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MODEL AND PROCEDURE FOR DETERMINATION OF
STRENGTH AND STIFFNESS OF WOOD STUDS

I. INTRODUCTION

The present design method for wood-stud walls considers each
stud as an independent beam-column carrying its own proportionate
share of the load. This procedure neglects factors such as the non-
linear nature and variability of stud stiffness, composite effect of
covering materials and load sharing between studs of various
strengths and stiffnesses, which combine to result in general over-
design in currently-built walls. This method is uneconomical and
puts wood in a poor competitive position with other construction
materials. Research at the Forest Research Laboratory, Oregon
State University, has resulted in a rational design procedure, based
on an accurate theoretical analysis (37) and computer simulation
method (38), that accounts for these factors. To use the rational
procedure, however, properties and probability distribution of studs
must be available. Currently, such information can only be obtained
by in-grade testing of studs, which is an expensive and time-consum-
ing method. There is, therefore, a need to develop an alternative

non-destructive procedure to evaluate stud properties.



1.1. Present Design Procedure

The allowable stress, Fb, for a grade and species of studs is
based on the ultimate bending strength or the modulus of rupture
(MOR). First the MOR value is selected at the five-percent exclu-
sion value on the cumulative probability distribution of the MOR for
the small-size clear wood bending specimens from the species con-
sidered (3, 25). The selected value is then adjusted for the grade
according to the effects of seasoning, strength-reducing defects,
general adjustment factor and depth. The resulting value is the Fb
for studs of grade and species considered.

The design modulus of elasticity (MOE) is based on the average
MOE of species, which was determined from bending tests of small
clear specimens (3, 25). The average MOE is then adjusted for the

grade according to defects and effects of seasoning.

1.2. Previous Works and Present Outlook

The shortcomings of the present design method for wood-stud
walls are due to its failure to account for the load sharing between
studs, composite action of covering materials, and the nonlinear

behavior of studs.



1.2.1. Load Sharing

Past studies have demonstrated that the present design method
is too conservative. Johnson (28) and Snodgrass (50), investigated
Construction and Standard grades of Douglas-fir 2- by 4-inch dimen-
sion lumber. They independently concluded that the average bending
and compression stresses for pieces in groups of three were consis-
tently higher than the stresses of pieces taken singly at one, five
and ten percent exclusion limits. This conclusion is recognized by
the National Forest Products Association (34) which now allows higher
unit stresses for repetitive-member uses where load sharing is known

to exist.

1.2.2. Composite Action

Composite action between the wall covering and studs increases
the strength and stiffness of‘walls. Polensek and Atherton (40)
reported that the experimental walls with Utility grade studs deflected
30% to 60% more if the gypsum boards wall covering was removed.
However, the connection between the coverings and the studs is not
infinitely stiff. Slip between the studs and wall coverings must be
considered. Studies conducted by Amana and Booth (1, 2) show that
deflection of a composite I-beam is directly related to the amount of

slip between the flanges and the web.



1.2.3. Nonlinear Behavior of Studs

Some studs especially those of low strength and stiffness
respond nonlinearly to an increasing load. Nonlinear response of
studs is the main subject of this investigation.

The compleﬁe deflection-load curve of studs is obtained by
plotting on the X-Y recorder the deflection and load of a beam con-
tinuously loaded to destruction.

Many studs display linear behavior during the early stages
of a test. A typical deflection-load curve of such a stud is shown
in Figure 1.1. The curve is linear up to the proportional limit
(PL) after which it becomes non-linear. The slope at a certain
point or section of the curve is directly related tovthe MOE at that
particular point or section. The MOE at a discrete point, such as
B in Figure 1.1, is usually defined by the tangent on the
deflection-load curve at B, beam cross-section and the condi-
tions of loading. The resulting MOE is called tangent MOE.
The MOE for a section such ag AB in Figure 1.1 often is re-
lated to the secant connecting A and B. The resulting MOE is
called secant MOE. The highest point of the curve gives the maxi-
mum load which defines the stress at the point of rupture, i.e., the
MOR. An approximate procedure to numefically define an experi-

mental deflection-load curve consists of subdividing the curve into
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sections defined in terms of the secant MOE, such as E2 and the
associated deflection Az. The whole curve may be defined by pairs
of Ei’s and Ai‘s (i=1, 2, 3) with surprisingly high accuracy (37).
Young's modulus (El), i. e., the MOE value below the PL
(3(), 51) can be obtained experimentally without causing damage to
the lumber. However, to obtain MOR the lumber has to be broken.
In the past, experimental-statistical studies were conducted to
express MOR in terms of El (14, 29, 46). Both moduli were ob-
tained experimentally and regression equations were developed.
The correlation coefficients for these equations varied widely.
Johnson (29), in his study on Douglas-fir Select Structural, Con-
struction, and Utility grades, obtained a correlation of 0.87.
Schroeder and Atherton (46) found a correlation of 0. 68 for Utility
grade redwood studs. Polensek and Atherton (40) obtained correla-
tions of 0.74 and 0.71 for Utility grade Engelmann spruce and
Douglas-fir studs, respectively. Fernandez (14) investigated
Douglas-fir studs of Stud grade for which a correlation of 0. 66 was
obtained. The results of these studies indicate that El does not
accurately predict the MOR. Even with El and MOR known the total
deflection-load curve is not defined. Either the deflection at the
MOR or the nonlinear part of the curve is necessary to estimate

the deflection-load curve.

The deflection-load curve can be more precisely defined in



terms of the PL and MOR. Recent studies (14, 46) have shown that
the stress at proportional limit (SPL) is a better predictor of MOR,
as indicated by a correlation of 0.90. However, the SPL can only be
determined by loading the lumber beyond the PL, which probably
causes some damage to the wood fibers. Ther currently is no satis-
factorily accurate procedure for obtaining MOR without damaging

the lumber.

1.2.4. Finite Element Method

With the advent of high-speed computers, the finite element
method (8, 11, 62) was developed. The finite element method has
been described as a physical idealization of a material continuum into
an assemblage of a finite number of elements which interconnect at
certain points called nodal points. A piece of lumber can be repre-
sented as an assembly of a discrete number of elements. Next, a
stiffness matrix and force vector are generated for each element.
The element stiffness matrix and force vector represent the element
elastic properties, and loads, respectively. The element matrices
and force vectors are combined into an overall stiffness matrix and
force vector, respectively, representing the continuum. The element
stresses and nodal deflection are obtained by operating on the overall
matrices and vectors, using mathematical operations, derived from

equilibrium and compatibility conditions. Finite element idealization



permits accounting for changes in elastic properties within the piece
and nonelastic changes at loads above the PL.

As an alternative to actual testing, a finite element model can
be developed for the stud. The nonlinear behavior may be included
in the model. Imposing test loads on this model and analyzing it
should result in a complete deflection-load trace. Then studs repre-
senting a certain grade and species can be simulated and analyzed by
the finite element method. Such a simulation requires the establish-
ment of a mathematical-logical model of a system and the experi-
mental manipulation of it on a digital computer (41). A simulator is
an artificial laboratory or testing machine. Once a system is modeled
and programmed, experiments can be performed using the model.

The finite element method has been used successfully in the
analyses of wood-joist floors (39), wood-stud walls (37), plates and
shells (17, 20, 33, 57), and compression tests on nonlinear materials
(18). Its application to deflection-load curves of lumber is expected

to yield accurate results.

1.3. Future Outlook

Analysis procedures for improved design of wood-stud walls
are available. To apply these procedures, accurate information on
the elasticity properties of wall components such as studs is neces-

sary. Better methods of analysis (37, 38) and improved information
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on the properties of wall components should result in less conserva-
tive designs of wood-stud walls than those produced by the present
method.

Wood-stud walls can be made more economical by using lumber
of lower grades like Utility grade, by reducing the stud cross-section,
and by increasing the stud spacings. Cross-sections such as 1- by
6-inch may allow more insulation. The conventional 16-inch stud
spacing in walls could be increased. The Uniform Building Code (26)
presently allows 24 in. stud spacing for single-story dwellings and
top stories of multi-story dwellings. The abovekimprovements may
be extended to other constructions if an improved deéign method
demonstrates that the safety of the structure is not jeopardized.

The development of the finite element method that would simu-k
late stud testings could lead to a new method of determining allowable
design properties for studs of any grade and species. Stud probability -
distribution of a certain grade can be simulated from probability
distributions for clear MOE and for grade defects which are already

available to most wood species and grades.

1.4. Justification and Objectives

The development of an improved design method for wood-stud
walls requires an accurate information on the properties of studs,

the principal structural component of the wall. Traditionally, such
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an information has been obtained only by testing, which is expensive
and time-consuming. An efficient and more economical alternative
calls for developing a theoretical procedure to determine the strength
and stiffness of studs. Once the theoretical model and computer
program are developed and verified, studs of the commonly-used
grades and species can be simulated, modeled, and then theoretically
tested to determine the probability distributions for their strengths
and stiffnesses. Such a procedure should make not only wall design
more economical, but also could be applied to other lumber such as
floor joists and components for roof trusses. The development of
such a procedure is the main objective of this investigation. The
specific objectives are:

1. To develop a theoretical procedure and computer program for
determination of elasticity properties of studs.

2. To verify 1;he method and computer program by physical testing.

3. To develop a simulation procedure for generation of probability
distribution of elasticity properties for studs.

4. To investigate how the parameters such as grain and ring
angles, MOE and MOR for clear wood, nodulus of rigidity and

Poisson's ratio affect the stud stiffness and strength.
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II. METHOD OF ANALYSIS

The finite element method was used to evaluate the strength and
stiffness of the studs. The method is ideal for systems with complex
boundary conditions and material properties.

The specific task was the development of a model and method
that would simulate a stud testing procedure according to Standard D
198 (3) of the American Society for Testing and Materials (ASTM).
The ASTM test requires the symmetrical loading of the stud at points
one-third of the span (Figure 3.2). The load is increased continuously
until the stud fails. A deflection-load curve, such as that of Figure
1.1, is obtained by plotting the load against the midspan deflection.

The chosen stud model will simulate the ASTM test. The load
Q, will be increased by small increments until the stud fails. The
stresses and deflections at certain points in the stud will be calculated
after each increment. A computer program will be prepared for this

model and test procedure.

2.1. Finite Element Method

The finite element method represents a study by an assembly of
small stud sections, that is, subdivisions called finite elements.
These elements are connected at joints which are called nodes or

nodal points. The chosen displacement functions will secure the



12

compatibility of deflections along the boundary lines of adjacent
elements. Loads simulating the test conditions are applied at the
nodal points at 1/3 and 2/3 of the span. The final solution yields the
displacements at the nodes including the node at 1./2. The applied
forces and nodal displacements are related by the overall stud stiff-
ness matrix which is defined by the local elasticity properties and
internal material geometry of the stud. The overall stiffness matrix
is formed by combining the individual stiffness matrices of all the
elements of the stud. The overall stiffness matrix accounts for the
boundary conditions, that is, for zero displacements at point A and
the vertical displacements at point B (Figure 3.2).

The nodal displacements may be obtained by (8, 11, 62)

{D}=[K]"'{Q} (2. 1)
where

{D} = nodal displacement vector

[K] = stud stiffness matrix

{Q} = defined external loads acting on stud

The element stresses and strains are determined by (8, 11, 62)

1
M
m oM
»

(e = e, = (A1 (g (2.2)
.YXY
and
(0} =Jo v=[s] [A] (&) = [B] (@) (2. 3)
Txy

N
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where
{ee} - element strain vector

[A]

element strain displacement matrix

normal strains

€ ,€E =
¥y
Y - shear strain
Xy
{d} - element nodal displacement vector

%,y - local coordinates denoting the direction of strains

and stresses

. - element stress vector

c T v normal stresses

Txy - shear stress

[B] - element stress displacement matrix and

[S] - stress strain matrix

The element strain vector (se) represents the displacements
in the element. It is a function of the element geometry, displace-
ment functions and nodal deflections.

The element stress vector (o e) represents the stresses acting
within the element. It is a function of the element elastic properties
and geometry, displacement functions, and nodal deflections. For
chosen displacement functions, the stresses are constant throughout
the element. The stress at the node can be obtained by taking the

average of the stresses of the elements surrounding the node.
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2.2, Assumptions

The finite element method is based on general assumptions such

Structural compatibility exists along the total boundary among
the adjacent elements. A proper selection of displacement
functions usually prevents the violation of this assumption.
When the stud starts to develop cracks, the assumption is
violated, but the fiﬁite element model may still represent the
actual conditions on the stud.

Stresses exist only in two perpendicular directions, that is,
the problem is reduced to a plane stress problem. This
assumption may not be entirely true because of Poisson's
effects in the direction of thickness. However, the stresses
because of Poisson's effects are small compared to those of
the other two directions.

The material properties are constant in the direction of the
element thickness. Therefore, there is no change of stresses
within the thickness. Some violation of this assumption is
expected because of the material variability of wood properties
in the thickness direction.

The specific assumptions pertaining to the stud analysis are:
The elasticity and strength properties, and the grain and ring

angles are constant within the element. Some violation of this
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assumption is expected because of local variations in material
properties. The errors due to this violation may be reduced
by a very fine finite element mesh.

2. Knots have no resistance to tension, and have the same elastic
and strength properties as the tangential direction of the wood
in compression. No information is available on the strength
and elastic properties of knots. A casual observation of knots
suggests that the knot may resist some small tension forces.

3. The elasticity properties of the elements are linear within one
load increment. This assumption is true before the PL is
reached. After the PL, some violation occurs, but it may be
minimized by choosing small load increments.

4. When the stress in the element reaches failure stresses, the
whole element is considered broken. This assumption is
violated if only a part of the element fails and the adjacent
parts keep on resisting forces. The errors due to this assump-

tion may be reduced by refining the mesh.

2.3. The Finite Elements and their Stiffness Matrices

Two types of plane stress elements were used to model the
stud. One type was a rectangular element and the other type was a

triangular element.
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2.3.1. Rectangular Elements

The main element is Cook's modified assumed stress hybrid
rectangular element (9). This element has been used successfully
by White (58) in his study on the analysis of end fixity in stud wall
panels. Under pure bending, this element yields exact displacements
and exact stresses. Stresses within the element are given by an
assumed field which satisfies the differential equations of equilibrium.
Figure 2.1 shows the element with itslocal cpordinate system and
differential element. The nodal points i, j, k and 1 are oriented
counter-clockwise. The size and location of the element are defined
in terms of the global Cartesian coordinates x and y. The components
of the nodal displacements are u and v.

The element stiffness matrix is defined by (9)

[k ] = [T]" (H]7'(T] (2.9)

The size of | T] is five by eight, and its 24 nonzero elements

are obtained from (10):

T, 2g-17 T, 2¢ (v,,-y)/2

H

T

5 - = -
281 =T, o = (epxy) /2 -

T, 2g-17 Ly vyt v - Yf(Yf+yg)]/6

T

4,2g = [xf(xf+xg) -x (x t Xg)]/6

o
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in which g = 1,2, 3,4 and £, g, h are cyclically permuted from one to
four with f = g-1, and h = g+l1. For example, T11 = (yz-y4)/2,

'I‘12 = 0, T13 = (y3-yl)/2. The subscripts 1,2, 3 and 4 correspond to
the nodes i, j, k and 1, respectively. Using equation (2.5), the non-

zero elements of matrix [ T], expressed in terms of the nodal co-

ordinates, are (58):

Tu T = Tg7 " Ty = (Yj'yl)/z | (2.6)
T35 Ty = -Tyq = -Tyg = (v, v)/2 (2.7)
Tay= T3 = -Tag= -Tyy = (x-%,)/2 (2.8)
T3‘6 =T, =-Ty,=-T, = (xj-xl)/Z (2.9)
T, = [Yj(Yj"'Y-l) -y, (v, +y 176 (2.10)
T,,= [yk(yk+yj) -Yi(Yi"'Yj)]/é (2.11)
Tps = Ly)tyyty) - yityyty /6 (212
T, = Ly (v, +v) - v,y +y )1 /6 (2.13)
Ty = Lxlxpty) ".‘j(xj+xi)] /6 (e.14)
Tyy* [Xi(xi'l'xj) -xk(xk+xj)]/6 (2.15)
Ty = [xj(xj+xk)-x1(x1+xk)]/6 (2.16)
and
T, =[x (xx) - x (x4 %) 1 /6 | (2.17)

The five by five matrix [ H] of equation (2.4) equals (9)
‘1 T : .
[H] :SS_t [P] [c][P]dxdy (2:18]
in which integration is performed over the entire element area.

The symbols in equation (2. 18) are defined as follows (9):
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t = element thickness

~ h
1 y, 0 0 0
[Pl=f 0 0 1 x, O (2.19)
0 0 0 0 1
and - ”‘_1_ ] v . j
E E
X X
Y
(c] - yx 1 0 (2. 20)
E E
y y 1
0 0 E;;—
L .

where
Ex’ Ey - modulus of elasticity in direction indicated by

subscript

VX

\
\
vxy,v - Poisson's ratio, i.e., the ratio of the strain in the
direction of the second subscript to the strain in the
direction of the first subscript with the stress applied
in fhe direction of the first subscript.
ny - shear modulus in the x-y plane.

Equations (2. 4) through (2.19) are valid for any quadrilateral
element. White (58)' first modified [ H] for rectangles and then
inverted it to obtain rr;atrix [F] which was valid only for rectangles.
Further simplification was made by applying

E v =E v (2. 21)
X yX y Xy ‘



The non-zero elements of matrix [ F] are (58)

2 2
4E°E -3E(Ev )
XYy X Y

T ;y (2
[EE -(Ev ) labt
x y y Xy
-6EX
F. =F (2.
21 12 .2,
12E_
F = (2.
22
| a.b3t
|
EE (E v
F. =F X y( xlx) (2.
| 2
\ 31 13 (g E -(Ev_ )“]abt
xy y Xy
2
4E E " - 3E (E v )2
____xy Y Y Ry
F33" 2 (2
[EE -(Ev ) ]abt
xy y Xy
-6E
Fag7™Fys 2 (2.
a bt
12E
Fra™3 (2.
bt
and
Say
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The stresses of the differential element are calculated by

equation (2. 3) with

[B] =+ [PI[FI[T] (2.
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24)

25)

. 26)

27)

28)

29)

30)
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The stress variation within the element in one direction is linear

with respect to the perpendicular direction.

2.3.2, Triangular Elements

The triangular element was used for locations on the stud where
the rectangular element could not easily be applied such as around
knots and transition locations between two different sizes of elements.
The displacements within the triangular elements are linear and have
a polynomial form. It is expl:essed in terms of generalized coordi-
nates and hence referred to as generalized coordinate displacement
model. The element, shown in Figure 2.2, has its nodal points,

i, j, and k oriented counterclockwise. The displacement functions

of this element are linear and equal to (11, 62)
al + aZX + ozBY

+a X+
@z4 a5X oz6Y

a
1]

(2. 31)

<
it

where
u, v - displacements in the x and y directions, respectively,
of a certain point within the element
al, @5 013, oz4, 015, a6 - generalized coordinates
%,y - Cartesian coordinates of certain points within the
element.

The triangular element stiffness matrix is defined by



Figure 2. 2,

Triangular plane stress element.

Y
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T
(k)= [ (alTls](a] wan (2. 32
A
where
A - area of triangle
[A], [S] - defined in equation (2. 3)
The strain-displacement matrix, defined in terms of the

nodal coordinates x and y, equals (62)

~ &
Vi O R £ 0
1
_ . 2.33
[A A 0 %5 0 %, 0 %4 ( )
o M ki Tk 510 Vi
L .
where
=y - 2.34
Yij = Y5 7 Y; ( )
X,, =X, - X, (2. 35)
ij o i T

(E E v 0 ]
X y Xy
1
= — 2.36
[S] (1-v va yx) Exv vz Ey 0 ( )
0 0 (1-v._v )G
L Xy yx Xy |

The area of the triangular element is given by
= r - 2. 3

Because of the linear displacement functions the stresses are

constant throughout the element.
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2.4, Elasticity Parameters

The parameters used to define the stud elasticity are:
1. Three moduli of elasticity denoted by EL, ET and ER. The
subscripts L, T and R denote the longitudinal, tangential and

radial directions in the wood, respectively,

G and G .

2, Three moduli of rigidity denoted by GLT’ LR TR

The subscripts LT, LR and TR are the three planes of elastic

symmetry, For example, G is the modulus of rigidity based

LT
on the shear strain in the LT (longitudinal-tangential) plane
and shear stresses in the LR (longitudinal-radial) and TR
(tangential-radial) planes.
3. Six Poisson's ratios denoted by VLR, oL VLT Vo1 YRT
and VR The first symbol of the subscript refers to the
direction of applied stress and the second symbol refers to
the direction of lateral deformation.
The EL for each of the studs may be obtained experimentally
by tension and compression tests of small, clear specimens according
to ASTM Standard D 143-52 (3). The approximate values for Poisson's
ratios are available in the Wood Handbook (54). Estimaters of the
remaining moduli may be calculated from the Wood Handbook regres-

sion relations (54) as follows

E; = 0.050 E_ (2.38)
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Ep = 0.068 B (2. 39)
Gy p=0.078 E (2.40)
Gpg = 0.064 E (2.41)
Gpg = 0-007 E. (2.42)

The Wood Handbook elasticity values and equations were deter-
mined from test results accumulated over the years (54). They have
their own inherent variability and are affected by specific gravity,
moisture content, temperature, and strain rate (4, 6, 30, 31, 32, 35,
48, 49, 52, 54, 61).

Elasticity values are also available from other sources such
as the studies conducted by Hearmon (21), and Bodig and Goodman (4).

The finite element model uses the elastic properties in the
direction of the geometric stud axes x, y, and z as shown in Figure
2.3. If the axis of elastic symmetry does not coincide with the geo-
metric axis, the affected property should be modified.

2.4.1. Modification of Elastic Properties
by Axial Transformation

Wood is often quoted as a typical example of an orthotropically
elastic material (12, 21, 22, 27, 42, 44, 45, 55), i.e., it is elas-
tically symmetric about three mutually perpendicular planes. It has

nine independent compliance parameters expressed by the
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—

~

" | , 7

Grain direction

Growth ring

Figure 2. 3. Geometry and elasticity of studs: the geometric
axes x, y and z, and the elastic axes L, T and
R do not coincide. ¢ is the grain angle.
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G G G

corresponding elastic parameters: E E E LR LT CTR’

L’ R T

v and v . Its strain-stress relationship can be expressed

RL’ LT TR

in matrix form as (19, 23)

{e} = [s] {c} (2. 43)
or
s h o ar ]
1 ‘vt VLR
£ - - O O O o
L L
E;, B Ep
YT, 1 TR
¢ - - 0] O O ||o
T
T E[ E; Ep
YR, 'RT 1
£ - - O O O o
R | (2.44
R ER ER ER >( )
2 e e o = e olle
] Ll
TR Grg TR
1 o
2e o o o o O o LR
LR
2 ¢ o o o O o —le
L LT‘ B G | LT

11

in which {e} = strain vector

[s]

flexibility matrix
{0} = stress vector
and other symbols have been defined earlier in the text.
The strain-stress relation in wood can also be expressed in

tensor form as (19, 23)
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eij = Sijlekl (2. 45)
in which
e,, = strain tensor
1)
Sijkl = elastic compliance tensor and
Tkl = stress tensor

Axial transformation of the elasticity parameters was accom-

plished by the tensor transformation law (19):

' a (2. 46)

S ijkl N imaj nakoalpsmnop

in which s!'.,
1

ikl = transformeds.. .; anda_ are thedirection
y 1

ikl %im’ %jn’ ko Ip
cosines of the angles of rotation of the x-, y- and z-system to L-, T-
and R-system. The subscripts i, j, k, 1, m, n, o, and p are equal

to 1, 2, or 3. Figure 2.4 defines the rotation of the coordinate axes

and Table 2.1 identifies the direction cosines.

Table 2.1. Direction cosines of the angles of rotation.

