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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 Desisn Procedure

The allowable stress' Fb' for a grade and species of studs is

based on the ultimate bending strength or the Triodulus 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.

2



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. Pole,nsek 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.

3



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 complete 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 to the 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 as 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 numerically define an experi-

mental deflection-load curve consists of subdividing the curve into

4



Load

A 1+ t.2 A + 2+ A 3

Deflection (A)

Figure 1. 1. Typical deflection-load curve
of lumber.
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sections defined in terms of the secant MOE, such as E2 and the

associated deflection A2. The whole curve may be defined by pairs

o sfE.' and A.'s (i=1, 2, 3) with surprisingly high accuracy (37).

Young' s modulus (El), 1. e., the MOE value below the PL

(36, 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 E1 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
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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 0.9Q. 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
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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 above improvements may

be extended to other constructions if an improved design method

demonstrates that the safety of the structure is not jeopardized.

The development of the finite element method that would simu-

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 distrikutions 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:

To develop a theoretical procedure and computer program for

determination of elasticity properties of studs.

To verify the method and computer program by physical testing.

To develop a simulation procedure for generation of probability

distribution of elasticity properties for studs.

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.



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

11



E .1= [A {d}

Yxy

(2. 2)
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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 LIZ. The applied

forces and nodal displacements are related by the ovrall 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]-1{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)

and

{c

TXY

[s] [A] {d} = [B] {d} (2.3)



where

{
Ee}

- element strain vector

[A] - element strain displacement matrix

Ex9 Ey -
normal strains

- shear strainxy

{ d} - element nodal displacement vector

x, y - local coordinates denoting the direction of strains

and stresses

o- - element stress vector

a- , a- - normal stresses
x y

- shear stress
Xy

B] - element stress displacement matrix and

[ S] - stress strain matrix

The element strain vector (Ee) represents the displacements

in the element. It is a function of the element geometry, displace-

ment functions and nodal deflections.

The element stress vector
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.

13



Z. 2. Assumptions

The finite element method is based on general assumptions such

as:

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 finite 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:

1. The elasticity and strength properties, and the grain and ring

angles are constant within the element. Some violation of this

14
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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.

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.

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.

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.



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 analysj.s 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 its local coordinate 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)

[Ke] [1]T -1[ (2.4)

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

are obtained from (10):

(Yh-Yf)/2T1, 2g-1 = T5, 2g =

T5, 2g-1 = T3, 2g = (xf-xh)/2

=T2 2g-1 [Yh(Yh+ Yg) - Yf(Yf"FYg)1 /6,

T4, 2g = [xf(xf+ xg) - xn (xn+ xg)] /6

(2.5)

16
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Figure 2.1. Rectangular plane stress element.
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in which g = 1,2,3,4 and f, g, h are cyclically permuted from one to

four with f = g-1, and h = g+1. For example, T11 = (y2y4)/

T12 = 0, T13 = (y31)/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):

T11 = T52 = -T15 =56 = (y.-y1)02 (2.6)
j

T13 = T54 = -T17 = -T, = (Y58 k

= -T38 = -T57 = (xi-xk)/2

= -T32 = -T51 = (x.-x1 )/2
j

T21 = [Y.(Y.+Y.) -Y1 (Y1 +Y.)1/6

T23 = [Yk (Yk +Y.) - Y.(Y.+Y.)] /6j j

T25 = tY1(Y1+Yk) Yj(Yi+Yk)1/6

T27 = [Y.(Y.+Y1 )-Y1 (Y1 )]/6ii k

[xi(xl+xi) - xi(xj+xi)] /6

x.(x.d-x.)
xk (lck -Exj

)1 /6

tx.(x.+xk )-x1 (x1 +x )] /6
k

and

T48 = [ xk(xk+xi) xi(xi+ x1)1/6

The five by five matrix [H] of equation

[1-1] =ssi [p]T[c] [13] dxdy

in which integration is performed over the entire element area.

The symbols in equation (2.18) are defined as follows (9):

T34 = T53

T36 = T55

T42 =

T44 =

T46 =

(2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)

(2.13)

(2.14)

(2.15)

(2.16)

(2.17)

(2.4) equals (9)

(2.18]

18



where

E , E modulus of elasticity in direction indicated byx y

subscript

v, v - Poisson' s ratio, i. e. , the ratio of the strain in the
xy yx

direction of the second subscript to the strain in the

direction of the first subscript with the stress applied

in the direction of the first subscript.

G - shear modulus in the x-y plane.
xy

Equations (2. 4) through (2. 19) are valid for any quadrilateral

element. White (58) first modified [El] for rectangles and then

inverted it to obtain matrix [F] which was valid only for rectangles.

Further simplification was made by applying

Ev =E v (2.21)
x yx y xy

t = element thickness

1 0 0 0

0 0 1 xd

00 0 0 1

1 xy
0E Ex x

-v
1 0

E E
Y Y

1
0 0

xy

(2.19)

(2. 20)

19
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The non-zero elements of matrix [F] are (58)

and

24E2E - 3E (E v )

F1 - x y x y xy
1 [ E E - (E v )2] abtx y y xy

-6E

F21 = F12 ab2t

12Ex
F22 -

ab3t

E E (E v )x y x yx
F31 = F13 2,E E - (E v ) jabtx y y xy

F3-
{EE - (E v )2 abtx y y xy

-6E
F34 = F43 2a bt

12E
F Y

44 a3bt

F xy
55 abt

The stresses of the differential element are calculated by

equation (2. 3) with

[B] = [P] [ [T] (2. 30)

24E E - (E v )2x y y y xy

(Z. 22)

(2. 23)

(2. 24)

(2. 25)

(2.26)

(2.27)

(2. 28)

(2. 29)

20



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 expressed in terms of generalized coordi-

nates and hence referred to as generalized coordinate displacement

model. The element, shown in Figure Z. 2, has its nodal points,

j, and k oriented counterclockwise. The displacement functions

of this element are linear and equal to (11, 62)

u= al +a2X + a3Y (2. 31)

v = a4 + a5X + a6Y

where

u, v - displacements in the x and y directions, respectively,

of a certain point within the element

al' a 2' a3, a4' a5' a6 - generalized coordinates

x, y - Cartesian coordinates of certain points within the

element.

The triangular element stiffness matrix is defined by

21



Figure 2.2. Triangular plane stress element.
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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)

where

[ Ke] = [ A] T[ S] [ A] tdA (2. 32)

[ A] - 2A1

0
-Ykj Yki

0 x. 0

xkj -Ykj -xki

0 -

Yki

--

0

0 0 (1-v v )G
Xy yx

The area of the triangular element is given by

A: - xkiyii)/2 (2.37)

Because of the linear displacement functions the stresses are

constant throughout the element.

(2. 33)

23

' Y. - j

, = - x.
1) 1

(2.34)

(2. 35)

The stress-strain matrix is (11, 62)

Ex E v 0
Y xY

1 E vx yz E
y

0 (2. 36)[s] - (1-v v )
xY Yx

° 31



2. 4. Elasticity Parameter s

The parameters used to define the stud elasticity are:

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,

Three moduli of rigidity denoted by GLT, GLR and GTR.

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

symmetry. For example, GLT is the modulus of rigidity based

on the shear strain in the LT (longitudinal-tangential) plane

and shear stresses in the LR (longitudinal-radial) and TR

(tangential-radial) planes.

Six Poisson' s ratios denoted by v LR' v RL'
v LT' v TL' vRT

and v TR. 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). Estimates of the

remaining moduli may be calculated from the Wood Handbook regres-

sion relations (54) as follows

ET 0.050 EL
(2.38)
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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

ER= 0.068 EL (2. 39)

GLT = 0.078 EL
(2.40)

GLR = 0.064 EL
(2. 41)

GTR = 0.007 EL (2.42)



3.5ti

1.5"
Growth ring

Grain direction

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. 4) is the grain angle.
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or

1 2

{E}

EL

ET

eR

ETR

ELR

ELT

*I%

in which {E} = strain vector

[ s] flexibility matrix

{Cr = 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)

27

corresponding elastic parameters: EL ER' ET' GLR' GLT' GTR'

RL' LT
and v

TR.
Its strain-stress relationship can be expressed

in matrix form as (19, 23)

[s] {o- }

1 LT LR 0 0 0

(2.43)

-
EL EL

--
EL

TL 1 TR 0 0 0 o-

ET ET ET

RL RT 1 0 0 0 Cr R I (2.44)
ER ER ER

0 1 0 0 °- TRGTR

0 0 0 0 1 Cr LR
G

LR

10 0 0 0 o-

GLT LT



E = s . T
i.j i=s. kl

s
= a. a. a a sijkl jn ko lp mnop

in which siijkl im jn ko= transformed s. a , a. , a and a are the direction
' lp

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.

x'
a11=cosii) a12=0 a13= sing)

z' a21=sin4psine a22=cose a23=
-cosszOsine

a31=-sinOcos0 a32=sine) a33 =cosecosit.

(2.45)

(2.46)

Equation 2.46 was used to obtain the effective values of the

28

in which

E.. = strain tensor
3.3

sijkl elastic compliance tensor and

Tkl = stress tensor

Axial transformation of the elasticity parameters was accom-

plished by the tensor transformation law (19):

x(L) z(T) y(R)



Figure 2.4. Rotation of axes. The rotation was first
done along axis z at a grain angle 4.) to
positions xl and y". The second rotation
was along xl axis at a ring angle e to
positions z' and y'.
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elasticity parameters for various grain angles, 4,. The following

transformation equations were obtained:

sin (1)
2v

LB.
1

ER
+ cosaOsin2(i) [rr.11

4

- EL i
v si

2
xi24? - cos (I)cos2 .4) RL cos2(1)

EL ER GRL

cos 2(1), v LTsin20 + v
Rcos244)cos2

0]

EL

vRT sin4,sin20
(2.48)

ER
4 4sin (1)cos + sin40 + sin2esin24)cos20533=EL ET

2
1 LT

+ cos2Ocos2
cos °cos

[GLT

2v LRcos20sin2 d? 2v sin02TR sin20

ET GTR

1 + 2v LR 1S5= 4cos2(1)cos2()sin24:0
ER

cos[ 2
sin 4. 241] cos20+ sin20
G G GRLGTR LT

[cos2(0 - si2ncd

(2.47)

(2.49)

(2.50)

in which 4, and 0 are defined in Figure 2.3 a4d the other symbols

+

30

cos444)

sll EL

s13 = sin24,cos20
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have been defined earlier in the text. The transformed strain-stress

relation can now be written as

{O} (2.51)

in which {c} and {q- } are the strains and stresses, respectively,

along the stud geometric axes; and [ sti 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:

it is relatively simple and applicable to nearly all types of

nonlinear behavior,

it provides a relatively completely description of the deforma-

tion-load behavior, and

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 ip 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 {a Q} . The incremental displacements and stresses were

calculated by
-1

{AD} = [K.] {4Q1 (2.52)

{ = [B] {Ad} (2.53)



Generate {40}

Generate [K

Calculate element stresses
due to {AO} (Equation 2.53)

Add displacements and stresses
due to {4Q} (Equations 2.55 and
2.56)

Is deflection due Yes
to {AQ} too large}

No

( Do current stresses
indicate change in
linearity}

Yes

V

Adjust MOEis of
appropriate elements

Print
accumulated
records

I End

Figure 2.5. Flow diagram for linear step-by-step analysis.
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AD =



in which

{AD} = displacements due to {4Q}

[Ki] = stud stiffness matrix. The subscript i is associated

with changes in linearity at any point in the stud.

{ AT
e}

=. element stresses due to {AQ}

{Ad} = element nodal displacements due to {4Q}

{AQ} and [131 are defined earlier in the text. After the nth increment,

the accumulated loads, displacements, and stresses are the sum of

34

the corresponding incremental values:

{Qn} = {AQi}
j=1

{D}= {4D.}
n j=1 3

{Cr = { 0.e(n) j=1 e(j)

(2.54)

(2.55)

(2.56)

in which {Q}, {Dn} and {cr e(n)} are the accumulated load, displace-

ment, and stress vector, respectively, and j is a dummy index of

summation.

The accumulated stresses along the grain, FL, were compared

with clear wood stresses cr L, associated with the actual elasticity

properties of each finite element. A typical example of the er to el.,

diagram is shown in Figure 2.6. For example, the MOE of an ele-

ment changes from El to E after the element stress cr reaches its

actual PL-value. When cr reaches the clear-wood failure stress,



Stress (

E E +E
1 2

Strain (

Figure 2.6. A strain-stress curve of an element. Such
relations should be obtained experimentally
for each representative location of the stud.

£3
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circle (7, 43, 47, 53) according to

o - 0° x
cr - cos 24) - T S iX12 (1)

2 xy 2

stud.

(2.57)
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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 increment. This criterion was selected after

comparing the deflection-load 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 cr
L

was evaluated by the Mohr's

in which the subscripts x, y and (I) are defined in Figure 2.3 and T xy

is the shear stress in the x-y plane.

The midspan deflection, yn 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 = nAQ..

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



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

theoretic-ally 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 clear of knots, were chosen out

of about 150 studs selected at the mill.

Each of the five chosen specimens was carefully inspected and

37
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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 I.

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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22. 45"

1. 25"

-1 r-ii 90"

Knot
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Figure 3. 1. Characteristics of stud No. 5.
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Grain direction
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Q/2 Q/2

LVDT

40"
IC 48.5"

Figure 3. 2. Stud loading condition and location of LVDTts.
Q is the load and L is the beam span. The
LVDT span was about four inches.
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DEC

Figure 3.3. A photograph of an LVDT with the movable
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.
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Continuous graphs of the load to the rnidspan 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:

in which

= moduli of elasticity at the three sections of theEl' E2'
deflection-load curve (Psi)

Qi, Q2, Q3 total stud loads at points A, B, and C, respec-

tively, in Figures 3.11 and 3.12 (pounds)

L = beam span (inches)

yl, y2, y3= midspan deflections (inches) due to loads Q1, Q2,

and Q3, respectively,

and

23
Q1

L3
E1 1296 y I

1

23(Q2-Q1)L3
E2 - 1296 (y2-y1)I

23(Q3-02)L3
E3 1296 (y3-y2)I

I = moment of inertia of the beam (inches4)

The stresses associated with loadsQ Q and Q3 were1' 2

calculated from

(3.1)

(3- 2)

(3. 3)
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Q1Ls= =
bh2

Q2L
S2 =

bh2

Q3L
S -

3
bh2

(3.4)

(3. 5)

(3. 6)
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in which

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 (Q1) 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 Qi and Q3. The three section moduli

(El' E2 and E3) were calculated considering the points where Q1' 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. INDTT $ 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:

QIL
E1

ylA
(3.7)
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2.5"

6"

2.5"

2"

5/16"

(b)

Figure 3.4. Dimensions of the tension (a) and
compression (b) specimens.
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Figure 3, 5. The arrangement for tension tests in
the Instron testing machine. The
LVDT was adjusted to a span of about
six inches.
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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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E2 -

in which:

A cross sectional area of specimen (inches2)

L = span length within which deflections were measured

(inches) and

yl, y2, y3 deflections within span L due to loads Qi, 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 the locations 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

Q2
- A

(Q2-01)L

(3r2-Y1)A

(Q3-02)L

(y3-Y2)A

Q3
S3 = A

(3.8)

(3.9)
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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
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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.
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1000
Load
(lb)

800

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.

coarse mesh
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189 elements and 199 nodes and stud No. 5 with 173 elements with

184 nodes are shown in Figures 3.93 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 identified 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, 4Q, of 30, 50 and 200 pounds.

Figure 3.10 shows the results. The deflection-load curves for Q

equalling 30 pounds and 50 pounds are almost identical. The curve

with Q 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, Q was selected as 50 pounds.

Knots are assumed to have negligible resistance to tensile
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Figure 3.9. Finite element models used to analyze stud numbers four (a) and five (b). The circles
enclosed by squares are the areas occupied by knots.
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Deflection (in.)

Figure 3.10. Deflection-load curves of stud No. 2 showing
the experimental solution (solid line) and
three theoretical solutions using three
different load increments (30-, 50-, and
200 lb).
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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 assigned 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 theoretically and experi-

mentally for the experimental studs are shown in Figures 3.11 and

3.12. The moduli of Elasticity E1, E2 and E3 and the maximum

stress (S3) were calculated using equations 3.1, 3. 2, 3. 3, and 3.6,

respectively. The deflections y1 and yz were the same as those of

the experimental curves. The percentage difference between the

theoretical and experimental values were calculated by:

% difference Experimental-Theoretical- x 100%Experimental
(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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Figure 3.11. Deflection-load curves obtained experimentally (solid lines) and theoretically

(broken lines) for stud numbers I. (a), 2 (b), and 3 (c).
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Figure 3.12. Deflection-load curves obtained experimentally
(solid lines) and theoretically (broken lines) for
stud numbers four (a) and five (b).



Stud Property Experimental Theoretical Percentage
No. value value difference

1 2 3 4 5

1 Q1 ( lb) 1,284 1,140

Q2 ( lb) 1,800 1,500

Q3
(lb) 2,465 1,840

El (psi) 1, 856, 000 1, 647, $00 11.2

E2(psi)
1, 733, 900 1, 209, 700 30.2

E3
(psi) 1, 203, 200 615, 200 48. 8

MOR (psi) 12 640
?

9, 440 25. 3

2
1

797 700

Q2
1,231 1,090

93
1,661 1,350

El
1, 801, 700 1, 582, 500 12.2

E2
1,732300300 1, 556, 700 10.1

E3
1, 689, 900 10Z1,800 39.5

MOR 8,490 6, 900 18.7

3 888 850
1

92
1,690 1,520

93
2,352 1,920

1, 953, 700 1, 870, 100 4. 3
El
E2

1, 890, 600 1, 579, 400 16.5

E3
1, 481, 200 895,000 39.5

MOR 12, 310 10,050 18. 3

4 9 247 330
1

Q2
360 470

93 472 550

E 1, 336, 300 1,785, 400 -33. 6

E2

l
1, 152, 200 1, 427, 500 -23.9

E3
1, 060, 400 1, 009, 900 4.8

MOR 2,470 2, 870 -16.2

1
264 360

Q2
511 610

93 748 825

1, 612, 200 2, 198, 400 ,-36. 4

El
2

1, 508, 400 1, 526, 700 -1.2

E3
1, 412, 900 1, 281, 700 9.3

MOR 3,750 4, 130 -10. 1
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Table 3. 1. Experimental and theoretical values of load, MOE and NIOR. The percentage difference
between the experimental and theoretical values of MOE and MOR are given.



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 El is 4.3% to 36. 4%, for E2' 1. 2%

to 30. 2%, and for E3, 4. 8% to 48. 8%.

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

accuracy of the theoretical deflection-load curves are discussed in

section VI.
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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 EL, ER and ET, clear-wood stresses S1, S2 and

S3, moduli of rigidity GLT, GLR and GTR, Poisson's ratios v LT,

vTL' vLR' vRL' VTR, vRT' grain angle, and ring angle.

4.1. Procedure

Experimental stud No. 2 was selected for the parameter study.

Only one parameter was increased at a time leaving the others WI

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 El' E2' E3' and modulus of rupture S3 were

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.



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 El of the stud increased by 20% when the MOE used for

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 5 , the El de-

creased by 12.9%, E2 decreased by 5.7%, whereas E3 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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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%

Grain angle 50

Ring angle 20o
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Figure 4.1. Deflection-load curves for the control model, 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
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T able 4.2. Moduli of elasticity and rigidity for deflection-load traces of control model and models
with changed elasticity property.

Parameter value
changed

El
(psi)

E2

(Psi)

E3

(psi)

MOR

(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 + 20° 1, 620, 400 1, 334, 500 715, 300 7, 920

cro difference 0. 0 1. 5 -1. 6 0. 0
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E1, E2 and E3 did not change much.

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

had a negligible effect on E1, E2, E3 and MOR.



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 application 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:
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DIAM 7-- 10 [RANF(A)] - 2.5 X (5.1)



Yes

Generate knot
diameter and
location

Generate grain
and ring angles

Generate MOE' s
and clear wood
stresses

Simulated
stud model

Construct finite
element model

if
Determine element
nodes and nodal
coordinates

if
Linear step-by- step

analysis

/Is another>
stud to be
analyzed?

No

End

Figure 5.1. 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.

X = 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

6 8



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.

Table 5.2. Values of variable IP and the corresponding knot
diameter ranges considered by the model.

*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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IP* Knot diameter range
(in.)

