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11 It is unworthy of excellent men to lose hours like 
slaves in the labor of calculation. 11 

Gottfried Wilhelm von Leibniz 



Chapter 1 

OVERVIEW 

Introduction 

The technical core of the modern manufacturing organization is 

being placed under pressure from many directions in today 1 s organizational 

environment. The traditional pressures of competition from other pro­

ducers are still with us. But these pressures have been joined by other 

factors. These include consumer pressures for product improvements, 

government pressures for greater safety to the operator, pressures for 

noise reduction, greater reliability, less environmental harm, faster 

and easier maintenance and repair, less weight, greater fuel economy, 

smaller usage of expensive raw materials, more efficient use of expensive 

labor resources, shorter design and development times, etc. All these 

factors have formerly been hidden in the pressure of competition. But 

today, they are reaching a level of importance where they must be dealt 

with in their own contexts. And the res,ult is pressure on the engi­

neering department for better designs in less time for less expenditures 

of labor and money. 

Statement of the Problem 

The design process is a complex and tedious one. Within it, the 

task of design verification appears to require the lion 1 s share of time, 

effort, and money involved. 

1 



2 

The design formulation activity requires creative people, placed 

in an environment where they are able to formulate ideas which eventually 

become the manufactured products of an organization. This task takes up 

comparatively little of the time and effort of the design cycle. There­

fore, it would appear that the greatest savings could be made in the 

design analysis task. Further, if these savings can be made earlier in 

the design cycle, in the prototype, preprototype, and even the concept 
' 

phases, they would generate even greater savings in time and money. Such 

savings could then allow analysis of a greater number of design alter­

natives, and a more optimum design could be selected for the product at 

an earlier date. 

In one form or another, design evaluation involves some form of 

modeling. Physical models may be of any size ratio with respect to the 

final product and may be made of whatever material is most suitable for 

the desired results. In testing, these models are placed in conditions 

analogous to the conditions which the product is expected to encounter. 

The use of such physical models involves a considerable number of 

problems. They require time and money to build; testing them requires 

more time and money; they are typically built only after the design 

process has gone some distance from the concept stage; they have a finite 

and somewhat unpredictable life; the cost per test can be quite high; and 

they are not usually very portable and must be stored somewhere. 

Many, if not all, of these problems could be avoided if a mathe­

matical model of the structure of a product could be used. Such a 

mathematical model could be built at an early stage in the design cycle, 

perhaps even the concept stage. It could have a virtually unlimited life 

and a low per test cost. Such a model could be duplicated easily and 
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could be easily portable. And the time required to set up and perform a 

test could be less. 

This paper will focus on one method for creating and analyzing 

such mathematical models of structures. The method studied is the Finite 

Element Method, often known as FEM. Finite element theory has been in 

existence for almost 20 years (Hamann, 1974, p. 30) and is basically an 

extension of traditional methods of structural analysis of frames and 

framed structures. With the proliferation of the high-speed digital 

computer in the 1960 1s, the finite element method has become a useful 

tool for the engineer. Only with the use of a high-speed digital computer 

can the large number of calculations necessary for the use of the finite 

element method be performed in a reasonable length of time. 

Definition of Terms 

Calculus of Variation -- The study of the theory of maximum 
and minimum of definite integrals whose integrands are known functions 
of one or more independent variables and their derivatives, the problem 
being to determine the dependent variables so that the integral will be 
a maximum or a minimum. 

Digital Computer -- 11 
••• a machine that can be instructed or 

programmed to carry out a sequence of numberical calculations. For our 
purposes it will be sufficient to visualize that a computer consists of 
the following components, interconnected as shown: 

(a) 

{b) 

(c) 

{d) 

(e) 

A memory or store in which numbers and instruc­
tions can be stored and from which any number 
can be produced at will. 
An input mechanism for transferring instructions 
and initial data for a problem from the outside 
workd into the memory. 
An output mechanism for transferring information 
from the memory on to an output sheet. 
An arithmetic unit for carrying out simple basic 
arithmetical operations such as addition, sub­
traction, multiplication, division. 
A control unit that organizes the calculations, 
i.e., arranges for the input and output of 
information and the execution of arithmetic 
operations in the correct sequences as specified 
by the instructions. 
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Arithmetic unit 
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Control unit 

Figure 1 

The Organization of a Digital Computer 
(Noble, 1969, p. 35) 
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Output 

11 In order to perform a calculation, the computer must be provided 
with a sequence of instructions called a program. When solving a 
problem, the computer starts by storing the complete program in its 
memory. It then proceeds to obey the instructions in a sequence deter-
mined by the program. 11 

( Nob 1 e, 1969, p. 35-36) . 

Dynamics -- A branch of mechanics that deals with forces and 
their relation primarily to the motion (but sometimes also to the 
equilibrium) of bodies of matter. 

Eigenvalue -- The so called 11 characteristic value 11 of a matrix. 
Eigenvalues are often used in the matrix solution of systems of 
simultaneous differential equations. This makes them of value in dynamic 
analysis problems. 

Finite Element Method -- " ... a process through which a continuum 
with infinite degrees of freedom can be approximated to by an assemblage 
of subregions (or elements) each with a specified but now finite number 
of unknowns. Further, each such element interconnects with others in a 
way familiar to engineers dealing with discrete structural or electrical 
assemblies. 11 (Zienkiewicz, 1971, p. vii). 

Fortran -- (FORmula TRANslation) A widely used computer program 
source language. 11 FORTRAN is based on the language of algebra plus a 
few rules of grammar and syntax imposed by the nature of the computer. 
It was developed primarily for engineers and scientists familiar with 
mathematics. 11 (Stehling, 1972, p. 28). 

Matrix -- A matrix is a rectangular array of numbers. The 
elements of a matrix are denoted by a subscripted variable, where the 
first subscript indicates the row of the matrix and the second subscript 
indicates the column. Thus, in matrix notation, aij indicates the 



element of matrix A located at the intersection of row i and column j. 
A digital computer manipulates matrices through the use of subscripted 
variables. 

5 

Tensor -- An abstract object having a definitely specified system 
of components in every coordinate system under consideration and such 
that, under transformations of coordinates, the components of the tensor 
undergo a transformation of a certain nature. 

Statics -- A branch of mechanics dealing with the relations of 
forces that usually produce equilibrium among material bodies. 

Limitations 

The primary limitation of this study is in the depth of the 

presentation of finite element theory presented. According to Desai and 

Able, a thorough understanding of the theory and applications of the 

finite element method requires that the student have a working capability 

in several fundamental areas. "These fields include matrix algrebra, 

solid mechanics, variational methods, and computer skills." (Desai/Abel, 

1972, p. 15). Obtaining such a working capability in these areas has 

been found to be impossible, given the constraints of time. 

Though a number of finite element computer programs will be 

mentioned, primary emphasis will be given to the finite element capabil­

ities of STRUDL II (STRUctural Design Language, version II), which is a 

part of ICES (Integrated Civil Engineering System}, developed by the 

Massachusetts Institute of Technology. This capability is available to 

students and faculty of University of Northern Iowa through the UNI 

Academic Computing Services link with the University of Iowa Regional 

Computer Center. 

Finally, the number of computer runs presented herein will be 

kept small. The cost of these runs, though well within the capabilities 

of a manufacturing organization, are considerable in the context of a 

research paper. 



Presentation 

According to Carl and Hamann, there are several basic questions 

which should be considered by the manager contemplating the introduction 

of the finite element method into the engineering function of his 

organization before even considering the details of the technique. They 

are: 

1. Why should the finite element method be used at all? 
(Easily the most basic question.) 

2. What are the material, financial, and personnel re­
sources required? 

3. When is the best time to get involved with the 
technique in light of continuous development and advancement? 

4. How should the technique be introduced to engineering 
departments in a cost and time effective manner? (Carl/Hamann, 
1974, p. 23). 

The first portions of this paper will deal with these questions. 

6 

The latter portion of this paper will deal with the mechanics of 

the finite element method in a non-technical manner. A simple statics 

problem will be constructed and will be solved using three methods: a 

simple, strength of materials, handbook formula; a simple finite element 

method computer program; and the finite element capabilities of STRUDL II. 

These results will be compared and conclusions drawn. 



Chapter 2 

WHY USE THE FINITE ELEMENT METHOD 
IN THE DESIGN PROCESS? 

The Nature of the Design Process 

Any design process involves two basic activities: the formula­

tion of the design (the 11 idea 11 activity), and the verification of the 

design (the 11 test 11 activity). 

According to R. L. Davis of Chysler Corporation, a design cycle 

is made up of four phases: the Concept Phase, the Preprototype Phase, 

the Prototype Phase, and the Production Phase. (Davis, 1974, p. 8). 

During the Concept Phase, an idea is formulated in the designer's mind 

and a crude model is built to determine the worth of the idea. "Design 

analysis in the concept stage is concerned with the elimination of 

structural problems during the evaluation of new features. 11 (Davis, 

1974, p. 8). In the Preprototype Phase, the concept is further refined 

and evaluated by modifying an existing version of the product. So 

called 11 soft tooling" is used to manufacture the modified parts and 

initial structural design verification is carried out. The Prototype 

Phase often sees the bringing together of many design changes in the 

production prototype. Endurance and other destructive test methods may 

be used to verify the overall design. During the Production Phase, the 

production drawings of the product are released, including any changes 

which were pointed up as being necessary by the prototype testing. 

Hard tooling is built (if it was not built during the Prototype Phase), 

and representative units of the finished product are subjected to final 

7 
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evaluation. Further design efforts on the product will be limited to 

correcting deficiencies which turn up in the field and the addition of 

further features to design. 

A different prestpective is given by Mr. Keith S. Minard, Manager 

of Engineering Services for John Deere Waterloo Tractor Works, with re­

spect to designing a farm tractor transmission: 

Our general design procedure is to first state the objec­
tives. One or more persons will then make schematic diagrams 
of the transmission and determine the major features including 
arrangement and vehicle speeds. Usually one or two arrange­
ments are selected for further study involving scale feasibil­
ity layouts and preliminary cost estimates. Subsequently, a 
prototype design is built to verify function of the chosen 
concept and the preliminary cost estimates. 

The design may then become committed for production, 
rejected or deferred. Assuming that the proposal is accepted, 
a full-fledged design effort is initiated and a number of 
units built for further development and durability testing. 
During this development program, design changes are made to 
correct deficiencies in the design prior to release for pro­
duction. Obviously, a simple design with minimal changes 
from production units requires little in the way of design/ 
development effort while a complex design may require much 
time and effort. (Minard, personal letter to R. Ryner, 
October 24, 1973, p. 1-2). 

Implicit in this description is the task of analyzing the proposed 

designs and selecting the design which will best meet the objectives of 

the design effort. Obviously, faster and better design analysis methods 

would result in a better initial choice of the design concept and 

smaller expenditures in correcting design deficiencies. 

Some of the problems faced by the engineer of today have been 

mentioned in the introductory sections of this paper. An excellent 

elaboration is given by Carl and Hamann in their paper: 

Typically, today•s market is characterized by rising 
labor and material costs and vast shortages of many important 
resources. Foreign competition is a much more significant 



factor than it was a few years ago. The attempt of designers 
and engineers to reduce structural overdesign and factors of 
safety has been met with opposing requirements as a result 
of increased government and industry requirements for improved 
structural integrity and performance. In short, the engineer 
is faced with the extremely challenging and conflicting task 
of building better products with less overdesign, cheaper 
products with less material, and new products in shorter lead 
times, while maintaining product performance, improving 
structural integrity, and using fewer labor resources. Quite 
frankly, these are difficult if not impossible objectives to 
accomplish using present 11 subjective 11 design techniques. 
(Carl/Hamann, 1974, p. 23). 

Advantages of the Finite Element Method 

9 

As has been stated previously, finite element methods are basi­

cally used to construct models of some structure or construction with the 

purpose being the analysis of the subject under certain conditions of 

loading, stress, temperature, pressure, vibration, impact, flow, etc. 

According to R. L. Davis (1974, p. 9}, finite element methods have 

several advantages. First, the analysis can begin at an early point of 

the design cycle. The models constructed using FEM have an infinite life 

and can be easily changed or modified. Thirdly, the per test cost can be 

very low when compared with other modeling and analysis techniques. The 

model may be easily duplicated and is quite portable (it can even be 

transmitted over telephone lines). And lastly, the model requires little 

storage space or set-up time for tests. 

Hamann (1974, p. 33) lists further advantages of using finite 

element methods for validating structural designs. Computer programs are 

operational and available to the engineering community which have broad 

capabilities for a comparably small cost. The method is generalized: 

Given the right type of elements, almost any kind of 
structure can be analyzed. Complete generality in material 
properties is permitted. A component can be changed from 
steel to plastic with a change in few constants. (Hamann, 
1974, p. 33). 
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Finite element modeling i.s also adaptable to any of the various stages of 

the design cycle. The models generated by most of the available computer 

programs may also be 11 substructured; 11 that is, divided into substructures 

which may then be analyzed separately. This allows lower analysis costs 

and permits more than one analyst to work on the development of a struc­

ture. When the finite element model is analyzed under the desired test 

conditions, the structural information obtained is much more complete than 

would be available from tests of physical models. And these results are 

consistent from test to test, since the finite element model is only 

influenced by the variables controlled by the analyst. 

As with anything else, finite element methods have their limita­

tions. A finite element method computer program will not design the 

structure or component, predict the fatigue life, assure that the struc­

ture is feasible to manufacture or construct, or assure packaging 

feasibility. (Hamann, 1974, p. 33). However, its use has advantages 

which are too great to ignore in the validation of design alternatives. 

Capabilities of the Finite Element Method 

The finite element method is not static in its development. 

Structural engineers working on its continued development are expanding 

its capabilities almost on a daily basis. As problems or deficiencies 

are found, methods are found to solve these problems using finite 

elements. As a result, any list of the method's capabilities must be 

necessarily incomplete. 

Throughout all the applications of flnite element methods, its 

most important capability is the ability to: 

... solve problems with complicated geometry. A major limi­
tation of classical mathematics is that only simple geometries 



can be practically solved. Arbitrary geometric shapes are the 
rule, not the exception, in real-life problems. Prior to finite 
element methods, we were stuck with trying to approximate complex 
structures with mathematics derived for grossly simplistic shapes. 
(Smith, 1974, p. 2). 

Table 1 presents a list of applications of the finite element 

method in various engineering fields. 

Problems which Have Been Solved 
Using Finite Element Methods 

11 

Before making a sizable investment in implementing finite element 

methods into the engineering department of his organization, a manager 

should ask for examples of the types of problems the method is able to 

deal with in respect to his company and industry. Most managers of 

maufacturing companies would prefer to spend resources for a capability 

which permits the greatest return in the shortest amount of time. A capa­

bility which requires years of development to adapt it to a particular 

industry is not especially attractive in today's world of tight profit 

margins and intense competition. The purpose of this section is to 

illustrate how the finite element method is being used "on line" in the 

engineering functions of several industries. 

Aerospace. A great deal of the capabilities in the finite element method 

computer programs was developed by the aerospace companies during the 

1960 1s. This development is being carried on today even in light of cut­

backs in government funding for aerospace research and projects. The 

economies allowed by the use of the method have made its further develop­

ment and use the preferred alternative to expensive prototype development, 

analysis, and testing. 



Fields of Study 

1 Structural engineering, 
structural mechanics, 
and aerospace engineering. 

2 Soil mechanics, founda­
tion engineering, and rock 
mechanics. 

3 Heat conduction. 

~-

4 Hydrodynamics, hydrau-

f 

lic engineering, and 
water resources. 

5 Nuclear engineering. 

Table 1 

Engineering Applications of the 
Finite Element Method 

Equilibrium Problems 

Analysis of beam, plate, 
and shell structures. 
Analysis of complex or 
hybrid structures. 
Two- and three-dimensional 
stress analysis. 
Torsion of prismatic 
sections. 
Two- and three-dimensional 
stress analyses. 
Construction and excavation 
problems. 
Slope stability problems. 
Soil-structure interaction. 
Analysis of dams, tunnels, 
boreholes, culverts, locks, 
etc. 
Steady-state seepage of 
fluids in soils and rocks. 
Steady-state temperature 
distribution in solids and 
fluids. 

Solutions for potential flow 
of fluids. 
Solutions for viscous flow 
of fluids. 
Steady-state seepage in 
aquifers and porous media. 
Analysis of hydraulic struc­
tures and dams. 

Analysis of reactor con­
tainment structures. 
Steady state temperature 
distributions in reactors and 
reactor structures. 

Eigem:alue Problems 

Stability of structures. 
Natural frequencies and 
modes of vibration of 
structures. 
Linear viscoelastic damping. 

Natural frequencies and 
modes of vibration of soil­
structure combinations. 

Seiche of lakes and harbors 
(natural periods and modes 
of oscillation). 
Sloshing of fluids in rigid 
and flexible containers. 

(Deasi/Abel, 1972, p. 6-7) 
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Propagation Problems 

waves. 
Dynamic respoow 
structures to a 
Coupled thermoelast · 
and thermoviscoelasf 
Viscoelastic problems. 

Transient seepage in soils 
and rocks. 
Flow-consolidation in 
deformai>le porous media. 
Propag.:a,,i~.1 of stress-
waves through soils and 
rocks. 
Dynamic soil-structure 
interaction. 

Transient heat flow in 
solids and fluids. 

Salinity and pollution 
studies of estuaries 

(diffusion) ~•.·· 
Sediment transport. ~ 

Unsteady fluid flow. " 

Wave propagation. ' 
Transient seepage in : 
porous media and aquifers. 

Dynamic analysis of reactor . 
containment structures. 
Thermoviscoelastic anal-
ysis of reactor structures. 
Unsteady temperature dis­
tribution in reactors aaj 
reactor structures. 
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The model illustrated below was constructed using rod and beam. 

elements to model the 11 Baby Ace 11 D model homebuilt aircraft. The model 

was constructed by personnel at Louisiana Technical University in con­

nection with their course in finite element methods for engineering 

students. 

Figure 2 

Structural Member of Baby Ace 
(Wilkinson/Bruce, 1973, !).· 124) 

Another illustration of an aerospace usage of the finite element 

method is shown in Figure 3. This is a plot of the finite element model 

of the fuselage of the NASA space shuttle orbiter fuselage. This model 

was constructed by technicians at Grumman Aerospace Corporation and was 

used to analyze the dynamic characteristics of the design before the 

prototype stage. Figure 4 shows I/8th scale model of the fuselage under 

construction, corresponding to the finite element model. 



""'9t~ ~ 

1 
~ 

Figure 3 
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There are many other examples which could be cited in the 

aerospace field. 

15 

Automotive design. The automotive industry is one of the more recent users 

of finite element technology. With the availability of more "ready to 

operate" finite element computer programs, this industry promises to be a 

large user in the near future. 

The design of chassis and frames of automobiles has received the 

attention of engineers using finite element methods. Figure 5 shows a 

frame and its finite element model. The accompanying table shows the 

comparison between the finite element stress analysis and a stress anal­

ysis using a plastic model. Also included are the results of a finite 

element analysis of a redesign to allow the frame to withstand a 5 mph 

rear impact. According to the author, "The general trend of stresses 

were in very good agreement. 11 (Davis, C. S., 1974, p. 11). 

Figure 5 

Frame and Finite Element Model 
(Davis, C. S., 1974, p. 12) 
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Figure 6 

Comparison of Stress Results 
(Davis, C. S., 1974, p. 12) 
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A dynamic analysis of an automobile frame structure is illus­

trated in Figures 7 and 8. The results of this and other dynamic 

analyses by finite element techniques have been shown to agree with 

experimental techniques to within 10%. (Vail, 1974, p. 19). 

•GRID POINTS 

Figure 7 

Chassis Frame Idealization for Dynamic Analysis 
(Vail, 1974, p. 19) 
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EXP ER I MENTAL ANALYTIC 

Figure 8 

Comparison of Predicted and Measured 
Mode Shapes of Chassis Frame 

(Vail, 1974, p. 19) 
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Finally, Figure 9 shows the comparison between representation of 

an actual vehicle body and the finite element model of the body. 

According to Smith (1974, p. 6): 

The model shown was used to study front and rear impact at 
low speeds for bumper design loads and at high speeds for trends 
during front and rear collisions. Roof crush was studied to 
develop the window pillar and roof structure for rollover con­
ditions. Torsional and beaming rates were also determined from 
the mode 1. 

