1E. kSTEP) SLOSH201 
CALL OUP (A (Nn • NUMNP. TI ME. KSTEP) SLOSH202 

90 IF(KP.EO.O) GO TO 92 SLOSH2C3 
L = MOD (KSTEP. KP) SLOSH204 
IF (L. NE. e) GO TO 92 SLOSH20S 
CALL PTEMP (A (N8). TIME. NUt1lP) SLOSH206 

C SLOSH207 
92 CONTINUE SLOSH208 

SD ( I) =13. SLOSH209 
NN=KSTEP+l SLOSH210 

C CHECK FOR FINAL TIME STEP SLOSH211 
C SLOSH212 

IF(KSTEP.LT.NOT) GO TO 100 SLOSH213 
GO TO 200 SLOSH214 

C SLOSH21S 
END SLOSH216 
SUBROUT INE DOTI DOTI 1 

C DOTI 2 
COMMOt-l /CNTRL 1/ NUMNP. NEG. t10DE>(. NPAR ( 10) • t~G. KBC DOTI 3 
COt1MOH /CIHRL2/ KST.NDT.DT.TSTART.THrlB.HPRlhT.NTSREF.T:ME.KP DOTI 4 
COt1t101l /D It1 / N 1. N2. N3. H4. t~5. 1-16. 117.1-18. tl9. ~11C.N 11.1~ 12. ~113. N 14. N15DOTI 5 
[OMMOH /ELSTOR/ NunEST.MIDEST.f1A><EST DOTI 6 
COt1nm-l/JUIII< / HED(18).tlTOT.11LII~E DOTI 7 
COMMOtl /NBC / tmsc. NSCF .11PTt1 DOTI 8 
COt1M[,tl A(l) DOTI 9 
D 1t1E11~; IOt·l t10D (2) DOTI 10 
DATA MOD/SHS TART. SHSTOP , DOT I 11 

[ DOTI 12 
C ==c==:=====,,="''''========= DOTI 13 
C READ COIlTROL IHFlJRMATION DOTI 14 
C ===============:.==="' .... == DOTI 15 
C DOTI 16 

10 READ (5.1000) t10DE.HED DOTI 17 
IF(nODE.EO.t10D(2) STOP DOTI 18 
IF (nODE. EO. t10D (1» GO TO 20 DOTI 19 
t.JP ITEr: 6.3000) DOT I 20 
roo TO 10 DOT I 2 1 

[ DOTI 22 
20 RE&:ID (S.1001) :IUt1l1P.NEG.NUt1EST.t10DEX DOTI 23 

C DOTI 24 
IF (NI jj lEST. EO .0) NUt1EST = 4000 DOTI 25 
IF(NUr1!IP.C1.en GO TO 30 DOTI 26 
IJJR ITE (6. 3[10 1) DOTI 27 
STOP DOTI 28 

30 IF(NEG.GT.O) GO TO 40 DOTI 29 



C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

C 
C 
r: 
c 
C 

c 

C 
C 
C 
C 
C 

~ITE(6.3002) 
STOP 

40 CALL TITLE (HED) 
~tTE(6.2e0e) HUMHP.HEG.HUMEST.tDDEX 
HLIHE • 17 

DOTI 30 
DOTI 31 
DOTI 32 
DOTI 33 
DOTI 34 
DOTI 35 
DOTI 36 
DOTI 37 

*******************************************)I(**********************DOT I 38 

B LAN K 

Nl 
N2 
H3 
N4 
N5 
N6 
Nt 
N8 
N9 
Nle 
NIl 
NI2 

ARRAY 
v 
A 

Y 
TFN 
FN 
NPTS 
TD 
TDD 
TTAU 
P 
T 
MAXA 
t'l-IT 

COM M 0 N S TOR AGE ALL 0 CAT I 0 H 

-----------DESCRIPTION----------
HODAL X-COORDINATES 
HODAL Y-COORDINATES 
TIME VALUES AT POINTS 
FUnCTION VALUES AT PO INTS 
NUI'EER OF FUNCTION INPUT POINTS 
FIRST DERIVATIVE OF VEL POT. 
2ND DERIVATIVE OF VEL. POT. 

PRES5URE(DYHAMIC IMPULSIVE) 
VELOC ITY POTENTIAL 
ADDRESSES OF CXK) DIAGONAL ELTS. 
ACTIVE COLUMN HEIGHTS 

DlMENsrml 
HUMHP 
Hump 
NPTt1*t18CF 
NPTM*:;BCF 
HBCF 
Nump 
HUMNP 
NUMHP 
NUMNP 
NUMNP 
NUt1NP.;-1 
NUtt~P 

. DOli 39 
DOTI 48 
DOTI 41 
D011 42 
DOTI 43 
DOtl 44 
DOTI 45 

. DOTI 46 
DOTI 47 
DOTI 48· 
DOTI49 
DOTIS0 
DOTISI 
DOTI 52 
DOTI 53 
DOTI 54 
DOTI 55 

***********************************liC*;:'"***:t************:~'***********DOT I 56 

==========~=====.== •• =========== 
READ NODAL POINT COORDINATE DATA 
===========~==:================= 

NI • 1 + NUMEST 
N2 = N 1 + NUt'tlP 
N3 = N2 + NUI't~P 
IFCN3.GT.MTOT) CALL ERROR (H3-MTOT) 

CALL COORD (A (tu ). A C N2) • NUMNP) 

c=============:===_====_=====================_======== 
READ SOLUTION TIME AND GROUND ACCELERATIOt~ 
=======================================s.===.= ••••••• : 

READ(5.1002)NDT.DT.NPRINT.KP 
KST=0 $ TSTART=0. 
TAMB=0. $ NTSREF·a 

IFCNDT .EO.0) NDT = 1 
IFCNPRINT.EO.O) NPRINT ~ 1 
CALL TITLE (HED) 
WRtTE(6.2001) NDT.DT.HPRINT.KP 
NLlNE .. 22 

READ TH[ EARTHQUAKE ACCELEROGRAMS 

READ CS.100?) 
WR ITE (6.2002) 
NLINE = NLltiE 

50 N4 = t13 + 
NS .. N4 + 
H6 • 16 + 

NBCF.NPTM.NNBC 
tlBCF .HPTM 
+ 9 
tI P Tt1)1(t~ B C F 
NPTM*NBCF 
HBCF 

DOTI 57 
DOTI 58 
DOTI 59 
DOTI 60 
DOTI 61 
DOTI 62 
DOTI 63 
DOTI 64 
DOTI 65 
DOTI 66 
DOTI 67 
DOTI 68 
DOTI 69 
DOTI 70 
DOTI 71 
DOTI 72 
DOTI- 73 
DOTI- 73 
DOTI- 73 
DOTI 74 
DOTI 75 
DOtl 76 
DOTI 77 
DOTI- 78 
DOTI 79 
DOTI 80 
DOTI 81 
DOTI- 82 
DOTI 83 
DOTI 84 
DOTI 85 
DOTI 86 
DOTI 87 
DOTI 91 
DOTI 92 
DOTI 93 



C 

C 

A2-7 

IFCH6.GT.MTOT) CALL ERROR (H6-MTOT) 

CALL FUNC (A(H3).A(N4).A(NS).NPTM) 

70 

60 CALL TITLE (HED) 
NLINE = 10 
N7=N6+NUMNP 
N8=H7HRIMNP 

DOTI 94 
DOTI 95 
DOTI 96 
DOTI lEli 
DOTI 102 
DOTI 104 
DOTI-10S 
DOTI-106 
DOTI-107 
DOTI-108 
DOTI 112 
DOTI 115 
DOTI 116 
DOTI-117 
DOTI 118 
DOTI 119 
DOTI 120 
DOTI 121 
DOTI 122 
DOTI 123 
DOTI 124 
DOTI 125 
DOTI 126 
DOTI 127 
DOTI 128 
DOTI-129 
DOTI 130 
DOTI 131 
DOTI 132 
DOTI 133 
DOTI 134 

C 
C 
C 
C 
r. 

C 

C 
C 
C 

N9 =N8+NUt1'~P 
N 10=N9+NUr'INP 
IF (1'1 10. GT. MTOT) CALL ERROR OH0-t1TOT) 

======================================= 
INITIALISE VEL. POTENTIAL 
=================================;~==== 

80 tH 1 = tHO + NUMNP 
IF(Nl1.GT.MTOT) CALL ERROR (NII-MTOT) 

CALL IN ITAL (A on 0) • TAMS. Ht.:~1tIP) 

FORMAT STATEl'"ENTS 

10e0 FORMHT(AS.3X.18A4) 
lee 1 FORMAT(4! 5) 

1002 FORMAT(I5.F10.0.215) 
1003 FORMAT(315) 

C 

C 
C 
C 
C 
C 
r .... 

c 
c 
r 

2ElElEl FORMAT( 2El ( 1 H*) /2ElH CONTROL IHFORt1ATT Ot'i/2El ( 1 H*) / / / 
1 34H IIUt-1BER OF NODAL PO WTS ••••• 15/ 
2 34H IIUt-1BER OF ELEI1EtH GROUPS •.. '" 15/ 
3 3-41-1 t1A>C ELEMENT GFWUP S TOF. t=lGE • = 15// 
4 34H SOLUTION MODE •••••••••••••• = 15/ 
4 23H EO. 0. DATA CHECI(/6><.16HEO. L EXECUTICtk//) 

20Ell FORMt=lT (50 ( 1 H*L'38H SOLUTI Ot~ T It1E AND PR IIf, . r:-UNCH 

DOTI 135 
DOTI 136 
DOTI-137 

1 - 12H IHFOPt1ATIOtV50(lH:fcJ/// 
5 48H NUi1BER OF SOLUTIOtI TIt1E STEPS ••••••••••.• 
6 48H SOLUTION TIME STEP ItICREr·1Et·~T ••••••••••••• 
9 48H OUTPUT PR I tiT ItITEP'v'AL •••••...••••••••••.• 

-DOTI 138 
= 15/ DOTI 142 
= F10.4//DOTI 143 
= 15/ DOTI 146 

B 481: OU1PUT PUNCH INTEF.:"/AL .•••....••••••••••.• IS///) DOTI 148 
2002 FORMATC25(111*)/2~H TIME DEPEt~DEtH FUtICTIOtr:;:, 25(IH*)/// 

1 48H NUtlBER nF TIllE" DEPEtHlEtH FUi~CTIONS ••••••• 15/ 
2 48H t1A><It-1UM NUt18ER OF (F(n. T) POIIHS ••.••... 15//) 

3000 FORMAT U /51 H *:t:ERROR** PRCOLEll DECI< tlUST bEG IN WITH S ~Hi'T C:~RD) 
3(101 FORM~lTC / /49H *+~ERROR** NO. OF tlODAL PO INTS MUST BE • G-:-. ZERO) 
3(1(12 FORMAT (//51 H *:tERROR** tW. OF ELEttEHT I;POUPS MUST BE . GT. :ERO) 

RETURN 
END 
SUBROUTHIE COORD (x. Y.NUt1NP) 

DOTI 149 
DOTI 150 
DOTI 151 
DOTI 155 
DOTI 156 
DOTI 157 
DOTI 138 
DOTI 159 
DOTI 160 
COOR 1 
(OOR 2 

*****:~':***:************~;******;Pt::*:***:l:;f:*:*:n"::i<::¥;f:j ********** t-,nf:r:i::f:r*****.c OOR· 3 
THIS ROUTINE READS AND GENERA1~S THE GLOBAL NODAL POINT COOR 4 
CO(lRTllNATE DATA FOR 4- TO 8-NODE I O::;OF'HRAt1[TF.' I C ELEt1ENF.; COOR 5 
****:·i::';:-';~-'!::-f~+:;~::l:;+':.';':·!'*********;i·::t:iK-Kl--l-A:**-'1-: .. !·. ', .. ,.::+::l:. *::.-1 .. 1:-':_:-1<*:******** ;-·-!";f~~-,;·:"t-f(*****COOR 6 

D It1EtiS IOtI :.« 1) ,Y( 1) 
COt1t1CJrl/JUtjt: / HED(18).r1TOLtILlt~E 

READ OF' GEI~EPATE tlODAL PO I NT [;ATA 

I.JR ITE (6.2300) 
WR ITE (6. 2t1(1) 
NLINE = NLINE + 12 

COOR 7 
COOR 8 
COOR 9 
COOR 10 
COOR 11 
COOR 12 
COOR 13 
COOR 14 
COOR 15 
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HOLD • 0 COOR 16 
C COOR 17 

10 READ (5.1000) H.X(H).Y(H).KH.JPR COOR 18 .. IF(H.EO.1) IPR-JPR COOR 19 
IF(HLIHE.LT.55) GO TO 15 COOR 20 
CALL TITLE (HED) COOR 21 
~ITE(6.2eal) COOR 22 .. HLIHE K Ie COOR 23 

C COOR 24 
15 ~ITE(6.2002) H.X(H).Y(HLKU CO OR 25 

HLINE • NLINE + I COOR 26 
IF (NOLD.EO. ED GO TO 313 COOR 27 

C COO'R 28 
C CHECK IF GENERATION IS REOUIRED COOR 29 
C COOR 313 

IF(KHOLD.EO.e) GO TO 313 COOR 31 
NUM • CN-HOLD)/KNOLD COO'R 32 
Num = NUM - 1 COOR 33 
RHUM .. NUM COOR 34 
DX • (X(N)-X(NOLD»/RHUM COOR 35 
DY .. (Y(N)-Y(HOLD»/RNUM COOR 36 
K • NOLD COOR 37 
DO 2e J = I • Num COOR 38 
KK .. K COOR 39 
K .. K + KNOLD COOR 40 
X(K) = X(KK) + D>< COOR 41 

