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PREFACE 

This report describes a numerical method for the analysis of anisotropic 

skew plates or slabs with grid-beams. Relations are developed which simplify 

the computation of anisotropic slab stiffnesses. 

The method was programmed and coded for use on a digital computer. Al

though the program was written for the CDC 6600 computer, it is also compati

ble with IBM 360 systems. Copies of the program presented in this report may 

be obtained from File D-8 Research, Texas Highway Department, Austin, Texas, 

or from the Center for Highway Research at The University of Texas at Austin. 

This work was sponsored by the Texas Highway Department in cooperation 

with the U. S. Department of Transportation Federal Highway Administration, 

under Research Project 3-5-63-56. The Computation Center of The University of 

Texas at Austin contributed the computer time required for this study. The 

authors are grateful to these organizations and the many individuals who have 

assisted them during this study. 
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ABSTRACT 

A discrete-element method of analysis for anisotropic skew-plate and grid

beam systems is presented. The method can be used to solve a wide variety of 

problems. The principal features are 

(1) formulation of six elastic stiffnesses and compliances in terms of 
three moduli of elasticity in any three directions and three Poisson's 
ratios related to these directions, 

(2) representation of an anisotropic skew-plate and grid system by a 
discrete-element model consisting of a tridirectional arrangement 
of rigid bars and elastic joints, 

(3) formulation of stress-strain and moment-curvature relations for the 
discrete-element model using concepts of a continuum composed of 
interconnected fibers, 

(4) derivation of a stiffness matrix using equations of statics, and 

(5) a recursion-inversion procedure to solve the stiffness equations. 

The method allows free variation in stiffnesses, loads, and supports. 

Concentrated and distributed loads and supports and external couples in three 

directions, including grid-beams in three directions, are easily handled. A 

computer program has been written to check the formulation. The results com

pare well with the results from other approximate methods and with experimental 

data. 

KEY WORDS: anisotropic elasticity, skew plate, skew grid, slab-grid system, 

skew bridge, discrete-element analysis, computers, bridges, plates. 
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SUMMARY 

This study presents a method for the analysis of isotropic or anisotropic 

skew-plate and skew-grid-beam systems. The method can be used to solve a wide 

variety of problems and is particularly suited to analysis of skewed highway 

bridges and pavements. 

A discrete-element analog is used to represent the actual structure, and 

formulation of the equations solved is based on this mechanical assembly. The 

assembly is such that the stiffnesses, geometric properties, loads, and re

straints of the real system are represented in an accurate manner. The assem

bly is composed of an anisotropic plate with three tridirectional stiffnesses. 

Relations are developed in which the anisotropic plate stiffnesses are related 

to three moduli of elasticity in any three directions and three Poisson's 

ratios related to these directions. The six elastic constants can be deter

mined by testing simple uniaxial specimens taken from the plate in any three 

directions. A grid beam assemblage may also be present and is oriented in the 

same three independent directions. These beams transfer only bending moment. 

The included computer program, SLAB 44, is written in FORTRAN for the 

CDC 6600 computer and is easily made compatible with IBM 360, UNIVAC 1108, and 

other comparable computer systems. 

A series of example problems is included to demonstrate and verify the 

method. No exact closed-form solution is available for even the simplest skew 

plate but the results compare favorably with several approximate methods. In 

addition, comparison is made with experimental results taken from a skewed, 

prestressed bridge modeled to a 5.5-to-l ratio. The model represents a stand

ard Texas Highway Department bridge structure. The computed results compare 

closely to the measured values within the elastic response range of the model. 

A guide for data input is presented which allows routine application of 

the method of analysis with little necessary reference to the body of the 

main report. Any number of analyses may be run at the same time. 

ix 
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IMPLEMENTATION STATEMENT 

The problems associated with analysis of skewed highway structures have 

long been difficult for the highway engineer to solve. The use of approximate 

distribution factors and strip methods has for years furnished the engineer 

with convenient design approximations, but it can be shown that extending 

these methods to heavily skewed structures may cause extreme complications 

associated with the inherent twisting which is not considered. 

In this study, a computer program (SLAB 44) is developed for computer 

simulation and analysis of skewed slab and grid systems. The potential appli

cation of this work ranges from sensitivity studies of skewed bridge geometries 

to the day-to-day design of any skewed bridge structure. In addition, it may 

be used to study some other effects of skewed slabs such as skew angles, as

pect ratios, and diaphragm placements. Furthermore, the coupling ·of research 

results of the skewed model test project with this program will make available 

to the highway engineer procedures which will permit better analysis of many 

types of structures. 

Program SLAB 44 has recently been applied to the analysis of a skewed, 

post-stressed continuous slab structure. Very good correlations have been 

made between the analysis and a brief, full-scale load test of the structure 

located in Pasadena, Texas. The investigation was initiated by the non-load 

induced failure of a companion skewed structure. 

Recommendations are made for further research in the area of nonlinear 

response, especially concerning concrete slab characteristics. It is possible 

to mOdify and extend the computer method presented in this work to include 

nonlinear effects. 

It is further recommended that this program be put into test use by de

signers of the Texas Highway Department to further evaluate its uses, and to 

investigate needed extensions or modifications to make it more usable for the 

practicing design engineer. 

xi 
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CHAPI'ER 1. INTRODUCTION 

Skew slabs or plates with skew ribs occur frequently in modern structures 

such as airplane wings, highway bridges, and building floors, and their analy

sis is always difficult. There are no closed-form mathematical solutions 

available for even the simplest cases, except a simple triangular plate given 

by Timoshenko and WOinowsky-Krieger (Ref 40). The practicing engineer must 

use some approximate procedure for analysis. To analyze a continuous pre

stressed concrete skew slab bridge of two, three, or more spans, for example 

(Fig 1), he may choose a strip of slab in the span direction and consider it 

as a beam. This kind of approximation might be reasonable for a rectangular 

slab bridge but may be inappropriate in the case of a skew slab bridge. Gen

erally, because of the presence of large twisting effects, the largest princi

pal moments are not in the span direction. 

The objective of this study is to develop relations for elastic compli

ances such that the computation of anisotropic plate stiffnesses is simplified, 

and to develop a discrete-element method of analysis for anisotropic skew

plate and grid systems in which the grid-beams may run in any three directions. 

Previous Studies 

Many investigators have attempted to analyze skew plate problems. Some 

of the methods are discussed here. 

Finite Difference. In the finite difference approach, the partial differ

ential equation and the boundary conditions are replaced by difference equa

tions, which may be solved by any procedure. The parallelogram-shaped mesh 

could be used to fit the boundaries exactly. Using this type of mesh, Favre 

(Ref 9) solved simply supported skew plates, while Chen, Siess, and Newmark 

(Ref 6) solved a single-span, noncomposite skew bridge consisting of a concrete 

slab of uniform thickness supported by five identical steel beams. Morley 

(Ref 24) observed that when this type of mesh is used the convergence of solu

tion, as indicated by advances to a finer mesh, deteriorates with increasing 

angle of skew in the case of simply supported uniformly loaded skew plates. 

1 
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Span 

PLAN 

LO~GITUDINAL SECTION 

Fig 1. Continuous prestressed concrete skew bridge. 



Jensen et al (Refs 14 and 15) used an alternate system of finite dif

ference equations. Robinson (Ref 35) and Naruoka (Ref 25) extended Jensen's 

finite difference procedure to compute influence coefficients for several 

3 

skew plates while Naruoka et al (Refs 26, 27, 28, and 29) solved orthotropic 

parallelogram plates and gave several numerical and experimental results. All 

these studies are for a single span and for either isotropic or orthotropic 

plates. 

Electrical Analog. In this method, the network of an electrical analog 

automatically solves the finite difference equations within the boundary 

while at the boundary the potentials are adjusted until the boundary conditions 

are satisfied. Rushton et al (Refs 11, 34, and 36) utilized this procedure to 

solve skew plates with various boundary conditions, including a four-span flat

slab 45-degree-skew bridge. He observed that for large angles of skew there 

was no apparent decrease in the accuracy of the deflections. Only isotropic 

plates were considered in his study. 

Conformal Mapping. Aggarwala (Refs 1 and 2) used a conformal mapping 

procedure in which a parallelogram was mapped on the unit circle and obtained 

solutions for plates under transverse loadings. Only simply supported iso

tropic plates have been solved. 

Finite-Element. In the finite-element method, the structure is idealized 

as an assemblage of deformable elements linked together at the nodal points, 

where the continuity and equilibrium are established. Using different types 

of elements, several investigators, including West (Ref 42), Mehrain (Ref 22), 

Cheung, King, and Zienkiewicz (Ref 7), Gustafson and Wright (Ref 10), and Sawko 

and Cope (Ref 37), have studied the problem. All of these studies were for 

either isotropic or orthotropic plates. Mehrain (Ref 22) has studied the skew 

problem extensively, making a comparative analysis of various forms of finite 

elements, and has observed that the accuracy of the finite-element solution 

drops rapidly when the angle of skew is increased in the case of simply sup

ported uniformly loaded plates. 

Series. In this method, with the fourth-order partial differential equa

tion governing the deflection of the plate, a solution is obtained in which 



4 

the deflection function is expressed in the form of a series. Quinlan (Ref 

33), Kennedy and Huggins (Ref 16), and Morley (Refs 23 and 24) have presented 

solutions using different forms of series. These solutions are for sing1e

span isotropic plates. Morley's results are the most extensive and several 

investigators have used these results as the basis for comparison with their 

methods. 

Other Solutions. Akay (Ref 3) used a double-net model to solve for ortho

tropic skew plates with a boundary condition of either two opposite edges sim

ply supported or all four edges simply supported. Several examples have been 

solved and the results compared with the solutions from other approaches. 

Suchar (Ref 39) dealt with anisotropic skew plates and obtained polynomial 

solutions to the governing differential equation using oblique coordinates. 

These polynomials were then used to calculate the influence surface for an 

orthotropic parallelogram plate with two opposite sides simply supported and 

the remaining edges free. 

Present Study 

It can be seen that except for Suchar (Ref 39) the studies were limited 

to either isotropic or orthotropic plates and also that most of the methods 

developed were for particular loading or boundary conditions. 

In the present study a mechanical model consisting of a tridirectiona1 

system of rigid bars and elastic joints was used to simulate anisotropic skew 

plates plus slab-and-grid systems in which the grid-beams may run in any three 

directions. The model developed and the relations formulated are not limited 

to bending analysis but could also be adapted for plane stress analysis. 

Discrete-Element Model 

Chapter 2 describes a discrete-element model used to analyze anisotropic 

skew-plate and grid systems. Assumptions made for the solution of the model 

are also given. 

Anisotropic Relations 

Hearmon (Ref 12) and Lekhnitskii (Ref 17) have developed stress-strain 

relations in Cartesian coordinates for an anisotropic homogeneous body. For 



the problem of plane-stress in two dimensions, these relations require the 

computation of six elastic stiffnesses in terms of six independent elastic 

constants: moduli of elasticity in the x and y-directions, one Poisson's 

ratio, one shear modulus, and two coefficients of mutual influence of the 

first kind. 

5 

In Chapter 3, relations are developed in which the six elastic stiffnesses 

are related to three moduli of elasticity in any three directions and three 

Poisson's ratios related to these directions. This simplification is helpful 

in determining the six elastic constants by testing three simple uniaxial spec

imens taken from the plate at any three directions. Since the integration of 

stress-strain relations gives moment-curvature relations, the six anisotropic 

plate stiffnesses also may be computed in terms of three moduli of elasticity 

and three Poisson's ratios. 

Using concepts of a continuum composed of interconnected fibers, stress

strain relations for the anisotropic discrete slab model are derived in Chap

ter 4. Moment-curvature relations for the slab and grid models are also de

rived. 

Stiffness Matrix 

In Chapter 5, equations of statics are used to derive a stiffness matrix 

for the discrete-element model. Chapter 6 describes the recursion-inversion 

solution procedure used to solve the stiffness equations. 

Verification of Model 

Chapter 7 describes a computer program written to verify the formulation. 

Several example problems are solved in Chapter 8, and results are compared 

with, the closed-form solution for a triangular plate; with the solutions from 

other approximate methods, such as series, finite-element, conformal mapping, 

finite difference, and electrical analog; and with experimental results. 

The appendices contain the guide for data input, general program flow 

chart, notations, program listing, listing of input data, and selected output. 
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CHAPTER 2. PROPOSED TRIDIRECTIONAL DISCRETE-ELEMENT MODEL 

Introduction 

In the discrete-element method of analysis a system (beam, plate, and 

plate and grid-beams) is replaced by an analogous physical model and then the 

analysis of the model is made. The mechanical assembly of this model should 

be such that it can represent the stiffnesses, geometric properties, loads, 

and restraints of the real system. This kind of approach has been used by 

several investigators including Matlock (Refs 18 and 19) for beam-column, 

Tucker (Ref 41) for rectangular grid-beam problems, and Newmark (Ref 30), Ang 

and Newmark (Ref 4), and Hudson (Ref 13) for rectangular plate problems. 

A discrete-element model for a skew-plate and grid-beam system is pro

posed. In it the plate may be completely anisotropic and grid-beams may run 

in any three directions. In this chapter, the functions of different com

ponents of the model are explained and the assumptions required for the analy

sis of the model are listed. 

Discrete-Element Model 

A discrete-element model is to be worked out to be used to solve the 

following: 

(1) an anisotropic skew plate or slab, 

(2) a grid-beam system in which the beams may run in any three directions 
or less, and 

(3) a combination problem, i.e., an anisotropic skew-plate and grid-beam 
system in which the beams may run in any three directions. 

Figure 2 shows the proposed tridirectional model for plates and Fig 3 

shows a typical grid-beam model. 

Components of Model 

The model of a plate (Fig 2) will consist of elastic jOints connected by 

rigid bars running in directions a, b, and c. 

7 
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h 
c 

/ 
I 

Rigid Bars 

Fig 2. Discrete-element model for anisotropic 
skew plate showing all components. 

Elastic Jaint 

( ( (( ~ 

L h,. h •• 

Fig 3. Discrete-element model for a typical 
grid-beam showing all components. 

a, b,or c 

Joint 

7 
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The model of a grid-beam (Fig 3) in a particular direction will consist 

of elastic joints connected by rigid bars running in that direction. The model 

of a grid-beam will be the same as the model of a beam-column worked out by 

Matlock (Refs 18 and 21). 

Function of Each Component 

The stiffnesses, loads, and restraints will be lumped at elastic joints, 

and hence all elastic action will take place at these joints. The only func

tion of the rigid bars will be to transfer bending moments from one elastic 

joint to another without deforming. 

Connection 

The plate model and the three grid-beam models of the grid-beam system 

will be connected with one another at elastic joints. The rigid bars of dif

ferent systems will have no connection with one another. Therefore at any par

ticular elastic joint, the deflection of all the four systems should be the 

same. 

Assumptions Related to Conventional Plates and Grid-Beams 

The following assumptions are related to the conventional plates and grid

beams and are included in the subsequent discrete-element development. The 

first three are the same as shown by Timoshenko (Ref 40) for thin plates with 

small deflections. 

(1) There is no axial deformation in the middle plane of the plate. 
This plane remains neutral during bending. 

(2) Points of the plate lying initially on a normal-to-the-middle plane 
of the plate remain on a normal-to-the-middle plane of the plate 
after bending. 

(3) The normal stresses in the direction perpendicular to the plate can 
be disregarded. 

(4) All deformations are small with regard to the dimensions of the 
plate and grid system. 

(5) The neutral axis of a plate with grid-beams is in the same level 
even though the cross sections of the plate and of each grid-beam 
may be nonuniform. 
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Assumptions Related to Discrete-Element Model for Plates and Grid-Beams 

In addition to the above, the following assumptions are made for discrete

element model for plates and grid-beams. 

(1) Each elastic joint is of infinitesimal size and composed of an elas
tic, but anisotropic, material. Curvature appears at the jOint as 
concentrated angle change. 

(2) The rigid bars of the models (Figs 2 and 3) are infinitely stiff 
and weightless. They transfer bending moments by means of equal 
and opposite shears. They are torsionally soft; i.e., they do not 
transfer twisting moment. They do not deform due to in-plane (axial) 
forces. 

(3) The stiffnesses of plates and of grid-beams may vary from point to 
point. 

(4) The spacing of elastic joints in the a and c-directions, designated 
h and h , respectively, need not be equal but must be constant. 

a c 
The spacing in the b-direction is equal to the length of the diagonal 
of the parallelogram having sides h and hb (Fig 2). 

a 

Summary 

The anisotropic plate and grid system is to be represented by a physical 

model having only one degree of freedom at each joint. The model will be help

ful in visualization of the real problem. Discontinuous changes in stiffnesses, 

loads, and supports may be accommodated easily in the model. Where numerical 

word length is not a limitation, errors in the solution are due to approximating 

the real system with the model and not to the solution of model. Thus, accu

racy of the solution will depend upon the number of increments used in the 

solution. 



CHAPTER 3. ANISOTROPIC STRESS-STRAIN RELATIONS 

Introduction 

For plane stress problems, the anisotropic stress-strain relations require 

computation of six elastic compliances or six elastic stiffnesses. Hearmon 

(Ref 12) and Lekhnitskii (Ref 17) have shown that in Cartesian coordinates the 

compliances could be related to six independent elastic constants (moduli of 

elasticity in the x and y-directions, one shear modulus, one Poisson's ratio, 

and two coefficients of mutual influence of the first kind). Hearmon (Ref 12) 

has also described experiments required to determine the six compliances. 

In this chapter, relations are worked out in which the six compliances 

and six stiffnesses are related to three moduli of elasticity with respect to 

any three directions and three Poisson's ratios related to these directions. 

This simplification is helpful in understanding and in computing the elastic 

compliances and stiffnesses. 

Transformation relations have also been worked out whereby the modulus 

of elasticity and Poisson's ratio in any desired direction may be obtained 

from three moduli of elasticity and three Poisson's ratios related to any 

other three directions. 

Hooke's Law 

Hooke's law states that each stress component is directly proportional 

to each strain component. If cr represents stress and € represents strain, 

and 

wherein i 

cr .. 
~J 

€ •• 
~J 

(3.1) 

= (3.2 ) 

j, k and ~. take on all combinations of 1, 2 and 3. 

11 
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The terms c ijkt are called elastic stiffnesses and Sijkt the elastic 

compliances. Equations 3.1 and 3.2 show that there are 81 stiffnesses and com

pliances. It can be shown (Ref 12) that 0ij = 0ji and e
kt 

= e
tk

• This 

results in c ijkt = c jikl = c ijlk = Cjitk and Sijkl = Sjikl = Sijlk = Sjilk 
and reduces the number of stiffnesses and compliances to 36. It has been shown 

by Hearmon (Ref 12) that by thermodynamic argument c = c and S 
ijkl klij ijkt 

= Sktij and these reciprocal relations further reduce stiffnesses and compli-

ances to 21 in the most general case. 

For plane stress problems, if a 
x 

and 

the x and y-directions, respectively, and 

a y 
are the normal stresses in 

T is the shearing stress, and xy 
if ex ey ' and Yxy are the corresponding strains, as shown in Fig 4(a), 

then Hooke's law in Cartesian coordinates has the form 

a = c11 ex + c 12 ey + c13Yxy x 

a = c2lex + c22 ey + c23Yxy y 

Txy c3lex + c32 ey + c33Yxy (3.3) 

or 

e = sllox + Sl20y + S13Txy x 

e = s2lox + S220y + S231"xy y 

Yxy = s310x + S320y + S331"xy (3.4) 

The stiffnesses and compliances in Eqs 3.3 and 3.4 satisfy the reciprocal re

lations which reduce the number of independent constants from nine to six. 

Hence, in general, for an anisotropic thin plate in a state of plane stress 

it is necessary to know the values of six different quantities to calculate 

elastic behavior. These reduce to two in the case of isotropic plates. 



y 

o 

y 

o 

x 

Stresses: cr,. I CT, IT., 

Corresponding strains: •• t ., t ra, 

(0) 

t CT, 

D 
~CT, 

Stress: CT, 

Corresponding strains: • * r 
~, " ., 

(c) 

y 

o 

y 

o 

-CT. D 

Stress; CT. 

x 

Corresponding strains: f, •• r . " ., 
(b) 

T". -T.)DrT., 

Stress I 

......-
T ,. 

T ., 
Corresponding strains; * • r 

.' " ." 
(d) 

Fig 4. Stresses and corresponding strains for anisotropic plate element. 
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Elastic Compliances for Anisotropic Thin Plates 

Consider a small rectangular element of a thin anisotropic plate: if the 

only stress acting on this element is ax' as shown in Fig 4(b), and the cor

responding strains are ex' ey ' and Yxy' then from Eq 3.4 

= e sUax or sl1 x 

e == s2lax or s2l = y 

and 

= or 

e x 
a x 

e 
....::t.. == (j 

x 

1 
E 

x 

\l _ 2.Y 
E 

x 

llxy ,x 
E 

x 

If the only stress acting on the element is cry 

and the corresponding strains are 

and 

e 
y 

e x 

Yxy 

= 

== 

= 

or 

s12(jy or s12 

s32(jy or 8 32 

= 

== 

e x 

e x = 
cry 

= 
Yxy 

(jy 

1 
E 

Y 

\l 
....::i2S. 
E 

y 

= 
llxYz1 

E 
Y 

(3.5) 

(3.6) 

(3.7) 

as shown in Fig 4(c), 

then 

(3.8) 

(3.9) 

(3.10) 

Finally, if the only stress acting on the element is Txy , as shown in 

Fig 4 (d), and the corresponding strains are ex ' ey , and Yxy then 
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Yxy 1 
Yxy s33"xy or s33 = ,. G 

xy xy 
(3.11) 

e 'fix, xY x 
e = s13" xy or s13 = x ,. G xy xy 

(3.12) 

and 

e ~ e = s23"xy or s23 = -L =: 
y ,. G xy xy 

(3.13) 

In Eqs 3.5 through 3.13, E 
x 

and E 
Y 

are the Young's moduli (for tension-

compression) with respect to the x and y-directions; G xy 
is the shear mod-

ulus; is the Poisson's ratio which characterizes the decrease in the 

y-direction for the tension in the x-direction; v yx 
is the Poisson's ratio 

which characterizes the decrease in the x-direction for the tension in the 

y-direction; ~ and ~ are the coefficients of mutual influence of 
I Ixy , X I Ixy , y 

the first kind (Ref 17) which involve the ratio of shearing strain to normal 

strain; and ~ and ~ . 'x, xy I Iy , xy are the coefficients of mutual influence of 

the second kind (Ref 17) which involve the ratio of normal strain to shear-

ing strain. 

Owing to the reciprocal relations, 

v v 

s12 = s2l or .E. ~ 
E E (3.14 ) 

x Y 

= s3l or 
'TlxaxY = 

'Tlxyax 
s13 G E (3.15) 

xy x 

and 

= or "Yaxy = "XYaY 
s23 s32 G E (3.16) 

xy Y 
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Hence for an anisotropic thin plate in a state of plane stress, six 

elastic compliances sll' s12' s13' s22' s23' and s33 can be 

evaluated with known values of six independent constants E , E , 

\I xy 

x y 
(or ~ ) and ~ (or ~ ). 

I lX, xy' I Ixy , Y I Iy , xy 

G 
xy 

(or \lyx) , ~xy,x 
Combining the above results, the six compliances can be written as 

= 

s12 = 

s13 = 

s22 = 

s23 = 

and 

s33 

1 
E 

x 

\lxy 
E 

x 

~XY1X 
E 

x 

1 
E 

Y 

'I1xy 2 Y 
E 

Y 

1 
G 
xy 

Elastic Compliances in Terms of Three Moduli of Elasticity and Three 
Poisson's Ratios 

(3.17) 

Another approach has been worked out to compute the six elastic compli

ances. In it the compliances are functions of three moduli of elasticity in 

any three directions a, b, and c , as shown in Fig 5(a), and the three 

Poisson's ratios related to these directions. Angle 9
1 

between directions 

a and b ,angle 92 between directions a and c and angle 93 between 

directions band c can have any value except 0 and 180 degrees. For con

venience, directions x and a are taken as the same but, in general, the 



e 

a 

apl 

o ----ct. a 

Corresponding Strains: 'a' , • Y 
ap ap 

Correspond Ing Strains: , I' ,Y 
c cp cp 

Correspond ing Strains: 

CT. = CTai + CT.2 + CT.3 

CT, = 0 t CT,2 + CT,3 

T., = 0 + 1i,2 + 1i,3 

(a) 

( b) 

= 

(e) 

= 

( d) 

'. ' .,. >;, 

• = • ••• + '.2+ ·.3 . : , .,.+ ·,2+ ·,3 

>:, = >:,. + >:,2 + r,3 
(e) 

'L 
o It 

--0--CT.. . CT •• 

Corresponding Strains: '. I' ,Y 
I ,. ." 

Correspondinc;l Strains: •• 2' ~Z' ~'2 

. --
1",.3 I 

tCT,3 
Corresponding Strains: 

to: ---,. 

• , Y .3' ,3' .,3 

7JOf~ ", . 

Fig 5. Stresses and corresponding strains for anisotropic 
plate elements in different directions. 
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angle between directions x and a need not be zero. This approach can be 

worked out as follows. 

Consider a small rectangular element as shown in Fig 5(b). If the only 

stress acting on this element is 0al and the corresponding strains are €a 

€ap , and Yap' where €a and €ap are strains in the a-direction and per

pendicular to the a-direction (or ap-direction) and Yap is shearing strain, 

then 

€ a 

€ ap 

Yap 

= 

= 

= 

°al 
E 

a 

vaaal 
E 

a 

~aaal 
E 

a 
(3.18) 

where Ea is the modulus of elasticity with respect to the a-direction; va 

is the Poisson's ratio which characterizes the decrease perpendicular to the 

a-direction (or ap-direction) for tension in the a-direction; and ~a is the 

coefficient of mutual influence of the first kind related to the a-direction. 

Now for the same state of stress, if the element is oriented with respect to 

the x and y-directions, as shown in Fig 5(b) (the x and a-directions are 

the same in this case), then 

a 

~~l 
E a 

(3.19) 
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and 

°x1 = °a1 

°y1 = 0 

,. = 0 xy1 
(3.20) 

where 
°x1 

and 
°y1 

are the normal stresses in the x and y-directions, 

respectively; "xy1 is the shearing stress; and are 

the corresponding strains. 

Now consider a small rectangular element as shown in Fig 5(c). If the 

only stress acting on this element is 0b2 and the corresponding strains are 

€b' €bp' and Ybp ' where €b and €bp are strains in the b-direction 

and perpendicular to the b-direction (or bp-direction) and Y
bp 

is the shear

ing strain, then 

Vb 0b2 
€bp = 

Eb 

llb °b2 
(3.21) Ybp == ---

Eb 

where Eb is the modulus of elasticity with respect to the b-direction; vb 

is the Poisson's ratio which characterizes the decrease perpendicular to the 

b-direction (or bp-direction) for tension in the b-direction; and llb is the 

coefficient of mutual influence of the first kind related to the b-direction. 

Now for the same state of stress, if the element is oriented with respect to 

the x and y-directions, as shown in Fig 5(c), then by using Mohr's circle 

or transformation relations it can be shown that 
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= 

2 2 °b2 
€y2 = (ml \/b 1,1 - llb1,l ml ) 

Eb 

[-2i,l ml - \/b2 1,l ml + 2 2 °b2 
Yxy2 = llb (1,1 ml )] E 

b 
(3.22 ) 

and 

2 
°x2 1,l ob2 

2 
°y2 ml ob2 

'T xy2 -1,lmlob2 (3.23) 

where 
°x2 

and 
°y2 

are the stresses in the x and y-directions, respec-

tively; 'T xy2 
is the shearing stress; €x2 , € y2 

, and Yxy2 
are the cor-

responding strains; 1,1 is cos 91 ; m
l 

is sin 91 ; and 91 is the angle 

between the a and b-directions. 

Finally, consider a small rectangular element as shown in Fig 5(d). If 

the only stress acting on this element is 0c3 and the corresponding strains 

are € , € ,and Y ,where € and € c cp cp c cp 
are strains in the c-direc-

tion and perpendicular to the c-direction (or cp-direction) and is the 

shearing strain, then 

€ cp 
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(3.24) 

where Ec is the modulus of elasticity with respect to the c-direction; Vc 

is the Poisson's ratio which characterizes the decrease perpendicular to the 

c-direction (or cp-direction) for tension in the c-direction; and ~c is the 

coefficient of mutual influence of the first kind related to the c-direction. 

Now for the same state of stress, if the element is oriented with respect to 

the x and y-directions, then by using Mohr's circle or transformation re

lations it can be shown that 

= 

= 

[-2Z2m2 - vc2Z2m2 + 
2 2 °c3 

Yxy3 = ~c (t2 - m )] 2 E 
c 

(3 .. 2 5) 

and 

°x3 
= Z2 

°c3 2 

2 
°y3 m2°c3 

T = - Z2 m2°c3 xy3 
(3.26) 

where 0x3 and 0y3 are stresses in the x and y-directions, respectively; 

is the shearing stress; ex3' ey3 ' and are corresponding 

strains; is cos is sin 92 ; and is the angle between the 

a and c-directions. 
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Now consider a case in which the above three sets of state of stresses 

act simultaneously. The method of superposition can be used in this case. 

Hence, as shown in Fig 5(e), if 

and 

O'x 

0' y 

T xy 

e x 

e y 

= 

= 

= 

= 

= 

= 

O'x1 + O'x2 + O'x3 

O'y1 + O'y2 + O'y3 

T 1 + ,. + 'f 3 xy xy2 xy 

then from Eqs 3.20, 3.23, and 3.26 

0' 
X 

Txy 

= 

= 

and from Eqs 3.19, 3.22, and 3.25 

1 
E 

a 

(3.27) 

(3.28) 

(3.29) 



Also €x €y' and Yxy can be related to o"x 

compliances from Eq 3.4 as follows: 

€ = s11 o"x + s 120"y + x 

€ = S 120"x + s220"y + 
Y 

Yxy 
= s 13O"x + s230"y + 

Substituting values of O"x' 

€ x 

€ 
Y 

= 

= 

S13'fxy 

S23Txy 

S33'fxy 

'f xy 

23 

(3.30) 

'f using xy 

(3.31) 

from Eq 3.29 into Eq 3.31 
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(3.32) 

Since Eqs 3.30 and 3.32 should be the same, the coefficients of 0al' 0b2' 

and 0c3 in both sets of equations should be equal. Comparison of the co-

efficients of 
°al ' 0b2 ,and 0c3 results in the following nine relations: 

= L 
E 

a 

Va 
= --

l1a 
s13 = E 

a 

E a 

1 
E 

c 

L 2 
= E (m2 

c 

(3.33 ) 

(3.34) 

(3.35) 

(3.36) 

(3.37) 

(3.38) 

(3.39) 
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(3.40) 

= 

(3.41) 

Solving the above nine relations for six elastic compliances sll' s12' 

s13' s22' s23' and s33 and three coefficients of mutual influence of 

the first kind ~a' ~b' and ~c in terms of three moduli of elasticity 

and three Poisson's ratios E , Eb , and E 
a c 

following results could be obtained: 

~b = 

+ 

+ 

(L l m2 + ml L2) (L l L2 - vaml m2) 

2L
l
m

l
L

2
m

2 

(ml L3 + Ll m3) (LlL3 - vbml m3) Ea 

2Ll ml L3;3 Eb 

(L2m3 - m2L3) (L2 L3 + v cm2m3) Ea 

2L2m2L3m3 Ec 

(L l m2 - ml L2) (Ll L2 + v aml m2) Eb 
2Ll ml L2m

2 E a 

(ml L3 - Ll m
3

) (Ll L3 + v
b
m

l
m

3
) 

2Ll ml L3m3 

(L
2
m

3 
- m2L

3
) (L

2
L

3 
+ vcm2m

3
) Eb 

2L
2
m

2
L

3
m

3 
E 

c 

the 

(3.42) 

(3.43) 
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(m1l 3 + llm3) (t 1l 3 
- 'Ybm1m3) E 

+ c 
2l1m1l 3m3 Eb 

+ 
(l2m3 + m2t 3 ) (-t 2t 3 + 'Y cm2m3) 

2l2m2l 3m3 
(3.44) 

(3.45) 

V 
a 

8 12 
= - -E 

(3.46) 
a 

(llm2 + m1l 2) 1 (.t1m2 + m1l 2) 'Y m
2 1 a 

813 = 2m1m2 E 2l1l2 E 2m1m3 Eb a a 

(3.47) 

(3.48) 

(llm2 + m1l 2) JL + (llm2 + ~.t2)(-2t1t2 + m1m2) Va 

2m1m2 Ea 2l1~l2m2 Ea 



27 

(3.49) 

.t3 1 1 2 2 2 2J " a 
8
33 = -- - + --- [-m m (.t.t - m m ) - .t lm2 - m1.t2 E ml m2 Ea .t1ml .t2m2 1 2 1 2 1 2 a 

.t2 1 1 2 2 2 2) "b 
---+ (ml m2.t

3 
+ .t l m2 ml .t2 Eb mlm3 Eb .t1ml .t3m3 

.tIll 2 2 2 2 " c +----+ (-ml m2.t3 + .t1~ - m
l
.t

2
) 

E (3.50) 
m2m3 Ec .t 2m2.t 3m3 c 

where .t3 is cos 63 ; m3 is sin 93 ; and 63 is the angle between the 

band c-directions. 

