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A finite element riodel of 2 composite, bonded, step
joint was developed. The bonded foint model consisted of
two straps of titanium with four steps each, one ply of
borcvn-epoxy bonded to each step, adhesively tonded in @
symmetrical manner. A titanium face sheet was Fonded to
each strap to complete the structural model. The foint
design was hypotheticsl and not intended to represent any
specific structural joint. It was developed as a versstile
tool for performing parametric studies to determine the
effects of verious materisls properties and foint geometries
on the stresses in a bonded step joint. T™sing this model
snd the NASTRAN computer progrsm, sn analytical investicsrtion
of the effect of matrix and adhesive stiffnesses on the
axisl and shear atresses of the foint was conducted. There
was no appreciaetle change in th: stresses due to chaneces in
the st.ffness of the adhesive which was varied from 345 ¥Pa
%o 3100 MPa. However, increasing the modulus of the matrix
from 1380 MP» to A900 MPa caused # 12 percent incresse 1in
the toron fiber axial stress. The snalysis demonstrates
that the finite element model is a viable tool for making
detajiled analyses of the stresses in & step joint with an
imposed load. It can be of significeant value in the design
of more efficient (higher strength to weight) joints tajilored
to specific applications.
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CHAPTER T
INTRODTCTTON

Reginning with the esrliest flying mechines, aircraft
desicners and builders have continually battled the protrlem
of structural weight. One approach used to develop more
efficient strucfures i1s hiph modulus fibers or cloth in a
plastic metrix. The earliest attempt to apply this technlaue
to aircraft structures 1s recorded in the patent application
by Robert Kemp in 1914 (ref. 1). However, it was not
unttl 194L that the first aireraft flew with s structural
component (the aft fuselare) which was fabricated using this
technicue. The msterial used for the structure was fiber-
zlass cloth in a plsstic metrix. Materisls of this type are
normally referred to as composites. Today s numher of other
composite materials, such as erephite and boron in a plestic
matrix, have heen developed; however, there has been very
little use of these composite materisls in aircraft
structures. A major reason why these materiasls have not
been used more frequently is the lack of confidence in
composite structures.

Adrcraft designers are continuing to develop more
efficient structures snd to make the best use of the high
modulus composite meterials. In recent years considerahle

effort has been expended toward this end. Reference 2



descrites a number of existing research programs designed to
demonstrate the feasibility of composite structures. 1In the
use of these composites, whether for entire structural
compenents or for selective reinforcement of metallic
structures, almost all epvlications have structural
attachkments consisting of metallic fittines or concentrated
loe¢ pcints. Developing an efficient desien for the trans-
ition from composite tr metal kes teen one of tre major
protlem ereas encountered in the use of corposites. To
solve this proklem, 8 numter of different *ondine techriaues
such as lap shesr, scarf, snd step io'nts have “een pvrooosed
(refs. 2 trrough 11). TFicure 1 is on example of bow these
tecktnicues con bhe srplied to practic-l situations. Composite
structures suchk as this one are firc* attempts 2t desiening
and fatricating aircreft primary structures. With appropriate
studv considerable refinement of such structures is possible.
In order to accomrlish this, knowledge of the influence of
the various meterial properties and joint peometries is
needed. Therefore, in the desizn of btonded ioints, an
understanding of the stresses and streins induced in the
joints by applied loads is needed in order to develop the
most efficient structures.

The purpose of this thesis is to develop & finite
element model of a bonded step Jjoint end to present the

analyticsl results of a stress analysis of tte joint. The
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mocdel developed was & symmatriceal, eight-step, titanium-
boron-epoxy joint and represents o reneral type of honded step
Joint with which numerous parametric studies can be made.
Such studies will be helpful in the development of more
efficient bonded joints designed and tailored to specific
applications. "sing the finite element model of the step
Joint a study of the effect of adhesive and matrix stiffnesses
on the axial, normal, and sheer stress distributions in the
joint wes made and is included as a psrt of this thesis. The
bonded joint snalyzed is hypothetical hut 1s representstive
of structural joints that sre being experimentelly evelusted
for aserospace applicetions. For example, the jfoint model
developed for this thesis could be used to approximate the
stresses and strains induced in the joints of the structure
shown in fig. 1. The NASA Structural Analysis Proegrasm
NASTRAN (ref. 12) wes used for the snslysis. The elastic
modulus of the adhesive wss varied from 345 MPa to 3100 ™Pa
with the nominal value of a commonly used sdhesive of 1030
MPa, The elastic modulus of the composite matrix materisl
was varied from 1380 MPa to A900 MPs with 2 nominal value of
3100 MPa. These nominal vslues were used to analvze the
axial, normal, and sheer stresses in the foint; then, the
elastic modull were varied to determine their effect on the

stresses in the joint.