20 Y(K) .. Y(KK) + DY COOR 42 
C COOR 43 

313 NOLD = N cnOR 44 
KNOLD= KN COOR 45 
IFCN.NE.NUI'1iP) GO TO 10 COOR 46 

C COOR 47 
IFCIPR.EO.I) GO TO 200 COOR 48 

C COOR 49 
C PRINT ALL HODAL POIHT DATA COOR 50 
C tOOR 51 

CALL TITLE (HED) COOR 52 
WR ITE (6. 2£1(3) COOR 53 
NLINE = 9 COOR 54 
NROW = t'-!Ut1NP /3 + COOR 55 
NR = a CO OR 56 

C COOR 57 
DO loa I=1.NUt~P.3 COOR 58 
NR .. t~R + I COOR 59 
IP • I + 2 COOR 60 
Ir(HR.EQ.NROW) IP • HUtt-lP COOR 61 
IF(NLJNE.LT.55) GO TO sa COOR 62 
CALL TITLE (HED) COOR 63 
lJR ITE (6. 21303) COOR 64 
NLINE :: 9 COOR 65 

50 WR ITE (6.21304) (N.XCNLYCNLN-}. IP) COOR 66 
lee NLINE = NLINE + I COOR 67 

C COOR 68 
C FORtlAl STATEMENTS COOR 69 
C COOR 713 

laee FORMAT(I5.5X.2F1~.0.15.II) COOR 71 
::ooe FORt1AT (28 ( 11l~1~) /28H NODAL PO I NT COORD I HATE DATA/28 ClH*) /) COOR 72 
2tlel FORt1HTU9UH*)/ISH A. INPUT NODE DATA/19(lH*)/// COOR 73 

I 4><. 4HHUDE. 5X. 7HX-COORD. 5><. 7HY-COORD. 5X. 4HD IFF /) COOR 74 
20e~ FORM~T(3X.15.2FI2.3.3X.I~) COOR 75 
2003 FORMHT(23(lH¥)/23H B. GENERATED NODE DATA/23CIH*)/// COOR 76 

1 ::; (4~<. 4HIIODE. 5X. 7HX-CCORD. 5X. 7HY-COORD. 5X) /) COOR 77 
2004 FORMAT(3(3X.15.2FI2.3.5X» COOR 78 
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C COOR 79 
200 RETURN COOR se 

END COOR 81 
SUBROUTINE FUHC (TFH. FN. HPTS. HPTHl) FUHC 1 

C FUHC 2 
C ******************************************************i<***********FUHC 3 
C DEFINE ALL BOUNDARY CONDITION FUNCTIONS FUNC 4 
C ******************************************************************FUI'lC 5 
C FUNC 6 

D I tENS ION TFN (NPTM 1. 1) • FN (t~PTM L 1) • NPTS ( 1) FUNC 7 
COt11ON /CNTRL2/ KST. NDT. DT. TSTART. TAMB. NPR INT. NTSREF. TI~IE. KP FUNC 8 
COtll'lON / JUNK / HED (18), MTDT. NLINE FUNC 9 
COt't1Otl /NBC / NNBC. NBCF. NPTM FUNC 1 e 
COt11ON /lJORK / FORM(4)'UlRK( 196) FUNC 11 

C FUMC 12 
!.RITE (6. 200 1) FUNC 13 
NLINE • NLINE + 3 FUNC 14 

C FUMC 15 
DO 100 LL= L t~BCF FUNC- 16 
READ (5.1000) NC.NPTS(NC).FOM.INPUT FUNC- 17 
!.R ITE (6. 20fl2) NC.NPTS(NCLFOM FUNC-18 
NLINE = NLINE + 1 FUNC 19 
IF(HPTS(HC).GE.2.AHD.NPTS(NC).LE.NPTM) GO TO 20 FUNC 20 
!.R ITE (6. 300m FUNC 21 
STOP FUNC 22 

C FUNC 23 
C READ TIME FUNCTIOH VERSUS TIME TABLE FUHC 24 
C FUHC 25 

20 HT = NPTS (HC) FUNC 26 
READ (5.1001) (TFN(K.NC).FN(K.NC).K=I.NT) FUNC 27 

C FUNC 28 
C CHECK THAT TIME POINTS ARE !t-I INCREASING DRDER FUtlC 29 
c FUNC 30 

TOLD = -1. FUNC 31 
DO 30 K=I.NT FUNC 32 
IF(TFN(K.NC).GT.TOLD) GO TO 30 FUNe 33 
WR ITE (6. 3001) FUNC 34 
STOP FUNC 35 

30 TOLD = TFN (K. NC) FUNC 36 
C FUNC 37 
C FUNC 45 

SO DO 70 K=I.NT FUNC 46 
IF(NLINF.LT.55) GO TO 60 FUNC 47 
CALL TITLE (HED) FUNC 48 
WR ITE (6. 2000) FUNC 49 
WR ITE (6.200 1) FUMC 50 
HLIHE = 10 FUNC 51 

6e WRITE(6.201):;;) K.TFN(K.NC).FNCK.tIC) FUMC 52 
70 NL INE = tiL HIE:. + 1 FUNC 53 

C FUNC 54 
C FUNC-55 
C INTEGRATE THE ACCELEROGRAt1 TO OBTA 11'1 THE VELOC ITY FUNC-55 
C FUNC-56 

FI=FN(l.NC) FUNC-57 
FtH LIIC) =1). FUNC-58 
IF(INPUT.EQ.2) GO TO 55 FUNC-59 
DO sa K=2.NT FUNC-60 
L=K-t FUNC-61 
Fll=FN(K.NC) FUNC-62 
FtH K .tlc) =Ftl (L. Nc) +( F I +F 11 ) * (TFt~ (K. Hc) - TFN (L. Nc) ) *FOM/2. FUtK -63 
FI=Fll FUHC-64 
~RITE(6.01)K.TFN(K.NC).FN(K.NC) FUNC-65 

81 FORMAT(60X.15.2F15.5) FUNC-66 



'. 
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se 

C 
C 
C 
55 

COHTINUE 
GO TO lee 

DIFFEREHTIATE DISPLACEMEHT TO GET VELOCITY 

DO 11e I a2. HT 
J-I-l 

FUHC-67 
FUI'lC-68 
FUNC-68 
FUNC-69 
FUNC-70 
FUHC-71 
FUI'lC-72 
FUI'lC-73 
FUHC-74 
FUHC-75 
FUHC-76 
FUNC-77 
FUHC-78 
FUNC-79 
FUNC-S0 
FUHC-81 
FUNC-82 
FUNC-83 
FUNC-84 
FUNC-85 
FUNC 55 
FUNC 56 
FUNC 57 
FUNC 58 
FUNC 59 
FUNC- 60 
FUNC 61 
FUHC 62 
FUNC 63 
FUNC 64 
FUNC 65 
FUNC- 66 
FUNC- 67 
FUtK 68 
FUNC 69 
FUHC 72 
FUNC 73 
FUNC 74 
IN IT. 1 
IN IT' 2 

IF(I.EO.NT) GO TO 111 
K-I+l 
A-TFH(I.NC)-TFN(J.NC) 
B=TFN(K.NC)-TFN(I.NC) 
C-FN( I.HC) 
Dz (C-F 1) /A 
E-(FN(K.NC)-C)/B 
rl'l ( 1. NO - (D+E) /2. 
F I .. C 
LP-ITE(6.81)I.TFH(I.NC).FH(I.NC) 

110 CONTINUE 
111 FN (lH. NC) = (FH un .HC) -C) /(TFN(NT. HC) -TFH (J. HC» 

WRITE(6.81)K.TFH(K.NC).FH(K.NC) 

C 
C 
C 
C 

C 

C 
C 
C 
C 
C 

C 

C 

C 

le0 CONTINUE 

FORMAT STATEMENTS 

1000 FORMAT(2IS.F10.e.IS) 
1001 FORMAT(8F10.0) 
2000 FORMAT< 25 ( IH*) /25H TIf'E DEPEHDEHT FUHCTIOHS/25 (lH*) //) 
2001 FORMAT<4X. 8HFUtKTION. 4X. 9HNUt'1BER OF. 6X. leHTlt'E PO INT. 4'~ .. 4HTIME. 

1 4X. 8HFUNCT I OH/sX. 6HNUt13ER. 4X. 1 1HT I ME PO I NTS. 7X. S~~NUr·ISER. 
2 SX.5HVALUE.5X.5HVALUE/) 

2002 FORMAT(4X.I5.7X.I5.40X.*MULTIPLICATION FACTOR=*.F10.4) 
2003 FORMAT(31X.I6.FI2.3.F12.6) 
3000 FORI1ATV/49H **ERROR** (NPTS) MUST BE .GE. 2 AND .LE. (NPTM» 
31301 FGRMATV /52H **ERROR** BC FUNCTION TIt1E PO INTS ARE OU-:- OF ORIoER) 

100 
300 

RETURN 
END . 
SUBROUT 1 HE I N I TAL (T. TAMB. NUMtIP) 

***********.**************;t:*)t:*************** .:**********t:;.lo\;*."******* I 1'1 IT \ 3 
IN I TI ~LI SE V. P • (VELDC ITY POTEI~TI AU UNUT -; 4 
It.******************************************* **********-¥:n.:I:******** IN ITS 

DIMENSION 

ICON=O 
TAMB=0. 

T(NUtt~P) 

