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ABSTRACT

When two plates are bolted (or riveted) together these will be in
contact in the immediate vicinity of the bolt heads and separated
beyond it. The pressure distribution and size of the contact zone is
of considerable interest in the study of heat transfer across bolted
joints.

The pressure distributions in the contact zones and the radii at
which flat and smooth axisymmetric, linear elastic plates will separate
were computed for several thicknesses as a function of the configuration
of the bolt load by the finite element method. The radii of separation
were also measured by two experimental methods. One method employed
autoradiographic techniques. The other method measured the polished
area around the bolt hole of the plates caused by sliding under load
in the contact zone. The sliding was produced by rotating one plate
of a mated pair relative to the other plate with the bolt force acting.

The computational and experimental results are in agreement and
these-yield smaller zones of contact than indicated by the literature.
It is shown that the discrepancy is due to an assumption made in the
previous analyses.

In addition to the above results this report contains the finite

element and heat transfer computer programs used in this study.
Instructions for the use of these programs are also included.
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NOMENCLATURE

radii
thickness
modulus of elasticity

shear modulus

heat transfer coefficients

hardness

thermal conductivities
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displacement in r and
coordinate
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4
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Subscripts

Lame's constants
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radial direction
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z-direction
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Chapter I

INTRODUCT ION

When two plates are bolted (or riveted) together, these will be
in contact in the immediate wvicinity of the bolt heads and separated
beyond it. The pressure distribution in the contact area and the
separation of the plates is of considerable interest in the study of
heat transfer across joints. Cooper, Mikic and Yovanofich [1] show
that with assumed Gaussian distribution of surface heights, the micro-
scopic contact conductance is related to the interface pressure,

surface characteristics and the hardness of the softer material in

0, 985
h, = 1.45 5%-(3 k(%) 1.1)
where
2k. k
_ 2k
k = (1.2)
E+E,

and kl and k2 represent the thermal conductivities of two bodies in

contact; o 1is the combined standard deviation for the two surfaces

which can be expressed as

1/2
o = (oi + og) (1.3)
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where oy and o, are the individual standard deviation of height for
the respective surfaces; tan O is the mean of the absolute value of
slope for the combined profile and it is related, for normal distribu-
tion of slope, to the individual mean of absolute values of slopes as

2 9 1/2
tan 6 = (tan 61 + tan 02) (1.4)

where

tan 6, = lim %- ly!| dx; 1i=1,2  (1.5)
1 L > o 1
(o)

and y' 1is the slope of the respective surface profiles; P represents
the local interface pressure; and H is the hardness of the softer
material.

Relation (1.1), as written above, is applicable for contact in a

vacuum. One can modify the expression by simply adding to it

h = conductivity of interstitial fluid
£ average distance between the surfaces

(1.6)

in order to account approximately for the presence of the interstitial
fluid.

All parameters in relation (1.1), except for the pressure, are
functions of the material and geometry and can be easily obtained. The
determination of the pressure distribution and the extent of the contact

area between two plates present both mathematical and experimental
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difficulties. From the mathematical point of view, the difficulty stems
from the fact that the theory of elasticity will yield a three dimensional
(axisymmetric) problem with mixed boundary conditions. Experimentally,
the discrimination between contact and gaps of the order of millionths

of an inch is required.

Roetscher [2] proposed in 1927, a rule of thumb that the pressure
distribution of two bolted plates, Fig.l, is limited to the two frustums
of the cones with a half cone angle of 45 degrees as shown in Fig. 2 and
that at any level within the cone the pressure is constant. Also, for
symmetric plates, according to Roetscher, separation will occur at the
circle which is defined by the contact plane and the 45 degree truncated
cone emanating from the outer radius of the bolt head.

Since 1961 Fernlund [3], Greenwood [4] and Lardner [5] among others
reported solutions based upon the theory of elasticity. Although their
solutions also yield separation radii at approximately 45 degrees as in
Roetscher's rule, their solutions yield a much more reasonable pressure
distribution as compared to Roetscher's constant pressure at each level
of the frustrum. These investigators have made use of the Hankel
transform method demonstrated by Sneddon [6] in his solution for the
elastic stiresses produced in a thick plate of infinite radius by the
application of pressure to its free surfaces. The basic assumption in
their approach is that two bolted plates can be represented by a single
plate of the same thickness as the combined thickness of the two plates
under the same external loading. It then follows that the =z-stress
distribution at the parting plane can be approximated by the z-stress
distribution in the same plane of the single plate. It also follows

that separation will occur at the smallest radius in that plane for which
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the z-stress is tensile. In the case of two plates of equal thickness
the o, stress at the midplane of the equivalent single plate is the
stress of interest.

Fernlund [3], for example, used the method of superposition in the
sequence shown in Figs. 3(a) to 3(c) to obtain annular loading. Then
by superposition of shear and radial stresses at radius A, Figs. 3(d)
and 3 (e), opposite in sign of those due to the annular loading at the
free surfaces, Fernlund obtained the solution for a single piate with a
hole under annular loading (Fig. 3(f)).

Experimental work in this area included Bradley's [7] measurements
of the stress field by three dimensional photoelasticity techniques, and
the use of introducing pressurized oil at various radii in the contact
zone and measuring the pressure at which oil leaks out from the joint
[3,8]. Both of these experimental methods have uncertainties as indi-
cated by the authors.

Because of the cumbersommess of the Hankel transform solution and
experimental difficulties, the body of work in this area has been very
limited and definite verification of analytical results by experiment is
not cited in the literature.

The research described in the succeeding chapters was undertaken
with the following primary objectives:

a) To provide a method of solution for the case of two bolted
plates without the simplifying assumption of the single

plate substitution.
b) To devise a test to validate the two plate analysis.

¢) To test the validity of the single plate substitution.
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A finite element computer program has been assembled for the
analytical solution of two-plate problems. Experiments have been
performed to verify the analytical results. Since in heat transfer
calculations the extent of the radius of contact is of primary
importance, and since by restricting the experimental effort to the
verification of only this parameter, (rather than the verification of
the entire pressure distribution,) many experimental uncertainties
should be eliminated, the éxperiments were designed only for the deter-
mination of the contact area.

Agreement between analysis and experiment was obtained and the
results show that the single plate substitution is not justified and
the 45 degree rule is not valid for the flat and smooth surfaces

studied.
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Chapter II

ANALYSIS

A. Problem Statement

The objective of the anlaysis was to solve the linear elasticity
problem of two plates in contact defined mathematically by the following
equations for each plate:

The equations of equilibrium

d 9T _
T (roi) - ct + r e 0
(2.1)
g—i(rr,)+ £ to) = 0
where Trz = Tzr = T and Trt = Ttr = th = th = 0.

The stress ~ strain relations, using standard notation for stress and

strain,

o = Ae + 2 ue_
o, = re + 2 ue,
(2.2)
o, = Ae + 2 HE,
T = 2 e

rz
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where A and u are Lame's constants and

(2.3)

if G dis the modulus of elasticity in shear and Vv is Poissons ratio;

and € the volume expansion is defined by
€= = + 2 + &= (2.4)
T
where u 1is the displacement in the radial direction and w is the

displacement in the axial direction.

The strain - displacement relations

_
er T or
= u
€¢ T
(2.5)
E = —a-—w—
z 9z
1, 9du ow

€, = 2G,t 3 )

The above equationscan be combined to yield the equilibrium

equations in terms of displacements

u 1 0E  _
VZu___z_ YT 3% - ©

r (2.6)
v? L_ % _

VETTOY B2
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The applicable boundary conditions are (see Fig. 11)

Oil)(A,z) = Giz) (A,z) = 0
Dz = 1@ w2 = o
oM,y = o (c,2) = o
T(l)(C,z) = T(Z) (C,z) = 0
(1) _ (2 _
T (r,Dl) = T (r, —D2) = 0,
WP, = 1P @0, A<T<R
Oz(l)(r,Dl) = 0, (r, —D2) = 0, B<r<c
2.7)

D0 = 1PE,0 = o, R <<
Oél) (r,0) = 02(2) (r,0), A<rc< Ro
oM z,0 = Pa,0 = o R< r<R
Gil)(r’Dl) = 0252)( » D)) = P(r), A<r <B
w(l) (r,0) = w(z) (r,0), A<r <R

B Ro
27 J Pr dr = 27 J pr dr
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Inspection of the above equations shows that the above constitutes
a mixed boundary value problem and the most appropriate technique for

solution is the finite element method.

B. Method of Analysis

A finite element computer program was assembled for the analytical
solution of bolted plates. Descriptions of the finite element method
are given in references [9,10], but for completeness, an outline of the
mathematical formulation for this case is presented in Appendix A. A
listing of the cumputer program and instructions for its use may be
found in Appendix B. Appendix C contains user's instructions and a
listing of the finite element program modified to include thermal strains.

As in the previous work axial symmetry and isotropic linear elastic
material behavior were assumed. However, the computer programs accom-
modate plates with different material properties in a bolted pair.

The basic concept of the finite element method is that a body may
be considered to be an assemblage of individual elements. The body then
consists of a finite number of such elements interconnected at a finite
number of nodal peints or nodal circles. The finite character of the
structural connectivity makes it possible to obtain a solution by means
of simultaneous algebraic equations. When the problem, as is the case
here, is expressed in a cylindrical coordinate system and in the
presence of axial symmetry in geometry and load, tangential displacements
do not exist, and the three-dimensional annular ring finite element is

then reduced to the characteristics of a two-dimensional finite element.
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The analysis consists of (a) structural idealization, (b) evaluation
of the element properties, and (c) structural analysis of the assem-
blage of the elements. Items (b) and (c) are covered in the appendices
and in the references quoted. The structural idealization and the
criteria for acceptable solutions will be described in this chapter.

Fig. 4(a) shows two circular plates in contact under arbitrary
axisymmetric loading. The plates are subdivided into a number of
annular ring elements which are defined by the corner nodal circles
(or node points when represented in a plane) as shown in Figs. 4(b) and
4(c). Unlike the cases described in Chapter I, which have been solved
by the Hankel transform method, all plates solved by the finite element
method have finite radii. The cross sections. of each annular ring
element is either a general quadrilateral or triangle. To improve
accuracy smaller elements are used in zones where rapid variations in
stress are anticipated than in zones of constant stress; thus the
different size elements shown in Fig. 4(b). (However, the total number
of elements allowable are subject to computer capacity.)

Figure 4(b) shows the two plates in contact for the radial distance
Xc and separated beyond it. It is to be noted that the nodal points
on the parting line and within the length of contact XC are common to
elements in both plates. The other elements adjacent to the parting
line on each plate are separated from their corresponding elements in
the mating plate and these elements have no common nodal points.
Physically, it is equivalent to the welding together of the two plates

in the contact zone. Mathematically, we are imposing the condition that
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in the contact zone the displacements in the 2z and r directions be
identical for both plates. In the case of bolted plates of equal
thickness, i.e. in the presence of symmetry about the parting plane,
these conditions apply exactly. Furthermore, because of this symmetry,
one needs to analyze only one plate, as shown in Fig. 5(b), with the
imposed boundary conditions on the contact zone of zero displacement in
the z-direction and freedom to displace in the r-direction. It can
also be observed that the solution of two plates with symmetry about the
parting plane is equivalent to the solution of one of these plates under
the same loading conditions, but resting on a frictionless infinitely
rigid plane. Also, under the above conditions the shear stress in the
contact zone is identically zero. . L

In the case of bolted plates of unequal thickness the model includes
both plates as shown in Fig. 5(c). This model is an approximation
because, in general, two plates of unequal thickness do not have the same
displacement in the r-direction on the contact surface. The solution
yields, therefore, a shearing stress distribution in the contact zone.
The solution, however, should be exactly compatible with the physical
model if the frictional forces in the joint prevent sliding.

The critical aspect of the approach used herein is the determination
of the largest nodal circle on the parting plane which is common to an
element on each plate. This nodal circle defines the contact zone and
the radius, Ro’ at which separation occurs.

The output of the finite element computer program includes the

displacement of each node in the r and z directions and the average
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Oz, Or, Ot and Trz stresses for each element.

The computation is iterative and the objective is to achieve the
lowest possible coﬁpressive o, stress in the outermost elements
bordering the contact zone. Unacceptable solutions are shown in Fig. 6(a)
and 6(b). If R0 for a given external load distribution is too small,
then the solution will show that the two plates intersect (Fig. 6(a)).

On the other hand, if Ro is assumed too large, the solution will show
that the outer portion of the contact zone sustains a tensile OE stress
(Fig. 6(b)). Neither of these two situations is physically feasible.

In general, the procedure employed was to commence the iterations with

a value for R0 which would yield a temsile o, stress in the outer
elements adjacent to the contact zone and then move Ro inward. The
iteration ended as soon as no tensile oé stress was present at the
contact zone. For example, for the case shown in Fig. 5(b), if the o,
stress for the element in the last row and to the left of the last roller
is tensile, then the following iteration will proceed without the last
roller. Thus, the resolution is one nodal interval. Finer resolution
can be obtained by reducing the interval between nodal circles by
introducing more elements or shifting the grid locally. The same
criteria apply to the model shown in Fig. 5(c).

In the finite element analysis of the Fernlund (3) model, i.e.
single plate with external loads at the faces z = + D no iteration is
required and the rollers shown in Fig. 5(c) would extend to the outer
radius of the plate. (Although Fernlund's computations are based on
infinite plates, computations show that there is no distinction between

infinite plates and plates of radius greater than five times of the outer
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radius, B, of the load. See Fig. 5(a).

Convergence was tested by subdividing elements further with nodal
points in the coarser grid remaining nodal points in the finer grid.
Changing the mesh from 180 elements to 360 elements have shown no
improvement in accuracy. Meshes from 180 to 300 elements were used
in this analysis. Typical spacings between nodal points were 0.015

inch radially and 0.03 inch in the z-direction.
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Chapter III

EXPERIMENTAL METHOD

The objective of the experiment was to determine the extent of
contact between two plates when bolted together. Sixteen type 304
stainless steel plates, 4 inches in diameter, were machined to
nominal thicknesses of 1/16, 1/8, 3/16 and 1/4 1inch, & plates
for each thickness. After rough machining these plates were stress
relieved at 1875°F and ground flat to 0.0002 inch. One side of each
plate was then lapped flat to better than one fringe of sodium light
(11 micro-inches) in the case of the 1/8, 3/16 and 1/4 dinch plates,
and to better than two fringes in the case of the 1/16 inch plates.
Disregarding scratches, the finish of the lapped surfaces was 5 micro-
inches rms. Each plate had a central hole, 0.257 inch in diameter,
for a 1/4 - 20 bolt, and two notches and two holes on the periphery
(see Fig. 7). Two techniques were employed in determining the area of
contact when two of these plates were bolted together. The first
technique entailed the following procedure (see Fig. 7):

(a) The plates were cleaned with alcohol and lens tissue.

(b) One plate was placed on the base of the fixture shown in
Fig.7, lapped surface up and the two holes on the periphery
of the plates engaged with two pins on the fixture. Spacers
between the fixture base and plate prevented the pins from

extending beyond the top surface of the plate.
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(c) A second plate was placed on top of the first plate, lapped
surfacesmating. The notches on the two plates were lined
up with each other and with notches in the base of the
fixture. Thus, rotation of the plates was prevented.

td) A standard 1/4 - 20 hex-nut with its annular bearing surface
(0.42 inch 0.D.) lapped flat was engaged on a high strength
1/4 - 20 bolt. The nut was located about two threads away
from the head of the bolt and served in lieu of the bolt head.
The lapped surface of the nut faced away from the bolt head
and since the nut was not sent home against the bolt head, the
looseness of fit between nut and bolt offered a degree of self
alignment.

(e) The bolt and nut assembly described in (d) above was then
inserted through the 1/4 inch central holes of the two plates
and a second 1/4 - 20 lapped nut was engaged on the bolt.
Thus the two plates were captured by the two 1/4 -20 nuts
with the lapped surfaces of the nuts bearing against the plates.

(f) With the torque wrench shown on the right in Fig. 7, the nuts
were torqued down to 70 pound-inches of torque to yield a
1100 pound force in the bolt [11].

(g) The position of the keys was changed to engage with only the
lower plate and the fixture and a special spanner wrench, as
shown in Fig. 7, was engaged with the top plate. The spanner
wrench was restrained to move in the horizontal plane and it
was set into motion by the screw pressing against the wrench

handle.
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(h) With the aid of the spanner wrench the upper plate was
rotated relative to the lower plate several times approxi-

mately + 5 degrees.

Thus, the above procedure allowed for the rubbing of one plate
relative to its mate while under a bolt force of approximately 1100 lbs.
The remaining steps were the disassembly and the measurement of the
extent of the contact zone which was defined by the shine due to the
rubbing in the contact zone. It is to be noted that the boundaries of
the contact zone as measured by the naked eye and by searching for
marks of 'polished" or "damaged" surface under a 10.5 power magnifi-
cation are essentially the same.

The above test was performed on 5 pairs of specimen. These were

1. One 0.07 in. plate mated to a 0.65 in. plate

2. One 0.126 in. plate mated to a 0.126 in. plate

3. One 0.191 in. plate mated to a 0.192 in. plate

4, One 0.253 in. plate mated to a 0.256 in. plate

5. One 0.124 in. plate mated to a 0.257 in. plate

The identical tests were repeated for

1. One 0.124 in. plate mated to a 0.126 in. plate; and

2. One 0.191 in. plate mated to a 0.192 in. plate,
but in lieu of the 1/4 - 20 nuts in direct contact with the plates
special washers, 1.000 in. 0.D., 0.257 in. I.D. and 0.620 in. high,
were interposed between the bolt head and nut.

The diameters of the contact zones were measured with a machinist
ruler with 100 divisions to the inch and with a Jones and Lamston

Vertac 14 Optical Comparator.
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The second technique used the same parts and fixture, but it
involved autoradiographic measurements.

Four plates, 1/4, 3/16, 1/8 and 1/16 inch thick were sent to
Tracerlab, Inc., Waltham, Mass., for electrolytic plating with radio-
active silver Ag llOM (half life of 8 months). Each plate was
masked exéept for an area on the lapped face one inch in radius. The
plates then received a plating of copper about 5 microinches thick and
then approximately a 5 microinch plating of silver containing the
radioactive isotope. The resultant activity on each plate was about
2 millicuries.

These plates were then mated to plates of equal thickness (not
plated) and assembled in a shielded hood as indicated in steps (a) to
(h) above except that in the case of the pair of 1/4 inch plates care
was taken not to rotate the plates during and after assembly and in the
remaining cases the rotation specified in step (h) was done only once
in one direction.

The plates were then disassembled and the radioactive contamination
on the plates which were in contact with the radioactive plates measured.
The transferred activity was:

1/4 in. plate approximately 0.05 microcuries
3/16 in. plate approximately 3. microcuries
1/8 in. plate approximately 0.1 microcuries

1/16 in. plate approximately 0.4 microcuries
It was also observed in handling that the adhesion of the silver on

the 3/16 in. plate was poor.
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Kodak type R single coated industrial x-ray film was then placed
on the contaminated plates under darkroom conditions. The sensitive side
of the film was pressed against the radioactive sides of the plates
with a uniform load of about five pounds and left for exposure for three
days. After three days, the film was removed and developed. The

results are shown in Fig. 10.
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Chapter IV

RESULTS

A. Pressure Distribution and Radii of Separation from Single Plate

and Two Plate Finite Element Models.

Using the finite element procedure described in Chapter II, the
midplane stress distribution of single circular plates of thickness 2D,
outer radii of 1.54 in., inner radii of 0.1 in., Poisson ratio of 0.3,
and loaded by a constant pressure between radii A and B, Fig. 3(f),
was computed. Computations were performed for D wvaluesof 0.1, 0.1333
and 0.2 in. For each value‘of D the radius B, which defines the
region of the symmetric external load, assumed the values of 0.31, 0.22,
0.16 and 0.13 in. The Uz stress distribution at the midplane, from
the inner radius to the radius at which the above stress is no longer
compressive, is shown in Figs. 12, 13 and 14 as a function of radius.

The identical cases were then recomputed, using again the finite
element method, in accordance with the two plate model shown in Figs. 4(b)
and 5(b). These results are given in Figs. 15, 16 and 17.

Inspection of the above figures show that the two plate model yields
a somewhat different stress distribution in the contact zone than the
stress distribution approximated from the single plate model, and more
significantly, from the heat transfer point of view, tue two plate

model yields a lower value for the radius of separation, Ro’ which
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results in a reduction in area for heat transfer. Table 1 gives a
comparison of the values for Ro obtained from the two models.

It may be observed that the single plate result of Fernlund (Ref. 3,
pp. 56, 124) is in fair agreement with the finite element results

obtained for the single plate model.

B. Radii of Separation from Experiment and Their Predicted Values from

the Two Plate Finite Element Computation.