1 1.0-2.5
2 1.5-2.5
3 2.0-2.5
4 0.0-2.5
5 0.0-1.5
6 0.0-1.0
7 1.Q-2.0
8 0.0-2.0

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 Z. 0
2.26 to 2.75 2.5



where

LOG = 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 00 to 909, and that of the grain angles is from 0o to 14o.

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 MOEI s and stresses of clear wood were based on the

assumption that their frequency distributions are normal (60). The

following equation (15) was used:
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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 = + (-2 cr
2

in U
1)

2 cos 27z (5.3)

in which

X = generated value of the property

p. = average value of the property

= variance of the property, and

U1, U2 = random numbers ranging from 0.0 to 1.0 generated

from a uniform distribution.

The frequency distributions of MOEls 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 Z. 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
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Figure 5.3. Finite element mesh used in the analyses of wood studs. Figure 5. 3a is the unmodified

mesh associated with clear wood. Figures 5. 3b through 5. 3g are the replacements for
sections affected by knots. The letters A through F in Figure 5. 3a designate the posi-
tion of the mesh defined in Figures 2.7b through 2.7g.

(a)
40" 5 11 60" 80" 90"

5" 7.5"

12211 r4mosion.-saassoMP"onummes
3.5"



74

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.



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 ELI s of the undamaged parts. Considering the

high variability of wood even in the same piece of lumber, the average

EL' s of the undamaged sections could be different from those of the

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 El

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 obtain

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
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the text, the ring angle was not a significant factor in the analysis.

However, an increase in the grain angle by 50 caused a decrease in

the E1 value of the stud by 12. 9%, or about 2.6% change in E1 per

degree error in grain angle.

6.2.4. Clear Wood Stresses

The clear wood stresses (S1' S S3
) associated with the MOE' s

2'

(El' E2' E3) like the ELI 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.



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

El value by 20%; an increase in grain angles alone by 5o de-

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.

4. 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 written 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

Check element stresses and change, if necessary,

elasticity properties of the elements,

Generate material properties of a hypothetical

stud, and

Determine the finite element mesh used in the

analysis.

One subroutine was modified to account for changes in

elasticity properties due to grain and ring angles.

The computer program was adapted for 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 halfband width of the stiffness

matrix is 20. It takes about 85 seconds of computer

time to analyze the problem given in Appendix C and

280 seconds for the problem in Appendix G.

The program consists of the main program and 411

subroutines. More 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:

pRrnPAm PERN(ImPuTu/8e.ourPuT.TAPE5.1mPur
2.TAPS15.TAPE21=OUTPUT)

PLANE STRESS FINITE ELEMENT PROGRAM
C PART OF THE PROGRAM WAS TAKEN FROM THE FINITE ELEMENT
C METHOD IN ENGINEERING SCIENCE(1971) BY ZIENKIEWICZ. AND
C R. WHITE'S M.S. THESIS. IT WAS MODIF/ED AND EXPANDED
C TO HANDLE STUD TESTS

COMMON/DATA/TITLEC8).NP.NE,N19,NDFAMATASZE,MLD.IP
1.CD.PINC.NMP.DMAX.NLNP.IVA16.JSIMANSIM
laISTO.IENDO.JSTS.jENDSsEAV.ESD.AMOR.SOMOR
3.AST2,ASPL,E12.E13sRING.ADEF.ISEED
COMMCN CORD(190,2).NOP(170.4),IMATC/70).ORT(171.7)
1.NACC10).NFIXCIO),RIC380).SKC380.20),NODESC/T0)
2.KPC170).LOCI701.1K(170),ESTC170036).BOATAC170.24)
3.R(3),ESTIFMC12.12).AC8,6),80.8).RSCH).SMAX(170)
4.NOC/0).1_BC170).00C10.2),SMINC170).ANGlI7O)
5..ERAT(12.2).SPLC12).STR2C12)4XMOR(12),NIC170)
6.STC/70).1XCITO),ORTHOC12,10.0R(170).STGRNC110)
T.FORCC/74,0).DISPC2.190).RANDCS).COOROC:90.2)
8.NOPPC170.4),ASMAX(170)

C. READ INPUT GEOMETRY ANDPROP.

READ45.*)NSIM,J5IM.IP,ISEED
DO 300 ../N=I.NSIM
CALL IDATA(JN)
NSZF=NP*NDF

C NSIM*NO. OP SPECIMENS TO BE THEORETICALLY TESTED
C JSIM=1 IF SPECS. ARE TO HE THEORETICALLY OBTAINED
C IP=A IF RANGE OF XNOT ntA. CRKI))*O. TO 2.5 IN.
C =1 IF RHO 1.0 TO 2.5 IN.
C =2 IF RHO. 1.5 TO 2.5 IN.
C =3 IF RHO= 2.0 TO 2.5 IN.

=5 IF RHO. O. TO 1.5 IN.
C =6 IF FWD* 0. TO 1.0 IN.
C *T IF RHO. 1.0 TO 2.0 IN.
C =5 IF RHO. O. TO 2.0 IN.
C IF ISEED=1.THE STARTING SEED IN RANDOM NO.
C GENERATION IS THE SAME.
C NSZF*NUMBER OF EQUATIONS IN THE SYSTEM
C NLD=NUMBER OF LOAD CASES

00 200 LI=1oNLD

C READ LOAD

CALL LOAD(LI)

C FORMA.THEN SOLVE SIMULTANEOUS EQUATIONS

CALL FORMK(LI)
CALL SOLVE

C CALCULATE FORCES AND STRESSES'

CALL STRESSCLI,JN)
IFCADEF.GT.CD)G0 TO 300
CALL CHECKCLI)

200 CONTINUE
300 CONTINUE
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STOP.
END

SUBROUTINE GDATA(JN)
COMMON/DATA/TITLE(8).NPNE.NB,NDF.NMAT.NSZF,NLDPIP
I.CD.PINC,NMP,DMAX,NLNPrIV.16.JSIM.NSIM
2,ISTD.IENDO.JSTS.JENDS,EAVtESD.AMOR.SDMOR
3.AST2.ASPL,E12.E13.RING.ADEF.ISEED
COMMON CORD(190.2)*NOP(1721.4),IMAT(170),ORT(111.7)
10NBC(10).NFIX(10).R1(380).$8(380.20),NODES(170)
2.4(P(170).LD(170).11((170).EST(170.36)..BOATAII7002111
3.R(3).ESTIF14(12.121,A(86).13(3.8).RS(0),SMAX(170)
4.N0(10).LB(170).RR(10.2),SMIN(170).ANG(170)
5.ERAT(12.2),SPL(12).STR2(T2).XMORCIO).N1(170)
E.ST(170).1X(170).ORIM0(12,14),6R(110)*STORN(170)
7.FORC(170.3).DISP(2.190).RAND(5).COORD(190.2)
8tNOPP(170.4).ASMAA(170)
nEwlib is

C READ TITLE AND CONTROL

IF(JN.GT.1)G0 TO 221
READ(5.7)TITLE
FORMAT(8A6)
IF(JSI4.NE.1)G0 TO 504
READ(5**)EAVsESD.AMORASIIMORJAST2,ASPL/E12.E13

504 READ(5,*)NPANE,N8.NDF,NMAToll,NMP.DMAX
2.PINCANLNP.NLDA1510.IENDD.JSTS,JENDS
NPP=NP
NEE.NE
IF(JSIM.NE.1)60 TO 280

221 CALL SIN)
280 DO 200 I=1,NE

LR(1).LD(1)=1K(1).1X(1)=0
SMAX(I)=SMIN(I)=STGRN(I)=ST(I)=0.
DO POO J=I.3
FORC(I.J)=0.

200 CONTINUE
DO 201 I=I,NP
DO 201 J=10NDF
DISP(J.I)=0.
CONTINUE

NP=NUMHER OF NODAL POINTS
NE=NO. OF ELEMENTS
NB=NUMHER OF RESTRAINED BOUNDARY NODES
NDF=NO. OF DEGREES OF FREEDOM PER NODE
NMAT=NUMBER OF ELEMENT MATERIAL TYPES

C 11= 0 IF INPUT DATA,AREITO BE PRINTED
C P1NC=LOAD INCREMENT (NEGATIVE DOWNWARD)

DMAX=DEFLECTION AFTER THE FIRST LOAD BEYOND WHICH
PROGRAM STOPS (NEGATIVE DOWNWARD).

C NMP=NODE AT POINT WHERE DMAX IS DETERMINED
C MLNP=140. OF LOADED NODAL POINTS
c ISTD.NODE NO. IN WHICH PRINTING OF DISPLACEMENTS STARTS
C 1ENDD=NODE NO. IN WHICH PRINTING OF DISPLACEMENTS ENDS
C JSTS.ELEMENT NO. IN WHICH PRINTING OF STRESSES STARTS
C JENOS=ELEMENT NO. IN WHICH PRINTING OF STRESSES ENDS
d EAV=AVE. CLEAR WOOD MOE OF SPECIES
C ESD=STANDARD.DEVIATION(S0) OF MOE
C AMOR=AVE. MODULUS OF RUPTURE(MOH)
C snmoRcsc OF MOR
C ASPL=AVE. STRESS AT PROPORTIONAL LIMIT
C AST2=AVE. STRESS AT POINTS BET. NOR AND SPL(DEPENDS

ON WHERE SECANT E CHANGES)
C El2=RATIO OF AVE. E2 TO EAV
C E13.RATIO OF AVE. E3 TO EAV

READ MATERIAL PROPERTIES

IF(.JSIM.NE.1)G0 TO 808
IENDD=NP
JENDS=NE
WRITE(21.807)JN

807 FORMAT(/11X."SIMULATION SPECIMEN NO."',14)
006 IF(11.NE.0)G0 10 28

WRITE(21.100)TITLE
100 FORMAT(//)X.BA6//)

IFOSIM.E(4.1)G0 TO 150
28 DO 30 J.I.NMAT
30 READ(5.*)N.(ORTHO(N.1).1=1,14)

GO TO 153

C GENERATE MATERIAL PROPERTIES

153 IF(ISEED.NE.1)G0 TO 902
DO 152 1=It2

152 RAND(1)=RANF(A)
GO TO 904

902 XT=RANSET(TIME(A))
RAND(1)=RANF(8)
XTI=RANGET(XT)
RAND(2)=RANF(C)

904 ORTHO(It1)=FAV+SORT(.2.*ESD**2*ALOG(RANO(1)))*
PCOS(2.13.1416*RAND(2))
N2=NE+I
ORTH0(1,2)=ORT110(1.))+0.068



ORTH0(1.3)=DRTH0(2.3)=ORT(N2.3)=0.292
ORTH0(1,4)=ORTH0(2.4)=ORT(N2.4)=0.020
ORTH0(1.5)=ORTH0(1.1)=0.064
ORTH0(1.6)=ORIH0(1.1)*0.050
ORTH0(1.7)=ORTH0(1.1).0.078
ORTH0(1.8)=ORTH0(1,1).0.007
ORTH0(1...9)=ORTH0(2.9)=0.449
ORTH0(1.10)=ORTH0(2.10)=0.022
ORTH0(1$11)=ORTHOt2.11)=3.390
ORTH0(1.12)=ORTH0(2,12)=0.287
ORTH0(1.13)=0R1H0(1.1)4E12
ORTH0(1,14)=ORTH0(1.1)*E13
ORT(N2.1)=ORTH0(2.1)=1000.
ORT(N2.2)=ORTH0(2.2)=68.
ORT(192.5)=ORTH0(2.05)=64.
ORTHO(2,6)=50.
ORTH0(207)=78.
ORTH0(2.8)=7.
ORTH0(2A3)=700.
0RTH0(2.14)=500.
GO TO 222

C. N2=NE.0.1

C
153 READ(5.4)N2.(ORT(N2,1),I=1.5)
222 DO 61 J=1,14MAT

-

ERAT(.1,1)=ORTHO(J/13)/OkTHO(J.1)
61 ERAT(.1.2)=ORTHO(J,14)/ORTHO(J.1)

IF(JSIM.E3.1)DO TO 223

READ STRESSES

DO /7.1.NMAT .

31 READ( 5,4)N,SPL( I )..STR2(I))XMOR(I )
GO TO 260

223 IF(ISEED.NE.1)G0 TO 906
DO 224 J=1.2

224 RAND(J)=RANF(A)
GO TO 908

906 XT=RANSET(TIME(A))
RAND(I)=RANF(B)
XTI=PANGET(XT)
RAND(2)=RANF(C)

908 XMOR(1)=AMOR+SORT(-2.*SOMOR**2,ALO6(RAID(1)))*
2COS(2**3.1416,RAND(2))
STR2(I)=XMOR(I)*A5T2/AMO(
SPL(1)=XMOR(1)+ASPLYAMOR
1cMOR(2)=3000.
STR2(2)=2400.

SPL(2)=1000.

N=MATERIAL NUMBER
ORTHO(N,I)=MODULUS OF ELASTICITY (MOE) IN LDIRECTION
ORTHO(No2)=MOE IN R-.DIRECTION
0RTHD(N.3)=POISSON RATIO (LR)
ORIMO(N,4)=POISSON RATIO (RI)
ORTHO(N,5)=M000LUS OF RIGIDITY (RI)
ORTH0(14.6)=MOE IN TDIRECTION -

ORTHO(N.7)=MODULUS OF RIGIDITY (LT)
ORTHO(No8)=MODULUS OF RIGIDITY (TR)
ORTH0(Nh9)=POIS5ON RATIO iLT)
ORTHO(NP10)=POISSON RATIO (TL)
ORTHO(N,I1)=POISSON RAII0 (RI)
ORTHO(N,12)=POISSON RATIO (TR)
ORTHO(N.13/=E2
ORTHO(N,14)=E3

READ NODAL POINT DATA
N=NODAL POINT(ND)
COORD(N.I)=ND XCOORDINATE
COORD(N.2)=N0 YCOORDINATE

IF(JN.GT.1)60 TO 225
260 DO 40 J=1,NPP
43 READ(5,0N,(COORD(N.M),M=1.2)

READ ELEMENT DATA
N=ELEMENT NO.
NOPP(N,I)=NUMBER OF THE ELEMENT NODE'
NOPP(N,2)=NUMBER OF THE ELEMENT NODE J.
NOPP(No3)=NUMBER OF THE ELEMENT NODE K
NOPP(19.4)=NUMBER OF THE ELEMENT NODE L
IMAT(N)=ELEMENT MATERIAL TYPE. (EQUAL TO ELEMENT NO.)
NODES(N)=NUMBER OF NODES IN ELEMENT N
NI(N)=NUMBER OF LOCAL MATERIAL PROPERTY OF ELEMENT

IF(JSIM.E0.1)60 TO 52
DO 50 J=I.NEE

50 READ(5,*)N.(NOPP(N.M).M=1.4),NODES(N),IMAT(N).NI(N)
GO TO 51

52 DO 53 J=1,NEE
53 READ(5.*)N,(NO)'P(N.M),M=1.4)
51 IF(JSIM.E0.1)G0 TO 225

DO 227 )<=1.NP
DO 227 1.=/.2

227 CORD(K.L)=COORO(KpL)
DO 274 N=I,NE
no 270 M=I.4



. . C Y(R)
270 NOP(N.M)=NOPP(N.M) C .'

GO TO 251 . C
225 DO 024 I=1.NE C /. NWM.! C / G=GRAIN ANGLE024 IMAT(I)=1 C / 1. R.RING ANGLECALL SIMO C G=0CALL SIM4 C /
251 DO 252 J.I.NE C .

NF=NICJI C R=0 ./
ORI(.1.6)=ORTHO(NF.13) C
ORT(.1,7)=ORTHO(NF,14) C .

252 CONTINUE . C Z(T)
IF(11.NE.0)G0 TO 41 C
WRITE(213II) .

C
311 FORMAT(//1X."ELEMENT"454."GRAIN AN6LE".5X, C

2"RINO ANGLE"//) c
41 00 33 J=1.NE 0 C X(L)

C IF NSGR IS NOT EQUAL TO ZERO. IT IS THE NO.
C OF ELEMENT WITH SAME ANGLES AND MECH. PROP. 49 IFIJSIM.NE.11G0 TO 42
C AS THE CURRENT ELEMENT IF(II.NE.0)GO TO 42

WRITE(21.312)4.GR(J).RING
IF(JSIM.E0.1)G0 TO 49 42 GO=GR(J)=0.0174533
READ(5.4)N.NSOR RM=RING*0.0174531
IFINSGR.NE.0)6O TO 45 CG=CCOS(GG)),M*2
READ(S.*)GRTJI,O1NG SG=tSIN(GG))**2

45 IFIII.NE.0)G0 TO 29 CR=(COSIRM))**2
IF(NSGR.NE.0)G0 TO 46 SR=ISIN(RM))**2
WRITE(21.312)N,GR(J).RING NT=NI(J)
GO TO 29 EL=ORTHOCNTil)/100000.

46 WRITE(21.313)N.NSGR ER=ORTHO(NT.2)/100000.
313 FORMATI3X.13.IX.16) ULR=ORTHO(NT.3)
312 FORMAT(3X.13.10A.F5.2.41X.F5.2) URL=ORTHOCNT,4)
29 IFINSGR.E0.0)G0 TO 42 6RL=ORTHO(NT.5)/100000.

GR(J)=GR(NSGR) ET=ORTH0CNT.61/100000.
ORT(J.1)=ORT(NSGR.1) GLT=ORTHO(NT.7)/100000.
ORT(J.2)=ORT(NSGR.2) GTR=ORTHO(NT.01/100000.ORI(J.3)=ORT(NS6R.3) ULT=ORTHO(NT.9)OR1(J.4)=ORTINSGR,41

UTL=ORTHO(N1,10)OR1(.45)=ORT(NSGR.5)
=URTGO TO ORTHOCNT.11133

UTR=ORTHOCNT.12)C .

CN=ELEMENT NO. SII 4.=CCG**2)/EL+ISG**2)/ER+SO*CG*(1./GRL-2.ULR/EL)
C GR=GRAIN ANGLE 513=SGCR*(C6/EL-(URL*SG-CG)/ER-CO/ORL)-(CG/EL)*
CRING = RING ANGLE 2(ULT*SR4ULR*CG*CR)-UR1*SG.SR/ER
C S33=ISG,PCR)**2/EL+SR**2/ET+SR*SG*CR.,(1./GLT-2.*ULF
C 2/EL)4CR*CG.(CR*CG/ER-2.*ULR*C1OrSt/EL-2.*UTR*SR/ET

3+SR/GTR45G/GRL)



h5=401,CG,CR*SG*((1.+2.*ULR)/EL.1.1./ER)*SR*(SG/GT1(4.
2C6/GLT)4(CR/ORL)4(C6SG)**2
ORT(.1.1)=100000./S11
ORT(.1.2)=100000../633
ORT(../.3)=(...1)4ORT(J.1)4,513/100000*
ORT(J.4)=(-.1)4ORT(J.2)*S13/100000.
ORT(J.5)=100000./S55

33 CONTINUE

C READ BOUNDARY CONDITIONS
C NBC=RESTRAINED BOUNDARY NODE NO.
C NFTX(I)=BOUNDARY CONDITION TYPE
C NFIX= 01 FIXED IN Y-DIRECTION
C ,NFIX m 10 - FIXED IN X-DIRECTION
C NFIX = II FIXED IN BOTH X AND Y DIRECTIONS

IF(JSIM.NE.1)00 TO 99
NFIX(I)=11
NFIX(2)=I
R(1)=0.0
R(2)=PINC
IF(16.61..1)G0 TO 91
NO(I)=84
NO(2)=144
NBC(I)08

97 NBC(2)=184
GO TO 90

91 NBC(1)83
IF(16.0T:11)60 TO 92
NO(1)=89
NO(2)=149.

98 NBC(2)=I89
GO TO 90

92 IF(16.GT.12)60 TO 93
NO(I)=79
NO(2)=147

96 NBC(2)=I87.
GO TO 92

93 IF(16.GT.13)00 TO 85
NO(1)=42
NO(2)=145

87 NAC(2)=185
GO TO 90.

85 NO(I)=37
IF(16.6T.23)00 TO 66
NO(2)A145
GO TO 87

86 IF(16.01.24)60 TO 94
NO(2)=137
GO TO 87

94 /F(16.6T.25)G0 TO 95
NO(2)=102
GO TO 96

95 NO(2)=97
IF(16.GT.35)G0 TO 97
GO TO 98

99 READ(5.*)(NBC(I),NFIX(I).1=1.N8)
DO 209 1=1*NLNP

209 READ(50*)N0(1).(R(R),K=1,NDF)
90 WRITE( 1 5)(NBC( ),Nrxx(i ).t.INB)

IF(11.NE.0)G0 TO 500

PRINT INPUT DATA

WHITE(2I108)
WRITE(21,8)(14,(ORT(N.1)0101.5),N=1.NE)
WRITE(21,60)

80 FORMAT(//1X,"ELEMENT".3X,"SPL".5X,"STR2".4X."MOR"..
26X1"E2",8X,"E3"//)
DO 81 I=1,NE
N=NI(I)

PI WRITE(21,82)1,SPL(N),5102(N),XMOR(N).ORT(1.6)..
2ORT(1.7)

82 FORMAT(3X.13,2X,3(2X,F6.0),2(2X,F8.0))
WRITE(21,102)
WRITE(21.2)(14,4CORD(N.M).M=1,2),N=1,NP)
WRITE(21,I03)
WRITE(21.3)(N,(NOP(N,M),M=1,4).NODES(N).1MAT(N).NI(N).