—r

x(L) z(T) y(R)
1 = - a4
x 2 cosod a, 0 a13 sin¢
z! a21=sin¢sin6 a22=cose a,,= -cos¢sin®
1 At s -
y a3l——sm(5)cose a32—s1ne a33 cosBcosod

Equation 2.46 was used to obtain the effective values of the
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Figure 2. 4.

t

Rotation of axes. The rotation was first
done along axis z at a grain angle ¢ to
positicns x' and y"'. The second rotation
was along x' axis at a ring angle 6 to
positions z' and y'.
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elasticity parameters for various grain angles, ¢. The following

transformation equations were obtained:

' cos4g> sin4 2 2 1 21)LR
117 T | + E L3 + cos ¢sin ¢ G — (2.47)
L R RL L
2 v in® 2 2
' . 2 2 cos ¢ rL°M ¢ - cos ¢ cos ¢
8,3 = sin ¢cos © E - B TG
L R RL
2 . 2 2 2
_Cos ¢ [VLTsm 0+ vLRcos ¢cos 6]
E
L
VRT sin2¢sin 0
- = (2.48)
R
\ sin4¢cos46 sin46 .2, .2 2
833" £ + = + sin @sin ¢cos 0O
L T
f 1 av LT 2 2 coszeco th
G -E.+cosecosq> ~Es
l_ LT L R
2 2 2
2 i i 2
2 pRees 9sin ¢ 2 pgoin @ , sin’e
EL ET GTR
.2
+S—C1;n—$ (2. 49)
RL
, 2 2 (1t ¥r
Sgp = 4cos ¢cos Bsin ¢ o + o
L R
.2 2 2
+ sinp S0 Cos b |, cos 0
TR LT RL
2 2 2
[cos ¢ - sin ¢] (2.50)

in which ¢ and 6 are defined in Figure 2. 3 and the other symbols
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have been defined earlier in the text. The transformed strain-stress

relation can now be written as
{e}=L[s'] {c'} (2.51)

in which {¢'} and {¢'} are the strains and stresses, respectively,

along the stud geometric axes; and [ s'] is defined earlier in the text.

2,5. Nonlinear Analysis

Three main techniques are available for the solution of non-
linear problems by the finite element method (11): incremental or
stepwise procedure (linear step-by-step analysis), iterative or
Newton method, and step-iterative or mixed procedure.

The incremental procedure was used in this study because of
the following reasons:

a. it is relatively simple and applicable to nearly all types of
nonlinear behavior,
b. it provides a relatively completely description of the deforma-
tion-load behavior, and
c. it provides the results at intermediate stages of the analysis.
It consumes, however, more computer time than the iterative tech-
nique.
The iterative method is faster and easier to use than the incre-

mental method. It is useful in the case in which the materials have
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different elastic properties in tension and compression (59). Its
principal disadvantage is that there is no assurance that it will con-
verge to the exact solution (13). Furthermore, the displacements,
stresses, and strains are determined for only the total load; hence,
no information concerning the behavior at intermediate loads is
obtained.

The mixed method combines the incremental and iterative pro-
cedures. It was not used in this study because there is no assurance

that it will converge to the exact solution.

2.5.1. Linear Step-by-step Analysis

As previously mentioned, the theoretical model and procedure
simulate the ASTM (3) flexure test depicted in Figure 3.2. The stud
was modeled by rectangular and triangular elements described in
Sections 2.3.1 and 2. 3,2. The flow diagram in Figure 2.5 shows
the most important steps in the linear step-by-step analysis. The
corresponding computer program is listed in Appendix A.

Load Q was applied gradually at increments of AQ and repre-
sented by {aQ} . The incremental displacements and stresses were
calculated by

-1
(k] {sq} (2. 52)

{aD}

{20 }

il

[B] {24} (2. 53)



Generate {2Q}

Generate [ K]

T

{aD} = [K]7! {aq)

Calculate element stresses
due to {2Q} (Equation 2.53)

due to {AQ} (Equations 2.55 and

Add displacements and stresses -

2. 56)
Is deflection due Yes
to {AQ} too large}
No
Do current stresses
No

indicate change in
linearity)}

Yes

Y.
Adjust MOE's of
appropriate elements

Print
accumulated
records

[End

Figure 2.5. Flow diagram for linear step-by-step analysis.
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in which
{aD} = displacements due to {2Q}
[Ki] = stud stiffness matrix. The subscript i is associated

with changes in linearity at any point in the stud.

il

{ac e} element stresses due to {aQ}

{ad}

element nodal displacements due to {aQ}
{aQ} and [B] are defined earlier in the text. After the nth increment,
the accumulated loads, displacements, and stresses are the sum of

the corresponding incremental values:

n
= 2.54
(8.} == (a0 (2. 54)
n
{D_} =j2=1 {ADj} (2. 55)
¢ }=% {80 .) (2. 56)

e(n)” =) %e(j)

in which {Qn} , {Dn} and {co e(n)} are the accumulated load, displace-
ment, and stress vector, respectively, and j is a dummy index of
summadtion.

The accumulated stresses along the grain, . , were compared

L

with clear wood stresses o associated with the actual elasticity

L’
properties of each finite element. A typical example of the ¢ L to €L

diagram is shown in Figure 2. 6. For example, the MOE of an ele-

ment changes from E1 to E2 after the element stress o L reaches its

actual PL-value. Wheno L reaches the clear-wood failure stress,
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Figure 2.6. A strain-stress curve of an element. Such
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. for each representative location of the stud.
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the element is considered broken and its elastic properties were
reduced close to zero.

When the MOE of one or more of the elements changed, a new
stud stiffness matrix is generated to account for such changes. The
analysis procedure continues as shown in the flow diagram in Figure
2.5.

The analysis is terminated when the change in midspan deflec-
tion due to AQ is greater than four times the corresponding deflection
during the initial load in'crement. This criterion was selected after
comparing the deflection-lbad curves of the experimental beams with
their corresponding theoretical solutions.

In cases where the geometric longitudinal axis of the stud does

not coincide with the grain direction, ¢ . was evaluated by the Mohr's

L
circle (7, 43, 47, 53) according to
c - L +0 (2.57)
¢, =——T cos 20 - T sin2<1>+—-———-z : '
¢ 2 Xy 2

in which the subscripts %, y and ¢ are defined in Figure 2.3 and Txy
is the shear stress in the x-y plane.

The midspan deflection, y, was obtained after each increment
from the accumulated vertical displacement of an element node at
midspan (equation 2.55). The corresponding load equals to Qn = nAQj.

The relation of y, to Qn is the desired deflection-load curve of the

stud.
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III., VERIFICATION

The verification of the procedure and computer program was
accomplished by comparing the experimental results with the corres-
ponding theoretical results.

The experimental results were obtained by testing in flexure
five 96 inches long Douglas-fir studs of nominal size 2- by 4-inches
in accordance with the ASTM Standard D198 (3). The studs were then
theoreticxzlly analyzed by the developed finite element procedure
using the experimentally obtained elasticity properties for the repre-

sentative locations on each stud.

3.1. Selection, Preparation and Characterization

of Specimens

Douglas-fir studs were chosen regardless of grade with the
prime consideration that they can be easily characterized. Studs
with clustered knots, warps and splits were avoided. Those with
smaller grain angles were preferred.

The specimens were obtained from the sawmill unseasoned.
They were dried and equalized to about 8% moisture content in the
dry kiln of the Forest Research Laboratory, Oregon State Univercity.
Five specimens, three of which were cleir of knots, were chosen out
of about 150 studs selected at the mill.

Each of the five chosen specimens was carefully inspected and
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mapped for strength-reducing characteristics. The diameter and
location of knots were recorded. The grain angles were measured
every 12 inches or less depending on whether there were local grain
disturbances between the 12-inch intervals. The ring angles were
measured, after the test, every 18 inches. Figure 3.1 shows the
characteristics of specimen number 5. The moisture content and

specific gravity were also determined and are shown in Appendix L.

3.2, Flexure Test

The specimens were tested in flexure to failure in accordance
with ASTM Standard D198 (3) on a Tinius Olsen testing machine with
a maximum load capacity of 60, 000 pounds. The undamaged parts of
broken studs were saved for elasticity evaluation. The beam span was
90 inches. Strains were measured by Linear Variable Differential
Transformers (LVDT) at the tension and compression sides of the
specimen as shown in Figure 3.2. Figure 3.3 shows a direct-current
LVDT used in this study.

Generally the LVDTs measured elongations or contractions at
certain spans. They produce electrical outputs proportional to the
displacements of a separate movable core (24). In this investigation
the electrical signals were sent to a data acquisition system where
they were converted into linear displacements in inches and plotted

by an X-Y recorder.
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e 1./3 L/3 > L/3 -——7
f LVDT |
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Figure 3.2. Stud loading condition and location of LVDT's.
Q is the load and L is the beam span. . The
LVDT span was about four inches.



core at left. The LVDT is about 3. 25
inches long and the core is about 1. 31 inches
long. The resolution of the LVDT was

0.0001 inch.

Figure 3.3. A photograph of an LVDT with the movable
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Continuous graphs of the load to the midspan deflection, also
recorded for the specimens, are shown in Figures 3.11 and 3. 12.
From these deflection-load graphs, subdivided in three linear sec-
tions, the secant moduli of elasticity were calculated by:

23Q1L3
F1 T 1296 y,1 -

23(Q2-Q1)L3
= 3.2

23(0,-Q,)L°
= 3.3
37 1296 (y,-y,)1 -2

in which
El’ EZ’ E3 = moduli of elasticity at the three sections of the
deflection-load curve (psi)
le QZ’ Q3 = total stud loads at points A, B, and C, respec-

tively, in Figures 3.11 and 3.12 (pounds)
L. = beam span (inches)
Yy Yy Y3 midspan deflections (inches) due to loads Ql’ QZ’
and Q3, respectively,

and

4
I = moment of inertia of the beam (inches )
The stresses associated with loads Ql’ Q‘Z and Q3 were

calculated from
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QlL

Sl = (3.4)
bh
QZL

SZ = —— (3.5)
bh
Q3L

S3 = = (3.6)
bh

b = breadth of beam and
h = depth of beam
The calculated experimental moduli of elasticity and stresses

in bending for the experimental studs are shown in column three of
Table 3.1. The load at PL (Ql) was obtained by determining where
the deflection-load curve starts to deviate from a straight line. Q3
is the load at the maximum point of the curve. Q2 is the load at a
point about midway between Ql and Q3. The three section moduli
(El, E2 and E3) were calculated considering the points where Ql’ Q2
and Q3 were located.

3.3. Compression and Tension Tests of
Small, Clear Specimens

The elasticity properties of the representative locations for
each of the five experimental studs were obtained by testing small,

clear specimens cut from the undamaged parts of each of the broken
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studs. The specimens obtained from the lower half of the beam depth
were tested in tension and those from the upper half were tested in
compression.

The dimensions of the tension and compression specimens
are shown in Figure 3.4.

The tension specimens were tested by the Instrom testing
machine (Figure 3.5). The compression specimens were tested
on the Tinius Olsen testing machine (Figure 3.6) which has much
higher load capacity than that of the Instron. The test speed was
chosen to correspond to the stud-beam test; strain rate of 0.001
in./ in. min. corresponded to the ASTM Standard D198 (3) and was
the same for both kinds of test. LVDT's were used to measure
deformations. Specimens were tested to failure. Continuous curves
were recorded for each point monitored. Elongation-load curves
were determined for tension specimens and shrinkage-load curves
for compression specimens.

The experimental deflection-load curves were subdivided into
three sections as shown in Figure 1.1, The moduli of elasticity
and the corresponding stresses were calculated for each specimen

by:

QlL
El = YI—A (3.7)
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Figure 3.4. Dimensions of the tension (a) and’
compression (b) specimens.




Figure 3. 5.

The arrangement for tension tests in
the Instron testing machine. The
LVDT was adjusted to a span of about
six inches.

46



Figure 3.6.

The arrangement for compression tests in
the Tinius Olsen testing machine. The
LVDT span was about four inches.
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(QZ-Ql)L

E,. = — (3.8)
(Q,-Q,)L

E_ = __._?_’___2__ (3.9)

3 (Y3-Y2)A

Ql

= — 3.10

Sl A ( )
Q
2

= — 3.11

Sz A ( )
Q
3

= = 3.12

S3 A ( )

in whichs

A = cross sectional area of specimen (inches )
L = span length within which deflections were measured
(inches) and
Yyr Yo Y3 7 deflections within span L due to loads Ql’ Q2
and Q3 , respectively.
All other symbols have been defined earlier in the text. The results,
listed in Appendix J, were used to represent the elasticity and
strength properties of thelocations on the stud from which the cor-
responding specimens were cut.
The properties of the broken sections of the studs are the most
important elements in the analysis. However, no clear specimens
can be obtained from these sections. Therefore, the average elasti-

city and strength values of the undamaged sections were used to
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approximate the properties of the broken sections of the stud.

3.4. Finite Element‘Mesh

The mesh refinement for the experimental studs was limited
by the capacity of the computer system used. For the Cyber 73, the
computer system of the Oregon State University, the limit was the
mesh with 170 elements and 190 nodes. The mesh refinement is
important because the finer the mesh the closer the results to the
true solution (8, 11).

The three experimental studs of clear wood are denoted as
stud No. 1, 2 and 3. These studs had no other defects except for
the grain orientation. The final finite element mesh for these studs
was chosen after analyzing stud No. 2 with two kinds of mesh and
examining the results. The first mesh had 156 elements and 135
nodes (Figure 3.7a). The second mesh, with 200 elements and 157
nodes (Figure 3.7b), had finer elements than the first mesh in the
middle third of the stud. The results shown in Figure 3.8 indicate
that the deflection-load curve obtained by using the finer mesh
(Figure 3.7b) is not very different from that obtained using the
coarser mesh (Figure 3.7a). Since it is less expensive to analyze
the mesh with fewer elements, the mesh in Figure 3.7a was adopted
to analyze studs Nos. 1, 2 and 3.

The mesh for the two studs containing knots, stud No. 4 with



on 10"

20 n

4om 50"

70"

80"

90"

Oll 10"

20"

(a)

40 1] 50"

90 "

7Q|| .

80 n

Y

Figure 3.7. The two mesh refinements studied to determine the sizes and number of elements used in the

()

analyses of the three clear wood studs.

09



51

t

lSQO*
16OOT
1400 1
1200 ¢
1000
Load

®
(1b) 800 1 .

600 + 7 X '= coarse mesh
/4 O = f{ine mesh
400 { Y/

200 1

v

1 2 3

£

Deflection {in.)

Figure 3.8. Deflection-load curves of stud No., 2
obtained experimentally (solid line),

" ‘and theoretically using two finite ele-
ment models, The coarse mesh con-
tains 156 elements while the fine mesh
has 200 elements. :
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189 elements and 199 nodes and stud No. 5 with 173 elements with
184 nodes are shown in Figures 3.9a and 3.9b, respectively. The
material properties of stud Nos. 1, 2, 3, 4, and 5 are listed under
the input data in Appendices B, C, D, E, and F, respectively. The
data may be identifiea from the commentaries of the computer pro-
gram (Appendix A).

Figures 3.7 and 3.9 also depict the boundary and loading condi-
tions. The left bottom corner of the stud is fixed against horizontal
translation and the right bottom corner is free. Two equal loads
are applied at a distance of 30 and 60 inches from the supports.

In the analysis the load is continuously being increased by
small increments. The smaller the increment the closer the approxi-
mation to the solution. Therefore, stud No. 2 was analyzed three
times using the increments of total load, aQ, of 30, 50 and 200 pounds.
Figure 3. 10 shows the results. The deflection-load curves for aQ
equalling 30 pounds and 50 pounds are almost identical. The curve
with 4Q equalling 200 pounds is somewhat stiffer than the first two.

Small load increments require more loading cycles which re-
quires more computer time. Large load increments require less
computer time, but the analysis is less sensitive to changes in load
and deflection. To optimize between computer time needed and the
analysis sensitivity, AQ was selected as 50 pounds‘.

Knots are assumed to have negligible resistance to tensile
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Figure 3.10. Deflection-load curves of stud No. 2 showing
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stresses. In compression, they are assumed to resist higher loads
than normal clear wood. The elastic properties of elements contain-
ing knots on the tension half of the specimen were agsigned values
close to zero. Elements containing knots in the compression side
were assigned values equal to those of the normal clear wood in
tangential direction, that is, the weakest orthotropic direction in

wood,

3.5. Comparison of Experimental and
Theoretical Results

The deflection-load curves obtained thearetically and experi-
mentally for the experimental studs are shown in Figures 3.11 and

3.12. The moduli of Elasticity E;, Ep and E, and the maximum

3

stress (S3) were calculated using equations 3.1, 3.2, 3.3, and 3.6,
respectively. The deflections Yy and y, were the same as those of
the experimental curves. The percentage difference between the
theoretical and experimental values were calculated by:

Experimental-Theoretical
Experimental

% difference = x 100% (3.13)

The results are shown in Table 3. 1.

The differences between the experimental and theoretical
results for the MOR range from 10. 1% to 25. 3%.

This can be considered as a«significant improvement over the
current method for allowable stresses, that develops the allowable

stress from the values for the clear wood MOR, which is reduced for
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Table 3. 1. Experimental and theoretical values of load, MOE and MOR.

between the experimental and theoretical values of MOE and MOR are given.

58

The percentage difference

Stud Property Experimental Theoretical Percentage
No. value value difference
1 2 3 4 5
1 Q, (1) 1,284 1, 140
Q, (1b) 1,800 1,500
Q; (Ib) . 2,465 1, 840
E, (psi) 1, 856, 000 1,647, 800 11,2
E, (psi) 1,733,900 1,209, 700 30.2
E, (psi) 1,203,200 615,200 48.8
MOR (psi) 12, 640 9, 440 25.3
2 Ql 797 700
Q, 1,231 1, 090
Q, 1, 661 1, 350
E, 1, 801, 700 1,582, 500 12,2
E, 1,732, 300 1,556, 700 10,1
E, 1, 689, 900 1,021, 800 39.5
MOR 8,490 6, 900 18.7
3 Q, 888 850
Q, 1, 690 1,520
Q, 2, 352 1, 920
E, 1, 953,700 1,870, 100 4.3
E, 1, 890, 600 1,579, 400 16.5
E, 1,481, 200 895, 000 39.5
MOR 12, 310 10, 050 18.3
4 Q1 247 330
Q2 360 470
Q3 472 550
E1 1, 336, 300 1,785, 400 -33.6
E, 1, 152,200 1,427, 500 -23.9
E, 1, 060, 400 1,009, 900 4.8
MOR 2,470 2, 870 -16.2
5 Q1 264 360
Q2 511 610
Q3 748 825
E, 1, 612,200 2, 198, 400 -36.4
E, 1, 508, 400 1,526, 700 -1.2
E, 1, 412, 900 1,281,700 9.3
MOR 3,750 4,130 -10.1




defects and safety. The current method was reported to produce a
working stress which is 400% lower than the actual stress (38).

The difference range for E. is 4. 3% ta 36.4%, for E,, 1.2%

1 2’

to 30. 2%, and for E,, 4.8% to 48. 8%.

3’
The effects of the stud properties used in the analysis on the

accuracy of the theoretical deflection-load curves are discussed in

section VI,

59
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IV. PARAMETER STUDY

A parameter study was conducted to determine the effect of six
parameters on the deflection-load curves. The parameters are:

moduli of elasticity E E_ and ET, clear-wood stresses Sl’ S2 and

L’ "R

S G and G

LT’ LR TR’ Poisson's ratios Vv

3 moduli of rigidity G LT

v grain angle, and ring angle.

71’ "Lr’ 'R’ VTR’ VRT’

4.1. Procedure

Experimental stud No. 2 was selected for the parameter study.
Only one parameter was increased at a time leaving the others un. -
changed. Table 4.1 depicts the parameter changes. The magnitude
of the parameter change was determined on the basis of the author's
opinion as to a possible margin of error in experimentally determined
parameter values. For each parameter change, the stud was analyzed
by the procedure developed to obtain the deflection-load curve. The
curves were divided into same three sections as the curves for con-
trol model with no parameter change (Figures 4.1 and 4.2). The

moduli of elasticity E EZ’ E3, and modulus of rupture S3 were

l!
calculated by equations 3.1, 3.2, 3.3 and 3.6, respectively, and
compared to the corresponding values computed for the control model.

The percentage differences between the results for the actual and

changed properties were calculated by equation 3.13.
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Table 4.1. Magnitude of parameter increases used in parameter

study.
Parameter Magnitude of Increase
Moduli of elasticity 25%
Moduli of rigidity 25%
Poisson's ratios 100%
Clear wood stresses 50%
. o
Grain angle 5
. o
Ring angle 20

4.2. Results

Figures 4.1 and 4. 2 show the results of the parameter study.
Table 4.2 gives for each parameter change the stud moduli and the
percentage differences between the results from the control and
changed values.

The E, of the stud increased by 20% when the MOE used for

1

the elements was increased by 25%. E3 increased by 13%. E2 and
MOR did not change much.

If the grain angle of the stud is increased by 50, the E1 de-
creased by 12.9%, E2 decreased by 5.7%, whereas E; and MOR did
not change much.

When the clear wood stresses used for the elements were

increased by 50%, the stud MOR increased by 48.4%. However,
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Figure 4.1. Deflection-load curves for the control medel, and

for the model with increased MOE's, grain angle
and clear wood stresses.
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"Figure 4.2. Deflection-load curves for the control model,

and for the model with increased Poisson's
ratio, modulus of rigidity, and ring angle.
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Table 4.2. Moduli of elasticity and rigidity for deflection~load traces of control model and models

with changed elasticity property.

Parameter value E E E MOR
1 2 3
changed . . : :
(psi) (psi) (psi) (psi)

Control 1,620, 400 1, 354, 700 704, 000 7,920
MOE x 1,25 1,944, 500 1,316, 000 795,700 8,170
% difference -20.0 2.9 -13.0 -3.2
Grain angle + 50 1,410, 700 1,432, 100 725,200 7,920
% difference 12.9 5.7 -3.0 0.0
Clear wood

srresses x 1, 5 1,611, 000 1,291, 600 692, 500 11,750
% difference 0.6 4.7 1.6 -48.4
Poisson's ratio x 2. 0 1, 620, 400 1, 354,700 726,900 7,920
% difference 0.0 0.0 -3.3 0.0
Modulus of

rigidity x 1,25 1,632, 600 1,334, 500 682, 500 7,920
% difference -0, 8 1.5 3.1 0.0
Ring angle + 200 1, 620, 400 1, 334, 500 715, 300 7,920
% difference 0.0 1.5 -1.6 0.0




E
El’

had a negligible effect on E

65

‘and E_ did not change much,

2 3

Changes in Poisson's ratio, shear modulus and ring angle values

EZ’ E_, and MOR.

1’ 3
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V. SIMULATION PROCEDURE

The finite element method for wood stud analysis may be applied
to model study populations. Studs may have any of the commonly
found wood defects such as ring angles, grain angles and knots.
Figure 5.1 depicts a flow diagram of the procedure. The most im-
portant steps are the generation of stud properties, formulation of
a finite element model, axial transformation of elasticity properties,
and abpplication of the linear step-by-step analysis. These steps were
individually discussed earlier in the text.

A computer program prepared for the simultaion procedure

is explained and listed in Appendix A.

5.1. Generation of Material Properties

The procedure generates a stud model with diameter and loca-
tion of knots, grain and ring angles, and elastic and strength proper-

ties from their corresponding probability distribution.

5.1.1. Diameter and Location of Knots

The knot diameter, determined by assuming that its probability

distribution is uniform (60), was obtained from:

DIAM = 10 [RANF(A)] - 2.5 X (5. 1)



Generate knot
diameter and

location

Generate 'grain
and ring angles

Generate MOE's
and clear wood
stresses

Simulated
stud model

Construct finite
element model

y
Determine element

nodes and nodal
coordinates

Linear step-by-step
analysis

Yes / Is another
stud to be

Figure 5. 1.

\\ anhalyzed?

End

Flow diagram for simulation procedure.
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where
RANF(A) = random number generator on OSU Cyber 73. It
generates numbers from a uniform distribution
with a range from 0 to 1.
DIAM= knot diameter with a range from 0 to 2.5 inches.
= multiple of 2.5 which would reduce the knot
diameter within the desired range.