As described in Chapter III, stainless steel circular plate
specimen (Fig. 7) were bolted together, rotated relative to each other
with the bolt force acting, and after disasseqbly the contact area of
the joint was determined by measuring the footprints (the shiny, polished
areas) on each plate due to the plates rubbing against each other.
Photographs of these footprints are shown in Fig. 8. Fig. 9 also shows
a typical footprint of the annular bearing surface of the 1/4 - 20 nut
against a plate. All plates tested were of 304 stainless steel,

4 inch 0.D., .257 I.D., and the nominal thicknesses of the plates were
1/16, 1/8, 3/16 and 1/4 inch. 1In addition to the plates fastened
with standard nuts which gave a loading circle of radius B (Fig. 5) of
0.211 inch, plates fastened by the special nuts described in Chpater III
for which B was 0.5 inch were also tested.

Figure 10 shows the results of the autoradiographic tests described
in Chapter III. For all plate pairs tested, i.e. 1/16, 1/8, 3/16 and
1/4 1inch nominal, the wvalue of B was 0.211 inch.

The pressure distributions and radii of separation for all the
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above test cases were computed independently by the two plate model
finite element analysis., Table 2 gives the test and analytical results
for all test cases. The test results are an average of all measurements
(minimum of six readings). A description of the analyses follows.

Figure 18 shows the results of a two plate and a single plate model
analysis for the 0.253 inch bolted test specimen, For Figure 19
the external pressure distribution between radii A and B 1is triangu-
lar. (The total force, however, is equal to the force exerted in the
case of uniform pressure.) In one case, the peak external pressure is
at A, Fig. 20(a), and in the other case at B, Fig. 20(b). Results
of another computation which assumed a uniform displacement of 50
microinches under each nut is shown in Fig. 21. It is interesting to
note that the point of separation obtained by using the two plate model
for all variations of loading given above occurs in the range of r/A
values of 2.73 to 2.93 while the two plate model yields separation at
a value for r/A of 3.5. The computed deflections under the nuts are
given in Fig. 22.

The finite element analysis results for the 0.191 in. plate pair
specimen are given in Fig. 23. Figures 24 and 25 show the computed
pressure distribution and deflection patterns in the joint, respectively,
for the 1/8 in. plate pair. 1In order to investigate the possible
influence misalignments of the spanner wrench, i.e. vertical forces or
restraints exerted at edge of plate, may have on the results of the
experiment, the extreme case of fixing the outer edges of the plate as

shown in Fig. 20(c) was considered. As Fig. 24 shows, within the
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resolution of the finite element grid size, the effect is negligible.
This model, Fig. 20(c), and result also indicate that the influence of
additional fasteners 2 inches away would not have an influence on the
contact zone for the geometry considered. (However, if the distance
between bolts is considerably reduced, then the contact area should
increase.) The computed results for the 1/16 inch plate pair is
given in Fig. 26.

Figure 27 gives the finite element analysis results for the asym-
metric case of a 1/8 in. plate bolted to a 1/4 in. plate. The model
shown in Fig. 5(c) was used and as discussed in Chapter II, this
model is strictly valid only if the friction in the joint prevents
sliding between the plates. Nevertheless, the percent discrepancy
between the computed value and tested value (see Table 2) falls within
the range of the symmetric cases analyzed and tested.

In summary, the results obtained from the two plate finite element

model and from experiment are in good agreement (Fig. 28).
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Chapter V

APPLICATION

An application of the above results for the evaluation of the
thermal contact conductance, hc’ and the determination of the heat
transferred in a specific, but typical, lap joint section is illus-
trated in this chapter.

An aluminum lap joint in a vacuum environment, the relevant
section and boundary conditions as shown in Fig. 29, was analyzed by
means of a nodal analysis. The plate thickness was 0.1 in. and the
hole diameter, 2A, was 0.2 in. The bearing surface of the bolt, 2B,
was 0.26 in. in diameter. Because of the high conductivity and small
thickness of the plates, no z dependence (see Fig. 29) was assumed
for the temperature in the main body of the plate. However, heat flow
in the z-direction in the nodes above and below the contact zone is
considered. Qualitatively, the heat flow in the joint proceeds in the
x-y plane from the left end (Fig. 29) toward the 0.2 in. diameter
hole. 1In the vicinity of the hole, a macroscopic constriction for heat
flow is encountered because the flow is being channeled toward the
small contact zone. The flow of heat then encounters the microscopic
constrictions at the contacting asperities (which determine hc) in the
contact zone; spreads out in the =x-y directions in the second plate;

and continues to the right edge of the lap joint.
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The material properties assumed were (refer to equation 1.1):

H = 150,000 psi

k = 100 Btu/hr-°F—ft (k, = k, = 100)

o = 5.9 x10°% £, (0, = 0, = 50 x 10™°4n.)
tan 6 = 0.1

Assuming further, a uniform load of 46,500 psi on the loading surface
(#10 screw; 1000 1b. bolt force) and referring to Fig. 15, curve

e 1.3, the following interface stresses, Oz’ contact heat transfer
coefficient, hc’ and conductance, (area)(hc), were obtained as a

function of inner and outer radii. (These radii define increments of

area, the sum of which define one quarter of the contact zone.):

r r, o] h Area x h
outer inner “z _c c
inch inch psi Btu/hr-°F—ft2 Btu/hr—°F-ft2
.13 .1 27,900 446,000 16.6
.16 .13 14,000 223,000 10.6
.175 .16 3,950 63,100 1.7

The conductance between nodal points were then computed and with the aid
of the steady state heat transfer program listed in Appendix D, the
nodal temperatures for the conditions given in Fig. 29 were computed.
The heat transferred from the edge maintained at 20°F to the edge at
0°F (Fig. 29) for this case was 2.88 Btu/hour. The same computation

was repeated for the case of a bearing surface between the plate
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and the bolt (2B) of 0.44 in. in diameter, but the bolt force was
left unchanged. The heat transferred from the 20°F edge to the
0°F edge in this case was 3.15 Btu/hour. In the absence of the
joint the heat transfer along an equivalent 7 inch length of solid
aluminum would have been 3.58 Btu/hour. This data shows that the
thermal resistance of the contact zone (not entire 7 inch lap joint)
was decreased from 1.52 to 0.92 °F-hr/Btu by the increase of the
effective bolt head diameter from .26 to .44 in. It should be observed
that the change in thermal resistance of the joint is primarily due to
the increase in contact area and the resulting decrease in macroscopic
constriction resistance at the hole. Also, the heat flux in this
example is mainly controlled by the 7 inch length and 0.1 inch
thickness rather than the joint resistance. This emphasizes the import-
ance of a balanced thermal design.

For large heat fluxes where thermal strains may have an influence
on the radii of separation, the finite element program given in
Appendix C may be used. Also, in a non-vacuum environment the effect of
the interstitial fluid is added in two ways. Firstly, equation (1.6)
is applied to account for the presence of interstitial fluid in the
contact zone, and secondly, conduction across the gaps between the plates
and convection from the plates is considered. (Radiation heat transfer,

if applicable, should also be included.)
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Chapter VI

CONCLUSIONS

The finite element technique used in this work for the analysis
of the pressure distribution and deformation of smooth and flat bolted
plates under conditions of axial symmetry predicts contact areas in
joints considerably lower than reported previously in the literature.
These results were verified experimentally. The discrepancy between
the previously reported results and the results reported here is due
to the simplifying assumption made by earlier researchers that a joint
can be modeled as a single plate.

The computer programs listed in the appendices will also accom-
modate joints made up of plates of dissimilar materials and the presence
of thermal gradients.

Of the eleven tests performed, only one (case 3, autoradiographic)
yielded inconsistent results. (This data point could probably be
ignored because of the poor adhesion of the plating material which
manifested itself by the high radioactive contamination count during
test.)

The finite element analysis performed for the test specimen show
that the gap between the 1/4 inch bolted steel specimen is 98.6
microinches at the outer radius of the plate of 2 inches, and 1/32

of an inch away from the radius of separation (0.35 in.), the gap is
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only 3 microinches for the test load. This data indicates the
difficulties previous workers have encountered in their experiments.
(This also explains the oval shape of several of the footprints.)
Furthermore, this data shows that the effects of surface roughness and
the lack of flatness could have a significant effect on the size of
contour area.

An application of the above work to a heat transfer problem is

illustrated in Chapter V.
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APPENDIX A

FINITE ELEMENT ANALYSIS OF AXISYMMETRIC SOLIDS

The finite element method and the equations which govern the
stresses and displacements in axisymmetric solids is given in the
literature [9,10,12,13,15] and the procedure will be briefly summarized
in this appendix.

The procedure for the standard stiffness analysis method is as
follows [15]:

(a) The internal displacements, v, are expressed as

v(r,2)} = [M(z,2)] {a} (A.1)

where M is a displacement function and o are the generalized coordi-
nates representing the amplitudes of the displacement functions.
(b) The nodal displacements v, are expressed in terms of the

generalized coordinates

v} = (A {a} (A.2)

where A 1is obtained by substituting the coordinates of the nodal points
into M.

(c) The generalized coordinates are expressed in terms of the nodal

displacements

o} = A7 (v (A.3)
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(d) The element strains, €, are evaluated
{e} = [B(r,z)] {a} (A.4)

where B 1is obtained from the appropriate differentiation of M.
(e) The element stresses are expressed in terms of the stress-

strain relation D
{o(x,z)} = [p] {e} = [D] [B] {al} (A.5)

(f) Assuming a virtual strain € and a generalized virtual
coordinate displacement a the internal virtual work, Wi, in the

differential volumn, dV, is given by

v, = (e} {0} av = {a}t [B]T [(p] [B] {a} av (A.6)

and the total internal virtual work is

W, = @ (817 [p] [B] a4V ] «a (A.7)

Vol

(g) The external work, We. associated with the generalized

displacement o is

W= {a}' (@) (A.8)

where [ are generalized forces corresponding with the displacements a.
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(h) After equating Wi and We and setting the o displacement

to unity
{g} = [f [B]T D] Bl 1a = [k ] {a} (A.9)
Vol
where [k ] = (81% [D] [B] 4v (A.10)
Vol

and which transforms to the nodal point surfaces
-1 = -1
k= [A7][k] [a7] (A.11)

(i) The stiffness matrix for the complete system is then

n
[K] = X [k]m (A.12)
=1

where n equals the number of elements and the equilibrium relationship

becomes
{Q} = I {v} (A.13)
where
{a} = b {R}m (A.14)
=1
{rR} = 4T pat {p} ~aa (A.15)
Area

and P are the surface forces.
The above procedure applies with minor modification to problems

with thermal and body force loading.
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The expression

{} = [K] {vi} (A.16)

represents the realtionship between all nodal point forces and all
nodal point displacements. Mixed boundary conditions are considered

by rewriting this equation in the partitioned form

a aa

ab -2 (A.17)

Kb Y,

O
o
-
fo

The first part of the partitioned equation can be written as

{Qa} = [Kaa] {ua} + [Kab] {ub} (A.18)

and then expressed in the reduced form

{q*} K ] {ua} (A.19)

aa

where

{q*}

{Qa} - [Kab] {ub} (A.20)

The matrix equation (A.19) is solved for the nodal point displacements
by standard techniques. Once the displacement are known the strains
are evaluated from the strain displacement relationship and the stresses
in turn are evaluated from the stress strain relations.

Both triangular and quadrilateral elements are used. The displace-

ments in the r-z plane in the element are assumed to be of the form
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v, = oy + azr + a3z
(A.21)

v = a4 + asr + a6z

This linear displacement field assures continuity between elements since
lines which are initially straight remain straight in their displaced
position. Six equilibrium equations are developed for each triangular
element.

A quadrilateral element is composed of four triangular elements

and ten equilibrium equations correspond to each element.
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APPENDIX B

FINITE ELEMENT PROGRAM FOR THE ANALYSIS OF ISOTROPIC

ELASTIC AXISYMMETRIC PLATES (ref. 13,14)

Input Instructions:

Card
Sequence Item Format Columns
1 Title 18A4 1-72
2 Total number of nodal points I5 1-5
Total number of elements I5 6-10
Total number of materials I5 11-15
Normalizing stress (NORM) 15 16-20
Number of pressure cards 15 21-25
(If NORM = 0, put in value of E in material card;
if NORM = 1, put in value Elovertical;
if NORM = -1, put in value E/Ooctahedral;
NOTE: Use NORM = 0 for this application.)
3 (Material property cards - one set of

(a) and (b) for each material)

(a) 1lst card

Material No. 15 1-5
Initial oz stress F10.0 6-15
Initial Or stress F10.0 16-25

(b) Second Card
E F10.0 1-10
Y F10.0 11-20
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Caxd
Sequence Item Format Column
4 Nodal point information (One for
each node) 215,4F10.0

Node number 1-5
CODE 6-10
r-coordinate 11-20
z-coordinate 21-30
XR 31-40
Xz 41-50

If the number in columm 10 is

Condition

0 XR is the specified R-load and free

X7 is the specified Z-load
1 XR is the specified R-displacement and 3{4

XZ is the specified Z-load )
2 XR is the specified R-load and

XZ is the specified Z-displacement. g?
3 XR 1s the specified R-displacement and .

fixed

XZ is the specified Z-displacement.

Remarks

The following restrictions are placed on the size of problems which

can be handled by the program.

Item Maximum Number
Nodal Points 450
Elements 450
Materials 25

Boundary Pressure Cards 200
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All loads age considered to be total forces acting on a one radian
segment. Nodal point cards must be in numerical sequence. If cards
are omitted, the omitted nodal points are generated at equal intervals
along a straight line between the defined nodal points. The boundary
code (column 10), XR and XZ are set equal to zero.

If the number in columns 6-10 of the nodal point cards is other
than 0, 1, 2 or 3, it is interpreted as the magnitude of an angle in
degrees. The terms in colums 31-50 of the nodal point card are then
interpreted as follows:

XR is the specified load in the s-direction

XZ is the specified displacement in the n-direction
The angle must always be input as a negative angle and may range from
-.001 to -180 degrees. Hence, +1.0 degree is the same as -179.0
degrees. The displacements of these nodal points which are printed by

the program are

u the displacement in the s-direction

r

u
zZ

the displacement in the n-direction

Element cards must be in element number sequence. If element cards
are omitted, the program automatically generates the omitted information
by incrementing by one the preceding I, J, K and L. The material
jidentification code for the generated cards is set equal to the value
given on the last card. The last element card must always be supplied.

Triangular elements are also permissible; they are identified by
repeating the last nodal point number (i.e. I, J, K, K).

One card for each boundary element which is subjected to a normal

pressure is required. The boundary element must be on the left as one
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progresses from I to J. Surface tensile force is input as a negative

pressure.
Printed output includes:
1. Reprint of input data.
2. Nodal point displacement
3. Stresses at the center of each element.
Nodal point numbers must be entered counterclockwise around the
element when coding element data.
The maximum difference between the nodal point numbers on an

element must be less than 25. However, on a nodal diagram elements

and nodes need not be numbered sequentially.
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Listing:

50

66

65

ok % o 7K A K oK R A T Ak K 56 o 3 3 oK 3k 3k 363 o 4 3 2 o oK kA ok o A 3 3 e ok Ak e kol sk akok ok o & el ok

FINITE ELEMENT PROGRAM FCOR THE ANALYSIS OF ISOTROPIC ELASTIC

AXYSYMMETRIC PLATES REF FEAST 1,3 SAAS 2
***@*#*#*#***xﬂ****#@****¥$****ﬂ*#*t****“*%****m********#**#******

IMPLICIT REAL*8 (A-H,0-Z7)

IMPLICTIT INTEGER*2{I-N)

COMMON STTOPWHED(18)+SIGIR(25)sSIGIZ(25) +GAMMA(25) 4 ZKNOT (2510,
1 DEPTHI25),E(1C+25)+SIGITIsRI450).2(45C),URL450),

2 UZ(450)+STOTAL{450+4) ¢ KSW

COMMON /INTEGR/ NUMNP,NUMEL,NUMMAT ,NCEPTHsNORM MTYPE,ICOCE(450)
CAMMIN JARG/ RRRI51472Z15),S(10+10)1+P(10),LM(4),0D(3,3),
1 HHU6410) sRRI4)oZZ(4)4C(444) HIH410) +sL(6+6)9FL6910)sTPLO) XI(6)y

2 FE(13).1IX(453,5)

COMMON /BANARG/ B(SD0)»A(SC0.54) MBAND

CUMMON/PRESS/ IBC(200)+JdBC{200).PR{230),NUMPC

DATA STRS /v&x%xt/

e w4 e e %k B o ok A ok s g kool ot SRR R XK R 3K R X 6 3% %z 53¢ o 2o 3 o K 3¢ 3 ok e o . e e a2 kg e e ook R i oo ok oK X
RFAD AND PRINT CONTROL INFORMATION

o o o e e v e e R 50 0% S R koK e A€ K K B sk o 3 e e e Al ol e e v R Xkl e ko o iR R o dookoRROR ek %K
READ (54.10C0.,END=950) HED

WRITFE (6,.2C00) HED

READ(5+1001) NUMNP,NUMEL «NUMNMAT ,NCR¥,NUMPC

WRITE (6+2006) NUMNP,NUMEL

IF (NORM) 65.65,66

WRITE (6+2041)

K mae v o i A KA xR o o ok AR 4 o % 6 ok e ol 3 o8 o o 3 e o e 3k e o Kk o B 3k o e T O R ok o N ek oK K
READ AND PRINT MATERIAL PROPERTIES

s e sk e e o s sk 2k sk o e o ot o o ok ok bk 2 e e el o ke o ok e S i e el ok ol ook o o K ROk 3k Xk ok R kK

CONTINUE

NO A0 M=1,NUMMAT

QFAD (541CC?) MTYPE, SIGIZ(MTYPE)»SIGIR(MTYPE)
WRITE (6+42007) MTYPF,SIGIZ(MTYPE),SIGIR(MTYPE)

READ (5416C3) (E(JyMTYPE) 4J=1,2)

FENTOOO1
FENT0002
FENTOO0O03
FENTOO004
FENTOQCS
FENTOO006
FENTOOO7
FENTOOO0S8
FENTOO0O09
FENTOO10
FENTON11
FENTOO12
FENTOO13
FENTQOO14
FENTGCO15
FENTOO16
FENTCO17
FENTCOCL18
FENTOO19
FENTOC2C
FENTOO021
FENT0022
FENTOC23
FENTO024
FENTOC25
FENTOC26
FENTQO027
FENTO0028
FENTOO029
FENTOC3C
FENTOO031
FENTO032
FENT0033
FENT0034
FENTOO035
FENTOC26

_L’]_



e le

OO

ac

100

105
105

110

111

113

120

130
140

150

WRITE (6+42051) (E(JsMTYPE)d=1,2)

CANTINUE

e 4¢3 RO 3K R 0K K R R 3 0K RERE R T K XK %2 YK RO XER K 3 K 50K 3% e Ak 360K % ook e 3 o K 3k Xk el ook gk X sk
READ AND PRINT NODAL PCINT DATA

A6 %0 4 oK A% 7k a4 R B2 e o YK i R R W o o 3 ok ok e K i 0 e alk ok 2 30 8 o o o 3¢ ok 3k ok ok 3 3K ok Ok KO8 ¢
WRITF (6.,2013)

t=0

RFAD (5+1006) NJICODEIN)RIN)4Z(N)SURIN),UZIN)
NL=L+1

If (L.FQ.0) GO TC 110

ZX=N-L

DR={R(N)-R(L)}I/ZIX

NZ=1Z(N)-Z(L)}/ZIX

L=L+1

IF (N-L) 113,112.111

ICODE(L)=0C

RIL}=R({L-1)+DR

ZHL)=2{L-1)+D2

UR({L)=0.0

UZ{L)=0.0

GO T0O 110

WRITE (642014) (Ko ICODE(K)sRIK)oZ (K)4UR(K)IoUZ{KI 4 K=NLoN)
IF {(NUMNP-N) 113,120,105

WRITE (£,2C15) N

GO TO 900

A g B3k e d ek ok e e e e ok ek ke 3 3 S ¥ oK % sk ek 3 3 i sl ol o ol sk e e sk %K X 3k ok kol ok R kR 3 o o ok ok ok ok ok ok ok
RFAL ANC PRINT ELEMENT PROPERTIES

Xe e 2% s 2K ke s e ko vz 3 ¢ e ool sde ok 3k e e s i e sk sk vk ke ok X k3 ik ok ok ks sk ke el K K % k% sk ok i e Rk o Sk 3 ok ok e %ok
WRITE (6+2016)

N=0

READ (5,1007) My(IX(MyI)sI=145)

N=N+1

IF (M=N) 170+170+150

TX{N, 1)=IX{N-1,1)+1

IXINGg?2)=IX(N=-1:2)1+1

IXIN«3)=IX(N=-1,3)+1

FENTOO037
FENTOO038
FENTOC 29
FENTOQC40
FENTOCA41
FENTOC42
FENTOO0473
FENTCC44
FENTDC45
FENTOC46
FENTOO0A4T
FENTOO048
FENTOQ4S
FENTOCS0
FENTQO051
FENTO052
FENTOO053
FENTOO054
FENTOCSS5
FENTOO0S56
FENTOO057
FENTOO058
FENTOO0S5S
FENT0060Q
FENTOC61
FENT0062
FENTOO063
FENTOO064
FENTOO065
FENTOO066
FENTOO067
FENTOO068
FENTO069
FENTOOT7O
FENTOO71
FENTQCT2

