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1.0 INTRODUCTION

Interaction between structure and surrounding soil is
of considerable interest in goil mechanics and a variety of
geotechnical situations, Earthquake analysis o5f structures
built on dry or saturated soils requires special consider-
ation due to the interaction between structure and soil,
When one analyzes the responge of a gtructure due to
earthquake ground motion, one must recognize the additional
dynamic forces and modifications in the dynamic properties
cauge by the soil surrounding the structure,

The main objective of this thegsis research is to
determine the influsnce of pore water on the dynamic response
of structure subjected to earthquake ground motion, To date,
extensive studies have been made for earthquake analysis
of structures built on single-phagsed non-saturated soil,.
However, no such study has been made for earthguake analysis
of structures built on two-phagsed saturated soil,

For any media, numerical approximation techniques are
used widely since analytical solutions are available only

for the simplest problems., These numerical methods are
(9)

based on either finite difference or finite element
(11,15,16)
methods. Howevey, systems with complex geometry and

boundary conditions limit the use of the finite difference

mathod., The finite element method on the other hand is



very effective in analyzing the response 2f continua of
complex geometry to dynamic excitation, The finite elemant
inethod is used in conjunction with variational principles
herein to gstudy the coupled response of structures

embedded in gaturated soils and subjected to earthguake
motions.

The finite element idealization of the saturated soil
system replaces the actual continuum with a finite number
of discrete elemesnts, where the geometry of the elements is
defined by a set of nodal points of the system, Shape
functions for the unknown field variables are assumed within
each element, The field variables within cach element are
then defined completely in terms of the values at the nodal
pointa,

The standard finite element methods, in principle, could
deal with multiple-dimensional situations, However, the
cost of aolutions increase greatly with each dimension added
and could overtax the capabilities of the available computer,
Only two-dimensional plane problems are congidered herein,

For actual problems, the structure is typically idealized
by simple lumped mass system connected by equivalent beams,
this structure resting on or in the saturated soil, The
structure is considered to be a free-free system for
analysis purposes and the interaction forces developed

between the soil and the structure act as forcing functions



to this free-free system, The interaction forcesg are
proportional to the difference between the actual motion

of the ground and the ground motion that would develop
without the structure (criteria earthquake motion), The
c¢onstantg of proportionality are then the soil compliance
coefficients, The objective of this research is to find
these compliance coefficients for the two-dimensional

case, for saturated soils, for which no solutions currently

exiat,



2.0 TECHNICAL DISCUSSION

In Appendix A, the equationg of motion of both soil
and pore water are presented., These equations prescribe
the propagation of stress waves in a porous elastic solid
containing a compressible viscous fluid., When inertia
terms are taken out of these equations, one 2f them will
reduce to Darcy's law of seepage, These equations are
valid for the relative low frequency range where the
agssumption of Poiseuille flow is valid, The assumption
is valid only below a cutosff frequency which we denote

by £ and which depends on the kinematic viscogity of the

tl
fluid, M , and the size of the pores

(%)

d (or the average

diameter of the pores), as follows,

_ 2
£, = WV /44

For avefg?e pore sizes of 0,1 mm or less (sand or
finer soils), a cutoff frequency of about 100 cps is
computed, For most interaction problems, upper bounds of
approximately 30 cps are of interest, implying that the

laminar assumption is valid,



2.1 FINITE ELEMENT ANALYSIS

The problems of applied physics encountered in
engineering can be specified in one of two ways. In the
first, differential equations governing the behavior of
a typical, infinitesimal, region are given, In the second,
a variational (extremum) principle valid over the whole
region is postulated and the correct solution is the one
minimizing a 'functional' which is defined by suitable
integration of the unknown quantitiegs over the whole
domain,

For & single-phased elastic continuum, the second
method mentioned above can be usged, The finite element
method uses the process of minimizing the total potential
energy of the system in terms of a prescribed displacement
field, First, the continuum is separated by imaginary
lines or surfaces into a number of finite elements, which
are asgsumed to be interconnected at a discrete number of
nodal points situated on their vertices, The displacements
of these nodal points will be the basic unknown parameters
of the problem., A set of functions is chosen to define
uniquely the state of displacement within each ‘element’
in terms of its nodal displacements, This process is the
wall-known Ritz procedure. The displacement functions now
define uniquely the state of strain within an elemant in

terms of the nodal displacements, Thege strains, together



with any initial straing and the constitutive properties of
the material define the state of stresg throughout the
element and, hence, also on its boundaries, By the virtual
work method, the finite element egquilibrium equations are
cbhtained for the whole media, A finite element discretiza-
tion of a general elastic media is presented in Appendix B,
For a single-phased {(or dry) soil, the procedure outlined in
Appendix B is generally used,

For the two-phased soil/water system, differential
equations governing the behavior of a typical, infinitesimal,
region are defined in Appendix A, The differential equations
must be transformed into functional form bzfore the finite
element method cou%glbe used, The Galerkin process of
weighted resgiduals )is uged to trangform the differential
equations into functional form, In Appendix C, these
equationag are discretized usging the finite element method
and the resulting equations developed.(lg§milar results have
been obtained by Ghabouasi and R%%fggy uging a method
suggested by Sandhu and Pister,. The method invdolves
bilinear mapping and utilization of symmetry of convolution,
The advantage of the Galerkin proceas is the eagse and
directness of obtaining the boundary terms.

Appendix C presents the finite element discretization

of the equations of motion for two-dimensional saturated

elastic porous media for steady state solutions,



Appendix D presents the two-dimensional isoparametric
elements to b2 ugsed in the finite element analysis of the
soil/water media, It also presants the method of evaluating
certain relevant element matrices and ths numerical integra-

tion scheme by Gauss gquadrature,



2,2 BOUNDARY CONDITIONS

When the finite element method is used to s>lve the
equations of motion of the soil and pore water, an infinite
halt-space is idealized into a finite space with appropriate
boundary conditions, In the infinite space problem, the wave
propagation thru the half gpace will allow the energy to
radiate away from the site. In the finite computational
space, however, appropriate boundary conditions must be
specified so as to allow this energy to be transmitted
away from the zone of interest, rather than artificially
reflecting back into the zone by the boundary conditions,

In Appendix F, proper transmitting boundary conditions
for dry soil and for steady state case are presented, These
boundary conditions work perfectly for the one-dimensional
case and have been found to work reasonably well for the
two-dimenaional case,

It is shown, in Appendix E, that analytical solutions
could be obtained for steady state one-dimensional saturated
elastic porous media, It is also shown that normal stress
and water pressure could be axpressed in terms of bulk
displacment and relative water displacement for an infinite
rod. Results of Appendix E are used in Appendix F to
formulate the transmitting boundary conditions for two-phasaed
soil/vwater problem, It is also shown in Appendix F that
these transmitting boundary conditions adequately simulate
the transmission of energy for the ocne-dimensional problem,

a v



2.3 UTILIZATION OF SOIL-STRUCTURE INTERACTION COEFFICIENTS

Once the sgoil-structure interaction coefficients are
obtained, they can be used in general earthquake analysis
of structures embedded in soil, Tne procedure of how to
utilize these coefficients are cutlined in Appendix G.
Since this post processing is not the main objective of this
thesis research, we will limit ourself with >nly the general

pregentation of Appendix G,



2.4 COMPUTER PROGRAM

For small structural problems, computer programsg c<an
be written such that only core memory is used, Programming
for these small problems which c¢an be handled without using
too much back-up storage space is usually fairly straight-
forward, However, for problems involving many equations and
matrices with wide bandwidths, a very large core memory is
required for the ordinary band solver subroutines, In
many cases such core requirements far exceed the capacity
of the existing computer,

In Appendix H, 3 simple and straightforward finite
element computer program procedure capable of handling
very large practical problems by the use of random access
devices to link the back-up storage of the computer is pre-
gented,

The two very important features of this program
procedure are (1) it does not store any zero submatrices
within the band and (2) during the solution of equations
all operations dealing with zero submatrices within the

band are skipped automatically.

10



3.0 NUMERICAL RESULTS

A series of 36 two-dimensional finite element runs
were made to compute the frequency dependent soil-structure
interaction coefficients., For all the computer runs, soil
and water properties listed on Table M=l are used, These
properties which are obtained from Appendix K are essentially
those of sand,

A variation of parameter study was then made in an
attempt to ascertain the impact of the various parameters
on the computed responses, The variations considered are
ag follows,

(a) Four different mesh sizes are used asg shown in
Figures 1, 2, 4, and 5 with the location of
lateral and bottom boundaries varied,

(b) Two different element sizes are used as shown in
Figures 2 and 3,

(c) For model shown on Figqure 1, six different levels
of soil saturation are used,

- Model 1 (Fully Saturated): soil is fully saturated
to depth = 0,

- Model 1A: goil is saturated to depth of = -ka,
where 'a' is the half width of the footing,

- Model 1B: soil is saturated to depth = -a,

- Model 1F; soil is saturated to depth = -lka,

11



- Model 1C; soil 1s saturated to depth = -2a,
- Model 1 {(Dry): dry soil.

(d) For Model 1 (Fully Saturated), shown in Figure 1,
three different coefficients of permeability are
used,

For all the problem runs, no hysteretic sgoil damping
was used, Although the computer code was written to include
the effects of soil damping, it was felt that the undamped
results were of particular interest,

For all the computed results, the following boundary
conditicons were used for the finite element mesh:

{(a) The right and bottom sides have transmitting

boundariss,

(b) The left sides have vertical soil and vertical
relative water movements restricted for horizontal
and rocking displacements of the footings, as
shown in Figure 6, and have horizontal soil and
horizontal relative water movements restricted for
vertical displacements of the footings,

(c) The top sides are stress free everywhere except
right under the footing where the displacements
are preacribed,

The results from computer runs are tabulated on Tables

M-3 thru M-14. The frequencies and the compliance coefficients
have been non-dimensicnalized according to Table M-2, The

results are also plotted on Plots N-1 thru N-72,

12



3.1 MESH SIZES

By comparing the compliance coefficients of Model 2
(Fully Saturated), tabulated on Table M-11l and plotted on
Plots N-17, N-18, N-41, N-42, N-65, N-66, and those of Model
4 (Fully Saturated), tabulated on Table M-13 and plotted
on Plots N-21, N-22, N-45, N-46, N-69, N-70, the following
conclugions can be made, When Model 2 mesh has been
widened laterally,

(a) the results improve consgiderably for the horizontal

cage,

(b) the results improve slightly for the rocking case,

and

(e¢) the regults improve glightly for the vertical case,

By comparing the compliance coefficients of Model 2
(Fully Saturated) and those of Model 5 (Fully Saturated),
tabulated on Table M-14 and plotted on Plots N-23, N-24,
N-.47, N-48, N-=71, N-72, the following conclusions can be
made, When Model 2 mesh has been deepened vertically,

(a) the results improve considerably for the horizontal

case,
(b) the results improve a fair amount for the rocking
case, and

(c) the resulte improve a fair amount for the vertical

canse,

13



By c¢omparing the compliance coefficientes of Model 4
(Fully Saturated) and those of Model 1 (Fully Saturated),
tabulated on Table M-3 and plotted on Plots N-1, N-2, N-25,
'N-26, N-43, N-50, the following conclugsions can be made,
When Model 4 mesh has been deepened vertically,

(a) the results improve slightly for the horizontal

case,

(b) the results improve slightly for the rocking

cage, and

(c) the results improve glightly for the vertical

case,

By comparing the compliance ccoefficients of Model 5
(Fully Saturated) and those of Model 1 (Fully Saturated),
the following conclusions can be made, When Model 5 mesh
has been widened laterally,

(a) the results improve sglightly for the horizontal

case,

(b) the results improve slightly for the rocking

case, and

(c) the results improve slightly for the vertical

case,

Since only slight improvements are obtained by deepening
the mesh of Model 4 to that of Model 1 or by widening the
mesh of Model 5 to that of Model 1, it can be concluded that

Model 1 mesh size will yield reasonable compliance coefficients

14



and further widening or deepening of the mesh will result

with very insignificant improvements,

15



3.2 ELEMENT SIZES

By comparing the compliance coefficients of Model 2
(Fully Saturated) and those of Model 3 (Fully Saturated),
tabulated on M-12 and plotted on Plotg N-19, N-20, N-43,
N-44, N-67, N-68, the following conclugions can be made,

When the element sizes of Model 2 are reduced to one quar-
ter sizes, '

(a) the results improve slightly for the horizontal

case,

(b) the results improve a fair amount for the rocking

cage, and

(¢} the results improve slightly for the vertical

case,

The improvements due to element size change are smaller
than the improvements due to mesh size change. Since element
gize change adds to computer time requirements sgignificantly,
only the element size shown on Model 1, 2, 4, and 5 were

used,

16



3.3 DEGREE QF SATURATION

Comparisons were made between the results from Model 1
(Dry), tabulated on Table M-10 and plotted on Plots N-15,
N-16, N-39, N-40, N-63, N-64, and the analytical results
from Luco, Reference 13, Since the results are very close,
we know that the element size and mesh size uged in Model 1
are acceptable,

By comparing the compliance coefficients of Model 1
(Dry) and those of Model 1 (Fully Saturated), the following
conclusions can be made,

(a) For the horizontal case, the average real part of

the compliance coefficient of the gaturated soil

is about 50 % higher than that of dry soil, and

the imaginary part of saturated soil is about

50 % higher than that of dry soil for all frequencies.
(b) For the rocking case, the real part of the compliance

coefficiant of the saturated soil is higher than

that of dry soil for low frequencies and changes

sign for high frequencies., The imaginary part of

the compliance coefficient of the saturated sgoil

is more than twice that of dry soil for all

frequencies,

(c) For the vertical case, the real part of the compliance

coefficient of the saturated soil is slightly higher

than that of dry soil for very low frequencies and

17



changes sign for all other higher frequencies,
The imaginary part of the compliance coefficient
of the saturated so0il is more than five times that

of dry soil for all frequencies,

By comparing the compliance coefficients of Model 1

(Fully Saturated), Model 1A (tabulated on Table M-6 and

plotted on Plots N-7, N-8, N-31, N-32, N-55, N-56), Model 1B

(tabulated on Table M-7 and plotted on Plots N-9, N-10, N-33,

N-34, N-57, N-58), Model 1F (tabulated on Table M-B and plotted

on Plots N-11, N-12, N-35, N-36, N-59, N-60), Model 1C (tabu-

lated on Table M-9 and plotted on Plots N-13, N-14, N-37,

N-38, N-61, N-62), and Model 1 (Dry}, the following con-

clusions can be made,

(a)

(b)

(e)

For the horizontal case, as the depth of the ground
water table increases the effect of water decreases,
When the soil is dry to a depth equal to the width
of the footing (df = 2a), the soil can be considered
as dry soil.

For the rocking cage, as the depth of the ground
water table increases the effect of water decreases,
When the soil is dry to a depth equal to the width
of the footing, the soil can be considered as dry
soil.

For the vertical case, the effect of water is present

for all depth of saturation,

18



As previously stated, for the case of a fully saturated
soll, the stiffness coefficients for both the rocking and
vertical motion cases become negative at the higher
frequency range, Although the real parts of the rocking
and vertical compliance coefficients become negative at
these higher frequencies, the imaginary parts are always
positive and the magnitudes of the imaginary parts of
the gaturated soil are considerably higher than those
of the dry soil.

These results are compared with the analytic results
for the case of an incompressible single phase elastic
gsclid presented in Ref, 14, As may be noted from
Figurea 7 thru 12, the character of the compliance
coefficients are similar to the incompressible case, although
different in magnitude. This indicates that the effect
of the pore water is to make the soil behave essgentially
as an incompressible solid, with greater amount of
damping cauged by the additional dissipation caused by
the permeability effect between the solid and water

phases,

19



3.4 EFFECT OF COEFFICIENT OF PERMEABILITY

For Model 1 (Fully Saturated), three Jdifferent coeffi-
cients of permeability ("3= Q.1 cm/sec, 0.0l cm/sec, and
0.0001 cm/sec) are used, The compliance coefficients with
variousg coefficients of permeability are tabulated on Table
M-3 thru M-5 and are plotted on Plots N-1 thru N-6, N-25 thru
N-30, N-49 thru N-54, By comparing those compliance coeffi-
cientsa, the following conclusions can be made,

When the coefficient of permeability decreases from
Rr = 0.1 cm/sec to *1'= 0.01 cm/sec,

(a) for the horizontal case and for all frequencies, the

real part of the compliance coefficient increases
by approximately 10 %, with the imaginary part of
the compliance coefficient increasing slightly
{about 2 %)

(b) for the rocking case and for all frequencies, the
absolute value of the real part of the compliance
coefficient increases very slightly and the imaginary
part of the compliance coefficient increases slightly;

(e} for the vertical case and for all frequencies, the
real part of the compliance coefficient has negli-
gible change and the imaginary part of the compliance

coefficient increases slightly.

20



When the coefficient of permeability decreases from
4y = 0,01 cm/sec to 4y = 0.0001 cm/ sec,

(a) for the horizontal case and for all frequencies, the
real part of the compliance coefficient increases
slightly and the imaginary part of the compliance
coefficient has negligible change;

(b) for the rocking case and for all frequencies, the
real part and imaginary part of the compliance
coefficient have negligible changesy

(c) for the vertical case and for all frequencies, the
real part and imaginary part of the compliance
coefficient have negligible changes,

When the fully saturated soil with cocefficient of
permeability of 0.1 cm/gec or less is excited by the rocking
or vertical motion of the footing, the pore water is essgsen-
tially trapped by the soil, For rocking and vertical cases,
there is no need to f£ind the compliance coefficientas for
the fully saturated soil with coefficient of permeability
lower than 0.1 cm/sec, because we can use the compliance
coafficients obtained for the saturated soil with coefficient
of permeability of 0.l cm/sec, However, under the horizontal
motion of the footing, the pore water becomes trapped by
the soil only when the coefficient of permeability falls
below 0.01 cm/sec. For horizontal case, there is no need

to find the compliance coefficients for the fully saturated

21



s0il with coefficient of permeability lower than 0,01 cm/sec,
because we can used the compliance coefficients obtained for
the saturated soil with coefficient of permeability of 0,01
cm/sec,

Since pcore water is essentially trapped by the soil for
saturated soil with coefficient of permeability of 0.0l cm/sec
or less, the question arises as to the ability to predict the
saturated response of the =o0il from the previously known
dry solution by simply modifying some of the parameters
ilnvolved, as follows,

{a) Replace (#%% of the dry soil by (%ﬁ;(-'l—_)%-{-M,
where [E 1is the Young's modulus, M 1is the Poisson's
ratio and M is the bulk modulus of fluid.

{(b) Replace /‘h by /) , where ﬁ‘ 1s the mass density of
the dry soil and /O is the mass density of the bulk
of fluid-soliad,

(c) Reduce M such that & (shear modulus) will be
unchanged from that of the dry soil.

After various trials, no correlation factors could be

found to predict the saturated response of soil of low

permeability from the previously known dry solution.
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4.0 CONCLUSION

The influence of pore water on the dynamic regponse
of structure subjected to earthquake ground motion is guite
substantial,

For the fully saturated horizontal case, pore water
increases the values of the real parts and the imaginary
parts of the compliance coefficlents by approximately 50 %.
For the fully saturated rocking case, pore water increasges
the imaginary parts of the compliance coefficients by a
factor of two and changes the signs (directions) of the real
parts cf the compliance coefficients above certain frequencies,
For the fully saturated vertical case, pore water increases
the imaginary parts of the compliance coefficients by a
factor of five and changes the signs {(directions) of the
real parts of the compliance coefficients above certain
fregquencies,

For the horizontal and rocking cases, as the depth of
the ground water increases the effect of water decreases as
expected, When the soil is dry to a depth equal to the width
of the building, the soil can be considered ag dry soil,
However, for the vertical case, the effect of water is felt
even when the depth of the ground water increases subsgtantially,

For fully saturated soil under the excitation of the

footing, the pore water can be considered essgentially to be

23



trapped by the soil, when the coefficient of permeability is
below a certain cutoff value, The cutoff value of coeffi-
cient of permeability for the horizontal motion of the footing
is lower than thogse of the rocking and vertical motions of

the footing,

Although no computer run has been obtained to study the
effect of the coefficient of permeability on partially
saturated soil, we can expect that the coefficient of permeabi-
lity to have greater effect on partially saturated soil than

on fully saturated soil,
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APPENDIX A

THE EQUATIONS OF MOTION FOR SATURATED ELASTIC POROUS MEDIA

Denoting by U Uy , Uy the components of the
Y X s Y 4

displacement of the soil and assuming the stra%n to ?e
2,3,4
gmall, the values of the strain components are

_ 9Ux 9 P)
u u u
erv=%7" e,‘,=—35)-<1-+73{‘— (1)a
— u au
Cn= -aaﬁ:- = —Q?L—I—B_a-r-

Assume the soil to have isotropic properties and neglect

water pressure, we have the well-known stress-strain

relationships
exem Po— LGy +0y)  ey=Tp
ey=B—EOx+Gy) =T »

In these relations, the constants E , (g, ) are, respectively,
Young's modulus, the shear modulus and Polsson's ratio for

the solid skeleton. The shear modulus can be expreased as
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- __E
&= 2D A

Solving Eq.(2)A with respect to stresses we find

o} =[D]{e} (0

Txx (Gox)
N2 ‘ Err
= 03} = eb} 5)A
{o} Gy ( fe} ﬁ&’ > (s)

Ty =)

s | \"n,
i | Tﬁ% o o o.T
= = o o

(6)A

If water pressure is also considered, the bulk strees
The components of the bulk atress
39

tensor must be considered.



tensor are Z}j where 1, = %x,y,z. Let us first con;ider

a unit volume of bulk material. The components of the
average fluid-digplacement vector are Ux ’ uv . U,, .
These components are defined in such a way that the volume
of fluid displaced through unit areas normal to the x,y,z
directions are ;Ug, mY , ;U’ , respectively, where f
denotes the porosity. The flow of the fluid relative to
the s0lid but measured in terms of volume per unit area of

the bulk medium is

Wy = f(Ux—Ux)

Wy"f(U)f—'Uy) (7)a
(5,6)
The fluid volumetric strain is obtained by Biot asg

‘S=—(-23‘§‘-+-%\;}+%\%h-) (8)A

Biot has shown that the water pressure is as following
fi= —aM (Exx+Cpy+E3)+MS (9)A
where OA 1is the compressibility of the solid particles and

/M 1is the compressibility of the fluid.

The bulk stress tensor is
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Tux = Tux — X}
t}y==13}7--041}
T =Ty —KT¥
T&y==<T§y
Tg= 0',"3

(10)A

1}3==(T}3

Substituting Eq.(9)A into Eq.(l10)A and using Eq.(4)A,

{'d'={[DJ+°(‘M [ﬁl}{e}""‘M[S.] iW} (11)a

where
Tyy Wix
{t}= tn {W}‘ =4 Wy (12)a

and

L1100 0 ;;37’-

l11000 -g,-‘-?w.
Pl=lit1eco [§]=|8 i; = (13)a

o000 00
ot —
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The kinetic energy of a unit volum of bulk material
- (5,6)
in low frequency range is ’

T = £ (0a + Uy +0p) + 4 (e + vty +ity iy
+4m (W2 4+ v+ Wy (14)a

where

m= £~
£
f- porosity
/)-total mass of bulk material per unit volume
ﬁ: mass density of the fluid.
The dissipation energy of a unit volume of bulk material

(5,6)
is

2D=i—(vi/:+w,f+w:) (15)a

where

-‘-_-the permeabllity of soil
1 == the viscosity of the fluid
If we now look at the forces applied to a unit volume
of bulk material and consider {{x . u)' . Uy W Wy »
and Wp as generalized coordinates, we can apply Lagrange's

equations,

|~|

(IE) a = Q; (16)a

&
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where

We have

But

Therefore

Similary

Therefore

L=X,Y,3
j%(%%g; ==fé(?:d&+7@nﬂh)==/0£ﬁn+7gnﬁk
3 =o

(Qx__._iFnL_+ 47”91

h=¢y=0 ¥

AR =pinr i
egt‘i-iggf-kigﬁr- = pUy+ (3 Wy
3—:’+3£1+%+/)9, = Pliy+ Lpwy

£(3D) +B=—L+ny

-%—?—aﬂi&+;’—ﬁﬁx +4 W
-4 =piyr AR+
- 52 +pn=pis+ AN+ F N
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(18)A
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APPENDIX B

FINITE ELEMENT DISCRETIZATION OF A GLNERAL ELASTIC MEDIA

Static Cases

Elastic media could be represented ag an assemblage of
finite elements interconnected at a discrete number of
nodal points. The displacements of thegse nocdal points
will be the basic unknown parameters of the problem, A sget
of functions is chosen to define uniquely the state of
displacement within each 'finite element' in terms of its
nodal displacements, Let the displacements at any point

within the element, & , be defined as a column vector

(O,
Uy z z d
{‘RK,Y;})}:= ::‘:7 =[N:| 1 g:. (1)B
3 :
|

where
_ Uy
Ur= 4 Uy
Wir
and

[N]‘= [IN:, IN;, INg,IN, - - ]

’
I ia a three by three identity matrix and P‘LS are the
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shape functiocns, The shape function matrix has size 3 by Bq.,

where q, is the number of nodes in each element.