The knots were assumed to be solid and formed continuous
parts of the stud. However, they have material properties different
from those of clear wood. The area they occupy are, therefore,
designated by separate elements. Because knot diameters follow a
continuous distribution, it would be impossible to develop a finite
element mesh that could account for knot sizes with very small size
increments. Therefore, for convenience in modeling knots, an
increment of 0.5 in. in the range from 0.0 to 2.5 in. was chosen
to classify knot diameters. Table 5.1 gives the knot diameter cor-
responding to the generated diameter values. Two and one-half
inches is the maximum diameter allowed under the Stud grade (56).
The computer program allows to reduce the range of knot diameters,
if desired. Table 5.2 gives the range of knot diameters chosen in
examples of this study. Some of the knot diameter ranges were
chosen to account for the requirements of Stud, Construction,

Standard and Utility grades (56). The Stud grade was used in this



study. The other diameter ranges were included for an eventual

future use.

Table 5.1. Generated value and the corresponding knot diameter
used in simulating the stud model.

Generated value Knot diameter (in.)
0.00 to 0. 25 0.0
0.26 to 0.75 0.5
0.76 to 1.25 1.0
1.26 to 1.75 1.5
1.76 to 2. 25 2.0
2.26 to 2.175 2.5

Table 5.2. Values of variable IP and the corresponding knot

diameter ranges considered by the model.

IP* Knot diameter range
(in.)

t

1
[ S AC T & PR AN I AV E\J
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*IP is the variable in the computer program which controls the
range of knot diameters.

The knot location was assigned by dividing the stud into 1260
sections of size 0.5- by 0.5-inch. One section, designated as the

center of the knot, was picked at random by the equation

LOC = 10,000 [RANF(A)] - 1,260 X (5. 2)
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where
LOC = number of part where the center of the knot is located
X = multiple of 1, 260 which would reduce the location
number within the desired range

RANF(A) = defined earlier in the text.

5.1.2. Grain and Ring Angles

The grain and ring angles were obtained in the same manner as
that of the knot diameter and location. The range of the ring angles
is from 0° to 909, and that of the grain angles is from 0° to 14°.
Fourteen degrees is the maximum grain angle allowed under the
Stud grade (56).

The generated values for grain angles were used for elements
not disturbed by knots. For elements around knots, the grain angles
are distorted and are, therefore, increased according to their loca-
tion around the knot as shown in Figure 5.2. If the diameter of the
knot is larger, the area of the affected elements is increased pro-

portionately.

5.1.3. Elastic and Strength Properties

The MOE's and stresses of clear wood were based on the
assumption that their frequency distributions are normal (60). The

following equation (15) was used:



Figure 5, 2.

Elements disturbed by knots. The square
containing letter K is the area occupied by
the knot. A knot can be located in any of
the square elements. The numbers in ele-
ments around the knot are the magnitude in
which the grain angles are increased over the
actual local orientation in these elements.
The magnitude of the grain angle increment
around knots was determined by inspecting
the grain angle distortions around knots in
lumber.
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X = p+(-2crzanl)% cos Z’ITUZ (5. 3)
in which
X = generated value of the property
p = average value of the property
o . = wvariance of the property, and
Ul’ U2 = random numbers ranging from 0.0 to 1.0 generated

from a uniform distribution.
The frequency distributions of MOE's and stresses of clear
wood were obtained from the results (unpublished) of a recent bending
test of small, clear Douglas-fir specimens conducted at the Forest

Research Laboratory, Oregon State University.

5.2. Finite Element Mesh

Figure 5. 3 shows the stud model. It could be applied to studs
generated in the simulation procedure. This model was chosen be-
cause of its efficiency in modeling knots. The stud was divided into
36 sections along its length with each section 2.5 inches long. Each
section was designated by letters A through F. For clear wood stud,
the mesh in Figure 5. 3a is used. Knots may be modeled by substitut-
ing sections of the clear-wood mesh with the appropriate mesh defined
in Figure 5. 3b through 5.3g. Any one of Figures 5. 3b through 5. 3g

may be substituted with a section of a stud in Figure 5. 3a depending

#r
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on the location of the knot. The letter designating a section in Figure
5.3a corresponds to the letter in one of Figures 5.3b through 5. 3g
to be substituted where the critical knot is located in the stud. The
knot is located in one of the square elements in Figures 5. 3b through
5.3g. For example, if the knot is located in section 15 of Figure
5.3a, sections 14, 15 and 16 are replaced by Figure 5.3e. The
elements and nodes are re-numbered and nodal coordinates deter-
mined.

One limitation of the method is that edge knots can not be
modeled. However, this could easily be added to the procedure by
assigning a certain area in the wide face of the stud to a knot with

the same strength-reducing effect as that of the edge knot.
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VI, DISCUSSION

This chapter deals with the finite element model and simulation
procedure, accuracy of stud properties for verification and its effect
on the theoretical results, and with the applications of the finite

element model and simulation procedure.

6.1. Finite Element Model and Simulation Procedure

The finite element method used in this study is able to predict
the deflection-load curves of studs with sufficient accuracy. However,
the method has some limitations. The material properties are as-
sumed to be constant within the element, which usually is not true
in case of wood. The number of elements, which has an effect on
the accuracy of the results, is limited by the memory capacity of
the computer being used. Finally, the actual three-dimensional stud
is described by a two-dimensional finite element model.

The simulation procedure has also its limitation. The material
properties of studs follow certain probability distributions which can
not be exactly defined. These distributions are approximated by

known probability distributions.

6.2. Accuracy of Stud Properties for Verification
and Effect on the Theoretical Results

The stud properties for the analysis are obtained by testing,
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from previous studies, and methodical mapping and inspection of

stud defects,

6.2.1. Moduli of Elasticity

The EL' s used in the verification of the finite element method
were obtained from tension and compression tests of the undamaged
parts of the stud after testing. The broken parts, the most important
sections of the studs used for the verification, were only approxi-
mated by the average EL' s of the undamaged parts. Considering the
high variability of wood even in the same piece of lumber, the average
E_'s of the undamaged sections could be different from those of the

L

broken parts. The ET and ER values were determined by using
regression relations developed in previous studies. The regression
relations were based on a specific sample of small clear specimens.
Therefore, it is highly possible the properties of studs used for
verification deviated from the actual values. Such deviations or
errors in the determination of the true MOE's of the stud could sig-
nificantly alter the computed deflection-load curve of the stud. Be-
cause, as shown in the parameter study, an increase of the MOE
values used in the analysis by 25% caused an increase in the stud E

1
value by 20%,
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6.2.2. Shear Moduli and Poisson's Ratio

The shear moduli were determined using regression relations
from previous studies, and Poisson's ratio values were taken from
previous research. These values and relations could be different
from those of the stud. However, this is not very important because,
as shown in the parameter study, these factors did not affect the
deflection-load curve of the stud. The results of the parameter study
on Poisson's ratio agrees with the works of Brodeau (5), Fung (16)
and Walker (55) who concluded that accurate determination of Poisson's

ratio does not seem very critical in solving plane stress problems.

6.2.3. Grain and Ring Angles

The grain and ring angles were obtained by measurement. They
were measured at a certain interval along the stud length. Due to the
natural variability in the grain and ring directions, it is virtually
impossible to obtain the exact angles for the elements. Only the grain
angles at the stud surface can be measured. It can not be ascer-
tained if the grains are twisted or changed directions inside the wood.
The grain angles of elements around knots are also difficult to cbtain
because they are not constant. Errors in the angle determination
should lead to errors in the theoretical deflection-load curve of the

stud. From the parameter study discussed in an earlier section of



78
the text, the ring angle was not a significant factor in the analysis.
o .
However, an increase in the grain angle by 5 caused a decrease in

the E. value of the stud by 12, 9%, or about 2. 6% change in E

! per

1

degree error in grain angle.

6.2.4. Clear Wood Stresses

2 S3) associated with the MOE's

The clear wood stresses (Sl, S
(El’ EZ’ E3) like the EL"s were obtained from tests of small clear
specimens. They are, therefore, subject to the same type of error
as those of the EL's. The clear wood stresses of the broken sections
of the stud were approximated by the average stresses obtained from
the undamaged parts. From the parameter study earlier in the text,
the clear wood stresses are critical in the determination of MOR.

An increase in clear wood stresses by 50% caused an increase in MOR

of the stud by 48.4%.

6.2.5. Knots

The elastic properties used for the knots could also have
affected the theoretical deflection-load curve of the stud. The negli-
gible value assigned to the elasticity properties of knots in the tension
side of the stud could have decreased the MOE of the stud. The
elasticity properties assigned to knots in the compression side, i.e.,

properties of clear wood in the tangential direction, could be too low
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thus decreasing the MOE of the stud. These suggest that studies on

the properties of knots are necessary.

6.3. Applications of the Finite Element Model
and Simulation Procedure

The finite element model and simulation procedure developed
in this study could be used to determine the stiffness and strength
of studs used in walls. This will make it possible to obtain a more
precise information on the behavior of walls under certain loading
conditions.

The theoretical method could also be used as a substitute for
an actual bending test. The allowable design stresses and MOE of
different lumber grades and species could be determined theoretically.
This is possible for wood species in which clear wood values are
available. This procedure is less expensive than the current method

of actual tests.
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VII. CONCLUSIONS AND RECOMMENDATIONS

The most important conclusions of this study are:

The finite element method is an excellent procedure to employ
in the analysis of wood studs.

The finite element model and simulation procedure developed
in this study can be used to approximate the deflection-load
curves of studs.

An increase in the accuracy of stud properties will increase the
precision of the computed deflection-load curves.

An increase in the MOE values alone by 25% increased the stud
E, value by 20%; an increase in grain angles alone by 5° de-

1

creased the stud El value by 12.9%; and an increase in clear
wood stresses alone by 50% increased the stud MOR value by
48.4%.

Poisson's ratio, shear modulus and ring angle, taken singly,
are not important properties affecting the accuracy of the
deflection-load curve of the stud.

The recommendations of the study are:

Studies on the elasticity properties of knots should be done.
The probability distributions of wood properties should be

defined.

Further studies should be conducted on the application of the
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developed model and procedure on the determination of allow-
able design properties of different lumber grades and species.

A study should be conducted to determine the effects of combina-
tions involving any of MOE, MOR, grain and ring angles,
Poisson's ratio and shear modulus on the theoretical deflec-

tion-load curve.
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APPENDIX A: COMPUTER PROGRAM

A computer program writtén in Fortran IV language
was prepared for the model and procedure described in
Sections II and V. It is based on the programs reported
by Zienkiewicz (62) and White (58). The program is
listed at the end of this appendix. Subroutines were
added to
l. Check element stresses and change, if necessary,
elasticity properties of the elements,

2. Generate material properties of a hypothetical
stud, and | |

3. Determine the finite element mesh used iﬁ the
analysis.

One subroutine was modified to account for changes in

elasticity properties due to grain and ring angles.

The computer program was adapted fér the Oregon
State University Control Data Corporation Cyber 73
computer system which has enough storage for 170 elements,
190 nodes, 10 nodal boundary conditions and 170 different
materials. .The maximum half-band width of the stiffness
ma#rix is‘20. It takes about 85 seconds of computer .
time to analyﬁe\the problem given in Appendix C and
280 seconds for the problem in Appendix G. ‘

The program.consiéts of the main program and 11

subroutines. DMore information about the program and
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subroutines is shown in the numerous commentaries of

the program. The program is listed as follows:

aaaoaoaoo

oo

QOO0 OO0 a00O0000O00

(3 Xy Xyl

aoo

PROGRAM FERN (INPYUT=/88., 0UTPUT,TAPES=INPUT
2,TAPE1S,TAPR2] =0uTPUT)

PLANE STRESS FINITE ELEMENT PROGRAM
PART OF THE PROGRAM WAS TAKEN FROM THF FINITE FLEMENT
METHOD. IN ENSINEZRING SCIENCEC($971) BY ZIRNKIEWIGZ, AND
R. WHITE®S M.S. THESIS. IT WAS MODIFIED AND EXPANNED
TO HANDLE STUD TESTS

COMMON /DATA /TITLE(8) ,NP,NE,NB,NDF,NMAT ,NSZF,NLD. 1P
1sCDPINC,NMP LDMAX NLNP 2 IVL16,J5IM,NSIM

2,1STD, [ENDD,JSTS,JENDS, EAV,ESD,AMOR, SOMOR
3,AST2,ASPLLE2,E13,RING,ADEF, ISEED

COMMON CORD(190,2),NCP(178,4),IMATCI73),0RT(172,7)
1oNBCCIB)LNFIX(I0),R]€389),SK(36@,28) ,NODES(170)
2,KP 1T LD T L IKC1TDILESTC(178536),80ATAC)170,24)
3,R(3),ESTIFM(12,12),A(8,5),8(3,8),RSCR),SMAX(17D)
4,N0C183,LBC1T78),RR(18,2),SMINCIT3),ANG(1TR)
S,ERAT(12,2),5PL(12),STR2¢12)5XMORC12),NT¢178)
6,5T(178),1X(178),0RTHOC12,14),GR(:T78),STGRN(:TA)
T,FORCC179,3),D1SP(2,190),RANDC5) ,COORD(:5@,2)
BoNOPP(173,4),ASMAX(1T9)

READ INPUT GEOMEZTRY AND. PROP.

READ(S,#*INSIM,JSIM, 1P, ISEED

00 382 UN=!1,NSIM -
CALL ADATACUN) .

‘NSZF=NP*NDF ) )

NSIM=NQ. 0P SPECIMENS TO BE THEORETICALLY TESTED
JSIM=1 IF SPECS. ARE TO BE THEGRETICALLY OBTAINED

1P=4 IF RANGE OF ANOT NIA. (RKD)>=@3. TO 2.5 INe.
2] IF RKD = 1.0 TO 2.5 IN.

22 [F RKD= 1.5 TO 2.5 INe.

=3 IF RKD= 2.8 TO 2.5 IN.

=S IF RXD= 9. TO 1.5 IN.

26 IF RKD= @« TD 1.@ IN.

27 IF RKD= 1.8 TD 2.2 IN.

=8 IF RKD= A. TO 2.8 IN.
IF 1SEED=!,THE STARTING SEED IN RANDOM NO.

. GENERATION IS THE SAME.
NSZF=NUMBER OF EQUATIONS IN THE SYSTEM

NLDSNUMBER OF LOAD CASES

00 260 LI=1,NLD
READ LOAD

CALL LOAD(LI} - ‘
FORM, THEN SOLVE SIMULTANEOUS EQUATIONS

CALL FORMK(LI)
CALL SOLVE

CALCULATE FORCES AND'STRESSES.
CALL STRESS(LI,JN)

IF(ADEF.GT.CD)30 TO 300
CALL CHECK(LI)

208 CONTINUE
388 CONTINUE



STOP -
ENO Lo

SUBROUTINE GDATACJIN)

COMMON/OATA/TITLECB) » NPLNE,NB,NDFsNMAT,NSZF»NLD, 1P
12COsPINCINMPLDMAXSNLNP» IV, 16,J51MsNSIM
2:ISTO:lENOD;JSTS:JENDS:EAV:ESD:AMQR:SDMOR
3,AST2,ASPL,EI2,E13,RING,ADEF, I1SEED '

COMMON CORDC198,22,N0OPC173,4), IMATCIT3),0RT(171,T)
1,HNBCCI@),NFIXCID),RICABO),5K(380,23),NODES(]70@)
2,KPC(170),L0C178), IKC1 78, EST(176,36),8B0ATACI708,24)
3:R(;).ESTIFM(l2:l2);A(Bn6):B(3.8):RS(B):SMAK(l70)
A,NQCTI@)LLBC1 70, RRE1D,2),SMINCITE)ANG(] T0)
S:ERAT(l2:2)nSPL(l2);STR2([21.XMOR(I2):NI(l70)
£,STC1TD),IXC173),0RTHOCI2,14),GRCLTB),STEGRNC(Y 7))
7:FORC(l70:3):bl‘?(2al9ﬂ):RANO(5):CO0RD(190:2)
8»NOPP(|70:4):ASNAK(I7B)

REWIND 1S

Cc
C READ TITLE AND CONTROL
c .
IF(IN.GT.1)GO TO 221
READ(S, YTITLE
7 FORMAT(BAG)
IFCJSIM.NE.1)GD TO S84
REAO(S:t)EAV,ESO;AMORnSOMOR.AST2:ASPL.EI2;EI3
504 READ(S,*)NP,NE,NB,NDF,NMAT, 11 ,NMP,DMAX
2,PINCoNLNP.NLO> I1STO» IENOO, JSTS» JENOS

NPP=NP

NEE =NE

IFCJSIM.NE.1)GD TO 289

221 CALL SIMI
280 DO 200 1=1,NE

Lecl)= LD(l)-lK(l) IXC1)=3

SMAXC1)=SMINCI)=STGRNC(1)=5T¢1)=0.

DO 202 J=1,3 3

FORC(1,0)=0.

290 CONTINUE
. 00 201 1=1,NP
DO 231 J=1,NDF
DISPCJ,1)=0,
281 CONTINUE

NP=NUMBER OF NOOAL POINTS

NE=NO. OF ELEMENTS .

NB=NUMBER OF RESTRAINED BOUNDARY NOLES
NOF=N3. OF OEGREES OF FREEDOM PER NODE
NMAT=NUMBER OF ELEMENT MATERIAL TYPES

[sEesNeNesExXe]

[
[
C

40QQOQQQQQQQO_QQQ.QQQQQ~QQ

1)= @ IF INPUT DATA ARE TO BE PRINTED
PINC=LOAD INCREMENT (NEGATIVE DOWNWARO)
OMAX=DEFLECTION AFTER THE FIRST LDAO BEYOND WHICH
. PROGRAM STOPS (NEGATIVE OOWNWARD).
NMP=NODE AT POINT WHERE OMAX IS osrsxnlnso
NLNP=ND. OF LDADED NODAL POINTS
I1STD=NGOE ND. IN WHICH PRINVING OF OISPLACEMENTS STARTS
TIENDO=NODE NO. IN WHICH PRINTING OF DISPLACEMENTS ENDS
JSTSELEMENT NO. IN WHICH PRINTING OF STRESSES STARTS
JENDS=ELEMENT NO. IN WHICH PRINTING OF STRESSES ENDS
EAV=AVE. CLEAR WD0OO MODE OF SPECIES
ESO=STANDARD" DEVIATIONCS0) OF MOE
AMDR=AVE. MODULUS OF RUPTURE(MOR)
* SOMDR=SD OF MOR »
ASPL=AVE. STRESS AT PROPORTIONAL LIMIT
AST2=AVE. STRESS AT PDINTS BET. MOR AND SPL(DEPENDS -
ON WHERE SECANT E CHANGES)
EI2=RATIO OF AVE. E2 TO EAV
EI3=RATID OF AVE. E3 TO EAV ~

READ MATERIAL PROPERTIES

IF(JSIM.NE.1)GO TO 898 .
1ENOO=NP
JENDS=NE -
WRITE(21,807)JIN

837 FORMAT(//1X,"SIMULATION SPECIMEN NO.'",14)

838 IFC(I1«NE.O)GO TO 28
WRITE(21,180)TITLE

190 FORMAT(//1X,8BA677)

" IFCJSIML.EQ.1)GD TO 150
28 00 38 J=1.,NMAT
30 REAOD(S,#+)N,(ORTHO(N,1).1=1,14)

GO TO 153

GENERATE MATERIAL PROPERTIES

150 I1FCISEED.NE.1)GD TO 982
00 152 1=1,2
152 . RAND(1)=RANF(A)
GO TO 9va
9232 XT=RANSET(TIME(A))
RAND (1) =RANF (B)
XTI=RANGET(XT)
. RAND(2)=RANF (C)
984 ORTHOC1,1)=FAV+SURT(- 2.2ESDE*2+4ALOGIRANDCT) ) *
PCOS(2.¢3.1416%RAND(2))
N2=NE +1
ORTHOC(1,2)=0RTHO(1,1)+0.868

06



a0

153
222

61

[sRe¥ o]

31
223
224

906

908

ORTHO(1,3)=ORTHO(2,3)=0RT(N2,3)=08.292
DRTHOC1,4)=DRTHO(2, 4) =0RT(N2,4)= 0 220
ORTHO(1,5)=0RTHOC(1,1)+0.364
ORTHOC},6)=0DRTHO(§,1)%8.050

ORTHOC), 7)=0RTHU(1,1)+0.878
ORTHOC1,8)=<ORTHO(1,1)*0.887
‘ORTHO(C1,9)=0RTHO(2,9)=0.449

ORTHOC1, 18)=0RTHO(2,108)=4.822
ORTHOC1,11)=0RTHOC(2,11)=3.399

ORTHOC1,12)=0RTHO(2,12)=83.287 ) .

ORTHOC(1,13)=0RIHD(]1,1)}¢EL2
ORTHQOC 1,1 4)=DRTHD(},1)%E13
ODRT(N2,1)=DRTHD(2,1)=1238.
ORT(MN2,2)=DRTHO(2,2)=68.
ORT(N2,5)=DRTHD(2,5)564.
ORTHO(2,6)=50.,

DRTHOK2, 7)=178.,
ORTHO(2,8)=17, ) -
DRTHO(2,13)=700. )
DRTHO(2,14)=502.

GO TO 222

N2=NE+]

EAD(S.*)N2:(0RT(N2;I)ol-lnS)

00 61 J31sNMAT
ERAT(J:I)=0RTHO(J:lB)/ORTHO(Jal)
ERAT(J,2)=DRTHO(J»14) /0RTHO(J, 1)
1F(JSIM.EDQ.12G0 TO 223

READ STRESSES

1
DO 31 I=1,NMAT
RFEADC(S5,*)NsSPL(1),STR2C1) XMORC1)
G0 TO 2680
IFC1SEED.NE.1)GO TO 986
00 224 J=1,2
RAND(J)=RANF (A}
GO TO 988
XT=RANSET(TIME(A))
RAND (1) =RANF(B)
XTI=FANGET(XT)
RAND(2)=RANF(C)

XKMOR(1)=AMOR+SART( -2 # SUMOR*+2xALOGIRAND (1)) ) »

2C0S5(2+%3.1416%RAND(2))
STR2(1)=XMOR( 1) *AST2/AMOR
SPLC1)=XMORC1)*ASPL/AMOR
XMOR(2)=3920.
STR2(2)=2239.

OO0 O00a0

A Iz N N N N e R R e s N o NN e X s N oo X2 X2 R 2 2 N2 N 2]

N
N
-

SPL(2)=1030.

N=MATER]I AL NUMBER : )
ORTHO(N, 1) =MNOULYS OF ELASTICITY (MUE) IN L-OIRECTION
ORTHO(N,2)=MOE IN R-DIRECTION

ORTHO(N,3)=P01SSON RATIOD (LR)

’ 0RTHd(N:4)=POISSON RATIO (RL)

ORTHO(N,S5)=MODULUS OF RIGIDITY (RL)
ORTHO(N»6)=MOE IN T-DIRECTION -
ORTHOC(N, 7)=MODULUS OF RIGIITY (LT)
ORTHO(N, 8) =MODULUS OF RIGIDITY CTR)
ORTHO(N;9)=PDISSON RATIOD (LT)
ORTHO(N, 1@)=P0O1SSON RATID (TL)
ORTHO(N, 11)=P0OISSON RATIOD (RT)
ORTHO(N, 12)=P0OISSON RATIO (TR}
ORTHO(N, 1 3)=E2

ORTHO(N, 1 4) =£2

READ NODAL POINT DATA
M=NODAL POINTOND)
COORDI{N,1)=NO X-COOROINATE
COORD(N,2)=ND Y-COORDINATE -

IFCIN.GT.1)GD TO. 225

268 00 40 J=1,NPP '

43  READ(S,*)N,(COORO(N,M),M=1,2)

READ ELEMENT DATA

N=ELEMENT NO.