I
Eas
<o

|



InEeRe)

a0

170

180

300
250

200
210

325
340

IX{N+4)=TIX{N-144)+1

IX{N«5)=IXI{N=-1,45)

WRITE (642C17) No{IX{NyI)+I=145)

T# (M-N) 180,180.140

IF (NUMEL-N) 300,300,130

g e 5 2 2 3 8 % ok ol vt o o ke ek el o R R o e o X o e o o o X k2 20 oK 3k e 3ot sk ok ok ol o o ko
RFAD AND PRINT THE PRESSURE CARDS

gl s e ool e K o ok ok ok okt K o ok ok e ek ok ke e o ok o ok ok xR o o ok A o ki ok e o o e ol oK ok o K
TF(NUMPC) 29042104290

WRITE(A,90C0)

DG 200 L=1.NUMPC

RFAD(5,30C1) IRC{L).JRC(L),PR(L)

WRITE(6+.9002) IBC(L)JBRC(L)4PR(L)

CONTINUE

e e ke 9 2k e o oK w2 3¢ o A 2 i ok e e o ok o e o ok ol ok ke e ok o e o o o 0 03 o 3k o ol K o o ook ot K ok oK ok ok
DETFRMINE PANLC WIDTH

3o e e e 3o ok o ok sk ok o ool o 26 o 3 o o oo o o X e o o o e R o e o % % o o okl ok o o 0 o el o o e 3 K
J=0

N0 340 N=1.NUMEL

D0 340 [=1.4

DO 325 L=1+4%

KK=IX{N, I)-IX{N,L)

IF (KK,LT,0) KK==KK

TF (KKaGTad) J=KK

CONTINUE

CONTINUE

MRAND=2x.1+?7 .

s e e e ok e e 3 9k e ok 7 ok s e oKk 3 ol e o ok e o o 3 2k o ol e ok 3 e N e o e o ok ok o o ok ok R o ke a3k ke
SOLVE FOR DISPLACEMENTS AND STRESSES

e 5k A A ke d AR e ok o e e o e e o ke o Kk 3¢ o 6 K ek o 8k ok o o e o K 3 ok 0 oot ool e 3 o ke ke
KSW=0

CALL STIFF

[F (KSweNE.O) GO T3 900

CALL BANSCL
WRITF(642052)

FENTOO0T73
FENTOC74
FENTOO075
FENTO0T6
FENTOOT77
FENTOCT78
FENTQO079
FENTO0Q80
FENTOO81
FENTOGB2
FENTOO083
FENTOCE4
FENTOO0B85
FENTOO086
FENTOO87
FENT0O88
FENTOC89
FENT0090
FENTOOO1
FENTO00SG2
FENTO093
FENTO094
FENTO0095
FENTO096
FENTOOS7?
FENTO0OSS8
FENTOCS9
FENTC1CC
FENTO101
FENTO0102
FENTO103
FENTO1C4
FENTOL1CS
FENTO106
FENTO1C7
FCNTO10R

-617..



WRITF (6.2025) (N,B (2%N-1).8 (2%¥N) s N=1,NUMNP)

450 CALL STRESS{SPLOT)
st ek ke meok ok ok sk 0 N 7 ook o K g % o R R ko R o ok 5 o o ok o o oK e e o o o o ok oK Kk 3 ok kR o % 30k K
PROCESS ALL DFCKS EVEN IF ERROR
G o o e v ek w0 % O K % oK s o o K R 5K 38 o e o o o o o o o e e i o ok o ok K o o o ok K KR
GC TC 310
GO0 WRITE (64,4C00)
10 WRITE (644001) HED

DD

G20 RFAD (5,10C0) CHK
IF (CHKJNELSTRS) GO TN 920
GO T3 50
Q50 CNNTINUE
WRITE (6+4002)
CALL FXIT
C e sk 3 A ok ok ok ok 2 e i ok e e o o g R R o e o ol o ik ok o 3 o e e K Of kr K sk  aeoleoR o  oe Kf oK  i oi koK
' ook X K R XK -2 % KR X o o R o R ok e K 3 f 8 ke o oo okl 3K oK sl o e K R o e ook e s oK HOK ROKROK
1000 FCRMAT (18A4)
1C01 FORMAT (1215)
1002 FORMAT ( 15.,2F10.0)
1003 FORMAT({2F10.0)
1604 FORMAT (2F10.0)
1005 FORMAT (3F104.0)
1006 FORMAT (215,4F10.0)
1007 FURMAT (615)

C e s s ot ek ek e ok e ko e gk ke ok ok ok sk koK 40 30K 36 3 R K ok K ok K ok 3 ke ok o ok ek OR %K OK K
2000 FURMAT (1H1,20A4)
2006 FORMAT (2B8HONUMBER DOF NODAL POINTS—--=- 13/
1 ?8H NUMBER 0OF ELEMENTS-—==-—=——- 13)
2CC7 FORMAT (20HOMATERTAL NUMBER-=-=-- 13/

1 25H INITIAL VERTICAL STRESS= Fl0.3 45X,
2 26HINITIAL HCRIZONTAL STRESS= Fl0.3)

2013 FORMAT (12HINNOCAL POINT «4Xe 4HTYPE 44X, 1OHR-ORDINATE ,4X,
1 10H?-0ORCINATE 4,10Xs ASHR-LNAD ,»10X, 6HZ-LOAD )

2014 FORMAT (112+.18,2F1443,2E164.5)

FENTOD1CS
FENTO110
FENTOL11
FENTO112
FENTQO113
FENTO1l14
FENTO11®
FENTO116
FENTO117
FENTC1138
FENTOL119
FENTO12C
FENTO121
FENTQ0122
FENTO123
FENTO124
FENTO125
FENTO12¢
FENTOL127
FENTC128
FENTD129
FENT0130
FENTO131
FENTO132
FENTO0133
FENTO134
FENTO135
FENTO0136
FENTO137
FENTO138
FENTO1139
FENTO140
FENTO141
FENTO142
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2015
2016
’2C17
2025

2041

2651
2052
C
3003
C
4000
4001
4002
C
9CO00

5001
9002

FORMAT (26HONODAL PCINT CARD ERROR N= I5)

FORMAT {(49H1ELEMENT NO. I J K L
FORMAT (1I13,416,1112)

FORMAT (12HONODAL POINT ,6Xs 14HR-DISPLACEMENT ,6Xy 14HZ-DISPLACEM
1ENT / (I112,1P2B20C.7))

FORMAT {(76HOMGCCULUS ANC YIELD STRESS NORMALIZED WITH RESPECT TO 1IN
1ITIAL VERTICAL STRESS )

MATERIAL )

FORMAT(1HO+10X o E* 98X, "NU's/+3XsFl1a14F10.4/)

FORMAT(1H1)

%5 ¢ ¢ %2 e 3k o ok o ok 3Kk % ok Aok o sk 3k ok o ik o o ok 3k ok ok ok o e e o e 8k e 3k e e ok Xl e el 3k ok o e e 3¢ e sl e o e e ok e ok ke o o ek
FORMAT (1615)

e ¥ g 3 oK i ¥ A sk o 35k % ok o 4 i s e i 3 Kk o e e ok ok ol e %k e e ok 6 ok ik e o afe ok Sk g 3k e 9 Sk 3 Sl 3R o K R KO I R R R R Kk
FORMAT (//7/ ' ABNORMAL TERMINATION')

FORMAT (//// * END OF PROBLEM ' 20A4)

FORMAT (////' END OF JGB')

e g 3 e Sk ok 9 A 3 o 0 ¥ 7 ok 3ok ol e ok e s age ok vk o 3 ek i sfe s e ol e ok ok o ik 3k xRk e Rl o e e ok s e e ol ok ok ok e ek ke
FORMAT (29HOPRFSSURE BCUNDARY CONDITICNS/ 24H I J PRESSU
1RE )

FORMAT(215,F1C40)

FORMAT(2164F1243)

END

SURRDUTINE STIFF

IMPLICIT REAL*8 (A-H,0-7)

IMPLICIT INTEGER*?2({I-N)

COMMON STTCPLHED(18)+SIGIR(25),SIGIZ(25),GAMMA(25),ZKNDOT{(25),
1 NEPTH{25) +E{10e25)eSIG(T)IeR(450)+2(450),UR(450),
2 UZ7145Q)ySTOTAL(45044) « KSW

COMMON 7 INTEGR/ NUMNP,NUMEL s NUMMAT  NODEPTH NORMysMTYPE,ICODE(450)
COMMON /ARG/ RRRI(5),Z2ZZ1{5),S(10,10),P(10),LM{4),DD(3,3),
1 HH{6+10)+sRRU4)¢ZZ{4)sCl4as4) sH(6410)4D05,6)4F(6510)TPLH)XI(6E),
?2 FEL10).TX(450,5)

COMMOCN /BANARG/ B(QCO)sA(900+54) +MBAND

COMMON/PRFSS/ IBC(200),JBC(200),PR(200),NUMPC

DIMENSION CNDE(450)
ek e e A g R R K ok o R 0% 6 KON R SOR SEK R RO AOR 3R ok X e e ke ool e ok ook ook kol 30k

FENTO145
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FENTO1l49
FENTO150
FENTO151
FENTOL152
FENTO153
FENTO154
FENTO155
FENTO156
FENTO157
FENTO158
FENTO159
FENTO160
FENTO161
FENTO162
FENTO163
FENTO164
FENTO165
FENTOL166
FENTO1€7
FENTO168
FENTO16S
FENTO170C
FENTOL171
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FENTOLT73
FENTO174
FENTOL175
FENTCO176
FENTO177
FFNTO178
FENTO17S
FENT0180

_'[g_



]

50

50

142

144

145

150

160

165
166

INITIALTZATICN

e e e e ot 7 e i e o e e o o o ko o ok oK ok sk e e el o o a3 ok 3ok ok kRO 3 R oK K 3 R A6 g ko o R e R K K KK

NB=27

ND=2%NR
ND2=2%NUMNP
DO 50 N=1.,AND2
BIN)=0.0

DO 50 M=1,AND
A{NM)=0.0

¥ ¥ 2 e e A 56 3 3k e e ook sk ok ok sk e ok sk ok e o o e A sl ok e e ok ok e e K AR 3Kk K e die e e e ik o ROl SRR Rk R ek g Rk

FORM STIFFNESS MATRIX

s ek o 3 ook i oo e ook sk ok Xk oK 3 % 5 e ok ok e ol K ROK % ok o o e ok ok ok ok ok 3k ot sk o ke ok ok ok ok

DO 210 N=1.NUMEL

CALL QUAD(N,VOL)

IF (VCL) 142.142.144
WRITE (642C03) N
KSW=1

GC TO 210

IF (IX{Ns3)=-IX(Ns4)) 14541654145
D73 150 I1=1.9
CC=S(IT1,1C)/5(10.10)

C3 150 JJ=1.9
SITT.dJ)=S(I1T1,J4)-CC*S(10,JJ)

DO 160 1I=1,.8
CC=S{11+9)/5(9.9)

NO 160 JJ=1.8
SITT+JJI=S{TIT.JdJ)-CCES(9,4J)

ADD FLEMENT STIFFNFSS TC TOTAL STIFFNESS

DO 16K [I=1+4
LMEI)=2%IX{N,T)=-2

FENTO181
FENTCL182
FENTO183
FENTC184
FENT(C185
FENTO186
FENTO187
FENTC188
FENTO189
FFNTO19C
FENTOL1S1
FENTO1G2
FENTO163
FENTO164
FENTOQ195
FENTO166
FENTOQ197
FENTQO1GR
FENTO1SS
FENTD 20N
FENTO0201
FENT0202
FENT0203
FENT0204
FENT0205
FENT(3206
FENTO0207
FENT0208
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FENT0O213
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lale]

DO ND

175
180

195
200
210

250

260

BO 200 I=1.4

N0 200 K=1,2
II=LM(I)+K

KK=2%1-2+K

DO 200 J=1l+4

O 200 L=1.2
JI=LNMIJI+L-TI+1
LL=2%J-2+L

IF (JJ) 20C+2004175

TF (ND-JJ) 180.195+165
WRITF (6,2004) N

KSW=1

GO T3 210
A(TIWJIINI=ACTIT,Jd)4S({KKsLL)
CONTINUE

CONTINUE

IF{KSWeEQal) GC TO 500

ADD CONCENTRATED FORCES

DO 250 N=1,NUMNP
K=2%N
BIK)=R(K)+U7(N)
RIK-1)1=B{(K-1)+ULRI(N)
CONTINUE

PRESSURF BUUNDARY CONDITICNS

TFINUMPC) 26C+3104260
NN 3CC L=1.NUMPC
T=IRC(L)

J=JdBCAL)
CODFCT)I=ICCDEC(CT)
CCNECN=TICCDF(J)

FENTO217
FENT0218
FENTO021S
FENT0220
FENTO0221
FENTO0222
FENT0223
FENT0224
FENT0225
FENT0226
FENTO227
FENT0228
FENTO022S
FENTO0230
FENTO0231
FENTO0232
FENT0233
FENTO0234
FENTO0235
FENTO0236
FENT0237
FENT0238
FENT0239
FENTO24C
FENT0 241
FENT0242
FENTO0243
FENT0244
FENT0245
FENT0246
FENTQ247
FENTQ248
FENTO0249
FENT0250Q
FENTOZ251
FENTO?252
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264

270

271

272

291

292

3G0
310

370

380
360

PP=PR{L)/6,

DZ=(7{1)=-2(J}))*pPpP
DR=(R(J)-R(T))*PP
RX=240%R{IV+R(J)
IX=R{1})4+2,C*R(J)

I71=2%1

NNEVA N

SINA=C. 0

CPSA=140

IF(CCODE(TL)) 271,272,272
SINA=NSIN(CODE(I))
COSA=RCCSICONEL(T))
BOTTI-1)=ROTII-1)+RX*{COSA%XDZ+SINA*DR)
BITIT)=B(TI)-RX*(SINA*DNZ-CISA*DR)
SINA=C. 0

CNSA=1.0

IF(CCDE(J)) 251,292,292
SINA=DSINICCNEA(T))
COSA=DCOS(CODE(I))
B(JJ=-1)=B{JJ-1)14ZX%(COSAXDZ+SINA*DR)
BLJJ)I=B(II)-ZX*({SINA*DZ-COSA*DR)
CONTINUF

CONTINUE

DISPLACEMENT BeCo

DO 400 M=1.NUMNP
U=UR{(M)

N=2%M-1
KX=ICODE(M)+1

GO TO (400+370+390,4380) KX
CALL MONIFY(N,L,ND2)
GO TO 400

CALL MCDIFY{N,UsND2)
U=UzZ({M)

N=N+1

CALL MODIFY(N,U.ND2)

FENT0253
FENTD254
FENT0255
FENTO256
FENT0O257
FENTO258
FENTO025S
FENTQ2¢€0
FENTQR261
FENT0262
FENTO263
FENTO264
FENT02¢€5
FENT0266
FENTG0267
FENTO26R
FENT0269
FENTO0270
FENTC271
FENT0272
FENT02732
FENTQ274
FENTO0275
FENTO0276
FENTO0277
FENTO278
FENTO27S
FENT0280
FENTO281
FENTO282
FENT0Z283
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[ Ik N BNR]

CONTINUE

RETURN

A0 AR a5 o X ok 5 v e 3K ok ok ok e o ok 6t ok o 20 okl s o 40K K ek Y R K Ak X 3R o ok ek o o o o ik
FORMAT (26HONECATIVE AREA ELEMENT NO. 14)

FORMAT (2SHCBAND WIDTH EXCEEDS ALLOWABLE 14)

3¢ ke e A o Y g ol e e e v o ok o o b e e ok st R R ke 3 ok ok o o e o o ok ok 3k e e oK X¢ 3 s ok ok ok ook ek kK
FND

SUBRAOUTIME QUAC{N,VOL)

IMPLICIT REAL*8 {(A-H,0-2)
IMPLICTIT INTFGER*¥2({ [-N)
COMMION STTOP.HED(18B),SIGIR(25)+SIGIZ(25)+GAMMA(2S),ZKNOT(25),

1 DEPTHI25).E(1C+25)+SIG({T)sR{450),2(450),.UR{450),

UZ{450)sSTOTAL(45044 )+ KSHW
COMMON /INTEGR/ NUMNP NUMEL s NUMMAT o NDEPTHNORM,MTYPE, ICODE(450)
COMMON ARG/ RRR{5),27272(5),5(10+10),P(1C)LM(4),DD(3,3),

1 HHO5+310) o RR(4)4Z7Z(4)+sC{4+4) sHI{O6+10)4C{6+96)+F(H210)eTP(6)XI(6),
2 FE(LO) s IX(450,45)

COMMCN /BANARG/ BI{900),A(900+54)  MBAND

7= v e e ok 2% o o A% o 54 o 3 80K o S e o S e ot e 0 ke 6 e 3k ol o o ok e ok ok 3 e ok ok oKk ok e ook Yoo ke
I=TX{N+1}

J=IX{Ns?)

K=TX{N+3)

L=IX{N+4)

T1=1
[7=2
[3=3
T4=4
I5=5

5w g ve e oo e o a0 R K % A e AR e ok ok e 3R A% b 0l K o o 3 i R ok ok 3 oo o et e Mol Xk kool o ok 9 3 ok koK

NETEPMINE FELASTIC CONSTANTS ANMD STRESS-STRAIN RFLATICNSHIP

e 2e xc RN AR A R £T 4 ¥ 3R A Ko A 3k 3 e o e oK oK 2 K e ok 9 ok o 3k oK kK K i ok T el s i ok ok o o ok o oK ok ok ko e kK

CALL MPROP(N)

FENTO0289
FENT0220
FENTO291
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FENT0265
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FENTO0297
FENT0298
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FENTO3Q3
FENTC3C4
FENTO305
FENTO0306
FENTO0307
FENTO30C8
FENTO309
FENTO310
FENTO311
FENTO3212
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SO DD

210

93
Q4

95

120

125

3K o % 0 0 kM ko oK 0K e 2 7 e o 3 o ok ok o oK K R 3 ok o o 3k o 30K 3R K R K I 2 0K o ok sl o o ke e ki o o ok de K
FORM QUADRILATERAL STIFFNESS MATRIX

A ez 5 AT S ROK K A o %0 ok MK 2 o 3 e A R K oK K 36 3 e a8 ol o 3 oK 3 o 0 N e 3k 3 ok e o ok e ok ok e ok ok o ok
RRR(S5)={(RA{T)+R{JIY+R(K)I+R{L V) /7440

2727218V =(7( ) +2(JV+7(K)+Z2(L)) /4,0

DO 94 M
MM=TX{N

TF(R{MM) . EQeDe « ANCo ICODEIMM) ,EQ.O)

RRR (M) =
177{M)=

£ 100
PN as J
HE(JJ . T
DO 100
S{ITs+Jd
IF {(K-L

RRR{5)=(RRR{1)4RRR{2})+RRR(3})) /3,0
777(51={2727(1V+7772(2)+427272(3))/3,0

VoL=XT{(
GO T0O 1
VOL=0.0

=144
M)

R{MM)
7(MM)

I1[=1,10
J=1+6
1)=0.0
JJd=1,10
1=C.0

) 12541204125
CALL TRISTF{TI1,12.13)

1)
€0

CALL TRISTF{I4,11,15)

IF(XT(1)sECoOW) WRITE(642000) N

vhiL=VvQaL

+X1(1)

CALL TRISTF{Il.I2,15)

IFIXTI(1)aEQaQ) WRITE(6,2000)
VOL=VOL+XTI(1)
CALL TRISTF(I3,14,1I5)

TF(XI(1
voL=vOoL

Vo EGL D)
+XT(1)

WRITE(6,20800)

CALL TRISTF(I2.13,15)
IFIXT(1).ECeQ) WRITF(6,2000)
VOL=V3L+XT1({1)

N

N

N

ICCDE(MM)=1

FENT0325
FENTO32¢
FENT0327
FENT0228
FENT0329
FENT033C
FENT0331
FENT0332
FENT0333
FENTO334
FENT0335
FENTO3126
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FENT0338
FENT0339
FENT0340
FENTO341
FENT0342
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FENTO344
FENT0345
FENT0346
FENTO0347
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140

160

2€00

aEeNe!

no 14C I1=1,.6
CO 140 JJ=1,10
HHIT.JJ)=HH{I1,J4)/4.0

RETURN

HATIR K

FARMAT (' ZERD AREA ELEMENT?*, I5)

FND

SURRIDUT INF TRISTF{II,Jd4KK)

IMPLICIT RFAL*8 {A-H,C-1)

IMPLICIT INTEGER%2(I1-N)