The strains at any point can be determined from the

relationghip between strains and displacements.

a ™ B
Cxx %T 30 o
z eﬁ o -sy— 3l‘..) uxI
je}= €1\ = ;’ o 354ty (2)B
Cey 37 'g;" o Uy
e:’ '3L o g
) Lo 3
. 4 Yy
Combine Eq.(1)B with Eq,(2)B, we now have
&
- x \ 4
a -
= Ua
o' =0a" {2
where ] .. a
W o o MW o, 1
o % o 0 Y o
z . .
M= 2 2 % ;L‘a‘,‘"
. ’ * a . .
% o ° Ay X ° -
. a . . .
%%'2:}‘-'%' » ° %‘ .
Y
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For isotropic material, we have the well-known stress-

gtrain relationships

=T -FEG) ey G
e,,-q?- - £ (G +03y) @y =D (4)B
=B Lray  en= G

The constants £ , & , Y are, respectively, Young's modulus,

the shear modulus and Poisson's ratio.,

Solving Eq.(4)B with respect to stresses, we find

{r}=[D]{e} (53

where
( O
iy
Ola= 4
fo}= {%
G@
\n
2ne i DTS ]
== =5 ° o 9
Tf&; ) 7£&7 o o o
[p]=ES-22 % % 1 e o o
(""”x‘_zy) o o o iﬁ%’s o o
o e ° 0 2 °
-2
o o o o o 20-




Combine Eq,(3)B and Eq.(5)B, we now have

i
z a i
or=PI {5 r (68

4

Let
E
a I
§Ft= <g (7)8
¥
where

Fr={F
Ryr
define the nodal forces which are equivalent statically to
the internal stressea and the distributed loada on the
element,

Let

[
o

{l’}:--f : (8)B

be the 'body force' components,
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T
Let us have a virtual displacement s [ag ai a& 6;]

at the nodes. With the help of Eq.(1)B and (3)B, we have

gz
|
S{F=[N]"§ gn (5-0)3
and
g
Uy
5{°}I= [N']I‘S g‘: (9-b)B

The virtual work done by the external nodal forces is
equal to the sum of the products of the individual force

components and the corresponding displacements,

SCw a; ag @, ] {Ff

Similarly, the virtual work per unit volume done by the

stresses and ‘body force' is

st} 1o - st
=5 5 5 g { D0}
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The external work 1s equal to the internal virtual work.

Therefore, we have

S[ & a -8

=80t 4 w o] fv,.{ (i~ 4

For non-~trivial Sl:a', ﬂ" '&" ﬁ‘] , we have

iFf = S-V‘ {[NTT{"'}:‘ [N]a.rﬂ'}'} d* (10)B

With the help of Eq.{(6)B, we now have

=07 1% - AN B e

[K]z= .(VTEV:I ‘T[D] [N do* (12)8

In general, external concentrated forces may exist at

the nodea:

S0



L2

where

Rs)r

They will be added to the consideration of equilibrium at the
nodes,

Now let us look at the elements near the boundary. If,
at the boundary, displacements are specified, no problem
arigses, If the boundary is subject to a distributed external
loaaqd, {O'}F per unit area, a loading term on the nodes of

the element which has a boundary face will now have to be

added:
U xT T —
= — b
i}’ ( S [NTr] dod'a,
where
iﬁt o o [y Ly o‘
[Tf]==' o ly o L o 4
L-O o .C, - lx 11




The preceding analysis for individual element may be
applied directly to the whole continuum. The virtual work
principle will be applied to the whole structure. Inter-
element forces no longer needed to be considered.

Let

(R

{R}=¢

Ra

R

\

where

Rx
§r= RY

Ryir
be the external concentrated forces, Q is the number of
total nodal points,
The external virtual work during any virtual displacements

T
of all nodes & [u, Ug +-cccvvvns u.] becomes

&

JULREAE

+& ( 5By ma,- TN 0
+2 (G5 n S R i 43

where N is the number of total elements and N 1s the
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number of elements at the boundaries, The above could be
arranged and let the summation standg for addmix, We then

have

4 Rl\
i?-“

LiorE _(VM{TJ-W% (TR s

\Ro

The internal virtual work during any virtual displace-

ment of all nodes SE!. ﬁ,_........a;ris
&Y ( T
73 I =
&0 548 T TolNE b
Py \

the above could be rearranged and let the summation

Again,
atandsg for addmix, We have

%) :

s 08 LTI

Ua
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The external virtual work is egqual to the internal

virtual work and, for non-trivial virtual displacement,

we have
7 ) %,
o2 R
[<99: (=l
ﬁ;J ‘kﬁ;
N I T
+§§-[N] [7] {r}ast (13)B
[l
where

[K]= 2§ (1 1 v 47

(14)B

6]~ & ([N (v
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Dynamic Cases

When a structure is under dynamic loads, the displace-
ments will vary with time, We must consider two sets of
additional forces,

The first is the inertia force. By the well-kncwn

d'Alembert principle, we have the static equivalent,

> .-
= 3?‘-{ f(x, Yoa‘:t)}

i;% is the generalized displacement and it is a function of
space and time coordinates,

The second force is due to resistances >pposing the
motion, Usually it is a linear, viscous type and the

gstatic equivalent,
35 1 Fixy, 8,0}

Add the two additional forces to Eq.(13)B and recognize
that the forcing functions and displacements are functions

of both space and time. We have

+2{ Mot 2 (It

T

.7
1+ g (I E e ans
Re



By Eq.(1)B, Eq.(15)B becomes

Us u g
M4 1 p+He]y P+
e Ua Ua

R

= ‘n:'2 ;'r: Ist (16)B
+{ "+ & (it

.

Ra
where

=7 § oA pInT "

(17)B

c]= g La[N]j:l- N] 4*

The summation stands for addmix.

The mags matrix we are using is called 'consistent
mass matrix‘', In place of 'consistent mass matrix’,
‘lumped mass matrix' is often used, 'Lumped mass matrix®
is always a diagonal matrix even if no actual concentrated
masses existed, This approach is often taken although the

results are leas accurate,
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The damping matrix, [k:] 1s called 'consistent damping
matrix', However, there are various alternative damping
matrices, The selection depends on the problem,

One alternative damping matrix 1is proportional damping
matrix, Proportional damping matrix 1s a matrix which is

proportional to the stiffness matrix,

[c)=p (]

where ﬁ is a constant, However, in this method the
damping coefficient, 725 , 18 proportional to the natural
frequency, i . This will cause the high freguency
components of the solution to be damped out.

Another alternative damping matrix 1is that of modal

[c)=a[m]+blK]

This method could be carried out to highar order type,

(e= 3 o, G{T 0 + St ]

where J 1is selected by judgment and is less than the

total number of the natural frequency of the structure.

57



APPENDIX C
FINITE ELEMENT DISCRETIZATION OF THE EQUATIONS OF MOTION

FOR TWO-DIMENSIONAL SATURATED ELASTIC POROUS MEDIA

58



APPENDIX C
FINITE ELEMENT DISCRETIZATION OF THE EQUATIONS OF MOTION

FOR TWO-DIMENSIONAL SATURATED ELASTIC POROUS MEDIA

The equations of motion for saturated elastic porous
media, Eq.(17)A and Eg.(19)A, can easily be reduced into

two-dimensional case., Eq.{(17)A reduces to the following,
2R 4 2o = odiy+4 Wi
(1)c
[+ Fr=pipdy
Eq. (19)A reduces to the following,
—3 =l -4k v
- 3% =/3dy+ 2 Vo +F- vy

The body force (gravitational force) is taken out of Eq,(1)C

(2)c

and Eq.(2)C, because its effect could easily be solved
statically, From herein, all displacements and forces are
values in excess of values due to gravitational force,

For two~dimensional plane strain, the strain-displacement

&
e S
{e}= e;; = %%" (3)c
€ 34?..,..?,5;

relationahips are
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and
e”= exaz e70=° (4)C

The stress-strain relationships are

- -
Oxx | I'-L» ©
{oy= 1%y (=B |75 | o |{e} (sic
|-2»
Ty L% ° Z0-w_
where
(- E
Ee = (1-0-20) (e

From Eq,(9)A, the water pressure in two-dimensional case

reduces to

£ = —AM(EuatCy) +MT (73

where
Wy 1 oWy
I=—(%"+% ()

In matrix form, we have
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‘r,=—dM|;?T }’.,—:I{::}—ME; ﬂ{x} (9)c

The bulk stress tensgor is

T Oxx — & Tk
{t}= Ty = Oyy — o (10)C

Combining Eq.{3)C, Eq,.(5)C and Eq.(7)C, we have

{t}=€cn] [’J{:}+¢MW{:}+¢M[D;]{3} (11)c

where

p= [

[D. = (12)C

[o3-

L

6l



Add hysteretic damping ratios and we have

{t} 'E{"']E‘"]{ }*E‘M[DJ > i“x}
+-<M|;Ds]i }*‘dM b.] {w,}

(13)c

where

A ML o
[DsJ= ,Af% Me o (14)c
Lo o B

A¢ is the compressive hysteretic damping ratio and As is

the shearing hysteretic damping ratio.

For steady state solutions, let

iux}= {er c"‘"’ {M}={ x}e&ﬂr(lm
W) (Uy wl (W,

Also, let

¢= (l16)C

K=E§-—(‘ﬂ' 62



With aid of Eq.(15)C and Eq,(16)C, Eq.(9)C becomes

'#C“; "dM% &' H{%}-M% E;- Hi%} (17)c

and Eg,(13)C becomes

1} €% £ 2 0] [ b HES ] {0}
m%w{ﬂy}+dM& @'J{VW (18)C

where
_% .
SUEE
5 5
% & [1 o] e
Pd=|& |=|1 1o |3
f o_‘ LOOO_J

2
With aid of Eq,(18)C and dividing each term by /J.ﬂ. ,

Eq,{(1)C can be written in matrix form as following,

[n.]( Sl i

-I-fK[IL_'l i, +AK§J5“;}>~'§$}+N{:\:}= 0 (20)c
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With aid of Eq.(17)C and dividing each term by /QJI s

e diti abh
*“fﬁ”?’fw -l }

Y

Start finite element discretization of Eq.{(20)C and

(21)c¢

From Eq.(9)D and Eq.(1l1)D, the bulk displacements

Eq.(ZI)C.
within each finite element, @ , can be expressed as
L&\
Ux
=[Alz Ux,‘> (22)cC
Uy z [J%J
L't‘/
where

[Ny [o]
[o] [N

IN=[N N; Na N

Nm = sghape function mg_-,j.,, ,',.‘_,1

[A]a =

(23)cC

Similarly, the relative fluid displacements can be expressed
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Wi,
Wl (], AWl e (B =<[A]
= 5 %, and = - (24)c
{W;}a Wf' > *
Wy,
T
Discretize Eq.(20)C, then premultiply each term by [AJI,

addmix and itegrate with respect to the whole area S . such

R W
é { [ak[alpsirze +N§lg.[A]:£B].Js We
U We
‘{n
Sl BT 48 IR ) & 5
.EM'
+3 Q:A]:[n,]*.m DaE], 4 AWEebao e
Whe

Note that the summation stands for addmix, L ia number of
elements and Q is number of total nodal points,

Let us look at the last term of Eq.(25)C.
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<z
(28)C

Consider the first row of Eq.(28)C, and use integration by

§ ol a2 wltl e il i o ud] s
=‘£[uﬂ Wl uh ndh w wdh adh nﬂzlﬁ i
; N N 4]
[ ad il B a2 adh e
flr ve ap e e oy w2 s

in which Ng is the direction cosine of the outward normal
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in the O -direction, and integral Lz 1s taken over the
whole boundary of each element,

Carry out similar procedure for all rows., We now have

it
I=xg§ A[FIDALe], 4t AV
Wi

—aK g g‘[B:]:[B‘]_‘LS‘ wﬁ' (29)¢

w=[7 2

Now look at the second last term of Eq.(25)C,

i .
Sl A B ALY

Integrate by parts.
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1= Uk,
E‘ffA]I“J(a PRI+ e R[] *“‘K[DJE\])A: i“«}

Uy

-é' E[K]I%M'F%Wo{ K[: o N 455 }
Uy,

[K }= [D"] [A]u

= e i 'ﬁ' x K (31)c
B

Combine Eq.(29)C and Eq.(30)C,

I+I=
"zi[AI[i]({f‘t-.[nJ[nJ#%@‘]MM‘x[p,]} :f; Mkwﬁb i
;S[AiQ%-[n]*f [n.]+.a<[. o ])EA],-' 5 }'

~elK 2 gl.:s']:[a']‘ ds {%}
W
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With help of Eq,(18)C, the above becomes

-5 (16]{B00 - e 12 L {;}

% e
—ars( [s]l[s],«{% (s2)c

(1= { ATl s = 2 { [ATB1, s
[E]= ;gﬂ[Bjr[B'] ds (33)C

(<= 5&[@(&@-}%@.} +i ;;ﬂ)m ds

Now Eq.(25)C can be express

e
I'_M]{; }-t—u[m] w..}» [K] U. --(K[E]{ }
Ure W,

+ﬁw§l§u [Al[ ]{:::} dl =0 (34)c
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Discretize Eq.(21)C, then premultiply each term by

T
[A];, addmix and integrate with respect to the whole area

S , 8uch that

NS [Ai[ALh

Let us look at the last term of Eq.{35]C.

E =3{[A]; {f"}n B 3]le]«
=

(N o]
Ny o
Nto $
=5([n - %K[i-’]"‘"‘““'“
) ‘Mg" ”ooooﬂiﬂ"ﬂ‘&.,
ow 4 :
e A&
Lo Nl
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»ﬁuﬁ uﬁ“»w’-’% ugh ufh wih a2k

fﬁ:::::::_;

Integrate by parts

I*Zg.[AI 3 ?“13] Acg}-;q [B]fE]) 4 wﬁ.}
=§§ [A]:{:?K[g; %][B]:'u %} _K[EJ@ (36)C
Wi- s

Similarly, the second last term of Eq.(35)C is to be

integrated by parts and we have

72 U



Now EQ.(35)C can be expressed as

73

(37)cC

(38)C



(40)C

Eq.(34)C and Eq.(39)C can be combined and expressed in

matrix form,

R [[K] ~[m] K] -N]
«KE]-NM  KE]-(4- )M] W}

o (suimfi) }
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AFPPENDIX D

TWO-DIMENSIONAL ISOPARAMETRIC ELEMENTS

Y s
t . — K
1(0,1) k{l,1)
a
a
: 3
> X i(0,0) J(l,O_)’ r
Figure D-~1 Figure D-2

Figure D-1 shows a typlcal quadrilateral finite
element to be considered, with node i, j,k,1 numbered in an
anti-c¢lockwise order. The element is shown in Cartesgian
coordinates, x and y.

The element can also be shown in its local coordinates,
r and g, ag in Figure D-2. A most convenient method of
establishing the coordinate transformations is to use the

(21)
shape function,

TRANSFORMATION MATRIX

We can write that

X=o+olal + AsS +H4r'S (1)D

76



and we know that

Xi =X

X; = o+ Xa
(2)D
X“'-"dl-'- As + Ay +ole

X = o4 Ks

Solving EqQ.(2)D, we obtain

A= X,

A= Xj — X,

{3)D
Olg = X, — X,

and

Xi
x-

x=[T T Ta T 1 (4)D
XA

Xy
where

77



T.=(-r)(1—s)

1;.-.r(l—5)
(S)D
Ta=1TrsS
Ti=(I-D)S
Similarly, we have
Ye
y=[T 5 & %J3” (6)

Ye

DISPLACEMENT SHAPE FUNCTION MATRIX

The displacement of each node have two components

- Ux,,
i} = (7)D
(17;
The displacements within an element can be uniquely

defined by the shape functions in its local coordinates,
ux=ﬁn +/G:J" +/Ga$ +ﬂ+f5 (8)p
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and

Ux.
Uy,

Ux = [Na'- N; Na Nl-] Us, (9)D
Uy,

where
N: = (1-r)(1—=5)
Ni = r(1-s) o)
0)D
Na=rs
N = (I-1r)s
Similarly, we have

uy‘;
Uy

uy=[N: N Ne Nil qu, (11)p
Uy,

Clearly, we have gelected the transformation matrix to

be equal to the displacement shape function matrix,

[T:l = [N] (12)D

79



where

[T] = ET} T; Ta 'E:] (13)D

and

[N]

When the shape functions defining geometry (transformation

[Ni N; Na N;I (14)D

matrix) and function (displacement shape function matrix)

are the same, the element will be called isoparametric,
EVALUATION OF ELEMENT MATRICES

To perform finite element analysis the matrices
defining element properties have to be found., These will

be of the form

SA[Q] dA (15)D

in which the expression EQ] depends on [N _] or its
derivatives with respect to global coordinates,

To evaluate these matrices, two transformations are
needead, As I_—N] is defined in terms of local coordinates,
r and 8, it is necessary to express the glcbal derivatives

in terma of local derivatives. The element of area over
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which the integration has to be carried out needs to be
expresged in terms of the local coordinatesg with an appro-
priate change of limits of integration,

By usual rules of partial differentiation, we have

N YA
or 9%
INm( = [‘T] ONm r (1690
a8 .BY
J
where
Er
r
E.T] = or (17)D
X oy
s os

Combining Eqs.(4)D, (5)D, (6)D and (17)D, we have

X HOG=XHXe)s (YR +(Yi-y; v —Y)S
XA+ =X =X X (AW + (=Y +Ya-yor

(18)D

5]-

To find the global derivatives we invert EJ-:I and we

have

8l



oM PI

ox ..—..[J']-l or (19)D
N Nn
oy s
where
y f‘ﬁ*’ﬁ*‘ﬁ"ﬁ*‘ﬁ‘ﬁ’r ~Cyr -Gy, +n-ws]
[3' ] F X)X XX (= Kt X (Ki=X; 4+ Xp—Xe)'S
det[ 7]
(20)D
and
det{z]= [ tp-prx04-ghentp)]
+ E*j-)(ix)h-)i)'l' Oka=Xa)(y;- ﬁ)]r (219D
+ [oi- Xy (- X)) 8
From vector analysis, we can easily show that
AA =dxdy= det [7] drds (22)p

We can now modify Eq.(15)D into
S:S:E"'s‘)] det{z] dr 4‘=££f(r;$) drds (23)D
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in which [G(I",S)] is the transform of function [Q] in the

local coordinates,
NUMERICAL INTEGRATION

One of the most effective methods of evaluating
integral is to use Gauss quadrature, The most obvious way
of obtaining the integral of Eg.(23)D is to first evaluate

the inner integral while keeping s constant, such that

Ll ftr,s)dr = g(s) (24)D

Four integrating points will be used and we have

4
( £(r,99dr = £ Haf (rn,5) (25)D
. » n=j »
where
Hi= 0.1739274227 ri= 0.0694318442
Hg= 0. 3260725775 ra=0, 3300094782 )
(26)D

Hy= Ha Y3=0.6699905220
He= H: Y3 =0.9305681560

The integration of Eq.(23}D can now be taken in s-

direction, such that
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f:,ﬂf(r;s)drols= é %&m“nf(rn,sm) (27)D

where

&i=H,
Sia=ri (28)D

J-..-..l, 2, 3, 4
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APPENDIX E
ANALYTICAL SOLUTION FOR ONE~-DIMENSIONAL

SATURATED ELASTIC POROUS MEDIA
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APPENDIX E
ANALYTICAL SOLUTICN FOR ONE~-DIMENSIONAL

SATURATED ELASTIC POROUS MEDIA

The equations of motion for saturated elastic porous
media, Eq.(17)A and Eq,.(19)A will reduce to cne-dimensional

case in the following forms

S =P+ (118
and
—%¥—=/$€i-+?'-/3& + 4 (2)E

For one-dimensional wave, the strain-displacement

relationghips are

Cxx =-%-‘;-:-L (3)E
and
Cy=2E8 =0 (4)E

The stress-strain relationships are
Oxx = E.€xx (5)E
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where

=)

From Eq,{9)A, the water pressure in one-~dimensicnal wave

reduce to

=—dMECxx +M (7)E

where

'$=—%‘£“- (8)E

The bulk stress tensgor 1is
Tx=0xx — & (9)E

Combining Eq,(3)E, Eq.(5)E and Eg.(7)E, we have

m’&%’-ﬂfM %‘+-(MS§“ (10)E

Add hysteretic damping ratio and we have

T = Ee [%‘;‘,‘-l-&ﬁ(%‘})}i-d‘m-f%" +oAm 3 (11)e
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For steady state solutions, let

oL
u=Use

(12)E

w.=vv;.e."'"

Also let
Lix

o
[E
A

Ec+oLM

(L3)E

xzfm

l"

With aid of Eq,(12)E and Eq.(13)E, Eq,.(7)E becomes

Tigm* ‘*hﬂ€2?%if {E -%a?- (14)E

and Eq,(11)E becomes

Tl = Ec% (1 +mx9%’;—‘r +d'M '%- AL

Ll
+“Mﬁ2¥' (15)E

With aid of Eq.(14)E and Eq.(15)E, Eq.(1)E and Eq.{2)E

can be expressed as

Ll opi MW a S = - (- NW,

(16)E

otk L8+ k0 = -Nm_g.m.;.ﬁm



where
%"-= %%# (17)E

The simultaneous linear differential equations in Eq.{(1l6)E
(12)
can be solved by method of operator. Rewrite Eq.{(16)E

in operatiocnal form

[( l+2/-..a)D'+ l] Ux+kD+N)W,. =0

(18)E
(kD +N) Uy +( KD+ %_ﬁI)M =0
The operator 1is
_ |G+28iB+1 akp+N
AKD“+N KD+ %’- - /%L—,_ (19)E

A= AD*+BD* + ¢

where

A=K—&K+2uK;
B= (—Q—+K—zxk~+7fi-)+»(-¢ﬂ )
c=4 - -

We now bhave
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(AD'+BD+C)Ux = o
(AD+BD'+C)Wi= o

We notice that the characteristic equation for both t‘; and
\ﬁd& is obtained by formally replacing I) by r in the

expression

A= 0
{(20)E
Art+Br*+c=o

Solving for I , we have

r '—'iRI, + R, (21)E

where

Hence we obtain

Ux = 2% 0™+ a,e™% a,c™
(22)E

W= b€ % LM 1% g™
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Ingsert Eq,(22)E into Eq,(16)E, we obtain the following

relationships,

b = — (J+22) R+
1= dKR.‘-l-N

—_ (jt2

be= ‘Eiﬁf‘u—“
_ g+z$2&+l
by=— AKRy 4+ N G
-—— +
= — Gl o,

We now have

o .
Uk=ae 4ace +a,e™®+a,e™
(23)E

= - SR et -Saiiladta,
" CHAE ad)- J?ﬁ’%nif

With Appropriate boundary conditions, coefficients Q:,

Qs, Qg and Q¢ can be obtained,
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INFINITE ROD
Typical boundary conditions for the infinite rod are

the following,

Ux (o) = |

Ux(o0) is tinite (24)E
Wi(o)=o

Wu(a is finite

Since Ux(d and W;.(a) are finite, coefficients Q, and ay in

Eq. (23)E must be zero., Therefore, we have

Ux = aaén'fl- a.e
(25)E

= - (1, G g+ at!

since Ux@)==/ and Wi(o)=0, we have

o424 =|
~ (2R, (2Rt
AKRELN “* 7 “AKRE+N F °
Solving the above two simultaneous equations, we obtain

a KR+ N) [C1+300R; +1
2 = Tak=~NC1+2) | (R*—RD)

_ GRRN)[(1+2pd R +1
= Tex—=NCi+3a3T] (RF—
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Therefore

(26)E

- ELM."' ' +._|J§i+3&&'.’iﬂ RS WS

Combining Eq,(15)E and Eq.(26)E, we have

u_«m'i-N)[(uigm:d-ﬂ Ao _ (:Eﬁz'ﬁl[mﬂ_?l@léﬂ
= TK=NO+ D (R-R)C T [RK= NG+ 50T (-1
]

== E‘KEN%%‘&)_ w{-naxmm [Cregmonte] &%

+Ry (<KRY+ N) [(t+y.-):.‘+:] c""}

- iEE-N(IE'l'#:)-i.(‘R.‘—&‘)ﬂ(“n‘é”"'&é”) (27)E

Similarly, combining Eq.(14)E and Eq,(26)}E, we have

—RalakRa+N) [(1+ 2008+ 1] c""}r

IR G20 R AP —Med

It will be very convenient if we can express stresses, Tix

and -f% , in terms of displacements, Ux and Wk, such that

93



T = G Ux == Co Wy

(29)E

-ﬁ: Collx = Co Wy
The above conditions are achievable for an infinite rod,

Solving for &, Ca, €3, and Gy from Eq.(26)E, Eq.(27)E,
Eq,.(28)E and Eq.(29)E, we have

= Ylyp (- Cr+200)R R:)

Ry+R.

c,=£%afﬂlﬁaﬁﬁ’.td¥tﬂ&)ﬂﬂl (30)E

oaK= NCI+25) ] (R*—R3)
._E&(ggg+ﬁ) ARy (KKRa+N)

x{ 1+ )R+ (!+2/|..)R.+l (R - R‘)}

Co= I%eﬂdﬁ.&aiﬂl(ﬁ&&:m
K —N(1+22) | (R*~R3)
~ Rlraor+ i) R [G+aoRs -
"{ akritn -t axrepn (R R‘)}

Now we can express stresses, T and ¥, in terms of

digplacements, Ux and W, such that
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=w - w
Tox R Uy e+ W

R+

fr= K L1+ 220R 1 ] [Cl 4+ 28) R+ |
;3 oK = NCI+3uwd) ] (RF—R:)
d&ﬁﬂﬁ%ﬂ)' o« Ra ((KRa+
X {‘ { CI+ap)RI+1 —(%_!m.}%)-(m-k,)} Ux

(H‘?E)R.'-I-l (’+y‘)&l+’ \ e MIJ e

+ VelloK KR+ NX oK Ra'-N)
[tk = N C1 + 2] (RM—RD)

X { _RlG+2a )R+ ]} | RalChaudrid] “ (R — R')}‘M

“KR'+N AKRE+N
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APPENDIX F

TRANSMITTING BOUNDARY CONDITIONS

When the finite element method 1is used to solve the
equations of motion of the scil and pore water, an Iinfinite
half-space 19 idealized into a finite space with appropriate
boundary conditions. In the infinite space problem, the
wave propagation thru the half space will allow the energy
to radiate away from the site. 1In the finite computational
space, however, appropriate boundary conditions must be
specified so as to allow this energy to be transmitted away
from the zone of interest, rather than artificially reflecting
back into the zone by the boundary conditions, To date,
transmitting boundary conditions have been used for the
single-phased ncon-saturated soil problem, However, no such
development hag been used for the two-phased soil/water
problem,

The moat promiging way to incorporate the transmitting

boundary conditions in the aingle-phased non-saturated soil

(1,16, 18)
is to express them by conditions
0'-‘-/3%1.1: (1)F
t=p\£u. (2)F

in which O and T are the boundary normal and shear stresaes,
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respectively: du and &u are the corresponding normal and

tangential velocities, respectively: /O is the mass density

of the aolidg'Vﬁ and'\é are the shear wave and compressive

wave velocities. The above transmitting boundary formulation

is called the viscous boundary, and has been used extensively.
Now let us find how the condition of Eq,(1l)F could be

obtained for steady state wave propagation. The wave

equation for one-dimensional dry soil is the following

A4 Zuf Al
Groci—3p) axt - PYe (3)F

where E and » are, respectively, Young's madulus and

Poisson's ratio,

For steady state solutions, let

iflt
ue=Uc e (4)F

Wwith help of Eq,.(4)F, Eq.(3)F becomes

\'AR X/ AR
o o = Ue (s)F

where

2 ECI-V)
Ve = :+»)(l-2v)/>

The solution of Eq,.(5)F ia
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L i LLX i
Uec= G e(_e-) + Qe é(T)

The problem of interest is an infinite rod, where
Uc(o)=cC

and
Uc (@)= finite

Apply the above conditions, we bhave

IIE==C:é$efD£

The normal stress, 0 , can be expregssed in term of

digsplacement as

= EC1=p) U
o 1+V)(1-2) oX

With help of Eq.(4)F and Eq.(9)F, Eq.{(l0)F becomes
0'=—/:Véﬂ.i.uc

Since Ue=4sflUe, the stress can be expressed as
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(7)F

(8)F

(9)F

(10)F

(11)F



__/ouuc (12)F

Notice that now the normal stress can be expressed in term
of the normal velocity. The transmitting boundary takes
the negative of the normal stress for the one-dimensional
infinite rod problem and is applied to the artificial
boundary, imposed when the infinite space is cut into a
finite sgpace,

For steady state solutions, it is more convenient to
express the normal stress in term of the normal digplacement
as shown in Eq.(11)F.

