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FOREWORD

This report presents four papers resulting‘from research
conducted under a grant from NASA to the 0ld Dominion University
Reeearch Foundation entitled: "A Research Participation Program
for Minority Engineering Students”., The three undergraduate
engineering students, Dale 0. Douglas, Donna E. Holzmacher,
and Zoa C. Lane, worked under the direction of Dr. Earl A.
Thornton, Associate Professor of Mechanical Engineering and
Mechanics.

fhe student+faculty team began their research in anélyeié
of comp051te materlals at Langley Research .Center during a ::~
ten-week perlod in the summer of 1974. The work was contlnued_
during ‘the academlc yvear 1974-1975 at 0ld Dominion Unlver51tv.

Dr, John G. Davis, Jr., of the" Comp051tes Sectlon,
Materlals Appllcatlon Branch of the Materlals DlVlSlon served
as technlcal monitor for- the program. For his cooperatlon,‘
encouragement, and counsel the authors express their deepest
appreq;atlon.
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FINITE ELEMENT ANALYSIS OF A PICTURE FRAME SHEAR TEST

. ‘BY
bale 0. Douglas

INTRODUCTION

Shear testing of éomposite materials is generally :concerned
with two principal areas of interest: (1) to determine the in-
plane shear properties, or (2) to determine the interlaminar or
normal shear properties. In-plane shear properties of a laminate
are among the most difficult to determine because of problems 1n
applylng a.state of uniform shearing stress. Concepts for deter—
mining 1n—plane shear properties include torsion tube tests,
'rall shear tests, and picture frame shear tests

The most direct method of ‘applying pure shear is by tor31on
of a tube. This test method has proven to be a reliable means
of determlnlng 1n-plane shear propertles (ref. 1). However
fabrlcatlon technlques for high quality * 45° metal matrix
'comp051te tubes have not yet been- establlshed. "The "difficultv
of-jabrlcetlng high quality tubes has stimulated research in
other‘methods of shear testing.

Another type of shear test is the rail'shear test. It uses
a thin lamlnate, 1oaded along its length by two pairs ‘of rails,
leav1ng an unsupported central test sectlon

In the present_study an analysis of a picture fraﬁe shear
test performed at Langley Research Center is presented. The
purposes of the study were to determine the stfess distributions’
in the picture frame shear test specimen and to determlne the
effect of local reinforcements on the stress distributions.

DESCRIPTION OF TEST

The experimental setup for a picture frame shear test is
shown in figure 1. The picture frame shear test was used to



produce infplane shear stress in the test panel. The shear panel
was bonded to a frame constructed from four 1 in. x 1 in. steel
edge bars designed to simulate fully clamped edge conditions.

The panel specimen was bolted to a test frame by 0.375-in.-
diameter bolts, éeven'per side. At each corner of the test
frame, loads were applied to the pin joints by the testing
machine. Tensile loads were applied to the vertical pins,

and compressive loads were applied to the horizontal pins to
produce shear loading in the test specimen.

TEST SPECIMEN

The test specimens were made using 7 in. x 7 in. borsic
aluminum sandwich shear panels. With the addition of 1 .in. X
1 in. steel- edge bars, the overall dimensions of the shear panel
specimen were 9 in. x 9 in. w1th a nomlnal thlckness of 1 in.
To permlt Installation of the pins on the test frame, a portlon
of the shear’ panel was cut away at each corner. Each corner had -
a radius of 0.25 in. The test specimen .is shown'schemaficaLiy in
flgure 2

The sandwich panel con51sted of two face sheets separated by
a--honeycomb core. On each face sheet there were four plles
(0.0285 in, thick) at a * 45° layup. The penel face sheets were
cut from lO#iﬂ.—square laminates. The filamente.oﬁ the laminaﬁe_
were parallel to the applied loads, Some of the test specimens
were reinforced with tltanlum doublers (0.060 in. thick) in the
vicinity of the corner radll.

ANALYSIS OF SHEAR TEST

Finite element analyses were made to determine the in-plane
stress distributions in the shear panel. The finite models rep-
resented the shear panel specimens using orthotropic, two-dimen-
sional plane stress elements. Two general purpose finite element
computer programs were utilized in the analysis of the shear panel.
The first was NASTRAN (NASA Structural Analysis Program) which was



used on the CDC-6600 computer at Langley Research Center.

NASTRAN (ref. 2) is a general pﬁrpose digital computer program-.
for the analysis of large cohplex structures. The second
program, SAP IV (Structural Analysis Program), was executed

on an IBM-370, Model 158 computer at Virginia Polytechnic
Institute & State ﬁniversity through the computer center at

0ld Dominion University. SAP IV (ref. 3) is a structural
analysis program for static and dynamic response of linear
systems. Symmetry of loading, geometry, and material properties:.
made the analysis of only-one quarter of the specimen sufficient..

NASTRAN embodied a finite element approach, wherein the
distributed physical properties of the shear specimen were repre—
sented by a model (fig..3) consisting of 490 membrane elements..
that were iﬂterconnected at 529 grid points. ' The grid point
deflnltlon ‘formed the basic framework for the structural model..
.All other parts of the structural model were referenced elther
directly or lndlrectly to. the grid points. Each grid pomnt hads--
two degrees of freedom, the 1n—plane displacements. ‘The elements-
used in the analy31s were the guadrilateral membrane element
CODMEM and the. triangular‘membrane elemeht CTRMEM

) The steel edge bars of the test specimen were represented.
in-NASTRAN as rigid boundarles. The rigid boundaries were
modeled using mult1p01nt constraints in the NASTRAN program
Thé constraints were applled to grld ‘points on the test frame
edge of the finite element model so that these p01nts deformed_
as a stralght Iine. - Static loads were applled to the structural
model through nodes constralned to the rlgld boundary..

The loads were from Langley Research Center Test 560, Run 73
a horizontal 1oad of 5004.9 1b and a vertical load of 5039.4 1b -
are shown in figure 3 at the points of application.

SAP embodied a finite element approach where the shear
specimen was represented by a model (fig. 4) consisting of 554
membrane elements that were interconnected at 595 nodal points.



The steel edge bars of the test specimen were represented in
SAP as deformable boundaries. The deformable boundaries were
simulated by the addltlon of 64 plane stress membrane elements
to the NASTRAN model. The horizontal and vertical applled loads
were represented bjmstatlcally equivalent loads applied along the
simulated boundary. Nine colinear loads were applied at nodal
points nearest the center of each bolt hole. These loads were
applied at an angle of 45 degrees. The magnitudes of these
applied lcads are given in figure 4. Stresses were computed at
the centroid of each element using the stress print option
available in SAP.

The titanium doublers used for local reinforcement at corner
radii were modeled with an addltlon of 21 finite elements on
ﬁex1st1ng elements at the extreme corner of the. sandwich panel.
The materlal elast1c1ty matrix for titanium and“bor51c aluminumn
is given in table 1.

Table 1. . Material elasticity matrix.

%% | Gi1 Giz Gig &Y
Oy {7 = [Bi2 G2z Ga3| (e, ), psi’
o2 S A S R
Gy G1p. Gy a2 ‘G323 Ga3z.

Borsic Aluminum ' 2.81E+7 5.65E+6 0  2.81E+7 - 0 = 9.5E46

Titanium | ¢ 1.81E+7  6.15B+6 0  1.81E+7 0  6.15E+7

The NASTRAN finite element model of the shear panel, simu-
lating a rigid boundary, had 1000 degrees of freedom, Using a
CDC-6400 computer, it took 945 CPU seconds for the pProgram to )
execute. In contrast to the NASTRAN model, the SAP finite model



had 1132 degreeé of freedom with a bandwidth of 1106. Due to

the excessive storage required by the large bandwidth, the SAP-
finite element program.was unable to execute. To optimize the-
bandwidth, the nodes were renumbered using a computer program,
BANSAP. With this-renumbefing, the SAP program had a final
bandwidth of 69, 1It.then completed execution in 160 CPU seconds..

RESULTS AND DISCUSSION

The stresses computed in the shear panel for the loads
applied to the rigid (NASTRAN) and deformable (SAP) boundary
models are givenlin figures 5 through 8. Normal stresses Oy
and %dy are plotted as ordinates with the horizontal and

vertical coordinates from the center of the shear panel as
ahacissae.

. The stress distributions along the horizontal and vertical .
axes of both the rigid and deformable boundary models are unlfornr
near the center of the specimen. The uniform stress values dlffexr
considerably bétﬁeen.the‘two models; the uniform normal strese~~—
predicted-by the rigid boundary model. are nearly three times
the stfésses pfedicted“éssumiﬁg a deformable boundary. These
results indicafe that the assumption of a rigid bouﬁdary should-
not be madé.

There is an appreciable strés; qoncentratiqn at the corner-
fillets.. The stress componépts'perpendicular térthe lines of
éymmetfy fise_sharpiy ét‘thé corners. For example, figure 7-
shows that .in the deformable boundary model the stress component:
oy -increases from 10 ksi to about 105 ksi 1ndlcat1ng a stress
concentratian factor of over 10.

Contour plots of the principal shearing stresses for the
rigid and deformable boundary models are shown in figures 9 and.
10. The shearing stresses are uniform only over a small portion
of the specimen. Figure 10 shows that the shearing stress may
vary by as much as 25 percent over the center one-~half of the
specimen.

&



The effect of the reinforcing titanium doubler on thé normal
stresses O and GY 'is shown in figures 11 through 14. These
results indicate that the doubler significantly reduced the
Stresses along the x-axis near the f£illet. The critical stress
UY on t?is axis was reduced by about ene-half. However, stress
distributions along the vertical axis and in the center of the
shear panel show no reinforcing effects of the titanium doubler.

The contours of the principal shearing stress in the specimen
with the titaniunm doubier are shown in figure 15. By comparing
this figure with figure 10 it can be seen that the doubler tended
-to reduce the region of nearly uniform shearing stress since the
contours in figure 15 are closer to the center of the panel. As
expected there is also an appreciable local disturbance in the
ehearing stfesses in the-vicinity of the doubler.

JONCLUDING REMARKS

Two finite element analyses of a picture frame shear test
of a bdrsic,aluminum_test specimen have been performed. Two
methods for modeling the, specimen test frame have been investi-
Qated "Results for nominal stresses and principal shear stress
have been presented for Test.560, Run 7 conducted at Langley
Reseerch Center,

There were'striking differences -in the stress distributions
predicted by the rigid (NASTRAN) and deformable (SAP) boundary
models._ It was found that it is not realistic to assume the °
test flxture to be a rigid frame. In the.reglons-of pearly
uniform stfess, the'streeses predicted by the deformable

‘boundary models were approximafely one third of the stresses
predicted by the rigid boundary model. 1In the vicinity of the
corner, the stresses predicted by the two models nearly coincided.

The constant principal shear stress, Thax Was uniform
over only a very small region in the center of the shear panel
specimen. Moreover, at the corners near the fillets, there were

steep gradients with stresses being highly concentrated.



The effect of a local reinforcing titanium doubler has
been evaluated. It was found that the doubler reduced the
maximum nominal stress in. the vicinity of the fillet by about
50 percent.
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Picture Frame Shear Test Experimental Setup at Langley Research Center.

Figure 1.
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Figure 2, Schematic of Test Specimen.
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Figure 3. NASTRAN Finite Element Model of Shear Panel with Rigid Boundary.
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the centroidal coordinate of the finite elements bo;dering the
hole. Comparison of figures 6 through 8 and figure 10 shows
that gqualitatively the finite element analysis of the anistropic
composite and the isotropic elasticity solution are in close
agreement. This*agreement serves to validate the finite element.

solution.