Equations 3.45 through 3.50 describe the relations in which the six elas

tic compliances are related to the three moduli of elasticity in any three 

directions a, b, and c and the three Poisson's ratios related to these 

directions. These relations are valid for any value of angles 61 , 62 , 

and 93 except 0 and 180 degrees. It might appear that the relations are 

not valid for 90 degrees but an additional relation between moduli of elas

ticity and Poisson's ratios exists at this angle. For example, if directions 

a and b are at 90 degrees to each other then 

"a 
E a 

= (3.51) 

Using this additional relation, compliances can still be computed in 

terms of E , 
a 

E , 
c 
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For the isotropic case Ea = Eb = Ec E and va = vb = Vc = v ; 

substituting these in Eqs 3.42 through 3.44 it can be seen that ~a = ~b = ~c 
= 0 , which is as it should be. 

Transformation Relation for Modulus of Elasticity 

Knowing the values of six elastic compliances, the transformation rela

tion for the modulus of elasticity can be worked out as follows. 
2 2 

Multiplying Eqs 3.34, 3.37, and 3.40 by t
l

, ml , and -tlml , respec-

tively, and adding the three resulting equations gives 

= 

(3.52) 

where tl is cos 8
1

; m
l 

is sin 8
1

; 8
1 

is the angle between the a 

and b-directions, as shown in Fig 5(a); and sll' s12' s13' s22' s23' 

and s33 are elastic compliances (as shown in Fig S(a), the x and a-direc

tions are the same). 

Now consider any direction b l such that the angle between a (or x) 

and b'-directions is 8' If E' is the modulus of elasticity with respect 
1 b 

to the b/-direction then from Eq 3.52 

where t l 

1 

1 
E1 

b 

is cos 8' and ml 

1 1 
is sin 8 1 

1 

(3.53) 

Equation 3.53 describes the transformation relation for the modulus of 

elasticity in any direction. Similar relations have been worked out by 

Lekhnitskii (Ref 17) using a different approach. 
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Transformation Relation for Poisson's Ratio 

Knowing the value of EI 
b 

(or modulus of elasticity with respect to the 

b I-direction), the Poisson's ratio related to the b/-direction can be worked 

out. Consider Eq 3.34 as 

2 2 1 (1,2 2 
(3.54) s 11 1,1 + s12m1 - s131,l m1 

= - 'Vb m1 + llb 1, 1 m1 ) Eb 1 

Substituting the value of llb from Eq 3.43 into Eq 3.54 and then following a 

procedure similar to that explained above for the transformation of the modulus 

of elasticity, the following relation could be written: 

where 

8 ' cos 1 
1, I is 

3 

2 £,'2 1, I 2m / 1,' 21,'1,' 
I 1 3 I 1 3 

E~s12 + 1 3 
E~s13 'Vb = I Ebs

11 m
1
m

2 
m

2 
m

2 

1,{ 1,;m; E' 1 I E' I I I ~ 
b 1,3 m3 'Va b 1,lm11,3 _ 

+ -+----
1 2 Ea 1,2m2 Ea 2 I E 

m
1
m

2 m
2

m
3 

c 

'V~ is the Poisson's ratio related to the h'-direction; 

is sin 8
1 

1 8' 1 
1 is sin m3 

is 

8 ' 3 

the 

8 1 

3 

angle between the a and 

is the angle between the 

1, 1 is 
1 

(3.55 ) 

b 1- direc tions ; 

b ' and 

c-directions; 1,2 

tween the a and 

is cos 82 m2 is sin 82 ; and 82 is the angle be-

c-directions. 

Elastic Stiffnesses for Anisotropic Thin Plate 

Knowing elastic compliances, the elastic stiffnesses can be computed 

using the following procedure. Consider strain-stress relations 

€ 
X 
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(3.56) 

The values of elastic compliances can be computed by either of the above pro

cedures or by some other means. Substituting these values of compliances in 

Eq 3.56 and solving for ax' a ,and 
y 

gives 

a 
x 

a y 

'T' xy 

c
ll 

c12 

c13 

c22 

c23 

c33 

= 

= 

= 

= 

= 

= 

= 

= 

c 13e x + c23ey + c33Yxy 

1 
(s22 s33 - s23s23) IOet I 

1 
(s23 s 13 - s12 s33) lnet I 

1 
(s12 s23 - s13 s22) Inet I 

1 
(s33 s 11 - s13 s13) IOet I 

1 
(s13 s12 - s23 8 11) IOet I 

1 
(sll s22 - s12 s 12) loet I 

as 

(3.57) 

(3.58) 
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where 

IDet I = 

(3.59) 

and where I I is used for the determinant. 

Equations 3.58 and 3.59 describe the relation~ between the elastic stiff

nesses and the elastic compliances in which the compliances may be computed 

by using either Eq 3.17 or Eqs 3.45 through 3.50 or some other means~ 

Summary 

The stiffnesses in Eq 3.58 could be related to three moduli of elasticity 

with respect to any three directions (a, b, and c) and three Poisson's 

ratios related to these directions through elastic compliances (Eqs 3.45 

through 3.50). The six elastic constants could be experimentally determined 

by testing three specimens from the plate in unidirectional tension. These 

three specimens could be taken either from the three required directions (a, 

b ,and c) or from any other three directions. The measured moduli of elas

ticity and Poisson's ratios may be transformed to the required directions 

using Eqs 3.53 and 3.55. 

How elastic stiffnesses can be used in the moment-curvature relations 

for the discrete-element model of an anisotropic skew-plate and grid-beam 

system is shown in Chapter 4. 
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CHAPTER 4. STRESS-STRAIN RELATIONS FOR MODEL 

Introduction 

In this chapter, a small triangular element from an anisotropic plate is 

considered, and the conventional relations between the three normal stresses 

in any three directions and the corresponding three normal strains are worked 

out. 

Since the rigid bars in the model of the anisotropic skew plate do not 

transfer any twisting moments, stress-strain relations for the plate model 

are derived from a small triangular element of the plate. The plate is assumed 

to be made up of three layers of interconnected fibers running in the three 

directions. The three fiber stresses are related to. the three conventional 

normal strains for the stress-strain relations as derived for this element. 

This concept makes it clear what discretization choice is appropriate to de-

velop the bar and spring model. Integration of these relations results in 

moment-curvature relations for the anisotropic skew-plate model. 

Moment-curvature relations for grid-beam models are also derived. 

Conventional Stress-Strain Relations for Triangular Elements 

Consider a small rectangular differential element of a thin anisotropic 

plate. The stresses acting on this element are ax' a
y

, and Txy 

shown in Fig 6 where ax and cry are the normal stresses in the x 

as 

and y-

directions, respectively, and Txy is the shearing stress. The corresponding 

strains are € , € , and y • x y xy 
The anisotropic stress-strain relations for the rectangular element 

(Fig 6) may be written as 

a 
x = 

= 

33 



34 

y 

c 

o x a 

Thin Anisotropic Plate 

Corresponding Strains: 41'11' ",' 1a, CorrespondlnljJ Strains; c.' 41'", cc' 1., 1",1c 

Fig 6. Stresses and corresponding strains for a rec<angular 
element and equivalent triangular element for an 
anisotropic plate. . 
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= (4.1) 

where are elastic stiffnesses. 

Now consider a triangular differential element at the same location of 

the plate, as shown in Fig 6. The sides of this element are perpendicular to 

the a, b, and c-directions (a and x-directions are taken to be the same 

but, in general, are not necessarily the same). If the stresses acting on 

where 

b , and c-directions, re-

T Tb , and 
a 

are the shearing stresses related 

to these directions, and if € , are cor-
a €b 

€ a 
responding strains where 

relations may be written: 

= 

2 
91 +a a

b = ax cos 

2 
ac = ax cos 92 +a 

and 

€ = € a x 

2 
91 + €b = € cos € x 

2 + € = €x cos 92 € c 

y 

y 

Y 

y 

€b , and are normal strains and Ya ' 

Mohr's circle the following 

sin 
2 

9 - 2". sin 91 cos 91 1 xy 

.2 9 2'T' sin 92 cos 92 (4.2) S1n 2 xy 

.2
9 S1n 1 - Yxy sin 91 cos 91 

.2 9 S1n 2 - Yxy sin 92 cos 92 (4.3) 

Combining Eqs 4.1, 4.2, and 4.3, it is possible to develop the following 

anisotropic stress-strain relations in which the normal stresses in any three 

directions are related to the corresponding normal strains: 
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where 

p 
aa 

p 
ac 

(4.4) 
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P = c13mlm2m3 + c23~1~2m3 + c33m3(~lm2 + ml~2) ca 

Pcb -c23~2m2 -
2 = c

33
m

2 

P 2 = c23~lml + c33ml cc 
(4.5) 

and 

~l = cos 81 

~2 = cos 8
2 

~3 = cos 8
3 

m
l = sin 8

1 

m
2 = sin 82 

m3 = sin 83 
(4.6) 

Stress-Strain Relations for Fiber Continuum 

As explained in Chapter 2, the discrete-element model for the anisotropic 

skew plate consists of elastic joints connected by means of rigid bars running 

in any three directions (Fig 2). The rigid bars transfer bending moments from 

one elastic joint to the other elastic joint. Hence, to derive the stress

strain relations for the plate model, the following procedure is adopted. 

It is assumed that the triangular element of Fig 6 is composed of three 

layers of infinitesimal fibers running in the a, b, and c-directions. 

These layers are so connected that the effect due to Poisson's ratio is trans

ferred from one layer to the other two layers. This can be visualized by 

considering three layers of closely-spaced straps running in the a, b, 

and c-directions and pinned at the points of intersection as shown in Fig 7. 
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Anisotropic Continuum Pinned - fiber Substitute 

Fig 7. Simulation of anisotropic continuum 
witil a fiber-element model. 

'\ 
T~ r c .. 

0'0 

~ L '. 
O'b 

Fig 8. Stresses for a continuum element 
and equivalent fiber element. 



Now if f 
a 

f are stresses in the fibers running in the 
c 
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a, b, and c-directions, respectively, as shown in Fig 8, then, by statics, 

the following relations may be written 

and 

0' a 

O'b 

O'c 

= 

= 

= 

f 2 cos 
a 

f 2 cos 
a 

81 + fb + fc 
2 

8
3 

cos 

82 + fb 
2 

83 + f cos c 

T = fb cos 81 
sin 81 + fc cos 82 a 

Tb = -f cos 81 
sin 81 + fc cos 83 a 

T = -f cos 82 
sin 82 - fb cos 83 c a 

Solving Eq 4.7 for f fb ' and f 
a c 

f 
1 

[(1 -
4 (1,21,2 2 = 1,3)O'a + 1,l)O'b a D 2 3 

fb 
1 [(1,21,2 2 + (1 -

4 = 1,l)O'a 1,2)0' b D 2 3 

sin 82 

sin 83 

sin 83 

(/1,2 2 
+ 1,2)O'c] 1 3 

(1,21,2 2 
+ 1,3)0' c] 1 2 

f 
1 [021,2 2 (1,21,2 2 + (1 -

4 = 1,2)O'a + 1,3)O'b 1,l)O'c] c D 1 3 1 2 

where D = 1 _ 1,4 
1 

_ 1,4 
2 

_ 1,4 + zi,21,21,2 
3 123 

and 1,1 , 1,2 ' and 1,3 

cos 82 ' and cos 83 
, respectively (Eq 4.6). 

(4.7) 

(4.8) 

(4.9) 

are cos 81 ' 
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Substituting the values of 0a ' 0b ' and 0c froffi Eq 4.4 into Eq 4.9, 

the following stress-strain relations for the fiber continuuffi, which relate 

the fiber stresses to the conventional strains, ffiay be obtained: 

where 

f 
a 

f = 
c 

= 

a12 = 

aU = 

+ 

1,2 ffi2 
2 

1,11,2 
- --c 

ffi1ffi3 12 
- -- c -

ffi1ffi3 13 2 c 22 

1,2(21,lffi2 + ffi11,2) 

2 
c

23 
-

ffi1ffi2ffi3 

1,1 ffi1 
--c +--c 
ffi2ffi3 12 ffi2ffi3 13 

1,1 (1,lffi2 + 2ffi11,2) 

2 
ffi1ffi2ffi3 

+ 

ffi1ffi2ffi3 

(1,lffi2 + ffi11,2) 

2 
ffi1ffi3 

2 
1,11,2 

2 c 22 
ffi1ffi2ffi3 

(1,lffi2 + ffi11,2) 

2 
ffi2 ffi3 

(4.10) 

c
33 
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i 21,
2
m

2 
2 

2 m
2 a22 

= --U c22 + 2 2 c
23 + 2'"2 c33 m1m

3 
m1m

3 
m1m3 

1,11,2 (..e1m2 + m11,2) 1 
a23 

= c
22 

- c 23 - 2 c33 2 2 
m1m2m

3 
m1m2m

3 m3 

1,2 U
1

m
1 

2 
1 m

1 a
33 = 22 c22 + 2 2 c

23 + 22 c33 (4.11) 
m

2
m

3 
m2m

3 
m

2
m

3 

and where c
11

, c
12

, c
13

, c
22

, c
23

, and c
33 

are elastic stiffnesses, 

the values of which could be obtained as explained in Chapter 3. 

The fiber continuum which is developed here could be made into a discrete

element tridirectiona1 model like that in Fig 2 for plane stress instead of 

bending. 

Moment-Curvature Relations for Fiber Continuum 

Consider a differential triangular element, as shown in Fig 9, under the 

action of fiber stresses f 
a fb ,and fc If the three-layer element 

considered is at a distance z from the neutral surface then, based on assump-

tions in Chapter 2, 

where 
02w 

€ 
a 

€ 
C 

2 ' oa 
respectively. 

= 

= 

= 

o2w 

2 ' and 
ob 

(4.12 ) 

are curvatures in the a , b , and c-directions, 
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t 
2 

t 
2 

i 

n 

Fig 9. Differential element from plate. 



If M 
a 

continuum and 

M 
a 
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Mb ' and Mc are bending moments per unit width in the plate 

::: 

t is the thickness of the plate, then, using Eqs 4.10 and 4.12, 

+!. 
2 

J 
t 

2 

+.t 
2 

zf dz 
a 

== 

t 

2 

222 

J ( ~+a dW+ dW) 2 aU 2 12 2 a13 -2 z dz 
da db dC 

t 

2 

(4.13) 

Deriving similar expressions for Mb 
following relations 

and M 
c 

and introducing the 

== 

B12 = a
12 

t
3 

IT 

B13 
t
3 

== a
13 12 

B22 
t

3 
= a

2212 

= 

:::; (4.14) 
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and 

DU = t 3 

C u 12 

Dl2 == 
t 3 

cl2 12 

Dl3 = t 3 

c13 12 

D22 
t
3 

= c22 12 

D23 
t
3 

= c23 12 

(4.15) 

it may be shown that 

(4.16 ) 
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where 

(1'1m2 + m11,2) 
D33 + 2 m

2
m

3 

1,2 
21,2m2 

2 
2 D23 

m
2 

B22 = 22 D22 + 2 2 + 22 D33 
m1m

3 
m

1
m

3 
m1m

3 

1,11,2 
D22 -

(1,1 m2 + m11,2) 
D23 -

1 
B23 

= 2"" D33 2 2 m
1
m2m

3 
m

1
m

2
m

3 m3 

i 21,1 m1 
2 

1 D
23 

m1 
B33 = 22 D22 + 2 2 + 22 D33 (4.17) 

m2m
3 

m2m
3 

m2m
3 
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Equations 4.16 and 4.17 describe the moment-curvature relations for the 

anisotropic skew plate continuum in which each moment is related to the three 

curvatures in the a, b, and c-directions. 

Moment-Curvature Relations for Grid-Beam Model 

As discussed in Chapter 2, the discrete-element model for a grid-beam 

running in a particular direction consists of elastic joints connected by 

means of rigid bars running in that direction (Fig 3). Also each grid-beam 

model is considered as a beam with deflection compatibility at the elastic 

joints. The procedure used to derive moment-curvature relations for each grid

beam model is the same as shown by Matlock (Ref 18) for the beam-column model. 

Hence the final results may be written as 

M 
a 

M 
c 

= 

= 

(4.18) 

where M a ~ , and M 
c 

are bending moments in grid-beams running in the 

a , b , and c-directions, respectively, and 

stiffnesses related to these directions. 

F , 
a 

F 
c 

are flexural 

It may be noted that if the plate stiffnesses D11 through D33 are 

computed in terms of three moduli of elasticity in any three directions and 

three Poisson's ratios related to these directions and if the three Poisson's 

ratios are set to zero, then the moment-curvature relations for the plate con

tinuum (Eq 4.16) do not reduce to the moment-curvature relations for the grid

beam model (Eq 4.18). 
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Alternate Approach to Compute Bll Through B33 

An alternate approach is developed to compute Bll through B33 (Eq 4.16) 

in which they are related to three moduli of elasticity with respect to three 

directions and three directional Poisson effects. The directional Poisson ef

fect characterizes the decrease in length in a particular direction for the 

tension in some other direction whereas the conventional Poisson's ratio char

acterizes the decrease in a particular direction for the tension in the direc

tion perpendicular to it. The alternate approach is as follows. 

Consider a small rectangular element, shown in Fig lO(b), with the only 

stress acting being aal (the x and a-directions are the same). For the 

same state of stress, if a triangular element is considered, shown in Fig lO(b), 

and if abl ' and ~l are the normal stresses in the a , b , and 

c-directions, respectively, and e
al

, e
bl

, and ecl are the corresponding 

normal strains, then 

= = 

~acaal 
(4.19) ecl = -~aceal = E a 

and 

aal = aal 

2 
a bl = tlaal 

2 (4.20) a cl = t 2a al 
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c b 

x o 
( 0 ) 

D 
Corresponding Normal Strains: 

( b) 

= 

Ie) 
Corresponding Normal Strains: EOZ' Eb2 1 EeZ 

= 

~l 

~r-:;, 
CTb3/ 

Corresponding Norma I Strains: t:
a3

, E
b3

, Ee3 

(d) 

CT = CT+CT+CT E = Eal + EaZ + Ea3 ~r~. a al lIZ a3 a 

a: = Obi + O'bz + 0'b3 Eb 
: 

Ebl + "t,2 + Eb3 b 

CTbl 

a;; : 0;, + o;z + 1{3 "c : Eel + "cz + Ee3 

(e) Corresponding Normal Strains: EOI "b l Ee 

Fig 10. Stresses and corresponding strains for anisotropic rectangular 
and triangular plate elements in different directions. 
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where Ea is the modulus of elasticity with respect to the a-direction, ~ab 

and" are the directional Poisson effects which characterize the decrease 
~ac 

in the band c-directions, respectively, for the tension in the a-direction, 

~l is cos 8
1 

' and 8
1 

is the angle between the a and b-directions. 

Now consider a small rectangular element, shown in Fig lO(c), with the 

only stress acting being cr
b2

. For the same state of stress, if a triangular 

element is considered~ shown in Fig lO(c), and if 0a2' 0b2' and 0c2 are 

the normal stresses in the a, b, and c-directions, respectively, and 

€a2' €b2' and €c2 are the corresponding normal strains, then 

= = 

= = 
~bccrb2 

€ 
c2 -~bc€b2 Eb 

(4.21) 

and 

2 
0 a2 = ~10b2 

0
b2 = 0 b2 

2 
°c2 = ~30b2 (4.22) 

where Eb is the modulus of elasticity with respect to the b-direction, ~ba 

and ~bc are the directional Poisson effects which characterize the decrease 

in the a and c-directions, respectively, for the tension in the b-direction, 

~3 is cos 8
3 

' and 8
3 

is the angle between the band c-directions. 

Finally, consider a small rectangular element, shown in Fig lO(d), and 

with the only stress acting being 0c3. For the same state of stress, if a 
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triangular element is considered, shown in Fig 10(d), and if 0
a3 

' 0
b3 

' 

and are the normal stresses and €b3 ' and are the corre-

sponding normal strains, then 

= = 

€b3 = 
!-Lcb0c3 

= -!-L cb€c3 E 
(4.23) 

c 

and 

2 
0 a3 

= 120 c3 

2 
0

b3 = 130 c3 

0c3 = 0 c3 (4.24) 

where E is the modulus of elasticity with respect to the c-direction, II. c ~ca 

and are the directional Poisson effects which characterize the decrease 

in the a and b-directions, respectively, for the tension in the c-direction, 

12 is cos 9
2 

' and 92 is the angle between the a and c-directions. 

Now consider a triangular element in which the above three sets of state 

of stresses act simultaneously, as shown in Fig 10(e). The method of super

position can be used. Hence, if 

° a = 

= 

° al + ° a2 + ° a3 



and 

then, 

and 

° c 

€ a 

€b 

€ c 

using 

° a 

°b 

° c 

€ 
a 

= ° c1 + ° c2 + ° c3 

= € a1 + € a2 + € a3 

= €b1 + €b2 + €b3 

= € c1 + € c2 + € c3 

Eqs 4.19 through 4.24, 

= 

= 

= 

= 

= 

2 2 
°a1 + ..e 1ob2 + ..e2oc3 

2 
..e1° a1 

2 
..e2° a1 

1 
E °a1 

a 

+ °b2 
2 + ..e3Oc3 

2 + ..e3Ob2 + °c3 
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(4.25) 

(4.26) 

(4.27) 

(4.28) 

Now if Eqs 4.1, 4.2, and 4.3 are combined so that the three normal 

strains € a 
are related to the three normal stresses ° a 
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° C 

E: 
C 

, which is the same as solving Eq 4.4 for three strains E:a 

, and if Eq 4.27 is substituted in these relations, then, by 

comparing coefficients of 0al' 0b2' and 0c3 of the resulting equation 

and Eq 4.28, the following relations could be obtained: 

= 

= 

i-Lab 
E 

a 

(4.29) 

Substituting Eq 4.29 into Eq 4.28 and solving for 0al ' 0b2' and 0c3 

and then substituting the relations of 0al' 0b2' and 0c3 into Eq 4.27, 

it is possible to develop the following anisotropic stress-strain relations, 

in which the normal stresses in any three directions are related to the cor

responding normal strains. 

[ (-
2 J} 2 

1 i-Lcb li-Lcai-Lcb 1 1,li-Lba 
° == 

IDetl 
-+ 

E2 +E""E+EE a E2 b c b c c c 

1,2 i ( i-Lcai-Lcb 
1,2 2 

i-Lba 2i-Lbai-Lcb 2i-Lca 
) €a + 

li-Lca 
+ 

EbEc + E E E2 E2 +E""E 
b c b c c c 

+ 
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1 
IDet I 

!-Lea ) 
+-E E e 

b e a 

(4.30) 
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where 

Inet I 
1 I-Lba I-Lca = - --E Eb E a c 

I-Lba 1 I-Lcb 
Eb Eb E c 

I-Lca I-Lcb 1 
(4.31) E E E c c c 

and where I I is used for the detenninant. 

Now substituting the values of (J , (Jb , and (J from Eq 4.30 into a c 
Eq 4.9, the following stress-strain relations for the fiber continuum may be 

obtained in which the fiber stresses are related to the conventional strains: 

l 
2 

I-Lba ) 1 I I-LCb+_l_) + ( 
I-Lcal-Lcb 

f = Inet I \ - € 
E2 +ET €b a E2 EbEc a b c 

c c 

+ ( 
I-Lbal-Lcb ~ca) 1 

EbEc + EbEc €c 

[ ( 2 

fb 
1 I-Lcal-Lcb I-Lba ) ( I-Lca 1) = Inet I +ET € + - E2 + ET €b E2 a 

b c a c 
c c 

+ ( 
I-Lbal-Lca I-Lcb ) 

ec ] EbEc +ET 
a c 

In!tl [ ( 
I-Lbal-Lcb I-Lca ) + ( 

I-Lbal-Lca I-Lcb ) f = +ET € +ET €b c EbEc a EbEc b c a c 

2 

ec 1 + ( - I-Lba + _1_) (4.32 ) 
E~ EaEb 



Solving Eq 4.32 for € €b ,and € simple relations are obtained 
a c 

between conventional strains and fiber stresses as follows: 

€ 
a = 

= 

1 
E 

a 
f 

a 

I-Lcb 
-f 
E c 

c 
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€ 
C 

= (4.33 ) 

It is interesting to note that the stress-strain relations of Eqs 4.32 

and 4.33, which are developed above for the anisotropic fiber continuum, are 

analogous to the conventional stress-strain relations of Eqs 3.56 and 3.57 

for a rectangular element of an anisotropic plate. For example, in the case 

T xy of a rectangular element, if the only stress acting is cr , then cr = x y 
= 0 • The same is true for a fiber continuum in which if the only fiber 

stress acting is fa' then fb = fc ~ o. Also, in the case of a rectangular 

element, the reciprocal relations exist for stiffnesses and compliances. 

Similar relations also exist for the fiber continuum in Eq 4.29. 

Integration of stress-strain relations in Eq 4.32 results in moment

curvature relations similar to Eq 4.16 in which 

= 

= 

= 

2 
1 t

3 
( I-Lcb + 1 ) 

/net / 12 - E2 EbE 

1 t
3 

( 
/net/ 12 

c c 

I-Lba ) 
+E"E 

b c 
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1 t
3 

( 
2 

B22 
!-L ca + _1_) = /Det I 12 - E2 E E a c c 

B23 
1 t

3 
( !-Lba!-Lca !-Lcb ) = IDet I 12 + E'""""E EbEc a c 

2 

B33 = 1 t
3 

( !-Lba + 1 ) (4.34) 
IDet / 12 - E~ EaEb 

where t is the thickness of the plate, and jDet j is defined in Eq 4.31-

Equation 4.34 describes the six bending stiffnesses for an anisotropic 

fiber continuum. The stiffnesses are related to three moduli of elasticity 

E , Eb , and E with respect to the a , b , and c-directions, and three a c 
directional Poisson effects !-Lba (or !-Lab) , !-L ca (or !-Lac) , and !-Lcb 
(or !-Lbc) . These six constants could be experimentally determined by testing 

three specimens from the plate in unidirectional tension. 

It may be observed that if in Eq 4.34 !-Lba = !-L ca = !-Lcb = 0 , then the 

moment-curvature relations of Eq 4.16 for the fiber continuum reduce to the 

moment-curvature relations of Eq 4.18 for the grid-beam. 

The relations between the directional Poisson effects and the conventional 

Poisson's ratios can also be established since 

£2 2 
+ Tlb£l ml -!-Lba = - \lbm1 1 

i 2 
+ Tlc£2m2 -!-L ca = - \I m 

2 c 2 

i 2 
-!-Lcb = - \I cm3 + Tlc£3m3 3 

Substitution of values of Tlb 

relations results in 

and 11 
c 

(4.35) 

from Eqs 3.43 and 3.44 into the above 



"1J. cb 

= m3(t1t 2 + vam1m2) Eb + m2(t1t 3 - vbm1m3) 

2t2m2 E a 2t3m3 

m1 (t 2t 3 + vcm2m3)t1m1 Eb 

2t2m2t 3m3 Ec 

= _ m3(t1t 2 + vam1m2) Ec + m2(t1t 3 - vbm1m3)t2m2 Ec 

2t1m1 Ea 2t1m1t 3m3 Eb 

m1(t2t 3 + vcIDzm3) 

2t3m3 

= _ m3(t1t 2 + vam1m2)t3m3 ~ + m2(t1t 3 - vbm1m
3) Ec 

U 1m1 t 2m2 Ea 2t1m1 Eb 

+ m1 (t2t 3 + vc
m

2m3) 

2t2m2 

For the isotropic case, Bll through B33 reduce as follows: 

Et3 (1 + 1.
2 2 - vm ) 

Bll = 3 3 
2 2 2 12(1 - v ) 2m1m2 

Et3 (-t - t2 t 3 + vm2m3) 
B12 = 1 

2 2 12 (1 - v ) 2m1m2m3 

B13 
Et3 (t2 + t1 t 3 + vm1m3) 

'= 
2 2 12(1 - v ) 2m1m2m

3 

57 

(4.36) 
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Et3 (1 + t 2 _ 2 
2 vm2) 

B22 = 
2 2 2 

12(1 - v ) 2m1m
3 

Et3 (-t - t1t2 + vm1m2) 
B

23 
3 = 2 2 

12(1 - v ) 2m1m
2
m

3 

(1 + t 2 _ 2 
EJ vm1) 

B33 
1 (4.37) = 

2 2 2 
12(1 - v ) 2m2m

3 

where E is the modulus of elasticity and v is the conventional Poisson's 

ratio. 

Summary 

Equations 4.16 and 4.17 give moment-curvature relations for an anisotropic 

skew plate continuum in which moments are per unit width. To get the concen

trated moments acting at a particular elastic joint in the corresponding 

discrete-element model, it is assumed that fibers running in a certain direc

tion a, b, or c and having a certain width, as shown in Fig 11, are col

lected and lumped along each line of the model. 

For a problem haVing only a grid, all the three grid-beams running in 

any three directions have deflection compatibility at the elastic joints. 

The effect of Poisson's ratio is not transferred from one grid-beam model to 

the other two grid-beam models. For the problem of an anisotropic plate plus 

grid-beams, the deflection compatibility is assumed at the elastic joints 

between the plate model and the three grid-beam models, and the effects due to 

Poisson's ratios are not transferred from plate model to any of the grid-beam 

models and vice versa. 



Fig 11. Plan of an anisotropic skew plate model showing the widths 
of fibers represented by each line of the model. 
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CHAPTER 5. FORMULATION OF STIFFNESS MATRIX 

Introduction 

In this chapter the equilibrium equation at Joint i, j is derived by con

sidering the free-body of the joint and the rigid bars of the discrete-element 

slab and grid system. The operator resulting from the equilibrium equation is 

discussed. To form the appropriate stiffness matrix the operator is applied 

at each joint of the discrete-element model. 

Free-Body Analysis 

Figure 12 shows the free-body of Joint i,j of the slab and grid system 

with all appropriate internal and external forces acting on it. Any of the 

forces shown in Fig 12 may be zero but is considered to be acting for gene

rality. The bars and joints are numbered as shown in Fig 13. For clarity, 

the following symbols are defined: 

i 

h a 

hb 

h c 

j 

I a 
M .• 

1.,J 

-a 
M .• 

1.,J 

Q. . 
1.,J 

= an integer used to index joints of the slab and grid system along 
the a-direction, 

= 

= 

= 

= 

the increment length along the a-direction, 

the increment length along the b-direction, 

the increment length along the c-direction, 

an integer used to index joints of the slab and grid system along 
the c-direction, 

= the concentrated bending moment in the a-direction at Joint i,j 
(equals M h sin 82) , a c 

= the beam bending moment in the a-direction at Joint i,j, 

= the externally applied load at Joint i,j, 

S. . = support spring value at Joint i, j , 
1.,J 
a T. 1 . = external couple in the a-direction applied at Joint i-l,j, 
1. - , J 
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v" . 
ol 

Fl~'.j dF---, -~ ~ 
Vi,l 

Fig 12. Free-body diagram of Joint i,j of an anisotropic 
skew slab and grid system model. 



c 

j+l- i, j+1 

j-I i, j-I 

_---h 
o 

i-I 

Fig 13. Plan view of skew slab and grid system model showing 
all parts with generalized numbering system. 

a 

c~ 
From Trianole PQR 

hI» h c 

T '\ 
: 

Sin 8
2 Sin 8. 

h., 
h c 

I ~ p,,\- Q a 

h ~ 
0 

Fig 14. Geometric relations. 

63 

i+1 



64 

a V. . = shear in slab Bar i,j running in the a-direction, 
1,J 

-a 
V. . = shear in grid beam Bar i,j running in the a-direction, 
1,J 

w .. = deflection at Joint i,j. 
1,J 

Summation of vertical forces at Joint i,j (Fig 12) with up taken as 

positive gives 

V~ V~ VC a b c +va + + - V'+l . - V i+1 ,j+1 - V. '+1 1,j 1,j 1,j 1 ,J 1,J 1,j 

+? +~ 
-a ':':b ':':C 

+ Q .• - V'+l . - Vi +1 ,j+1 - V. '+1 1,j 1,j 1 ,J 1,J 1,J 

1 a alb 
- S. . w. . + 2h (-T. 1 . + T. +1 .) + 2h (-T. 1 . 1 1,J 1,J 1- ,J 1 ,J 1- ,J-a b 

b ) 1 c c) 
+ Ti +1 ,j+1' + 2hc (-Ti ,j_1 + Ti ,j+1 = o (5.1) 

To eliminate shears from the above equation, the summation of moments 

about each individual bar is taken as follows: 

a 
-V .. h 

1,J a 

b 
-V .. hb 1,] 

c 
-V .. h 

1,J c 

~+1 .h 1 ,J a 

= 

= 

= 

a I a' 
M. 1 . - M .. l-,J 1,J 

b I b ' M. 1 . 1 - M. . 1- ,]- 1,J 

c ' c' 
M .. 1 - M .. 
1,]- 1,] 

= 

a' 
M'+l . 

