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ABSTRACT

New information is given concerning the APES finite
element computer program for fracture mechanics and stress
analysis of two-dimensional and axisymmetric structures.
Described are useful new capabilities which have been
added to the program as well as the additional input
parameters necessary for their application. The report !
takes the form of a complete revigion of the appendix of
the original APES documentation.- —

ADMINISTRATIVE INFORMATION
The developments described herein were authorized and funded within
the Submarine Structures Exploratory Development Program SF 43.422.592,

Work Unit 1720-592.

INTRODUCTION

The acronym APES stands for Axisymmetric/Planar Elastic Structures,
which is a finite element computer program, developed specifically to pro-
vide linear, elastic, fracture mechanics analysis for two-dimensional
(axisymmetric, plane strain, or plane stress) structures containing a
crack or a number of interacting cracks. The mode I (opening) and mode 11
(inplane sliding) stress-intensity factors Rl and Kll are directly cal-
culated at the crack tip(s) in addition to the usual quantities of nodal
displacements, strains, and stresses.

The basic finite element is the high-order, (bicubic) 12-node quadri-

1%
lateral isoparametric element described by Zienkiewicz and shown in

Figure 1. Fracture mechanics capability is included in two ways.

1. Enriched 12-node elements are available which, in addition to the
usual displacement assumption, also include the singular modes of de-
formation appropriate for the displacement field near a crack tip. The
crack tip corresponds to a corner node on such elements. The stress in-
tensity factors KI and KII are carried as additional unknowns directly
calculated by the program. This technique, described in detail else- 4

Ly
where, ' eliminates the need for extreme mesh refinement or any other

*A complete listing of references is given on page 47.




special treatment in the vicinity of crack tips; K1 and KI[ are predicted

quite accurately even with relatively coarse meshes.

4
2. A small circular "core" element may be centered at the tip of a

single crack and be joined along its periphery to an arbitrary number of
standard l12-node elements as shown in Figure 2. In the core element, KI,
K[l' and the crack tip displacement components are carried as unknowns.
Although this treatment also yields accurate, directly calculated values
for Kl and K[l‘ the enriched-element approach described previously is
easier to use and is recommended.

Although APES was designed for fracture mechanics problems, the high
order and accompanying accuracy of the basic element is such that the
program is also frequently used in non-fracture, stress analysis applica-
tions. There is no requirement that the structure under consideration be
cracked.

It is extremely easy to use APES, compared to most other finite

element computer programs, primarily because there are relatively few input

data. The high order of the basic element makes it possible to solve an
"average'" problem by using from 20 to 40 elements. Thus, when APES can be
applied, it has become a very popular tool. This popularity has prompted
additions and improvements to the program in the past 3 years which have
culminated in the present need to document the new features.

J Since publication of the original APES program,i]the following
Eea{E;es have been added.

l. Graphical (CALCOMP) Output. Plots of the idealization, with and
without node numbers and element numbers, can be obtained by using a pre-
processor which also performs logical checks on the input data. In the
analysis portion of the APES system, an overlay has been added which plots
the idealization, deflected structure, and contour plots (across the whole
structure and in selected "zoomup'" areas) of selected stress components
and/or temperature values. Examples of this graphical capability are

provided in the appendix.
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Figure 1 - Quadrilateral 12-Node Basic Finite Element
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Figure 2 - Node and Element Numbering for Special
Core Element Crack Tip Models




2. Thermal Loading for Fracture and Stress Analysis. Nodal tempera-

tures relative to any reference state may be provided for thermal loading.
Temperatures of intermediate side nodes, if not specifically given, will
be automatically interpolated linearly from the corner node values.

3. Increased Capacity. As many as 200 elements and 1400 nodal points
may now be accommodated. While this quantity may not seem large, it can be
equivalent to more than 10,000 of the more familiar constant-stress types
of elements which enjoyed popularity in the past.

4. Multiply Constrained Nodes. With this feature, as many as 30
nodal points may be required to achieve an identical (but unknown) dis-
placement in any given direction, with the perpendicular degrees of freedom
remaining independent. Among other uses, this permits the imposition of
double planes of symmetry for structures having repeating (periodic)

geometry, or imposition of "infinite body" boundary conditions at a finite
distance away from some structural detail of interest.

5. Crack Face Loading for Enriched Elements. The consistent nodal
loading resulting from distributed tractions on enriched elements is
different from that of conventional elements. Incorporation of this fea-
ture gives capability not found in many fracture mechanics analyses.
Specifically, analyses may be performed of flaws for which a pressurizing
medium loads the crack as well as the structure, of crack problems by
using superposition methods, and of cracks growing in residual stress
fields.

6. Improved Strain and Stress Accuracy. In the past, strains and
stresses were evaluated directly at the nodal points. It is now known
that strains and stresses are more accurate when evaluated at the integra-
tion points of the finite elements. These points, however, do not general-
ly correspond to the points where strains and stresses are desired. To
obtain more accurate nodal values of strain and stress, strains are now
evaluated at the integration points and are then "smoothed" to the nodal
points in a manner similar to that suggested by Hinton et al.s The re-
sulting nodal strain and stress values are more accurate and have, in fact,

; 6
been found to be just as accurate as nodal displacements themselves.




7. Selective Suppression of Certain Printout. Element-by-element 1

printing of strains and/or stresses may now be suppressed.

8. Printout of Nodal Reaction Forces at Constrained Nodes. This
information is of use in analyzing the way in which applied loading on a
highly redundant structure is distributed to the support points.

9. Further Simplification of Input Data. It is now possible to num-
ber only the corner nodes of an idealization and to define elements by cor-
ner node number only, leaving the APES program to provide numbers auto-

matically for intermediate side nodes. This feature can save significant

effort, and further decreases the probability of error in the already small
number of input data.

! 10. Triangular Elements Having Nine Nodes. Such elements are quite

helptul in making a transition from a coarse to a finer mesh. However, no
thorough study has yet been made to ascertain the accuracy of these ele-
ments (as they are presently formulated) relative to the 12-node element.
Preliminary indications are that they are inferior in their present form
and, therefore, should be used only with caution.