2N=1,NE)
WR1TE(21,104)
WRITE(21,6)(N8C(1),NFIX(I)..1=1,N8)

500 CONTINUE
WRITE(21.100)TITLE
WRITE(21,109)
WRITE(21,110)
DO 208 I=1.NLNP

208 WRITE(2119)N0(1).(R(R),K=1,NDF)
9 FORMAT(15.2F10.2)
109 FORMAT(2X."LOADS"/)
110 FORMAT(2X,"NODE".7X."X",7X."Y")
.2 FORMAT(15.2F10.5)
3 FORMAT(815)
6 FORMAT(I5,18)
8 FORMAT(15,2F13.2,2F9.5.F13.2)

102 FORMAT(//" NODAL POINTS COORDINATES"//)
103 FORMAT(//" ELEMENTS"//)
104 FORMAT(//" BOUNDARY CONDITIONS"//)
108 FORMAT(//" MATERIAL PROPERTIES"//)

RETURN



END

SUBROUTINE 'SIMI

C GENERATES VALUES FOR NP, NE AND NMP

POMMON/DATA/TITLE(8),NP.NE.N8,NDF,NMAT.NUFPNLD.1P
14CD,PINC.N11P,DMAA,NLNP.IV.16sOSIM*NSIM
2.1STD.IENEID.JSTS,JENDSAAV.ESD.AMOR.SOMOR
3.AST24ASPL,E12,E13RINGADEF.ISEED
COMMON CORD(190.2).NOP(170.4),IMATI170/4ORT(1710)
1.148C(10),NFIX(104,111(3801.5KI380,20),NODES(/70)
2,KP1170),LD(470/.181178/PEST1170s36).8DATA1178.24/
3.01(3).ESTIFM(12.12),A18.61.813,8t.R518).SMAA11701
4.610(10).111(170),ARR(10.2).SMIN1170),ANG(170)
5sERAT112.21,SP1.(12).51R2(12).$MOR(12).N1(170)
6,ST1170).1X1170).ORTH0112.147.GHC170/,STGRN1170,
74FORC(170.3).DISPC2.190),RAND(5).COORDI190.21
8.NOPPII70.414ASMAA(170)
IF(ISEED.NE.1)60 TO 201
VX=RANF(A)
GO TO 200

201 XT=RANSET(TIME(A))
VX=RANF(8)
XTI=RANGET(XT)

200 IV=VX.10008
156 IFIIV.LT.1261)G0 TO 155

IV=IV.-1260
GO TO 156

.155 16=(11/4.34)/35
'F06.67.1100 TO 157
NP' *84
NE=t52
NMP=I14
GO TO 151 i

157 IF(16.GT.11)G0 TO 167
NP=189
NMP=119
IF116.0T10/60 TO 158
NE=I67

TO 151
1111 NE=I65

GO TO 151
167 IF116.GT.12/60 TO 168

NP' *87
NE=/63
NMP=II7
GO TO 151

168 1,116.GT.13/60 TO 169
NP=I85
NE=161
NMP=I15
GO TO 151

169 IF116.GT.19/60 TO 173
NP' 185
NE 165
IF116.GT.16)60 TO 170
NMP=IIS
GO TO

$70 IF(16.GT.17)G0 TO 174
NMP=IIS
GO TO 151

174 IF(16.GT.18)GO TO 175
NMP=I07
GO TO 151

175 NMP*72
GO TO 151

173 NMP=67
IF(16.GT.24)G0 TO 180
Ne=185
IF(16.07.23)G0 TO 176
NE' *65
GO TO 151

176 NE=161
GO TO 151

180 IF(16.GTq5)G0 TO 181
NP=I87
NE' 163
GO TO I5i

181 1,(16.GT.35)GO TO 183
NP' *89
IF(16.GT.26)60 TO 182
NE=165
GO TO 15%

182 NE4167
GO TO 151

183 NP=164
NE=152

151 RETURN
END

SUBROUTINE SIM2

C GENERATES NODAL COORDINATES AND ELEMENT NODE NOS.

COMMON/DATA/TITLE18/.14P#NEANBANDF.NMAToNSIF.NLD.IP
I.CD.PINC,NMP.DMAX,NLNP,IVs16,JSIM.NSIM



2.1510.12NDD.JSTS.JENDS,EAVASO.AMOSOMOR
3.AST2,ASPL.E12,E13.21N0.ADEF.15EED
COMMON COND(190.2),NOP(170.4),1MAT(170).0117(171.7)
1.N8C(10).NFIK(10).21(380),SK(380,20).NODES(170)
2.1(P(170),LD(170),11((170).EST(170036).130ATA(170,24)
3.11(3).EST1FM(12.12),41(8,6),B(3.8),85(8),5MAX(170)
4,N0(10).1.4(170).82(10,2).$MIN(170).AN0(170)
5.ERAT(12.2).SPL(12),S1412(12)+KMOK(12).N1(170)
6.ST(170),IX(170),O1lT+10(12.14).68(170),STGRN(1701
7.FORC(170.3).D1SP(2,193).NAND(5),C00H0(190,2)
8.NOPP(170.4).ASMAX(170)
01MENGION COON(5)
COOR(1)=3.5
COOR(2)=2.5
COOR(3)=1.75
COOR(4)1.,
C008(5)=0.
1F(16.0.1.1160 TO 228
81=-0.5
M9=M7=0
IM.6
GO TO 291

228 IF(16.GT.10)G0 TO 235
1M=6
M7=3+3*(16-2)

239 DO 245 1=1.M7
CORD(1,1)=COORD(1.1)

245 CORD(1.2)=COORD(1,2)
00 250 111,5
M8=M7+1
CORD(M)1.1)=CORD(M7,1)+1.25

250 CORD(M8.2)=C0011(1)
M9=M74.5
81=CORD(M8.1)+0.75

231 0.0 251 1=1,6
81=81+0.5
82=4.
DO 251 J=1,8
82=82-0.5
M9=M9+1
COND(M9.1)=01

251 C0RD(M9,2)=B2
IF(16.E0.36)00 TO 290
DO 252 1=1.5
NI M9+1
CORD(611.1)=CORD(M9,1)+1.25

252 C0RD(N1.2)=C002(1)
N2=137-M7-1M
DO 260 I=1.N2

N3=N1+1
N4=M74.1M+1
C000(N3,1)=COONO(N4.01)

260 COND(N3,2)=COORD(N4.2)
GO TO 290

235 'F(16.07.13)00 TO 261
ti1=10+3*(16.1 1 )
1M=6,2*( 16-11)
GO TO 239

261 11(16.6.1.23)60 TO 265
1M=10
M7=41+5*(16-.14)
GO TO 239

265 1F(16.GT.26)00 TO 275
M19145*( 16-24)
1M=10-2+(16-24)
GO TO 239

275 1M=6
M7=104+34(1627)
00 TO 239

290 1X=0
1F(16.67.1)00 TO 100
J5=0
J2=-8
GO TO 106

108 IF(16.01-.2)G0 TO 112
KA=1
1G=J2=M8=MN=0
J5=111=17
GO iD 124

/12 LK=1
LC=LT=0
11(16.67.13)GO TO 320
M0=MN=0
LX=2+2*(16-3)
111=J5=LX+17
10:J2=3+3*(16-3)
GO TO 322

320 117(16.GT.26)6(J TO 324
M0=1
LX=28+4,0(16.1.4)
11-1=J5=LX+19
1G365*( 16-IA)
J2=1G+2
GO TO 322

324 MN=M0=0
LX=82+2*(16-27)
1H=J5=LX+17
16J2101 +34(16-27)
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406 84.135421:*(1(,-27)
11-1=1..C.824,16
Li=52
1-2.83+24(16,24)
16=189+3*( 1(,-21)
cu fu 124

Ko Noe(2(,1)=1+16
esiUP(01,2)=Nue(811.1)=NOPC10.;.1).=24.18
Nuy184,3).NOPC1.011.3)=WW18L.1)=9+16
ti0P(KH.2iuNue(2C,3)!.P(40,3)=NOP(81.*3?.NOP(8L,2)

2=NuPtito,1).Nut,(8M.1)104.18
Nup(AC,2)0NOFAKU.1).3+16
Nop(110.2)=Wopchk.1)=NuPcht,f)=44,10
NuPC202)=N(4,(Kt.3)=NOP(86.3)=NuP(KN.2)=01,(80.1/

2=11+1U
NUe1i11...2).Nui,(AU.0)=NUN(82.1)=S+16
N1)P(1.23.2).01-4.10-13).N01,(813/30:18,(8.1,3/.N0p( K0.2)

2.111+, iSP ).NtieUritj. )=112+16
NUP(Atis2)...NOP(K1,1)=6416
NUP(H1,2)rNUP(1JPI)=NOP(MII.1).1+16
Nup(2./.2)=Nuk;(22,3)=NUe(861,2)0134.16
NuP(101.2)=8418
Nue(hL.J)=Nue188,3)14+16
NuP18M,2):Nol=q8N..0..-b8W180,3)=N0e1AP.3)=15+16
NOv(8P,2)=Nuechu,3).1(....16
Vu 132 1=82,1H
Nup(1,4/k0

132 NuPt5C1)=3
LW TO 3tW,
NO2188.11=11b
N0p(riA,2)=WO(AP,1)=NOP(KG,1)=2+16
NUP(KA,3).NUP(KB.3)=i4OPCAL,1).NOPCKM.1)=9+16
Nul,(28,2)=NuPc8C.3/0U6P181.43)=NUP110,3)=NUP(8P1.2)

2=NUPOIN,I).A0P.(i(0,1).104-Iii
201)(11C.2).;v0iiI(D,1).3j16
N(JP(80.2)=NuP.0.1.)=20p(81,1)=4+16
Aupclit.2)=Nupc81.,3)=NuP1K6.3/.N0e180,2)=40P(kie,1)

2=11+16
NOP(0,2)=4U1,186.1)PNOP(KH.1)=5416
hUe(h6.2)=NuF(Kii,J1*NUe(81.3)=Nurce:d..3)=NU?00,4,2/

2=NOPCKL:.f)=NUe(hic.1)=12$18
wopc82,2)=66P(A1.1)=8+1G
Nue(81,2)..Nup010.1)FwuP(K11.1)=74.16
NupCKJ.2)=Nupci8.3)=NUP(11..2)=Nup(AS.1/.13+16
Nue(82,21=8+16
Nut,(KL.2)=NvOC2e..1)uet8N..3)=1541u
2vpf8L.3).14+1U

NOP(KN,A)NOP(HOR3)=NUP4KPP3)=NOPOIO.3).16+1G
NUP(KU,2)=NOP(K8,3)020P(KS,3)=17.16
NOP(AS,2)=18416

348 1=r.4,111
NOP(I,4)00

348 NuUkS(1)=3
Tu 302

356 N0P(K8,1)=1+18
Nuecti4,2)=NUI,(8P,i)=Nue(10.;.1)=2+1G
NuP1KA,J).;'Nup(80.3)=Nop181.1)=NuP(82.1)=6+18
NOp(8P,2)=Nupt8C.31=N013(21,,3)=Nul,(8J,2)=N0p(101,1)

2=NCYCKL.101,(Am,1).7416
NUp(8C,21=20P(21).1).Nue(10.1)=NOPC81.,1)=:3+16
201 tKU,2).Nup(i(1,3)=N0e(ilm,2).hOPC814.1)=M+(80,1)

2.6+16
NuP(8E,2)=N011(81.,3)=Nup(86.3).NUPcli0,21=NUpC8p,1)

2=N0P(Ii0s1)=20P(I4ii.1),.94-16
NOP(KI.,2)7N0P(/(6,1).NUP(Ktisl)=4+I6
NOPtliU.2)=NOPIKH.3)=NUP(Ith,2)=NOP(ASAL).,104.10
NOP(K4A2)=5+I6
20P(21,2)=N0P(KJ,3)=Nup(KK.3)=12+18
30P(81.3)=1/*1(i

OUp(88,2)=NUP(XL,3/.13+16
NOP(11L.2)=NUP(KM.3)=NOPLON,j)=144.16
m0p(hw,4)=N0p(1w3)=Noeckl-.3)=i5.1G
2opclip,2)=80pc20.3)=16.iii
N(pc.11)=N0pci.3)=NoP(Hs.3)=17+16
uulocits,2)=ib.iti
Du 366 1=114.18
Nue(t,4)=41

360 N01ItS(1)=3
m0=2
W.) TO 126

302 W 152 1=LIC,LA
1.C.L.C4.1
N0P(LC,I)Nu1=1-,c1,1)+LI
NUP(LC.e)=NOPP(1.02)41.1
iv0PfLCA3)=NUPP(1,3)+L1
lk(NOPP(1,4).k.U.0)6O IU 151
20P(LC,4)=20eyc1,4).L1
201115(LC)=4
6u -Tu 150

151 NQP(LC,4)=0
&I.14-SLCIn3

1!7.0 CUMINUF
11.(IX.1.!:.0)60 TO 124

TY:1 HilOhN



k..)11)

SUE00UT1NE SIMA

C GENENATES KNOT DIA., 004IN ANU 0)00 ANGLES F06 EACH
C ELE401 ANU 1.411:6MINE.5 WHAT 041-Elfl4L PHOP14111',5Ahf
C fl Hi 05/U HY EACH ELi0EN1T

COE/MUN/VAI A / II TLE ( b ) s0P.NE .011. NUE 0MAT E NLD, 1P
11C V. P I NC NP,P;I)MA NLKP,I VP 1 6, JS Hi. NS I M
2 , (Sit). IkN U,JS IS. oit V. I SD,AMUnA SWIUH
3,451.2,ASPLot 12.E /3.8106,41,EF,ISEET
C0MMON COM( 190,2 ) .NO1'117044 ), IMA1 ( 170),681( 17) .7 )

I ,NPC(10).0E1K( 10).81C380),SM380.20),NObES( 1705
2.ep( 170 ),LIA 170)i I ii(170).kST( 170,36).OLATAC 114,24 )
3,h(3 ),E5I1 FE(12,12),At8.6),N3,),as(a),smAx( 170)
4.NOC 10)LP11701101(10,21MIN(170),ANG1(70)
5.E041 ( 12.2 1,521.112 ).ST62(12).XMOM 12).1911170 )
6.51.1170 1.1X( 170).i/61(10112,14) AGM 170 ) STCHN( 170)
7,E011C1170.3).DISPI2.190 )264014 5).COOHLI 190.2
8,NUFP117041ASMAX( 170)

108 11' 15E El) *NE EGO TO 920
1.10 102

100 NANU(I)=6401.(4)
Ou TO 921

920 X1=64NSIT(TIMI(A))
0AND(1)=14401.(H)
XII=HANGETCXT)
AANU(2)=11ANE(C)

921 1KNI=6ANIA1)*10.
931 IF(OHNT.GT.2.75)60 10 930

00 TU 932
930 0807=1)8NT-2.75

GO TO 931
932 41N6=4401.,(1)=100.

IIi(ING.61.90.)60 10 101
00 IL) 102

101 41N6=4106440,
ION 640=HANU(2).100.

937 (G(IN .6T . 1 4 .0 )60 AU 935
00 TO 936

935 641,:=64N-14
60 TO 937

936 DO 110 1=1,NE
110 GM I)6}.4

11.(1)861.01.;0.25)60 fU 115
60 10 3

115 1E(080T.(31.0.75)00 TO 100
I1(IP.I.T.4.04.11).E0.7)66 TO 106
JA=1V

130 1f(040LT.36)00 TO 125
JA=JA-35
GU 10 130

125 011=.41
140 IF(..01.1.T.8)GU 10 135

GO 10 140
135 1E(16.1.11.1)GO TO 145
320 NI(1V)=2.

11(.18.01..1)00 TO 155
160 Ih(JB.E007)G0 TO 165

081 IV+ 1 ).GHN+10
1i(jA.0T028)60 TO 165
06(1V+8)=0HN+5.

165 11'(J44.0.35)GO 10'220
11.(16.E0.36)G0 TO 185

.(30(10+7).0110+15.
If(J4.F.0.28)60 TO 220
11(J/(.61..22)G0 IU 185
1E(16.E0.36)G0 TO 420
G11(10+14)=080+5.

420 IF1JA.LT.8)60 Tu 3
IF/L81.40.7100 TO 220

105 60(1V-6)=640+5.
220 08(1V-7)=060+15e

11(JA.LI.15)00 TO 3
6411V-14)=611N+5.
IF(JA.k14.29)60 TU 180
GU TO 3

180 1.E(16.E0.36)60 TO 3
661/0+9)=G6N+5.
60 TU 3

155 ;64(1V-1)=600+10.
lEkJ4.E0.35.06.16.EO03()00 TU 255
(lM1kJ-1.6)=060+5.
II(JA.L.1.8)60 TO 160

PS5 GMBJ-8)=040+5.
IF(.41.LI.22.04.16.1-0.36)134 10 160
11.(.41.61.04)00 TO 195
'F(04.61-.3)00 TU 190
(J0(14+15)=640+5.

1

GU TO 160
190 11.(40.61.4410 It; 000

'F(16.1.6.36)40 10 160



6611u4.161=61-605. 60 TO 360
60 Tu 160 325 11(.16.01.(')GO TO 335

200 M./D./M.7)GO TO 215 66110-7)=611(1V-6)=U6i05.
Ih(Jb.ku.36)60 To 160 330 Ga(1V-8)=66N+15.
(l6(16+17)=Gto9+5. GU 10 320
60 TO 160 335 Gisu10-71=611N+15.

195 11(JH.OT.3)60 TO 205 Go TO 360
11(16.L0.36/60 TO 160 370 11(JA.GT.14)60 TO 320
64(10.8/m60N+10.. 11(JP.GT.1)60 TO 375
Vu 10 160 60(IV-16)=UH0+5.

205 1/.(oH.(i1.4)))0 TO 210' 60 10 320
11(16.1.0.36)6u TV 1(0 375 11(JR.GT.3)60 TO 360
L.:R(16+4)=0,09+10. liii(1V-17)=UNN+5.
60 TO 160 GU TO 320

210 1F116.ku.36700 10 160 -300 ih(J13.(i1.4)60 TO 385
611(104.10)=GHN+10. Ga(16-16).60N+5.
11.(j4.1.2.35)60 10 250 (10 JO 320 -
60 10 160 305 1F(.30.6T.6)60 TV 390

250 61016+111-0/1N+15. 62(1V-15)=66N+5.
60 TO 160 60 TO .120

215 11.(164L0.36/60 TO 160 390 Gh(16-14)=011194.5.
60116+18)-61044.5. 60 TO 320
00 TO 160 . 300 11.(16.01.26)60 To 400

145 1F(16.0T.13)60 To 300 1V=(16-12)*4+JA+47
lu.(16-2)*2+J0+17 6u 10 405

415 11(JA.61.7)60 TO 370 400 1V-(16-27)*2+JA+99
11.(,03,40.4)00 TO 305 Gu TO 405
66(1V-9)=61.6v4.5. 120 11.(01INT.6T.1.25)C0 TO 450
00 TU 345 11.(112.1.1.4)60 TO 1013

305 60116-9)=06N+15. 11.(113.61.T)G0 TO 100
345 1f1d13.6f.1/60 TO 310 Ik(16.GT.1)60 TO 455

6WIO-11)=61i015. 11-1,10.61.2/00 TO 414
6011V-10/=G6N4.5. 1.1(J0.GT.9/60 10 475
GO To 320 1V=JA=1

310 1).(J11.61.31G0 TO 315 460 N1(11.)=141(1V+1)=N1(1O+7)=NI(IV4.0)=2
GH(1V-10)=Ghiv+15. 11.(WIN1.GT.1.25)60 1U 793
IhtJG!1.0.3100 To 350 111,14.61.25/6U 10 3
Git(16-12)=6H74+5. bit(1V+15)=15.4140i

350 G)1(.10-11)=U6N+5. Ih(JA.L044)60 TU 463
11-(J14.1.0.2/60 TO 320 (iA(1V414)15.+GaN

360 6611V-0>=66N4.5. 11.(JA.I.9.20)C0 TU 3
Go TO 320 U(011.61.16)60 10 463

315 Jk(JF/oU1...5)60 TO 325 (ih(1V+21)=Gt1(10-22)=60N+15.
60(1V-7)=611(1V-10)..611N.5. 11(.14.h:).15/60 TO 463
1.(JR,40.5)00 TO -330 1,11(1(4-28)=U1,(1v4-2)1=6,i1+5.
Gli(10-11.)=609+5. it(JA.1.Q.6)60 Tu 3
1P(JG.01.4)00 To 333. 463 0rtt1V+2)=611(1V+)1=(ils,J+10.



itcjA.Lo.26)tio 101i60 Gm(lt421)=G4(1V+22)=64f1V+26/a0hN+5.
IETJ4.1-0.14/60 40 461 -It(on.vu.19)Gu TU 533
1F1JA)0T.10/00 TO 467 04111/4-25)=OHN+5.