NOPP(N,1)=NJMBER OF THE ELEMENT NODE' ]
NOPP(N,2)=NUMBER OF THE ELEMENT NODE J,
NOPP(N»3)=NUMBER OF THE ELEMENT NOOE K
NOPP (N, 4)=NIUMBER OF THE ELEMENT NODE L

IMAT(N)=ELEMENT MATERIAL TYPE. (EWUAL TO ELEMENT NQ.) -

NODES(N)=NJMBER OF NODES EN ELEMENT N .
N1 (N)=NUMBER OF LDCAL MATERIAL FROPERTY OF ELEMENT

IF(JSIM.ED.1)GD TD 52 !
00 58 J=1,NEE

50 READ(S,*)N» (NOPP{N,M), M= l:4):NODES(N):lMAf(N):N;(N)

GO TO 51
52 DO S3 .J=1,NEE \
S3  REAOD(S5,#XIN, (NOPP(N.M),M=],4)
S1 1IF(JSIMEQ1)GO TO 225
00 227 K=z1,NP
00 227 L=1,2
CORO(KLL)= COORD(KJL)
DO 272 N=1,NE
DO 273 M=1,4

16



Y(R) cssscenes ,

. c
270 NOPC(N,M)=NOPP(N,M) c N . ..
GO TO 251 . C . . “ .
225 o? ?sqll=|,~s - . . VN :
NiCl)= c .. T G6=GRAIN ANGLE
824 IMAT(1)=] - .
CAal.L SIM4 [o] o« = = « W/ /
251 DO 252 J=1,NE c « == e /.
: NF=NI(J) X c + R=B ./ . '
DRT(Js6)=DRTHO(NF, 13) c - - .
ORT(Js 1) =ORTHO(NF ;1 4) c ! e e~ e
252 CONTINUE : ‘ c cessvssasssearee Z(T)
IFC11.NE.B)GD TO al ; c . o
WRITE(21,311) c .
311 FORMATC//1XK,"ELEMENT™S54,“GRAIN ANGLE™,5X, c .
2"RING ANGLE"™//) c- . N
41 DO 33 J=1,NE c XL
c , . ¢
C .IF NSGR IS NOT EQUAL TO ZERD, IT IS THE NO. c
C OF ELEMENT WITH SAME ANGLES AND MECH. PROP. 49 IF(JSIM.NE.1)GD TO 42
C AS THE CURRENT ELEMENT ‘ IFCI1.NE.B)GD TD 42
b T » y WRITE(2],312)J,GR(J),RING
IFCJSIM.EQ.1)G0 TO 49 ~ 42 . GG=GR(J)*B.8174533
READ{ S+ %)N,NSGR i . . RM=RING*2.2174533
IF(NSGR.NE«8)GQ TO 45 - . ) - CG=(COS(G6G)I#sg
READ(S» #)GR(J),RING . : ' : SG={SIN(GG) ) #s2
45 IFCI1.NE.B)GD TO 29 ) CR=(COS(RM) ) #»2
IF(NSGR.NE.8)GD TO 46 ) SR=C(SINC(RM) ) »*2
NRITE(2Ip3|2)N:GR(J):RlNG NT=NICD)
GD TO 29 . i EL=ORTHO(NT, 1) /108000,
46 WRITE(21,313)N,NSGR’ : ER=ORTHOCNT,2) /100000 . '
313 FORMAT(3X,13,1X,16) ’ ULR=DRTHO(NT,3) :
312 FORMAT(3X,13,18X,F5.2,11X,F5.2) ] : . URL=ORTHO(NT, 4)
29 IF(NSGR.EQ.B)GD To 42 GRL=DRTHO(NT,S5) /100008, !
GR(J)=GRINSGR) ET=ORTHO(NT, 6) /102200,
DRTCJ» 1) =DRT(NSGR, 1} . GLT=ORTHO(NT, 7)/1020200.
gz;:jn§;=gz;::§gz:§; ) . GTR=ORTHO(NT,8) /100008 . ’
a2 = » = -
DRT(J, 4> =DRT(NSGR, 4} - : : 3%E=S;I:8::I:?é,
ORT(J,5)=DRT(NSGR,S5) ) : URT=ORTHOCNT, 1 1)
GO TO 33 g - ’
c - UTR=DRTHO(NT,12) . .
c’ N=ELEMENT 0. : S11=(CG**2) /EL+(SG**%2)/ER+SG*CG*{ 1 « /GRL~2.+ *ULR/EL)
e GRZGRAIN ANGLE . i S13=SG*CR*(CG/EL-(URL*SG-CG) /ER-CG/BRL) - (CG/EL)
c RING = RING ANGLE ) ) 2(ULT#SReULR*CG*CR) ~URT*SG*SR/ER
p ; . S33=(SG*CRI**¥2/EL+SR*¢2/ET+SReSG*CR* (1 ./GLT-2.%ULT
¢ . , 2/EL) +CR¥CG*(CR¥CL/ER-2 o *ULR*CR¥SG/EL -2 . #UTR* SR/ET
3+SR/GTR+SG/GRL )

26



o000 0n

§55=4.3CHPCR¥SGC (] .42, *ULR) JEL+ | « Z/ER) +SR* (SG/GTR+
2CG/GLTI+(CR/GRLY*(CG-SG) *#2
ORT(J,1)=1032000./511
ORT(J,2)=1D2200./533
ORT(€J»3)=(-1)%0RT(J,1)%S13/180000.
DRT(Js 1)=(-1)30RT(J,2)%513/102000.
ORT(J.,)=|azean /558
33 CONTINUE

READ BOUNDARY CONDITIONS
NBC=RESTRAINED BOUNUARY NODE NO.
NFIX¢1)=BOUNDARY CONDITION TYPE L
NFiX= @1 -~ FIXED IN Y-DIRECTION N
LNFIX = 18 - FIXED IN X-OIRECTION
 NFIX = |1 - FIXED IN BPTH X AND Y DIRECTIONS

IFCJSIM.NE.11GD TO 99
NFIXCEDI=] )

NFIX(2) =}

R(1)=9.0

R(2)=PINC
1F(16.6T.1)G0 TO 91
NOC])=B4

NQ(2)=144

NBC(1)28

97 NBC(2)=184
GO TO 9@

91 NBC(1)=3
IFCI6.GT-11)GD TO 92
NQ(1)=89

- NGC2) =149 ",

98 NBC(2)=189
GO TO 92 )

92 1FC16.GT.12)60 TO 93
NGC(1)=179 :
NQ(2)=147

96 NBC(2)=187.

~ GD TD 98

93 1F(16.GT-13)G0 TO 85
NRCE)=42
NO(2) =145

87 NAC(2)=18S

.. GD TO 90 .

85 - NQ(1)=37
IFC(16.GT.233G0 TO 86
NQ(2) =145

' GO TD 817

86 1F(16.6T.24)GO TO 94
NG(2)=137
GO0 TO 87

ana

94

95

99

09
90

£

a2

IF(16.GT.25)GD TO 95

NQ(2)=182

GO TO 96

NO(2)=97

IFC16.GT.35)G0 TO 97

GO TO 98
READ(S,#)(NBCCI)NFIX(1),121,NB)
00 209 1=1,NLNP

READCSs#)INQ(1), (R(K),K=1,NOF).
HPITE(IS)(NBC(I).NF[K(I):I=I:NB)
IFC(11.NE.BYGO TO 500

PRINT INPUT DATA

WHITE(21,188)
WRITE(alIB)(Np(ORT(NIl)ll*laS):N‘llNE)
WRITE(21.,60)
AFORMAT(IIIXo"ELEMENT":axn"SPL":SKD"STRZ":4K1"M0R"
?6x;"£2":8x:"£3"//)

DO 81 1=1,NE

N=NICI)
URITE(2I132)11SPL(N):STRZ(N):KMOR(N):ORT(116):
20RTC1, )

FORMATCAX, 13:2X3s3(2XsF6.8), 2(2X:FB-6))
WRITE(21.,182)
NRITE(2I:2)(N.JCOH0(N:M):M=I.2):N=I.NP)
WRITE(21,103)
HRITE(2|:3)(N:(NOP(N:M)DM l:d)lNODES(N):IMAT(N):NI(N):
2N 12NE) - .

WRITE(21,104)
WRITEC21,6)C(NBCCI)sNFIXC1)s1=1,NB)
CONTINUE ’
PRITE(21,100)TITLE _

WRITE(21,109)

WRITE(21,110)

DO 208 1=1.NLNP

WRITE(21,9)NAC1), (R(K)»K=14sNDF)
FORMAT(15,2F10.2)

FORMAT(2X,*"LOADBS" /)
FORMAT(aX:"NODE“:7X:"K"17X{"Y")
FORMAT(15,2F10.5)

FORMAT(815)

FORMAT(15,18)
FORMATC15,2F13.2,2F9.5,F13.2)

FORMATC(//* NODAL POINTS CODRDINATES"II)
FORMAT(//* ELEMENTS"//)

FORMAT(//** BOUNDARY CONDITIONS*"//)
FORMAT(//** MATERIAL PROVERTIES™//)
RETURN :

€6



o000 O

168

- IF(16.GT.13)G0 To 169

ENO NP=185

: ) NE=161
SUBROUTINE SIMI] . NMP=115
: GO TO0.151
GENERATES VALUES FOR NP, NE AND NMP 169 1FC(16.GT-19)G0 TO 173

COMMON/DATA/TITLE(B) sNPsNE»NBs NDF , NMAT,NSZF» NLD, IP z:,:gg
1,COsPINCsNMP,DMAX,NLNP, 1V, 16,J51M,NSIM IF§16.GT-16)G0 TO 178
Q:ISTO:IENDO.JSTS:JENOS:EAV:ESO:AMOR.SOMOH ’ ’ NMP=115
3,AST2,ASPL,EI2,EV34RING,ADEF, 1 SEED GO TO 1§}

COMMON CORD(193,2),NOPC178,4), IMATC17@),0RTC1 71, 1) 170 1FC(16.GT+17)G0 TO 174
1,NBCCIB)NFIXCL13I,R1(388), SKL3B2,208),NODES() 78) ' NMP=115
2:KP(|70):L0(|7@_):IK(179’1557‘170:36)030‘\1‘\(176:24_) GO TD.151 :
3,REIVLESTIFMC12,12),A(8,6),B(3,8),RS(8).SMAA(]170) 174 I1F(16.6GT.182GD TO 1175
4, NGCID),LBCI70),RRC18,2),SMINC] 78),ANGC ] 7DB) NMP=107 ,
5,ERAT(12,2),SPL(12),STR2(12),XMORC12),:N1C17@) GO TO 151 .
6,STC178),1XC178),0RTHOC12,14),GR(178),STGRN(179) 175 NMP=172
7,FORCC170,3),015P(2,198),RAND(S) ,COORO(198,2) G0 TO 151
B.NOPP(170,4),ASMAX(]70) 173 NMP=61

IFCISEED.NE+1)G0 TO 28§ IF(16.GT+-24)G0 TD 18@G

VX=RANF (A) NP=185

GO To 220 IF(16.GT.23)G0 TO 176

201 XT=RANSET(TIME(A)) NE=165 .
: VX=RANF(B) GO TO 151

XTI=RANGET(XT) 176 NE=161 .

200 JV=VX+10000@ GO TO ISt

156 1F(IV.LT.1261)GD TO 155 186 1FC16.GT. ?s)co TO 181
IV=1v-1268 NP=187 -
GO0 TO 156 NE=163

<155 16=(1V+34)/35 GO .TO 151

IFC16:GT.1)GD TO 157 181 1F¢16.GT.35)G0 TO 183

NP=184 : NP=189

NE=}52 IF¢14.GT+26)GD TO 182
NMP=114 NE=165

GO TO 151 GO TO 1514

157 1FC16.GT.11)GD TO 167 182 NE=167
" NP=189 © GO0 TO 151
NMP=119 183 NP=184
IFC16+GT.18)G0 TO ISB NE=152
NE=167 151 RETURN
. GO TO 151 END
158 NE=165 c ‘
GO TO 151" : SURROUTINE SiM2
167 1FC16.GT. 12160 To 168 c ‘

NP=187 i C GENERATES NODAL COORDINATES AND ELEMENT NOOE NDS.
NE=163 c
NMP=117 COMMONIOATA/TITLE(ﬂ):NP;NE.NB:NDF:NMAT:NSZF:NIO.IP
G0 TO 151 lnPU,PlNC:NMP.DMAK,NLNP:IV:lé.JblM.NSlM

¥6



228

239

245

252

294

252

?:luTDalENOO;JSTS:JENOS:EAV.ESD:AMOR,SDMOR
2,AST2,ASPL,EI2,E13,RING,ADEF, 1 SEED

COMMON CORO(l96a2);NOP(l7ﬂ:4),lM&T(l10):0RT(l1l.1)
1,NACCID),NFIX(18).RIC3BO),SK(380,23),NODESC | 78)
2,KPCLT),LDCI70), IKC1T7@),EST(170,36),B0ATAC] 78,24)
J3oR(IILESTIFM(12,12),A(8,62,B(3,8),R5(8), SHAXC1 7))
ANQCI0,LBCLTO)RRC10,2)»SMINCI 79), ANGC( T 70)
S,ERATC12,2),SPLC12),STR2C12), XMORC12),NI(173)
6,STCIT0), 1XCT1 7@, 0RTHOC12,14),GRC173)5, 5TGRNC179)
7,FORC(170,3),015P(2,192),RANDLS),COORDC191,2)
8,NOPP (178, 4) ,ASMAX(178)

DIMENSION CODR(S)

CONRC1)=3.5 :

COOR(2)=2.5

COOR(3)=1.175

COURCA)E],

" CODR(S)=3.

IFC(16.GT.1)GD 70O 228

B1=-3.5 , ;

M9=MT=0 .

IM=6

GO TO 291

IFC16.GT.10)G0 TO 235

IM=6

M7=3+3%(16-2) N

DO 245 1=1.M7

CORDC1,1)=CDORDCI,1)

CORD(1,2)=COU0RO(I,2)

00 2592 1%1,5

MB=MT+]

CORO(MBs 1) =CORD(MT,1)+1 25

CORD(MH,2)=CODRCT)

MI=MT+5

BI=CORD(MB,1)+0.175

DD 251 1=i:6

By=Bi+0.5

B2=4.

po 251 J=1,8

R2=82-0.5

M9=M9+1

CORD(M9, 1) =B1

CORD(MY,2)=B2

1F(16.£Q.36)G0 TO 290

00 252 1=1,5

N1=M9+1

CORD(N1,§)SCORO(MI,1)+1.25

CORD(NI,2)=CDOR( L)

N2=137-M7-1M ‘

PO 263 l=1,N2

260

235

265

2175

290

112

3J2a

324

N3=N]+]

NA=MT+IM+]
CORO(N3,1)=COORD(NA4,1)
CORO(N3,2)=COORD(N4,2)
GO TO 299
1F(16.GT.13)GD TO 261
M7=30+3%(16~11)
IM=6+22(16-11) '

GO TO 239

IFC16.GT. ?J)GO TO0 265
IM=19

MT7=41+5% (16~ 14)

GO TO 239
1IFC(16.GT.26)G0 TO 275
MT=91+5«(16-24)
IM=18-2%(]6-24)

GO TO 2239 ’

IM=6 : '
M7=104+3%(16-27)

G0 TO 239

1X=0

1F(16.GT.1)GD TO 1@8
Js=0

J2=-8

‘GO TO 186

IF(16.6T.2)60 TO 112

"KA=1

1G=J2=M8= MN=0

. JS=1H=117

GO TO 124

LK=1

LC=LT=9
IFC16.GT.13)GO TO 320

MR=MN=0

LX=2+¢2%(16~-3)
IH=JS5=LX+17
16=J2=3+3%(16-3)

G0 TO 2322
1IFC16.GT.26)G0 TO 324
MQ=1
LX=28+4*(16~14)
IH=J5=LX+19
1G=36+5%(16-14)
J2=1G+2

GO TO 322

MN=M@=0
LX=82+2%(16-27)
IH=JS5=LX+117
162J2=101+3+(16-27)
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vét o1 09

8s=11
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gv=11
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B=0W=NH
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v=(SI)S3IA0N
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ers«r=1r

civ

[ 14

sev

cav

vov

2ev

velt
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Let=(" v@l 00
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Sci=1 vet od
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@it

138

132

m

Ka=§35+24C1(:-27)

IH=LU=HA+} 6 I

Ll=b2 )

LK=B3+2+Cl6-24)

16=214943%C16-27)

Gu Ju 124

NUPCAN, 1 )=l +16

WOP CEAS2) =UP (KI1s 1) =N0UR (KL, 1) =2+ 16

NUFCKA S, 32 aNUP CKH, 3) =iWUP (KL, 1) =9+ 1L

NOPCKH 2)=NUF (KU, 3)aNUP (AL 3) «NUP Cisk » 3) =NUP (KL 2)
PENUPCKI 1) =NUF RN, 1 ) =10¢1 6

NUP (AC,2)eNUF (KL, 1 2=3+1G6 )

NUP CKD»2)sHUPCKES 1) =NUPCRE, 1) =441

CNUP UKk s 2) =P CKE » 32=NUPL KL 3 Y =NUP AN+ 2)=NOP (KU § )
2=11+1¢

NOPCHF 220 =NUF CKG 2 1 )sNUPC K, 1) =be 1§
NuP(nu.?)=qu(KH.J>-NUP(u|.3):Nuvtnu.a)=uor(Ko.a)
2=NUF (P2 1) =NOP (R, 1) =12+16

NUP (A 2 2)=N0PCRT > 1) =64 16

NUP CKL»2)8NUPCRJ, 1) =NUPCHKI 1) =T+ 16

NUGP Gt 2) =UP UK, 3) =NUPC RG22 =13 +16

NUP (KK, 2028416

NUP (rib s 3) =NUP CKMa ) = 1 4416

WUP (KM 2D =NUP (RN, 3Y=NOP LD, I) =NUP (AP »3) =1 5+16

NOP CHP»2) =NOP R, D) =1 641G

DU 132 1=KAsLH )

NUPCL24) =0

NULESC1)=3

Gu TV v

NUP (A, ) =] +]G

MOP (KA ,2)=nN0F CHR, 1) =NUP (KL, 1 )=2+16 .

NUP CHA» )= NUPCKE, 3)=N0PCRLS 1 ) sNUPCKMS 1) =9+1G6

NUP (KB »2)=NUPCKC s3I =NGP (KD, 3) =NOPCKE» 3) =NUP(Ki1, 2)
SNUPCHR 1) =N 0PCKO, 1) 21 a0+ 16

NUP (KL » 2 ) =iviie CKI, 1) =316

NUP (HD» 2)=WUEUKE » L) SNOPCKE, 1 =416

NUP CKE»2) 2RUP CKE» 3) =2NUPCRG» 3 =NOEC U, 22 e NUP (KPS 1)
2=11+16

NOPCHE» 2= 0P (G » 1 )BNUPCKH S 1) =54+16
NUP (RG> 2)=NUFCKid» ) *NUP CKL»3) =NUP Cids 3D =NUP (KPS 2)
2eNGP (KUs ) =0tr (Rt 1)=12416

NOP (KH» 2) £8P (K1, 1) 26+16

NUP KL 2 2)sNUPC KU 1) =aUPCKK, 1) =T 416

NUP CKJ»2) =UF CHE L 3) = NUP (K 2) =NUP (A4S, 1)=13+106
NUP (KK 22)=8+10

NOE CEL » 2) s 0P Rt s 3) = 8UPCKN, 30 = 15416

NUFCHLS 3)=14+)0

348

360

332

151

19

T

NOP CHN» 2 ) eNUPCKU» 3)=NUPIKP» 3) =NUP( KU, 3)=16+106
NUP (KW, 2)=NUP(RR» 3)=NUP(KS5,3)=]17+10G
NUPCKS,2)=1H+10

DO 348 1=¥rALIH

WOPC1,4) =0

NUDESC])3=3

Gu Tu Jaz

NOP(HA,1)=1+1G
NUP(RA2Y=NUP (KB, 1 )=NOP(KE 1 D=2+ 10

NUOP (AN, 3) aNUPCKBS3) =NUPIKL » 1 )=NUP(KJ» 1) =6+106 .
NOP (KB, R2)2NUPCHKC» 3)=NOP(HDs 33 =NUP (HJ»2) =NOP (KK, 1)
2=NCP (KL, 1) =NOP(Kiis 1) =7 4106

NUPCKC,2) =NUP (KL ) =NUPCKES 1) =NOPLKEL 1) =24+]0
LUP(KU,H)=NUP(K}a3)=NU?(KM.&) NOPCHN» 1) =RUP (KU 1)
2=8+106
NUPC(KE,2)=NUPCKF232=NUPTKG, ) =NUP (KU, 2)=OP(KP, 1)
2=NUP(KO» 1 )=NOP (KR, 1) =9+1G
NUP(KE2)=NUP(KG, 1 )eNUP(Kr,1)=24+106

NOP (K5, 2) =NOPCiH» 3> =NOP(KIi»2) =NOP (K5, 1)=12+16
NUP(KH,2)=5+16

NUP(KI»2)=NUP(KJ» 3)=NUPLHKK,3)=12+1G6
NUP(K1,3)=11+106

NUP(KK»2)=NUP(KL»32=13+106

NUP (KL, 2)3NUPLHM, ) =NOP(RNL 3 YI=14+16

NUP CHNS2) =NUOPCKU»3) =NUPCKE23)=15+16

NUP (KP»2)=NUP(KQ,3)=16+10G

NUP (KR, 2) = NUP(ﬂn:3)=NUP(Kb.3)—I1OIb
WUP(KS»2)=18+}0

BU 360 1=KA,1H

NUP(1:4)=0

NUODESC1) =3

=0

GU U 196

10 153 I=LK,L&-

Li=LL+]

NUP CL.CH 1) ENUFP (L 2 1) +L.1

WOP LU, 2)=NUPP(]1,2) +L1T

WUFELC, ) =NUPP(L23)+LT

TECNOPPCE» 8o by eBIGL TU 151
NUPSLC ) =00PP L4+ LT

NUBLES(LC) =4

Gu Ty 153

NUPELC,4) =0

NCLFSCLL ) =3

CUMY INUF

ITRCIXFL M) TU 1224

HEhORN

L6



[y

[P S oW W o

1I5 LECURNT «6T.0.75)GU TU 128

END ) . TECIP LT o4 0k 1P +EG. TG0 TO 108
. : JA=IV
SUBRGUTINE 5104 . ' 138 1F(JACLT.36)60 TO 125
. JAe)n=-35
GENEAATES KNUT bLIA., GHAIN ANE: MING ANGLFS FON EACH : Go Lo 138
ELEMENT AND DEVEWMINES WHAT GATFRIAL PROFEHTIES Ak, 125 Jp=un
[ BE USED BY FACH FLEMFNT 148 1F(JR.LT-8)G0 TC 135
' JR=JR-7
LUMMU“/UA!AIT!TLt(B):NP,NirNR.NlF:Nval:NbéP:NLbuIP GO U 148
|ILUAPINLINI'P:L'ul\l{lNl‘\PllVllétdblP" NSIM . : 13% TFCL16+GT 1060 TO 145
2,18TLs | ENE: lu-J‘)l5:dk‘Nlbll“\VlEbl_‘lAf’tUnlSl}"th . 320 Nl(lv)g'a_
3,AST2,ASPL 125 FI30sHING,ADEE,ISEERL R TFECJR.GT1IGL TU 155
LOMMON CURLCI9D,2) »NUPCITO4), IMATCLTO) L URICL1T).7) 168 1F(JIDFQ.7)6U TU 166
LaNFCCIB) S NFIACIR) 11 €340, SKCIBA,22) 5 NULESC 170 : TGROCIV+1 ) =GHN+10 .
DIEPCITOISLIC1T8) 5 LKCITD)5 kSTC170,36) ,RLATAC 1 16,24 : 1FCUA.GT +2B)60 TO 1653
3sRCIILESTIFNCI2012),AC08,6),R(3,%) cASLB) L, 5MAXC178) GROLUB ) =G KN+ 5.
ALNGULOI L LRCITH) »1ih (10,2),5MINCITI) S ANCCLT) 1S LE(JA-E0.35)G0 TO 226
S, bRATCI2,2),SPLOLZ2) »STh2C12) s XK 12D, NI (1700) 1FC16.E0.36)G0 TO 185
€2STCITRI A INCLT9) L UHIROUIZ2, 14) 261 1T0) » STGHNC1T70) GHELUST ) sGRN+1 50
7:FUhC(I7ﬂ:J),DIbl(2:l9ﬂ):HANl(b)»LuUHL(l“h.)) LFCJAEQ-28)60 TO 208
BoNUEP (LT85, 4),030aX0170) ) . : FECJAGT +22)G0 T0 185
108 LFCLSEED oNES 1I)GL TO 920 : - 1RCLH 23 36XG0 TO 420D
Bo 1ee 1=l.2 i GHUIV+14)I=GRN+S
100 KANDCL ) =OANEF(A) ) 420 TFCJALLT «8I)GO TO 3
- LU TO 921 IFCURSEQ <7060 TO 220
¥ KL =HANSEICTIMECA)) _ 185 GRCIV-6)=GRN+S o
HANDC 1) sHANEF (B) o 232  GHCIV-7) =GHN+1 5o
. XTI=HANGETCAT) 1FCJALLT 15060 T0 3
. HANDC2) =hANE (C) . GRUIV-14)=GRN+b.
921 DENT=HANDCLI %10, 1HCUALEQ.29)G0 Tu 180
931 1F(DKNT-GT.2.75)60 1O 930 ) Gu TO 3
Ge Tu 932 ‘ 186 1}C16.kG.36)GU TO 3
234 DRNT=LENT =275 ’ GHOIV+9) =G HN+5.
. GU Tu 931 ‘ 6o TL 3
932 KRING=HANDCI) %100, : 155 1 GuCIV-1)=GHN+1UA !
- TFOHING G902 00060 JU 101 CIFGJACEW.3Y. UH«1 6 FEe36IGU TU PSS
tu 1o 1n2 GHULYV+6) =GHN+5.
131 HING=HING4IV . 1ECJALT-8IGO TU 160
192 GaN=HAND(2) » Lo . 965 GRCIV-6)=6RN+5 .
937 TRCGRAN G e Lua)6G Ju 9ids TFCJALLT o 22 Ui o L e Fo36)GL IO IHA
Gu TO 936 i TFCSALGT 286U TU 195
935 GHRMEGRN-1 4. . THCURGGT G0 TO 19
Lo TU 937 GRUIU+15) =GHN+ b i
936 LU L1A I=1,NF GG TU 168
1HY GHOD) =GhN 199 LFECJHGT 4060 U 200
LECDHRT WGT A 25060 TU 115 LECLO GBS 46300 [0 160

[STUNE I VI ]

86



200

- 195

205

210

145

WS

S
345

MNa
350

360

35

GROIV+16)2GRN+S,

GO Tu 169
1FUJGED.T)G0 T 215
JFCUBEUABIGU TO 60
GROIV+1T7) =GRN+5.