The variation or the longitudinal membrane force in an iso-
tropic infinite medium is shown in figure 11 in terms of the x
coordinate of the composite specimen to facilitate comparison
with the finite element solution given in figure 9. The elas-—
ticity solution shows an extremely sharp gradient for the mem-
brane force in the vicinity of the hole. This sharp variation
raises questions about the accuracy of the finite element solution
in this region. Since the NASTRAN finite element assumed constant
stress within the element, it '1s possible that’the peak stress -’
was underestimated because not enough elements were used-to”
accufately represent the stress gradient. The variation of ‘the
stress away from the hole according to‘the isotropic solution
shows that in a distance of about five radii (5a = 0. 48 in.)
away from the ‘hole the force has decreased to one-tenth of its
maximum value. This result supports the findings.of flgures_

6 through 8‘in which the membrane force distributions in the’
center and outside holes were very hearly the same, This:
occurred because there were no hole interaction effects since
the holes were more than five radii apart. Only very small

edge effects .were present for the same reason.
' CONCLUDING REMARKS

A finite element analysis of an extra graph— .. e ewoew
bolted joint specimen has been performed. Two methods were used
to represent bolt transfer loads. The first method assumed a
perfect fit and modeled the bolt loading as a cosine distributdn
over one-~half of the boundary of the hole. The second method
assumed an imperfect fit and used a nonlinear computer analysis
to determine the contact area and bolt transfer loads. The

115



NORMAL STRESS s, (KSI)

—

120

0r (gAP_(DEFORMABLE BOUNDARY WITH TITANIUM DOUBLER)
-40
-80 -
e i z | ; P

HORIZONTAL COORDINATE x (INCHES)

Figure 13, Normal Stress o as a Function of Horizontal
Coordinate AlongYCenter Line of Shear Panel
Specimen.



NORMAL STRESS. o, (ksI)

gt

120 L

80 — X

40
SAP (DEFORMABLE BOUNDARY WITH TITANIUM DOUBLER)

c -

L ! |

Y

-120 .
: 1 2 - 3 4

VERTICAL COORDINATE y (INCQES)

Figure 14. Normal Stress o as a Function of Vertical
Coordinate AlongyCenter Line of Shear Panel
Specimen.

23



18 KSI
16 KSI

14 KSI

13 KSI

12 KSI

11 KSi \\\\\-
10.11 kST [T~

e

Figure 15.

Contours of Constant Principal Shear Stress,

Thax’ Predicted by SAP (Deformable Boundary

with Reinforcing Titanium Doubler).

24



BANSAP:

A BANDWIDTE REDUCTION PROGRAM FOR.SAP IV

By

Donna E. Holzmacher

25



BANSAP: A BANDWIDTH REDUCTION PROGRAM FOR SAP IV

" By

Donna E. Holzmacher
INTRODUCTION

For analysis, a structure may be broken down into parts

known as finite elements. The elements of the structure may be

one-dimensional such as a rod, two-dimensional such as a triangle;

or quadrilateral, or three-dimensional such as a parallelepiped.

- The elements are positioned and described by nodes which, when

connected, describe the structure. Static analysis using finite-

~elements is  accomplished by solving simultaneous equatio@s.
‘These equations when written in matrix form are characterized

by banded coefficient matricés. Computer time and sforage-éa:

be saved if the bandwidth of the matrix is a minimum. This
occurs_wiﬁh adept'numpering of the nodal points 6f'themstruqture.

If the nodes are numbered in an optimum way the non-zero values . -

in the matrix will lie in a band about the diagonal. Thé band~
width of a matrix is defined here as-the maximum differénce
betwedn any two connected nodes plus one to take into account
the diagonal term.

As a .particular example, consider the plane structure shown
in figure 1. The displacements of this structure are determined
by solving

(K) {u} = {P}

where (K) 1is the stiffness matrix, {U} is the displacement
vector, and {P} is the load vector. The (RK) matrix is
arranged accordiﬁg to the connectivity of the nodes 1 through 9
of the triangular elements. The connectivity matrix for the
above structure is represented in figure 2 showing that node 1
is connected to nodes 2, 8, and 9, and node 2 is connected to

26



nodes 1, 2, 3, 4, and 8, ete. The actual values in the stlffness
matrix, correspondlng to the positions of the matrix above,
depend on the geometry and material of the structure.

The bandwidth of the connectivity matrix shown in figure 2
is 9. If the nodes are renumbered as in figure 3, the corres-
ponding connectivity matrix as shown in figure 4 has a new,
reduced bandwidth of 4.

In order to efficiently renumber the nodes of structures
for finite element analysis a number of algorithms have been
developed and incorporated into bandwidth reduction programs.
Prior to 1969, authors who developed techniques to reduce the
bandwidths of matrices included Always and Martin, Tewarson,
Rosen, and Akyus and Utku (refs. 1 through 4). In 1969,
Cuthill and McKee's (fefi 5) algorithm arranged the rows of-the
connectivity matrix with regard to the increasing number of noh-
zero off-diagonal elements. -This algorithm was used in a program
called BANDIT which serves a a preprocessor for NASTRAN

H.R. Groom s algorlthm for bandwidth reductlon was intro
duced in 1972 (ref 6). Groom systematically moved closer to-
gether rows and columns which were far apart and coupled. '

In 1973 Colllns (ref 7) presented the algorithm upon which
the program, ‘BANSAP, developed in this study is based. After
work on BANSAP had begun, Rodrlgues (ref. 8) presented a new
algorithm which, for two saﬁple problems presented, showed a
smaller bandwidth than the Cuthill and McKee, the Groom, or .the
Collins algorithms.

The objective of this paper is to describe a study undertaken
to iﬁcorporate the Collins bandwidth algorithm in a data pre-
processing computer program for the finite element program SAP IV
(Structural Analysis Program - IV). First to be presented will
be Collins' algorithm for bandwidth reduction which contains two
subroutines, SETUP and OPTNUM. A description of the SAP IV
preprocessing program BANSAP will then be given including its
capabilities and limitations. Results from application of the
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program to example problems will be presented and discussed..
User instructions, the BANSAP program listing, and sample

output are presented in appendices.
COLLINS BANDWIDTH REDUCTION ALGORITHM

Collins' algorithm for bandwidth reduction includes two
subroutines, SETUP and OPTNUM. His procedure shall be illus-
trated using the structure in figqure 1.

In the first subroutine, SETUP, a list is generated showing
the connections between the different nodes shown in figure 1.
The relations established by SETUP are displayed in table 1.
The information is stored in arrays suitable for use in sub~
routine OPTNUM. - The subroutine SETUP also‘dete:mines the
original bandwidth of the structure. i

~The subroutine used to’ renumber related nodes is OPTNUM.
OPTNUM locates the origin of the different numbering schemes
at each node in turn, making the number of permutations of -
schemes equal to the humber of nodes. In other words, OPTNUM
first renumbers the nodes around old node‘number one-making old
node number one Ehe origin of the new schéme,['OPTNUM-Eheﬂ deter-
mines the bandwi&th of this scheéme. Next OPTNUM goes to old |
node number two and starts its new origin in ‘the 9051t10n of
this node. It renumbers the nodes connecting node two, one at
a:time, and determlnes the maximum dlfference between the new
connected nodes., If the maximum dlfferenqg‘ls less than the -
lowest maximum difference of the preceding schemes, it éontinues-
with the renumbering until the scheme is complete. If not, the’
current scheme is abandoned. After compiétion or abandonment -
of a scheme, OPTNUM proceeds to the next scheme starting with -
a new origin at the next sequential old node number.‘ The
scheme which is retained by OPTNUM is that which exhibits the
lowest maximum difference between related nodes. The sequence
of renumbering schemes for figure 1 is shown in table 2,
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Collins' algorithm is set up to handle the renumbering of
nodes for elements containing up to four nodes. Reference 5
indicates that this method has been applied to solid elements
but not very successfully.

SAP IV PREPROCESSING PROGRAM

A program, BANSAP, has been written using the Collins
algorithm as a preprocessing program for SAP IV. BANSAP con-
sists of four subroutines: SAPIN, SETUP, OPTNUM, and SAPOUT
as shown in figure 5.

The first subroutine, SAPIN, ‘reads the data in the formats
stipulated by SAP IV and stores element and node connections
according. to type. BANSAP is set up to handle two basic types
.of finite‘elements:‘ elements eonnecting two nodes, and elements
connecting three or four nodes. The two node elements which can
be entered into subroutine SAPIN are elther the truss, beam, or -
boundary. The actual renumbering of a two node element is the
same for either element. The only difference in the.handllng
of these elements by BANSAP is in their SAP IV formats. . The |
‘three or four node elements which may be entered into subroutlne
SAPIN include membranes, aXLSymmetrlc two-dimensional elements
and plate bending elements. -~ Again, the only difference in the
handllng of these three and four node elements is in their
SAP IV formats. If more then one type'of element comprises the
‘structure, the elements may be grouped according to their type.
As' is required for SAP IV, nodes must. be sequentially numbered
from one.

‘From subroutine SAPIN, BANSAP -goes on to subroutines SETUP
and OPTNUM. The new bandwidth is printed and a list of old '
number node numbers and new numbers is generated. As a user
option the subroutine SAPOUT will punch the original elements
with the new node numbers. Program BANSAP has been dimensioned
in this paper to permit up to 1000 nodes and 1000 elements.
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APPLICATIONS OF BANSAP

Applications of BANSAP are presented in table 3. The first
two problems shown are illustrations of reduction in bandwidth
which may be attained for simple problems. Problem 3 is an
exampié taken from structural analysis of a ship radar tower.
The last two entries are practical problems encountered in

finite analysis of composite material structures.

The first illustration is the sample finite element scheme
shown in figure 1. After renumbering by BANSAP the bandwidth
was reduced from 9 to 4 and the final scheme is shown in figurg 3.

The truss problem shown in figure 6a is a wagonwheel. After
processing by BANSAP the bandwidth was reduced from 9 to 6. "It
has been found, however, that this value is not the optlmum
“bandwidth. Collins has noted that the wagonwheel problem is
a special case and the true optlmum bandwidth occurs’ when the
node_number of the hub of the wheel is set equal to half the
number of spokes plus one. The optimum bandw1dth of the wagon-
wheel shown in figure 6 13 actualiy 5:“

The thifd struéﬁure is Ehe,ship'é radar tower shownuin
figure 7. "The ofiginal nuﬁbering scheme shbwn is‘nearly optimum”
with a bandw1dth of 12 since the renumbering scheme only reduces
the bandwidth to 9. For such strictures there 15 no apprecmable
gain by using BANSAP as -the ‘structures could ea51lv be numbered
by.-hand to obtain-a small bandwidth.-

The shear panel of figure'B is an example of a greatly
enlarged bandwidth which can occur from the addition of. new
finite elements after the original structure has been numbered.
With the addition of new elements for the shear panel a bandwidth
of 406 was obtaineé, but after BANSAP, the bandwidth was reduced
to 35.

The bolted joint specimen illustrated in figure 9 is a.good
example of how BANSAP can be used to obtain an optimum bandwidth
when the numbering scheme is difficult to select. by hand. The
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nodes of the bolted joint specimen were originally numbered to
permit easier data generation using a FORTRAN program. After
the cards had been generated, BANSAP renumbered the nodes to
reduce the bandwidth from 168 to 28.

CONCLUDING REMARKS

A FORTRAN program has been written for bandwidth reduction
by nodal renumberirg. The program is based upon the Collins
algorithm and serves as a data preprocessor for the finite
element program SAP IV. Applications of the preprocessing pro-
gram to a number of simple and realistic problems have been
presented.

‘Nodal renumbering for finite element analysis may be reguired
for a variety of reasons. Renumbering may- be needed if new eléments
were to be added onto a previously numbered sErﬁcture or if a. struc-
. ture is difficult to optimallf number by hand. It may also be
needed if the element and. nodal data were prepéred by data genera-
tion-progfams. Such reasons clearly show a need and use for a
' program such as BANSAP?

BANSAP is an effective preprocessing program for SAP IV.
The-algorithm used greatly reduces the bandwidth for reduced
computer time and storage during the finite element analysis.
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APPENDIX A

USER INSTRUCTIONS
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Type

Type

Type

USER INSTRUCTIONS

CONTROL CARD (3I5)

Columns 1 - 5 Number of different groups of elements
6 ~ 10 Total number of nodes
11 - 15 The number zero for nopunched -output and
any ‘number greater than zero for punched
output

The following types of elements are permitted in the program.
1 TRUSS

CONTROL CARD (31I5)

Columns 1 - 5 The number 1
6 — 10 The nuomber of ercuwculs 1n yroup L

Element Data Cards (3I5, 2A10)

Columns 1 - 5 Element ﬁumbqr
6 = 10 Node number I
11 - 15 ©Node number'q
2 BEAM

CONTROL CARD (3I5)

Columnhs 1 - 5 The number 2
- . 6 - 10 The number of elements in group 2

Element Data Cafds (4I5, 5A10)

Columns ©~ 1 - 5 Element number
6 - 10 ©Node number I
11 - 15. Node number J.
16 - 20 Node number K; K is any nodal point which
) lies in the local 1 -~ 2. plane but not on
the 1 axis '(see r¥ef. 9, page iv.2.2)

3 MEMBRANE

CONTROL CARD (3I5)

Columns 1 -5 The number 3
6 — 10 The number of elements in group 3

Element Data Cards (5I5, 5Al0)

Columns 1 5 Element number
6 - 10 Node number

11 - 15 Node number

16 - 20 Node number

21 - 25 Node number

[l R
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Type 4 TWO D

CONTROL CARD

Columms 1 -
6 -

Element Data

(3I5)

5 The number 4
10 The number of elements in group 4

Cards (5I5, 5Al0)

Columns 1 -
6_

11l :-

1l6 -

21 -

Type 6 PLATE

CONTROL CARD

Columns 1 -
6...