COAMMON STTOPWHED(18).SIGIR(25),SIGIZ(25)+GAMMA(25) ,ZKNOT(25),
1 DEPTHI25) +F{1C425).SIG(TI,R{450),2(450),UR(450),
2 UZ(450),STOTAL{4504+4)+KSHW

COMMON /INTFGR/ NUMNPSNUNMEL  NUMMAT NCEPTHNORM,MTYPE, ICODE(450)
COMMON /JARG/ RRR{5),Z2Z(5)+S5(10+10)+P(10)sLM(4),DD(3,3),

1 HHIU6+10)VsRR(4)4727{4)+Cla+4)yH(6,10)+D(6+6),F{6+10),TP{B),XI{5),
2 EE{10),IX{45C,5)

COMMCN /BANARG/ B{(90C0)1+A(S500+54) +MBAND

e g d g el i oo o e e e ke ol Skl sk o s o ool e ok ek e s o ok e e e i e ok ok ot e el e e i e e Sk ke e K e e ok e e ok o o Kok
INITIALIZATION

LM(1)=11
LM(2)=4dJ
LM 3)=KK

RRE1)=RRR{TII)
RR{2)=RRR{ 44}
RR{3)=RRR({KK)
RR{4)=RRRI{TII)
7781)=277(11)
22(2)=777(JJ)
27(3)=2771{KK)
27¢(4)=7722(11)

FENTO361
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FENTO364
FENTO365
FENTO0366
FENTO367
FENTO268
FENTG3€S
FENTO37C
FENT0371
FENTO0372
FENT0373
FENTO0374
FENTO375
FENTO376
FENTO377
FENTO378
FENTO0379
FENT0380
FENTO381
FENT0382
FENT0383
FENT0384
FENT0385
FENT0386
FENTO387
FENT0388
FENTO389
FENT029Q
FENTO3G1
FENTO0392
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FENT03S4
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SO0

]85

90

100

110

DO 1060 I=1.,46
DC GG J=1,10
F{I,Jd)=0.0
H{I+J})=0.0
NO 100 J=1,6
C{l+Jd)=04.0

FORM INTEGRAL (GYT+#{C)x(G)
CALL INTFR{XTI+RR,Z2)

DL2+6)=XTL1)%(C{1+2)4C(2,3))
DE3.,5)=XT {1} *C(4+4)
DU5+.5)=D(3.,5)
NMe,6)1=XI{1)%C(2,2)
D(1.1)=XT(3)%L(3,3)
D01.2)=XT{2)*(C(1.3)4C(3,3))
D{1+3)=X1(5}%C(3,3)
DE1s6)=XT(2)%C(2,43)
PDE242)=XT{1)*(C{le1)42.0%C(1,3)+C(3,3))
DE2.3)1=XT{4)*(C{1,3)+C(3,3))
D{3+3)=XT(6)*C(3,3)+XI(1)%C(4,4)
DE3,6)=XI14)*C(2,3)

DO 110 I=1.6

DO 110 J=1.6

DEJ»1)=D(T1,.4)

FORM COEFFFICTENT-DISPLACEMENT MATRIX

CCMM=RRI?2 V1% (ZZ(3)=-ZZ(1))4RRULI*(ZZ(2)-ZZ(3))+4RR{3)*(2Z2(1)~-2212))

OND(1le1)=(RR{2)*ZZ(3)-RR{3)%*Z7(2))/CCMM
NN(1e2Y=(RR{3)*¥Z7(1)-RR(1)*72Z(3))/CCMM
DD(1+3)=(RRI1)*ZZ2(2)-RR(2)*ZZ(1))/COMM
DDE2.1)=(27(2)V~-27(3))/C0OMM
DDL242)=(722(3)~-27(1))/CCMM

FENTO337
FENT0398
FENTQ399
FENTO400
FENTG40C1
FENTO0402
FENTO403
FENTO4C4
FENT0405
FENTD406
FENT0407
FENTD408
FENTO4CS
FENTO410
FENTO411
FENTO412
FENTO4]13
FENTO414
FENTO415
FENT0416
FENTO0417
FENTO418
FENTO419
FENT0420
FENTO0421
FENTN422
FENT0423
FENTD424
FENTO0425
FENT0426
FENTO427
FENTO428R
FENTO429
FENTO043C
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e

120

128
129
130

138
139
140

410

NDE2+3)=172(1)~22(2))/C0OMM
DND(341)1=(RR(3)1-RR(2))/COMM
DD(3+2)=(RR{1)~-RR(3))/COMM
DD{343)=(RR{2)-RR(1))/COMM

DO 120 I=1,3
J=2%LM(1)-1
H{1.J)=DD(1,., I
H(2+J)=0DD(2+1)
H{3.,J1=DD(3,1)
H{4,J+1)=DC(1,.1)
H{5,J+1)=DD(2, 1)
H{6,J+1)=DD(3,1)

FORM STIFFNESS MATRIX (H)T*(D)=*(H)

PO 130 J=1.10

DO 130 K=1,6

TF (H{K.,J)) 128,130,128

DO 129 I=1,6
FIToJI=FCIoJ)+D (I, KI*H(KyJ)
CONTINUE

0N 140 1=1.10

DN 143 K=146

IF (H(KyI)) 1384140,138

NN 135 J=1,10
S(TIod)=SUTaJ)+HIKSII*F(KWJ)
CONTINUE

FORM STRAIN TRANSFORMATICN MATRIX
N 410 1=1.6

DO 410 J=1,10
HH{ T J)=HH{T,J)+H(1.J)

FENTO0433
FENT0434
FENT0435
FENTO426
FENTO0437
FENTO438
FENTO0439
FENT0440
FENTO441
FENTO0442
FENTO0443
FENTO444
FENT0445
FENTO0446
FENTO447
FENT0448
FENT0449
FENT0450
FENTO0451
FENT0452
FENTQ453
FENTO0454
FENTO0455
FENTO0456
FENTO0457
FENTO0458
FENTO459
FENTO0460
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FENTO0463
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C

e ReEaNel

00

40
55
60
h5

75

RETURN

FMD

SURROUTINE MPRCP(N)

IMPLICIT REAL*8 (A-H,0-17)

IMPLICIT INTEGER*2(1-N)

COMMON STTOPLHED{18),SIGIR(25),SIGIZ(25) ,GAMMA(25) ,ZKNOT{25),
1 DEPTH{25),E(1Ce25)4sSIG(T7)+R(450),Z(450)UR(450),

2 UZ1(450)STOTAL(450+4) 2KSW

COMMON /INTEGR/ NUMNP,NUMEL s NUMMAT NCEPTH,NORM,MTYPE, ICODE(450)
COMMON /ARG/ RRR{S51,2ZZ{(5)+S{10+1C)+P(10),LM{4),DD(3,3),

1 HH{6410) 4sRRI4)4ZZ2(4) 4C(4+4) sH{O6+10)sC(6+6)sF(6+410)sTPIE)4XI(6),
2 EE{10)+T7X(450,5)

CUMMCN /BANARG/ B{900),A(900+54%)+MBAND

e sl T e Ak i e ok e 3k vl vk ok sic ke 3K ok e 9 ofe ¢ K 3 o 3¢ o< ol e ok 3 3 o e 3k e ke o ke ok o ak %% e 2k e K i o ke X e e ok kol ol ok oK
I=1X{Ns1)

J=IX(N,y2)

K=IX{N,3)

L=IX(Ny4)

MTYPE=TIX{(N,5)

nno s Il=1,.,4
DO 5 JJ=1.4
ClIT.J4)=0.0
xe e 2 e 3k 3t xe o 2 sl e %2 o % 3 ok ok ok 3k oK ik ofe e e ok 3k 3k K ¥ e e a ok ok ik ak 3 ok 3 e ak 3 %¢ sk 3 35 e 3k e 3k e st ke kK e K ksl ok ok Ok K

DETERMINE ELASTIC CONSTANTS
e e o 2 30 ok e o e e ok o e o o o oK o 3k X oo ok K 0 36 3 oo ok s g o ok o ok e 3o o ok ok 2 o ok 3 oK e X oK 3 ok

DO 55 KK=1,2

EF{KK)=E(KKyMTYPE)

IF (NORM) 65,75,65

FF(L)=EE{1)%®STICGIZ(MTYPE)

e o e s ok o o ok ok ok 3 5k ok 3K ¥ o ook 3 ke kg el e ok o e e 3k 26 38 ok ok ok 3 % ok K 3 KN G OK KO 8 K o Ok 3 ok 4K KK

FORM STRESS STRAIN RELATICNSHIP
0 e ¢ 4% o ik ok A 3 o 3 e ok ok 3K o 3 o oK o 3k o 2 ook ke e 3 3¢ 3K 3 3 3 3K 2K 3K 3 3K R ik e ok e K o o %k K oK o o e ok 3 0 ok ok

COFF=FE(L)/{1e-EE(2)-2.*%EE(2)*FE(2))

FENTO46S
FENTQ0470
FENTO0471
FENTO0472
FENTO0473
FENT0474
FENT0475
FENTO0476
FENTO&4TT
FENTQ478
FENTO0476
FENTO48C
FENTO481
FENTO0482
FENTO483
FENTO484
FENT0485
FENTO486
FENTO487
FENTO488
FENTO48S
FENT04S0
FENTO04S1
FENT046G2
FENT0493
FENTO4G¢
FENTO0495
FENT0496
FENT0467
FFNT0498
FENTQ499
FFNTOS500
FENTOS01
FENTO0S502

FENTOSC3

FENTO504

_09._



230

240

250

C(ls1)=COEFX(1ls-EE(2))
C({1.,2)=COEF*EE(2)
Cl1,3)=EE(2)*COEF
Cl2:1)=C(1,2)
C(2.,2)=C(1,1)
Ct2.+3)=C{1l,2)
C(3,1)=C(1,3)
Cl3+2)=C11,42)
Ci3.31=C{1,1)
Cl4.4)=COEF%{0,5-EE(21})
RETURN

END

SUBROUTINE MODIFY(N,U,ND2)

IMPLICIT REAL*8 (A-H,N=Z)
IMPLICIT INTEGER%2{I-N)
COMMCN /BANARG/ R(900)+A{900+54)+MBANC
nn 250 M=2,MBAND

K=N=-M+1

IF (K) 235,235,23C
BIK)=B(K)-A(K,M)*U
A(KM)=0.0

K=N+M-1

[F (NB2-K) 250,240,24C
BIKI=R(K)-A{N,M)*U
A(NeM)=0,0

CONTINUE

AlNJ1)=1,0

B{N)=U

RETURN

FND

SUBROUTINE BANSOL

IMPLICIT REAL*8 (A-F.0-2)
IMPLICIT INTEGER*2(I-N)

COMMIN STTRP,HED(18)+SIGIR(25)+SIGIZ(25) +GAMMA(25) 4 ZKNCT(25),

FENTO505
FENTO5C6
FENTOS5C7
FENTO508
FENTOS5CS
FENTO510
FENTO511
FENTOS512
FENTO513
FENTOS514
FENTO0515
FENTOS516
FENTO517
FENTO518
FENTO516
FENTO520
FENTOS521
FENTO0522
FENTO523
FENTQ524
FENTO525
FENTO526
FENTO527
FENT0528
FENTO529
FFENTOS53C
FENTOS521
FENTO0532
FENT0533
FENTO534
FENTO0535
FENT0536
FENT0537
FENTO538
FENTO53S
FENTO540C

-'[9_



1 NDEPTH(25),E(1C+25)4STG{7)aR{450)+7(450),UR{450), FENTO541

2 UZ1450)«STOTAL(450+4) ¢+ KSW FENT0542
COMMON /INTEGR/ NUMNPSNUMEL o NUMMAT yNCEPTH,NURM,MTYPE,ICCDE(45C) FENTO0543
COMMON /BANARG/ PR(SCO)+A(9004+54) +MBANC FENTCO®44
ND2=2*%NUMNP FENT0545

FENT(Q546

DO 28C N=1.NN2 FENTD547

CN 260 L=2.MBAKND FFNT0548
C=AINsLI/A(N,1) FENT0549
T=N+L~-1 FENTO550
FENT0551

IF (NC2.LTeI) GC TC 260 FENT0552
FENT0553

J=0 FENT0554

DO 250 K=L.MBAND FENTO0555
J=J+1 FENTO556

250 AlI+J)=A{1+J)-C*A(N,K) FENTO557
R{I)=B{I)-C*B(N) FENT(0558

260 A(N.L)=C FENT0556
280 BI(N)=R(N)/A(N,1) FENTO56C
FENTO561

BACKSUBSTITUTICN FENTO562
FENTO0563

N=ND2 FENTO564

300 N=N-1 FENT0565
FENTO0566

IF (N.LE.O) GO TO 500 FENTO567

DN 400 K=2,MRAND FENTQO568
L=N+K~-1 FENTO569

IF (ND?.LT«L} GO TO 400 FENTOS570
BIN)=R(N)-A(N,K)%B(L) FENTOS5T71

400 CONTINUE FENTO0572
FENTO0573

GO Tn 300 FENTOS74
FENTO575

500 RETURN FENTO576

_Z9_



DO

DD

50

100

END

SUBROUTINE STRESSI{SPLCT)

IMPLICIT REAL %8 (A-He23-71)

IMPLICTT INTEGER*2{I-N)

COMMON STTOP.HED(18)+SIGIR{25),SIGIZ(25) +GAMMA(25) 4 ZKNOT (251},
1 DEPTH(25) FEl1C+25)+SIG(T)sR{450)52(450),UR(450),
2 UZ(450)+ STOTAL(4504+4) +KSW

COMMON /INTEGR/ NUMNP yNUMEL s NUMMAT o NCEPTHsNORM,MTYPE, ICODE(450)
COMMON /ARG/ RRR{S5)+2ZZ(5)+S{10+10)+P(10)+LM(4),DD(3,3),

1 HH(6.1O).RR(4).1214).C(414)qH(ble),D(b,b)'F(6v10),TP(6)'XI(6).
? EE(10)4IX(450,5)

COMMECN /BANARG/Z B{(900).A(S900+54),MBAND

e s 3o e 2% 36 30 e 3 A o e R 30 3K ok o e sk o e e 3K M 3 0k oK 0o ol e el okl ok o ook ol oo e R X6 Ok K
CUMPUTE ELEMENT STRESSES AND STRAINS

3 3. 3¢ % ok o3 3¢ B ok Mook 56 v ok K ¢ e oK 36 e 4k o e ok Ak % oKk 2 3K oK K el Rk ok ko ol o ok Rk Rk KRk R R K
DO 300 N=1.NUMEL

CALL GQUADIN,VOL)

FIND FLFMENT COORDINATES

[1=IX{N.,1)
J1=IX{N,2)
L1=IX(N+4)

IF (K1-L1,EQ.D) GO TO 50
RRP{S)=(R{TLI+F(JLI+P(KL)I+RI(L1)) /4.0
Z7745)=(2 (1) +Z2(JL)+7(K1)+Z(L1)) /4.0
GO T 100
RRR{S)=(R{IT1)I+R{J1I+RI(K1))/3.0
277(5)=(7(11)+7(J1)+7(K1))/3.0

COMPUTFE STRAINS

N 120 t=1.4
11=0%1

FENTO577
FENTO578
FENTOS579
FENTO058C
FENTO0581
FENTO0582
FENTOS583
FENT0584
FENTO585
FENTO586
FENTO0S587
FENT0588
FENTO589
FENT0590
FENTOS5S1
FENTO0592
FENTO593
FENTO0594
FENTO595
FENTO05G6
FENTOS597
FENT0598
FENT0SSS
FENTO600
FENTO601
FENTQ602
FENTOAO3
FENT0604
FENT0605
FENTOA06
FENTO0607
FENTOACSB
FENT060S
FENTO61C
FENTQ611
FENTCO612
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SO0

O

120

130

150

155

160

170

1R0

JI=2*%I[X{N, 1)
PTI-1)=B(JJ4~1)
PITIT)=8(4d)

P{9)=0.0

P(10)=0.0

DO 150 I=1.2

RRIT)=P(1+8)

DO 150 K=1,8
RREUIN=RR{1)-S(I+8,K}*P(K)

COMM=5(9,91%S(10+10)-S(G5,10)%S{10,9)

IF (COMM) 155,160,155
P(S)=(S(10,13)*RR{1)-S(9,10)*RR(2))/CCMM
PL10)=(-S{10,9)%*RR{1)+5(9,9)%RR(2))/COMM

DO 170 I=1,.6

TP{I)=0.0

DO 17C K=1,10
TPLII=TP(T)I+HB({I.K)}¥P(K)

RR{1)=TP(2)
RR(2)=TP(6)

RRUZ)=(TP(1)+TP{2)%RRRIS)+TP(3)%272(5))/RRR(5)

RR{4)=TP(3)+4TP(5)

COMPUTE STRESSES

DO 180 I=1.4

SIG(I)=0.0

NN 180 K=1l,4
SIGUIN=SIG(I)+C{I,K)}*RR(K)
COMPUTE PRINCIPLE STRESSES

CC=(SIC(1)4SIG{?2))1/2.C

FENTO613
FENTO614
FENTOA15
FENTD616
FENT0O617
FENTO618
FENTO619
FENTO0620
FENTO621
FENT0622
FENT0623
FENTO0624
FENTO625
FENT(0626
FENTQ627
FENTO628
FENT0Q629
FENTO630
FENT06321
FENTO632
FENT0633
FENTO634
FENTO0635
FENTO636
FENTO637
FENT0638
FENTO639
FENTO0640
FENTO641
FENTO0642
FENTO643
FENTO644
FENT0645
FENTO646
FENTO 647
FENTOO48



OMNHO

S Rale]

500

510

520
530

A15
300
2000

2001

RR=(SIG{1)-SIG(2)}/2.0

CF=DSQRT(BR:X2ISIG(3)*%2)

SIG(5)Y=CC+CR

SIG(6V=CC-CR

e s o 3¢ e e o i ke ok oK AR o o e X0 3k 3 3 o A 3 ol A o ook A o sk e otk o ok R s 3 ok ok oK K R R K K ook o
CALCULATE ROTATION CF PRINCIPLF PLANES '

i A ok 2 2% 4 M % o off % ok 12 %l o8k ok e 4 ok 3 ok o 3k 7 3K 6 0K 2 3 ek ok Ak X6 %6 0otk e e e ol 3k o ok 6 ok el ok el o ok

JF{NDABS(STG(4) )L TelseOE-02) SIG(4)=0.0
IF{DARBS(BB)«GT41la0E-09) GO TO 510

RB=0.0

IF ((SIG(4)uNEaOs)aOR.(BB,NEL,Os)) GC TO 520
ANG=C,0

GO T3 530

ANG=CATAN2(SIG(4) «BB) /2,0

SIG(B)=574396%ANG

SIG(T7Y={(SIG(5)=-S5IG(6))/2.0

¢ 3% 4 2 ke ok st e e Ak 2k e e o ok ok 3 e e sk ke s oo ok ol ki R oK R o e ekl oo o 3 o S RO R R K o e e e ke ek
OUTPUT STRESSES

s 2R 3 3¢ 3 72 B3k o oK R ok oo Ak o ot sk ek v ok e e o o ok e 3 3ok e o o ot e R sk o ke o R oK Sl o R o oK o X oK
IF{NJNEL1) GO TO 615

WRITF {6+42000)

WRTITE (6+42001) NoRRR(5)47ZZZ(5)4(SIG(I)sI=14+4)

CONTINUE

FORMAT (BHIELEMENT,8X,'RY (8X+?7%46Xs 'SIGIR)*y6Xs*SIG(Z) 45X *SIGIT
1)1 ,4X ' TAU(RZ) ")

FORMAT (I842F9a3, 1P7TD1243» OP1F10.2)

RETURN

END

SUBRLUTINE INTER(XISRReZZ)
IMPLICIT RFAL=R (A-+,C-7)
ITMPLICIT INTEGERX*X2(I-N)
DIMENSION RR(11,27(1),XI(1)
DIMENSTION XMUT) oRETY$7(T7)4XX(S)

XX(1)=.1259391805448
XXL2)y=xXX(1)

FENT0649
FENT0650
FENTO0651
FENT0652
FENTC653
FENT0654
FENT0655
FENT0656
FENTO657
FENTO658
FENTO0656
FENT0660
FENTO661
FENTO6€2
FENTO663
FENTO664
FENTO0665
FENT0666
FENTO667
FENTO668
FENTO66S
FENTQ67C
FENTO671
FENTO0672
FENT0673
FENTOAKT74
FENTO675
FENTO0676
FENTO6T77
FENTO678
FENTOATS
FENT0680
FENTO681
FENTO0682
FENTO683
FENTO684

.
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100

200

3C0

500

XX{3)=XX(1) FENTC6ES

XX{4)=,1323941527884 FENTOE 86
XX{5)=XX1{4) FENTO6RT
XX{&6)=XX{4) FENTO688
XX(7)=4225 FENT068S
XX{B8)=4696140478028 FENTO6GC
XX{9)=4410426162314 FENTO6S]
RIT)=(RR{1I+RR(2)+RR(3))/3, FENT06G2
7AT)Y=(Z7{1)+772(2)V+422(3))/3. FENTOEG3
FENTO694

CO 100 I=1,3 “FENT06S5
J=1+3 FENTO06S¢
RIII=XX{8)*RRIT)+{1.-XX(8))%R(7) FENT06G7
R{J)=XX{I)*RRII)+(1.-XX(G))%R(T7) FENTCASS
ZEI)=XX(8)*7Z (1) +{1e=XX{8))%Z(7) FENTO069S
ZOII=XX(N1%ZZ (1) +(1a=XX(9))*Z2(7) FENTOT7CC
FENTO701

NN 200 I=1,7 FENTQT702
XMLET)=XX{TI)*R({ 1) FENTQ7C3
FENTOT04

DO 300 I=1.,6 ' FENTO705
XItT)=0. FENTOT70¢
FENTOT07

ARE 2= S*(RRILI*(Z7(2)-ZZ(3))4RR{2)*{ZZ(3)-ZZ(1))+RR(3)*(Z27(1)-72(2 FENTO7O08
111)) FENTC7CS
FENTOT10

DO 400 T1=1.7 FENTOT11
XTEL)=XI{))+XM{1) FENTOT12
XT(2)=XT(2)+XM{TV/R(]) FENTO712
XI(3)=XT(3)+XM{I}/(RUI)%%2) FENTOT14
XT(a)=XT(4)+XM{T)*Z(I)/R(I]) FENTOT715
XT{S5)=XT(S)+XM(I)*7(1)/(R{])=*%2) FENTOT716
XTEA)=XT(6)+XMITIX(Z2(T)%%2)/(R{T)*%2) FENTOT717
FENTOT718

DO 503 I=1.6 FENTOT1S

XT{L)=XT(1})=ARFA FENTOT20



RETURN
FND

FENTOT721
FENTCT722
FENTOT723
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APPENDIX C

FINITE ELEMENT PROGRAM FOR THE ANALYSIS OF ISOTROPIC

ELASTIC AXISYMMETRIC PLATES - THERMAL STRAINS INCLUDED (Ref. 13, 14)

Program Capabilities:

The following restrictions are placed on the size of problems which

can be handled by the program.