The previously outlined changes have been implemented without in-
validating the original documentation of APES.Z The user having no in-
terest in these additions can use the old manual. The purpose of the
present report is te provide an updated version of the appendix of the
original documentation, which discussed preparation of the idealization
and the input data for the program.

This update incorporates all additions to APES as of December 1978,

4 and replaces the appendix of the original documentation. This report does
not stand alone, however. To understand and use APES effectivelyv, Refer-

ences 2 and 3 should be consulted for theory and examples.

USE OF APES PROGRAM
To use any finite element program, one must provide the computer with
the following basic information:

1. Properties of structural material(s)

2. Coordinates of nodal points




3. Manner in which elements are connected to nodal points

4. Boundary conditions

5. Loading

6. Additional information required for specialized applications.
Coordinates of the nodal points and connectivity of the elements to them
constitute the bulk of the input data. It is here that manpower costs
become high and that most errors (sometimes undetected) are made. Con-
sequently, anything that reduces or simplifies these data will bring sub-
stantial economic returns.

Lower costs are particularly possible in this age of third-generation
computers, in which literally millions of computations can be made for
pennies; computer costs, compared to manpower costs, are very small for
most finite element applications. For this reason, a high-order finite
element becomes desirable. Although the computational effort (done by
computer) may be increased, the input data are significantly decreased,
resulting in substantial savings of time and money and a greatly reduced
probability of error. Moreover, accuracy is greatly increased with the
use of high-order elements.

Input data for APES, relative to most finite element programs, are
extremely simple to prepare. Few data need to be provided, and consider-
able effort has been spent in making these as simple as possible. Nonethe-
less, the user is expected to be able to follow input instructions and to
keep in mind a few rules necessitated by the special purpose nature of the
computer program. Guidelines are given in the following text for setting

up an idealization.

SETTING UP THE IDEALIZATION

1. Lay out the structure to scale, preferably on linear graph paper
to help in defining nodal coordinates, in the first quadrant of a RIGHT-
HANDED x- and y-coordinate system. If the problem is axisymmetric, situate
the right half of the structural cross section so that the y AXIS CORRE-
SPONDS WITH THE AXIS OF SYMMETRY. Use enlarged details or '"blowups'" where




necessary so that the idealization will be clearly defined. Neatness is

very important; extra time taken to define the idealization clearly will
be more than repaid in the long run by saving time later looking for and
correcting errors. If the possibility exists that more structure will be
added later or that the present structural dimensions will be changed,
leave room, since negative nodal coordinates are not permitted in the APES
program.

2. Divide the structure into a suitable assemblage of elements,
keeping in mind that elements should be concentrated in regions of high
stress gradient. Avoid excessive element distortion. As a rule of thumb,
corner angles should be not less than 45 degrees nor greater than 135
degrees.* Avoid using triangular elements, if possibie, particularly in
regions where high accuracy is desired, since the triangular element in
the present version of APES has not been thoroughly tested. If a singular
core crack tip element is to be used at a crack tip (enriched elements are
recommended), a blowup will be necessary to show the idealization in this
area; Reference 2 should be consulted for guidance as to element size.

If enriched quadrilateral elements are to be used at a number of crack
tips, each such element must adjoin ONLY ONE crack tip. Enriched crack
tip elements may be rather large; see References 2 and 3, for example.

3. Sketch in intermediate nodes along the element edges, using small
dots to aid in numbering the nodes. Number the nodes (starting with 1) in
ascending numerical order, using any convenient path through the idealiza-
tion. If a core element with n nodes is used for a fracture application,
the nodes on the core element must be numbered from 1 to n in a counter-
clockwise sense as shown in Figure 2. It is usually unnecessary to number
all the intermediate side nodes as described in the following.

APES has been programed to provide numbers for intermediate (non-
corner) nodes for elements which are defined (in the input data) by only
the node numbers that correspond to the element corners. Although all the
nodes may certainly be numbered, if desired, this feature may be used to

save time and effort and to reduce the possibility of input errors. The

*See Table for an extreme example of loss of accuracy due to element
distortion.
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TABLE - LOSS OF ACCURACY FOR A CANTILEVER BEAM IN BENDING DUE TO
ELEMENT DISTORT tON

Element Type and Integration Orvder
E y i § )
lement Cont iguration (( ull“‘l' Nodes Shown Only) a-8 Q-8 LST LST Q-12 0-12
P e 100 Ib, E = 1.0~ 10" pst, v = 0.3 (2+2) (1) | (2=el) | (4=el) (1) (4x4)
Ret. / Ret. 8 Ret. 8 Ret . 8 APES APES
40,10 100,10 p N(deg ot freedom) 1o 1o 18 2o Ja 2
Vitip detlectton) 0.0375% | 0.0305% [0.03001 | 0.03087 | 0.03761 JO.03/61
o l.(mu tens. stress) 600.0 6000
0.0 100,0 de(max compr. stress) ~600.,0 600. 0 ;
50,10 N 20 2o 30 an 40 40
P P
v Q03872 [ 0.03721 1003719 | 003804 | 0,0875 O 03875
"l 600, 0 6000
50,0 \‘(< ~000.0 000, 0
11.33,10 66.6/7,10 N 10 o 42 8 5o b
. o y
¥ v 0,03922 [0.03877 1003871 | 003935 1 0,03926 [0.01900
'y 600, 0 600.0
11.43,0 b6/ ,0 ¢ =600,0 600, 0
/5,10 N A Jo 10 b 0 0
-
P v O,01403 | 000044 L OLOVES JO,08200 ] 0.01970 J0O.0154.)
,l bO8, ) REIUNS
z 5.0 L WL 05,2
YO, 10 83.33,10 N 16 16 al (13 Ho S0
Py 5 ,
A ! v Q.01 001760 JO0IEMG [ O,03805 | 0,065 0,008 1,
¢ g » Ch |
16.67,0 50,0 e 00,0 2051 |
13.33,10 43.33,10 N (4] 6o |
) G v v 0.01977 o.0wal
28.13.5 |
» Y 660 ol {
L (SRR} (AR
3.33.0 8
NOTES:
Beam theory tip detlection:  0,04000 {n.; beam theory maximum bending strvess: 600,00 puf,
This ts an extreme case; (f loading s changed to direct unttorm compression or tenston, vesults are |
exact regardless of element distort ton, |




node number generation feature is automatically triggered when APES recog-
nizes that only 4 node numbers (rather than 12) have been given in the input
to define a quadrilateral element, or only 3 node numbers (instead of 9)
have been given to define a triangular element.