"HAPTER T7T
BROMDED STEP JININT

The tonded step joint developed for and anslvzed in
this thesis was that of a symmetric: eight-step joint
(fig. 2). Each of the four-step titanium straps hacd one
ply of bhoron-epoxy bonded to each step. The epoxy matrix
material was used to adhesively bond the boron-epoxy to the
titanium straps. These two straps and the nassociated
composite material were bonded torether with ~n sdhesive. A
titanium face sheet wes also tonded to esch strap to complete
the joint structure. The finite element model wes extended
sufficiently far beyond each end of the joint to preclude
any influence cf edge effects in the foint.

Thils geometry was chosen for several reasons: it
represents a typicel step joint in tronded, composite joints;
it appr. imates scarf joints; tensile test specimens of the
configuration can be readily fabricated; and the finite
element model of the joint has relatively few degrees of
freedom which helps keep the computer cost down. Four steps
were chosen for easch strap of #itanium in order to keep ttre
model small and because it was assumed to be sufficient
since the significant pesk stresses were expected to occur

in the first three steps (refs. 10 c¢1é 13).
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CHAPTER TII
FINITE ELEMENT MODEL

The finite element modeli developed to study the ronded
step joint consists of gquadrileatersl elements. Since the
joint is symmetrical, it is necessary to model only one-half
of it. Figure 3 1s e sketch of the analytical model showing
the elements and constituent arrangement. This sketch is
not drewn to scale; it is presented only to show the elements
and the relative arrengement of the four materisls (i.e.,
titenium, adhesive, epoxy matrix, and toron fibers) in the
model. The model was arrenged so thet the msterial properties
of each constituent could readily be changed. In order to
study the stresses in each constituent of the composite,
each ply of boron-epoxy was divided into equal volumes of
boron and epoxy. This is the nominsl volume fraction
normally used for boron-epoxy (ref. 1li). For this model
the boron filament volume was assumed to be distributed in
a continuous, uniformly thick layer of boron sandwiched
between egqual volumes of epoxy. In order to simulste the
epoxy bond in an actual composite layup, the end of each
boron fiber wes bonded to the titanium strsp with an element
of epoxy. Although this tond thickness, 0.25 e¢m, is larger
than those normally fapricated in composite structures

(thicknesses up to approximately 0.15 cm), it wes not
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considered to significantly effact the results.

The elements and grid points were numbered from l-ft
to right starting at the lower left corner of the model.
The model heg SLC grid points, 494 elements, snd 1033 degrees
of freecdom. These derrees of freedom consist of transla-
tional motion in the x and y directions for all erid voints
except those at x=0 and those at y=yma, (fir. L). VFirure
4 s a sketch of one-half of the joint showing the imposed
boundary conditions. The neutral axis of the foint is the
upper horizontal line and is merked centerline. The gric
points At x=0 are restricted to translestionsl motion in the
y-direction. This fixes the left end of tre model to allow
the r‘rht end to be displaced znd allows displecement in the
y-direction to account for the Poisson effect. Those points
at y=ymax are restricted to translationsl motion in ‘e
x-direction since they are at the neutral axis of the model.
In axial loading the neutral axis wnuld not be displaced
until instebilities were achieved. This stuly does not
include such deformations. The grid point at x=0 ané ¥Y=ymgx
is res'rf:ted in both directions since it is at the neutral
axis and ot the fixed, left end of the model.

Since it wculd be extremely difficult to determine the
load values for each grid point, at the ripht end of the
model, 8 uniform displacement éééggzcm) was imposed on all

the grid points at the right end of the model as shown by

9
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the dashed line in fig. L. The uniform displacement simulated

an axial load on the model and was calculated from strain

mea~urements published in ref. 13.

The assumptions made for this snalysis were:

1.

2.
3.
L.
Se

Stress-strain relstionship 1s ltnesr within
the area of interest for both the epoxy matrix
and adhesive.

Poisson's retio of epoxy equals 0.3

Poisson's ratio of adhesive equals 0.4

Elastic modulus of titanium eonels 1.10 x 1og MPa

Elastic modulus of toron eauals ..,5 x 10: MPa
Plane stress (Membrene elements were used in

the NASTRAN proeram.)

The NASTRAN computer program is & finite element

program developed under NASA contract. It woas develonped

as an aid in the enalysis and desien of genersl structures.