Figure 9 

Proposed Body Structure 
{Smith, 1974, p. 7) 
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Additi.onal uses of finite element methods in automoti.ve engineer-

i.ng have included modeling tire construction, fan blades, steering 

components, wheels bumpers, mufflers, and suspension components. 

The following figure shows some of the projects currently using 

finite element analysis at Ford Motor Company: 

COMPONENT 
OR SYSTEM 

FINITE 
ELEMENT 
MODEL 

ANALYSIS 
CONDUCTED 

CAR DOOR CAR FRAME, TURBINE 
SUBSTRUCTURE, STEERING BLADES 
RADIATOR LINKAGE, 
SUPPORT SUSPENSION 

ARMS 

PLATE BEAM AND PLATE 
ELEMENTS PLATE AND 

ELEMENTS SOLID 
ELEMENTS 

STATIC STRESS, STRESS AND STRESS 
DEFLECTION & BUCKLING AND 
BUCKLING ANALYSIS, VIBRATION 
ANALYSIS, VIBRATION ANALYSIS 
VIBRATION ANALYSIS 
ANALYSIS 

Figure 10 

Analysis Projects Underway 
(Hamann, 1974, p. 33) 

RESEARCH 
ENGINE 

AX I-SYMMETRIC 
AND SOLID 
ELEMENTS 

HEAT 
TRANSFER 
AND STRESS 
ANALYSIS 

In related areas, finite elements have also been used to model 

components of agricultural and construction equipment. The following 

illustration shows a finite element model of an industrial loader lift 

arms and bucket. This model was developed to evaluate the distribution 

of stresses in the assembly under load. 
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Figure 11 

Computer Model of Lift Arm and Bucket 
(Sherlock/Kormos, 1973, p. 8) 
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Civil engineering applications. Finite element methods are enjoying a 

widening usage in fields relating to civil engineering. They have been 

used to analyze the design of buildings, concrete structures, bridges, 

dams, drilling plateforms, roadways, and other structures under condi­

tions of lo?d, pressure, impacts, earthquake forces, etc. 

Figures 12 and.13 show finite element models of the West Seattle 

Freeway Bridge over the.Duwamish waterway. Several versions of the 

design for this bridge were analyzed to determine the best design for 

wind and earthquake resistance. A simple analysis using stick models 

as well as the three-dimenional finite element model analysis was made. 
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Figure 12 

Three-Dimensional Model--Concrete Alternate 
(Salus/Jones, NASA IM 2893, p. 157) 

/ROLLER 

i 

Figure 13 

Steel Finite Element (Stick) Model 
(Salus/Jones, NASA IM 2893, p. 157) 
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Soil and rock mechanics applications. Applications of finite element 

methods in soil and rock mechanics include: 

1. analysis of deformation and stability of slopes, excavations, 

embankments, dams, and riverbanks; 

2. determining the bearing capacity and settlement characteristics 

of footings, foundations, and piles; 

3. determining the interactions between soils and structures; 

4. analyzing rock structures, such as tunnels, mines, pits, 

boreholes and cavities; and 

5. predicting the characteristics of rock joints, fissures, 

fractures, and layers. 

Other uses. Finite element methods are also being used to predict the 

characteristics of reinforced and pre-stressed concrete beams and 

structures. And at least one manufacturer of orthopaedic prostheses 

has used finite element methods in evaluating the design of implanted 

prostheses. Figure 14 shows a full hip replacement prosthesic which 

was analyzed for stress vulnerability using finite element techniques. 
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Structural integrity of prostheses: The bio­
mechanics of prosthetic design are well estab­
lished, and untold numbers of patients have 
benefited from relief of pain, increased mobility 
and greater stability of affected joints. However, . 
human and mechanical factors imposing stress 
on implanted prostheses are numerous, and at 
present the anticipated life of an orthopaedic 
replacement is largely unpredictable. 

Stress analysis for the first time: To resolve 
the problem of stress in orthopaedic prostheses; 
Howmedica applied space-age stress analysis 
to total hip prostheses. Using the finite element 
method under varying conditions, a computer 
program calculated the degree of stress on each 
element and then was able to predict precise 
areas of vulnerability. 
• Patent applied for. 

........ 

CAD™ prostheses: the new science of pros­
thetic design: Howmedica, in combining com­
puter precision and predictability with proven 
biomechanical principles, has created the new 
science of Computer-Assisted Design and a new 
class of hip prostheses designated CAD'M Hip 

. Stem. CAD™ hip prostheses from Howmedica 
provide the outstanding features of traditional 
prostheses, as well as new features to fortify 
against stress, in accordance _with Computer­
Assisted Design. 

A new measure of structural security: Various 
prostheses with the letters CAD'M preceding their 
name are now available only from Howmedica. 
These are traditional prostheses modified ac­
cording to Computer-Assisted Design. 

Figure 14 

CAD Hip Stem 
(Howmedica, Inc.) 
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Chapter 3 

WHAT IS REQUIRED OF THE ORGANIZATION TO MAKE 
USE OF FINITE ELEMENT METHODS 

General Considerations 

Assuming that the needs of the organization warrant the use of 

finite element methods, and the capabil'ites of the method will aid in 

fulfilling these needs, then an assessment of the expenditures required 

to make use of finite element technology is necessary. Many other such 

decisions facing the organization take on the character of the "make or 

buy" decision. Although it would be possible to develop ones own 

finite element technology in the organization, and indeed, a great amount 

of this technology has come about in this manner, the expenditures neces­

sary to follow this course are immense. Coupling this with the fact that 

a great deal of finite element technology is available at a reasonable 

cost to the engineering community from established sources, it can be 

seen that such development expenditures are hardly necessary. Therefore, 

here, we shall be concerned with the procurement of available technology 

from outside sources. 

In procuring finite element capabilities there appear to be 

three possible courses of action available to the organization. First, 

the entire analysis job may be "farmed out 11 to firms especially equipped 

and staffed to the entire job, from constructing the finite element 

models to carrying out and interpreting the results. Such a course of 

action would be most productive for the smaller company with only an 
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occasional need for the structural analysi~ capability. Such analysis 

firms (such as Structural Dynamics Research Corporation and Lockheed 

Structural Analysis Service) often work on a predeterm'ined fee basis and 

can pro vi de an exce 11 ent service for the sma 11 er company. 

A second alternative involves the employment of one or more 

trained analysts by the organization and the use of a computer service 

center. This alternative requires the rental of computer capabilities 

as well as the payment of a royalty fee to the computer center for the 

use of the finite element computer program. Such a course of action is 

probably best for companies that are involved in a moderate amount of 

analysis and can afford to hire an analyst familiar with finite element 

methods. 

The third course of action is most applicable to large organi­

zations engaged in work requiring a great deal of finite element analysis. 

This involves the hiring of one or more full time analysts, the purchase 

of a finite element computer program, and the rental or purchase of 

sufficient computer hardware to carry out analysis on a full-time basis. 

With respect to these last two alternatives, Mr. C. E. Jones of 

Lockheed Structural Analysis Service has the following comments: 

In my opinion, the acquisition of a finite element computer 
program should be based entirely on the amount of finite element 
analysis perfonned by the organization. For moderate amounts of 
analysis, nationwide computer service centers (CDC, UCC, etc.) 
provide programs for which the user must pay a royalty fee. An 
advantage of this is that the user always has available the 
most up-to-date program versions. At some point, of course, 
an organization should consider acquiring their own program. 
Acquisition could be based purely on economics. Finite element 
programs can be purchased for tremendously varying amounts of 
money. Several programs like SNAP are in the public domain and 
can be purchased from NASA for a moderate amount. Proprietary 
programs like ANSYS and STARDYNE are very expensive and can 
only be purchased from their developers. One advantage of 
proprietary program is that the developer of seller usually 
provides expert consulting services to the user. (Jones, 
personal letter to R. Ryner, September 20, 1974). 
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The remainder of this section wi 11 be concerned with some of the 

factors to be considered when implementing an "in nouse" finite element 

analysis capability. 

Organizational Size 

An important factor in procuring and implementing a finite element 

method capability is the size of the organization we are concerned with. 

According to Carl and Hamann (Carl/Hamann, 1974, p. 23, 27), a small 

organization is one which has: 

1. 
2. 

codes. 

Limited or no in-house engineering computer facilities. 
Limited or no in-house structural analysis computer 

3. Limited 
functions. 

4. Limited 

or no dedicated research and development 

or no computer programming support. 

On the other hand, the engineer in the large organization will often 

have access to such resources as: 

1. A dedicated in-house computer facility. 
2. Internally generated structural analysis codes. 
3. An in-house technical programming staff available 

to write programs. 
4. Experienced analysts available for consultation 

or analysis. 

In the case of the larger organization, such capabilities as these may be 

spread through out the divisions of the organization or may be concen­

trated in a corporate engineering department, an advanced products 

department, or a research and development division. 

Selecting Hardware and Software 

Computer hardware (the computer, input and output devices, and 

supporting equipment} and computer software (the operating system program, 

the applications programming, and the input-output conditioning programs) 

are often interrelated and must be considered together when planning a 
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finite element method capability. Certain finite element programs are 

written in such a manner that they cannot be operated on all computers, 

finite element programs usually require a great deal of computer memory 

storage, and efficient use of finite element methods usually requires 

computer graphics and interactive capabilities. 

This figure shows the steps in a typical finite element analysis 

and the hardware/software which may be used in association with each 

step: 

DATA 
GENERATION 

DATA 
VERIFICATION 

DATA 
CORRECTION 

ANALYSIS 

OUTPUT 
VI SUALI ZA TI ON 

OUTPUT 
EDITING 

OUTPUT 
MANIPULATION 

MESH GENERATORS, DIGITIZERS, SECTION PROPERTY 
PROGRAMS, PRE-PROCESSOR PROGRAMS 

PLOTTERS, GRAPHICAL DISPLAYS, GEOMETRY 
CHECKERS, QUALITY CONTROL PROGRAMS 

INTERACTIVE GRAPHICS OR SPECIAL PURPOSE 
PROGRAMS 

FINITE ELEMENT PROGRAMS, ACCESSIBLITY TO 
LARGE COMPUTERS 

ANALYST 1S EYEBALL, PLOTTERS, GRAPHICAL DISPLAYS 

SEARCH PROGRAMS, INTERACTIVE EDITING ON 
GRAPHICAL DISPLAY 

SUPERPOSITION PROGRAMS, CONTOUR PLOTTERS, 
INTERACTIVE GRAPHICS 

Figure 15. 

Steps in the Analysis Process 
and Capabilities Required 

(Hamann, 1974, p. 35) 
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According to Carl and Hamann (1974, p. 23~25), the choice of a 

computer applications package for a small organization should take into 

account the following factors: 

1. the availability of time sharing capabilities to reduce 

analysis turn-around time; 

2. if growth in finite element usage is expected, remote 

batch capabilities should be available; 

3. the availability of graphical output (a must!); 

4. the availability of analysis programs from the vendor; and 

5. the amount of applications support the vendor can supply to 

aid in teaching company personnel in the use of the equipment and 

programs. 

In selecting software, Carl and Hamann suggest that finite element 

programs be procurred from a softward house. This approach is desirable 

since: 

1. often, a software house can supply a finite element appli­

cations library made up of a number of programs aimed at the customer's 

needs; 

2. programs written by software houses are often documented in 

a 11 user 1 s language" which is fairly easy for analysis personnel to learn; 

3. documentation is usually explicit and clearly written; 

4. software houses often supply training in the use and appli­

cation of their programs; and finally, 

5. software houses tend to keep their programs up to date. 

(Carl/Hamann, 1975, p. 23-26). 

Larger companies will often have computer facilities available to 

the engineer. However, due to the large memory requirements as well as 
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the amount of computer time required for finite element problems, the 

engineer wishing to use finite element analysis may have to go outside 

of his company for computer facilities. To allow flexibility in the use 

of in-house as well as external computer facilities, a remote job entry 

terminal controlled by a minicomputer may be used to route finite element 

analysis problems to the most efficient facility. If a computer graphics 

capability is incorporated into the terminal, an excellent system can be 

had. (Figure 16). (Carl/Hamann, 1974, p. 27-28). 

The large organization has the same alternatives open as the small 

organization in the choice of software for finite element analysis. Again 

the approach of using a software house is probably the most desirable. 

The large organization may also choose to implement a finite element code 

which is in the public domain. Such codes are available from some uni­

versities and government agencies at a minimal cost. However, there is 

usually minimal applications support for these programs. 

There is another aspect to the software question for the larger 

company. This is 

... the software required for data generation, data verification, 
computer graphics, and visualization of output. This is an area 
where the large company has a distinct advantage over the small 
company--that is, it can afford to develop input/output software 
tailor-made for the particular type of design problems inherent 
in the company's business (for example, automotive engineering). 
(Carl/Hamann, 1974, p. 28). 

Personal Requirements 

Larger organizations may employ a number of analysts to employ 

the finite element method. A smaller organization will probably employ 

either an analyst-engineer, a full time structural analyst, or a full 

time structural analyst and a full or part time technical analyst. In 
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Finite Element Interactive Graphics Facility 
(Carl/Hamann, 1974, p. 29) 
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any case, the job of analyst wil 1 require a number of duties besides the 

obvious job of performing finite element analyses. These include: 

1. Search for appl icati ans within hi.s company, define 
approaches, and perform analyses. 

2. Keep up-to-date on latest techniques through reading 
and conferences. 

3. Conduct regular educational sessions on FEM within his 
company. 

4. Maintain information on hardware and software vendors. 
5. Continually upgrade hardware and software facilities 

when economically justified. 
6. Act as central source of knowledge for finite element 

techniques within the company. (Carl/Hamann, 1974, p. 27). 

Where wi 11 these personne 1 come from? Accardi ng to Carl and Hamann 

(1974, p. 26), likely sources are: 

1. Colleges and universities (aerospace, mechanical, and 
civil engineers). 

2. Job agencies specializing in geographic areas where the 
aerospace industry is big (Los Angeles, Seattle, San Francisco). 

3. Research and development organization (NASA centers, 
Stanford Research Institute, etc.). 

4. Automotive industry (Detroit). 
5. Consultants (from firms that perform advanced design 

and analysis functions). 

Budget Requirements 

Finally, how much will this all cost? 

The following tables give some idea as to the budget requirements 

for implementing finite element technology into the engineering function 

of the small and large organization. Note that the figures given were 

compiled in the early part of 1974, and the costs have probably increased 

since that time. 



Table 2 

Minimum Budget Requirements for a Small Organization,$ 

Resource 1st Year* 2nd Year** 

Hardware 3,000 5,000 
Software usage 12,000 30,000 
Labortt 16,000 25,000 

Total 31,000 60,000 

*Low-speed terminal (30 character/s), one analyst. 
**Plotter, one draftsman added. 
tOne analyst added. 
tt Does not include labor overhead. 

(Carl/Hamann, 1974, p. 27) 

Table 3 

3rd Year+ 

6,000 
50,000 
40,000 
96,000 

Minimum Budget Requirements for a Large Organization,$ 

Resource 1st Year* 2nd Year** 3rd Yeart 

Hardware 20,000 25,000 30,000 
Software usage 

Development 100,000 100,000 100,000 
Applications 80,000 200,000 320,000 

Labor 
Development 300,000 300,000 300,000 
Applications 125,000 250,000 500,000 

Total 625,000 875,000 1,250,000 

*RJE terminal, card reader, printer, five analysts, ten development 
engineers. 

**Plotter, card punch, five analysts added. 
tCRT graphic display, ten analysts added. 

(Carl/Hamann, 1974, p. 31) 
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General Considerations 

Chapter 4 

WHEN TO GET INVOLVED WITH 
FINITE ELEMENT METHODS 

The question of the timing of an introduction of finite element 

methods and technology into the engineering function of an organization 

is one which requires some thought. If a decision has been made to imple­

ment the method, a major factor will be the capabilities of existing 

computer programs and the expected advances and additional capabilities 

to be introduced in the near future. 

Other considerations include such factors as the time required to 

implement a finite element capability and the learning time required to 

use this capability. The learning curve for many finite element programs 

is fairly flat, and the implementation and debugging of these programs 

can range from a few weeks to several months. There is also the time 

involved in acquiring the appropriate hardware to use finite element 

techniques. 

Projected advances in computer hardware may also be a factor in 

the decision as to when to go into finite element techniques. Advances 

over the past decade have permitted the introduction of 11 mi ni-computers 11 

which have as much or more computing power of the large computers of the 

196O 1 s. The introduction of higher speed memory storage capabilities 

has improved the speed (and lowered the operating costs) of computers. 

It is quite possible that the near future may see small, inexpensive 
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computers with suffici.ent amounts of high speed memory to utilize finite 

element programs at a fraction of today's costs for a machine of similar 

capabilities. 

Software improvements can also be expected in the near future. 

New finite element programs and systems are being developed which incor­

porate improved element types, more versatile elements, new mathematical 

techniques which require less computer time and storage area, more 

utilization of 11 machine language 11 to decrease running time, and greater 

capabilities in areas such as computer graphics, automatic data generation 

and error checking, interactive operation, etc. Existing programs are 

also being revised and updated to incorporate these features. 

As time goes on, more and more experience in the use of finite 

element techniques will be built up. More engineering and technical 

schools will be training their students in the theory and/or use of the 

finite element method. The use of the method will invade more and more 

fields as time goes on. All of these will make the job of implementing 

and using finite element methods of analysis easier and less costly. 

So the answer to the 11when 11 question comes down to a question 

of need. If the organization needs the advantages and capabilities of 

finite element technology in its engineering function now, there are few 

reasons to put off its adoption. Finite element technology has consider­

able capabilities at its present 11 state of the art. 11 If the need is not 

so pressing, then the manager's job becomes one of watching, waiting, 

self-education, and weighing the costs versus benefits. Most assuredly, 

the advantages for finite element methods will only increase. 
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SAMIS. SAMIS (Structural Analysis and Matrix Interpretive System) was 

developed in the 1960 1 s to solve problems involving matrix arthimetic in 

structural applications. It is capable of constructing structural matrices 

from input data containing an idealization of a structure. It then is able 

to manipulate these matrices according to the rules of linear algebra. In 

constructing the structural matrices, the program follows the stiffness or 

displacement method of finite element theory. A number of types of elements 

are provided•by the program's element library. 

SAMIS is a 11 chain 11 system in that it solves its problems sequen­

tially instead in a simultaneous manner. Thus, computer running time is 

a limit on the size of problem which the program can handle. Hamann (1974, 

p. 31) points out a major problem with SAMIS in connection with experiences 

at Ford Motor Company: 

The program had evolved by modification and extension. As 
a result, elusive and costly 11 bugs 11 appeared quite frequently. 
Engineers attempting to use the program to solve product 
engineering problems could not tolerate the delays associated 
with error resolution. 

A description of SAMIS is included in the Appendix. 

NASTRAN. NASTRAN (NASA STRuctural ANalysis) is a widely used, general. 

purpose program for evaluating the behavior of elastic structures under 

various loading conditions. It is very versatile and will handle problems 

of any size (within computer time cost limitations). NASTRAN will solve 

four general classes of problems: 1. static structural problems; 

2. elastic stability problems; 3. dynamic structural problems; and 

4. general matrix problems. An experienced analyst can easily modify 

and expand the program to fit his own needs. 
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The program includes a considerable capability for graphical input 

and output. Many other smaller auxiliary programs are available to aid in 

the preparation of input for NASTRAN and the editing and display of NASTRAN 

output. 

NASTRAN has been under development constantly since its creation. 

The currently available level is designated as Level 15.5 (level 15, 

modification 5). A number of major changes and improvements are scheduled 

to be included in Level 16.0, which is to be released by NASA in 1975. 

Further description of NASTRAN is in the Appendix. 

SNAP. SNAP (Lockheed Structural Network Analysis Program) is a fairly 

new finite element program used to analyze complex, highly interconnected 

finite element models. SNAP is available in three basic configurations: 

1. a static analysis version; 2. a dynamic analysis version; and 

3. a version which automatically generates fully-stressed design of 

structures subjected to multiple static loading conditions (FSD). 

Numerous post-processor programs are available and future development of 

more capabilities is planned. 

SNAP is a public domain program which uses a considerable number 

of advanced matrix storage and manipulation techniques. For this reason, 

the execution costs of the programs tend to be quite low when compared 

to some more generalized finite element programs. 