If a hysteretic damping ratio, A , is included in the

wave equation, Eq.(3)F becomes
EG-Y) = il
(l-w)(l-zw[Lx' A ( )] A (13)F

Upon solving Eq.(13)F, the normal stress can be expressed as

T= --/.aVEIli. ( |+:z/u.¢uf. (14)F

where

Similarly, for shear wave, we have
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T=—/OW.Q.J...(|+2/¢.L)”U5 (15)F

where

Egsentially, we have

F=Q U (16)F

T= b Us (17)F

The values of @ and E».are uged to modify the master
stiffness matrix of the finite element models to simulate
the transmitting boundary conditions for dry soil.

Now let us outline the procedure of incorporating the
transmitting boundary conditions for the two-phased soil/
water problem, The equations of motion for saturated elastic
porous media for one-dimensiocnal case are shown in Appendix E,
For an infinite rod with hysteretic soil damping and
considering the steady state solution, the bulk stress, I&x ’
and water preasure,-ﬂr , ¢an be expressed in terms of the
displacement of aoil, Ux , and the relative water displacement,

Wx , from Eq.(29)E as
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Tux = G Ux + Ce Wi
(18)F

P = Ca Uy + Ce Wi

The coefficients C;, Ca ., s and C4 are shown in Eq, (30)E,
The values of these coefficients are used to modify the
master stiffness matrix of the finite element models to
simulate the transmitting boundary conditions for two-
phased saturated soil.

The steady state normalized non-dimensional equationg
of motion for saturated elastic porous media for the

one-dimenasional case is given by Eq,.(16)E as

ALy o) LU 4 ik ST = - U N WG

(19)F

aftn‘*-F(—:jqp =—=NUyx~- f-‘NQ*'_jiﬁfon

where 8, N and K are non-dimensional parameters defined
in Eq.(13)E.

The finite element discretization of Eq,(19}F begins
by letting the bulk displacements within each finite element,

Ol , be expressed as

Uxg = [_N] u‘ (20)F
?
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where [}{]‘ia the shape function matrix, as described in
Appendix C,

Similarly

Wxa =[N]1{WV\;;}

The procedure for the one-dime2nsional case is similar to
that for the two-dimensional case, which is presented in

Appendix C. After discretization, Eq,{(193)F becomes

—[Ml+(1+200[K] —N[Ml+4K K]
=N [M]+aK[K] (ﬁﬁr' B M+

where
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(<=2 §, IV [V], de

[N} = —-—%ENJ

Note that the summation stands for addmix. L is number of

elements and Q is number of total nodal points.

Let the transmitting boundary to be located at node Q .
The masgster stiffness matrix of Eq, (21)F must be modified

and Txxg and f#a are set equal to zero.

The new master
stiffness matrix is formed as

[R] _ —[m]+(1+3ui)[K] -NI;M]'i'o(KI:K]
~NE+akl] (G- MK

(22)F
—o .o’ ............... 9-
4 : é Qth

— D evreaninns Wrev e o — row
L O A
: e é

L.° ........ ._c’.........._q- @(ZQ)th YOou

Qth column-T t—(z @)th column

From Eq.(22)F, we have a set of matrix equations to simulate

the infinite rod problem and they can be written as
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Ul ¢ ;
[hJ ‘?‘ - ‘fﬁllfoef“* '1?|
W H

Once the appropriate boundary conditions are specified at

node 1 (the free end of the rod}, the above equations can be

gsolved easily by computer. As an example, the simple rod of

Figure F-1 was used to generate comparison solutions,

> e —— > .- .
1 2 3 4 5 6
I 1500 inches *
Figure F-1
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For thia problem the following parameters were used,

_ _E(—
Ee a+50-2 f
14,020 psai -}

=1 P*t

0.35

0.009096 in3-sec/slug

0.0l cm/sec)

= 293,900 psi Ve = 39,823 in/sec

0.002324 sluy/in° A
3

0

0,0003925 slug/in

»H TR

Appendix K for detail parameter definitions.)

in
@
@

Linear shape functions were used in the elements and
the boundary conditions U|=| and \M=O were chosen,
These boundary conditions represent a impervious boundary
at the left eni of the rod (node 1), Analytic and finite
element solutions are tabulated in Table F-1 and Table F-2
for comparison purposes, As may be noted, the resgults of
the analytic solution are very close to those of the finite
element solution for a frequency range of 0,5 rad/sec to
64.0 rad/sec, Differences occur at a frequency of 128,0
rad/sec. The cause for the differences doegs not come from
the transmitting bounda-y conditlions, rather, it arises from
the fact that the element size chosen (300-inch long element)
is too large for the high frequency being transmitted, At
the high frequency, we are trying to simulate sine or cosine
behavior with only 6 or less posints in one period, Since

the differences are caugsed by the mesh sizes and not by the
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transmitting boundary conditions, we can conclude that the
transmitting boundary conditions adequately simulate the
transmission of energy for the one-dimensional problem,
This formulation is used to attempt to simulate the two-

dimensional transmitting boundary conditions,
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Table F-1

({Analytic Solution)

FREQUENCY BULK DISPLACEMENT WATER DISPLACEMENT
(RAD/SEC) (INCHES) (INCHES)
0.5 ( .100E 1,-,188E-1) ( .,156E-6, ,829E-~5)
1.0 ( .999E 0O, -,376E-1) ( .624E-6, ,166E-4)
2.0 ( ,997E 0,-,752E-1) ( ,250E~-5, ,331E-4)
4,0 ( .989E 0,-.150E 0) ( .995E-5, ,656E-4)
8.0 { .955E 0,-,297E 0) ( .394E-4, ,127E-3)
16,0 { .,824E 0,-.566E 0) ( .150E-3, .219E-3)
32.0 ( .358E 0,-.933E 0) ( .496E-3, .190E-3)
64,0 (-.742E 0,-.668E 0) ( .709E-3,-.789E=3)
128,0 ( .104E O, ,991E 0) (-.210E-2, ,223E-3)
FREQUENCY BULK STRESS WATER PRESSURE
(RAD/SEC) (PSI) (PS1)
0.5 (~-.726E-1,~,386E 1) ( .693E-1, .36BE 1)
1.0 (-.290E 0,-,772E 1) ( .277E 0, .737E 1)
2.0 (-.116E 1,~,154E 2) ( .111E 1, .147E 2)
4.0 (-.463E 1, -,305E 2) ( .442E 1, .292E 2)
8,0 (-.183E 2,-.590E 2) ( J175E 2, ,563E 2)
16.0 {-.700E 2,-.102E 3) ( .668E 2, .972E 2)
32.0 (-,231E 3,-.886E 2) ( .220E 3, .B46E 2)
64.0 (-.331E 3, ,367E 3) ( .316E 3,-.350E 3}
128,0 ( .979E 3,-.102E 3) (~.935E 3, .972E 2}
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Table F-2

(Finite Element Solution)

FREQUENCY
{(RAD/SEC)

BULK DISPLACEMENT
(INCHES)

WATER DISPLACEMENT
(INCHES)

( .100E 1,-.1B8E-1)
( .999E 0,-,376E-1)
( .997E 0,-.752E-1)
{ .989E 0,-.150E 0)
( .955E 0,-.297E 0)
( .824E 0,-,566E 0)
( .359E 0,-.931E 0)
(-.720E 0,-,685E 0)
(-.584E-1, ,956E 0)

( .138E-6, ,B82BE-5)
( .586E-6, ,l66E-4)
( .244E-5, .332E-4)
( .989E-5, ,65BE-4)
( +393E-4, .127E-3)
( .150E-3, .219E-3)
( .494E-3, ,192E-3)
( +727E-3,~-,762E-3)
(~o203E-2,~-,117E-3)

FREQUENCY
(RAD/SEC)

BULK STRESS
(PSI)

WATER PRESSURE

DA NFOD
« s 8 8 v &
OO0 QouWw

32.0
64,0
128,0

(-.654E-1, -, 386E 1)
(-.261E 0,~-.772E 1)
(-.105E 1,-,154E 2)
(~.417E 1,~,306E 2)
(-.165E 2,-.595E 2)
(-.637E 2,-,106E 3)
(-.217E 3,-,115E 3)
(~.409E 3, .264E 3)
( .794E 3, ,445E 3)

(PSI)
{ .624E-1, .368E 1)
( .250E 0, .737E 1)
{ .998E 0, ,147E 2)
( .398E 1, .292E 2)
{ .158E 2, ,S56BE 2)
( .608E 2, .1ClE 3)
( .207E 3, .1l10E 3)

( .390E 3. -.252E 3)
(-.,758E 3,-.425E 3)
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APPENDIX G
TYPICAL EARTHQUAKE ANALYSIS OF STRUCTURES EMBEDDED IN SOIL

Earthquake analysis of structures built on soil
involves equations of motion of structure, equations of
motion of scil and its entrapped water, and interaction
forces between the structure and the soil. Since structural
response to earthquake is primarily due to the first few
modes of vibration, only the low frequency c¢omponents of
the structural motion need to be considered,

A structure of interest built on =s0il is shoun in
Figure G-1, Since the primary purpose of this research is
to investigate soil behavicr and since extensive studies
are already being made on the gtructure, a simple eguivalent
structural model will be used herein, 1In fact, such
simplified models are often used in earthguake analysis
of actual facilities. The structure is idealized into the
nodal configuration such as shown in Figure G-2,

The base of the structure is allowed to have horizontal
motion, vertical motion and rocking, For simplicity, let us
consider only the horizontal motion and rocking of the base,

Consider thes structure as a free-free system, Each
node has two degrees of freedom, the horizontal deflection
and rotation as shown in Figure G-3, Let the direction of
the earthgquake motion coincide with X-direction, The

motion in y-direction is conasidered zero herein, Let Uu.
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STRUCTURE

FOUNDATION

SCIL

Figure G-1

112



STRUCTURE

FOUNDATION l‘l!l.Q

SCIL

Figure G-2
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Figure G-3
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be the horizontal displacement and &, be the rotation of

the 'i'th node, ZE is the rigid body rotation of the

center of gravity of the structural mass, The equations

of motion are

a 7y F
MI{ . (+[kI{_ 7= (1)6
6 ) Co
where

U,
Uz
“L={ ua
-g- 6,
©:
\ 64

[MJ is the lumpad mass matrix, D(] is the stiffness

matrix, and {ﬁ} and ch} are the load vectors, In the

above formulation the damping terms are neglected and
they will be considered later.

Let
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i

=u_ {i->+8 -f-9—+ c (2)G
o

DN
Dl

where X, is the vertical distance between 'i'th node and
J
the center of gravity. fuﬁ? are the flexible displacements
=¢
and {g}are the flexible rotations, However Eq.(2)G could

be expressed in modal terms (solutions of free vibration).

&"'E -"E"-‘f";.?,z"‘:‘ {?F}; (3)G

where Igfb is the 'j'th modal displacement vector.
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Lat

) £, =
|

[Z]-—- é t:" {??}'{?f}“_z
e |

Then Eq.(3)G becomes

{‘;i}=[21 fa} @

where

Ue 6.

-]

{45 = "‘=

09&4
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-
Premultiplying E3.(1l)G by [ZJ and utilizing Eq.(4)G the

equations of motion become

(= o028+ L2 00220 =L TS ed

- - 7

M~ o

Ic e, o
™M, wl‘.ml
| ¢+ fa}
A S

L “‘2_ i “‘&&:Mw&_

=faw} (5)G
where

Mt = total mass of the system

Iece = rotary inertia about c.g.

M. = 'i'th modal mass

= 'i'th modal frequency

jaej (] ot

For the forced vibration problem, we will consider

mcdal damping in the form:

118



W“T - ™ -
Leg o
ﬂ. Zﬁ ‘-.‘:)l
§3 + ) i4}
. 2a-1 _ YLt
r-o n
o —
uﬂn@
9= faw} (6)G
L ui,:-zmlﬂ'ﬂ_-_l

where /Q; is the 'i‘'th modal damping coefficient. OCnce the
interaction forces are specified, the load vectors fF&} and
éC@} can be Jetermined and the forced vibration solution
obtained,

If there i3 no building present, the criteria earth-

quake motion of the ground surface would be

NN N Py

== o= X ;e 7o
= | 3 =

where ]Ii is the 'j'th complex amplitude and Ilj is the

'j*th circular frequency. NN 1is usually from 500 to 1000,

Each X‘ is the Fourier ccefficient of the actual transient

earthquake motion,
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The displacement 2f the base as cause by the incident

wave is

N Ng .
Uag= %u. 4 A’X'e ' (8)G
=t

where .Ai is the 'Jj'th complex magnification faztor for
the horizontal displacement of the base mass, as shown in
Figure G-4,

The angle of rotation of the base as cause by the

incident wave is=

M«

~ 25 NN
sa=% &, =S gX.e 916
§=I § =1

in which By 1s the 'j'th complex magnification factor.

For each {lj, we have
~ Syt
{4 '—'5?-},-811’ (10)G

The interaction forces are,

f=

o

°
Fa
and
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where

Fa= 3 (Al i, e adie G2

=
=3 it iR, C84) 85
=

One of the primary purposes of this research is to
£ind (-&.‘.'"5+ ,a_nic..“i) and Cw+ LSy ) . These are the
compliance coefficients >f the saturated soil at each
respective frequency, Once thesz coefficientg are known,
we could solve Eg,(6)G as function of each frequency. The
final results are then the summations of gclutions at

sach freaquency.
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FINITE ELEMENT SOLUTION PROGRAM FOR ILARGE STRUCTURES
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APPENDIX H

FINITE ELEMENT SOLUTION PROGRAM FOR LARGE STRUCTURES

For small structural problems, computer programs can
be written such that only core memory is used, Programming
for these small problems which can be handled without using
too much back-~up storage space 1s usually fairly straight-
forward. However, for problems involving many equations and
matrices with wide bandwidths, a very large core memory is
required for the ordinary band solver subroutines., In many
cases such core requirements far exceed the capacity of the
existing computers. The more sophisticated solution programs
such as frontal sclutions went a long way in minimizing
storage requirements and reducing execution time. However,
they still require a fair amount of core and therefore are
unsuitable for very large structures,

A simple and atraightforward finite element computer
program procedure capable of handling very large practical
problems by the use of random access devices to link the
back-up storage of the computer is used herein.(a) This
computer program procedure is used for assembling and solving
widely banded and sparse finite element matrix equations,
The two very important features of this program procedure
are: (1) it does not store any zero submatrices within the

band and (2) during the solution of equations all operations
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NELEM(I,4)
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Figure H-1
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1l 2 9
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Figure H-2

(Note that the numbering system is not chosen
to minimize the bandwidths, but it is chosen
only for example purposes.)
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dealing with zero submatrices within the band are skipped
automatically.

Let R . Figure H-~1, be the region subjected to a
number of loadings fﬁ}and with certain specified boundary
conditions. The finite element idealization of region-12
regults in NNODES number of nodes and NEMENT number of
elements, For our analysis, only gquadrilateral elements are
used, A matrix NELEM(I,4), in which I varies from 1 to
NEMENT, is formed to specify element connectivity., Each
node in any element has four degrees-of-freedoms, They
are two degrees-of-freedoms, [1; and LIy, for the soil
displacements and two degrees—of-freedoms,‘vv& and \N&, for
the flow of the fluid relative to the soil, The whole
degrees~-of-freedoms are stored in a vector CSPD(I), in

which I varies from 1 to 4 x NNODES. They are stored in
the following order, ( Ux,, Uyr, Wy, Wy,, Uxs . Uya,
Wx.! W.Y‘;ocoooncg ng,HY: ;er;WY:;c..ootoooocco).

An example 18 considered for illustration of methodology.
Figure H-2 shows a soil region, with loadings and with
certain specified boundary conditions. The soil is idealized
by dividing it into NEMENT (=6) number of quadrilateral
elements with NNODES (=12) number of nodeg and the element
numbers are shown inside the small circles, A stiffneas
matrix for the soil can be easily assembled, One important
information needed in aolution scheme is the effective

bandwidth. The bandwidths of the stiffness matrix after
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Record No,

Dagrees-3f-fresdomsy 4] 41 4 4| 4 4 4 41 4] 4] 4
l Node m:mbcr:j y 2| 3| of 5| & 7| 2| of io| 11]:2
1 4 1 W W "%
2 4 2 QR
y 4 ; N/ ielele|eele|el/
44 4 NN elee el
. . . 00000
6 4 6 NOO00
3 7 70100
3 4 8 7/ AL
3 4 9 %///.
A0 4 19 //://A°
J1 4 11 //{/A
12 4 12 /

Figure H-3
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assembly and the effective bandwidths (during reduction)
are not necesgsarily the same in all cases,

Figure H-3 shows the master stiffness matrix for soil
region of Figure H-2, The ghaded areas are filled during
stiffness matrix assembly. The blocks with shaded small
circles are filled up by non-zero terms in the process of
reduction by the Gauss elimination techneque, From Figure
H-3 it can be seen that the effective bandwidth at node 6
i1s 28 although the last five blocks contain zeros before
reduction, This is because these five blocks will be filled
up by non-zero terms in the process of reduction by the
Gauss elimination technique when using node 2 as the pivotal
node,

Consider the Jth node of the goil region at which
certain elements are connected, From matrix NELEM, wve
can find out the difference between J and the highest
number in each of the elementsg including J node as con-
necting node, The highest among all these differences
is store in a vector MMDL ag MMDL(J) in which J varies
from 1 to NNODES. However MMDL(J} should satisfy the
following condition

MMDL(J)2MMDL(J-1}-1 (1)H
where
J = 2,3,4,.0000000.NNODES

Also MMDL(J) = total number of amall blocks representing
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one node in the upper triangular part of the stiffness
equations of the Jth node minus 1 (see Figure H-3), The
effective bandwidth of Jth node is 4 x (MMDL(J) + 1),

In many practical problems there may be many zero
submatrices inside the band and, as it is logical not to
store them, To do this it is necessary to calculate the
total number of non-zero matrix coefficients inside the
band, and this requires the introduction of another vector
NIOG whose Ith coefficient contains the total number of
non-zero blocks above the Ith diagonal block plus 1. In
the example NLOG vector is (1,2,3,4,5,6,7,7,8,9,11,12), and
can be automatically calculated using NELEM. MMDL and NLOG
together will identify all the zero blocks.

Consider now the gsame example of gsoil region shown in
Figure H-2. The upper diagonal terms of the master stiff-
neas matrix (see Figure H-3} and the load matrix are divided
into NNODES number of rectangular blocks, and the blocks are
numbered 1,2, .e000200,L,2000..,NNODES., The Ith block contains
an upper diagonal portion of the master stiffness equations
of the Ith node and is stored in the ramdom access file no,
14 of the disc as the Ith record, The total number of non-
zero matrix coefficients in the Ith record is NBND(1), which
is created from MMDI, and NLOG and which varies from node to
node, and it is therefore convenient to store the rectangular
matrix as one-dimensional vector A in order to save storage

space in the diac,
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BOUNDARY CONDITIONS
Boundary conditions are incorporated by letting the

leading diagonal terms to be ones and corresponding rows

The load vector is modified to

and columns to be zeros,
include the effects of the given specified displacements,

REDUCTION OF MASTER STIFFNESS MATRIX

Consider the stage where the stiffness equations of

(I - 1) nodes have already been reduced. The form of the

magter stiffness, to be reduced further, is shown in Figure

H-4., The expresasion for reduction of ths Ith node equations

is ag follous:

[Rad = [iad — [ca)” [ el (2)8

and

(3)H

(%)= [m]-(c:] (k][]
where [E':.I is the reduced form of the stifiﬁ:ﬂa' matrix [Kl-.l,

and [Fi] is the reduced form of load matrix [}hJ.
Let [CIJ be divided into MMDL(I) small submatrices:

(= Ceall, [T, [men] o

131



Similarly D?IJ can also be divided into (MMDL(I) x MMDL(I))

gubmatrices as follows:

_[ga:'........ . 'E@:.nmn
[Ril = (5)H

Finally [FE] is divided into MMDL(I) submatrices:

g
%

R,
l:f’:_] = (6)H

L

In submatrix form we can rewrite Equations (2)H and

(3)H as:
(Rl = [k~ [F; L' L]} oo

and

D’ﬂ? = [ﬂ‘]’: - [Ct:l:r[KrIl [Px] (8)H
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Submatrices EKQ-_I : and E’gl, are obtained by dividing [KEI
and EP'] in similar way as EKRJ and EPRJ are divided,

Now, if Ecql-, or EC::J’- happens to be a null matrix, then
the above reduction is not performed and thereby a consider-
able amount of computer time is saved, In the program this

is tested by the vector NLOG,

BACK SUBSTITUTION
The stiffness equations of the Ith node take the

following form after reduction:

[ke] ($2]+[c=] (5] = [re] (9)H

Lk=] [5:]+ gmtcrf‘[snf: [F] (10)H
where I:Jp.]r ig similar to I:?n.]: .