1 , J 

b' b' 
Mi +1 ,j+1 - Mi,j 



and 

where 

where 

c 
V. '+lh l,J c 

-if.L jh 
l, a 

:-:b 
-V .• h

b l,] 

;:c 
-V. jh 

l, c 

::a 
V'+l .h 1 ,J a 

, 
c 

= Mi ,j+l 
c' 

M .• 
l,J 

= M':l·-i?-· l- ,J l,j 

~ = M. 1 . 1 l- ,j-

~ 
M .. 
l,J 

= ::-:c 
M .. 
l,] 

-a -a 
= M'+l . - M .. 

1 ,J l,] 

~ 
= Mi+l,j+l 

::-:c 
M .. 

l,J 

~ 
M. , 
l,j 

M' 
a ' M{, , and M~ are concentrated values of slab moments. 

M' = Mh sin 92 a a c 

~ = ~ha sin 91 

M' = Mh sin 92 c c a 

M ~ and M are moments per unit width of slab. ab ' c 
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(5.2) 

(5.3) 

Also 

(5.4) 

Eliminating shears from Eq 5.1 by using Eqs 5.2 and 5.3 and rearranging 

gives the following expression: 
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1 a' , , 1 b' b
' -h (M. 1 . - 2M~ . + M~+l .) + -h (Mi - 1 ,J'-1 - 2M .. a ~-,J ~,J ~,J b ~,J 

+h 
a 

(:-:a :-:a:-:a) + L (:-:b M. 1 . - 2M. . + M. +1' h M. 1 . 1 
~- ,J ~,J ~ ,J b ~- ,J-

1 a alb = Q • . + 2h ( - T . 1 . + T. +1 .) + 2h ( - T. 1 . 1 
~,J ~-,J ~,J ~- ,J-

a b 

(5.5) 

M' M.', M' M M. d M . f db' d i a' -0 c' a -0' an c express~ons are oun y ~ntro uc ng 

the finite-difference approximations for the second derivative of deflections 

into Eqs 4.16 and 4.18 and using Eq 5.4: 

a' 
M. 1 . 
~- ,J 

= 2w. 1 . + w. ,) 
~-,J ~,J 

12 
+ B. 1 .h sin 92 2 (w. 2 . 1 - 2w. 1 ' + w. '+1) 

~- ,J c ~- ,J- ~- ,J ~,J 
hb 

(5.6) 



I a 
M .. = 
1,] 

B11 h - a 1 < 2 + ) 
i,j c S1n 2 h2 Wi - 1 ,j - Wi,j wi +1 ,j 

I 

a 

+ B12 h sin a2.L2 'w - 2w + w ) 
i,j C hb \ i-1,j-1 i,j i+1,j+1 

+ B~~jhC sin a 2 ~2 (Wi ,j_1 - 2wi ,j + Wi ,j+1) 

C 

a 
Mi +1,j 11 h -a 1 " 2 ) = Bi +1 ,j C S1n 2:2 \wi,j - wi +1 ,j + wi +2 ,j 

h 
a 

B12 h - a 1 I. 2 ) 
+ i+1,j C S1n 2:2 \w i ,j_1 - wi +1 ,j + wi +2 ,j+1 

hb 
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(5.7) 

13 1 
+ Bi +1 ,jhc sin a 2 2" (Wi +1 ,j-1 -2Wi +1 ,j + wi +1 ,j+1) (5.8) 

h 
C 

B12 h i a 1 I.? 2 
i-1,j-1 a s n 1:2 ~i-2,j-1 - Wi - 1 ,j-1 

h 
a 

(5.9) 
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b ' 
M .. 
~,J 

= B1.2.h . 9 1 ( 2 + ) 
~,J a s~n 1 h 2 Wi _1 ,j - Wi,j wi +1 ,j 

a 

23 1 
+ B .. h sin 9 1 2 (w .. 1 - 2w .. + w. '+1) 

~,J a h ~,J- ~,J ~,J 

c 

b ' 
Mi +1 , j+1 = B12 h sin 8 1 ( 2 

H1, j+1 a 1 h2 wi, j+1 - wi+l, j+1 
a 

22 1 
+ wi +2 ,j+l) + Bi +1 ,j+1h a sin 8 1 h2 (wi,j - 2wi +1 ,j+1 

b 

+ ) + B23 h sin 8 1 (w 
wi +2 , j+2 i+l, j+1 a 1 h2 HI, j 

c 

I 
C 

M .. 1 
~, J- = 13 1 

B .. Ih sin 82 2 (w. 1 . 1 - 2w .. 1 
~,J- a h ~- ,J- ~,J-

a 

33 1 
+ wi +l,j) + Bi ,j_1h a sin 82 h2 (wi ,j_2 

c 

- 2w. . 1 + w. .) 
~,J- ~,J 

(5.10) 

(5.11) 

(5.12) 
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B13 h sin 8
2 

1-2 (w - 2w + w ) 
i,j a h i-1,j i,j i+1,j 

a 

+ B33 h sin 8
2 

1 (w - 2w + w ) 
i,j a h2 i,j-1 i,j i,j+1 

(5.13) 

c 

c' 
Hi ,j+1 := 

(5.14) 

~ a 1 
Mi - 1 ,j = Fi _1 ,j h2 (wi - 2 ,j - 2Wi _1 ,j + Wi,j) (5.15) 

a 

::-::a a 1 
Mi,j = Fi,j h2 (wi -1,j - 2wi ,j + wi +1 ,j) (5.16 ) 

a 

a 1 
= Fi +1 ,j h2 6vi ,j - 2wi +1 ,j + wi +2 ,j) (5.17) 

a 

i? 
i-1,j-1 (5.18) 

:-:b 
M •. 
1,] 

b 1 
'"' Fi,j h2 (wi - 1 ,j-1 - 2Wi ,j + wi +1 ,j+1) 

b 

(5.19) 
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::b 
Mi+l,j+l 

:-::c 
M. , 1 .,. 

1., J-

:-::c M, • 
1.,J = 

c 1 
Fi j 1 2 (wi '-2 - 2wi j-l + w, j) , - h,J , 1., 

c 

~,j+l = F~,j+l ~2 (wi,j - 2wi ,j+l + Wi ,j+2) 
c 

The terms defined by Eqs 5.6 through 5.23 are introduced in Eq 5.5. 

(5.20) 

(5.21) 

(5.22) 

(5.23) 

Collecting the terms, the final form of Eq 5.5 can be written as follows: 

". (5.24) 

where 

= i2 
i-l,j-l 



2 
ai . 

,J 

3 
a. j 1, 

1 
bi . 

,J 

b~ 1,j 

B23 ha sin 91 23 h a sin 92 = 2 + B .. 1 i-1,j-1 ~he 1,J- h2h b e 

33 ha sin 92 e 1 = Bi ,j-1 + F .. 1 
h3 1,]- h3 

e e 

12 h e sin 92 12 sin 91 = Bi _1,j + Bi - 1 ,j-1 
h h2 hahb 

a b 

13 
B. 1 . 

sin 92 _ 2B12 he sin 92 12 
- 2Bi _1 ,j_1 = 1- ,J hh i,j h h2 

a e a b 

22 ha sin 91 13 sin 92 
- 2B. . + B 1,J h3 i,j-1 h h 

b a e 

b 1 
- 2F. 1 . 1 3 

1- ,J - h 
b 

b 1 
2F .. -3 

1,J h 
b 
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(5.25) 

sin 9
1 

hahb 
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2 
e .. 1.,j 

3 
e. 1.,j 

= 

= 

B13 
i+1,j 

sin 92 13 
h h + B .. 1 

sin 9
2 

h h 

11 
-2B i _1 ,j 

a e 1.,j- a e 

he sin 92 12 
-2B. 1 . 1. - , j 

h sin 9 sin 92 13 
2B i _1 ,j h h 

a e 

2B1.1. e 2 23 ---"'--3-....=.. + B. 1 . 1 1.,j h 1.- ,j-

12 
2B .. 1.,j 

a 
- 2F. 1 . 1. - , j 

1 

h3 
a 

2B
13 
i,j 

1 2F~ 1.,j 
h3 

a 

a 

sin 92 23 
h h + Bi ,j+1 

a e 

11 h sin 92 11 
h sin 92 + 4B12. e e 

= B. 1 . + 4B .. 
h3 h3 i,j 1. - , j 1.,j 

a a 

13 sin 92 11 
+ 4B. . h h + B'+l . 1.,j 1. ,j 

a e 

12 sin 91 22 
h sin 91 + 4B23 . 

h sin 
a a 

+ 4B .. 
hahb 

+ 4B. j 
h3 h h2 1.,j 1., i,j 

b b e 

22 
h sin 91 33 

h sin 92 13 a a 
+ Bi +1 ,j+1 

h3 + Bi ,j_1 
h3 + 4B .. 1.,j 

b e 

(5.26) 

h sin 92 e 

h h2 
a b 

91 

sin 92 
h h 

a e 
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h sin 9 h sin 9 h sin 9 
+ 4B23 a 2 + 4B~3. a 2 + B3i3,j+1 a 2 

i,j h2h 1,J h3 h3 
bee c 

a 1 a 1- + Fa + s. . + F. 1 ' -3 + 4F. . 3 i 1 . 3 1,J l-,J h 1,J h + ,J h 
a a a 

b 1 b 1 b 1 C 
+ Fi - 1 ,j-1 h3 + 4Fi ,j h3 + Fi +1 ,j+1 h3 + Fi ,j_1 h3 

b b b C 

4 _2B:1. 
h sin 9

2 11 h sin 9
2 C C 

c. j = 2B'+1 ' 1, 1,J h3 1 ,J h3 
a a 

12 h sin 9
2 13 

sin 9
2 2B:2. 

sin 9
1 C 

2B'+1 ' 
h h2 2Bi +1 ,j h h hahb 1 ,J 1,] 

a b a C 

23 
h a sin 91 23 ha sin 92 _ 2B:3. 

sin 9
2 

+ Bi +1 ,j+1 
h h

2 + Bi ,j_1 
h2h 1,J h h 

b C b C a C 

a 1 a 1 
- 2F i ,j - - 2Fi +1 ,j 

h3 h3 
a a 

5 11 
h sin 92 1 C a 

(5.27) Ci,j = Bi+1,j + F'+1 . 
h3 1 ,J h3 

a a 
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2 
d i ' 

,] 

3 
d, j 1., 

d~ 1.,j 

5 
d, , 

1.,] 

13 sin 9
2 13 sin 92 = Bi _1 ,j + B, '+1 h h 1.,] h h 

a c a c 

12 h sin 92 2B13 , 
sin 92 23 h c = B, 1 ' 2Bi ,j 1.- ,] h h

2 i,] h h 
a b a c 

12 sin 91 2B~3 , 
h sin 9

2 13 a 
+ Bi+1 ,j+1 hahb h3 2B, '+1 1.,] 1.,] 

c 

23 
h sin 92 33 h sin 92 a a 

2B, '+1 
h2h 

2Bi ,j+1 
h3 1.,] 

b c c 

- 2F~ 1 c 1 

h3 2F, '+1 
h3 1.,j 1.,] 

C c 

_2B12 h c sin 92 13 
sin 92 22 = + B'+l ' 2B, , i,j h h2 1. ,] h h 1.,] 

a b a c 

12 sin 91 22 h sin 91 a 
2Bi +1 , j+1 hahb 2Bi+1 ,j+1 

h3 
b 

23 
h sin 91 2B23 

h sin 92 a a 
2Bi +1 , j+1 

h h2 i,j h2h 
b c b c 

13 sin 92 b 1 b 1 
+ Bi ,j+1 h h - 2F i ,j "'3 - 2Fi +1 ,j+1 3 

a c h h 
b b 

h sin 9 sin 9
1 12 c 2 12 

: Bi +1 ,j h h2 + Bi +1 ,j+1 hahb 
a b 

a sin 91 

h h2 
b c 

sin 9
2 

h h 
a c 

h sin 91 a 

h3 
b 

(5.28) 



3 
e, j = 

1., 

4 
e i ' = ,J 

5 
e i ' = 

,J 

f i ' = 
,J 

Also, from Fig 14, 

= 

Operator 

33 
h 

a 
Bi , j+l 

23 
Bi +l '+1 ,J 

B22 
i+l,j+l 

1 
Q, , + 2h 1.,J 

h 
c 

h 

h 

a 
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sin 92 1 c 
+ F, '+1 

h3 1.,J h3 
c c 

sin 91 23 
h sin 92 a a + B, '+1 

h h2 1.,J h2h b c b c 

sin 91 b 1 a 
+ F i+l ,j+l 

h3 h3 
b b 

(5.29) 

a a 1 b 
(-Ti_l,j + Ti+l,j) + 2h (-Ti-l,j-l 

b 

(5.30) 

(5.31) 

The equilibrium equation (Eq 5.24) can be visualized as an operator. It 

has 19 points as shown in Figs l5(c) and l5(d), and is first applied to the 

bottom row of joints from left to right (Figs l5(a) and l5(b», then to the 

second row, and so on, moving upward. It is interesting to note that Fig l5(b), 

which is a mirror image of Fig l5(a), does not form the same equilibrium equa

tions as Fig l5(a). This is due to the lopsided operator. This means that 

the two problems (Figs l5(a) and l5(b» would not give exactly the same re

sults. It has been observed that the difference between th€se solutions is 

about 1 percent in maximum deflection for a 20-by-20 increment solution. This 

difference reduces as the number of increments is increased. 



76 

a a 

(a) ( b) 

( c ) (d) 

Fig 15. Discrete-element models and their operators. 
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Stiffness Matrix 

Equations 5.24 through 5.30 describe the equilibrium equation at Joint i,j 

of the discrete-element model. Similar equations are written at each joint of 

the model, as explained above, to form the stiffness matrix. 

In the matrix form, Eq 5.24 may be represented as 

= (5.32) 

The form of matrices [ KJ , {w} , and { f} is shown in Fig 16. The stiff-

ness matrix [ KJ is symmetrical about its major diagonal and is also banded. 

The central band is five terms wide. The bands on either side of the central 

band are four terms wide and the two extreme bands are three terms wide. The 

stiffness matrix is partitioned as shown by the dashed line in Fig 16. If 

the skew slab and grid system to be solved is divided into m increments in 

the a-direction and n increments in the c-direction, then the stiffness ma

trix will have n+3 rows and n+3 columns of submatrices. Each submatrix 

will have m+3 rows and m+3 columns of terms. Because the recursion pro

cess is used to solve Eq 5.24, it is more efficient if m is smaller than n • 

Summary 

The stiffness matrix for the slab and grid system is obtained by writing 

equations of statics at each joint. The stiffness matrix is symmetric about 

its major diagonal. Advantage of this symmetry is taken in the solution of 

equations. 
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+ 
c: 

GENERAL SLAB EQUATION: 

4 
+ b'l W'tl ' I I, I .. -

234 
+ d i,i Wi-I,itl + di,i Wi,)tl t d i, j Witl • itl 

= 

OR IN MATRIX FORM: 

• -; -: - - - - i;-. 7' - - - - r.'" :- - - - - t- - - - - - ,- - - - - - ., - - - - - - r - - - - -.... ,.... .." , ' , 
• •••• I •••• , •• '.' , I I 

• •••• I':: : • , ':., I , ' I 
-I ..... I .... 1 •• " , ' 

..... , .... , ''', I I ..... ". ~ •• ', 1 
• : :.1 '::1 . : 1 I , 

-------~-------I- - -- - - - -- ---I- - - ---t- --- _.....1_ - ----.. I:::. I:::' ,.:=., I 'I I..... ...., , , 
,..... 1 .... , I o , ..... 1 •••• 1 ... I I I 

.... , ..... I ... 1 1 1 
.... ..... • •• ', ,,'1 
.. ::1 ':~:I .:;. ':1 1 , ----..1.-1------1--- ---.,---- --t------l--- --~------· ". .., ,... .,. , 

I'" ,.... .... 1 .;:. 1 I 

I'::::. I'::::. i .... 1 ..., I 
. . . I I. . . . . I • • . . I •. ' I I 

":. I ':::.1 '::::.1 ':::.1 '::.1 I 
.. : : .1 . :: :1 . :::1 ' : : 1 . :' I 

-- - - - -1-.-- - ---10-.--- - -'~.'7 -- - -,~. -:- - --r.~. -- -- ~ ---- --
I::. I:::. I::::. I':::. I'" I 
, '::. ' •••• I I... • 1 1 
1 •••• 1 .... I ... , 

I a'::· lb':: : • Ie' : : : : ., d' : : : .1 e' ; : ·1 
, 1 .: : . ). : ::1 i . : :: I j ' : : I I' ; I ---- - -+-- -- - __ :1.._ - -- - -l-:-.--- - -+.-;-:-- - --,~-;- - --1-;-;0----, I" I .. ' I· .. • I··.. I ... 
1 ,'::. ,':::. ,'::::. I':::. : .. , 

n-I 1 1 .. ' I'::: . 1 .. '" 1 • : : :., •.• 
1 1 ... 1 ':::.1 '::::1 .:::' '::' 
, I •• ' 1 .... ' ... :r ... ~ .' 

- - - - - -I - - - - - -,- - - - • ...:,; 1;- - - - '-! !i.-: - - - ..:.' -=t ~ ... - -..: ~.-;;- - - - • 
i = 1 i 1 : : . I: : : . 1 :: :: . I' : : : . 

I I I .. ' 1 1 I .... 
n -I ... mt 1 , I • : • • I I , 

I I I' : :. I • : :',. t • : : : :.1 " .. 
mt 3 --' I ,. : .' • I • : ;:' • : ::1 • : : -----+--·"1-'1- ---- ~-----I .. ---- 1-0.----1'.';'.----

I 'j" I I::. I:::. I::::. 
1 I ~ 1 I I.. • I • :::. I ..... 

ntl ''', + 1 I I '::. 1 • ,.' : 
1'- _ Ell ,..., , •• , I ••••• 
lEt ' 1 I ':' .. , ':::.1 .:::. ______ 1 ___ , ___ , _____ .J ______ I ____ • ..!.:.L ____ ':"'L ___ ~" 

It2 

I.. n+3 .. 1 

Fig 16. Form of the equations showing partitioned stiffness matrix. 



CHAPTER 6. SOLUTION OF EQUATIONS 

Introduction 

The equilibrium equation is applied at each joint of the discrete-element 

model and resulting equations are arranged and partitioned. A recursion

inversion solution procedure is employed to solve the equations. A brief re

view of this procedure is made in this chapter. It has been shown that 

multiple load analysis can be handled efficiently also. 

Arrangement of Equations 

The problem to be solved, which may be an anisotropic skew plate, a skew 

grid, or a combination of both, should be divided into a skew grid work. If 

the number of increments is m in the a-direction and n in the c-direction 

then the number of joints becomes m+l and n+l in the a and c-directions, 

respectively. The equilibrium equation is written for each joint, including a 

fictitious joint, all around the actual problem, which makes the total number 

of equations to be solved (m + 3) X (n + 3) • 

The equations are arranged and partitioned as shown in Fig 16. Fig 17 

shows the banding of different submatrices at a jth horizontal partition. 

Recursion-Inversion Solution Procedure 

Matlock (Ref 18) described the recursion technique for the solution of 

equations for a beam-column. Stelzer (Ref 38) and Panak and Matlock (Ref 31) 

have used this technique to solve equations for the rectangular plate problems. 

In the recursion procedure, a solution of the following form is assumed: 

(6.1) 

At the jth horizontal partition (Fig 16) the equation may be written 

in the form 
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C. = 
J 

e
J 

= 

~,j 
2 

°O,J 

I 
°l,j 

3 
e_l,j 

3 
°O,j 

2 
a . 

1,1 

4 
e_l,j 

3 
eO,j 

3 
°l,j 

I 2 3 
a .. o. a .. 

Itl 1,1 I,) 

. I . 2 . 3 

°m_l,j am_I, j °m_l,j 

I 2 3 
a . a . a . 
mil mil m,J 

I 2 3 
0m+l,j0m+l,j °m'l,j 

. . . . 
I 2 3 4 5 

<:"'-I,j <;;;-I,j <;;'-1, j <);,-1, j ~-I,j 

cl c2 c3 c4 
~,j "',j m,i m,i 

dm>"j C;'I,j C!ol,j 

5 
e_l,j 

4 
eO,j 

5 
eO,j 

3 e4 . e? el,j 1,1 ,I 

3 e~. e5 . e;,j I,] I,] 

.; . ~ .; 
m-I,j em-I,j m-~j 

;. e4 
m,j m,i 

e
3 
mti,j 

b. = 
J 

d. = 
1 

w. = 
1 

~I,j 
2 bo . ,J 
I 

bl,j 

3 
d_l,j 

d2 
O,j 

I 
dl,j 

W_I,j 

WO,j 

WI,j 

w .. 
'.1 

Wm_l,j 

W m.i 

wm+l,j 

Fig 17. Banding of submatrices. 
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(6.2) 

Substitution of equations similar to Eq 6.1 into Eq 6.2 to eliminate 

{Wj _2} and {Wj _l} gives 

{ Aj} = [Dj] [[Ej] h-J + [aJ hJ -{fj } ] 

[ Bj ] = [ 1 [ ,. 1 [ l r 1] 
DjJ LEjJ Cj_1J + LdjJ 

[ Cj ] = [Dj] [ejJ ( 6.3) 

where 

[ Dj ] = - [[aj] h-J + [EjJ[Bj_1] + [cJ r 
[Ej] = [ajJ [Bj _2] + [bj ] ( 6.4) 

Endres and Matlock (Ref 8) modified Eq 6.3 in order to make the solution 

procedure more efficient. The final form of equations for the solution of a 

symmetric stiffness matrix is 

{ Aj} = [Dj] [[ Ej] h-l} + L ej_S h-2} - {fj} ] 

[Bj] = [D j] [Ej+1J

t 

[ Cj ] = [DjJ [e j ] ( 6 .5) 
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where 

ID.-'J = 
L. J 

(6.6) 

and t stands for transpose of matrix. 

Solution of Deflections 

In the forward pass of the recursion procedure, 

are formed with the help of Eqs 6.5 and 6.6. On the reverse pass, deflections 

{w
j
} are computed using Eq 6.1. 

Multiple-Loading Technique 

This technique was discussed by Panak and Matlock (Ref 31). 

For a multiple-loading solution, instead of re-so1ving the problem for 

each loading condition, the recursion coefficient vector {A
j
} in Eq 6.5 is 

modified for successive loadings and the other coefficients are retained on 

tape storage. 

Surmnary 

The recursion technique is advantageous in multiple-load analysis. The 

boundaries of the real problem are automatically taken care of due to the 

model. 



CHAPTER 7. DESCRIPTION OF PROGRAM SLAB 44 

Introduction 

SLAB 44 is a computer program written to apply the discrete-element 

formulation of an anisotropic skew-plate and grid-beam system in which the 

grid-beams may run in any three directions. The number 44 simply means that 

this is the 44th significantly distinct program in the chronological sequence 

of development of various slab and grid programs. The program solves linear 

problems. In this chapter, Program SLAB 44 is discussed and the procedure 

for data input is explained. The error messages and other output information 

are also discussed. 

The FORTRAN Program 

The SLAB 44 computer program is written in FORTRAN and for the CDC 6600 

computer. The program could be modified to make it compatible with IBM 360 

computers, UNIVAC 1108 systems, or other computers. 

A summary flow chart for the SLAB 44 program is given in Fig 18. A gen

eral flow diagram of the program is given in Appendix 2. A list of the vari

ables used with their definitions is given in Appendix 3. A complete listing 

of the program is shown in Appendix 4. 

Time and Storage Reguirements 

The compile time for the program is about 21 seconds on the CDC 6600 com

puter. The time required to run problems varies with the number of increments 

involved. On the CDC 6600, a ten-by-ten increment problem can be solved in 

about seven seconds, while a 20-by-20 increment problem can be solved in about 

23 seconds, and a 40-by-40 increment problem can be solved in about 70 seconds. 

The storage requirements are variable, depending upon the size of the 

problem to be run. 
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,--
I 
I 
I 
I 
I 
I 

• I 
I 
I 
I 
I 
I 

READ and echo PRINT all input data cards 

CALL DATA2 - Retrieve data from card images 

Generate necessary stiffness and load data 
Pack all stiffness submatrices as required 
for solution process 

Solve for recursion 
coefficients using 
offspring efficiency 

A--All problems 

'--------

B,C--Normal or Parent problems 

D,E--Parent problems 

D,E--Offspring problems 

r- - - DO in reverse for each J level 
I 
I 
• I 
I 

rS=-o--:l:-v-e-f=-o-r-d:-e-Lf:::l:-e-c-:t-:i:-o-n-s"'''''-- CD 
o 

'----- ---

,--
I 

I 
I 
t 

CALL DATA2 - Retrieve data 
from card images 

CD ® and Q) are 
auxillary storage units 

I 
I 
I 

Compute moments, reactions and PRINT 

'---------
RETURN for new problem 

Fig 18. Summary flow chart for program SLAB 44. 
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Procedure for Data Input 

A guide for data input in included in Appendix 1. The guide is designed 

so that additional copies may be made and used for routine reference. A par

allel study of the guide will help to understand the following discussion. 

Any number of problems may be run at the same time. A problem series is 

preceded by two cards which describe the run. The first card of each prob

lem contains the program number and a brief description of the problem. The 

problem series terminates when a blank problem number is encountered. 

Tables of Data Input 

Table 1 is comprised of a single data card that includes options to hold 

data from a preceding problem, a count of cards added to each table in the 

current problem, multiple load option, print option, reaction output option, 

and stiffness input option. 

The multiple load option in Table 1 is exercised for problem series in 

which only the load pattern and placement will vary and stiffness properties 

remain constant. The first problem in the loading series is the "parent" 

problem. Each successive loading is an "offspring" problem. The option is 

left blank for a normal problem. 

The print option in Table 1 may be exercised to print bending moments in 

the a, b, and c-directions. The option is left blank to print bending 

moments in the x and y-directions and t\visting moments (the x and a-direc

tions are the same). In either case, the largest principal moments are com

puted and printed. 

The reaction output option in Table 1 may be exercised to print a statics 

check for each joint, i.e., the summation of all shears, loads, and restraint 

reactions. The restraint reactions due to spring supports are printed if the 

option is left blank. In either case, the summation of support spring reac

tions and the maximum statics check error, with coordinates, are computed and 

printed at the end of the problem. 

The stiffness input option in Table 1 may be exercised to input slab 

stiffnesses related to the three directions a b ,and c. The option is 

left blank to input slab stiffnesses related to the orthogonal directions 

x and y. 
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Table 2 is comprised of a single data card that includes number of 

increments in the a and c-directions, increment length in the a and 

c-directions, and the angle between the a and c-direction in degrees (Fig 13). 

For Table 2 a choice must be made between holding all the data from the pre

ceding problem and entering entirely new data. 

Table 3 is comprised of plate or slab bending stiffnesses. If the input 

value of stiffnesses is related to the orthogonal directions (D
11 

through 

D
33

), then for isotropic and orthotropic plates and stiffnesses may be com

puted either as shown in the guide for data input in Appendix 1 or by some 

other procedure. For the anisotropic case the stiffnesses may be computed 

by using either three moduli of elasticity in any three directions and three 

Poisson's ratios related to the same three directions or another set of six 

constants, as explained in Chapters 3 and 4. Any other procedure may be used 

to find bending stiffnesses for an anisotropic plate. If the input value of 

stiffnesses is related to the directions a, b, and c (B 11 through B
33

), 

then it could be computed either in terms of stiffnesses related to the or

thogonal directions (D11 through D
33

) or in terms of three moduli of elas

ticity in any three directions and three directional Poisson effects, as ex

plained in Chapter 4. 

Table 4 is comprised of beam stiffnesses, loads, and support springs. 

Concentrated stiffness values for beams running in the a b, and c-direc-

tions may be input. Load and support spring values for any joint are deter

mined by multiplying the unit load or unit support values by the appropriate 

area of the real slab or plate assigned to that joint. Hinged supports are 

provided by using large spring values. Loads and stiffnesses that occur be

tween joints may be fractionally proportioned to the adjacent joints. 

Table 5 is comprised of external couples in the a , b, and c-direc

tions. Concentrated values of couples may be input at joints. 

In Tables 3, 4, and 5 all the data are described with a and c station 

numbers. To distribute data over an area, the lower left-hand and upper right

hand coordinates must be specified. To specify data at a single location, the 

same coordinates must be specified in both the "From" and "Through" coordin

ates. The "Through" coordinates must always be equal to or numerically greater 

than the '~rom" coordinates. All the data in Tables 3, 4, and 5 are alge

braically accumulated and therefore values may be added or subtracted. 
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Error Messages 

All input data are checked for possible errors. If any data errors are 

encountered, the problem is terminated and messages showing the number of data 

errors in each table and total data errors in the problem are printed. Typi

cal input data errors are (1) misusing the multiple load option, such as an 

offspring problem following a normal problem; (2) having the number of incre

ments in the a-direction greater than in the c-direction; (3) specifying a 

negative or zero increment length; (4) having the "Through" coordinates less 

than "From" coordinates; and (5) specifying data outside the limits of the 

slab and grid system. 

In addition to the above, a general purpose error message "UNDESIGNATED 

ERROR STOP" is provided for a number of un like ly error s. 

Computed Results 

The output is arranged so that the input quantities of Tables 1 through 

5 are printed with explanatory headings. The computed final results are 

printed in Table 6. The headings in Table 6 depend on the options used. This 

table is arranged to print the a and c-joint coordinates; the transverse 

deflection at each joint, ~vith up positive; the bending moments in the x 

and y-directions and twisting moment, or bending moments in the a b, and 

c-directions; the largest principal moment and its direction; and support reac

tion, or statics check at each joint. The summation of support reactions is 

computed and printed at the end of Table 6. Also, a statics check is made at 

each joint and the maximum statics check error is printed at the end of Table 6. 

The interpretation of moments computed at the edge of a slab and grid

beam system needs some explanation. For example, for a simply supported, uni

formly loaded, square plate, the moments at the edge, and in the direction 

perpendicular to the simple support, should be zero. With Program SLAB 44, 

these moments cannot be computed and printed as zeros, because in this pro

gram one fictitious joint all around the actual problem is considered and the 

moment at any boundary joint is computed in terms of three curvatures in the 

three directions. For the moment to be zero, either the three curvatures or 

all of the stiffnesses at the joint have to be zero. The moment could also 

be zero if its value in Eq 4.16 is zero. The moments at the fictitious jOints 

would be computed as zero but at the actual boundary they might have some value. 
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Summary 

SLAB 44 provides a solution for an anisotropic skew-plate and grid-beam 

system. The solution process used to solve the stiffness equations makes the 

program very efficient. To solve a particular problem, usually 15 to 20 in

crements in the a and c-directions are enough, although the number of incre

ments depends upon the size of the real problem, accuracy required, and varia

tion in parameters. 



CHAPTER 8. EXAMPLE PROBLEMS AND COMPARISONS 

Introduction 

To verify the formulation of an anisotropic skew-plate and grid system 

with the discrete-element approach, several example problems were solved using 

Program SLAB 44. Since there are no closed-form mathematical solutions for 

the skew plates, the results could be compared only with the results from other 

approximate methods. In this chapter, seven problem series are presented. 

In the first six series the results from the discrete-element solution are 

compared with series, finite-element, conformal mapping, finite difference, 

electrical analogue, and experimental results. The constants, e.g., stiff

nesses and loads, used in each problem series are also given. In problem 

series 7, a brief sensitivity analysis is made for modeling of bending and 

torsional stiffnesses of a composite section of a single-span bridge. 

A listing of input data and output for a selected problem is included 

in Appendices 5 and 6. 

Problem Series 1. Simply Supported, Uniformly Loaded Rhombic Plates 

A series of simply supported, uniformly loaded, isotropic, rhombic plates 

was solved using the SLAB 44 program with 20-by-20 increments. The results 

for the maximum deflections, maximum principal moments, and minimum principal 

moments are compared with the series solution by Morley (Ref 24), whose re

sults are most extensive and have been used as a basis for comparison by sev

eral investigators, including Gustafson, and the finite-element solution by 

Gustafson (Ref 10) (Fig 19). For 9
2 

= 900 
, or 0

0 
skew, the results are com

pared with the exact solution by Timoshenko (Ref 40). Figure 19 shows these 

comparisons. The overall differences between Morley's and SLAB 44 results are 

4.1 percent in maximum deflection at 9 = 50
0 

, or 40
0 

skew; 9.4 percent in 
2 

. .. 1 92 -- 300 
, or maxunum pr1nc1pa moment at 60

0 
skew; and 5.8 percent in mini-

mum principal moment at 92 = 50
0 

, or 40
0 

skew. At 9 900 
0

0 k 2 = ,or sew, 

the differences between the exact solution (Ref 40) and SLAB 44 results are 
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Angle 

8
2 

9(fJ 

85° 

80° 

6(fJ 

50° 

40° 

30° 

Simply supported, uniformly loaded, 

isotropic, rhombic plate 

0 I 
M W"'DI x 

q 04 10-3 "'GI X q 0210-2 
0 a 

Ref 40 Ref 24 Ref 10 SLAB 44 Ref4(J Ref 24 Ret 10 
Exact 16 x 16 20 x 20 Exact. 16 x 16 

4.06 - - 4.10 4.79 - -
- 4.01 - 4.06 - 486 

- 3.87 - 3.92 - 486 -
- 2.56 2.59 2.65 - 4.25 4.26 

- 1.72 1.69 1.79 - 3.62 3.55 

- 0.958 - 0.996 - 2.81 -
- 00408 Q377 0.409 - 1.91 1.80 

a : 20 in. 
3 

Stiffness: D: E t : 1.6 x let Ib ill in 
12(1-,}) 

Poisson's Ratio; 1/: 0.3 

Load per Unit Areo ; qo = I xlc1lb/in~ 

M. I x 
qoi 10-2 "',n 

~ 4<1 RetiO Ret 24 Ref 10 SLAB 44 
20x 20 Exact. 16x 16 20 x 20 

4.83 4.79 - - 4.81 

4.90 - 4.66 - 470 

4.92 - 448 - 4.54 

4.41 - 6.33 ?.37 3.46 

3.83 - 2.58 2.51 2.73 

3.04 - 1.80 - 1.90 

2.09 - 1.08 0.96 1.09 

Ref 40 is exact solution by Timoshenko and Woinowsky-Krieger 

Ref 24 is series solution by Mor ley 

Ref 10 is finite-element solution by Gustafson and Wright 

Fig 19. Comparison of results for simply supported, 
uniformly loaded, isotropic, rhombic plates. 