A description of SNAP is included in the Appendix. 

ICES - STRUDL II. ICES (Integrated Civil Engineering System) was 

developed at the Massachusetts Institute of Technology to be the basis 

for computer oriented, civil engineering problem solving. It is designed 

to be an information processing system for science and management, 
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engineering in general, and civil engineering in particular. ICES is a 

co 11 ection of computer programs, integrated into a large computer program 

system. The ,~ndividual programs may be used to solve problems involving 

such things as coordinate geometry, foundation loadings in buildings, 

locating roadways, analyzing transportation networks, bridge design, 

the planning and control of construction or manufacturing projects, 

optimization techniques, evaluating the stability of slopes and embank­

ments, working with traffic volume data, land usage problems, and analysis 

of structural frameworks and structures. 

STRUDL II. (The STRUctural Design Language, version II) includes 

capabilities for the analysis of two and three dimensional structures, 

consisting of truss, frame, and continuous finite elements. A variety 

of element types are included, and problems concerning areas such as 

plane stress/plane strain, plate bending, and shell analysis may be 

solved. STRUDL II input and output may be coordinated with other ICES 

programs for greater verstility. In addition, capabilities for the 

analysis of concrete structures, dynamic structural analysis, nonlinear 

analysis, and substructuring are included. Continuing modification and 

expansion of ICES is planned. 

Further information concerning ICES and a short STRUDL II finite 

element user's manual are contained in the Appendix. 



Chapter 5 

EFFECTIVE IMPLEMENTATION OF THE 
FINITE ELEMENT METHOD INTO 

THE ENGINEERING FUNCTION 

Once an organization has decided to "take the plunge" into the 

use of finite element methods, the hardware and software have been 

selected, and personnel are being hired or trained, the question arises 

as to how the analysis function should be organized and integrated into 

the engineering function. Major determinants of this organization 

process will be the size of the organization and the amount of training 

necessary for the analysts. 

The use of finite element methods requires a skilled analyst to 

achieve an accurate and credible analysis. He must be experienced and 

have a solid background in structural mechanics. To build up and main­

tain this degree of experience with finite element techniques, it is 

probably best that centralized divisional or corporate finite element 

analysis activities be established. 

Smaller organizations utilizing finite element analysis may have 

only one or two analysts. Larger organizations may have a number large 

enough to warrant a separate analysis division. 

On this subject, Carl and Hamann (1974, p. 28-30) evaluate three 

organizational strategies: 

1. Have product engineers do their own analyses. Typi­
cally, in a large organization, this requires that several 
hundred engineers be trained in the theory and use of finite 
element techniques. 

2. Have a small group of analysts in each division who 
provide analysis services to division engineers. 
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3. Have a centralized activity which provides analysis 
services to all company divi.sions and engi.neers. In many cases, 
the last approach is to be preferred from the standpoint of 
effective util i.zation of manpower, minimal training, and the 
development of technical proficiency. It also offers the finan­
cial means to support a terminal-based computer system, computer 
graphics, and related software development. When properly 
managed, a centralized activity offers an efficient use of 
human and financial resources. 

Unfortunately, the price paid for centralization may be 
bureaucracy which is unable to respond quickly to user's 
needs, in which case the second approach may be desirable. 
Centralization of analysis capability may also not be feasible 
if the company's divisions are not centralized physically. 
Communications then become a significant problem. 
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These three alternative organizational structures are shown in Figures 

17, 18, and 19. 

Figure 17 

Decentralized Analysis Department Approach 
(Carl/Hamann, 1974, p. 30) 
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Centralized Division Analysis Department Approach 
(Carl/Hamann, 1974, p. 30) 
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Figure 19 

Centralized Corporate Analysis Department Approach 
(Carl/Hamann, 1974, p. 30) 
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Chapter 6 

BASICS OF FINITE ELEMENT THEORY 

Introduction 

Some understanding of what the finite element method consists is 

eventually necessary so that one is able to grasp the power of the method. 

A manager may be able to make a decision on whether or not to adopt the 

method without a description of 11 how it works, 11 but the technical mind 

will usually not be satisfied until it has some feel of what is going on 

inside the computer programs that utilize the finite element method. 

The purpose of this chapter is to supply some of these insights. 

Framework Analysis 

Finite element methods are a 11 building block approach 11 (Sherlock/ 

Kormos, 1973, p. 7) to analysis which has evolved from the techniques of 

analysis of structural frameworks. The concepts are not especially new, 

but the large amounts of mathematics involved in the finite element 

formulations required the development of the high speed digital computer 

to make the use of finite element theory a practical possibility. 

Some of the concepts involved in the finite element method can be 

illustrated by an example involving a one-dimensional rod or bar element 

made of an elastic material. This element is defined by the position of 

its endpoints, which we shall call 11 nodes. 11 The left node of the element 

is attached with a pin to an immobile surface while the right node is 

permitted to move in only the horizontal direction. 

40 



• 

41 

For reference, a set of coordinate axes can be imposed on the 

situation. This allows the dimension in which this element exists to be 
• 

identified as the 11 X11 dimenison, since the element is parallel to the 11 X11 

axis and perpendicular to the 11 Y11 and 11 Z11 axes. Forces may be applied 

to the right hand node of the element in either the positive or negative 

11 X11 direction, and are applied on the element's axis. This situation is 

illustrated in Figure 20. 

1 

/////// o'-------------x 

-Figure 20 

One-Dimensional Elastic Element 

Hooke's law states that the extension of a structural member is 

linearly proportional to the force applied along its length. This can 

be stated as e = fP, where e is the change in length (deformation) of the 

member, Pis the force applied to the member, and f is the flexibility of 

the member (the extension of the member per unit force) which is deter­

mined from the 1 ength of the member, the area of the member's cross 

section, and the modulus of elasticity for the material. The quantity 

1/f is known as the stiffness coefficient of the member (k). If a 
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known force (P} were applied to the right hand node of the element in the 

11 X11 direction, a deformation would be produced and the right hand node 

would be displaced in either the positive or negative 11 X11 direction by 

an amount determined bye= fP. 

If the desired unknown was the amount of force (P) necessary to 

produce a given displacement of the right hand node of the above element, 

it would only be necessary to solve the equations for the force. In 

this case, P = e(l/f) = e/f = e·k. 

Now expand this example to include another elastic rod or bar 

element. It now becomes necessary to number the elements and nodes for 

clarity. The original element becomes element 1 and the additional 

element is element 2. The nodes are numbered as shown in Figure 21. 

Note that element 1 is defined by nodes 1 and 2 while element 2 is defined 

by nodes 2 and 3. 

y 

1 

Ji» ·/~//. 
o'-------~""------------x 

div 
1 2 2 J 

Figure 21 

Two One-Dimensional Elastic Elements 

Again, node 1 is stationary while nodes 2 and 3 are confined to 

movement in the positive or negative 11 X11 direction. Since element 1 and 

• 
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2 need not have the same lengths, cross secti.ons, or even be made of the 

same material, each element wi.11 have i.ts own stiffness coefficient (k). 

Ukewise, each node wi.11 have a flexibility coeffi.cient (f) associated 

with it. If load P1 is applied in the positive 11 X11 direction at node 2 

and load P2 is applied in the positive 11 X11 direction at node 3, the 

deflection for node 2 is given as &2 = f2(P1 + P2) and the deflection for 

node 3 is given as 63 = f2(P1 + P2) + f3P2. 

In the above discussion, a mathematical model has been, in effect, 

created for the displacements of axially loaded, elastic, one-dimensional 

elements. If such elements are involved in a structure situated in two 

or three dimensions, trigonometry can easily be used to resolve forces 

into their axially applicable components and convert displacements into 

components on a set of axes. 

If the one-dimensional element is found in an assemblage of ele­

ments, such as a framework, a number of elements would be found to share 

end nodes. Figure 22 shows such a framework problem where displacements 

of the common node are the quantities desired. 

In solving such a problem, one would first derive the forces on 

each element from the external forces applied to the system through the 

use of trigonometry in a system of simultaneous equations. Next, the 

resulting deformations for each element would be determined in the same 

manner as in the examples discussed earlier. Finally, a set of simul­

taneous equations would be solved to determine the components of the 

resulting displacement of the common node. In solving these sets of 

simultaneous equations, it has been found that the use of matrices and 

matrix algebra allows the problem to be easily expressed and understood. 

Matrix methods also have the advantage that they are easily programmable 
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into a digital computer and a problem of practically any size can be ac­

commodated without changing the programming. 

• 

0 X 

Figure 22 

Representation of a Plane 
Pin-Jointed Framework 

So far in this look at the displacement apprach to structural 

analysis, the emphasis has been on one-dimensional, "rod" or "bar" 

elements. In this approach, an element made up of an infinite number of 
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points is modeled in terms of the actions of its end points (nodes) when 

the element is placed under a load. The techniques of structural analy­

sis made great strides through the use of this technique. However, 

problems arise when it is desired to model two- or three-dimensional 

solid objects. The results obtained from attempting to model a solid 

object by representing it as framework of one-dimensional elements are 

generally not accurate enough to be useful. 

The finite element method has proven itself effective in providing 

better approximations for problems involving the modeling of two- and 

three-dimensional continua. The method has had its greatest development 

in the area of structural problems, but has been found to be applicable 

in other areas also. 

In using the finite element method, a two- or three-dimensional 

continuum is subdivided into a number of two- or three-dimensional finite 

elements, the properties of each element are determined, the elements are 

determined to be connected at a discrete number of nodal points located 

on their boundaries, the continuum's environmental conditions are applied 

to·the assemblage of elements, the state of the continuum is defined at 

the nodal points by a set of defining functions, and the results are 

assembled into a mathematical representation of the original continuum 

with its environmental conditions applied. Obviously, a number of these 

points require further explanation. 

Figure 23 shows a finite element representation of an area of a 

continuum under conditions of plane stress. The representation of the 

triangular elements strongly resembles the representation of a bridge 

truss in Figure 24. Although the representations are somewhat similar, 

their purpose is drastically different. 
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Figure 23 

A Plane Stress Region Divided 
into Finite Elements 

(Zienkiewicz, 1971, p. 18) 

Figure 24 

Bridge Truss 
(Desai/Abel, 1972, p. 68) 
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Figure 24 shows an assemblage of one-dimensional rod or beam 

elements into a truss structure. In this case, the lines in Figure 24 

represent the one-dimensional elements themselves. This is not the 

case with Figure 23. 

In the two-dimensional finite element representation of Figure 23, 

the lines do not represent the elements but serve only to demarcate the 
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boundaries of the two-dimensional elements. This leads to two possible 

interpretations of the fin He element concept. One interpretation would 

be that the elements are two- or three-dimensional bodies of their own 

right. Under this interpretation, each element is essentially a piece 

of the whole continuum, resulting in the assemblage providing a more 

natural representation of the properties of the original continuum. 

An alternate conceptualization involves considering the elements 

to be regions of the original continuum: 

An alternative but equivalent interpretation of the finite 
element method derives from the physical continuity of elements 
in a two- or three-dimensional body. This notion, which is 
mathematical rather than physical, does not consider the body 
or structure to be subdivided into separate parts that are 
reassembled in the analysis procedure. Instead, the continuum 
is zoned into regions by imaginary lines (two-dimensional bodies) 
or imaginary planes (three-dimensional bodies) inscribed on the 
body. Note that no physical separation is envisaged at these 
lines or planes. Using this concept, we may apply variational 
procedures to the analysis by assuming a patchwork of solutions 
or displacement models each of which applies to a single region. 
(Desai/Abel, 1972, p. 69). 

The properties of each element in an assemblage of finite elements 

are determined by (1) the material in the element, and (2) the shape and 

mathematical properties of the element type. The properties of the 

material which bear on the problem usually include the material's 

elastic modulus (E), Poisson's ratio for the material (v), the shear 

modulus of elasticity (G), and the material's density (d). Other pro­

perties, such as the material's porosity, thermal conductivity, thermal 

expansion coefficient, viscosity, etc., are also of importance in certain 

types of problems. 

The mathematical properties of 'different element types are deter­

mined by the mathematician-engineer at the time the element's mathematical 
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model is developed. The most obvious differences among element types 

are their shapes and the uses for which each element type is designed. 

The shapes of most of the finite elements available are based 

upon the common engineering shapes, with the triangle being most common. 

Figure 25 shows some of the elements available for elastic analysis in 

the NASTRAN program package. 

In addition to the geometric shapes, a higher order 11 isopara­

metric11 type of element has been developed. Isoparametric elements may 

have curved boundaries and can allow for a distribution of properties 

(such as stress) within the element. As such, they permit a more 

accurate representation of a structure while using fewer elements and 

reducing analysis costs. Figure 26 illustrates a wheel modeled with 

triangular plate elements and isoparametric elements. 

Often times, element formulations are designed for specific types 

of problems. Some common examples are the specialized elements used for 

plane stress-plane strain calculations and axisymmetric (solid of rev­

olution) problems. By limiting the uses of such elements to specialized, 

common conditions, the mathematical formulations can be simplified and 

the costs of analysis reduced. 

Mathematically, geometric elements are modeled in terms of 

11 field 11 equations. That is, equations are set up which express the 

desired property (such as stress, strain, porosity, etc.) in terms of 

a varying field over the element. A minimization process (using the 

tools of variational calculus) is then carried out and the field property 

is integrated as being constant over the entire element. This results 

in a value which may be used in an analogous manner to the flexibility 
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or stiffness coefficients of the beam elements whi.ch were discussed in 

the earlier part of this chapter. 
ONE-DIMENSIONAL 

r 

TWO-DIMENSIONAL 

Shear Panel 
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Elastic Elements 
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Finite Element Models of Wheel 
(Sherlock/Kormos, 1973, p. 10) 
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When isoparametric elements are formulated, the field properties 

are not considered to be constant over the element. Instead numerical 

integration is carried out at a number of points within the element. 

The number and location of these points are determined by the shape 

function of the element, which is derived from a "distorted" projection 

of regular geometric elements. 

It should be noted that the usual rectangular coordinate system 

may not be the optimum for solving the equations associated with finite 
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elements, especially when these elements are oriented at a certai.n di­

rection within an assemblage. It appears that the methods which are 

used to simplify these problems often use tensor analysis to permit 

simplified coordinate transformations in determing element properties. 

A fourth dimension can be added to finite element analysis when 

the method is used to analyze the dynamic response of a structure or 

fluid to vibration, pressure, etc. In this type of problem, differential 

equations are encountered in describing element properties. These 

problems are solved with applications of linear algebra involving 

eigenvalue analysis. 

In any finite element analysis, the element's nodal points are 

of importance. The external nodes are usually considered to be located 

at the intersections of the boundaries of the element. In addition, 

secondary external nodes may be located along the sides of the element . 

Finally, it is common to locate internal nodes inside triangular elements. 

The importance of the element nodes is two-fold. First, the 

structure in question is usually defined in terms of the location of the 

element nodes with respect to a set of rectangular coordinates. And 

second, the analysis and the results of the analysis are carried out 

and presented with respect to these nodal points. During structural 

analysis, external forces on the structure are represented as forces on 

the element nodes and any resulting dis'placements are represented as 

nodal displacements. In other types of problems, the nodes determine 

the locati.ons in the problem for which solutions will be found. 

Throughout the analysis procedure, the properties of the ele­

ments and the actions of the element nodes are manipulated in matrices 

b_y the rules of matrix algebra. This allows the equations defining the 
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actions of the nodes to be sol yed simultaneously, permitting the prop­

erties of one element to affect all the other elements in the assemblage 

while being affected by these other elements at the same time. 

Thi.s chapter has attempted to list some of the processes involved 

in a finite element analysis. In this short space, it is impossible to 

present the entire theory behind the finite element method. In addition, 

the mathematics involved is extremely complex to the uninitiated person 

and requires a considerable amount of study before it is possible to 

become facile with its theory or use. 



Introduction 

Chapter 7 

USING A FINITE ELEMENT METHOD 
COMPUTER PROGRAM 

In using the finite element method to analyze an engineering 

structure or component, a precise knowledge of the workings of the method 

is not necessary to prepare data and make use of the results. This is 

due to the capabilities of the computer programs which are available, 

packaged so as to insulate the user from the complexities of the mech­

anisms of the method. 

To the user of finite element program packages, a sound knowledge 

of classical mechanics (strength of materials, metalurgy, statics, dynam­

ics), mathematics (especially trigonometry and analytic geometry), 

experience in using computers, and experience with the behavior of 

structures in general, are the most useful types of knowledge to have. 

In his book, Ural (1973, p. 238) gives the following warning: 

I would like to emphasize the need of the engineer to 
thoroughly understand all relevant reory and behavior of 
structures before using~ of the finite element) pro­
grams ... The familiarity with the basic concepts of math­
ematics, computers, mechanics, materials, and elasticity 
is necessary to avoid all potentially grave errors. 

Inputting Data 

The first step in using a finite element computer program in­

volves preparing and defining the problem in a manner which is both 

53 
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acceptable to the computer program and will result in accurate and useful 

output data. This step has two major sections: 

a. Idealization of the problem with logical mesh generation. 
b. Preparation of the input information to be used by a 

particular computer program to obtain the results of the 
analysis. (Ural, 1973, p. 237). 

The first part of this step involves the knowledge and expertise 

of the experienced engineer. His design must be defined graphically and 

scale drawings of the components to be analyzed must be prepared. Next, 

a drawing of the finite element model of each component must be prepared. 

This involves the generation of the element mesh. 

In generating a finite element mesh, three factors must be con­

sidered: the type and shape of each element, the sizes of the elements, 

and the placement and orientation of the elements. Since different 

elements have different mathematical properties, the element type (and 

resulting shape) must be selected to closely match the properties of 

the structure being modeled. In addition, the element's aspect ratio 

(ratio between an element's longest and shortest dimension) must be 

taken into consideration, since more accurate results are obtained with 

elements whose aspect ratios are 1:1. The size of the elements used will 

largely determine the accuracy of the resulting finite element model and 

the cost of the analysis, smaller elements providing more accurate results 

over areas of stress concentrations and variations while increasing the 

computer time necessary for the analysis. Finally, the placement and 

orientation of elements in the model will affect the accuracy of the 

stress results from the analysis as well as determing the amount of 

work necessary to interpret the analysis results. In cases where regular 

shapes and uniform stress variations are encountered, the elements mesh 

can often be generated by a suitable computer program. 
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Before the computer analysis can be carri.ed out, the conditions 

to which the modeled component or structure will be subjected must be 

determined. These conditions are usually considered in the form of 

loading data. Clark, Barnhart, and Hayes (1974, p. 5) present some of 

the considerations involved in generating loading data for a finite 

element model of a backhoe component: 

... a combination of past field test data and analytical 
calculations is used to establish loading conditions which 
will reproduce maximum operating stresses in the machine. 
But since the part being computer-roodeled is isolated from 
the machine, overall machine loadings must be transformed 
into resultant loads acting on the modeled part. These 
total resultant loads are then solved into components for 
application to the various connection locations of the 
model to the machine. These must create an equilibrium 
condition which is restrained, called a 11 free-free 11 model. .. 
Our present solution for determining loading on the modeled 
component is to create a beam or stick model of the com­
plete machine. The (finite element) program is then used 
to calculate the resultant loads on the component from the 
selected static input loads to the machine. The beam 
model is prepared with its major axis as the same axis of 
the component model. The computer load solutions from 
the beam model are then directly applicable for the 
(finite element) model component without any conversion 
of directions. Additional loads can be applied to the 
component model at some small additional time requirement 
and computer cost. 

After the finite element roodel has been defined and the appro­

priate loading conditions have been determined, the task of preparing 

the input data for the computer remains. The first consists of con­

verting the model into coordinate nodal points on a set of axes and 

assigning numbers or letters to these nodal points according to a 

system designed to minimize the amount of storage required for the 

problem in the computer memory. Next, the elements are defined in 

terms of their nodal points, and each element is assigned a number or 

letter name. The properties of the materials used in the structure 
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being modeled are specified and the loading conditions are input into 

the program. 

Most of the data preparation work can easily be done by a 

trained technician familiar with analytic geometry. Since in a large 

problem this work can be lengthy and time consuming, the data prepara­

tion technician must be patient in his work. He must also be accurate, 

as a single mistake (such as a space left out of an instruction or a 

misspelled command word) can result in a costly analysis producing 

useless or inaccurate output. 