At thig stage E&J is known, hence chg can be obtained

by using the following equations

(6] = DT TRI- 'S LediT5T o

-f
During the proceas of reduction EK:J ‘ [C:J matrices are

stored in the random access file no.l4. Here also the

: 3
maltiplication [C: ‘.[:l i is skipped if [C;]j’ is null.
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APPENDIX |

PROGRAM LISTING

JIMENSION HELEMIEIO0, %), ENCOE S{ 3002} +MMOLC300) \NLOGL300) «NBND(300)
JIMENSIOH MATYPE(IJI12 NTEBCIIOD 4% ) tUCLID0) (MUCL300),5P0LL200)
DIMENSION STP{12000 ,0MSTL{50) . HMPLOT(50,10) 4MDIRLL1O)MLENS{10)
JIMENSION ISIGNC 800 (NICS L1 DD

JOUBLE PRECISION SNCDESLI00,2) 4PARIL2)

~OMPLEX CRKVVICXHHCK™T +CKHTCKTH

COMPLEX®LS CSTPI1202),05PDI12000

JEFTINE FILE L4l 6003,1600, U INT)

FORMAT(B!LQ)

NNYN= 300

N4 &h=1200

CALL READDOD{ISIGN,NENENT JNNODES,NELEM, MATYPE ,ENJ DES , MMDL ,

L NLCGoNBND o NUC,MUC ¢ JUW s SPD+NTBC ¢ NTRAN, JTBL,5TP,HPLOT ,MDIR,
2 VLENG:MPLOT NDCCP+NCCLoNCC2 s NCLC I o NPSUML ¢NPSUM2 ¢ NOCC ¢ ADT My NHN Ny
3 N6ad4,NODECL)

READL 34 1D0)INCASE

00 100J IC=L1,NCASE

CALL PARAMIPAR,ALL,CFL,DF,0ONS)

CALL DMOMINDAMP,DINJAM, JINDAS NOM,CM5T}

J0 1001 KD#H=l,NOANP

CALL WTPAR(PAR ¢ALL+CFl4JF +OMS)
00 1002 KOM=]1,NOM
JIM=OMST{OM)

PAR(T)edMN

J0 401 I=l,NNODES

J0 401 J=1,2

SNODES{I,J) = ENODES(1,J)eOMSTIXKOM)/ PAR(12)
PAR(L1Li=2.,9PAR{1L)/IM

OMS=2 ,#0MS /0N

SALL STMATR{NNODESy NEWENT »SNIDES y NELEM, NONO» PAR¢NLIG, MATYPE, DF,
1OMS s NNNN )

CALL STMODUI{NNODES, YBND o NLOG + MMDL s NUC + MUC o JUW s SPO S T2,C5 TP, NT OC,
L NTRAN,JTOC +PAR ¢ MATYPE y SNODE S+ OF yDMS s NNNN, NA &% ,CSPD)

CALL SOLUTNE NNODES,NBND NLOGMMOL ,C5PD, CSTP NN, Ne &4}

CALL PRINUCHNODES,PARIT) s CSP Dy Nbdé)

CALL PRINF INNODES,PARL T} +C5TPy Nbbs)

{FINDCLPLLELOIGO TD 93

VS25PARLLO)I®( 1 .~2.828R(9)) /7 (2.%(L1.=PARI9))*{PARIS) -CF))
V5=SQRTIVS2)

JMOL=0ONeAD IM/VS

CALL COMICFINQOECC+NCLL1oNCC2oNCC 3o NPSUML JHPSUMZ NDCCoADI M,

L ENDODESsCSTPCSPO NN Nedb s PARyCAVVY (CKHHCRKTT WL KHT, CKTH
CALL MRITECINCCL »NCL2oNCCY +OYDL s CKHM CRYV »CRTT ,CXHT CXTH)

‘

53 IFINPLOT.LELQIGD TO 1002
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[ 3]

CALL PLOTUWINALOT yMLCNG e MDIR yMPLET 1 CSPD+C5TP, Nbb 4 )
IAR{LL)=OMPPARILL) /2,
INSaJueINS /2.
1332 CONTINJE
JMS=0M5 D TNOAS
1321 AARTLL)sPARCLL) »DINIAM
123 COMNTINJE
sTOP
EMD
SUBRCUTINE STMIDT{NVOIES ¢ NOND s NLOG s MMOL NUL ¢ MUC 1 JUNW + 5PDSTP, ST P,
s NTBCO NTRAN, JTBC2AL MATYPE ) SNODES yOF DS NEHN yibae y CSPD)
COIMPLEX®LS A 430)sSS5TP NG4S ) B 400),C5PDINGSLA)
JIMENSION MATYPE [ NNWNI
JTMENSION NUCINNMND s MUCTONNND » SPDLNAS4] o STPUNS44 ) o NTACINNGN &)
JIMERSIING MEND INNNNT o NLIG CNNNNY  MMOL [NNNN oNSPACEL25)
JOUBLE PRECISION PARIL12)  SNODESINNNN2) » XLL +CABS
SOMPLEX® LS CLeC2e21902,210,TCL.TC2,P0L,PD2,TCL10D,SH:TSH
NeasKNODES# &
N 2 I=1l4Née
L8P 1)=].
2 CSTPi 1i=STPI L)
IFINTRANLLE.QIGDO TO &2
ADD IN TRAANSMITTING BOUNDARY
CALL TRANBCIC1+C2,01L402+C 10+ SH PARIF,,OMS}
JO &4 [=],JT8C
EINDC L&*NTBC{ [, 20+NNDIESI
J1wNBNDINTBLII,2))
J2=NBNOINTBCIL,3))
IFLTABSINTBCII +H)}.EQ.LIG0 TO sl
IF{IADSINTRCI I+ %)) EQ.2)G0 TOD &2
41 XLL=DABSI SNODESINTIZ{1,42) +2)=SNODESINTACII,3).2))
[Dal
[Sas
G0 TO 43
42 XLL=DAJSE{SHOOES(NTBCUL (2) »1)=SNODES{NTAC(L,3),11))
[0=é
[5=]
43 SSIGN=-],
SLLLURL AN S
TFIMATYPE( J99) .LE.O)G] TO &)
TC1D= 5SS IGHN*CIDeXLL/ 3,
TSHeSSIGNeSHaXLL /Y,
READU 14*NTBCLI,2I*NNDDJESHLALK) sKmLl, J1)
A{ED)=R{ JO}-TC LD®{PARI O)=0F ) P AR (1 2] #92
AL IS 1mA{ 1S5 )=TSHe{PARIB)-DF ) sPAR[ ] 2) ve2
EFINTBCIL » 2)=NTBC(1,2))50,%0,51
SI MESTsMTDC{I+3)-NTICLS.2)
JItaNTBL(T,2)
JJ2=NTBCI L ,2)
00 32 J=JdJlwJi2

136



52

59

Gl

o2

50

43

Ty

T2

n

JNIoJJ=-NTOCI1,2) 0]
IFINLCIIJJ)al T JNLIMESTaNEST-UL

CONTTHUE

L1=MEST#16
ALLLID)=A{LL+IDI=TCII8{P ARt O)=DF ) *PAR{1 2] %%2/2,
ALLeIS =A(LL#IS)-TIHY [PARIBI=DF )#PAR{ L2002 /2.
ARITELLA*NTOCIE,2) »NNUDESIT ALK) ¢ Km)l 4 JL)

IEADL LO*NTBC( T4 3)#INSOESI LAL K] yKka)l, J2)
ALID)I=AIID)=TCID®(PARL O)=DFI ®PAR (1 2) 892
ACISInA{ IS )~TSHE{PAT({3)=DFjaPaAR| 12} 82
IFINTROCAL 2 2)=NTBCLL+3) 360,580,061
MESTuNTIC (I, 23=NTIZL(,)

JJIaNTBZIT43)

JIZONTIZIT,2)

00 62 MN=JJl.JJ2

JNLwJ J=NTOCL I, 3) ¢l
IFINLOGLIJ ) aL Tu NI SCST=MEST =]

CONTINUE

LL®MESTHL S

A(LY#ID)IwALLLI*ID)=TIID®IPARI D)I=DF)®DPAR{L2)542/2,
ALLLSISInA{LL+IS)-TSHe(PAR(AI=OF ) *PARI1218e2/2,
ARITE(LS*NTBCI I, 3) #NJDESHI ALK) yK=] 432}

30 TO 4

TCLaSSISNSCLEXLL/D.

TC2=SSISN®C28XLL/).

PD1m=SSIGH®D1&XLL/ 3.

PD2==SSISN®D2ZOXLL/Y.,

TSHuSSIGN®SHeXLL /3,
READIAIMTNTOCL L, 2)eNNDOIESH (ALK XK=, J1)
ALIOIALIDI-TCLEPARL G)ePAR[L 2) 202

ACIDoB)»A | JI0+8)=-TC2*PARIA) M AR L 2] %02
ALID*2)aAl 1D+2)-POLsPARID)SPAR(L 2] w92

MIDH LD =ALID*LO0)=PI2%PAR I O) *PAR{1 2) #92

AL IS )AL IS)~TSHE(PAR(B)-DF ) WP AR{L2) 092

TRINTICI 1 43)=NTBCIL42)1370,70.71
AESTaNTIZ (I, 30-NTRCL T, 2)

JJ1=NTBC( 1420

JJ2=HNTACL1.3)

20 72 MNesJadledd2

JN1mJJ=NTGC(Is2)¢]
IFINLODGEJJI) e LT . JNL) MESTSNMEST=]

CONT [WE

Li=MEST#ls
ALLAIDImA(LL4ID)=-TCLoPARI D) ®PARLIL2)®02/2,
ALICTDEB ) mAIL L+ID¢B)=TC2*PARIA)SPARILZI®92/2,
ALI+ID#21mALLL+ID*2)=-POL*PARID)ISPARTLI2) *02 /2.
ALLL®1De10)mAl LI+ [0+ L0) ~PR2*PAAIB ) *PARIL219%2/2,
A{LL*IS)ImA{LL+LSI-TSHO{PARIBI=OF)}SPAR(L1ZIw92/2,
dAITELLANTRACT Lo 2 eNNIDESIIAIK ) yKmLl, 4L}

READI 1&*NTBCI I, J)+NNODES) (AL K} JKel , J2)
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3i

32

32

4]

AL10)=311D)=-TCL*PARI Q) *PARIL 2)**2

AL ID*8)mALID*B)I=TI20PARIA)* AR(] 2) w2

Al (Do 2)1=AL ID#21=POLYPARIB ISP ARLLZ) 02

AL ID#10)=ALJD+101I=Pl2¢#2AR(B)*PAR(L2Z) *»2
ALISIwa 1S)=TSHE(PAR(BI~DFRICPAR( 12) € #2
IFINTBCLT 2 2)=NTBC(143))80,80,81
AESTaNTC LT 2I~NTRCLT, 3}

JIL1=NTBL(I+3)

J32aNTAC( [,.2)

20 82 JinJJl,da2

JNI=JJ=NTACIL,I)+)
IFINLCStJ U wLT o JNLIMESTeMEST=1

CONTINUE

Ll=MEST®l S
AMLL#ID)=A{LL+IDI=TCL*PAR(B)SPAR[L2)¥92/2,
ML+ IDeA )=A{L 141D+ )-TC2*PARI Q) *PAR L 2) 02 /2,
A(LL*ID#2)mALLL+ID+2)=-PDL*PARIBI*PARILZI*™2/2,
A(LLPIDPLOImA{LL#T O LO)=PD2SPARI ) PPIR(L2) *¥2 /2,
MLISISISALLLISIS)I=TSHe{PAR(D)=DF)I®DARLIL2}e92/2,
ARITE(LA'NTBCL {3} +NNODESI{AIK) yu=}, J2)
CONTINUE

N1 N=NYODE S=1

20 3 1=, NN

JaNBKRDI])

Ren)/ &

READ{ L4 [ »NNCDRESI( A (K] 1K=1,J)

10 & K=l J

3{K)aa(K)

CALL ALJCALIT+MMOL, JLOS NSPACE 1 JpNNNND

JO S K=l,Juw

IFLILNENUCIKIIGO T B

0 6 KKm] , Fé

Al{KK=L)n&eMUCIK])wT,

20 7 KK=l, %

ALINUCIX = 1)%80KK)= 2,
ALIYUCIR) = L)neeMuUC ()i =],

IFISPDUIK}) L EG.DJ.06G0 TO 3

0 8 KKm] . b

TFIXX EQ. MUCEIKIIGT TO @

Ys{I=-1)04enK
SSTPINISCSTPINI-B( [ UC(K)I=1) *4sKK) #5PDIK]}
CONTINUE

20 30 Lst. 1

00 30 LL=1l,%

NNe INSPACE (L)-1)wqeLL

SSTPINI aCSTRPUNN)~BEIL*15¢ (LL~-1) *6eMULIK) J&SPDIX)
CONTINJE

20 9 Kel,[J

20 9 Lel,JUW

IF{NSPACE(K) MNE.NUCLL)IZO T3 2
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AN SRR

1)

12

HE
1%

is
13

JO 10 XK=l 4
AIK®LGe{MUCIL) =1 )®4sRK }=0,
IF(5PDIL).EQ.0.)GD T 9

JC 11 XK=} ,4%

Nell=1)sksKK
SSTPEN)=CSTPIMN}~BIRKeLO+{MUCILI=1])24+KK)
CONTINUE

dRITECLAY ToNNCOES)( ALK) ,Kal, J)
J=NBNO(NNCDES )

Vi J/ &

READL 14° 29NNCDESILAIR) y£=1,J)
20 12 Kl ¢

J{K)=alX}

20 13 Kei,Juw
[FINNODES . NE MUCIKI 1G] TQ 13
20 14 <K=]l,M4

Al (KK=1)*4+MUCIK])]=D,

A 15 KK=],&

A (MYCIXK=11obeKK)2),

A{ (MUCIKI=L)shoeMuC (L)),
iFISPOIA).EQ.0.1G0 TO 13

D0 16 XKwl,4
IF{KK . EQ.MUCIK}IGDO TC 18

N= [NNODES=] )04 +KK
CSTPLHI=CSTPIN)I=OLI{AUS(K) =1) s&+KK)O5PD(K )
SONTINUE

CONTINUE

AR [TEL 14 2ONNODESIALL) oXml s J)
D0 20 I=l,Juw

M {NYCLT)~11e4+MUCTT)
SSTRINI=SPOL D

RETURN

END

SUBRDUTINE AINVIANI/NZsD L)
JUYENSION LiNDoMIN)

COMPLEX®LSE 3IN2),D+3154,HOLD
COMPLEX AB.B3

SEARCH FIOR LARGEST ELEMENT

Dnl.D

NKa=

30 80 K=l,N
HKaNK SN

LIK =K
1{K ) =K
KKsNK oK
FIGA=AICK )
20 20 JaK,N
[ZoNo®( =1}
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13

F-EAN 2N 4l

45

%)

ac 20 I=keN
[JalZe]

AR=BIGA
ABRaREALT AB)
ADI=ATMAG AB)
ASA=ABR®Z sAD]*e2
BR=A[ 14}
A3A=REAL(IB)

0 1= (MAGLIB)
BRAA=RRITE 432[ w02
IFCADA-3BA)LS:20,20
BlGA=AilJ)

LiK}wn]

1AX)=J)

SOMNT I NUE

ITERCHANGE ROWS

JaLik)

IF{J=K) 3%5,35,25
iak-N

70 30 [=L.N
KInkK]+N
HCLD==-A{K ]}
JlaK]=Xs)
AMAII=ALS])
AtJU1=HOLD

INTERCHANGE COLUMNS

IaMiK}

IFII=K) 4%,45,38
JPaN*([=1)

30 40 J=l.N
JE=NK +)

JialP ey
HOLD=-a&{ JK}
AlJKI=ACS])
AtJI)=HOLD

OIVIDE COLUMN dY MINUS PIVOT(VALUE OF
PIVOT ELEMENT IS CCNTAINED IN BIGA)

AB=B8]GA
ABA=AEAL| AB)
ADI=AIMAGLAD)
ABA=ABRI®2+ABLSeQ
IF{ABA LD ; 46,48
0=0,0

RETURN

DO 5% [sl N
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IFiI=-K] 30,55%,5Q

$3  [KeNKeI
ACTK) =AL 1K)/ 1-81GA)
85 CONTINUE
¢ REQUCE YATRIX
c
00 85 [=1,N
IKaNK ]
HOLO= AL [K )
1dml=h
IC 65 Jel,.N
{JalJN
IECI-K} 60,65,60
83 IF{JeK) 8246562
$2  KJslJ=I+K
ALLJ) =HOLDSAIKI)+5L 1J)
65 SAMTINUE
c
¢ JIVIOE W BY PIVaT
c
KJuKk=N
W 78 =18
KJ=K oM
LFiJ=K} TO,75,70
73 ALKSI=AIKJ)/BIGA
15 COMTINGE
: PRADUCT OF PIVOTS
¢
O=O®B 1G4
c
c REPLACE PIVOT OV 2ECIPIICAL
¢
AUKK) WL, 0/31GA
83 CONTINUE
c FINAL R0W AND COLUMN INTERCHANGE
¢

AulN
132 Km{K=1)

IFIK) 150,150,108
133 [=LiK}

IFlI=-K) 120,120,103
138 JOuNEIK=]1)

JRaNs{[=-1)

0 110 Jel,N

JKe JjQ+)

HOLDwA{ JK)

JI=JR &)
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AlJK)==41 J1)
113 AlLJT)eHOLO
129 JEM(K }
IF{J=-X} 100,100,125
125 KInK-N
90 130 [=]1.,N
Kl=KleN
HOLD=A(K])
JIaKI=KsJ
AlKI)==A1JI)}
Ha P A{J1)=HOLD
30 TO 100
153 RETURN
END
SUBROUTINE SOLUTNSNNSIES o NOND ¢ NLOG o MMDL 4 C5PD, LST 2, NNNNyl & 4)
SCHPLEX®LI O CS5TPINGRG) ,L5P0(MN44%) ,DyELH0D]
JTNENSION NANDUNNNND s NLCG INNNNT » MHDL {NNNN)
TOMPLEX®L S ALTCL6)A01 4001,8( 400),00 430} ,B8II{1la8).CIILLO)
JIMENSIIN Li4) +MIR)NSPACE(25)
VINSNNIDES~-L
00 1 I=l.NIN
JENBNDLT )
FEAD( 14" L o NNODES) ! AIK ) 3X=1,J)
20 2 Kal,lé
2 ALNEK )mAtK)
CALL AIHNVIAIL» s 1l64I4Lon)
20 30 Kel,ls
1) A{K)mALLIK)
ARTTE{ L&' L+NNCOES) I ALL) (Kol )}
UK={ J= 161716
e l~16
MK4u(J=16) /4%
C 22 Kal,t
22 I )IalSTPOL [=1)e4eK)
CALL AMULTI(AIT BIR sbshal vbbofsée LIl
DD 23 Ka]l . MN
23 CiXK)=AlLéoK)
CALL ATRANPIC ;& ¢/ 1Kky 4%MK4,8)
CALL AMULTIIO+ClI ¢MEKb byl yo5MKGy4,MK&,;C)
SALL ALDCALI L MMDL NLOGe NSPACE + 1 Jo NNNN)
DO 43 KK=a] MK
00 43 Liwlss
3 LSTPUINSPACEIKK)=L)}s&sLL)»CSTP{INSPACTIKK)~1)®es+LL)~
L ClikM=L)®4stL)
DO 3 JBe] . MN
3 MJIBI=A{JD+]5)
ChALL AMULTIAALT »B o ad MR ;16 o4 SNKG AH0KA, )
CALL ALOCALIGL ,MMOL NLESy NSPACE s [ JyNNNN)
00 &6 K=1,1J
FINDILA*NSPACEL{ K} #NNOIES )
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DO T xX=l,lé
T SITIKK)I=h{KK+K 2L 5)
CALL ATRANPIBIT4sh154A11)
CALL AMULTILAILsCodr b oMK 216 powrKs oo SMKS 4 B)
NNN=NBND (NSPACELK))
READ( 1&*NSPACE(K)#NVODES) ([EC(LL) +LL=1,NKN)
00 3 KX=x,1J
LS=NSPACE (K]
LFsNSPACEL KK}
HESTw=]
0% 9 LL=aLS,LF
JNIaLL=LS+]
MESTaMEST +]
IFCNLOGILL }aLT INLIO T) 9
3 CONTINUE
DO 10 M1d=],ké
12 ELMESTULS +M1D)= Z{AESTSLE +MLO}-BI{KK~L])=®lb+ MLO)
3 CONTINUE
ARITE S LA NSPACEIR) PaNSOESHIETLL) s LL= Ly NNND
$ CCNTIMNUE
1 CCONTINUE
JeNBNDINNDODES)
AEADL LA 2eNNODESItAL L) o Iml4d)
CALL AINVIA & 16,2¢L M)
20 50 Kil=l,s
20 50 X2s1 .4
53 LCSPOLINNCDES=L) 04Kl JoLSPDIINNCIOES=L)oa+ K1)+ AL (K =L)+IK2Z=-1)®4s])
I *CSTPILINN IDES=1)vasK2)
00 51 Is2,HNODES
JENNODES#+ 1-1
JJaNBNDI{ S
READL 14%J +NNODES I AIK) s Kal 010
lJd=Jj=1
FINDL L4* T JJU+NODES)
00 32 Kl=l,4
JO 52 K2wli,. 6
Y2 CSPOITJ=1) 04X L)a SADI{J=1)04¢Kl)¢Al (K]l ~L]+iK2=-L]00¢])
L CSTPIIJ=-1)944K2)
MKaf{ JJ=-16) /16
N=jJ=16
Kbl JJ=161/7%
00 31 K=],1&
31 AJLIR)=AIK)
20 32 Kel,MN
32 BiXInAlKe 18]
CALL ANUL TTIALT jDotes%rMKH 16 ;0 0MKh , 48MKS .2 )
CALL ALDCALIJoMMDL  NLOS NSPACE 1 J,.KNAN)
M %6 KKs L, MK
20 956 LLwl.4
230 56 NN= |, &
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5% CSPOULLI-1104elL}uml5P00 ld=1)04eL L) CU{KK=L]}oLbe{LL=L}e(¥N=1)04r])
1 ¢CSPDIINSPACE(KKX)=1)%4eNN)
51 SONTUNUE
NemSONNQIES
20 40 I=1l,.N4
60 CSTPII1eD.
90 61 I=1,NIN
JeNBNDIT)
READL 18 T JLAIK} e K=lysJ)
FINDL LoD+ 1)
CALL ALQUALC T o MMOL o LI3s HSPACE s L Ao NNNNT
90 62 K=l s
62 AL UIK)I=AIK) "
DD 63 K], 4
43 BIHIKI=CSPDIII-10044K)
CALL AMUL TITATL 811 vderdsllbe%e4,C11)
NG &4 K=l %
5% CSTPItl=)) 4R )elSTPII1=L)n4sk)+C11IK)
30 65 K=lolJ
OC 66 KK=1,18
66 AJIIKK)sA{K0[SeKK)
20 47 K]y,
6T BIICKK)aL SPOLINSPACE L)~ I =6 +KK)
CALL AMULTIVATL+BIl e%yoyl o186 454.C11)
0 68 KKel.é
83 LSTPLil=L) ebekK)ulSTP{I-1)®ae KK} +CI I(KK]
CALL ATRANPLAL]»%ede LS,CI 1)
DO 69 KK® 1,4
63 JIICKKIaCSPDI{I=L)*doKK)
CALL AMULTIICIT 301 she el 1l ohobAll)
00 70 KR=l.4%
T) CSTPLINSPACEIX )~ 1)o4eKKIuCSTPI INSPACEIKI=L)seexK)+a]l T(KC)
65 CONTINUE
61 CONTINVE
JaNBNDINNCDE §)
QREADC LA NNODES)IAIR) o S2l 4 d)
o0 T1 K=l, 16
71 ATl I=mpiK)
DO 72 K=l ,4
T2 BLICK)InCSPDININTAMK)
CALL AMULTI{ATL BIlshs %ol +1644¢4,C11)
20 T3 Ksl.bh
T3 CSTPININ®&eK) = CSTRPININ®G#L)SCITIK)
TETURN
END
SUBROUTINE TRANBCICL,C2,D1,22,+CLOSHPARDF,DMS8)
DOUBLE PRECISION PARILZ2) 2 11s 22003, 20
SDMPLEX®LS Cly C2y DLy D24 CLlDsSH
COMPLEX®L S E4, DCHPLX.EL,E2,E3,C11,C22,C23,C26,C27,CD5Q2T
CCMPLEX 3
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il

00 10 [DRY=],2

IF(IORY.EQ.1)GO TO 11

li=1,

L2=PARLTYCPARLLL)

E4=DCHPLX(IL1,22}

EAsCDSJATIES)

li=0,

E3=DCMPLX{2]3,~-11)

VP2=PARILO)/tPAR{3)-DF}

VvPaSSRTINVP2)

S 10=E INE ABYPIPARLL )

L2sPAR( T oDMS

E&4=QCMPLX(21,22)

E4=CDSQRTIEA)

VS2aVP2O{ L o= 2. PPARIFI) 7{2 o *( 1 .=PARIS})})
vSaSQRTIVS2)

SMeEISEHKAVS/PARLL2)

30 T0 10

Li=l,
22={PARILOI*PARILLI®PARITIIZHPAR(OIPAR( L2002}
EemDCMPLX(ILVL2)

LA=PAR(2 I~ (PARID)SP AR 2) ) %42

LoemPARL 2} *22

EleDCMPLXILI3W24)
L3=PARLLY/PARLGQIPAR(2)-2. P AR( 3 ) *PARI 2} *P AR}
L #{Z2%PARC(B))/(PARLIB)SPARIS)*PAR( T
Lon(Z20PARILII/PAR (S )=-PAR(SB) /{PARIB)OPARL L) OPARIT) )
E2eDCMPLX I L4)

LiaPARIL) 7PAR( &} =PARIL)002

LawPARIS) 7(PAR(BICPARIGI*PARIT)

EIxDCMPLXL Idy~14)

ClinE2082~&,8E1¢E]

CI1=CDSQRTICIL)

Cl2=(=-E2+C2L2/12.%E1)

Clis(-E2-CIL)/{2.%EL)

e 8alOSQRTILZ?)

I=CLS

IFIAEALIQ).6T,0)G3 TO 1

Cla==C2b

CIT=CDSQRTICZY)

Q=C2?