Item Maximum Number
Nodal Points 450
Elements 450
Materials 25
Boundary Pressure Cards 200

Printed output includes:

1. Reprint of Input Data
2. Nodal Point Displacements

3. Stresses at the center of each element.

Input Data Format:

A. Identification card - (18A4)
Columns 1 to 72 of this card contain information to be printed
with results. ‘
B. Control card - (5I5,F10.0)
Columns 1 -5 Number of nodal points
6 - 10 Number of elements

11 - 15 Number of different materials
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16 - 20 Normalizing stress (see NORM, Appendix B)
21 - 25 Number of boundary pressure cards

26 - 35 Reference temperature (stress free
temperature)

C. Material Property information

The following group of cards must be supplied for each

different material:

First Card - (215, 2F10.0)

Columns 1 -5 Materials identification - any number
from 1 to 12,

6 - 10 Number of different temperatures for
which properties are given = 8 maximum.

11 - 20 Initial Z stress.
21 - 30 Initial R stress.

Following Cards - (4F10.0) One card. for each temperature

Columns 1 - 10 Temperature
11 - 20 Modulus of elasticity - E
21 - 30 Poissons ratio - V

31 - 40 Coefficient of thermal expansion

D. Nodal Point Cards - (215, 5F10.0)

One card for each nodal point with the following information:

Colummns 1 - 5 Nodal point number

10 Number which indicates if displacements
or forces are to be specified.

11 - 20 R - ordinate
21 - 30 Z - ordinate
31 - 40 XR
41 - 50- Xz

51 - 60 Temperature
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If the number in columm 10 is

Condition
0 XR is the specified R-load and free
XZ is the specified Z - load
1 XR is the specified R~displacement and &:1
XZ is the specified Z-load.
2, XR is the specified R-load and
XZ is the specified Z-displacement. ;g;%
3 XR is the specified R-displacement and fixed
XZ is the specified Z- displacement.

All loads are considered to be total forces acting on a one radian
segment. Nodal point cards must be in numerical sequence. If cards
are omitted, the omitted nodal points are generated at equal intervals
along a straight line between the defined nodal points. The necessary
temperatures are determined by linear interpolation. The boundary code

(column 10), XR and XZ are set equal to zero.

Skew Boundaries:

If the number in columns 5-10 of the nodal point cards is other
than 0, 1, 2 or 3, it is interpreted as the magnitude of an angle in
degrees. The terms in columns 31-50 of the nodal point card are then

interpreted as follows:

XR is the specified load in the s-direction

XZ is the specified displacement in the n-direction
The angle must always be input as a negative angle and may range from
-.001 to -180 degrees. Hence, +1.0 degree is the same as -179.0 degrees.
The displacements of these nodal points which are printed by the

program are
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the displacement in the s-direction

[+
1]

e
1]

the displacement in the n-direction

E. Element Cards - (6I5)

One card for each element
Columms 1 = 5  Element number 1. Order nodal points
6 - 10 Nodal Point I counter-clockwise
around element.
11 - 15 Nodal Point J

16 - 20 Nodal Point K 2. Maximum difference

between nodal point

21 - 25 Nodal Point L I.D. must be less
. . than 25.
26 - 30 Material Identi-
fication

Element cards must be in element number sequence. If element cards
are omitted, the program automatically generates the omitted information
by incrementing by one the preceding I, J, K and L. The material iden-
tification code for the generated cards is set equal to the value given
on the last card. The last element card must always be supplied.

Triangular elements are also permissible; they are identified by

repeating the last nodal point number (i.e., I, J, K, K).

F. Pressure Cards - (215, 1F10.0)

One card for each boundary element which is subjected to a
normal pressure.

Columns 1 -5 Nodal Point I
6 - 10 Nodal Point J

11 - 20 Normal Pressure
The boundary element must be on the left as one progresses from I to J.

Surface tensile force is input as a negative pressure.
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Listing:

50

66

65

o e o3 ik 50 e 3 2 ok ik e A ok e e e e e 3 v e 3 ok D e e e 2 e e v ok o ok k3 i 3¢ e e X W e Xk X ok K K B R R o e ok X ok

FINTTE FLEMENT PROGRAM FOR THE ANALYSIS OF ISCTROPIC ELASTIC

AXYSYMMETRIC PLATFS RFF FEAST 1,3 SAAS 2
e 3 el xR W R RO 6 3 R R ofe ot S ok o MK e 3 iR A el s ke o ok o ok el i e ok sk 3ok B dokokotok ook koK

IMPLICIT REAL«*8 (A-H,0-7)

IMPLICIT INTEGER*2(I-N)

COMMON STTOP+HED(18)+SIGIR{25)+SIGIZ(25) +GAMMA(25) 4 ZKNCT (25),
TNEPTH(25 )14 F(Be4425)sSTIGIT)IR{450),2(450),UR(450),TT(3),
2 U7{450)+STOTAL(45044)
3 TU450) . TFMP,Q,KSHW

COMMON /INTEGR/ NUMNP NUMEL  NUMMAT, NCEPTH,NORM,MTYPE, ICODE(450)
COMMON /ARG/ RRR{5),ZZZ(5)+S110+10)+P{10)4LM(4),DD(3,3),
1 HH{6+13)+sRR{4)+72(4)9C(4+4)sHIE010)+Dl6+6)sF(6910)4TP(6)4XI(6),
2 EE(10),IX(450,5)

COMMUN /BANARG/ BR{900),A{900,54) 4MBAND

COMMCN/PRESS/ IBC(200),JBC(200)+PR(200)+NUMPC

DATA STRS /['%%xxt/
#****ﬁ#****?***#*************************************#**********

READ AND PRINT CONTROL INFORMATION
%3 e ok o e 3k ol ok i o 3k e ool 0% i R ok e ak e i R e 3 3R e el sk ok e s ot e alk ofe ok ol ok ok sl ok ok 3 3 K ok kK kO XK kKo
READ (5+1000,END=950) HED

WRITE (642000) HED

READ(5,1001) NUMNP+NUMEL s NUMMAT, NORM,NUMPC,Q
WRITE(6+2C06) NUMNP,NUMEL NUMMAT,NUMPC,Q
IF (NORM) 65465466

WRITE (642041)
A0 sk ok e i ol o oo e g oKk R AR ok AR ok e sk 40 ok ok s e o 3R K oK o o 3Kk ok ook K ok e ok 3ok ol o

READ AND PRINT MATERIAL PROPERTIES
e o e o ok o 3 o oK 3 o - ¢ e vk ok e e e k3 o S okt ok > e ke e o 3 ol oK 3 o o ok 3k o e 3k ol ok ok ol e K ok K ok

CONTINUF

DO BC M=1,NUMMAT
READ(541012) MTYPEJNUMTC,SIGIZ(MTYPE),SIGIR(MTYPE)
WRITE(A42011 IMTYPFNUMTC,SIGIZ(MTYPE)SIGIR(MTYPE)

FEWT0CC1
FEWT0002
FEWT0CO3
FEWTO00O04
FEWT0D005
FEWTO0006
FEWTO0007
FEWTO00O08
FEWTQO00S
FEWTOO10
FEWTOO11
FEWTOO12
FEWTOO13
FEWTGOl4
FEWTOO015
FEWTOO16
FEWTOO17
FEWTOO018
FEWYOCLS
FEWTOO02C
FEWT0021
FEWT0022
FEWT0023
FEWT0024
FEWT0025
FEWT0026
FEWT0027
FEWTOC28
FEWT0029
FEWT0030
FEWTOC31
FEWTOC32
FEWT00323
FEWT0034
FEWTO035
FEWTC036

_ZL_



eNeNe]

aEeNe

81
80

100

105
106

110

111

120

READ(5+1011) ((E{T+JeMTYPE)yJ=144)sI=1,NUMTC)

WRITF(6+2010) ({E(I+JsMTYPE) yJ=144),I=1,NUMTC)

DO 81 I=NUMTC,8

DU 81 J=1l.4

E(I+JoMTYPE)=E(NUMTCJ MTYPE)

CONTINUE

e e o 3 95 8ok e sk 3 kol ok Ak kK ot e 3ok e o 7k o ok e e aje S o e A AR o oK 3 e o o o e e ofe el o ke & o R A o e kol ok ok
READ AND PRINT NODAL POINT DATA

% ek ok o 3 B 7 o 3 e A e e sl 3 o o ok vk 3 3 3 ol o o e a o ok o e ok e e e s A e e O e ok g ol ke e X e el sk ok o X RO ROk ok
WRITF (6,2013)

L=0

READ(5+10Ch) NJICIODE(N) +R{N)9Z{(N)URIN)+UZ{N)»T(N)

NL=L+1

IF {L.FQa.0) GO TO 11¢C

IX=N—-L

DR={R{N)-R(L))/ZX

D7=(Z{N)-Z(L}V/IX

DT={T(N)-T(L))/ZX

L=L+1

IF (N‘L) 1130112.111

ICODE(L)=0

R{L)=R({L-1)+DR

7(L)=2{(L-1)+D17

T(L)=T(L=-1)+DT

UP(L)=0.0

UZ{L)Y=0.0

GO T3 110

WRITE(6+2014) (K, ICODE(K)RIK) 97 (K)URIK)JUZ(K)sT(K) K=NLsN)

[F (NIMNP-N) 113,120,105

WRITFE (6.2015) N

GO TO 900

10 ok A X w00 e o oK OR 3 o ok 38 o s e K e 3 e R e X0k e X e Ak A ok ok ko st o ok o e R Rk Rk ok
RFAD AND PRINT ELEMENT PRUPERTIES

¥ sk 7 S % % oK 4 3K o o X e e g ok o ok X A A OR X o Xk o A K ok e # e i o o e e e e ok e o e ok e e i ok ol e o ok e i ok xRk
WRITE (6,2016)

N=0

FEWTOO037
FEWTOC38
FEWTQO3S
FEWT0040
FEWT0041
FEWTOQ42
FEWTOC43
FEWT0044
FEWT0045
FEWTO0O04¢
FEWTO0047
FEWTOO04R
FEWTOO04S
FEWTOCSO
FEWTOO051
FEWTO0O052
FEWTO053
FEWTOO054
FEWTO0O055
FEWT0056
FEWTOOS57
FEWTOO058
FEWTOO05S
FEWT006C
FEWT0061
FEWTO0062
FEWT0063
FEWTOQO064
FEWTOO0ES
FEWTO0O066
FEWT00€7
FEWTO0O0é8
FEWTOC69
FEWYOOTC
FEWTDOT71
FEWT0O072
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laNel

eNaNe]

i)

139
140

150

170

180

300
290

200
710

325
340

READ (5,1CC7) My({IX{M,I},I=1,5)

N=N+1

IF (M-N) 170,170.150

IX{Ny 1)=IX(N=-1,1)+1

TXING2Y=IX{N=-1,2)+1

IX{N+3)=TX{(N=-1,3)+1

IXI{Ne4)=IXIN=-1,4)41

IX{NsB5)=IX{N~-1,5)

WRITE (642CL7) NolIX{NsI)sI=145)

I {M=-N) 180,180,140

TF (NUMEL-N) 30C+3004,130

e o e e 032 %R ok ok e i kA e ke W sl ook e o ok 0 3 R R e e A2 4 e v ik e ol 2o i s e aie 3 3k 3k e ol ik s e e sl ol ol ik ok i e
REAL AND PRINT THE PRESSURE CARDS

o0 ook YLK o ok ksl koK o 3 3% o R ok X2 %2 38 R o A e ok e 3 e o ol e e i e i Xk 0K ok ok e X 3 ok ok ol xe K ik xk ak e ok ok ok ok ok
IF (NUMPC) 290+210,290

WRTITE(6.3CCC)

DO 200 L=1.NUMPC

READ(5,9001) IRCIL)+JBC(L),PRIL)

WRITE{(6+9C02) TRCIL)«JBCIL)PRIL)

CONTINUE

S ok A e e 3oae e e S 3 ok s sk ok ok 3 ol ok ok ok ol 3 ool 3¢ i i sk ke e ek 3K ke i o sk e ok sk e v ol Y ok A e K e e X R R ke
DETERMINE BAND WIDTH :

o0 R AR R0k xR ok e G ik ke o e e e e sl ol o ok e 16 ol e 9 o e o i i kN 3 ok e s i ik ok R ok ok ok ok o o ol o ok Kok
J=0

NG 340 N=1.MUMEL

DO 340 I=1.4

DO 325 L=1,.4

KK=IX{NsI}-TX{N,L)

IF (KKalLT+0) KK==KK

CONTINUE

CONTINUE

MRANN=2%J+2

ax sk xo ok o ok ool ok ol ok ok ORI SR 3 o o e ok 3% e 0 4 oK 38 3 ok o K 3k 3¢ 3k e ke 3k ok ek K o ook o s i e e ki 3K o e oK 3 K K
SULVE FNR DISPLACEMENTS AND STRESSES

10X M XK 3 xR Ko K e dkoRone ol o ik k% s ak i kol i A vk ol e ok i X 24 oK ol e Sk 3k i sk e 3k 03k dk e ok v 3 ok 2k ok ¢ ok

FEWTO0T72
FEWT0074
FEWTOO075
FEWTOO076
FEWYQO077
FEWTOO078
FEWTOCTS
FEWTOOS0
FEWT0081
FEWTOOB2
FEWTOCB3
FEWTOO0R4
FEWTOC85
FEWTCO8¢
FEWTOCS87
FEWTQO088
FEWTCO8S
FEWTO0S0
FEWTOCS1
FEWTQ092
FEWT00S3
FEWTOO0S4
FEWTQOCSS
FEWTQ0SA
FEWTOCSY
FEWTO0098
FEWTCCSS
FEWTO01G0
FEWTC101
FEWTO1C2
FEWT01C3
FEWTO1C4
FEWTO0105
FEWTO0106
FEWYQ1l07
FEWTO1GS8

_17[_



450

200
c10

G20

950

OO0

1GC0
1601
1002
1003
1004
1005
1006
1007
1011
101?

2C00

KSW=0
CALL STIFF
IF {KSWeNELG} GO TO 900

CALL BANSOL
WRITE(6.2052)
WRITE (6+2025) (N.B

{2%N-1),8 (2%N) s N=1+ NUMNP)

CALL STRESS{SPLOT)

& ¥ ek e ok e s o 3 ok e e sl vieak ek e ok ook e e o e ik ofe e ok Ak e e ofe %k e v ok e e ek S e kR o Xl i e ok o xR 3 o oK i ok R R
PROCESS ALL DECKS EVEN IF FRROR

3 ok e 236 3 sk e 3 e e e i s s e ol o e e ok Ak e i ik ok ok e ok o i e e ok e s ol ol e e R e o e ok o e o i ok ok e ek e ok e ok Rk
GO TN 910

WRTITF (6+4000)

WRTTE (6,4001) HED

READ (5,1000) CHK

IF (CHK.NEL.STRS) GO 70 920

GO TO 50

CONTINUE

WRITE (6,4002)

CALL EXIT :

0 ¢ e ok e X 6 ok ook o 2 o e e ok oK 2 8t e ok ke o o e ok o s ok %0 ok oK ot o R ke e el e o ok i ool o o ook ol e ok ok XK ke
A2k A ok ok o o ok ok o o 2 3 i sk ot ok ol ke ok o8 oK o o ok ol e e 6 ol o ook s ok ke X R Sk e ok e % ok ek e e ok ek ok
FORMAT (18A4)

FNRMAT(515+,F10.0)

FORMAT ( I5,2F10.0)

FORMAT{2F10.0)

FORMAT (2F10.0)

FORMAT (3F10.0)

FORMAT(2I5,.,5F1C.0)

FORMAT (615)

FORMAT(4F10.0)

FURMAT{2I5,2F1C.0)

5 43k 3¢ 3% e 2 e ok sk xk e o ok ok ok Tk o o ol ok e 3 o ok o 3 o o ol oK e o e % e e ok ok 3k ok ke Kok ok

FURMAT (1H1.,20A4)

FEWTCLCSY
FEWTO110
FEWTO11ll
FEWTOl12
FEWTO113
FEWTO1l14
FEWTO115
FEWTOLl16
FEWTO117
FEWTOL118
FEWTO119
FEWTO012C
FEWTO0121
FEWT0122
FEWTO0123
FEWT0124
FEWT0125
FEWTO126
FEWTO127
FEWTO128
FEWTO0129
FEWTO130
FEWTO131
FEWTO132
FEWT0133
FEWTO134
FEWT0135
FEWT0136
FEWT0137
FEWTO138
FEWTO0139
FEWT0140
FEWTOl41
FEWTO142
FEWTO0143
FFWTO0l44

_gL—



2006 FORMAT (/7.

1 30H0O NUMBER OF NODAL POINTS—==-=-- 13 7
2 30H0 NUMBER OF ELEMENTS--====-=—-- I3 7
3 30HO NUMRER 1IOF DIFF. MATERIALS--- I3 /
4 30HJ NUMRFR OF PRFSSURE CARDS--=-- 13 /
5 3CHO REFFRENCE TEMPFRATURE-==-—==-- Fl2.4)
2010 FURMAT ({15HC TEMPERATURE 15X SHE 15X 6HNU 15X 6HALPHA 9X
1/4F20.8)

2011 FORMAT (17HOMATERIAL NUMBER= I3, 30H, NUMBER OF TEMPERATURE CARDS=
1 13,254 TINITIAL VERTICAL STRESS= F1l043,5X,
2 27H INITIAL HCRIZONTAL STRESS= F1l0.3)

2013 FORMAT (12HINODAL POINT ,4Xs 4HTYPE 44X, 10HR-ORDINATE 44X,
1 10H7-0RCINATE +10X+s6HR=LOAD +10Xs 6HZ~LOAD, 10X 4HTEMP )

2014 FORMAT(I12+1842F140342F16e5+F14e3)

2015 FORMAT (26HONSEAL POINT CARD ERROR N= [5)

2016 FORMAT (49H1ELEMENT NO. I J K L

2017 FORMAT (1113+,416,1112)

2025 FORMAT (12HONODAL POINT 46X, 14HR-DISPLACEMENT ,6Xs 14KZ-DISPLACEM
1ENT /7 (112,1P2D20.7))

2041 FORMAT (76HOMOCULUS AND YTELD STRESS NORMALIZED WITH RESPECT TUO IN
1ITIAL VERTICAL STRESS )

2C51 FORMAT(1HOW10Xs"E'+8Xe"NU',/43X,F1llel1sF1044/)

2052 FORMAT(1H1)

MATERTIAL )

C Aok 3o uk e 4 e sl i oK e oot ke e s Rk ok s xR i o ok ok Ak 3 X 3k ¢ o 3 o o ok S o o ok 3 o o ok ke ke v s o o o ok o ok ok ot ok o 3ok ok
3IC03 FOARMAT (1615)
" e e e AR AR A ke o ot o o e 3 a6 3R o A ok 0 ok 4k 3K o i 3 o o o ok ol i ke 3 ol ok e ikl ok ok o o o ok ot e ok o ok e ok kK