GO b 160

FFECJRGT 3260 TU 205
1F(16+EQ«3EXG0 TU 160
GHOIU+BI =GN+ 10

GU TO 163

1FCUHGT 460 T 219
LFC16.E0.36)60 Tu 160
GROIV+I) =G1iN+10 .

GO FU 160 )
1F(16+.20.36)60 JO 168
GHOIV+ID) =GHN+ 13,
TFCUAEQRISIGU TU 250
GO U 168
GHOTU#L 1) =6hn+ 15,

GO TO teo

1FC] 60 36)60 TU 160
GROIV+IBI=GRN+S

GO TU 160 .

IR CE6.6T 13060 TU 3u0

IV=C16-22¥2+JA+)7
1FC(JAGT 7260 TO 37@
1F(UBER«4)GL TO 3085
GHOIU=9)=URN+S.

Gu Tu 345
GHOIV=9)=GHN+] 5.
1FCUB«GT«1)G0 TO 319
GROIV=1 1) =GlinN+1S.
GHOIY=10)=GRN+S.

GO TOU 320
IFCJRGT3)G0O TU 315
CHOIU-10)=GHN+15.
1F(UREG IGO0 TU J90
GHOIV=-1R)=GRN+S,.
GHEIV=-1 1) =GHN+S. -
PECURFQ2)60 Tu 320
GHOIU~B)=GHN+S .

Gy Tou 320 .
TH(JRWGTSIGU TU 329
GHOIU=T) =G CIV=EU) =GN+ S
AP CIBSEQ S0 TO 339
GuHOIU=-1 1) 2GHN+S.
LHEJEGT 4060 Ty 330 .

334
33%

ra

80
385

390

a0

42¢

120

4F0)

nel

60 TO 368
1FCJUB.LT1+6)G0 TU 335
GRCIV=1)=GROIY=-6)=GHN+S.
GROIV-B)=GRN+]S.

GO TO 320
GrClv-7)=GRN+15.

GU TU 369
1FCJAGT14)60 TO 320
IFCJRGT L EIGOL TU 375
GROJIV=1B)=URN+S.

G0 FO 320
1F(JUB.GT.3260 TO 380
GHEIV~1T)=2GHN+S.

su TO 328
TFCUBGT«4)G0 TU 38S
GHOIV=16)=GHN+5.
60 TG 320 -
1FCJB.GT.6)G0 1O 390
GHOIV=~15)=GHN+S.

GU TO 420
GhUIVU-14)=GLN+S.

GU TO 320

1FC16(iT26)G0 TU 4By
IV=(16~12)%4+JA+ 47

Gu Tu 405
IU=C16=-27)%2+Jn+99

Gu TO 495

1FCUKNT «G3T 1 25)C0 TC 450

1FCIP.LT«4)G0 TU
FFCIPBT 160 TO
FFC16.GT«1)60 TU
JFCJRWGT.2)60 TU
LECJAGGT . 9I60 TU
IV=JA=l
NICIVI=NTL V4D =N
JECDKNT «GT e 122506
1FCJaGF.25)60 U
CHOIV+1S5) =150 +6RN

103
108
455
aqrh
4715

1CEU+TI=NICI V) =2
01U 793
3

FRCOAED RAIGO JU 4€3

GRCIU+14)=15.+GHN
tECIA ek Qe 2L0 U
JECIRGF 16260 10

3
463

GROIV+2E)=GROIVU+22)=GHN+1 S
1RCJAEN < IHIG0 TO 463
GHOITL#28)sGR U429 ¥ =BnnN+8.
TFCUACEFD 66D Fu 3 .
ERTQ AR DI RVESD ESTIPENEES ¥1 Y
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9735
537

A8
[2%8]

®a4

416

4H447

w7

Sa9 .

TFCJAROD26)6G0 TO 460
IFCJAEQ.]1 2)G0 T0 QGQ
1EGUAGT1aIBU 10 467
GHOTU+1 6) =linCILy+23)=GRN+S .
1F(JAGT«IGU U I

LGROCIV«1 7)) stintly+e2q)= hRN*S-

GOl V+ed)s hh(lv0lﬂ)=thOIﬂc
GO Tu 3

AFCUAGT 230060 IU 478

IV=JA=15

GROLU=14) =GHCTU~13) SGRC LU= 7)1bh(IV'6)-banlsv
THCJAFU 20Ut N FR2TIG0 10U aT7¢
GREJV=5)=GRUIU=12) =GN+ 5.

LFCUAEQ-22)60 TU 535

1FCJAGER24)60 10 537

GrHClV+16) =GHneS.

1FCJAGT-18)G0 Tu 476

EutlUr17) =GhM+S.

GHOIU=4)2GROIV=1 V) sGHN+ 5.

1FCJAEW22)6G0 TU 464

IFEJAEQ24)6G0 TG 476

Ch{lVr23)=0RN+]1 5.

1FCJAKR.1TIG0 TO 476

GU TO 460
Iy=daz=22
GHOIV L6 =GN+ 5.
GROIVH B =GROIU+19) =GHN+S.

TFECJAFQ-24)60 [0 549

GROEV=23) =GHOIY=-2]1 )=GHN+5

GU TU 533 N !

THCUBGT G0 TO 477

1FCJAGT. 1 1)6O TO S22

lv=aAa=)

Grelu-1r=6Hl v~ a:=un(1v's)=but1v*f)=uuu+:u-
1FCJnkQ.26)60 TO 4as7

1FCJAER.27)60 TO 460
GROIV+12)=6RETV+13)=6iN+5.

1FCJARQ24)60 TU a8y ’

FECUNLGT 186U TO a6y
GUOIU+1 I =GHRCIUV+R2Y ) =GHN+ 5.

1FCJAEQ 26060 TU 463

GO TU 469

1FCUAGT 25160 TU 59@

1y=JAa=17

GROIV424) =GN+ 1 5

GHOLY=-1) =GO =) =GHROIY- ] S)) =t LU~ 1) LN .
TFCJAGT19GO Tu %33

59¢
7

417

596
@®e

532
578
[3%1¢]
659
-3
€23

4itl

ne
624

GROTV+21)=sGROIV422) =GR JV+26) 2GRN+ 5.

T1FCUALFO-19)60 TU 532

GHOIV425) =5HN+S .

GO Tu 533

1V=Jda=24

GHllIV+ 1T =GrMe 1S

GROLG* 14D =GHN+S.

1FCUAGL 825160 TU 549 .
GO TU 602

1FCURGT 660 TU 488
1FCJAGT 1360 T 525
fv=dn=y

GU Ty 4716

1F(JAGT 27060 10 595
lv=Ja=19

GHEIV+2S) hHN*lbn

GROIU+27) =GRN+S.

G0 TO 547

IV=Ja=26

GROIU+18)=BRN+15.
GROIV+1S)=GROIV=-2A)=GROIV=-21) =GN+ 5.
GO TO en7 '
1H(JAGT 14060 .TO 5308
1W=JyA=6

GO TO 47¢€

1FCJAGT «28)6G0 TO 600
IV=dA=20
GHOIV+25)=GHOLV+26) =GHN+1 5.
G0 U 947 )

1V=JA=27
GROIV41BI=GROIU+19)=6uN+15.
GROIV41S) =GOl U+l €I =GHN+S.
GO TU €87 °

IFCURGGT2)G0 10 456
1FCJUAGT «9)G0 TO 625

Sda=]

IFCI6GE13)G0 10 481
JUS(F6=2)%2¢J0+17

o TO 624

1FCI6GT «26)G0 TU 710

U=t a=12)%4+00447

GO JU €24 )

TUsC16-27) +2+40A+9Y

1FCURGT 2060 TU €29
TFCUN T 16U TU 4y
GROIV-11)=6RCI V- 1A =GROIV-9) =GN+ 1 5.
GHOCEU=B)=GROIV=-T7) =G U=€E) =hniN+ 5.

001



€as

49

€43

a5 6

€42

£52

(23

o2

516

8

GU TU 460

11 (JAGT.23)6G0 Tu 683

JA=15

GU TU 622

1FCUA BT 15060 U é02

GROIV=25) =6 [V-24) =GR U-23) =GiiN+5«
Gu TV 533

JA=A2

GU Tu €23

1FCUBGF <460 TU 526 -
IFCUA-GT11360 TU 642

JA=]

GU Y 623 :

IFCMeGT4)60 TU 591

1FCUARGT «3)6U T 652
GROIV=T¥)I=GRUIV=-9)I=GROIV=-B)=GHN+15.

OHUIV-I DI =6HU V=12 =6RCIY-11)=6HI V=8I =BH(}VU~-7)

2=GH(TU=6) =GN+ 5.

Gu YU 97¢

IFCIACGT 25060 TU 689
Ja=17

‘GU 1L 623 3

TFCJAGT 17360 10U 687
GHOIV-24)=GR(IV=-23)=GRC Iy~ )2)=un~os.
GU TO 5417

JA=24 .

GO TO 622 .
1FCURGT6)B0 TU 608
1FCUAGT13)60 TU 645
Jha=5

GU TO 623
1FCUBGI-6IGU O 635
1ECUAGT5)60 Tu 512
GROIV=-B)=LHEIV~T)=GHN*15.

GHOIV=-10)=6HCIV=-9)=GRUIV=-6)=lin( I Y=5) =GHN+S5 .

GO FU 47¢
PECan.5Y.27)60. 10 'Sl 6
Ji=}9

Gu U 623

17 8UAGL«19)60 TU 59¢
GROIV-22)=GHOIV=21) =GN+ S
LU TOU 514

JA=26

6L Ho 62.3
1FCUAGT«14)60 Tu 581
JA=6 ‘ '
Gu U 623

S8l |

658

583

. 4h2

793

796

798

#:2
724

ahl

IFCUAUT«6)G0 TU 658
GRUIV-8)=6HUIV-7)=GHIIV=-6)=GHN+15.
GHOLV=D)=GHOIU=8) =TV ~7 ) =GHN+5.
GUu TU 476

1FCJAGT 28066 10 583

JA=20

GU TO 623

1HCJALGT 22060 TU 659
GHUIV=-22)=GHOIV-21)=6HUIV=20) RERN+S.
$U U 578

JA=27

GU TO é23

FFCIPER.6IG0 TU 08
1FCDRNT <G Ty 1 +75)G0 TU 790

IFCIPLEQ 336U 10 108

1FC16+61.1)60 TO 792

"ERCJUBSGT«3)6U TU 451 :

1FCJAGT17)60 Fu 452

1V=uUA=]) ’ .
GO TO 4¢€pQ

NICIV42)=NT0IV+9)=RICIU+15) =1 CIV+14) =N1C(1V+)€) =22
TECDHNT 6T+ 1.75)G0 TU 750
1FCUAEQ18)G0 TU 796

TFCUALQ.19I60 TU 3
Gn(lv*el)-GH(lV*22)=bU¢lV*23)=GRN415-
TPCJALBISIGO U 796
hn(lV*EB)HhH(IV*¢9)=GH(lV'Jﬂ)=GhV*lb-
IF(JAEU52G0 TO 3

GHOIVA3) SBHOIVS 10D =6KEOTV+17) =GHN+ 10«
1F(JAEQ.15)60 TO 798

TECJALD.18)60 TO 3
GROIVE24)=6RCIV+I 1) =GhO1V+3T)=GHN+ S,
TFCJUAL D460 TU 3

GHOIV+A) =G HOIVAT D) =G TV+18) =GN+ 13 .
$FCUACEG 1560 TU 3
GHOIV+25)=GICIVE32)=GHUTV+IS)=Gn( 1 U+36)=5. +GRN
GUu TO 3

le=yn=1s

GHOIV=7) =GROIV-€)=GROIG-5)sGHOIV-14) =6RHIV=-13)
SGROIG=1DI =Gt IY424) =E N+ T e

[FCUNFU-19)60 TU 603

GHOIU=4) =G EIU=-11)=GHUIU+28)=6hN+%.
LECUAER1B)GL TU BO3 . .
GHOTU-3)=GHETY=18) =GHN +5.

GU TO 468

FHCORGT 00 TO 452

TRCONGT 0G0 fO 634

10T



-

IR

Ny
831
#32

453

46
743

792

742

712

71¢

714

. Hac

Tew

1V=JdAa=4

GHOIV=1)=GR(IY-2) = (:H(lb*b)-l:ll(IV*(\)BGii(lV*l2),
2=GHOIVH3)=GHN+ 10

1F(JAEQ19)GU TU afy
GHOIV+2T) 261U +2Q)=GHN+5.
FRCJAEQIBIGO TG 460

GLOIV+26) =GROI U+ II=GREIU+IF)I=lGRN TS,
1FCJAFQ.5IB0 Ty 4€d
GHOIV+IB)=GHN+S. -

GO Tu 460

ty=uA=18

GROIV+23)=GRN+DS.
GROIL+25)eGHOIV+ZE6)=GHN+1 5.

GROIV=9)=GAl1V-8)=GR(IV=-]£)=GRI]IV~18)=GH(IV+2])

2= bn(lViéQ)sbﬁkfb-

GO TO 724

AFCUNGT21)C0 . TU 4€1

Iv=UA=S

GHEIV+an) =6 lV*lll JetiN+ 5.

GU TU 833

1v=Ja=19

un(lv«avy-unu+ab.

BhOIV+EM) =BhOIV+23) =GHN+ 5.

I I'U B3z

JFCJRGGT 36U TU 462

TECJIAGTL17)6U TU 846

Jas)

1FC1 661013060 Tu 712

IVR(16=2) 22+ UA+ 17 '

Gu Tu 714

1FC16LT26)60 TO 716

1u=Cl6~12)+a+0A+47

GU TU 714 : !
JV=C16-27) 12+ JA+9Y :
1H(UB.GT36G0 TG 718

THCJUAGT 160 TU 720
GROIU=8)=GHCIV=-9)sGROIV=-3 1) sGROIVU= T3 =GHN+ 15,
GHOIV=5)=GrOIV-4)=GuCiV-T)eGH(IV-6)=26GaN+5.
GL TU 46 '
JA=15

GL TO 722

GHOIV-25)mbn (1 VU-24)=0R(IV=-23) =61 JU-22)=GLiN+ S
Gu TU 724

1FCIRGTIGL fO 726

TFCIAGT 260 TG 724

Jn=4

6O Tu 122

718

728

132

730

134

746"

198

750

164

156

1HCJR-GT+6)60 TO 730

1FCONLGT 460 TO 732

SROIV-DI=GRCIV-B)I=GHROIV-TI =GRCIV-6) =GHRN+15.
GiCIV-5)aCRCIV-4)=GRIV=-12)=GRCIV=11)=Gl(IV-1@
2=GHI+S .

GU Tu 8p3

JA=18 . '

GO TU 722

GROIU=-23) =GR f V- 22)=Gn (1 V- 21)=GHIV-20)=GHN*+5.
GU TU 831 |
1FCOAGT-21)G0 TO 734
JA=E ) )

GO TO 722

TFCINGT+5)G0 1O 736
GROJU=8)=GHCIV=-T)=6ROIV-6)=6ROIV-5)=GRN+15»
GHROIV-12)=GHC1V=-11)=GROIU-10)=GRrCI V- 9)=GNN45-
GO TO 738

Jh=19

60 Tu 722 :
GRCIY-22)=GRCLV=21)=GRC1U-£0)=GRC(1V=-19) = GRN+5.«
G0 TO 740 N

1FCIP-EO.5)G0 TO 108

TFCDHNT «GT.2.25)60 TU 742

1RCE6.GT-1)60 TO 744 :
JFCJRWGT«4)60 TO 746

1FCIAGT-25)60 TO 748

tu=un=]

G0 TO 469

NICIU+3)aNJCIV+18) =NICIV+IT)=N] (JU+R 1) =N] (RUs2iD)
QENECIL+RI =N IV+24) =2
1FCDENT +GT¢225)G0 TU H68
1FCJACEQ.11IE0 10 764
GHOIV+28)=GROIV+29 ) =GN+ 15,
HHLI U+ IEISGRN+S.
GROIU+30)=GROIV+31 ) =GN+ ] 5.
GHOIV A sGHOIVS) =GO U+ 6 =GHOIV+1 1) =61 +12)
2=GROIVH I =6RCIV+IB) =GHCIV+ 19 =GR (1 V+20) =GN+ 1.
1rcon.ba.arso 10 7156

IHCJAERBO6U TU 3

GROLU+25) 2600 U+26) =BHCIU+2T ) =GHN+ 10,
THCURLQHIGU T0 3

EHOIVH4Y)=6R] V*lld)-hh( 1v+43) =610 V+44) =LH IV +a5)

2=Gul+be
GHEIVEIB)ISGHOIV+3E) sGRNY 1S .
()H(H“J])=b“(I\I’Ja)fbﬂ(lU’J))'ﬂn{(lV*h"l) GeiN+1be.
GROIU+ D) =261V =6+ G»

gL re 3

201



44
M4

162
716

;R (7]
?60

152
795

744
39
772
T4
7172

142

™y

64

T

1V=uA=g

GHOLY+39)=(GROTV+3I6)=GRN+5.

TFCunstG4doL 10 468

GrCIV=-3)=Gu( 1v-2)I=GROIV-1)sGROIV+3ITI=2GROIV+3IE)
2=GHN+ 5.
GUHOIV=T)eGC1Y-62=GROIV-5)=6HUIV=-4)=GRO1V+32)
2sUCIV+3)I =GN+ 1 He

GU TY 460
TFC(UAGT2H)GU TO 752
lusJfi=4

GROIU+41) =GROIV+42))2GHN+ ) b-
LR(IU I=GHOIV-2)=GROIV=3)=GHN+10.
bn(lU’25)=bh(lU’ E)sGROIV427)I=GRN+S.

1FCUAEQ11IG0 TO 762
GU Ty 754
1v=dn=11

GHOIV+34) =GR 1v+35)=GiN+15.
GUHUIV=B8) =6 lV=-9)=GHOIV-1D)=GHC1U+28)=GIH(1V+29)
2eGHIN+S o

GO TO T€n
1FCIH-GT 460 TU 766
FTFCJA-GT 29060 TU 768
Ja=}

1$C16.6T+13)60 TO 770

Ju=C(16-2)42+JA+17
G0 Tu 772

1FC(16.6GT.26)60 TV 774

IV=C16-12)%4+Jn+47
LU TU 772

V= E-2T7)42+U0+99
1FCJi3eGTa10 1V 776
TECaAeGBT 1240 Tu 778

GHCIY=6) =6 1V-T7)=2GHN+15.

TECUAEG«4)EU FU 788
TFCIRER.11)G6G0U TU 795

GH(IV;I)=Gﬂ£IV-B)=GH(IV‘3)$GRN05-

1ECJASED.8)G0 TU 754

GROLV=B))=Gn(IV-2)sGHN+1 5.

TPCINEQ«4)GO TOU Y10

CROIV=11)=GH I U-12) =GN+ 5.
GHOTY-8Y=GROEV=-5) =G HN+ S,

GU TU 468
Js=g
U TU 782

GrRUIVv=9)=GRETV-4)=LHN+1 .

IFCON-FQ. 116U U 815

Gl v=12)sGRCIL-11)=6HCIV=-10)=6nbis Yy,

s15

. 766

176

84

o6

1@

864

BoH2
HHA

850

64

e

1FC(JAEQ.6)60 TO 782
GROINV=18)=GROIV-1T7)=6n(lVU~16)=GUN+15.
GHOIV=-19)=GROIV-1) =61 C(1V=-13)=GRCIV=-16)=GrN+15«
GROIV-Y)I=GROIV-8) =GN+ 5.

GO TG 782 ) .
1FCJAGT.28)60 TO 784

Ja=4

GG TO 78@

1ECINGT8IG0 TU 786
GROIV=14)=GRCIY=-13)=GRN+5.

GO TU 774

JA=}1

6L TO 788

GROIV-12)=GRCIU-11)=GHN+]15.
GROIV-193=GHOIV-21)=61(1V=23)=GH(IV=19)= GROIY-18)
2=GROIV-17I=CGHN+S.

GO TU 778

IFCIPGT6)60 TU lus

IFC€1 661160 TU 852

1FCURGT$IGV TU 852

1v=JA=] !
GO TU 468 | |
NECLV+4)=NTCIUY LI =NTCIU4 18I =N C1U+25) =N1 C1V+28)
2=NJCIV+29)=N1CIV+30)=N1C(1V+31)=N](1V+32)=2 .
GROIV+H6) =Gi(] U+3TI=GHCIV+38) =GH(1U+39) =GR IY+40)
226ROIV+41)=6HO1V+42)=GHN+15.
bN(lV*5)=bR(lV*6)=bh(lV*la)st(lU*lJ)sz(l0019)
2xGHOIV+20) sGHROIV+26) =GR IU+27 ) =GRN+10Q.
1FCIAGEG IGO0 TU 3

GROLU+3IS)I=GHN+1S.
GHOIV433) =GRl V+34)=GitN+10 .«
GREIV+A) =GRUIV+ 44 =G1UIV+45) =6HN+ 5.
GU TV 3

1V=0A=3

GHOIV+43)=6KN+1 5,
GHUIU=1 D=6 (I VU~2)=GhN+18.

GHOIV4 33 sGHOIU+I4) =301 V+35)=GRN+S.
GO fU a6

FRCUBGT «HIGU TU B62

JA=]

FECI6.6T EIVGL TU 864

vl ¢-2)x2+0n+]17

GU. TO 866

1FCLE6GF 26060 TU RGH
fvsCle=-12)s4+da+47

GU Fu 466

IVEC16-2T7) 42434499

€01



HEE

9117

e

310

9

Lo ac

GROIV=IMIBGROIV-9)=6a(JV-B) G} V-7)=BH(IV-6)
2=6RIV-$)0HCEV-4)=GHN415.

1FCJAEN«IIGUTTU KT -

GROTV-11)=GRN®D S

GHOIV=-3)=GROIG-2)=GR1V~ |)=th*5-.

GO TO 4¢9

N T

GU fu 8715

GHEIU=-3)=tidN+] b

GROIV=1 ) =GROIV-12)=GHC1V-11)=GHN+5.