DO 100 1= 1. NUMHP 
T( 1) = TAMB 
RFTURN 
END 
SUBROUTINE ELCAL 

INIT 6 
INIT 7 
INIT 8 
IN IT- 9 

mn-· ~~ 
~~~~ : ~~ 
ELCL: 1 
ELCL) 2 

COtffiN /CtHRL 1/ NUt1'lP. HEG. MDDEX. NPAR ( 10) • tiG. KBC ELCL 3 
COtt1lJN ,I'D 1M / N I.H2. 1'13,1'14. tl5. U6. 1'17.1'18.1'19. N 10. 1'1 11. tH2. tin. tH4. 1'1 15ELCL 4 
comON /ELSTOR/ NUMEST. M I DEST. ~1AY.ES T ELCL 5 
COlt10N -'JUNK / HED(18).MTOT,.NLlI~E ELCL 6 
COt1'10tl -'WORK / NST(10).WORKC190) ELCL 7 
COt11ON A ( 1 ) ELCL 8 
D II1EtIS ION LABEU 2.2) ELCL 9 
DATA LABEL/6HAXISYM.CHMETRIC.6HP L A .6Htl A R / ELCL 10 

ELCL 11 



c 
c 
c 
c 
c 
c 
c 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

5 
C 

C 
C 
C 
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******************************************************************ELCL 12 
THIS ROUTINE CALLS THE APPROPRIATE ELEMENT ROUTINES FOK READING. ELCL 13 
GENERATING AND STORING THE ELEMENT DATA ELCL 14 

ELCL 15 
TAPE ALLOCATION0 ELCL 16 

TAPE 1 - STORES ELEMENT GROUP DATA ELCL 17 
******************************************************************ELCL 18 
TWO DIM ENS ION A L F I HIT EEL E MEN T S ELCL 19 

ELCL 20 
"'PAR (1) = 1 ELCL 21 
"'PAR (2) NUMBER OF TWO D lMENS IOHAL ELEt1EtHS O'~EL1) ELCL 22 
NPAR(3) NU~18ER OF FIRST ELEMENT IN THIS GROUP (MF~.T) ELCL 23 
NPAR(4) ELEMENT TYPF CODE (ITYF2D) ELCL 24 

EO.0. AXIS'r't1t1ETR IC ElCL 25 
",PAR(5) MAXIMUM "'UMBER OF NODES (t1>-'NOD::') ELCL 27 
"'PAR (6) = NUMERICAL INTEGRATION ORDER UIINT) ELCL 28 

**********************************************:::******* .-**·*":(*******ELCL 32 
FREE SURFACE ELEME"'TS ELCL- 33 

ELCL 34 
NPAR (1) = 2 ELCL 35 

NPAR (2) = NUI'1BER OF FREE SURFACE ELEt1ENTS UIEL2) ELCL - 36 
NPAR(3) = NUMBER OF FIRST ELEMENT IN THIS GROUP (f"F;T) ELCL 37 
",PAR (4) = ELE~ENT TYPE CODE (ITYP) ELCL 38 

EO. 0. AX I SY~1ETR I C FREE SURFACE ELH1EtH ELCL - 39 
************************* . .f.:***:*************:f;:: k**********.'*.l~t*)j(******ELCL 42 
SOL ID BOUNDRY ELEI"ENTS ELCL-43 

ELCL 44 
NPAR (1) = 3 ELCL 45 

"'PAR (2) =t~UM8ER OF SOLI D BOUNDARY ELEMENTS (tIEL3) ELCL - 46 
NPAR(3) = t~WI8ER OF FIRST ELEt1EtH IN THIS GROUP (MF;T) ELCL 47 
NPAR (4) = ELH1ENT TYPE LODE (ITYP) ELEL - 47 

EQ. £l. AX I SYt1t1ETR IC SOLlD-L1QU ID BOUNDARY C:LEiIHlTS ELCL--47 
***********"'**;::**************;t:****~Y.**:**:i:**;t~+:**********.+'.**~ :*:;:******ELCL 48 

ELCL 49 
ZERO ACTIVE COLUMN HEIGHT AF:RAY (MHT) ELCL 50 

ELCL 51 
N 12 = Nil + t~Ut1tlP + 1 ELCL 52 
N 13 = N j 2 + IWtlllP ELCL 53 
IF(NI3.GT.MTOT) CALL ERROR (NI3-MTOT) ELCL 54 

ELCL 55 
DO 5 I =N 12. tH3 ELCL 56 
A(I) = £l.0 ELCL 57 

ELCL 58 
REWIND 1 ELCL 59 

ELCL 60 
LOOP OVER ALL ELEMENT GROUPS ELCL 61 

ELCL 62 
DO 1013 t~G= 1. NEG ELCL 63 
CALL TITLE (HED) ELCL 64 
WR ITE (6. 20(0) NG ELCL 65 
NLINE = 7 ELCL 66 

C ELCL 67 
READ (5.10mn NPAR ELCL 68 

C ELCL 69 
NGR = NPAR ( 1) ELCL 70 

C ELCL 71 
GO TO (L 2. 3) IIGR ELCL 72 

C ELCL 73 
C --------------- ELCL 74 
C ELEMEtlT GROUP 1 ELCL 75 
C -------- ------ ELCL 76 
C ELCL 77 

IF(MPAR(2).GT.0) GO TO 10 ELCL 78 



• 

C 

C 

tJHTE(6.3SSS) 
STOP 

10 IF(NPAR(6).LE.4) GO TO 20 
tJHTE(6.3001) 
STOP 

20 IF(NPAR(3).EO.0) NPAR(3) • I 
IF(NPAR(S).EO.8) NPAR(S) • 4 
IF(NPAR(~).EO.0) HPAR(6) = 2 
IF(NPAR(7).EO.0) NPAR(7) = I 
IF(NPAR(S).EO.0) NPAR(S) = 1 
IT - NPAR(4) + 1 

1.2-12 

UUTE (6. 2001> NGR. (LABEL( I. IT), I" 1. 2), NPAR (2) • NPAR (3)'I;PAR (5L 
I NPAR(6) 

CALL ADRS1 
GO TO 50 

C ---------------C ELEMENT GROUP 2 
C ---------------
C 

2 IF(NPAR(2).GT.0) GO TO 38 
~ITE(6.3a00) 
STOP 

30 If(NPAR(5).EO.0) HPAR(5) = I 
IT - HPAR(4) + 1 

C 

C 

URITE(6.2002) NGR.(LABEL(I.IT).I-1.2).NPAR(2).HPAR(3) 
CALL ADf.-~S2 
GO TO 50 

C ---------------
C ELEMF.NT GROUP 3 
C ---------------
C 

C 

C 

C 

3 IF(NPAR(2).GT.~) GO TO 40 
WRITE(6.3000) 
STOP 

4e'J IF(NPAR(3) .EO.en HPAR(3) .. 

IT=NPAR(4)+1 
lJRITE(C.2002) NGR. (LABEl( I. IT). 1=1.2) .NPAR(2) .NPAR(3) .::PAP.S) 
CALL ADRS3 

50 IF(MIDEST.GT.MA>~ST) MAXEST .. MIDEST 
IF(MIDEST.LE.NUMEST) GO TO 60 
GO TO 10a 

C STORE ALL ~LEMENT GROUP INFORMATION ONTO TAPE 
C 

C 

C 

C 

60 WRITE(l) MIDEST.NPAR.NST.(A(I).l=l.MIDEST) 

10a CUNTINUE 

IF (MA>EST. LE. I'IUMESn GO TO 300 
lJRITE(6.3002) t1AXEST 
l::ITOP 

C FORMAT STATEMElITS 
C 

1000 FORMAT(1015) 
2000 FORMAT (23( IH*)/20H ELEt'Et~T DATA. GROUP. I3/23( IH*)//) 
2001 FORMAT<26H ELCI"ENT GROUP INDICATOR cI3.18H ITlJJ DIMENSIONAL .2A6. 

ELCL 79 
ELCL 80 
ELCL 81 
ELCL 82 
ELCL 83 
ELCL 84 
ELCL 85 
ELCL S6 
ELCL 87 
ELCL 88 
ELCL 89 
ELCL 90 
ELCL 91 
ELCL-92 
ELCL 93 
ELCL 94 
ELCL 95 
ELCL 96 
ELCL 97 
ELCL 98 
ELCL 99 
ELCL 100 
ELCL 101 
ELCL 102 
ELCL-103 
ELCL 105 
ELCL 106 
ELCL-107 
ELCL 108 
ELCL 109 
ELCL 110 
ELCL 111 
ELCL 112 
ELCL 113 
ELCL 114 
ELCL 115 
ELCL 116 
ELCL 117 
ELCL 118 
ELCL 119 
ELCL-107 
ELCL le7 
ELCL 122 
ELCL 123 
ELCL 124 
ELCL 125 
ELCL 126 
ELCL 127 
ELCL 128 
ELCL 129 
ELCL 130 
ELCL 131 
ELCL 132 
ELCL 133 
ELCL 134 
ELCL 135 
ELCL 136 
ELCL 137 
ELCL 138 
ELCL 139 
ELCL 140 
ELCL 141 
ELCL 142 



A2-13 

1 leH ELEt'EHTS)/// ELCL 143 
2 38H HUMBER OF ELEMEHTS ••••••••••••• • 15/ ELCL 144 
3 38H HO. OF FIRST ELEMENT IH GROUP •• • 15/ ELCL 145 
4 38H MAX. HO. OF NODES PER ELEt'ENT •• • 15/ ELCL 146 
5 38H NUt'ERICAL INTEGRATION ORDER •••• • 15/) ELCL-147 

213132 FORHAT (26H ELEMENT GROUP IND I CATOR = 13. ELCL 153 
1 2H (. 2fi6. 36H FREE SURFACE ELEI1ENTS' / // ELCL 154 
2 38H NUMBER OF ELEMENTS ............. = 15/ ELCL 155 
3 38H tm. OF FIRST ELEMENT It~ GROUP •• = I S/) ELCL 156 

3000 FORMAT U /5 I H **ERROR** NO. OF EL TS. I N GROUP MUST BE . GT. ZERO) ELCL 162 
3001 FORMATU/53H **ERROR** NO. OF INTEGRATION PTS. MUST B':: .LE. FOUR>ELCL 163 
3e02 FORMATU/41H **ERROR** (NUMEST) MUST BE IhCREASED TO :6) ELCL 164 

C ELCL 165 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

c 

C 

C 

3130 RETURN ELCL 166 
END ELCL 167 
SUBROUTI HE ADRS 1 ADS 1 1 

ADSI 2 
COMMON 
COt1t10~1 
COI'1t10N 
COMMON 
COt1'10N 

/CNTRLI/ 
/DIM " 
/ELSTOR/ 
/WORK / 

NUt1'~P.HEG.MODEX.NPAR( 10) .t:G.KBC ADSI 3 
Nl.N2.N3.N4.NS.N6.N7.N8.N9.Nle.Nll.NI2N13.N14.NI5ADSI 4 
NUMEST. MIDEST. MA><EST ADS 1 5 
1'11.M2. M3.1'"14. MS. t16. M? MS. M9. Mle.WORK (19G) ADS 1 6 

AU) ADSI 7 
ADSI 8 

****:"'**********)f(;",********"'-***************~~·:~t::f'**********,;:*::.t,·t,~:.:t··¥"*****ADS 1 9 

8 L H N K 

Ml 
M2 
1'"13 
M4 

ARRAY 
U1 

IEL T 
NOIo5 

COof1MON S TOR AGE ALL 0 CAT ION 

-----------DESCRIPTION----------
ELEt1EtH COt-li-IEeTI 'v' ITY ARRA',' 
ELEMEtH COORD I HATES 
NO. OF NODES DESCRIBING ELEI1ENT 
MIDSIDE NODES LOCATION ARRAY 

t1><NOD::·;NEL I 
2 *M>''':-'I =~!:l SIH E:L 1 
t'IEL 1 
ND5D I 'lt~ IEL.I 

ADS 1 Ie 
.ADS 1 11 
ADS 1 12 
ADS 1 13 
ADS 1 14 
ADS 1 IS 
ADS 1 16 
ADS 1 17 
ADSI 25 

*****;nt·;;:******)Kt;********>lA::K+~:¥;~:t::¥**;t·t::lCi·:**:t"K~ .. i:*******;l~**·i::i<:*¥T·~:******ADS 1 26 

tIEL 1 
MXtlor'S 
NDt1 
tID5D Ir1 

tlPAR (2) 
NPAR(S) 
2*t1>OJIODS 
tr,'<NODS-4 

Ml 1 
M2 Ml 
M3 = t12 
t14 t13 
MS t14 
NLAST=115-1 

+ MXNODSH~EL 1 
+ tIDM*NEL 1 
+ tlELl 
+ tlO5D I M*NEL 1 

1.~ITE(6.2000) NLAST 
MIDEST = NLAST 
IF(ND5DIM.EQ.0) NDSDIM = 1 

ADS 1 27 
ADSI 28 
ADS 1 29 
ADS 1 32 
ADS 1 33 
ADS 1 34 
ADS 1 35 
ADS 1 36 
ADS! 37 
ADS 1 38 
ADS 1 39 
ADSI- 413 
ADSI 47 
ADSI 48 
ADSI 49 
ADS I 513 
ADS 1 51 

CALL ELGR 1 (A ctH ) • A (N2) • A un 2) . A (11) • A (t12) • :':;( M3) • A (M4).I1)<NOIoS. NDM. ADS I"'; 52 
1 ND5D 1Ir' ADS 1- 53 

ADS I 55 
2088 FORt1HTr38H 

C 
LENGTH OF ELEt1HiT INFOPt1ATIOtJ •• = IS/// ADS 1 56 

ADS 1 57 

C 
(; 

C 
C 

RETUPtl 
[:10 
SUBROUT WE ELGR 1 (X. Y. MHT. L1'1. :{y'. I EL T. NOD5. tt<NODS. NDM. t~: SD an 

ADS I 58 
ADSI 59 
ELG- 1 
ELGI 3 

*****:·I~*;f:·I~**AcH: l **************'/~:r:I:*,*:~)I':f::iCt::I::tt:· :.******-..t;*** ·t:·I, '/"I;*******ELG 1 4 
I NPUT I tlFOF:t1AT I ON FOR 4- TO 8-NODE I SOPARAI IE TR I C ELEtlE: irS ELG 1 5 
******:.f(*****':'*>I~****************·:;**********:II.**********·t:li<·,··.·:.f.;******ELG 1 6 



• 

A2-14 

C 
DIMENSION X(l).V(l).MHT(l).LM(MXHODS.l).XY(NDM.l).IELT(l). 

C 

C 

1 NODS(NDSDIM.l) 
COt11ON /CNTRLI/ NUI'tlP.NEG.MODEX.NPAR(10).NG.KBC 
COMMON /JUNK / HED(lB).MTOT.NLINE 
COMMON /WORK / DUM(10).NOD(B).NODM(B)~NODSM(B).WORK(166) 
DIMENSION AST(2) 