The prozram computes the axisl, normal, and shear stresses

of the elements; the grid point displacements; and the

forces at the constrained grid points. Only the stresses

will be presented in this analysis.,

11



CHAPTER TV
RESTLTS AN DISCUSSTNN

The numerical results presented in this thesis sre
believed to hte within A percent of what they would be if the
Joint were loaded experimentally. Creditarility of this
statement is tesed on the resvlts presented in ref. 13 where
analyticeally determined strnins compared favorahly with
measured strains in the bonded joint. The numerical analysis
techniques of ref. 13 and this thesis are identicasl. A
different finite element model was developed for each ioint.
However the differences in the models are not expected to
significently affect the accuracy of the results.

Nominal values of 31CC Pa and 1030 MPa were used
respectively for the elastic moduli of the epoxy matrix
eand adbesive systems. These values represent those of
commonly used systems and were used as a base for the stress
analysis. Refore discussing the effects of chances in these
moduli on the axiesl and shear stress distributions in the
joint, the stresses developed using the nominal modul}l
values will be discussed.

A contour plot of the axial stress distrihution in the
joint model is shown in fig, 5. A discussion of how such
contour plots are generated by the use of 8 digital computer

program 1s given !n ref., 15. The contour lines are at A9 MPa

12
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intervals. Dark lines have been added to the plot to show
the step joint and the various constituents of the model.
The boron fibers are readily identified by the four concen=-
trations of contour lines, indicatine the sreas with the
highest axiesl stresses. The peask stress occurs in the troron
fiber adjacent to the centerline of the model. This nesk
stress occurs just atove the matrix bond st the stert of the
next step. Perturbations in the axisl stress in the first
boror fiber also occur at each of the other two step locations
and at the end of the titanium strap. These perturbations
will be discussed in grester detail loter in this thesis.
Likewise, each change in conficuration causes perturbations
in the stress distribution of each of the other fibers.
This is also true for the titanium strap and fece sheet.
No appreciastle axial stresses are developed in the adhestive
and metrix materials.

A similar contour plot for the normal stress distribu-
tion is shown in fig. 6. In this plot the contour lines
are at 3.45 MPa intervals. Dark lines have been added to
the plot to show the step joint and the verious constituents
of the model. The peak normal stresses, in hoth the boron-
epoxy and the titanium, are at the same locations as the
peak axial stresses in fig. 5 snd ore related tn these
latter stresses through the Poisson effect. WNote that there

1s zero normal stress at all edges.

1
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Figure 7 is a contour plot of the shear stress distri-
bution in the joint model. The contour lines are at 1.3R MPs
intervels. The specific locations of the pesk sheer stresses
are readily identified and are in the immediate vicinity of
the bonded step joint. The critical shear stresses occur in
the first ply of boron-epoxy and will he discussed in creater
detall later in the thesis. There is essentislly no shesar
stress developed in the adhesive layers or in the titanium
face sheet.

In order to look at the stresses in criticel areas of
the joint in greater detail than has been shown in the
contour plots, the axial and shear stresses in certain rows
of elements are presented. Figure 8 is & plot of the nor-
malized axiel stress plotted as a function of distance along
the model of the row of elements containing the first ply
of boron fibers. This row of elements is specified by the
labeled and dotted area in the schematic at the top of
fig. 8. Starting at the left end of the joint model, the
axial stress is constant (approximately 0.29 times the peak
stress) along the model to the first step. At this point
the stress decreases, rapidly, to essentislly zero. This
sudden decrease in the ax;al stress is due to and ocecurs in
the element of epoxy matrix that bonds the end of the horon
fiber to the titanium strap (see fig. 3). The next element

in the row is boron and the axial stress at this point (the

16
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cantroid of the element) has incressed considerahly. From
this point the stress continues to increase along the length
of the first step. At the stert of the second step .ere is
another abrupt increase in the axial stress of the fiber.

This peak stress is the maximum axial stress in the joint

and is caused by the decrease in effective cross-sectional
area at the epoxy bond between the titanium strap and the

end of the second boron fiber. From this point the stress
continually decreases, with progressively decressing pertur-
battons caused by the successive steps, until the end of the
titenium strap is passed. From e end of the strap to the
end of the model there are no further changes in conficuration
end the axial stress is constarnt (0.74 times the peat stress).
Figure 8 readily points out where the maximum stress occurs

in the boron flber and shows the axisl stress profile of an
individual ply of a bonded step joint.