1.0 percent in maximum deflection, 0.8 percent in maximum principal moment, 

and 0.4 percent in minimum principal moment. 

Problem Series 2. Simply Supported Rhombic Plates with Concentrated Load 
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Aggarwala (Ref 1) has used conformal mapping to obtain the central de

flection of the simply supported, centrally loaded, isotropic, rhombic plates. 

Twenty-by-twenty increment SLAB 44 solutions were made for different skew 

angles and the deflections at the centers of plates are compared with his re

sults (Fig 20). The difference between Aggarwala's results and those from 
o 0 

SLAB 44 at 92 = 50 , or 40 skew, is about 7 percent, which reduces to 

about 2.8 percent at 9
2 

= 900 
, or 00 skew. 

Problem Series 3, Simply Supported, Uniformly Loaded Triangular Plate 

A closed-form solution for the deformation of a simply supported, uni

formly loaded, isotropic, equilateral triangular plate has been given by 

Timoshenko (Ref 40). Using the SLAB 44 program, a 2l-by-2l increment solu

tion was made by inputting appropriate values of stiffnesses at each joint 

and using Poisson's ratio of 0.3. Figure 21 shows the comparison of deflec

tion at point 0 of the triangular plate. The difference between the closed

form result and SLAB 44 result is about 0.78 percent. 

Problem Series 4. Five-Beam, Noncomposite Skew Bridges 

Chen, Siess, and Newmark (Ref 6) have considered a simple-span, noncom

posite, skew bridge which consisted of a concrete slab of uniform thickness 

supported by five identical steel beams uniformly spaced and parallel to the 

direction of traffic. Using the finite difference approach, they have com

puted influence coefficients for moments and deflections for a number of skew 

bridges having an 8-by-8 mesh. Gustafson and Wright (Ref 10) have used the 

finite-element method with an 8-by-8 mesh to solve the same bridge problem for 

a few loading conditions and compared their results with the solutions of Chen, 

Siess, and Newmark. 

The SLAB 44 program, with 8-by-8 increments, was used to solve the same 

bridge problem. Figure 22 shows a comparison of beam moments obtained from 

finite difference, finite-element, and discrete-element solutions for differ

ent skew angles. It is interesting to note that the results of finite-element 
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Stiffness Et3 ~ Z 
D = = 4.0. II 10. Ib In;tin 

12 (1- "z) 

Poisson's Ratio : ,,= Q3 

Concentrated Load : Q = I.Cx 10' Ib 

Simply supported, isotropic, rhombic plate 

with concentrated load at the center 

Deflection at Center II 
D 

Angle ~ 

8
2 

SLAB 44 
Ref I 20. x 20. 

500 0..0.0.881 0..0.0.918 

60.° 0..0.120.0. 0..0.1252 

70.° 0..0.1547 0..0.160.4 

80.° 0..0.1920. 0..0.1978 

90.° 0..0.2315 0.0.2380. 

Ref I is conformal mopping solution by Aggarwala 

Fig 20. Comparison of results for simply supported, isotropic, 
rhombic plates with concentrated load at the center. 

Simply supported, uniformly loaded, 

isotropic, triangular plate 

Stiffness: D -~ = 1.0. x Id Ib-inZ/in 
- 12(t-"Z) 

Poisson's Ratio: ,,= 0..3 

Load per Unit Area; q = 1.0. x 10.
3 

Ib/ in
Z 

a = 10. inches 

Deflection at 0. x 
D 

(j04i(f3 

Ref 40. 
SLAB 44 

21 x 21 

1.0.29 1.0.37 

Ref 40. is analytical solution. by Timoshenko and WOlnowsky- Kneger 

Fig 21. Comparison of results for a simply supported, uniformly 
loaded, isotropic, triangular plate. 
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PLAN OF BRIDGE TRANSVERSE SECTION 

Angle 

8z 

150 0 

a = 20 in b = 2 in. 

3 
Slob Stiffness: 0 = _E_t -- = 

12(1-IIZ) 

5 Z 
I x 10 Ib in/in. 

Poisson's Ratio: II = 0 

Beo.m Stiffness: E I = I x Id Ib inz 

Concentrated Load: P = 5000 Ib 

H = II = 5 00 

b/a = 0.5 
} 

Non-dimensional parameters 

used in Ref 6 and 10 

Midspan Midspan Midspan 
Moment in Position at 

Ret 6 
Beam Load P on Beam 8x8 

A A 0.154 

C 0.015 
E 0.000 

B A 0.049 

C 0.027 
E 0.004 

C A 0.015 

C 0.070 

Moment x I 
Po 

Ref 10 
8x8 

0.157 
0.021 
0.005 

0.050 

0.033 

0.012 

0.020 
0.085 

Ref 6 is finite difference solutions by Chen, Siess, and Newmanr.. 

Ref lOis finite - element solution by Gustafson and Wright. 

Fig 22(a). Comparison of results for five-beam, 
noncomposite skew bridges. 

Slob 44 
8x8 

0.156 
0.022 
0.005 

0.049 

0.033 

0.011 

0.021 
0.085 
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Midspan Midspan Midspan Moment 
I 

Angle x 
Pa 

Moment in Position of 
92 

Ref 6 Ref 10 
8eam Load P on 8eon 8x8 8 x 8 

135 0 A A 0.160 0.165 
C 0.015 0.022 
E -0~009 -0.003 

8 A 0.056 0.060 

C 0.033 0.043 

E -0.001 0.006 

C A 0.015 0.022 

C 0.078 0.096 

120 0 A A 0.164 0.169 

C 0.016 0.022 
E -0.013 -0.009 

8 A 0.061 0.064 

C 0.038 0.048 

E -0.003 0.002 

C A 0.016 0.022 
C 0.083 0.099 

900 A A 0.172 

C 0.022 
E -0.017 

B A 0.067 

C 0.050 
E 0.000 

C A 0.022 

C 0.101 

Ref 6 is the finite difference ·solution by Chen, Siess. and Newmark. 

Ref 10 is the finite -element solution by Gustafson and Wright. 

Fig 22(b). Comparison of results for five-beam, 
noncomposite skew bridges. 

Slab 44 
8 x 8 
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0.023 

-0.003 

0.060 

0.044 

0.006 

0.022 
0.095 

0.168 

0.022 
-0.009 

0.065 

0.048 

0.002 

0.022 
0.098 

0.171 

0.022 
-0.014 

0.068 

0.051 
0.000 

0.022 
0.099 
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and discrete-element (SLAB 44) solutions are almost identical, even though the 

finite-element method requires the solution of more than twice as many equa

tions as SLAB 44 for the same mesh size when in-plane displacements are not 
o 0 

considered. For 8
2 

= 90 ,or 0 skew, the three approaches give almost 

identical results. 

Problem Series 5. Four-Span Skew Bridge 

Harnden and Rushton (Ref 11) have studied the deformation of a four-span 

45
0 

skew bridge using an electrical analogue computer. Sawko and Cope (Ref 

37) have used the finite-element approach to solve the same bridge problem. 

Using 14-by-64 increments, the SLAB 44 program was used to solve the same 

problem for a load uniformly distributed on the entire bridge. Figure 23 shows 

the deflections and moments in the span direction obtained from the three ap

proaches. The results are superimposed on the grid used in Program SLAB 44. 

The difference in deflection between an electrical analogue and SLAB 44 solu

tions is about 4 percent at the location of maximum deflection (797, 780, and 

830), and at other locations the difference is less than 5 percent with res

pect to the maximum deflection. The difference in deflection between finite

element and SLAB 44 results is about 6 percent at the location of maximum de

flection and less than 6 percent at all other locations except one, where the 

difference is 8.8 percent with respect to the maximum deflection. In the case 

of bending moments, except for the locations over the supports, SLAB 44 results 

are very close to the other two approaches. 

Problem Series 6. Verification with Experimental Results 

Barboza (Ref 5) experimentally investigated the behavior of a skew, pre

stressed concrete bridge under various loading conditions. The bridge chosen 

was a Texas Highway Department standard, simply supported bridge with a skew 

angle of 30
0

• The bridge consisted of precast prestressed I-shaped girders 

with a cast-in-p1ace deck slab. The slab was constructed to act compositely 

with the precast girders. The scale factor used for the model was 5.5. 

Figure 24 shows the dimensions of the model bridge. During the investigation, 

Barboza made a few auxiliary tests to determine experimentally the bending 

and torsional stiffnesses of a precast girder with the cast-in-p1ace slab the 

width of which equaled the girder spacing in the model bridge (16.5 inches). 
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Fig 23. Comparison of results for a four-span skew bridge. 
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Fig 25. Comparisons with experimental results of Barboza (Ref 5). 
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The girders used in these auxiliary tests were fabricated in the same manner 

as those used in the model bridge structure. 

Program SLAB 44 was used to analyze this bridge by inputting composite 

girder stiffnesses, which were obtained experimentally by Barboza, as beams. 

The torsional stiffness of the girders, also determined experimentally by 

Barboza, was input as additional twisting stiffness in a two-increment width 

of slab along the girders. The other parameters used were the same as given 

by Barboza and as shown in Fig 24. 

The analysis was made for five different positions of concentrated load 

of 1,000 pounds, as tested by Barboza. At this load, the structure was still 

uncracked. The results of deflections and bending moments at the midspans of 

girders were compared with the experimental results. Figure 25 shows these 

comparisons. It is evident that there is a very close correlation between 

experimental (Ref 5) and SLAB 44 results. 

This problem series effectively demonstrates the modeling of composite 

action. It also shows that the diaphragms can be handled very simply even 

though they run in neither the span direction nor the skew direction. 

Problem Series 7. Sensitivity of Modeling Bending and Torsional Stiffness 
of Composite Section 

In this problem series, Program SLAB 44 was used to study the effects of 

variation of bending and torsional stiffnesses of a composite section of a 

single span bridge. This study is only analytical, even though the stiffnesses 

and constants of the bridge considered are the same as in problem series 6. 

Figure 26 shows the dimensions and constants of the bridge. In the cases 

studied, the load of 1,000 pounds was considered to be acting at A4. The table 

in Fig 26 shows the variation in midspan deflections and midspan moments of 

girders D and E as the bending stiffness of the composite section was varied 

from 0.9 to 1.0 to 1.1 of the measured value (Ref 5), and the equivalent twist

ing stiffness was varied from 1.0 to 0.5 to 0.0 of the measured value (Ref 5). 

It can be seen from the table in Fig 26 that the effect of variation of 

bending stiffness on deflection is more significant than the effect of varia

tion of equivalent twisting stiffness. For example, consider the results of 

girder D. The deflection with a bending stiffness of 1.73 X 109 and a twist

ing stiffness of 3.625 X 106 is 0.01663. For the same bending stiffness, if 

the twisting stiffness is reduced by half then the deflection increases to 
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\. ~;stresled 
_ \ncrete Girder 

« 
SLAB III 

u 
91.08 in. 

a 

1- 172.08 in. 
Support 

PLAN SECTION 

Number of Increments: 22 along skew by 72 along span 

Slab Stiffness: 011 = 0
22 

= 7.46 x 10' Ib in
2
/ in 

Poisson's Ratio: " = 0.167 

Diaphragm Stiffness: 2.34 x Id Ib in
2 

Girder Midspan Detle ctions Computed by Midspan Moments Computed by 

Girder 
Bending SLAB 44 with Equivalent Girder SLAB 44 with Equivalent Girder 

Number 
Stiffness Twisling Stiffness of 

x 10
9 3.625 X 10 6 

0.5 x 3.625 
( Ref 5 ) x 106 

0.9 x 1.73 = 
1.557 0.01805 0.01877 

0 
1.73 

(Ref 5 ) 0.01663 0.01730 

I.I·x 1.73 = 
0.01544 0.01607 

1.903 

0.9 x 1.73 = 
0.01879 0.01940 

1.557 
E 

1.73 
0.01722 0.01779 (Ref 5) 

1.1 x 1.73 = 
1.903 

0.01592 0.01645 

Note: All comparisons are for load at A 4. 

Ref 5 is experimental solution by Barboza. 

Twisting Stiffness of 

None 3.625 x 106 05 x 3.625 
(Ref 5) x 106 

0.02043 12.55 12.90 

0.01883 12.79 13.15 

0.01749 13.01 13.38 

0.02073 12.82 13.17 

0.01902 13.01 13.37 

0.01760 13.19 13.55 

Fig 26. Sensitivity of modeling bending and torsional 
stiffness of composite section. 

None 

13.72 

13.98 

14.22 

13.90 

14.11 

14.31 
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0.01730, which is a 3.9 percent increase. If the twisting stiffness is kept 

the same (3.625 X 10
6

) but the bending stiffness is reduced by only 10 percent, 

then the deflection increases to 0.01805, which is an 8.2 percent increase 

(over 0.01663). Compared to deflections, the bending moments are not appre

ciably affected. Even though only one load position was studied, this prob

lem series demonstrates the necessity of computing composite girder bending 

stiffnesses with care. 

Other Comparisons 

In addition to use with the above problem series, SLAB 44 was used to 

1 1 1 b1 f 00 k 8
2 

-- 900 
, and the results so ve severa examp e pro ems or sew, or 

were compared by solving the same problems using Program SLAB 36 (Ref 32). 

These problems were solved with different load and support conditions. The 

results of comparisons are not included here but it was observed that the dif

ference in maximum deflection between the two solutions was about 1 percent, 

using ten-by-ten increments in both the cases. 

Late in this study, there was an opportunity to apply the program to a 

real bridge. This study is reported elsewhere (Ref 20). Program SLAB 44 was 

used to study a failed structure, to study load placement on the test structure, 

to analyze the test structure, and to compare experimental results. The results 

indicated that for a severely skewed structure the strip method of analysis is 

not appropriate. 

Summary 

It has been observed by Mehrain (Ref 22) that in the case of simply sup

ported uniformly loaded skew plates, the accuracy of finite difference and 

fini te-e1ement methods of solution drops rapidly as the angle of skew is in

creased. In the case of the finite-element method, this may be caused due to 

Kirchoff's hypothesis. This has not been observed (Problem Series 1) with the 

discrete-element approach presented here, even though the accuracy of the solu

tion does depend upon the number of increments selected. In general, the re

sults of the discrete-element model are in good agreement with the results of 

other approximate methods and with experimental data. 
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CHAPTER 9. USE OF THE METHOD 

Summary 

A discrete-element procedure of analysis of an anisotropic skew-plate and 

grid-beam system has been described. It has been observed from the literature 

studied that most of the work done on a skew plate is for either isotropic or 

orthotropic properties and for simple load and support conditions. The method 

presented here is not limited by these considerations. The stiffnesses, loads, 

and supports can be freely varied from point to point and in any direction. 

Concentrated and distributed loads and support springs, including external 

couples in three directions, can be easily handled. The principal features of 

this approach are summarized as follows: 

(1) In the anisotropic stress-strain relations, the elastic compliances 
and stiffnesses are formulated in terms of three moduli of elasticity 
in any three directions and three Poisson's ratios related to these 
directions. This simplifies the computation of anisotropic plate 
stiffnesses in terms of six constants which could be experimentally 
determined by three tension tests. 

(2) The anisotropic skew-plate and grid system is represented by' a dis
crete-element model consisting of a tridirectional arrangement of 
rigid bars and elastic joints. The rigid bars are infinitely stiff 
and weightless and transfer bending moments. The elastic joints 
for the plate model are composed of elastic, but anisotropic, material 
The stiffnesses, loads, and restraints are lumped at elastic joints. 
All the elastic action takes place at these ioints. 

(3) To derive stress-strain relations for the plate model, it is assumed 
that an element of the plate is made up of three layers of inter
connected fibers running in three directions. The fiber stresses 
are then related to conventional strains. The integration of these 
relations results in moment-curvature relations for the plate model. 
Each grid-beam is considered as a beam (Ref 18). 

(4) Using equations of statics, the stiffness matrix is derived. The 
concentrated moments required in the equations of statics are ob
tained by assuming that the fibers running in a particular direction 
and having a certain width (Fig 11) are collected and lumped along 
each line of the model. 

(5) A recursion-inversion procedure is used to solve the stiffness equa
tions. 
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(6) A computer program, SLAB 44, is developed which is capable of 
determining deflections, bending and twisting moments, largest prin
cipal moment together with its direction, and reaction at each joint 
of the discrete-element model. 

Comparisons with several different approaches such as series, finite

element, conformal mapping, finite difference, electrical analog, and experi

mental indicate that SLAB 44 produces excellent results. 

Recommendations Pertaining to the Use of SLAB 44 

This study and Program SLAB 44 are intended to provide a basic tool for 

use in design and to serve as a basis for future developments. The types of 

problems available in the literature are relatively simple, and SLAB 44 could 

be used to solve types of problems other than the example problems solved in 

Chapter 8 with SLAB 44. 

Before coding a particular problem, the study of detailed rules and in

structions would be helpful. Whenever it is necessary to make several solu

tions for the same structure in order to consider different load criteria or 

placements, the use of a multiple-load option switch is helpful in reducing 

the computer time. 

Extensions of the Basic Method 

The method developed could possibly be extended for several applications: 

(1) The rotational restraint and axial thrust could be introduced in 
the formulation as is done in the beam-column and rectangular slab 
formulation by Matlock et al (Refs 18, 21, 13, and 31). 

(2) The method could be extended to solve for nonlinear loads and sup
ports in which the loads and supports are represented by load
deformation curves. 

(3) The method could be utilized to study alternative designs for a 
particular problem. For example, in the bridge shown in Fig 24, 
the effect of different diaphragm configurations could be easily 
stud ied. 

(4) All of the development of anisotropic stress-strain relations and 
discretization techniques developed here may be applied to plane 
stress problems. 

(5) It may be possible to combine plane stress with bending analysis to 
solve for plates and pavement slabs in which in-plane forces are 
considered. 
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GUIDE FOR DATA INPUT 



!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
"#$%!&'()!*)&+',)%!'-!$-.)-.$/-'++0!1+'-2!&'()!$-!.#)!/*$($-'+3!

44!5"6!7$1*'*0!8$($.$9'.$/-!")':!



GUIDE FOR DATA INPUT FOR SLAB 44 

with supplementary notes 

extract from 

A DISCRETE-ELEMENT ANALYSIS FOR ANISOTROPIC SKEW PLATES AND GRIDS 

by 

Mahendrakumar R. Vora and Hudson Matlock 

August 1970 
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SLAB 44 GUIDE FOR DATA INPUT - CARD FORMS 

IDENTIFICATION OF RUN (two alphanumeric cards per run) 

IDENTIFICATION OF PROBLEM (one alphanumeric card each problem: program stops if PROB NUM is left blank) 

PROB NUM 

Description of problem 
II 

TABLE 1. CONTROL DATA (one card for each problem) 

Enter "1" to Hold Prior 
Table Table Table Table 

2 3 4 5 

10 15 20 25 

Multiple Load Option: Blank for Normal 
+1 for Parent 
-1 for Offspring 

Print Option: Blank for M , M , and 
x y 

1 for M M. , and M 
a 0 c 

Number 
Table 

2 

35 

M 
xy 

Reaction Output Option: Blank for Support Reactions 
1 for Statics Check 

of Cards Added For Multiple Reaction 
Table Table Table Load Print Output 

3 4 5 Option Option Option 

I 
40 45 50 60 70 75 

Stiffness Input Option: Blank for input value of slab stiffnesses in orthogonal directions (011 through 0
33

) 

1 for input value of slab stiffnesses related to the a 
(Bll through B33 ) 

b , and c-directions 

10 

10 

10 

Stiffness 
Input 
Option 

BO 
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TABLE 2. CONSTANTS (one card. or none if Table 2 or preceding problem is held) 

N.mnber of 
Increments 

a c 

10 

Increment 
Length in 

a-Direction 
h a 

Increment 
Length in 

c-Direction 
h 

c 

30 

Angle 
Between a and 
c-Directions 

92 

(degrees) 

TABLE 3. JOINT STIFFNESS DATA (number of cards according to Table 1) 

From Through 
or a c a c 

so 40 '0 

b 

TO 10 

Dll through D33 - Isotropic: o o ( 
E ) t

3 

2 (1 + 'V) 12 

Orthotropic: (1 Ex ) t
3 

- 'V 'V 12 
o o 

Anisotropic: 

x Y 

May be computed by using Eqs 3.45 through 3.50. 3.58, and 4.15 in terms of three 
moduli of elasticity and three Poisson's ratios; or by using Eqs 3.17. 3.58. and 4.15 
in terms of the other six constants; or by some other means. 

Bll through B33 may be computed by using Eq 4.17 in terms of Dll through D33 ; or by using Eq 4.34 in terms of 

three moduli of elasticity and three directional Poisson effects. In either case, the Stiffness 
Input Option in Table 1 must be exercised. 
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TABLE 4. BEAM STIFFNESS AND LOAD DATA (number of cards according to Table 1) 

From Through 
a c a c 

Beam Bending Stiffnesses 
Fa Fb 

30 

F c 

TABLE 5. EXTERNAL COUPLE DATA (number of cards according to Table 1) 

From 
a c 

Through 
a c T 

a 

STOP CARD (one blank card at end of run) 

External Couples 
Tb 

30 40 

T c 

50 

Load 
Q 

60 

Spring 
S 

TO 

80 
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GENERAL PROGRAM NOTES 

The data cards must be stacked in proper order for the program to run. 

A consistent system of units must be used for all input data, for example, kips and feet. 

All 2 to 5-space words are understood to be right-justified integers or whole decimal numbers ••• 1+ 4 3 2 11 

All 10-space words are floating-point decimal numbers ••• . . . . . . . . . . . . . . . 1- 4 • 3 2 1 E + 0 31 

TABLE 1. CONTROL DATA 

For Table 2, the user must choose between holding all the data from the preceding problem or entering 
entirely new data. If the hold option is set equal to 1, the number of cards input for this table 
must be zero. 

In Tables 3, 4, and 5, the data are accumulated by adding to previously stored data. The number of cards 
input is independent of the hold option, except that the cumulative total of cards in each of the tables 
cannot exceed the number allowed by program dimension statements. 

Card counts in Table 1 should be rechecked after the coding of each problem is completed. 

The multiple-load option is exercised for problem series in which only the load positions and magnitudes 
will vary. The first problem in a series is the Parent and is specified by entering +1, successive 
loadings are the Offspring and are specified by entering -1. If the option is left blank, the prob
lem is complete within itself. 

For Offspring problems, Tables 2, 3, and 5 are omitted. 

The print option may be exercised for output moments. 
c-directions are printed. If left blank, bending 
are printed (x and a-directions are the same). 
computed and printed. 

If specified 1, bending moments in a, b, and 
moments in x and y-directions and twisting moments 
In either case the largest principal moments are 

The reaction output option may be exercised by entering either 1 or leaving a blank. If 1 is entered, a 
statics check for each joint is printed (a statics check is a summation of all shears, loads, and 
restraint reactions). If a blank is left, restrain reactions due to spring supports are printed. 

The stiffness input option may be exercised for input values of slab stiffnesses in Table 3. To input stiff
nesses related to the a, b, and c-directions (B11 through B33 ), 1 is entered. The option is left 

blank to input stiffnesses related to the orthogonal x and y-dlrections (D11 through D
33

). 
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TABLE 2. CONSTANTS 

The number of increments in the a-direction should be less than or equal to the number of increments in the 
c-direction. 

The angle between the a and c-directions sho~ld be specified in degrees. 

TABLES 3, 4, AND 5. STIFFNESS J LOAD, AND EXTERNAL COUPLE DATA 

Variables: F through F Q s T through T 
a c a c 

Typical Input Units: lb-in
2
/in lb-in

2
/in lb lb/in in-lb 

All data are described with a coordinate system which is related to the a and c-station numbers (Fig 13). 
To distribute data ov~r an area, it is necessary to specify the lower left-hand and the upper right-hand 
coordinates. 

To specify data at a single location, it is necessary to specify the same coordinates in both the 'Trom" and 
"Through" coordinates. 

The "Through" coordinates must always be equal to or numerically greater than the "From" coordinates. 

The user may input values on the edge of the slab and the corners to represent the proportionate area 
desired. 

There are no restrictions on the order of cards in Tables 3, 4, and 5. Cumulative input is used, with full 
values at each coordinate. 

Unit stiffness values Dll through D33 for a slab or plate and concentrated stiffness values F through 
a 

Load 

for beams are input at full value joints. The values may be reduced proportionately for edges. F 
c 

values Q and support springs S for any joint are determined by multiplying the unit load or unit 
support value by the appropriate area of the real slab or plate assigned to that joint. Hinged supports 
are provided by using large S values. Concentrated loads that occur between jOints can be proportioned 
geometrically to adjacent joints. 
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APPENDIX 2 

FLOW DIAGRAMS FOR PROGRAM SLAB 44 
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GENERAL FLOW DIAGRAM FOR SLAB 44 

1010 
READ problem identification 

Yes 

PRINT problem identification 

READ and PRINT Table 1. Control Data 

1200 
READ (or hold) and PRINT Tables 2, 3, 4, and 5 

Table 2. Constants 
Table 3. Joint Stiffness Data 
Table 4. Beam Stiffness and Load Data 
Table 5. External Couple Data 

Check all input tables for data errors 

Yes 

Compute 

Yes 

Return for new 
problem if data 
errors exist 

Prepare tape 
storage 

125 
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,-
I 
I 

2100 
Zero recursion coefficients B, C, GMt, EP1 

2140 
Zero recursion coefficients A, AM1 

Zero deflections and moments 

00 J = 

I 
I 
t 
I 
I 
I 
I 
I 
I 

,- 1--00_1_=_---,._-' 

I 
I 
I 

I 
I 
I 
4 
I 
I 
I 
I 
I 

Compute FF(K,l) and EET2(K,1 thru 5) 

Yes 

3150 
Compute submatrices CC(K,l thru 5), 
OO(K,l thru 5), and EE(K,l thru 5) 

L __ 

Pack EET2(L1,5) as required 
for solution process 

Retrieve data 
needed at this 
J step 

Form submatrices 
for each J step 

Load and EET2 
terms are only 
ones needed for 
offspring problem 



I 
~ 
I 
I 
I 
I 
I 
I 
l 
I 
I 
I 
I 
I 

Yes 

3380 
Pack CC(L1,5) as required 
for solution process 

Compute EET1(L1,5) 
(transpose of EEP at previous J step) 

Pack EE(L1,5) as EEP(5,L1) 

CALL RFV 
AHi(L1,1) • AM1(L1,1) 
AM1(L1,1) = A(L1,1) 

Yes 

CALL RFV 
BM1(L1,L1) ~ B(L1,L1) 
E(L1,L1) = EP1(L1,L1) 

CALL MBF V and ABF 
EP1(L1,L1) = DDT(L1,5) + 
EET1(L1,5) * BM1(L1,L1) 

4280 

127 

Retain recursion 
coefficient A to 
use at next J step 

Retrieve multipliers 
D and E from Tape 3 
if problem is an off
spring 

Retain recursion 
coefficient Band 
multiplier EP1 to 
use at next Jstep 

Compute multiplier 
EP1 (E at J+1) 



128 

~ 
I 

I 
I 
~ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 

~ __ --"I 
r 

CALL SMFF, RFV, RFV. MBFV, ASFY. ABF, 
INVR.6, and CFV 

D(L1,L1) = E(L1,L1) * BM1(L1,L1) 
BM1(L1,L1) = CK1(L1,L1) 
CM1(L1,L1) = C(L1,L1) 
C(L1,L1) = EET2(L1,5) * BK1(L1,L1) 
D(L1,L1) = -1 I (D(L1,Ll) + 

C(L1,L1) + CC(L1,5)} 

CALL MFB 
C(L1,L1) • D(L1,L1) * EEP(5,L1) 

• D(L1,L1) * EP1(L1,L1) 

CALL MFFV, MBFV, ASFV, ASFV, and MFFV 
A(L1,1) - D(L1,L1) * [E(L1,L1) * 

AH1(L1,1) + EET2(L1,5) * 
AH2(Ll,l) + FF(L1,1)} 

~-------------- 4400 

Compute multiplier 
D. Retain recursion 
coefficient C to 
use at next J step 

Compute recursion 
coefficient C 

Compute recursion 
coefficient B 

Compute recursion 
coefficient A 

Retain recursion 
coefficient A on 
Tape 1 . 

Move Tape 2 
forward one J 
record 

Retain multipliers 
D and E on Tape 3 

Retain recursion 
coefficients B 
and C on Tape 2 



~ L _____ _ 

1 
I 

CALL MFFV, MFFV, ASFV, and ASFV 
W(Ll,J) = A(Ll,l) + B(Ll,Ll) * W(Ll,J+1) 
+ C(Ll,Ll) * W(Ll,J+2) 

129 

Compute deflec
tions starting 
at MCP4 

Position Tape 1 
for reading A 

Pod tion Tape 2 
for reading B 
and C 

Retrieve the A 
recursion ceoffi
cient to use at 
this J step 

Retrieve the B 
and C recursion 
coefficients to 
use at this J 
step 

Reposition Tape 1 

Reposition Tape 2 

Compute deflec
tions W at this 
J step 
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PRINT problem identification 
and Table 6 headings 

1-- ----1L-D_O_J_=_----' __ ~~ 

I 

I 
I 
I , 
I 
I 
I 
I 
I 

I 
I 
I 
I 
I 
I 

I 
~ 
I 
L 

I 
1 

I 
I 
I 
I 
t 
I 
I 
I 
I 

I IN = J - 3 -1 

I Retrieve data 
IlcALL DATA2~ needed at this 

I 
J step 

DO I = 2 to MAP4 ) 

I 
Compute concentrated bending 
moments in the model 

16250 
-- CONTINUE ) 

I 
DO I = 2 to MAP4 

1 
Compute support spring reaction 
and statics check 

I 
Compute maximum statics check error] 

I 
Compute conventional moments 

CBMA, CBMB, CBMC and 
CBMX, CBMY, CBMX.Y 

I 
Compute principal moments from 
use of Mohr's circle. 
Test to print largest value of 
principal moment and angle from 
x to the largest. 

1 
PRINT coordinates, deflection, moments~ 
largest principal moment, angle, and 
reaction or statics check 

16400 L ---- CONTINUE 

17000 
-- CONTINUE ) L __ 

I 

Print results 



PRINT summation of reactions 
and maximum statics check 
error at coordinate a, c 

RETURN for new problem I 
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-1 
X 

SUBROUTINE INVR6 
X, Ll, L2 

-1 
Multiply(L ) 

by L- l to get 
-1 

X 
(Lower ha 1 f) 

set upper half 
of A equal to 
lower half 

'T 

-1 
X-X 
( X SYMM. AND POS. DEF. ) 
X: I/O 
Ll: VARIABLE DIMENSION 
L2: ORDER OF X 

~]-N 
N-[A] 

This flow chart is extracted from Ref 8. 



,----

X INPUT, FULL(Sq) 
Y INPUT, FULL OR VEC 
Z OUTPUT, FULL OR VEC 

LI VARIABLE DIMENSION 
I,M L2 ORDER OF X 

'-----~---- LS Y FULL OR VECTOR ? I 
I 
I 
I 1;--- I,L2 
I ~----.-------~ 
I 
I 
I 
I 
I 
I 
I 
I ,-
I I 
I I 
I I 

+ f 
I I 
I 1\_ 
I 
I 
I 
I 
\ 

I,L2 

X(I,K) * Y(K,J) + SUM 

---

LS Ll 

L5 = I 

This flow chart is extracted from Ref 8. 
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(----
I 
I 
1,----
I 
I 
I 
I 
I 
I 
I 
I 
I 

+ I 
I 
1 
I , 

,-
( 

+ , --
....... _--

X INPUT, FULL(sq) 
Y INPUT, 
Z OUTPUT, LOWER HALF 

L1 VARIABLE DIMENSION 
L2 ORDER OF X , Y , Z 

* Y (K, I) 

This flow chart is extracted from Ref 8. 