IFIREALIQ).GT.O0IGD TO 2

ClTa=Cl7

CONTINUE

Clu = (EASCLIOMCLIT-L.)/ICL64CLT)

2 = (PARII)SPAR(2)+CI&eCIT=PARCLII/ICLIGSCLT)
Oles [IPAR(2)CIEARCIGRS 20l . IR{EQOCITR24],))

L7 LIPARTIISPAR(2)= PAR( L) CES]I G (CLI6422=C2To02]))
ZPUIPARIIISCLOCUIPARTI I *PARIZ)I »C Lo ow2+PARIL)) )/
JLEARC 2800 2+]), 1-{PAR(I)*CI TS IPARIIICPARIZ) *CLT*®2 +PAR(L}))
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13

53

W N -

303

o2

15

“/{ELeC2To8241,) =CLOMCIT)

H2e ({PARI21®(PAR(II®PARIZ)SCLIL002+PAR(L]) ¢{ PARI3)IOPARLZ )
I1SCLTa82+PARILIDIZLIPARLT) SPARL Z)~PARI L] *Ed}
SOICILeeZ —CLTee2) ) ) PLi=-CLOOIEASCLANN2¢1, 1))/
IIPART ISP ARI2)0C 26862 0PARL 1Y) S{CZTR(EGCITEN2e).) )/
GIPARL J)ODAR(2Z2)®CITSs2+PARLL)) +# PARIII®{CLG~-CLT))
CONTINUE

RETURMN

END

SUBRGUTINE CSPOININNOIES ¢ HUC s MUC y JUW ¢ SPD +C5SPDy NNNN, ' 4 44)
DIMENSION MNUCINNNNI WD IAMNKEND  SPD NG 44 )

COMPLEX®L 6 CSPD{NA44)

MN4usfa4NDOES

DO 1 L=l+ké

CSPOL1)n0,

RETURN

END

SUBROUTINE ALICALL Jo "WML, NLOGsNSPACE o1 0+ NNNN)

JDIMENSION MMDL [ NNNNJ +MLOG ENNNND o NSPACE 125)

1S=Je])

[PaJemmpy ¢ J)

1J=0

00 S5 XK»[S5,1P

JNTwKK=15+

IFINLOGIKK 1 .LT.JNLIGD TO 59

NSPACE(]J+1)sKK

T1JatJsl

ZONTINUE

RETURM

END

SUBROUTINE COORDINNIDES, ENODES NUNN)

JYMENSION ENODES{NN'N,2)

FOGRMAT(8110)

FORMAT(*L1*, * NODE POINTS®+7 (6K o "NODE® ySXe " XLINI® o5X,*YIINIY, / )
FORMAT{I10,2F10.2)

FORMATISF10,0)

20 310 I=1,NNODES

00 310 Jel,2

ENODESE],J)=0,

READI Se L)L oNRoNI JNR2oNE 2 s NSTOP

READ(S+% ) ENCDESILs LI oENDOESIL2) o X1 ¥14X2,¥2

IFINR .LE.C}GO TO 301

30 302 K=2,NR

ENODESIL*NI®{K=1)s1) = ENCDES{LONI®(K=2) ,1)e¢X]
ENODES(LeNIw{X=1)42) = ENCDESILANI®{K=2) ,2)¢¥1
(FINRZ.LE.QIGO TO 301

90 306 M=2,NRZ

00 306 K=1,NR
ENODESILNI®{K-1)oNT 20 (M= 1), 1) sENGDESILeNI®{K-13 +NT20{M=-2],1) #x2
ENCOESILENI®(K=1)¢NTI 204w 1),2) SENCOESILONIN[K=L)eNI20(M=2},2) #¥2
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301 IF{NSTO?,.GT, 0G0 TO 300
30 T0 3
30) WRITELS,2)
20 304 [=]1,NNCDES
326 ARITE(S+3) 1,ENODESCL L) +ENCDES(I N2}
RETURN
END
SYBROUTINE PRINF{INJOESF,CSTP s MEs4)
~JMPLEX®LSL CSTPINGSa)
JUBLE PRECESION F
L FORMATL*L®,* FREQUEMCYS *oFL2.80/ 90Xy NODE' 2204, TX L) 420K,
1 STYCII Yy 20X "FXOLDI 42N 'FY LT, /)
2 FORMATII10,4(3X,(2E1L.41})
N&e=4oNNIDES
30 100 Isl.Hé
100 SSTPLI)aCSTP(LN/L2.
FGaF
WRITEIS:LIFG
20 10 I=1NKGDES
K={l=11%4&
10 ARITEIS+2 114 ICSTPIKF J)yJulyb)
RETURN
END
SUBRQUTINE SPDISPUINJG, MUC o JUWy SPD s NNNNy Nbd 4 )
JIMENSION NUCUNNNYD ¢ MUC INNNND o SPOLR44%)
11 FORMATIZ2IL10,FL10.0431 1)
12 FORMAT{?*]1",* SPECIFILED JISPLACEMENT' /.y
1 IR I X " HUCTTD Y 34X " MUCE L), 4X,*SPDIT)? s/}
1} FCRMATIII 10,F13.2)
is]
ISL READISLLINUMMUM, UNNy NSTUP ¢ NREP NINC
MUCTJ }=MUM
NUCTJIaNUM
SPOLJI=UMN
IFINREP.LE.OIGO 7O &2
DC 3&1 M=2 NALCP
MUCT S oM ) mmuM
NUC{JeN=1 tmNUMe{ M= L] oy NG
360 SPDTJeM-L)=UMN
J=J eNREP
o0 T0 382
38 J=J)a]l
362 IFINSTUP.LE.QIGD TO 351
JUN= j=1
ARITE(G,12)
00 &00 Tw=l,JuN
620 WRITE(S L3I ,NUCLE}» WICLTI,S5POLT)
RETURN
END
SUBRGUT INE ANELEM{NEMENT » RELEM MATYPE HINNNI
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1
2

3
20¢

20l

22%
2133

23]
203

DIMENSION MNELEMININY &) s MATYPELNNNY)
FORMAT(I61%)

FORMAT('1*Y, * ELEMENT CONNECTIVITY!,/,

L 33X, "ELEMENT*,4X,"NODE I%, 4X,*NCDE J*, 4X, 'MHOIE K', & +"NCOE L',
2 1Ny YMATYPECLL)' /)

FORMAT(SI10)

I=l

READIS, L) INELEM Lo 0 o=l )} s NREP ¢ NINE )y NREPZ 4 NEHNLC2Z 4 NTP
MATYPE[I)=MTP

IFINREP,LE.O)RD TJ 200

A 201 K=2,NREP

MATYPC(leK=L)=MTP

OC 201 J=)l,%

NELEMtI®K=1,J} = NGLCMUT#K=2,J)&NINC
IFINREP2.LE.OQIGC TQ 223

o0 20% 422 NRLP2

90 204 XK=l ,NREP

AATYPELI #K=LeNREP®{ 4=1) )= MTP

DO 204 U=l .4

NBELEM( JeK~L+4REPS{4=1) )= NELEM{ [+M-1+NREPO(M=2),3) #+NINC2
Hnz=t

IF{ NREP2.GT.0) NR2sNREP2

{=l+NR2OYREP

30 10 205

I=fel

[FLILLE.NENENTIGI T3 202

WRITE[&,2)

20 276 I=m] NEHENT

dRITE(&,3) ToAINELEMI T pd) oJuls %) 4NMATYPE( )
ICTURN

END

SUBROUTINE EMMDLE INCDES s HEMENTY ¢NELEM s MMDL s NNNN)
DEMENSION NELETLNNNG ) o MMDL [ NNNK)

DIMENSION MDIF(4,4)

00 1 [=1,NNCDES

MMOLtiLi=0

00 2 I=LyNEMENT

90 2 ysl, s

OC 3 Kul, 4%

MOIFEJo K I mNELELT y K} =NELEM(T +J)
MTSMAXOIMDIFI o1} o MO LFIJ42): MOIF(J,3)+MOIFLY %))
IDX=NELEM(] + J)
GMDLINELEMLT yJ) JadaXO(MT ,MMDLLIDX) )

DO & I=2,NNCDES

YaMMOL{[-1)~1

IFIMMOLI L ) AL TuMIMMDL T ) =M

CONT I NUE

RETURN

END

SUBROUTINE BANCALINMIDES yNEMENT yMELEY,NLOG, SNNN}
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DIMENSICN NELE 4 HNNY 3 ) o NLOS IRNNND
DIMENSION MOIF{4e%)
DO L I=1,NNCDES
1 NLOGI =]
DO 2 1=1,NEMENT
20 3 Jel. 4
DO 3 Kel, 4
3 MDIFIJeR I SsNELEMET o KI-NELEMEL »d )
DO & Ku]l, &
T LeMAXD IMDIF{Lek) oMDIF{2,K)YOIF(3 K] MDIF(4,K])
NLOGUHELEMIT pX) ) uMAXO{ AT 4 YLOGINELEMI L oK) ) )
SONTINUE
RETURN
END
SUBROUTINE ANBNOINNUDES: MMDL ¢RLOG , NBND, KM
DIMENSION MMDL ENNMNNT pNLIG ENNNND (NDND INNNN)
0 1 I=],NMDES
1L 434D{ 1)=0
J0 2 Isit,NNCOES
MaMADL(1)+]
0 3 Jd=l.A
IFINLOGUI*J=1) oGE«JININDI 1)=MNBND(T) +1
3 CONTINJE
2 IBND( I1=sNBN3{])®Llb
RETURN
END
SUBRQUTINE SPFORCINMOIES 2 STP y N4 4)
DIMENSION STPLNWb4S)
FORMATIAILLC)
FORMATI 2T LO+FL Q.0 2110}
V4= 48NNDJE S
DO 370 I=l.Ns
3ITO STPili=0.
AEADL S, 1 INSCASE
ITFINSCASE.LE.QIGD T3 3T
37 READL Sp2 INUMeMUMy TPM NSTUP NREP LN ING
{s{NUM-L]®4+MUN
STPL1)1sTPNM
IFINREP.LELQO)GD TO 372
DO 3ATH Ma2 ,NRED
IwiNUM=L+{M=1)NINC) =L+ UM
376 STRIL)=TPNM
AT IFINSTUPLLE.O0)ZD TO 3T}
371 CONTINUE
30 L0 I= ] ,.HN4
120 STR{} }=]2 +STPL]}
RETURNM
ENO
SUBROUTTINE BCTRANMINTOC yNTRAN L ITOC (NNNN)
DIMEMNSIUN NTOCINNNN, &)

&

P

149



YOIy

i
4

3

1)

20
39

50

190
7

100
111
115
115
117

FORMATIBILO)
FORMATI®L? o* TRANSMITTING OJUNDARYT,/p4X " ODE 1',4X+*NIJC J',
L LX,*OIRECTION®, /)

FORMAT{*LY,* NO TRANSAITTING QQUNDARY')
READ{S, 1) NTRAN

JT3C=0

IFINTRANLLEL.QIGO YO 100

J=1

READCSy LINELMyNIOL o HIIZ s NDIR yNREP NENE#NINC  NSTOP
NT3CLJe 1) =NELM

NTOCE J,2)=HODT

NTBCL U, 3)=NCO2

NTOCL Jr4)=NDIR

IF{NREP.LE.DIGU TO 20

0 40 4=2 ,NREP

YTBC(JeM= L1 LIaNELM*[ M= L) *NINE

NTICL JeM=1,20oN0DL*iM=1)"NINC

HTICT JrM=1,43)aH0D2¢(N=1]) *NINC

ATOCE{ JoeM= L 4)=NDIR

JEJPNREP

GG TC 130

NENLSY

IFINSTOP.LELOIGD TD 12

JT3 = g=1

ARITE(8,2)

00 &0 I=1,J47BC

WRITELO, LIINTOC( [oKeLl)xX=l,3)

GO YO TO

ARITELG, )

CONT INUE

RETURN

END

SUBRDUTINE READDDL IS IS NEMENT (NNCDES,NELEM, MATY PE, ENCDES , ¥MDL,
I NLOG NBMD yNUL s MUGC ¢ JUW o SPD o NTAC  NTRAN, JTAL . ST NALDT,MDIR,
2 MLENG MPLCY NDCCPoNCLL ,NCC2,NCCI, NPSUML s NPSUM2 yNOCC ¢ ADT My 2NN,
3 N&A4 NCDECCH

DIMENSIDON MDIRC100,9LENG(10) ,MPLOTIS50,10),LCCLLOI,ISIGNIBO)
JIMENSION NELEMUNNNHMN &)  MATYPE INNNN) ,ENODES { NHIN 4 2)
DIMENSIIN MMDLINNYND s LOG TNNKNY 4 NOCND INNNN] (STP (Nébh )
DIMENSION NUCLNNNNE o MUC INHNND o SPDINASS) s NTIC ENMHNN, &)
FORMATIBILO)

FORMAT({AFlO0.0)

FOAMATIBOAL)

FORMATI L J 2/ 72202771 )

FOAMAT{25X,00A1)

READ TITLE
—mwewC MO TITLE~=o==

READI Sy L1330 ISIGNILY )il 800
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[aEaRA RN [z XK sk Rl [a N4 RREA] (A XSRS N&] CYAREY A X3RN ER] LYY I laXsNak Rl

trty iy

[aXaXal

313

#RITE(H,LL6}
20 300 J=1,5
ARTTE(G LLITILISIGNTL) 41214800

READ NUMBER OF ELEMENT AND NUMBER OF NODES
—m—el ARD Am=e==

READ(S, 100 INEMENT, NNODE S

READ AND GENERATE ELEMENT CORNELTIVITY
mmrsel AR f=vwwaa=

CALL ANELEM{NEMENT,NELEM,MATYPE ;NNNN)

READ AND GENERATE NODAL CCORDINATES
mwemeeeCARD Cl £ .2veca-

SALL COORDU(MNODES,ENIIES » NNNN)
SENERATE EFFECTIVE HALF DaNDWIDTH DLDCK VECTOR
SALL EMMDL (NNODES +NEMENT ¢ NELEM, MMDL » NNNND

GENERATE VLCTOR SHOMING TCTAL NUMBER CF NON=IERD BLICKS
ABOVE THE I[~T4 JIAGONAL 3LCCK ALUS ONE

SALL DANCATNHIODES ¢NEMENT ¢ NELEM NLOG NNNND

VECTOR SHCWING TOTAL NUMBER CF NCN=LERO
MATRIX COEFFICIENTS AT NODE 1

CALL ANBNO{NNCDE Sy MMDL , NLOG « NB AD » NNN N}

READ SPLCIFIED NODAL DISPLACEMENT
wmwe=CARD Deww=-e

CALL SPOISPUNUC +MUC s JUN s SPDNNNN, Nak &)

READ TRANSMITTING BOUNDARY
mwwe=CARD El £ Eecme=

CALL BCTRANINTOC «NTRAN,JTOCNNNNI

READ SPECIFIED NOJAL FCRCE
wmweeCARD Fl £ Flvewaw

CALL SPFORCINNQDES.STP,\N&44)

PLOT OPTICN
——m==CARD Gl £ 32-====
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[ 9

YA

X &l

39

139
11!
1l%

CALL PLOTOPINPLOTY MDIR 4MLENG MPLOT}

READ DIMENSIONLESS COMPLIANCE COEFFICIENY PARAMETERS
wemmeeCARD HLeHZI M3, § Héo=meao

READ({3.100)INDCLP

IFINDCCP.LE.O)IGO TD SO

READL So LCOINDDECC, NUCL yNCC24 NCCI 4 NP SUML  NPSUM2

READIS+L02) U NDCCELND L Na]L .NODECC)

READIS.1L12aCIM

RETURN

END

SUSROUTINE DMCHINDAAP, JLNDAM,DINDAS A, CHST)

DJIVENSION OMSTI5O)

FORMATIAI1L)

FORMATI(OF10.0)

FORMATIILIO,2F10.0)
READ FREQUENCIES T) DE ANALIZED AND “UMBER 1IF DAMPING
mmmeeCARD [4415 § (4-——-

READI S:LL&INDAIPOINDAM,DINDAS

AEAD 5,100 1INOM

READIS, LL1JIOMSTIT hel=]1,NCH)

QLTURNM

END

SUJACUTINE PARAMIPAR,ALL,CFL,DF,0MS)

JCUBLE PRCCISION PARI(L2)

FORMATIBF10.0)

READ(Sy1l) ALLSCSeCFL.IS:0F, PO, VI ,PE

READUS,1) DH.PILSIM5

AL=]l2.v4L1

Crsl2.0CF ]

AX=CF /{AL+C 598 29CF)

VCZu(AL+C50m28CF ) /DS

VCLuSQRTIVC 2}

AN=DF /D3

PARLL I=aN

PAR(2)mAK

PAR{3)=(S

PARL4)=PO

PARL S)evi

PAR{G )=PE

PARLTImO,

PAR{B)=DS

PAR(9)aPQIS

PAR(LOI=AL

PAR{LL)=ONM

PAR( L2)mv(

AET'RN

END
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SUBROUTINE WTPAR{PAR JALL 4CFL ,OF,0MS)
OJJBLE PRECISION Malit2)

112 FORMATI*L', *AL= ELASTIC COMPLIANCE CONSTANT= *,E13, 84/, (5= MATE

i3

23

3

LRATAL CONSTANT REPACSENTING THE CCOMPRESSIOBILITY OF THE SILID PARTIC
2LES® '2EL13.64/»* SF= 3ULX MIOULUS OF FLJID® *,EL3.6.7s ' DSa MASS
IJENSITY OF QULK JF FLIID=S50LID® *,EL3.04/7* DF= MASS DENSITY CF FL
4103 "LELY.&6,/,"' PO= POADSITY= * ,EL13.6:/,* ViI=s VISCOSITY OF THE FLJ
SID= *,E13.6)

FORMAT{* PEa CQEFFILIZNT OF PERMEABILITY= ', E1L3.06+7/+" D4s MATCARI AL
1 DAMPING COMPRESSIVE= 1 ,E13.6,7,"' DKSe MATERIAL DAMPING SHEAR ING=
2'sE 13,09

SRITE(G,112)AL L, PARII) ,CF L,PARII) »IFPARIS) PARLS])

ARITELO.L LN PARIG),PARILL) ,DMS

RETURHN

END

SUSRCUTINE STMATRINUCIES y NEMENT ¢ SHIDES +NELEM S NOND s PAR MLOG44ATY? E,
1 DF,OMS:HHNN)

JTVENSTIIN NELCHMINKNY %) ¢ NBHDITHNNND s NLOSENNHN D s MATYPE [ NNAIN)

JOUOLE PAECISION SHIDISINNNN+2) WPARIL2) (APARS, APAR]

SOMPLEX 30

COMPLEX®L & Al 4000 ,COM,DCMPLX (ESTULD D) :3016,186)

JOUBLE PRCCISEION THI &) oPHI4) yEVAS{4,4) sESTAIE,0),L1,C2

20 1 I=1,NNODES

JaNBNOD{])

90 2 K=1,J

AlK )=,

WRITE(LS'|)IA(K) JKal,})

20 3 Isl, NEMENT

FFIMATYPEL I} EQ.0QIGI TI 29

APARB=PALL B)

FAR{D JaPAR (A )=DF

APAR3IsPAY 3)

PARI3 )=,

20 10 30

C1aPARIL) /PARLS)

C2uPARIS) /iPAR[I)EPARI T)®PARIS) )

CONaDCMPLXIC Ly~C2)

A0 & Kel, 4

THIK I =SNQOES( “NELEMI L+K)ol)

PHIKEwSNIDESI NELEMII K], 2)

CALL EMASSI{TH+PHLEMAS)

CALL ESTIFWITH,PH,ESTW}

CALL ESTIFUITH,PH,PARLESTUDNS}

20 % ML, 16

00 3% 4el, 16

BiMeNIw],

{F{MaATYPE(1].EQ.L1)GT 7O 31

DO & Ml , 4

00 & Nel, 4

NisiM=1)¢s
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31

32
L]

33

1t

12

NisiN=1I%4

DUMI4LeNT+1)aBIMI+LoNT L) #EMASING NI =ESTULMN)

BlIMI+ 1Nl e2)wBIMIeLl NI*2)-ESTUIMN+S)

BIMI+L NI+ )=mBIMI*L NI#3) ¢ENASIM NIPPAR(L)=ESTHIM ,N)®PAL (J)ePAR( 2]
BIMI*L N1 o8 nBIMItL o NI+&)~ESTHIM N+&)SPAR(I)SPARI2)
BEMT¢25HT1 41 )uB{MI+Z,NI*LI-ESTUINSG,N)

BINIt 2,1 #2)aB(MI+ 2, NIL+2) +EMASIM NI=ESTUIN®G Ntk )
DBEMI®2eNT#3)up IMI+2 NI #3)=-ESTRlMeg N)RPARI3)*PARL2)
BIMI*2, N1+ 0)aB{mMIe2 NI +4) tEMASIMN)SPARI LI ~ESTWIMe b, NoainPaR( D)
1 *PAR{2)

BiMI+ T+ L)nB M+ NI LI +CMASIN NI *PARTILI-ESTWIMsN)®PARIJ)I*PAR( 2]
BEMIed o] e 2)mBiMIe 3 it ¢2)-CSTHIMNG4)OPARI I *PARIT2)
BIMI+INT*3I=BIMLeI NI+ SENASIMNISCOM=ESTHIMN)®PARLZ)
BUEMIS3 NI ¢4 )uB [ MI* I NI &} =ESTHIMNeL)*PARI2)

BIMEA&NT e 1)mB{MI+4 NI eL)=ESTHIN®& N)SPAR(I)*PAR(2)

FUMI* 4Nl +2)mBIMIsG NI#2)+EMASIM NI *PARLI=ESTWIM+ HeQ)SP AR D)
1 sPAR(2)

BUMIFA NI+ =0 {MIva NI #I)I~ESTHIMNG N} ®PARI2)

BUMI*a, N o4)BO(MIbay il o4 ) sEMASIM ) YCOH-EST Wi MG (o4 JFPARI D)
30 TO &0

DG 32 =], 4

00 32 N=l,%

Hles{iM=1)44

Nis{N=l)o4

JEALe L NT*LIwB{MI+ L, NI*L)PEMASIMNI=ESTUIM,N]

UM LNl +2imBIMI+L NT+2I-ESTUIMN*4)
GUMNIe2uNI» 1 )mBiMIe2, NI L)-ESTUIMe &, N)
BIMIe2,N[#2)=B[{MIF2,NI#2) EMASIMNI=ESTULMe G Nes)

20 33 M=l , 16

30 33 N=l,lé6

F{MeM)aB L M HISPARI 3)*PAR{ L2) 9w

M T Mel, 4

JBNSNDINELEM{ I, M})

READI I4"NELCMI{ ], M) ){A(K)  X=] ,J8)

20 10 N=1,4

TFEHELEMT t yNI-HELEMIT ) ]110,9:9

O 1L Nlwl,é

00 L1 Mlel,é

Lis{N[=]1) ®4sn]

AMLLIsB{(M=1)0aeMmLiN=-L)0&6NL)+A{L])

50 T0O 10

MESTeNELEMI T +N)=NELEW [,N)

JJI=sNELEM(I,M}

JJI2=NELERT I N)

00 12 Jinddledd2

JNLIoJJ=MELEM{T M}l

IFINLCGLJI I} LT o UNL)INESTaMEST~-]

CONTINUE

90 13 Ni=ml,s

DO 13 %lal,s
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13
13

102
209

b

12

29

b I

LI1nMESTHL 6+ INLI=L)wGeM]
A(LLY»BL{M=))sLeML, IN=LI®4sL)oAlLL}
CONTINRJE
WRITCILI4*NELEMI] 4M) ) LA(K) K2l dD)
IF{MATYPEILL).EQ.OIG] T2 3
PAR{3)I=APAR)

PAR(A ImAPARD

CONTINJE

20 200 I=)],NNGDES

JaNBNDI )

READ( LG P HIA(K ] )X}, J)

0 100 IK=1l,4

Ki={IK=1)%%s]

AQ=ai XL}

IFIREALIQQ).KE.QIGD TI 100
IFLATMAGIQQ) EQ.J)ALIKI I,

CONTINUE

WRITE(LS [+MNODESILALK ) yK=1, S
RETURN

ERD

SUBROUTINE UWPLGTINOGRICR ¢ NDF (X ,NJ
INTEGER TITLECBI /Y  UXP, '  gye 0 4%, ' Wyt ,!?
L' PX', ¢ pyiy

INTEGER OOTV/%.*/,DLANK/Y */ £S5/ X/
DI4ENSION Xt 50),1515M101),7{50) (,HORDERISO)
FORMATIIS,ELS.5¢5K,101AL)
FORMAT(25X,101141)
FORMAT{ 1", 'NODE', LiXs A, /)

WRITEIGy IITITLELOF)

qal

IFiN.LE.2S)IM2

IF{N.LE., 16)Ma]

IF{NLLE L 2IMad

IFINJLC. O)M=

lFlN.LE- GIM=g

00 10 I=1,101

ISIGHIT )=DLANK

ISIGNISLI=DOTY

BIGA=XI 1)

00 20 l=a2,:H

[FCXL 1).GTBIGAIBISARXI)

CONTINUE

SMALLA=X{ 1)

00 30 1=2.N

IFUXCT )L ToSMALLA)SHALLA=X{T)
CONTINUE

XMAX=ABS{B IGA)
TFIABSISYALLA) ST XMAXIXMAX=ABS( SMALLA)
[FLXMAXLE o 10-*7(=-100150 TO 40

DO %0 I=1,N
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-

T0
&3

L)

41
61

ol

32
32

32

Yill=1)®Mel)uX{ [}/ XMAX

IF{M.LE.1)GD TOD 60

NlaN=1

290 T0 I=1.Nl
DELTAm{Y{I®Mel)aYii[=]100Mel) ]}/

00 70 Juw2 .M

Yill=1l)ede J)uy{{I=-11¢4¢1}+({J~1)ODELTA
taNe{N=1)s(it=]1}

30 TO sl

NMENS(H=]1}0({M=1])

20 &1 I=],NA

Yil)=0.

K=l

XK=l

J0 80 J=],NM

[S5250,07( J)+51.1

ISIGN{LISI=ESS

LF{J.EQ.X}G0 TO 81

ARITE(S, 2VUI5IGNIII)wdIm]1D1)

30 TO 32

WRITEIGr 1 INCRDERIKK) » XIXK) 5L ISIONCEJIY) e JS=L,101)
(=K +M

KK=KK ¢}

[SIGNITIS)»BLANK

ISIGNIS11=DOY

CONTINIE

RETURN

END

SUDROUTINE COMCOFINDIIECC NCCLoNCC2oNCCI o NPSUML (N PSUM2 ¢NICC a0 TN,
1L EMIDES:CSTP ;CSPO NNNY g Nop iy, PARy CARVV oy CKHMH CATT JCKHT L CKT H)
OUMENSIUN NOCCUL1O0,ENJIOESINNNN,2)

O0UOLE PRECISIDN PA{12)

COMPLEX TXOMLS»TYDML S, TANMLS »Q oCKVV 4 CKHH s CXT T CXHT+ CKTH. Q2
COMPLEX®LA CS5TPINGaL]) LSPDINALS)
GEPAR(LOIMIL.~2.8PAR{F)}) /(2.0 1.=PMR{9)))
G712,

Pl=3,14159)

TXOML 520,

TYDML 5=0,

TANNL 5=0.

ChvV=0,

CKHH=g,

CXTT=0.