DATA AST/2H ~ 2H *" 
NEL 1 - NPAR (2) 
I'FST .. NPAR(3) 

C .= •. =:.==_~=Z~== •• = •• =.==C •• ===== •• D~C 
C ••• === ••• === •• === •••••• E.S •••••• : ••••• 

C 
CALL TITLE (HED) 

C 
C •••• ======== •••••••••••• a •••••••••••• 

C READ AND GENERATE ELEMENT INFORt1=ITlON C····································· 
C 

C 

C 

C 

C 

CALL TITLE (HED) 
WRlTE(6.2003) NG 
WRITE(6.2004) (1.1-1.8) 
NLINE '" 10 
H .. 1 
HEM - r'FST 
HLAST - I'FSl + NELl - 1 

100 READ (5.1002) M.NOD.IEL.KG 

IF(MTYP.EO.O) MTYP - 1 
IF( IEL .EO.O) IEL • MXHODS 
IF(KG .EO.O) KG : 1 
IF(l1XNODS.GE.I[U GO TO 110 
WR ITE (6. 3002) M 
STOP 

110 IFCM-IMEM) 280.120.200 

C snVE ELEMEHT INFORt1=ITION FOR GENERATION OF ADDITIONAL ~LEf1ENTS 
C 

120 DO 130 I 0::: 1 • 8 
130 HUDM(I)-HODel) 

IFeIEL.EO.4) GO TO 150 
11=0 
DO 140 1"5.8 
NN=NOD ( I) 
IF (NtL Ea. 0) GO TO 140 
II=II + 1 
HODSMU!) - I 

140 CONTINUE 
C 
150 IELM - IEL 

KKK • KG 
ASTT = AST(l) 

C 
C STORE PERt"."HIEtn ELEMEHT INFORMATION 
C 

2ElO 12 .. 0 
DO 2~O I = 1. IELM 
IF(I.LE.4) GO TO 210 
JJ - HODSIH 1-4) 

ELG1 7 
ELGI B 
ELG1- 9 
ELG1 11 
ELG1 12 
ELGI 13 
ELGI 14 
ELG1 15 
ELGI 16 
ELGI 17 
ELG1 18 
ELG1 19 
ELG1 20 
ELGI 22 
ELGI 23 
ELGI 24 
ELG1 50 
ELG1 51 
ELG1 52 
ELGI 53 
ELG1 54 
ELGI 55 
ELG1 56 
ELG1 57 
ELGI 58 
ELGI 59 
ELGI 60 
ELGI 61 
ELG1 62 
ELG- 63 
ELGI 64 
ELGI 65 
ELGI 66 
ELGI 67 
ELGI 68 
ELG1 69 
ELGI 70 
ELG1 71 
ELGI 72 
ELG1 73 
ELGI 74 
ELG1 75 
ELG1 76 
ELGI 77 
ELG1 78 
ELGI 79 
ELGI 80 
ELGI 81 
ELGI 82 
ELGI 83 
ELGI 84 
ELGI 85 
ELG1 86 
ELG1- 87 
ELG1 89 
ELG1 90 
ELGI 91 
ELGI 92 
ELGI 93 
ELGI 94 
ELGI 95 
ELGI 96 
ELG1 97 



c 

c 
c 
c 
c 

c 

C 

C 
C 
C 

C 
C 
C 

c 
C 
C 

C 
C 
C 

C 

C 
C 
C 

II " HODM(JJ) 
GO TO 220 

210 II • HODM<I) 
220 LM(I.H) • II 

12 • 12 + 2 
XY(l2- L H) a: 

236 XY( 12 .1'1) .. 
X( II) 
Y<In 

IEL T(N) = IELM 
IF(IELM.EO.4) GO TO 
HN=IELM - 4 
DO 240 1=1.NN 

240 NOD5(I.N)~NOD5M(I) 

A2-1S 

250 

UPDATE COLUMN HEIGHTS AND 8ANDWIDTH 

250 CALL COLHT (MHT. IELM.LM( L N» 

IF(NLINE.LT.55) GO TO 260 
CALL TITLE (HED) 
WRITE(6.2003) NG 
WRITE(6.2004) (1.1=1.8) 
NUNt: = 10 

266 WRITE(6.200S) ASTT.lMEM.NODM.IELM 
NLINE = NLINE + 1 
IF (IMEM. EO. NLAsn GO TO 300 

N = N + 1 
lMEM = lMEI1 + 1 

CHECK IF ELE:.MEtn DATA IS TO BE STORED FOR CURRENT ELEMENT 

IF (WEM. EO. t1) GO TO 120 

GENERATE NODE NUI'13ERS FOR NE>~ ELEtlENT 

DO 270 1=1.8 
IF(NODM(I).EO.O) GO TO 270 
NODM(I)=NODM(I)+KKK 

270 CONTINUE 

CHECK IF HEXT ELEMENT CARD IS TO BE READ 

ASTT=AST(2) 
IF(H1EM.GT.t1) GO TO 100 

GENERATE INFORMAT IOI~ FOR NEXT ELEMENT 

GO TO 200 

280 WRITE(6.3003) M 
STOP 

FORMAT STATEt1ENTS 

1002 FORMAT(1115) 

ELG1 98 
ELGI 99 
ELGI 100 
ELG 1 101 
ELG1 102 
ELG 1 163 
ELG 1 104 
ELGI lOS 
ELG1 106 
ELG 1 lOa 
ELGI 109 
ELGI 116 
ELG 1 111 
ELG1 112 
ELGI 113 
ELG1 114 
ELG 1 115 
ELGI 116 
ELG 1 117 
ELG1 118 
ELG 1 119 
ELG1 120 
ELG1 121 
ELG 1 122 
ELGI-123 
ELG 1 124 
ELG 1 125 
ELG 1 126 
ELG 1 127 
ELG 1 128 
ELG 1 129 
ELG 1 130 
ELG 1 131 
ELGI 132 
ELG 1 133 
ELG 1 134 
ELG 1 135 
ELG 1 136 
ELG 1 137 
ELG 1 138 
ELG 1 139 
ELG 1 1413 
ELG 1 141 
ELG 1 142 
ELG 1 143 
ELG 1 144 
ELG 1 145 
ELG 1 146 
ELG 1 147 
ELG 1 148 
ELG 1 149 
ELG 1 150 
ELG 1 151 
ELG1 152 
ELG 1 153 
ELG 1 154 
ELGl-155 
ELG 1 168 21;)03 FORMATC3(J(lH*)/27H ELFMENT INFORMATION. GRClUP.I3/30(IH:y)/,') 

2004 FORrlHT(4~~.4HEL T •• 3X.10( lH-)'12HNODE HU~18ERS. HH lH-)'3X .. 5H • 3X. ELG 1 169 
1 6HNO. OF /5X. 3HNO •• 3X. 8 (3X. I 1) • 4X. 3HtlG •• 5X. 5HNODES./) 

20135 FORMAT(A2. IS.4X.8I4. 10X.I5) 
30132 FORMATC//l13H **EI.EMENT.I5.34H EXCEEDS MAXIMUM NUf"EER OF NO;:·ES**) 
3003 FORMAT (/ /26H **ERROR** ELEMENT CORD • IS. 16H OUT OF SEJUEIlCE) 

ELG 1 170 
ELGI-171 
ELGI 174 
ELG 1 175 



~ 

.. 

• 

• 

c 

c 

c 
c 
c 
c 
c 
C 
c 
c 
C 
c 
c 
C 

c 

C 

C 

C 

leB RETURH 
EHD 
SUBROUTINE ADRS2 

A2-16 

ELGI 176 
ELGf 177 
ELGl- 178 
ADS2 1 
ADS2 2 

COMMOH /cHTRLl/ HUHHP.HEG.HODEX.HPAR(lB).HG.KBC ADS2 3 
COt11ON /D 1M / N 1. H2. N3. N4. N5. N6. H7. N8. N9. NIB. N 11. N12. N 13. N 14. H 15ADS2 4 
COt~N /ELSTOR/ NUMEST.MIDEST.MAXEST ADS2 5 
COMNON /l.()RK / M1.M2.M3.M4.M5.M6.M7.M8.M9.MIB.t.IlRK(19.J) ADS2 6 
COMMON A(l) ADS2 7 

ADSi 8 
*******************************************lI;**********',-***,I()j(******ADS2 9 

. ADS2 10 
B LAN K COM M 0 N S TOR AGE ALL 0 CAT ION ADS2 11 

Mt 
M2 
M3 

ARRAY -----------DESCRIPTION-----------
LM ELEMENT CONNECTIVITY ARRAY 
xx ELEt'ENT X-COORD It~ATES 
CL ELEMENT LENGTHS 

J) I MENS J Ot~ 
2*NEL:! 
2*HEL2 
NEL2 

ADS2 12 
ADS2 13 
ADS2 14 
ADS2 15 
ADS2 16 
ADS2 23 

***************************,****************:i-·**********+:**:t"';~:¥;f:*****ADS2 24 

NEL2 = tlPAR(2) 

Ml '"' 1 
M2 = Ml + 2*HEL2 
M3 = M2 + 2*HEL2 
t14 = M3 + NEL2 
NLAST=t14-1 

WRITE(6.2000) NLAST 
MIDEST = NLAST 

CALL ELGR2 (A(Nl).A(N2).ACMl).A(M2).A(M3» 

2000 FORt"oAT (38H 
C 

LENCTH OF ELEMENT INFORMATION • 15///~ 

ADS2 25 
ADS2 26 
ADS2 28 
ADS2 29 
ADS2 3a 
ADS2 31 
ADS2 32 
ADS2- 33 
ADS2 40 
ADS2 41 
ADS2 42 
ADS2 43 
ADS2 44 
ADS2 46 
ADS2 47 
ADS2 48 
ADS2 49 
ADS2 50 
ELG2- 2 
ELG2 2 c 

c 
C 
C 
C 

C 

C 

c 
c 
C 
C 
C 
C 

RETURN 
END 
SUBROUTINE ELGR2 (X.Y.LM.XX.CU 

******************************"************:.t:***********,. .. *** ·!:-.:-******ELG2 3 
INPUT INFORMATION FOR FREE SURFACE ELEMENTS ELG2 - 4 
******************************************************'1.***********ELG2 5 
DIMENSION X(I).Y(I).LM(2.1).XX(2.1).CL(I) 

COt11Ot~ /CNTRL 1/ NUMNP. NEG. MODEX. NPAR ( 10) • tlG. KBC 
COtt1ON /JUNK / HED( 18) .t1TOT.NLINE 
COt11Ol~ /NBC / NN8C. HBCF • NPTM 
COmoN /L.XlRK / DUM( la). MOD (2) • NODM(2)' WORK (186) 
DlMEtlSION AST(2) 
DATA AST/2H .2H */ 

NR2 &: NPAR(2) 
tFST • NPAR(3) 

K8C = 0 

=================~r. •• ===~====a== ••• == 
READ AIm GENERATE ELEMEtfT INFORt1ATION 
z================a •••••••• ==== ••••••• 

ELG2 6 
ELG2- 7 
ELG2 9 
ELG2 10 
ELG2 11 
ELG2 12 
ELG2 13 
ELG2 14 
ELG2 15 
ELG2 16 
ELG2 17 
ELG2 18 
ELG2 19 
ELG2 2a 
ELG2 24 
ELG2 44 
ELG2 45 
ELG2 46 
ELG2 47 



c 

c 
c 

C 

C 
C 
C 

c 
C 
C 

C 

C 

c 

c 

c 
C 
C 

C 
C 
C 

( 

c 
C 

C 
C 
C 

N • 1 
TI"£M • f'FST 
NLAST • MFST + NEL2 - 1 
CALL TITIF (HED) 
WRITE(6.2003) NG 
WR ITE e 6.2004) 
NLINE = 10 

100 READ e5.1003) M.NOD.KG 

IFeKG .EQ.O) KG = 1 
I I = tlOD (1) 
JJ "' NOD(2) 

IFeM-IMEM) 280.120.200 

A2-17 

SAVE ELEMENT INFORMATION FOR GEtlERATION OF ADD TTIONAL cLEMEtHS 

120 NODM(1) = II 
NODM(2) = JJ 
KKK = KG 
ASTT AST( 1) 
XL SORT( eX(JJ)-X( I I) )*~2 + (Y(JJ)-Y( r I) )**2) 

STORE PERMP.tIENT ELEMENT INFORI1ATlml 

20a DO 230 I c l.2 
IJ = NODMen 
LM(LN) IJ 

230 XX( I. N) X( IJ) 

CL (IV XL 

IF(NlINE.LT.5~) GO TO 250 
CALL TITLE eHED) 
WR ITE t 6 • 2C(3) NG 
WR ITE (6. 20(4) 
NLINE = 10 

. 250 WR ITE (6.2005) ASTT. I MEM. NODM 
NlINE = NLINE + 1 
IF e It1EM. EO. NlAST) GO TO 300 

N = N + 1 
IMEM = I11EM + 1 

CHECK IF ELEMEtH DATA IS TO BE STORED FOP CURRENT ElEMaIT 

IF ( I11EM. ED. M) GO TO 120 

GENERATE NODE NUI"£ERS FOR NEXT ELEMENT 

DO 270 1=1.2 
270 HODtH ~:' = PODtlll) + K~<K 

(HECk IF tlE::T ~LEM[NT CARD IS TO BE READ 

(~STT " AST(2) 
I r ( I ItEIl. G T • tv GO TO HlEl 

GENEF.'ATE ItlFORt1ATION FOR NEXT ELEMENT 

ELG2 48 
ELG2 49 
ELG2 50 
ELG2 51 
ELG2 52 
ELG2 53 
ELG2 54 
ELG2 55 
ELG2 56 
ELG2- 57 
ELG2 58 
ELG2 60 
ELG2 61 
ELG2 62 
ELG2 63 
ELG2 64 
ELG2 65 
ELG2 66 
ELG2 67 
ELG2 68 
ELG2 69 
ELG2 71 
ELG2 72 
ELG2 73 
ELG2 74 
ELG2 75 
ELG2 76 
ELG2 77 
ELG2 78 
ELG2 79 
ELG2 80 
ELG2 81 
ELG2 82 
ELG2 84 
ELG2 85 
ELG2 86 
ELG2 87 
ELG2 88 
ELG2 89 
ELG2 90 

. ELG2-91 
ELG2 92 
ELG2 93 
ELG2 94 
ELG2 95 
ELG2 96 
ELG2 97 
ELG2 98 
ELG2 99 
ELG2 100 
ELG2 101 
ELG,2 102 
ELG2 103 
ELG2 IB4 
ELG2 105 
ELG2 106 
ELG2 107 
ELG2 loa 
ELG2 109 
ELG2 110 
ELG2 III 
ELG2 112 
ELG2 113 

.. 



• 

c 

c 
c 
C 

GO TO 200 

280 WRITE(6.3002) M 
STOP 

FORMAT STATEI'ENTS 

1003 FORMAT(4I5) 

A2-18 

21303 FORMA 1 (31H IH*) /27H ELEl"EtlT INFORMATION. GROUP. 13/30 (1H~~) / /) 
21304 FORMAT(4X.4HELT •• 4X.6HI-NODE.4X.6HJ-NODE.4X.5H /SX. 

1 3HHO .• 25X.3HNO./) 
2005 FORMAT(A2. 15.5X.I5.5X. 15) 
30132 FORMATV/26H **ERROR** ELEI"ENT CARD -I5.16H OUT OF SEQUEIKE) 

C 

ELG2 114 
ELG2 115 
ELG2 116 
ELG2 117 
ELG2 118 
ELG2 119 
ELG2 120 
ELG2-121 