The user will not generally know in advance what numbers will be
assigned to intermediate nodes (of an element defined by only the corner
nodes) unless either an adjacent element or elements are fully numbered.

As a result, distributed tractions, boundary conditions, edge curvature,
etc., for elements containing such intermediate nodes cannot be specified.
The solution is to number ALL nodes for an element that contains the inter-
mediate nodes for which tractions, boundary conditions, curvatures, etc.,
are to be specified. (Elements adjoining fully numbered elements need not
be fully numbered themselves and may be specified by only the four corner
nodes.) See the example in Figure 3.

Alternatively, an idealization having only the corner nodes numbered
may be run through the data checking preprocessor to ascertain the assigned
numbers of intermediate nodes. This information may then be used to add
appropriate tractions, boundary vondlcions, etc., to the data deck after
this run. ;

4. Number the elements. Care is necessary since a "frontal" or
"mesh annihilation" tevhnique9 is used to assemble and solve the structural
stiffness equations. With this method, the element stiffness matrices are
calculated in advancing numerical order as a "front" passes through the
element mesh. Degrees of freedom associated with nodes behind the front
are eliminated by expressing the stiffness of the structure ahead of the
front in terms of the eliminated degrees of freedom behind the front. The
process is shown in Figure 4.

Under present program dimensioning, the number of nodes across the
front must not exceed 40 for the smaller version of APES, or 80 for the
largest version. (If this number is exceeded, the program will so indi-
cate and stop.) Since element numbering determines the size of the front,
the elements should be numbered to minimize the size of the front., As a

rule of thumb, the elements should be numbered so as to minimize the
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Figure 3b - Input Data
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Figure 3¢ - Computer-Generated Idealization, Including
Intermediate Node Numbers

Figure 3 - Idealization and Input Data for Three-Element Cantilever Beam {
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FRONT POSITION AT ELEMENT 1
7 NCDES ON FRONT

FRONT POSITION AT ELEMENT 2
10 NODES ON FRONT

R\ @ FRONT POSITION AT ELEMENT 3
L e ——F 13 NODES ON FRONT

FRONT POSITION AT ELEMENT 4
13 NODES ON FRONT

NOTE: ELIMINATED NODES NOT SHOWN

Figure 4 - Passage of Front through Hypothetical Idealization

11




difference between the numbers of adjacent elements. This procedure is
1 analogous to numbering nodal points to achieve a minimum bandwidth; see
the element numbering of Figure 8 of Reference 2 as an example.

| Finally, if one is using a singular core crack tip element, the ele-

ments about the core must be numbered as shown in Figure 2.

5. Along straight element edges, APES will automatically generate
the coordinates of nodes intermediate to the corner nodes so that the
element edges are exactly divided into thirds. Along curved element edges,
however, coordinates of intermediate nodes must be provided. This must be
done in such a way that the intermediate nodes divide the curved length
of the element edge into thirds to a close degree of approximation.

Failure to satisfy this requirement will produce inaccurate results in the

vicinity of the curved edges.

"4-..___._‘_ | e o P

2,

i [f one is using a circular core crack tip element, the nodes on the
core element must divide the periphery of the element into arcs of identi-
cal length. This implies that the angle within the arc of each element

adjacent to the core element is the same.

; INPUT DATA
3 Once a good idealization is set up, the rest is a downhill runj; it is
"‘ actually very easy to translate the idealization into a set of numbers to

be put in the program. An example of a complete data deck for a simple

test case is shown in Figure 3.
At first glance, the input data as described and annotated here may

i appear extensive; however, they are not really complex. The experienced
» user has little need to refer to the input instructions which follow. The f

beginner, however, must "break the ice" and carefully set up a problem or

two before the simplicity of the data will become clearly apparent.

Input data are most easily prepared on standard 80-column data sheets.

For convenience, the data are divided into seven categorical groups to

b aid in explanation. The individual groups of data are given as follows

in order of appearance in the data deck and are then described in detail.

12




R N ™

1
{

Group I - Preliminary Data (Required)
Group II - Element Connectivity* (Required)
Group II1 - Node Coordinate Specification* (Required)
Group IV - Nodal Constraints
A. Prescribed Displacements* (Required)
B. Multiply Constrained Node Data (If Needed)
Group V - Distributed Tractions* (Required)
Group VI - Concentrated Nodal Loads* (Required)
Group VII - Additional Data (As Required)
A. Fracture Mechanics Input (If Needed)
B. Thermal Stress Analysis Input* (If Needed)
C. Graphical Output Data (If Needed)

*To save the user the effort of counting (possibly erroncously) items
to be included in a data group marked with an asterisk, such data groups
MUST BE TERMINATED WITH A BLANK CARD; thus Groups V and VI must consist of
at least a blank card each, even if there are no distributed tractions or
concentrated nodal loads.

13




Group 1 - Preliminary Data (Required)

Card 1: TITLE - Any information to be printed with the output such as
a title for the problem. (Punch anywhere within
Columns 2 through 80.)

Card 2: NN,NE,NMAT, ISTRN, THEAT,NTIE, INTEG, IDLZ,NFRAC, IPLOT, ISUP
FORMAT (1115)

(1-5) NN Number of nodes (estimate will suffice).