464 Ga(1V*16)=G4(Iv+23)=68N+5. 60 Fu 533
: fF(J4.62.4)G0 (0 3 590 IV.JA.24

GOTIV..17)=64110+241.64N+5. ar/ 64(10-17)=G4N+15.
467 G4(19+3)=614(104-10)=GhN+10. uk(1v+14)=GON4-5.

475
GO TU 3 ,

I1TJA.67.23)Go 10 476
11.W/1.61.25W° TO 549
00 TO 602

11.JA=15 477 IrfJ4.6-1.6)G0 TO 460
S33 Glif lv- 1 4/.6t0 1 ti- 1 3)=GH( 19-7 )74111( 1 V-6 )wGiti4+15 W.14.01.13/60 TO 525

1 ft .41.1.020 .04..3414,1 27/(10 1U Wit 1 V...^k14=5

6411V-5).GN(IV-12).64N+5. 00 iv 476
11-(.311EO22/130 TO 535 2.5 1 1. i ..14.6T27 MU 10 595
I f 1 J41-(17.4/60 10 537 10=J/4=19
Glif 1V+ 16) =Guu+5. 514 W(-1 V+25)=Gkit4+I 5
If(JA.61.16)60 TO 476 GO( 1 V+27 ) =Tirtil+5.

535 f.;:if 1 1)+17 / =4:1109+5 6010 547
537 tiii( 1 9-4)=64C 1V-1 1 1.G/4445.

1 I. ( JAtu 22)U0 '111 460
595
596

1G=JA=26
G11(19+16)=6/O4+15.

11-(04.14.124)60 To 416 G(IL,+15)=1.18f1V-20)=64(lo-21)=6,04+5.
06f1Ur23/.uffNilb. GO TO (07
li t J41.1.! 17 >LW TO 476 430 1 ff .146T 1 4)GU 71) 530.
tilt TO 460 10=04=6

4/4 111..3;1=22 lie 70476
02 litt( 1 16)=0169.11 5. 530 i 1. 1 JAGT 26/60 TO 600

6/161V+(6)=64(1V.19)=G4N+5. 19=0/1=20
11.(04-1,024)(10 fo 549 578 Ga(1v+25).(18(1U+26).(14N+15.
04119-20)=G4(1O-21).04N+5; 60 10 547 .

GO TO 533 tO0 1V=JA=27
404 11.f41.G1.4/60 TO 477 659 64(110.16>=Gi4(IV+14)=6HN415.

li(J4.o7.11)00 10 520 611(1V415)=G4(1U+16).64N+5.
lv=0A=3 GO TO 607 '

476 64fili-1/.134e1V-2)=68(11/4.5)=64(10.6).643+10. 455 TF(08.67.2)60 10 456
1F(Ja.kb.26)130 TO 467 11-(JA.G1.9)60 TO 625
I1tJA.10.27/00 TO 460 JA=1
04(11+12)=U4(11,413)=Ghw+5. (23 11(1.6.GT.13)(0 10 4)11
1r(JA.E4.24)00 10 4)47 ' 1U=(16-2)+2+J4+17
1F1,14.(i1.16)60 TO 463 60 TU t24

447 (i4(11.;+19)34(10+20)=GIOP15. 441 1H16.1)1.26)60 TO 710
11(.14.t0.26)OU TO 463 11.,.(16-12)*4$04447
GU TO 460 GO 10 r24 '

520 1rf0A.GT.25)60 FU 590 710 1ti=f16-27/*2+J4r99
111.04=17 624 11(u4.6T.2)Go TO 629

547 40(10-24)=680+15. Itfj4.0(.1)Go TO 49
544 (111(19-4)=G4(1V-9)=014(11)-151=G4(10-16).64X,t5. 04110-11)=04(19-10)=O4f1V-91=134u4.15.

1r(04.01-.14)60 lu 533 04110-4).414(19-7)=64110-6,-640+5.



60 YU 460 635 IF(JA.6.1.6)60 TO 658
625 11,(34.0T.23)fiu To 683 (i8(16-.8)=6811V-7)=UW1V-6/=61iN+f5.jA=15 68(1V-9/=6H110-8/=4it(1V-7)=61-1&15.60 TO 623 60 TO 476
649 It(JA.61.15)60 IU 602 581 11.(JA.6T.28)66 10 563

68(10-25)=1.10110-241=4.01(10-23f=6N*5- JA=20Uu Tu 533 GU TO 623
603 JA=22 658 W./MO.22/6U TU 659du TU 623 6011V-22/=68(10-21)=6h(10-20) 6104+5.
456 11.1,18.61.4)60 TU 526 60 10 578

It1J11.61.11160 TO 642 5e3 JA=27
JA=3 60 TO 62360 TO 623 450 1fcle.10.6/60 Tu 108cpy 11(j0.61.4)UU 10 591 1110i1fif.61,1.75/60 10 790
11.(JA401.3)60 To 652 licIP.E0.361.1 10 106
60f1V-10f=liiitili-,9f=61.1119-8)=681N+15. 1F(16.6I.1)60 TO 792
66119-13)=Uti(I0-12)=64(1V-11)=6W1V-8)=G6(10-7) 1k,cJ2461.3f00 Tu 451

8=6H(16-6)=4i1N+5. 11.1JA.UT.17/60 fu 452Uu Tu 476 IV=JA=1
(4:1 1}(04.(11.25)6U 10 689 60 TO 460

...41=17 793 Ni(194-2)=N1(10+9)=N1f1V+15f=141(104.14)=N1(19416)=260 10 621 1 fPfURNT46Tt1.75>G0 fu 750
652 1t(JA.61.17/60 1U 607 It(JA.E0.18)60 TO 796

Un(l0-24)=Gliclv-23)=041119-22)=U1N+5. 1F(JA.E6.19)60 TO 3
60 TO 547 6UcIV+21)=66(1V422f=6ii(104-23)=GuN+45.

649 JA=24 I1*(JA.L0.15)60 It) 79600 TO 623 60(104.28)=0H(10+29)=GH(1V+30)=G1tN+15.
5f16 11.(...04.01.6)0u TO 608 If(JA.40.5)00 10 311.(JA.0T.13,60 TO 645 796 61c11V+3>=6OC10+1(j)=614(104.17)=60N+111.

JA=5 11IJA.E0.15/60 TO 79860 TO 623 11.1JA.10.18160 TO 3
5)1 lhc..01.61.6)00110 635 Vti(IV*24)=611110+31/=61s110+37/=66N+5.If(JA-6T.5)60 Tu 512 11.(JA,10.(060 TU 3

68110-8/=011(10-7).611N+15. 794 6011V+4/=6811V+11)=6(1V+10)=611N+10.
6O11O-10/.61111V-9)=6/1C10-6)=611(10-5)=118N4.5. 11.(J1I.I.1.15)60 TU 300 ro 476 (ii110-25)=6OCI9-132/=68(10+35)=6/1110+36/=5.4.60N

(45 11(JA.01.27)60 10'516 60 TO 3
JA=19 '62 1V=JA=1500 TU 623 724 611110-7)=1k110-6)=61;11U-5/=6M16-14)=6a11V-13)

512 li1JA.61.19,60 10 596 2=6611V-12)=611(10424)=CnN*15.
6211,-22)=6HtiV-21/=Gs1N+5. 11-(JA.t6.19)60 TO 603

516
UU TO 514
JA=26

60110-4)=62V10-11/=611(10.28)=6N4.5.,
I1tJA.t.0.18)Uo fU 80360 10 62,3 611110-3)=610.10-10/.6110+5.

44A8 IMIJ4.(3T.14)66 to 581 60 To 460
joI=6 451 11(j.61.6/60 TO 45360 10 623 11(.41.61.2C)66 (6 63A



1V=JA.4
GG(IG-11=Gliciv-21=GHtio+b).Glitiv+6).01111V+12).

2=6H11v413)=0ta.10.
IFIJA.t0.19/C0 TO 4f0
Gliclu427)=6otio+201=Gh10,5.
11.(J(.10.18)60 10 460
Gh(iv+26)=G8cluA-147=Gh(lv+39)-liGN+5.
Ik(J4.1.0.5)0O To 4t0
( 1V+38)=G8N+5.
Go To 460

604 i0=JA-18
831 G8(1V+23)=G8N+15.
832 (l8(11.,+25)=GO11V+267=GhN4.15.

Gaciv-9)=6(1V-8)=GkcIv-16)=Gh(1v-15)=Gh(io.21)
2=611(10221=6HN+5.
Go TO 724

453 11(J1.GT.21700 TU 461
lv=J4.5

738 611(1(J+40)=68(1v4.41)4iGN+5,
Gu To 803

461 10=dn=1.1
740 68(1V$27)=GaN+15.

66(104.20)=1J6(10+23)=68N+5.
Go tu 832

792 IF1J14.61.3)60 To 462
11-(JA.Ut.17)1.,0 Tu 846
JA1

722 1f116.G1.13/6o To 712
1C-(16-2)*24.J4+17
Go TU 714

712 11q16.61.26/60 TO 716
10=116-104,4+04+47
Gu TO 714

716 1V.116-27/s2,J4+99
714 IkcJII.(1.3)60 To 718

I 11.(.14.67,11Gu To 720
coi(iv-8).68(11e-q)=(i8(1V-11)=G8(10-10)-GHN+15.
6h(ly-:5)=6riciV-4/=0,1(10-7).68(19-6)=G0N+5.
Gu lo 4t0

.846 JA=15
Go TO 722

720 Gh(1u-25)=6h(IV-24)=Gitc1V-23/=68(iv-22)=Gh84.5..
Go Tu 724

442 11-(J1.6T.u)G0 to 726
11-(04.(it.20/Uo To 728
J(1-4
60 To 722

718 1JB.GT.6)6p To 730
11.(J4.67.4)110 TO 732
Gativ-9/mGat1V-u>=6ticiv-7)=G2(1v-6)=68N+15.
On(1y-5)-Gli(10-4)=GO(10-12)=6nc1u-11)=6liciv-10,

2=6811+5.
G0 To 803

728 Jr.0,18
Go To 722

732 60(11)-23).GH(iV-22)=GOIV-21)-G8(1v-20)=G6N4.5.
Go TU 831

726 11.1,1.1.67.21)60 TO 734
JA.5
GO TO 722

730 lt(JA.GT.S)G0 TO 736.
GGc1v-8/-68(1v-7).GR(iv-6/Gitclv-57=6AN.15.
6lic1v-12/=G1iciv-11/.68c10-10)=G8(1v-9)=GHN45.
00 TO 730

734 JA=19
GO TO 722

736 G1tiv-22/.8111(1V-217.68(1u-20i=88(10-19/=GGN.5.
Go TO 740

790 .11.11p.1..0.5)Go TO 108
1F1U6NI.61.2.25/60 To 742
'(16.67.1)60 TO 744
IF(...18.67.4)G0 TO 746
1Ft..14.67.25/80 TO 748
tv.JA=1
GO TO 460

750 N1(1V+3)ftN111V+10)=N1t1o+17/viv1(iv4.21)..N1(11)+22)
2.N1(10+23)Ni(1oi-24)=2

IF(u8NT.O1.2.25460 TO 860
.111.10. 11)61) TO 764

Gm1y+28/.61111V+297-GGN.15.
11U11V+341=6liNf5.

764 68(1V+30)=06(iv+31)-.6a8+15.
GH(104.4)=68(104-5)=Gh(Tu+6)=138(10+11)=G8(lu+12)

2=Gitc1V+137.68(19+18)=G(tiv+19)=68(iv+20)=68N4.10.
11.1.A.1-_0.41Go TO 756
ik(JA.to,))Go To 3
68(10+25)=Gmly+26)=Go(iv+27)=6HN+10.
11.(JA.1.0.8)Go TO 3
6sict0+41)=Goc1v+42)=6icc1o+431=6us1v+44)=G8(1v+45)

2=GaN4-5.
GmIL435)=G8(14-361-6HN+15. '

756 .68(1v4,31Ghtiv+30)-Ga(ii,o.3)1Gricius4o)=G8N+15.
umciv+32)=G8(1v*:13/=6.1v45.
Go f1.



0
U.)

748
754

1V=JA=8
61.1(14+35)=66(1v486)=06N+5.

11(.14.40.4)GU TO 762
(j0tiv-)6)=66(1u-17)=6611V-16)=G6N+15.

11.(JA.1(i.4)6u To 460 815 6611V-153=66(1v714)=6i;(1v-13/=GH(IV-16)=G6N+15.
68(1V-3)=66(1V-2)=61111V-1)=66111)+37)=6611V+38) G6c1V-9)=66(1u-6)=G6N+5.
2=661445. GO To 782

162 66(1V-7)=66(1O-6)=G6(1V-5)=G1i(ly-4)=Gh(iV+32? 766 11<J/1.6T-2816u TO 784
2=611(10+33)=G6N+15. o8=4
GU To 460 GO TO 780

746 If(JA.6T.28)60 TO 752 776 1FtJA.G1.4160 TO 786
11)=.311=4 G8cIV-14).,G8(1v-13)=GHN+54

810 66(10441)=6611v+42Y=66N+15. 60 TO 778
/60 689v-1)=6611V-J)=G6(1V-3)=GON4-10. 784 JA-11

36(1O+25)=66(1v+26)=GH(1V+27)..GHN+54 GO TO 780
1k(J441.0.11/6u TO 762 786 611(1V-12)=66110-11)=G6N+15.
GO To 754 66(1V-10)=66(1V-21)=66(16-20)=G6cli)-l9)=G6(10-18)

152 Iv=.16=11 2=66(11,-17)=66N+5.
795 66(1v4.34)=66(1v4-35)=G6N+15. GO TO 778

66(1V-8)=6611V-9)=G1.1(1V-10)=66(1V+26)=66(loa29) 74a iF(le.61.6)60 TO 108
;?=666/4"5,* 1 F 1(.GE )60 TO 850
60 TO 760 11(..03.6T.5/60 TO 852

744 11.(.0).6T.4)60 TO 766 1V=JApl I

11.1.)6.(i1:25)60 TU 768 Go To 460
JA=1 860 N1(1A0+4)=N1(1V+11)=N1(1v416)=8ICIV-425)=Ni(1u+28)

780 11.(16.6T.13/60 TO 770 2=N1(10±-29)=611110+30)=N1(19+31)=N1(19+32)=2
1V=(16-2).62+J84-17 68110'16)=61(1V+37)=66(lo438)=611C1V+394=681/V+40/
GO 16 772 2=611i104.41)=611(1V+42)..6164.415.

774 11.(16.6T.26160 TO 774 66(104.5)=66116+(,)=66(1u+12)=68(1V413)=G8(1v+19)
1O=t16-12/44+JA+47 2-66(19+20)=66(10+26)4i6(11,4.27)=6661+10.
Go TU 772 li(04.10.3/60 TO 3

714
772

1V( i 6-27 )*2+.1(1+99
IFCJ8.61.4,60 lu 776

6HCIV4-35)=G10015.,
Mi(IV433)=Un(10+34);=GitN+10.

1f(JA.GT.1)60 Tu 718 1)8(1043/=611110+44)=66(1V4.45)=G6N+5.
782 GOCIV-6/.66(1V-7)066N+15. GO TO 3

If(dA..4)ou TO 786 852 1V=o4=3
11(,4140.11/GU TO 795 8140 0titI0443)=610015.
Ufi(1O-1)=G8(1v-2)=66(1V-366N+5. 64(10-1)=64(1V-2)=GhN*10.
11(JA:E.0.8)60 TO 754 (3iciv483)=G6clu+34/=66C1v+35/=6084.5.

766 Gy(0.0.8)=6611V-9/ft68N+15. 60 40 4(0
ik(j0.4.0.q)60 Tu 610 650 Itco0.GT.5)60 10 862
($11(1v-11)=68(1O-13)=G6N415. 0/4=1
6611V-4)=6611V-5/=66N4,5. tqb 1.( 3)(a) 10 864
Gu To 460 14=c16-2/*8+J6+17

766 J4=8 Go To 866'
Go TO 708 864 I1116.6f.26)UU TO 868

776 66(1V-5)=6/1(1V-4)=06N+15. V=( 16- 12) *4+.J4+47
1k(O1.1,6.11)6u 10 615 (it) lu 866

1 1 21=tiri< I V-1 )=66( 1 0- 1()."Gar+5. 6s-,4 11,./1(--87)42408499



-66f: 611(1W-10)..ORCIO-9)=GR110.4.1).Gh14V-7)=GH(IV-6)
.2=6R11V-S)=ORCIV...4)=URN415.