ELG2 133 
ELG2 134 
ELG2 135 
ELG2-136 
ELG2 139 
ELG2 140 

c 

c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 

c 
C 
C 
C 
C 

C 

3aa RETURN 
END 
SUBROUTINE ADRS3 

ELG2 141 
ELG2 142 
ADS3 1 
ADS3 2 

COI'11OH 
COt11ON 
COtT1UN 
COI"l1ON 
COI'11ON 

/cHTRLI/ HUt~P.HEG.MODEX.HPAR(10).HG.KBC ADS3 3 
/ELSTOR/ HUMEST.MIDEST.MAXEST ADS3 4 
/DIM / Nl.N2.N3.N4.H5.N6.N7.N8.H9.Nt0.Nl1.N12.N13.NI4.N15ADS2 4 
/WORK / Ml.M2.M3.M4.M5.M6.M7.M8.M9.M10.WORK(190) ADS3 6 
IH 1) ADS3 7 

ADS3 8 
******************************************************>i***:+:*******ADS3 9 

B L ri 

Ml 
M2 
M3 
M4 
tIS 

N K 

ARRAY 
LM 
XX 
CL 
SINS 
COSS 

COMMON 5 TOR AGE ALL 0 CAT ION 

-----------DESCRIPTIOH----------
ELEMENT LOCATIOII ARRAY 
ELEMENT X-COORDINATES 
ELEMENT LENGTHS 
SINE OF ANGLE SI 
COSINE OF ANGLE SI 

DIMEHSION 
HEL3 
2*NEL3 
HEL3 
HEL3 
NEL3 

ADS3 10 
ADS3 11 
ADS3 12 
ADS3 13 
ADS3 14 
ADS3- 15 
ADS3- 16 
ADS3- 17 
ADS3- 17 
ADS3 20 

*******************************************:¥**********************ADS3 21 
HEL3 c HPAR(2) 

Ml = 1 
M2 =M 1+2*,,~EL3 
M3=M2+2*NEL3 
M4=M3+HEL3 
M5=M4+NEL3 
M6=M5+HEL3 
NLAST=M6-1 
WRITE(6.20aa) HLAST 
MIDEST c NLAST 
CALL ELGR3 (A (1'1 1), A (1'12), A (ttl). A (M2) • A (M3,. A (M4) • A (MS» 

2aea FORMATC38H LEHGTH OF ELEMENT IHFORt1ATIOH .• • 15///:· 
RETURN 
END 
SUBROUTINE ELGR3(X.Y.LM.XX.CL.SIHS.COSS) 

ADS3 22 
ADS3 23 
Al)S3 24 
ADS3 25 
ADS3- 26 
ADS3- 27 
ADS3- 28 
ADS3- 28 
ADS3- 29 
ADS3- 30 
ADS3- 31 
ADS3- 32 
ADS3- 33 
ADS3- 34 
ADS3 42 
ADS3 43 
ELG3---1 
ELG2 2 

*******************************************T**********;'.f;:**********ELG2 3 
INPUT IIlFORMATION FOR SOLID BOUlmARY ELHIENT ELG3- 4 
****:I<************************:1:+:I:***********:>t:********** ~ ,,+:*~, **:t;*****ELG2 5 

1) IMEJ-IS ION XC 1> • Y( 1) • LM(2. 1) • XX(2. 1) • Cl( 1)' S IHS (l). COS'~ ( 1) 

COt1'1ON /cHTRL 1 / HUt1-1P. HEG. MODEX. HP.=tR ( 10) • He;. KBC 
COt11ON /JUNi< / HED( 18) • MTOT. HLltlE 
COt11On /NBC / HNBC.HBCF.HPTM 

ELG2 6 
ELG3- 7 
ELG2 9 
ELG2 10 
ELG2 11 
ELG2 12 
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COMMON /WORK / DUM(18).NOD(2).NODM(2).WORK(186) 
DIMENSION AST(2) 
DATA AST/2H .2H */ 

C 
HEL3-NPAR(2) 
t'FST • NPAR(3) 

C 
C =================================~==== 

K8C .. e 
C 
C ===================================.= 
C READ AND GENERATE ELEMENT INFORMATION 
C =======~============================= 
C 

C 

H = 1 
lMEM = MFST 
HLAST=MFST+HEL3-1 
CALL TITLE (HED) 
WR ITE (6. 2(03) NG 
WR ITE (6. 2(04) 
HLIHE = 10 

100 READ(S.1003)M.HOD.KG.CS.SS 
C 

c 
c 

IFCKG .EO.D) KG = 1 
I I = NOD ( 1) 
JJ = HOD(2) 

IF(M-I~EM) 280.120.200 

C SAVE ELEMEtlT INFORMATIOn FOR GENERATION OF ADD ITIONAL C:LE:EhTS 
c 

120 HODM( 1) = II 
NODM(2) = JJ 
YD=ABS(YCII)-YCJJ» 
IFCYD.GT.0.0B00U0(1) GO TO 5 
51=999999999.9 
GO TO 6 

5 51=(X(II)-X(JJ)/(Y(II)-Y(JJ» 
b I(KK=KG 

ASTT = AST(I) 
XL = SQRT«XUJ)-X(II)*;f:2 + c,'(jJ)-','r:il)**2) 

C 
C STORE PERr1AtIHlT ELEMENT ItIFOR~1ATIOtI 
C 

C 

c 

200 DO 230 1=1.2 
IJ = tWDM( J) 
UHLtn IJ 

230 XX( I.t-D = ><C IJ) 

CUN) = ><l 
SI=ATAN(Sl) 
S INS (to =s ItH5 I) 
COSS 01; =COS (S I) 
[OSS (to =CS 
SINS OD =SS 

IFCNlINE.LT.55) GO TO 250 
CALL TITle (HED) 
LJR ITE (6.2803) t~G 
WR ITE (6.2004) 
tiL ItlE = 10 

250 WRITE(6.200S), ASTT.lMEM.NODM 

ELG2 13 
ELG2 14 
ELG2 15 
ELG2 16 
ELG2--17 
ELG2 18 
ELG2 19 
ELG2 20 
ELG2 24 
ELG2 44 
ELG2 45 
ELG2 46 
ELG2 47 
ELG2 48 
ELG2 49 
ELG2 50 
ELG2- 51 
ELG2 52 
ELG2 53 
ELG2 54 
ELG2 55 
ELG2 56 
ELG2- 57 
ElG2 58 
ELG2 60 
ELG2 61 
ELG2 62 
ELG2 63 
ELG2 64 
ELG2 65 
ELG2 66 
ELG2 67 
ElG2 68 
ELG2 69 
ELG2- 70 
ELG2- 71 
ELG2- 72 
ELG2- 73 
ELG2- 74 
ElG2- 75 
ElG2 72 
ElG2- 73 
ELG2 74 
ELG2 75 
ELG2 76 
ELG2 77 
ELG2 78 
ELG2 79 
ELG2 80 
ELG2 81 
ELG2 82 
ELG3-83 
ELG2- 84 
ELG2- 85 
ELG2- 86 
ELG2- 88 
ELG2 84 
ELG2 85 
ELG2 86 
ELG2 87 
ELG2 88 
ELG2 89 
ELG2- 90 

• 



• 

• 

C 

C 

HLIHE • HLINE + 1 
IF(IMEM.EC.NLAST) GO TO 300 

H • N + 1 
IMEM .. It'EM + 1 
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C CIIEeK IF ELEMENT DATA IS TO BE STORED FOR CuRRENT ELEf'ENT 
C 

IF(IMEM.EC.M) GO TO 120 
C 
C GENERATE NODE NUMBERS FOR HEXT ELEMENT 
C 

DO 2713 1-1.2 
270 NODMCI) • NODM(I) + KKK 

C 
C CHECK IF NEXT ELEt'EHT CARD IS TO BE READ 
C 

C 

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

C GENERATE INFORMATION FOR NEXT ELEMENT 
C 

GO TO 2013 
C 

2B0 WRITE(6.3002) M 
STOP 

C 
C FORMAT STATEf'ENTS 
C 
113133 FORMAT(4I5.2F1B.0) 
20133 FORMATC30(lH*)/27H ELEtENT INFORMATION. GROUP.I3/3B(lH*)//) 
21304 FORI·1AT(4X. 4HEL T .• 4X. 6H I-NODE. 4X. 6HJ-NODE. 4X. 5HDIREC/sX. 

1 3HNO .• 2SX.6HCOSINE/) 
213135 FORMAT(A2 .. IS.5X. IS.SX. IS) 
313132 FORMATU/26H **ERROR** ELEMENT CARD "IS.16H OUT OF SE:;UEtlCE) 

C 

C 

C 

31313 RETURN 
END 
SUBROUTINE COLHT (MHT.ND.LM) 

DIMENSION LMC l)'MHTCl) 

C FIND SMALLEST GLOBAL NODE NUMBER (LS) FOR ELEMENT 
C 

c 

LS= 100000 
DO 180 I=LND 
IF (LM(I» Ba.l00.8B 

B~ IF CLMCI)-LS) 90.1013.1130 
913 LS=LM( 1) 

11313 CONTINUE 

C COMPUTE COLUMN HEIGHT ABOVE DIAGONRL (ME) AND CHECK IF r'"IAXIMUM 
C 

C 

DO 2011 I=LtW 
I I =Lt1 ( J) 
IF (11.EQ.a) GO TO 21313 
ME=- I I - LS 
IF (t1E. GT. flHT (l J) MHTC II) -M( 

21313 CONTINUE 

RETURN 
END 
SUBROUTINE ERROR (1'1) 

ELG2 92 
ELG2 93 
ELG2 94 
ELG2 95 
ELG2 96 
ELG2 97 
ELG2 98 
ELG2 99 
ELG2 100 
ELG2 101 
ELG2 102 
ELG2 103 
ELG2 104 
ELG2 105 
ELG2 106 
ELG2 107 
ELG2 108 
ELG2 109 
ELG2 110 
ELG2 111 
ELG2 112 
ELG2 113 
ELG2 114 
ELG2 115 
ELG2 116 
ELG2 117 
ELG2 118 
ELG2 119 
ELG2 120 
ELG2-121 
ELG2 133 
ELGl-121 
ELG2-13S 
ELG2-136 
ELG2 139 
ELG2 140 
ELG2 141 
ELG2 142 
CLHT 1 
CLHT 2 
CLHT 3 
CLHT 4 
CLHT 5 
CLHT 6 
CLHT 7 
CLHT 8 
CLHT 9 
CLHT 10 
CLHT 11 
CLHT 12 
CLHT 13 
CLHT 14 
CLHT 15 
CLHT 16 
CLHT 17 
CLHT 18 
CLHT 19 
CLHT 20 
CLHT 21 
CLHT 22 
CLHT 23 
CLHT 24 
ERR 1 



c 

c 
c 
C 
C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

c 

C 
C 
L 
C 
C 

C 

c 
r 
c 
C 

C 

2000 

2000 

10 
100 

\,R ITE (6. 20£l0) N 
FORMAT(//31H **ERROR** 
STOP 
END 
SUBROUTINE TITLE (HED) 

D IMENS IOt~ HED(18) 
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STORAGE EXCEEDED B'y' 16) 

TH IS ROUTINE PR INTS THE TITLE CARD AT TOP elF OUTPUT PA-:;E 

t£ ITE (6. 200~n tiED 
FORMAT( 1 H L 18A4. 39X. 8HDOT 1976/) 
RETURN 
END 
SUBROUT I NE ADRSK (MAXI=!. MHT. NUI1NP. NWK. MA) 

ERR 
ERR 
ERR 
ERR 
ERR 
TITL 
TITL 
TITL 
TITL 
TITL 
TITL 
TITL 
TITL 
TITL 
TITL 
ADSK 
ADSK 

****:t:w********:¥*********:t***:K.t;:t:************:i;***>t''*It.lt.*** +,~:".::1'.I·;t:*i<:****ADSK 
TO Cf-lLCULATE ADDRESSES OF D IAGOtlAL ELEt1ENTS IN A ADSK 
BANDED MATR IX WHOSE COLUMN HE IGHTS ARE KNOLJt.. ADSK 

ADSK 
~1A t'1AX I ~1UM BAND WIDTH ADSK 
MHT ACTIVE COLUt'tl HE IGHTS ABOVE DIAGONAL ADSK 
MAXA ADDRESSES OF D IAGOtlAL ELElIEtlTS ADSK 
NWK MA>~It1UM STORAGE RECUIRED ADSK 
*********)/Olot::f::.y.*;.f<:*************:Kt::>I-:*****:+:***i, .,;.:*********** : .. t::t::'1-' ',:******A DS K 

D IMENS ION 

~1H>~A ( 1) = 
t1A>(A(2) = 2 
MA = 8 

1'1AXA ( 1 ) • MHT ( 1 ) 

IF (tlUnIIP. EQ. II GO TO 100 
DO 10 I =2. NUilNP 
IF <t1HT( l) . GT. 1'11'1) MA = MHT< l) 

I"'J1><A l 1-:-1) = t1A><A (l) + MHTC I) + 1 
1'1A = I1A + 1 
HLJK = t1n><A (tlUr1NP+ 1) - 1 

RETUPH 
:::Im 
SUBROUTIIlE 

ADSK 
ADSK 
ADSI< 
ADSK 
ADSK 
ADSI< 
ADSK 
ADSK 
ADSK 
ADSK 
ADSK 
AD'3k 
ADSK 
ADSK 
ADSK 
ASttt: 
ASMK 

*****w********:t'************::**;t;;f(;~:**:t-*****:t:**:t;********"-::'1<. i· .-'1." ,-.~ >f;:I<:****ASt11< 
ASSEJI6L[ THE EFFECTI'v'E S'/STEM STIFn~ESS liATRIX (K";) AStIK-
*****:i:***** -::**********************',1, -t:*****)/;'~Pi(**:t:****** ,I :.- r .\. ;:t·.!CI::,j;**A St1K 

ASt'l1< 
COt1MOtl /OnRL 1/ NUMNP. NEG. MODD<. tlPAR ( 1 I) • ~;C. KBC ASI'1K 
COt11'10t1 /D It1 / tU .1'12.1'13.144.115. N6.N7. 1'18. 119. tl HL Nil. 1'1 12 - t: 1:: .il14. N 15ASt1K 
C0I11'10N /t,JORK / MI. t12.M3.M4.t15. t16. t17. t18 .. t19, ilHLWORI< (19,,1 AS~1V 
Cm-1i1W A ( 1 ) AStlV 
D I I1EdS 1011 tlST ( 10) AS~1K 
EQU l\/ALENCE OiSH 1) • M1) ASI'1K 

REl-JIIID 1 
panllV 2 

LOOP O' ... 'ER ALL ELEI1ENT GROUPS 

DO 100 IIG= 1. HEG 

READ (1) tlIDEST.I~PAR.NST.(A(J).I=LMIDESTl 

ASt1K 
ASMK 
ASI'1V 
ASMI< 
ASIII< 
ASM\( 
ASI'IK 
A5~1K 
ASt11( 
ASI'1K 

2 
3 
4 
5 