(6-10) NE - Number of elements (estimate will suffice).
(11-15) NMAT - Number of different materials (max 5, default 1%*).
(16-20) ISTRN - 0 = axisymmetric problem.

plane strain problem.
plane stress problem.

rS -
I

I}

(21-25) IHEAT - Not zero means thermal stress analysis, is desired.
Additional data (Group VII) are required.

(26-30) NTIE - Number of nodes in a multiply constrained node set,
if one exists, otherwise leave blank. Additional
data are required in Group IV; see Note 1.

(31-35) INTEG - A value of 3 results in 3X3 numerical integration
of the element stiffness matrices; any other value
will result in 4x4 integration; see Note 2.

(36-40) IDLZ - Presently inactive, leave blank.
(41-45) NFRAC - If not a fracture problem, leave blank. A positive

number indicates that a special core element is to
be used at a single crack tip. A negative value
indicates that enriched elements are to be used in
a fracture problem, and NFRAC is the negative of
the number of crack tips; see Note 3. Additional
data are required in Group VII.

(46-50) 1PLOT - A nonzero value indicates graphical output is de-
sired and that additional graphics data will be
supplied in Group VII. The value of IPLOT is the
maximum dimension in inches of CALCOMP plots. Plots
should not be larger than the available plotter bed,
allowing for l.5=inch margins on all sides.

(51-55) ISUP = For optional suppression of output. A value of 1
suppresses element-by-element strains; 2 suppresses
element-by-element stresses; 3 suppresses both.

*A default value is achieved by leaving the entry blank.

14
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Cards 3: For each different material, two material property cards are
required, the first pair corresponding to material 1, the
second pair to material 2, etc.

3Ja: POIS
FORMAT (F10.5)
Poisson's ratio (default 0.3). Because of the default
setting, a value of zero cannot be used; use a very small
number instead, if required.

3b: E
FORMAT (E10.3)
Young's modulus (default 30.E6).

NOTE 1:

The multiply constrained node option makes it possible to require that
a group of nodes have an equal (but unknown) displacement in a given
direction. As many as 30 nodes may be included in the multiply constrained
(tied) node set. Among other things, this capability permits the imposition
of double planes of symmetry which result, for example, when analyzing
structures with periodically repeating geometry.

NOTE 2:

For enriched crack tip elements, 8x8 numerical integration (Gaussian
quadrature) is automatically used. For conventional elements, 4x4 in-
tegration has customarily been used. More recent work suggests that a 3x3
order produces results of comparable accuracy and leads to an approximately
35-percent reduction in computation cost; see the table.

NOTE 3:

To handle cracked structures, NFRAC must be either positive, implying
a singular core crack tip element, or negative, indicating the use of en-
riched crack tip elements. Thus it is impossible to combine both crack tip
models in the same idealization. Enriched crack tip elements are recommend-
ed; as many as five crack tips may be treated by setting NFRAC equal to the
negative of the number of crack tips.

15
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Group II - Element Connectivity (Required)

One card is required for each element, whether conventional or enriched.
No card is required for a core crack tip element. This data group
MUST BE TERMINATED BY A BLANK CARD.

NEL,N1,N2,N3, . . . . N11,N12,MAT,THICK
FORMAT (1415,F10.5)

NEL - Number of the element.

N1 through N12 are the 12 node numbers defining a quadrilateral
element, or

N1 through N9 are the 9 node numbers defining a triangular
element (N1O-N12 blank), or

N1 through N4 are the 4 node numbers defining the corner nodes of
a quadrilateral element for which APES is to supply the
numbers of intermediate side nodes (N5-N12 blank), or

N1 through N3 are the same as described previously, except for a
triangular element (N4-N12 blank).

The node numbers must be listed in COUNTERCLOCKWISE order

beginning with a corner node. FOR ENRICHED ELEMENTS, THE FIRST

GIVEN NODE MUST CORRESPOND TQ THE CRACK TI1P; SEE NOTE 4.
(66-70) MAT - The material number of the element (default 1).

(71-80) THICK - Meaningful for plane problems only, the thickness of
the element (default 1.0); see Note 5.

NOTE 4&:

BECAUSE THE FIRST GIVEN NODE FOR ENRICHED ELEMENTS MUST CORRESPOND
TO THE CRACK TIP, it is impossible for an enriched element to join more
than one crack tip. 1If a circular core crack tip element is present
(Figure 2) the first node defining Element 1 must be node 4.

NOTE 5:

Unless the planar structure has a stepwise discontinuity in thickness,
the default value of unity is most convenient to use. The thickness of a
crack tip core element, if present, is taken as that of Element 1. The
thickness of each planar element ic presently assumed constant; however, a
smooth variation in thickness could be implemented, were the need to arise.
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Group I1l - Node Coordinate Specification (Required)

One card is required for each node whose coordinates are to be input.
This data group MUST BE TERMINATED BY A BLANK CARD.

N,X(N),Y(N), IPOLR,XORIG, YORIG
FORMAT (15,2F10.5,15,2F10.5)

N - Number of the node.

X(N),Y(N) - The x- and y-coordinates of the node if IPOLR is blank.
If IPOLR is greater than zero, a polar coordinate
system is assumed. In this case, X(N) 1is the radial
distance to the node, and Y(N) is the angle in degrees
counterclockwise from the x-axis to the node; XORIG
and YORIG are meaningful only for the polar coordinate
option and are the x- and y-coordinates of the origin
of the polar system.

NOTE 6:

The coordinates of intermediate nodes along straight element edges
can and should be generated by the program. Generation is accomplished by
not including such nodes in this data group. Along curved element edges,
the coordinates of both intermediate nodes must be defined in such a way
that the length of the curved edge is divided into thirds in close approxi-
mation. To this end, the polar coordinate option is ideal to define the
nodes on circular element edges.

17
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| Group IV - Nodal Constraints

There are two parts to this data group. The first is REQUIRED, while
the second is included only if there is a multiply constrained node set
(NTIE not zero on card 2 of Group I data).