GU U 38

Wil 1FC21 2917 YDANT + 165 0A

FURMATCZZ 1K "KNUT DIA-="2F5:3,5X,
2«Loucaltb Av bbb[lUN":lanSA:"NO-":IJII)

Wk TUNN

END

SURRGUTINE LUABCLD)

COMSONZUATAZFL TLECB ) » NP s if} :Nﬂ:NUl"lNP"\T:NblF:NLD: ) ¥4
1,CDsPINT»NM PsDMAX s NLNF» 1V 16, JSTM, NSINM
22 15TLs LENDLS O3TS5 JENUS, EAVS ESDs ANOK » SDMOH
32 AST2,ASPLL P12, E13,81INGsALRF L ISEFD

LOMAUN uUdL(I?Ona)nNUP(I7M:4).IMAT(l7ﬂ)nUB1(l7|:7)
1oNRCCIE),NELXC18) »R1C360) > SK(I80,20) s NOLES(178)
2,KPCITO)sLLC170)» IKCL1T@) L FSTC170,5,36) »BUATAC170,24)
FROIVSESTIFNCE2,12),A0H456),DC3,8),H5(8),5MAXC1TH)
4oNQCIBI,LECIT®) L RRCIV,2),SMINCITAY »ANGE170)
SoEHATC12,2)SPLEE2Y s STR2C12),XMURCI2)LNECIT0)
€sSTCITA)LIXCITRA) L ORTHOCLIZ2,14),GHRO1TA) s STGRNC170)
7,FORCCLTR 2 3L DISPL24190) > RANIX 5)CO0RLC190,2)
HaNUPHC 178, 4),A5MAX(170)

Z¥4i0 LUAD  ARKAY

pu 168 J=1,NSZF

11(J)=d.

1FC(LLkQ.1)G0 TU 208

PU 348 1=1,NLNP o
TECHHCL2 1) k00260 TU 310

WGl a1 )=t 15 L) +PING

FFCRRCOL.2) «FQ-04)60 TO 340

R 22) =i Cl s 2)+PINC ’

CUNT INUE

kAl PRINT Adb STURE LUADL CAID
Nu=aOLDAL FOINT pUSBER WHExE LOAD ACLS
MOy =0 Z0PTAL LUAL COMPUNENT (PUSI1TIVE T0 THE

ccaca

_RIGHT)

H(Z2)=VEHMTIUCAL LUAD CUMPONENT (PU;ITIVE UPWARD)
.R1=LUAD VECTUR

w9 DO 46@ 1=1,NLNP

-2o2

‘170
apw

Qaae

TErEsS e sl Ne R rEv]

c.

1F(L1.6T.1260 TO 282
RRCIS1)=RC1)
HRCL,2)=H(2)

LU 178  K=1sNDP
IC=(NQC1)~1) *iVLk 4K
RHICIC)=RCKI+HILID)
CONTINUE '
HETURN

END

SUBROUTINE FORMKOLL)
FOHMS STIFENESS MATRIX IN UPPER TRIANGULAR FORM

COMMON/DATA/TITLECE) »NP»NENBsNDF»NMAT»NSZFaNLD, 1P
1,CDsPINC ML » DMAX s NLNP» 1V, 16, J51 112 NSIM

2:15TDS 1 ENDD, JSTS, JENDS, FAVIESDs AMGiH. SLMOR '
JoAST2,ASPL s EL2, 1AL HING,AURFS ISELD

COUMMUN CORDCI9@,2),H0PC1T7H,4), IMATCL1T78), URTCLT1,7)
LoNBLC1@)oNFIXCI@)LRICIEB) » 5KI368,20)»NULES(178)
2oHPC1T70),LLCLTO) L IKCLITHA)22S5TL170,36),BLATACITO,24)
€32 ESTIFMUL2,12),A0H,6),B(3,8),H5(8),5MAX(170)
4,NOC1D)ALBUITR),HR(10,2), SMINC]T0),ANGC(170)

S FHATO12,23,5PLA12),5TREC12)XMOKRC12).NICETAY

€sSTCITE) 4 1XCITUI L OURTHUCEZ, 14)5GHC1TO) » STEHNCITB)
T:F0HCC1T0,3) - DISP(2,198) s RAND(5),COORL(190,2)
5:NUPF(I7@:4):ASMA7(I7B) .

REWIND 15

SE1 BANDMAY, AND NGO OF* EOUATIUGNS

NEAND = (L+1)F  WHERE

WRANLU=HALF-BANDIC-1LTH
F=RUMRFI OF DYGiFES UF FokibOM AT kﬂLH NOLF »
b=mAX s LARGEST blFFEabNCE OF NOLAL NU%nPhb
CUCUKING PO ALL FLIMENTS.
NBAND =2
ZERGU STIEENESS MALATA

PO 30 N=laNSZRT

¥01



[sN ¢

[ o A SR A

c

K3R)

(g3

6oL

LE 1N

7717
(-1

BFJUENS ESTIEM A3 STIFENESS WnTulXs STURE FSTLEFM IN SK'

LU 308 M=1,NRAND
SHIN,MI=( e

SCAw P LENENDS

LU 409 M=1,NE

TECLLFC 16U TO 629
TROEPUN) FC«DIGO TO 6410
IFCGIODESCN) o Qo+ 4)60 TU 605
CALL STLEFICN)

GU 1L €40

caLk s1VFr4oN)

GU TO 6490 .
TFCROLEDCN) s EQ.4)6U Tu 610
[YETY) .

bU 774 1=1+6

LO 779 Jd=1,6

H=iv+ |
FSIIFRCL 2 U)2ESTONSM)
1ROl «k@eIGL TO. 770
FSTIEXC L 1) =ESTIENCL, )
CONE INUE ’
GO TU 692

N=0

LU 17T 1=1.8

LU 777 =1,

=M+l

FESTIFVCi» J)=ESTINSM)
TECLaFQGY TU 777
ESTIENCUo 1)=ESTIENCL D)
GCUNTINUY '
NUN=NODFSON) .

FIRST, alw s

DU 390 JJ=1,8Cu

NHUW e COR G, JU) =1 I 2NLF
DU 358 J=l,abF
NHOWR=NHUNY + )
I=CJU=1)#NL'F+ Y

ITHEN COLUINS

PO 331 Ki=sla.NUN
NCULBE=(NOP(N, (8 ) =1 ) enbo}

C

U 328 K=1,ND}
LeCHK=1)¥NDF+K
NCOLANCOLIR+K+]1 -NHOWB

€ SHIP STURING |F BFLOW BAND

c

3w
320
330
39y
430

[+ Xk o]

ooaoe

ieli)

2825
430

450
430
&%)

coo

IFONCUL)I 320,320,318

SHONHUWR s NCUL) = SKCNKHUWB, NCUL) +ESTIFMC 15 L)
CUNT I NUE ' .
CUNT I NUE

CUNTINUE

GONT I NUE

INSERT ROUNLARY CUNDITIUNS

HEADCIS)INRCCL) LNFIXCL) S 1 =) ,NR)
EQ 580 N=1.,NH :

CNX=100 £ (MDF-1)

I=hRCIN)
NRUWB=C1~1)*NDF

EXAMINE PACH LEGREE OF FREFDUM

LU 490 M=) sWNDF
NHUWR=NRUUR +}
ICON=NFIXIN) /NX
LECICUN)Y 450, 4%0 5 420
SHINROWB 21 )=«

DU 430 J=2,35AND
SKINRUWE J)=de
NH=NKOWP+1=J

TFO(NRY 430,430, 425
Sutuig,JddI =i

CUNT I NUL .
NEIXCN) =NFIXCN) ~NK* FCUN
NX=NK/1@ i
CONTINUE

CULT INUE

HETUKN

EtD

SUERGOFENE STLRTICN)
THIANGULAR FLEMFNFSS - . FLANE STHESS

CURNMUNAUATAZTITLECH) s NP s WF s NPRONLEF, NCAT 2 NSZEFSRLLS 2 P
LoCl PLAUC NP s LML s NLNP» LU T 65 U3 1D, NSTM

S01



GG

ocana

[yl o)

caG

2,15TDs LENLD JSTS» JENDLS s FAVS ESLS AMURS SLMOR

3,nST2sASPLIEIZ2, E1 342 ING,ADEFS 1SEED R

CUEMUN CULDLOIYH, 21 aN0RC1TA, @ 5 IMATCLTOI s URICLTL.T),

FoNRCCHNISNFLAC TR, 11 (380, SK(380,20) ,NOLESCITD)
P CITOILLLCI T IRCLYB) 2 F51C176,36),BDATAC170,24)
JoHCAILESTIFMCI2,12),A(8,6),B(3,8),85(8),5MAX(170)
H,NOCIBISLBECLIT0)HRO1G,2) 5 58INCITR) ARG TA)

S PRATCI242),SPLEL2) S STRZO32) > XMURCIZ2) S N1 (270D
CoSTUITOI o 1XCET8) s URTHOCLR,14),6RO170), STHHNC1TA)
7, FORCCLITO 3D, LISF(2,1903), RANL(S) »COURL(190.2)
KaNUPPC17048) s ASMAXCLTB) )

LEIFaMINE ELEMENTS CUNEC TIOUNS

l=dUr(nN. 1)
JENUP (N, 8)
= 0PV 3)
L=1i1AT(N) ; .

NUFLRER THE NODES CUUNTL-CLUUKWISE
SET UM LUCAL CUURDINATE SYST&M‘

AJ=CORLCJ, 1) ~CORLCT. )

AX=CORD(K, 1) -CORDLCL, 1)
FU=C0RDCJ2)-CORLCL,2)

BA=COGRUDOK, ) -CORLCOL,2)

Akie( B JFBK-AKXBI) /2.

1FCOREASLE <D )60 TU 220 -

FOUKRM STHAIN LIESP. WMATHIX

NCLs1)=2nC3,2)=RI~ABK

NCl,2)=AC1) ;ll)=l§(loﬁ)ﬁt\(dtl)=o.
AC2,3)=0(2,59)=0
AC1+3)=003,4)=RK
al1,9)=A(3:.6)==RJ
NC2,2)=3C03,1)=AK=AI
AC2,4)=A04,3)==AK
ﬂ(2;6’=1'0(.):?‘)=f\d

CFUKMCSTib35 STRAIN MATHIS PUn Q2THOTHUPIC FLEKENL

COmE=T o Z/CCEH e ~ORT(L, 3 *UbiFCLL 4) )R AKEA)

FSELFNCL 1) =C0MnsURT(LY 1)

FSTHRC2) =000« ONT (L, 2)

FSTIRe €152)=FS5TIRMCE 12 =C0MACQAT L, 1D 201 (Ls A1)

SaanG

kslltntl.ay FSTIFM(2,3)= tsrlrmt4.|)=ksr|rvt3.2):n.
FSTIFMC3,3)=0RT(L 5)/ARLA .
P 1S THF STRESS BACKSUBSTITUTION ¢ATHIZ AND 1S
SAVED ON 1APE :
1)
LU 205 1=1,3
pu 205 J=1,6
Rlsd)=B..
DO 295 H=1,3
*Hs ﬂ(l.d)=B(l»d)#tbrltmtan)leotn(h.J)
, M=0
B0 690 1=1,3
LO 680 J=1,6
M=l
629 BDATAC(N,M)=B(1,J)

oo

FSTIEM 15 STIFFNBSS MATRIX

oacG

)
LO 210 1=1,6
1O 219 J=1,6
FSTIHiCL» ) =00
LU 219 K=1.3
218 ESTIFaCL. D)= ['le"M(lpJ)*ﬁ(‘(pl)/a *A(K»J)
M=0
Lo 382 1=1.6
LO 380 J=I»¢€

M=t
ang ka(NoN)=l‘leH'l(loJ) '
RFTUARN
C
C 420 FLLIT ROR BRAL CUNNECTIUNS
C

220 vilITh(21,181

A1 FORGATC"IZERD UR NEGATIVE AREA LLEMENT NO.™,l4/
I"FAFCUTTOR > " TFRMINATED™)
SfoP
ENL

SUNACUTINE STIFTACH)
PEAING AFCTASCULAR FLESFNT TAKES FuOM 1EPHOVED
TEU-D1 SFNSFUNAL FINITE FLEMENT BY ke Lo COUK IN
JURe UF SECTe LIVes SIETe 1974 .

CORMUNZDALAZFTTLE(S) s WP NES N 1L B NENL 2 NSZE S NLDS (R
LU P IR NP s 1K s NLINe s TV Lo JsTitedE LD

901



coetcoococncatOcac

C
C
C

2o 1STD FENLDS US TS, JENDS» £EAV, ESL, AMUR, SDMOR
JsAST2,ASPL 12513, HING,AUFY S LISEHED

CUNGON CURLC19a,2),NOPCTT8,4), 18ATC1T2), 0RTC171,7)
LoARCCIAILNEEXCIQY, 0 (38925 5K(38B0,28),N0DES(1TB)
2oEPCETAILLDOITM) L IKCLITBILEST(1T78,36),BPDATALLTd,24)
BoH(3)) 2 ESTIENCIR2,12)5A08,6),B(3,8),H5(8),5MAX(178)
asNICIA)SLBOYTAI s ki Y, 2D, SMINCITA) »ANGC170)
BrEHATC12:2),5PL012),85TH2012)2KMUNCI2),N1C170)
CoS101TA,1X0178,0nTdUCL2,14),GHOITN) » STUHNCITA)
TsFORCCITA,I) S LISH(2,198) HANDCS)»CCURLCL98,2)
BoNUPPOLITA4) s ASMAX (174D

DIMENSIUN TC(5,8),P(3,0),H(5,5),01t3,8)

BEMDING RECTANGULAK ELEMENTS STIFFNESS MATARIX

DETEHNINE ELEMENTS UGNNhCTIUNS(NUUhS NOMBEHEL
COUNTER-CLOUCKWISE)

PUSITIUNS UF NOULESE

Lo--momeoonok

1) .
[} *
0 .
L ]
| IR LR R Edatnd J

1=NOF (N, 1)
JENUPON,2)
K=NOF(N,3)
L=NUP s 4)
F=I&QI(N)

Ui 1 &0Tinl X'

bU 181 la=1.,8
.U 181 1IB=},5

101 TUIF,1A)=20.08
T€9:2)=TC 1 1= CCORBOII2)=CORBIL,2) I /2.)
TCO, ) =TC(1,3)20(CURLCK, 2) - LUub(l:d))/a )
FCS,6)=T(1s5)=C=1a)ef(1,1)
TCOsH)=TC1,70=C-1e)¢TC1s3)
G=UUHPCJ,2)+00RL(T,2)
b=C0DCL,2)+CORNCE ,2)
E=CURDEK,2) +CuRL Y, 2)
FeCORL L, 8 +CURLIK,2)
T2, 1) =0 (CURICIs2IAG=CUaLILI2) 1)/ he)

>

aan

T2, = (COMDCK, 2 v E-CORDU 1, R2)4G) /7€) ,
(2,5)8C(COHLIL,2) b ~CORL(J,2) %) /6.)
T2, D)= (CUAPC1,2) ¢ LU-CUaLIL,2)=})/60)
TEO21)=T(32)=CCCUHDLL 1) -CURLUUS 1D /2.)
FC5, )= (3, 4)=CCCOHLCTL 1) -CUORL(K, 1)) /724)
TCH,5)1=T(3,6)=C=1.)%T(3,2)
TCH, P =T(3,8)2(-]14TC(3,4)
G=CURDCL, 1) +CO0RLC1, 1)
p=CUKRDCI, 1) 4+CORDCTI, 1)
E=CURIR J, 1) +CURLL K, 1)
F=CUAD(H, 1) *+CURDLLL,1 Y
TC4,@)=CCLURVIL, 1) #G-CUHDL(Js 14D/ 6)
TC4,8)2C(CORDOL, 1) «D=CUBLCK, 1) *L)/6.)
TC4, 6= ((COHDC s 1) #E=COHLCLs 1) %) 7€4)
TCA,6)=C CCUKD(Ks 1) #F=CUORL(L,1)4G)/64)

FORM P HATRIX

189

LU 109 1A=1,3

DU 190 1B=1,5 . .
PCIA,IB)=0.0

X=Y=0.5
PCL,1)=P(2,3)58P(3,5)=1.
P(24)=2((CURLC U, 1) =CORLCI» 1)) %K) +CORDCES 1)
POL,2)800C0RDER,2) -CORL(J,2) ) *Y)+0UKRDII, 2)

FUnt H=-TINVLHSE MATHIX

102

NAH=ABS(CURDCK» 1) =CURLCI, 1))
AA=ABS(CUKLCK,2)-CURD(1,2))

DO 142 1A=1,% )

Lu 162 1R=1,5

HOLALIB) = o

CA=AR*+5

Cli=tA#xS

CUMM=T 826 /CCORTCN, 1) *ORT(,2)=(CORT (s 3D *URT (M,2))
2*¥2)) s (BA¥LH6)+(AHRRE)) '

ACE, 1) =COMMSCCCORTOM, 1) #42) % 0RT(M, 2) # (LRI 4CA/ 36—
2CURTGi4s ) CLURT (M, 3) Xk ORTAM 2D I ¥4 2)2CAFCR/YE )
HO2,1)=H01,2)=C0pM4 COCURT (s 1) #CCORT (M, 3D #ORT(M,2))

P*#2)*UA*IFA¢*4))-(UM](N:l)**2)*Uh1(M:2)*UA'(FAt*4))/

3206)

H(3» l)=H(l:3)=bUmh%(Uﬂ](m:lJOUH[(h-d)t(UNT(M:J)¢
20HT(M:2))+CAxCR/ 1 44.)
HZ2,2)=C0MM*CC(0RT (M, 1) #22)*0RI(M,2)4CA*(BA%%]) ) -
PURTIN, 1Y v L LURT UM, 3D #URT(1M22) ) %3 2)4CN* L HAX*3)) /12
HC3, 320 0M e CCURT P EIACURI (I, 2) $42)4UASCR/300 ) ~

LOT



~

2CORT (M, 22 LLURT (ML 3)SOHT (21, 2) ) ¢#2)¥CAYCB)I /448 4 ) .
HC4,3)=4Co M) =CCORF(MI 23 CCUNTEN, I Y ORTIML 2D )44 2)
2CADR*+4) *CB- U“](f‘“l)*(UHT(M:&)**d)‘(l““"*ﬂ)"‘br‘)lz’lo)*
JuutiM

l‘(IIJ/|)=..UM(‘1’I'(UHI(AV|1l)‘(Uﬂ‘("la”*e)‘cﬁﬁ(f\ﬂt‘:,)—
"Ul\r(ﬁla)*((l)“f(l'}nJ)fUﬁl(MlQ))1'2)1(:’)5**3)*‘,8)/'2-
H{9 5)=CUMM¥ (UHT (M, S) /7144 Y2 CORT (s L)% ORT (M, 2) $CASCH~
2((OHF(M:J)tON]‘(M:a))vaa)tCAtCli)

¢ FOie ELEMENT STIFENESS MATKHIX

bU 103 NA=1,8
DU 143 NC=1.%
ACNAINC ) =0«
LU 103 JA=1,5
[GR] !\‘N'\nNL’)—[(JA:?\A)*H(-PAINC)’A((JA:NL)
v 594 NA=1.8 N
UL 184 MC=1,8
ESTIFM(NALNC) =0 .0
LU 104 JA=L,S
184 k;[liN(NAnNL)=A(Nu.dn)#T(JA:NL)*&&[I}M(NA.NL)
ti=@)
! bu 380 1=1.8
LU 300 J=1,%
te=pie ;
300 ESTCNSM) =RSTIFMCI.J) .

FuRi) STRESS-DISPLACEMENT MATHIX ANL SAVE ON BDATA

cCa

LU 106 NA=mL, 3
.U 126 NCel,5
FONAINC)I =0 .0 .
U 16 JA=1,9

COMA6  BONALSNC) =PONALS JA) ¥HC uf\‘nNC)fE( NALNL)

DU 10T NA=),3
LU 187 NC=).8
CINAINCI = ef)
LD 107 un=lL%
107 CONASNC) =T (Nivs JAD *FC UASNC) +CI(NALNC)
M=
Bu 62 1=1,3
DU 600 url.H
MM+ ) :
€3 BLaTACk,r )=C(L s J)
. EFUKN
rNDL

caoaao

c

SUBROUTINE Sulvth

DIAFCT SULUTIUN BY THE GAUSS LHLINMINAKIULN PHULE[‘UHI’
ANV BARD MATHIK TECHNIQUR.

COMMUNZDATAZTLELE(B) s NP NES NBsNDF S NEAT,NSZESNLD. UP
12CLPLRG S NP MAX S NLNE» TV, 1 60 OS5 11iaNSIM
2, L1STL JENLDY USTS» JENLS s FAL, ESDLs AMUL s SLYNUR
JsAST2,ASPLL 2,13, 0ING,ALFFL L SEEDL v

COMMUN CORDCIIO«2)H,NUPLLITD.4),IMATCLTRI»0BTCLTL,T)
1sNBCCIA) o NFIXCIB) 513 (3BB) »SK(3B0,20) s NOLES(]70)
2oHPCITA)SLUCITOY P RCITV)LESTCITR236),BRATALLITU,14)
3oROI)SFSTEFMNOI2502),AC8,6)28B(3,8),85(8),SMAKCETH)
4.NQCIA)LLECLTO) bRUHCTIQ,2).50INCITAIANGCITR)
SsEHATCI2,2),SPLOI2)»STRH2C12)»XMUKCI2) s NIC)TD)
CoS5TCIT@IH IRCTITOILORTHULEZ2,04),6H (TP STEHNCLITOY
T+FORCCITO,3) . DISP2,198), HANIC 5) sCOURLO190,2)
HoNUPPCLTB,4),ASHAXCLT70) .

NRAND=20

C REDUCE WATHIX

c

“24p

caa

C

C

200 -

270

DO 30@ N=1.NSZH

I=N {

Lo 290 L=a.NnANu

Y=l +)

THCSKONSL) 240,290,240
C=SKI(NsL) /SHIN: 1)

J=J+)
LFCSKINSK) 260,270,260
SKOL»U)=SK(FsJ)~CH¥SKINLK)
CONT INUL

SKIN,L)=C

AND LOAL VECTUK EUH EACH FOUATIUN

2a)

LIS

J=0 '
DU 270 KsbL,NRAND :
|

HICE) = CE)=CrRICN)
CUNTF INUE
RICNI=H (NI 78K NS b))

RACK-SUBSTI TUFIUN

C

AW

=NSZE
W=N=1})
FEONISAC, S, 360

801



C

C

36D

370
Qe

5401 .

L=N :

U 480  K=R,NFANDL

L=L+y .

1FCSKONL KD 3T2,400,37

HICNY =) €N ~SKIN,K) *pel (L)

CUNT INUE )

LU FU 354 oo
ek TURN :

(X

SUBROUTINE STnk5SCL1,UN)

COMMONZLATAZTITLECH) o NP WE » NI, NUF s NATHONSZEFSNLLS 1P

1aCLsPINC oM DHAK > NENP» fV» 162051 M NS TN
2alSTDs LENDLS USTS» SENLS » EAVIESL, AKOR, SLMOR
3sAST2,A5PLsF12, 13, HENGLALREFSISEED

COMMON COHDCL93,2),NUPCET8,43, 1MATCLTR) 5 ORTCLITL.T)

LA NMCCIR)oNFIXCI) 2 HIC(3BD), SHC3BA,20) ,NULESC170)

QoRPUITAILLDCITR) » IKCITHLESTC170,3€),BLATACL170,24)
JonCI)o ESTIFNCL2512),0(85,6),B(3,8)sHS(8),5MAXC178)
A NGCIBISLBOLTN) s HHCIB2) 2 SMINCITR) »ANGC)TR) '
SabRATC1222),SPLC1Z2)»STH2C12) 4 XMOKC12),N1C}70)
6,51C1T70),12C170), URTHUCIEZ214),GRO1 7B »STGRNCE70)
T2hURUCLIT023),DISP(2, 19Q) » RANLCS) »COURLC19A,2) :
BaNUPP(178,4) ,ASMAXC1T70)

LISENSTUN DIS(2.208)s PURCEC200,3)

LOUIVﬁLhNUP(DIS(l)an(l))n(SK(l)-#UHCL(l))

PriNT L1SPLACEMENTS

C .