CKHT= ),

CKTH=0,

IFINCC2.LE.0)G0 TO 31

00 532 1=1 .NODECC

TYDML SaTYOML S~CSTPILINICCI 1)=-11P4e2) w2,
AsCSPOLINPSUNL=] ) ®4e2)
SKVV=TYOML S/ (REALIQ)SPIeG)
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51

Sa

35

53

[FIINCCL+NEL ) LLELDIGD TO &0

DO %54 [=],NODECC

KaNDCCI )

TXOMLSsTXDML S=CSTPIIK=1) s4el )02,

TAHML SATANMLS+CSTPLIK=1) 0442 )L ENDDESIK, L) =ENCDESINPSUML ,L))e2,
IFINCCL.LE.D)GO TO 55

I=CSPOLINPSUML=1]1%441)

“XHH=TXDMLS/{REALIQ)®?[=5G)

cKHY=TANMLS/(ADIN SRAEAL L Q) 4P 1 *0)

IF{NCCA.LE.OIGD TO 60

ASCSPIALINPSUML=1)0441)

ZaCSPDLINPSUMLI=-1) 9442}

OHL=REALLQ)

JVI=REALIQ2)

I2CSPOLINPSUM2=1)04¢})

A2nCSPOL{LNPSUMZ=1)844+2])

OH2=REAL Q)

IVZHREALIQ2}

AX=ENCOES{NPSUN2 .1 )=ENODESINASUNL, 1)

AYSENCIES INPSUANZ (21 =ENSDCSI{NPSUNL ;2]

IXsAX+DHZ=-DHIL

d¥=AY +0VZ=-DV1

SOSANG={A XD X+ AYSRY ) Z(SYRTIAX® 242082 ) e SJRTIDX%2¢BY =2 ) )
RADw ARCISICOSANG)

CKTTaTANNMLS/(ADIMSS 28R A0*P (5]
CKTHeTXDMLS/tADINERADSP ] ®G)

RETURN

END

SUMDUTINE DETJJITHP4+JETJI: d)

JOUBLE PRECISION As@ oS oTHI &) PHI &) ,J1 &) 20ETI(4,4)
AnTHELINIPHI2)=PHL &) ) s THI 21 ® (PRI &) =PHI L} )+ TH(A IS {PH{ 1 )=PH( 2}
D {TH{2)=THIL}Io(PHE D) =PHI®) 4+ ITH{II=THI &) 1 = { PHI LI=-PH{2})
Co(THEZI=TH{ N I (PHL L) =PHIAY J & (THIL)=THE &) I o { PHI D]} =PHI2) }
L) 6.963184E~2

41 2)=3,300C99€E~1

QEI)eb, 099905 -L

I 4)=9,305502€~1

D0 1 I=L,%

20 1 Jmlyd

DETJl Hledi=aeQeQ([)el®J( )

RETURN

END

SUBROUTINE PLOTUMINPLOTsMLENG«MDIRNPLOT sCSPDCITP e Nbdb)
FTMENSTON XI|30) +NORDERISO)

DIMENSION MLENG(LO)MDIR( 10) +MPLOTIS0,1D)

COMPLEX QQ

COMPLEXN®1 & CSPDINML&),CS5TPINMA)

D0 40 Kol ,NPLIT

NL=MLENGIK)

PO 50 KKel,.NL
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—

13
12

13
12

HZe {PARID ) /1L 1.=PARI9))) s(le2

HIS( L ,=2,9PAR(F)})s SL/12.71l1l .~PAR(9)]]}
I2=DMSePARL(T)

CS=DCMPLXLZL,221

HIsHI®ES/E 4

K=t

20 1 Kk=1,3

D0 9 L={K,S

0C 2 I=t, 4

20 2 Jel; 4
Flled)nlASIK I+ dY®ASML Ly )Y /DET LT 4 U}
CALL GAUSSQIF,.C)

ETUIK,L)=C

LER1.3T1

Kag

Le0

DO 12 I=]l,.7

0 18 J=2,K

ETUIL *dy [ ISETULT oL+ )

KeK~=]

LaiLe]l

J0 3 I=l,4%

0 3 =l a

ESTUL 1,0 mHI*ET L JIrHIPETULL vy Jes )
ESTUN{ s d o )mHZRETU{ T s 30 &) +HIMETUL T #4,J)
ESTUL [0, J)IaHZYETUL{TI #44J) *MIRETULL yJoke)
ESTUL ] ¢4y J24)SHLETULL o8, J4A)SHISETUL] ,J)
RETURN

END

SUBRDUTINE ESTIFW TH,PH,ESTHW)

JOUBLE PRECISION TH(G) 4PIH{G) yESTWIB,8) 4210} sDETI(N,4)
DOUBLE PRECISION AS(B,ay4)Fid,),C
CALL DETJJLTH PH,DET 4,21

CALL DSHAPEL TH,PH:AS 3

IX=l

JO 2 K=1,1

2 9 L=]K,8

W 3 (=], 4

D003 iml, 4
Fllod)miaSEn Lo d)®aSiL 1200} 70ETILL 4 J)
CALL GAUSSQIF,E)

CSTwi KL ) =E

IRs[K+]

Kag§

Leg

D0 12 i=1,7

30 19 i=m2,.K

ESTatLeJ, | }=ESTWL[ L))

KaK~=1

LetLel
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s LR EN]

15
12

119
113

123

121
122

5t

IETURN
END _
SUDRCUTINE EMASSITH.PH,CM4S)
JOYBLE PRECISION THI &) ;PHL &) ;EMASIG %) +QLl%) yDET A% 4)
J0UBLE PRECISION SHAPC [ &y44% ) 4Fl 4,4} ,E
CALL DETJJUITH:PH,DET S, Q)
CALL ESHAPE(Q.SHAPE)
IX=]
DO 3 Kal, 4
N 3 Lelk,s
DO & Ial,
o & J=i.%
FllisyJ)sSHAPEIK sl o JI®SHAPE(L L »J)®DET UL, S}
CALL GAUSSQI{F,E)
CMASLK,LIsE
TX=IK+)
K=k
L=23
9C 12 I=l,.3
018 J=s2K
EMASIL)s I )=EMASIIL+))
KaM=]
LeL*l
AETURN
END
SUBROUTINE ATRANPLA yMpHeMN.I)
COMPLEX®16 AIMNI (Bi YN)
MATRIX & 15 ™ B8Y N
MATRIX B [5 TRANSPOSE GF A
MATRIX O IS N QY %
A0 1 I=1.h
NO 1 J=at,M
JftI=lisNelImii(In]l)une))
RETURN
END

SUBRGUTING WRITECHNCCLy MO L2y NECI s UMDL,y CRIMH p EXYV LKTT yCRAT  CKT H)

COMPLEX CRVY4CRHAHyCATT yu KT CKTH
FCRMAT{//7)

FORMAT(L X *DIMENSIONLESS FREJQUENCY = ' ,ELO.3,/021X%, "CRVIY 21X,

PCRHH® (21X, *CRTT! 21K, "CRHT ¢ 21X *CKTH? )
FORMATU(IOX(2E10.31,30%,12E10.31)
FORMATISXN,(2EL1 3.3) )
FORMATISS Xy ( ZEL10.3),30%,12E10.3))
ARITE(&. 110}

IF(NCCL.LE .0NGC TO 51
WRITELG,L1900MDL
WRITE (S 1203CKHH CKHT
IFINCCE.LELOIGO TO 32
WRITE{&+119)CHOL
WRITE(GL2LICKR VY
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[2Xs RN

52

53

122

531
%02

[FINCCI.LE.OIGOD TG 513
AR[TE(6,LL510MOL
WRITE{bs122)CKTT,LKTH

IETURN

ERD

SUBROQUTINE PLOTSPINALIT «MDIRyMLENG, M PLOT)
JEMENSIIN MDIR(LD) o 4LENGL 10 4MPLGTIS0,1D)
FORMAT(BILOD)

IEADL S+ 1CNINPLOT
EFINPLITLLE.Q}SO TO 500

00 %21 IP=1,8NPLCT
READES» 100 L «NREPsNINC4NDIR
D[R IP)=NDIR

MLENG(IP) =NPEP

MPLOTILIP )L

NREPL=NAEP=1

D0 S01 AKkw],NREPIL
MPLOTIKK+ L 4 IPIuMPLCT (KK, P)+NINC
RETURN

END

SUNROUTINE DSHAPELT1,PH,AS Q)

DOUBLE PRECISION DLiB2,83+A0sA2,43, THIA ), PH{AT4Q(4) 251 81444)

Jlus=PH{L1) +PH( )
J2=PHILI=PHI2)+PHI I =PHI %)
Ale=PH{LI +PH{Z)
Alu=TH{l} ¢+ TH(&)
A2 THUL)=THC 21 e TH{ 31 =Tl &
Ad==THI L) +THI 2)
po 1 I=1,4
00 1 usl, 4
ASTLyled)m {BLeR320( 112 (QUI)=1.)~(0IeB2Q(III S FII)=1,])
A5025s1sd)m (B1+B2%Q(11)0(1.~QIJ))=(03+B2MM(I)I®=3L) )
AS{ s lyJd]l= (BL+B2*Q{ 1)) 2QlJ) =-({83e82¢Q({ ) oL Y)
AS{4y[edl= (BLeR28SII))I%{-Ql 1) )=1(DBIeD20Q{J)) S L.-2(1])
AS(Selsd)m=tAL#A2 QL THI®iQUI =L ) o (AN 2QIUIIS(Q(I }=1.)
ASUGy Todin=(AL+A20QU ) )0l 1 =QUJ) ) elAdeAlQ{U) O {=QL})
AS{T7,leJdimai Al »a2%QL 1} )2Q1 D) LAY+ A2RQ({ J) ) el I
ASI3,1ed)mafAL+A23 1) )%l =QULJ)) +LAI+A2SQ{J))®LL.~Q(I))
RETURN
END
SUBROUTINE AMULTI{A+B.MeNoLy MNyNL," ()
SOMPLEX®LS A{MND,BINLI AL

MATRIX A IS M 3g¥Y N

MATRIX 8 IS N 3Y L

MATRIX C IS A TIMES B
20 2 IslyML
Ctli=0.
20 I Isl,L
00 L Jal, M
00 1 K=lN
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1 CUL I=L)oMed)nC{(I=1)0MeJ) sA[JoIK=L)oM)*3({[=1)0 NeK)
RET JRN
END
SUBROUTINE ESHAPELQ, SHAPE)
JOUBLE PRECISION QU 4)ySHAPE( 46,4}
DO 2 Isl, 4%
00 2 J=l.4
SHAPE(lel o Jdinil~ALL))*(L.~-QLJ))
SHAPE( 21 o Ji=Qi )0 (=Tt}
SHAPE (3,1 s JiaGQ{1)eQi )

2 SHAPE(&y [y Jd)=(]1.=-Ql1))2QLJ)
RETURN
END
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APPENDIX J

USER'S MANUAL FOR PROGFAM
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APPENDIX J

USER'S MANUAL FOR PROGRAM

All input dimensions should be either dimensionless or
in combinations of inches, pound-forces, slugs, seconds,
and radians. All integers are right adjusted to the spaces
provided. All real numbers are free to occupy the provided
spaces without being either right adjusted or left adjusted.

Displacement outputs will be in inches. Force outputs
will be in pound-forces. Moment outputs will be in inch-
pound=forces. The compliance coefficients will be dimension-

less.
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Card Title: Read Title

FORMAT (B80Al) one card
80
LTITLE ]

TITLE = array of letters or number

(up to B0 spaces) to identify

the problem to be solved.

Card A: Read Number of Elements and Number of Nodes

FORMAT (B8110) one card
10 20
(NEMENT | NNODES| ]
NEMENT = total number of elements.

NNODES total number of nodes.

Card B: Read Element Connectivity

FORMAT (1615) as many cards as necessary
5 10 15 20 25 30
 NELEM (I,1)] NELEM(T,2)! NELEM(T,3)] NELEM(I,4})] NREP] NINC |
35 40 45
LBRER21 NINC2] MIP] ]
NELEM(I,l) = first node of element ‘'I'.

'I' is one at the start of
first B Card.
NELEM(I,2) = second node of element '1°'.

NELEM(I,3) = third node of element 'I’'.
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NELEM(I,4)

NREP

NINC

NREP2

NINC2

166

fourth node of element 'I'.
total number of elements by
first level generation,
including the original element.
It is blank or zero or one, if
no first level generation is
required.

increment added to each node
number of the subsequent
element by first level genera-
tion. It is blank, if no first
level generation is required.
total number of sets of elements
by second level generation,
including the original set of
elements. It is blank or zero
or one, if no second level
generation is required.
increment added to each node
number of subsequent set of
elements by second level
generation. It is blank, if

no second level generation is



required,

MTP = type of soil. 1If the soil is
saturated, it is blank or zero.
If the soil is unsaturated, it
is one. The type is assigned
to all elements (or element)

generated by each B Card.

Card Cl & C2: Read Nodal Coordinates

FORMAT (8I110) set of two cards, as many sets
FORMAT (8Fl10.0) as necessary

10 20 30 40 50 60

[LT__NRT NI] —NR2] NI2] NSTOP] J
10 20 30 40 50 60

[ ENODES (L,1)| ENODES(L,2)] _X1] v1] x2] v2] ]
L = node number.
NR = total number of nodes by first

level generation, including the
poriginal node. It is blank or
zero or one, if no first level
generation is required.

NI = increment added to each sub-
sequent node number by first
level generation. It is blank,

if no first level generation is

le7



NR2

N12

NSTOP

ENODES (L,1)

ENODES (L, 2)

X1

168

required.

total number of sets of nodes
by second level generation,
including the original set of
nodes. It is blank or zero or
one, if no second level
generation is required.
increment added to each node
number of subsequent set of
nodea by second level genera-
tion. It is blank, if no
second level generation is
required.

one, if the card set is the last
set of C Cards. It is blank ox
zero, if it is otherwise.
x~coordinate of node 'L°’.
Dimension is in inches.
y-coordinate of node ‘L°‘.
Dimension is in inches.
increment added to eaci sub-
sequent nodal x-coordinate by

first level generation.



Dimension is in inches.

Yl = increment added to each sub-
sequent nodal y-coordinate by
first level generation,
Dimension is in inches.

X2 = increment added to each nodal
x-coordinate of subsegquent set
of nodes by second level
generation. Dimension is in
inches.

Y2 = increment added to each nodal
y-coordinate of subseguent set
of nodes by second level
generation., Dimension is in

inches.

Card D: Read Specified Nodal Displacements

FORMAT (2110,F10.0,3I10)

as many cards as necessary

20 30 40 50 60
MUM] uMN] NsTuP] NREP] NINCI ]
NUM »~ node number.
MUM = specified displacement

direction. Ux is one. Uy is
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NSTUP

NREP

NINC

two. Wx is three. Wy is four.
magnitude of specified displace-
ment in inches.

one, if the card is the last
card of D Cards. It is blank
or zero, if it is otherwise.
total number of nodes with

same specified displacement

by first level generation.
increment added to each sub-
sequent node number with same
specified displacement by

first level generation.

Dimension is in inches.

Card El: Read If There Is Transmitting Boundary

FORMAT (8I10) one card
10
CNTRAN] ]
NTRAN = one, if there is transmitting

170

boundary. It is blank or zero,
if there is no transmitting
boundary and there should be

no E2 Card.



Card E2: Read Tranamitting Boundary

FORMAT (8110) as many cards as necessary
10 20 30 40 50 60 70 80
LNELM| NODLl] NOD2] NDIR{ NREP] NINE] NINC] NSTOP ]
NELM - element 'J'.
NODL = first node connecting the

transmitting boundary side
of the element 'J'.

NOD2 second node connecting the

transmitting boundary side
of the element 'J'.

NDIR = one, if it has positive
x-face. It is two, if it has
positive y-face. Negative
value will be for negative
face.

NREP = total number of elements with
same transmitting boundary by
first level generation,
including the original element.
It is blank or zero or one, if
no first level generation is

required.
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NINE

NINC =

NSTOP =

increment added to each sub-
sequent element number with
same transmitting boundary by
first level generation.
increment added to each node
number connecting the trans-
mitting boundary side of the
subsequent element by first
level generation. It is blank,
if no first level generation
is reguired,

one, if the card is the last
of E2 Cards. It is blank or

zero, if it is otherwise.

Card Fl: Read If There Is Specified Nodal Forces

FORMAT (8I10)
10

one card

LNSCASE]

NSCASE =
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one, if there is specified
nodal force. It is blank or
zero, if there is no specified
nodal force and there should

be no F2 Cards.



Card F2: Read Specified Nodal Forces
FORMAT (2110,F10.0,31I10)

as many cards as necessary

10 20 30 40 50 60
[NuM]_muomM]  TRNM] NSTUP| NREP] NINC| J
NUM = node number,
MUM = specified force direction.

Tx is one. Ty is two. Px is
three. Py is four.

TRNM

magnitude of specified force
in pounds.

NSTUP

h

one, if the card is the last

of F2 Cards. It is blank or

zero, if it is otherwise.

NREP = total number of nodes with
same specified force by first
level generation.

NINC = increment added to each sub-

sequent node number with same

specified force by first level

generation.

Card Gl: Read If Plot Option Is Needed

FORMAT (8I10) one card
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10

|NPLOT]

e ey

NPLOT =

number of plots. It is blank
or zero, if no plot is needed
and there should be no G2

Card.

Card G2: Read Plot Option Parameters

as many cards as specified by
the integer value of NPLOT on

Gl Card

FORMAT (8110}
10 20 30 40
(Ll NREP| NINC] NDIR]
L =
NREP =
NINC =
NDIR =

174

node number.

total number of nodes to be
plotted in one plot by first
level generation.

increment added to each sub-
sequent node number by first
level generation.

displacement or force direction

to be plotted., Ux is one. Uy
is two. Wx is three. Wy is
four. Tx is five. Ty is six.

Px is seven. Py is eight.



Card Hl: Read If Compliance Coefficients Are Needed

FORMAT (BIl0) one card
10
LNDCCP] |

NDCCP = one, if compliance coefficients

are to be generated, It is
blank or zero, if no compliance
coefficient is needed and there
should be no H2, H3, and H4

Cards.

Card H2, H3 & H4: Read Compliance Coefficient Parameters

FORMAT (8I10) one card for H2 Card, as many
FORMAT (8110) cards as necessary for H3 Card,
FORMAT(BFlO 0) and one card for H4 Card
NODE(]Eg NCC NCC2 NCC3 NPSUM NPSUMZ[ |
mmi [Socc (1§ L [npce (Nobecc) ]
lﬂnﬂ ]
NODECC = number of nodes whose forces

and/or moments are to be
summed.

NCCl = one, if forces in x-direction
are to be summed. It is blank

or zero if it is otherwise.
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Card Il: Read Number of Cases

NCC2

NCC3

NPSUM1

NPSUM2

NDCC (1)

ADIM

FORMAT (8I10)

one, if forces in y-direction
are to be summed. It is blank
or zero is it is otherwise.
one, if moments are to be
summed, It is blank or zero
if it is otherwise.

node point, where the forces
and/or moments are summed.
node point used to determine
angular rotation.

node whose force and/or moment
are to be summed.

radius or half-length of footing
used to non-dimensionize the
frequency and the compliance

coefficients.

one card

10
CScASE]

]

NCASE
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number of cases to be analyzed.
Each case will have a set of

12, I3, 14, 15, and 16 Cards.



card 12, 13, I4, 15 & I6

1) card I2 & 13: Read Material Properties

FORMAT (8F10.0) two cards for each set
FORMAT (8F10.0)
10 20 30 40 50 60 70 80
LALL] ¢sl CFl| Ds] DF| 9| VI] PE ]
10 20 30
oM POIS] DMS] 1
ALl = elastic compliance constant.

Dimension is in psi.
CS = material constant representing
the compressibility of the

solid, It is dimensionless.

CFl = bulk modulus of the fluid.
Dimension is in psi.
DS = mass density of the bulk of
the fluid-solid. Dimension
is in slug./in.3 .
DF = mass density of the fluid.
Dimension is in alug./in.3 .
PO = porosity. It is dimensionless.
\h = viscosity of the fluid. Let it

be dimensionless and let it to

be one.
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PE = coefficient of permeability.
Dimension is in in./sec. .

DM = material compressive damping.
It is dimensionless.

POIS = Poisson's ratio. It is
dimensionless.

DMS = material shearing damping. It

is dimensionless.

2) Card I4: Read Number of Material Damping To Be

Considered

FORMAT(I10,2F10.0) one card for each set
10 20 30
NDAMP|  DIND D ] j |

NDAMP number of material damping to

be considered. 1If it is two

or greater, the values of DM

and DMS of I3 Card will be

altered.

DINDAM = increment added to the previous
value of DM. It is dimensionless.

DINDAS = increment added to the previous

value of DMS. It is dimension-

less.
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3) Card I5: Read Number of Frequencies To Be

Considered
. FORMAT (8I10) one card for each set
o] y
NOM = number of frequencies to be

considered.

4) Card I6: Read Frequencies To Be Considered

FORMAT (8F10.0) as many cards as necessary
for each set
10 20
LoMsT ()] oMST(2)] 5%  JoMsT(r)| 5§ loMsT (NOM)L J
OMST (I) = 'I'th freguency to be analyzed.
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APPENDIX K

PROGRAM INPUT DATA AND SOURCES
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APPENDIX K

PROGRAM INPUT DATA AND SOURCES

The computer program, listed in Appendix I and used
for solving soil problems of interest, reguires a set
of relevant s0il and water properties as inputs. These
input parameters, along with corresponding computer symbols,

are listed and defined on Table K-1,

Table K-=1
INPUT COMPUTER DEFINITION
PARAMETER | SYMBOL
1+uXi~20 AL elastic compliance constant

material congtant represenrting the

!

ol compressibility of the s£25lid parti-

cles: equal one for saturated soil

M CF bulk modulus of fluid

Y Ds mage density of bulk of fluid-solid
/3 DF mass density of fluid

fF PO porosity

_jzﬁ VI viscosity of the fluid

v ] PE coefficient of permeability
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Elastic Compliance Constant
Instead of obtaining the individual values of E and

use the compressive modulus, M.,- . which is equivalent to

- })
(+1)(|-25). Range of values for My are obtained from

Reference 15,

Table K-2
SOIL MATERIAL > My
kg/cm psi
Sand, dense 500 to 1000 7112 to 14223
Clay, medium hard 80 to 150 1138 to 2134
Clay, plastic S to 40 71 o 569

Material Constant Representing the Compressibility of the
Solid Particles

Use Ok equals one for saturated soil,

Bulk Modulus of Fluid
M= 42,324 x 10
= 293.917 x 10° psi

& 1p/£e?