1E(JA.E0.3)GO'TO 670
011(1V-11)=GRN+15.
61111O-3).61111V-2).6HCIV11.64N+5.
60 TO 460

F1: 0A.3
60 fp 875

K10 Oh(IV-3)=WIN+15.
6/-1(1W-13)=GR(IV-12)=GR(111-11)=GRN+5'
00 10 830

3 WRI1E121.917EDK07.16,JA
911 EORMAT(//I(,"RNOI VIA..,F5.3+5X,

2"LOCATED AT 5ECIION"*14.054,"NO."..13//)
RETURN
END

C 1112)=VE3CTICAL LOAD COMPONENT (POSITIVE UPWARD)
C ,H1=LOAD VECTOR

1(30 LiD 400 1=1/41LNP
11(L1.61.1)O0 TO 202
H1111,1)=R(1)
RR11,2)=H(2)

.202 DO 170 K=IoNDF
le=(NO(1)-1).NDE+K

1 170 R1(1C).R110+/11(1C),
400 CONLINUE

It El
END

SUBROUTINE F000K1LI)

5110HDUTINE LOAD(LI) C EORMS STIFFNESS MATRIX IN UPPER TRIANGULAR twin
c0m6oN/DATA/Tin1(8),Np.m..m,Nut,NAAT.,Nszi..m.p.110 c

1,CD.PINC.NMP.DMAX,NLNPAV,16.JSIM,NSIM COMMON/DATA/TITLE(8),NP.NE,NB.NUF,NMAT,NSZE/NLD.IP
2.1SED,IENDO,JS1S,JENDS/E4lhESP,A0OR,SDMOR I.C.D.PINC.WMPPDMAX,NLNPolV416.JSIM.NSIM
3,AS12,ASPL.1.12,113PRING/ADE1oISEFD 241STDPIENDDPJSTS,JENDS.EAVDLSW(%MORPSDMOR
COMMON .11111141902).NOP(170.4),IMAT(170),00T(171.7) 30AST2PASPL..E12,E13PHING.ADFEPISEED
loNRC(10).NEIX(10).R1(380)..5K(380o20).NOUES(170) COMMON CORD(190.2),NOP(170,4),IMAT(170),00T(171,7)
2.KP1170),LD(170)..10(170/PEST(170.36).HDATA(170,24) I.NRC(10),NFIX(10),R1(380).SEC380P20),N011S(170)
3,1113).ESTIEM(12,12).A(8,6)00(0.8EPRS(8),SMA(11707 2,KP(170),L01170).1K1170)*E51(170.36),BDATA(I70,24)
4.N01101.LB11701,RR(10.2),SMIN(170),ANG(170) 3.1113),E5TI1M(12,12),A(6.6),R(3.8).RS(8),5MAX(170)
5.ERA1112.2),SPL(12).S1h2112).XMOH112)0N1(170) 11,00(10)+LRI170EiHR(10,2).SMIN1170),AN(i(170)
6,ST1170),IX(170),00THC(12,14),60(170)/STGHN1170) .5..ERA1(12,2).SPL(12),S1H2(12),XMOR(12).N11170)
7,FORC(110.3),DISP(2.190),HAND(5),COOR0(190.2) 6.$1.(170),IX(170)PORTH0112.14).GR(170),ST0RN(170)
8PNOPP(110.4),ASMAX(170) 7.0.01C(170,3).VISP12,190).HAN115),COORD(190.2)

C 8.N(JPP1170,4).ASMAX1170)
C ZERO LOAD ARRAY 010101.. 15
C C

DO 160 J.IANSZE C SE1 RANDMAX AND NO. 01.'EQUATIONS
160 I(J)..0., C

1E(LI.E0.1)430 TO 200 e NBAND a (04-1)1 WREki
DO 340 1.I,NLNP C NPAND=HALE-BANI:V1110
IE(H1111,1).10.0.)60 TO 310 C E=NOMBER OF DEGREES OF FREEDOM AT FACR NOUE.
RR(1.1)=RR(1.1)+PI0G C 0=e.4X. LARGEST IJIEffiliNCE OF NUTAL NUIBERS

310 11.(1111(1,2)+E0.0.)G0 TO 340 C OCCURIN(i EWA ALL ELEMENTS.
16(11.2)witR1I,2).PINC C

=3110 CONTINUk, NRAND20
C .0
C al-AD. PdINT A40 STORE LOAD CAUD C I.ER6 5I1FENESS MAIRIA
C NU=NODAL Kim( Plummt wiirut. LOAD AC4S Q

C. 0(1)=0001ZO044L LOAlu cumpuisaN1 (POS)IIVE 10 181 PO 300 NmI,NS?4-



00 300 M=1,40AN1) DO 320 K=1.20F
301 SH(NAM)=0, L=1K8-11*NDF.H

C NC0L=NCOLPI.K4.1-N80W13
C SCAN ILFNENIS C

C C SHIP STOHING fF BfLOW BAND
LIU 400 N=1.0Nt C

1F(1.I.FC.1460 TU 620 IF/NC0L/320,320,310
j1.(KP(N),F0.0)(10 TO 000 310 Sli1N80WP,NCOL)=S8CNNOWD,NCOL>+E5TIF1l11.L7

(.20 IF(NOL4S(N).E0+4760 TU 605 320 CONTINUE
CALL 5111.131M 330 CONTINUi
-00 10 650 3N3 CONTINUE

Wt. CALL 611}1.41N) v 400 GONTINUF
GU TO 650 C

#,00 IMCN0111.5(N).E0.4760 10 610 C INSUIT BOUND/18Y CONDITIONS
M=0 C

0077'> 1=1,6 HEAD(15)1NBC(1),NFIX(/),1=1,N0)
00 /70 J=1.6 CO 500 N=1 ,ND
ti.i.:+11 ,M0=10,4,*(NDF-1)
FSIIFFAI,J)=ESI(N,N) I=WPCCN)
1F(1.4.0../760 fil 770 NHOWB=(1.1)*NVF
),51.11./"40,1)=FSTIFM11,J) C

710 CONTINUF C EXAMINE EACH LFGBFF OE FIIFFDOM
GO TO 650 C

(03 N=0 00 490 M=I,NDF
LU 777 1=1,8 NhOWP=N800H+I
DO 777 p=101 icow=NrIx(N)/wx
o,=1,14.1 m1coN)450.4!..0.4g0
kSTIFM(I,J)=EST(N,M) 420 SK(NHOW1#1)=1*
11.11.40.0)60 TO 777 DO 430 J=P,NAAND
kSTIFM(J.1)=LSflim(14j) SK(NHOW1J.J)=0.

771 CI.MiTINUF NH=N4014P4I-J
65!1 NCN=N001S/N/ 11.1641)430.430,425

C 4,15 581N11,J1=0.
C EEIUENS 1511FM AS STIFFNESS vamix. sTotik FSTIFM IN SR 430 CONTINUE .
C NFIX(N)=NFIXIN).-NX4ICUN
C FIHST. 10-1" 490 NX=NX/10

I
C 440 CONTINUE

DO 350 JJ=I,NCN 500 C0NTINUF
NHUOF!=(N)PCN,qJ)..1/4,NII 8F1U1IN
00 ,3S0 J=1,14 END
NAUWD=NHOW1.+1
is(jj-1)*WF4J SUI:HOUTINF STIFT3(N)

C C
C /GEN COLUMNS C ThIANGULA8 ELEMI.NrS PLANF ST8FSS
C

vo 330 88=1.NCN CLG,N0N/04TA/IITLF(0).NP,NF,2P.NUF,WAI.NSZF,NLD,iP
NICULP=( NOP( NI, itti ) - I ) 1,i,i4+ 10CO3PINC.Ni.iP.LAAA.NLNP,Ika,16,JSIM,NSIN



kSTIFF1(1,3)=FSTIFM(2,3)=FSTIFM13,1)=FSTIFM(3,2)=0,2,1STD,IkNDO,JSTS,J1NDS,FAU,ESD,AM0R,SDMOH ,
3+AS12,ASPL,F12,k13oRIN0,ADEFolStkli '. ISTIFM(3,3)=OHT1L,S)/ARFA

CUMNUN COED1100,2),NOPC170,4),IMAl(170)oUR1(111,7). C

1.NAC(10),NF14(10),10(3110),SK(3110,20),NO1JES1170) C P IS TFIF SIRES BACKSUBSTITUTION MATRIX AND IS

2,AP11701.1.14170),IR(170),F51(110,36),RDATA1170.24) C SAVLI) UN TAPh.

3,11(3),iSTIFM112.12),A(8.6),013,6),RSC8),SMAX1170) C
DU 205 1=1,34,610110).LB1170),EHC10,2).SMIN1170),ANC(170)

5,ERA(112,2),SPL112),STR2(12).Y.M0,1112),NIC110) DO 20 J=1.6
6.S111701.1X117010URTH0112,14),6/11110),ST6/041170) 9(1,J)=0..

=7,F1A1C(170,3),DISP(2,190),RANI(S),CUUHV(190.2) 1205O R1,3
3ADOPP(170.4),ASMAX(170) 2,5 P(I.J)=H(1,J),Jsripm(t.10.2..,(1,,J,

C
11=0

C Dk1khMINF FAJMFN1S CUNNLCl/UNS DU 600 1=1.3
DO 600 J=1,6

L=AUu(N.1) M=M+1

J=NOPENo2)
600 LIDATA(0,M)=0(1,0)

K=NOP1V3) C

L=IMA1(N) C 1S1I1M IS STIFFNhSS MAIR/X
11

C

C NUM.qii TRF NUDFS COUNTkli-CLUCKWISE
DO 210 1=1,6

C
DU 212 .1=1,6

C SIT UP IAA:AL COORDINATE SYSTEM FSTIFN(I,J)=0.
C

DU 210 10.1,3
AJ=CUND(J,1)..CORL(1,1) 210 EST110111,11)=ISTIFM(1,,J)+B(14,11/2.=A1K,J)
AX=CorilA Ro I ) -CORD( I. 1 ) N=0

PJ=CURD( 0,2 )-CURL1 1,2 ) DU 302 1=1.6
PA=CORI( R.,2) .'CORD( 1.2) DO. 300 J=1,6
A:Skis=(AJ*DA+AK*BJ)/2. M.m+1

11.1At3kRoLE.0.060 TO 220 300 ' kSI(N,1)alSTU3(1,j)
kifIghiN

C FORM STRAIN DFSP MAIhlx ER000 FAIT FOR PAL CUNIOCTIUNS

(.(1.1)=n(3,2)=Po-fix .

A11,2)=A(1,4)=A(1.6)=R12.1)1=0. 220 WitlIk ( 2 I 1.11)0

Al2,3)=Al2,S)=0.' 101 IORA1C"12'..FHO UR NIGA1101 ARIA 1.1.FMFNr N0.".14/

A(1,3)=A(3,4)=PK 1"FAFC0111.hro"1FR4INATID")
011,5)=A13.6)=-PJ 510P

A(2,2 )=i4( 3.. 1 ) =Akt-A.) 'ha: .

AA2,4)=A(3,3)=+AK
1112.6)=413,)=AJ SUAROJfINF Sf1FIA(N)

G FORM 51.3155 SrhAIN MATRIA kW. URTROTRUPIC FI-LMkNI 0 Ph:WI !,:i; zikerA:1UULAII }1..+MkN1 T60kA kttom ; (.1.410.0E I)

C
C T+i0-DIXkNSIV:441.. 1I2I1k FLEMI-N1 PY h. D. COUR IN

G1m1,:=1.1(11.-UHT(L,3)*0h1(1-.4))*AlikA) .1: JUUr... Uk SCROCI. I 11i.., SIFT. 1974.
15111.e..(1.t)=comm*0h1ct...t/ c

kSEIFMC.!.2)=CUelM,UhT1L,2) COi°,0N/DAIA/11TLF(0),NP,N),K,NIF,N1AIoNS,f.F,NLD,IP
kSTIFi.(1,2)=FS11FM(2,1)=CONN*011T(L.1)+OR1IL,4) t.c11..pie:.;.tow.lh,AA.NLNo,Iv.lc...isim.4..ilo



2.1STWIENODPJS15,JEWDS.tAV.ESL4AMOR,SOMOH
3,AST2,ASPL12,E13,R/NCPADEJAISEED

COMMON COR1-4190P2),NOP100.4),IMA11170),010(171.7)
1,N0C(10).NEIX110),h1(304).SK(3150,20),NUDES(110)
2.EP(174.1).1.D(170),IKI170).ESI(170,3('),PDATA(170.24)
3.R(3),ESTIEN(12,12).A1826).M(3,0),16(8),S(.1AX(170)
R.N.1(10),L6(170).hR(10.2),SMIN(110),AN6(170)
SoEHATI12.2).SPLI12/mSTR2(12)4XMO4(12).N1(170)
CASI(I7j),IX(170.)PO11A0(12.14),UH(170).5TOhN(170)
1,EONC(170.3),DISE(2,190),RAND(S).COOR14190,2)
iI.NOPP(114):ASMAX(170)
DIMENSION I(5,0),P(3,h),H(S,5).C(3,8)

HECTAN6O1AR ELEMENTS STIFFNESS mATaIX

L)1-1140:INE ELEMENTS CONNECTIONSIMOLES NOMBEIMD
(OUNTER-CLOCKWISE)

POSITIONS UF NODESI

I=NOP(N.1)
J=WOP(N,2)
K=M0P(M.3)
L=NOP(:co4)
P,r1MAT(N)

EUJiM I MATRIX'

DO 101 1141.11
.DO 101 10=1,5

101 TLIP.IA)=0.0
T(S.2)=TWI)=((CORDIJ,2)-00hU(L.2))/2.1
T(5,4)=111,3)=ItCURE(K,2)-CORD(1.2))/2.)1(5.6)=T(1,S)7).111.1)
T(SPR)=T(1.7)=I-1.)+T(1,3)
6=CU(D().2)+CORL(1.2)
1)=C0RI(LP2)*CORD(1.2)
E=CO140IR,2)+CORD(Jo2)

1(0.1)=(cCultiqJ.2)*6-cudtcL.2).b)/6.)

1(2.3).(ICORD(K02)*E-CORD(1.2)*G)/f.)
TI2,5)=((CORIAL,2)+E-CORVIJA2)*E)/6.)
It (CURIA 1.2) $1)-t 1)( L.2 ) /11. )
T(S.1)=T13.2).=.11COROILP1)-CURDIJ,1»,2.1
1(5,3)n1(3.4)=(WoRL(1.1)-COA1)(K.1))/2.)
11 6,5)=T( 3,6).( )*It 3,2)
TIS.07/.T(.1.0)=(-1.)*T(3,4)
C.CORD(LAI)+CURD(1,1)
V.CORD(J,I)+COHI(IPI)
E=C0H01I1J. ) *Curt L( IS.1)
E=CORDIK,1)+COHIAL.1)
1(4,2)=«co1o(L.1)*G-CLIffi().1)=0)/6.)
T(4,4)=IICORD(1/1)*DCORDI1(,1)*L1/6.1
TI4,6)=IICORD(J,1)*E-COHIAL,1)*F/16.)
1(4,0)..((COR1)(K.1/*E-00HD(I.1)*1016.)

C hORM P MATRIX'

DO 100 IA=1,3
DO 100 10=1.5

103 PIlAs113).0.0
X=Y.05
PI1.11FP(2,3)=P(3.5)=1.
PI2s4)=IIC0NIRJ.11-00RIR1,1)) X)+CORD(/o1)
Pt1,2).(IC0RDIR.2)-CUR1AJ.2))*Y)+C0R0(J,2)

C;

C FORM H-INVEHSE MATRIX

Ati=AB5(COhDIKa1).00MLAI.1))
nAnAMSCCUHD(K,2)-CORD(1,0))
DO 102 10=1.5
LO 102 IP=I5

102 11(1A.113).0.0
CA=AR**5

==./1(0hI(M.I)*ORT(M,0)-(CORT(M.3)*ORTIM,2))
24,02))*(13A**6)*(AH**6))
d(1,1)=COMM*W(JRT(M.1)*42)4ORTIM,0)*(CA)*CA/36.)-

2(0E11(0.1)+1(URT1M,3)*0RT(M,2))**2)*CA*Cn/46.))
ric2.1)=Hct.2)-comm*c«001(m.1).«cu(Tcm.3)roacm.2))

24-1-2)*cnstsil4s4))-(u0l(m,1)**2)*0h1((l.2)*cA.ceAst4)),

30."(1.3.) 1 )=.(c 1.3 )=C0t.,N4( ((t )thath,2)*(01a(11.3)4,
20R1(1122)).CA*C8/144.)
2I202)=COMM*(((URI(M.1)**2)*OHI(M.2)*CA*(DA*4,3))-

21.4111M,11*ItORTIM.3)*ORICM,2))4,,*2)*CA*IHA**3))/12.
m3,3)=C01i/et(OR1(M.1)*(O111(M..2)**)+CA*CR/3f.).-



2(ORT1M.27*110101M,J)4ONT(M,2)/t+2)*CA+C6/40.)
0(4,3)..4(3.4)=1(0itiCM,2)*«0101M.31*0071M.2»**0)*

.2(An**4)*Ga-uni(m,i)*(.0Hicm.2)**2).(Ap**41*cri)/24.
icomm
,i(4.4)==zumotcuta(m..1)*(oHT(M.2)**2)..c13*(AR**4).

20acm,2)*(cour(m,3)tenT(m,2))*42)4(AB**3)*j1)/12.
s)=comi.olic 5) /144. )*,( 1 *011T1P1,2)*CA*C13.-

2((001114.3/*06TCMJ.0)/$4,2),C0*CO/

1.016*:. /..1.1.MEN7 57111.1,4.Sb, MAINIX

00 106 NA=1.3
.00 106 iiC=1,,5

DO 106 JA=1,5
' 106 01NO,NC>=F(NA,J0)*11104,NC/+D(0A.NC)

00 107 NA=1,3
1.4) 107 NC=1,0
C1NA.NC)=0.0
VO 107 J0=1.5

107 C(NA,N0)=0(NA,J0)*T(jAsNC)+C(NAANC)
M=0
00 60!.] 1=1.3
OD 600 J=1,0
M=M+1

600 BDAIA(kor)=C(I,J)
01100N
1.ND

SUSOOUTINI. SOL,.

C DIM.C7 SOLOT1CN 01. THF GAUSS FLIN1NA11061 PHOCEVUHL
C ANL) HAND MA7O1X 7FCHNI00F.

COMMON/V0TA/111L1(8).NP,Nt.N1.N1.4.,NMAT.N5IF.NL1,IP
1.CD.PINC,NMP,MAX.NLNF,10,16.051M.0510
2,1511),IMNODAJSTS.01-NLSPfAV.01.50PAM00,SUMON
3,AST2,ASPL.112,1113.H100,AUFF,1511..0
COMMON C0H0(190.2).NOP1170,43.1MAT(170),ON1(171,7)

14NBC(10).00.1X(10),01(300).SA(360,20).N0UES(170)
2,KF(170),L0(170r.101170).1S7(1/0,36).BOATA1170,24)
3.H(3),F57.11.0(12.12),A(8,6),O(3,0),4iS(d).5MAX(17(1)
4.M0(10),IF(170).00(10.2),SM1N(170),ANG1170)
6.L14A7(12.2),SPL(12),5102(12),X0O0(12),N1(170/
CoST(170),IX11701,007110112,141..Gh(470),STUDN(170)
7,1.00C(170.3),DISP(2.140)AHAND15),COO4iL(190.2)
8.NOPP(170.4),ASMAX(170)

NPAND=20

C HI-DUCE MATOIX

DO 300 N=1,NSZI.

VU 290 L=2.6230NV
1:21+1
11(SK(N.D))040,290.240

.240 C=g0114.10/S0(N,1)
J=0
00 270 K=LaNSAND
J=J+1
IF(SK(N.10)260,270.260

260 5011PJ>=50(1+J)C*SH(N.0)
270 CONT1NUL

6H1N.L1=C

C AND LOAD OCION 1011 EACH 1..00471,0N

hi(Omalti)C.thi(N)
29J C0N11NUE
300 4l1(14)=01(W/S4t(N.1)

C ROCIiSU3S1110110N

N=NS41."0 N=N-1
11.1N/h00,50C,360

VO 103 NA=1,d
DO 103 NC=1.05
A(N44NC)=0.0
DU 103 J0=1,5

103 A(44PNC)=T(JA.NA)*H1JAPNC)-0.A(NA,NC)
00 104 NA=128 -

OU 104 NC=1.8
k.S111M(NA,NC)=0.0
VU 104 J0=1.5

104 k.:i(11.11(NA.NC)=A(N0.JA).T1JA,NC/+kSTIFM(NA.NC)
M=0
DU 300 1=1.0
00 300 J=1,4
M=M+1

300 "r(N.N1=ESTIFM11.J) .

C kitiM StliLSS-01SPCACFM1N7 1)A111111 ANO SA01, ON DOATA



360 L=N 1E1M0E0.0)60 10 260
Pe 400 11.2,NPAND
L=L+1 DU 240 J=1.2
11.15K(N,1))373,400.370 1J=J+K

310 .1110=1/1(N)-5}1161.10.4,11(L) 240 H5(1.3)4115(J.M)
,

400 CUNT1NUE 260 CONTINUE
bU 10 350 1A=K+2

500 111111101 DU 300 1=1,3
END EUkCE1NC..1)=0.0

DU 300 J=1.1A
SU1lHOUT1Nt 51111.55(LI*JN) 300 FUHCiANC,1)=1.0.1C1(NC.1)03(1....p*H5(J)
CUMM00/D41111TITLI..110.NP.0E.NO,N14.10:AT.NSZFPNL1),IP GO TU 800

1.C1.;,PINC,NMP.VMAX.NLNP.IV.16.J51M.N51M C .