Element bata

5 Element number
10 ©Node number
15 Node number
20 Node number
25 Node number

HROGH

(3I5)

5 .The number 6
10 HNumber of plate elements

Columns 1
6
11
16
21

Cards (5I5, 5Al0)

5 Element number
10 Node .number
15 ‘Node number
20 Nodé number
25 Node number

[l

. Type 7 -BOUNDARY (LINEAR SPRING)

CONTROL CARD (3I5)

Columns 1 - § The number 7-
.6 = 10 The number of elements in group -7.

Element Data Cards (2I5, 6Al0)

Columns 1 - 5 Node N, at which the element is placed
6 - 10 Nede I
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APPENDIX B

'BANSAP SOURCE -LISTING
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000003
000003
000003
000003
000003
000003
000003
000004
009005

000005
000012

0go0o12
390315
000016
2009020
000023
000024
pooo27

200030

AN

000034

AOOOO

OO0 0 O

PROGRAM BANSAP{INPUT,bUTPUT:PUNCHv

* TAPES=INPUT,TAP E6=0UTPUT ,TAPE7=PUNCH)}
DIMENSION NEWJT{1JI00),JOINT(1000} .
COMMON MFNTScJT(4000},HEHJT(3000],JMEH{IOOOIyJNTlIOOO!

COMMON/BAND/IDIFF, MINMAX

COMMON/CONTR/NELG, ITYPE{SI,NEL(S}yNUDESsIPUNCH
COMMON/JUNK/A(1000,:6)
COMMONZUNIT/ IN,IT,IP

IN =35

IT = §

Ip =7

" JMEM{I) = NUMBER OF NODES TO WHICH A SINGLE NODE IS CONNECTECL
JTEL) = HWORKING ARRAY

TMEMJTI(I) = IDENTITIES OF NODES TO WHICH A NODE IS CUVNECTED

WRITE(IT,12)
12 FORMATI(LIAL,9( /), .
36X+ 52HBBBBB AAAAA

1 N N S555S AAAAA. PPPPPYL
2 36X+ 53HB B. A A NN N s - - A A -P P
3 36X,53HB ‘B A A- NN N s - A A P Py
4 36X,52HBBBBB AAAAAAA N N N "7 S85S AAAAMAA . PPPPP/ .
5 36X:52HB B A . AN NN . 5 A A p- -/

- & 36X,52H8 B.- A A N NN - S A - A P _ 7 .
7 36Xy52H3BBBB A . A N N 58585 A A P v}

WRITE({IT,16)
16 FORMAT{INL,S5X,19H I NP U T D A T A 4//4)
- DO 10 I=1,1000
10 UNT (1)Y= 0
DO 20 I=1,%000
20 JT(I) =0 -
DO 30 I=1,8000
30 MEMJT(I) =0

CALL SAPLN
SUBROUTINES SETUP AND dPTNUH FROM/
—BANDHIDTH REDUCTIGN B8Y AUTOMATIC RENUYBERING-, Ra.J. COLLINSy,
INTERNATIONAL JOURNAL FOR NUMERICAL METHODS IN ENGINEER[NG
VOLUME 64+ 1973, PP 345-356.

CALL S5ETJP



000035
200041
000043
J00045
000047
J30051
000070
300073
000075

000102

000103
000105
0ootiz

J00116

300117
000117
330117
000117
230117
000117
000121

40

32
34
36

42

HRITELIT,32)
DO 40 I= 1l,NODES

NO = JMEM{T)
Ll'= 8*(I-1) + 1
L2 = L1 #NO -1

WRITE{ITy 34} T,NO.IMEMJT{L),L=L1,L2)

CONTINUE
MINMAX = IDIFF + 1
WRITE(IT,36} MINMAX

CALL OPTNUM
MINMAX = MINMAX +1
WRITELIT,38) MINYAX
WRITE (ITy42)

CALL SAPSUT

FDR“AT(IHI 12X14HN0091jX,QHJHtM;le,bHMtMJI:Ill

FORMAT(11X+2I5,10X,916)

FORMAT(//+20Xy20HORIGINAL BANDHIDTH =314 )
FORMAT(// 420X LAHNEW BANDWIDTH=,[4)"" =" -~

FORMAT(1H1+10X,33H0LD NGDE NUMBER
STop
END

NEW NODE NUMBER;I!



SUBROUTINE SAPIN

000002 COMMON LMENTS, JT {4000 ) MEMJT (8000, JMEMIL1000) , INT{1000)
000002 COMMON/BAND/IDIFF MINMAX ’
000002 COMMON/CONTR/ NELG, ITYPE(S) +NEL{5),NODES, IPUNCH
0dco002 COMMON/JUNKFAL100046})
000002 COMMON/UNIT/ INsIT.iP
NELG = NUMBER QF DIFFERENT GROUPS OF ELEMENTSILESS THAN 5
NODES = TOTAL NUMBER OF NODES
IPUNCH = ZE0 FOR NO PUNCHED QUTPUT, NUMBER GREATER.THAN

ZERQ FOR PUNCHED OUTPUT

c

c

C.

c

c

c

c N = ELEMENT TYPE

c NE" = NUMBER OF ELEMENTS OF TYPE N
c _LMENT = TOTAL NUMBER OF ELEMENTS

c - :

c ITYPS{I) = TYPE OF ELEMENT

- " NEL{I) = NUMBER OF ELEMENTS IN A GROUP
c .

c ITYPE * ELEMENT  NUMBER OF NODES
c 1 TRUSS 2

C 2 BEAM 2

c 3 MEMBRANE 3 0R 4

c 4 TWO D 3 0R 4

c 5 " BRICK 8

c 6 PLATE &4

¢ 7 8 OUNDRY 2

c

c

c

READ .ELEMENT CARDS AND. STORE CONNECTIONS.

000002 READ(INJI2) NELG,NODES, IPUNCH
200014 WRITE(IT,14) NELG+NODES, IPUNCH
000026 DO 200 1i= 1,NELG -
3000390 READ{IN+12) N,NE
000037 HRITE(IT,10) II,NEsN
. 300051 WRITE(IT,50) o
000055 ITYPE(IT) =N
200057 NEL(ITI) =NE
000061 LMENTS =0
- c
c READ ELEMENT CONNECTIONS. FOR TRUSS, BEAM, DR BOUNDARY
c ELEMENTS ONLY TWO CONNECTIONS I ANMD J ARE NEEDED. FOR



ALL OTHER TYPES FOUR CONNECTIONS ARE POSSIBLE- IsJeKylos °

STORE NODE CONNECTIONS ACCORDING }0 TYPE.

QGO0

000062 DO 210 JJ = 1,NE .
230063 GO TO {(142:3:345:3:4T)sN
c
300075 1 CONTINUE :
200076  READ{IN,102%) I,J,1 A{JJ,L],L=1,2)
200115 102 FORMAT(5X,215,2410)
0001156 G0 TO 300 :
- C .
200117 2 CONTINUE
330117 READ({IN,104) [,J,0 A{JJIeL)  L=1,6)
000137 104 FORMAT{SX,215,A5,5A10) '
200137 GO TO 300
) c ;
000140 3 CONTINUE °
000140 READ(INS105) I,J,KsLal ALJI L 1,L=1,5)
900164 106 FORMAT{5X,4I5,5A10}
000164 GO TO 300 -
o .
000165 5 COMTINUE
009165 CWRITS(IT,138)
990171 108 FORMAT(SX ,+2HTHREE DIMENSIONAL ELEMENTS NOT IMPLEMENTED/)
33017t .- T GO TO 200
€ )
000172 7 CONTINUE
300172 READ{INGL13) I,J, TA(JIsL)sL=1,6)
000212  _ 110 FORYAT(215,6A10)
200212 300 CONTINUE .
090212 IF{N.EQ.7) GD TO 20
202214 III = JJ + LMENTS
00021¢ JJJ = III'+ 1000 -
300220 JTLITE) = 1 -
000221 JTUIID) = -
309222 IF{ N.LE. 2} GO TO 205
00022¢ KKK = ITI + 2000
000230- LLL = III.+ 3000
000232 JTIKKK) = K
o

c FOR TRTIANGULAR ELEMENT SET REPEATED NODE NUM3ER EQUAL TO ZERO



000234 IF{K.%Q.L} L=0

3002358 JTILLLY = &

000240 205 CONTINUE

000240 WRITE(IT,30) JJI,JITUITI) »JdT1JII) »JTLKKKY ,ITLLLLY

0002556 210 CONTINUE

209261 LMENTS = LMENTS + NE

0002562 200 CONTINUE

000265 50 FORMAT(LIOX,THELEMENT +SX+1HI ;TX,1HJ,TX, LHK,, 7X+1HL /7))

003265 10 FORMAT{/y5X,13HELEMENT GROUP,I[2,4H HAS,I3,17H ELEMENTS OF TYPE,
1/)

300265 12 FORMAYI(3IS)

000265 14 FORMATH v207)

1 10X, 25HVUMBER OF ELEMENT TYPES =4154/
2 10X, 25HNUMBER OF NODAL POLNTS =,15, /.

3- 10X,y 25HPUNCHED ELEMENT CARDS =915:/
4 10X, 25H «EQ. 0 NO 1/ -
5 10Xs254 «EQ. 1 YES s
bo0265 30 FORMAT(1OX,15,418)
000265 RETURN

100266 END



300002
000002
030302

000002
002003
0006005
0090011

Jo0912.

000013

000017

000021
990023
000025

000027
Qoo033

QOO OOO00

SO MmOm

AN o

QOO0

SUBROUTINE SESTUP .

COM4CN LMENTS, JT{4000), MEMJT(8000) 4 JMEM{1000) yJNTL(1000}
COMMON/BAND/IDIFF, MINMAX
COMMON/CONTR/NELG,ITYPE(S) ,NELL5) ,NODES, IPUNCH

NODES = TOTAL NUMBER OF NODES
JNT1 = ELEMENT NODE UNDER CONSIDERATION |
Jsus = LOCATION IN MEMJT(I) OF BEGINNING OF LIST QOF

NODES RELATED TO JNTI

LMENT = TOTAL NUMBER OF ELEMENTS
JMEMII} - = NUMBER OF NODES TO WHICH A SINGLE NODE IS CONNECTE]
MEMJT{I} = IDENTITIES OF NODES TQ WHICH A NODE IS CONNECTED
IDIFE = BAMDWIDTH = IDIFF+1 FOR ORIGINAL SCHEME

IDIFF = 0

. DO 10 J= 1,NODES

10

JMEM(J)= O
DO 60 J= 1,LMENTS

DO S0 I= 144

NEXT STATEMENT DEPENDS ON THE NUMBER OF NODES FOR WHICH THE

_-PROGRAM IS DIMENSIONED. CURRENTLY THE MAXIMUM NUMBER OF NODES

IS 1000,
JNTI = JT(1000% (I-1) + J)

IF JNTI EQUALS ZERQ ALL NODES OF ELEMENT J HAVE BEEN
CONSTDERED.

IF{JNTILEQ.0) GO TO &0
JSUB = [JUNTI - 1) = &
DO &3 11 = 144 -
IF(IT.EQ.I} GO TO-40

NEXT STATEHEN% DEPENDS ON THE NUMBER OF NODES FOR HWHICH THE

PROGRAM IS DIMENSIONED. CURRENTLY THE MAXIMUM NUMBER OF NOODES .

IS 1000, --
RéLATED NODES ARE IDENTIFIED BELOW.

JJT =JT{1000 * {1I-1) +J )}
IF{JJT.EQ.Q) GO TO 50
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000035
000036
000049
060041

C00044
200045
000052
000052
0000535
000062
000064
000066
300971
0ogoT2

aOoOo

[ A nNe]

20
30

49
50

60

DETERMINE WHETHER RELATIONSHIP BETWEEN JNTI AND JJT
HAS SEEN ESTABLISHED,.