6 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 
12 
13 
14 
·e 
LJ 

16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
2El 
21 
22 

• 



NGR = ~IPAR ( 1 ) 
c 

GO TO (1.2.3) NGR 
C 
C ---------------
C ELEMEIH GROUP 1 
C ---------------
C 

C 

MA'NOD= = tlPAR (5) 
NDf'1 = 2'H1:(NODS 
HD5D 1M = f'1>JrODS-4 
IF(ND5DIM.EO.OJ ND5DIM = 1 
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ASMK 
ASliK 
ASr1K 
Asr1K 
ASr11': 
Asr'1I< 
Asr1K 
Asr11< 
ASr':V' 
A':,~1V, 

AS~1V: 
AS~1~~ 
ASrW: 

23 
24 
25 
26 
27 
28 
29 
38 
31 
34 

CALL (otlD 1 (A (t11). IHI12). A (1'13) • A ct14). A (I~8) .• li:<HODS. t~llr1. t·L'.·::IJj:~· 
GO TO 100 

ASrU<- 38 
AS~lI:: 40 

41 ASr11<' 
A':H" 
ASr11": 

c 
C ---------------
C ELEMENT GROUP 2 
C ---------------
C 
2 CALL cmm2 (A(~1l).A(f'12).A(~13)1 

GO TO lUO 
c 
c ---------------
C ELEMEHT GROUP 3 
C ---------------
3 COtHIHUE 

c 
108 COIHINUE 

RETURN 
END 
SUBROUT I tIE COND 1 (LM. XY. I EL T. IIOD5. T. I1XNOD'::,. t IDI"I. IlD5D I t1) 

Asr1f: 

42 
43 
44 

A ,:: 11::. 45 
A':,r1K- 46 
A':,~lV 

ASl1r 
Asm: 
A,:,rw 

48 
49 
50 
51 
~.., 

. ..J~ 

AsrlK- 53 
~':.r1f' 56 
A':,i1K 
ASMI< 
ASMI< 
COt'r 1-
COHI C 

C 
C 
C 

.1'.:****',+:,,,'+'* *'f:**************,.·::***·.jo:+::*;f..,,:j.:**~'f:******:~ ***-'-1--:-1(***** ". ,+.:+ '+::1:'+'+ "'.'f:.l(**C 0 t~ 1 

58 
59 

1 
3 
4 

c 
c 

c ,
'-c 

,-. 
'-c. 
C 

( 

FOR~1 ThE EFFECTIVE SYSTE~1 STIFFtrESS ~1ATRI~< 'K1) COII1- c 
-' 

+:¥+* 1..+.,1,.·+ .. 01:.,+,:·+,:.·1· T.f': +,:+::.j.:******* **:+:·+,··"':I,:I·,+.**:+:.+:·+::*·'+;:f':·;' ... ·i •. +.:: .... :.;, :+::.+,::>1'::+ ..... :+:'1' ,. , . : " i i ;,:+ 1 C i=;~ 4 1 , 

Ii WEil'::, rOIl UHil><tIODS. 1). ><,,.rt~DI1. 1). IEL T( 1) . r:;-.. D5lHD5I; Ii1. 
CClf11'lm; ./crnFL 1/ IIU~itIP. HEG. mIlE::. tlPAP f 18) . tiC", L.E:l 
cm1~1ml ,'CNT~'L2/ VSL NDT. DL TSTART .. TAilB. tlF'? li.T. tli:::,PEF. T 
COi1J1DI,TI Ii1 HI. H2 .. IE. t1 .. L tlS . tI6 .• tl;' • tlB . 119 .. t: 10. tIll. tIl:: 
COt1r1Dtl .. ' 'TOD 11'1 / tIEL .IIODS. ~lrl'PE . t It fIlS 
COllnOtI /'WORI< / DUtH 1(1) • SK (64) . ~;c (B 1. HF (:31 . iHOD (8) .i.,IOR: 
COt"ll'lDH A ( 1) 

tiEL 1 = :iF'AF.: (2) 

DO 100 II = L tIEL! 
trEL H 
liDOS IEL TOll 
NND5 = HODS - 4 
tlDlJF = tIOD';·+tIODS 

:::ERO ELHlEtH ~,TIFFtIESS t1(:T~ I>: s~, nWIr::,. troD:,' 

DO 10 I = L tll,OF 
10 ':.I:. f.l) = !J.G 

:EPO ELH1Etlr r1Ac,S 'v'ECTOE '3((tICD~;) 

DC 40 1= 1 • t ror,s 
40 '=-C r I) = 1).0 

C O~ i 1 8 

,- ,-,., 1 • 1 

L '_'I t .i. J. " - .-,-.~l~ 
C. ,_ ,_II' .1 

:~: _ .... :~. t, 1 :'CC~·t 1 
[Dtr 1 
COtll 
COH1 
cOtr 1 
CCltl1 
COti 1 
[ O~ll 
COtl1 
COtr 1 
COtll 
[OHI 

, -, 
1"':' 
, -, -' 
14 
IS 
It; 
I, 
1,;:, 

'-' 
.20 
21 

.... c 
..::. _I 

26 
CONI 
[Otl1- .28 
COtll 
[Oti 1 
[ONI 
[orll 
[Orll- 33 
[Ot~ 1 41 
COt~ 1 

30 
31 

43 
44 [Ot~ 1 

cmn 51 
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C FORM ELEtEHT STIFFHESS MATRIX USIHG GAUSS QUADRATURE COHI- 52 
C CONI 53 .. 

CALL FORMKI (SK.SC.><Y(I.H).HODS(l.N).NODS) CONl- 54 
C CONI 59 
C ASSEMBLE EFFECTTVE ELEMEHT STIFFNESS MATRIX (SK*) CONl- 60 
C IHTO EFFECTIVE STRUCTURAL STIFFNESS MATRIX (K*) CONl- 61 
C CONI 62 

70 CALL ADDBAN (A(N10).A(N9).SK.LM(I.N).NODS) CONI 63 
100 CONTINUE CONI 72 

C CONI 73 
RETURN CONI 74 
END CONI 75 
SUBROUTINE FORMKI (SK.SC.XY.NODS.NODS) FI'1<I- 1 

C FMK 1 3 
C *****************************************.i;************i·** )l(lKi-.':'¥*****FMK 1 4 
C ISOPARAMETRIC FORMULATION OF ELEMENT STIFFnESS t1ATRIX FMKl- 5 
C FOR AXI-SYMMETRIC ELEMENT FMKl- 6 
C ********************************************.***********"',**lCr******FMK 1 7 
C FMKI 8 

D lMENS ION SK (NODS.NODS) .SC (NODS). XY( 1) .NOD5 (1) Ftl<l- 9 
Cot1t1OH /CNTRL 1/ Nump. NEG. t10DEX. ~~PAR ( 10) • JIG. KBC FMK 1 11 
COMMON /CNTRL2/ KST. NDT. DT. TSTART. TAMB. NPR !tIT. NTSREF. T I !:E. n-' FMK 1 12 
COMMON /WORK / DUM(98) .H(8) .P(2.8) .B(2.8) .>U(2.2) .EKC3J .umW(55) FMKI 13 
D WENS ION XG (4. 4). WGTC4. 4) Ft1< 1 14 
DATA ><G / O. • 0. • 0. • 0.. Ft1< 1 15 

1 -.5773532691896. .5773502691896. O. • 0.. FM< 1 16 
2 -.7745966692415. • e'l0000B0080000. .774596655'2415. 0.. FMK 1 17 
3 -.8611363115941. -.3399810435849. .3399810435849. .861: 36;;! 15941/ Ft1< 1 18 

DATA LJGT / 2.000. 0.. 0.. 0 •• FMKI 19 
1 1.0000000000000.1.0000000000000. 0.. 0 •• FMKI 20 
2 .55555:;5555556. .8888888888889. .5555555555556. 0.. rt1K 1 21 
3 .3478548451375 •• 6521451548625 •• 6521451548625 •• 347~548~51375/ FMKI 22 

C FMKI 23 
I TYP2D = NPAR (4) FMK 1 24 
N I NT = NPAR (6) FM< 1 25 

C HD<1 27 
C LOOP OVER ALL INTEGRATION PO INTS Ft1< 1 28 
C Ft1K 1 29 

VOL = 0.0 FMK 1 30 
C FMKl 31 

DO 100 LX'" 1. t~ I NT FMI( 1 32 
R = XG(LX.tHtH) FMKI 33 
DO 100 L Y= L N ItH FMK 1 34 
S XG(LY.NItH) Ft1K135 
WT = WGTCLX.tHtH)*WGTCLY.NINT) FMKI 36 

C FMkl 37 
C FWD INTERPOLATION FUNCTIONS (H) AND THEIR I'ERIVATIVES 'F':,. Ft1<1 38 
C FIND JACOBIAN (XJ) AND ITS DETEF:MWANT (DETJ). FMKI 39 
C FMKI ~ 

CALL SHAPEI (R.S.XY.H.P.NOD5.>~J.DETJ) Ft1Kl 41 
C FMKI 42 
C EVflLUATE JACOBIAN INVERSE (XJI> AND GLOBAL LERIVATIVE :;~H'.nOR (B)FMKI 43 
C AT EACH I NTEGRATI ON PO WT (R. S) WI fH I N THE ELEMENT FI'1(1 44 
C FMKI 45 

criLL I;ER I V 1 (><'l. H. P. 8. XJ. DETJ • RAD. I Tlr:2i)) Fl1t< ~ 46 • 
C FMKI 47 

FAC = LJTTRAD*DET J H1K 1 48 
VOL = VOL + FAC Ft1< 1 49 

C H1K 1 50 
C FORM S~~ = B(TRAt~SPOSEHEI<*El FOR ItlTEGRATIOH POINT (R.~,) FMKI 77 
C FMKI 78 

DO 5'1 I = 1 .I~ODS FMK 1 79 
BTl = B ( 1. 1) Ft1<1 80 



.' 

58 
C 

C 

C 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 

C 
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B12 • B(2. I) 
DO 58 J·I.HODS 
SKCI.J)·SK(I.J)+(BTl*BC1.J)+B12*BC2.J»*FAC 

188 COHTIHUE 

NODM - HODS - 1 
DO 200 1=I.HODM 
11-1+1 
DO 200 J= 11. HODS 

200 SK(J.I) • SKCI.J) 

600 RETURN 
END 
SUBROUTIHE SHAPEl (R.S.XY.H.P.HOD5.XJ.DETJ) 

FI'1( 1 81 
FI'1( 1 82 
FI'1(I- 83 
FI'1< 1 86 
FI'1<I 87 
FI'1< 1 88 
FI'1< 1 89 
FI'1< 1 90 
FI'1< 1 91 
FI'1< 1 92 
FI'1< 1 93 
FI'1< 1 119 
FI'1< 1 120 
FI'1< 1 121 
SHPI 1 
SHPI 2 

**********************************~************~~************sHPI 3 
1. TO FIND INTERPOLATION FUNCTIONS C H ) SHPI 4 

mm DER r VAT I VES ( P ) CORRESPOND I NG TO THE NODAL PO 1 NTS SHP 1 5 
OF A 4- TO B-NODE Tt..DD I MENS IONAl I SOPARAMETR I C ElPtHIT SHP 1 6 

2. TO FIND JACOBlnH ( XJ ) AND ITS DETERMINANT ( DETJ ) SHPI 7 

HODE HUt'tlERING COHVENTION 

2 5 1 

o . . . . . . . 0 • . . • . . • 0 

5 

6 0 • • • R o 8 

o . . . . . . . o . . . . . . . 0 

3 7 4 

SHPI 8 
SHPI 9 
SHPI 10 
SHPI 11 
SHPI 12 
SHPI 13 
SHPI 14 
SHPI 15 
SHPI 16 
SHPI 17 
SHP 1 18 
SHPI 19 
SHPI 20 
SHPI 21 
SHPI 22 
SHPI 23 
SHPI 24 
SHPI 25 
SHPI 26 
SHPI 27 
SHPI 28 
SHPI 29 
SHPI 30 

*************************~*************:I"·:***:+""******t:1Ofr*:·;::to ******SHP 1 31 

Dll'ENSION XY(2.1)'H(1)'P(2.l) .NOD5(lLXJ(2.2) 
C Otl1O I, /TOD 1 M / NEL NODS. MTYPE. NND5 
Dll'ENSION IPERM(4) 
DATA IPERM/2.3.4.1/ 

INTERPOLATION FUNCTIONS (4-NODE ElEtENT) 

RP 
SP 
j.!M 
SM 
R2 
S2 

H( 1) 
H(2) 
H(3) 

- 1.0 .. La 
= 1.0 
= 1.0 
a 1.0 
.. 1.0 

+ R 
+ 5 
- R 
- S 
-R*R 
- S*S 

= O.25*RP*SP 
= 0.25*RM*SP 

0. 25*RM*SM 

SHPI 32 
SHPI 33 
SHPI 34 
SHPI 35 
SHPI 36 
SHPI 37 
SHPI 38 
SHPI 39 
SHPI 40 
SHPI 41 
SHPI 42 
SHPI 43 
SHPI 44 
SHPI 4S 
SHPl 46 
SHPI 47 
SHPI 48 
SHPI 49 



C 
C 
C 

C 
C 
C 

C 

C 

C 
C 
C 

c 
c 
c 
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H(4) • e.25*RP*SM 

LOCAL DER IVATIVES OF IHTERPOLATION FUHCTIONS (4-NODE ELEnEtIT) 

• P ( 1, 1) • e. 25*SP 
P ( L 2) • -P ( L 1) 
P(1.3) = -O.25*SM 
P(L4) -P(I.3) 
P(2,1) O.25*RP 
P(2,2) O.25*RM 
P(2,3) -P(2.2) 
P(2.4) = -p(2.n 

INTERPOLATION FUNCTIONS AND LOCAL DER IVATI'v'ES FOR MlDS; DE ~IQDES 

IF(NODS.EQ.4) GO TO 50 

1=0 
21=1+1 

IF (I. GT. NND5) GO TO 40 
1'11'1 = NOD5(1) - 4 
GO TO (5.6.7.8) NN 

5 H(5) 
P ( L 5) = 
P(2,5) = 
GO TO 2 

6 H(6) 
P(L6) = 
P(2.6) = 
GO TO 2 

7 H(?) = 
PCL?) = 
PC2.() = 
GO TO 2 

8 H(8) 
P(1.3) = 

0.50*R2*SP 
-R*SP 
O.50*R2 

O.50*RM*S2 
-0.50*S2 
-Rt1*S 

O.50*R2*SM 
-R*SM 
-0.50*R2 

0.5(HRP*S2 
O.5fH<S2 

P(2.S) - -RP~:~S 
GO TO 2 

MOflIF'l INTERPOLATION FUNCTIOtIS H( 1) TO Ht .... ) AND LOCAL '~''::Si\'HTIVES 

40 IH = 13 
41 IH = IH + 1 

IF(IH.GT.NND5) GO TO 513 
It~ = rmv5(TH) 
II = TN - 4 