Since the shear stresses on the toron fibers are small
they were not plotted but are presented in Table I. The
computed values in the tahle are for the row of elements
containing the first ply of boron. In the table the
normalized values and the actual stress values of ths shear
stress are listed. These actual stress values are derived
from the imposed displacemrent g;;ézcm) previously cescrited.
This displecement 18 representative of the average strain,

over the length of the model, for a realistic design ultimate

19



TABLE I.- Computed shear stress along the row of

elements containing the first ply of boron

fibers.

Element Distance along Shear stress, T/t *
number model, cm T, Pa max
L33 0.318 6.21 x 102 0.000
L3 0.95 1.38 x 104 0.001
435 1.5 3.72 x 10k 0.003
436 2.222 -7.73 x 104 0.063
437 2.413 -7.91 x 106 0.646
438 2.667 -1.,91 x 105 0.016
439 2.921 1.22 x 107 1.000
4,0 3.175 3,12 x 10° 0.255
Ll 3.429 L.31 x 10° 0.352
L2 3.683 -1.41 x 106 0.115
hL3 3.937 L.h2 x 108 0.361
L, .191 9.20 x 102 0.075
Ll L.699 -6.29 x 10 0.051
uL7 4.953 1.68 x 102 0.137
L48 5.207 1.87 x 10 0.015
49 5.461 -1.02 x 105 0.008
450 £.715 -3.0L x 102 0.025
481 €.969 <1.67 x 10° 0.014
u52 6.223 1.10 x 103 0.000
453 Ay 77 -3.09 x 102 0.025
Lsk 6.731 .05 x 105 0.033
455 7.0049 5.54 x 105 0.045
456 7.557 -5.A5 x 10U 0.005
457 8.192 -2,18 x 10k 0.002
| 158 8.827 -1.2 x 103 0,000

*T = 12.25 MPa
X




load.

Since the load is transferred from the titantum strep
to the boron fiters through the matrix, the steer loading
of the matrix is importent. Firsure 9 is a plot of the
normalized shear stress as 2 function of Aistance along the
model for the epoxy matrix row of elemer.s. This row of
elements is specified by tre lsteled and cdotted srea in the
schematic at the top of fir. 9. As previously stated, the
stresses are computed et the centroid of each element.
Starting at the left edge of the model, the sheer stress is
zero nearly all the way to the first step. Ilear the first
step and in the titanium strap, the stress increases rapidly
to 2 maximum., The stress then decreases somewhat in the
first element of epoxy, hut peaks again in the second element
of epoxy. This second element of epoxy is immediately below
the end of the horon fiber end is exposed to the hichest
shear stress of any of the epoxy matrix. In fact this stress
is 0.9 times the peak shear stress in the titanium. The
matrix immediately below the end of the fiber is the locaetion
at which initial joint failure would be expected to occur.
From this point the shear stress continuslly decreases, with
progressively smaller perturbations caused by the successive
steps, to the snd of the model where the shear stress is
Zero.

Since the axial stresses in the epoxy matrix are

21
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relatively small, they were not plotted but sre pressnted
in Teble II. <=oth the normalized snd actumsl values are
presented. The actual stress values are derived from the
imposed displacement of %35—171.

In the snelysis two specific locations were considere.;
the matrix element exhi>iting the hishest sresr stress (fie. 9)
and the element of the toron fiber immediately akhove ttre
matrix element. Ficure 10 presents the axial stress data
for the matrix element. The normelizeé axjal stress is
plotted as a function of the elastic modulus of the 2dhesive.
The four curves are for the different matrix elsstic moduli
used in the study. Tt is clear that there is no sicnificant
change in the stress due to changes in the modulus of the
sdhesive. This i1s no surprise. The acdhesive was onlv used
to tond layers of meterial tocether (fips. 2 and 3) and, ‘ue
to its low modulus velue has low loading (figs. S, &, and 7).
There 1s a significant change in the axial stress of the
matrix due to chenges in stiffness thouch. Figure 11 shows
this more clesrly thsn fir. 10 by plotting tre normalized
axial stress as & function of the elastic modulus of the
matrix. The increase in the stress 1s directly proportional
to the incresse in the modulus. %wven with a two fold
increase in the stress from that of the nominsl value (31C0
MPa) the modulus of the matrix is tco small to preatly

change the overall loadins of the model.

23



ax:d
TABLE 1I.- Computed ==# stress along the row of
elements containing epoxy matrix of the first
ply of boron-epoxy.