MEML = JMEM{JNTI)
IFIMEML.EQ.0) GO TO 30
DO 20 IIl =1,MEM1

IF{MEMJTIJISUB +111).EQ.JJT) GO TO 40

FIND WIDTH OF GRIGINAL MATRIX BAND

CONTINUE i
JMEMUINTL) =JMEM{JNTI) + 1.

TDUM =7 JSUS + JMSMIJNTE )

MEMUT(IDUMY = JuT

TFUIABS(UNTI-JIT).GT.IDIFF) IDIFF = IABS(JNTI ~JJT)
CONTENUE ’

CONTINUE

CONTINUE -

RETURN

END



00002
ooooco2
000002
000002
000002

200002

000004
000005

0000056
006007

200013
000013
200014
000016
200017
000021
600021
0009023
000025

000026

[ a N QOO0 0

anoo

OO

OO0

20

30

SUBRCUTINE OPTMUM

DIMENSTION NEWJT{(1000),JOINT{1000]

COMMON LMFNTSQJT(kJOOJsMFWJTISOOOIyJMEM(lOOO) JNT (1000}
COMMOM/BAND/IDIFF,MINMAX
COMMON/CONTR/NELG, ITYPE[S5) o NEL{5),NODES, IPUNCH

COMMONSUNIT/ INLIT,.IP

JOINT{I} = WORKING ARRAY
NEWJTITI) = WORKING ARRAY
JNTLT) = NEW NUMBERING SCHEME
—“MINMAX = BANOWIDTH = MINMAX+L FOR NEW SCHEME

MINMAX IS INITIALIZED.
MINMAX = IDIFE
NSW SCHEME STARTS AT NODE OF OLD NODE NUMBER [K..

DO &0 IK=1,NODES
DO 20 J-=1,NODES

JOINT(J) -AND NEWJT [J) INITIALIZED TO ZERO FOR EACH NEHW
NUMBERING SCHEME. - )

JOINT{]}=
NEHJIT(J)= 0O
INITIALIZE FOR NEW NODE NUMBER ONE.
MAX =0
I=1
NEWJT(1) *IK
JOINT(IK) =
K =1
CONTINUE

JOUM = NEWSTILI)
K& = JMEMLJDUM)
IF{K4,EQ.0) GO TO 45
LOCATE RELATED NODES IN MEMJT(I).

JSUB = (NEWJT(I) -1) 28
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000031 DO.40 2J= 1,.K%4

000032 KE = MEMITI{JISUB +JJ}

000034 IF( JOINT{KS) .GT. 0 } GO TO 40

200049 K = K+1 -

000041 NEWJIT [K} =K35

000042 JOINT{KS) =K
o
c CHECK DIFFERENCE BETWEEN NEW M/MBERS OF RELATED NODES.
c .

000043 ° NDIFF = IABS{I-K)
r
c SCHEME ASANDONED IF DIFFERENGE GREATER THAN BANDaIDTH DF
C PQIVIDUS SCHEME, NEW SCHEME STARTFD. .
o

000045 ) IF(ND[FF GEZ.MINMAX) GO TO 60

000050 IF{NDIFF.GT .MAX) MAX =NDIFF

000053 40 CONTINUE . .

000056 1F(K.EQ.NODES)IGO TO SO °

000060 45 T=I+1 .. ;

200062 GO YO 30

000062 50 MINMAX = MAa

000064 DO 5% J=1,NODES .-

000065, 55.JNT{J) = JOINT(J)

220071 60 CONTINUS

0000 7% RETURN

c00075 END



000002
000002
000002
020002
000002
090004
000013
000016
000017
000022
000024
000026
300027
000031
200034
000035
000040

000042

000055

000055
000077

cootrz2
300122

000123
000123
200126
000130
000153

000200

600200 -

000201
000201
000204

O [aNeNe

o

SUSROUTINE SAPOUT
COMMON LMENTS, JT(4000), MEMIT {8330) » JHEM(1000) » JNT (10001}
COMMON/CINTR/ NELG,ITYPE(S),NEL(5) ,NIDES, IPUNCH
COMMON/ JUNK/A(1000,6)
COMMON/UNIT/IN,IT,1IP
00 10 I= 1,NODES
WRITE{IT,12) I,JNT(D)
10 CONTINUE
LMENTS = 0
WRITE(IT,14)
DO 20 TE=1,NELG-

N = ITYPE(I)

NE= MNEL{II)

DO 21 JJ =1,NE

I = JTL JJ+LMENT, ’
J = JTL JJ+LMENTS +1000)
NI= JUNTID)

NJ=  JUNTL)

DUTPUf NODE CONNECTIONS ACCORDING TO TYPE.

GO TU (1:2+3+3453:3+7)sN

1 CONTINU: .
WRITELIT,102) JJ,NI, NJ:(A(JJ:L):L 1;2'
IFLIPUNCH.GT.0)

*HRITELIP, 102} JJ:NI:NJ;(A(JJ:L):L 1,2}
102 FORMAT(315,2A101}
G0 T3-21

K,
NK=" JNT(X)
WRITE(IT,104%) JJ!NI:NJ!NK:(A(JJ:L):L“Z!ﬁ'
{F{IPUNCH.GT.O0}.
FHRITE(IP+ 104} JJsNIeNIsNKy CALJIIsL) 4L=2,56)
104 FORMAT(419,5A10)
GO 10 21- --

2 CONTINUE

AlJJ. 1)

'3 CONTINUE

K
L

[T

JTC JI+HLMENTS +2000)
JTU JI+LMENTS +3000)



000205
gdo210
a00212
000214
000242
Goo242

300271

000272

boo272 -

000273

000273 .
000313

000334
000334
300337
000340
000342
000342
000342
000342
000343

IF[L.ER.2) L=K

NK= JNT{K}

NL= JNT(L) .
HRITE(IT 106 JJ s NT NI NKyNLyCAT I L) L=1,5)

106 FORMATISIS,5A10) )

TF{IPUNCH.GT.0)
*HRITE(TIP, 106V I NIsNJyNKsNL,{ AL I L) sL=1,5)
GO 7O 21

5 CONTINUE
GO TO 21

7 CONTINUE
WRITE{TIT,108INLI,NJ,(A{JJ,L)sL=1,6)
TE{IPUNCH.GT,.O) .
FARITE(IP,LOBINI, NI, {ALJI,L) ,L=1,5)

108 FORMAT(215,6A10}
21 CONTINUE
LMENTS = LMENTS +NE
20 CONTINUE | -
12 FORMAT(15X,1I5,13X%X,15])
14 FORMAT{1IHL,//+4Xs Y THNEW ELEMENT CARDS,//)
.30 FORMAT( 515)
RETURN
IND.



APPENDIX C

SAMPLE BANSAP QUTPUT
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3BBB8B
B
B
BBBBB
B
8
38888

8
B

B

8.

AAAAA
A A
A - A
AAAA AAA
A A
A A

A A

L2 2L LEZ

SSSSS
S
S

SSSS
S
. S
SSSSS

AAAAA
A A
A A
AAAAAAA
A A
A A

A - A

PPPPP
P
P
PPPPP
p
p
[>]

P
P
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INPUT DATA

. NUMBER OF ELEMENT TYPES

NUMBER OF NODAL
PUNCHED ELEMENT
-EQ.
.EQ.

POINTS
CARDS

Y
1

NO
YES

nu w

QD e

ELEMENT GROUP 1 HAS 8 ELEMENTS OF TYPE 3

ELEMENT - . T

Q) w DN U W N e
O D 00N N e

\J‘

PO PP NO.

K

Vi 0D
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a N

I ol

NODE  JMEM MEMJT
1 3 9 8
2 4 1 .9
3 2 2 4
4 4 2 9
5 3 9 6
6 & 8 7
7 2 8 6
8 4 1 9
9 6. 1 -8

ORIGLNAL BANDWIDTH = -9

NEW BANDWIDTH= 4°



OLD NODE NUMBER

D 00T O AW N

NEW NODE NUMBER

Wi =J 0 0O N
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NEW ELEMENT CARDS
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Table 1. Example node connections determined
in subroutine SETUP.

Number of .
Connected Connected
Node Nodes Nodes
1 3 9, 8, 2
2 4 1, 9, 4, 3
3 2 2, 4
4 4 2, 9, 3, 5
5 3 9, 6, 4
6 4 8, 7, 9, 5
7 2. 8, 6
8 4 1,'9_, 6, 7
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Table 2. Trail Numbering Schemes Used in OPTNUM.
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Table 3. Summary.of applications of BANSAP.
: Number Number Cld New
Element of of Band- Band-
Structure Type Nodes Elements width width
Sample problem : :
Figure 1 Membrane 9 8 .9 4
Wagonwheel
Figure 6 Truss 9 16 9 6
Ship tower
Figure 7 Beam 25 65 12 9
Shear panel specimen Membrane 595 554 406 35
Figure 8 :
Bolted joint specimen Mémbpane 349 168 28

Figure 9

398




NODE

1 2 3 «—TYPICAL NODE NUMBER

2 " 4~e—t—TYPICAL MEMBRANE
ELEMENT NUMBER
1 3
8 9 4
6 8
5 7
7 6 5

Figure 1. Sample Finite
Element Scheme

NODE _
1.2 3465 6 7 8-9
1 IXX ) XX
2 XXX X X
3 XIX X
4 XIX XX X
5 XXX X
6 XiX XXX
7 XXX .
8| X XiXIX]X
gi XX XAXIX]| I XX

Figure 2. Connectivity Matrix
of Sample Scheme.



1~~~ {YPICAL RENUMBERED
NODE

9 8 6

Figure 3. Renumbered Finite
Element Scheme.

NODE -
1 234567829
T[XIXIX
21 XX | XXX
IIXIX (X i XiX
4 X XX X
§5 XIX[XIXIXIXIX
= 6 X XX X
7 X1X XXX
8 XXX {X[X
9 XXX

Figure 4. Connectivity Matrix
of Renumbered Scheme.



START -

SUBROUTINE SAPIN

READS AND STORES
INPUT DATA

SUBROUTINE SETUP

IDENTIFIES RELATED
NODES
AND
ESTABLISHES ORIGINAL
BANDWIDTH

i} i
SUBROUTINE OPTNUM

GOES THROUGH PERMU-

. TATIONS OF POSSIBLE

RENUMBERING SCHEMES

TO OBTAIN SMALLEST
BANDWIDTH

SUBROUTINE SAPOUT

 QUTPUTS NEW
NUMBERING
SCHEME

N/

STOP

Figure 5. Flowchart of SAP IV
BANSAP Preprocessing
Program.
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(a) Original Scheme

\

(b) Renumbered Scheme

AL
S

Figure 6. Wagonwheel Truss.



ISOMETRIC VIEW

Figure 7.

Ship Radar Tower.

O . JOINT

© O MEMBER
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Figure 8.

Shear Panel Specimen.
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-TRIANGULAR AND°QUADRILATERAL MEMBRANE ELEMENTS

Figure 9.

Finite Element Mesh for Composité Bolted Joint Specimen.




FEMESH:

A FINITE ELEMENT MESH GENERATION PROGRAM
BASED ON ISOPARAMETRIC -ZONES®

By

zZoa C., Lane’
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FEMESH: A FINITE ELEMENT MESH GENERATION PROGRAM
BASED ON ISOPARAMETRIC ZONES

By

Zoa C., Lane

INTRODUCTION

Finite element analysis programs greatly facilitate the
determination of deformations and stresses in structures. A
major inconvenience in utilizing this analysis technique is the
large amount of inﬁut data required by the computer programs.
This_data includes, in addition to material oharacteristios;_
the node numbers defining the elements and the spatial_poof;
dinates for each node.

" Current mesh generatlon methods 1nclude for- 51mple problems )
data preparation-by hand, and for more complex problems, the cod1ﬁ§
and .executing of FORTRAN mesh generation prograﬁs which generate.
daea for a:general structure.

W.R. Buell and W.A: Bush surveyed some ﬁeéhhiques_used iq
cupyent'meeh generation schemes (ref "1l). The techhiéues pre-~
sented by Buell and Bush are: a straight line 1nterpolat10n tech-
nique, a sides and parts technlque for axisymmetric structureq
electro—meghanlcal techniques for two- and three—dlmens;onal
strﬁetures! and a simplified fiqiteadiffe;epce technique and

equipotential technique forngeneral stfucture shapes.