2.15ID.1ENDL.JSTS,JFNLS,EAV.ESWAMUH.5DMOH C CALCULATV. TH1ANGULAH 1LEM/NTS STHISSES
3.AST2.A50L01.12.E13.H1NU.A144.151ED C

COMMON COHD1190.2i.N0141170,4).WAI1110/,011T1171,7/ 222 MZ=0
,1011,?CCI0/oNFIX(10)..H113801.50(00.20),NOVE.5(170) DO 923 1.1,3
20HP11701.LD1170).11111701,457(170.36),HUATA1170.24/ DO 923 J=1.6
3+.1(3).15TIFM112.121,0(11.6),0(3.8).0510),SNAX(170) MZ=MZ+1
4.N011111.031170/oH/1110.2).SM1N1170/.ANG1170) 923 P(1.3)=3DATA1NC.ML/
5,1641(13.2).SPL11.21,5102112).XMOH1121.N111701 DU 460 1=1,3
6.51(170).1X(170).0111H0112.14).60(170).ST0HN11701 M=N11P1 NC. 1 )

7.1.0HC(110.3).DISP(2,190).HANDC5/PC0UHL1190,2/ ' 11.(m.L0.p)i0c10 460
H,NUeP1110,4).ASMAX(170) 11=11'-1/*NDE

DE.q.N51UN D1.512.200/.E0RCE(200,3) 1)0 440 J=1.NO
EQUIVALENCF1D15(1).8111/),(50(1).00HCE11)) 1J=J+N

C 440 H5(1J)=DISCJ.M)
C PHINE 1.15PLACE1IENTS 460 CUNFINUE
C . ' 1.1=6+NDE

11.(1.1.0101)1.10 TU 50 DU 500 1=1,3
Wara(21,100) FUHCE1NC.1)=0*
011114.(21.110)1N.(1)1$1J,M1.0=1.N121.),M=ISTD.IENDD) 1)0 501) J=1 , IA

100 1-016.1AT(///$15X."1/SPLACFMENT5"//5A.."NUVE",10A,"X", 500 10110EANC,1)=FU6C1ANC,1,+B(1 j)tHS(q)
1153..i) 200 CONIINUE

110 1OHNA1(110,21.15.5) 00 S55 3=3
C DU 555 -d=1.3
C CALCULATE HtCTANGULAit LLFEANT5 STHESS15 555 I.U60(1".1).}(010,;(j,j)+kunek(1,j)
C C

C CALCULATi PHINCIPAL S11IESSE5 AND 1)111ECT1UN5
C

DU (7)0 N=1,611.
C=111.40;1(N,1)+1.011C11N.2/1/2.
XAN0=GH1N).$2./57.29570
51A/1=11011C1.114,13...E01ICE1N.021//2.
5113=S1V14CUS1XANG)-FUHC1CN.3)*61N(XANG)+C
siGitmcco=stwiNcw+sIG
ni)=..:.f2littsruls*2+t.oltel-(m,.3),42) 0'

DU 200 OC=1.NE
11(0ULISCNC4.1.0.3)00 TO 222
iiA=0
DU 922 1=1.3
DO 922 J=1.8

922 1111,3)=B1)A141NC.1.X>
UU 260. 1=1.4
.)=NOP1NC.1/



W1111E(21.790). . COMMON COHL(190,2),NUPI170;43.1MAT1170).0H"y171.7)
4911TE(21.112)IN.ShAA(N)*SMIN(N).ANG(N),N=J51SAJINGS/ 1,NBC(10),NFIX(10).111(3110),S11(380,20).N0DES(170)

610 OU 620 1.1,NY 2,11P(1701,LOC170)..111(170)sISTI170,36/s9DATA(170,24)
VU 620 J=1,Nlik 0 3,R(31,ESTIIM112,12/.0(0,6).13(3.8),11518/PSMAX(170)
1.115P1J41)=0ISPCJ*1/4.1) S(4.1.1) II0).L1i(170).hh(10.2).5111N(170),ANG(170)

620 CONTINUI. 5AEHATI12,21.SPL(12),S1112(12),XNUR(12),N1(170)
OEFL=01i(2.NMP) 6,51(170),14(170),ORTHOC12,140.0R(170),S1URN(170)
AL/.1.=AP311.4IL) 0 7PFURC(170.3),U15P(2.190),HAND(5),C00HOC190,21
11(1.4.E).13C0 TO 900 15.NUPP(1711,4).A5MAX(170)
IIIAUIP.LT.CLOGO 10 902 DIMENSION ST2(200),SITI200),ST11200).STLI200).STII240/-
VHI1I..(01.311)TITLi?L1 0 2::::117001.STM(200).01S(2.200),FORCH200,3/
wit/n(21,513) E002vAtANct,(L15(1),fli(1)),(Sx(1).1.00Ck(1»
...00-t(21,514) 1 i

iiIrk(21,615/16)011),10,111,K),Kw1,wuk).1=1.NLNp) tic) 500 1=1,4L
;g0IfF(2i,100/ , HPII)=0
1v0/TE(21.11-0)(0.1015y(JoM)#J=1.0L+1.0=1STP,1140) INO=NICl/
viHI1E(21/101) C
ain(21011!)(N.(kOviC(N41),I=1.3),SIGHN(61),N=JSTS C II 14(1)=1, klatilk.4I I HAS PIFN AHOMEN. CHECK2,0vNus)C WNtX1 ILENT.

Wri11E(21.790) , C
1,:il 1E121 Int N,SMAXIN/ISii104131).ANM N> N=0STS.JFNDS') IFILP1.4/.1..0.1)60 10 500

all 10lioa(,/lx.0()6,-LoAD c4sk-.13..) ASMAX(I)=AP(SIIiiiii(1))
81j hUtiMA1(2X."LuAL",/ 1Fc51LIK0/.(if.A50AX(I)) GO TO 112
kfill hOH0AT(2XP"Nlili7Xs7(.) /}(51h21K0).C1.ANAXI//)130 TO 201

IKCI)=IMI1/4.1til FO0MAY(15.1.1410.2)
00 TO 931 C ..

930 1I(0EFL-UM4A))01,991,902 ' C II ASO44(I) IS U1(11(110 THAN M.HOLUS OF wielunk
79A 1-0ii.ATI7/I7A,"MAA-SUISS-".6X,"MIN-S1H1,5S".7X,"ANUL/"1 G (AH)./LINFNI 1 HAS Dk40 Pit0H1N. CHANG1. 6111.}NE,ss
101 11.00301(//34."FLWINI".24(.A-'ST1ISS,54o"Y-STRISS".370 C etiue60ii1S.

SfiiAXgC+AA 2"X-Y-51HIS5",6x,"STCHN")
SThIN=C-AA 111 IOHMAT(17.4k13.4)
SMA6(N).5141X(N)+51MAX . 112 FORMATI110,21.17.ArF12.31
SelININ).S13114(N)+SIMIN 902 0k1WIN
1 F( FuiiCi:( N2 ) Sf114(N) )GU 10 700 901 I FI JNoLT NSIMH.10 TO 902

. ANCIN)=S72957H*ATANIft/hCiIN3)/CFUliCIAN2)-SMININI)) STOP
00 1'0210 LNDI

700 4NO(N)-90. 0 C
.

21:4 CON1INUE SUBROUTINE CHFCR(LI)
600 euN1INU4.

It(1.1:(if0)00 10 610 0 C B115 SUBIOJUIINI. GETF.HMINIS 11 ANY OF ILEMINTS.THE
cb=s0ar(cp15(2,Nmp),040)**2) C S0buLv CaANUE THEIR STIkkNFSS (A) NADI!): FOR THE.

G C (*.XI' LUAU.
C WsillE ALL STRISS COMPUNINT5 C
C C0MN0N/DA1A/TITLI(61)/NP,NE,NP,NOI4NMA1RNSZ1.NLDPIP

W0ITE(21.101) 1*CD,FINC.NNE,UMAX,NLNP.IVA16,J51MoNSIM
'.4411TE(21.111)(No(IURCIN.I/o1=1,3/..STCRNIN),N=J5TS

2,Jt6105)
2.15TU,IENUO.JSTS.FJENLS/FAV.1511PA000,SO000
joAST2.A.SPL.E.12,k13.HING.AL*1.,15E4li



L. C
IliX001(AC,O.GT.ASMAX(1)/Gu 10 114 c CHANGF STIFFNESS PHOFEH1115

12!) IM(.1(1)=1-0-1 .0

113(1)=1 OHE(1.1)muhl(1,1)*FRATIF0J,I)
81-,11)°1 UHT11,2 )=0111 ( 1 .1 ) *0 068 ,
JR=1 Od7(1,5)=OHT(1.1)40;064tiU 70 50 LUci).1,

C JA=1
U IF 18(1)=1.II IS THE f1fiST LuAliNG Of ELIMINT I 500 CuNTIEUE
C PkYOND Tilf PHOP0HTI0NAL LIMIT 1). C
C C IF J1.40.11ESOLTS WILL NOT DE. PHIMIlu.
II4 I1IIIIII/.F!...1) GO TO 116 C If J8=1,THE K-MATHI( OF ONE. oa mom. ut. THE

IF(1811).61.2)60 TO 118. C ELMENTS WILL CHANGE NEXT LOADING. hESULTS
ST2C1)=1AsMAX11)-STI(1))/2. .0 WILL BE paINTk.U.tiu s1ummxvuufiio)-45mAx(J) d
IF(5TDC1)-ST811))120.120,500 550 IFCJB.E0.0)4;0 TO 600

11( SIT(1)=A5mAX(1) IFILI.k0.1)60 TO 600
C WHITEf21.81I)TITLE,L1.0 I' Lu(1)=1,1HE 8-mAi8TX Oi ELFMINT I HAVE. OLHLAUY wuITE(21.813)
C IkEEN USING P4UPFHTIES biyona),FL. 021TE(21.014)
c wRITL(21,215)(No(1).(BH(1,K),K=1.Nui.).1=1,NLup)IIcLu(1).1-0.2)ou TO 500 v81°1E121,820)

CO TO 207 wHITL(21,d21)(m,culs0(J.m),J=1,Nuo.m=isiD,ILNuo)
;-,01 1x(1)=Ix(1)+! tenITE(21,101)IF(IA(1).kw.1)60 Tu 203 waITL(21,111)iN.ciuuC(N.1),I=1,3),51(;ilmN).14=J5TS1F(lx(1).61.2)uu Tu 205 2.JrNU5)

511(1)=(ASMAA114-STL(1))/2. WhITE,(21.790)
205 S1M11)=S182(80)-ASMAx11) WH171.(21,793)(14,SMAX(N),SMIN(61).ANG(N),N=JSTSPJF141)S)

11.(S1M(1).'1311(1))207,207.500 811 FUHOAT(//1X,HA6."LOAD CASE",13//)
207 KI.(11.1 813 FUHMAT(2X."LuAVS",)

oH111,1).0,11(1.1)*E6AfIKu,2) 814 1.UHMATC2X4,"N014".7XP"X".7A,"Y")un1(1,2)=ciii(1,1)*0.068 815 fokMAT(15.2F10.2)
UHT(1.5)=LAITI1.1),,O.06A 4420 FOHMAI(///,11,4,"1:1SPLACkMENTS",/5X,"NOLIF".10)(*"X".

,...18=1 II5X,"Y")
.Lb(I)=2 821 10HM41(110,2E15.5)

GO TO 500 101 FOI4tA1(//3X,"ILFMiNT",2X,"X-5fDiSS",5x,"Y-51-0E55".3X,203 STL(I)=ASMAX(I) 1"X-Y-5IGISS".CX,"516104")IF(LO(1).E4J.1)6u 10 500 111 FuHmAI(17,41-13.4)
112 IF(L1.81.2)G0 10124 798 FUHNAT(//17X."NAMSTHtSS",,CA,"MIN-1:THFSS"..7%,"ANtL ")5T(1)=IASmAX(I)-5T(T))/2. 793 FOrtmATtil0,21-/7.4,F12.3)
124 S1DIF(1)..SPL(K0)-A5MW1/ (, 0 tiFlUnm

IFISFOIFtI)-sT(1)1122.122.500 1-00
122 Hp(I)=1



APPENDIX INPUT FILE FOR STUD NO. 1

1 300 8 10. 1.71
FINITE ECEMENI ANALYSIS (SPEC 1.0ES3 0) 9 10. 0.
135 156 2 2 10 0 67 -2. 25. 2 60 i0 14. 3.42

1 135 1 156 11 14. 1.71
1 1933000. 131400. .292 .020 123700. 96700. 150800. 12 14. 0.

' 13500. .449 .022 .390 .287 1484500. 723800.
2 1723300. 117200. .212 .020 110300. 86200. 134400.

13
14

18.
18.

3.42
1.11

I100 :449 .022. .390. .287 1418300. 1400604.
3 2752800. /87200. .292 .020 176200. 137600. 214000.

19300. .449,.022 .390 .207 1744300. 708400.
1668800. 113500. .292 .020 106800. 63000. 130200.
11700. .449 .022 .390 .287 1438100. 1430100.

5 2341400. 159200. .292 .020 149800. 117100. 182600.

15
16
17
18
19
20
21

18.
21.5
21.5
21.5
25.
25.
25.

0.
3.42
1.71
0.
3.42
1.71
0.

16400. .449 .022 .390 .207 1838800. 1312%00. 22 27.5 3.42
1893100. 1211500. .292 .020 121000. 94500. 147400. 23 27.5 1.71
13200. .449 .022 .390 .287 1631000. 1485300. 24 27.5 0.

7 2342300. 159300. .292 .020 149900. 117100. 182700. es 30., 3.42
16403. .449 .022 .390 .287 1710600. 971500: 26 30.' 1.7/

8 1833300. 124700. .292 .020 117300. 91700. 143000. 21 30. 0.
12800. .449 .022 .390 .287 1787200. 1787200. 28 31.25 3.42

9 2342300. 159300. .292 .020 149900. 117180. 102100. 29 31.25 2.565
16400. .449 .022. .390 .287 1710600. 971500.

10 2223500. 151200. .292 .020 142300. 111200. 173400.
15600. .449 .022 .390 .283 1920300. 1500800.

157 1000. 68. .292 .020 64.

30
31
3.
13
34

31.25
31.25
72.5
12.5
32.5

.055
0.

3.42
1.71
0.

1 4810. 5880. 8030. 35 33.75 3.42
2 9470. 9870. 10350. 36 33.75 2.565
3 5600. 7030. 8430. 37 33.75 .855
4 10620. 11160. 11700. 38 33.75 0.
5 5250. 6460. 8490. 39 35. 3.42
6 10040. 11160. 11920. 40 35. 1.71
7 5220. 6460. 8340. 41 15. 0. .

8 10240. 11050. 11870.
9 5220. 6460. 8340.

13 10160. 12480. 13640.
1 0.0 3.42

42
43
44
45
46

36.25
36.25
16.25
36.25
37.5

3.42
2.565

.855
0.
3.42

2 0. 1.71 47 37.5 1.71
3 0. 0. 46 17.5 0.
4 5. 3.42 49 38.75 3.42
5 5. 1.71 50 38.75 2.565
6 5. 0. 51 38.75 .855
7 10. 3.42 52 38.75 3.



53
54
55
56
57
58

40. 3.42
40. 1.11
40. 0.
41.25 3.42
41.25 2.565
41.25 .855

05 58.75
06 58.75
07 58.75
08 58.75
09 60.
10 60.
II 60.

3.42
2.565

.855
0.3.42
1.71
a.

59 41.25 0. 12 62.5 3.42
60
61
62

42.5 3.42
42.5 1.71
42.5 0.

13 62.5
14 62.5
15 65.

1.71
0.
3.42

63 43.75 3.42 16 65. 1.71
64 43:75 2.565 17 65. 0.
65 43.75 .855 18 68.5 3.42
66 43.75 0. 19 ,613.5 1.71
67 45. 3.42 20 !68.5 0.
68 45. 101 21 72. 3942
69 45. 0. 22 72. 1.71
70 46.25 3.42 2372. 0.
71 46.25 2.565 24 76. 3.42
72 46.25 .855 25 76.

26 76.
1.710.

73 46.25 0. 27 80. 3.42
74 47.5 3.42 28 80. 1.71
15 47.5 1.71 29 80. 0.
76 47.5 0. 30 85. 3.42
77 48.75 3.42' 31 85. 1.71
78 48.75 2.565 3285. 0.
79 48.75 .855 31 90. 3.42
80 48.75 0. 34 90. 1.71
HI 50. 3.42 35 90. 0.
82 50. 1.71 I 2 5 4 1 4 1 1'
83 53. 0. 2 3 6 5 2 4 2 2
84
85
86
87

51.25 3.42 3 551.25 2.565
51.25 .855 4 6

51.25 0. 8

8
9

II
7
a

4
5
7

4
4
4

3
4
5

1

2
1

88 52.5 3.42 6 9 12 1 a 4 6 2
89 52.5 1.71 7 11 14 3 ta 4 7 I
93 52.5 0. H fe 15 4 11 4 a 2
91 53.75 3.42 9 14 17 6 13 4 9 3
94 53.75 2.565 10 15 18 7 14 4 10 4
93 53.75 .855 11 17 20 9 16 4 II 3
94
95

53.75 O. 12 1855. 3.42 13 20
21 20
23 22

17
19

4
4

12
13

4
3

96 55. 1.71 14 21 24 23 ea 4 14 4
97 55. 0. 15 22 23 25 0 3 15 3
98
99

400

56.25-3.42 16 2356.25 2.565
56.25 .855 17 23

26 25
27 26

0
0

3
3

16
17

3
4

131 56.25 0. Id 23 24 27 0 3 10 4
102 57.5 3.42 19 25 26 29 0 3 19 3
103 57.5 1.71 20 25 29 28 0 3 20 3
104 57.5 0. 21 26 33 29 2 3 21 3
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18 93 97 96 0 3 118 a 12 0 1. 82.25
19
20

95 96 99
95 99 98

0
.0

3319
3 120

T
7

13
14
15

0
2
3

.75 90.

21 96 03 99 0 3 121 7 16 3
22 98 99 102 0 3 122 7 17 423 99 03 102 0 3 123 7 10 424 96 97 .100 0 3 124 8 19 3
25 96 00 103 0 3 125 -.8 20 3
26 97 01 100 0 3 126 8 21 3
27 100 01 104 0 3 127 0 22 3
28 100 04 133 0 3 128 11

23 3
29 102 01 106 0 3 129 7 24 4
30 102 06 105 0 3 130 7 25 4

31
32

103
105

10 106
06 109

0
0

3 131.
3 132

7
7

26
27
28

4
4
4

33 106 10 109 0 3 133 7 29 3
34 103 04 107 0 3 134 6 30 3
35 103 21 110 0 3 135 8 31 3
16 184 08 .107 0 3 136 8 32 3
37 107 08 111 0 3 137 8 33 3
38
39

107
109

11,
10

10,
13

0
0

3 138
3 139

8
7

34
35

4
4

40 109 13 12 0 3 140 7 36 4
41 lip 11 13 0 3 141 8 37 4
42 111 14 13 0 a 142 8 38 4
43 113 16 15 112 4 143 7 39 3
44 114 17 16 113 4 144 8 40 3
45 116 19 18 115 , 4 145 7 41 0 0. 86.35
46 117 20 19 106 4 146 8. 42 0 62.7
47 119 22 217 118 4 147 7

43 42
44 14

48 120 23 22 119 4 148 8 45 0 .5 89.25
49 122 25 24 121 4 149 9 46 44
50 123 26 25 122 4 150 Id 47 0 .5 89.5
51 125 28 27 124 4 151 9 48 117
52 126 29 28 125 4 152 10 49 42
53 128 31 30 127 4 153 9 50 42
54 129 32 31 128 4 154 10 51 42
55 131 34 33 130 4 155 9 52 42
56 132 35 34 131 4 156 10 53 42
1 a I. 89.2 54 47
2 0 1.12 69.2 55 47
3 0 I. 89.6 56 47
4 0 1.12 72.35 57 47
5 0 1.25 89.6 58 47
6 0 /. 72.35 59 42
7 0 1.25 90. 60 42
8 0 1. 75,5 61 42.
9 0 1.25 98. 62 42

10 3 1. 75.5 63 42
11 9 64 47



65
66
67
60
69

47
47
47
47
42

119 e .es 75.8
120 119 -

lei 119
70 42 122 119
71
72
73.
74
75
76
77

42
42
42
47
47
47
47

123 119
124 117
25 117
26 117
27 117
28 117
29 119.

78 47 30 119
79
80
81

42
42
42

31 119
32 119
33 132
34 117

82
83
84

42
42
47

35 117
36 117

85 47 37 117
86 47 38 137
87 47 39 0 .75 75.8.
88 47 40 139.
89 0 .25 82.7 41 0 1.75 48.
90 89 42 141
91 89 43 139
92 89 44 141
93
94
95
96

92
0
94
94

1.12 89.5 45 143
46 144
47 0 .75 76.2
48 146

97 94 49 0 1. 76.2
98 97 50 0 1.37 90.
99 92 51 0 I. 69.66

100 92 52 150
101
102
103
104

92
92
92
97

53 151
54 152
55 0 I. 63.5
56 154

05 97 3 II
06 97 35 I
07 97 25 0.0 -25.
OS
09

97
92 09 0.0 -25.

10 92
11 0 .25 79.05
12 0 .25 75.4
13 112
14 97
15 0 1.12 89.75
16 97
17 0 1.12 90.
18 117



APPENDIX C: INPUT FILE FOR STUD NO. 2

0 0 0
FINITE ELEMENT ANALYSIS (seEc a,mEss a)
13S 156 2 2 10 1 61 ..25. 2 70 61 69 79 118
1 2102000. 142900. .292 .020 134500. 105100. 164000.