In converting the finite element model into coordinate points, 

a digitizer and the appropriate associated software can often be put to 

good use. By using a digitizer, time can be saved and technician 

fatique can be reduced, resulting in fewer input errors. 

Output Results 

Following the analysis of a structure or machine component by 

a finite element program, the results of the analysis must be displayed 

in a readable and useful form. The printout produced by most finite 

element programs 11 is a large volume of paper which indicates stress 

level and stress direction for each element." (Clark/Barnhart/Hayes, 

1974, p. 6). In addition, the output may show nodal deflections, re­

action forces, natural frequencies, and other information. The problem 

which arises in interpreting this information is caused by the tabular 

form of the printed output. 

Manual display and interpretation of finite element program 

output can be very time consuming and tedious. Some finite element 

programs can supply graphical output of model construction and results 



of analysis. Such graphical output can be presented by means of the 

line printer, a cathode ray tube (CRT) terminal, or by an automatic 

plotter. 
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Since line printers are designed to print tabular data, their 

usefulness as graphical output devices is usually limited to printing 

simple graphs and straight line representations of structures. CRT 

terminals are often used to error check input data or to view inter­

mediate results. Additional equipment is necessary to produce permanent 

11 hard 11 copy. 

Automatic plotters combine the advantages of the line printer 

and the CRT, producing curved as well as straight lines on paper copies. 

In addition to producing graphic representations of finite element 

models, plotters are commonly used to display stresses in these models. 

Two methods of displaying this information include: (1) plotting 

contours of stress levels over all or part of the area of the system; 

and (2) drawing the principal stress vectors for each element in the 

appropriate directions. (Zienkiewicz, 1971, p. 471). 

Conclusion 

Each finite element program differs in its construction and its 

input requirements and output capabilities. Although the formulation of 

the finite element method of analysis insures some simularities among 

program packages, each program has its own irregularities. Experience 

with a particular program and a thorough study of its user's manual are 

necessary prerequisites to using a finite element computer program. 



Chapter 8 

A SMALL SAMPLE PROBLEM 

In order to illustrate the use of the finite element method, a 

simple plane stress problem was formulated. The problem was first 

solved using a standard handbook formula, then with a simple special 

purpose finite element computer program, and finally with the ICES 

STRUDL-II finite element capability. 

The Problem 

A simple beam deflection problem was selecterl with the primary 

unknown quantity desired being the mid-point deflection of the beam with 

a static load. The beam is shown in Figure 27. 

i 
I 
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Figure 27 

Representation of "Simple Beam Problem" 
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The beam was represented as being of rectangular cross section, 

100 cm (1 m) long, 15 cm wide, and 5 cm thick. Its extreme ends are 

supported in the vertical direction at the lower corners and its lower 

left corner is also fixed horizontally. 

SAE 950, high strength-low alloy steel was selected as the 

material for the beam. This steel has the following properties: mod­

ulus of elasticity (E) = 2.10921 X 106 kg/cm2; Poisson's ratio (v) = 

0.303; density (d) = 0.0078 kg/cm3. 

A static load was assumed to be applied to the center of this 

beam. This load had a magnitude of 103 kg. 

Solution by Handbook Formulas 

As a check on the solutions to be produced by the finite element 

computer programs, a calculation for the deflection at the mid-point of 

the previously described beam was carried out using formulas found in 

a commonly used engineering handbook. (Oberg/Jones, 1971). 

The first step was to calculate the moment of inertia (I) for 

this rectangular cross section beam. This was found using the following 

formula: 

bd3 
I=_,_..,,-- where: 12 

Substituting: I= 

b = base dimension of rectangle 
d = depth (height) of rectangle 

3 
5 cm i~5 cm) = 1406.25 cm4 

Next, the distributed load on the beam, caused by the weight of 

the material in the beam, was calculated. The volume of material in the 

beam was found to be 7500 cm3, resulting in a total load of 58.5 kg. 

The resulting deflection at the center of the constant cross section beam 

from this distributed load is given by the following formula: 



Substituting: 

where: Wd = total distributed load 
L = length of beam between supports 
E = modulus of elasticity 
I = moment of inertia of cross section 

5 · 58.5 kg (100 cm) 3 

D = 384 • 2.10921 X 106 kg/cm2 . 1406.25 cm4 

= 0.00025681 cm 

60 

The deflection resulting from the concentrated load at the center 

of the beam was then calculated from the formula: 

Substituting: 

where: We= total concentrated vertical load 
L = length of beam between supports 
E = modulus of elasticity 
I = moment of inertia of cross section 

0 = 103 kg (100 cm) 3 

c 48 • 2.10921 X 106 kg/cm2 1406.25 cm4 

= 0.00702387 cm 

The total deflection (D) at the mid-point of the beam was found 

by adding the deflection resulting from the weight of the beam and the 

deflection resulting from the concentrated load at the center of the 

beam: D = Dd + De. This total deflection was found to be 0.00728068 cm. 

The Finite Element Model 

The finite element idealization of this problem is shown in 

Figure 28. 

Since both of the finite element computer programs being used 

were capable of working with rectangular finite elements, the beam was 

represented as an assemblage of square elements, 5 centimeters on a side 

and 5 centimeters thick. Sixty of these elements were required to model 

the beam, and eighty-four nodal points were necessary to define the elements. 
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The lower left hand node (labeled as node 1 in Figure 28) was 

considered to be located at the zero point on a rectangular set of 

X-Y axes, and this node was defined as a support point in both the X 

and Y directions. Node 81 was defined as another support and was fixed 

in the Y direction, but allowed to move in the X direction. Node 44 was 

the load point where the load of 1000 kilograms was applied in the 

negative Y direction. Node 44 was also used as the point of maximum 

deflection in interpreting the results. 

Desai/Abel 11 INTR0FEM 11 Program 

The previously described problem was first run using the special 

purpose, plane stress/plane strain computer program which is found in 

Appendix I of Introduction to the Finite Element Method by Desai and 

Abel. (Desai/Abel, 1972, p. 439-462). A copy of this program was placed 

in the University of Northern Iowa's program library at the Regional 

Computer Center in Iowa City, under the keyword "INTR0FEW' (INTR0duction 

to the Finite Element Method). A copy of this program and materials 

concerning its use are included in the appendix to this paper. 

The INTR0FEM program will handle plane stress or plane strain 

problems, using finite elements made up of four constant strain triangle 

elements (4-CST elements). Therefore, it can use either rectangular or 

triangular finite elements in the problem idealization. This version of 

the program has sufficient storage for 120 nodes, 100 elements, 10 

material types, and 20 externally applied distributed loads (surface 

tractions). 

A listing of the input to this program (on cards) is included at 

the end of this chapter. Much of the input data to the program is in 
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exponential form and is input using a fixed 11 E11 format. Since the input 

data to this program is manipulated using fixed formats, care must be 

used in preparing the data and punching it onto cards. 

The output from the INTROFEM program is reproduced at the end 

of this chapter. A summary of the input information is included in the 

input tables. Output Table 1 shows the displacements of the nodal points 

of the model while Output Table 2 shows the stresses on the elements, 

calculated at their centroids. This table includes the components of the 

plane stresses on the elements and the components of the shear stresses 

on the elements. 

Referring to the nodal displacements for node 44 in Output Table 

1, the Y displacement is found to be 0.00726120 cm in the negative Y 

direction. This is in excellent agreement with the results found by 

using the handbook formulas. 

ICES STRUDL-II Program 

The simple example problem was then run using the general purpose 

finite element capabilities of the Integrated Civil Engineering System 

(ICES) Structural Design Language-version II (STRUDL-II). This program­

ming system was developed at the Massachusetts Institute of Technology 

and is available at the Regional Computer Center at Iowa City. A short 

user's manual covering the plane stress/plain strain finite element 

capabilities of this system is included in the appendix to this paper. 

In addition to plane stress/plane strain problems, STRUDL-II 

will handle structural problems concerning frameworks, shells, three­

dimensional elements, reinforced concrete, and other types of problems. 

For the example, a plane strain rectangle (PSR) finite element was 
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selected. STRUDL-II is capable of handling probems of any size, 

limited by the computer time and cost required to complete the problem. 

A list of the input data cards used in this problem is included 

at the end of this chapter. The data is read into the program using 

11 free field" formats and card punching is not critical. However, spaces 

must be inserted between each data component and program commands must 

be inserted before the corresponding data cards. 

The output from the STRUDL-II solution is included at the end 

of this chapter. Since STRUDL-II is a command oriented system, the 

types and format of the output may be somewhat varied by the user. The 

output tables are labeled by the program and are self-explanatory. 

Referring to the nodal displacements for node 44 in the 

Resultant Joint Displacements - Free Joints table, the Y displacement is 

found to be 0.0072172 cm in the negative Y direction. This is in very 

good agreement with the results found with the handbook formulas and the 

Desai/Abel 11 INTROFEM 11 program. 
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UNIVERSITY OF IOWA.,,.START JOA 573 •••••• 2.22,55 PM R APR 75 ••••••••••••••••• H~SPLIST •••• eo-Rn LISTI~G ••••••••••• UIIIVEkSITY UF IO~ 
UNIVERSITY OF IOWA .... STI\RT JOA 5]'~.!___._.__._.,_2_,22.55 _P_M A Af>_R 75,, ................. ASPLIST,. .. 80-An LISTH!G,., .. _,_ .... _._lJh:_IVl~_STTY OF_ !_DI 

//HASPL!ST .JOB 1--------, 14,, •,, 661 • '80-_llQ __ LlSTll'lG • JU' <:;73 

_-_CAR0$_ __ 8EQU18EQ __ F_08 _I JNTROFE_p.,' 'SIMPLE REAM PROfJLEM • SOLUl ION 

JQB__/ICCOUNTU/G_C/\RO __ 

//INTROFEM .,JQfj !----•----.... ) L' 8 ICI-I RYNER', CL/ISS:9QIISGLEVEL= 11, l l 

JCL (JOB CONTROL LANGUAGE> CARDS: LinRARY PROGRAM 
- -

//,JOALIR DD OSN:H2037102.PROGRAMS,UNIT:23111,VOL=SER=IOWII05,0!SP=SHR 
I.I EXEC PGM:IiJTROFE;I'' 

r, j/FTOlFOOl DD UNiT~SYSOA,SPACE:(CY~~~l,lll 
//FT06F001 rD SYSOUT=~ 
//FT05F001 DD* 

----- E_ROBLEM Dl\IA __ Cl!RDS _ IFORMAJTEDl_ 

SIMPLE rlEAM PROBLEM - METRIC U~ITS· GRAM, CENTIMElER E.1.C.ti_RYNEli 
811 60 1 0 2 1 

_ _2, 109Et09_i,030E,-Ql _J ,8001:tO_() 5,JH!J)E+OQ _________ _ 
1 3 

-~~--O _ _j)LO O OE tJ)_Q _ _l._5 !l QE:tJL~---
5 0 5,000E+OO 

9 0 1,000E+Ol 
_ 12 ____ ()_ l, QO\lJ:+llJ --~-"2\/!l!e:t!U __ _ 

13 0 l,500E+Ol 
__ 16 ___ l) _l ,500(+Ql _ _l---500(+01~----

l 7 0 2,000E+Ol 
QJlJJL± 

21 0 2.~00f+Ol 
__ 2 q__ __ (L-2 • 5 Q OE t Q L--1 ,-5JlQL±_Q~---- ------ - ---------

25 0 3,000E+Ol 
____ 28~__Q__3. i!OOE tOL_l_,5-00LtQL_____ _____ _ 

29 0 3,500[+01 
---3'-----"-"'-*---UL>."-''-"-'._. ......... .....,_,"-'--_,_.,._...__ _______________________________________________________ _ 

3~ 0 ~,OOOE+Ol 
36 __ 0 _'I, 0 0 OE+ 0 LJ..50 OE +OJ. _________ _ - -------- ----------· --------------
37 0 ll.50UE+Ol 
'IQ ______ Q '+,500E+Ol_ l__._500EtOL ______ _ 
111 0 5,000E+Ol 
44 o 5.ooor+o1 1,5ooc+o1 o.ooor+n1-1.ooor+o6 
'15 0 5,500[+01 
'18 ___ 0_ __ 5 • 500E+Ol _l ,500Et01 __________ _ 
119 0 6,000f+Ol 

__ ,52 _ __n__6,000EtOL1,500L-!JlJ. ______ _ 
53 O 6,500f+01 

00£+01 1,500(+0 
57 0 7,000E+Ol 

0 

Cl) 

c.n 

(./') ...... 
-'• z 
3 -I 
-0 :::0 
--'0 
(D "Tl 

l'T'J 
co 3: 
(D = 
!lJ 
3 ...... 

:::, 
""0-0 
-s i:: 
0 M-
o- .. 
(D 

3 



0 

60 0 7.000E+Ol 1.500[+01 
61 D 7.500E+Ol 
64 0 7.'iOOE+Ol 1.500E+~O~l ___ _ 
65 0 8.000E+Ol 
6A o 8. noQ_~+nl_____l_.500E+01 
69 o 8.500E+Ol 
72 __ 0_8.500[+01 1.500E+0 41 ____ _ 
73 0 9.000E+Ol 
76 0 9.000E+0~1.500E+O~l~--
77 0 9.500E+01 
80 O 9.5Q~E+Ol__l_,_50~~+0t 
81 2 l.OOOE+02 

___ 84 ___ ... 0 l.OOOE+02 _1.500[_+0_1 ______ _ 
1 1 5 6 2 1 
'I 5 9 10 6 
7 9 13 1'1 10 

10 13 17 18 1'1 1 
13 17 21 22 ]8 1 
16 21 25 26 22 1 
19 25 :?9 30 26 ~1"----------

__ 22 2"1 _.33 ___ 3'1_....=.3..,_0 __ ~l. _________ _ 
25 33 37 38 3'1 1 
28 37 _ 'Lt '12 38 1 
31 '11 '15 116 '12 1 
.3'1 __ '15 __ '+2 ___ 50 ____ '16 .1 ______________ . 
37 '19 53 5'1 50 1 

__ 4Q ___ 53 -- 57 -- 58 _ 5'1 

• 

43 57 61 62 58 1 
'16 61 65 66 62 1 
'19 65 69 70 66 1 
5? 69_73 ___ 74 __ 70 ___ _1 
55 7~ 77 78 7'1 1 
ti8 77 _Al __ 82 __ 78 
60 79 83 811 80 1 

~LANK CARD INDICATES ENO OF INPUT DATA 

J.C_L ENO CARD 

END OF 'INTROFEM' INPUT DECK 

0 

°' °' 
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lHJT VFRS ITY OF IOWA •• , .START __ JOB 725 ••••• 12.19.14 PM 13 FEB 
75•••••••••••••••••INTROFEM •••• RJCH RYNER••••••••••••••UNIVERSITY OF 

ur,JVF"RSITY OF IOWA •••• START JOB 725 ••••• 12.19.14 PM 13 FEB 
75•••••••••••••••••INTROFEM •••• RICH RYNER••••••••••••••UNIVERSITY 0~ IHHVF"RSITY OF IOWA•••• STA_R_T ___ JOB 725 ••••• 12.19.14 PM 13 FEB 
75•••••••••••••••••INTROFEM •••• RICH RYNER••••••••••••••UNIVERSITY 

H A s p .s LS _T E M_ L 0 G 

~ 12.18.54 JOR 725 -- INTROFEM -- AEGINNING EXEC - INIT 5 - CLASS R 
N 12.19.14 JOA 725 ENO EXECUTION • 

//JNTROFEM JOH 1--------,91,'RICH RYNER',CLASS:R,MSGLEVEL:11,ll 
..LlJOflL IR_D[J __Q_!-~=tl_2_~_I!_Q_g_. PROGRAMS, UN I T:2314 1 VOL=SER=1_QWA O 5 ,_11_rnp_::}>HR 
// EXEC PGM:J~TROFEM 
//FTOlFOOl on UNIT=SYSOA~SPACE=(CYL,!1,1)) 
//FT06F001 DO SYSOUT:A 
//FT05F001 flO • 

//SYSIN on • GENERATED STATEMENT 
.LL 

--,-,---,-------,.-:--L-:--L-::0-::C--cA-=Tc::Ic:O:-:-N:-:F::0:-:R:-----,I::-:NccT:::R:-O::-:F::-F:::-_ M::-. -----.-----*************** 
JOBLJB ISTEP 001) 

- --------

JOB 725 

**************** 130 2314 _DISK IOWA05 H2037102.PROGRAMS 
132 2314 DISK IOWA07 SYS75044.T121854.RV177.INTROFEM,R0000001 
328 1403 PRT SyS75044.T121854.RV177.INTROFEM.R0000002 

FTOJFOOl 
FT06F001 

303 2540 ROR SYS7~044.T121854.PV177.INTROFlM.R0000003 
304 _2_~40 RDR SY_s__I~_Q~IH--1~5_4_,RVl 77. INTROFEM,ROOOOOO'f_ 

FTO'iFOOl 
__ c;_y_srri 

ACCTrJG -- 5.42 SEC. CPI,), 11,37 SEC. WAIT, DAC= 121, HWM= 98K 

-- -· ··-- ·--

EXECUTOR V3.0 

- - -- . --- -- - ----~ --- - ----- ·- ------ ·---

OF 

• 
IOW 
IOii 
IOii 

C 

• . (/") ...... 
-'• z 

• I 3 -I 
"'Cl :;o 
--'0 

I 
Cl) .,, 

• rr, 
OJ :::s:: 
Cl) = 
llJ • I 30 

s::::: 
-UM-

• ! 
~"'Cl 
0 s::::: 
0- c-+ __, .. 

• I 
Cl) 

3 

• 
• ,~ 
• 
• 



() PROALEM 1 •• SIMPLf BEAM PROBLEM• MfTRIC UNITS• GRAM, CENTIMETER 

1') H,PUT TARLE 1 •• RASIC PARAMETERS 

NUMRER OF NODAL POINTS•••••••••• 
n NU~RER OF ELEMENTS ■•••••••••• 

NUMRER OF DIFFERENT MATERIALS ••••• 
NUMRER OF SURFACE LOAD CARns •••••• ·- -

t 1 = .PLANf STRAIN, 2 = PLANE STRESS.,, 
___ RODY F0RCES ( 1 : IN •Y DI REC• ,_O : NONEJ 

f 

• 
• 
• 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

• 

84 
60 

1 
0 
2 
l 

RICH RYNER ,.. 

0 

-------- - -- -·------- ·------ ·-·-·----------

• 

• 

• 

• 

• 
··----

• 

• 

• 

• 
I C'l 

• 00 

.. 

.. 



1· HJPUT TABLE ;>. • MIITERIAL PROPEl{_TJES_ 

MODULUS OF' _____ POISSON'S ________ MATER I AL MATERIAL 
ELASTICITY RATIO OENSITY THICKNESS 

,___--=O,gJ09E 10 0,3030E 00 0,7000[ 01 o.sooo_~E_O~l._ ______________________________ _ 

MATERIAL .. IJUMBER 
1 

• 
•.f 

• • 
• • 
• • 
• • 
• • 
• • -----~ 

• • 
• • 
• • 
• • 

~-----·---~---· -·-----------------

• • 
• • 
• • 
• • 
• • 
• • O'I 

\D 

• • 
• • 

• 



J TNPUT T AALE 3,, NODAL POINT DAT~ 

j 

.. 