The advantages of general structure mesh generatlon programs
(ref l) are: {1) reduced cost due to reduction of man hours
and computer time needed to generate and check data; (2) reduced
number of errors; (3) insured regularity of finite elements; ana‘
(4) application to a variety of structural shapes.

0.C. Zienkiewicz (ref. 2) utilizes a technigue involving
the mapping of isoparametric quadrilaterals from a natural to
a cartesian coordinate system in an automatic mesh generation
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scheme for plane and curved surfaces. This scheme is applicabie'

to non-guadrilateral structures if the structure is divided into

vadrilateral regions. Zienkiewicz's technigue for mesh genera-
- ) g

tion was used by S.J. Womack (ref. 3) as a preprocessor for TEXGAP,

a finite elementmprogram for the analysis of two-dimensionel

linearly elastic plane or axisymmetfic bodies (ref. 4).

The objective of this study is.to utilize the technique
developed by Zienkiewicz in a mesh generation scheme for two-
dimensional planar surfaces. Presented in this paper are a
description of the mapping technique, a description of the
computer program, and three examples of meshes generated by
the program. A set of user instructions and a llstlng of the

program are included in the appendlces.

- INTERPOLATION FUNCTION TECHNIQUE FOR FINITE
) ELEMENT GENERATION.

The algorithm used by Zienkiewicz'to'map an isoparametric
quadrllateral is the displacement- 1nterpolatlon equatlons used
in lsoparametrlc finite elements (ref. 5). The 1nterpolatlonf
equatlons for quadratic bounded surfaces (which. are listed 1n _
table 1), are a functlon of a set of dimensionless coordlnates,

% and N, whlch'deflne a natural coordinate system.

In the natural coordinate system (f£ig. 1), a planar  surface
‘is‘rebresented as a square whoee dimensions are-z-x 2 units and
whose center is at the origin. To map a surface into the~
certesian coordinate systeﬁ, eight boundary po:jLnts-(xi anﬁ'yi)
and the & and n values of each grid point on the surface

to be mapped are substituted in the displacement -interpolation
functions; the resulting values are the cartesian coordinates

of the grid points.

A mesh is generated by dividing the square into the desired
number of subdivisions, calculating the & and n coordinates
for each grid point, and mapping each point to the cartesian

coordinate system. A graduation of a generated mesh is obtained
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by offsetting the midside node from the midpoint of a side of-the
quadrilateral (fig. 2). The generated elements will vary in size
along that side; smaller elements will be in the direction of
the offset. ‘

~ Meshes for_complex stfuctures are generated by dividing the
structure into quadrilateral zones. The mesh for each zone is
generated independent of other zones. Connection of zones is
accomplished by eliminating node numbers and coordinates which
were duplicated on zone boundaries.

PROGRAM FEMESH

Program FEMESH is a FORTRAN IV code for generating finite
element data for two-dimensional planar surfaces. "The algorlthm
used to generate the node coordinates is based on the dlsplace-- :
ment interpolation functlons {table 1) descrlbed in the precedlng
paragraph.

Input data for FEMESH includes a title,‘the number of zones,

-the total number of zone. nodes, the number .of zone node coordinates.

to be read- from cards, the first node and element numbers, a list
of. the. elght nodes which define a zone, the dimensions of the

desmred mesh of each zone, and the zone node coordlnates.

A zone 1s a quadrllateral region whose geometry is deflned
by eight .zone nodes. (Zone nodes are used only in the input.
definition- of the’ geometry, they are not included in the generated
mesh., ) The zone nodes are 1lsted in counter-clockWLSe order. h

As 1ndlcated in figure' 3, the Ffirst node 1dent1f1es a corner of _

‘the quadrilateral. The second, fourth, sixth,  and eighth nodes

are referred to.as midside nodes., If a midside node does not

lie on the midpoint of a side, a graduation of the mesh results.

The general flow for the mesh generation program, FEMESH,
is shown in figure 4. As indicated, the mesh for each zone
is generated separately.- The first step in the mesh gener-

ation scheme is to determine if the coordinates of the midside
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nodes are defined (i.e;, if their coordinates were supplied

by the user). If the coordinates are not defined, the midside
node is assumed to li¢ at the midpoint of a linear line seg-
ment. The second step is to determine if either of the four
"sides of the zone is connected to a zone for which a mesh

was previously genérated. If a side is connected to such a
zone the node numbers and the x and Y coordinates which
have already been generated are used. The remainder of the
mesh is then generated: %This process is repeated until .the
meshes for all zones are generated.

The output of program FEMESH includes a listing of the
elemeqts,_their four node numbers and the node coordinates. A
plot of the mesh is also generated.

APPLICATIONS

Three finite element mesh generated by FEMESH are presented
in this section. The Ffirst example is a sample problem illus-
trating the input and output of program FEMESH. ' The second is
a quarter section of a shear panel. - The third is a half section -
Of a bolted joint specimen. '

C. The first example 1s a simple structure orlginally used to
valldate the ability of FEMESH.to properly connect zones. The
structure (illustrated in fig. 5a) "is divided 1nto _three zones,
The-eighteen zohe nodes .are- labeleé arbitrarily and 1llustrated
‘in, figure '5b, Figures 5a and 5b represent the 1nput requlred
by program FEMESH to, generate the mesh’ 1llustrated Ain f£igures
5¢ and 5d. Figure 5c¢ 1llustrates.the node numbers, and 54
‘illustrates the element numbers.

The‘input data for this problem is tabulated in table 2
{see_éppendix A for user’ instructiohs). The data includes a
title card, a control card, three zone descrlptlon cards, and
eight node coordinate cards. The control card specifies the
number zones (3), the number of zone nodes (18}, the number
of zone node coordinate cards to be read (8), the first node
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number (100), and the first element number (1000). &a typical.
zone description card lists the eight zone nodes defining each
zone and the size of the finite element mesh to be generated.

The tabulatéd output for this problem appears in table 3.
The output includes the input data, the element number, the
four node numbers which define each element, and the cartesian

coordinates of each node.

The shear panel illustrated in figure 6 is divided into four

zones. The zones were established in such a way that the straight

and curved segments of the corner fillets are assigned'to different

zones in order to obtain a closer approximation of the true
boundary shape.

The mesh dimension for zone I is 20 x 20, for zone II is
20 x 3, for zome ITI is 20 x 20, and zone IV is'3 x 30. To
avoid the generatioﬁ of long, narrow rectangular elements, the
midside nodes 2, 8, 9, and 14, 15, 16 are moved away from the
midpoint of the line segment toward the fillets. The input data
is summarlzed in-table 4. The ocutput is 111ustrated in flgure 7.
Because of the large number of generated elements, the output is "’
not listed in tabular form; it is represented graphlcally by a -
“computér plot of t@e generated mesh. The generated mesh is com-—.

posed of 574 nodes-and 520 elements.
The-mesh'for ohe-haif‘of a bolted joint épecimen‘was
generated by. dividing the spec1men into '15 zones as 1llu5trated
1n figure 8 The input data for this problem (table 5). con51sted

of 58 data cards, 1pclud1ng 15 zone descrlptlon cards, and 41, node'

" coordinate cards. A graduation of the mesh of zones II, III, IV,
V, VI, VIII, and IX was used to obtain a uniformity in the shepe
of the generated elements. The generated mesh, which is illus-
trated in figure 9, consists of 378 elements and .435 nodes,

CONCLUDING REMARKS

Program FEMESH, a FORTRAN IV code, has been developed to
generate a finite element mesh for two-dimensional, planar . .

69



surfaces. The algorithm used is the displacement interpolation

functions which were developed for mesh generation by Zienkiewicz.

A structure may be subdivided into a maximum of 15 zones.
The maximum mesh. for each zone is 24 x 24'elements {or 25 x 25
node points). FEMESH will compute a maximum of 4000 node points,
and output the node numbers and their coordinates and the element
numbers and their four identifying node numbers. A simple plot

of the finite element mesh is also generated.

Presented in this paper is a description of the technique
used in the mesh generation scheme, a description of program
FEMESH and -examples of the ﬁesh generated for three problems.
User instructions and a listing of the program are included

in the appendices.
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APPENDIX A

USER INSTRUCTIONS FOR FEMESH
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USER INSTRUCTIONS FOR FEMESH

_ Program FEMESH generates isoparametric finite element meshes
for two-dimensional planar surfaces. The input required by the
program consiste of four types of data cards:- a title card, a
control card, zone description cards, end node coordinate cards
(fig. Al).

TITLE CARD (Format 10A4).

Column Variable Description
1-40 TITLE Heading for output

CONTROL CARD (Format 6I5):

Column Variable Description
‘ 1-5 1% | Number of zonés (IZ < 15)
5-10 NT Total numbei‘qf zone node.

11-15 . NI Number of zoné node coordinates to
o ‘ be read as input on cards o
16-20 .INODE First node number to be assigned to

o L generated mesh

21-25 IELM - First element number to be a551gned

‘ ) to generated mesh _

26-30 .. . Ip - Punch indicator: 0 will not punch .
‘ 1 punch

A zone is a quadrllateral with either linedr or curved llne
segments. The geometry &f the zone is defined by 8 zone nodes
whHose coordlnates are supplled by the user (see node coordlnate
card) .

‘The values of NI and NT may differ due to the ability
of the program to linearly interpolate to define the coordinates
of the midside node if those coordinates are not supplied by the
user. Midside nodes are those zone nodes which lie between two
corner nodes. It is not necessary that a midside node lie- at
the midpoint of a line segment.
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ZONE DESCRIPTION CARD (Format 10I5):

Column Variable Description
1-5 NODE (I,1) Zone nodes defining zone
6-10 NODE (I,2) geometry
11-15 NODE (I, 3) I is the zone number
16~20 NODE (I,4)
21-25 NODE (I,5)
26-30 NODE (I,86)
31-35 NODE (I,7)
36-40 NODE (T,8) .
41-45 M Number of subdivisions along the

side defined by 1lst, 2nd, and
_ 3rd zone nodes '
46-50 N Number of.subdivisions along the.
side defined by 3rd, 4th, and

5th zone nodes.

Zone numbers are determined by- the order of the zone des-
cription cards. The.first zone description card is assigned the

number one, the second is assigned the number two, etc.

" The interconnectivity of zénes is indicated by assigning
a ﬁégativé magnitude to zone nodes which lie on a side connected
to a zone with a smaller zone number. For example, if 4 z@nesu
ar; connected-as shown in figure A2, then the first eigﬁt values
of the zone description cards should be:

Card 1: 1 2. 3 7 11.10- 9 6
Card 2: -3 4 5 8 13 12 -11 -7
Card 3: =11 -12 -13 16 21 20 19 15

Card 4: -9 -10 -11 =15 -~19 18 17 14

A side which is divided into M subdivisions must not be
connected to a side divided into N subdivisions unless +he

values M and N are equal.



NODE COORDINATE CARD (Format I5, 2F10.5):

Column Variable
1-5 " Node number
5-15 x coordinate

16-25 y coordinate

This card may be omitted for any midside node which lies on’
a straight line if a graduation of the mesh is not desired.

A graduation in the mesh occurs when the midside node is
offset from the midpoint of the line segment., The smaller

elements will be in the same direction as the offset.

Due to a restriction in the FORTRAN coding, a midside node
should not be assigned the coordinates (0,0) if the line seg-
ment is mot a straight line.
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" Input Data Formats for FEMESH.
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Figure A2. Simple Structure to Illustrate
Zone Node Input Data. .
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APPENDIX B
FORTRAN LISTING OF MESH GENERATION PROGRAM, FEMESH

i (LRC, CDC-6600 COMPUTER VERSION)
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8L

000003
300003
000003
0060003

000003
000004

J004J05
000006

J20007
ogooot
000007

COoOOOOOOOO OO0 0a0E0

PROGRAM FEMESHIINPUT,OUTPUT, TAPES= INPUT, TAPE 6=0UTPUT  PUNCH )

PROGRAM FEMESH’ CODED BY-Ls Cu LANE MAY 31, 1975

. PROGRAM FEMESH GENERATES FINITE ELEMENT DATA FOR TWO DIMENSIONAL

PLANAR SURFACES. STRUCTURES MAY BE SUBDIVIDED INTO AS MANY AS 15
QUADRILATERAL ZONESe THE MAXIMUM MESH DIMENSION {5 24 X 24 SUBDIVISIONS.