2

Element Distance along Axial stress, o/o__ %

number model, cm g, Pa nax
406 0.318 b.31 x 108 1.000
407 0.95; L.31 x 1og 1.000
1,08 1.588 k.31 x 10 1.000
Loo 2.222 Lh.31 x 10% 0.998
110 2.b13 4.27 x 106 0.989
411 2.667 1.57 x 107 0.037
412 2.921 1.0 x 107 0.025
413 3.175 1.12 x 107 0.02A
L1l 3.429 1.10 x 107 C.024
L15 3.683 1.34 x 107 0.031
416 3.937 9.9, x 106 0.023
417 .191 1.02 x 107 0.02}
418 L.4h4s 1.03 x 107 0.02l
419 l4.699 1.1 x 10 0.027
1,20 4.953 9.A5 x 107 0.022
421 5.207 9.43 x 10, 0.022
122 5461 9.41 x 10 0.022
423 5.715 1.02 x 107 0.024
L2k 5.969 9.1, x 107 0.021
125 6.223 8.76 x 10 0.020
426 6.477 R.96 x 102 0.021
uzg 6.731 9.58 x 107 0.022
L2 7.049 9.78 x 10 0.023
1429 7.557 9.77 x 108 0.023
430 8.192 9.76 x 10 0.023
431 8.827 9.76 x 10 0.023

*g = 431 MPa
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The load is transferred from the titenium strap to the
boron fibers by shear deformation of the epoxy meatrix.
Figure 12 presents the normalized shesr stress on the metrix
material as a function of the sdhesive modulus. The data
presented in the fipgure is for the matrix element exhibiting
tke highest shear stress (figs. 3 and 2). The envelope
indicated by the dotted as1ea represents the total change
due to changes in the stiffnesses of the sdhesive ané¢ matrix.
The change in the shear stress due to changing the moculus
of the adhesi.¢ 1s insienificant. Althourh changing thre
stiffness of the matrix increases the shesr stress on the
element, the increase is practically insignificent.

Figure 13 shows tre normalized sxial stress of the
boron fiber plotted as a function of the elastic modulus
of the adhesive. The portion of the fiber considered is
the element directly sbove the matrix element with the
highest shear stress. Again there 1s no significent change
in the stress due to chenges in the adhesive modulus. There
are changes, however, in the stress due to the changes in
the matrix modulus. Figure 1l shows this more cleerly than
fig. 13 by plotting the normslized axial stress of the
boron=fiber element as a function of the elastic matrix
modulus. There is » significant change in the mxiel stress
of the fiber element. Increasing the modulus of the matrix

from 13P0 MPa to A900 MPa increeses the axial stress of the

27
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fiber element by 12 percent.

The axial stress of the horon fiber is Increased by the
use of a stiffer matrix. This informaiion can he used as »a
tool in tailoring joints to specific applications. For
example, if the peak shesar stress in the matrix is not
detrimentsl, then the incorporation of » stiffer matrix
would aid in transferring the load through the joint in a
shorter distance end hence would result in 2 lipghter weirht
structure. Using aluminum as the stiffer matrix would
decrerse the efficiency of the composite (i.e., the strength
to weight ratio would be less with the aluminum than with
the polymeric matrix). Therefore o tradeoff between the
matrix strffness and composite efficienry is reonired.

Another way in which the joint model could be used in
this type of analysis i1s to redistribute the load so that
it would be transferred more evenly throughout the entire
joint. This could be accomplished by the use of a "soft"
(low stiffness) matrix material in the first ply and
gradually increasing the matrix stiffness in the successive
plies.

These are just two exemples of the wayvs in which the
finite element model develcped in this thesis can be used to
a1d in the development of more efficient honded joints or
joints tesilored to specific applicetions. The study made

using this model is only vne of many required in order to
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understand the influence of the various parameters (i.e.,
step length, multiple plies per step, fiber stiffness per
ply, and matrix stiffness per ply) and the interactions

thereof in bonded composite joints,
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CHAPTER V
CONCLUDING REMERKS

A finite eloment model of 8 bonded, step joint was
developed. The joint design was hypotheticsl and not
intended to represent any specific structural joint bhut
wes developed £s a versatile tool for partforming studies to
determine the effects of variour materisl propverties and
joint ceometries on the stresses in s lorded stap ‘oint.

In this thesis only the moduli of the odhesjve ~nd the matrix
materiel were voried in order to cetermine the effect, ir
any, of each on the stresses in the brnéed joint. Tt wes
shown that the stiffness of the adhesive na used in the

model had essentially no effect on stresses.