9
10
11
12.
13

0.
4.
4.
4.
8.

0.
3.45
1.725
0.
3.4514700. .449 .022 .390 .287 1492900. 671400. 14 8. 1.7252 1787600. 121600. .292 .020 114400. 89400. 139400. 15 8. 0.12500. .449 822 .390 .287 1582600. 1582600. 10. 21.5 3.453 1839800. 125100. .292 .020 117700. 92000. 1435000 17 21.5 1.725o129,00. .449 .022 .390 .287 1334300. 287900. 18 21.5 e.

A 1776900. 120800. .292 .040 113700. 88800. 138600. 19 25. 3.45
12400. .449 .022 .390 .287 1462900. 1462900. 20 25. 1.725

5 2141500. 145600. .292 .020 137100. 127100. 167000. 21 25. 0.
15000. .449 .022 .390 .287 1524400. 478500. 22 27.5 3.45

6 1776900. 120800. .292 .020 113700. 88800. 138600. 23 21.5 1.725
12400. .449 .022 .390 .287 1462900. 1462902. 24 27.5 0.

7 2030000. 138000. .292 .020 129900. 101500. 158300. 25 30. 3.45
14200. .449..022 '390 .207 1386100. 571700.. 26 30. 1.725

1919600. 130500. .292 .020 122900. 96000. 149700. 27 30.
28 31.25

0.
3.4513400. .449 .022 .390 .267 753500. 753500. 29 31.25 2.5879 2594000. 176400. .292 .020 166000. 129700. 202300. 30 31.25 .86218200. .449 .022 .390 .287 1884200.'383000. 31 31.2510 1725700. 117300. .292 '.020 110400. 86300. 134600. 32.5.32 3.4512100. .449 .022 4390 .287 1659500. /659500. 33 32.5 1.725I57 1000. 68. .292 .020 64. 34 32.5 O.

1 6830. 7430. 7930. 35 33.75 3.45
2 6130. 7410. 8700. 36 33.75 2.587
3 5140. 6710. 7910. 37 33.75 .862
4 7490.. 8190. 8890. 38 33.75 0.
5 5880. 7060. 7860. 39 35. 3.45
6 7490. 8190. 8890. 40 350 1.725
7 6250. 7120. 7710. 41 35. 0.
8 7660. 8390. 9140. 42 36:25 3.45
9

10
5310. 6960. 7880.
7890. 8380. 8870.

43 36.25
44 36.25
45 36.25

2.587
.862

0.
1 43.00 ' 3.45 46 37.5 3.45
2
3
4

0. 1.725
0. 0.
5. 3.45

47 37.5
48 37.5
49 38.75

1.725
0.
3.45

5 5. 1.725 50 38.75 2.587
6 5. 0. 51 38.75 .862
7 10. 3.45 52 38.75
8 10. 1,725 53 40. 3.45



54 40. 1.725 03 57.5 1.725
55 40. 0. 04 57.5 0.
56 41.25 3.45 05 58.75 3.45
57 41.25 2.587 86 58.75 2.587
58 41.25 *862 07 58.75 .862
$9
68

41.25
4e.5

0.
3.4$

08 58175
09 60.

0.
3.45

61 42.5 1.725 10 60. 1.72$
62 42.5 0. II 60. 8.
63 43.75 3.45 12 62.5 3.45
64 43.75 2.587 13 62.5 3.725
65
66
67

43.75
43.75
45.

.862
0.
3.45

14 62.5
15 65.
16 65.
17 65.

0.
3.45
1.72$
0.

68 45. 11125 18 68.5 3.45
69 45. 0. 19 68.5 1.72$
70 46.25 3.45 20 68.5 0.
71 46.25 2.587 21 72. 3.45
72 46.25. .862 22 '72. 1.7253 46.25 0. 23 72. 0.
74 47.5 3.45 24 76. 3.45
75 47.5 1.725 es 76. 1.725
76 47.5 8. 26 .76. e.
77 48.75 3.45 el .80. 3.45
78 48.75 2.587 28 80. 1.725
79
80
81
82

48.75
48.75
50.
50.

0862-
0.
3.45
1.725

29 '88.
30 850
3i 85.
32 85*
33 900

0.
3.45
1.725
0.
3.45

83 50. 1. 34 90. 1725
84 51.25 3.45 35 90. 0.
85 51.25 2.587' I 2 5 4 I 4 1 1

86 51.25 .862 2 3 6 S 2 4 2 2
87 51.25 8. 3 5 8. 7 4 4 3 1

88 52.5 3.45 4 6 9 8 5 4 4 2
89 52.5 1.725 S 8 11 10 7 4, 5 1

90 52.5 0. 6 9 12 11 8 4 6 2
91- 53.75 3.45 7 11 14 13 10 4 7 -I
92 53.75 2.587 8 12 15 14 11 4 8 2
93 53.75 .862 9 IA 17 16 13 4 9 3
94
95
96
97
98
99

100
101

53.75
55.
55.
55.
56.25
56.25
56.25
56.25

0. 10 153.45 II 171.7p5 .12 180. 13 203.45- 14 212.587 15 22.862
0. 16 23

18
20 '!
21
23
24
23
26

17
19
20
22
23
25
25

14
16
17
19
20

0
0

4
4
4
4
4
3
3

10
II
12
13
14
15
16

4
3
4
3
4
3
3

102 57.5 3.45 17 23 27 26 0 3 17 4
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101 82 89 85 0 3 101 5 148 120 123 122 119 4 148 8
ioe 84 85 88 0 3 102 5 1.119 122 125 124 121 4 149 9
103 85 #19 88 0 3 103 5 150 123 126 12.5 322 4 183) 10
104 82 83 86 0 3 104 -6 151 125 128 127 124 4 151 9
105 82 86 89 0 3 108 6 152 126 129 128 125 4 152 10
106 83 87 06 0 3 106 153 128 131 130 127 4 153 9
107 86 07 90 0 3 107 6 154 129 132 131 128 4 154 10
100 86 90 89 8 3 108 6 155 131 134 133 130 4 155
1439 88 89 92 0 3 109 5 156 132 135 134 131 4 156 10
110 88 92 91 0 3 110 5 1 0 .5 42.
111 09 96 92 8 3 III 5 2 0 .78 47
112 91 92 98 0 3 112 7 3 0 .5 414.7
113 92 96 95 0 3 113 4 0 .62 48.25
114 89 90 93 0 3 334 6 53
115 89 93 96 0 3 115 6 6 0 .5 48.25
116 90 94 93 13 3 116 7 0 2.25 39.4
117 93 94 97 0 3 117 8 8 8.75 49.5
118 93 97 96 0 3 118 8 9 0 2.25 39.4
119 95 96 99 0 3 119 7 10 0 -75 49.5
120 95 99 98 13 3 120 7 II 0 71. 36.95
121
122

97,
98

103
99

1T9

102
0
0

3
3

121
122

7
7

12 0 1. 48.64
13 0 2.75 36.95

123 99 103 102 0 3 123 14 0 1.37 718.65
124 96 97 100 0 3 124 8 15 13
125 96 100 103 0 3 125 8 36 13
126 91 101 100 0 3 126 8 17 14
127 100 101 104 0 3 127 18 14
128 100 104 103 0 3 128 8 14 13
129 102 103 106 0 3 129 7 20 13
130 102 106 105 0 3 130 7 21 13
131 103 110 106 0 '3 131 7 22 13
132 105 106 109 0 3 132 23 vi
133 106 110 309 0 3 133 7 24 14
134 103 104 107 0 3 1.14 8 25 14
135 1 0 3 107 110 0 3 135 8 26 14
136 104 108 107 0 3 136 8 27 14
137 107 108 111 0 3 137 a 28 14
138 107 111 110 0 3 138 8 29 13
139 109 110 113 0 3 139 7 30 13
140 109 113 112 0 3 140 7 31 13
141 130 111 113 0 3 141 a 32 13
142 Ill 114 113 0 3 142 a 33 13
143 113 116 115 112 4 143 7 34 14
144 114 117 116 113 4 14i41 .15 14
3115 1 119 1 Id 115 4 145 7 36 14
146 117 128 119 116 41 146 37 14
1717 119 122 1,31 110 4 147 7 3.5 1i
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'

55 3I.54 1.7 102 42.42 2.23
50 31.50 .5 103 42.42 1.7
57 31.50 -0. 104 42.42 .5
55 32.42 3.4 105 48.42 0.
59 32.42 2.93 106 43.67 3.4
60 38.42 2.57 104 43.67 2.57
61 32.42 1.7 108 63.67 2.23
62 32.42 109 43.61 17
63 3:.!.42 0. 110 43.67 .5
64 33. 3.4 III 43-61 2-
65 33- 2.98 112 45. 3.4
66 33. 2.57 113 45. 2.9
67 '33. 1.7 114 45. 1.7
68 33. .5 115 45. .5
69 33. 0. 116 45. 0.
70 34. 3.4 117 46.5 3.4
71 34. 2.9 118 46.5 2.9
2 34. 1.7 119 46.5 1.7
73 34. .5 120 46.5 .5
74 34. 0. 121 46.5 0.
45 35. 3.4 122 48.5 3.4
76 35. 2.9 123 48.5 2.9
77 35. 1.7 124 48.5 1.7
78 35. .5 125 48.5 .5
79 35. 0. 126 48.5 0.
80 37. 3.4 187 50.5 3.4
01 37. 2.9 I28 50.5 2.9
02 17. 1.7 129 50.5 1.7
83 37. .5 130 50.5 .5
84 37. 0.. 131 50.5 0.
84 39. 3.4 132 52. 3.4
06 39. 2.9 133 52. 2.9
87 39. 1..7 134 52. 1.7
04 39. 5 135 52. .5
39 39. 0. 136 52. 0.
90 40.5 3.4 137 53.5 3.4
91 40.5 2.9 138 53.5 2.9
92 40.5 1.7 139 53.5 1.7
93 40.5 .5 140 53.5 .5

40.5 0. 141 53.5 O.
45 41.5 3.4 142 551 3.4
16 41.5 2.9 143 55. 2.9
97 41.5 1.7 144 55. 1.1
98 4/.5 .5 145 55. .5
91 41.5 0. 146 55. O.
iln 42.42 3.4 147 56.5 3.4
101 42-42 2.57 144 56.5 2.0



149
150-
151
152

56.5 1.7
56.5 .10
56.5 0.
57 I

196
197
198
199

85.
90.
914.
911.

0.
3.14
1.7
0.

153 57.67 3.4 1 2 5 4 1 4 1 1

154 51.67 2.9 2 3 6 ' 5 2 14 2 2

155 57.67 2.4 3 4 2 7 0 3 3 1

156 57.67 1.18 41* 5 8 0 3 4

157 57.67 .10 5 9 6 0 3 5 1

156 57.I 0. 6 5 10 9 0 3 6 2
159 59.33 3.4 7 5 6 10 0 3 7 2

160 59.33 2.9 8 7 2 11 0 3 e 1

161 59.33 2.4 9 9 12 11 e 4 9 7

162 59.33 I .7u 10 9 10 12 0 3 10 2

163 59.33 .10 II 7 II 13 14 3 II 1

164 59.33 0. 12 II 14 13 0 3 12 1

165 60. 3.4 13 11 12 14 0 3 13 1

166 60. 2.9 14 10 14 12 0 3 14 4

167 60. 2.4 15 10 15 114 0 3 15 2

168 60 1-06 16 14 17 16 13 4 16 1

169 60. .10 I7 15 18 17 14 4 17 2

170 60. 0. 16 17 20 19 16 4 12 1

171 61.5 3.4 19 18 21 20 17 4 19 2

172 61.5 1.7 20 19 23 22 0 3 20 1

173 61..5 0. 21 19 24 23 0 3 21

174 64. 3.4 22 19 20 24 0 3 22 1

175 64. 1.7 23 20 25 24 0 3 23 2

176 64. 0.' au 20 21 25 0 3 24 2

177 62.5 3.4 25 23 27 26 22 4 25 I.
178 68.5 1.7 26 Om 28 27 23 4 26 7

179 66.5 0. 27 24 25 28 0 3. 27 2

180 73. 3.4 28 20 27 29 0 3 26 3

181 73. 1.7 29 27 20 29 0 3 29 3

182 73. 0. 30 28 30 29 0 3 30 3

183 76.5 3.4 31 25 30 28 0 3 31 2

184 76.5 1.7 32 25 31 30 0 3 32 2

185 76.5 . 33 30 33 32 29 4 33 3

186 76.83 3.4 34 31 34 33 30 4 34 2

187 76.83 1.9 35 33 36 35 32 4 35 3

188 79.5 0. 36 34 37 36 33 4 36 2

189 60.25 3.4 37 36 39 30 35 4 37 3

190 60.25 1.9 36 37 49 39 36 4 38 2

191 62. 3.4 39 30 42 41 0 39 3

192 02. I .7 40 36 39 142 0 3 41) 3

193 82. 0. 41 39. 43 42 0 3 41 3

194 05. 3.4 42 39 /44 43 0 3 42 2

195 85. 1.7 43 39 40 414 4 3 43 2
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136 144 145 149 0 3 138 2 1135 108 193 190 0 3 185 2
13. 145 150 149 0 3 139 2 186 192 195 194 191 4 186 6
141 145 146 150 0 3 143 2 167 193 196 195 192 .1 187 2
141 146 151 150 0 3 141 2 188 195 198 197 194 4 168 6
142
143

148
146

154
155

153
154

147,
2 3

4 142
143 5

5 169 196 199 198
1 0 5. 70

195 4 I89 2

144 146 14/ 155 0 3 144 5 2 0 5 58.
145 149 156 155 0 3 145 5 3 0 3. 70
146 149 152 156 0 3 146 2 4 0 6. 70..
147 149 1511 152 0 3 *41 2 5 0 8 70.
14,3 152 157 156 0 3 146 2 6 0 6. 541
140 150 157 152 0 3 149 2 7 0 3 58.
153 151 1513 157 150 4 '150 2 8 0 4. 70.
151 *54 168 159 153 to 151 5 9 0 45. 45.
152 155 161 160 154 4 152 5 10 0 4. 58
153 156 162 161 155 4 153 5 11 3

154 157 163 162 156 4 154 8. 12 4
155 156 164 163 157 4 155 2 13 5
156 160 164 165 159 4 156 5 14 6

157 161 167 166 160 4 157 5 15 7

158 162 166 167 101 4 158 5 16 0 2 70.
159 163 169 168 162 4 159 2 17 0 2 58
163 164 170 169 163 4 140 2 114 1

161 165 166 171 0 3 161 5 19 17

162 166 167 171 0 3 162 5 205
163 167 172 171 0 3 163 5 21 5
164 167 1643 172 0 3 164 5 22 0 12. 70.
165 168 169 172 0 3 165 2 23 2
166 169 173 172 0 3 166 2' 24 15
167 169 170 173 0 3 167 2 25 18
166 172 175 174 171 4 1613 5 26 9

164 i73 176 175 172 4 119 2 27 23
17'3 175 176 177 174 4 170 28 0 8. 72.
171 176 179 1711 175 4 171 2 29 28
17?. 178 I81 180 177 4 172 5 30 0 12 72
173 179 182 .181 178 4 173 2 31 0 5 (.9.
174 181 184 183 160 4 174 6 32 0 3. 633.
175 182 165 164 181 4 175 2 33 9 5. 12.
176 163 187 166 0 3 176 6 34 0 2 60
117 103 104 107 0 3 117 35 33
173 104 185 101 0 3 176 2 36 34
*19 165 186 187 0 3 179 2 37 33
161 187 190 189 116 4 160 7 36 32
161 167 188 190 0. 3 181 2 39 33
182 189 190 141 0 3 162 6 40 33
183 190 192 191 0 .3 163 6 41 33
1.311 190 193 192 44 3 2 42 11



43
44

31
3j 90

91
85
87

45 44 10. 72 92 87
46 45 93 0 10. HO.
47
48.

28
0 6. 78

94,
95

93
9349 42 96 90

50 42 97 90.
51 0 15. 72. 98 0 10. 60.
52 51 99 83
53 48 100 9
54 49 101 96
55 49 102 96'
56 9 103 08
57 48 104 99
58 48 105 93
59 49 106 93
60 49 107 93
61 51 108 101
62 51 109 101
63 58 110 103
64 59 111 10465 59 112 10866 45 113 108
67 45 114 91
68 47 11 5 9169 37 116 112
70 37 117 118
71 64 118 11412 64 119 114

73 66 120 0 5 HO.14 69 *11 1214
75 0 8. 60. 122 7175 113 71VI 73 124 0 4. 80.78 47 125 l;479 0 I 2 60. 126 0 4. 60.
MO 79 127' 126
HI 0 80. 128 ts182 0 6. 80. 129 120
83
64

79
79 .

130 122

85
86
87

82
82
75

131
132
133
134

122
0 8.
132
0 6.

89

60
f.:9

'I
85 135 134

136 0 10. W./.
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APPENDIX F: INPUT FILE FOR STUD NO. 5

E1A1TE ELEMENT 0NAL(S15 (SPEC 51
104 173 2 2 12 0 49 -2. -25. 2 60

1 104 1 173
1 2:6800. 171300. .292 .020 161200. 125900. 196500,

17600. .449 0022 .390 .287 1489900. 414600*
2 1541100* 104800. *292 .020 96600. 77/00. 1202000

10800. .449 .022 .390 .287 1467000. 1467000*.
3 1614200. 109800. .292 .020 103300. 80700. 125900.

11300. .449 .022 .340 .267 1378000. 435000.
4 1540000. 104760. .292 0320 98600. 77000. 120100.

10600. .449 .022 .390 .207 1475200. 1332600.
5 1790000. 121700. 292 0020 114600. 89500. 139600.

12500. .449 .022 .390 .267 1266800. 315200.
6 1562100. 106200...292 .020 100000. 76100. 12104)0.

10900. .449 .022 .390 .287 1434000. 1098800.
7 1642900. 111700. .292 0020 105100. 82100. 123100.

115000 .444 .022 .390 *207 1035700. 232100*
$ 1612400. 109600. .292 .020 100200. 60600. 125800.

11000. .449 .022 .390 .267 1510000. 1369000.
9 1740400. 116900. .298 .020 111900. 67400. 106400.

12200. .449 .022 .390 .287 1345100. 228700.
10 1714900. 116600. .292 .020 109800. 65700. 133800.

12000.. .449 .022 090 *287 1576700. 1414600.
11 39500. 89500. .449 .449 12500* 69500. 12500. 12500.

.449'0449 .449 .449 64300. 15300.
12 1000. 66. .292 .020 64. 50. 78. 7.

.449 .022 .390 .287 700. 500.
174 10000 69* .292 .020 64.

1 52900 6970. 8920.
2 7020. 8900. 10950.
3 56200 7250. 0960.
4 4950.. 6220. 11120.
5 5330. 7210. 9130.

'nolo. 7930. 10610.
7 5430. 7480. 9330.
6 66/0. 9090* 11270.
9 4960. 7020. 9190.

10 2070. 10090. 11710.
11 1000. 2000* 3000.
12 1030. 2000. 3000.

1 O. 3.45

2 0. 1.13
3 00 0.
4 3. 3.45
5 3. 2.076
6 3. 1.73.
7 3. 0.
8 4. 3.45
9 4. 2.76

10 4. E.73
11 4. 0.
12 6.5 3.45
13 6.5 1073
14 6.5 0.
15 10. 3.45
16 13. .1.73
17 10. 0.
18 13.5 3.45
19 13.5 1.73
23 13.5 0.
2E 16. 3.45
22 16. 2.78
23 16. 1.70
24 16. .67
25 16. 0. .

26 17. 3.45
27 17. 2.76
28 17* 1.73
29 17. .67
30 17. 00
31 20. 3.45
32 20. 1.73
33 20. 0.
34 240 3.45
35 24. 1.73
J 6 24. 0.
37 .27.5 3.45
38 27.5 1.73,
39 27.5, 0.
40 00. 3.45
41 30. 2.95
42 30. 1.73

tda
4=.