* NEGATIVE ZONE NODE NUMBERS FOR A ZONE IDENTIFIED BY A NUMBER #aN#s#
IDNICATES THAT .THE NEGATIVE NODE IS CONNECTED TO A ZONE WHICH IS
IDENTIFIED BY A NUMBER LESS THAN ##Nw#%.

*% INODE FIRST NODE NUMBER #% M,N NUMBER OF SUBDIVISIONS

*¥ ICTZ CURRENT ZONE NUMBER *% NT TOTAL NUMBER OF INPUT NODES
* 1Z TOTAL NUMBER OF ZONES ** NI -NUMBER OF NODES TD BE READ

x IP  PUNCH WHEN [P=l | Rk

DIMENSION A(8)yTITLE(LQ) s XNCDE(8),YNODE(S,
DIMENSION X1(78),Y1({78)

COMMUN TCTZ,IZCNE(15:10) +NODE(215+25,25),TEMP(25)
COMMON X214002}, ¥2{4002}

CALL PSEUDD
CALL LEROY .

* ODETERMINE, INPUT - DUTPUT DEVICES
IN = 5
Iout = 6

1 FORMAT(615)
2 FURMAT(10I5)
3 FJURMAT(15,2F10.5)



GCOGOs
000006
000006
000006
CCCocs
000006
000006

000006

QC00Cs
000010
0CQOo1l
000012

000014
00002t
0CQ004l

000060
0C0066
000074

gcal oo

000121

000125

0oo127 .-

000140
0gots52

000l55
Q00156

¢o0157

qnnn

3 FORMAT(I5:2F10 5)

4 FORMAT{1H :12HNO. 0OF ZONES, [3!//)

5 FORMATI(LH .IB,lX,BIB.lX.Z[é)

6 FORMATULIH y1342X,FT2332X4FT7e3})"

T FORMAT(lI0A%) .

8 FORMAT{IH1,10A4/77})

Q@ FORMATI(1H +4HIONE, 15X, L0HZONE NODES, 18Xy 1HM s 4Xy LHN s /2% 3HND. 24 Xy 1H

lly4XgJH2,4X:lH3:4X 1H414X11H534Xy1H614X1IH?'4X31H8f’
12 FDRMAT(///!lX:4hNODEI4X1les8X11HY}

INIETIALIZE X1 AND.Y1 TO BE FILLED FROM DATA READ OFF CARDS
DO 34 I=1,78 .
X1 = 0.
! Y_III' = Q.
34 CONTINUE

OO0

% READ INPUT
* READ{IN; TITITLE

READ(INy 1) IZ oNTyNI, INDDE, IELM,IP
CREAD(INy2) {{I20NE(T,J21d=145101,1=1,121)

C * WRITE INPUT
WRITE{IOUT.8)TITLE
) WRITE{IOQUT 4112
WRITE(IOUT +9)
WRITE(IOUT .50, (IZOAE(I,JI J=1,10],I=llel
thTE(IDUT:lZ)

L0 10 J=1,NI

READ(IN,3) [ ,X1013,Y1LI)

WRITE(YOUT »61 I,XL{I1,Y1C12
10 CONTINUE. '

¢ % SET COUNTER OF NODE NUMBERS, ICTN AND ZONE,ICTZ
1CTZ :
ICTN

0
ENQDE
NCOR '

Q



08

0ouleo
000161
0Qolée2
Q001¢&3
Go0les
000166
0001&7
000170
00a115

acel17 .

04020
0060203
€Qo2¢3

000205
0C020¢

0002CT .

gcgzalo

000211
0uo212
000216
000220
000221
000223
000225

0ao0z26 ,

060230

Gao231
000237

o0

OO0

e uRel

OO0

DO 35 I=1,1661
X2(1} = 0.
Y2(Il) = 0.

35 CONTINUE

EC 1010 I=1l412
£a 1009 J=1,25
CO 1008 K=1,25
NIDE[I,JsK} = O

1008 CONTINUE
1009 CONTINUE
1G1l0 CONTINUE

100G CONTINUE

ICTZ = ICTZ + 1

. SET IDNICATORS TO ZERD

ISl =0
182 =10
IS3 = 0
IS4 = 0

. % PULL FROM THE '1ZONE ARRAY THE

D0 20 I=1,8 .
IC = TABS{IZONE(LICTZ,I))
XNODE(TL) = X1{IC)

YNODE{I) = Y1{IC}

20 CONTINUE

M= [ZONE(ICTZ,9)

‘A [ZONE(ICTZ,10)
NN = N +1
MV = M 4]

%

% TITLE THE OUTPUT FCR THIS I0ONE

WRITE(IQUT,111ICT2Z

ZONE NUMBERS AND THE ZONE COORDINATES

11 FORMAY (1HL,28HCALCULATIONS FOR ZONE NUMBER,I4///7}



000237
000241
0uo2z42
000244
" QG0246
0Q0247
000253
000258
0006256
000262
Q0264
0C02¢&6
000303
000303
000307

000307
cco3l2
000314
QG0o315
Go0322
000323
+ 000325
0C033¢
000330
00033¢&
Q00336

g e Nelgl

OO0

IF- NO VALUE IS GIVEN FOR MIDPOINTS, ASSUME A STRAIGHT LINE AND CALCULATE
THE MIDPOINI.'

€O 30 (=2, BrZ
IF(XNODE(T))30,25,30
25 lF[YNODE([}i30:26t3O

26 K = 8-1
IF(K)30,27,28

28 XNODE(I) = (XNODE(I+1}+XNODE{I=-1})/2.
YNODE(I} = (YNODE(I+L)+YNODE{I1-1))/2.
GO0 TO 30 ,

27 XNODEUI) = (XNGDE{1)+XNODE{(T})/2.
YNODE(I} = (YNODE{L1)+¢YNODELT1}/2.

30 CONTINUE
WRITE(IOQUT 31)(XyXNCCE([JnYNGDE(II:I 1,8)
31 FORMAT(LH ,10HZONE NODE +14,Fl5.2,F25.2)
WRITELIOUT ,32) .
32 FORMAT(//y1XyBHNODE. NO«¢5XyLHX,8Xy 1HY/}

* [F ZONE 'NUMBER IS ONE, FILL NODE ARRAY AND SKIP TO X, Y COORDINATE
| CALCULATIUNS.

[FOICTZ-1)199,160,201
190 GO 192 J={ NN
CO 191 I=1.,MM
NODE(L,L,d) = ICTA
ICTN = [CTN + 1
151 CONTINUE
192 CONTINUE
GO TO 3000
194 kRiTE(IUUT;ZOO)ICTZ
200 FORMAT{1H]L ,2BHERROR o.. ZONE NUMBER ICTZ =.141
201 CONTINUE

LETERMINE WHICH SIDES ARE CONNECTED
FILL THE NODE ARRAY



¢0033¢

000340
000343
000345
0003532
€C0355

000356

00035¢
000360
0003¢&3
000365

0600375 .

Q03177

000400

0C04€C0

0Cco4cC2
000405
000407
0Go4L?
000421

000422
000422
000424
CCC427
000431
000437
000441
000442

TN O xNslel

oD

212,

SIDE ONE

YF(TZONECICTZ,219212,220, 220
CALL FIND(Lle3,1)
£O 213 I=1 .MM

CNCDECICTZ L,1) = TEMP(I’

213

CONTINUE
isl =1

. SIDE 2

220
222

CONTINUE
IF(IZCNE(ICTZ;GIIEZZr230;230
CALL FIND{3,5,2) :
CO 223 I=1,NN

' NODECICTZy MMy 1) = TEMPLT)

223

230

. 232

., 233"

lalalskal

240

242

243

250:

CONTINUE
182 = 1

SIDE 3

CONTINUE _
TF{IZONE{ICTZ,671232,2404240
CALL FIND(5,743) :
CO 233 I=1,MM

NODE{ ICTZsI,NN) = TENMPLI)
CONTINUE =~ - 1

1S3 = 1

SIDE 4

COMTINUE
IFtIZUNEtlcrz.silzéz,zso 250
CALL FIND(T:1,4)

E0 243 I=1,NN .
NODE(ICTZ:I@II = TEMPII)
CONTINUE :

154 = )

CONTINUE



£8

000442
0C0444
000445
000453
000453
0004¢1
000462

GCo4€2
000463
0004¢€7
CCC4617
000472
QCCs 74

000474
000476
000477
Coasct

.

000%C3
CCo5cC4

0Co505
000506
0COELC
000513
CON515
gQas17

O

sEakanlnlyl

300

]

315
316
310

320
3000

aNalsNelaNy!

33

130
731
732
133

FILL  NODE ARRAY - JUMP THOSE POSITIONS. ALL READY FILLED

G0 320 J=14NN

CO 310 [=1,MNM
IF(NUDE(ICTZ;!yJ’3315r300,310
CCNTINUE

NODE{ICTZ,tsd0 = ICTH

ICTN = ICTN + 1 !

¢C 70 310

"ERROR

CONTINUE _
WRITE{IQUT,316) ,

FORMAT( 484 NODE NN FOUND IN ST. N/. 300-320 LESS THAN ZERO)
CONTINUE '

CONTINUE

CONTINUE

% COMPUTE THE X-Y COORD INATE S, OMITT .PREVIOUSLY CONMPUTED SITES.

©% DCy AND CN ARE THE INCREMENTAL "VALUES IN THE M AND N

CIRECTICNS RESPECTIVELY.

PM = M
RN = N

LC = 2./RM
DN = 2./RN

C WRITE{IOUT ,33}3DC, 0N

FORMAT{1lH ,4HDC=. +F5. 2.4X,4HDN= .FS;ZI

I
—1.

ccc
CCH

Cf 810 J=1Nh -
1E(J~1)731,730, 731
PF{IS1-11733,51,733
IF{J-NN)T33,732,733
lFlIS3*1)733,51:733
CCNTYINUE '


http:IF(NODE(ICTZI,J))315',300,3.I0

v8

Q00517

000521
060523

000526
0CC53¢
000532
0060532
0C0534
Q00cE36
GGo540
000541
00543
0005¢E2
060554
000563
QC05¢E
0005171
000515
CCO6L4
Q00¢el0
QO0&1ll
000613
QC0&LT
000622
000624
CC0635
0QQ0635
000e35
0C0637
000¢&42
geece42
000644
0C0&46
000650
00LEES
CCCo54
0006%5¢&
€Loel3
000673
000&7&
QCQicy

'£O 800 I=1,MM

134
741

142
139

45

2000
50

800
51
810
54
52
53

404300

TF(I-MM 1741, 7347 741

IFI1S2-1)739%50,739

IF{I-11739,742,1739
IF(154-1)739,50,739

CONT INUE

£} = l.-CCC

§2 = l.-CCKN

53 = CCC+CCN~-1.

S4 = 1.+CCC

35 = 14+CCN .

8{L) la/4 o%S1%52% {~CCC-CCA=1.)
i(2) 1./2.%51%82%54

la/4.%52%54%(CCC-CLCN~1a1}
1./2.%54%52%85
v La /4, %53%54%55

-
w
e
nwitpgn o

A(6) = 1a/2.%51%54%85

A{T) = lo/4%S1%85%(~CCC+CON~1.)
A{B) = L./2.%51%82%55

NCOR = NCOR + 1

CO 45 K=1,8, .

X2{NCOR) A(K) % XNODE(K) + X2{NCOR)

Y2(NCOR) = A(K} * YNCDE(K) + Y2(NCCR}
CONT INUE : L

WRITE( IOUT,2000) NCGR,X2({NCOR},Y2{NCOR}
FORMAT{IS ) 2X sFl0e942X1Fl05) - '
CONTINUE

CCC = CCC+DC

CONTINUE'

CONTINUE,

CCN = CCN + DA,

cce = -1,

CGNTINUE

WRITE{IOUT +54)

FORMAT{/// 1K ,15HNODE NO. MATRIX/)
CO 53 J=1,KN o : ' S
WRITE(IOUT,528(NQDECICTZ, L ydd l=10M),
FCRMAT{1X,26 151

CONT INUE o
IF(ICTZ-1211000,4000C,40000

CONTINUE
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€CO7Co
000704
GCO7C4
000706
0CO71L0
000711
000713
aco714
000716
acaT17
CCCT24
000731
000735
000742

000787

00777
000777
CCoT77
601001
acLoc3
001006

Qalolio -

pgolull
o0l
cGctoLy
oo1o02l
0C1032
CcClo3z
001034

001036
CCl1040

s XsEaln]

OO O,

. 900

G901

202,

Slo

1920,
© 930

940

¢ LIST THE ELEMENT NUMBERS AND DEFINING NODE NUNBERS.