Stiffness of the matrix materisl, which was aiso used
as the adhesive tetween the titanium and the boron-epoxy,
did effect the stresses in the joint. Chaneinc the elastic
matrix modulus changed the stresses to some extent. Although
the increase in the matrix modulus (by a factor of five) had
little effect on the shear stress of the matrix, it did
increase the local axisl stress of the boron fiher. This
indicates that the stiffer matrix transfers the lcad into
the boron fiber more quickly then one with the nominal
value of elastic modulus.

The finite element model developed in this thesis, in

33



conjunction with the NASTRAYN computer program, is a viable
tool for making cetailed anslyses of the stresses in an
actual step joint with an imposed load. It can be used to
determine the effects of each of the variakles in the honded
1int on the stress distribtution in the joint. Therefore

it can be of significent value in the design of more efficienc

joints teilored to specific applications.
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APPEVTIX
NASTREN INPUT/OUTP'T

The KASTRAN computer program is s finite element proersm
and requires a considerable samount of computer storspge, =a
minimum of 140,CC0 oxtal locetions of core storage. 4
detaileé description of the program is given in ref. 12.

The model used in this static analysis was composed of
membrane elements. Although the axial, normal, snd shesr
stresses were the only parameters used in this study, other
peremeters, such as grid point displacement and forces at
the constrained grié points, were also computed. A sample
of the input element (CQNMEM), grid point (3RID), and the
computed stress output data is enclosed in the appendix and
is printec¢ in U.S. Customary Units. Listed below is a brief
description of the parsmeters in each of the columns of tte

input element and grid cards.

Tlement Cerds
Column 1: CCDMEN is the name of the auedrilateral
membrene element.
Column 2: The individual element identifier
Coiumn 3: The number that identifies the element
material (titenium, boron, etc.)

Columns 4 - 7: The four grid points of the element

35



Column

Column

Column

Column

Column
Column

Column

Material property orientation angle

Grid Cards
Grid is the name used to identify the erid
point.
The individual erid point identifier
Identification numter of coordinate svstem
in which the locastion of the erid point 1is
defined
6: Ceartesisn x, y, oan¢ z coordinate values
Blank

Grid point constraints

The rows of dots represent areas of omitted data, and

the output stress data is felt to be self-explanstorv,
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Cary
<OuNnT
l-
£-
l-
b—
s-
o=
'_
3-
;‘
19~
n-
-
13-
Lo~
5=
1=
-
¥ 2
19~
20~
2~
22~
23~
26~
25~
26~
21~
29~
29~
33~
-
32-
33~
3~
35-

91~
92~
%93~
©9%-
995~
496~
497~
498~
499~
500~
501~
502-
503-
506~
505~
506~
507-
508~
50y~
510-
5k~
512~
513~
Sie-~

- i

CQUAEH
CQOREN
CQOMEN
CQUREN
CQONEN
CODMEN
LQDMEN
CQOMEN
CQOMEN
CQONEN
CJIUREN
CQOMEN
CQUMEN
CJONEN
CQONEN
CQDMEMN
CAUREN
CuONEN
CQuMEM
CQOMEM
CQDNEN
CQONEN
CuUNEN
CADNEN
CUOREN
CQONREN
CQUMEN
CuUMEM
CQONEM
CQuMEn
CQONEN
CIUMENR
CUlnEM
CQOMEN
CJUYEN

CQOREN
CQDNEN
CQUREN
CUUNER
GR10
GRIO
GRID
GR1D
GRID
GR 10
GRID
GRID
GRID
GRID
GR IO
GR1D
GRIO
GRID
GRID
GRID
GR1D
GRID
GRID
GRID

NANNNNANANN e mpe e e e po 0 QR NPV S whe
REsSeREONESeassnrunE=s

509
510
St

»
-
~

CONOVIWN~

P A G P e P e g P e P P PR P D B I G P e P G 00 S BN B G MU AN po (e G BT @

[-31-K-X-X-N-N-N-X-N-X-J-X-R-X-N-A-R-R-R-R N N 3 ]

INPUT DATA

. % e 5
1 2
2 3
3 4
L S
5 ]
6 7
7 8
(] 9
9 10
10 1t
11 12
12 13
13 14
te 13
15 16
1o 17
17 18
13 19
19 20
20 21
21 22
22 23
23 26
26 25
25 26
26 27
28 29
29 30
30 31
31 32
32 33
33 3%
3% 35
a5 3
36 E14