4000 FNRMAT (//// % ABNORMAL TERMINATION®)
4001 FORMAT (///7 ' END OF PROBLEM ' 20A4)
4C02 FORMAT (///7/% END OF JCB')

C Aok e e o e g ok koK oo o o Rk o ek o ko o e ot ok ot o e ek ok kol ok ok ke e e el e ok ok ek o ek e
7000 FORMAT (23HOPRESSURE BCUNCARY CONDITICNS/ 24H I J PRESSU
1RE )

3001 FORMAT(215,F1040)
9002 FORMATI(2T16,F1243)
END
SUBROUTINE STIFF

FEWTO145
FEWYO1l46
FEWTO147
FEWTO0148
FEWTO145S
FEWT0150
FEWTO151
FEWTO152
FEWTO153
FEWTO154
FEWTO155
FEWTO156
FEWTO157
FEWTO158
FEWTO159
FEWTO160
FEWTO161
FEWTO162
FEWTO0163
FEWTO164
FEWTO165
FEWTO0166
FEWTO167
FEWTO1le68
FEWT016S
FEWTO17C
FEWTC171
FEWTO0172
FEWTO173
FEWTO174
FEWTO175
FEWTO176
FEWTO177
FEWTC178
FEWTO179
FEWT(1890
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o]

50

0

142

IMPLICIT REAL*8 (A-H,C-17)

IMPLICIT INTEGER*2{I-N)

COMMON STTOPLHEN(18),SIGIR(25)+SIGIZ(25) GAMMA(25) ,ZKNLT(25),
IDEPTHI(25) s ElB+4+25)+SIG{T)sR(450)42(450),UR(450),TT(3),
2 UZ(450),STOTALL4504+4)
3 T{450) s TEMP,Q+KSHW

COMMON /INTEGR/ NUMNP,NUMEL s NUMMAT ,NCEPTHNORM,MTYPE, ICODE(450)
COMMON /ARG/ RRR{S5)+Z227Z(5)+S(10,10)+P(10)+LM14)+DD{(3,+3),

1 HH{6910) s RR{4)4Z22(4)4C{444) oHI6510)3D(656)F(6410),TPL6)XI(6),
2 EE{10).IX145045)

COMMON /BANARG/ B(90GC)»A(9004+54),MBAND

COMMON/PRESS/ IBC(200)+JBC(200),PR{200),NUMPC

DIMENSION CODE(450)

s e e 3¢ 2 o 3 ok ok o ok v e e vk 7 v i 2 ok e 3 o o adeafe e e A >k ok e e 3 e e e ok ok e el e e ek ok e e ok ok e e e o e o ok
INTTIALIZATION

e e 3¢ o3k o e 2 ol o ok a8 o e 3 ok 3 3K o ok % o Rk e ok e ok ok i 3ok kol o e o ok e ol ke ek 3 3 e e ok e o ik e e e ke ok o ol o ok Xk
NB=27

ND=2%NRB

ND2=2%NUMNP

DC 50 N=1,ND2

B{N)=0.0

DO 50 M=1.ND

A{NM)=0.0

ke s e 30 ok e ol ok ok ek Ak 3k 3k ok ke ol a8 o ol ok e o 3 i e X ook o e 3 ol e e o ok o 3 o o s o o 3k el 4k e e ok ofe e ok o e o oK
FORM STIFFNESS MATRIX

e she e e e s 3 o e o e ¢ 3 e o s o ke 3k e 3k ok e o e 3 X o e a e e o otk e 0ol il e A e e e kol o ol e Ak ol ookl e e o ko ke
£N 210 N=1,NUMFL

CALL QUAD(N,VOL)

IF (VIL) 142.142.144
WRITE (642003) N
KSW=1

GO 10O 210

FEWTO181
FEWTQ182
FEWTO0183
FEWT0O184
FEWTO0185
FEWT018¢
FEWTQ187
FEWTO188
FEWTO189
FEWTO019¢C
FEWTO1S1
FEWTO0192
FEWT01G3
FEWTO194
FEWTO0195
FEWTO19¢6
FEWTO0197
FEWTO1S8
FEWTO199
FEWT0200
FEWT0201
FEWT0202
FEWT0203
FEWT0204
FEWT0205
FEWT0206
FEWT0207
FEWT0?208
FEWT020S
FEWT0210
FEWTD211
FEWT0212
FEWT0213
FEWT0214
FEWT0215
FEWT0216

—LL_



eNeNe!

144
145

150

160

165
166

175
180

195
200
210

IF (IX(N+s3)-IX(Nes4)) 14541655145
DG 150 1I=1.9
CC=S(I1.10)/5(10,1C)
PUIT)=P{IT)-CC*P(10)

DO 159 JJ=1,9
S(IT.Jd)=S(IT1+JJ)-CC*S(10,J4J)

DO 160 II=1.8 ,
CC=S(T11,9)1/5(9,9)
PLIT)=PULIT)-CC*P{(9)

DO 16C JJ=1.8
SCIT.JJ)=S(T11,43)-CC*S(9,JJ)

ADD ELEMFNT STIFFNESS TO TOTAL STIFFNESS

DO 166 I=1.4
LMII)=2%IX{NsT)-2

NC 200 I=1,4

DN 2200 K=1,2
IT=tM(I)+K

KK=2%1{-2+K
BIII)=R(II)+P(KK)

DO 200 J=1l.4

DO 200 L=1.,2
JU=tM{JY+L-11+1
L1L=2%)=-2+L

IF (JJ) 20Ce200,175

IF (ND-JJ) 180,195,195
WRITE (6,2004) N

KSW=1

GO TO 210
A(TTIJI)=A(TI]+JdJ)+S{KK,LL)
CONTINUE

CONTINUE

IF{KSWeFQel) GO TO 500

FEWTO217
FEWT0218
FEWT02156
FEWT0220
FEWTO0221
FEWT0222
FEWT0223
FEWTG0224
FEWT0225
FEWT0226
FEWT0227
FEWT0228
FEWT0228
FEWT023C
FEWT0231
FEWT0232
FEWT0233
FEWT0234
FEWT0235
FEWT0236
FEWT0237
FEWT0238
FEWT0239
FEWTO0240
FEWT0241
FEWT0242
FEWT0247
FEWTO0244
FEWT0245
FEWT0246
FEWT0247
FEWTO0248
FEWT0249
FEWTO0250
FEWTO0251
FEWT0252

_81_



oo

OO O

?50

260

264

270

271

272

290

291

ADRD CIONCENTRATED FORCES

DO 250 N=1.NUMNP
K=2?x=N
B{K)=R(K)+UZ(N)
BIK=1)1=RB{K-1)+UR(N]
CONTINUE

PRESSURE BCUNDARY CONDITICNS

IF{NUMPC) 260,310,260
DO 300 L=1.NUMPC
I=IRC(L)

J=JdBC(L)
CODE{I)=ICODE(T])
CODECUI=ICODEC D)
PP=PR(L) /6.
DZ=(Z(1)-Z(J))*PP
DR={R{J)=-R(T))*PP

RX=2 0%R(I}+R( J)
7X=R{T1)142.0%R(J)

I11=2%1

JJd=2%]

SINA=G.0

C0OSA=1.0

IF(CODE(I)) 271,272,272
SINA=RSINICODE(I M)
COSA=DRCCS(CODE(T))
RITTI=-1)=RUIT-1)4RX*x{COSA*DZ+SINA*DR)
ROTIN=B(TII)-RX*(SINAXDZ-CNSA*DR)
SINA=C.Q

COSA=1.0

IF(CODE(J)) 25142G2.2532
SINA=DSIN{CODE(I))

FEWT0253
FEWT0254
FEWT0255
FEWT0Z256
FEWTO0257
FEWTO0258
FEWT0?259
FEWT(0260
FEWT0261
FEWT0262
FEWT0263
FEWTO2¢64
FEWT0Z265
FEWTC266
FEWTO0267
FEWT0268
FEWT0269
FEWT0270
FEWTO0271
FEWT0272
FEWT0273
FEWTO0274
FEWT0275
FEWT0276
FEWTO0277
FEWTO0278
FEWT0279
FEWT0280
FEWT0281
FEWTQ0282
FEWT0?83
FEWT0284
FEWT0285
FEWTO?286
FEWTG287
FEWT0288
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DO

292

3C0
210

370

380

390

400

500

2003
2004

COSA=CCOS(CODE(T))
BlJJ=1)=R(JJ-1)+ZX%{COSA*DZ+SINA*DR)
BIJUI=BLJIII-ZX*(SINA%XDZ-COSA*DR)
CONTINUE

CONT INUF

NDISPLACEMENT BaCe

DO 400 M=1,.NUMNP
U=UR(M)

N=2%M~-1
KX=TCODE(M)+1

GO TN (40C.37C+390.,38C) KX
CALL MODIFY(N.UND2)
GO TO 400

CALL MODIFY(N,UsND2)
U=uzim)

N=N+1

CALL MODIFY(N,L,ND2)
CONTINUE

RETURN

o 2l vk e e e e ke ke 0 3 e ok ook ok o 6 ok e e ok 3k 2k 3 e 3 ek e e ok ok ok ok ok o8 ook o e X ok o o ok o ok 3k oo Rk X KOk
FORMAT (26HONEGATIVE AREA ELEMENT NO. 14)

FORMAT (29HOBAND WIDTH EXCEEDS ALLOWABLE I4)

e 7332 3 e 7 e o e e 3xe o A o o 9k Rk 3 o A % % ok o ol ok ok 3 ok ok ok o okl ke et o ok ok e ok ok o 3 ko ek
END

SUBROUTINF QUALC(N.VCL)

IMPLICIT REAL=*8 (A-H,0-17)

IMPLICIT INTEGER*2{I-N)

COMMON STTOPLHED(18)+SIGIR{25) 4SIGIZ(25) yGAMMA(25),ZIKNOT (25),
IDFPTHI25) 4 E(B4+4+425)sSIG(T)+R(450)+2(450)+UR{450)TT(3),
2 UZ(450)sSTOTALI45044), .
3 T(450) s TEMP+QoKSW

COMMON /INTEGR/ NUMNP,NUMEL  NUMMAT y NCEPTH,NORM,MTYPE,ICODE(450)
COMMON /ARG/ RRR{5),222(5),S(10,10),4P(10),LM(4),D0(3,3),

FEWTO028S
FEWT(0290
FEWT0291
FEWT02G2
FEWT0293
FEWT02G4
FEWT0295
FEWY0296
FEWT0297
FEWT0298
FEWT02S9
FEWTO3CC
FEWTO0301
FEWT0302
FEWT0303
FEWT0304
FEWTO305
FEWTO306
FEWTO0307
FEWT0308
FEWT0309
FEWT0310
FEWTO311
FEWT0312
FEWTO0313
FEWTO314
FEWTO315
FEWTO0316
FEWTO317
FEWT03218
FEWTO0319
FEWT0320
FEWT0321
FEWT0322
FEWT0323
FEWT0324

.= 08 -



aNeRaNel

1 HH{6 10V sRR{U4)47Z7{4)+Cl4+4) +sH(H410) 4D{6+6) 9sF(641C)yTP(E) 4 XI(6) FEWT0325

? EE(10),1IX(450,5) FEWT0326
COMMON /BANARG/ B(900)+A(900,54) s MBAND FEWT0327

e s 2 ol K ek i 2 o e 3z e o e e e ok o o Xk 3k e D ol X< 3k ol 3k AR 58 XK 48 7 S i ik e ok 3k e 3 i e e e e X ik e ok ok e e e ok A 3¢k e e e FEWT0328
I=IX(Ns1) FEWT0329
J=IX{N,2) FEWT0330
K=IX{N,3) FEWTO0331
L=IX{N+4) ; FEWT0332

' FEWT0333

I1=1 FEWT0334
12=2 ” FEWT0335
13=3 ’ FEWT0336
l14=4 s FEWT0337
15=5 FEWT0338
THERMAL STRESSES FEWT0339
TEMP={T(I)I+T(JI+TIKI+T(L)) /4.0 FEWT0340

CO 103 M=2,8 FEWT0341
TF(E(NM,1.MTYPE)-TEMP) 103,104.104 FEWT0342

103 CONTINUE FEWT0343
104 RATID=0.0 FEWT0344
DEN=E(Mys1,MTYPE)-E(M-1,1,MTYPE) FEWT0345
IF(CEN) 70.71,70 A FEWT0346

70 RATIO=(TFMP-E(M-1,1,MTYPE))/DEN FEWT0347
71 DO 105 KK=1,3 FEWT0348
105 FFIKK)=E(M=1,KK+1,MTYPE)+RATIO*(E(M,KK+1yMTYPE)-E(M=-1,KK+1,MTYPE)) FEWT0349
TEMP=TEMP-Q FEWT0350

s e % o o A s i ok o ke ol A e o ik e e xe ol o e a3k 3 o s ik Dk o ok vk ok ke 2 e vk ik X sk o Ak ok ok ki Sk ok e o ok ok e e o ok R ok % FEWTY0351)
NDETERMINE ELASTIC CONSTANYS AND STRESS-STRAIN RELATICNSHIP FEWT0352

e e ¥k He s na R KO ok R e ak ok ok ok o ok ak ag R X Xk 3% YK XK e 3 Xk 3 3l e ok Kk 3 e sl e 3k % X o ke e e i ok i e e o %K ol ofe o ok o s ol ok ok ok FEWT0353
FEWTO354

CALL MPROP(N) FEWT0355
FEWTO0356

88 DO 110 M=1,3 FEWT0357
110 TTIM)=(C{Me1)+CIMs2)+C(M,3))XEE(3)*TEMP FEWT0358
3% %2 3K %240 7R 2l g ol e K e ok xR we Ak s i ol ok ok vl ik X ok ik al ok e ade Ok € i o e 3 e i 3z e 3k e ol ok o ok 3¢ ¢ e e 3k ol e ik e ol ok k¥ FEWTO0359

FCRM GUADRILATERAL STIFFNESS MATRIX FEWTO036C

_'[8_



2160

93
94

95

100

120

125

e 3 o 3¢ e 00 0 0O o X8 AR 3 ok R 0 o 3k e 3 3 0 R X 08 3 0 36 o 2 3 %6 ¢ ¥ o 3K oK ol ve el e ok K oK o o sk ok 3k

RRR{S)={(R{I)+R{JI+R(K)I+R(L))/4.,0
L22Z(5)=(Z(I1)+7(J)+2Z(K)+Z(L)) /4.0
NO 94 M=1.4

MM=TX{N.,M)

IF(R{MM)eEQeOeoANDS ICONDE(MM) L EDQ. D)
RRR (M) =R (MM)

Z7Z(M)y=7(MM)

bQ 103 11=1.10

P(II1)=0.0

DN 95 Jd=1,6

HH{JJ+TT11=040

DO 100 JJ=1.10

S{I1+.JJ1=0.0

IF (K-L) 125,120,125

CALL TRISTF(Il.12,13)
RRR{S)=(RRR(1)+RRR{2)+RRR(3))/3.,0
72Z2(5)=(222{1)+7Z27212)+7127{(3))1/3.0
VaL=XT1(1)

G0 T0 160

VOL=0.0

CALL TRISTF(I4,1I1,15)
TF{XI(1).EQa0s) WRITE(6,2000) N
VOL=VOL+XTI(1)

CALL TRISTF(Il1,12,1I5)
IF{XI{1)eFQeO) WRITE(642000) N
VOL=VOL+XI{1)

CALL TRISTF(I3,I4.15)
IF{(XI(1).EQaD) WRITE(6,2000) N
VOL=VOL+XTI(1)

CALLL TRISTF(I2,1I3,15)
IF(XI{1)eFQe0) WRITE(6+,2G00) N
VO =VOL+XI(1)

LN 140 T1=1.6

ICOCE(MM) =1

FEWT0O361
FEWT0362
FEWTO363
FEWTO0364
FEWTO0365
FEWTO0366
FEWTO0367
FEWTO0368
FEWT0369
FEWTQ370
FEWTO371
FEWTQ372
FEWT0373
FEWTO0374
FEWT0375
FEWTO0376
FEWTO377
FEWT0378
FEWTO379
FEWTO0380
FEWTO381
FEWTO0382
FEWT0383
FEWT0384
FEWTO385
FEWTO38¢
FEWTO387
FEWT0388
FEWTO038S
FEWT0390
FEWT0391
FEWT0392
FEWTO0393
FEWTO036G4
FEWT0395
FEWT0396

_28_



140

160

2300

(@]

DO 140 JJ=1+,10
HH{TIT,JJ)=FH{T1.,JJ)/4.C

RETURN

ok

FORMAT (* ZERO AREA ELEMENT'',15)

FND

SUSROUTINE TRISTF(II.JJd+KK)

IMPLICIT REAL*8 (A-H,0-7)

IMPLICTIT INTEGER%*2{1-N)

COMMON STTOPHED(18) ,SIGIR(25),SIGIZ(25) +GAMMA(25) +ZKNCT(25),
L1DEPTHI(?5) s E(B94425)+SIG(T7)eR{450)2Z(450),UR(450),TT(3),
2 UZ{450).STOTAL(45C.4),
3 TU450) s TEMP, Q4KSW

COMMON /INTFGR/ NUMNP o NUMEL » NUMMAT ¢ NCEPTH,NORM, MTYPE, ICODE(450C)
COMMON /ARG/ RRRUS51,77ZZ(5)+5(10+s10),P(10)+LM(4),DD{3,3),
1 HH(6¢10!-RR(Q);?Z(#DoC(4,4)oH(6'10)vD(bvé)vF(6q10).TP(6)qXI(6)o
2 EE(10)+IX(45045)

CNMMON /BRANARG/ B(900)sA(900+54) +MBAND

s ¢ s A T e koo o koK e K o 3 3 o o K 6 e 3K A e o o R % R 3 o ok e R R Rl R X6
INITIALIZATION

LM(1)=11
LM{2)1=JdJ
LM(3)=KK

RR{1)=RRR(IT)
RR{?2)=RRR(JJ)
RR(3)=RRR{KK)
RRI4)=RRR({IT)
727¢1)=727Z2(11)
1702)y=272(40)
22(3)=7727(KK)
77(4)=777(11)

FEWTO0397
FEWT0398
FEWTO3SS
FEWTC4CC
FEWT0401
FEWT04C2
FEWT0403
FEWT0404
FEWTO405
FEWT0406
FEWTO0407
FEWT0408
FEWT0409
FEWT0410
FEWTO411
FEWT0412
FEWT0413
FEWTO414
FEWT0415
FEWTO0416
FEWTO0417
FEWT0418
FEWTO415
FEWT0420
FEWT0421
FEWT0422
FEWTO0423
FEWT0424
FEWT0425
FEWT0426
FEWT0427
FEWT0428
FEWTO0429
FEWT0430
FEWT0431
FEWT0432
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aReEele!

a5

110

Ne 10D I=1,6
N0 90 J=1.10
F{I.J)=060
H({T1.J)1=0.0
DN 100 Jd=1.6
DUT1,41=C0a0

FARM INTEGRAL (G)T(CI*(G)
CALL INTER{XI RR,Z7)

DUE2/8Y=XTL(L)*{C(1.2)+4C(2,43))
D(3OS)=XI(1)*C(404’
D{5.5¥=D(3,5)
DU6,6)=XTI11)*C{2,2)
D(1,1)=XI(3)%C(3,3)
DE1+2)1=XT(2)%2(C(1es3)+4C(3,3))
D{1.3)=XI(5)%C(3.3)
D(1.6)=XI{2)%C{(2,3)
D(2+:2)=XT(1)*{C(1s1)+42.0%C(143)+C(3,3))
D(2+,3)=XT1(4)%{C(1,3)+C(3,3))
D(3+43)=XT(6)%C(3+3)+XI{1)%*C(444)
DI3+6)=XT(4)%xC{2,3)

DD 110 1=1.6

DO 110 J=1,6

DI I)=D(T,J)

FORM COEEFFICTENT-DISPLACEMENT MATRIX

COMM=RRI(2)*(Z7(3)-ZZ(1))I4RR(I1I*(Z2Z(2)=Z2Z(3))+RR{3I*(ZZ(1)-2Z(2))

DD(1+1)=(RR(2)%Z7(3)-RR(3)*Z2Z(2))/7COMM
DO(1¢2)=(RR(3)*ZZ{1)-RR{1)*ZZ(3))/COMM
DD(1+43)=(RRIELY*7Z(2)-RR(2)*7Z(1))/COMM
DNU241)=(22¢2)-72(3))/COMM
DDU242)={27(3)-2211))/COMM
ND(?2,3)=(22(1)=-22(2))/C0OMM

FEWT0433
FEWYO0434
FEWT0435
FEWTO0436
FEWT0437
FEWTO438
FEWT0439
FEMTO0440
FEWT0441
FEWTO0442
FEWTO443
FEWTO0444
FEWTO445
FEWTO0446
FEWTO447
FEWT0448
FEWT044S
FEWTO045C
FEWT0451
FEWTO0452
FEWTO0453
FEWT0454
FEWT0455
FEWTO0456
FEWTO0457
FEWTO0458
FEWT0459
FEWT0460
FEWTO0461
FEWT0462
FEWT0463
FEWTD464
FEWTO0465
FEWT0466
FEWT0467
FEWTO0468
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[aReNe]