SUBROUTINE MFFT 

~----( L...------r--~-
I 
I 
1,----
f 
I 
I 
I 
I 
I 
I 
I 

+ I 
I 
I 
I 
' ..... ---

X INPUT, FULL(sq) 
Y INPUT, FULL(sq) 
Z OUTPUT, FULL(sq) 

Ll VARIABLE DIMENSION 
L2 ORDER OF X , Y , Z 

* Y(J,K) 

This flow chart is extracted from Ref 8. 
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SUBROUTINE MBFV 

,,-- L-__ .,.--___ _ 

I 
I 
1,--I L-___ ,-______ _ 

I 
I 
I 
I 
I 

+ 
I 
I 
I 
I 

l--I L-__ ~,_------

I 
I 
I 
I 
I 
I 
'--

Yes 

No 

XB INPUT, FULL(sq) 
YF INPUT, FULL(sq) 
ZF OUTPUT, FULL(sq) 
Ll VARIABLE DIMENSION 
L2 ORDER OF XB 
LB BAND WIDTH 
L5 YF FULL OR VECTOR ? 

* YF(K+J,M) + ZF(I,M) 



RETURN 

,-
1 
I 
1 
1,-
I 
I 
I 
I 
I 
I 
I 
I 1,-
r 
1 
I 
I 
1 

+ 
, -

XB 

1,M1 

11,12 

0.0 
1 

13,14 

ZF(I,M) = XB(I,N) * YF(K,M) + ZF(I,M) 
N = N+1 

11 L2 - L4 + 1 
12 L2 
13 L2 - LB + 1 
14 L2 
K1 1 

YF ZF 

L5 L1 

OR 

L5 1 

XB YF ZF 

This flow chart is extracted from Ref 8. 
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S UBROUTIN E MFB 

L4 = LB/2 
L6 = L4+1 
N1 = L2-L4 

XF INPUT, FULL MATRIX(sq) 
YB INPUT, PACKED MATRIX 
ZF OUTPUT, FULL MATRIX(sq) 
L1 VARIABLE DIMENSION 
L2 ORDER OF MATRIX 
LB WIDTH OF BAND (ODD) 

,-- L6,N1 
I ~---.----~~-

1 , 
I 
I , 
1_-, 
f , 
I 
I 
I 
I 

'--... 
I 
I 
I 
I 

• \ 
'--

Yes 

Kl ~. 0 
11 -= 1 
12 ~ L4 
13 ~ 1 
14 = LB 

No 

* XF(M,K+J) + ZF(M I) 



I--

I' 
I 
I 
I 
I 
I 
I 
1,-
r 
I 

I 
f 
I 

I , --

Il 
I2 
I3 

I1,I2 

1,L2 

I3,I4 

YB(N,I) * XF(M,K) + ZF(M,I) 
N+1 

L2-L4+l 
L2 
L2-LB+l 

I4 L2 
Kl = 1 

XF YB ZF 

[ ]. r;:~~:;;~J .... [ ] 

This flow chart is extracted from Ref 8. 
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,---
I 
I 
I 
~"--

I 

+ 
I 
t , 

I 
I 
I 
I 
I 

L4 '" LB/2 
N1 L2-L4 
L6 ,-- L4+1 

l,L2 

=- 1, L2 

YB INPUT, FULL(sq) 
XF INPUT, FULL(sq) 
ZF OUTPUT, FULL(sq) 
L1 VARIABLE DIMENSION 
L2 ORDER OF XF , ZF 
LB BAND WIDTH 

1,LB 
I 
1,,---
I ~-,.-------~ 

I 
+ 

Yes 

K1 0 
11 1 
12 L4 
13 1 
14 - LB 

No 

YB(I,K) + XF(I,K+J) 



RETURN 

~-
I 
I 
I 
I 
I 
I \,-
I 
I 

+ 
I 
I 

= 13,14 

YB(1,N) + XF(1,K) 
N + 1 

II L4 + 1 
12 
13 L2 - LB + 1 1---------' 
14 L2 
Kl 1 

This flow chart is extracted from Ref 8. 
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142 

SUBROUTINE ASFV 
X,Y,Z X 

L1, L5, L2, SIGN Y 
INPUT, FULL(sq) 
INPUT, FULL(sq) 
OUTPUT, FULL(sq) 
VARIABLE DIMENSION 
ORDER OF X , Y , Z 

I,M 

Z 

L1 
L2 

SIGN - OR + 
+ L5 FULL OR VECTOR? >-----..... o 

,- I,M ,
I ~--~------ I ~-~------~--/ 

1 
I 
1,-
f ~--~------~--

I 
I 

• I 
I 
'-

- Y(I,J) 

RETURN 

I 
I 
1,- 1, L2 
L-_~---~-/ I 

I 
I 

• 1 
I 
\ 

+ YO ,J) 

-

This flow chart is extracted from Ref 8. 
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,- = 1 M , 
I 
I 

t- I = 1 L2 , 
/ 
I 
I 
"- = yO ,J) 

L5 L1 

OR 

X Y 

[ ] [ ] L5 ::c 1 

This flow chart is extracted from Ref 8. 
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SUBROUTINE CFV 
X , 

L1, LS, L2, C 

,- I,M 
I ~----~----~-/ 

I 
I 

f 
I 
I 
'-

RETURN 

OR 
X X 

[] - c· [] 

x 1/0 
Ll VARIABLE DIMENSION 
L2 ORDER OR LENGTH OF X 
LS FULL OR VECTOR 

C CONSTANT MULTIPLIER 

This flow chart is extracted from Ref 8. 
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GLOSSARY OF NOTATION FOR SLAB 44 
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C---------NUTATION 
C 

FOR SLAB44 

( 

C 
C 
( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

( 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
( 

C 
C 
C 
C 
( 

C 
( 

C 
C 
( 

( 

C 
( 

C 
C 
C 
( 

C 
C 
( 

( 

C 
C 
C 
C 
( 

AI I 
ALF 
AMI I I 
AMZ (I 
AN 1 ( I ,ANZ ( I 
ATM( I 
BI I 
BETA 
BETAT 
BMA I) .BMB I I ,BMC ( I 

RECURSION COEFFICIENT 03MVO 
ANGLE ON MOHRS CIRCLE 03MVO 
RECURSION COEFFICIENT AI) AT J-I 03MVO 
RECURSION COEFFICIENT AI I AT J-Z 03MVO 
IDENTIFICATION ANO REMARKS IALPHA-NUMI 03MVO 
TEMP STORAGE FOR All RFCURSION COF.FF 03MVO 
RECURSION COEFFICIENT 03MVO 
ANGLF TO LARGEST PRINCIPAL MOMENT 03~VO 
TWICE BETA 03MVO 
CONCENTRATED MOMENTS IN SLAB MODEL IN 03MVO 
ABC DIRECTIONS 03MVO 

BMBAI).BMBBI ).BMBCIICONCENTRATED MOMENTS IN BEAM MODEL IN 03MVO 

BMBBMll).BMB(Mll) 
BMBBPlll.BMBCPll) 
BMBMll1 .BMCMl ( ) 
BMBPlI),BMCPl I) 
BMI ( ) 
BIIVM,BI1VP,RllVV 
BIZMv.BIZPP.RIZPV 
BIZVM.BIZVP.B12VV 
B13MV.B13PV,B13VM 
B13VP.B13VV 
B2ZMM.BZZMV.RZZPP 
BZZPV,BZ2VV 
B23MM.BZ3MV.BZ3PP 
BZ3PV,B23VV 
B33MV,B33PV,R33VV 
C (J 

(BA 
CBB 
(BC 
CBMA,(BMB.CBM( 

(BMU.CBMT 
CBMX ,(BMV 

(BMXV 

CC I, I 
(MU • I 
(511 THRU CS33 

ABC DIRECTIONS 03MVO 
5MBBI) AND BMBCI) AT J-l 03MVO 
BMBB() AND BMRC() AT J+l 03MVO 
BMB() AND BMC( I AT J-l 03MVO 
BMB() AND R~C() AT J+l C3MVO 
RECURSION COEFFICIENT BI) AT J-l 03MVO 
B11 AT If 1.J), (I+l.J)' (I,J) 03MVO 
I11Z AT II,J-ll. II+l.J+lJ, II.J+lI O,MV(\ 
EIZ AT (I-l,J). I I+l.J), (I ,J) 03MVO 
B13 AT (I,J-ll. 11,J+l), (I-ltJ) 03MVO 
B13 AT II+l,JI. II.J) 03MVO 
82Z AT II-l.J-l), (I.J-l). II+l,J+1) 03MVO 
BZ2 AT (1.J+ll, (I.J) 03MVO 
B23 AT 11-1,.)-11. (I,J-ll. (l+l,J+ll 03MVO 
B23 AT (I,J+ll. II,J) 03MVO 
B33 AT I I ,J-lI, I I .J+l). II.J) 03MVO 
RECURSION COEFFICIENT 03MV(' 
ONE DIVIDFD 8V HA CURED 03MVO 
ONE DIVIDfD BV HR Cll~F.D 03MV(' 
ONE DIVIDED BV HC CUBED 03MVO 
CONVENTIONAL BfNDING MOMENTS PfR UNIT 03MVO 
WIDTH OF SLAP IN ABC DIRFCTIONS 03MVO 
FIRST AND SECOND PRINCIPAL BfNDING MOMENTSv3MVO 
CONVENTIONAL BENDING MOMENTS PER UNIT 03MVO 
wIDTH OF SLAB IN X AND V DIRECTIONS U3MVO 
CONVENTIONAL TWISTING MOMENT PER UNIT 03MVO 
wIDTH OF SLA8 ABOUT X DIRECTION 03MVO 
COEFFICIENTS IN STIFFNESS MATRIX 03MVO 
RE(URSION COEFFICIENT Cit) AT J-1 03MVO 
MULT CONSTANTS FOR 811 THRU B33 IN STIFF 03MVO 
MATRIX 03MVO 

(I.CZ,(3 (OSINE OF THETAI THETAZ THETA3 03MVO 
(lS.(ZS,(3S COSINE SQUARE OF THETA 1 THETAZ THETA3 03MVO 
DI,) RECURSION MULTIPLIER U3MVO 
DDI,) COEFFICIENTS IN STIFFNESS MATRIX 03MVO 
DDTI.) TRANSPOSE OF DDI,) 03MVO 
01111 THRU D33() BENDING STIFFNESS PER UNIT WIDTH OF SLAB 03MVO 
OllN( 1 THRU D33NII INPUT VALUES OF 01111 THRU D33() 03MVO 
DIZMl () THRu D33Ml ( 1 DIZ (I THRU D33 (I AT J-l O,MVO 
DIZPl(1 THRU D33Pli ID1Z(1 THRu D33() AT J+l 03MVO 
EI,) RECURSION MULTIPLlfR 03MV(' 
EEI,I COEFFI(IENTS IN STIFFNESS MATRIX 03MVO 
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C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

EEP I,) 
EEllI,) 
EET2I,) 
EPlI,) 
FAI ),FBI) ,FCI) 
FANI) ,FBNI I,FCNI) 
FBMl I I ,FCMl I) 
FBPlIl,FCPl!l 
FF I ) 
HA,HB,HC 
I 
INl31) THRU IN151) 

IN23() THRU IN251) 

IPR 
ISTA 
ISTIFF 
ITEMP 
I TES T 

J 
IN 
JN1311 THRU JN151) 

JN2311 THRU JN251) 

JSTA 
JTEMP 
K 
KEEP2 THRU KEEP5 
KML 
KPROB 
KROPT 
L 
Ll.L2 
MA 
MAPl THRU MAP5 
MC 
MCPl THRU MCP5 
ML 
N 
NCD2 THRU NCD5 

NCT3 THRU NCT5 
NC13 THRU NCl5 

NDES 
NDEl THRU NDE5 
NF 
NK 
NL 
NLM2 
NPROB 
Nl,N2,N3 
PMMAX 

PACKED EEl,) AS REQUIRED FOR SOLUTION 03MYO 
TRANSPOSE OF EEPI,) AT J-l 03MYO 
TRANSPOSE OF EE AT J-2 03MYO 
RECURSION MULTIPLIER U3MYO 
BEAM STIFFNESS IN ABC DIRECTIONS 03MYO 
INPUT VALUES OF FAI) FBI) FCI) 03MYO 
FB I) FC I) /I.T J-l 03MYO 
FBII FCII AT J+l 03MYO 
COEFFICIENT IN LOAD VECTOR 03MYO 
INCREMENT LENGTH IN ABC DIRECTIONS 03MYO 
STATION NUMBER IN A OR X DIRECTION 03MYO 
INITIAL STATION IN A OR X DIRECTION 03MYO 
USED IN TABLF 3 THRU 5 03MYO 
FINAL STATION IN A OR X DIRFCTION 03MYO 
USED IN TABLE 3 THRU 5 03MYO 
PRINT OPTION SWITCH G3MYO 
EXTERNAL STATION IN A OR X DIRECTION 03MYO 
STIFFNESS INPUT OPTION SWITCH 03MYO 
ISTA FOR MAXIMUM STATICS CHECK ERROR 03MYO 
= 5 ALPHANUMERIC BLANKS USED TO 03MYO 
TERMINATE PROGRAM 03MYO 
STATION NUMBER IN C DIRECTION 03MYO 
J-3 03MYO 
INITIAL STATION IN C DIRECTION 03MYO 
USED IN TABLE 3 THRU 5 03MYO 
FINAL STATION IN C DIRECTION 03MYO 
USED IN TABLE 3 THRU 5 U3MYO 
EXTERNAL STATION IN C DIRECTION 03MYO 
JSTA FOR MAXIMUM STATICS CHECK ERROR 03MYO 
DO LOOP INDEX 03MYO 
IF = 1. KEEP PRIOR DATA, TABLES 2 THRU 5 U3MYO 
KEEP ML FOR ERROR CHECKS 03MYO 
PROBLEM NUMBER FOR PARENT PROBLEM 03MYO 
REACTION OUTPUT OPTION swiTCH 03MYO 
DO LOOP INDEX 03MYO 
VARIABLE DIMENSION UNIT 03Myn 
NUMBER OF INCREMENTS IN A OR X DIRECTION 03MYO 
MA+l THRU MA+5 03MYO 
NUMBER OF INCREMENTS IN C DIRECTION 03MYO 
MC+l THRU MC+5 03MYO 
MULTIPLE LOADING SWITCH 03MYO 
INDEX FOR READING CARDS U3MYO 
NUMBER OF CARDS IN TABLES 2 THRU 5 03MYO 
FOR THIS PROBLEM U3MYO 
TOTAL NUMBER OF CARDS IN TABLES 3 THRU 5 03MYO 
INITIAL INDEX VALUF FOR THE INPUT TO 03MYO 
TABLES 3 THRU 5 03MYC 
NDEl + NDE2 + NDF3 NDE4 + NDE5 03MYO 
NUMBER OF DATA ERRORS IN TABLES 1 THRU 5 03MYO 
STARTING VALUE FOR DO LOOP 03MYO 
ORDER OF SUBMATRICES 03MYO 
MATRiX ORDER OF OVERALL COEFFICIENT MATRIX03MYO 
NL-2 03MYO 
PROBLEM NUMBER I PROGRAM STOPS IF BLANK) 03MYO 
BAND WIDTH OF EEl,) DDI ,) CCI,) 03MYO 
LARGEST PRINCIPAL MOMENT 03MYO 



C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

Q( } 

QNt) 
REACT 
SI) 
SN( ) 
STACH 
STEMP 
SUMR 
SWB,SWS 
Sl,S2,S3 
SlS,S2S,S3S 
TA( } 
TAN() ,TBN( I,TCN() 

TBPl(~,TCPl() 

THETA 

THETA1 

THETA2 
THETA3 
WI, I 

TRANSVERSE LOAD PER JOINT 
INPUT VALUE OF QII 
SUPPORT SPRING REACTION PER JOINT 
SPRING SUPPORT, VALUE PER JOINT 
INPUT VALUE OF S() 
STATICS CHECK ERROR PER JOINT 
MAXIMUM STATICS CHECK ERROR 
SUMMATION OF REACTIONS 
SWITCHES TO PRINT HEADINGS FOR OUTPUT 
SINE OF THETAl THETA2 THETA3 
SINE SQUARE OF THETAl THETA2 THETA3 
EXTERNAL COUPLE IN A OR X DIRECTION 
INPUT VALUES FOR EXTERNAL COUPLE IN 
ABC DIRFCTIONS 
EXTERNAL COllPLES IN RAND C r:>rRFCTfONC; 
AT J-l 
EXTERNAL COUPLES IN BAND C DIRECTIONS 
AT J+l 
ANGLE BETWEEN A AND C DIRECTIONS 
IN DEGREES 
ANGLE bETWEEN A AND B DIRECTIONS 
IN RADIANS 
THETA IN RADIANS 
THETA2 - THFTAl 
DEFLECTION AT EACH JOINT 

03MYO 
03MYO 
03MYO 
03MYO 
03MYO 
03MYO 
03MYO 
U3MYO 
03MYO 
03MYO 
03MYO 
03MYO 
O'3MYO 
03MYO 
03MYO 
03MYO 
03MYO 
G3MYO 
03MYO 
li3MYO 
03MYO 
U3MYO 
03MYO 
03MYO 
03MYO 
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APPENDIX 4 

LISTING OF PROGRAM DECK OF SLAB 44 
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PROGRAM SLAB44 I INPUT, OUTPUT, TAPElo TAPE2, TAPE3 
( 

(-----THIS PROGRAM IS NOW DIMENSIONED TO SOLVE A 25 BY 75 GRID AND 
( FOR UPTO 70 (ARDS IN EA(H TARLF, Ll MA + 3, L2 = MA + , 
( 

1 FORMAT ( 
1 

S2H PROGRA.M SLAB44 
28H 

- MAST5R DE(K - M. VORA 
REVISLON DATE 03 MAY 70 

DIMENSION AN1I321, AN2(141 
(-----DIMENSluN STATEMENT FOR NUMBER OF (AROS IN 

IN23( 70), 
D22N( 70), 
IN241 7CI, 

DIFFERENT TABLES 
JN23( 701, DllN( 
D2 3N ( 70), D3 3N ( 
JN241 701, FAN( 

DIMENSION IN13( 701, JNI3( 701, 
1 D12NI 701, DI3N( 701, 
2 INI4( 701, JNI4( 701, 
3 FBN( 70), F(N( 70), SN ( 70), 

70 I , 
70) , 
70) , 

4 INI5( 70), JNI5( 70), 
ON I 7C), 

IN?5( 70), JN2S( 701, TAN( 70), 
5 TGN( 70), T(N( 70) 

(-----DIMENSIUN STATEMENT WITH ( MA+5 
DIMENSlUN Dl1(30), DI2(30), 

1 D33(30), D12M1(30), 
2 D33M1(30), DI2Pl(30), 

DI3(,0), 
D13M1130' , 
D13P1(30) , 

FE\(3C), 
F(Ml('30) , 
TCM1I30l, 

) EXPE(T 

D22(30), D23(30), 
D22M1(30), D23Ml(3CI, 
D22Pl(301, D23Pl(301, 

3 D33P1(30), FA(3U), F((30), Q(30), 
4 S(301, FBMl(30), 
5 TA(30), TBMl(30), 

(-----DIMENSluN STATEMENT WITH ( MA+3, 

FBP1I3U), F(Pl(30I, 
T8P1(30), T(P11301 
FOR W WHI(H 

( IS ( MA+S, M(+S I 
DIMENSlUN (((28,5), DD128,5), 

1 EEP( S,28)' EETll28, 5), 
2 A I 28 ), AM 1 ( 28 ) , 
:3 BMl(28,28), EPl(28,281, 
4 (Ml(28,28), D128,28', 

(-----DIMENSION STATEMENT WITH ( MA+5 I 
DIMENSION BMA(30), BMBMl(30), 

1 BM(Ml(30), BM((30), 

EEI28, 51, 
fET2128,5), 

AM2 I 28 ) , 
ATMI28 ) , 

E128,28), 

DDT128,5" 
FFI28, 1), 

B128,28', 
(128,281, 
W130,8u) 

BMB(30), BM8Pll301, 
BM(PI130), BMBAI30l, 

2 BMBBMl(30), BMBB(30), FlMBBPI(30), BMB(M1I30I, 
3 BMB((30I, BMB(Pl(301 

(OMMON I DATA2 I IN13, JN13, IN23, JN23, IN 14, JN14, IN24, JN24, 
1 INlS, JNlS, IN2S, JN25, 
2 DIIN, D12N, D13N, D22N, 
3 FAN, FBN, F(N, QN, 
4 N(T3, N(T4, N(TS, MAPS 

6 FORMAT 
S HI 

16AS ) 
, 80X, 10HI-----TRIM 

SX, 16AS ) 
I AS, S X, 14A 5 ) 

D23N, 
SN, 

I//IlOH PROB, 15X, AS, 5X, 14A5 ) 

D33N, 
TAN, 

11 FORMAT 
12 FORMAT 
13 FORMAT 
14 FORMAT 
15 FORMAT 
16 FORMAT 
20 FORMAT 
21 FORMAT 
33 FORMAT 
43 FORMAT 
S3 FORMA T 

1/II17H PROB I(ONTD), I SX, AS, 5X, 14AS ) 

100 FORMAT 
1 II 

I SX, 41S, SX, 41S, SX, IS, SX, 31S ) 
( 21S, 3EI0.3 I 
I 4( 2X, 13 I, 6EI0.3 
( 41 2X, 13 I, SEI0.3 

41 2X, 13 I, 3EI0.3 
1127H TABLE 1. 

48X, 3SH 

I 
) 

(ONTROL DATA, 
TABLE NUMBER, 

TBN, 

2 I 43X, 42H 2 3 4 S, 
3 II 
4 I 

5X, 41H 
5X, 33H 

HOLD FROM 
NUM (ARDS 

PRE(EDING PROBLEM 11=HOLDI,19X, 
INPUT THIS PROBLEM, 27X, 415 , 

T(N, 

41S, 

153 

)REVISED 
120(9 

120(9 
120(9 
120(9 
120(9 
120(9 
120(9 

REDIMEN 
REDIMEN 
RfDIMEN 
REDIMEN 
REDIMEN 
RfDlMfN 

REDIMEN 
REDIMEN 
REDIMEN 
REDIMEN 
REDIMEN 

REDIMEN 
REDIMEN 
REDIMEN 
REDIMEN 
140(9 
140(9 
140(9 
140(9 
140(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
230(9 
03MVO 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
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5 II SX. SOH MULTIPLE LOAD OPTION ( IF BLANK, PROBLEM IS S, 120(9 
6 16HINGLE LOADING --, 120(9 
7 I lSX, SOHIF +1. PARENT FOR NEXT PROB IF -1, A OFFSPRING, 120(9 
8 SHPROB), lOX, 15, 120(9 
9 I SX, 50H PRINT OPTION (IF BLANK. MX MY MXY -- IF 1, 120(9 
A 25HMA MB M( PRINTED) , IS, 120(9 
B I SX, 50H REA(TION OUTPUT OPTION (IF BLANK, SUPPORT REA, 120(9 
( 9H(TION -- • 120(9 
D I lSX. 30HIF 1. STATICS (HE(K PRINTED) • 3SX. IS. 03MYO 
E I Sx. SlH STIFFNESS INPUT OPTION (IF BLANK. 011 THRU D33.03MYO 
F I 15X. 30HIF 1. B11 THRU 833 INPUT) • 3SX. 15 ) 03MYO 

200 FORMAT ( 1124H TABLE 2. (ONSTANTS ) 120(9 
201 FORMAT I I 50H NUMBER OF IN(REMENTS IN A DIRE(TION MA. 120(9 

1 32X. 13. I 120(9 
2 lOX. 40HNUMBER OF IN(REMENTS IN (DIRE(TION M(. 32X. 13. 1120(9 
3 lOX. 35HIN(REMENT LENGTH IN A DIRE(TION HA. 30X. EI0.3. I 120(9 
4 lOX. 35HIN(REMENT LENGTH IN (DIRECTION HC. 30X. EI0.3. I 120(9 
S lOX. 4SHANGLE BFTWEEN A AND C DIRECTION IN DfGRFFS 120(9 
6 20X. E10.3 ) 120C9 

300 FORMAT I 1135H TABLE 3. JOINT STIFFNESS DATA. 120(9 
1 II 50H FROM THRU Dll D12 013 • 120(9 
2 3SH D22 D23 031 120C9 
3 I 20H JOI NT JO I NT I 120(9 

301 FORMAT 113SH TABLE 3. JOINT STIFFNESS DATA. 03MYO 
1 II SOH FROM THRU Bll R12 613 • 03MYO 
2 3SH B22 B23 B33 v3MYO 
3 I 20H JOI NT JOI NT ) 120(9 

311 FORMAT 5X. 211X. 12. IX. 13 I. 6Ell.3 ) 120(9 
400 FORMAT 1145H TABLE 4. BEAM STIFFNFSS AN~ LOAD DATA. 120(9 

1 II SOH FROM THRU FA FB F( ,120(9 
2 3SH Q S 120(9 
3 I 20H JOINT JOINT I 120(9 

411 FORMAT SX. 211X. 12. IX. 13 ). 5E11.3 I 120(9 
SOO FORMAT 113SH TABLE S. EXTERNAL (OUPLE DATA. 120(9 

1 II SOH FROM THRU TA TB TC • 120(9 
2 I 20H JOI NT JOI NT ) 120(9 

S11 FORMAT I SX, 211X. 12. IX. 13 I. 3Ell.3 ) 120(9 
700 FORMAT 112SH TABLE 6. RESULTS I 230(9 
701 FORMAT IISOH TABLE 6. RESULTS -- USING STIFFNESS DATA FROM, 230(9 

1 18H PREVIOUS PROBLEM • AS ) 230(9 
711 FORMAT I 49H INPUT DATA IS SUCH THAT ONLY BEAM. 230(9 

1 20HOUTPUT loS REQUI RED • 230(9 
2 II lOX. 40H BEAM MOMENTS ARE TOTAL PER RFAM • I I 230(9 

712 FORMAT ( I 49H INPUT DATA IS SUCH THAT ONLY SLAB, 230(9 
1 20HOUTPUT IS REQUIRED 230(9 
2 II lOX. 40H SLAB MOMENTS ARE PER UNIT WiDTH 230(9 
3 I lOX. 47H COUNTER(LOCKWISE BETA ANGLES ARE POSITIVE. 230(9 
4 II 2SX. SOH LARGEST BETA 230(9 
S I 2SX. SOH PRIN(IPAL X TO 230(9 

713 FORMAT { I SOH SLAB MOMENTS ARE PER UNIT WIDTH • 230(9 
1 I lOX. 40H BEAM MOMENTS ARE TOTAL PER BEAM 230(9 
2 I lOX, 47H COUNTERCLOCKWISE BETA ANGLES ARE POSITIVE .1/1 230(9 

721 FORMAT(2SX,SlHBEAM A BEA~ B BEAM C S.03MYO 
1 6HUPPORT, 03MYO 
2 I S2H A ,( DEFL MOMENT MOMENT MOMEN230(9 
3 31HT REA(TION 03MYO 



722 FORMAT(25X.51HBEAM A BEAM R 
1 6HTATICS. 
2 I 52H A • C DEFL 
3 31HT 

731 FORMAT(25X.51HSLAB X SLAB Y 
1 6HUPPORT. 
2 I 52H A • C DEFL 
3 31HT MOMENT MOMENT 

732 FORMAT(25X.51HSLAB A SLAR B 
1 6HUPPORT. 
2 I 52H A • C DEFL 
3 31HT MOMENT MOMENT 

733 FORMAT(25X.51HSLAB X SLAB Y 
1 6HTATICS. 
2 I 52H A • C DEFL 
3 31HT MOMENT MOMENT 

734 FORMAT(25X.51HSLAB A SLAB B 
1 6HTATICS, 
2 I 52H A ,C DEFL 
3 31HT MOMENT MOMENT 

741 FORMAT(25X.50HSLAB X SLAB Y 
1 I 25X. 50HMOMENT MOMENT 
2 I 25X. 51HBEAM A BEAM B 
3 6HUPPORT, 
4 I 52H A • C DEFL 
5 31HT MOMENT MOMENT 

742 FORMAT(25X.50HSLAB A SLAB B 
1 I 25X. 50HMOMENT MOMENT 
2 I 25X. 51HBEAM A BEAM B 
3 6HUPPORT. 

BEAM C 

MOMENT 
CHECK ) 

SLAB XY 

MOMENT 

S.03MYO 
03MYO 

MOMEN230C9 
03MYO 

SLAB LARGEST S.03MYO 

MOMENT 
REACTION ) 

MOMENT 
03MYO 

MOMEN230C9 
03MYO 

LARGEST S,03MYO SLAB C SLAB 

MOMENT 
REACTION 

SLAB XY 

MOMENT 
03MYO 

MOMEN230C9 
03MYO 

LARGEST S.U3MYO 
) 

SLAB 

MOMENT 
CHECK I 

SLAB C 

MOMENT 
03MYO 

MOMEN230C9 
03MYO 

LARGEST S,03MYO SLAB 

MOMENT MOMENT 
03MYO 

MOMEN230C9 
03MYO CHECK ) 

SLAB XY LARGEST 
MOMENT PRINCIPAL 
PEAM C SLAB 

BETA 
X TO 

LARGFST 

, 230C9 
, 230C9 
$,03MYO 

MOMENT MOMENT 
03MYO 

MOMEN230C9 
()3MYO REACTION 

SLAB C 
MOMENT 
BEAM C 

) 

LARGEST 
PRINCIPAL 

SLAB 

BETA 
A TO 

LARGEST 

, 230C9 
• 230C9 
S.03MYO 

4 I 52H A • C DEFL MOMENT MOMENT 
03MYO 

MOMEN230C9 
03MYO 5 31HT MOMENT MOMENT REACTION 

743 FORMAT(25X.50HSLAB X SLAB Y 
1 I 25X. 50HMOMENT MOMENT 
2 I 25X. 51HBEAM A BEAM B 
3 6HTATICS, 
4 I 52H A , C 
5 31HT MOMENT 

744 FORMAT(25X,50HSLAB A 
1 I 25X, 50HMOMENT 
2 I 25X, 51HBEAM A 
3 6HTATICS, 

DEFL 
MOMENT 

SLAB B 
MOMENT 
BEAM B 

SLAB XY 
MOMENT 
BEAM C 

MOMENT 
CHECK 

SLAB C 
MOMENT 
PEAM C 

4 I 52H A • C DEFL MOMENT 
5 31HT MOMENT MOMENT CHECK 

751 FORMAT 5X. 12, IX, 13. 4Ell.3. 17X. Ell.3 ) 

LARGEST 
PRINCIPAL 

SLAB 

BETA 
X TO 

LARGEST 

, 230C9 
, 230C9 
S,03MyO 

MOMENT 
03MYO 

MOMEN230C9 
03MYO 

LARGEST 
PRINCIPAL 

SLAB 

BETA 
A TO 

LARGEST 

MOMENT 

, 230C9 
, 230C9 
S.03MyO 

03MYO 

752 FORMAT 5X. 12, IX. 13, 5Ell.3. F6.1, Ell.] I 
753 FORMAT 22X. 3Ell.3 ) 
903 FORMAT I 25H NONE ) 
905 FORMAT 46H 
910 FORMAT ( 43H 
980 FORMAT (11140H 
991 FORMAT ( III0H 

**** 

USING DATA FROM THE PREVIOUS PROBLEM 
ADDITIONAL DATA FOR THIS PROBLEM ) 
UNDESIGNATED ERROR STOP **** 

MOMEN230C9 
03MYO 
230C9 
230C9 
230C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 

1 33H 
992 FORMAT (11130H 

1 20H 
993 FORMAT ( 1150H 

**** • 14. 
DATA ERRORS IN THIS TABLE **** 

**** PROBLEM TERMINATED ,14 
DATA ERRORS **** ) 

**** CAUTION. MULTIPLF LOAD OPTION 
120(9 

MISUSED FO, 120C9 

155 
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C 

1 
994 FORMAT 

1 
995 FORMAT 

1 

30HR THIS OR PRIOR PROBLEM **** ) 
1129X. 43HSUMMATION OF SUPPORT SPRING REACTION =. 

E11.3 ) 
I 29X. 35HMAXIMUM STATICS CHECK ERROR AT STA • 13. 13. 