12 = IPERIH I 1) 
HUt) = HCI 1) - U.5*HCIN) 
H( 12) = H( 12) - 0.5*H( ltD 
H(IH+4) = H(ItD 
DO 45 J=1.2 
P (J. 11) = P (J. 11) - a. 5*P (J, HI) 
P (J, 12) " P (J. 12) - (L 5*P (J • ltn 

45 P(J. m+4) = r'(':;. liD 
GO TO 41 

EI./ALUATE THE J.KOB IAN MATR D< AT PO iNT (R. ~I 

5a DO 103 I: 1. 2 
DO we J=1.2 
SUM = a.0 
DO 9P1 K-l,HODS 

SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPl 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 
SHPI 

50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 

100 
lei 
1132 
103 
104 
105 
106 
1137 
108 
109 
110 
I II 
112 

'. 
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9~ SUN • SUN + P(I,K)* XYeJ,K) SHPI 113 
lee XJ (I. J) • SUN SHP I 114 

C SHP 1 115 
C COMPUTE THE DETERNINANT OF THE JACOBIAN MATRIX AT POINi (R,S) SHP1 116 
C SHP 1 117 

DETJ = XJ(I.I)* XJ(2.2) - XJ(2.1)* XJ(I.2) SHPI 118 
DUN = ABS (DET J) SHP 1 119 
IF(DUM.GT.l.0E-8) GO TO see SHPI 120 
l..R I TE (6. 3eeEl) NEL SHP 1 121 
STOP SHP 1 122 

C SHPI 123 
30ee FORMATV/49H **ERROR** ZERO JACOBIAN DETERt1INANT FOR i:LErHH. IS) SHPI 124 

C SHP 1 125 
S0e RETURN SHPI 126 

END SHP 1 127 
SUBROUTINE DERIVI O(Y.H.P.B.XJ.DETJ.RAD.In'P2D) DERI '1 

C DER 1 2 
C ****************************************It*:-y..''':**********kl:;K't '~''''':*:-n:***DER 1 3 
C EVALUATION OF TIlE GLOBAL DERIVATIVE OPERATOR (B) AT A POINT (R.S) t'ERI 4 
C FOR H QUADRILATERAL ELEI"ENT HAVING PLANAR OR AXISYt11ET;'IC GEONETRYfJERI 5 
C ~************************************************** ri:;<:~~:":******DER 1 6 
C DER 1 7 

DIt'B1SION XY(2.1) .H( I) .P(2.1) .B(2, 1) .XJ(2.2) DERI 8 
COMMON /TODIN / NEL.NODS.MTVPE.NND5 DERI 9 
COt11ON /U)RK / DUN(I45)'XJl(2.2).IJ)RK(51) DERI 10 

C DER 1 11 
C COMPUTE INVERSE OF THE JACOBIAH MATRIX DERI 12 
C DERI 13 

DETJI .. 1.0/DETJ DERI 14 
XJI(1.1) = XJ(2.2)* DETJI DERl 15 
XJICL2) .. -XJ(L2)* DETJI DERI 16 
XJI(2,1) '" -XJ(2.1>* DETJI DERl 17 
XJlC2.2) .. XJ<1.D* DETJI DERI 18 

C DERI 19 
C EVALUATE GLOBAL DERIVATIVE OPERATOR ( B-MOTRIX DERI 20 
C DERI 21 

DO 10 K=I.NODS DERl 22 
B(I.K) = XJI(I.1)*P(1.K) + XJI(I.2)*P(2.K) DERI 23 

10 B(2.K) .. XJI(2.1)*P(1.K) + XJIC2.2)*P(2.K) DERt 24 
C DER 1 25 

RAD = 1.0 DERI 26 
IF(ITVP2D.tlE.0) GO TO 500 DERI 27 

C DER 1 28 
C COt'FUTE THE RAD IUS AT PO I NT CR. S) FOR AX I SYt1tETR I C SOL: D DER 1 29 
C DER 1 30 

RAD '" 0.a DERt 31 
DO se 1\= L NODS tER t 32 

50 RAD = RnD + HCK)* XYCl.K) DEP1 33 
C DER 1 34 

IF(R~D.GT.l.eE-8) GO TO se0 DER1 35 
LJRITE(6.30e0) NEL DERt 36 
STOP DER1 37 

C DEPI 38 
3ee~ FORNAT v /S0H **ERROR** ZERO ROD IUS ENCOUNTERED IN ELE: iEl'H : 10 •• IS) DER 1 39 

C DER 1 40 
500 RETURtl DER 1 41 

END DERI 42 
SUBROlJTI HF ADDBAN CA. NAXA. S. LN. NDOF) ADBN 1 

C ADBN 2 
C *****:r***lti";f:**:I~:*************************;+:*i~********** '",,"'" 'I:-':******ADBN 3 
C ASSEI18LE ELEt1ENT STIFFNF.SS INTO CIJt1PACTED GLOBAL STIFF:i:::S:; ADBN- 4 
C ************:1<***************************************** i :'1,:+:.'f(:I:i·******ADRN 5 
C ADBN 6 



A2-27 

DIMEHSIOH A(l)_MAXA(l)#S(l)_LM(l) ADBN 7 
C ADBN 8 

DO 20e Ja1. HDOF ADBN 9 
JJ a LM(J) ADBN lEl 
MJ a MAXH(JJ) ADBN 11 
DO 2013 I'" 1. HDOF ADBN 12 
II • LM( J) ADBN 13 
IJ • JJ - II ADBt~ 14 
IF <IJ) 2ee. 100. lee ADBt~ 15 

lee KK a MJ + IJ ADBN 16 
LS • (J-1) *NDOF + 1 ADBN 17 
A(KK) '" A(KK) + S(LS) ADBt~ 18 

2ee CONTINUE ADBN 19 
C ADBN 20 

RETURN ADBN 21 
END ADBN 22 
SUBROUTINE ADDC (R. SC. LN. IEL. NUMNP) ADDC- 1 

C ADDC 2 
C *******************************************t:********** f'**'t1~*******ADDC 3 
C ADD ELEt1ENT MASS TO GLOBAL LUt1PED I1ASS VECTOR ADDC- 4 
C ****:.j(***********************************~t:*:I<'1:**********'·:"·:*:l·:~;:T;-f(*****ADDC 5 
C ADDC 6 

DIt1ENSION A(l).SC(l).LM(l) ADDC 7 
C ADDC 8 

DO 100 I=l.IEL ADDC 9 
I1=LM(J) ADDC 10 

100 A ( I 1) = A ( I I) + SC ( I) ADDC 11 
C ADDC 12 

RETURt~ ADDC 13 
END ADDC 14 
SUBROUT I NE COt-ID2 (LM. XX. CU CON2- 1 

C CON2 2 
C ************************:,:,:*********:.1<*****-**************i,;jq.:;f:f·:·t;*:+:****CON2 3 
C CALCULATE MASS t1ATR IX COtI2- 4 
C )I()I(**";:·+-:*********:~***$*****:*********"'·***;+':**;/('\;*:********** .. \::';;:,:.: 1;*'I;****li:CON2 5 
C CON2 6 

D It1EtlS ION LM(2. 1) .XX(2.1) .Cl( 1) CON2- 7 
COt1MDN /CtlTPL.1/ NUt1NP. NEG. t10DE>< .. NPAP ( 10). Ii:::; . ~~BC CON2 8 
Cm·1I1Otl /CIHRL2/ KST. NDT. DT. TSTART. TAl 18 • tlPF: I hT. NTSREF • T; ;A.E i P CON2 9 
COtlI'1Ot, /D It1 / N 1. N2. ~13 .. 144. tlS. N6. 117 .. r~8. tlS .. ji 10. t~ 11.1~ 12. '11 .~; 14. N 15COI12 10 
COt1t1014/CONST /A0. AI. A2. A3. A4. AS. A6. A7 • A8. AS. THETA. DEL T;.;' FhA. PI. GCOII2- 11 

+.RO COtl2- 12 
ComOt~ /I.IORK / DUM(Hn.SC(2).bIORK(188) CON2- 13 
COmON A ( 1 ) CON2 12 

C CON2 13 
NEL2 = NPAR (2) COtl2 14 

C CON2 16 
DO 100 tl= 1. NEL2 COtQ 17 

C CON2 33 
C AXI -SYM:'1ETR I C FREE SURFACE BOUIIDAR'!' ELEt1ENT'~ CON2- 34 
C CON2 35 

30 XI = :<>( Ltn CON2 36 
>'.J = >(><e 2 • tn CON2 37 
WRITE(S.5) ><L)<J.Cl(N).G.t~ COtQ- 38 

5 FOPMH r '. 50>~ .. -IF 15.5. I1El) CON2- 39 
SC (1) = (2. *,:I+>U) *Cl (N) /(6. :'*G) CON2- 40 
SC (2) = C< I +2. :1>0) *CLC N) / (6. 3~'G) COt12- 41 

C CON2 40 
(!-ILL HDDC(A0112) .SC.LM( 1.tD .2.tlUI1NP) CON2- 42 

100 Cmnr:1U£ CON2 48 
C CON2 49 

RETURN CON2 50 
END CON2 51 



• 
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SUBROUTIHE KSTAR(HAXA.XtCC) KSTAR 1 
C KSTAR 2 
C************************************************,~**********~t:>IOt*~******KSTAR :3 
C THIS SUBROUTINE CALCULATES EFFECTIVE K KSTAR 3 
C******************************lt.****************.>1~';'**********:;;***:**:+.'*****KSTAR 4 

COMMON /cHTRL1/ HUMHP.HEG.MODEX.HPAR(l0).HG.KBC KSTAR 5 
eOt11Otl/COHST /Ae.A 1. A2. A3. A4. AS. A6. A7. A8. A9. THETA. DEL V. AlF'H'~.P I.GKSTAR 6 

+.RO KSTAR 7 
DIMENSION MAXA(1).XKC1).CC1) KSTAR B 
DO 100 I" L NUt1'IP KSTAR 9 
NNI=MAXA( 1) KSTAR Ie 
XK (1'11'1 I) =XK (1'11'1 1) +C (I) *A0 KSTAR 11 

100 CONTINUE KSTAR 12 

C e, 
e 
e 
e 
e 
e 
e 
e 
C 
e 
e 
C 
C 
c 
e 
C 
C 

C 

C 
C 
C 
C 
C 

C 

RETURN KSTAR 13 
END KSTAR 14 
SUBROUTINE eOlSOL (A.V.MAXA.NN.MA.m,~.KKK) eOlS 1 

eOlS 2 
************************:t::+',***********"A<*****)j~*********","**;I ********eOl S 3 
TO SOLVES I MlIl TANEOUS EaUAT IONS AX=V I N COPE. US ING eOlS 4 
eOMPACTED STORAGE AND eOLUMN REDUCTION SCHEI£. eOlS 5 

A .. MATR IX STORED IN COMPACTED FORM 
V " VECTOR TO BE REDUCED " 
MAXA - VECTOR CUNTA IN UIG ADDRESSES OF DIAGONAL ELEtENL OF A 

FLAG FOR TRIAI'IGULARIZATION (A=lU) AND/OR SlilPLE FORlSIRJ 
REDUCTJIJN (l Y"V) AI'ID BACKSU8STITUTION <uX=Y) 0 

eOlS 6 
eOlS 7 
eOlS B 
eOlS 9 
eOlS 10 
eOlS 11 
eOlS 12 
eOlS 13 

KKK=0 TRIANGUlARIZATION Ol'llY COlS 14 
KKK:l TRIAHGUlARIZATION PLUS SOLUTION eOlS 15 
KI(I,"2 FORWARD REDUCTION AND BACKSU8STlTUTION ONLY eOlS 16 
KKK=3 BACKSU8STlTUTION Ol'llY COlS 17 

*****:t:;I<.;I'******:i(*********************************"lt.*****" ,,f()f;:~" ",,*******COl S 18 

D lMEt~S ION A (NWA) • V( 1) • MAXA ( 1) 

MA1=~1A - 1 
IF (KKK-2) 1013.7013.01313 

:======~==-====== 

TRIAtlCUlARIZHTION 

lee IF(NN.EO.l) GO TO 8130 
1'1=1 
IF (A(l» 813.85.1113 

813 WRITE (6.30013) 1'1 
STOP 

05 WRITE (6.313131) 1'1 
STOP 

110 DO 2013 1'1=2.1'11'1 
Kl=MA><A(N) + 1 
KU =Mrl~<A (tl+ 1) - 1 

eOlS 19 

IF (~U-Kl) 2013.210.210 
210 0=0 • 

eOlS 213 
eOlS 21 
eOLS 22 
eOLS 23 
eOlS 24 
eOLS 25 
eOlS 26 
COlS 27 
eOLS 28 
eOLS 29 
eOlS 313 
eOlS 31 
eOlS 32 
eOlS 33 
eOlS 34 
eOlS 35 
eOlS 36 
eOlS 37 
eOlS 38 
eOLS 39 
eOlS 413 
eOlS 41 
eOlS 42 
COlS 43 
eOlS 44 
eOlS 45 
eOlS 46 
eOlS 47 
eOlS 48 

C 
KN =MH><A (1'1) 
K-tl 
DO 2213 KK=Kl.KU 
K"K - 1 
K I -MAXA (K) 
C=A (KI() /A (I( I) 



B-a + C#HKK) 
2213 A(KK)"C 

A(Kt~) .. A (I(H) - B 
C 

C 

C 

IF (A(v'N» 222.224.226 
222 WRITE (6.3131313) N 

STOP 
224 WRITE (6.3001) N 

STOP 
226 MR=MIN0 (MA LNN-tn 

IF (t'1R) 2013 .. 2013.228 
228 t'1N=KU - Kl + 1 

DO 240 J= L t'lR 
MJ=MA><A(tHJ) + J 
MNJ=t'1A><ActHJ+1) - MJ - 1 
IF (MNJ) 240.240.2313 

230 ND=MIIl8 (t1tl. MNJ) . 
c=e. 
KU=KH + tiD 
IC=MJ - KN 
DO 300 KK=Kl.KU 

31313 c=c + A(KK)*ACKk+IC) 
A(KN+IC)=ACKN+IC) - C 

240 cOtn INUE 

2130 cmlT I HUE 
IF(KKK.EQ.0) REl1JRN 

C 
C ================= 
C FORWARD REDUCTION 
C ================= 
C 

C 

700 DO 40(1 11=2.tHI 