120

128
129
130

138
139
140

DD(3,1)=(RR{3)-RR{2))/COMM
NN{3,2)=(RR{1)-RR{3))/CCMM
DD(3+3)=(RR{2)-RR(1))/COMM

NC 120 1I=1,3
J=2*%LM{I1)-1
H{l.4)=0D(1,1)
H{2,J)=DN{2,1)
H{3,4)=0D(3, 1)
H{4+,J+1)=DC(1,1)
H{5.4+41)=NC(2,1)
H(64.04¢1)=DD(3, 1)

FORM STIFFNFSS MATRIX (H)T*(D)*(H)

00 130 J=1.10

DN 130 K=1l.6

TF (H(K,J)) 128,130,128

NN 126 I=1.6

FILo ) =FlI,J)4D(I.K)*XH{KeJ)
CUNTINUE

N0 143 I=1.10

DO 14C K=1.6

IF (H{K,I)) 138,140,138
DO 133 J=1,10
S{Ied)=S{IsJ)+EAKT)%F(KWd)
CONTINUE
TP(1)=XT(2)*TT(3)
TRPI2)=XT(LIR(TT(L)I+TT(3))
TP{3)=X1(4)%TT(3)
TP{4)=0.0

TP{5)=0.0
TP(E)=XT{1)*TT(2)

No 160 I=1,10

Nno 160 K=1l+6

FEWT0469
FEWTG04T7C
FEWTO0471
FEWT04T72
FEWT0473
FEWTO0474
FEWT0475
FEWT0476
FEWT0477
FEWTO4T78
FEWTO0479
FEWT048C
FEWT0481
FEWT0482
FEWTO0483
FEWTO4B4
FEWTO485
FEWT0486
FEWT0487
FEWTO04E8
FEWTO048S
FEWT0490
FEWT0491
FEWT0492
FEWT0493
FEWTO0494
FEWT0495
FEWT0496
FEWTO0497
FEWT0498
FEWTG49S
FEWTQO500
FEWTOS501
FEWTO502
FEWT0503
FEWT0504
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SHO0

O

OO

160

410

500

PIIN=PII)+H(K,T)*TP(K)
FORM STRAIN TRANSFORMATICN MATRIX

Cr 410 I=1l.6
NO 41C J=1,10
HH{Ts J)=HF{ I+ J)+H{T )

RETURN

END

SURRAOUTINF MPROP(N)

IMPLICIT REAL®8 (A-H,C-7)

IMPLICIT INTEGER*2{I~-N)

COMMNON STTOPLHED(18)+SIGIR(25),SIGIZ(25)+GAMMA(25) 4ZKNOT(25),
1DFPTHI2S5) o E( 8444251, SIG(T)I,R(450),Z2(450)UR(450),TT(3),
2 UZ(450),STOTAL{450+4),
3 T(45C)» TEMP . Q+KSW

COMMON /INTEGR/ NUMNPNUMEL s NUMMAT 4 NCEPTH,NORM,MTYPE, ICCDE(450)
COMMON /ARG/ RRR{5)+7Z7Z(5)5sS{10+10)+P(10)sLM(4).DD(3,3),

1 HH{6+10) e RRU4VsZZ(4) 3Cl494) sHI6410)4D(646)4F(64,10),TP{B),XT(6),
2 EE(12),IX(450,5)

COMMCN /BANARG/ BI(900)4A(900,54),MBAND

K 3% 3 e 2K AN vk 3k e o aie o e i ek Rk sk ok sk S aje e i ol sk e e e o e i e v sk ak o e e ok e o ok b ok e ol sk ke o e ok xe e o e Ak o 3 ek K
I=IX{(N,1)

J=IX(N,2)

K=TX{N,3)

L=IX{Ne4&)

MTYPE=IX{N,5)

DO 5 I1=1.4

DO 5 JJd=1.4

ClIT-dJ)=0a.0

e e e sk s o ok oK o o o o % 35 i o o K 3t i i K 30 3 Sk 3K i X e o < s ok e e ok Ok e e e ok o 3k i ek 2 ok o ok oK o e 3 ok oK R K
DETFRMINFE FLASTIC CONSTANTS

¥ o s K A 3 et o A ok ok o o e ok ok ok %63K 3 o K 3 o oK o K 3 R k2 o e 3 B 3 oK e o e ok e X ok 3k o o ok o K e K e vk

FEWTC505
FEWTO0506
FEWTO507
FEWTO5C¢8
FEWTOS0S
FEWTOS510
FEWT0511
FEWTQ512
FEWTO513
FEWTO0514
FEWTO515
FEWTOS516
TEWTOS517
FEWTOS1¢8
FEWTO516
FEWTO052C
FEWTO0521
FEWT0522
FEWTO0523
FEWT0524
FEWTC525
FEWT0526
FEWT0527
FEWT0528
FEWT(0529
FEWTO053C
FEWT0521
FEWTO532
FEWT0533
FEWT0534
FEWT0535
FEWT0536
FEWTOS37
FEWTO0538
FEWTO0539
FEWTO540

_98_



OO

60
65

75

230

235

240

250

IF (NORM) 65,75+65
FE(L)=EE{L1)*SIGIZ(MTYPE)

3 o o o e sk ok s o ok sk ik 382 ol o ok e ke ol vk ok e ol 3¢ o o e e ok 3 X6 34 e e o o ol e e i e Sk alk ok 3k s o 3 e s o o ek Rk e e ek

FORM STRESS STRAIN RELATICNSHIP

¥ A2 2 P 3R o 3¢ ik 2 e ok e A ok ko ke ok ok e ade Sl K e sde X o o vk ok 3 iR e ik ok ol e e ek ok ok ok 3% ik o Sl R 3k R R 8 ol ok ok o ¢ R K R Rk

COFF=FEE(1) /{1le—-EE(2)-2.%FE(2)*EE(2})
C(1l,1)=COEF*({1.-FE{2})
Cl1.2V=COEF*FE(2)
Cl1.3)=FEE(2)*COEF
C(2.1)=C(1,2)
Ct2,21=C{1,1)
Cl2+.3)=C{1,2)
Cl3,1)=C{1,3)
Cl3,21=C(1,2)
C{3.3)=C(1,1)
Cl4.41=COEF*{0.,5-FE(2))
RETURN

END

SUBROUT INE MODIFY(IN,U+ND2)

IMPLICIT REAL*E (A-H,0-1)
ITMPLICIT INTEGER*2{I-N)
COMMEN /BANARG/ R(900).A(900,54) +MBANC
pno 250 M=2,MBAND

K=N=M+]

IF (K) 235,235,230
RIK)=B(K)-A(K.M)*y
A(KyM)=04.0

K=N+M-1

IF (NE?2-K) 250+240,240
BIK)I=RIKI-A{N,M)%xU
A(NsM)=0.0

CONTINUE

A{N,1)1=1.C

BINI=U

FEWTO541
FEWTO0542
FEWTO543
FEWTO544
FEWT0545
FEWTO546
FEWTO0547
FEWTO548
FEWTO0549
FEWT0550
FEWTO551
FEWT0552
FEWT0553
FERTO554
FEWTO0555
FEWTO0556
FEWTO5517
FEWTO558
FEWTO055S
FEWTQ560
FEWT0561
FEWT0562
FEWTQ563
FEWT0564
FEWTO565
FEWTO566
FEWT0567
FEWTO0568
FEWT05065S
FEWTOS570
FEWT0S571
FEWTO0572
FEWTO573
FEWTO574
FEWTOS575
FEWTOS576

-l.8'—



aEelal

250

260
280

300

RE TURN
END
SUBRRGUTINE BANSOL

IMPLICTIT RFAL*E (A-H,0-Z)

IMPLICIT INTEGER=2{1-N)

COMMON STTOPLHED{(18B),SIGIR(25)+sSIGIZ(25) GAMMA(25) 4 ZKNCT(25),
10EPTHI?25) s E{B+944+25),SIG(7),R{450),Z(45C)yUR(450),TT(3),
2 UZT(450).STOTALI45044),

3 T(450) s TEMP«G+KSh

COMMON /JINTEGR/ NUMNP,NUMEL+NUMMAT NCEPTH,NORM, MTYPE, ICONE(450)
COMMON /BANARG/ B({G00),A(900,54) s MBAND

ND?2=2%NUMNP

DO 280 N=1.ND2
D 260 L=?.MBAND
C=A(NsL)/A(NL1)
I=N+L-1

IF (ND2.LT.1) GO TG 260

J=0

NN 250 K=L.MBAND

J=J+1
A{T+J)=A(T4J)-CxA(N,K)
R{T)=BLT)-C*B(N)
A{N.,L)=C
BIN)=BIN)/A(N, 1)

RACKSUBSTITUTION

N=N2
N=N-1

[F {(N.LE.O) GO TO 500
N0 400 K=2,MBAND

FEWT0S77
FEWT(OS578
FEWTOST7S
FEWTO58C
FEWTOS581
FEWT(O582
FEWTC583
FEWTO584
FEWTQOS585
FEWT0O586
FEWT0S87
FEWTO588
FEWT(CS89
FEWTOS5SC
FEWTO591
FEWT05G2
FEWT05913
FEWTO594
FEWT05S5
FEWTO0596
FEWT0OS5S7
FEWTO568
FEWT0599
FEWT0600
FEWTO6C1
FEWTQ602
FEWT06C3
FEWT0604
FEWT0605
FEWTO60¢
FEWTO607
FEWTQ6CS8
FEWTO609
FEWT0610
FEWTO611
FEWTN612
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N o

laBeNe!

400

5C0

L=N+K-1

IF (ND2.LT.L) GO TO 400
BIN)=BIN}-A(N.K)*B(L)
CONTINUE

G3 T8 300

RFTURN

END

SUBROUTINE STRESS{SPLOT)

IMPLICIT REAL*%8 {(A-H,(C-27)

IMPLICTIT INTEGER%2{I-N)

COMMON STTOPWHFD{18)2SIGIR{25)4SIGIZ{25)+GAMMA(25) 4 ZKNOT(25),
IDEPTH{25) s E{Re4425)sSIGIT)sR(450)+21450),UR(450),TT(3),
72 UZ1450)«STOTAL(45044)
3 T{450)+TEMP, 0 ,KSW

COMMON /INTEGR/ NUMNP,NUMEL + NUMMAT yNCEPTH.NORM,MTYPE, ICODE(450)
COMMON /ARG/ RRR(5)4222(5),S(1C+»10),P(10),LM(4),DD(3,3),
1 HH{6+10) sRRU4) 2Z7(4)143C{4+4) 3H(6+410)+4D(636)4sF{6,10),TP(6)XI(6),
2 FEL1ICYIX(45C,5)

COMMCN /BANARG/ R(9C0)+A(900+54) +MBAND

sk 2 e e ke R 2k 2 o3k o g 3R e s sk ke o ik 3 % K ik 3k e abe i i e ok ok e e 3 ol 3 36 i e ¢ ok 3 e e o e Tk oje e ol o e e ok e K ek a koK
COMPUTE ELEMENT STRESSES AND STRAINS

w23 0% 2 ke 3k A 3 ok e e o e o ol ak o ok e ok 2 ik s ale o s e oke e ol ol ok ak ol i ok ik Dl ek e e sl ol ool sk sk e e ok Ak ol e sk e i ok ik
DO 300 N=1.NUMEL

CALL QUADIN,VOL)

FIND ELEMENT CCORDINATES

T1=IX(N.1)
JI=IX{(N+2)
Kl=IX{Ne3)
L1=1IX{N,4)

IF (K1-L1l.EQ.0) GO TO 50
RRRIS)=(R{IILI+R(J1I4R(KLI+R(LL))/4.C

FEWT0613
FEWTO0614
FEWT0615
FEWTO616
FEWTO0617
FEWTO618
FEWTO061S
FEWT0620
FEWTC621
FEWT0622
FEWT0623
FEWTQ624
FEWT0625
FEWTO0626
FEWT0627
FEWT0628
FEWT062S
FEWT0630
FENT0631
FEWT0632
FEWT0633
FEWTO0634
FEWT0635
FEWT0636
FEWT0637
FEWT0638
FEWTL63S
FEWT0640
FEWTO641
FEWT0642
FEWT0643
FEWT0644
FEWT0645
FEWT0646
FEWTO647T
FEWTO0A48
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DO

50

100

120

130

150

155

160

170

77Z2(5)=(Z(T1)+Z(J1)+Z{K1)+Z(L1))/4.0
GO TO 100
RRRAS)I=(RP(I1)+4R(J1)I+R(K1)) /3.0
772(5)=(7{T1)+Z1J1)1+Z(K1))/3.0

COMPUTF STRAINS

DO 120 I=1+4
[I=2%]
JI=2%TX{N, 1)
PLTT-1)=R(JJ-1)
P(IT)=BR(JJ)

P(91=0.0

P{1C)=0.0

N0 150 I=1.2
RRUI)=P{1+8)

DO 150 K=1,8
RRIT)=RRIII=-S(I+8,K)*P(K)

COMM=S(5,9)%S{10+10)-S{9,10)*%S5(10,9)

IF {(COMM) 155,160.155
P(3)={S(10.10)*%RR{1)-S(9,10)}*%RR(2))/7CCMM
P(10)=(-S{10,9)%RR{1)+5(9,9)%RR(2))/CCMM

DO 170 I=146

TP{1)=0.0

DO 170 K=1,10
TPIIDN=TP{I)+HH{I,K}*P(K)

RR{1)=TP(2)
RR(2)=TP(6)
RR{3)=(TP(1)+TP(2)*RRR{5)+TP(3)%ZZZ(5))/RRR(5)
RR(4)=TP(3)+TP(5)

CUMPUTE STRESSES

FEWT064S
FEWTO65C
FEWTO0651
FEWTO0652
FEWT0€53

FEWT0654

FEWTO0655
FEWTO0656
FEWT0657
FEWT0658
FEWT0659
FEWT0660
FEWTO661
FEWTD662
FEWTO6€3
FEWT0664
FEWY0665
FEWTO666
FEWTO0667
FEWT0668
FEWT0669
FEWTC6T7C
FEWT0671
FEWTO0672
FEWY0673
FEWTO0674
FEWTO0675
FEWTO676
FEWT0677
FEWT0678
FEWTO067S
FEWTO0680
FFWTO6R1
FEWT0 682
FEWTC682
FEWTOb6E84
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aEele)

OO

180

500

510

520
530

615
2C0
2000

2001

DO 180 I=144

SIG(1)=0.0

DD 180 K=1ls+4
SIGUIN=SIG(TI)I4+C(I.K)*RR(K)

COMPUTE PRINCIPLE STRESSES

CC=(STG{1)+4SIG(2))/2.0

RB=(STG{1)-SIG(2)1/2.0

CR=DSQRT{BR%»2+SIG(3)%%2)

SIGIS)¥=CL+CR

STIG{6)=CC~-CR

e sk sk ik 30 ok o8 o ol o s e o o e o ok e ok e ok 5 o Aok 3 X ok e oK gk 3 ok ok o o 3K 3 ¢ e 3 e 3ok 3k o Sl ok o ok e o 3l o o oK R Nk ok
CALCULATE ROTATIGN CF PRINCIPLE PLANES

3¢ e A i Axe A ok i ofe e e 2 o ok ok % ke e e e Sk ol ek o g ol 6 3k 3k e o o okl 3 o kA ok o Xkl e ol o ol ol ok ok ok ok ok kK

IF(DARS({SIG(4))eLTL1,0E-09) SIG(4)=0.0
TF(DABS(BB)aGTW4l40E-09) GO TO 510

BR=0.0

IF ({SIG(4)eNE+Ce)eORs(BBeNELO.)) GO TC 520
ANG=0.0

GN TN 530

ANG=CATAN2{(S1G{4).BB)/72.0

SIG(8)=574396*ANG

SIGITI={SIG{5)-SIG(6))/2.0

e = 3 e ook o 3 de ik e 8¢ e Xl e 3K e o 2k K e A e e X6 e e o S ok ok e e % ofe 3k o 3 0K e ok o ok ok o ok ok o e s ok e Ak ok ok Rk koK
OUTPUT STRESSFS

€ Ao o 3 4 o o ok ol ok e 22 Y ol e AR oK 36 Xe 4 3k K o R vk e o B e R o K sl 3 K Xk e o 0 3 Y2 3k ok ol e ke a3 K e e e K X o Xk ok
IF(N.NEs1) GC TO 615

WRITE (64+2000)

WRITE (642001) NoeRRR(5)4272(5)4(SIG{I)eI=1,4)

CONTINUF

EMRMAT (SHLELEMENT+8Xe 'R 4yBX o127 46X, 'SIGIRI T 26X SIG(Z) 45Xy SIGIT
1), 4Xa*TAU(RZ) ")

FORMAT (1842F9.3, 1P7TD124 3, CP1F10.2)

RETURN

FEWTO685
FEWT0686
FEWT0687
FEWT0688
FEWTO68G
FEWT0690
FEWT0691
FEWT0692
FEWT0693
FEWTO06%4
FEWTQ695
FEWT0696
FEWTO6ST
FEWTO€98
FEWTQ068S
FEWTC70C
FEWTO701
FEWTO7C2
FEWT0T703
FEWTO704
FEWTOT7C5
FEWTOT70¢6
FEWTQO7C7
FEWTO708
FEWTOT709
FEWTO710
FEWTOT711
FEWTOT12
FEWTO713
FEWTOT714
FEWTOT15
FEWTOT716
FEWTO717
FEWTOT718
FEWTO71S
FEWTOT720
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100

200

3C0

FND

SUBRQUT INE INTFR{XIsRR.22Z)
IMPLICIT REAL*8 (A-H,C-Z)
IMPLICTT INTEGERX*2{1-N)
DIMENSICN RR{1)},Z2Z(1).XI(1)
DIMENSION XMU7)4RITVIoZ(T)XX(9)

XX(1)=4a1759391805448
XX(2)=xx(1)

XX{3)=xX(1)
XX{4)=.13723941527884
XX{5)=xXX{4)

XX{H)=XX{4)

XX{7)=4225
XX{8)=4696140478028
XX{9)=4410426192314
R{7)={RR{1)4RR({2)+RR(3)) /3,
I(TY={Z27()1)Y+Z2Z2(2)%22(3))/3.

PO 100 1=1.,3

J=T1+3
RETI=XX(8)*RR{II)+{14=XX{B))*R(T7)
RIJI=XX{I9I*#RRIUTI+(1=-XX{S))*R(T)
ZUI)=XX(8I*:ZZ{ ) +{1a~-XX(B))*Z(T7)
ZOJ)I=XX(S)IR7Z () +(1a~XX{T))*Z(T)

DO 200 I=1,7
XM{T)=XX{I)1%R ()

DO 300 I=1.6
XI{I)=0.

AREA=.S*(RRIL)IX(ZZ(2)V=ZZ(3))+RRI2)*(ZZ(3)-ZZ(1))+RR(3)*(22(1)-272(2
1))

DO 400 I=1.7

FEWTO721
FEWT0722
FEWTC723
FEWTO0724
FEWTO725
FEWTO726
FEWTOT727
FEWTOT728
FFWTQ72S
FEWT0O730
FEWTO731
FEWTOT732
FEWT0T733
FEWTOT734
FEWTOT735
FEWTOT736
FEWTOT737
FEWTO0738
FEWTO736
FEWTO740
FEWTO741
FEWTOT742
FEWTO743
FEWTOT744
FEWTOT745
FEWTOT746
FEWTOT747
FEWTOT748
FEWTOT74S
FEWTNT750
FEWTOT751
FEWTCT752
FEWTO7S53
FEWTOT754
FEWTCT755
FEWTOT756

_26_



400

5C0

XI(L)=XT(1)+XMLI)
XI(2)=XT{2)+XM{I)/R(])
XI{3)=XT(3)+XMLTI/(R(T)%%x2)
XT(4)=XT(4)+XM(TI%Z(1)/R(1])
XT{S)=XT(S5)4+XM{TI)*Z{T)/(R{T)*%x2)
XTE)=XT{AY+XMIT IR Z(T)*%2 )/ (R{I)*%%2)

N 500 I=1.6
XIT(T)=XT{TI)*AREA

RFTURN
FND

FEWTO757
FEWTO758
FEWTO759
FEWTO76C
FEWTOT761
FEWT0O762
FEWTOT763
FEWTOT764
FEWTOT7€E5
FEWTOT7656
FEWTOT67
FEWTO768
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APPENDIX D

STEADY STATE HEAT TRANSFER PROGRAM FOR BOLTED JOINT

Program Capacity: 50 nodal points

Output Data:

(a)
(b)
(c)
(d)

Input data
Inverse of matrix
Nodal temperature

Given and calculated augmenting vector
and residual error

Input Data Sequence:

A.
B.

Case identification (12A4) followed by two blank cards
Card (I1) witha 1

Card (I7) with dimension of matrix

Card (I1) witha 1

Cards (I1, 3(213, E15.8)) with node indices started in the
first I3 field followed by conductance between these nodes.
Only input from lower node number to higher node number
required (since the conductance from node i to j equals
the conductance from j to i.) Each card has three groups
of 2z node numbers followed by a conductance value except
the last card. Last card could have 1, 2 or 3 groups and
has a 1 in column 1.