A. Prescribed Displacements (Required)
One card is required for each nodal constraint. This part of the

data MUST BE TERMINATED BY A BLANK CARD.

| N,NDOF,ANGLE, XDISP,YDISP
FORMAT (2I5,F10.5,2E10.5)

| (1-5) N - Number of the constrained node.

(6-10) NDOF - 1 = the x' degree of freedom is constrained.

2 = the y' degree of freedom is constrained.
' 3 = both x' and y' degrees of freedom are constrained.
|
J (11-20) ANGLE - The angle in degrees (positive counterclockwise), that the

x- and y-axes must be rotated to correspond with the x'-
and y'-axes. (Thus ANGLE allows x'- and y'-axes to be
established for imposition of skewed constraints.)

(21-30) XDISP - Given displacement in the x'-direction, if applicable.

(31-40) YDISP - Given displacement in the v'-direction, if applicable.

! NOTE 7:
E Intermediate side nodes as well as corner nodes should be constrained
) as required by the problem. The structure must be constrained against
rigid body translation or rotation. Axisymmetric problems are self-
constrained in the x-direction; therefore, only rigid body motion in the
v-direction must be constrained for problems of this type. If only one
component of displacement is constrained at a node, the other component
remains an independent degree of freedom.

When enriched elements are used to solve symmetric crack problems, a
svmmetry constraint should be applied to the node corresponding to the
crack tip as well as to other nodes on the plane symmetry.

rmtnaith,

B. Multiply Constrained Node Data (If Needed)

There are at most three cards to define a multiply constrained node
set. The first card lists the numbers of the nodes in the set in a
(161I5) format. A second card (only if there are more than 16 nodes)
lists the remaining nodes in the same format. The list must not exceed
30 nodes.

18
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(1-5)

(6-15)

The last card contains:

NDOF, ANGLE
FORMAT (15,F10.5)

NDOF - A value of 1 causes the x' degree of freedom to be equal
for the tied nodes. A value of 2 causes the y' degree of
freedom to be equal for the tied nodes.

ANGLE - As defined in Part A.
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Group V - Distributed Tractions (Required)

One or two cards are required for each element edge having distributed
normal and/or shear tractions. The distribution of such tractioas along the
element edge can be completely general; however, most problems can be
treated with a constant or linear variation. Normal tractions are positive
when directed into the element, and shearing tractions are positive when
acting in a counterclockwise sense along the element edge. The program
automatically computes the correct sign of the resulting nodal loads.
Specifying surface tractions results in consistent nodal loads. This data
group is TERMINATED BY A BLANK CARD which mﬂi{j&L}ES}Eﬂﬁﬂ even if there
ire no distributed tractions.

M1 ,M2 ,M3,M4,P1,P4,P2,P3,MORE
FORMAT (415,4F10.5,15)

Ml through M4 - Node numbers defining the loaded element edge,
given in the same counterclockwise sequence as was
used to define the element; Ml is obviously a h
corner node as is M4,

P1 - Normal stress at Node M1,

P4 - The normal stress at Node M4; if zero or blank, P4 is set
equal to Pl, and a constant pressure distribution is assumed
for the element edge (if P4 is zero but a constant distribu-
tion is not the case, approximate P4 with a very small number).

P2 and P3 - Normal stresses at Nodes M2 and M3; if both are blank,
a linear distribution of pressure is assumed as defined
by the values of Pl and P4,

MORE - If not blank, the element edge has distributed shearing
stresses; these are given on an immediately tfollowing card
in the form:

TAULl,TAU4,TAU2,TAU3

FORMAT (4F10.5)
The TAU's and their default settings are defined exactly as
the previously described P's.

NOTE 8:

It is preferable to let the program calculate nodal loads for dis-
tributed tractions because the consistent (correct) nodal loads differ
from what one would intuitively calculate. For example, for one unit of
force distributed evenly over an element edge, one would expect nodal
loads of 1/6, 1/3, 1/3, and 1/6. The correct consistent nodal loads, how- ‘
ever, are 1/8, 3/8, 3/8, and 1/8. This point should be kept in mind in |
interpreting predicted nodal reaction forces.
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NOTE 9:

The data here have been set up so that if the tractions are uniform,
only Pl and/or TAUl need be specified. If the tractions vary linearly,
only Pl and P4 and/or TAUl and TAU4 need be specified. If the loading
varies more generally, all values must be specified.

NOTE 10:

Distributed tractions along the crack face for fracture applications
are permissible.
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Group VI ~ Concentrated Nodal Loads (Required)

One card for each node having a concentrated load; this data group is
TERMINATED BY A BLANK CARD, which must be included even if there are no
concentrated loads.

N, FX, FY
FORMAT (15, 2F10.5)

N - Number of the loaded node.

FX,FY - The x- and y-forces acting on the node, positive if acting
in the positive x- and y-directions.

NOTE 11:

For axisymmetric problems, concentrated nodal loads are actually line
loads which act on the complete circumference of the structure. Such loads
are input on a load per radian basis. For example, if a load of 3 units
per circumferential unit of length acts at a distance x from the axis of

symmetry, the total force F is (2mx) X 3 = 6mx. The required input load,
on a per radian basis, is F/21m or 3x.

22
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Group VII - Additional Data (As Required)

This data group is divided into three parts, none of which is required
unless specified by nonzero values for NFRAC, THEAT, or IPLOT on Card 2 of
the Group 1 data.

A. Fracture Mechanics Input (If Needed)

Fracture mechanics data (required if NFRAC # 0). These data are
NOT terminated by a blank card. 1If NFRAC >0, complete Part 1. If
NFRAC <0, complete Part 2.

1. If NFRAC has been set as a positive number, then a special
singular core crack tip element is implied. In this case, only one

data card is required:

XC,YC,ALPHA,RHO,NCIRC, IMODE, PO, PC
FORMAT (4F10.5,215,2F10.5)

XC,YC = The x- and y-coordinates of the crack tip; see Figure 2.
(21-30) ALPHA - The angle made by a line, running from within the crack
toward the crack tip with respect to the x-axis. This
angle is measured in degrees positive counterclockwise
from the x-axis; see Figure 2.
(31-40) RHO - Radius of the crack tip core element.