.. 
~ 

., 

• 
lit 

• 
• 
• 
• 
• 
• 
• 
• 

tJODAL 
POINT 

? 
3 
4 
5 
6 

X•DISP. Y•OISP. 
TYPE X Y OR LOAD OR LOAD 

3 o o o o o o o .o. ___________ _ 
o o,o o.5ooor 01 o,o o.o 
o o,o o.1ooor 02 o,o o,o 
O 0,0 0,1500E 02 O,O 0,0 
O 0,5000[ 01 o,o o,o 0,0 
O 0,5000[ 01. 0,5000[ 01 o,o 0,0 

____ __,7 O 0,5000[ 01 o, 1000[ 02 o.o 0,0 
8 O 0,5000[ 01 0,1500[ 02 0,0 0,0 
9 O O,lOOOE 02 0,0 0,0 0,0 

10 O 0,1000[ 02 0,5000[ 01 o,o o.o 
11 O 0,1000[ 02 0,1000f 02 o.o o,o 
1? 0 0,1000[ 02 0,1500[ 02 o,o o,o 
13 o o,15oor 02 o,o o,o _____ o,o. ___________________________ _ 
14 0 o:isoor 02 O,SO(fOE--Oi ___ o:O o,o 
15 o o,1500E 02 o.1ooor 02 o,o a.a 
lf. 0- 0,1500E 02 0,1500f 02 0,0 0,0 
17 0 0,2000[ 02 o,o o.o o.o 
111 0 0,2000[ 02 0,5000[ 01 o,o 0,0 
19 ____ o o,2ooor 02 o.1000E 02 o.o o,o 
20· 0 0~2000[- □ 2 - -□ -,1500[ 02--0,0___ 0,0 

21 0 0,2500[ 02 0,0 o,o o.o 
22 0 0,2500[ 02 0,5000[ 01 0,0 0,0 
23 0 0,2500[ U? 0,1000[ 02 0,0 0,0 
?4 
25 ---·-·u, 

----

27 
21\ 
29 
30 
31 
32 
33 
34 
35 
3f, 

0 0,2500[ 02 0,1500[ 02 0,0 0,0 
____ o. o,3ooor 02 o,o o,o o.o 

0---0,3000[ 02 ----0~5000f 01 ---0,0 0,0 
0 0,30001: 02 0,1000[ 02 o.o o,o 
0 0,3000[ 02 0,1500[ 02 o,o 0,0, 
o o,3soor 02 o,o o.o o,ci 
0 0,3500[ 02 0,5000[ 01 o,o o.o 

_______ O ____ Q,350QE: _Q~ ____ ()_,J,OOOE 02 ____ _(),0_ _0,0 
O 0,3500E 02 0,1500E 02 0,0 0,0 
o o,4000E 02 o.n o,o o,o 
0 0,4000[ 02 0,5000[ 01 o,o o,o 
0 0,4000[ 02 O,lOOOE 02 o,o a.a 
0 0,4000[ 02 0,1500[ 02 o,o o,o 

____ p ______ o _____ o. 4500E_ 02 ______ Q_, Cl _o, o ____ _ o_, o_ 
311 0 0,4500[ 02 0,5000[ 01 0,0 o.o 
39 0. 0,4500[ 02 0,1000[ 02 o,o o,o 
40 0 0,4500[ 02 0,1500[ 02 o,o o,o 
41 0 0,5000E 02 0,0 O.O 0,0 
42 0 0,5000E 02 0,5000E 01 0,0 0,0 

_______ ~3 _______ o o.~oooE 02 o,1000E 02 o,o__ a.a 
44 o o.5000E 02 0,1500E 02 n.o -o,1000E 01 
45 0 0,5500[ 02 o,o o,o o,o 
'46 
47 

0 0,5500E 02 O,SOOOE 01 0,0 0,0 
o o,5500E 02 o.1ooor: 02 o,o o.o 

48 0 0,5500[ 02 0,1500[ 02 o,o o,o 
____ 49 o □ ,6nllO_LJ)2 o.Q _ _____ o.o ____ o,o_ 

50 0 O,f.OOOE 02 O,SOOOE 01 0,0 0,0 
51 0 0,6000[ 02 0,1000[ 02 o,o o,o 
5:;:, 0 0,6000[ 02 0,1500[ 02 o.o o,o 
53 0 0,6500[ 02 o.o o.o o.o 
54 0 Q,f,500[ 02 0,5000[ 01 o.o o.o 
55 0 O,f.500[ 02 O,lOOOF 02 0,0 O·,O 
56 -- □ 0,6'iOOE 02 0,1500F 02 0,0 0,0 
57 o o.1000E 02 a.a o.o o,o 

~ 

ft 

• 
• 
., 
f"\ 

' 
r 

~;-

~ 

,-

-:.. 

--.J 
0 



'"•-, ---------____ , -- --- -. -- 58 0 0.7000[ 02 0.5000E 01 o.o o.o • -·------·--- ... - 0~ 7000E 02 0.1000E 02 o.o 59 0 o.o 
60 0 ----·- -

0.7000E 02 0.1500E 02 n.o o.o 
~ -- -----------

0.7500E 02 o.o o.o o.o (j 61 0 
6::> 0 0.7500E 02 0,5()0.!)_[ 01 0 0 0 0 --- -----
6:il 0 o.7500E 02 o.lOOOE 02 o.o o.o . -·· 64 0 0.7500E 02 o.1sooE 02 o.o o.o • 65 0 O.BOOOE 02 o.o o.o o.o 
6f, 0 0.8000E 02 o.sooor 01 o.o o.o 

• -----
67 0 o.8000E 02 O.lOOOE 02 o.o o.o • 6.A 0 Q..J\OOOE_ .02 0, !.~QJ!LQ2 o.._o o.o 
69 0 0.8500E 02 o,o o.o o.o 

• 70 0 0,8500[ 02 o.5000E 01 o.o o,o • 71 0 o.A~OOE 02 0.1000[ 02 0,0 o.o 
7') 0 o.A500E 02 o.1soor 02 o.o o.o • 73 0 0.9000[ 02 o.o o.o o.o • 74 0 0 9000[ 02 0 5000[ 01 0 0 o.o 
75 0 0 0 9000E 02 0 0 1000E 02 o,o o.o • U, 0 0,9000E 02 0.1500[ 02 o.o 0,0 • 77 0 0.9500E 02 o.o 0,0 0,0 
7A 0 0.9500[ 02 0,5000[ 01 o,o o,o • 79 0 0.9500E 02 O.lOOOE 02 o.o o,o • AO 0 0 95Q_Q[ 02 O,.!:i.OOE 02 0 •. o __ Q. Q 
81 2 O.lOOOE 03 o.o o.o o.o • I'') 0 o, 1000[ 03 0,5000[ 01 o.o o.o • 8'1 0 0.1000[ 03 O.lOOOE 02 o.o o.o 
84 0 o.1000[ 03 0,1500E 02 o.o o.o • • 

. -···----- -- ---- ----·------·· 

• • 
• -· ---- -- --------·- -----·------ -- ---·--- • 

-------- - ----·--------

• -------- ---- • 
-----·--• • ·-- - -------------------·- --------- ----·-

• -- --------- • 
• • ---~----------- - --··----- ------- ----- --- -----~--------··-

• • 
• • 
• • I -...J ..... 

• • 
-- ---·-·--- -------- ---- ------

• • 



r~PUT TAnLE 4 •• fLEMfNT DATA -GLOnAL INDICES OF ELEMENT NODES 

0 ELEl'IE,JT 1 2 3 4 MATERIAL 0 
1 1 5 6 2 1 
2 2 6 7 3 1 
3 3 7 8 4 i 
4 5 9 10 6 1 
5 6 10 11 7 1 
6 7 11 12 8 1 
7 9 13 14 10 1 
A 10 14 15 11 1 
9 11 15 16 12 1 

10 13 17 18 14 1 
11 14 18 19 15 1 
12 15 19 20 16 1 
!:'I 17 21 22 111 1 
14 18 22 23 19 1 
15 19 23 24 20 1 
16 21 25 26 2? 1 
17 22 26 27 23 1 
18 23 27 28 ?4 1 
19 _ ____ 25 29 30 26 ~----
20 26 30 31 27 
21 27 31 32 28 1 
2;> 29 33 34 30 1 
2~ 30 34 35 31 1 
24 31 35 36 32 1 

-----25 _____ ,B 37 -·---·--- 38 ------ 34 ---
26 34 38 39 35 1 , 27 35 39 40 36 1 
28 37 41 42 38 1 .. 
29. 38 42 43 39 1 

I 30 39 43 44 40 1 .. 
31 ---·-- _41 45 46 42 
3;> 42 46 47 43 1 , 33 '13 47 48 44 1 
34 45 49 50 46 1 
35 46 50 51 47 1 , 36 47 51 52 48 1 
-~1_ - ----- 49 _______ 53 54 50 ------- 1 -- ---· ---· - ---·---------- --- -·-- ~--------- -·--------·-- - - ---- -----
3/l 50 54 55 51 1 

I 39 51 55 56 52 1 
40 53 57 58 54 1 
41 54 58 59 55 1 

·.1 4;, 55 59 60 56 1 
43 --·-· 57 -------- 61 _ 62 ______ 58 _________ 1 
44 58 62 63 59 1 

"' 45 59 63 64 60 1 
46 61 65 6f, 62 1 
47 6;> 66 67 63 1 

I 48 63 67 68 f,4 1 -l if 49 _____ f,5 69 7Q ___ 66 1 ---· ------ .· - ·_:'.'.~ 50 66 70 71 67 , 
J 51· 67 71 72 68 1 

5:> 69 73 74 70 1 
53 70 74 75 7t 1 

'J 54 71 75 7(, 72 1 

---- 55 _ 73 ____ 77 -- .7fl _74 1 
5f, 74 78 79 1"> 1 

~ 57 75 79 AO 7b 1 • 
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~ _OUTPUT TABLE 1 •• NODAL DISPLACEMENTS 

NODE U : X•DISP. V = Y•DISP. 6) - -- 1 -- - o.o• -- - --- - o.o 

________ ,,_2 ___ _,,_o_,_._,,1_,,_o-="cc1-=2'-:'---'1s£.E- 02 -o • 1_9_11__sa Q__79E~•--'0,._,3"-------
3 0.205134£.0E-02 •0,14894456E-03 
4 0,30415705E-02 -0.15710240E-03 
5 0,42699045E•04 •0.11561494E•02 
6 0,10764620E-02 •0.11568326E-02 

.7 0,20491681E•02 •0,11622270E-02 
________ 8~--~0,30339253E•02 -0,11612960E•02 

9 0,10214932E•03 •0,21779519E•02 -
10 0,10620562F•02 •0,21898430E•02 
11 0,20315887f.-02 -0.21650697£-02 
12 0,299q3153E•02 ·0,21723905E•02 
13 0,18221978E•03 •0,31551288f.•02 
14 0,11046713E•02 •0,31728665E•02~----

________ 1_5 ____ 0_, 20037973[•02 •O ,31712826E::.02 

16 0,29255550[-02 -0,31521148[-02 
17 0,2A914725E•03 •0,40711500E-02 
18 0,11399270E•02 ·0,40955C42E-02 
19 0,19678755E-02 •0,40953010E-02 
20 0,2A192406[-02 •0,40706024[-02 

--------~2~1---~0.~2569195E:03---::.□ ,4906651~E-02 
22 0,11855070E-02 -0.49374625f.-02 
23 0,19223756E-02 -0,49374774E-02 
24 0,26A23226E·02 •0,49068145E·02 
25 0,59230044£•03 •0,56416914E-02 
26 0.12410427E-02 •0,56782775E-02 -------~27 ___ o: 18668463[-02---------=o. 56 7110279£:02 _____ -

28 0,25155200E-02 _ •0,56412593E-02 
29 0,78927865E-03 -0,62557347E•02 
30 0,13061306[-02 -0,62980317(-02 
31 0,1A009663E-02 - •0,62970817[-02 
3~ ____ 0, 2_3 l 94:?42E-Q_2 __ •0, 6;>53971',4£•02 
33 0,10181593E-02 •0,67275502E-02 
34 0~13800042E-02 -0.67767911E-02 
35 0,17240213E•02 •0,67748874E·02 
36 0,20958651E-02 •0,67267902E-02 
37 0,12785613E-02 •0,70306372E•02 

-------~3_8 __ __ __!l_._l'f652626f -02 ____ -0 • 7Jl69?125E-02 
39 0,16351100E-02 •0,70998147E•02 
40 0,1A461959E-02 •0,70429705E•02 
41 0,15611264[-02 •0,71366AAAE-02 
42 O,l5611304E•02 •0,72010048E-02 
43 0,15611367E•02 •0,72335713[•02 

________ 4~"~---~o, 1%11460E•Q? ____ ~o. 72612oc;sE-n2 
45 0,1A43b974E•02 •0,70308745E·02 
46 0,16569973[-02 -0,70892572[-02 
47 0,14871587E-02 •0,70998520E•02 
48 0,12761003F-02 •0,70429966[·02 
49 0.21041005[-02 •0,67276210[-02 
50 0,17422566[-02 •0,677686111[•02 

--------s=-=1---=o~.ucia2i.61E-02 -o,67749619F.:-02 
52 0,10264134E•02 •0,672686A5E•02 
53 0,23329677[-02 -0.62558427(-02 
54 0,16161363F.:•02 •0,629111397E•02 
55 0,13213039[-02 -0.62971972[-02 

_______ 56 O,~Q_2116874F~Q_~ ___ '.'"(),_6.?540993E-02 
57 0,25299774[•02 •0,56'11829.?E-02 
58 0,1AA12309f•02 •0,567A'1227f-02 

c-

(J 

--..J 
~ 



• 59 0.12554261£•02 •0.5b7A1732E•02 
60 0.60676550E-03 -0.56414045E-02 • 

• 61 0.2~966007E•02 •Oo490701?0E•02 
62 0.19367756£•02 -0.49376301E-02 

-------~6,' 0, 11_';1';11l978E•02 •O 1 49376376,.E_-~2 _____________________________ _ 
64 . 0.43995352E•03 •0.49069822E-02 

~ 

• 65 ~.2A331669E-02 -0 0 40713102E-02 • 66 0,19823625F.-02 -0.40957443£-02 
67 0,11543960F-02 -0.40954612[-02 

• 68 0,30302233[•03 -0.407075AAE-02 --------~69 o .?_'l'tJl._UJf,[_~02 -o_._~1-~~:;>J,5zr._,.n_~2~---------------------
10 0.20174270E-02 -0,3l7300A6E-02 • 71 0,11184728[-02 -0,31714228(-02 -72 0,19669812[-03 -0,31522501(-02 
73 0,30202048E-02 •0,217A0636E-02 

• 74 0,2040252AE•02 •0,21899596[•02 • _______ _,_7~5 ___ ~0~•~10906793E-02 •0,21851845[-02 
16 o. 1239-2a16E:-o-3 -o.2112soisi::--.-=o:-:2c------~--------------------------------------

• 11 0,30796938E-02 -0.11562195E-02 • 
78 0,20458561E-02 •0,11569082E-02 
79 0,10730776E-02 -0,11622997E-02 

• 80 0,8A306639E-04 •0,11613697E-02 • _______ Al 0,312?'1_!i5QE;~Q2 O_.J) ------ ---· -- ---------- --- -----·-----
82 0,20550436[-02 -0.104591~8E-

• 83 0,10709199E-02 _•0,14S96948E•03 • 
84 0,80656479E-04 •0,15713293E-03 

• • 
• • 
• • 

t • 
l • 

• 
' 

! 
• ' , 

' ----------- -- ---- -- ___ ,_ _________ _ , 
, ' 

' ,~ 
, 

' 
• .. 

--- --·- --- -· -



,.,.- .·~,,,. ~"' rAt;L{ ?e • STRfSSES J\T ELF.l"lf:r.T 1:FNTROJ'OS 
1 

• \tr¢ ,., 

0 
EL[MENT X Y SIGMA I XI SIGMAIYl TAUIX,Yl SIGMA Ill SIGMA12l ANGLE 

1 2,50 2,50 4,6421[ 03 -2.0794[ 04 -8.6867[ 03 7,3268[ 03 -2,3478[ 04 -1.7170[ 01 
2 2.50 7,5o -1.8690E 03 -1.10 __ £,Qf_Q.'+_'."ll,J99?J: __ 9~ __ 3_._4629f 03 --~1_,6392E __ o•t ____ ~~.i212r 01 
3 2,50 12,50 -2,7654[ 03 -2.3686f 03 -3.4407[ 03 6,6998[ 02 -6,0240[ 03 -4,6734[ 01 
4 7,50 2,50 1,4220E 04 1,656~E 03 -3,3298E 03 1,5048E 04 8,2828[ 02 •1,3963E 01 
5 7,50 7,50 -2,8317E 03 -9,8922E 02 -1,0611E 04 6,9401E 03 -1,2761E 04 •4,7435E 01 

~--

>t 

6 7,50 12,50 -l,139~E 04 -5,8405E 02 -6.6742E 03 2,5984E 03 -1.4581E 04 -6,4507E 01 
7 12.50 2,50 2,1807E 04 3,5860E 02 .4,6648E 03 2,2778E 04 -6.1202E 02 -1,1754E 01 
8 12,50 7,50 -7,0828E 02 1,1261E 03 -9,7743E 03 1,0026E 04 •9,6083E 03 -4.7681E 01 

---~9~----,2:50 12.so .2.1110E o4 3,19'l7E02 -6~2i;a2-r---o~:i;o187f: o3 -2.2809E 04 --7.4837E 01 
10 17.50 2,50 3,0004E 04 1,9698( 02 -5,2850E 03 3,0913E 04 -7,1235E 02 -9,7627E 00 

,,.. 

/°'\ 

11 17,50 7,50 •6,974~E 01 3,7268E 02 -9,6998E 03 9,8538E 03 -9,5509E 03 •4,5653E 01 
12 17.50 12.~o ·2,9943E 04 1,7882E 02 -5,6149E 03 1,1914E 03 -3,0956[ 04 -7,9777E 01 
13 22.50 2,50 3,8420E 04 3,2031E 01 -5,4214E 03 3,9171E 04 -7.1892E 02 •7,8A63E 00 
14 22,50 7,50 3,7657[ 01 6,8371[ 01 -9.6497[ 03 9,7027[ 03 -9.5967[ 03 -4.5046[ 01 
15 ___ 22,50 ___ 12-.S0-:,--3:a466E 04 ____ 2,0309E-01----:5--;ii--2a6_E_03 ____ 7,7136E 02 _:3,9217f 04 -8,2123E 01 
16 27,50 2,50 4,6858E 04 2,666BE 01 -5.4301E 03 4,7480[ 04 -5.9470[ 02 -6,5280E 00 
17 27,50 - 7,50 1,8033E 01 5,5059E 01 -9,6056F. 03 9,6422E 03 -9.5691[ 03 •4,5055E 01 
18 27.50 12,50 •4,6805[ 04 l,4723E 01 -5.3717E 03 6,2209E 02 •4,7493E 04 •8,3549E 01 
19 32.50 2,50 5,5306( 04 1,2140[ 02 -5.5196[ 03 5,5853[ 04 -4,2525[ 02 -5.6561[ 00 
20 3?,50 7.50 -9,9190E 01 2,2283[ 02 -9,5634E 03 9,6266E 03 -9,5029E 03 -4,5482[ 01 
21 ___ 3?,50 12,50-=--s~s21sf-ii4 -1,153·6[ 02 -5,2313[ 03 6,0561[ 02 -5,5706[ 01\ -8,4646[ 01 
22 37,50 2,50 6,3865E 04 4,5250, 01 .5.8169f 03 6,4390[ 04 -4,8060E 02 .5,1656E 00 
23 37.50 7.50 .s.12e5E 02 '1,4662E 02 -9,5259E o3 9,5049E 03 -9,5711E o3 -4,6442E 01 
24 37,50 12,50 •6,3362E 04 3,5961E 01 •4,8797E 03 4,0934[ 02 -6,3735E 04 -8,5625E 01 
25 42.50 2.50 7,2697[ 04 -6,6916[ 02 -5,4354[ 03 7,3097[ 04 -1,0696[ 03 -4,2141[ 00 
26 42,50 7,50 -1,4602[ 03 -2,2770[ 03 .9,9938f 03 A,1335[ 03 -1,1871[ 04 .l\,3830E 01 
27 ______ 4-i~50 12:50--:.:1:1246E-Oli-5-;4472E-02--:4,7065E-03 8,5195E 02 -7,1553[ 04 -8,6265E 01 
28 47,50 2,50 7,9261E 04 -1,A171E 03 -2.5200[ 03 7,9339f 04 •1,8953E 03 •1,7786E 00 
29 47,50 7,50 2,0466E 03 -8,4847E 03 -6,1259E 03 4,8590f 03 -1,1297E 04 •2,4659E 01 
30 47,50 12,50 -8,1317E 04 -1,8478E 04 -1,1402E 04 -1,6473E 04 -e.3322E 04 -8,0027E 01 
31 52,50 2,50 7,9261[ oq -1,8183[ 03 2,5140[ 03 7,933°f 04 ·l,8962[ 03 1,7743E 00 
32 52.50 7.50 2,0459E 03 -8,4835[ 03 6,1210[ 03 4.8~4Y~ 03 -1,1292[ 04 2,4651[ 01 
33 _________ 52,50 ____ 12,50--:0,1316[- o~---1~·e .. 75E 04- 1.1401[ 04- -1 ,6471[ 04 -A,3321[ 04 0,0028[ 01 
34 57,50 2,50 7,2697[ -04 -6,7012[ 02 5,4306[ 03 7,3097[ 04 -1,0699[ 03 '1,2105[ 00 
35 57,50 7,50 -1,4602[ 03 •2,2765[ 03 9,9898( 03 8,12qP[ 03 •1,1866E 04 4,3A30E 01 
36 57,50 12,50 -7,1245[ 04 5,4697[ 02 4,7043[ 03 8.5391[ 02 -7,1552[ 04 0,6267[ 01 
37 62,50 2,50 6,3866[ 04 4,7230E 01 5,8111E 03 6,4393r 04 -4,7757[ 02 5,1604E 00 
36 62,50 7,50 .5,1123E 02 4,4466[ 02 9,5206F. 03 ~.4q9j[ Oj -9,~659E 03 4,6437[ 01 
39 62,50 ______ 12~50--:6;-3363E o..--3:3133E 01 4,8770E o3 4,n613E 02 -6,3736r o'I a,5627E 01 

-------·----- ------ --------- --- ---- ------

'10 67,50 2,50 5,5310E 04 1,2101E 02 5,511\lE 03 5,5855[ 04 -4,2453[ 02 5,6502E 00 
41 67,50 7,50 -9,7096( 01 2,2224[ 02 9,5579[ 03 9,6214[ 03 -9,4971[ 03 4,5480[ 01 
42 67,50 12.50 .5,5218[ 04 1,1273E 02 5,2302E 03 6,0277E 02 -5,5708[ 04 8,4648[ 01 
43 72,50 2,50 4,6863[ 04 2,4008E 01 5,4257E 03 4,7403[ 04 -5,9629E 02 6,5221E 00 
44 . 72,50 7,50 2,1257[ 01 5,8000[ 01 9,6018[ 03 9,6415[ 03 -9.5622[ 03 1\,5055[ 01 
45 ----- 12.so ·------,.--2.so -4,6888E oci 1,2582E 01 5,369BE o3 6,1952E 02 -4.7495E 04 8,3551E 01 
46 77.50 2,50 3,8426[ 04 3,1883[ 01 5,4191[ 03 3,9176[ 04 -7.18~4[ 02 7,8820[ 00 
47 77,50 7.50 3,9095[ 01 7,0279[ 01 9,6482g 03 9,7029[ 03 -9,5935[ 03 4,5046[ 01 

........ 