Cards (Il1, 3(I6, E15.8) with number of node followed by
conductance from the node to ground node which is at
specified temperature. Each card has 3 groups of node
number followed by conductance. The 1I1 field is skipped
except for the last card for ground conductances which can

have 1, 2 or 3 fields and the first column has a 1. A
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node can be connected to only one ground node.

Same as F above, but code temperature specified for ground
node instead of the conductance value.

Same as F above, but code internal power dissipation for the

particular node instead of the conductance wvalue.



Listing:

101
41
£1

111

55

42
52

43

44

45

o
(o]
(¥

10090

STFADY STATE HEAT TRANSFER PROGRAM

BOLTED JOINT

DIMENSICN IDENT(12),A(050,050),AA(050,050),8( 50),BI{

WRITE(6423)
KEAD(5451) Ko IDENT
FORMAT(I1,12A4)
WRITE(5,111) IDENT

FCRMAT(12A86)

IFIK «NEe 1) GO TO 41
KREAC(5455) NyK
FORMAT(IT7/IL)

M = N+l
DC 3 I = 14N
D0 3 J = 14N
AA{T14,J) = 0.0

ACON(TI)=0.

Q(I, = Qe

TACCN(I) = D,

CONTINUE

READ IN COEFF, MATRIX ELEMENTS

READ(54952) Kyl(IsJsAA(L,4J)ydM=]1,3)

FORMAT(I1,3(213,E15.8))
IF(K «NEe 1) GO TO 42

REAND(5953) Ky(I,ACONI(I) yJM=1,3)

IF(K JNEs 1) GO TO 43

READ{(5953) Ky(I,TACON{TI) 4JM=1,3)
IF(K oNEe 1) GO TO 44

REAC(5453) Koyl 19Q(I)eJdM=1,3)
IF(K «NEe 1) GO TO 45
FORMAT(I1,3(164E15.8))

DC 530 I=1,N

3(1) = —(QUI) + ACON(I) x TACCNI(I))

DC 12C0 I=14N

18C( 5C).RES{ 50),ACON( 50} ,TACCN( 50),4Q( 50)

52 )

SSHT2001
SSHT(QGO2
SSHTQOCN3
SSHTQONSG
SSHTC00S
SSHTC006
SSHTCO07
SSHTCCTS
SSKETND09
SSHTCO10
SSHTCO11
SSHTQC12
SSHTCO013
SSHTNN14
SSHTCC15
SSHTOQ16
SSETCO17
SSHTCG18
SSHTQOC19
SSHTCN29
SSHT0021
SSHTC022
SSHT0023
SSHT0C?24
SSHTDN 25
SSHTCC26
SSKHTC0 27
SSHT0C28
SSHTO00?9
SSHTO030
SSHT0031
SSHT0032
SSHTON 33
SSHT0034
SSHTC035
SSHTOC36
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IN=1 SSHT0037

AA(T, 1) =0, SSHTNON38

pC 2CI1 J=1,N SSHTCG39
JN=J SSHTCCAD

[F (JN JEG. IN) GC TO 2001 SSHT0C41
2CC0 AA(I ZI) = AA(I,I) + AA(I,J) SSHTQC42
2001 CONT INUE SSHT0043
3000 AA(I o1) =(AA(I,I)+ACCNI(I)) * (-1.) SSHTCO44
WRITE(6,26) SSHTO0045

26 FORMAT(1HL4+27Xs1HIy 12Xy 1HQy 15Xy 1CHGRDs CCNDe 9y 1CXy1CHGRDe TEMPL//) SSHTOQ46
ARTTE(6,25) (14QUI) 4 ACCNIUTI) »TACCN(I) 4 I=14N) SSHTQC47

25 FORMAT(LIH 426XyI1337X9F10e5910X4F1Ce5510X4F1065410X) SSHTC48
MM = ] SSHTCO049

DO 4 I=1,N SSHYOCS0

DG 4 J = 1,N , SSKETO0S51
AlT,Jd) = AA(I,J) SSHT0(0S52

4 CONTINUE SSHTOCS3
WRITE(E,5) ’ SSHTOCS4

5 FCRMAT( 1H1,39X17HA = CCEFF, MATRIX // SSHTCCS55
1 40X21HB = AUGMENTING VECTCR // SSHT0N056

2 40X19HT = SOLUTION VECTOR /7 SSHTOCS57

3 40X1 6HAI= INVERSE CF A /7 SSHTOC05S

4 40X33HBC = AUGMENTING VECTOR CALCLLATED /7 SSHTNCS9

5 4OX21HC A ) * (T ) = ( B ) /77 ) SSHYC060
D3 7 I = 14N SSHTCC61

7 ARITE(S5,6 ) IvJeA(I4J)y J = 1,N ) SSHTO062
6 FORMAT(IH / (4( 5H A(I3,1H,13,2H)=F10.595X))) SSHTNCE3
oo [ = 14N SSHT 0064
BI(I) = 3(1) SSHTO0065

8 CONTINUE SSHTOC66
CALL MET(NyM,A,8 ) SSKHTOC6T
ARITE(6422) SSHTQO068

22 FURMAT(1IHL ) SSHT0069
wRITE INVERSE MATRIX SSHTOCTO

DI 9 1T = 14N SSHTCOT71

5 WRITF(A5, 1D [ydsAlT ) 9d = 14N ) SSHTCCT72
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OOy

15

16

17
13

1

FCEMAT(1IH / (4( 5H
ARITE(6,23)

FCEMAT (1H1)

WRITE SULLTICN VECTOR
WRITF(6,11)¢ Jy BL{J )} +d = 1,N )

AI(I341H,13,42H)=E15.8)))

FORMAT(1H / 4(5H T(I3,2H)=F1l045,9%X))
DO 121 = 1,N
BC(TI) =7.2
DC 13 J = 14N
3CC1) = 8C(C1) + (AA(T,J) = B(J))
COCNT INUFE
D015 J = 1yN
RES(J) = ARS{BI(J)) - ABS({ BC(JI))
COCNTINUE

WRITE(£E,1€)
FCRMAT (1H1,30X76H AUGMENTING VECTOR
1 RESIDUAL ERRCR /7 )

CALCU+AUGMENTING VECTOR

ARITE (6418) (J91,B1(J)9JdyI9BCI)H»RES(I)yJ=14N)
FCORMAT (25X4H  B(I3y1H, 13,2H)=E154892X4H BC(I3y1H,132,2H)=E15.8,
1 6XE15.8 /)
GC TC 101
END
SUBROUTINE MAT (NyM,A,B)
i =N +1
A = SIZE OF MATRIX TG BE INVERTEC
TO SOLVE AX = By WHERE INPUT A = A, INPUT B = 8B
QUTPUT B= X, OUTPUTA = A INVERSE

DIMENSION A(50,50) ,B(50)

N1 =N -1

TEMP 15 = A{l,1)

A(MyN) = 1.,C / TEMP 15

B(M) = A(1,2) / TEMP 15
DO 1 I=2,4N1

A(My, I-1)= A(1l,I+1) / TEMP 15
CCNTINUE

A("yN1) = B(1l) / TEMP 15

SSHTYCOT73
SSHTO0O074
SSHTOO075
SSHTOCT76
SSHTOOTT
SSHTCC78
SSHTCCT9
SSHTNGCBD
SSHTQ0081
SSHTCQ82
SSHTQCA3
SSHTCC84
SS+70085
SSHT0O086
SSHTCO087
SSHTQO088
SSHTCC89
SSHTCO9N
SSHTCO91
SSHT0092
SSHTCO93
SSHTC094
SSHTO0095
SSHTQ094
SSHTCCO7?
SSHTCCGR
SSHTCC99
SSHTQ100
SS+HTN101
SSHTCLN?
SSHTC102
SSHYC104
SSHTC105
SSETO10A
SSHTO1Q7
SSHTA198
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10

15

55

60

lc‘)

c0 12 I=1,4N1
TEMP &€ = A(I+1,1)

B 1) = AlI+1,2) - TEMP 6 * B{(M)

DO 5 J=2,N1
A(I,J-1)= A(I+1,J+1) -
CCNT INUE

A{I4N1) = B(I+1) - TEMP
Al IsN) = -TEMP6 / TEMP
CONTINUE

B(IN) = B(M)

CO 15 1I=1,N

AN, I = A{M,1)
CONTINUE

REPEATS N - 1 TIMES
DO 1C0 K=1,N1

TEMP 15 = B(1)

A(MyN) = 1.0 / TEMP 15
B{M) = A(1l,1) / TEMP
20 51 I=24N

A(MyI-1)= A(L,1) / TEMP
CONTINUE

DO 60 I =1,N1

TEMP 6 = B(I+1)

341 = AlI+1,1) - TE

CO 55 J=24N
AlT,J-1)= A(I+1,J) - Tk
CCNT INUE

TEMP 6 * A(M,J-1)

6 % A(MyAN1)
15

15

15

MP & % R(M)

MP 6% A{M,J-1)

A{I,N) = -TEMP & / TEMP 15

CONTINUE

BIN) = B(M)
DC €65 I=1sN

AN, T) = A(M,1)
CONTINUE
CONTINLL

RETURN

FND

SSHT0109
SSHTO11¢Q
SSHT0111
SSHTC112
SSHTO0113
SSHTC114
SSHTC115
SSHTO0116
SSHTO0117
SSHTQ118
SSHETO119
SSHTQ120
SSHT0121
SSHTC122
SSHTC123
SSHTC124
SSHTO125
SSHTC126
SSHTO0127
SSHTC128
SSHTO129
SSHTN132
SSHTQ131
SSHTCM1?22
SSHT0133
SSHTC134
SStT0135
SSHTC136
SSHTN137
SSHTN138
SSHT0139
SSHYC 140
SSHTC141
SSHTO0142
SSHT0143
SSHT01 44

—66_
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TABLE 1

Separation Radius Comparison - Single and Two Plate Models

(see Figs. 12 - 17)

RO/A Percent
: Discrepancy
A B Single Two Between
B N Plate Plate Model
Model Model s
1 3.1 4.2 3.7 13.5
2.2 3.3 2.7 22.2
1.6 2.7 2.1 28.6
1.3 2.4 1.7 41.7
.75 3.1 4.5 3.8 18.5
2.2 3.6 2.8 28.9
1.6 3.0 2.2 36.4
1.3 2.7 2.0 35.0
.5 3.1 5.1 4.1 24.4
2.2 4.2 3.2 31.3
1.6 3.6 2.8 28.6
1.3 3.3 2.5 32.0




Test and Analytical Results for Radii of Separation of Bolted Plates

TABLE 2

(see Fig. 5)

Separation Diameters, 2 R - in. % Discrepancy Between

Case D 2B 2 Computed Values and

in, in. "Rubbing Test" Autoradiographic Test Computed Tested Values

Range Average Range Average Rub. Test | Autorad. Test
1 .065 422 42-.48 45 J41-.46 .44 .488 7.8 9.8
2 124 422 .50-.53 .51 4 - .6 .55 .554 7.9 .7
3 .191 422 .58-.64 .62 .76-,81 .78* .620 0 25.8
*%
4 .253 422 .70-.76 .72 .68-.73 .7 .700 2.9 0
5. Unmatch-
ed Pair

124/ L422 +54-.58 .56 — — .588 4.8 —_

.257
6. 124 1.0 1.06-1,10 | 1.09 — — 1.104 1.3 —_
7. .191 1.0 1.11-1.17 | 1.16 — - 1.210 4.1 —_—

*
Original x-ray film shows hole in plate and 0.6 inch diameter zone more distinctly than remainder of
area sensitized by the radioactive contamination.

test.

Loose radiographic contamination observed during

*%
Assembled and disassembled radioactive and non-radioactive plates without rotating plates relative to

each other.
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ROETSCHER's RULE OF THUMB FOR PRESSURE
DISTRIBUTION IN A BOLTED JOINT
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FIG. 2.
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FIG. 3(d)
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FIG. 3(e)
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FIG. 3(f)
UND'S SEQUENCE OF SUPERPOSITION
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(a) Actual Plates

(b) Finite Element I
Idealization

Nodal Circle

(c) Single Annular Ring

Element _|s—Element

FIG. 4. FINITE ELEMENT IDEALIZATION OF TWO PLATES IN CONTACT
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W N N\ T —

(a) Plates of Equal Thickness Under Load

Z‘ ;

- T

(b) Finite Element Model for Plates of Equal Thickness

P T

(c) Finite Element Model for Plates of Unequal Thickness

FIG. 5. FINITE ELEMENT MODELS
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—* contact [*
zone Interference
— Ry ™
(a) Plates Intersect, R0 too small

/

NN

N

— contact
1 zone

R

‘__\
Tensile o, stress

0

(b) Contact Zone Sustains Tension, R0 too large

FIG. 6. EXAMPLES OF UNACCEPTABLE SOLUTIONS
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PLATE SPECIMEN, BOLT AND NUTS,
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FIG. 8(a). FOOTPRINTS ON MATED PAIR OF 1/16 INCH PLATES.
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FIG. 8(b). FOOTPRINTS ON MATED PAIR OF 1/8 INCH PLATES.
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FIG. 8(c). FOOTPRINTS ON MATED PAIR OF 3/16 INCH PLATES.
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FIG. 8(d). FOOTPRINTS ON MATED PAIR OF 1/4 INCH PLATES.
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FIG. 8(e). FOOTPRINTS ON MATED PAIR OF 1/8 AND 1/4 [INCH PLATES.

FIG. 8. FOOTPRINTS ON THE MATING SURFACES OF 1/16 - 1/16,
1/8 - 1/8, 3/16 - 3/16, 1/4 - 1/4, and 1/8 - 1/4
PAIRS. (A= .128, B =.21)
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FIG. 9. FOOTPRINT OF NUT ON PLATE.
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FIG. 10 (a). 1/16 INCH
PAIR

FIG. 10(b). 1/8 INCH
PAIR
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FIG. 10(c). 3/16 INCH
PAIR

FIG. 10(d). 1/4 [INCH
PAIR

FIG. 10. X-RAY PHOTOGRAPHS OF CONTAMINATION TRANSFERRED
FROM RADIOACTIVE PLATE TO MATED PLATE. 1/16, 1/4,
3/16, 1/4 INCH PAIRS. (A = .128 in., B = .21 in.)
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FIG. 11.
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FREE BODY DIAGRAM FOR TWO PLATES IN CONTACT.
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r/A

FIG. 12. SINGLE PLATE ANALYSIS-MIDPLANE o, STRESS
DISTRIBUTION (D = 0.1 in.)



1-2) | | |
v ={0.3
A =1(0.1 in.
A/D =10.75
C =|1.541in
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'A'-31
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1 2 3 4 5
r/A :
FIG. 13. SINGLE PLATE ANALYSIS-MIDPLANE oz STRESS
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DISTRIBUTION (D = 0.133 in.)
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1.2 l T T T T
v =1.3
A A =10.1 in.
A/D =10.5
C ={1.541n.
1.0 \\\\\
. \
B _
B X 3.1
B 1- 2.2
6 \ \
B _
K_]'G \
4
-
5 \\‘\\ A,
‘\\\\\\ \\\\\\\\;ii \\\
0 ' \\\\\T\“*w::::=¢ | I

1 2 3 4 5
r/A '

FIG. 14. SINGLE PLATE ANALYSIS-MIDPLANE o, STRESS
DISTRIBUTION (D = 0.2 in.)
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. A= in.
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C =|1.54 in
1.0
B _
i K- 3.1
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A
0 | |
1 3 r/A
FIG. 15. INTERFACE PRESSURE DISTRIBUTION IN A BOLTED JOINT

(D = 0.1 1n.)
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1.2 | T I I '
v ={0.3
A=(0.1 in.
— A/D =|0.75
C ={1.54 1in
1.0
B _
\\ 'A""3o]
.8
- B_
\ \K-z.z
.6 \
B.1.6
.4
.2
B _
A" 3\
0 | | ]
1 3 4 5
r/A

FIG. 16. INTERFACE PRESSURE DISTRIBUTION IN A BOLTED JOINT
(D = .133 in.)
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1.2

| l | I
v =10.3
A =10.1 in.
B A/D =]0.5
\\\\\\\\\ C ={1.54 in
.0 \\\
— B_
.8
B |_
— Al 2.2
.6
%—= 1.6 \\\\\ \\
.4 \\\
B _
it
'2\\\ \ \
0 1 \ \I \ | l
1 2 3. o 4 5

FIG. 17. [INTERFACE PRESSURE DISTRIBUTION IN A BOLTED JOINT
(D =10.2 in.)
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1.2 7 T T T T
B v ={0.305
D =[.253 in.
1.0
A ={.1285 in.
B =|.211 1in.
o
3P
]

/,/--TWO PLATE |[ANALYSIS

4 / \
SINGLE  |PLATE
ANALY |SIS 7]
.2
— TWO PLATE —
ANALYSIS \
0 | ] ] L
1 1.5 2 2.5 3. 3.5

r/A
FIG. 18. FINITE ELEMENT ANALYSIS RESULTS FOR 1/4 INCH PLATE PAIR.
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| | { |
v =10.305
TOTAL EXTERNAL LOAD D =].253 in.
[ EQUIVALENT TO 10,000 PSI A =1.1285 in.
UNIFORM PRESSURE (879 LBS.) B =1.211 in.

— PEAK EXTER|{NAL PRESSURE AT A

— PEAK EXTER|NAL PRESSUR|E AT B

_ ! | | \X |

1 2 3
r/A

FIG. 19. PRESSURE IN JOINT, TRIANGULAR LOADING
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FIG. 20. VARIATIONS OF LOADING AND BOUNDARY CONDITIONS.
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1.2 T I r
v =10.305
D= |.253 in.
B A= 1.1285 in. 7]
B = [|.211 1in.
1.0
50 MICROIN|CH DISPLACE|MENT UNDER
- NUT BETWE|EN RADII A |AND B —
.8
.6
A
.2 \\
0 ] i |
FIG. 21. PRESSURE IN JOINT, UNIFORM DISPLACEMENT UNDER NUT.
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! |

\):
DEFLECTION
— D = .253 [in —_—
A= 1285 in UNDER NUT
B = .211 [in

100
- - - - | DEFLECTION DF FREE

SURFACE BEYDND NUT,

z =D, r >B.
— PEAK EXTERNAL PRESSURE AT A, TRIANGULAR
80

\ DISTRIBUTION
\5;(—— UNIFDRM PRESSURE
60

40 : A

N\
A{PEAK EXTERNAL PRESSURE ‘\\\‘\
AT | B \\\
B ‘~:~<f\
~ N\
N NS
20 S M
NS
S SR

0 1 | ] ]

1.0 1.25 1.5 1.75 2.0

r/A

FIG. 22. DEFLECTION OF PLATE UNDER NUT.
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.0

[ | | | 1
=},305
=.191 in. |
=1.1285 in.
B = .5]in
B = .211 in
0 | | | ]
1 2 3 r/A 4 5
FIG. 23. FINITE ELEMENT ANALYSIS RESULTS FOR 3/16 INCH
PLATE PAIR.
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I I ] {
. v =}.305
0.211 in. D =|.124 in.
A =1.1285 in.
B = 0.5 in.
/
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~
N
e}
|
|
iy
B =.211 |in. and
— LAST TWQ NODES FTXED
4' AS SHOWN IN FIG.20(c")
.2 /
0 ] | ] | |
1 2 3 4 5

r/A

FIG. 24. FINITE ELEMENT ANALYSIS RESULTS FOR 1/8 INCH PLATE PAIR.
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| | | l I
v =|.305
D =|.124 1in. |
A =].1285 in. /
L

/

LAST
N

FIG. 20(c)

TWO NODES FIXED AS SHOWN

T

FIG. 25.
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GAP DEFORMATION FOR FREE AND FIXED EDGES — FINITE
ELEMENT ANALYSIS,
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1/8 INCH PLATE PAIR.
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1.2
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[wilovih R

.305
.1285 in. _|
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- oZ/P
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FIG. 26.

r/A

FINITE ELEMENT ANALYSIS RESULT FOR

1/16

INCH PLATE PAIR.
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1.2 | l l I 1
v =|.305
A =|.1285 in. _
B =|.211 in.
1.0
| =, 124/.124 | IN. PAIR DATA FOR COMPARASION
— ]
.8

- cz/P

. 124/.257
IN. PAIR

Lol NN

1.0 1.5 2.0 2.5 3.0
r/A

FIG. 27. FINITE ELEMENT ANALYSIS RESULTS FOR 1/8 INCH PLATE
MATED WITH 1/4 INCH PLATE.
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