2H =. E11.3 I 

C-----PROBLEM IDENTIFICATION 
C 

ITEST = 5H 
KML = 0 

READ 12. I AN1INl. N = 1 • 32 I 
CALL TI C TOC I 1 I 

1010 READ 14. NPROB. I AN2(Nl.N= ] . 14 I 
IF ( NPROB - I TE S T I 1020. 9990. 1020 

1020 PRINT 11 
PRINT 1 
PRINT 13. ( AN1(NI. N = 1 • 32 I 
PRINT 15. NPROB. ( AN21NIt N = 1. 14 I 

C 
C-----INPUT TABL~ 1 
C 

C 

1110 
1111 

1112 
1113 
1115 

1120 
1125 
1130 
1135 
1140 
1145 
1150 

READ 
1 

20. KEEP2. KEEP3. KEEP4. KEfP5. 
NCD2. NCD3. NCD4. NCD5. ML. IPR. KRODT. ISTIFF 
KEEP2. KEEP3. KEEP4. KEEP5. 

1 
PRINT 100. 

IF 
IF 

NCD2. NCD3. NCD4. NCD5. ML. IPR. KROPT. ISTIFF 
NDE1 = 0 
KML I 1115. 1110. 1112 
ML I 1111. 1115. 1115 
NDE 1 = NDE 1 + 1 

GO TO 1115 
IF ( ML I 1115. 1113. 1113 

PRINT 993 

IF 
IF 

IF 
IF 

KML = ML 
KEEP2 I 9980. 1130. 1120 
NCD2 I 9980. 1130. 1125 
NDE1 = NDEl + 1 
ML I 1135. 1145. 1145 
NCD2*NCD3*NCD5 ) 9980. 1145. 1140 
NDEl = NDE1 + 1 

IF ( NDE1 ) 9980. 1200. 1150 
PRINT 991. NDEI 

C-----INPUT TABLE 2 
C 

1200 PRINT 200 

1201 

1203 
1205 

1210 
1211 
1212 

IF 

IF 

KEEP2 I 9980. 1201. 1230 
NDE2 = 0 
NCD2 - 1 I 1203. 1205. 1203 
NDE2 = NDE2 + 1 

READ 21. MA. MC. HA. HC. THETA 
PRINT 201. MA. MC. HA. HC. THETA 

IF ( MA - MC ) 1211. 1211. 1210 

IF 
NDE2 = NDE2 + 1 
HA * HC I 1212. 1212. 1250 
NDE2 = NDE2 + 1 

GO TO 1250 

120C9 
300C9 
300C9 
300C9 
300C9 

120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 

120C9 
03MVO 
120C9 
03MVO 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 

120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 



1230 IF I NCD2 ) 9980. 1240. 1235 
1235 NDE2 = NDE2 + 1 
1240 PRINT 905 

1250 
1270 

PRINT 201. MA. MC. HA. HC. THETA 
IF I NDE2 I 9980. 1300. 1270 

PRINT 9910 NDE2 
C 
C-----INPUT 
C 

TABLE 3 

1300 
1301 

IF I ISTIFF I 9980. 1301. 1302 
PRINT 300 

GO TO 1303 
1302 PRINT 301 
1303 IF I KEEP3 
1304 NC13 

NCT3 
NDE3 
SWS 

GO TO 1335 
1310 PRINT 905 

I 9980. 
1 
NCD3 
o 
0.0 

1304. 1310 

DO 1325 N = 1. NCT3 
PRINT 311. IN13INI. JN131Nlo IN23INI. JN23INI. DllN(NI. 

1 D12NINI. D13NINI. D22NINI. D23NINI. D33NINI 
1325 CONTINUE 

PRINT 910 
NC13 
NCT3 = 

1335 IF (NCD3 
1337 PRINT 903 

GO TO 1372 

NCT3 + 1 
NCT3 + NCD3 
9980. 1337. 1'340 

1340 DO 1370 N = NC13. NCT3 
C-----IF STIFFNESS INPUT OPTION ISTIFF = 1. THEN 811 THROUG~ B33 ARE 
C READ AND STORED AS D11 THROUGH D33 

1341 
1342 
1343 

READ 33. IN13INI • ..JN13INI. IN23INI. JN23INI. 
1 D12NINI. D13NINI. D22NIN). D23NIN). 

PRINT 311. IN13INI • ..JN13(NI. IN23INI. JN23(NIo 
1 D12NIN). D13NIN). D22NIN). D23NIN). 

IF INI3IN) - IN23IN) I 1342. 1342. 1341 

IF 

IF 

NDE3 = NDE3 + 1 
JN131NI - ..JN231NI 
NDE3 = NDE3 + 1 

1344. 1344. 1343 

IN231NI - MA I 1346. 1346. 1345 
NDD = NOE3 + 1 

IF I JN231NI - MC I 1350. 1350. 1347 
NDE3 NDE3 + 1 

D11NINI. 
D33NINI 
D11NINl. 
D33NINI 

1344 
1345 
1346 
1347 
1350 

1 
SWS SWS + ABS D11NINI + D12NINI + D13NINI + D22NINI 

+ D23NINI + D33NINI 

( 

1370 
1372 
1375 

CONTINUE 
I F I NDE3 

PRINT 991. NDE3 
9980. 1400. 1375 

(-----INPUT 
C 

TABLE 4 

1400 

1401 

PRINT 400 
IF I KEEP4 I 9980. 1401. 1410 

NC14 = 1 

120C9 
120C9 
120C9 
120C9 
120C9 
120C9 

03MYO 
03MYO 
03MYO 
03MYO 
03MYO 
03MYO 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120(9 
120(9 
120C9 
120(9 
120C9 

120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120C9 
120(9 
120(9 
120C9 
120C9 
120C9 
120C9 

120C9 
120C9 
120C9 

157 



158 

( 

N(T4 = N(D4 
NDE4 = 0 
SWB = 0.0 

GO TO 1435 
1410 PRINT 905 

DO 1425 N = 1, N(T4 
PRINT 411, IN14tN), JN14IN), IN24IN), JN241Nh FANIN), 

1 FBNIN), F(NIN), QNIN), SNIN) 
1425 (ONTINUE 

PRINT 910 
N(14 = N(T4 ... 1 
N(T4 = N(T4 ... N(D4 

1435 IF I N(D4 ) 9980, 1437, 1440 
1437 PRINT 903 

1440 

1441 
1442 
1443 
1444 
1445 
1446 
1447 
1450 

1455 
1460 
1470 
1472 
1475 

GO TO 1472 
DO 1470 N = N(14, N(T4 

READ 43, IN14IN), JN141Nh IN24IN), JN241Nh FANIN), 
1 FBNIN), F(NIN), QNIN), SNIN) 

PRINT 411, IN14IN), JN14IN), IN24INI, JN24INI, FANINI, 
1 FBNINI, F(NINI, QNINI, SNINI 

IF IN14IN) - IN241NI I 1442, 1442, 1441 

IF 

IF 

IF 

IF 
IF 

NDE4 = NDE4 ... 1 
JN141NI - JN24IN) 
NDE4 = NDE4 ... 1 

1444, 1444, 1443 

IN241NI - MA ) 1446, 1446, 1445 
NDE4 = NDE4 ... 1 
JN241NI - M( I 1450, 1450, 1447 
NDE4 = NDE4 ... 1 
SWB = SWB ... ABS I FANINI ... FBNINI ... F(NINI I 
ML I 1455, 1470, 1470 
FANINI*FBNIN)*F(NINI*SNINI ) 1460, 1470, 1460 
NDE4 NDE4'" 1 

(ONTINUE 
IF I NDE4 I 9980, 1500, 1475 

PRINT 991, NDE4 

(-----INPUT TABLE 5 
( 

1500 PRINT 500 
I F I 

1501 
KEEP5 
NC15 = 
N(T5 = 
NDE5 = 

GO TO 1535 
1510 PRINT 905 

I 9980, 
1 
N(D5 
o 

150r. 1510 

DO 1525 N = 1, N(T5 
PRINT 511, IN15(NI, JN15INI, IN25INI, 

1 TANINI, TBNINI, T(NIN) 
1525 (ONTINUE 

PRINT 910 
N05 
N(T5 = 

1535 IF I N(D5 
1537 PRINT 903 

1540 
GO TO 1572 
DO 1570 N 

N(T5 ... 1 
N(T5 ... N(D5 
9980, 1537, 1540 

N(15, N(T5 

JN25 I N I, 

120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
1;'0(9 
120(9 
120(9 
120(9 
120(9 

120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120C9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 



1541 
1542 
1543 
1544 
1545 
1546 
1547 
1570 
1572 
1575 
1600 

1650 

1700 
( 

READ 
1 

PRINT 
1 

IF 

IF 

IF 

IF 

53, IN15IN), JN15IN), IN25IN), JN2<;IN). 
TANINlt TBNIN), T(NIN) 

511, IN15IN), JN15IN), IN25IN), JN25IN). 
TANIN), TBNIN), T(NIN) 

IN15IN) - IN25IN) ) 1542, 1542, 1541 
NDE5 = NDE5 + 1 
JN15IN) - JN25IN) 
NDE5 = NDE5 + 1 

1<;44, 1544, 1541 

IN25(N) - MA ) 1546, 1546, 1<;45 
NDE5 = NDE5 + 1 
JN25IN) - M( ) 1570, 1570, 1547 
NDE5 NDE5 + 1 

(ONTINUE 
IF ( NDE5 ) 9980,1600,1575 

PRINT 991, NDE5 
NDES = NDE1 + NDE2 + NDE3 + NDE4 + NDf5 

I FIND E S ) 9980, 1 700, 1650 
PRINT 992, NDES 

GO TO 1010 
(ONTI NUE 

(-----(OMPUTE FOR 
( 

(ONVENIEN(E 

1875 
IF ( ML ) 1885, 1875, 1875 

MAP1 MA + 1 
M(P1 M( + 1 
MAP2 MA + 2 
M(P2 M( + 2 
MAP3 MA + 3 
M(P3 M( + 3 
MAP4 MA + 4 
M(P4 M( + 4 
MAP5 MA + 5 
M(P5 = M( + 5 
KPROB = NPROB 
THETA2 THETA I 57.29578 
H8 = SQRT ( HA*HA + H(*H( + 2.0*HA*H(*(OS (THETA2) ) 
THETA1 ASIN ( H( * SIN THETA2) I H8 ) 
THETA3 THETA2 - THETA1 
(S11 H( * SIN ( THETA2 ) I HA * HA * HA 
(S12 SIN ( THETA1 ) I ( HA * H8 
(S13 = SIN ( THETA2 ) I ( HA * H( 
(S22 = HA * SIN ( THETA1 ) I HB * HB * HB 
(S23 = HA * SIN ( THETA2 ) I H8 * H8 * H( 
(533 HA * 5IN ( THETA2 ) I ( H( * H( * H( 
(BA 1.0 I ( HA * HA * HA ) 
(BB 1.0 I ( HB * HB * HB ) 
(B( 1.0 I ( H( * H( * H( 
(1 (OS ( THETA1 
(2 (OS ( THETA2 
(3 COS THETA3 
Sl SIN THETA1 
S2 SIN THETA2 
53 SIN ( THETA3 
(IS (1 * (1 
(2S = (2 * (2 

120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
160(9 
160(9 
160(9 
160(9 
160(9 

160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
230(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 

159 



160 

1885 

C3S = C3 * C3 
SIS :; 51 * 51 
525 52 * 52 
535 = 53 * 53 

CONTINUE 
REWIND 1 
REWIND 2 
REWIND 3 

IF ( ML I 2140, 2100, 2100 
C-----SET INITIAL CONDITIONS 

2100 DO 2135 J = 1, MAP3 

2130 
2135 
2140 

2150 

2300 
2350 

2400 
C 

DO 2130 I = 1, MAP3 
BII,JI ::. 0.0 
CII,J) = 0.0 
CMlll,JI =0.0 
EPII I ,JI = 0.0 
DII,J) = 0.0 

CONTlNUE 
CONTINUE 
DO 2150 I = 1, MAP3 

Alii =0.0 
AMI I I I = 0.0 

CONTINUE 
DO 2350 J = 1, MCP5 
DO 230C I = 1, MAP5 

WII,JI=O.O 
CONTlNUE 
CONTINUE 
DO 2400 1 = 1, MAP5 

BMA I II = 0.0 
BMBIII 
BMC I I I 

0.0 
= 0.0 

0.0 BMBM 1 ( I ) = 
BMBP 1 (I) 0.0 

0.0 
0.0 

BMCM 1 ( I I = 
BMCP1 ( II = 
BMBA (II ::: 0.0 
BMBB I I I 0.0 

0.0 BMBC I I I 
BMBBM1111 = 0.0 
BMBBP1(II = 0.0 
BMBCMlIII 0.0 
BMBCP1! I I :: 0.0 

CONTINUE 

C-----BEGIN FORWARD PASS -- SOLVE FOR RECURSION COEFFICIENTS 
C 

NK :; MAP3 
NL MCP4 
NF = 2 
L1 = 28 
L2 = 30 
N1 :: 5 
N2 = 5 
N3 = 5 

DO 5000 J = 2, MCP4 

160C9 
160C9 
160C9 
160C9 
160C9 

4JA8 
04JA8 
17JA8 
190C9 

190C9 
190C9 
04JAB 
04JA8 
04JAB 
23MR8 
15JL9 
190C9 
190C9 
190C9 
20MY8 
20MY8 
190C9 
7'30C9 
230C9 
230(9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
730C9 
230C9 
2'30(9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 

190C9 
190C9 
190C9 
REDIMEN 
REDIMEN 
190C9 
190C9 
190C9 
190C9 



IN = J - 3 
C-----RETRIEVE DATA NEEDED AT THIS J STEP 

CALL 
1 

DATA2 ( D11. D12, D13, D22, D23. 011. D12Ml. D13M1. 130C9 

2 
3 

D22M1, 023M1. D33M1. D12Pl. D13Pl. D??P1, D23Pl. D11P1. 130(9 
FA. FB. FC. O. S. FBM1. FCMl. FBPI. FCPl. TA. TBMI. TCMlt130C9 
TBP1. TCP1, L2. IN. ML ) 130C9 

C 
C-----FORM SUBMATRI(ES 
C 

DO 3350 I:: 2. MAP4 
C-----COMPUTE TEMP CONSTANTS FOR SLAB STIFFNESS -- IF ISTIFF = It THE 
COlI THROUGH D33 COEFFICIENTS ARE ACTUALLY B11 THROUGH B331TABLE 3) 

IF ( ISTIFF I 9980. 3100. 3110 
3100 B22MM:: ( (2S * D22MICI-l) + 2.0 * C? * S2 * D23Mlll-11 

1 + S 2 S * D3 3 Mil I -1 I ) I { SIS * S 1 S I 
B23MM = ( - (1 * C2 * D22Mlll-1) 

1 - ( Cl * S2 + 51 * C2 I * D23MICI-11 
2 - Sl * S2 * D33MlIl-ll I I ( SI * S2 * S3S :) 

B23MV = ( - (1 * (2 * D22Ml11) 
1 - ( Cl * S2 + SI * C2 I * D73Ml(II 
2 - SI * S2 * D33M1(11 I I I SI * 52 * S3S) 

B33MV CIS * D22Ml(II + 2.0 * C1 * SI * D23Ml11 I 
1 + SIS * D33Ml!11 I I I S2S * S3S) 

GO TO 3120 
3110 B22MM:: D22Mlll-11 

B23MM = D23Mlll-11 
B23MV:: D23Ml(1) 
B33MV D33M1(11 

3120 CONTINUE 
C-----COMPUTE STIFFNESS VECTORS FF AND EET2 
C-----K IS USED AS INDEX FOR FF AND EET2 SO THAT FF AND EET2 WILL BE 
C STORED FROM 1 TO MAP3 AS REOUIRED FOR SOLUTION PROCESS 

K :: I - 1 
FF(K,11 :: 0111 + 0.5 * I - TAIl-II + TAII+I) I I HA 

1 + 0.5 * I - TBMlll-l) + TBP111+1l ) I HB 
2 + 0.5 * 1- TCMlll1 + TCP1(1) I I H( 

EET2IK.l1 CS22 * B2/MM + CRB * FRM111-11 
EET2IK.21 CS23 * ( B23MM + B23MV 1 
EET2IK.3) :: CS33 * 833MV + CRC * FCM1(I) 
EET2(K,4) = 0.0 
EET2(K.5) = 0.0 

IF 1 ML I 3350. 3150. 3150 
(-----TEMP (ONSTANTS b22MM. B23MM. B23MV AND B33MV ARE ALREADY (OMPUTED 
( (OMPUTE REMAINING REQUIRED (ONSTANTS 

3150 IF ( ISTIFF ) 9980. 3160. 3170 
3160 BI1VM:: ( SIS * S2S * D11(I-ll 

1 + 2.0 * Cl * SI * (2 * 52 * 012(1-11 
2 + 2.0 * Sl * S2 * I C1 * S2 + SI * (2 I * 
3 01311-11 + CIS * (2S * D2211-11 
4 + 2.0 * Cl * C2 * 1 Cl * S2 + SI * C2 I * 
5 02311-1) + ( (1 * S2 + 51 * C2 I ** 2 * 0331 I-II 
6 I I I SIS * S2S I 

B11VV I SIS * S2S * 011111 
1 + 2.0 * (1 * Sl * (2 * S2 * 012(11 
2 + 2.0 * SI * S2 * ( (1 * S2 + SI * (2 1*013111 
3 + (IS * (2S * D22(11 

190(9 

03MYO 
03MYO 
160(9 
160(9 
160(9 
160(9 
160C9 
160(9 
160(9 
160C9 
160C9 
03MYO 
03MYO 
03MYO 
03MYO 
03MYO 
03MYO 

04N09 
190(9 
190(9 
190C9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 

03MYO 
03MYO 
160(9 
160(9 
160(9 
160(9 
160(9 
160C9 
160(9 
160(9 
160(9 
160C9 

161 



162 

4 
5 
6 

1 
2 
3 
4 
5 
6 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 

1 

1 

Bll VP ;:: 

B12VM = 

+ 2.0 * (1 * (2 * I (1 * 52 + 51 * (2 
+ I (1 * 52 + 51 * (2 1** 2 * D33(1) 
/ I 515 * 525 I 

* 023 I I I 160(9 
160(9 
160(9 

515 * 525 * Dllll+11 
+ 2.0 * (1 * 51 * e2 * 
+ 2.0 * 51 * 52 * I (1 
D1311+11 + (15 * (25 * 
+ 2.0 * (1 * (2 * I (1 
D2311+11 + I (1 * 52 + 

/ I 515 * 525 ) 

52 * D1211+1 I 
* 52 + 51 * (2 I * 
02211+11 
* 52 + 51 * (2 I * 
51 * (2 1** 2 * D3311+1) 

160(9 
160('9 
160(9 
160(9 
160(9 
160(9 
160(9 

- 51 * (2 * 52 * D1211-11 - 51 * 525 * DI311-11160(9 
- (1 * (25 * D2211-11 
- (2 * I 2.0 * (1 * 52 + 51 * (2 ) * D2311-11 
- 52 * I (1 * 52 + 51 * (2 ) * D33 I 1 -1 I I 
/ I 515 * 52 * 53 I 

BI2VV- I - 51 * (2 * 52 * D12(1) - 51 * 52S * D13111 
- (1 * (25 * D221Y) 

160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 - (2 * I 2.0 * (1 * 52 + 51 * (2 ) * D231Y I 

- 52 * 1(1 * 52 + 51 * (2 1* D33(1) ) 
/ I 515 * 52 * 53 I 

160(9 
160(9 

B12VP = - 51 * (2 * 52 * DI211+1) - 51 * S2~ * D 1 ~ I 1 + 1 ) 1 60e 9 

B12PP 

B13VM 

B13VV 

B13VP 

B13PV 

B22VV 

B22PP 

B23VV 

- (1 * (25 * D221Y+l1 
- (2 * I 2.0 * (1 * 52 + 51 * (2 I * D2311+11 
- 52 * I (1 * 52 + 51 * (2 ) * D331 1+11 I 
/ I 515 * 52 * 53 I 

= 1- 51 * (2 * 52 * DI2PlIY+l1 
- 51 * 525 * D13Plll+11 - (1 * (25 * D22PIIY+l1 
- (2 * I 2.0 * (1 * 52 + 51 * (2 I * D23Plll+11 
- 52 * I (1 * 52 + 51 * (2 I * D33PIIY+l I I 
/ I 515 * 52 * 53 I 

:: ( (1 * 51 * S2 * D12(I-l) + ~]~ * S7 .. Dl'3(I-l) 
+ (15 * (2 * D22IY-l) 
+ (1 * I (1 * 52 + 2.0 * 51 * (2 ) * D2311-1) 
+ 51 * I (1 * 52 + 51 * (2 ) * D331 I-II I 
/ I 51 * 525 * 53 ) 

= 1(1 * 51 * 52 * D12111 + 515 * 52 * D13(1) 
+ (15 * (2 * D221YI 
+ (1 * I (1 * 52 + 2.0 * 51 * (2 I * D23111 
+ 51 * I (1 * 52 + 51 * (2 ) * D33 I y) I 
/ I 51 * 525 * 53 I 

= I (1 * 51 * 52 * D1211+11 + SIS * 52 * D131Y+l1 
+ (15 * C2 * D2211+11 
+ (1 * 1(1 * 52 + 2.0 * 51 * (2 I * D2311+11 
+ 51 * I (1 * 52 + 51 * (2 I * D331 1+11 I 
/ I 51 * 525 * 53 I 

= 1(1 * 51 * 52 * DI2Plll) + 515 * 52 * D13PllII 
+ (15 * C2 * D22Plll) 
+ (1 * 1(1 * 52 + 2.0 * 51 * C2 I * D23PI1YI 
+ 51 * I (1 * 52 + 51 * (2 I * D33PI1YI I 
/ I 51 * 525 * 53 I 
I (25 * 022111 + 2.0 
+ 525 * D33 I I I I / I 

* (2 * 52 * D23111 

160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160('9 
160('9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 = I (25 * D22Plll+11 + 

+ 525 * D3 3 PI I 1 + 1 I ) 
= I - (1 * (2 * D22111 

S15 * 535 I 
2.0 * (2 * 52 
/ I 515 * S35 

- I (1 * 52 + 51 * (2 1* D23111 

* 023Pl 11+1 I 160(9 
160(9 
160(9 
160(9 



2 

1 
2 

1 
2 

1 

1 

3170 

B23PV = 

B23PP 

B33VV 

B33PV = 

GO TO 3180 
B11VM = 
B 11 VV = 
B11VP 
B12VM = 
B12VV 
B12VP 
B12PP = 
B13VM 
B13VV 
B13VP = 
B13PV = 
B22VV 
B22PP 
B23VV 
B23PV 
B23PP = 
B33VV 
B33PV 

- 51 * 52 * D33 ( I I I I ( 51 * 52 * 535 I 
- (1 * (2 * D22Pl( I I 

- ( (1 * 52 + 51 * (2 ) * D23P1(11 
- 51 * 52 * D33P 1 ( I I ) I ( 51 * 52 * S35 ) 

- (1 * (2 * D22P1(1+1) 
- ( (1 * 52 + 51 * (2 ) * D23Pl(I+1) 
- 51 * 52 * D3'3P111+11 I I I 51 * 52 * S35 

(15 * D22 ( I I + 2.0*(1* 51 * D23 I I I 
+ 515 * D3'3 I I ) I I I 525 * S'3S ) 

I (15 * D22P1111 + 2.0 * (1 * 51 * D23P111 I 
+ 515 * D33P1111 

Dllll-11 
Dll I I I 
Dllll+1) 
l>12(1-1) 
D12 I I ) 
D1211+1) 
D12PlII+11 
D1311-1) 
D131 1 I 
D1311+1) 
D13P1111 
D22 I I) 
D22P111+1) 
D23 I I I 
D23P1(1) 
D23P111+1) 
D33 II ) 
D33P1(1) 

) I I S2S * S35 

3180 (ONTINUE 

160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
03MVO 
03MVO 
03MVO 
°3MVO 
03MVO 
03MVO 
03'1VO 
03MVO 
O'3MVO 
03MVO 
O'3MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 

(-----(OMPUTE 5TIFFNE55E5 ((, DD, AND EE 
(-----K 15 U5ED A5 INDEX FOR ((, DD AND EE 50 THAT (c, DD AND EE WILL RE 
( 5TORED FROM 1 TO MAP3 A5 REQUIRED FOR 50LUTION PRO(E55 

3310 
3320 

1 
2 
3 
4 

1 
2 
3 
4 
5 
6 
7 

1 
2 
3 
4 

((IK,11 (511 * R11VM + (RA * FAIl-II 190(9 
190(9 
190(9 
190(9 
190(9 

((IK,21 - 2.0 * (511 * I B11VM + R11VV 
- 2.0 * (512 * I B12VM + B12VV 

((IK.31 

IF ( ((IK.31 
((IK.31 
((IK,41 

((IK.51 

- 2.0 * (513 * I B1'3VM + B13VV 
+ (523 * I B23MM + B23PV I 
- 2.0 * (BA * I FAIl-II + FAIll ) 

= (511 * ( B11VM + 4.0 * B11VV + B11VP 
190(9 
190(9 
190(9 
190(9 
190(9 

+ (522 * ( R22MM + 4.0 * R22VV + B22PP 
+ (533 * ( B33MV + 4.0 * R33VV + B33PV 
+ 8.0 * I (512 * B12VV + (513 * B1'3VV 
+ (523 * B23VV I + 5111 190(9 

FAII+lI) 190(9 
+ FBP1(1+1)190(9 
+ F(P111) )190(9 

+ (BA * I FAIl-II + 4.0 * FAIII + 
+ (BB * I FBM1II-11 + 4.0 * FBIII 
1+ (B( * I F(M1111 + 4.0 * F(III 

3320,3310,3320 
1.0 

= - 2.0 * (511 * B11VV + B11VP 
- 2.0 * (512 * B12VV + B12VP 
- 2.0 * (513 * B13VV + B13VP 
+ (523 * ( B23MV + B23PP I 
- 2.0 * (BA * I FAIII + FAIl+11 
(511 * B11VP + (RA * FAII+11 

190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 

163 



164 

1 
2 
3 
4 

1 
2 
3 
4 

DD(K,l) 
DD(K,2) 
DD(K,3) 

DD(K,4) 

DD(K,5) 
EE(K,}) 
EE(K,2) 
EE!K,3) 
EE!K,4) 
EE(K,5) 

= 

= 

= 

0.0 
(S13 * ( B13VM + B13PV 
- 2.0 * (S13 * B13VV + B13PV 
- 2.0 * (S23 * B23VV + B23PV 
- 2.0 * (S33 * B33VV + B33PV 
+ (S12 * ( B12VM + B12PP ) 
- 2.0 * (B( * (F(n) + F(Pl(I) ) 
- 2.0 * (S}2 * ( B12VV + B12PP ) 
- 2.0 * (S22 * ( B22VV + B22PP ) 
- 2.0 * (S23 * ( B23VV + A23PP ) 
+ (S13 * ( B13VP + B13PV ) 
- 2.0 * (BB * ( FB(I) + FRP1(1+1) 
(S12 * ( B12VP + 812PP ) 

= 0.0 
0.0 
(S33 * 

= (S23 * 
(S22 * 

B33PV + (B( * F(P1(II 
( B23PV + B23PP ) 
B22PP + (BB * FBP1(1+1) 

3350 (ONTINUE 
(-----PA(K EET2 AS REQUIRED FOR SOLUTION PROCESS 

EET2(},1l EET2(1,3) 
EET2(},2) EET2(1,4) 
EET2(1,3) EET2(1,5) 
EET2(1,4) 0.0 
EET2(lt5) 0.0 
EET2(2,1) EET2(2,2) 
EET2(2,2) EET2(2,3) 
EET2(2,3) EET2(2,4) 
EET2(2,4) EET2(2,5) 
EET2(2,5) 0.0 
EET2(MAP2,5) EET2(MAP2,4) 
EET2(MAP2,41 EET2(MAP2,3) 
EET2(MAP2,3) EET2(MAP2,2) 
EET2(MAP2,2) EET2(MAP2,}) 
EET2(MAP2,1) 0.0 
EET2(MAP3,51 = EfT2(MAP3,3) 
EET2(MAP3,4) EET2(MAP3,2) 
EET2(MAP3,3) = EET2(MAP3,1) 
EET2(MAP3,2) 0.0 
EET2(MAP3,11 0.0 

IF ( Ml ) 4000, 3380, 3380 
(-----PA(K (( AS REQUIRED FOR SOLUTION PROCESS 

3380 (((1,1) (((1,3) 
(((1,2) = (((1,4) 
(((1,3) (((1,5) 
(((1,4) 0.0 
(((1,5) 0.0 
(((2,1) = (((2,2) 
(((2,2) (((2.3) 
(((2,3) = (((2,4) 
(((2,4) = (((2.5) 
(((2,5) 0.0 
(((MAP2,5) = (((MAP2,4) 
(((MAP2,4) = (((MAP2,3) 
(((MAP2,3) = (((MAP2,2) 
(((MAP2,2) = (((MAP2,1) 

190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
}90(9 
}90(9 
}90(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 

190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 

190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 



CC(MAP2.l) 0.0 
CC(MAP3,51 = CC(MAP3.3) 
CC(MAP3,4) = C(IMAP3,2) 
CCIMAP3.3) = CCIMAP3,11 
CC(MAP3.21 :::: 0.0 
CC(MAP3tll = 0.0 

C-----COMPUTE TRANSPOSE OF DD AS DDT 

3450 

3505 

3510 

3515 

3520 

DO 3450 I = I. MAP3 
DDT(I.l) = DO(I.5) 
DD Til. 2 I D D ( I .41 
DDT I I .31 :::: DD I 1 .3 ) 
DDTII.4) :: DD(I.21 
DDTII,51 DD(I.l) 

CONTINUE 
DO 3505 L = 3. MAP3 

K " MAP3 - L + 3 
DDTIK.l1 = DDTIK-2.1) 

CONTINUE 
DDTl1.11 0.0 
DDT(2.11 0.0 

DO 3510 L = 2, MAP3 
K :::: MAP3 - L + 2 
DDT(K.21 = DOTIK-1.2) 

CONTINUE 
DD T I 1 .2 I O. 0 

DO 3515 K = 1, MAP2 
DDTIK.41 :::: DDTIK+l,41 

CONTINUE 
DDTIMAP3.41 = 0.0 

DO 3520 K = 1. MAPI 
DDT(K.5) = DDT(K+2.5) 

CONTINUE 
DDT(MAP2.5) :: 0.0 
DDT(MAP3.5) = 0.0 

C-----PACK DOT AS REQUIREO FOR SOLUTION 
OOT(I.1> '" ODTll.3) 
ODTll.21 = 00Tll.41 
00T(I.31 = DDTll.51 
ODT(I.4) '" 0.0 
00 T( 1 • 5 ) 0 • 0 
DOT(2.1) :: 00TI2.2) 
DOT12.21 = 00T(2.31 
00T(2.31 00T{2.4) 
00TI2.4) = DDT{2.5) 
00T12.51 :::: 0.0 
ODTIMAP2.5) :: DDTIMAP2.4) 
DDTIMAP2.4) :: DDTIMAP2,3 1 

00T(MAP2.3) ODTIMAP2.2 1 
ODTIMAP2.21 :::: DDTIMAP2.11 

0.0 
DDTIMAP3,3) 
DOT(MAP3.Z) 
DDTIMAP3.1) 

00TIMAP2.11 
DDTIMA P3.51 :::: 
00T(MAP3.4) 
DDTIMAP3.31 = 
DOT I MAP3 • .2) 
DDTIMAP3.1) 

:::: 0.0 
= 0.0 

PROCESS 

C-----(OMPUTE TRANSPOSE OF EEP AT PREVIOUS J STEP AS EETI EX(EPT AT J 

165 

190C9 
190C9 
190C9 
190(9 
]90C9 
190C9 

190(9 
190C9 
190C9 
190(9 
190(9 
190(9 
190(9 
190(9 
190C9 
190C9 
190C9 
190C9 
190(9 
190(9 
190C9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190C9 
190C9 
190(9 

190(9 
190(9 
190(9 
190C9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 

:::: 2 
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IF I J - 2 9980. 3550. 3580 
3550 DO 3575 K = 1. 5 

DO 3570 I = 1. MAP3 
EETlII.K) = 0.0 

3570 (ONTINUE 
3575 (ONTINUE 

GO TO 3600 
3580 DO 3590 K = 1. 5 

DO 3585 I = 1. MAP3 
EETlII.K) = EEPIK.I) 

3585 (ONTINUE 
3590 (ONTINUE 
3600 (ONTINUE 

(-----PA(K EE AT THIS STEP AS EEP AND AS REQUIRED FOR SOLUTION PROCESS 

( 

DO 3700 I = 1. MAP3 
EEPl1.I) = EEII.5) 
EEPI2.I) = EEII.4) 
EEPI3.I) = EEII.3) 
EEPI4.I) EEII.2) 
EEPI5.I) EEII.1) 

3700 (ONTINUE 
DO 3705 L = 3. MAP3 

K = MAP3 - L + 3 
ElPl1.K) = EEPl1,K-2) 

3705 (ONTINUE 
EEP(l.l) = 0.0 
EEPl1.2) 0.0 

DO 3710 L = 2. MAP3 
K = MAP3 - L + 2 
EEPI2.K) = EEPI2.K-1) 

3710 (ONTINUE 
EEPI2,l) = 0.0 

DO 3715 K = 1. MAP2 
EEPI4,K) EEPI4.K+1) 

3715 (ONTINUE 
EEPI4,MAP3) = 0.0 

DO 3720 K = 1, MAP1 
ElPI5,K) EEPI5.K+2J 

3720 (ONTINUE 
EEPI5.MAP2) = 0.0 
EEPI5.MAP3) = 0.0 

EEPl1.1l EEPI3,l) 
EEPI2.11 = EEPI4.1) 
EEPI3,ll = EEPI5,Il 
EE PI 4 , 1 ) 0.0 
EEP(5.1) = 0.0 
EEPl1,2) EEPI2,2) 
EEPI2.2) EEPI3,2) 
EEPI3,2) EEPI4,2) 
EEPI4,2) = EEPI5.2) 
EEPI5,2) = 0.0 
EEPI5,MAP2) = EEPI4,MAP2) 
EEPI4.MAP2) = EEPI3,MAP2) 
EEPI3,MAP2) = EEPI2,MAP2) 
EEPI2.MAP2) = EEPl1.MAP2) 