°' 



_..., __________ .....__ 

• ELrMEtlT )( Y _ SIGMACXI SIGMAIYI TAUIX,Yl SIGMA(1l SIGMl\(21 ANGLE 
48 77,50 12.50 .3,8470E 04 1,8703E 01 5,4291E 03 7.6987E 02 -3.9221E 04 B.2123E 01 • 
49 A2.50 2.50 3,0009E 04 1,9712E 02 5,2842E 03 3.091AE 04 -7.1181E 02 9,7598E 00 

~ 50 A2.50 7.50 ;6.7959E 01 3,7371E 02 9,6996E 03 9,8550E 03 -9,5493E 03 4,5652[ 01 
51 ____ 8_?...__50 12,50 -2,994?_f;...Jl..4_,-J_fl019E _02_____c~,6164_E;_Q~_l_,1932E 03_~3,095BE 0'! __ 7,9776E_Ol 
52 A7,50 2.50 2.1814E 04 3,5832E 02 4.6630E 03 2,2784E 04 -6.1126E 02 1.1746E 01 

• 
• 53 87.50 7.50 -7.0600E 02 1.1271[ 03 9.7729E 03 1,0026( 04 -9.6053( 03 4,7679[ 01 • 54 87.50 12.50 -2,1111E 04 3,2170E 02 6,2690E 03 2.0206E 03 •2,2810f 04 7,4837E 01 

55 92,50 2.50 1,4230E 04 1,6576E 03 3,3270f 03 1,5056[ 04 8,3151E 02 1,3945E 01 
• 56 92.50 7,50 -2,8?9bE 03 -9,A742E 02 l.0811E 04 8,9416E 03 -1,2759[ 04 4,7435E 01 • 57 92.50 12.50 -1,1402E 04 -5,8413E o, 6,6762E 03 2,5993E 03 -1,4585[ 04 6,4507E 01 

58 97.50 2,50 4,6559( 03 -2,0793E 04 8,6A31E 03 7,336?.E 03 -2,3473E-O4--1,7155E 01 
• 59 97,50 7,50 -l,8695E 03 -1,10~3E 04 8,8006E 03 3,4626E 03 •1,6395[ 04 3,1211E 01 • 60 97,50 12,50 -2,7066E 03 •2,3699E 03 3,4421E 03 8,7017E 02 -6,0267E 03 4,6732E 01 

• • 
• • 
• • 
• • 
• • 
• • 
• • 

\: • 
• 

' 

• • 
• • 

- ------· ----
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l· 
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• 
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0 
~, 

UNTVE:RSITY 
UNIVERSITY 
UNIVERSITY 

OF JOWA,.,.ST~RT JOB 577 ••••• ~2.?~.37 PM A APR 7~ ••••••••••••••••• HASPLJST •••• Po-~o 
OF IO~A •••• START JOB 577 •••••• 2.?3.37 P'I A f,PR 75•••••••••••••••••HASPLJST •••• BO-RG 

OF IOWA 0 ••• START JOA s11 •••••• 2,'-3.3r Pl" _A_~PR ~~~---··············4~SPL!ST .... so-Ao 

//H_ASPLJST JOR C-------~4.,,.,661,•A0-80 LIST!Nf,• 

C 11ROS REQUIRED FOR SJ~_l!QLlI__' SI MPL_f __ J1EAM Pf<OHLEM • __ SOL UT ION 

-----JOB ACCOUNTING CARD 

//STRUDLII JOA 1----------l,'RICH RYNER•,MSGLEVEL=ll,11 

JCL (JOB CONTROL LANf,LJAGE) CARDS 

// EXEC PGM:QQQJCEX2,REGION:350K,PARM=2000 
//STEPL IB Ori IJSN;,,ICES~ $$$$$SYS, 0 ISP:SrlR -
lLRQ _ __[lSN: ICES_._S.If!UOI.._.M_QO~_t_(,JNI_T:23J'± ! 1/Ql,,_=_~E:R:Iq:SO!, ()JSf>::_O_L[l_ 
// 00 OSN=ICES.STRUOL.MOOl,UNTT:2314,VOL=SER=ICESOl,DISP=OLn 
I_L D!l QSN:ICE<;_.t3U§S .l>_!Bl,J[JU', UNIT::::>3l 4, VOL=SF:R:ICESO_l, 0 I SP:_Ql,,_l,J 
// UO OSN:ICES.STFRAME,DISP:OLD,VOL=SER: CESOt,UNIT:2314 
// DD OS~=ICES.STFINELM,~ISP=OLO,VOL:SER ICESOl,UNIT:2~14 
I TDn- OSfJ: ICES. STOY~JOrJL; Di SP:OL!l~ VOL=SER ICf SOl, UNI T:2314 
lL_DD OSN:ICES.STOPTSEL,DISP:OLD,VOL=SER:ICF:SOl,UNIT:2314 
// OD OSN:ICES.STCONCRT,OISP:OLD,VUL=SER=ICfSOl,UN[T:2314 
//FT06F001 DO SYSOUT:A 
//FT06F002 DD SYSOUT:A 
UFT01Foo1 J:-,Q sn;ouT=rl _. . _____ _ 
//no1 00 UNIT:SfSDA,SPACE:(TRK,(10,10)),DCB=DSORG=rA 
ttno2 00 OSN=ICES~STRUOL,OATA,DlSP:OLD,VOL:SE~=ICESOl,UNIT=2314_ 
//003 OQ DSN:JCES.SYSOATA,DISP:OLD,VOL:SEP=IC[SOl,UNIT:2314 
I /D04 OD U~JIT:SYS.OA, SPACE= ( TRK, 110, 10 > >, 0C::8:[J<;0pG:OA 
//FT05F00l DO* 

___________________ PR013Lf1'1 DATI\_CARDS __ 

SJ:~UOL 'J01l___l!__ •SIMPLE REAM PROBLEM 
TYPE PLANE STRESS 
lJII I TS C::f::NT tMnEf!S_JS!J.,._QGR1H1$ ____ _ 
JOINT COORDINATES 
_1 ___ 0, ___ o. ____ .s _________________ . 

2 o. 5. 
_3 __ 0. ~o 
4 o. 15. 

-~---5• 0.~---------
6 5 • 5. 

_ 7_~_5._ ___ 10 
8 5. 15. 
'} 10, 0 

10 10. 5. 
U ___ 10_. ___ _10, -----------
12 10. 15. 
n __ l!h_~JlL__ _______ ~_ 
14 15. 5. 

5 15. 10 
16 15, 15. 

METR IL U~i_l TS 

J(,il 577 

RICH RYf,JJ:;H • 

LISTI.JG 00 ••••••••• U'JIVE«SJTY OF JOI, 
LISTI'IG •• ••• •• •• •• U'JIV[";:,!TY OF l(Jh 
LISTl~G•••••••••••U~!Vf~S!TY CF IOI> 

0 

-..J 
co 

= u, 
u, -I 
..... ;;:o 
3 C: 
"C CJ _,, 
(I) ...... 
OJ ...... 
(I) 
QJ ...... 
3 ::l 

"C 
--0 C: 
-s M-o .. 
c-
(1) 

3 



0 

11 ___ 20 ~--o~--------
18 20. 5. 
19 __ 20.__l_Q,~----------
20 20, 15. 
21 25. o. 
22 25. 5. 
,'3 __ 25. __ 10. _________ _ 
24 25. 15. 
25 __ 30._ ____ o. 
26 30. 5. 

!)_ 
28 30. 15. 
29 ___ 35. __ o •. 
30 35. '5. 
31 35,_ 10. 
32 35. 15. 
33 40. o. 
34 40. 5. 
35_'+0._ __ _10 ..___ ________ _ 
36 40. 15. 
37 45, ___ () 
38 45. 5 • 

.2..______i!L.______l_()_ 
40 45. 15. 
'+L_ so, ___ !!._____ _________________________ _ 
42 50. 5. 
'+~ _ _5Q._ _ ___l!!.... 
44 so. 15, 
!i.~5 
46 55. 5. 
47 ___ 55. ____ lQ. ________ _ 
48 55. 15, 
49 _____ 60 ._ ___ ll~-----------
50 60. 5. 

Q._ ll!. 
52 60, 15. 
53 _ 65 
54 65. 5. 
55 -- 65. ___ 10 •--------------
56 65. 15. 

58 70. 5, 
59 ___ 70 L-10.~-----------
60 70, 15. 
6.L_ 75~-.0~-----------
62 75. 5. 

64 75. 15, 
65 ___ eo. __ o. 
66 80, 5, 
67 ___ eo~ __ 10 
6& 80. 15 • 
.6..2...___ll5, Q. 
70 85. 5, 
7L_85 ._ __ __io 

72 85, 15, 
13_90 • ____ o.. 
74 90. 5, 

o. l!l, 
76 90. 15, 
77 95. __ 0 
78 95, 5, 
79 95~ __ _10. 
80 95, 15, 
Al 100, o. s 

------~-- --------

0 

-...J 
\.0 



0 

,_ 

l 

82 100. s. 
83 100~ --------
8'+ 100. 15. 
ELfMEN!___INCIDENCtS 

1 1 5 6 2 
_2 __ a _ __1,_ 1 3 
3 3 7 8 '+ 
'+ 5 9 10 6 --------
5 6 10 11 7 
6 __L_11 __ 12 8 
7 9 13 1'1 10 
8 1 l1___l '+ 1 5 11 
9 11 15 16 12 

10_13 __ 17 __ 18 __ 14c__ ___ _ 
11 14 18 19 15 
12 15 19 20 16 ____ _ 
13 17 21 22 18 
14 18 22 23 19 
15 19 23 24 20 
16 21 25 __ gf>_.12~------------------------ -------
17 22 26 27 23 
18_ 23 21 __ ,8 211 ____ _ 
19 25 29 30 26 
20 26 30 31 27 
21 27 31 32 28 
ig ___ ?_9_ 33 ___ 3'1___ 30 _________________ --- ·--------
23 30 3'1 35 31 
?__'1_31_ __ 3!\ 3f, __ :32 ______ _ 
25 33 37 38 3'1 

6 _ ~'I 36 39 35 
27 35 39 40 36 
28_37 -- 41 __ 42 __ 38 _____________ _ 
29 36 42 ~3 39 
30 ___ 39 4~ 44 _____ 4 
31 41 45 46 42 
:3,1 ___ 42 _ _11J,_ 47 43 
33 43 47 48 4'1 
34 ___ 45 49 _5Q_ 46 ---------
35 46 50 51 47 
36 _ 1"7_51 52 

.37 49 53 54 
38 50 54 ~5 51 
39 51 55 56 52 
'l!L 53 __ 57_58 ____ 54 
'+1 5'1 56 59 55 
'1255 ___ 5~ 60 ____ 56~------
'13 57 61 62 58 
'!..'!__58 62 63 2~ 
'15 59 63 6'1 60 
'16 ___ 61 _ 65 _____ 66 ___ 62 ______ _ 
'17 62 66 67 63 
't8 __ 63_ 67 --- £,8 64 ---- _ 
'19 65 69 70 66 
50 66 70 71 67 
51 67 71 72 68 
5<?__6'!__73 ___ 7'1 _ 70 _____ _ 
53 70 7'1 75 71 
511_71 _ 75 ___ 76 _ 72 --
55 73 77 78 7'1 
~ .. 78 79 75 
57 75 79 AO 76 
SIL 77 81 __ 1'2 78 
59 78 82 83 79 
(,Q_ 79 83 Elf+ 80 __ _ 
ELrMENT PROPERTIES 
1 TO 60 TYPE •rsr• THICKNESS 5. 

------- ------ . 

- --~ --·--- --------- -- --·--·- ------- --·-------

----- 0 

00 
0 



0 

cor1STANTS 
PO Is s 01\J. -· ___ Q ._31HL __ A!._I._ _______ _ 
E 2109209.1 ALL 
G ___ t\QJ.!92.~--A"'L..__ ___ _ 
DENSITY .007~ ALL 

~ 
81 FORCE X 
LQ/IDIN$_ 1 .. -'I/ERTICAL CENTER OF_AEA1"1' 
JOINT LOADS 
'!4 fORCF. '( __ '."_lOQO,Q ________ _ 
PRINT DATA 

' STIFFNESS ANALYSIS 
LlS~OISPJ.ACEl'IENTS __ STRESSES STBAINS _ ALL _____ _ 
FitilSH 

~NP CAl{D 

END OF STRUOL II INPUT nECK 

~ ---- ---

0 

co ..... 



• 
• 
ti 

c- tl~TVERSITY OF IOWA •••• START JOA 831 •••••• 5.16.26 PM 16 FER 75•••••••••••••••••STRUDL2 •••• RICH RYNER••••••••••••••UNIVERSITY OF IOl 
-UN l V[RSI-TY--OF--HlWAm~S+AR-f-JOR -113_1 ••• •• .5.16, 2i:. PM 16 F£b 75. • • • • •. • •. • • • • • •. STRUDL2 • ••.RICH RYNER••••••~••••• •• UNIVERSIT'l'--OF--IOW --~­
UNIVERSITY OF !OWA •••• START JOA A3l••••••5.]6.2~ PM 16 FE& 75•••••••••••••••••STRIIUL2 •••• RICH RYNER••••••••••••••UNJVERSITY OF IO~ 

o- H fl S P S Y S T E M 

S 17,45.58 JO~ 831 •• STRUDL2 -- hEGINNTNG EXEC - !NIT A• CLASS F 
-l.1---17.49. 33 ..JOl->-t>3l--Ell/O-.CX£CUTION- -· --------

11srnunL:> ,lOR 1·•••••··,9,101, 'RICH RYNER' ,MSGLEVEL:( 1,1 I ,PRTY:O 
II EXEC PG~:OQQICEX2,REGION:550K,PAR~=2000 
~fPLr~ 00 1StJ-ICU,.UH$S'l'S 
II un OS~=tcrs.~TRlJOL.MOD2,UNIT=2314,VOL=SER=ICES01,DISP=OLO 
I I-I.JO- OSIJ:l(TS. STRIJOL ,MOUl,UIJIT:2314. VOL:SER:ICES01 ,OISP.::OLO 
I I DD DSN:JCES ,l:ll!GS, STRIJOL2, UNJT:2314, VOL=SER: ICESOl, 0 ISP:OLD 
II on nSN=IC£S.STFRAME,DISP=OLD,VOL=SER=ICES01,UNIT=2314 
II on DS'l:ICES.STFH!ELM,OJSP=OLO,VOL=SER=!CES01,UMTT=2314 
I( [.)cl O~tr-IC('i STOYtlOtlL,LiISP-
1/ 01) DS•J=ICf S. ST:JPTSEL, OISP:OLO, VO·L=SER=ICESOl, l;rJ tT:2314 
-II uo OSN:J(ES.STCONCRT,OISP:OLn,voL=SER=ICESOl,UNIT:2311 --· 
IIFT06Fno1 on SYSOUT=A 
IIFT06F002 on SYSOUT=A 
I/FT07F001 ro SYSOUT=A 

L n G 

JOB 831 

f't 

r 

({f'Ot DO !I'll T SYSDA, "PACE:-( HlK ,< l 0 '10 I I, OCB.::0.;,i.,,._.,=,...._ ______________________________________________ _ 

11ro2 DD DSN=lCES.STRUDL.nATA,nISP=OLO,VOL:SER=TCESOl,IJNIT=,314 
✓ /nU3 DO OS~=ICiS.SYSDATA,OISP=oLn,voL=SER=ICFSOl,UNIT=2314 
11r □ • DO UNIT:SYSOA,SPACE:(TRK,(10,1011,DCB=DSORG=OA 

-/IFT05F001 00 * ---
// 
~t 
I[T237I 
IEF237I 
ILF237l 

-1EF237I 
IU 2:'171 

-I~l>+l 
TEF237I 
IEF 2371 
IEF 2371 

-llF237I 
IfS237I 

-I-U--2+1--t 
IEF2371 
IEF2371 
ILF2:'17I 

-IlF237I 
!Er 2371 

-U.4-4-61 
IEF2A5I 

-ILF2P.5t 
IEF2A5I 

-1£1'21151 
IEF2A5I 

-l-f--+.M-5-1 
IlF2A5l 
JlF2115l 
TEF2A5I 

~-
230 ALLOCATED TO STEPL!A 
230 -- -ALLOCATE[) -T-0 
230 ALLOCATED TO 
230 ALLOCATED 
:>30 ALLOCATED TO 
:>~Q 'LL~,+<aM-+.>-----------------------------------------------------------
230 ALLOCATED TO 
230 --- -ALLOCA l ED 
230 ALLOCATED TO 
330---ALLOCATED TO--f:Y.Oi>F-001------ --
331 ALLOCAT[fJ TO FT06F002 
3•1 A AbL-OC-A-l-£D._--,T..,CJ~F'-'T40 ... 1 ... F,..o .... o ..... 1i..------------------------------------------------------
235 ALLOCATED TO DDl 
230-- ALLOCATED TO 0~2 
230 ALLOCATED TO 0D3 
235---ALL0CATED. TO 004 
300 ALLOCATE') TO FT05FQ01 

s.u:.2--.I.A.S....t:~.-U,;.J.J.l..t.Q-_t;;l.lf.l.,L.=UL.--------------------------------------~---------­
ICfS.H$'t$SYS 

- VOL S[fl -NOS: IC[S01. 
ICES.STRUOL.MQD2 
VOL Slk NO~= ICESOl,­
ICfS.STRUDL.M011 
VOL S rn f..0».:.......J.Cf;-,.$,..,Q-,1----­
l CE S. d UGS, S TRIJDL 2 
VOL SER NOS: !CfSOl. 
rcrS.::iTFflMiE 

KEPT 

KEPT 

f(Ff'T 

KEPT 

~Ef'T 

0 

00 
N 

= (/) 
(/) -I 
...... ;o 
3C 
-c C, _., 
CD ...... 
a:, ...... 
CD 
QJ 0 
3 C: 

c+ 
-u-c 
-s C: 
0 c+ 
0- .. _. 
CD 
3 



0 

tEF285l VOL S~R HOS= ICESOl. 
IEF 2A51 __ J.C£.S

0
SlFHl£LI' ____ _ KEPT 

tEF2A51 VOL SER NOS: ICESOl. 
I[F 2a!iI _ ___lC£_s_._S lDY-lllON..._ ______ _ KEPT 
tlF2R5I VOL SEP NOS: ICESOl ■ 

.i.u-.:...· a.5-l-J..C..!:.S..-il-OJUS.U-------------KE:ll-L-----------------------------
t[F285l VOL SER NOS: ICESOl ■ 
~lF2R5I JCES.STCO~CRT 
TEF2R51 VOL SER NOS= 1crso1. 
-I l•2R5-I-----5 ¥S1-50ij f>~T l 0120f..RII-O!l-l--S-lRUU!.2.ROJHl n 004---­
I l F 2 ~ 5 I VOL SlR NOS: IOWAOA, 

llFlR5I VOL SER NOS: ICESOl ■ 

-llf 2A5L---1CES.SYSDA TA--------
I lF285I VOL SER ~OS: ICESOl, 
I[F2R51 SYS75046.T10120 .. ,RV001.STRUDL2,R0000005 
IlF2R51 VOL SlR NOS: IOWA08, 

KfPT 

O[LETEO 

KEPT­

OELETl::O 

ACCHJG -- 3e,94 SEC, CPU, 2 MTN, 33.20 SEC. WAIT, DAC= 2759, HWM= 350K 

---------·------ -------

- - ----- -------·-----·--------- --------. 