Mass Density of Bulk of Fluid-solid

Mass density of bulk of fluid-golid is related to
porosity of soil, relative density of dry soll and water

density as following
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P:(l—f)GSw + ;;w

Use
& = 2.65
Sur = _6_:_,_4_ b/’ = 0.00112146 slug/in-
Table K-3

SOIL MATERIAL § P (slug/in?)
Sand, dense 3.35 0.0023243
Clay, medium hard 0.40 0.0022317
Clay, plastic 0.50 0,03204¢66

Masgss Deneity of Fluid

Masgs density of fluid is related to poroeity o>f soil

and water density as following

fr=Fie

Table K~4
SOIL MATERIAL f /3 (slug/in3)
Sand, den=e 0.35 0.,0003925
Clay, medium hard 0.40 0.0004488
Clay, plastic 0.50 0.0005€07
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Poyosity

For values of porosity see Table K-3 or Table K-~-4,

Viscogity of the Fluid and Coefficient of Permeability

(2,3,4)
Biot's definition of coefficient of permeability ’
(13)
ig different from Jumikis's definition, They are
related in the following way,
(-*—-) — * mikig
!z Biot iﬂ'
where Yo 18 specific weight of water,
Table K-5
n3
SOIL MATERIAL *Jumikis(cm/sec) (Z Bist -gec/slug)
Sand, dense 1072 o 1071 9.0254 x(1074 to 107%)
-6 -5 -7 -6
Clay, medium hard 107° to 10 9.0854 x (1077 to 107°)
Clay, plastic 10~© 9,0854 x 1077
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APPENDIX L

SAMPLE PROGRAM INPUT DATA
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APPENDIX L

SAMPLE PRCGRAM INPUT DATA

Program input data for tre horizzintal case of Model 1

(Fully Saturated) are listed on Table L-1.
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L81

carD llz345678901234567&90123456789012525675901234567890123456789012345678901234567890

[TITLE F'DRI. STIFFNESS, (X SOIL DAMPING, TRANSMITTING BOUNDARIES, SAT, 135 NODES, A=300
A 112 135
B 1 2 11 10 8 1 14 9
Ccl 1 9 1 15 9 1
c2 0. 0. o, -150, 150, 0.
1 1 10, 3 9
1 2 L 3 9
1 4 0. 3 9
2 2 0. 8 1
2 4 0. 1 e 1
1
a 9 18 -2 14 e 9
105 127 128 1 a 1 1 1
1
r{] 2 0. 12 9
28 4 0. 1 12 9
0
1
3 1 1 19
1 10 19
300,
1
14000, 1. 293900, 0,0023243 0,0003925 0.35 1. 0.090854
0. 0,25 0.
1 0.05 0.05
50
1.7949 3.5894 5.3840 7.1787 B.9734 10,7681 12,5628 14,3574
16,1521 17.9468 19,7415 21,5362 23,3308 25.1255 26,9202 28,714
30,5096 32,3042 34,0989 35,8936 37.6883 39,4830 41,2776 43,072
44,8670 46,6617 48,4564 50,0457 52,0457 53,8404 55,6351 57.429
59,2244 61.0191 62,8138 64,6085 66,4032 68,1978 69,992% 71,7872
73,5819 75,3766 77.1712 78,9659 BO.7606 82.55513 84,3500 96,144
87,9393 89,7340

Table L-1



APPENDIX M

TABLES
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Tahle M-1

(Paraneters Used for Computer Runs)

PARAMETER VALUE
JE'E%EI:Q)ZL 14,000 psi

o 1

M 293,900 psi

P 0.002324 slug/in°

A 0.0003225 slug/in°

£ 0.35

*/ 9,0854 x (1072 to 1072) in3-cec/slug
Ay 107 to 107! env/sec

AVA 39,823 in/sec

A 0

(Sees Appendix K for datail parameter definitions,)
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Table M2

(Dafinition of Dimensionless Paramsters)

Coz2fficients:

Fh/%&u(psf)
Fv /Qv (pst)
M/ $ (1bs)

PARAMETER DIMENSIGNED DIMENSIONLESS

VARIABLE VARIABLE
Fregusncy LL(1/sec) A=all / V,
Compliance

Kun = Fu/ & An)
Kvyw=Fv/ (K&Av)
Kre=M /(rGd$)

Harizontal
Vertical
Rocking
where
Fu
Fv
M
Q

It

]

frejuency,

horizontal force acting on ths fosting due

ts AW, horizontal displazemant,

vertical force actting on the footing due to

, vertical displaczement,
4

moment acting on the footing due to ¢ ’

rocking displacement,

half width of tr2 footing.
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Tabla Me3
MODEL Y (FILLY SATURATED,KS=d.% C3/35EC)

FREQUENCTY NHH (HCRIZONTAL) KVV(YERTICAL) KTT (ROCKING)
<694E 0, .38S5Fr O0) (
<TINE O, JIISE O) (
-7628 0, J3WEO) ¢
-6822 Q, LJAUE @) ( L1228 1, .B1TE 0)
( :
(
(

L=
-

-
a—

(

{ 1

i 1

{ 1, 2772 O)
26152 0, .516F Q) i <159 %, .302Z2 %)
-577¢ 0, .6%0F 0) L 1
«515% 0, .78SE 0) { ]
~429E 0, .986E 0) ( L110E O, -V6IE 1) | 1
<4172 0, 129 1) (-~ 562B-1, J198E 1) ( 1
«610F 0, .156E 1) ({=.2Q72 0, .222Z 1) {
LB93F O, .163F 1) {~.737E O, 261F 1)
-981F 0, L149E 1} (=.103E %, .333E i} (
<8602 9, LW42E 1) (~.8232 0, L3992 1) |
<6798 0, L151F 1} (~.55&E 0, 497 1) ( 111E 1, .V4AE 1)
«37TF 0, J373E 1} (=.7158E 0, .398F 1) | :
«S5AVE C, J196R 1) ({=.1162 1, 4082 1) |
L6671 0, J2V5E 1) (-.10]E 1, .423E 1 {
<TITE 0, L225F 1) (=.229B 1, .451F 1} {
~H6TF 0, -223F 1} (~-.296K 1, .510E 1) ¢
8062 O, .220F 1) (-.344E 1, .588E 1) {(
LH66F 0, J227E 1) (-.369B V, .67%E 1) |
«547% 0, J2645F 1) (- I4TE 1, JT763E 1} ¢
.S11r 0, .268F ). (~.302E V1, .TBIE 1} |
5618 0, ~291F 1) (=.312B 1, .746E 1) |
-693F 0, .308F 1) (~.383E 1V, 7272 " (
«369F 3, LJVGE 1} (=.484E ¥V, .T44E 1) |
«+998EF 0, J31GE 1) (=.596E 1, 8052 1} { .1S3B 3, .2%aE 1)
«100F 1, L296F 1) (—-.6902 1, .918E 1) (~.109F O, .269F 1)
8708 0, .290E 1) {~.727FE t, .106E 2) (=.]3S5uE 0, .297E 1}
+659F O, L292E 1) (~.699E 1, LI1V7E 2) (~.461E O, .J31E 3
«444T 0, .308E 1) (-.667F ¥, L1222 2} (-.418F 0, .36iC 1)
«J08F 0, JIUE 1)} (=.67VE ¥, .124F 2) (-.224F 0, .J77E V)
+296F 0, .364% 1) (=.694E 1, .127F 2y (-.227C 3, .37TE M)
JU10F O, LISOE 1) (=.T7Z8E 1, .12BE 2) (=~.300E 3, -2371T 1)
«603F G, .U06E 1) ([=.TI8E 1, .I3VE 2} (=.53I52 0, .37ZE 1)
«797E 0, L409F 1) (=.96892 3, 1342 2) {=.752% 0, .J8oEZ 1)
#9251 0, J402E 3} (=.953% 1, ,139F 2) (=.8978 O, .ulbZ V)
9662 0, .392% 1) (=.104E 2, , 1472 2% ([(~,964B Q, 2232 1)
«9250 0, L3IB2E 1) (= 111E 2, .15eF 2) (=.102Z 31, .4I2E V)
+8138 0, .375E 1) (=.1222 2, .167E 2) (-.118E 1, .438% 1)
L6062 O, JIT4E 1) (= 1288 2, .183F 2) (-.136F 1, .4S0E 1)
~UABF G, .3BIZ V) (=.129E 2, . 2202 2} [~=.15)E 1, .4BIF V)
«309F C, JM40QFE 1) (=,123E 2, .215E 2) («.175E 1, 476E V)
2339% C, L4192 1) (~. V142 2, .220F 2) (~.202E 1, .4ST7E V)
LUt0F 3, JUI0E 1} [~ 11QF 2, J21GE 2) ([(=.225B 1, .S531E %)
S4BIE 0, LUINE 1) {-.1132 X, L2V7E 2) (=.232% 1, .573z M)
SHIOT O, JU2TE 1) (=121 2, L2172 2} (=.21T7E 1, .A1OE 1)
3098 Q, J4JOE 1) (=, 13CE 2, ,220F 2) {~.WHBE 1, .624F 1)
<1878 0, 447E 1) (~. 1422 2, L2258 2) (-.187E 1, .6GBE 1)
2172 0, L4727 1) {=.154E 2, ZJ4E 2) (=.1722 1, 5772 1}

LI I S Y BT I I O L I T T R T O T

a8 % & & F 4 g & . s b
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OVEBOAWMEWNOOODOL P EWNaOWOWENTAEWN=OQOOYDWOINDNEWN 200D E W
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Table M-4
BODEL Y (FPULLY SATURATED,XKJ=(0.01 CH/52C)

PREQUENCY KHAH (HORIZONTAL) KVV (VEATICAL} KTT {ROCKING)

0.1 «7S4E O, JUIEE O) .8058 0, .808E Q) +1682 1, ,22uE ()
.8592 0, 321t 0} -1218 1, .B79E 0) 1752 1, .211E 0}
«81HE O, LJ14E Q) «132F 1, .838P 0) - 1742 1, 2122 O)
. 7228 0, .390E Q) «124E 1, .B19E 0) -1692 1, .235E O)
6492 0, .534F 0) - 1038 t, .BEUE 0) 1628 1, .273% Q)
«611F O, 6792 Q) <7182 0, LI0ME 1) <1532 1, L 324E Q)
.SU4E 0, .829E O} ( .I7IE O, .128E 1) ( .140E 1. .417% 0)
JUS0F O, JT04E 1) ( .987E~-1, .167E 1) -128E 1, .585E 0}
L4328 O, Y378 1) |=.5T732=-1, .203B 1Y) +120E 1, L782E O)
6512 0, 172 1) (~.310B 0, .226E 1) ( .1288 1, .4772 0)
«I10Q0F 1, JI176E 1) (~.767TE Q, .264E 1) «119E 1, .928E O)
<1132 1, 157 1) (=.1102 1, .338E 1) 1048 3, 10882 1)
-.988F O, .14SE 1) (~.895F O, .409F 1) <1002 1, .135E 1)
<772 0, L1S4E 1) (-.607E Q, .418E 1) 1132 1, 152 1)
L647F 0, 1772 1) (~.8238 0, .409E 1) ( .119E 1, . 1eTE 1)
+650F 0, L203E 1} (=-.125E 1, .423L 1) <103 1, L T44E 1)
«750F 0, .2232 1) (=.169F 1, .441E ) +B622E 0, .158E V)
-9G2e 0, .233E 1) (=.233F ¥, .470F 1) «TUOSE 0, .183E 1)
-9821 0, .229E 1) (~.290E 1, .530F V) « 7828 0, .195E 1)
~9148 0, L2252 1) (-.3u6E ¥, .609F 1) «T14E 0, . 19BE 1}
L7592 9, L2312 1) (~.372E 1, .TOIE 1 .354E O, 2072 1)
.623F 0, .250F 1) (=.34BE 7, .739E 1) .385E 0, .225E )
-629E 0, .300E 1) (-.3Q72 1, 172 1} .380E 0, .276E Y
7768 0, 4320F V) (-.3772 1, .752F 1} «500F 0, .2792 1)
L1708 1, L3212 1) (-.SBAE 1, .825E 1) .2028 0, .265E 1)
~I16T 1, L305E 1} (-.6868 1, .936F 1) (~.114E 0, .2782 1)
<1012 1, 2942 1) [-.T727E 1, .108E 2) (~.372E 0, .306F 1)
«768E 0, J295E 1) (~.TOIE 1, .120F 2) (=-.48S5E 0, .342E )
<5270 0, JINIE 1) (=.6869E 1, .125F 2) (-.440B 0, .I74E 1)
<3727 0, .3392 1) (~.6T4E 1, 127 2) {-.314E 0, .391EZ V)
«3538 0, JATVZ 1) (-.6958 1, ,130B 2} (-.242% 0, .39tZ 1)
~4712 0, 4008 1) (~.725E 1, .132E 2) {(-.318% O, .J86E 1)
<678 0, 4172 1) (=.779E %, 1342 2) ([-.SuOE 0, .387E¢ %)
-1082 3, O1SE 1) (=.931B 1, L1432 2) {-.93t2 0, ,u2BE 1)
+310E 1, 4082 1) (-.1022 2, .149E 2) (~-.981E 0, .447E 1)
-108% v, L392F 1) (~. 1012 2, .15S7F 2} {~.977'E O, .453E V)
«9668F 0, .302% 1) (-.121E 2, .169F 2) (=.112F 1, .456E 1)
«TOTE 0, 3T79E 1) (=.128F 2, .1BHE 2) (-.132E 1, .u4652 1)
«585K 0, .JB6E 1) (~.V%IQ0E 2, .202F 2) (-.152B 1, 4762 1)
LB42F 0, -803E 1) (-.123E 2, .21BE 2) (-.177E 1, .48B9E 1)
<U13E O, 8232 1} (-.114E 2, .224E 2) (=-.207E 1, .511E %)
S47SE O, 4362 1) (-.3108 2, .222F 2) (-.233E 1, .S548% 1)
-4802 0, .GISE 1) (=.1208 2, .221F 2) (-.224E 1, .640F 1)
JI8TF 0, W40E 1) (-.1308 2, .224EF 2} (~-.188Z 1, .657E 1)
+2350 0, L4608 1) (=.240B 2, ,229FE 2) (=.160F 1, .6u40k 1)
«280F 0, .4O8E 1) (-.1S)E 2, .237F 2} (-.161Z 1, .603R V)

L
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Tabla M-S
SODEL 1 (PULLY SATURMIED,KJ=0.0001 CH/SEC)

PREQUENCY KHH (HOATZONTAL) KVV (VERTICAL) KTT (ROCKING)
ATIE 1, L1912 O
L1762 1, 190 0}
L1752 1, 1978 0}
L1708 1, .224E 0)

1

1

1

1

- 10JB 1, .366E 0)
~T24E 0, .101E V)
L3782 0, .129F 1)
«105E 0, .169E 1}
U6 0, J139F 1) (=.4T77B-1, .204F V)
6732 0, 173X 1) (=.301Z O, L2262 1)
L104F 1, J177E V) (~.763E O, .265E 1)
L1162 1, J1STE 1) (-.110B 1, .339F 1)
JA01E 1, J14SE 1) (-.893E 0, .411E 1)
«79VE O, L154E 1) {-.599E O, .421E 1)
-6648 C, .177E 1) (=-.B14E 0, .411E 13}
~668F 0, .203F 1) (-.124E 1, .U26E 1)
LTT1E O, L22UF 1) (-.167B 3, .445E 1)
L928F 0, .233B 1) (-.2318 1, 4732 1)
L1012 1, L 229E %) (-.296E 1, .533E 1)
.936F 0, .225F 1) (=.344B 1, .6112 1)
7782 0, .231Z 1) ({=-.370E 1, .704E 1)
»S91E 0, 273X 1) (-.2%6E 1, .310% 1)
L64T7TF 0, L301E 1) (~.304E 1, .TT4E 1)
L7982 0, .321B 1) (~.374E ¥, .TS4E 1)
{=.472B 1, .76BE 1) { .46GE 0, .270F 1)
«V17E 1, LI21F 1) (-.586E 1, .B26F 1) +«158 0, .2662 1)
SHE9R 1, JJ0%E 1) (-.6842 1V, .9ITE 1) (~.V04E O, .275E 1)
-104EF 1, .293F 1) (~.726E 1, .108E 2) (--363E O, .30Q8E 1)
-788EF 0, .294F 1) (~.T700EZ 1, LV1Z0E 2) (-.476E O, .J44E 1}
«5421 0, JJVIE V) (~-.668E 1, L125F 2) {~.4312 O, .JTEE 1)
«JO6E 0, .J392 1} (-.672E 1, .127E Z) (-.303E 0, ,J92E 1}
«36TE 0, 3T2R V) (~.693E 1, ,VIOE 2) (-.<312 ¢, .391BE V)
.486% 0, .UGIE 1) (-.723E 1, .132E 2) (-.308% 0, .3IB8TE 1)
L6968 0, .419% 1} (~.776F 1, .134F 2) {-.S31E 0, .IEQE 1]
.914E 0, .U22Z 1) {(-.849E 1, .138EF 2) (-.782F O, .405% 1)
<N0TE 1, JUV6E 1) (-.927E 1, .I432 2) (-.920% 0, .431E 1}
S113E 1, J80SE 1) (=. 1018 2, .149E 2) {-.923% O, .4SOE 1)
+IVTE 1, .3922 1) (=.1%1E 2, .1S57E 2} (-.948E 0, .455E 1)
+997F 0, 3828 1} (-.121E 2, .16BE 2) (-.%110E 1, .457E 1)
«B11E 0, .378E 1) (-.126% 2, .184E 2) (-.1J0E 1, .46GE 1}
4578 0, L4O03E 1) (-.123F 2, .218F 2) (-.176B 1, .490L 1)
C426F 0, .G2IB 1) (=.V14E 2, .224F 2) (-.206E 1, ,513E 1)
L4868 0, 4362 1) (-.110E 2, .223F 2) (-.232F 1, .550E 1)
4312 0, .436% 1) (-.120E 2, .221E 2) (-.224E 1, .R44E 1)
1582 0, .9W1E 1) {-.129F 2, .224F 2) (-.187E 1, .KE1E V)
.2082 0, .46VE 1) (~.140B 2, .2292 2) (-.158E 1, .643Z 1)
.306Y 0, .490F 1) (-.1522 2, 2378 2} (-.1592 1, .60SE 1)

1638
. 1542
<1412
«129E
L127E 1, JT81E O)
1298 1, .A75E O)
S120E 1, .927E 0)
L1052 1, .109E 1)
L1011, L135E V)
L1148 1, L152E 1}
L1208 1, .14BE 1)
104E Y, 1452 1;
.829E 0, .1I59E 1}
+I57E 0, . 184E ¥
7942 O, 198E 1)
7262 0, L199E 1)
5638 0, .20RE 1)
+3928 0, 22K 1)
.303B 0, .254E 1)
.3902 0, .3278E 1)
-S14E 0, .281E 1)
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Table M-6

M0DEL 1A (PARTIALLY SATURATED UP TO DERTH OF -1/2 A,KJ=0.1 CH/SEC)

PREQUENCY KHR(HORIZONTAL) KVV (VERTICAL) KTT (ROCKING)
0.1t { 619 0, .2632 0) ( .724E O, .568E 0) ( .981% 0, . 106E 0)
0.2 ( -674E 0, .218F 0) ( .988E 0. .SSSE 0) ( .102E 1, .105E 0)
0.3 ( .6442 O, ,2258 0) ( .105E 1, .520Z 0) { .1022 1, .109Z 0)
0.4 { .593% 0, .2932 0} { .101Z 1, .SVSE 0) ( .1012 1, .122Z 0)
0.5  ( 572 0, <4028 O) { .B83E 0, .S65E Q) ( .990E O, .140F 0)
0.6 ( 5792 O, 497 0) ( .6982 0, 7012 0) [ .961E O, .159E 0)
0.7 ( +S6SE O, .5902 0) ( .507Z 0, .974E 0} ( .912E 0, . 194E Q)
0.8 ( .5542 0, .7372 0) ( .4382 O, .138E 1) ( .B6SE 0, .269E 0)
0.9 ( .6USE C, .924E 0) { .547E 0, .V71E 1) ( .866F O, .362E 0)
1.0 { .850F G, 9792 0) ( .597E O, .192E 1) ( .890E 0, .u404E 0)
1.1 ( 951 0, .B65E 0) ( .587E 0, .227E 1) ( .866E 0, .434E 0)
1.2 ( .87SE 0, .7742 0) ( .809E O, .268% 1) ( .830E 0, .S13E 0)
1.3 ( 7358 0, .821E 0) ( 115 1, .2B2E 1} ([ .B49E O, .63iSE 0)
t.4 { .671E 0, .989SE 0) ( .12SB 1, .282% 1) { .903E O, .u622 0)
1.5 ( 727E 0, 114E 1) ( «123E 1, .287E 1) ( .9122 0, .666E 0)
1.6 { .8182 0, L121E 1) ( .123E 1, .318E 1) { .B72E 4, .TO4E 0}
1.7 { 9028 0, 1232 1) { .V116E 1, .35SE 1) { .B58E 0, .796E 0)
1.8 { 9568 0, .120E 1) { .136E 1, .426E 1) ( .903E 0, .864E 0)
1.9 ( <9412 0, J116E 1) { 2132 1, L47SE 1) ( 9162 Q, .QT4E 0)
2.0 { .866F 0, 1152 1) { .299% 1, .46TE 1) [ .8T4E 0, .920E 0)
2.1 ( .7932 0, L1232 1) ( .352E 1, .u18E 1) ( .BS9E O, .103E 0}
2.2 { 7838 O, .V34E 1) ( .3S4E 1, .369E 1) ( .902E 0, .TV14E 1)
2.3 { «B37F 0, 1412 1) ( 3288 1, .360F 1) { .I101E 1, . 1212 1}
2.4 { .9072 0, 1432 1) ( .3252 1, .393E 1) { 1912 1, .119E 1)
2.5 ( <955 0, 139E 1) ¢ .3TIE 1, 424 1) [ 191E 1, .112E 1)
2.6 ( .9%3E Q, .131E 1) ( 4382 1, 4062 1) ( .102E 1, .V11E 1)
2.7 { .858F 0, 1242 V) ( 4732 1, .3512 1) ( .9352 O, .121E 1}
2.8 { “718E 0, 1232 1) ( 4702 1, .300Z t) { .940B 0, . 138E 1)
2.9 { «S66F 0, .129F 1) { .4S1Z 1, .270E 1) ( .107E 1, .152E 1)
3.0 ( 4542 O, 162% 1) { .433E 1, .261Z 1) ( .124E 1, .154E 1)
L1 { -425F 0, .160E 1) { .428E 1, .259Z 1) ( .136E 1, . 145E 1)
3.2 ( 4912 O, .V74E 1) { 4322 9, .253B 1) ( .115% 1, .134E 1)
3.3 ( <6177 0, 180F 1) { .43I8E 1, .240B 1) { .127E 1, .130E ¥}
3.4 { <7328 0, .17SE 1) { 439E 1, .218E 1) { .119B 1, . 134E 1}
3.5 ( .766% 0, 161E 1) ( .432E 1, .194E ¥} ( . 1172 1, . 145E 1)
3.6 ( .688% 0, .14SE 1) { .416E 1, .17SE 1) ( .123E 1, .1S5E 1)
3.7 { STIE 0, 1352 1} ( .3978 1, .163E 1) ( .133E 1, .160E 1)
3.8 { «289¢ 0, 1352 1) ( .J80E 1, .155E 1) ( .145E 1, .158F 1)
3.9 ( -8392-1, .143E 1) ( .363E 1, 1492 1) ( .152E 1, . 1502 1)
4.0 (=727R=1, 1582 1) ( .I46E 1, .146E 1) { LIS3E 1, . WWIE 1)
§. 1 {=-170F 0, 1762 1) { .331E 1, . 145E V) ( .149E 1, . 136E 1}
4.2 {~.1892 0, 1952 1) ( 3192 1, .146E 1) ( .145E 1, . 1352 1}
4.3 (91922 0, L2112 1) ( I10E 1, V462 1) ( .V4SE 1, .135Z 1)
“.u4 ( «252F-1, 216 1) { .301E %, 1428 1) ([ .184E 1, . 133Z 1)
4.5 { .1302 0, .2092 1) [ .291B 1, .136E 1) { .143E 1, .131E 1)
4.6 { «131F 0, 195E 1) ( .277E 1, .130E 1) [ .140F 1, . 1312 1)
4.7 ( -256E-1, 183 1) [ .262E 1, 1268 1} ( 1392 1, . 1322 1)
4.8 (~+146F 0, J1TTE 1) ( .2468 1, .123E 1) ( .182% 1, .133Z 1)
4.9 (--339F O, 1782 1) ( .2318 1, .122E 1) ([ .146E 1, .129E 1)
5.0 (~.5222 0, .1852 1) ( 2152 1, 121 1) [ .147E 1, .122% 1}
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HODEL 17 {PASTIAMLLY SATURATED

FPREQUENCY
0.1
0.2
0.3
O.d
0.5
0.6 ~

=]
)

& 8 & ¥ 5 0 % 0 =~

.
COVENOC VEWMNLOYENO NE WM CEO WOV E LN e UNEWN=SOOE

Wiv b AR MND = oo et OO

MEELEEEEREEEE wiwiwiuwiuw

KHE (HCRIZONTAL)

.5191 o,
-584E C,
<561k 0,
«8J4E ¢,
-5320 C,
-5301 C,
-4952 ¢,
«~460F 0,
«HINE Q,
-380F €,
-5882 0,
-48912 0,
«36€F O,
-323t 0,
-J65EF Q,
-425F C,
~453F Q,
-4020 0,
-<91F 0,
~s42I C,
-JO4E 0,
«333¢ C,
.2521 €,
- 1558 Q,
-4651 Q,
5011 @,
«7020 0,
L7742 ¢,
-65891 ¢,
-5%1} C,
-5121 G,
«5741 C,
+700F O,
~821F Q,
-858F C,
- 1141 ¢,
-5782 C,
+3498 0,
.951!-],
(-.9715-1,
"".163! c'
(~.8278-1,
i -765¢~1,
{ -1812 0,
{ 1791 0,
( -899%-1,
[‘.‘35!‘1,
(~.4280=1,
(=.4622=1,
(--7341-1,

A S PRy g, . R B, . . . e, G G, S . R TR, g, . S G e, B, S g g G g, S, G gy, g Y- g g G g

“254E
-198E
«213E
+2T4E
«347E
«IS6E
~454E
«560L
~GIBE
<7282
.687E
-600E
~ 7818
«9532
-109E
« 117E
« 110E
~118E
- 126E
- 1442
- 1572
- 1608
«165E
- 1862
«<1UE
«425E
«220E
«2062
- 1952
< 199E
«225E
-229F
~222E
-2078
+» 1902
- 1788
1782
. 199L
«-210E
«237E
<271
- 2691
2628
+ 46181
-269E
~281E
- 2898
2992

Tabls: M-8

U TO DEPTH OF =1 1,72 A, 0J=Q.1 CY/5EC)

KV¥ (VERTICAL)

KIT(BCCKING)

-555E~1)
-5312=1}

{ ~7TQLE O, .44SE 0) ( .a842 0,
( -B4BE O, .382Z 0) ( .896E O,
{ -913B 0, -347E 0) ( .588E O,
( ~469E U, .3I51E 0O) ( .67JE O,
{ -775E 0, .404E 0) | .b85SE O,
| «bS4E O, .5I7E Q) | .8I5E O,
( <542k O, .796F 0) ( .779F Q,
( 7248 0, J108E 1) [ 7348 O,
{ -945E U, J1HIE ¥} | TU5E O,
{ <9498 G, 107E 1 ( .780QF O,
{ -9392 0, ~1M¥BE 1} | 759 0,
( <1078 1, .125E 1)} ( ~714E O,
{ <HI4E 1, JMETE V) ( 6992 O,
( «109E 1, 311 1) | TI4E O,
{ <104 1, .1V31R 1) ( .705R O,
[ =960B O, 111 1) { .0663E O,
{ «487E 0, LIQ0BE 1)  .630QE 0,
{ «761E O, 104E 1) | .betB O,
{ +I81E U, 102k 1) { 6192 O,
{ .3692 0, .105E 3) ( .597E O,
{ ~-1842 O, ~VIZE 1) | .53YE O,
‘-.'233 U, -12‘; ‘, ‘ Y TY u'
(=4UTE U, - M4&4E 1) ( .374E O,
"-5733 ﬂ. «177E 1] { +370K 0'
(=-554E O, .203E 1) [ .394L O,
(--310F 0, .<£10E 1) ( .3&0R O,
(-638E 0, ~196L 1} { .3I0IE Q,
(=165 V¥, 215 1)  .1042 O,
(~=2102 1, .272E 1) ( .1uEE 0,
".23‘! 1' PN 11 l .96‘3-"
(--‘22‘ ‘. <400 1] { «66 ‘ll-!,
(=203 1, 4228 1) ( .390B~1,
‘--2233 1' +418L2 1) { 02““1-"
(=-29U8 1, .439E 1) (-.656E-2,
i--3808 1, 5152 1) (-.259E-1,

""045?' ‘. «073E l) "-17“"‘1,
=438 1, 915 1) ([=-.993E-1,

(=-2328 1, 110 4) (=.171Z

« 314K
L RY
~u57Z
4198
-3562
wHULE
-986K
- 150K
- 1592
-« 1368

— g . g, S gy, 04,
a
&
-
&
]
-
-
[ ]
g d L <]
~)
>
. ]
-
L
-n—ﬂ‘-ﬂnﬂ—‘—‘.