509 510
510 Sii
511 s12
512 513
«0000 .
25.0000 .
50.0000 .
75.0000 .
90.0000 .
100.0000.
110.0000.0000
120.0000.0000
130.0000.0000
140.0000.0000
150.0000.0000
160. 0000, 0000
170.0000.0000
180.0000.0000
190.0000. 0000

240.0000.0000

37

e (]
29
30
L1}
32
33
3
35
36
k14
38
39
40
(1)
2
«3
“
5
%6
&7
48
49
50
5k
52
53
E L
56
57
s6
59
00
6l
62
63
[ 1]

$37
536
539
540

«0000

28
29
30
n
32
33
3
35
36
37
38
39
40
41
42
43
44
45
46
&7
48
49
29
sl
52
53
55
56
57
58
59
60
6l
62
63

536
537
538
539

7

3450



INPUT DATA

CARD
coumr - I o0 2 <o 3 e & e S e 6 .. ? .o 8 .. 9 .. 10 .
515~ 6R 1D 21 L] 250.0000.0000 .0000 3450

Sl6- GR10 22 0 260.0000.0000 .0000 nse

S17- GR10 23 0 270.0000.0000 «0000 3456

518~ GRID 26 ] 265.0000.6000 - 00080 nse

519- 6R 1D 25 0 310.0000.0000 .0000 3456

520~ GRID 26 Q 335.0000.0000 - 0000 3456

521- GRID 27 o 360.0000.0000 «0000 3456

522~ GR10 28 0 -0000 -« 2500 «0000 13456

523~ GRI10 29 0 25.0000 .2500 «0000 356

52%- GRID 30 ] 50.0000 .2500 .0000 nse

525~ GRID n ] 75.0000 .2500 .0000 nse

[ ] ® o o e O o o e & o o o o o ® o o o
Lole-~ Galo 522 L] 130.00003.94460 .0000 23456
107~ GR1D 523 L] 140.00003.9400 .0000 23456
1316~ GRI1D 52e o 150.00003.9460 .0000 23456
1019~ GRID 5295 ] 160.00003. 960 .0000 23456
1020~ Gr10D 526 (1] 170.00003.9660 .0000 23456
1021~ GR1D s217 o 180.00003.9460 .0000 23456
122~ GRID 526 o 190.00003. 9460 .0000 23456
1023~ GRID 529 (] 200.00003.9460 .0000 23456
1326~ eR 1D 530 ] 210.00003.9460 .0000 23456
1025~ GRID 531 0 £20.00003.94060 .0000 23450
1026~ GRIOD $32 4] 230.00003.9460 .0000 23450
1027~ GRi0 533 (] 260.00003.94060 .0000 23456
1026~ GRI1D 536 ] 250.00003.9460 .0000 23456
1029~ GRID 535 o 260.00003.9460 .0000 23456
1030~ GRID 536 0 270.00003.9460 .0000 23456
1031~ GRID 537 (4] 265.00003. 9460 .0000 23456
1032~ GRID 538 (1] 310.00003.9460 .0000 23450
1033~ GRID $39 Qo 335.00003.9460 .0000 23456
1036~ GRI1D 540 (] 360.00003.9460 .0000 23456
1035~ naTL 1 16.¢6 6.15¢6 .3 1.0 1.0 1.0 1.0 *ABCL
1036~ *ABC1 1.0+ 1.0¢6 1.006
1037~ HatTl 2 1.505 5.36006 .6 1.0 1.0 1.0 1.0 *ABC2
1038~ *ABC2 1006 1.0¢0 1.006
1039~ HATL 3 4.5005 1.73005 .3 1.0 1.0 1.0 1.0 ¢ABL3
1040~ *ABL 3 le006 l.0¢6 1.006
1060~ NATL L] S0.006 20.8¢6 .2 1.0 1.0 1.0 1.0 *ABLS
1042- +ABCS 1l.00¢6 1.0¢6 1.000
1063~ PUONER | 1 1.0 0.0 e 2 1.0 0.0
L0464~ PQUMEN 3 3 1.0 0.0 4 L 1.0 0.0
1065~ SPC 20 27 ] 1.25 54 [ 1.25
10%6- SPC 21 8l 1 1.25% 108 [ 3 1.25
1067- SPC 22 135 1 1.25 162 [} 1.25
1040~ SPC 23 189 1} 1.25 216 1 1.2%
1069~ SPC 2% 203 | 1.25 270 1 1.25
1050- SPC 5 97 1 .25 326 1 $.25
1051~ SPC 26 51 1 1.25 378 1 1.25
1052~ SPC 27 405 1 .25 432 1 1.25
1053~ SPC 28 459 1 1.25 4006 i 1.2%
1054~ sSeC 29 513 1 .25 540 1 .28
1055~ SPCADD S 20 21 22 23 26 25 26 +CONTL
1056~ *CONTL 27 28 29