... 

~ 

• 
... 

... 

' 
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sTnuoL 'JOA 1' •SIMPLE REAM PRORL[M METRJC UNIT<; 

*********************************************** 

* ICES STHUOL-JI 
• --- ---THLS!RUCTURAL-DESlGN LANGUAGE 

• 
---------- ------C 1\/Il -HJGtNEFRING- SYS Tr MS LAHORA TORY 

* MASSACHUSETTS INSTITUTE OF TECHNOLOGY 

• 
* • •­
* 

• V2 M2 JUNF, 1972 • 

RICH J;YNEI<' 

• --*-------1--1-!46:-Zt-----~,L15-t"7-<>---------•--~- ------- --­,. . 
*****~***~·~ ........ -~ .......... **• ... *k.******************* • 

• .U!JIIS _C£1fflML!ERS--l{ll..OGRA~-~---- ---

JOINT COOR01NAT£S • 
• ------ ·----. -~--

• _5 __ ----U-------------------------------- -- - -- -- -

• -0---- 5r-- . 

• - a------ --5-~--

• ---9-- 1 0~------0 

• 11 10. --10------------

• -12--- 10 

• -14 15. 5. 

• -15 - -- 15. - - 1-{l 

------------------------------------ -----

• -17 -- 20. 

• 18 20 • -- 5.-

---- - -- -

• 

----- ---- ---

() 

- 0 

• 
(l 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• . I 
• 
• 

00 
(.]1 



• ?0 20, 15, • ---- ------------ -------------· ------ ·- --·----

21 25, o. 

• 22 25, 5, 
, . 

23 25, 10, . -·-··-······~- • 
2'+ 25, 15. 

• ----··- ------- --- --- -- ---------------- -- - ----- --- ----- -- • 25 30, o. 
-

• 26 30, 5, • - -- -----------

27 30, 10. 

• 2e 30, 
-- - ----- • 15, 

• 29 35, o. • -----~---

30 35, 5, 

• ------- - - - -·· ··- -- -- ---- ----·----- - --------- • 31 35, 10. 

• 32 35, 15, • 33 '10. o. 

• --- - ------- --- ------------------ -----· • 3'+ '10. 5. 

• 35 '10. 10, • -----·---- ----- ----------- ---
36 '10. 15, 

• 37 '15, 
·--·-- ------

o. • -

• 38 '15, 5 • • 39 '15, 10 • 

• '+O . '15, 
-- ---- ----- ·---- • 15. 

• '+l 50, o • 
--·---------- --------- --- ---- ·-------~- ---- • '+2 50, 5, 

• -------~---- --- -- -------- -- • '13 50, 10, . _ .... 50, 15. 
- --------- -·------- -- ---- -- - - --· ------------- • '15 55, o. 

• ----- -- --- -------- -- ----

'It> 55, 5. • 
~ 

'+7 55, 10. • f 00 
- ------ ------- 0) 

-------- .•---· 

'lb 55, 15, 

) '19 60, 
----- • o. 

(; 
50 60, 5, 

------·- -- - ---------- • --- -- -- -



• 51 60. 10. 

52 60. l''i. 

I ~~-
53 65, o. 

54 65. 5. • 55 65. 1 0. 
- -------···---- ---• 56 65, 15. 

,, 57 70. o. 

58 70. 5. 

("' 59 70. 10. 

60 70, 15. 
;"< 

---------
61 75. o. 

62 75. 5. 

63 75, 10. 
-------

64 75. 15. 
-- ---·- - - ---~-

65 BO, 0. 

f,6 80, 5, 

67 80, 10. 

68 80, 15. 

69 85, o. 

70 85. 5. 
----------

'-, 71 115, 1 0. 

72 85. 15. 
\, -----·-~--

73 90. o • 
.. ·----- ---

(. 74 90, s. 

C. 
75 90. 10. 

76 90, 15. 

• 11 
·-·-------

95, o. 

• 78 95, 5 • 
~----~----

79 95, 10 • 

• 110 ~5. 15. 
-

• 81 100. o • 

-----~- -~- --

----------

---------- -· 

~ 

' J 

(I 

(l 

e 
---- ~ 

... 

.. 
• 
,, 

• 

(' 

,. 

(' 

1' 

,_ 

( 

f, 

0 .. 

co 
'-I 



• 82 100. 5 • 
------~------- ---- - ----·---- --·-- -------- --- - - --- -- • 

83 1 00 • 10. 

~ -8~ ---100. 
---- --------- - --- ------ @ 15. 

• ELfMFNT INCIDENCES 
~---- -- ---- • 

1 1 5 6 2 
------ ----- --. -;-

2 6 7 3 • 
• 3 3 7 8 4 

--------- -------------·-··-- -- - ------ - ------·-------·-- - ----- ···- ---- --- -------- --- • 
4 5 9 10 6 

• - - ---- -----

5 6 1 (1 l1 7 • 
• 6 7 11 12 8 

------ ------------- - ----- --- -- • 
7 9 13 14 10 

• ---------· --------- ----------- --------- --- - - --- ---- ---

8 10 14 15 11 • 
• 9 11 15 16 12 

- ---- --------·--· -------- • 
10 13 17 18 14 . --- ---------------··----- ------- ·--------- . -·-·-·· ---- ---------

11 14 18 19 15 • 
• 12 15 19 20 16 • -·---------

13 17 21 22 18 

• -------- -------- ------·------- -------
14 18 22 23 19 • 
--

• 15 19 23 24 20 
-·--------- -------------- ------- ------------ ---------- • 

16 21 25 ;>6 22 

• 17 22 26 '?.7 23 
-- --· ------ --·····- - • 

• 18 23 27 ;>II 24 
---- ----------- - ----- -- --- --- -- ------- • 

19 25 29 30 26 

• - -~------·-· --- ----------- - - ~~ ------ --·---·-- -----·----
20 26 30 31 27 • 

• 21 27 31 .32 28 
------------ ----- - ----- • 
22 29 33 34 30 

• . 23 30 34 35 
-- ---- ----- .. 

31 • 
• 24 '11 35 -~6 32 

--- -- - -- ----- • f 00 

25 -.,3 37 311 34 
00 

- --- -------• n, 34 38 :19 35 • 
• 27 :15 39 40 .',f, • 



;?8 H 41 42 31' 

29 31\ 42 43 3q 

ei -i0-39 
----· -------~----· --- -- ------·--------- ------··---- -- --- --------- ---- 0 

43 4'1 40 

31 '11 '15 46 '12 ,..., ,. 
---- " - ----- ---- ------ -- ---

32 42 '16 ••7 43 
---------------- ---- - ------ -

33 43 47 48 44 " 
3'1 45 '19 50 '16 

-------------··-- ---
35 46 o;o '\1 '17 

--- -----. - - --------- -~- ·- --- ----- - --- ------ ---- --- --
36 47 51 52 '18 

37 '19 53 5'1 50 
-~-----------~~ 
38 50 54 55 51 

~~----· 

39 51 55 56 52 

40 53 57 58 5'1 

'11 54 58 -,9 55 
-------

42 55 59 f',Q 56 

'13 57 f.1 62 58 
------

'l'I 58 62 6"5 59 

'15 59 63 6'1 60 

46 61 65 66 62 
-----·------- ----·----- ·- -- --·---------
47 f.2 66 67 63 

'18 63 67 68 · 64 

'19 65 69 70 66 
------·-- -~------ - ----- - ------- -~--

50 66 70 71 67 
--·-

51 67 7], 72 68 

52 69 73 7'I 70 
- ----- ---

53 70 74 75 71 
---------

54 71 75 76 72 

55 73 77 78 7'1 
----------- ---------- -· ---- -- - ----- I. 

56 74 78 79 75 t OJ 
I..O 

----- - ------ ----------- ---------
V 57 75 79 AO 7f. i,.. 

Q 
58 77 1\1 i\2 71\ 

- - --~----- .. 
------ ---- ---- -- -- . - ------------



• 59 78 II? 'l5 79 

60 79 A3 A'+ eo 

• -E1..n;rNT PROPERTIES 

• 1 TO 60 TYPf 'PSR' THICKNfSS 5, 

CO•JSTI\NTS 

• POISSON 0.303 ALL 

• E 21092119,1 .ALL 

r, 801499,45 ALL 

• OE'!SJTY ,007/l ALL 

• JOtrJT RELf.ASf 

Al -FORCE X 

• LO~OING 1 'VfRTICAL CENTER OF REAM' 

• 
JOJIJT LOADS 

--- ---·-- -----·· 

'+'+ FORCE Y -1000,0 

• PRHJT 0/ITA 

• -----·- ·------ -- -- --- --

• 
• 
• 
• 

- - ·-----· ---- --~---• 
t 

J 

,.J 

tJ 

(; 

, 

0 

• 

• 

-
• 

~ 

( 

r 

(' 

- -------- ------

I..O 
0 



rt ····················••*••··••*********** 
lS) 

,... 

.-

-~ 

4 

• PROALEM OAT~ FROM INTERNAL STORAGE • 
_ _,_..-~i_i_Lf.:j: __ «__._j__:t:_~ .. _._.__.-_i_i.lt...I.*~,_*-*-*-~*1*-«-*-*-* Y *-:it~ _______ _ 

JOr. ID• JOA 1 JOH TITLE - SIMPLE AfAM PROALEM 

ACTIVE UNITS - LENGTH 
~- -·--- - - -----Ct'. -

WEIGHT 
KG 

M 1GLE 
RA[L 

•********* STRUCTlfRAL DATA********** 

ACTIVE STRUCTURE TYPE• PLANE STRESS 

ACTIVE COORDillATE AXES X Y 

METflIC UNITS 

TEMPER~TURE 
i.lEGF 

JOTF1T COORDINATES-----------------------------------------/ STATUS-•-/ 
JO t NT--------- ---------X------- ___ y_ _______ . Z ---CONOITION 

2 o,o 5,000 o,o 
3 _________ ...,....o 10,0.0.0...------- .o. 
4 o.o 15,000 o.o 
-5------------5~000-------...0•0--- O.O -
F, 5,000 5,000 o.o 

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

A 5,000 l'i,000 0,0 IICTIVE 
9 --·------- 10,000 -- - 0,0 0,0 Ar:TIVE 
10 10.000 s.noo 0,0 ACTIVE 
11 ------------10,000----- -10.000 ---- -- 0,0 -- ACrIVE 
12 10,000 15,000 0,0 ACTTVE 

TIME 
5EC 

RICH RYNER 

GLOBAL 
GLOBAL - -
GLOAAL 
GLOBAL-­
GLOB/IL 

GLOB/IL 
GLOR/IL 
GLOR/IL 
GLOBAL 
GLOBAL 

4 5. oog o. o o. o n.c+Wr-----_..,..___""'..__ _____________________________ _ 
14 15,000 !i,000 0,0 ACTTVE GLOflAL 
15 ------l'i,00-0------10,000--------- 0,0 ACTIVE GLOl3AL 
16 15.000 15,000 0,0 IICTIVE GLOB/IL 
17----------21l,000------··.0,0-- 0,.0 /\CTI\/[ ·GLOBAL 
lb .-O,OOU 5,llOO 0,0 ACTIVE GLOflAL 
19 :.o. o on 1 O. 000 o l"E CL..,_,.,.._ _____________________________ _ 

:>O 20,000 l'i,000 0,0 IICTJ\/E GLOBAL 
:>1 - - ---------- 25,000--- -- o.o o.o ArTIVf" GLOBAL 
22 25,000 'i,000 0,0 ACTIVE: GLOB/IL 
23----------- 25,000 -· -----10,000- 0,0 ACTIVf GLOBAL 
24 ./'i,000 15,000 o.n MlJI/[ GLOflAL 
:>5 olO O -----ACTIVf __ ----f,-L.OilA.1-------------------------------
;>b 30,000 5,000 0,0 ACTI\lf" GLOR/IL 
27 30,000 10,000 0,0 ACTJVf GLOl1AL 
:>8 30,000 15,000 o.n AC TT Ill GLnRAL 
:>9 3!\,000 0,0 0,0 ACTIVf GLOBAL 
30 .5!1,000 'i,aoo 0,0 ACTIVL GLOPAL 

-3 ,000 10,000 0 CU..VL-------C,L!JRAL-. 
32 35,000 15, noo o. 0 ACTIVE GLOR AL 
.'13-- -·-·-- -·- .+-0,000 ··--- - o.o - a.a A Cl IVE C::LOAAL 
34 40,000 s.ooo o.n 
11!> --------- -- - ...a. oo0------10. ono o. o 
116 40,000 15,000 o.o 

ArTTV( 
ACTIIIE 
ACTIVE 

GLORAL 
f>LOHAL 
GLOR/IL 

......,.._ _______ ;.....u-u.u------_,,_ _____ ..,__-"'-________ _...,.u-1-\/. . .,_ ____ ~~-=--------------------------------
38 4!5, 0(10 5,000 o.o ACTIIIE GLOAI\L 

• 
@ 

• 
tlj 

• 

• 
• 

• 

• 

• 

• 

'· 

I_, 

(,; 

• 

<..O ...... 



• 
.i 

• 
• 
• 
• 
• 

.Pl 
40 
41 
42 -
43 

<1~.nno 10.ono o.n 
.1+5.{10 15-.000 ··---. o..o 
so.ono o.o o.o 

··-----50..000 s.ooo o,o 
so.ooo 10.000 o.o 

55,000 o,o o.o 

ACTIVE 
ACTIVE 
ACTIVE 

-··------ --- ACTIVE -
ACTIVE 

ACTIVE 45 
4f, 

47 
48 
49 

---- ----•55.000------5.000 o.o ---- --- I VE - -------­
ACT I VE 
ACTIVE 
ACTIVE 

51 
52 --
53 
54 
'i5 

55.000 10,000 a.a 
ss. 000------15, 000------------0 .o 
60,000 o.o o.o 

bO.ooo 10,000 a.a 
- eO. 000 ----15. 000-------0. 

65.ooo o.o a.a 
----- 65,000 ---5.000----·--- o.o 

6~.ooo 10,000 o,o 

ACTIVE 
ACTIVE 
AC TI VE 
ACTIVE 
ACTIVE 

GLORAL 
GLOAAL 
GLORAL 
GLORAL - -
GLORAL 

GLOAAL 
- GLORAL 

GLOf1AL 
-GLOAAL 

GLOBAL 

GLOAAL 
GLOAAI. 
GLORAL 
GLOAAL 
GLOR/IL 

!>(, G5 000 15 000 0 0 OCTillf -· --·· ----··- GI O □ tal 

'i7 10.000 o.o o,o ACT! VE GLOAAL 
58 - - -------10.000--------'i.OOO----O.U---- ACTIVE GLOf1AL 
59 10.000 10.000 o.o ACTIVE GLOAAL 
E,0 70,000 --- ----15.000 ------- 0,0-- ACTIVE GLOAAL 

• E.l 75,000 0,0 0,0 ACTIVE GLOR/IL 
- ---··-E'.2 U. POC• § 000 0 0 ACT I~ .on 

• E.3 75,ono 10.ono o,o 
f,4 -- -75,000 -------15.000---- o,o -

ACTIVE GLOR/IL 
ACTIVE GLOBAL 

f,5 ll0,000 0.0 0.0 ACTIVE GLOflAL 
f,f, -80,000 ·-----5.0-0(1 ------0,0 ACTIVE GLORAL 

• E.7 ao,ooo io.ooo o.o ACTIVE GLOR/IL 

l : 
00 15 .,-0.IJ..0.----~--0-----------A 

f,'J 8!'>.000 o.o o.o 
10 ---------•85.ooo -------5.ooo---·-·----o.o 
71 1!5,000 10.000 o.o 
·12 - ----- --·- a,.noo--------1s.iwn -o.o 
73 90.000 o.o o,o 

-7J+--- ll , A O Q 5 , 0 g Q O ,.,_ _______ __,...,_,_, 

U-lllf; GL.!IB 
ACTIVE GLOBAL 
ACTIVE GLOBAL 
ACTIVE GLOAAL 
ACTIVE GLOAAL 
ACTIVE GL0f1/\L 

l-V-f: lOfl. 
ACTIVE GLf1RtL .15 90,000 io.ooo o.o 

• u - -------90.ooo----1s.ooo.----O.o- ACTIVE GLOBAL 

• 
• 
• 
• 
• 
, 
, 
• 

11 95,oro o.o o.o ACTIVE GUlRIIL 
78 - --- 'ilf>,000 -------- 5,000----0.0 ACTIVE C.UJRAL 
79 95.ooo 10.noo o.o ACTIVE GLOBAL 

-AO '-5,000 l~OPO Q,O o ClJ-VT---- {;UlflA 
111 100.000 o.n o,o SUPPORT ACTIVE GLOR/IL 
A2 100,000 --- 5,000 - 0,0 Ar:TIVF GLOBAL 
113 lU0,000 10,000 0,0 ACTI\/F GLOR/IL 
A4 1 oo. noo ------15 .000-----·- --- -0. o AC Tl VE GLOAAL 

JO HJT R[LEASFS-------------------------------------/EL/\STIC SUPPOPT f>FlF/\SES--------------------------------~----------------1 
JOHil l"ORCF" ,•10:➔ Ef.JT ----THETA 1 THETA 2 THETA 3 KFX KFY KFZ K)1X KMY K)1Z 
Al x o.o a.a o,o o.o o.o o,o o,o o.o o,o 

ELFNFNT I~CIO~NCES---------•--•-----------------------------------------------------------••----••••-••--/ 
f L~ flfrJT NODES 

2 2 6 7 3 
ACTII/E 
ACTIVE 

• 
~ 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
~ 

f9 

• 
.. 
.. 
.. t~ .. 
.. 