190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 

190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 

190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 
190(9 



4000 

EEP(1.MAP2) 
EEP(5.MAP3) 
EEP(4.MAP3) 
EEP(3.MAP3) = 
EEP(2.MAP3) 
EEP(1.MAP3) 

CONTINUE 

0.0 
EEP(3.MAP3) 
EEP(2.MAP3/ 
EEP(1.MAP3 1 

0.0 
0.0 

C-----INDICES NK. NL. NF. N1. N2. N3. L1. L2 FOR SOLUTION PROCESS 
C ARE DEFINED PRIOR TO DO 5000 LOOP 
C-----REPLACE AM2. AMI. BM1 WITH PREVIOUS COEFFICIENTS 

CALL RFV (AM2. AMI. L1 • 1 • NK ) 
CALL RFV (AMI. A • L1 • 1 • NK 

IF ( ML ) 4210. 4180. 4180 
4180 CALL RFV (BM1. B • L1 • Ll • NK 

GO TO 4220 
C-----READ D AND E MULTlPLIERS FROM TAPE 3 

4210 READ (3) « D(I.K) • E(I.K) • I 1.NKI 
GO TO 4280 

C-----CALCULATE RECURSION MULTIPLIER E 
4220 CALL RFV (E • EP1. L1 • Ll • NK 

C-----CALCULATE RECURSION MULTIPLIER EP1 

• K 

CALL MBFV (EET1. BM1. EPI. L1 • L1 • NK • N1 ) 
CALL ABF (DDT. EP1. EP1. Ll • NK • N2 

C-----CALCULATE RECURSION MULTIPLIER D 
CALLSMFF (E .BM1.D .Ll.NK 
CALL RFV (8M1. CMl. L1 • Ll • NK 
CALL RFV (CM1. C • L1 • Ll • NK 
CALL MBFV (EET2. BM1. C • L1 • L1 
CALL ASFV (D • C • D • L1 • L1 
CAL L AB F (C C • D • D • Ll • NK 
CALL INVR6 D • L1 • NK 

• NK • N 1 
• NK • +1 
• N3 

CALL CFV (D • L1 • L1 • NK • -1.) 
C-----CALCULATE RECURSION COEFFIECENT C 

CALL MFB (D • EEP. C • Ll • NK • N1 ) 
C-----CALCULATE RECURSION COEFFIECENT B 

CALL MFFT (D • EP1. B • L1 • NK 
C-----CALCULATE RECURSION COEFFIECENT A 

4280 CALL MFFV (E • AMI. A • L1 • 1 
CALL MBFV (EET2. AM2. ATM. L1 • 1 
CALL ASFV (A • ATM. AM2. L1 • 1 
CALL ASFV (AM2.· FF • ATM. Ll • 1 
CALL MFFV (D • ATM. A • Ll • 1 

C-----SAvE A COEFFI'IENT ON TAPE 1 
WRITE (11 (A(I). I = 1.NK) 

IF ( ML ) 4400. 4600. 4500 
4400 READ (2) 

GO TO 5000 
C-----SAVE D AND E MULTIPLIERS ON TAPE 3 

• NK 
• NK • N1 
• NK • +1 
• NK • -1 
• NK 

4500 WRITE (3) « D!1.K).E(I.K). l=loNK). K=l.NK) 
C-----SAVE BAND C COEFFICIENTS ON TAPE 2 

4600 WRITE (2) « B(I.K).CII.K). I=loNK). K=l.NK) 
5000 CONTINUE 

C 

1.NK I 

C-----BEGIN BACKWARD PASS -- COMPUTE RECURSION EQUATION 
C 
C-----BACKSUBSTITUTE AND COMPUTE DEFLECTIONS 

190C9 
190C9 
190C9 
190C9 
190C9 
190C9 
190C9 

190C9 
190C9 
190C9 
190C9 
190C9 

190C9 
190C9 

190C9 

190C9 
190C9 

190C9 
190C9 
190C9 
190C9 
190C9 
190C9 
190C9 
190C9 

190C9 

190C9 

190C9 
190C9 
190C9 
190C9 
190(9 

190C9 
190C9 
190(9 
190C9 

190C9 

190C9 
190(9 
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C 

BACKSPACE 1 
BACKSPACE 2 
CALL RFV t WtNF,NLI, A ,Ll, 1 • NK I 
BACKSPACE 1 
BACKSPACE 2 
READ t 1 ) I A I I I. I '" 1. N K I 
READ (21 (( Btl.KI • C(I.K), I = I.NKI • K = I,NKI 
BACKSPACE 1 
BACKSPACE 2 
CALL MFFV {B ,W{NF.NLlt AMI. Ll • 1 • NK 
CALL ASFV {A • AMlt WINF.NL-il • Ll • 1 ,NK t +1 I 

NLM2 ::: NL - 2 
NOTE THAT NLM2 = MCP2 

DO 6000 L::: NF t N~M2 
J = NLM2 + NF - L 

BACKSPACE 1 
BACKSPACE 2 

C-----READ A COEFFICIENT FROM TAPE 1 
READ III I AtIlt I = I,NK I 

C-----READ BAND C COEFFICIENTS FROM TAPE 2 
READ 121 I ( B(ItKI • CtltKIt I '" I.NKI • K = ItNKI 
BACKSPACE 1 

6000 
C 

BACKSPACE 2 
CALL MFFV 
CALL MFFV 
CALL ASFV 
CALL ASFV t 

CONTINUE 

B ,WINFtJ+ll, AMI. Ll ,1 ,NK 
C ,WtNF.J+21. AM2, Ll t 1 ,NK 
AMI, AM2. AMI. Ll • 1 ,NK, +1 
A • AM1.WtNFtJI ,L1, 1 ,NK 

C-----COMPUTE AND 
C 

PRI NT RESULTS 

6110 

6115 
6120 
6125 

6130 

6135 

6140 
6145 

6150 
6155 

6160 

6165 
6170 

PRINT 11 
PRINT 1 
PRINT 13, ( ANltNI, N ::: It 32 I 
PRINT 16, NPROB, ( AN2(NI. N = It 14 I 

IF ( ML I 6115, 611 O. 611 0 
PRINT 700 

GO TO 6120 
PRINT 701t KPROB 

IF { SWS I 99BO, 6125. 6140 
PRINT 711 

IF ( KROPT I 99BO t 6130. 6135 
PRINT 721 

GO TO 6215 
PRINT 722 

GO TO 6215 
IF ( SWB I 99BO, 6145, 6180 

PRINT 712 
IF ( KROPT I 99BO, 6150, 6165 
IF ( I PR I 9980, 6155, 6160 

PRINT 731 
GO TO 6215 

PRINT 732 
GO TO 6215 
IF t IPR I 9980, 6170,6175 

PRINT 733 

, + 1 I 

20MYB 
20MYB 
18JL9 
20MYB 
20MYB 
20MYB 
20MYB 
20MYB 
20MYB 
1BJL9 
18JL9 
20MY8 

190C9 
190C9 
190C9 
190C9 

190C9 

190C9 
190C9 
190C9 
15JL9 
15JL9 
190C9 
15JL9 
190C9 

230C9 
230C9 
230C9 
230C9 
~30C9 
230C9 
230C9 
230C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 



GO TO 6215 
6175 PRINT 734 

GO TO 6215 
6180 PRINT 713 

IF I KROPT I 9980. 6185. 6200 
6185 IF I IPR I 9980. 6190. 6195 
6190 PRINT 741 

GO TO 6215 
6195 PRINT 742 

GO TO 6215 
6200 IF I IPR 19980.6205.6210 
6205 PRINT 743 

GO TO 6215 
6210 PRINT 744 
6215 CONTINUE 

5UMR = 0.0 
STEMP :: 0.0 
!TEMP - 2 
JTEMP = - 2 

DO 7000 J = 2. MCP4 
IN = J - 3 

C-----RETRIEVE DATA NEEDED AT THI5 J 5TEP 

300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
300C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 

CALL 
1 

DATA2 I D11. D12. D13. D22. D23. D33. D12M1. D13M1. 130C9 

2 
3 

D22M1. D23M1. D33M1. D12P1. D13P1. D22P1. D23P1. D33P1. 130C9 
FA. FB. FC. a. 5. FBM1. FCM1. FBP1. FCP1. TA. TBM1. TCM1.130C9 
TBP1. TCP1 .L2. IN. ML I 130C9 

DO 6250 I = 2. MAP4 2~OC9 
C-----COMPUTE TEMP CON5TANT5 FOR 5LAB 5TIFFNE55 -- IF I5TIFF = I. THE 
C D11 THROUGH D33 COEFFICIENT5 ARE ACTUALLY B11 THROUGH B331TABLE 3 I 

03MYO 
03MYO 
160C9 

6216 
1 
2 
3 
4 
5 
6 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 
4 

1 
2 
3 

IF I 15TIFF I 9980. 6216. 6217 
B11VV = I 515 * 52S * DI1111 

+ 2.0 * C1 * 51 * C2 * 52 * D12111 
+ 2.0 * 51 * 52 * I C1 * 52 + 51 * C2 
+ C15 * C25 * D22111 
+ 2.0 * C1 * C2 * I C1 * 52 + 51 * C2 
+ I C1 * 52 + 51 * C2 I ** 2 * D331 II 
/ I 515 * 525 I 

* D 1 3 I I) 160C9 
160C9 

* D23111 160C9 
160C9 
]60C9 

B12MV = 1- 51 * C2 * 52 * D12M1111 - 51 * 525 * 
- C1 * C25 * D22MIIII 

D1 ~M1 I I 1160C9 

- C2 * I 2.0 * C1 * 52 + 51 * C2 I * D23M1111 
- 52 * I C1 * 52 + 51 * C2 I * D33M1111 I 
/ I 515 * 52 * 53 I 

B12VV = - 51 * C2 * 52 * D12111 - 51 * 525 * D13111 
- C1 * C25 * D22(1) 
- (2 * ( 2.0 * (1 * 52 + 51 * (2 ) * D231I1 
- 52 * I C1 * 52 + 51 * C2 I * D331 II ) 
/ I 515 * 52 * 53 ) 

160C9 
160C9 
160C9 
160C9 
160C9 
160C9 
160(9 
160C9 
160C9 

B12PV = 1- 51 * C2 * 52 * D12P1111 - 51 * S25 * 
- C1 * C25 * D22P1(1) 

D13P1111160C9 

- (2 * I 2.0 * C1 * 52 + 51 * C2 ) * D23P1(1) 
- 52 * I (1 * 52 + 51 * C 2 I * D3 3P 1 I I) I 
/ I 515 * 52 * 53 ) 

B13MV = I C1 * 51 * 52 * D12M1111 + S15 * 52 * D13M1111 
+ C15 * C2 * D22M1(1) 
+ C1 * I C1 * 52 + 2.0 * 51 * C2 I * D23M1111 
+ 51 * I C 1 * 52 + 51' * C 2 I * D3 3M 1 I I I ) 

160C9 
160C9 
160C9 
160C9 
160C9 
160C9 
160C9 
160C9 
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6217 

4 

1 
2 
3 
4 

1 
2 
3 
4 

1 

1 

1 

1 
2 

1 
2 

1 
2 

1 

1 

1 

/ I SI * S2S * S3 I 
B13VV = 1(1 * SI * S2 * 012111 + SIS * S2 * 013111 

+ (IS * (2 * 022111 
+ (1 * I (1 * S2 + 2.0 * SI * (2 1*023111 
+ S 1 * I (1 * S2 + SI * (2 I * 0331 I I I 
/ I SI * S2S * S3 1 

B13PV = I (1 * SI * S2 * 012Pl111 + SIS * S2 * 013Pl111 
+ (IS * (2 * D22Pl111 
+ (1 * I (1 * S2 + 2.0 * SI * (2 I * 023Pl111 
+ SI * I (1 * S2 + SI * (2 1* 033Pl111 I 
/ I SI * S2S * S3 1 

B22MV = I (2S * 022Ml111 + 2.0 * (2 * S2 * 023Ml111 
+ S2S * 033Ml I II I / I SIS" S3S I 

B22VV (2S * 022111 + 2.0 * (2 * S2 * 023111 
+ S2S * 0331 II 1 / I SIS * S3S I 

B22PV (2S * D22PI1I 1 + 2.0 * (2 * S2 * 023Pl111 
+ S2S * 033Pl II I 1/ I SIS * S3S I 

B23MV - (1 * (2 * 022MI1I1 
- I (1 * S2 + SI * (2 I * 023Ml111 
-SI * S2 * 033Ml1l1 1/ I SI * S2 * S3S 

B23VV - (1 * (2 * 022111 
- I (1 * S2 + SI * (2 I * 02~111 
- SI * S2 * 033 I II I / I SI * 52 * S3S I 

B23PV = - (1 * (2 * D22Pl11 I 
- I (1 * S2 + SI * (2 I * D23Pl111 
-SI*S2*033PlIl1 1/ I SI*S2*S3S I 

B33MV = (IS * D22Ml111 + 2.0 * (1 * SI * 023Ml111 
+SIS * D33Ml111 1/ I S2S * S3S I 

B33VV = (lS * 022111 + 2.0 * (1 * SI * 023111 
+ SIS * D33 I I I I / I S 2 S * S 3 S I 

B33PV = (IS * D22P1111 + 2.0 * (1 * SI * 023Pl111 
+ SIS * 033Pl111 / I S2S * S3S 

GO TO 6218 
BIIVV 
B12MV = 
B12VV = 
B12PV 
B13MV = 
B13VV 
B13PV = 
B22MV 
B22VV = 
B22PV = 
B23MV = 
B23VV = 
B23PV 
B33MV 
B33VV 
B33PV = 

011 I II 
D12MI1I1 
012 I I I 
D12Pl111 
D13Ml111 
D13 I I I 
D13PI1I1 
D22Ml111 
D22 I I I 
022Pl111 
023Ml111 
023 I II 
023P 1 I I I 
033MI1I1 
D33 I II 
033P 1 I I I 

6218 CONTINUE 
(-----(OMPUTE CON(ENTRATED BENDING MOMENTS IN MODEL 

1 
2 
3 
4 

BMA I I I = B 11 vv * (S 11 * HA 
* I Wll-l.JI - 2.0 * Wlldl + WII+1tJI I 
+ B12VV * (S12 * HA 
* I Wll-l.J-l1 - 2.0 * WII.JI + WII+I.J+11 
+ B13VV * (S13 * HA 

160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
160(9 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
03MVO 
°3MVO 
03MVO 
03MVO 

230(9 
230(9 
230(9 
230(9 
230(9 



6220 

6222 

6224 
6226 

5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

6228 
1 
2 
3 
4 
5 

1 
2 
3 
4 
5 

6230 
1 

1 

1 

6232 

6234 

* I WII.J-lI - 2.0 * WII.JI + WII.J+11 
BMB I I 1 = B12VV * (512 * HB 

BM(III 

* I Wll-l.JI - 2.0 * WII.JI + WII+I.JI 
+ B22VV * (522 * HB 
* I WlI-l.J-lI - 2.0 * WII.JI + WII+I.J+ll 
+ B23VV * (523 * HB 
* I WII.J-l1 - 2.0 * WII.JI + WII.J+11 
B13VV * (513 * H( 
* I WlI-l.JI - 2.0 * WII.JI + WII+I.JI 
+ B23VV * (523 * H( 
* I Wll-l.J-l1 - 2.0 * WII.JI + WII+ltJ+11 
+ B33VV * (533 * H( 
* I WII.J-l1 - 2.0 * WII.JI + WII.J+lI 1 

IF I J - 2 I 9980. 6220. 6222 
BMBMl111 0.0 
BM(M 1 I I I = 0.0 

GO TO 6224 
BMBM 1 I I 1 

BM(M 1 ( 1 I 

B12MV * (512 * HR 
* I Wll-l.J-l 1 - 2.0 * WII.J-l1 + WII+I.J-I) 
+ B22MV * (522 * HB 
* I WlI-l.J-zl - 2.0 * WII.J-ll + WII+I.JI 
+ B23MV * (523 * HB 
* I WII.J-21 - 2.0 * WII.J-l1 + WII.JI ) 
B13MV * (513 * H( 
* I Wll-l.J-l1 - 2.0 * WII.J-ll + WII+I.J-ll 
+ B23MV * (523 * H( 
* I W(l-1.J-2 1 - 2.0 * WII.J-ll + WII+I.JI 
+ B33MV * (533 * H( 
* I WII.J-21 - 2.0 * WII.J-ll + WII.JI 1 
9980. 6226. 6228 
0.0 
0.0 

I F I M(P4 - J 
BMBPI1I1 = 
BM(P 1 I I I = 

GO TO 6230 
BMBPl111 = B12PV * (512 * HA 

BM(P 1 I I) 

* I WII-l.J+l1 - 2.0 * WII.J+11 + WII+I.J+lI 
+ B22PV * (522 * HB 
* I WIl-l.JI - 2.0 * WII.J+ll + WII+I.J+21 
+ B23PV * (523 * HB 
* I WII.JI - 2.0 * WII.J+l1 + WII.J+21 I 
B13PV * (513 * H( 
* I WII-l.J+l I - 2.0 * WII.J+ll + WI l+l.J+l 1 
+ B23PV * (523 * H( 
* I Wll-l.JI - 2.0 * WII.J+11 + WII+I.J+21 
+ B33PV * (533 * H( 
* I WII.JI - 2.0 * WIl.J+lI + WIl.J+2) 

BMBAIII = FAIl) I I HA * HA I 

BMBB I II 
* I Wll-l.JI - 2.0 * WII.JI + WII+I.JI 
FB I I I I I HB * HB I 
* I WI 1 -]: • J -1 1 - 2. 0 * W I 1 • J) + W I 1+1 • J+ 1 1 

BMB( I I 1 = F( I I I I I He * H( 1 
* I WII.J-lI - 2.0 * WII.JI + WII.J+l1 I 

IF I J - 2 1 9980. 6232. 6234 
BMBBM 1 I I 1 = 0.0 
BMBCMl I II = 0.0 

GO TO 6236 
BMBBMlIll= FBMI1I1 I I HB * HB I 

230(9 
230(9 
230(9 
230(9 
230(9 
230(9 
230(9 
230(9 
230(9 
;> 30( 9 
230(9 
230(9 
230(9 
02FEO 
OZFEO 
02FEO 
02FEO 
02FEO 

1230(9 
230(9 
230(9 
230(9 
230(9 
230(9 

1230(9 
230(9 
230(9 
230(9 
230(9 
02FEO 
02FEO 
02FEO 
02FEO 
02FEO 

1230(9 
230(9 
230(9 
230(9 
230(9 
230(9 

1230(9 
230(9 
230(9 
230(9 
230(9 
02FEO 
230(9 
230(9 
230(9 
230(9 
230(9 
OZFEO 
02FEO 
02FEO 
02FEO 
02FEO 
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1 

1 
6236 
6238 

6240 
1 

1 
6250 

BMB(M 1 I II::: 

IF I M(P4 - J I 
BMBBPIIII= 
8M8CPIII)= 

GO TO 6250 
BMBBPIIII= 

BMBCPlIl'= 

(ONTINUE 

* I W ( I -1 • J-2) - 2.0 * W I I • J - 1) + W I I + 1 ,J ) 
FCMlll1 I ( HC * 1;( ) 

* I WII.J-2) - 2.0 * WI I oj-I) + WII.J) I 
9980. 6238, 6240 
0.0 
0.0 

F8PIIII / I HB * HB ) 
* I WII-l,JI - 2.0 * WII.J+ll + WII+l,J+2) 
F(Pl111 I ( H( * HC I 

* I WII,J) - 2.0 * WlloJ+ll + WII.J+21 ) 

J5TA = J - 3 
PRINT 6 

DO 6400 I: 2, MAP4 
ISTA " I - 3 

C-----COMPUTE REACTIONS, STATICS CHECK, SUMMATION OF REACTIONS AND 

230(9 
230(9 
230(9 
02FEO 
02FEO 
02FEO 
02FEO 
02FEO 
230(9 
230C9 
2,0(9 
230C9 
230C9 
230(9 
230C9 
230(9 

C MAXIMUM STATICS CHECK ERROR 

6252 

6254 

1 
2 
3 

'* 5 
6 
7 
8 
9 

REACT: - Sill * WII,JI 230C9 
SUMR SUMR + REACT 230C9 
STACH:: I BMA(I-ll - 2.0 * BMAIII + RMAIl+ll I / HA 230C9 

+ I BMBMlII-ll 2.0 * flMRIII + RMRPlIT+Il I / HB230C9 
+ I BMCMlll1 - 2.0 * BMCI 1 I + 8MCPlC I I I / HC 230C9 
+ I BMBAII-ll - 2.0 * Bt<1qAIT I + RMr>,AI 1+1) I / HA 230C9 
+ ( BMBBMI I I II - 2.0 * Fl""RRII 1 + RM~RPI (1+11 I /2'1,OC9 
HB + ( BMBCMIIII - 2.0 * RM~C(II + BMBCPl(I) I /230C9 
HC - 0.5 * ( - lACI-i) + TAII+11 1 / HA 230C9 
- 0.5 * ( - TBMIII-l1 + TBP1II+l1 1 / He 230C9 
- 0.5 * I - TCMl111 + TCPl(I) ) / HC - all) 230C9 
+ S ( I 1 * W ( I , J) 2 30C 9 

IF lABS (STACHI - ABS (SlEMP) I 6254,6254.6252 230C9 
SlEMP :: STACH 230C9 
ITEMP = ISTA 230C9 
JTEMP :: JSTA 230C9 

(ONTINUE 230C9 
IF I SWS I 9980. 6260. 6280 300(9 

6260 IF ( KROPT I 9980, 6265, 6270 300C9 
C-----PRINT OUTPUT IF ONLY BEAMS EXIST 

6265 PRINT 751, ISTA, JSTA. W(ItJ), BMBAIll, BMBBII), BMB(II), REA(T 
GO TO 6400 

6210 PRINT 15lt ISTA, JSTA, WIl,J), BMBAll', BMB8(1" B'<1B(III, STACH 
GO TO 6400 

(-----(OMPUTE CO~VENTIONAl BENDING MOMENTS PER UNIT wIDTH 

230(9 
300(9 
230C9 
300(9 

6280 CBMA = BMAIl) / I HC * S2 ) + (IS * BMBII' / HA .. S1 1300(9 
1 + C2S * BMCII) / I HA * S2 

1 
(BMB :: CIS -* BMAIII / ( HC * S2 1 + RMRII 1 / 

+ (3S * BMCIII / I HA * S2 I 
HA .. 51 

1 
(BM( :: (2S * BMAII) / I H( * S2 I + (3S * RMBII 1 / 

I HA * SI 1 + BM(II) / I HA * ~2 I 

1 

CBMX :: (BMA 
CBMY :: (1 * (2 * S3 * 

(BMXY = 
+ (1 * SI * CBM( 

$3 * ( C I * S2 
1 + SIS * CBMC I 

C-----COMPUTE PRINCIPAL MOMENTS 

CBMA - C2 .. S2 * C8MB 
I I ( SI * S2 * S3 , 
+ 51 * (2 I * (BMA -

2.0 * SI * 52 * 53 

CBMO :: 0.5 * I CBMX + (BMY I 

S2S * CBMB 
1 

230(9 
'230(9 
230(9 
230C9 
230(9 
230(9 
230C9 
230C9 
230C9 
230(9 

230(9 



1 + SORT I 0.25 * I CBMX - CBMY ** 2 
2 + CBMXY * CBMXY ) 

CBMT = 0.5 * I CBMX + CBMY ) 
1 - SORT I 0.25 * ( CBMX - C8MY ) ** 2 
2 + CBMXY * CBMXY ) 

C-----TEST TO PRINT ONLY MAXIMUM VALUE 

6316 

6318 

6320 
1 

6322 

6324 

6330 
6332 

6334 

6336 

IF CBMX + CBMY ) 6316.6318.6318 
PMMAX = CBMT 

IF 

IF 

IF 

GO 

GO 
IF 

GO 

GO 

GO 

CBMX - CBMY I 6340. 6330. 6320 
PMMAX = CBMO 
CBMX - CBMY ) 6320. 6330. 6340 
AlF = ATAN ( CBMXY / I 0.5 * I CElMX - CBMY ) ) ) 

* 57.29578 
I ALF ) 6322. 6324. 6324 

BETAT = - ALF - 180.0 
TO 6345 

BETAT = - ALF + 180.0 
TO 6345 
(CBMXY 6332. 6334. 6336 

BETAT = 90.0 
TO 6345 

BETAT 0.0 
TO 6345 

BETAT 90.0 
TO 6345 

6340 ALF = ATAN ( CBMXY / ( 0.5 * I CBMX - CBMY ) ) ) 
1 * 57.29578 

BETAT = - AlF 
C-----CLOCKWISE ANGLES ARE NEGATIVE 

6345 BETA = 0.5 * BETAT 
IF ( KROPT ) 9980. 6350. 6365 

6350 IF I IPR ) 9980. 6355. 6360 
C-----PRINT SLAB OR COMBINED SLAB-BEAM OUTPUT 

6355 PRINT 752. ISTA. JSTA. wII.J). CBMX. CBMY. CBMXY. PMMAX. 
1 BETA, REACT 

GO TO 6380· 
6360 PRINT 752. ISTA. JSTA. W(I.JI. CBMA. CBMB. CBMC • PMMAX. 

1 BETA. REACT 
GO TO 6380 

6365 IF ( IPR ) 9980. 6370. 6375 
6370 PRINT 752. ISTA. JSTA. WII.JI. CBMX. CBMY. CBMXY, PMMAX. 

1 BETA. STACH 
GO TO 6380 

6375 PRINT 752. ISTA. JSTA. W(I.J). (BMA. CBMB. CBMC • PMMAX. 
1 BETA. STACH 

6380 IF I SWB I 9980. 6400. 6385 
6385 PRINT 753. BMBAII}, BMBBII). BMBCIII 
6400 CONTINUE 
7000 CONTINUE 

C-----PRINT SUMMATION OF REACTIONS AND MAX STATICS CHECK ERROR 
PRINT 994. SUMR 
PRINT 995. ITEMP. JTEMP, STEMP 
CALL TIC TOC (4) 

GO TO 1010 
9980 PRINT 980 
9990 CONTINUE 

230C9 
230C9 
230C9 
230C9 
230C9 

230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 
230C9 

230C9 
300C9 
300C9 

230C9 
230C9 
300C9 
230C9 
230C9 
300C9 
300C9 
230C9 
230C9 
300C9 
300C9 
230C9 
300C9 
230C9 
230C9 
230C9 

300C9 
300C9 
120C9 
120C9 
120C9 
120C9 

173 
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9999 (ONTINUE 
PRINT 11 
PRINT 1 
PRINT 13. ( ANlINlt N :: I. 32 ) 
(ALL TI( TO( (2) 
END 

120(9 
120(9 
120(9 
120(9 
120(9 
120(9 



SUBROUTINE OATA2 I OIl, 012, 013, 022, 023, 033, 012M1, 013M1, 130(9 
1 022M1, 023M1, 033M1, 012P1, 013P1, 022P1, 023P1, 033P1, 130(9 
2 FA, FB, F(, Q, S, FBM1, F(M1, FBP1, F(P1, TA, TB~l1, T(M1,130(9 
3 TBP1, T(P1, L2, IN, ML ) 130(9 

( 

(-----THIS SUBROUTINE IS (ALLEO AT EA(H J STEP IN THE STIFFNESS MATRiX 
( GENERATION ANO AGAIN AT EA(H J STEP WHEN (OMPUTING RESULTS. 
( 

( 

DIMENSION 
1 
2 
3 
4 
5 

DIMENSION 
1 
2 
3 
4 
5 

0111L21, 0121L21, 
0331l2), 012M11L21, 

D33M11L2), D12P11L2), 
033P11L21, FAIL21, 

SIL21, FBM11L2" 
TAIL2)' TBMlIL21, 

IN131 70), JN131 70), 
012NI 701, 013NI 70), 
IN141 701, JN141 701, 

FBNI 701, F(NI 70', 
IN151 7010 JN151 701, 

TBNI 70), T(NI 70) 

0131l2), 
013M11L21, 
013P11L21, 

FBIL2', 
F(M1IL2I, 
T(M1Il2), 

IN231 701, 
022NI 70), 
IN241 70), 

ONI 70), 
IN25 I 70), 

022 I L2 , , 
022M11L21, 
D22P11L21, 

F(IL2I, 
FRP1IL2), 
TBP11l21, 

JN231 701, 
023N( 701, 
JN24 I 701, 

SN I 701, 
JN25(70), 

0231L21, 
023M11L2', 
023P11L21, 

Q I L2' , 
F(P1IL2I, 
T(P1IL2) 

OllNl 701, 
033NI 701, 

FANI 701, 

TAN I 701, 

(OMMON 
1 

I OATA2 I IN13, JN13, IN23, JN23, IN14, JN14, IN24, JN24, 
IN15, JN15, IN25, JN25, 

2 OlIN, 012N, D13N, 022N, D23N, D33N, 
3 FAN, FBN, F(N, ON, SN, TAN, TAN, T(N, 
4 N(T3, N(T4, N(T5, MAP5 

98 FORMAT I 1130H UNOESIGNATEO ERROR STOP 

(-----OISTRIBUTE OATA FROM TABLE 3 
( 

305 

310 

315 
320 

00 305 I = I, MAP5 
011 I I ) 0.0 
0121Il 0.0 
013 I I I = 0.0 
022 I I ) 0.0 
023 I I ) 0.0 
033 I I ) = 0.0 
012M1(1) 0.0 
013M1(1) 0.0 
02 2M 111 ) 0.0 
023M1(1) 0.0 
033M1(1) 0.0 
012P1(1) = 0.0 
013P1(1) = 0.0 
02 2P 1 I I ) = 0.0 
D23P1(I) 0.0 
033P 11 I) 0.0 

(ONTINUE 
IF I N(T3 ) 980, 400, 310 
00 360 N = 1 , N(T3 

I 1 IN13IN) + 3 
12 = IN231NI + 3 

IF IN - JN131NI 345, 315, 315 
IF I JN231NI - IN ) 330, 320, 320 

.DO 325 I = I 1 , 12 
011 I I ) = 011 I I ) + OllNIN) 
012 I I ) = D12 I I ) + 012NINI 

130(9 
130(9 

130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
120(9 
120(9 
120(9 
120(9 
120(9 
120(9 
140(9 
140(9 
140(9 
140(9 
140(9 
130(9 

130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 

175 
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( 

325 
330 
333 
335 

340 
345 
347 
350 

355 
360 

D131 II = 
D221 I I = 
D2311 1 = 
D3311 I 

(ONT I NUE 

D131 I I 
D221 I I 
D231 I I 
D33(11 

+ D13NINI 
+ D22N(NI 
+ D23NIN) 
+ D33N(NI 

IF 1 IJN-l1 - JN131NI I 345, 333, 333 
IF 1 JN23(NI - IJN-l1 1345,335,335 
DO 340 I = 11, 12 

D12Ml111 = DI2Ml(11 
D 1 3M 1 ( I I D 1 3M 1 ( I I 
D22Ml(11 D22Ml111 
D23Ml(11 D23Ml111 
D33Ml(i1 D33Ml(11 

(ONTI NUE 

+ DI2N(NI 
+ D13NINI 
+ D22N(NI 
+ D23N(NI 
+ D'33N(NI 

IF ( (IN+l1 - JNI3(NI I 360, 347, 347 
IF ( JN23(NI - (IN+l1 I 360, 350, 350 
DO 355 I = 11, 12 

DI2Pl(1 I = DI2Pl(1 I 
DI3Pl(11 D13Pl(II 
D22Pl(i1 = D22Pl(11 
D23Pl(11 = D23Pl(1 I 
D33Pl(11 D33Pl(11 

(ONTINUE 
(ONTINUE 

+ DI2N(NI 
+ DI3N(NI 
+ D22N(N) 
+ D23N(N) 
+ D33N(NI 

(-----DISTRI8UTE DATA FROM TABLE 4 
( 

400 

405 

410 

415 
420 

425 
430 
433 
435 

DO 405 I = 1. MAP5 
FA(I) = 0.0 
FB ( I I 
F( (I I 
Q ( I I 
S ( I I 

0.0 
; 0,0 
= 0.0 

0.0 
FBMl(II = 0.0 
F(Ml(11 0.0 
FBPl(II ::: 0.0 
FCPl(l) == 0.0 

(ONTINUE 
IF ( N( T 4 I 980. 500. 410 
DO 460 N = 1. N(T4 

11 = INI4(NI + 3 
12 = IN24(NI + 3 

IF ( IN - JNI4(NI I 445. 415. 415 
IF ( JN24(NI - IN I 430, 420, 420 
DO 425 1 = 11. I 2 

FA ( I I = FA ( I I + FAN ( N I 
FB(II FB(II + FBN(NI 
F(I I = F(] I + F(N(NI 
Q ( I I = Q ( I I + ON ( N I 
S ( I I = S ( I I + SN ( N I 