‘hR!TE(IOUT:900)

FORMAT{1H1 THELEHENT,BX,IHI 10X+ 1HJ 2 10X4 1HK 410X, 1HL/ )
CO 930 ICTZI=1,12Z

VM = TZIONE(ICTZ+9}

N = IZUNE(ICTZ:IO}

CO 920 J=1,N

CO 510 I=1,M

It =1 + 1

Jd o= 3+ 1

ENO = NODELICTZ,[,4)
JNQ = NODE(ICTZ,11,4)
KNO ="NODE(ICTZ,I1,J4)
LNO = NODE(ICTZy1,34)

WRITE(IOUT 4S0L) IELM, IND,JND,KNOs+LNO

PUNCHEB OUTPUT IN FORMAT .FOR USE IN PROGRAM SAP
IFCIP JEQ. 1) PUNCH $02¢ IELVM,INO,JNO,KNC,LAD

FORMAT {16,4(6X,15))
FORMAT(515)

IELM = IELV + |
CONTINUE

CONTINUE

CONTINUE

CALL FEMPLT(IZ INDDE NCORY
¥ WRITE THE X AND Y COORDINATES OF THE NODE NUMBERS.
WRITE(IOUT ,94U)

FURMAT(lHl,4HNUCEallxngX'l4XleYII
CC 950 I= I,NCCK

" WRITE(IOUT,941) INODE,X2(1),Y2(1)

941
950

FORMAT(LH 51592(5%,F10.4))
INODE- = INCDE *+ 1

CONTINUE,

*

STOP

JEND
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SUBROUTINE FINDULPL,LP2,ISD}

c
c SEARCHES PREVIDUSLY CALCULATED DATA TO FIND NODE NUMBERS ASSIGNED TG A
o * ZONE BOUNDARY. _
c
0C00GE CCMMON 1crz.110h5t15.101.NODE{15.25,251,TEM94251
eCoccs CCMMON X2(4002),Y2(4002)
c .
o LP LOCATION ‘GF PT.. ON ZONE ICTZ
c .
0000C6 1A = 0
000007 IT = ¢
o :
acoolo £O0 5 I=1,25
000011 TEMPLIY) = §999
000013 5 CCNTINUE
c C .
c CEFINE CORNOR NOCES ON ZONE ICTZ
c : .
gcoo0ls dl = IABS{IZCNE(ICTZ,LPL})
000021 J2 = IABS{IZONE(ICTZ,LP2})
C .
000024 11Z = ICTZ
cCoC25 10 112 = 11Z = ).
000027 IF(I123200,2005110
6C0030 110 CONTINUE ~
c , )
c SEARCH DATA OF ZCNE IIZ
. ' .
IV ET] CO 40 I=1+7+2
£cec3z it=1+2
000034 "IF{1-7116415,16
CC003¢ 15 11 =1
0C0037 16 CCNTINUE
000037 K1 = IABS(IZGNE(IIZ,I))
000043 K2 = TABS({IZONE{11Z,1!))
c : . PEs
c CCMPARE ICYZ TG I1Z
c ' .
0C0047 IFLJ1-KL1)30,20,3C
000051 20 IF(J2-K2140921440

Q00054 30 IF{J1-K234043L1,40



L8

000056
cCagec
0000e0
0C0C63
000063

000065

000QGC&5

Qcooé6s
Q00066
acoc71
000072
QC0074
000075

gecoovs
0coo77

0oGLol
0G01¢3

aCoigs,

000110
QcclLla
00otL12

0GQl13

cColls,

000116

ac0120

000123

OO 0N 00n

31
21

40
41

45

IF{JS2-K1)1 40,21, 40
CONTINUE

IA = {1+1})/2

GO 7O 41 °

CONT INUE

CONTENUE
IF{IA}45,10,45.
PUT DESIREC CONTENTS CF IIZ IN TEMPERORY ARRAY

TEMP ARRAY MUST HAVE REVERSE .ORDER [F .ue
ISD =1 CR2 AND' IA =1 OR 2
. - OR -
ISD = 3 0R 4 AND IA = 3 OR 4

CONTINUE

- MMT =" IZONE(I12,9) + 1

46
47
48

50

60

70

NMNT = TZONELTIZ,10) ¢ 1

MK = MMT '
MK: = NNT
IIT =0

£0 100 I=1,25

IF{IA~1)46450,46
IF{TA=20474604+47
IFLTA=-3)48,70,48
IF{TA-4)1004+80,100

CONTINUE

bR o= [
NK = 1
IF(I1SC~2)90,90,92

"CONTINUE

NK. = I
[FLISD-2191,91,92

CONT INUE |
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000123
000125

0co13¢
000130
0cOl3l
0ao133

000136
cColal
00014l
000144
0CCl44
000146
0C014¢
000150

000150
QGa157
0COlélL
0001l¢&l
0001¢&2

84Q

90
9l
92

94

100
200

Ko= ]

IF{ISD~2192,92,5C

CONTINUE
PK = 1
NK = [

IF{150~2192,92,91

IT = MMT ¢ 1 = [

60 TO 93

II = NNT + 1 -« [

* GO0 TO 93
1L =1

CONTINUE

¥

CONTINUE

TEMP {I1)
CONTINUE
CONTINUE
RETURN
END

IF(I1)200,200494

NODEL 11Z.,MKJNK}
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SUBROUT INE FEMPLT(IZ,INODE,NCOR)

C
C FLOTS THE FINITE ELEMENT MESH
C
o . .
000006 CCMMON ICTZ, IZONE{15,100+NODEL{15,25,25), TEMP{25)
gcaces COMMON X214002) +¥2(4002) ’
c .
C
c SCALE DATA
Q000Q0é CALL ASCALE( X2425.4NCORsL4204)
GCcoall CALL ASCALE{Y2,13.yNCOR¢L1Ly2041
. C '
cogole XSCALE = X2(NCOER + 21}
acao22 YSCALE = Y2{NCQR + 2)
c .
000023 TF{XSCALE .GE. YSCALE) SF=XSCALE
QcQ027 IF{YSCALE .GE. XSCALE} SF=YSCALE
C .
(O .
000032 CO 100 ICTi=1,12
400034 M = TZONELICTZ,9})
000036 , N= TZONE(ICTZ, 101
Cc
000037 CO 90 J=14N
0C0041 00 80 [=14+M
c
000042 I1 =1+ 1
CCO044 Jd = 4+ 1
c ' .
c CEFINE THE 4 NGDES OF AN ELEMENT
c ) .
0C0045 . INO = NODE(ICTZ,i,4) —- INCDE ¢ 1
000053 ‘ JNO = NODEUICYZ,II,4) - INODE + 1}
0000EL KNG = NODE{ICTZ,II,JJ) - INOCE + 1
000067 LNO = NODE(ICYZ,1,3d} ~ INODE + 1
R C . ' i . ) .
c CEFINE THE X ANLC Y'COORDINATEﬁ OF THE. 4 NODES
C ' Y ‘
ccaopis XI = X2{INC)/SF
0C0100. + XJ = X2{JND)/SF

Qootioz2 XK X%(KNC)ISﬁ



06

00010+

00106
Qcollg
000112

cCclis

600117
000121
0C0124
ccol12n

goalilz,

000135
000142
0CCl44
0Q0147
0C0140

EzXa¥a

80

100

XL =

Yl
YJ
YK
YL

[T T 1}

FLOT

CALL
CALL
CALL
caLL
caLL

X2{LNO}/SF

Y2{ ING}/SF
Y20 IJNC) /SF
Y2{KNO) /SF
Y2(LNC) /SF

THE '4 NCDES.

CALPLTIXT Y1431}
CALPLTIXJdyYdr 21}
CALPLTI XKy YKs2)
CALPLT{XLsYLs2)
CALPLTIXT3Y1+2)

CONTINUE
CONTINUE
CONTINUE
HETURN

END
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Table 1. The shape functions.

8
E’l Ny %y
>

N, v.
i=1 +

=2 (L =8 (@ =n) (€+n+1)

L
2

M

(1

(1

(1~

(1

(1 -

(1

(1

£2) (1 =)

£) (L-m (E-n-1)

g) (1--n?)

£). (L+n) (£ +n - 1)
£2) (L + n)
E) (L+ 1) (= + 7 = 1)

£) (L - n?)

922



Table 2. Input Data for Example Problem Shown in Figure 5.

EXAMPLE PROBLEM

3 is &° 100 1000
1 2 3 7 11 10 g 6 3 3
-3 4 5 3 13 12 ~11 -7 2 3
-11 -12 ~13 15 18 17 14 14 2 4
l Oo Ja )
3 3. O.
5 5 O.
. g Ue 3.
11 3a 3 )
13 e 3.
16 3. 14
1y S Te



Table 3. Output for Example Problem Shown in Figure 5.

EXAMPLE PROBLEM

NO. -OF ZONES 3

ZONE ' ZONE NODES
NO. 1 2 3 4 5
1 1 2 3 7 1

2 -3 4 5 8 13
3 -11 -12 -13 15 18

NODE X . Y
11 0.000 0,000
3 3.000 0.000
5 5.000 ¢.000
9 G.000 3.000
11 3.000 3.000
13 5,000 3.000
16 3.000 7.C00
is8 5.0040 74000

10
12
17

1

9
-11
lé

M N
8
6 3 3
o' § 2 3
14 2 4
‘(gont'd.)'

94



Table 3.

ELEMENT

1000
1001
1002
1003
1004
1005
100¢
1007
1008
100
101C
1011
1012
1013
1014
1015
1016
1617
1018
1019
102¢
1021
1022

Output for Example Problem Shown in

Figure 5 (continued).

100
101
102
104
105
106

108

109
110
103
116
107
118
111
120
115
122
124
125
127
128
130
131

101
102
103
165
106
107
109
110
111
116
117
118
119
120
121
122
123
125
126
128
129
131
132

105
106
107
109
110
111
113
114
115
118
119
120
121
122
123
125

126

128
129
131

‘132
134

135

104
105
106
108
109
110
112
113
114
107
118
111
120
115
122
124
125
1217
128
130
131

.133.

134

(cont'd.)
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Table 3,

MODE

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
i1s
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135

Output for Example Shown in

Figure 5 (concluded).

X

0s00U0
1.0000
240000
3.0000
0.J000
1.0G00
2.9000
3.4000
0.0000
1.0000
2.4000
3.0000
0.0000
1.3000
2.0000
3.0000
4.0000
5.0009
4.0000
5.0000
4.,0000
5.0000
4,0000
5.0000
3.0000
4,0000
5.0000
3.0C00
4.0000
5.0000
3.0000
44,0000
5.0000
3.0000
4.00090
5.0000

Y

00000
0.0000
00000
0.0000
1,0000
1.0000
1.0000
1.0000
2.0000
2.0000
2.0000
2.0000
3.0000
3,0000
3.0000
3.0000
0.0000
0.0000
1.0000
1.0000
2.0000
2.0000
3,0000
3.0000
4,0000
4,0000
4.0090
5,0000
5.0000
5.0000
6.0000
6.0000
6.0000
740000
7.0000
7.0000

96



SHEAR PANEL

4
1
-11
-1
~11

Table 4.

21
2

-3
~10
~-12

Ue
3.0
4435
4.3727
44435
Gal
3.825
3.975
2-31
2475
O'
«825
«975
OO
« 1040 -

. «185
-«350

-11
-13

1 1000 T
4 5 8 11
G T 9 13

15 19 18 17
1o 21 20 =19

0.

0.

Je

«35

325

L975

2.31

2415

3.

3.6825

3.975

4435

G. 3727

4.435
4‘00

Input for Shear Panel.

10

12

14"

=15

20
20
10

3

10

20
20
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Table 5.

BOLYED JUINT COMPOSITE STRUCTURE

15
238
-30
=7
-9
-39
49
41
-51
=53
-6l
-32
~34
-1
-63
=65
1

L o-OwmsWw

b
29
22
-2z -
23 -
41
50
48 -
-50 -
~-5¢ =
62
-33 -
35
31
64
66
0.
0.13
0.4290
0.5345
0.5414d
0.5625
0.635
U.6975
0.7182
U. 72553
0. 3308
1.13
1.5
3.3
4e5
0.4252
0. 8303
0.
U.13 -
1.13
1.5.