43 30. .5 93 42. 2.95
44 30. 0. 91 42. 1.73
45 32. 3.45 92 2.
46 42. 2.95 93 .42. 9.
47 32. 1.73 94 43.5 3.45
44 J. .5 95 43.5 2.95
49 32. 0. 96 44.5 1.73
59 335 3.45 97 43.5 .5
bl 33.5 2.95 98 43.5 00
52 j3.5 1.73 99 45. 3.45
53 33.5 .5

' 100 45. 2.95
54 33.5 Cl. 101 45. 1.73
55 35. 102 45. .5
56 35. 2.95 103 45. 9.
57 35. 1.73

. 104 46.5 3.45
54 35. .5 105 46.5 2.95
59 35. 0. 106 46.5 1.73
(0 360 3.45 107 46.5 .5
61 36. 100 46.5 0.
62 36. 2.23 109 40. 3.45
63 36. 1.14 110 43. 2.95
64 36. .5 111 48. 1.73
65 36. 0. 112 48. .5
66 37.90 3.45 1/3 40. 0.
67 37.00 2.95 114 49.5 3.45
68 37.00 1.73 115 49.5 2.95
69 37.08 1.33 116 49.5 1.73
70 37.06 .5 117 49.5 .5
71 37.08 0. 118 49.5 0.
72 30.33 3,45 119 51. 3.45
73 .36.33 2.95 120 51. 2.95
74 38.34 1.73 101 51. 1.73
5 38.34 1.33 122 51. .5
76 34.33 .5 123 51. 0.
77 38.33 9. 124 52.5 3.45
78 39.33 3.45 12 52.5 2.95
79 9.33 2.95 126 52.5 1.73
80 39.33 2.24 127 52.5 .5
81 39.33 1.73 12U 52.5 O.
82 39.33 .5 129 54. 3.45
83 39.33 0: 130 54. 2.95
.84 40.5 3.45 131 54. 1.73
85 '49.5 2.95 132 54. .5
66 49.5 1.73 133 54. 1.
67,
34

40.5
40.5

.5
0.

131
135

55.5
55.5

3.15
2.95

89 42. 3.45 1311 55.5 1.73



137
138

55.5
55.5

.5
0.

184
1

2

90.
I
1

0.
2
5

5
4

0
0'

3
3

I
2

1

1

139
140

57.
57

3.45
2.95 3

.4
2
3

6
7

5
6

0
2

3
4

3
4

1

2
141
142

57
57.

1.73
.5 5

6
5
6

9
10

8
9

4
5

4
4

5
f

1

11
143
144

57
58.5

0.
3.45 7

6
7
8

11
9

10
12

6
0

0
3

7
8

2
I

145
146
147

58.5
58.5
58.5

2.95
2.17
1.73

9
10
11

9
9

11

13
10
14

12
13
13

0
0

10

3,9
3 10
4 11

1

I
2

141 58.5 .5 12 13 16 15 12 4 12 I149
150

151

56.5
60.

'60.

4.
3.45
2.95

13
14
15

14
16
17 i

17
19
20

16
18
19

13
15
16

4
4
4

13
14
15

2
1

2
152 60. 2.17 16 18 19 22 0 3 16 1153
154
155

60.
60.
60.

1.73
.3
0.

17
18
19

18
19
19

22
23
24

21
22
23

0
0
0

3
3
3

17
18
19

1

1

2
156
157

61.92
61.92

3.45
2.95 k20

21
19
20

20
25

24
24

0
0

3
3

20
21

2
2

158 61.92 2.17 22 22 27 .a. 21 4 22 I159
160

61.92
61.92

1.73
.3 23

24
23,
24

28
29

27
28

22
23

4
4

23
24

II
2

161 '61.92 0. 25 25 30 29 24 4 25 2
16X 63.5 3.45 26 26 27 31 0 3 26 3
164 61..5 2.95 27 27 32 31 0 3 27 3
164
165

63.5
63.5

143
.3' 28

29
27
28

28
29

32
32

0
0

3
3

22
29

3
4

166
167
168

63.5
66.
66.

0.
3.45
1.73

30
31
32

29
29
32.

33
,30
35

32
33
34

0
0

31

3
3
4

30
31
32

4
4
3169

170
171

66.
70 .
76.

0.
3.45
1.73

33
34
35

33
35
36

36.
38
39

35
37
38

32
34
35

4
4
4

33
34
35

4
3
4

172 70e 0. 36 37 38 41 0 3 36 3
133
174
175
176

75.
75.
75.
80.

3.45
1.73
4.
3.45

37
38
39
40

37
38
38
36

41
42
43
39

40
41
42
43

13

0
0
0

a
3
3

3

37
38
39
40

3
3
4
4

171
178
179

80.
80.
85.

1.73
0.
3.45

41
42
43

39
41
42

44
AG
47

43
45
46

0
40
41

3
4
4

41
42
43

4
3
3

160
181

65,
85. '

1.73
0. 44

45
43
44

46
49

47
46

42
43

4
4

44
45

4
4

162 90. 3.45 46 46 51 50 45 4 46 3163 90. 1.73 47 47 52 51 46 A 47 3
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APPENDIX G:

2 1 4 0
FINITE ELEMENT ANALYSIS
1519403. 345010. 11170. 2280.
137 104 2 2 2 0 67 -2. -25. 2

1 0. 3.5
2 00 1.75
3 0. 00
4 2.5 3.5
5 2.5 1.75
6 2.5 0.
7 5. 3.5
8 5. 1.75
9 5. 0.

10 7.5 3.5
11 7.5 1.75

.12 7.5 0.
13 10. 3.5
14 10. 1.75
15 10.
16 12.5 3.5
17 12.5 1.75
18 12.5 0.
19 15. 3.5
29 15. 1.75
21 15. 0.
22 17.5 3.5
23 17.5 1.75
24 17.5 0.
25 20. 3.5
26 200 1.75
21 20. 0.

.28 22.5 3.5
29 22.5 1.75
33 22.5 0.
31 250 3.5
32 25. 1.75
33 25. 0.
34 27.5 3.5
35 27.5 1.75
36 27.5 a.
37 30. 3.5
38 30. 3.
39 30.. 1.75
40 30. .5
41 30. 0.

INPUT FILE FOR SIMULATION ANALYSIS

10443. 7950. .651 372
50 1 137 1 104

4g
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
745
76
77
78
79
80
81
82
83
84
85
86
87
00

32.5
32.5
32.5

.32.5
32.5
35.
35.
35.
35.
35.
37.5
37.5
37.5
37.51
37.5
40.
40.
40.
40.
40.
42.5
42.5
42.5
42.5
42.5
45..
45.
45.
45.
45.
47.5
47.5
47.5
47.5
47.5
50.
50.
50.
50.
50.
52.5
52.5
52.5
52.5
52.5
55.
55.

3.5
3.
1.75
.5
0.

3.5
3.
1.75
.5
0.
3.5
3.

.1.75
.5
0.

3.5'
3.
1.75
.5.0.
3.5
3.
1.75
.5
O.

3.5
3.
1.75
.5
0.
3.5
3.
1.75.5
0.

3.5
3.
1.75
.5
0.
3.5
3.
1.7$
.5
O.

3.5
3.



89
90

55.
55.

1.75
45 3 5 8 7 A

54
55

69
70

74 71 68
75 74 61

91 55. 0. 4 6 9 8 5 56 71 76 75 70
92 57.5 3.5 5 8 II 0 7 51 73 78 77 72
93 57.5 3. 6 9 12 1 8 58 74 79 78 73
94
95
96
97
98
99

57.5
57.5
57.5
60.
60.
60.

1.75
.5
0.

3.5
30
1.75

7

9
10
{1
12

11 14
12 IS
14 17
15 18
17 20
18 21.

3 10
4 11
6 13
7 14
9 16

20 17

59
-60

61
62
63
64

75
76
78
79
80
81

60 79 74
81 80 75
83 82 77
84 83 78
85 84 79
86 85 80

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

60.
60.
62.5
62.5
62.5
65.
65.
65.
61.5
67.5
67.50.
70.
70.
72.5
72.5,

.5
0.
3.5
1.75
0.

3.5
1.75
O.

305
1.75
0.

3.5
1.75
0.
3:5
1.75

13
14
15
16
17
18
19
23
21
22
21
?A
25
a6
27
28
29

20 23 22 19
21 24 23 20
23 26 25 22
24 27 26 23
26 29 28 25
27 30 29 26
29 32 31 28
30.33 32 29
32 35 34 31
33 36 35 32
34 35 38 0
34 38 37 0
35 39 38 0
35 40 39 0
35 36 41
36 41 43 0
38 43 42 37

65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80

83
84
85
86
88
89
90
91
93
94
95
96
97
98
98
99

88 87 82
69 88 83
90 89 84
91 90 85
93 92 87 .

94 93 88
95 94 89
96 ',95 90
98 97 92
99 98 93
100 99 94

101 100 95
98 102

103 102
99 103 e

100 103 a

116
117

72.5
75.

0.
3.5

30
31

39 44 43 38
43 45 44 -39

'81
82

100
100

104 103
101 104 e

118 75. 1.75 32 41 46 45 40 83 103 106 105 02
119 75. 0. 33 43 48 47 42 04 104 107 106 03
120 77.5 3.5 34 44 49 48 43 85 106 109 108 05
121 77.5 1.75 35 45 50 49 44 06 107 110 109 06
22 77.5 0. 36 46 51 50 45 87 109 112 11 08
23 80. 3.5 37 48 53 52 47 88 110 113 12 09
24 800 1.75 38 49 54 53 48 89 112 115 14 II
25 80. 0. 39 50 55 54 49 90 113 116 15 12
26 82.5 3.5 40 51 .56 55 50 91 115 118 17 14
27 82.5 1.75 41 53 58 57 52 92 116 119 18 IS
28 82.5 0. 42 54 59 58 53 93 118 121 20 17
29 85. 3.5 43 55 60 59 54 94 119 122 21 18
30 85. 1.75 44 56 61 60 55 95 121 124 23 20
31 85, 0. 45 58 63 62 57 96 122 125 24 21
32 87.5 3.5 46 59 64 63 $8 97 124 127 26 23
33 87.5 1.75 47 63 65 64 59 98 125 128 27 24
34 87.5 0. 48 61 66 65 60 99 127 130 29 26
35 90. 3.5 49 63 68 67 62 100 128 131 30 27
36 90. 1.75 50 64 69 68 63 101 130 133 32 29
37 90. 0. 51 65 70 69 64 100 131 134 33 30

1 2 5 4 1 52 66 71 71 65 103 133 136 35 32
2 3 6 5 2 53 68 73 72 67 104 134 137 136 33



APPENDIX H: FIRST PART OF COMPUTER OUTPUT FOR ANALYSIS OF STUD NO. 2

FINITE ELEMENT ANALYSIS (SPEC 2.MESS 8) FINITE ELEMENT ANALYSIS (SPEC 2.MESS B) LOAD CASE 15

NODE
67
68
69

X Y

.52087E-02 -.78595E-01

.52716E-02 -.78659E-01

.53345E-02 -.78588E-01

NODE
67
68

.69

.78131E-01 -.11789E+01

.79075E-01 -.11799E+01
:80017E-01 -.11788E+01

ELEMENT
79
80
81
82
83
04
85
86
87
00

X-STRESS
-.1644E+03
-.3453E+03
.1475E+02

.-.3452E+03
-.1644E+03
.1646E+03
.1538E+02
.3150E+03
.3151E+03
.1646E+03

Y-STRESS
.1264E+01
.3596E+01

-.6023E+01
.3597E+01
.1280E+01

-.1116E+01
.5321E+01

-.2990E+01
-.2989E+01
-.1100E+01

X-Y-571(ESS
.7003E+01

-.5174E+01
2430E-01
5245E+01

-.6939E+01
.5990E+01

-.2525E-01
-.4369E+01
.4300E+01

-.5054E+01

ST6RN
-.1644E+03
-.3453E+03
.1475E+02

-.-3452E+03
-.1644E+03
.1646E+03
1536E+02
3150E+03
.3151E+03
1646E+03

ELEMENT
79
80
81
82
83
84
85
86
87
88

X-STRESS
-.2466E+04
-.5180E+04
.2212E+03

-.5178E+04
-.2466E+04
2469E+04
.2308E+03
.4725E+04
.4727E+04
2469E+04

- Y-STRESS
.1895E+02
.5394E+02

-.9035E+02
.5396E+02
.1921E+02

-.1674E+02
7981E+02

-.4485E+02
-.4483E+02
-.1649E+02

x-Y-STRESS
.1050E+03

-.7761E+02
3645E+00
.7867E+02

-.1041E+03
.8984E+02

-.3787E+00
-.6554E+02
.6450E+02

-.9081E+02

STGRN
-.2466E+04
-.5180E+04
.2212E+03

-.5178E+04
-.2466E+04
.2469E+04
.2306E03
.4725E+04
.4727E+04
.2469E+04

79
80
81 '

82
83
84
85
86
87
80

MAX-STRESS
.1559E+01
.3673E+01
.1475E+02
.3676E+01
.1571E+01
1648E+03
1538E+02
.3151E+03
.3152E+03
.1648E+03

MIN-STRESS
-.1647E+03
-.3454E+03
-.6023E+01
-.3453E+03
-.1647E+03
-.1332E+01
.5321E+01

-.3050E+01
-.3047E+01
-.1320E+01

ANGLE
2.417
-.849

89.933
.1161

-2.394
87.933

-89.856
-69.213

- 69.226
-67.911

79
80
81
82
83
84
85
86
87
88

MAX-STRESS
2339E+02
.5509E+02
.2212E+03
.5514E+02
.2356E+02
2473E+04
.2308E+03
.4726E+04
4728E+04
.2473E+04

HIM-STRESS
-.2470E+04
1.5,161E+04
-.9035E+02
-.5179E+04
-.2470E+04
-.1998E+02
.7981E+02

-.4575E+02
-.4570E+02
-.1981E+02

ANGLE
.162

-.057,
517

.056
-.161

17.616
.019

-5.034
5.749

-17.932

LOADS LOADS

NODE X Y NODE .
X Y

25 0.00 -25.00 25 '0.00 -375.00

109 0.03 -25.00 109 0.00 -375.00

DISPLACEMENTS DISPLACEMENTS



APPENDIX I: Moisture Content and Specific

Gravity of the Studs Used in

the Study

143

Specimen

Number

Moisture

Content (%)

Specific

Gravity

1 7.814- 0.493

2 7.32 0.470:

3 7.86 0.53
4 7.06 0.516

5 7.84 0.582



APPENDIX J: MODULI OF ELASTICITY AND STRESSES OF SMALL CLEAR

SPECIMENS CUT FROM THE FIVE STUDS AFTER TEST

Specimen Moduli of elasticity (psi) Stresses (psi
number* E1 E2 E3 1 S2 3

1-C-A-1 1,735,.800 11263,500 372,800 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

Average 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

Average 2,752,800 1,744,300 708,400 5,600 7,030 8,430
(1-C-B)

1-0-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 1,9981000 5,720 6,830 8,420

17C-C-3 1,775,200 1,538,500 827,200 5,760 6,340 8,460

Average 2,341,400 1,838,800 1,312,100 5,250 6,460 8,490
(1-Q-0)

Average 2,342,300 1,710,600 971,500 5,220 6,460 8,340
(1-C)

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
(1-T-A)



Specimen
number

Moduli of elasticity (psi)

E1 E3E2

Stresses (psi
S S S3

2

1-T-B-1 1,896 300 1,620 600 1,620,600 11,120 11,440 11,760

1,441,300 1,255,500 1,255,500 10,110 10,870 11,630

Average 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 11462,000 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
Average 21223,500 11920 300 1,500,800 10,160 12,480 13,640
(1,4-E)

Average 1,890 100 1,631,000 1,485,300 10,040 11,160 11,920
(1-,T)

2-C-A 2,102,000 1,4921900 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

Average 2,162,700 1,595,600 594,900 5,130 6,840 7,860
(2-0



oec'e 
oW2 

OWL 
06'4 

066 9 
094'9 

00I'1744 T 004 99C'a 00L4009'Lo 

006'66C'T 00669F2'1 

(0-0-C) 
sgsasAv 
C-b-o-C 

oi.7442 c4L44 oLe'9 oo4'69C T oo644eVe ooe4ML'e e-o-o-C 
ooC42 oTOL oCL49 ooL4029 ooc4176L'T ooVSTS'e i-o7o-C 

(a-o-C) 
OWE 6 o6V6 OTC 9 00E 9ec 000'199 009 001 a e3saaity 

°We, 0C442 oet'L ooe417Cii ooe'CLVI 00'9917'? F-q-O-C 
0176'9 0-009 061'6 weeT9 009'847511 009'17COT T-q-O-C 

Or-O-0 
ooC2 ote OF9'6 000'96C 009 496 I omeCL-17 e OSEJOAV 
o2e42. .019'9 0694-0 0064CCC poC 699'1 ooe46C474a F-V-0-C 
0CC49 099'4 096'9 001'96-0 006'690T 00641oVe 

06942 061'9 0617 4 006'917'1 oo6'e9t T oo6g944 T 
(I-s) essJoAv 
(a-I-s) 042'9 oeC'e o69'4 oo6'669 I 006 669'1 ooG'SeLT aSsaaAv 

017146 atIV6 ob146 000444'T 000444'T oWLLOT C-a-I-a 
otct6 oCT46 oeVe 0064919'T 006'919'1 000'eTOT 
oC64G 04249 012'6 009 '17 009'1796'T 004'429'1 T7a-I-e 
oi7V6 o609 099'4 ooVCSG ooS'C54 009'616'1 
ooG'e oi-04 0C149 0094e2V1 009'a26'T 009'424'T V-I-a 

CS e I, 0 a ea Ta aaqmnu 
(Tsd) sassaa4s (Tsd) S4 ToT49T3T9 Jo Tinpow uamToads 



0C4 ST 0816TT 0C969 ooe ST6'T 00? ST66T oo6'eToge T-a-I-C 

0179691 0i7T6TT 06e4 oo6'eS9'T oo6'T66'T o06'17CT'e 0-1-C 

oLegia 0S96TT oCi7'e 00860396T 002 C2961 00668i7e e esvaeAv 

09S6ST 09T6FT oLL'e 00666t26T 006661726T 001' 6o' 
061617T Out 'ii 0We 0026GT661 0086LT661 ooe'eee'e T-S-11-C 

oLC LT 0C96CT OGS6OT 00T68S96T 0017 680 F ooOgiez 
(1r-I-C) 
assaitv 

06062T ooe'eT 617966 00S60*46T ooe'eToge 00-1766016F 

0996GT oee'CT OST6TT 001669G6T ooC4CC6 T 000lsozga z-v-I-c 
OGC69T pee'i7T 01660T 0096*g-0T 00969TC6F ooVai7s'a T-v-I-c 

(0-C) 
oS9'e oCc4L oee'9 oo6 SS9 0066806T 00268SF asssAy 

(a-o-C) 
09L 8 o6L'L 04669 00T69-0C 006 POS T 0006C5661 OBVJOAV 

064'e oLT'e OTT6L opCgL9e 00L6S0i7 I 00F696961 e7a-o-c 

°We 0T-04 00069 000'Set 00F69L961 008'600'a T-a-o-C 

(a-o-C) 
oe9ge oTo'L 0096S 00060906T 00C 208.6T ooL 6i7C'e oftleAv 

09S69 oTe'L 09F69 00969-OG6T 0026t026T ooC49Sole 

09968 OT969 oC6'17 00C6CLC ooe'666'T 000'SC9`e T-a-o-C 

s TS ea Ta a aoqmnu 
(Tsd) sosses4g (Ted) s 4TOT4STITO 30 TTnpow uamToads 



Specimen
number

Moduli of elasticity (psi)
El

2 E3

Stresses (psi)

S1
S

S32

3-T-E-2 2,441,400 1,363,300 1,363,300 14,020 14,730 15,460

Average ?,230,1ó0 1,639,2Ô0 1,639,200 10,320 12,950 15,590
(3-T-E)

Average 2,243,700 1,913,300 1,709 100 9,560 12,650 16,210
(3-T)

4-CA 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

2,426,100 1,827,500 604,300 5,820 7,100 8,200

Average 2,372,500 1062,900 573,300 5,340 6,850 8,200
(4-C-B)

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 7,940 7,920
4-C-D-2 1,441,800 1,020,200 310,600 4,690 6,680 7,950
Average 1,885,700 1,239,500 410 400 5,230 6,860 7,930
(4-C-D)

4-C-E 1,796,000 1,316,400 315l000 3,860 5,700 7,550

Average 2,010,000 1,463,900 485,600 k,720 6,390 7,810
(4-C)

'1--T-B-1 1,580,100 1,429,700 1,348,500 '6,630 9,610 13,300
4-T7B-2 1,662,200 1,649,000 1,649,000 4,050 7,430 10,810
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