C
C
c

100

H1a

1FCL1.GT+1)GO Tu 52

Wil TEC21.108) ]

WVHITECR1, 113 (s CLLISCIaM) s J= 1 o NEF) b=l ST, | ENDE)D
FURMATCZ /7751 585" DI SPLACENENTS™ /754, "NODE"™ 5 18X, " %*,
118X, (")

FUHEATCE18,2E)545)

UALLULATE RECTANSULAN ELENENTS STHESSES

59

922

LG 2PA WC=1,NE
TECHULESONCY « Qo3G0 TO 222
“A =0

LU 922 1=1,3

bU 922 J=1.8

mX=tiX + ]

FClau) =BLATACNC»6iX)

LU 263 1=1,4

. MENORCNG L)

aaco

249
260

k10

222

923

449
469

540
201

855
C

1F(MER @260 TO 260
n=(l~13%2 ’

U 248 JU=l1.2

1J=J+K

RSC1J)=D1SCJr1)

COXNT INUE '

laskK+2

PU 308 171,3 ) .
FUKCEC(NC 1 )= 0

LU 348 JU=1s1A

FUHCECNC» 1 )= FORUECNUC» 1) +BC1, ) #RS5CW)
GO Tu 200

CALCULATE TRIANGULAR ELEMENTS STHFSSES

[ YAL ) .
PO 923 1=1,3

DO 923 U=14+6

MZ=MZ+1

PC1,J)=BUDATACNC,MZ)

DU 460 L=1.3

M=NUP(NCs1)

1F(-EG-0)G0 1 TO 460
"K=C1-1)*NDF

U0 440  J=laNBE

1J=Jd+K

RSCIN =DISCI,M)

CUNT INUE

1A=K+NDE

LO S8 1=1,3

FORCE(NC»1)=0+

Lu 508 J=l.1a

FORCECNC » 1) sFOHCF(NC 1) +HC1 s J)#RSCY)
CONT { NUF.

bl 555 1=l.NF

PO 555 -J=1,3

FOHUCL 20 =FURCCT 2 D) +FORCECL S )

¢  CALCULATE PHINCIPAL STHESSES AND LIREUTIONS

c

L0 GOY N=1.WNE .
C=ChURUFCNS ) ) +FORCE(NS 2D ) 72,

XANG =GHIN)L #2757 .29578
SEVI=CFUHCE G, 1) ~FURGE(N,2) ) /2.

STU=STUL 1COSERANG) =FUKCE (N 3D #SINCXANG) +U
STGUNCNI =S TGHNEN) +5TG

ANESOHT (S TUL $ %2+ FORCE (NS I *432)

601



STrAX=C+nA

: : . 2 K-Y~STRESS", X s " STCHN')
STMIN=C-AA 111

"FORMATCIT,4F13.4)
SMALINDY s SHAX (NI +ST1MAX . . ! 112 FOHMATCL10.217+45F1203)
SHINI(NY =S5 TRONY +STOUN ’ . ’ 92 METURN
THCFUHCEC(NS2) s kU . SMINCNIIGU TO 708 ° 991 TFCUNSLT-NSEMIGU TO 942
AN =5T 2‘)57!3*01-‘\\1(l‘Okbt(Na.’i)/(fUnLl“N:Q) :MIN(N))) ’ STUP
GU TO 210 : END
WA ANGIN)Y=90. . : . c

21:¢ CON1 INUE SUBHUUTIN.L CHFCHK(LD)

&) CUNTINUE C .
1F(LI«Gie])GL 10 610 ¢ THIS SUBKCUTINE DETERMINES 18 ANY OF THE ELEMENTS
CLO=SQUECCDIS (R, NEP I X428 %2) (X SHULWULD CHANGE THEIH STIFFNESS (K> MATHIXN FOR IHE

Cc NEXT LuUAb.
WoallTk ALL 5TRESS COMPONENTS c .

. ’ COMMONZDATA/TITLECS) s NP, NESNES NDF, NeiA T s NSZFNLD, 1P
GIHITEC(Z21,101) 12CUsPINCINMP S DMAX s NLNP» U 162 JS1Ms NS
ﬂleL(al:lll)(Nn(l‘Ol\C(NnI)JI"I:J):STGHN(N):N JSTS 22 1STDs 1ENDDJSTS » JENLS S AV, ESL AMUK S SDMOR

22 JENDS) - JlﬁbianthLJEIQAElali”Nb:ALl'l"lbkED
Wi lTEC21,7940) B . COUMMON CUML(l‘)@lﬂ)nNUP(l'len‘()nlMF\[(|70)50n'll(l7ll7)
WHITECZ21 2 112X ONSHMAKXCNDY s SMININ)  ANGIN) o N=JSTS» JENDS ) 1,NBCCIAY)NFIXC10)»81C380)25K(380,20),NODESC1T0)

6193 DU €20 I=]1,NP 2oKPCITOILLDCITEI S IKCLITRISESTCITR,36),BOATACL1TRL,24)
DU €280 J=).NLF ' 32HOI)2ESTIHGC]2,12)ACH6),BCI,B)HS5(8)5MAXC1T70)
LISPCJ, 1) =D1SPCJ.1)+DEISCUL 1) CA4sNGC1QYLLBOITR)  RE(1B52) »SMINCITO)»ANGC17D)

0 - CUNTINUF ’ S5>sEHATC1222),5PLC12),5TH2CI2IAMOBCI2).NIC1T0)
LEFL=DI3C2, NP ) ' 625FC1T7TB) 1AC1TOYOHTHOCI2,14)2GRO1ITOI s STGHMNO1T70)
ALFF=AR3(LEEL) 7:)‘UHL(llﬂ:J):leP(anl9ﬂ):l((\ND(5)nCUORD(19’016)
TECLLEQ 1260 TO 990 BaNUPPCETO S 4) ,ASMAXC170)

TFCHUEFLT-CLIGO TU 922 DIMENSIUN ST20206),5TT(230),5TL(200),5TL(208),5T1(230)
VlTECZ2L.811)TITLE AL 2:5TLIFC(200),5TM(200) . DIS(2,200) 5 FORCF(280,3)
WitlTEC212813) kUUl\)nLhNLtll!b(l):Hl(l)):(br((l)nl’U}in(l))
ERLTEC21,814) JB=0 1

Wil FREC21 819X CN0CL1 Yo (€L aHY s K=Y ok 30 1= ] s NLNDP) L0 500 1=].3NL '

WHITEC21,109) ’ HKPC(1) =0
\Hllk(a’l:llﬂ)(f"u(llle(d:")DJ=lansl‘):PZ=IST[’»IL"JL'D)‘ ha=N1C1)

vitl frc21.101) ¢

"ﬁlfh(dlnlll)(l\u()’()d(;(N:l)ll 1232, 51IGHNIN) »N=USTS c TP LYC1)=1, FLFMENT 1 HAS BEEFN BHUKEN. CHECK

22 Jh NS ) C NPAT ELEMENT.
wrlfEC21279) . ¢ .

ERITEC21 2 122 ONS SMAXCND s SHINCN) L ANGINDY S N=JSTS» JFNDS) TR(LR(d D) +2D1)60 TO 500

811 FOUIATC /71 R 8N6.1.0AD CASE* S 1377 ASMAACLY=AFS (S TERIVOE Y)Y

H13  PUAMATC2K,'LUAL" /) TRCSPLAKOY sil «ASRAY(]) ) GO TO 112

H14  FPOHMATO2X 2 “NUDEY S T K" s TA ™22 TECSTR2OKDISGEASMAXCEDIIE0 TU 201

815 FUnMATOLS,2F10.2) IKC1)=1KC(1)+)

s JO 931 [ ‘e
93 1TF(DEFL=LXAX). ’Ul")"ll:‘)d? [H 1F ASHANCL) 18 GREATER THAN ®UBULUS OF KHUPTUAL
S PUREATCZ 21T AN =S Tl S5 2 62 "M N=SInESS" 57X+ *ANGLY**} C CLPUHI P FLEMENT | HAS DBkt FuURFNS CHANGE STI1FFENESS
141 . lU‘HM\I(//J\:"I'Lll'xh\l"'lt’/('"l\ SIRESLE" 5% Y =STHESS s IXy C Pulrbidl 1} 5.

o1t



120

LI 2O w3 o

ccac

14

113

11¢

31

20%

247

FEOXURCnd) «GT+ASMAX(1)IGU TO J)4

IMAT el ) =nF+]

LB(1)>=]

KEC] =] ,
JAs]

GO TV 5499

IF 1HCI)=1,07 1S THE FINST LUALING OF ELEOENT 1
BEYOND THF PHOUPORTIONAL LIMIT (PL).

IFCIKCL)ek2el) GO TO J16
TECIROYY 512960 TO 318
ST201)=(ASHNKCEY ~STI 1)) 72,
SIDC1) =XE0HIKY) ~ASMAKC D)
TFCSTLCL ) =5T2C01))]12051235 509
STTCI)=ASMAICL)

1F LLC1) =)L, THE K~MATRIX OF FELEMINT 1 HAVE ALRkADY

REEN US INb PHUPERTIES bEYOND PL.

TRCLLCLD) . FQ«RIGU TU 590
50 TO 207

1X€1)=18C1)+}

IFCI4C1) b 26GO TO 203
TFUIKCI) 6T 2060 TU 205
SIICE)=CASHAKCLI) -STLC1 D)) /2.
STMC1) =S THZCKQ) ~ASMAXC 1)
TE(STHMO1)=51101))207,207, 5088
KPCI)=}

ORTCI s 1)=0nT 0l s 1) *ERAT(KY, 2)
UHTCE2)=Lii1C1,1)70.0868
ATl S) = u“ltl.lwi.uaa

Ji=] :

LbC1)y=2

G0 TO Spe

STLOCEY =ASMAXC])

TFCLUCI) SEQ.1IGO 10 50
TFCLIGT«2060 10" 124
STCI)=CASMAXCII=STC1)) /2.,
STULFC1) =SPLOKE) ~ASEAXTL)
TECSTUIRCD) =STCE) ) 122,122, 500
wECl )=l

acaaaoe

g
')

&g
=

811
H13
Hls
815
62

B21
11

113
790
193
€600

CHANGE STEFFNESS PHOPENTILES

URTCL 1) sUHTCL 2 1) ¥ FHAT (KW, 1)
ORT (1220010121090 .0368 |
ORTCI25)=08TC(1,1)%3.064
LDC]1)*),

JR=]

CONT I NUE

1F JB=B,RESULTS WILL NOT Bt PHINTEL.
1F JB=1,THE K-HATHIA OF ONE OR MURE OF THE
ELEMENTS WILL CAANGE NFAT LOADING. KESULTS
WILL BE PRINTED.

1F(JB.kQ.0)G0 TO 600

TECL1+EQ.)DGU TU 600

WRITEC(2],811)TITLE,LY

WKITE(21,813)

WHITE(2]1,8]14)
WRITEC2},815)(NGCI)sCRRCIL K K=1,NDE) 2 k=1 s NLNP)
WRITE(2] ,820)
WRITL(el:ael)(m;(DISP(J:M).J=I:NL}):M=I§1D:lLNDD)
WRITEC(21,101)

WIHITEC(RI, 11D ENs CRORCIN, 1) 101, 3) . STGRE(ND » N=JSTS
2+ JENDS)

WalTEC21,796)

WRITEC21,793) (N, SMAXIN) s SMINCN)» ANGIN) s N2JSTS» JEMNDS)
FURWATC /71X, 8A6, " LOAL CNASE",137/)
FOHMAT (24, LUALS" /)

FOURNMAT (26X, "NOLE s TX "X 7K"Y

}‘UNMAT( 15:2F102)
runmnr(///.1kx.“LlsPLAurmtﬂrs"//bx."Nuvb".|@x."x'
115X."Y"™)

FURMATCLIB,2E15.5)

FUREATC/7 /3% " ELEMENT 5 2X 0 " A5 FHESS™ . 5Ky - :rutss'.ax.
THR =Y -STHESS "5 X STURN')

FURMAT (17,4813 .4)

FUHMATC/Z /175 A% = STHESS " s €4 "MIN-STHFS S, 7X, "ANCLE™)

FOMMATCL 10281 T 40 F12:3)
REJUKRN
| R3]

IT1



\ R
FINITE ELEMENT ANALYSIS (SIFEC 1.MESS d)

APPENDIX B: INEUT

9 0 0

135 156 2 2 1@ @ 67 -2. =-25. 2 66

2

8

9

135 1 156
19330080, 131400, .29% D20 123738 96706. 15050Q.
713580, 449 .222 .39 .287 14B4508. 723840,
1723302, 117200, .292 928 11038D. B6208. 134408,
12188, ;449 @22 .390. 287 1418300. 1404604 -
27528068. 187200, -292 .@20 176202. 13760a. 214700,
19300 .44% .82 390 287 1744308. 708440.
1668820, 113508. .292 .428 1368G3. 83400. 130200.
117900, 449 .822 .39 .287 1433180. 14383189
2341408. 159200, .292 .020 149828. L17104. 182600,
16400, .249 .022 <398 .287 1638600. 1312104,

1893192, 128500. .292 .02¢ 121080. 945480. 147429. .

13208. 449 .022 -390 .2B7 16310084. 14853¥d.
2342304, 159300. .292 .222 149920. 117100. {82706.
16400 . .449 .022 .390 287 1718608, 971500
184330A. 1247008. .292 .023 1173083. 917208. 143490.
17890, 449 .022 .398 .287 1787208. 1787234,
2342300, 159300. 292 .028 149908. 117100. 182700.
10420, 449 .222 392 .287 1710680 971533, '

10 2223582. 151200+ .22 .020 1423080. 111200: |73408.

15603, .449 .022 .398 .287 1924303, }5008069-

157 1098. 68. .292 .020 6a.

VORIV H LN

4313. 5882. 8230,
9470. 9879. 10350.
5608. 7433, 8433.
12620. 111608. 11700,

250. 6463. B8490.
100943, 11160, 11923,
52208. 6463. 8343.
10249. 11858. 11872.
52208« 6460. 83a3.
12168. 124588, 13640,

) 2.2 3.42
2 2. 1.71
3 a. a.

4 Se 3.472
5 S. 1.71
6 Se a.

7 18. - 3.42

FILE FOR

STUD NO. 1

1.
18.
14,
14.
14.
18.
18.
18.
2t.5
2).5
21.5
25.
25.
25.
217.5
27.5
27.5
30.,
30.°
306.
3t.25
31.25
31.25
31.25
32.5
32.5
32.5
33.15
33.75
33.75
33.75
a5.
3S.
aS.
36.25
35.25
36.25
36.25
37.5
37.5
7.5
38.75
38.75
38.75
B.75

1.7
e.
3.4a2
1.7).
G.
3.42
1.7
e.
3.42
1.71

3.42
1.71
Q.
3.42
1.7)
0- .
3.42
1.7) -
e.
3.42
24565
855
8.
3.42
171
0.
3.42
24565
+85%5

3.42
171
B. -
3.42
2.565
-855

3.42
1.71
A
3.42
2.5A5

855
3.

Z11



53 4a@. 3.42 . _ - 105 5B.75

Sa 42. 1.71 : . lgg gg.;g
55 4a. a. 1 38.
56 .41.25 3.42 - : :gg 2%:75’
ST 41.25 2.565 10y e
58 41.25 .855 111 69.
59 a1.25 0. 1§2  62.5
683 a2.5 3.42 113 62.5
Al 42.5 1.7 114° 62.5
62 a2.5 @a. 115 65.
63 43.75 3.42 116 45.
44 43+75 2.565 117 45,
65 43.75 +B855 ::g :S.g
63 4.7 Siaa 120 leg.s
68 a5, 1.71 121 72.
69 aS. 2. 122 S12.
710 46,25 3.42 123 " 72.
71 46.25 2.56% :gg ;g-
72 46.25 855 126 76:
73 " a6.25 B. 127 8o,
74 47.5 3.42 128 83.
75 47.5 1.7} 129 80.
76 4a41.5 0. 130 8S.
77 48.75 3.42° 131 8S.
78 4B.75 2.565 132 - 85.
79 48.75 .855 133 9%0.
RA 48.75 Q. 134 90.
81 58. 3.42 135 94.
82 506. 1.71 1 ‘2
B3 S3. 2. 2 3
84 S51.25 3.42 3 5
85 S51.25 2.565 a &
86 51.25 855 5 8
87 51.25 0.
88 52.5 3.a2 6 9
B9 52.5 1.71 7 11
93 52.5 0. 8 12
91 53.75 3.42 9 14
92 53.75 2.565 10 15
93 53.75 855 111
94 53.75 A 12 18
95 5%5. 3.42 113 20
96 55. 1.71 ta 21
27 55. Q. 15 22
98 56.25 3.42 ¢ 16 23
29 . 56425 2.545 17 23
1840 56.25 .855 14 5
131 56.25 4. ;J
162 57.5 J.a2 19 25
123 S57.5 1.71 20 25
21 ~é6

ida 57.5 0.
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22
23
21
25
26
21
23
29

3l

32
33
34

33

36
37
38
39
43
a1
42
a3
44
as
46
a7
48
49
52
S1
52
53
54
55
56
"87
S8
59
63
61
© 62
63
64
65
66

6%
69

28

2h

21

" 32

32
32
33
3s
a5
33
33
34
317
31
a9

ag
a2
a3
42

41

44
44
aé
46
a1
49
592
a7
47
48
St

51

53
53

5S4’

56
517
54
54
5SS
58
58
L1

sassssassass&sssassseasss&&@e&ssssssscsessa&seaa

~UUUUUUUUUUUUUUUUGUUGUUU'U‘UUUUUUUUUUUUU‘UUUUUUGUUUU
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=GOV ENOVLUNSECECET LSO UVNDWN =R ORGSO NDWN S O

62

[0 o)
wa L

o
K -
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@&SEQSSSQSGGQBA@QQGQGGGGQ&QSSSG&QGQQQQSSSGQG&SSS@
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118
19
120
121
y22
123
124
125
126
127
128
129
138
134
132
133
134
135
136
137
138
139
)40
141

t42

143
144
145
146
147
148
149
158
151
152
153
154
155

-
-
o

=SV RATNDWN

82 1-R-J-X-1-1-11--§.3

93 96
95 96 99
95 99 98
96 183 99
98 99 192
99 103 182
96 97 .1020
96 100 103
97 181 122
190 121 104
160 104 183
102 183 10@6
192 196 185
193 110 1026
185 126 199
106 112 1909
183 124 107
183 127 110
104 108 .107
187 188 118
187 111 118,
199 118 113
109 113 1312
12ty 113
1 1A 113
113 116 115
11a 157 116
116 119 118
117 122 1149
119 122 121-
120 123 122
122 125 124
123 126 125
125 128 127
126 129 128
128 131 130
129 132 131
131 134 133
132 135 134
1. 89.2
1.2 69.2
1. B9.6
1.12  72.35
1.25 89.6
1. 72.35
1.25 90,
1e  75.5
1.25 92
1. 5.5

127
128
130
13

MUNSSQSQQQQBGQ@QQSOOGNQSG@SQ

DOLOODIDLOLODOLDDLL0 WWWWWWWWWWWLWWWW W W W W W W W W W

e
119
120
121
122
123
124
125
126
127
128
129
130

131.

132
133
134
135
136
137
138
139
140

141

142
143
taa
145
146
147
148
149
150
151
152
153
154

155

156

.

b uuuu~s

- = - . .

-———-—
WWbLLLODWWWWUWHLHIDDID AWWWWWH S WWN

. .
woow

86.35
82.1

89.25
89.5
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e T 1

———— > - -
RuUoONDLWNN=ROD

a1 . 119 8 .25 75.8
120 119 -
@ . 120 119
42 122 119
a2 . ' ‘ - 123 119
a2 : ' . 124 1117
' S . 125 1117
a2 126 117
p 127 1117
ar. ' : 128 117
2;- : » 129 119.
a1 130 119
a2 : 131 119
S 132 119
42 . 133 132
32 ' ) : 134 117
' 135 1117
3 136 1117
a1 ‘ 137 1117
a7 ‘ 138 137
a1 :3; ?39.15 15.8
4 .
31 .25 B82.7 . 141 @ 1.75 Ao
89 . . 142 141
A9 143 139
.g; , . ) ’ 144 141
ALl N . a
8 1-.12 89.% , ::Z :42
4 ' 147 @ .15 176.2
a4 148 1
94 . . ' 149 0 | I 76.2
21 : o 156 @ 1.37 90.
2 : . 151 8 1. 69.85
92 . . » 152 158
44 : 153 151
4 154 152
32 ‘ 155 @ 1. 63.5
ol 156 154
97 ~ 3 11
97 135 1
3; ; 25 @.8 -25.
92 _ 189 9.0 -25.
]

@ .25 179.05
@ .25 175.4

1

97

0 1.12 89.175
9?17

2 1.12 99.

7

911



APPENDIX C: INPUT FILE FOR STUD NO, 2

s 2 @

FINITE ELEMENT ANALYSIS (SPEC 2,MESS B?
13 156 2 2 13 1 671 =2« -25. 2 18 61 69 19 88
1 2102080. 14296@. .292 .029 134508+ 105100, 164020.

14700. .449 .022 .390 .287 1492920. 671400,

2 1787600. 121600. .292 .020 114408. 89400. 139400,

3
4

9

125008. 249 .822 +398 .287 1562600. 1582600,
183980A. 125100, .292 .020 117780. 9200¢. 143500.
~12900. .449 .022 .398 .287 1334300. 287900.
1776900. 120880. 292 .A29 113708. BBEOA. 138600.

12480, <449 .22 398 287 1462900. 14629008 '
2141500. 145680, .292 .020 137100. 1871088. 167008.

15008, .449 .922 .398 .287 §1524490. 478580.
1776900. 120800. -292 .020 113700. 888020. 138600,

124008. .449 .022 .398 .287 1462900. 1462908.
2030020. 138008. .292 .028 129980. 181500. 158300.

14200. .449 -.022 .399 .287 1386108. S71708: -
1919600. 138508, .292 .620 122900. 36088. 149730,

13400. <449 .022 .390 287 753508. 753500.
2594000. 176400. .292 .020 166008, 129730. 282300.

18200, .449 .022 .398 .287 1884200. 383200.

10 1725700. 117308. .292 '+320 110400. B6300. 134600.

1517

SOVRNOVDL WM -

DNV D WD -

12100« <449 .022 <390 287 1659508. 1659508.
1000. 68. 292 .020 64.
6838. 7430. 7930.
6130. 7410. B8780:
5140« 6718, 7918,
7499. 8190. 8890,
5S880. T1@60. 17T860.
7498. 8190. 8898.
6250. 7120. 1710.
7660. B8393. 9140.
5318« 6960. 17888.
7890. 8380. B8870.

V.00 ' 3.45
Q. 1.725
Be. Qe

S. 3.45
Se. 1.72%
S. Q.
10. 3.45
19. 1.725

1a.
l14.
14.
f4.
18.
lsl
18.
21.5
21.5
21.5
2S.
25.
25.
27.5
27.5
217.5
30.
30.
30.
31.25
31.25
31.25
31.25
32.5
32.5
32.5
33.75
33.75
33.75
33.75
35'
35'

36.25
36.25
36.25
36.25
37.5
317.5

37.5
38.75
38.75
38.75
38.75
408 .

8.
3.45
1.725

3.45
1.725
Q.
3.45
1.725

3,45
1.725
2.
3.45
10125

3.45
1.725

3.45
2.531
.862
0' ’
3.45
1.72%
2.

3"5
2.587
862
Q.