(41-45) NCIRC - Number of nodes on the core element.,

(46-50) IMODE - 0
1

I

combined mode problem with tull core element
mode I problem with semicircular core element.

(51-70) PO,PC - If there is normal pressure along the crack face, PO is
the value of the pressure at the outside of the core
element, and PC is the value of the pressure at the center
of the core element; between these points, the pressure
is assumed to vary linearly.

2. If NFRAC has been set as -n (implying n crack tips modeled by
means of enriched elements) then n cards are required, each
containing:

M, IMODE, ALPHA
FORMAT (215,F10.5)

(1-5) M - Number of the node which corresponds to the crack tip.

(6-10) IMODE - 0 = combined mode problem, crack tip surrounded by |
enriched elements. |
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1 = mode I problem, enriched elements on only one side
of crack with symmetry boundary condition imposed on
Node M.

(11-20) ALPHA - As defined just previously. It is important to note that

the nodal coordinates of enriched elements lying along
the crack edges should be sufficiently accurate that the
actual crack angle (determined from such coordinates)
corresponds very closely with the angle ALPHA input here.
Inaccuracy in this regard can result in computation of
erroneous stress intensity factors.

B. Thermal Stress Analysis Input (If Needed)
Thermal stress analysis data are required if THEAT # 0. This
part, if required, MUST BE TERMINATED BY A BLANK CARD.

Card 1 - (COEF(I1),I=1,NMAT)
FORMAT (5F10.9)

The coefficients of thermal expansion for material 1 through
material NMAT; NMAT is number of materials (Card 2 of Group I).

Cards 2 - NODE,TEMP (NODE) (many cards, terminated by a blank)
FORMAT (15,F10.4)

Node number and temperature; there MUST be one such card for each
corner node in the idealization. If the temperatures are not given for
some (or all) pairs of intermediate side nodes, APES will automatically
interpolate their values linearly from the values at the corner nodes.

In certain thermal problems, an abrupt change in temperature may
exist at an interface between elements, and thermal loading is desired
for elements to one side of the interface but not for those on the
other. In this case, it is necessary to use two different materials,
with the coefficient of thermal expansion set equal to zero for
elements for which no thermal loading should be calculated.

C. Graphical Output Data (If Needed)
Graphical output data are required if IPLOT # O.

Card 1 - IDEAL,IDEFL, ICONT, IEFF,IX,1Y,1Z,1S1,1S2, ITEMP,NSUBS

FORMAT (1115)
(1-5) IDEAL # 0 - Draw the structural idealization, including
blowup areas if any are specified; see ICONT as
follows.

(6-10) IDEFL # 0 - Draw deflected structure superimposed on unde-
flected structure. Value is the percent of the maxi-
mum structural dimension to which the maximum de-
flection will be scaled on the deflected plot. Good
values range from 10 to 30, depending on artistic
taste.
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(11-15) 1ICONT # 0 - Draw contour plots.
If 1, draw over entire idealization only.
If 2, also over one blowup area.
If 3, also over two blowup areas.
If 4, also over three blowup areas.

(16-20) 1IEFF # 0 - Draw contours of effective (von Mises) stresses.
(21-25) 1X # 0 - Draw contours of x-stresses.

(26-30) IY # 0

Draw contours of y-stresses.

(31-35) 12 # 0

Draw contours of z-(out-of-plane) stresses.

(36-40) 1S1 # 0 - Draw contours of maximum (in absolute value)
principal stresses.

(41-45) 1S2 # 0 - Draw contours of minimum (in absolute value)
principal stresses.

(46=-50) ITEMP # 0 - Draw contours of temperatures.

(51-55) NSUBS - Number of parts into which the element edges will
be broken to produce subelements for plotting
contours (default 6, maximum 11). The larger this
number, the smoother the contours, at the expense
of additional computing time.

If TCONT = 0 or 1, no further data are required.

It ICONT >1, then (ICONT-1) additional cards are required. Each card
can carry as many as 20 element numbers which specify a group of elements
selected tor blowup plotting. These numbers are given in a (2014) format.
It there are less than 20 elements in a blowup area, leave the excess
entries blank. Note that this is the only place in the input data in which
integer numbers are input in other than an 15 type of format.
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Moditications to APES can be readily made to provide any kind ot output
normally associated with the finite element method. To keep the volume ot
output within reason, however, it is presently limited to the following:

L. An echo of the input data as converted tor use by the computer,
L.e., dnput values as well as generated values.

2. When applicable, the nodal loads generated trom input distributed
tract ions.

3. Where applicable, stress intensity factors and displacements ot
the crack tip(s). For the core crack tip element, the displacements are
given parallel and perpendicular to the line of the crack, i.e., in local
coordinates.  For enriched-element crack tip models, the crack tip dis-
placements are given in global coordinates along with displacements ot all
other nodes in the idealization.

4. Global displacements of all nodes.

5. Reaction forces at constrained nodes.

6. Global (¢ , € , € , Y ) strains at each node of each element,

X y z Xy
it not suppressed.
7. Global stresses at each node of each element, it not suppressed.

8. Global stresses averaged at the nodes.

9. Principal stresses and angles and the von Mises effective stress
at the nodes, based on the global stresses averaged at the nodes. Angles
are measured in degrees counterclockwise trom the x-axis. The von Mises

stress is calculated as

b B o ¥ 172
o = (0 “+0 T40 -0 Q. =@ @ =0 0 +30 )
v Xy 2 %X 99V g g %W

where 0 is the out-ot-plane stress tor plane strain problems and the

circumterential stress for axisymmetric problems; it is zero tor plane

stress problems.
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10. The node having the highest von Mises stress; stresses and strains
are not calculated within a singular core element nor are they highly accu-
rate at enriched element nodes which are near the crack tip.

Graphical output available has already been described in the preceding

section,  Examples are provided in the appendix.