196

o,

02273-2‘

- 5808~

1)

- 103E-1)
~B41E~1)
-931!‘1]

-128E
- 194E
- 278
-496L
«-2932
«429E
« 3932
-43I0E
- 435
-« 4552
«50BE
- 5538
« 573K
-5792
-S5719E
«H19E
-Tt8E
-~ B24E
~J68E
« 368
- 860K
9332
-108L
- 1208
- 1272
-« TU4E
« 154K
- 1638
- 175E
« THUE
- 193L
-220K
-2528
«259L
- 25082
« 247K
-« 249E
« 2668
-30082
-3192
-289¢8
.2302
- 2048



MODEL 1C (PARTIMILY SATURATID

EREQUENCX

- —

0.1

MELMNAaOEENTLEWN=2COOWOrUBE LN

[ DN R T NN N NN DR BEE R RN NN BETEE O B

[ Y] U SR NY VR i e e - Y =% -1 - - % -1 -]

[WR PR NY XN CR ¥y N
A& s 8 8 4 &8
- G D~

3.2

3.4
de 5
J.o
3.7
d.4
3.9
4.0
P
4.2
4.3
.l
4.5
B.6
4.7
4.8
.9
5.0

[ ™)
4
w

KHE (ECRIZONTAL)

- - -

Tabl> M=9

VP TO 0ZP1H OF

K¥V {VERTICAL)

. —

.698L8 0,
.8518 ¢,
«865E 0,
.a20e 0,
.7352 0,
«0358 U,
3892 90,
«095E ¢,
-815E 0,
<7948 0,
-736E 0,
+bauE 4,
«500L &,
L343IE U,
~.2498 0,
«£<9E 0,
-« 18bE O,
(- '90"‘"
I‘-3“9! 0.
(~<b98E U,
=991 0,
(105 1,
{=-793¢ 0,
{~-.6V6E 0,
(-.B?il 0‘
(1472 1,
{-.2082 1,
(=.221E 1,
(«~.107E 1,
«9138 0,
- 1393 1‘
+AQ1E 1,
+4di2B 1,
-3302 3,
~4148 3,
«4218 3,
L3978 1,
«-J078 1,
L3258 1,
+4TIE 1,
214K 1,
- 1568 1,
-982EK 0,
L4S1E U,
07273"’2.
{-0357l 0'
"-bu?‘ 0.
{=.101% ¥,
{-- 45628 1,
[-.2 ld! ‘.
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«406E
« 3352
«303E
« 3Q9E
- 459L
~477E
-0812
« B66E
“B6TE
«HIOE
« BUGE
« B4 5E
+B74E
«994E
« 1172
« 1292
- 130E
. 127L
« 137
« 168K
«<07L
« ABOE
.307E
2 J07E
2992
«dETE
«N13E
«5652
a730E
« 154K
«b65E
«621E
+6308
«S540E
«433E
~359L
+498E
adUbE
- 207
- 1838
- 1748
«» 1728
«1HNE
« 2032
+224E
«d 3SR
« 2422
«d51%
«282E

~24,Kd=0.1 CU/SEC)

K11 (S0CKING)
-873! 0, -505"‘1)
L6832 0, .478E-1)
LU57F 0, .628E-1)
-Hjﬁl 0‘ .15“!"‘,
.8052 0' 090“5"1)
~7542 0, L1212 Q)
-709t 0, .187L O)
7162 0, <270E 0)
L7498 0, .290Z 0)
.J28E 0, .284F O)
L677E 0, .4V1E Q)
41 O, .4652 0}
040 O, 4158 Q)
.5952 0, .466Z 0)
«589E 0, .5212 0)
-S80E 0, .547L Q)
-54e2 0, 5798 )
.518 0, 6162 O)
«459F 0, .&53E Q)
L3898 0, .722¢ Q}
~336E 0, .H29L Q)
«J24E ¢, 358 )
« 3698 U, 072 D)
«439E 0, .112E 1)
L4602 0, .109Z V)
«336E ¢, .N04E Y
«270F 0, . 116E 1)
<1838 0, .133Z 1)
«2242 0, .158Z 1)
L4408 0, 1742 1)
.a%2E 0, .163F V)
-b878 0, 1532 1)
«585SF O, . 147E V)
<4762 G, L IS5E 1)
~4838 0, . 1682 1}
-560F O, 176 Y
.660E 0, . 1772 1)
JI12VE 0, 1712 1)
+T1SE O, . 1642 1)
-631E 0, 1592 1)
~SHU4L 0, 161F 1)
.566E 0, .163E 1)
«531F 0, .V602 1)
~4J4R 0, 161 1)
-168K 0, . 169K 1)
.398K 0, 176K 1)
4492 0, .168F 1)
<3412 0, . 154k 1)
L9370-1, 1498 4
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Tabl: M-10
M00KEL 1 (DRY)

FREQUZNCY KUE (ECRIZONTAL) KV Y (VERTICAL) K11 (RCCKING)
-3£2F 0, .344L Q) -204E 0, 3542 Q) «830E ¢, . 645E-1)
L4798 €, .J23E 0} «JF4E 0, 5218 0) «8478 0, .7464~1)
-5080 0, .36 0) «542E 0, .586F Q) «851F 0, .815E~1)
SM94F O, .I43E O) ( .60JE O, .6ISE O) { .843E 0, .8B2E-1)
4662 C, .404E 0) «bddE U, .641LE Q) «HZ4E U, .980F-1)
+H47F C, .49BL Q) -594E 0, .681E Q) ~7958 0, 1132 Q)
~4611 0, .6052 0) -5448 0, .752E 0O +«756% G, .1382 0)
«5CS1 €, .689E Q) ~4HBBE 0, .865Z Q) LI1VIE 0, .182L O)
L5071 0, 735 Q) ~472E ¢, .100E 1) ~-b8GE 0, .253F Q)
-547% ¢, .782F Q) «380F O, 1132 1} <FT1IE ¢, . J24E Q)
500k ¢, 623 O) L2 U, 1342 1) «055E 0, .328r O)
+H40F 0, .9052 ) -2388 0, .168E 1) «5698 O, 407 ¢)
-4Q4F 0, .103E 1) -4532 0, J185F 1} «S5TUE 0, .S57E @)
~437F 0, 117 1) -3438 0, .180LF 1) -684E O, .601F Q)
«S11E 0, 126E 1) 4252 0, .182E V) «095%E 0, .5362 Q)
«369F C, .128E 1) «3528 0, .402E V) -600F 0, .527E 4}
L5788 €, .128F V) ( .3I9YE U, .ZV4E V) ( .51k O, .621E 0)
+5491 ¢, .1292 1) ~H441E2 0, .227E V) <5248 0, 7502 C)
«»5032 ¢, 1332 ) 4388 U, .4IJIE 1) -581E 0, .7952 0)
“44CE C, .1392 1) «3758 0, .240L V) .593¢ 0, .T82E O)
«J87F €, 48R V) «~JBUE 0, .<54E 1) 537 0, .776L O)
<368 G, .160E 1) -239E 0, 274k V) ~H50K 0, .d39E 0)
~37T1E €, L17GR 1) ~46TE O, +294E 1) «4178 0, L9608 0}
-397F C, 1812 1} «JIJE U, JUBE 1y 4558 0, .106E 1)
-4591 €, 1892 1) 316K 0, JI1TE 1) +S0HE 0, .1092 ¥)
3258 C, .392L 1) <3722 0, .325L V) <5052 Q, .1G7E V)
~5562 ¢, .190E 1) «358R 4, .337L 1} <4352 ¢, .10488 1)
5308 ¢, .E72 W) «Jb28 0, 350K 1; «367L 0, 1178 1)
-451F €, .1e72 1) «J80E 0, J363E ) 3692 0, .129%L 1)
«JS2ZE €, J192E V) «HI0E O, J74E 1) ~R16E O, .136F 1)
-265F €, 203K 1) 4468 0, .383E 1) -4502 0, 1382 V)
+4168 0, L3182 V) ~4698 0, -390k V) 4432 ¢, L1372 1)
«2342 G, .235L V) «4T0E @, 0962 V) =JU4E 0, .119E 1)
«332F €, J249E V) «4488 U, 4U2E 1) «31EE 0, .147F 1)
4761 0, 2842 1) «HO0E 0, Ul0R 1 -313F 0, 158 1)
~598F ¢, .249E V) =J4IE O, 4208 1) «J4ER 0, L1652 1)
~hidE C, .2382 1) «J0bE U, -433E V) «371E 0, L1702 1)
.580F 0, .226E 1) ~2838 0, 445E 1) «3958 0, .173E 1)
43168 ¢, 2202 1) <2612 0, 4582 1} +H0ZE O, LV74E V)
«d62F O, .223E 1) «LUTE 0, 471 1) -368E 0, 175K 1)
-%04E C, ,2Julk 1) 4138 0, NHBUE 1) «328L 0, 1802 )

-.¥302=1, 2772 1) «251E 0, .5172 1) -286F 0, .193F 1)
<048 €, .200E 1) -3d52E 0, 5322 ) « 2868 Q, .2072 1)
SJU6E G, I1G4E 1) | 4728 O, .540F 1) ( .3228 0, .2082 1)
-861F 0, .286F 1) -6408 0, .538F 1) «J978 0, JdViR V)
<877 0, .253E V) «b20E U, .531F 1) «J92R 0, 2138 V)
-696F 0, .2462 1) «54HE 0, .547F 1) =307 0, 211K V)

a [ LI I N I I I L I I L R I R T I T
ODVENWNDTBMEWNSQOOYOWNOAVE LS CYWENPOVELNSAOOENIVE LA CDNENE WD -

& & ¥ + 8 & 0 3 & 4 2R a0k
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Table M-1l

MOUEL 2 (PULLY SATURATEL, KJ=0,.1 UR/UEC)

FUEGQUEMNCY KHF (HCEIZONTAL) KVYY [VERTICAL) KI1{ACCKING)
0.1 SUTOE C, 6%k Q) { 406k 0, 9478 () «V2IJE 1, JS5L2E G}
+EJTE €, 4672E 0) { .7wo2 U, .137E 1) «VYOSE 1, Jc12E C)
~1CCE 1, L640C U) | LV13E 1, .176E V) <1bUE 1, .coTE J)
ST107E 1, L612F 0) | LI44E 1, .201& 1) «V1649E 1, JE6YTE G}
LI0BE 1, .SGSE G) { LI/0k 1, 41t2 %) ~175E 1, J7Y4E )
068 1, JBCTE 0) { 187 1, J<Z4E 1) «176E 1, J73BE )
CIC1E 1, 6U0E Q) { 1%0E 1, .<J7E V) “YT4E 1, JTELE 0)
(

{

{

{

{

(

Wl O WM il G & WO N C LA W U e wh 0wl DO NE Wbl 2O &L E b

+543F C, .0G9F 0) JISTIE V1, LE2TE 1) <177E 1, .792E 0}
LETSE €, LT90K 0) alora 1, J4dBE V) «T7SE 1, .02lf )
LEl2F U, .9C1E O) «V1IE 1, 226E 1) L1TIE 1, .861E ()
LTYGE U, o 10ZE 1) «1uw9E 1, 228 1) « TOYE 1, .H%3IE U)
TTZE C, JVI2E V) LUI9E Y, L 233E Y «1HUE 1, Jw1SE §)
L1498 0, L120E V) «didE Q, JINIE Y1) 157 1, .9J2E ©)
SICTE C, JV2TF 3) [ .399d U, .<&34E 1} <1078 1, .9S3E 0y
~EIGE C, J134E V) (=, T7Tou=1, Lo)1E 1} « VIUE 1, aHWE C)
SSHSF C, JVH2E V) [=.559E W, JJuS5E 1} S119E 1, L19JE 1)
SUJVE C, JVBLE 1) [=o1%eb 1, L33LL 1) ~YUSE 1, JV11IE 1)
SJUEE €, JIBEF V) [-.10JE 1, .3TS5E 1) ~d45E 0, L121E 1)
SAInE €, JV1EUE 1) (=,2212 1, J4248E V) «DS5GE U, . 135c 1)
S09k-%, JZO5E V) ({-.looz Y, L43¢ZI 1) 47z 0, .153E 1)
IEEE-1, L23VE V) (-.duse 1, .H55E 1) ~JOB8E O, J175E 1}
LA2IE~1, L2671F 1) (=.3302 1, .wuist ¥) «18LE C, .01 1)
0052!'1' «£%]E l} {~-Jd4%4E V1, .oBSE ‘l +129E 0, 229 1)
«dT6E=-1, LJ2UE 1) (=.ddai 1, .T7IIE 1) 144l 9, .255E 1)
SVYUE G, JISTE V) ([~.s0ta 1, 7032 V) ~LV1BE U, L27%5E 1)
JUTYE €, JIT2E 1y (=.J63E t, ,TalZE 1) «310E 0, ..BoE 1)
«653uf C, L3SUL 1) (=, 4u3E 1, .T92E 1) «3TeE Y, JL69E 1)
LEI2F C, JIBIE 1) [=.<4u42E 1, JHULE 1) «30VE O, .207E 1)
«WLE 1, J384E 1) (-.5058 1, .813z 1) «31NE U, JEB3E 1)
LVT9E 1, JITGE 1) (=.50%2 1, .oi5E 1) Z182E U, 73 1)
«125F 1, .267P 1) {=.007E 1, .d0?E 1} |~.<iW1E=2, .176E 1)
2147E 1, J3S0F 1) [=,76UE Y, JYTTE 1} (=.2228 O, J2d1E 1)
<TIGE Y, J350F V) (=odSVE 1, J9d1E 1) (~.UclE O, .2ukE 1)
V1T 1, LJUUE 1) [(=.955E ¥, L10¢E & (=.T7V13E J, 29K 1)
JI02% 1, JHUIE 1) (= 1058 £, VYeE Z) [=.964E O, .31JE V)
«376E €, JJIGE V) (= 113 o, 1278 &) [=-V218 1, LJiSE 1}
«tudE G, JIUOE 1) ~otule 2, LVHQE 2} (-4 VUSE 1, JIULE 1)
«THUE Q, JJUIE 1} [~. 178 £, L154F 2) [~.Y67E 1, .85k 1)
SELUE €, IYEF 1) (= 1318 2, J108E 2) (=.169E 1, .J92F 1)
«3U6Y U, JJIOSE V) (~.V3JE &, JVAJE L) |~.209E 1, L417E 1)
«330F C, LIEIE 1) =134k 2, JAYTE 4] [~.228E 1, LHUUE 1)
2e79F €, JI72E 1) (=138 «, 21CE 2} (=ac83E 1, 472E 1)
( VT4 €, 38JE V) (= 14V &, cical &} [=o2S6E 1, .439E 1)
{ «790E~1, JJF0E 1) [« 1238 2, J233E 2) ([-.268E 1, .S2tE 1)
{=863F=2, 410F 1) ([~.019E 2, .261E 2} (=.:i7dE 1, .SSQE 1}
(=COCE=1, 426k V) [=.V12E &, LHTE &) [=ecd8E 1, .574E 1)
(=-5328=1, J492F 1) {=,10Uok 2, 450E 2} [=.Z99F 1, .S596E 1)
t=eS06E=1, U43BT 1) (=.1u5E &, ««52E 4) (=-211F 1, .o0bGE 1}
(—0677!-1' ."?J! 1’ (--'U"E ‘-' -JSJE <) 1‘0]4“5 1‘ «EUZE 1,
f-.EEC!-Z, 0487[ 1' (-.IUSE 2. -JSHI 2] (‘aJJ?E l‘ .bbﬁl ']

e g B S, g S den e g SR — T W e W S L e e v g, A — . . = . —
S . e e S e R e g e A g g e S iy e S S g, ., g -
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Tabl: M=12
MODEBL ) (FULLY SATURATED, KJ=0,1 CH/SEC)
FREQUERNCY XKHE (HOEIZOMTAL)} KVY (YERTICAL) KTT[EOCKING)

{ -4492 O, .798E 0) ({ 1012 1, .3732 0)
( -8112 0, .125E %) L118E 1, .420E 0)
{ 1168 1, 1528 1) [ .128E 1, .43ISE 0)
{ 1482 1, 166E 1} [ .134E 1, .U36E 0)
{ L1642 1, 1722 1) L136E 1, .437E 0}
( «174E 1, JAT4E 1) ( 1368 1, .442E 0)
LB80F 0, .477E 0) ([ 1762 1, .V13E 1) { 1342 1, .45SE Q)
{
{
{
(
{
{

1718 1, J172E %) «131E 1, .475E O)
1288 1, .S022 ©O)
- 123 1, .S532E 0}
«-1182 1, 5628 O)
L1122 1, 5912 O)
- 104E 1, .625E 0}
.95872 0, .571E 0)
-BUtE O, 7152 O)
« 7312 3, A20F Q)
+.626% 0, .930F Q)
-538E 0, 1062 1Y)
~4772 0, ,1202 V)
«HU4E O, 132 V)
~H2TE 0, L142E 4
<401E 0, .VaBE 1)
«IW7E O, L1522 1)

(

(

{

(

(

(

{

( L158E 1, J172E 1)

{ L140E 1, J174E 1)

( L3162 1, J179E 1)

( .B682 0, .187¢ 1)

( L540E O, .199E 1)

{ .S02F O, .108E 1) (| V838 O, 2152 V)

{ ~429F ¢, .VISE 1} (=.1932 0, L236E 1)

( .269F 0, .14SE 1) (-.942E O, +291F 1)

( 2082 O, .16SE 1) (-.12¢E 1, .321E 1)

{ .1862 0, .198E 1) (~.163E ¥, .351E 1)

{ .233E 0, 2372 1) (=.2J9E 1, .4Q3E 1

{ .5052 0, .255E 1) (-.2B8L 1, .428E 1)

{ -700F O, .2652 1) (~.348E 1, .460F 1)

[ -.867¢ 0, 2662 1) (~.216E 1, .503E 1) 2532 0, .1%56E 1)
{ 972K 0, .261E 1) (=.u87E 1, .S64E 1} ( .122E 0, .161Z 1
( -101T 1, ,256E 1) (~.553E 1, .644E 1) (-.338E-1, .169L 1)
{
{
{
{
{
(
{
{
(
(
(
(
(
(
{
{
(
{
{
{
(
{
{
(

A, i, S, e iy N e, P —" g, S g g . g (. gy o, g, — g g

QOUONIRNEWN SOOI NELMDN=DOUR DO RE WO E O AEWN 2O OEDOWE LN -

-902% 0, .252E 1} (~.605E 1, .T4JE V) (-.202F Q, .182E 1)
.924F 0, .252E 1) (~.634E 1, .8S4L 1) (-.368EK O, .199F 1)
~71TE 0, .262F 1) (-.599E 1, .106E 2} (-.S59BE 0, ,249C 1)
+708% 0, 2712 1) (-.546F V1, .112F 2) (~.598E O, .277E 1)
6512 0, .2022 1) (-.4902 3, . 1158 2) (-.506E O, .301Z 1)
«618K 0, .3297E V) (=.4522 1, .%1%3L 2) {(~.269E O, .315F 1)
«6178 0, I1TE 1) (~.449E 1, LVI0F 2) (~.249F O, .320F 1)
.6312 0, .325E 1) (-.484E 1, .106E 2) {-.185% 0, .319E 1)
~T12% 0, .336F 1) ({-.551E 1, .103L 2) (~.17S5E G, .3i6RF 1)
.780F 0, .J43E 1) (-.6408 1, .102F 2) (=.201E 0, .313F 1)
CBIUE O, .IGTE t) (-.761E 1, .104E 2} (-.252E O, .309e 1j
+8%8F 0, .34BE 1) (-.847B 1, .10BE 2} (-.3412 0, .JO3E 1)
-8512 0, ,389Z 1) (=.955E V¥, . V13F 2} (-.4852 0, .297E 1)
28178 0, 351E 1) (-«VW06E 2, +12VE 2) (-.63932 0, .293Z V)
7652 0, L3548 1) (~.116E 2, .131E 2} (~.¥53EZ 0, .293E 1)
<7068 0, JJI6QFE V) (~.125E 2, .V4IE 2) (-.724E 1, .301E 1)
L6078 0, .3I6TE V) ([=.131E 2, J156E 2) (~-.15)E 1, .3JISE 1)

 » & & 8 8 ® 8 3 b % 3 0

(=- 1358 2, JV71E 2) {=-.1792 1, ,235% 1)

+ u .8

)

} (-.1352 2, .1B5E 2) (-.202E %, .3802 1)
} (~.1312 2, .197F 2) (~.220F 1, .389F 1)
) (*-1272 2, .206E 2) (-.232E 1, 4212 1)
) l-.IZZB 2' ~.210E 2’ “'.236: 1' -ll53] "
} (--1208 2, .211E 2) (=-.232R 1, .483% 1)

WEELRF EFEFEEFELuWLWWLRWWWWINNWVMNRBNMNOUNJONN - o oo e e st OO0O00C00000
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Tabl: M=13
NUDEL 4 (FULLY SITUEATED, KJ=0.! Cd/2Z¢)

FRZQUENCY KEE{NCRIZCHNIAL) KVY [VERTIVCAL) KIT(LROCKING)
[ «5402 0, .B7YE L) 1242 1, .524z2 Q)
{ -9ubE O, .125% 1) +JUEBE 1, J58%F 0)
{ «1<dE 1, . 14bE 1) «JudE 1, Jo011E Q)
( « T9UE ¥, 104 1) =170 1, .823F ()
t 458 1, J1uTE 1) «V173E 1, .630F Q)
[ W0 1, J1TuE Yy J173E 1, Jow2E Q)
<HTEE C, J1WE 1) ( .126E 1, 130E 1) 1706 ¥, JuodE U}
' { JVUIE 1, J21:E 1) LuSE 1, .703F 0}
{ - 1568 1, JT64E ()
( SIS1E 1, JG50E G)
{ LAGT7E Y, L9922 )
{ C144E 1, JVOWE 1)
{

{
{
{
{
(
(
{
{
Cabei U, L2432 1)
(

(

«3dde W, JIVGE 1) ( LJWT1E 1, .10dE V)

(

i

(

{

{

(

{

(

{

(

(

4

{

.ulthe J, J273E 1)
L8356 9, .304: 1)
bdUde U, JI1LL V)

Hy9Y 0, J150E 1) [ Vw3 U, JI25E 1) L1338 1, J111E 1)
«1CE 1, JVlEE M)
«100E 1, L1318 1)
«97JE u, JIITE 1)
CHUBE O, LVG2E 1)
SYIIE U, JVIGE 1)
«U57E U, JITIE 1}
.7'55 0' o‘?"! 1)
<4SuE O, L192E 1
SHISE J, +<19L 1)

JEAQE C, 15BF 1} {=.242E U, I5IL 1)
DU2ZSE C, JVEEE 1] (=.bule O, o495k 1)
<7370 C, JATUE 1) {[~.043E W, J4JTE V)
a7J4F C, J181E 1) (=.97vE O, .4boE 1)
w655E €, JTHGE 1) [=.1e4E 1, J4HE 1)
<SSCF C, L19%E 1) (~=.loag 1, .S500E 1)
LUZAE O, J2N4F 1) (=,241E 1, .533E 1)

A ¥ B = 8 4 * 4 B & a4 & B B * & # " W s B a

#JudE O, L235E 1) (=.202F 1, .o00i 1)

1

{

{

{

{

{

(

{

(

(

(

{

(

(

{

(

{

(

{

(

i

{ «20VE €, <Z55%E 1) (=.3J4E 1, ,oduk 1)

( «233F €, .ZB4E 1) (=.334c V1, .ubkE 1) «JBUE O, J22UE T
{ «427% C, JJOUE ¥} (=.371: 1, JuHIE 1) «JoJE U, J2JUE V)
{ «SS1E U, LIVTE 1) (~.42dE 1, 721k 1) W Z9TE 0, «cHIE 1)
(
{
(
{
(
{
(
{
{
{
(
{
{
{
{
(
(
{
{
{
{
t
{
{

SEHIE O, L2242 1) (=.439c 1, 704 1) { -198F 0, .248: 1)
«T29F G, JI26E V) [-.5T2E 1, LH29E V) {-.297E=1, .<S8E 1)
«7Jok C, .327F 1} (=.03UE 1, .911L 1} ([~.<4V4F O, .274E 1)
SAHYVE €, J3IE 1) (= LubE 1, JYYDE 1) (-.J5ZE 0, J295SE 1)
~823F 0, ,330E 1) [=.63VE V1, JAWTE 2} [=<431FE U, .IWLE 1)
«ST3E €, JISVE 1) (=.712E 1, JVV4E 2) (=.4BGE U, .J29¢ 1)
+3T1E G, 3BeE 1) (=.74G= 1, (VISE 4) {~-.567TE U, .JIYE 1)
«E20FE G, LIBGE 1) (=.773k 1, 125E 2} (-.087E O, .348E 1)
«o9E 0, LJA9F V) [=.803E ¥, 130k 2) (=.o4&E O, 2613 1)
«T3CE L, L3S4F 1) [=.BJuk 1, L1J5E Z) (~-.101& 1, JA77F 1)
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