I(l=t'1A::~ on + 1 
KIJ=t1A><Artl+1) - 1 
IF (KU-I(U 40U.410.41e 

410 V=tl 
c=e. 
DO 420 KK=fL. KU 
V=K - 1 

420 e=c + A(KKl*VCK) 
v(tn -,-\'(1) - C 

400 CONT I tlUE 
GO TO BVIO 

C ==~============== 
( BALK SUBSTITUTION 
C ================= 
C 

8013 DO 480 N=l.NN 
K =t1A:<A (10 

480 V(N)=V(N)/A(V) 
IF UI;;. EQ. 1) RETURN 
tl ~tltl 
DO 500 L"2.tHl 
VL =ti;:;:H:;:; I.t;, + 1 
f~U =t1A>:A 01+ 1 J - I 
IF (~C-KL) 500.5113.518 

51£1 K=tl 
DO 520 fJ: =f~l. KU 
K=I< - 1 

520 V(K)=V(K) - A(KK)*V(H) 
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ealS 49 
ealS sa 
ealS 51 
ealS 52 
eOlS 53 
ealS 54 
calS 55 
ealS 56 
ealS 57 
ealS 58 
ealS 59 
ealS 613 
ealS 61 
eOlS 62 
ealS 63 
ealS 64 
eOlS 65 
eOlS 66 
eOlS 67 
eOlS 68 
eOlS 69 
eOlS 713 
eOlS 71 
eOlS 72 
eOlS 73 
eOlS 74 
eOlS 75 
eOlS 76 
eOlS ?7 
eOlS 78 
eOlS 79 
eOlS 80 
COlS 81 
eOlS 82 
COlS 83 
eOlS 84 
COlS 85 
COlS 86 
eOlS 87 
eOLS 88 
eOlS 89 
eOlS 9el 
eOlS 91 
COlS 92 
COlS 93 
COLS 94 
eOlS 95 
ealS 96 
ealS 97 
ealS 98 
ealS 99 
ealS 100 
ealS lei 
eOlS 102 
eOlS 1133 
calS 1134 
calS 105 
calS 1136 
calS 1137 
calS 108 
COlS 1139 
calS 1113 
ealS 111 



• 

.. 

• 

A2-30 

50e H-N - 1 eOlS 112 
eOlS 113 
eOlS 114 
eOlS 115 
eOlS 116 
COlS 117 
COlS 118 
COlS 119 
eOlS 120 
COlS 121 

C 
C 
C 

FORMAT STATEMENTS 

3ee0 FORMAT(//45H *~TOP** STIFFNESS HOT POSITIVE DEFINITE .•• /. 
I leX.27H NEGATIVE PIVOT IN POSITION 14) 

3001 FORMAT(//33H **STOP** ZERO PIVOT IN POSITION 14) 
C 

c 
c 
c 
c 
C 

C 

C 
C 
C 

C 

C 

C 

c 

C 
C 
C 
C 
C 

C 

C 
10 

RETURN 
I:ND 
SUBROUTINE FORMOC(TTH) Ft1lC- 1 

Ft1lC 2 
**************************************~~:l:*************"********Ft1lC 3 
CALCULATE THE lOADING VECTOR Ft1lC- 4 
******************************************************':·*****-******FI'tlC 6 

FttlC 7 
COt11ON /CNTRl 1/ NUI"tIP. NEG. t1.lDEX. NPAR ( 1 El) • t~G. KBC FttlC 8 
COtl1ON /cNTRL2/ KST. NDT. DT, TSTART. TAt'8. NPR I NT. NTSREF • T r t'E. KP FI'tlC 9 
COM1ON /DIM / Nl.N2.N3.N4.N5.N6.N7,N8.N9.tH0.Nl LN12,N13,N14.NI5Ft1lC 10 
COt11ON /NBC / I'II'1BC. NBCF .I'IPTM FMClC 11 
COI'11OI'1 /UlRK / Ml.M2.t13,t14.M5.M6.M7.M8.t19.M10,t.DRK<19(j) Ft1lC 12 
COt11ON A ( 1) FttlC 13 
D II'"ENS ION NST(10) Ft1lC 14 
EOUIVALENCE (I'IST(l).Ml) FMOC 15 

REWIND 1 
REWIND 2 

LOOP OVER ALL ELEMENT GROUPS 

DO 100 tIG=LNEG 

READ (1) MIDEST.NPAR.NST.(A(I).I=I.MIDEST) 

NGR = NPAR (1 ) 

Ft1lC 16 
FtlJC 17 
FI'tlC 18 
FI'tlC 19 
FMOC 20 
FMOC 21 
FMOC 22 
FI'tlC 23 
Ff'lJC 24 
FMOC 25 

·Ft1lC 26 
FI'tlC 27 

IF (I'IGR. NE. 3) GO TO 100 Ft1lC- 28 
CALL FLUX2 (A(t1P.A(M2).A(M3).A(M4).A(t15).~1(N1).A(N2).;-1~·N3).fHN8).FMOC- 29 

lA (N 11). A CN 14). NPTM. TTH) FMQC- 30 
100 COHTlNUE H1QC 45 

FMQC 46 
RETURH FMQC 47 
Etm FMOC 48 
SUBROUTINE FLUX2 (lM.XX.CL.SINS.COSS. TFN.FI"i.NPTS. T.O. T7".N:::';-11, TTH) FLX2- 1 
COMMOIVCONSl /A0. A 1.A2.A3. A4, AS, A6, A7. A8. A9, THETA. DEL r:.. ~:_PHA, P L GFLX2- 2 

+,RO FLX2- 3 
FLX2 3 

********:::****:*****************************· ... 1':**********".:,.:. "·:¥*******FLX2 4 
CALCULATE THE LOADING VECTOR FlX2- 5 
*******************************A<**~~***:::***)I:'I.********** '.*:+''+:*:I~******FLX2 6 

FLX2 7 
COMMON /CtHRLl / NUt'tIP. NEG, MODEX. NPAR ( 10) • tIC;. KBC FlX2 lei 
COI"l1011 /cNTRL2/ KST.NDT. DT, TSTART. TAt18.NPR IhT .NTSREF. T irE, I~P FLX2 11 
COMt10N /tlBC / NNSe. NSCF , IlJUt1t1Y FLX2- 12 
D I1'EtI~; ION L1H 2, 1) • >0« 2. 1) , CL( 1) • 5 It~S ( 1) • CO';S ( 1) • T< 1) • irW t ;PTM. 1) • FlX2- 13 

IFIHNPTI1.1) .I~PTS( 1) .O( 1). TT( 1) FLX2- 14 

NEL3=IIPAR(2) 
ITYP = NPAR(4) 

DO 10e No: L UEL"3 
I I .. lM( 1.10 
JJ = LM(2. to 

FLX2 12 
FLX2- 13 
FLX2 14 
FlX2 21 
FLX2- 22 
FLX2 23 
FLX2 24 



21 

22 
C 
C 

25 

100 
[ 

C 
C 
[ 
[ 
[ 

c 
[ 

10 
[ 

A2-31 

XL - CL<t-D FLX2 25 
HPT-HPTS ( 1) FLX2- 26 
HC-l FLX2- 27 
CALL IHTERP(TFH( l.HC> .FH( l.HC> .t~PT. TTH.VX) FLX2- 28 
IF(H8CF.HE.1) GO TO 21 FLX2- 29 
vz-e. FLX2- 38 
GO TO 22 FL~~- 31 
NC =2 FLX2- 32 
NPT=NPTS(2) FLX2-33 
CALL ItHERP CTFH ( L HC), FN C 1. HC). NPT. TTH. VZ) FLY2- 34 
VN=V><*COSS (1'1) +Vz*s INS <tn FLX2- 35 

FL><2 59 
FLX2 61 

~~I = XX( L m FLX2 62 
XJ = ><>< (:2. N) FL><2 63 
O(11)=Q(I1)+ VN*XL*(2.*XI+)::J)/'6.0 FLY2- 64 
Q(JJ)=Q(JJ)+ VN*XL*(XI+2.*XJ)/6.8 FLX2- 65 
CONTINUE FLX2 99 

FLX2 108 
RETUPN FLX2 181 
END FLX2 182 
SUBROUTINE INTERP (TFH.FN.NPT. TIr1E. VAU ItHP 1 

INTP 2 
*****i:********************************~"*';+'I':~:********** +:j.i' .;'.1:'1.***** I NTP 3 
TH IS ROUTINE INTERPOLATES A G I''y''Et~ TIr1E-DEFHiDENT FUtlCT Or~ :0 FIND ItHP 4 
THE \/Al UE OF THE FUNCTION (VAl) AT A PARTICuLAR TIt1E P ,1,-:- rIIt1E) INTP 5 
******~**"'***;fCI';K***********':*rt::t:::******:j(****¥'t,.~********** .. ·;·:I:.,·:T: i:t~i<:**** I NTP 6 

INTP 7 
D IMEtlS lOtI TFtH 1). FN C 1) ItHP 8 

ItHP 9 
DO la tl=l.t~PT ItHP 18 
DTIME = TFtl nn - Tlt1E ItHP 11 
IFCDTli1E.GT.0.") GO TO 15 INTP 12 
cmH aWE ItHP 13 

INTP 14 
15 DIFF '"' TFtWn - TFNCN-i) INTP 15 

VAL FH(ll) - (FtlCH) - FH01-l)*DTlIIE/DIFF ItHP 16 
[ INTP 17 

RETURN ItHP 18 
END ItHP 19 
SUBROUTINE QEFF (Q.[. T. rD. TDD.tW~1NP) QEi-F- 1 

[ QEFF 2 
C *::(***'::+:*****:"':;~*****************************:'::;T.***,.~******., i:+"ff~' 1 ·l:**::t*QEFF 3 
[ FORM THE EFFECTIVE LOAD VECTOR QEFF- 4 
C *****:l:*:::**************************)\(;i:*****t:·",·!:****;j,"****~'1::. ,,:t"'i: .:t.****'I:OEFF 5 
C QEFF 6 

COMMOtVCONST /A0.A 1.(l2. A3. A4. A5. A6.A7 .AB. A9 .• THETA. DEL r.:·. ;:,L:';"Hri. PI. GQEFF- 7 
+.RO OEFF- 8 
DIMENSIDt~ Q(l).[(l).TCl).TD(l).TDD(l) QEFF- 9 

C QEFF 8 
DO 10 1= L NUt1NP QEFF 9 

10 0 (I) =Q (I) +C (I) ;K(A0*TC I) +A2:::TD (I) +A3KTDD (I)' QEFF- 10 
[ QEFF 11 

RETIJPH QEFF 12 
END QEFF 13 
SUBRGUTItlE PTE~lP CT.TIME.NUMNP) PTEr'1 1 

C PTEM 2 
CI~:.f'**II·T'T+'+**:*,*·r****t:**:**'iA·::**'ic+·::'ri:**:.t:Id~'t:t:**)I..>n*********::K •• t.·f·+T:t;****PTEM 3 
[ PUIlCH THE NODAL D ISPLA[Et1EtnS PTEM- 4 
C ***::+-:.-T:;;·;j·:::+:***·:.'f'·*::I'************;+'**:'+:****l~·~·::t::I·:t:*;+';I.'f****:.j(*:.j(*:·K* :;'.,!; .;';:l:****PTEt'I 5 
C PTEt1 6 

D IIlENS rON TC 1) PTEM 7 
C FTEt1 8 

.. 



• 

1 

t 

C 

C 

C 

C 
C 

C 
C 

C 
C 
C 

C 
C 
C 

C 
C 

(; 
C 
C 

WRITE(3.2ee9) TIME 
HCARD • HUMHP/4 + 1 
HC • e 
DO tee I-l.NUMHP.4 
He • NC + 1 
IP • I + 3 
IF(NC.EU.NCARD) IP • NUMHP 

109 l..RITEC3.20el) (N. nN)'N-L IP) 

162-32 

20139 FURMAT< 35H NODAL PO I NT D I SPLACEt'EHT AT TI ME • F 11. 4) 
2001 FORMAT(4(15.5X.Fla.3» 

RETURN 
END 
SUBROUTINE CALCU(T.TT.TD,TDD.p.E.Nur~p) 

PTEM 9 
PTEM 10 
PTEM 11 
PTEM 12 
PTEM 13 
PTEM 14 
PTEI1 15 
PTEM 16 
PTEM 17 
PTEM 18 
PTEM- 19 
PTEM 213 
PTEM 21 
PTEM 22 
PTEM 23 
CAL 1 

COt't101'VCONST /A0. A 1. A2. A3. A4. AS. A6. A7 • AS. A9. THETA. DEL Ti-1 
+.RO 

ALPHA.PI.GCAL 2 

COt't1OH /cHTRL2/ KST. NDT. DT. TSTART. TAt18. NPR! NT. NTSREF. T ~:-E. KP 
DIMENSION T(l).TT(l).TD(l).TDD(l).P(I).E(I) 

T ABOVE HAS VALUES AT TItE + TAU 
DO 10Aa l·l.NUMHP 
CALCULATE SECOND DER I VATVE OF V. P. AT TI ME + TAU (T 1) 

FIND SECOND DERIVATIVE OF V.P. AT TItE+DT 

T2 .. TDD( J) 
TVD(I)=T2+(TI-T2)/THETA 

FIND FIRST DERIVATIVE OF V.P. AT TItE+DT 

T3=TD (1) 
TD(I)=T3+A6*T2+A7*TDD(I) 

FIND V.P. AT TIME+DT 
T(I)=TT(I)+DT*T3+AB*T2+A9*TDD(I) 

FIND PRESSURE (P) AND SURFACE D I SPLACEMEJH E 

CAL 3 
CAL 4 
CAL 5 
CAL 6 
CAL 7 
CAL 8 
CAL 9 
CAL 113 
CAL 11 
CAL 13 
CAL 14 
CAL 14 
CAL 15 
CAL 16 
CAL 17 
CAL 18 
CAL 19 
CAL 213 
CAL 21 
CAL 22 
CAL 23 
CAL 24 
CAL 25 
CAL 26 
CAL 27 

P ( I ) =-RO*TD ( I ) 
E ( I ) =-TD ( I ) /G 

10['10 CONTINUE 

CAL 28 
CAL 29 
CAL 30 

C 
C 
C 
C 
C 

C 

c 
C 
C 

C 

3013 RETURN NPBC 92 
END NPBC 93 
SUSROUTINE OUT (T.NUMNP.TIME.KSTEP) OUT· 1 

OUT 2 
*****:.t<*************************************:;:**********.,.-",**;¥"*,*****~UT 3 
f'~ ItH NODALD I SPLACEt'ENTS FOR *T ItE* OUT 4 
***A<***************************************:1;********** ~.~;f:ll':*:~*****OUT 5 

D IMENS ION n 1) 

~~ITE(6.2aaa) KSTEP.TIME 
I.F! ITE (6.213131) (1'1. T<N) • N- L HUMHP) 

FORMAT STOTEMENTS 

2aeo FORMrlT v /28H D I SPL~CEt'EtH AT T I ME 
20lH FURMAT(6 (16. E 14.6) ) 

OUT 6 
OUT 7 
OUT 8 
OUT 9 
OUT 10 
OUT 11 
OUT 12 
OUT 13 

STEP = 15. 2X. 7H (TIM:: -E 11.4. IH) /) OUT 19 
OUT 15 
OUT 16 
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