ERRORS AND TIPS

Do not attempt to use the APES program without tirst studying and
understanding both this manual and Reterence 2. Many errors are made by
beginners simply because they do not carefully read and understand the
input instructions. First, the beginner should solve a small, simple
problem, having a known solution betore applying the program to more
practical situations. In this way, tamiliarization with the input data
and cont idence in the accuracy of the program will be quickly obtained.

Following is a list of the more common errvors that anvone can in-
advertently make:

l. Failing to justity entries on the right in 1 or E tormats.

2. Failing to include a blank card when required to terminate a
series ot data cards.

3. Incorrectly listing the nodes that detine the elements; tailing
to list the nodes in a counterclockwise sense; failing to begin the list
with the crack tip node it the element is an enriched crack tip element.

4. Using incorrect nodal coordinates, causing elements to lose
quadrilateral shape or to be turned "inside out.'" This is particularly
lLikely to happen when the geometry ot an idealization is changed to pro-
vide a moditied problem without correctly updating all attected nodal
coordinates.

5. Repeating a node number at two ditterent places in an idealiza-
tion or omitting a node number. Numbering only corner nodes where possible
can reduce the probability ot this type ot errorv.

6. Failing to prevent rigid body motion ot the element assemblage

because ot inadequate boundary conditions.




7. Failing to impose correct boundary conditions. This is extremely
dangerous because the user thinks one problem is being solved while APES
accepts the boundary conditions as '"legal' and proceeds to solve a com-
pletely different problem.

8. Incorrectly applying distributed or point loading, which is
dangerous for the same reason given in Item 7.

A reasonable attempt has been made in APES to provide error diagnos-
tics, particularly in the graphical preprocessor. It is not possible,
however, to detect logically many of the errors that can be made. For this
reason, both input and output should be carefully checked to ensure that
the correct problem is actually solved.

The worst thing that can occur is the diagnostic phrase "SINGULAR
MATRIX . . ., etc.," after the input data has passed through the data
checking preprocessor with no indication of error. Do not make the mistake
of thinking that something is wrong with the program if the data appear to
be correct; they just look that way. In this event, there is a high proba-
bility that the error will be difficult to find. Verify that rigid body
translation and rotation are precluded by the boundary conditions and that
the material numbers of the elements do not exceed the total number of in-
put materials. If the problem is still unresolved, check with someone more
experienced in the use of the program. It is fortunate that problems of
this sort cease to occur once some experience in using the APES program
has been gained.

The choice of a good finite element mesh for a given problem is an art
in which only experience can produce a high degree of competence. The
examples given in References 2 and 3 provide some guidance but, clearly,
they cannot be extrapolated to the limitless number of practical problems
which may arise. Fortunately, the high-order, 12-node element is

"forgiving" because of its inherent high accuracy; thus, results having
acceptable engineering accuracy will probably be obtained, even if the
element mesh is considerably less than ideal. Only a few general sugges-

tions can be made with regard to selecting an element mesh.
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1. Concentrate elements in areas of anticipated high gradients in
stress. In other areas, keep in mind that a rectangular (undistorted) 12-
node element is capable of modeling exactly a stress field containing up
to quadratic terms in the polynomial which describes its spatial distribu-
tion; in other words, few elements will generally be needed.

2. Avoid elements with interior corner angles that are either very
large or very small. Extreme distortion, in some cases, can lead to results
which are seriously in errorb*; see the table. As a rule of thumb, keep
corner angles in the range from 45 to 135 degrees, the closer to 90 degrees
the better. When using curved element edges, attempt to minimize the in-
cluded angle. For example, at least two elements should be used to span a
90-degree curved radius.

3. Although very good accuracy has been observed in thin shell appli-
cations employing single elements (with high aspect ratios) through the
shell thickness, there is no known guarantee that this success will carry
into other applications. Therefore, elements with very high aspect ratio
should be used only with caution.**

4. If curved element edges are being used to model curved boundaries,
be sure that the intermediate nodal coordinates are given so that the
curved edge is divided into thirds to close approximation. Misplaced in-
termediate nodes can lead to highly inaccurate results and can even result
in a strain and stress singularity as described by Pu and Hussuin.lo The
polar coordinate option available for defining nodal coordinates is ideal
for defining such curved edges. For straight element edges, let APES

generate the coordinates of intermediate nodes.

*Documentation of extreme cases of loss of accuracy due to highly
skewing elements or to employing highly curved edges has been reported in-
formally in DTNSRDC Structures Department Technical Note m-2, "Accuracy
Loss in Distorted lsoparametric Elements," by D.A. Hopkins and L.N. Gifford
(Sep 1978).

**A study of accuracy as a function of element aspect ratio and shape
has been reported informally in DTNSRDC Structures Department Technical
Note, "A Further Study of Accuracy Loss in Distorted Isoparametric Ele-
ments," by J.B. Sickles and L.N. Gifford (in press). It was concluded that
under the worst of conditions, accuracy is a function of mesh density only
(and not element shape) if element skew angles are held in the range of 45
to 135 degrees and if element aspect ratios are held at 8 or less.
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5. If distributed tractions are applied to the structure, do not

attempt to calculate the equivalent nodal loads. These are not as intuition
would suggest. Let the program calculate these loads, and rest assured
that they will be correct.

6. When using enriched 12-node elements to model cracked structures,
increased accuracy in the stress intensity factors is not achieved by
reducing the enriched element sizes toward zero.'11 In fact, enriched
elements may be surprisingly large; either Reference 2 or 3 should be con-
sulted for examples. It appears that there is an "ideal" size (not extreme-
ly large or extremely small) for a given fracture problem; however, the
size that is "just right'" cannot be precisely defined. Fortunately, ex-

cellent accuracy is obtained over a broad range of enriched element sizes.

DESCRIPTIONS OF ASSOCIATED PROGRAMS

As of the end of 1978, there are four different programs associated
with the APES system, all of which accept input data as described in the
preceding. These are:

1. CHECK - The graphical (CALCOMP) preprocessor, which performs
logical checks of the input data and plots the idealization with element
numbers, node numbers, etc. Present dimensioning is for 200 elements,
which represents a very large problem for the high-order element used in
the APES system. This program loads and executes in approximately
100 000 octal (33 000 decimal) words of core on Control Data Corporation
Series 6000 computers.