ENDDATA
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S

T ESSES
tLEMZINT
1de

Wl WY VSN~

(313
*95
(1]
(114
*98
»99
529
501
502
593
506
505
506
507
508
509
519
511
3l2

OUTPUT DATA

QUADRILATERAL

STRESSES 1N ELENENT COORD SYSTEN

NURRAL -X
02.575094€¢0)3
62.570019€+03
62.013635€6¢03
63.009340€+03
64.530T94E¢0)
67.782331€+03
6lo440339€¢03
$4.089203£+0)
50. TS1913E Q3
01.25%1402¢¢03
95.727519¢ 03
53.670,T0E+03
53.681723% 03
56. 716573 «03
50.875399€¢9)
9. 157561E+03
29.315798E¢0)3
53.61140088€¢03
46.508008€ +0)
4. 8101 10€03
5. 0060842603
53.5v0805€¢03
50.%00049 *0 3
50.405892€6¢0)
90.365920€ *03
5J. 359953€¢03
62.575089+0)
62.57070TE 223
62.016020E+0)
03.037323E¢0)
0%.531705€+03
67.8607508E¢03
61.925262€+0)
50.0613026+03
568. 7153L40€¢03

59.3260805E+01
54.347661E¢01
61.591665€ +0L
48.331056E001
50. 193740E «01
50.754176E+01
50.6706591E+01
©6.523692€+01
45, 3956 36€ 201
47.211157€+01
50.287600€+01
43.827600E+01
40.494790E+01
2. 391430E001L
oT.045313E+01
48.059925€+01
4T.381751E+01L
47.206241€E+01
47.207732€ %01

NORRAL-Y
-20.9488458-02
~33.273295¢-01
-23.585553E¢00
~54.807345E000
-98.024613E000

T4. 194389€+01
-28.574195E+01
~27%%L0098E«01L
-19.635160t+01

02.1731006€¢01
-26.233404E¢01
-11.515318E+01
~22.%00569€01
68.5514406E¢01
=3J.0811107€+01)
~17.445945E001
=29.474948E+01
87.421809€+01
~40.823519€+01
~10.755160€¢01
~41.TI8480E0L
©3.0255306€¢01

22. 109271 E+00
-60.773582€-01
~20e 337 742E-01
-55, LO7128E-02
-23.3717274€-02
=-32.980976€-01
~22.0505 70€¢00
-bU. o3l 21Ee00
=10.346471€¢01

T6.599861E¢01
-29.095896€ 001
=21.610344£001
-19.436790€¢01

16. 742302E+00
14, 720522€+00
~46.8710848E+0C
-24.800696E+00
48, 4805 18€+00
19.832932€+00
89.197691€-01
-17.670736E+00
-10. 1450276400
20. 3950091 E+00
45.918357€+00
~17. 5826 15€+00
~67.000861E+00
=33.4168436%00
27.595716E+00
27.496955€¢00
48.217305€-01
-17.,289702E-03
=~80.146565€-03

39

SHEAR-RY
15.0476 20 -02
25.267961€-01

~20.101135E-01
-12.847069% +0L
33.440910E+01
=14. 1905 39 ¢ 00
-31.007094£+01
12.625100€°01
22.602662€+01
-22.540605€E *00
=17.444491€¢01
T71.5801 TiE+00
13.0062220F¢01
-10.231352€200
~82.704229% ¢00
56.329022€+00
36.23463086+00
-23.423703E-01
58.275998E-0:
57.5498606E +00
-10.224T4TE+0L
T1.713838£+900
=25.333010E+00
-30.017684E-01
~l0.426429-01
~71.895599%-0)
16, 779905€ -02
23.75245%-01
-456.385067€-01
~14.5531486¢01
27.422637€+01
25. 30651008 +00
=19.418573+01
15.942653E+ 04
19.236388E001

77.8641646-02
51.993059% - 02
-47.8341226-02
~96. 0802187 ~02
26,5 304456-02
33.764577€-02
=29.082439%-02
-61.246383€-02
87.275705c-03
2132619902
-21,051489-02
-49.532898¢ -02
-70.5016T74€~-03
28.7403085€-02
32.430877€-02
9%.210941€E-03
~30.8343206-03
-718.783710E-04
-17.002737€-05

NENRBRANES
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