3.3

4.5
D.4292
0.8308.
a.

0.13

4]
30

7
30
32
57
51
4G
49
61
03
34
36
38
65
67

0.42592

0.5625
Ve b3
0. 6975
0.7255
0.6975
0.63
0.5625
0.5345
0.48308
1.13
1.5
3.3
445

ot e b B i et e et e et e

100 o0u
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FINITE ELEMENT ANALYSIS OF A COMPOSITE
BOLTED JOINT SPECIMEN

By

Earl A. -Thornton
INTRODUCTION

With high strength and weight savings, advanced composite
materials have become increasingly important in aircraft struc-—
turdl design. The full potential for the increase of structural
efficiency through the use of advanced composites has not yet
been fully realized because of low efficiencies in mechanical
joints. The Advanced Composites Design_Guideh(fef. 1). states
“*that weiﬁht savings may be reduced by ‘as rauch-:as 40 percent

due to such practical constraints.

. In the use of conventional materials, design methods for
joints ha&e-evoléed over a pericd of time frdm-data gathered-
from experlmental and. analytlcal solutions and, in addition,.
are often based upon rules-— of-thumb derived from experlence.‘
'For advanced comp051tes, such data and experlence are relatively
llmlted. To partlally £i11 this need, test programs are underway
at Langley Résearch Center (LRC) to establish data on a number

of mechanical jOlpt des;gns (ref. 2)

'~ The purpose of the present study was to provide analytical
support for the LRC bolted ‘joint test program. Specmflc objec-
tives of the study were to: (1) determine the laminate stress’
dlstrlbutlon in an extra graphlte reinforced bolted. jOlnt specimen,
and (2) compare two methods of modeling bolt transfer loads for

determination of stress distributions in bolted joints.

This paper will describe the finite element model used to
represent the bolted joint specimen. The two methods used to
represent bolt transfer loads will be discussed. Laminate

membrane force distributions predicted by the finite element
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analysis will be presented, and force gradients at the bolt holes
will be discussed., Differences in the results due to the methods
of representing the bolt loads will also be-discussed.

BOLTED JOINT SPECIMEN

The specimen analyzed in this study is the specimen denoted. .
as extra graphite reinforced joint specimen number one, reference
2. The specimen is shown schematically in figure 1 with the
dimensions used in the analysis. The specimen was fabricated
from a basic layup of 15 plies reinforced by additional plies
so that in the thick section where the bolt holes are located
there are 49 plies. The ply stacking sequences are shown in_
figure 2 with cross-séctional details of the layup. Reihforcing-
plies increase by 0.1 in. in:length per ply over the transition-
section fram 449 nlies to 15 plies.

ANALYTICAL PROCEDURES

Finite Element Model

The NASA Structural Analysis (ﬁASTRAN) computer prograx
(level 15.5) was used to compute the lamlnate stress dlstrl-
butlons in the spec1men. The spe01men was assumed to be in-
plane stress and due to symmetry only one-half of the spe01men
was represented with finite elements.' The finite element repre-
sentation is shown in figure 3. The specimen was represented ‘by
an assemblage of 349 quadrllateral and triangular membrane elements.
The NASTRAN finite elements used have constant stress throughout
each element. The mathematical model has-307 grid points and -
573 degrees of freedom. Vertical displacements were set to )
zero on the top boundary of the finite element model to repre-
sent symmetry, and horizontal displacements at the right edge
of the finite element model were set to zero to represent

clamping in the test fixture.

In the analytical formulation underlying the present NASTRAN
elements the element material is assumed homogeneous through the
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thickness. The element extensional stiffnesses are obtained inter-
nally in NASTRAN by multiplying the material elasticity matrix by
the thickness of the element, reference 3. However, the specimen
in the present study is characterized by several layers of
material which are assumed homogenecus within the 1nd1v1dual

layers only. Thus for the composite laminate the extensional
stiffnesses, Aij’ were computed externally using laminated

plate theory. The stiffnesses were then input to NASTRAN in

place of the material elasticity matrix, and the thickness of

the specimen was everywhere taken as unity.

The extensional stiffnesses Aij’ a 3 x 3 symmetric matrix,

were computed from reference 4:

. N . : . .
A, .'=‘];Z=;l (Qij)_k (2, - Zk-_i) (1)

where (Qlj)k denotes the material elaéticity matrix for a

single layver and Z‘Zk = Dy l) denotes the thickness oﬁ the’

kth layer. The extensional stlffnesses relate the 1n—plane
membrane forcés (NX, Ny, ny) to thé midplane extensional
strains (e ’ ey, ny) of- the laminate. Since the extensional .-
stlffnesses were 1nput to NASTRAN 1n place of the NASTRAN
material elasticity matrix, the NAS?RAN membrane element .
stresses (cx, UQ,RYXV) were -the laminate stress resultants

(er Nyr ny-)-

“In the present analysis the lamina elastic constants wexe
taken as Ej; =-20 x 106 psi, By, = 2 x 105 psi, G = 0.8 =
106 psi and Viz = 0.3. Each lamina had a thickness of
0.00542 in. To represent the tapered character of the spe01men,
extensional stiffnesses were computed for the 19 different
cross-sectional layups. The values of the extensional stiff-

nesses for the specimen are given in table 1.
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Bolt Loads

The specimen was analyzed for loading corresponding to the
design failure load. This loading, estimated at 21 813 1b was
assumed to be equally distributed to the three bolts such that
the total load transmitted to the specimen per bolt was 7271 lb.
In the finite element model, one-half of this load was applied to
the center bolt hole and the full value was applied to the lower
bolt hole.

Two methods were used to represent the transfer of the bolt
forces to the finite element model. In the first approach the
bolt was assumed to have a perfect fit, and the load transfer
was assumed to take place over 186° of the bolt hole. .The
contact force was assumed to vary sinusoidally over this area-
of contact.. Eguilibrium of the bolt was then used to obtain the
relation:

N =

s|m

where N denotes the contact force per unit arc_lenéth, 2Q is
the total bolt load, and R -is the radius of the bolt hole. ' The
angle 6 is measured from a horizontal axis through the hole
Equation (2) was used to compute equivalent grid point forces

for each grid point in the contact region (-90° < § < 90°).

The equivalent grid point forces were poﬁputed by integrating
Equation (2) through an angle of -6° to +6° at each grid point
The equivalent grid point loads are shown in figure 4.‘”

In the second approach an imperfect fit was assumed and a
nonlinear analy51s of the bolt transfer loads was made. This -
analysis, made using the computer program CONTACT -developed in
reference 5, consists of increasing the bolt load in increments
and deterﬁining the number of grid points in contact and their
loads at each load increment. The analysis requires as part of
its input the flexibility matrix for the bolt hole. This flexi-
bility matrix was obtained from the finite element model by
applying unit loads at each node of the center bolt hole. The

20 . .
R ©Os 3] (2)

112



16 x 16 flexibility matrix was computed one column at a time'for_
16 unit load subcases. This matrix was then input to the CONTACT
program and the bolt transfer forces were computed for several
load increments.- The bolt transfer forces and the region of -
contact for four load increments including the maximum load

are shown in figure 5. These forces were computed using an
initial lack of fit of -0.00287-in. This vaiue, as defined

in the program, denotes a clearance based upon the radius of

the hole.

RESULTS AND DISCUSSION

The membrane force distributions at the center:and outside
bolt holes as predicted by the finite element analy51s are )
shown .in figures 6 through 8. Shown are plots of the radial

force Nr’ the circumferential force N and the in-plane

) e’ i
shearing force Nr& versus the angle 6  from the centerline.
Predictions based upon the two methods of representing the boli

transfer loads are compared.

There is very litrle,*if any, difference in‘the'membrane
forces between the center bolt hole and the outside Qelt holes.
Bach bolt was assumed to carry the same bolt load and there

. appears to be no‘ihteractlon effects between hoiee nor.edge
effects upon the stress distributions in the outside holes.

The magnltudes and varlatlons of the membrane forces and “the
effects of the two methods of representlng the bolt transfer

loads can thus be dlscussed w1th regard to elther hole,

The largest radial force 1nten31ty (fig. 6) occurs, as might
be expected, on the centerline of the bolt hele. The nonlinear
bolt ioading method predicts the largest radial membrane forces
with a value of 32 kips/in. compression which is about 23 percent
higher than the value based upon the cosine bolt loading. The
largest circumferential membrane force (fig. 7) of 30 kips/in.
tension occurs at an angle of about 75° from the bolt centerline

and is also predicted by the nonlinear bolt loading technique.
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This stress is about 15 percent higher than the value based upon

the cosine bolt loading. The in-plane membrane shear forces
(fig. 8) tend to be smaller .than the radial or circumferential
membrane forces. The largest membrane shear force is about

9 kips/in. and is due to the nonlinear bolt loading. Since
the in-plane shearing forces tend to be small, the principél
values (not shown) of the membrane forces correspond in magni-
tude and location to the maximum radial and circumferential

membrane forces,.

The distribution of the longitudinal membrane force.NX
along the specimen centerline is shown in figure 9. At x = 0
the membrane force should be zero since this edge is stress free;
the small nonzero value is indicative of the error in the finite
element solution. The membrane force at the left edge of the
bolt hole {(x = 0.5) rises very sharply due to the-indirect
bearing load'of the bolt. On the right side of the bolt hole,
the force should also be zero since the bolt' is not in con£acﬁ
at this point. The finite element solution tends to zero at
this point. Away from the hole fof increasing %, the membrane
fbrce approaches a uﬁiform value given by the total applied force
- (21,8167 1b), divided by the specimen width (3 in.). -

-. Further insight into the results of the flnlte element
analyses can be obtained by considering an elasticity solution

fotr an isotropic medium. In reference 6, Bickley presents the-

.plane stress- elasticity solution for a hole in an infinite medium

‘loaded by a cosine pressure'distribution over oné;half_of the
boundary of the hole. Closed form solutions for the stress
components‘are given in ﬁolar coordinates in terms of the )
‘radius of the hole and Poisson's ratio. Tabulated data of the
stress components for Poisson's ratio of 0.25 are also presented.

In figure 10 are shown the membrane force distributions
predicted by Bickley for an infinite isotropic medium with a
hole equal in radius to the bolt hole in the éomposite specimen
and loaded by the bolt load used in the finite element analysis.
The plots are made for r/a = 1.2 which corresponds closely to
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laminated composite material was represented in NASTRAN as a- .
homogeneous material with equivalent extensional stiffness.

Laminate membrane force distributions were predicted.

Comparison Of the £wo methods of representing the bolt
transfer loads showed the two methods were in gualitative
agreement. The nonlinear analysis estimated membrane forces
about 20 to 25 percent higher than the linear analysis. Peak
forces were found to be a radial compressive force on the bolt
centerline and a circumferential tensile force of the same magni-
tude at about 70° from the centerline. In-plane shear forces were
found to be relatively small. There were little or no interaction
effects between holes or boundaries of the specimen. Comparison
of the finite element solution with an isotropic.elasticity
solution suggests that as a rule these effect§ will not be
important for in-plane membrane forces provided offset distances

between holes or edges are greater than five Hole radii.
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Extensional.stiffnesses.

Table 1.
A,. X 10-6 (1b/in.)
1] .

Section Ayg Ajg ‘ Alé Azz Asgq Agg
1 3.0L '0.932 .0 "1.34, 0 0.984
2 2.94 0.877 =0.0492 1.27 -0.0492 0.927
3 2.87 '0.823 0 1.20 0 0.870
4 2.65 0.816 0 1.17 0 0.861
5 2,43 . 0.809 0 1.15 0 0.853
6 2,36 0.755 0.0492 1.08 0.0492 0.796
7 2.28 | '0.699 0 1.01 0 0.739
8 2.07 " 0.693 .0 0.986 0 0.730
9 2.00 0.639 -0.0492 “°0.914 |.~-0.0492 0.673

10 1.92° 0.584 ' 0 0.841 0 0.616
11 1.85 © 0.529 ~0.0492 0.769 .| ~-0.0492 0.560
12 1.78 0.474 0 0.697 .0 0.503
13 1.71 1 0.419 ~0.0492 0.625 ~0.0492 0.446
14 1.63 0.364 0 0.553 0 0.389
15 1.42 " 0.358 0 0.531 0 0.380
16 1.34 0.303 0.0492 0.459 0.0492 0.323
17 1.13 0.297 0.0492 0.437 0.0492 0.314
18 '1.05 | 0.242 L8 0.365 0 0.258
19 1.05 | --0.242 0.365 0 0.258
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