2. APES - A small version of the analysis, limited to 50 or fewer
elements and 400 or fewer nodes. This size is adequate for the majority
of engineering problems which have been encountered thus far. The program
loads and executes in approximately 105 000 octal (35 000 decimal) words
of core on Control Data 6000-series computers.

3. KINGKONG - A larger version of the analysis, limited to 100 or
fewer elements and 700 or fewer nodes. The program loads and executes in
130 000 octal (45 000 decimal) words of core on Control Data 6000-series

computers.
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4. KINGKONG II - An even larger version of the analysis, limited to
200 or fewer elements and 1400 or fewer nodes. Unlike APES and KINGKONG

which permit only 40 nodes on the wave front when solving the master stiff-

ness equations (sometimes leading to difficulty in numbering elements to

meet this limitation), KINGKONG II permits as many as 80 nodes on the wave- |
front. It loads and executes in 240 000 octal (82 000 decimal) words of

core on Control Data 6000-series computers.

The graphical postprocessor is contained as an overlay in the analysis
programs APES, KINGKONG, and KINGKONG II.

Execution time for the analysis program (with no plotting of results
requested) runs approximately 2 to 3 seconds per element on the Control
Data 6400 computer. Execution on more advanced Control Data Corporation
machines is considerably faster. 1f plotting of computed resulcs is de-
sired, additional computation time will be expended. 1In fact, if a great
deal of plotting is requested, the plotting may take more computer time
than the analysis.

All programs are written in FORTRAN and compile on the Control Data
FTN (FORTRAN Extended) compiler. All programs are 'overlayed" and, because
of the available 60-bit word size (14 significant figures), are in single
precision. The analysis programs are about 5000 lines long, and about 800

of these are "comments." There are 59 programs, subroutines, or functions.
The plotting overlays of the programs utilize CALCOMP-provided subroutines,
and all are standard. Because the programs are written expressly for
Control Data Corporation equipment, conversion to other computing systems

and plotters, while fairly straightforward, is probably not a l-day task.

ACKNOWLEDGMENTS
Professor Peter D. Hilton of Lehigh University has been directly in-
volved in developing and improving the APES program since its infancy. His
significant contributions (many of which are described here) are gratefully
acknowledged. The idealization for the graphical output examples was pro-

vided by Ms. Mary Donovan of the Center.

31




o

APPENDIX
EXAMPLES OF GRAPHICAL OUTPUT

To illustrate some of the graphical features provided with the APES
system, the axisymmetric example of a fairly thick sphere penetrated at its
appex by a short, thick-walled, cylindrical tube is considered.

Figure 5 shows the region to be idealized. This view of the right-
hand cross section has been created by drawing element edges unconnected
to other elements, thus giving a good first visual check of the correctness
of the input data. Only the upper half of the sphere has been considered.
The centerline of the structure runs vertically just left of the cross
section shown. The loading is uniform, external, hydrostatic pressure.

Figures 6 through 8 show the actual breakdown of the structure into
41 elements and numbering of the elements and nodes. (Plots of this type
may be made as large as desired to increase clarity.) Two layers of
elements have been used through the spherical section when one would be
practically as good. 1In fact, the entire problem is probably overdone in
number of elements; however, this is better than having too few. As a
consequence, the predicted stresses are anticipated to be extremely
accurate.

The critical region of the structure is around the intersection of
sphere and cylinder. This area was chosen for zoomup stress contour plot-
ting as shown in Figure 9.

Figure 10 shows the magnified inward deflection of the structure
(solid line) superimposed over the undeflected structure (dashed line)
during external loading. In this plot, 15 percent of the maximum struc-~
tural dimension (IDEFL=15 in the graphical data input, Group VII, Part C)
was chosen for scaling the peak deformation.

Contour plots of von Mises effective stresses across both the entire
structure and the zoomup area are shown in Figures 11 and 12. Similar
contour plots for circumferential (z) stresses are shown in Figures 13 and

14; for maximum principal stresses, in Figures 15 and 16.




It is worth mentioning that the example problem was set up and solved
by a newly recruited college graduate, who had no previous experience in
applying the finite element method. Computation cost, including a data
checking run and plots of the results, was less than $30. Total engineer-
ing cost was considerably higher because of the work required to define
the faired, curved surfaces. As a rough measure, an experienced analyst
would require less than 2 days to complete the problem from perception to
output. It is interesting to speculate how a senior structural analyst
may have approached this problem, the time that may have been consumed,
the accuracy that would have been achieved, and the manner in which the
results would have been presented as little as 15 years ago when the finite

element method was almost unheard of.
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REGION TO BE IDEALIZED
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CYLINDER-SPHERE INTERSECTION

Figure 5 - Outline of Symmetric Half of Example Problem




STRUCTURAL IDEARLIZATION

CYLINDER-SPHERE INTERSECTION

Figure 6 - Element Mesh for Example Problem

36

S SE— —




ELEMENT NUMBERS
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Figure 7 - Element Numbering for Example Problem
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NODE NUMBERS

CYLINDER-SPHERE INTERSECTION

Figure 8 - Node Numbering for Example Problem '
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IDEALIZATION IN ZOOM-UP AREA

CYLINDER-SPHERE INTERSECTION

Figure 9 - Stress Critical Region of Example Problem |
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DEFLECTED STRUCTURE
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Figure 10 - Deformation Pattern of Example Probl
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CONTOUR VALUES
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Figure 11 - von Mises Stress Contours over Example Problem

.000
.000
.000
40000.
.000
.000
.000

000

VON MISES STRESSES

CYLINDER-SPHERE

41

INTERSECTION

Dok

|
|
|
|
|
{
|




CONTOUR VALUES
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Figure 12 - von Mises Stress Contours over Critical Region
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