3"5
1.725

3.‘5
2.587
862
a.
3"5
1.725
2.
3.45
2.5817
862
8.
3'45

L1t



54
55
56
57
S8
59
42
61

62
63
64
65
66
67
68
69
10
n

12
13

74
15
716
17
78
79
80
81

82
83
84
85

87
‘88
89
90
91~
92
93
94
9s
96
97
98
99
180

192

40.
49.
41 .25
41 .25
4) .25
41 .25
42.5
42.5
42.5
43.75
43.75
43.15
43,175
45,
45,
45.
46.25
46 .25
46.25
46 .25
47.5
47.5
41-5
48.75
48.175
48 .75

-4B.75

50.
50.
50.
51.25
51 .25
51.25
51.25
52.5

'52.5
-52.5

53.75
$3.15
53.75
53.75
55.
SS.
SS.
56.25
56.25
56.25
56.25
57.5

1.72%
9.
3.45
2.587
«862
2.
3.45
t.725
B
3.43
2.587
«B62
8.
3.45
137258
B.
3.45
2.587
862
D
3.45
1.725
a.
3.45
2.587

862

0.
J.45

1725
- D

3.45

2.587"

862
Q.
3.45
1.725
[
3.45
2.5817

«862
9.
3.45
1725
Q. P
3.45"
2.587

H62

[
3.45

183
104
195

-
-]
o

107

- - o
-G8
Swom

- - nn - - . o
- s e ae
VROV W0

- . - . -
NAVD W= VARV VLEEN-

57.5
57.5
58.75
58.75
S8.75
S8V 1S
60 .
6.
60.
62.5
62.5
62.5
5.
65
65.
68.5
68.5
68.5
12.

12,

12.
16.
76

, 76
N1
- BB,

80.
85.
85.
8S5.
96.
90 .
90 .

1.725
8.
3.45
2.587
<862
B.
3.45
1.72%
B
3 .45
}.725

3.45

3+45
1.725
B
3.45
1.1725

3,45
1.72%

3.45
1.725%
2.
3.45
1.725

3945
1.125

- -
DN OROW.

is
1
18
20
21
23
24
23
26
217

i.725

-
QU VE N

11
13
14
16
17
19
29

CULLLDLLELLLLLLLLN

VR IAUVEH W=

DLUWHLWHLAILN =N e Dew N o

811




23
2s
2s
26
28
29
26
26
21
30
a8
32
a2

"33

as
34
a3
a3
34
317
a7
a9
39

48
42
a3
22
a2
ai

44
a4
a6
a6
a1
a9
58

- 47

a1
48
51
51
53

53’

54
56
57
54
54

SQ'GQ@Q&QGBQQQS@EQQQQQGGQGQ&QQ‘QQQQ&EQ@QOQGOQQQG&@

UUUHU@‘UUUUUUUUUUUVUUUNUD.UUUUUUUUUUH()UUGUUUDUUUUUU |

FOVNUVNURC RNV NNURCLO S VVNWWEDLLIWWLDLWWADLIDIPWWWWWS

SQSGQ&QQ&GQQAQQGQQ@GGQQ@&QQG@QQQQﬂ@@@‘@&&ﬁ&@_ﬁ@@&@&

UUUUUUUUUUUQ.UUUUUUGUUU-UUUUUQUUUUUUU(QUUUUUUUUUUUU

o
-3

617
68
69
12
T1
12
13
14

© 15

16
117
78
19
89
81
ag
83
ga
85
- Y3
817
88
‘89
9@
91

92

93
94
25

96

917
98
99
100

‘101

102
103
i2a
185
106
107
108
189
ie
1
12
113

ddUlUlU'O«O«OO«O«MU‘VU‘U\O«O«O«OO«UU‘U‘U‘U‘OOOGO«U‘U‘MU‘UOGO«GGU'u‘U'UlM&O*O*
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g9
89
93
93
93
95
95
96
98
99
96
96
97
108
. 188
162
102
103
195

186

183
183
104
107
127
109
199
1e
11
113
114

LN

17
119
“120
122
123
125
126
128
129
131

-2~ R--E. NN
- -

L]] 93 .
93 96
94 93
94 97
97 96
26 . 99
99 ‘98
183 99
99 182
183 102
91 108
168 123
101 100
101 104
124 193
183 106
106 105
118 106
186 ' 109
110 129
184 1917
107 119
188 { 187
198 111
1M 119
112 113
113 112
111 113
114 113
116 115
117 116
119 1t8
120 119
122 121
123 122
125 124
126 125
128 1217
‘129 128
-131 138
132 13t
134 133
135 134
24.5
13.8
21.
12.65
21.
12.65

SEPVCCEEEOCECOEE RIS SHS

DHEDDIDDIDHLIDOLDLDIDLMD

-

L)UU‘dUUUUUUUUUUUOIOMUGUUUUGUUUU

- .
dDD
N W

146
147
148
149
150
151

152

153
154
155
156

114
115
16
17T
118
19
130
1214
122
123
124
t2s
126

127

128
129

130

131
132
133
134
135 -
136

137

138
139
140
141

100 O ) ad 00RO O ol ndoond TN OOGRED ol og )l B0 O

[P
NN NBLWN=FJOVR

et L X K-K-2 2-1.]

Ww

NN UNRDLOILEDEDLI~D)ZD S
> dD 0 W00 - D P&

e e e G T B e e . T S M W T e Gn A S e e G e S
WWDLELDGZDHLDLWWWWWLHIDDIDDIDDIDWWWWWD D

1.25

145

«75

.5

2.
]

'1'5

1.5

16.85
13.25
16.85
*13.25

. 17.05

16.2

0zZ1
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152
153

154

155
156

135
199

18.75
19.6

1545
15.6

19.2

16485

121



APPENDIX D: INFUT FILE FOR

[

FINITE RLESERT ANALYSLS (SPEC 35,8158 B)
135 456 2 2 13 1 AT -2+ -25. 2 60

1 135 1 156 )
1 2473800, 163200+ «292 020 158308. 123700. 193000
CONI3BB . 2489 JR22 39T L2487 1H6T60G. 396000 .
2 224570 . 1554013, 292 020 14C300. 114300. 175300,
FAREB Y 2449 J022 <390 <287 2089400. 1658160+
3 2107610« 142800, 292 320 Ja4440. 105008. 163300,
19700« 2649 2522 +3198 287 1661000. 526200,
4 2244908, 152908 <292 )20 143903. 112400. 1754D8.
19708 449 022 396 +247 1HHIBOB. 1883604,
5 23R67¢0. L6UVUY. +292 B2E 151530, 118308, 154680
1R600B « 2449 D22 «396 247 1774100 H527080.
6 2134980. 145293, <292 020 136600 106706, 166530 .
- 14990, <449 2022 398 L2067 1991900. 1652900,
7 2345703 159508 292 .02 150100, 117304. 1430080,
10400« - +44Y +B322 <398 +2d7 1802300, 10EA0P0 -
B 2243700. 152680 292 020 143609, 112200, 175000,
15708+ 449 022 393 287 1v13300. 17091048,
9 1953000« 1320800 292 .p2i 125020. 97780. 152300.
13700 409 322 2390 .287 1041930+ 346100.
19 2233188, 151600 <292 020 142708« 1 11500. 173900,
1568« +4A9 . +022 390 287 163920¢. 1639200,
197 1628. e o292 620 64. .
1 SH2u. 7248.  B306.
2 10578. 13630 17370.
"3 6319, . 15908, 9140,
4 8430« J1ESH.  14BT0.
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APPENDIX E: INPUT FILE FOR SiuD LC. 4
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APPENDIX F: INPUT FILE FOR STUD NO. 5
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APPENDIX G: INPUT FILE FOR SINMULATION ANALYSIS

4 0 ' .
E ELEMENT ANALYSIS
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89 S5. 1.75° ‘ ' , 54 69 14

3 s 8 1 4 ss 79 15
9 . » .
9? gg. a? 4 6 9 8 5 sé6 11 76
92 57.5 3.5 2 g :é :? 87 s7 73 18
23 57.5 3. 19
94 57.5 1.75 7 1Y 14 13 10 23 ;g 8o
95 57.5 <5 B 12 15 14 11 &0 16 81
96 57.5 » 9 14 17 16 13 61 78 83
971 ed. 3.5 19 1S 18 17 ‘14 % 19 84
98 60. 3. : 11 17 20 19 16 63 82 85
99 63. 1.75 12 18 21 22 117 6a 81 86
168 62, -5 13 28 231 22 19 65 €3 B8
121 60. 0. 14 21 24 23 29 66 B84 89
102  62.5 1.5 15" 23 26 25° 22 871 85 90
183 62.5 .1.15 : 16 24 21 26 23 68 HBe 91
104 62.5 0. 17 26 29 2B 25 oo 88 93
195 65. 3.5 ' ‘ 18 27 38 29 26 70 89 94
106 65« 1.75 . 19 29 32 31 28 : 1M 98 95
187 65. 8. ‘ 28 239. 33 32 29 12 91 96
108 67.5 3.5 : 29 32 35 34 31 : : - 73 93 98
189 67.5 1.75 22 33 236 35 .32 99
: . 23 34 35 38 @ 74 %4
110 67.5 2. : . 24 34 38 31 @ 15 95 108
111 78. 3.5 25 35 39 38 8 . 76 96 101
112 719 . 175 26 35 49 39 [} 71 917 98
113 78. .3. - 21 35 236 43 © 78 98 103
114 72.5 3.5 28 36 4l 43 @ , 79 98 99
115 72.5 1.7% ) : 29 38 a3 A2 37 88 99 180
116 72.5 A . 38 39 44 43 238 “81 100 104
117 75. 3.5 31 42 45 44 39 82 100 101
118 75, 1.75 32 41 46 45 40 83 183 106
119 75. 0. ’ 33 43 48 47 42 . 84 104 187
128  77.5 3.5 .- 34 44 .49 A8 43 85 106 109
121 17.5 1.75 35 45 S50 49 a4 86 107 110
122 71.5 4. : 36 46 51 SO &S 87 189 112
123 B@. 3.5 B 37 48 S3 52 A1 88 110 113
124 80. 1.75 38 49 54 53 48 ’ 89 112 115
125 89. Q. . 39 SO 5SS 5S4 ‘a9 96 113 116
126 82.5 3.5 ’ R 40 S1 .56 55 50 91 115 {18
127 82.% 1.75 : 41 53 58 57 52 92 116 119
128 82.5 @. 42 Sa 59 58 S3 93 118 121
129 85. 3.5 43 SS 68 59 54 : . 94 119 122
132 85. 1.75 ‘A4 S6 61 69 55 L v 95 12] 124
131 85, @. , 45 SB 63 62 57 96 122 125
132 81.5 3.5 46 S9 64 63 58 97 124 127
133 87.5 1.75 471 63 65 64 59 . 98 125 128
134 87.5 8. : A8 61 66 65 60 99 127 132
135 92. 3.5 49 A3 68 67 62 o 198 128 131
136 90. 1.75 S 64 69 68 63 t31 132 133
137 90. 3. . S1 45 74 A7 64 102 131 134
1 2 S 4 1 82 66 11 13 65 183 133 136
2 3 6.5 2 . S3 &8 13 12 61 - 184 134 137
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APPENDIX H: FIRST PART OF COMPUTER OUTPUT FOR ANALYSIS OF STUD NO. 2

FINITE ELEMENT ANALYSIS (SPEC 2,MESS B)

LDADS
NODE X Y
25 E-FM '2500
189 0.22 -25.00
DISPLACEMENTS
NOOE X Y -
67 .5208 7E-02 -.78595E~-01
68 5271 6E-82 -.78659E-01
69 «53345E-02 -.78588E-01
ELEMENT X-3TRESS Y-STRESS  X-Y-STRESS
79 -+1644E+83 «1264E+01 - TP3E+0]
80 ~+3453E+03 +3596E+81 ~.5174E+01
81 «1475E+02 ~.6323E+01 .2430E-01
82  ~.3452E+03 +3997E+01 .5245E+01
83 -+1644E+03 «128QE+81 ~+6939E+01
g4 «1646E+83 «+1116E481 «S990E+ 8]
85 . 1S38E+02 «5321E+01 - «2525E-01
86 +3150E+03 -+.2990E+01 ~.4369E+81
817 «3151E+03 - 2989E+01 +434PE+01
88 «1646E+03 - +110BE+01 ~e6054E+01
MAX-STRESS MIN-STRESS
79 «1559E+31" -.1647E+83
80 .3673E+01 ~+e3454E+33
81 ' +1475E+02 - +6023E+81
B2 +3676E+31 ~+3453E+923
83 +1571E+31 -«.1647E+03
84 +1648E+03 - +1332E+01
85 .1538E+82 +5321E+01}
86 +3151E+23 -+.3050E+01
817 «3152E+03 -+33477E+01
88 .1648E+83 -.1322E+0]

STGRN
-+ 1644E+83
-+3453E+33
«147S5E+02
~+3452E+83
~+1644E+23
«1646E+03
«1538E+¥2
«315BE+03
«3151E+083
+1646E+83

ANGLE
2.4117

-~ 849
$9.933
861
~2.394
87.933
-89.856
-B9.213
B9.226
~87.911

FINITE ELEMENT ANALYSIS (SPEC 2,MESS B)

LDADS
NOOE - X Y
25 - 9.00 ~375.080
‘109 2.00 -375.00
D1SPLACEMENTS
NODE % Y
67  +78131E-01 -.11789E+31
68 © .T907SE-01 -.11799E+01
69 .80017E-01 -.11788E+0]
ELEMENT = X-STRESS Y-STRESS  X-Y-STRESS
79  ~.2466E+04 . 1895E+DB2 «1850E+083
83 ~-.51BBE+DA4 .5394E+02 “.T761E+02
81 i2212E+A3 - +9035E+02 +364SE+00
B2 -.5]178BE+04 .5396E+02 +1867E+02
83  -.2466E+04 «1921E492  ~.1841E+02
84 .2469E+04  -.1674E+22 .8984E+22
85 ~ .2308E+03 «T981E+N2  ~-.3787E+0D
86 +AT25E+04 - .4485E+22 ~65S4E+02
87 +4727E+04 - .4483E+02 +6459E+02
88 2469E+84 ~+1649E+22° ~.9281E+32
d MAX-STRESS MIN-STRESS
79 «2339E+92 -.2470E+DA
80 © +SSAIE+32 L,5181E+d4
81 «2212E+23 -.9035E+22
82 .55 4E+22 -.5179E+94
‘83 «2356E+22 -.2470E+04
84 +2ATIE+TA ~+1998E+32
85 +2328E+03 « 198 1E+D2
86 .4T26E+NA -2 45755+92
817 +A728E+04 -+ 457HE+ 22

88 «2473E+04 ~e JPHBIE+U2

LOAD CASE 15

STGRN
~+2466E+84
-+5180E~d4

p2212E+023
~+5178E+d4
~+2486E+04
«2469E+84
«2338E+03
-4725E+04
<AT27E+DA
.2469E+B4

ANGLE

162
~«B57,
011
958
-.161
17.616
«019
~5.434
5.749
-17.932

rad!
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APPENDIX I: Moisture Content and Specific
Gravity of the Studs Used in

the Study
- Specimen Moigture Specific
Number Content (%) Gravity
1 7.84 0.493
2 7 .32 0,470 -
3 7.86 - 0.523
4 7 .06 0.516
5 7.84 0.582




APPENDIX J: .MODULI OF ELASTICITY AKRD STRESSES OF SMALL CLEAR
SPECIMENS CUT FROM THE FIVE GTUDS AFTER TEST

(1-T-4)

Specimen Moduli of elasticity (psi) Stresses (psi)
number* El E2 E5 Sl 82 S3
1-C-A-1 -~ 1,735,800 1,263,500 372,800 4,630 5,740 7,990
1-C=A-2 2,130,200 1,705,400 1,074,800 4,990 6,020 8,060
?veragg 1,933,000 1,484,500 723,800 4,810 5,880 8,030
1-C-A | :
1-C-B-1 2,408,500 1,627,100 626,100 4,930 6,680 8,490
1-C-B-2 3,097,000 1,861,500 790,700 6,260 7,380 8,360
%verag§ 2,752,800 1,744,300 708,400 5,600 7,030 8,430
1-C-B) ' \ |
1-C-C-1 2,758,800 1,959,900 1,111,000 4,270 6,220 8,580
1-C-C-2 2,490,200 2,018,100 1,998,000 5,720 6,830 8,420
1-C-C-3 1,775,200 1,538,500 827,200 5,760 6,340 8,460
%verag§ 2,341,400 1,838,800 1,312,100 5,250 6,460 8,490
(1-C-C - | :
?Xeg§ge_ 2,342,300 1,710,600 971,500 5,220 6,460 8,340
1-T-A-1 1,609,100 1,609,100 1,609,100 10,990 10,990 10,990
1-T-A-2 1,923,800 1,559,100 1,559,100 8,510 9,240 9,970
- 1-T-A-3 1,636,800 1,086,800 1,033,700 8,920 9,390 10,100
Average 1,723,300 1,418,300 1,400,600 9,470 9,870 10,350

42!



Moduli of elasticity (psi)

Stresses (psi)

Spécimen
numbe; El E2 ,EB Sl 82 S3
1-T-B-1 1,896,300 1,620,600 1,620,600 11,120 11,440 11,760
1-T-B-2 1,441,300 1,255,500 1,255,500 10,110 10,870 11,630
?veragi 1,668,800 1,438,100 1,438,100 10,620 11,160 11,700
1-T-B) » | . |
 1-T-D 1,833,300 1,787,200 1,787,200 10,240 11,050 11,870
1-T-E-1 2,215,500 1,927,000 1,462,000 8,630 13,640 15,500
1-T-E-2 2,313,100 1,831,100 1,037,500 12,310 13,380 14,080
1-T-E-3 2,142,000 2,002,900 2,002,900 9,530 10,430 11,340
?verag§ 2,223,500 1,920,300 1,500,800 10,160 12,480 13,640
?Vegﬁge 1,890,100 1,631,000 1,485,300 10,040 11,160 11,920
1- | | '
2-C-A 2,102,000 1,492,900 671,400 6,830 7,430 7,930
2-C-B 1,839,800 1,334,300 287,900 5,140 6,710 7,910
2-C-D 2,115,200 1,670,900 1,037,400 3,250 6,250 7,710
2-C-E 2,594,000 1,884,200 383,000 5,310 6,960 7,880
?veg§ge 2,162,700 1,595,600 594,900 5,130 6,840 7,860
2- .

$¥1



(3-C~C)

2,366,700

852,700

'Specimen Moduli of elasticity (psi) Stresses (psi)
number El E2 E3 Sl By S3
2-T-A 1,787,600 1,582,600 1,582,600 6,130 7,410 8,700
2-T-D 1, 919’600 753,500 753,500 7,660 8,390 9’1-40
2-T-E-1 1,687,700 1,584,600 1,584,600 5,810 6,870 7,930
2-T-E-2 1,712,000 1,616,500 1,616,500 8,720 9,130 9,540
2-T-E-3 1,777,400 1,777,400 1,777,400 9,140 9,140 9,140
?Veia%§ 1,725,700 1,659,500 1,659,500 7,890 8,380 8,870
2-T- .
?ver§ge 1,776,900 1,462,900 1,462,900 7,490 8,190 8,890
2-T o ” _
3-C=A-1 2,507,900 1,469,900 458,100 6,960 7,660 8,330
3-C—-A-2 2,439,800 1,665,300 333,900 4,690 6,810 8,280
?verag§ - 2,473,800 1,567,600 396,000 5,820 7,240 8,300
3-C-A ' ' . o
~ 3-C-~B-1 1,734,600 1,548,800 618,200 5,190 6,440 8,540
B—C-B"‘? 2’466’500 1’ 773:200 434’200 7’420 8’730 9’730
, ?veragg 2,100,600 1,661,000 526,200 6,310 7,590 9,140
3C- ' _ ‘
3-C-C~-1 2,515,700 1,794,500 680,700 6,730 7,810 8,300
3=C=C=2 2,757,800 2,127,900 1,369,700 6,270 7,750 8,740
3-C~-C=3 1,826,500 1,399,900 507,600 6,760 7,950 8,530
Average 1,774,100 6,590 7,840 8,520

9%1



Specimen Moduli of elasticity (psi) Stresses (psi)
number E, - E, E3 5, 55 S3
3-C-D-1 2,635,000 1,799,800 373,300 4,930 6,810 - 8,680
3~C-D-2 2,056,300 1,804,800 1,746,600 . 6,260 7,210 8,560
?veragg 2,345,700 1,802,300 1,060,000 5,600 7,010 8,620
3-C-D " ' v ‘
3~C-E-1 2,009,800 1,678,200 425,000 6,030 7,410 8,730
3-C=E-2 1,896,200 1,405,700 267,300 7,110 8,170 8,790
Average 1,953,000 1,541,900 346,100 6,570 7,790 8,760
(3-C-E) |
I(Wert;ge 2,258,800 1,678,900 655,900 6,220 7,530 8,650
3.0 : . ,
3-T=A-1 2,542,700 2,316,600 1,464,600 10,910 14,820 16,370
3-T=hA~2 2,205,000 1,933,300 1,769,100 11,150 13,280 17,660
3-T-A-3 - 2,109,400 2,018,200 1,740,500 9,640 12,800 18,090
%veragi 2,285,700 2,089,400 1,658,100 10,570 13,630 17,370
3-T-A
3-T-B-1 2,288,800 1,917,800 1,917,800 8,090 11,140 14,190
* 3=TwB-2 2,209,100 1,849,900 1,849,900 8,770 12,160 15,560
?verag§ 2,248,900 1,88%,800 1,88%,800 8,430 11,650 14,870
3-T-B |
3-T-C 2,134,900 1,991,900 1,652,900 7,290 11,140 16,640
3-T-E-1 2,018,900 1,915,200 1,915,200 6,630 11,180 15,730
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Stresses (psi)

4,050

Spécimen Moduli of'elasticity (psi)
number Ey E2 E3 5, S2 83
3-T-E-2 = 2,441,400 1,363,300 1,363,300 14,020 14,730 15,460
,%gega%g 2,2%0,100 1,639,200 1,639,200 10,320 12,950 15,590
?ve£§ge 2,243,700 1,913,300 1,709,100 9,560 12,650 16,210
3-T) - '
4-C=A 1,820,600 1,341,000 363,000 4,010 6,020 7,920
4-C-~B-1 2,319,000 1,698,400 542,400 4,870 6,610 8,200
4-C-B-2 2,426,100 1,827,500 604,300 5,820 7,100 8,200
%Xegagg - 2,372,500 1,762,900 573,300 5,340 6,850 8,200
4-C-C 1,936,900 1,585,400 753,700 4,010 5,560 6,970
4-C-D-1 2,329,600 1,458,800 510,300 5,770 7,040 7,920
4-C-D-2 1,441,800 1,020,200 310,600 4,690 6,680 7,950
%Xega%§ 1,885,700 1,239,500 410,400 5,230 6,860 7,930
4-C-E 1,796,000 1,316,400 315,000 - 3,860 5,700 7,550
?Xeg§ge 2,010,000 1,463,900 - 485,600 4,720 6,390 7,810
4-T-B-1 1,580,100 1,429,700 1,348,500 6,630 9,610 13,300
4-T-B-2 1,662,200 1,649,000 1,649,000 7,430 10,810

8% 1



(5-T-4)

1,541,100

Specimen Moduli of elasticity (psi) - Stresses (psi)
number El E2 ’ E5 Sl 82 85
4-T-B-3 1,679,400 1,506,500 1,506,500 6,750 9,340 11,940
| %ver§ge 1,640,600 1,528,400 1,501,300 5,810 8,790 12,020
47 -
5-C-A 2,518,800 1,489,900 414,600 5,290 6,970 8,920
5-C~B-1 1,598,200 1,362,700 335,600 5,910 7,450 9,130
5-C-B-2 1,630,300 1,393,300 534,500 5,340 7,050 8,800
?geragg 1,614,200 1,378,000 435,000 5,620 7,250 8,960
5-C-D-1 1,632,600 897,200 151,100 6,330 7,920 9,080
5-C-D-2 1,653,200 1,174,300 313,200 4,540 7,030 9,580
?veragi 1,642,900 1,035,700 232,100 5,430 7,480 9,330
5-C-D _ ' -
 5-C-E-1 1,551,700 1,286,300 283,100 4,530 6,910 9,640
5-C~E-2 1,945,200 1,403,900 174,300 5,390 7,140 8,730
Average 1,748,400 1,345,100 228,700 4,960 7,020 9,190
(5-C-E) .
%vergge 1,790,000 1,286,800 315,200 5,330 7,210 - 9,130
5-C
5-T-A-1 1,570,600 1,463%,300 1,463,300 8,650 10,260 11,880
S W 1,511,600 1,470,700 1,470,700 5,400 7,710 10,020
Average 1,467,000 1,467,000 7,020 8,980 10,950
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