(ONT INUE 
IF ( (IN-l 1 - JNI4(NI 1445.433.433 
IF ( JN24(NI - (IN-l1 I 445, 435. 435 
DO 440 I = 11. 12 

FBMl(11 = FBMl(11 + FBN(NI 
F(Ml(11 = F(Ml(11 + F(N(NI 

130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 

130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
130(9 
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440 (ONTINUE 130(9 
445 IF t I J N+ 1) - IN 14 I N I I 460. 447. 447 130(9 
447 IF I JN24(NI - I IN+ 11 I 460. 450. 450 130(9 
450 DO 455 I = 11. 12 130(9 

FBPlIII :; FBPl!l) + FBNIN) 130(9 
F(PIII) :; F(PIII) + F(NINI 130(9 

455 CONTINUE 130C9 
460 CONTINUE 130C9 

C 
(-----DISTRIBUTE DATA FROM TABLE 5 
C 

500 DO 505 I ::: 1 • MAP5 130C9 
TA III = 0.0 130C9 
TBMIII) ::: 0.0 130C9 
TCMIII) 0.0 130C9 
TSPIII) ::: 0.0 130C9 
TCPli I I ::: 0.0 130C9 

505 CONTINUE 130C9 
IF I NCT5 ) 980. 600. 510 130C9 

510 DO 560 N ::: 1. N(T5 130C9 
II ::: INI5(NI + 3 130C9 
12 :: IN25(NI + 3 130C9 

IF ( IN - JNI5(N) ) 545. 515. 515 130C9 
515 IF I JN25(NI - IN ) 530. 520. 520 130C9 
520 DO 525 I = I 1 • 12 130C9 

TA ( I I ::: TA II) + TANINI 130(9 
525 CONTINUE 130(9 
530 IF I IJN-ll - JNI5(NI I 54<;. <;33. 533 130(9 
533 IF I JN25IN) - IJN-l) I 545. 51'5. 5,<; 130(9 
535 DO 540 I :; 11. 12 130C9 

TBMlIll ::: TBMI ( I) + TRNINI 130C9 
TCM1(I) ::: T CM 1 ( II + TCNIN) 130C9 

540 CONTINUE 130C9 
545 IF I I IN+ 11 - IN 15 I N I ) 560. 547. 547 130C9 
547 IF ( JN251NI - UN+ 1 I I 560. 550. 550 130C9 
550 DO 555 I ::: 11. 12 130(9 

T BP 11 I I ;: TSP 1 ( II + TBNINl 130C9 
Teplll) = TepIIII + TeN IN) 130C9 

555 CONTINUE 130(9 
560 CONTINUE 130C9 
600 CONTINUE 130C9 

RETURN 130C9 
980 PRINT 98 130C9 

END 130C9 
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SUBROUTINE INVR6 I X • L1 • L2 ) 
C******* THIS ROUTINE TAKES THE INVERSE OF A SYMMETRIC POSITIVE - DEF 
C MATRIX USING A COMPACTED CHOLESKI DECOMPOSITION PROCEDURE 
C A FULL DIMENSIONED MATRIX IS REQUIRED RUT ONLY THE LOWER 
C HALF IS USED BY THE 3 ROUTINES DRiVEN BY INVR6 

DIMENSION XIL1.L11 
CALL DCOM1 I X • L1 • L2 
CALL INVLT1 I X • L1 • L2 
CALL MLTXL I X • L1 • L2 

DO 100 I 2. L2 
KC I - 1 

DO 50 J = 1 • KC 
XIJ.I) = XII.JI 

50 CONTINUE 
100 CONTINUE 

RETURN 
END 

19FE8 
05MR8 
05MR8 
05MR8 
05MR8 
19FE8 
05MR8 
19FE8 
O<;MRA 
19FE8 
19FE'A 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
19FF.8 



SUBROUTINE DCOM1 I X • ~1 , L2 ) 
C******* THIS SUBROUTINE PERFORMS DECOMPOSITION OF A GENERAL SYMMETRIC 
C MATRIX TO A LOWER TRIANGULAR MATRIX BY CHOLESKI DECOMPOSITION 

DIMENSION XIL1.L1) , T(100) 
10 FORMAT ( 185X.* NON-POSITIVE DEFINITE MATRIX ENCOUNTERED * I 

DO 20 I:: 1 • L2 
T(II :: XlItI) 

20 CONTINUE 
IF I XIl.l) .LE. 0.0 I GO TO 4000 

Xl1.I) :: SQRT I XII.I) ) 
Sl = 100 I XII.lI 

DO 50 I:: 2 • L2 
XII.I' :: XII.ll * 51 

50 CONTI NUE 
L2MI = L 2 - 1 

DO 200 J:: 2 • L2MI 
S = 0.0 
JMI ::: J - 1 

DO 120 K:: 1 , JMl 
S = 5 + XIJ.KI * X(J.Kl 

120 CONTINUE 
IF I X(J.JI .LE. S) GO TO 4000 

X(J,JI ~ SQRT ( X(J.JI - 5 I 
Sl :: 1.0 I XIJ.JI 
JPl :: J + 1 

DO 190 I:: JPl • L2 
S ::: 0.0 

DO 180 K = 1 • JMl 
S :: S + XII ,K) * XU.KI 

180 CONTINUE 
XII.J) = ( X(I.J) - S ) * SI 

190 CONTINUE 
200 CONTI NUE 

S = 0.0 
DO 250 K = 1. L2Ml 

S = S + XIL2.KI * X(L2.K) 
250 CONTI NUE 

S ::: X I L2 • L2) - S 
IF ( S .LE. 0.0) GO TO 4000 

XIL2,L21 SQRTI S I 
RETURN 

4000 PRINT 10 
XIl,I1 ::: TIll 

DO 400 I:: 2 • L2 
K = I - 1 
XII,II = TIl) 

DO 350 J = 1 • K 
X(I.J) = XIJ,I) 

350 CONTINUE 
400 CONTINUE 

DO 500 I = 1, L2 
500 PRINT 15, I XII.J), J=I.L2 

15 FORMAT ( 1.5X.13E10.3 ) 
END 

19FE8 
03MYO 
03MYO 
12MR8 
12MR8 
12MR8 
12MR8 
12MR8 
05MR8 
19FE8 
19FE8 
19FER 
19FE'8 
19FE8 
19FF'R 
19FE8 
19FE8 
19FER 
19FE8 
19FE8 
19FE8 
05MR8 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
19FF8 
19FE'8 
19FE'8 
19FE8 
19FE'8 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
05MR8 
05MR8 
05MR8 
19FE8 
12MR8 
12MR8 
09AP8 
12MRR 
12MR8 
12MR8 
12MR8 
12MR8 
12MR8 
20MR9 
20MR9 
20MR9 
19FE8 

179 
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SUBROUTINE INVLTI ( X , L1 , L2 ) 
C******* THIS SUBROUTINE REPLACES A LOWER TRIANGULAR MATRiX BY 
C ITS INVERSE 

DIMENSION XILl.Ll) 
DO 50 I = 1 , L2 

XII,I) = 1.0 / XII.I) 
50 CONT I NUE 

L2Ml = L2 - 1 
DO 200 J = 1 , L 2 M 1 

JPl = J+l 
DO 150 I = JPl , L2 

IMI = I-I 
SUM = 0.0 

DO 120 K = J , 1M 1 
SUM = SUM - XII .K) * XIK.J) 

120 CONTINUE 
X I I ,J) '" X I I , I) * SUM 

150 CONTINUE 
200 CONTINUE 

RETURN 
END 

SUBROUTINE MLTXL I X , ~1 , L2 ) 
C******* THIS SUBROUTINE MULTIPLIES A LOWER TRIANGULAR MATRIX BY ITS 
C IMPLIED TRANSPOSE GENERATING ONLY THE LOWER HALF OF THE 
C SYMMETRIC RESULTS IN THE STORAGE ALLOTED TO THE ORIGINAL 
C LOWER TRIANGULAR MATRIX 

DIMENSION XILl.Ll) 
DO 2 0 0 I = 1 • L 2 
DO 150 J = 1 , I 

SUM = 0.0 
DO 100 K = I , L 2 

SUM = SUM + XIK.I) * XIK,J) 
100 CONTINUE 

X I I ,J) = SUM 
150 CONTINUE 
200 CONTINUE 

RETURN 
END 

19FE8 
03MYO 
03MYO 
19FE8 
19FFA 
19FFA 
19FFA 
19FEA 
19FE8 
19FF8 
19FF8 
19FE8 
19FE8 
19FE8 
19FEA 
19FE8 
19FF.8 
19Ff8 
19FE8 
19FE8 
19FE8 

19FE8 
03MYO 
03MYO 
03MYO 
03MYO 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 
19FE8 



SUBROUTINE MFFV ( X • Y • l • Ll • L5 • L2 I 
C******* THIS ROUTINE MULTIPLIES A FULL MATRIX 
C TIMES A FULL MATRIX OR A VECTOR 
C IX*Y=l) 

DIMENSION XILl.Lll • Y(Ll.L5) • l(Ll.L5) 
M = 1 

IFC Ll .EQ. L5 I M = L2 
DO 110 J = 1.M 
DO 105 I = 1.L2 

SUM:::: 0.0 
DO 100 K = 1.L2 

SUM = SUM + XII .Kl * YCK.J) 
100 CONTI NUE 

l I I • J) = SUM 
105 CONTINUE 
110 CONTINUE 

RETURN 
END 

SUBROUTINE SMFF I X • Y • l • L1. L2 I 
C******* THIS ROUTINE MULTIPLIES TWO FULL ~ATRICES UNDFR THE ASSUMPTION 
C THAT THEIR PRODUCT WILL BE SYMMETRIC ( X.Y. AND l ARE FULL 
C DIMENSIONED BUT ONLY THE LOWER HALF OF EACH IS USED I 

DIMENSION X(Ll.L11 • Y(L1.L11 • lCL1.Lll 
DO 110 J:: 1 • L2 
DO 105 I '" 1 • J 

SUM", 0.0 
DO 1 0 0 K = 1 • L 2 

SUM = SUM + XIJ.KI * Y(K.II 
100 CONTI NUE 

l (J. I j = SUM 
105 CONTINUE 
110 CONTINUE 

RETURN 
END 

03MR8 
13DE7 
130£1 
13DE7 
13DE7 
ZOMYFI 
ZO",Y8 
I1DE7 
11DF7 
03MRB 
13DE7 
03MR8 
13DE7 
03MR8 
13DE7 
13DEi 
13DE7 
13D£1 

19FEA 
05MR8 
05MR8 
05MR8 
19FE8 
19FE8 
19FE8 
19FE8 
19FEA 
19FE8 
19FE8 
19FE8 
19FF8 
19FF8 
19FE8 
19FE8 
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SUBROUTINE MFFT {X ,Y ,Z ,L1, L2 I 
C******* THIS ROUTINE MULTIPLIES A FULL MATRIX 
C TIMES THE TRANSPOSE OF A SECOND fULL MATRIX 
C ( X * YT = Z ) 

DIMENSION XILbLlI , YILbLll , Z{LltLl) 
DO 110 J = 1 • L2 
DO 105 I = 1 t L2 

SUM = 0.0 
DO 100 K = 1 • L2 

SUM = SUM + XII.K) * YIJ.K) 
100 CONTINUE 

Z ( I ,J j = SUM 
105 CONTINUE 
110 CONTINUE 

RETURN 
END 

18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 
18MR8 



SUBROUTINE MBFV ! XB • YF • ZF • L1 • L5 • L2 • LB I 
C******* THIS ROUTINE MULTIPLIES A BANDED MATRIX 
C TIMES A FULL MATRIX OR A VECTOR 
C ( XB * YF = zr I 

DIMENSION XB( LI.LB • YF( Ll.L5 I. ZF( Ll.L5 1 
M1 = 1 

IF( Ll .EO. L5 poll = L2 
L4 = LB/2 
L6 = L4 + 
N1 = L2 - L4 

DO 110 M = 1.M1 
DO 105 I = L 6 • N 1 

J = I - L6 
SUM :0 0.0 

DO 100 K = 1.Le 
SUM = XP(I.Kl * YF(K+J.Ml + SUM 

100 CONTINUE 

105 
110 

150 

ZF(I.MI = SUM 
CONTINUE 
CONTINUE 

K1 0 
I 1 
12 L4 
I 3 1 
14 U; 

IF ( 12 1 150. 900. 
DO 210 M = 1 • ~ 1 
DO 205 I = 11 .r 2 

SUM = 0.0 
N = 1 

DO 200 K = 13. 14 

150 

SUM XB(I.Nl * YF(~.Ml + SUM 
N = N + 1 

200 CONTINUE 
ZF(I.MI SUM 

205 CONTINUE 
210 CONTINUE 

IF! K1 ) 900.300.900 
300 11 = L2 - L4 + 1 

12 L2 
13 = L2 - LB + 
14 L2 
K1 = 1 

GO TO 150 
900 RETURN 

END 

07DE7 
070E7 
070P 
070t7 
07DE7 
20MYB 
20>.lYB 
070E7 
07Df7 
,-,70E7 
DDE7 
13DE7 
07DE7 
C6MY8 
07DF7 
06MYB 
ION07 
06MYB 
10N07 
10N07 
1 eN07 
10N07 
C7DE7 
C7Dt7 
07DF7 
07DE7 
l1DF7 
1 '3DF7 
06MYA 
C7DE7 
07Df7 
06MYB 
07DE7 
Il:N07 
C6MYB 
ION07 
10N07 
10N07 
07DE7 
07DF"7 
070f7 
C7DE7 
10N07 
10N07 
10N07 
10N07 
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SUBROUTINE MF8 I XF , VB , ZF • II • l2 • l8 ) 
C******* THIS ROUTINE MULTIPLIES A FUll MATRIX 
C TIMES A BANDED MATRIX 
C I XF * VB = IF , 

DIMENSION XFI ll.l1 I • VBe lB.ll ) • ZFC ll.lI ) 
l4 = lB/2 
l6 = l4 + 1 
N1 = l2 - l4 

DO 110 I '" l6.Nl 
J = I - l6 

DO 105 M = 1.l2 
SUM = 0.0 

DO 100 K;: l,lS 
SUM = YBIK,I) * XFIM.K+JI + SUM 

100 CONTI NUE 
IF 1M. II '" SUM 

105 CONTINUE 
110 CONTINUE 

Kl '" 0 
11 .. 1 
12 '" l4 
1:3 '" 1 
14 '" lB 

IF( 12 I 150, 900. 150 
150 DO 210 1 '" 11, 12 

DO 205 M '" 1.l2 
SUM '" 0.0' 
N '" 1 

DO 200 K = 13, 14 
SUM'" YeIN.I) * XF(M,KI + SUM 
N '" N + 1 

200 CONTINUE 
ZF 1M. 1) = SUM 

205 CONTINUE 
210 CONTINUE 

IFI Kl ) 900.300.900 
:300 11 .. L2 - l4 + 1 

12 = l2 
13 = L2 - la + 1 
14 '" l2 
K1 = 1 

GO TO 150 
900 RETURN 

END 

070E7 
U70E7 
070E7 
070E7 
070£1 
0701:7 
070£1 
070f7 
070£1 
070£7 
070E7 
06MY8 
070£1 
06MVe 
lON07 
06Mv8 
IGN07 
lON07 
lON07 
lON07 
070£1 
080E7 
070F.7 
070£1 
10N07 
070£1 
06MY8 
uSO£1 
080n 
06MY8 
080£7 
lON07 
06MV8 
lON07 
lON07 
lON07 
070£1 
070(7 
070£1 
Q70E7 
lON07 
lON07 
lON07 
10~07 



SUBROUTINE ABF I YB , XF • ZF , Ll , L2 • LB ) 
C******* THIS ROUTINE ADDS A BANDED M.TRIX 
C TO A FULL MATRIX 
C I YB + XF = ZF OR XF + YB = ZF 

DIMENSION YBI Ll,LB ) • XFI Ll.Ll ) • ZFILl.Ll1 
L4 :;: LB/2 
N 1 :;: L2 - L 4 
L6 :;: L4 + 1 

DO 50 I;: 1, L2 
DO 40 J;: I.L2 

ZF I I , J) :;: Xf I I • J ) 
40 CONTINUE 
50 CONTINUE 

DO 110 I:;: L6,Nl 
J :;: I - L6 

DO 100 K:;: I,LB 
ZfII.K+JI :;: YBII,Kl + XfII.K+JI 

100 CON TI NUE 
110 CONTINUE 

Kl :;: 0 
I 1 1 
12 L4 
13 :;: 1 
14 ;; LB 

Ifl 12 I 150, 900. 150 
150 DO 210 I :;: 11.12 

N :;: 1 
DO 200 K = 13. 14 

ZftI,KI :;: YBII,N) + XFII,KI 
N :;: N + 1 

200 CONTINUE 
210 CONTINUE 

IFIKl) 900.300.900 
300 II :;: L2 - L4 + 1 

12 = L2 
13 ;:; L2 - L B + 1 
14 :;: L2 
Kl :;: 1 

GO TO 150 
900 RETURN 

END 

07D£1 
07DF:7 
07DE7 
07DF7 
07DE7 
07Df7 
07DE7 
07DE7 
07DE7 
(J7DE7 
(J7DE7 
070E7 
070F7 
07DE7 
070f7 
070F7 
11DE7 
10N07 
1 ()N07 
10N07 
lON07 
070E7 
080E7 
070F7 
070E7 
lON07 
OBOE7 
080F7 
1101:7 
080F7 
10N07 
lON07 
10N07 
07DE7 
070E7 
07DE7 
07DE7 

. 070E7 
10N07 
10N07 
10N07 
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SUBROUTINE ASFV ( X • V • Z t Ll • L5 • L2 • SIGN) 
c******* THIS ROUTINE ADDS OR SUBTRACTS 2 FULL MATRICES OR 2 VECTORS 
C I X - V : Z OR X + V ~ Z ) 

DIMENSION XILbL51 • VI ... l.L5) • Z(Ll.L5) 
M = 1 

IF( Ll .EQ. L5 ) M :: L2 
IF ( SIGN I 190. 50. 50 

50 DO 110 J = 1.M 
DO 100 I = 1.Ll 

ZII.J) = XIl.Jl + V(I.Jl 
100 CONTINUE 
110 CONTINUE 

GO TO 300 
190 DO 210 J = 1.M 

DO 200 I = 1.L2 
ZII.JI :: XII,Jl - VII,J) 

200 CONTINUE 
210 CONTINUE 
300 RETURN 

END 

SUBROUTINE RFV I X , V , L1 • L5 • L2 ) 
C******* THIS ROUTINE REPLACES A FULL MATRIX OR A VECTOR 
C ( X :: Y ) 

DIMENSION XIL1,L5) , VILl.L5) 
M = 1 

IF( L1 .EQ. L5 ) M = L2 
DO 110 J '" I,M 
DO 100 I = 1 , L2 

XII,J) :: Vildl 
100 CONTINUE 
110 CONTI NUE 

RETURN 
END 

?OMYB 
20MY8 
13DE7 
13DE7 
20MV8 
20MV8 
13DE7 
13DE7 
13DE7 
13DE7 
13DE7 
13DF7 
13DF7 
13DE7 
13DE7 
13DE7 
13DF'7 
13DE7 
13DE7 
13DE7 

23MR8 
23MR8 
?3MR8 
23MR8 
20MY8 
?OMYB 
23MRB 
23MRB 
23MR8 
23MR8 
23MR8 
20MYB 
23MR8 



SUBROUTINE CFV ( X , Ll , L5 
C******* THIS ROUTINE MULTIPLIES A 
C I X = C*X I 

DIMENSION XILl,L51 
M = 1 

In Ll .EQ. L 5 1M:: L2 
DO 110 J = I,M 
DO 100 I = l,L2 

XIl,JI :r:: XII.JI * C 
100 CONTINUE 
110 CONTINUE 

RETURN 
END 

SUBROUTINE TIC TOC IJ) 

• L2 , C 1 20MY8 
FULL MATRIX OR A VECTOR AY A CONSTANT130E7 

13DF'7 
13DE7 
20MYB 
20MY8 
13DE7 
13DE7 
13DE7 
13DE7 
13DE7 
13DE7 
130E7 

C----- TIC TUC III ;: COMPI~E TIME 
240C6 
20DE7 
03MYO 
2 CiOE7 
03MYO 
03MYO 
255E6 
25SE6 
?5SF6 
2lJY7 
21JY7 
25SF6 
25SE6 
25SE6 
25Sf6 
25SE6 
24JL7 
21JY7 
25Sf6 
?5SE6 
?5SF6 
25SE6 
25SE6 
21JY7 
21JY7 
06SE7 
25SE6 
25SE6 

C TIC TUC (21 ELAPSED TM TIME 
C TIC TOC 131 = TIME FOR THIS PROBLEM 
C TIC TOC 141 :: TIME FOR THIS PROBLEM AND ELAPSED TM TIME 

10 FORMATIII130X19HELAPSED TM TIME = I5.8H MINUTESF9.3.8H SECONDS 
11 FORMATIII130X15HCOMPILE TIME = ,15.RH MINtJTE~.F9.3,8H SECONDS 
12 FORMATIII130X24HTIME FOR THI~ PROBLE~ ;: ,I5.8H MINUTES,F9.3, 

1 8H SECONDS I 
I ;: J - 2 

IF I 1-1 ) 40. 30. 30 
30 FI4 ~ F 
40 CALL SECOND IF) 

I II = F 
11 = III I 60 
FI2 = F - 11*60 

IF I I ) 50, 70, 60 
50 PRINT 11. II. FI2 

GO TO 990 
60 FI3 = F - FI4 

12 :: FJ3 I 60 
FJ3 :: FI3 - 12*60 

PRINT 12, 12. FI3 
IF I 1-1 I 990, 990, 70 

70 PRINT 10, II, FI2 
990 CONTINUE 

RETURN 
END 
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APPENDIX 5 

LISTING OF INPUT DATA FOR SELECTED EXAMPLE PROBLEM 
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'-~ ________________________________ ~E ~ 

........ 
8 

Problem 401 Five-beam Noncomposite Skew Bridge with Load at Midspan of Beam A 

Fig AI. Geometry of the included problem. 
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CHG CEAOO136 CODED AND RUN 21 MAY 70 INCH-LB UNITS 
PROBLEM SERIES 4 - FIVE BEAM NONCOMPOSITE SKEW BRIDGE WITH 8 X 8 INCREMENTS 

401 5000 LB LOAD AT MIDSPAN OF REAM A. ANGLE THFTA2 = 150 DFG 
1 4 13 

8 8 2.500E+00 2.000E+00 1.500E+02 
0 0 8 8 2.500E+04 O.OOOE+OO O.OOOE+OO 2.500E+04 O.OOOE+OO 1.250E+04 
0 1 8 7 2.500E+04 O.OOOE+OO 0.0001:+00 2.500E+04 O.OOOE+OO 1.2'50E+(l4 
1 0 7 8 2.500E+04 O.OOOE+OO O.OOOE+O() 2.500E+04 O.OOOE+OO 1.250E+04 
1 1 7 7 2.500E+04 0.000£+00 O.OOOf+OO 2.500E+04 O.OOOE+OO 1.250E+04 
0 0 8 0 5.000E+06 
1 0 7 0 5.000E+06 
0 2 8 2 5.000E+06 
1 2 7 2 5.000E+06 
0 4 8 4 5.000E+06 
1 4 7 4 5.000E+06 
0 6 8 6 5.000E+06 
1 6 7 6 5.000E+06 
0 8 8 8 5.000E+06 
1 8 7 8 5.000E+06 
0 0 0 8 1.000F+20 
8 0 8 8 1.000E+20 
4 8 4 8 -5.000E+03 



APPENDIX 6 

COMPUTED RESULTS FOR SELECTED EXAMPLE PROBLEM 
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PROGRAM SLA844 - ~AST[~ OfCK - M. VORA REVISTON nATE 01 MAY 70 
CHG CEA0 0136 COIJFO C.!~[) i<U~J ?l /-IAY 71' INCH-LP UNITS 
PR(IHLEM SERIES 4 - FIV~ PEAM NONCOM~aSTTE S~FW ~RIDGf WTTH R x RI~CREMENTS 

PROF; 
401 500P LR LOAO AT ~InSPA~ OF RFAM A. ANGLE THETA2 = 150 nEG 

TAHLE 1. CONTROL nATp 

TARLE 
? 

HOt I) FROM PREC'En Tt~r, P>-IORLFM (l=HOLOI -0 
~JU/-1 CARIiS INPUT THTS f'RORLEM 1 

I~ULTTPLf LO/'l[l OPTI!)I\ ( IF RLI'I"K. PPOHLEM IS <;INGLE lO~OTNr, 

IF ~J. PA~~NT FO~ NFXT ~ROR -- IF -1. A OFFSPRING PROHI 
PRINT OPTION (IF f1Ll\i\JK, M)( MY MXY -- IF 1. MA MR MC PPINrfOI 
RI:ACTtON (JIITPLIT OPTION (IF I-lL,\NK. SUPPORT h'Fi\CTYOl\1 

IF 1. ST"TIC~ CHECK PRINltOI 
STIFFNESS INPUT OPTION (IF ~Lf.Nt<-. 011 T ... RIJ n:B 

IF 1. ·,11 Trlf·<\1 ~:n INPUT) 

TA~LF? CO~STnNT~ 

NU~HER OF INCRFMENTS [N A DIRECTTON MA 
NUMRER OF I~CPFMENT~ 1N C DTRECTION MC 
INC~EME~T LF~~TH IN l\ DTRECTION ~A 

[N(~EMENT L~NGTH IN C OTRF(TION He 
AI\jGL E BETI'IfF"J A A,,~I) C liIRFCT In" Tj\1 lJEC:RfF:<; 

fROM THRU f! J 1 f"l1? Dl1 
JOINT JOII\iT 
I) () 8 f\ ?C;00E+(J4 O. o. 
iJ J H 7 ?SOOf~04 O. n. 
1 0 7 8 ?"iOl)f+O /• O. I). 

1 1 7 7 ?')1)0[+04 O. n. 

TA~LE 4. REAM STTFFNESS AND LOAD DATA 

HlOM THRU FA FA FC 
JOINT JOINT 
0 0 R 0 S.OOOE+06 -0. -I). 

1 I) 7 0 S.OOOE+Ofl -0. -n. 
0 ? ~ 2 5.000F+OfJ -0. -0. 
1 2 7 2 5.0(l0[+0f, -0. -0. 
0 4 8 4 5.000E+Ofo -0. -0. 
1 4 7 4 5.000E+06 -0. -0. 
0 6 A 0 S.1)00E+06 -0. -0. 
1 6 7 6 5.(}00E+01': -0. -0. 
0 8 A 8 5.1)00E+01': -0. -0. 
1 B 7 R 5.000E+0f. -0. -0. 

022 

2.500(+04 
?500f:+04 
2.500f+04 
;>.500E~04 

(J 

-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

D23 

O. 
o • 
O. 
O. 

S 

-0. 
-0. 
-0. 
-n. 
-0. 
-0. 
-0. 
-0. 
-0. 
-0. 

] 

-0 
4 

NU'~RF K 
4 S 

-0 -0 
J 3 -0 

-u 
-0 

2.~00F+OO 
?OOOF+OO 
1."OOF+02 

D3' 

1.?50F+04 
1.?50F+04 
1.250F+04 
1.250F+04 
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o 
H 
4 

o 0 
o 8 
A 4 

.q -0. 
B -(i. 

8 -0. 

-0 • 
-0. 
-0. 

U,<U. S. EXTERNAL (nUPLE ,lATA 

~ ROM THRU Til 
JOI"JT J01~T 

NONF 

-n. -0. 1.000E+?O 
-0. -0. 1.OOOE+20 
-ft. -<).000[+0) -0. 

TB TC 



PROGRAf-I SLAH44 - ,'"ASTFI-< Dt:CK - M. V\liU! ""EVISION nATE 03 t'J,AY 70 
Ch(, CEA'.)013/) CQ,)FD Af\'D ,<ijN 21 ~\AY 70 l"KH-LH UNITS 
PRURLEM SERIES 4 - FTV~ HEA~ NONCOM~OSITE SK~W HRIDGF ~TTH R X H I~CkEMFNTS 

Pf.<()H (COI\Tf) 
401 SOOO L~ I.OAD AT ~IDSPAN OF RFAM A. ANGI.f THETA2 = ISO OfG 

T118LE n. RESLJL TS 

SLAH /-10 1'4Fi'JT<; ARF PFR IJ~l1 WIllTrl 
8EAM ~OMFNTS AQF TOTAL PfR HFA~ 
COUNTfRClOCKwISF 8[TA ANGLES Af.<t POSITTV~ 

SLA"i '" 
/lAONlnj r 

SLAR XY LAPGEST HETA 
MOMFNT PRINCIPAL X TG 
HFAI-A r <;LAH LARGFST SI,PPORT 
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A • C OEFL 
PEA"'" A 
MQ~IE":T 

SLAI-1 Y 
MOMHH 
!'iF A'~ R 
MQMUIT ~OMFNT ~U~FNT MO~fNT HFnrTICN 

-1 -1 l.402F-Ol O. 
11 • 

o -1 7.610E-04 ~. 

n. 
-1 1.020F-04 O. 

('I • 

? -1 -6.561[-04 O. 
n. 

3 -1 -1.346[-01 O. 
o. 

4 -1 -1.784E-Ol O. 
() . 

5 -1 -I.965f-01 O. 
0. 

6 -1 -1.567E-03 0. 

" . 
7 -1 -1.045E-03 o. 

fI • 

8 -1 -1.050E-04 O. 
n. 

q -1 O. n. 

-1 

o 

2 

3 

4 

5 

o 1.080F-03 

o 2.034£-113 

o ->1.118E-04 

() -1.49"[-01 

o -2.203E-03 

o -2.073E-01 

o -1.AD2E-01 

o. 

O. 
f) • 

1.0731'"+00 
;>.145F+112 
1.001E+00 
2.002E+02 
1.55SE+00 
1.1l('1E+0? 
?239E+OO 
4.477[+02 
?73~E+OO 

5.475£+02 
?7;;>YF+00 
,.4"9[+02 
? OflRE +00 

O. 
n. 
n. 
o. 
O. 
O. 
n. 
O. 
O. 
O. 
O. 
O. 
I) • 

t) • 

O. 
'1. 
O. 
O. 
O. 
O. 
O. 
O. 

0. 
o. 
?;:>6<;f +00 

u. 
O. 
O. 
I.) • 

o. 
I) • 

o. 
0. 
n. 
t) • 

I} • 

I) • 

'). 

O. 
O. 
o • 
O. 
\) . 
(I. 

O. 
O. 
tJ • 

o. 
O. 
3.924E+00 

o. O. 

o. n.O -0. 

O. n.o -0. 

11. 0.0 -0. 

O. 0.0 -0. 

O. 0.0 -0. 

O. 0.0 -0. 

o. 0.0 -0. 

(1. 0.0 -n. 

O. 0.(1 -0. 

O. 0.0 -0. 

O. 0.0 -0. 

O. 0.0 -0. 

-I.817F+OO 2.516E+OO -1.292£+00 59.6 -0. 
O. O. 

-2.?76f+()O -2.A23E+00 -3.772E+00 -62.1 -0. 
O. o. 

-1.5H4E+()n -7.1]SE+00 7.RR8E+00 37.7 -0. 
O. O. 

-4.071E-nl -9.236E+00 1.053F+Ol 40.2 -0. 
O. O. 

-5.195E-Ol -1.045E+Ol 1.168f+Ol 40.6 -0. 
O. O. 
1.755E+oO -7.R07E+OO 9.721E+00 44.4 -0. 
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7 

q 

-1 

o 

4 

.~ • Inf + n:.> 
1.147F·+II[) 
~-'. 2"-141-:- + I); 

I,. "'A;>f -II 3 
.:; • ::I /':~ f - I' 1 

11 .... 7'.IE-114 i'. 
) . 

I). 

Q.9"'1f-OI 
O. 
1.C;t'·'-IF+I'(' 
o. 
O. 
n. 

2.753~-nl n. 0. 
(~ . () . 

O. 
-i..7lf,F.+no 

o. 
- 1 • ? (' (j F. + 0 U 

I) • 

{) . 
I) • 

lI. 
O. 

S.flOMf+on 

O. 

fl. 

-2.2 .. 0f-lg .... ~(IDF+f)() -4.sr<~t+OI 4."'<;~~+()O -4.S':l?E+{\] 
'I • (1. 

-J.::;7I-'F+f;n -1.lJ74~+(I] 
. j • n. '.1 • 

() . n • I • 
1 -l.l()t:E-(1~ F..7]7F+O(1 4 • 1 1 H + r, {I - I • 'n "If + (I J 

(~ • n • ,\ • 
-2. 7C:;;:>F-() 1 h.nhI',F+OO 1.Q">]F+Ol -r'.?47F+lll 

II • II. !) • 

44.5 -0. 

6 1 • t., ':I • 0 I) 4 t + 0 1 

0.0 -0. 

0.0 -0. 

7R.<; -(I. 

43.1 -0. 

7 -'1.405!:-04 -?2191'+1)(I l.o~"~+n] -l •. ~l(,f+I'1 1.7;>'/1'+'11 "'/-1.9 -no 
,-) • (I. 0. 

8 4.S6"'E-I~ I.Y~lE+ro 1.?Hlt+Ol -~.l~h~+fi(1 1.Sn4F+Ol 67.7 -4.5AhE+n] 
. , . 
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