3 3 7 II 4 ACTIVE 
f) 4- 10--------- --- 6 ______ _,A._c__.nv.&-

5 6 10 11 1 

e~ 
.,_ 
9 13 

2-------
14 

8 
10 

AC TI VE 
ACTIVE­
ACTIVE 

,., 

• 

3 
9 11 15 H, 
-10 - -------1 ?.----11-- --- 18 
11 14 18 19 
-12 -----1, 19-----20 

12 
14 
15 
16 
1'3 13 1 7 21 22 

l-4 
15 1 'l 23 24 20 
1 &--------.?1----.;,,'i---------2-f>---- ----- 2~---- -----
17 
1&---
l.';i 
.2-
21 
2.ic 
23 
24 
::>5 

27 
26 
29 
30-
31 

;>? 26 ?1 23 
?11-------21----28----- -211- -
25 29 30 26 

27 31 
9 3 

3,1 34 
---3 

:'13 !,1 

32 
--- :\4------

35 
--3f.-

30 

211 
- ---30-- -

31 
-- --32-------

34 

:'I', 39 40 36 
----.>7-----'+l--------11-2 --------38 ------ -- -

3H 42 43 39 
----39-----'13---------44- ----- 40-- -

41 45 46 4:> 

33 4, 4 7 48 44 
311- ____ _,.,.,__ ___ ~..-9----50--------11-6-- -

35 4b 50 51 4 7 
36 --- ------47- -----51--------5? --------~8 
37 49 53 54 50 
~ 

39 51 55 56 5;> 
40 'i.'> - - -57 -- --- 5B 54 
41 "i4 58 59 55 
4a---------"i"i------59----- -60 ---- -56--

ACTIVE 
--ACTIVE-----­

ACTIVE 
----ACT I VE--------------­

ACT! VE 

ACTIVE 
- ---- -----ACT-IV-<..---------

1\CTI VE 
ACTIVE 
ACTIVE 

ACTIVE 
--- ACT-IVE---------- ----------­

ACTIVE 
-----ACTIVE 

ACTIVE 

ACT! VE 

II CTI VE 
_____ - ----ACTI 

ACTIVE 

ACTIVE 
-ACTIVE 
ACT! VE 

-----ACTIVE---------­
ACT! VE 

43 

45 

57 61 62 511 

59 611 64 60 

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 
/\CTI VE 1 

;__ ___ ~~---~------!is.---------------_:__--------;C+-t-Vt------------------
;, ACTIVE 

46 f. 1 65 f.f, 6;> 
47 6:> 61', b7 63 
46 ------6:. 61-- - ------ - 61\ --- - - 64 
49 6'i 6'1 70 61', 

'll 6 
51 67 71 n 6fl 
52 ---------- 69- -------7,7> - 74 70 
53 70 711 75 71 
54 -- --------71 75 76 7;:> 
55 73 77 7P. 74 

-"-----
57 7S 7q 110 7<, 
56--------1-7------- 81 --------'12 711 
59 7£1 112 83 7q 
6(, 79 --83 J\4 1111 

-- ------- -~- -----

----- ------ ---

--- -- ---

ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

ACTIVE 
ACTIVE 
ACTIVE 
AC Tt VE 
ACTIVE ___ _,,.en v£__ ________ _ 
ACTIVE 
ACTIVE 
ACTIVE 
ACTIVE 

~ 

~ 

• 
• 
• 
.. 
• 

• 

.. 
• 

• 

• 

' 

I 
! 

'° w 



• £LF"f',F"NT PROPE~l'IES•---~~----•••-•••-•••----•-•••••--•----•---•-----•••-------•-•----•••---------•---•-•••--••-- ✓--
ELn,rtJT TYPE THICKN.[SS /--------CURVATURES--•-----/ 1--------------THERMIIL EXPANSION COEFF"ICIENTS-•-------------1 

-----------Kl----- - K2 - Kl2 CAX CAY r.AZ CSXY CSXZ CSYZ -~ 

• -1--- --------- · PSR-- -----5.0-00-----~------- --
2. PSR 5.000 

• -~---PSR------·- 5.000 
4 PSR 5,000 

ps;i. e.OA1 

• F, PSR 5,000 
-7 PSI-<--- 5,000--
A PSk 5,000 

• 9 PSR 5,000 --
10 PSP 5,000 

" 

• 12 PSR 5.000 
13 - pSf,- ---5. 
14 PSR 5,000 

• 15 PSR----- 5, 00-0 
lb PSP s.ono 
1+ PS~ ei • 000 

• le PSH 5, ono 
19 PS~ -- ---- s,ono 
20 f•SP s.noo 

• 21 f'SII !:>. 000 
?2 psi, 5.000 
23 Piif f..000 

• ?4 PSI< 5,000 
25 PSfl - 6 • 000 
2b PSR !:i. 000 

• 21- ---- F-SP ---- ---h-,000-
2b PSP 5,000 

-2-9- fr,>[; §,0 

• JO PSh 5.000 
31 PSh-- -- - 5,000 
32 PSR s.ooo 
33 PS i;..no-0 • .14 PSR r,. 000 

-1,.!; PSI; :;, 000 

• 36 PSf< !'> • 000 
37 1-'SR - - 5,000 
38 PSP 5,000 

• 39 PSI,------- --5, 
40 PSR 5.000 

i Pl'.R 5. 

• 42 PSR 5,000 
43 1-'SP 5,COO------
44 PSP s.ono 

-45- - - --- PSf.---- -5.000 
• 46 PSR 5,00D 

------5-.-

• 48 PSK 5,000 
49 - 1-'SP 5,000 - -
50 PSP s.ono 

• 51 PSJl s.ono 
52 P"k 5,000 
~ f'$1i 'i 

• 54 PSh 5,COO 
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55 J'SH 5,0flO 
0 5b ------ PSR--------5.00U-----

57 PSR 5,000 
Q -5IL ____ PSE --5-.110(1_____ 
0 59 PSR 5,000 

• 
M["U[R co~STA~Ts--------------------------------------------------------------------------------------------------~, 

0 

,, 

co;JSTANI - STMJOARD VALUE----DOMAIN, VALUE MEMBEF! LIST 

____ £ 

G 

ll.210921-E--O 1-----AU..--------­

ll, <l O l'l 'J'JE 06--- ALL-

0 _£TL ---~•l.OililOO[___{lL __ J ______ _ 

"L TA---- - -- o.u_ • 
• 

·--------- ---• 
• ********** DESIGN DATA********** 

- ----~- -----------------------

• USfk DATA SET 

PA~AMET[R DICTIONARY-----------------------------------------/ 
0 IJA~lE- -- -- ---TIU:All'EllL---S-UI-UOARO----L------W -- - A- --THII" TIME 

0 STRU~L 01\TA SET 

PARAMETfR DICTIONARY---------~-------------------------------/ 
• _ fJl,;:E ____ JJ,l[AHiEt!l-------ST-ANOAJW ----- L - W A TEMP TIME 

• ~'ft IJ----- ------STANOARD-------253-1-.0'1--- --- •2-- -1 
PF STA,~01\f!O 1,00 

61 t11e Stllr100B!l l, 00 

• COUE RFQUJR[O 
KY TAr•fll\R - 1,-00- ---- - - -
KZ STA,JflAR!l 1,00 

• CH ----- --- C0~11-'IJTE- --- -----QOSTCBJC -
LY cu;WLJTE QOSTULFN 

OMPIITr OOSTII 
• CMY CDMl-'llTE 'lQSTCl'YC 

0:1 - -------~O}WUTE--------t.lQSTCMZi, 
UNICF COMPUTE OQSTULFN 

• VALUES-- --STANOARO---- 1,00--
Tkt,Cf STl\iJIJI\RO 1.0fJ 
Pt/H•IA srn JPORP l 

• Tf't_ r,AM Sl A,~IJI\RO STEELWF 

----- --- --
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\i!!_J 

"' .. 
' 

~ 

(' 
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• 
• 
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C) 
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• 
j 

dA Tt• 1 1\L ,; 
S[r:,n11RY 
sQq.'AYY 
SDSWIIYZ 

<;TA,1illl'W 
sr11,11nM>o 
STA,.OARO 

- S-TA,JOIIRO 

2'i.OO 
, .• no 
2.no 

-.. ------2.0R- ----- ________ _ 

• -CO!JS TRA I IH-- ou; T-IO.\JIIR v.~~-~~~---~=1--------
NA :1[ RETRIEVAL 

• 
• COi!STRAHJT PJC-TIONARY~~-----------,._-=1------------

NII~[ RETRIEVAL 

• AX TARULAR 
~ l68111 OB 

• AZ TARULIIR 
I>, -- --------·-~- -fAUULAR 
IY T /\fl UL AR 

• IZ 
SY TABULAR 
~l U!WLAR 

• YU TAtilJLAR 
lU -·----·-- - -- TAHULAR --- ---
FL Tl' TAAIILAR 

• IJBTK - TA,JULAR 
Y(1/AFL TIIRULAR 

-# ~ 

• RZ Tllfl!JL1\R 
CO;o/J ---- ---- T A•lULAR --- -- - - --~---

Y(, TABULAR 

• zc --
l-!lTGHT TABUL/\R 
--

• ·-

****•***** LOIIOlNG UATA ********** 

• 
• lO,~crr:G - 1 VERTICAL CENTER OF BrAM <;T,IITUS - ACTIVE 

H[t.AfR /IND fLEMlNT LOADS----------------------------------------------------------------------------------------------1 
• -1·tG,f,FR/fLEMPJT--------- ---------------- --- ----------

JOIIIT LOM·S ••• •••••••••-••.,--,-----,-•-••••••n•••' eeww•-•-••••-••••-----e----•--:---•=f 
JO HIT STFP FORCE X Y Z 

• 4.. ------- ----0.-0 ----100O.-oon- n.o 
MOMENT X 

o.o 
y 

o.o 
z 
o.o 

• JOT IH DI SPL/\C>-'1ll<IT S-------••-~---•---•---• - ----- --•-/ · ••••• -- • -••••••--- • --- -- - - - --- -- •----/ 
JOTrJT STFP 01sr. X Y 2 ROT• X Y 2 

• JO II• T FOJICE A <;SU~1PTJCNS --~---•••-•----------------•------ -- ---- ---- -- - • _ --• __ • -- --•- •• -•••--•-•-•--•••••••---/ 

• JOlf,T THfTA- 1 --2 -3 
r,u 11,;st1•"f'TI[;'1'> uIVEf\J FOR THIS LOAOit!G 

FORCE X y 7 MOl'lf:NT X y 2-
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ou:1p TH'E 

STJ.FFrJESS ~N~~-YS~S-- ---------
--H .• [ l'OR cor1'-IH ··- -

• "'" rn """ "'' '""" "' -'TI
0

•E. TO AS _ATE 60 ELE11ETJ €,Q l!IF"~fl[RS. ~ TF[ TO P;l~Er-,!LE THE STIFFNE;.ssTIF. MATR.ICES ~-tP l;;f"C(H>.ii:JS .· •• 

• ""' rn " ,css " "°"" ~"'"" . . '•" "'°'" Tlr'f TC p/Vf' W!TH · 1~ PAR 

7

•

45 

SECONDS ~, """ '" '"'"' nnous . . . . '-'" mo@s · t6 ..... . .•........... ,,.,.,. . ... ,,,.... . . • 
T STR[SSfS 0.6? SECONDS l,q;,i ~fCONPS 

• LI"l OJSPLIICE.MEIJTS -STRESSES--STRAlfJS.--ALL-----

• 
• 
• 
• 
• 
• - ··----------

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

• 
• 
• 
• 
• 
• 
• 
• ------·--- - -------------

• 
• 
• 
• 
• 

- ----- -- ---- • 
• -1~ 
• 
• 
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:@ 

n 

• 

·····••***·•••************** 

········••******~*********** 

PROL·U M - Juli 1 TITLE• SIMPLE BEAM PROBLEM 

ACTIVE UIJJTS C~L--- -KG---RAQ______O.(GJ;_Sf:C 

ACT! VE ST'<UCTURE-!YPE -l'LAJIJ[ __ STRfSS- -

LOADI'IG • VERTICAL CENTER OF REAM 

METRIC UNITS RICH RYNER 

-- - ---- - ------- --~-~-

u..o.iuJLSI.fU:~-.,..,,.~----------------------------------------------------------
• flrllftJT 

-1-----­. ') 
-SXX---0-.4&fl7t2£ 01 --S't-Y-- - -n.-203572£- 02 SXY -o.&37505E 01 
SXX •0,202066E 01 SYY •0,107996E 02 SXY •0,843107£ 01 

3 !>XX -0,2H938E: Ol i;;YY w0,:l31902E: 01 g)'.Y -0 3191GOC-O-l 
4 SXX 0,140467E 02 SYY 0 0 220087£ 01 SXY -0,29830AE 01 

• 5 
6 
1 

$ A 

- ------- ---SXX----~0-,29£774[ OL----S-Y-'1'-- -0. 794"i73E CO SXY .Q.105572E 02 
SXX •0,110801£ 02 SYY -0.561785E 00 SXY -0,645800£ 01 

------SXX 0,2140':iOE n;, ___ -c;yy 0,2780:'llF uo SXY -0.451428[ 01 
SXX -0,648316E 00 SYY 0,124265E 01 SXY -0,944173£ 01 

.,..._-----------,l(x-~-o.J.OH,..-2~0w7(,!)Jlf; 0 2 S.\'-Y------4.47.5266 f: 0 0 sx Y • 0, b(l430.')[ __ _l)_-1.------------------------------
10 

a 11 
12 
13 

SXX 0,2q"i297F 02 SYY 0,189A52f 00 SXY -0,513516£ 01 
sxx -o.258943E-Ol SYY n,327446E uo SXY -0.947966( 01 
SXX -0,295031£ 02 SYY 0.18"il73F. 00 SXY -0,538514£ 01 

---'--SXX--0,379245[ 02 SYY 0,1212::>lE-Ol SXY •0,526940E 01 
• 14 SXX 0,550H27f-01 SYY O,~q766~F-Ol SXY •0,947871l 01 

--l,.;>------------~.-$.x--... □H,..;3>-<7<-"'971-5.E- 02 SYY Jl...-1-1-750-!iE Pl sn 0~321E--.0"-----------------------------
H, 

• 17 
sx~ 0,463711E 02 SYY n,127030f-Ol SXY -0,528154f Ot 
sxx --- o.321\310[-01 SYY 0.4125(,ff-ul sn -O,'o47950[ 01 

• 
• 
• 
• 
• 
• 

lt:, 

19 -­
;>O 

sxx -0,464Ul]f n2 sYY n,121432[-0] SXY -0,5241~1[ 01 
-SXX----- .0.54R6ijl[ 02---- SYY- - 0.13/\054[ 00 SXY -0.539050£ 01 

SXY -0,801695[-0l SYY 0,221lQOE 00 SXY -0,948129[ Ul 
..:..JL-----------~-"---..a.U-..Slt77'17C:: 02 SYY -0.--l.-llcl 156L---U.0---SXY • □, '•132&9£-_j)__.._ ___________________________ _ 
22 sxx n,6351f7E 02 SYY n.&R5230F.-&1 sx, -0,576154( Ul 
;,3 sxx -0.51/\068F on. SYY n. "i'~f /\0'1[ 00 ,<;XY -o. 945759F: 01 
24 sxx -0,629953E fi2 SYY o,~4•~•Pr-u2 sxy -o.410112r 01 
25 --SXX 0.725691£ 02- SYY .n,r;qunq~E au SXY •0.537115f ~1 
26 SXY -0,1634'10F 01 SYY -0,2,''J',A?[ 01 SXY •0,101565[ 02 
27 <xx •D ,70921.9.f:---!12---SX-'1'---ll-101'35;>f -lJ-1------SU •O ,4-'l-1-a-3-3f:--_j)_-1.------------------------------
;,a sxx o.7901'93[ 02 sYY -n,li'407qf ul SXY -0,239610L 01 
29 sxx -- 0,221237, 01 SYY -n.1157837[ (•1 SXY -o.t,03645[ 01 
30 SXX •0,812955f 02 SYY -P,l~A944F u2 SXY -0,115721[ 02 
31 SXX. 0.7909D6E 02 SYY -0,11\4097[ 01 SXY 0,239431£ 01 
32 SXX U,221211£ 01 ~yy -0,~57R~3E Ul ~\Y O,L03282[ 01 
..O..:>------------>,-,l-1C-------U.al291¥-.0~-'t¥-----ll~l.1Vl-SJl.-ll,:_~-SXY-------1l-~-l-l-57.02~----------------------------
34 sxx 0,7257,R[ 02 <;YY •0,699120[ 00 SXY 0,~36874E 01 

• 
() 

r 

, 

, 

~ 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

I.O 
I.O 



......... ~J· 

·---~ 
Iii .. .-

• 3!:) sxx -o.H,35115[ 01 SYY -n.22951i2E ul S)(Y o.101s22E 02 

:\f, ---- ----SXX--------0. 709-333£ -~-SYY 0.104352[ 01 SXY o.447570E 01 

37 SXX o.6352£,7f Cl2 SYY fl.6845%E-Ol SXY o.575953E 01 

~ 3b 
--------SXX----------0+5182L5E--00--SYY o.5969q9E 00 SXY o.945385E 01 

39 sxx -0.630039[ (12 SYY 0,425193(-02 SXY 0.478'-185( 01 
ll 13!l19Sle 00 :-X't O 53119391; Ol 

• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 
• 

I : 
\ . 
• 
• 
• 
• 

'•Q :.xx 0 5111l1!:>0ia 02 sn 
111· sxx -O,A0?652E-Ol SYY ll,22121\6E 00 SXY o.947923E 01 

-11-2 ----- ---------SXX--------0, 51179-lOf-- 02---SYY 0,1409q6E 00- SXY o.513134E 01 

113 SXX 0.11631\30E 02 SYY 0,12/\213E-Ol SXY 0,528119F 01 

-4-4----- --- - -·--- --- --SXX-- -- 0,32961\4[•01---SYY- 0.11129P-3E•01 SXY- - o.9478119-E 01 ---

'-I!> sxx -0,46'-1128E 02 SYY 0,120862E•Ol SXY 0.524151f 01 
II(. sxx 0,31$31,0~ 02 :.'Ct'. 0,1210\l'lle•Ol SX't o. 526 

'-17 SXX 0 ,5!'>0390f-01 SYY n, 3%-284E-!J 1 SXY 0,947935E 01 
--11-h---------------------- SXX---~o~379Ab6E 02 SYY 0,119827E-01 - SXY 0,525360[ 01 
'-19 SXX 0,29'-'-103E 02 SYY 0,1B9964E 00 SXY 0,51356qE 01 
50 sxx - •0,2525H,E•Ol SYY 0,327516[ (10 SXY 0,9'-1/lO'l4E 01 
51 sxx -0,2'l51,c5E. (12 SYY n,lf\5556[ 00 SXY 0,538571( 01 ~, :;xx 0,21'4H2E 02 sn 0,2l6211E: llO SX't 0,451505.L-O.l. 
53 sxx •O,E,4l\016E 00 SYY 0,124324E 01 SXY 0,944371E 01 
54 --SXX--0,2076b6E 02 SYY - 0.37539':JE 00- SXY O,b04444E 01 
55 sxx 0,140536( 02 S'l'Y 0,220146( 01 SXY 0,298355( 01 
fib - SXX -------0,29f.l\16E 01 SYY -0,794322[ 00 SXY 0,105602[ 02 -- ~-- -- - ----~ 

57 sxx -0,110845[ 02 SYY -0.5617 119[ 00 SXY 0.6459118( 01 
(;.$21/.if 01 sn .o,2orn 02 SXY 0 83171 OE 01 

59 sxx -0,202121[ 01 SYY -0.108030[ 02 SXY 0,043422[ 01 
l'.O - ---~· - -SXX -- •O,?f.7057E- 01 SYY----O~ 2.'\1937( 01 - SXY 0, 319271[ 

lt rMn1T srnnws 

ELEf·:OJT 

1 EXX 0,514698E-n5 EYY -0,103250E-04 EXY -0,103477E•04 
2 ------------------£X-~---- --0.593403E•0€.----fY-Y -0.4829'l2E•05 EXY •0,10416'lE•04 
3 [XY -0.932447E-06 EYY •0,716001E•06 EXY ·0,394343(-05 
-4-- EXX Q , ~ 311 35 s~- • 0 5 f 'l'Y O, 9 7-4-4--34£:--ll-f>.-..-+-X-Y------O..~f..i>5 7-1E-...,__,----------------------------
5 EXY -0,12'l290E-05 EYY 0,496175[•07 EXY -0,130438(-04 
f, ---------- [ XX ---- -0 • fil 7248f •05 - --EYY - --- 0, 132537E-05 EXY •O, 797'l08E-05 
7 EXX 0,101103E•04 fYY -0,2'l4371E•05 EXY •0,557755(·05 
I\ --------f"XX--0,4P,5/\l\8F•06--E'tY---0,6822-'18E-U6 f"XY •0,116656E-04-----
'l EXX -0,989E,88E-05 EYY 0,316034E•05 fXY -n,7461i45E-05 
lQ EXX 0,13'H31f:-!'.4 E'tY 0,'-llf>2-l-O-lc-0-5- EXY •OA'l-4J.U>.1.i;....,_, ___________________________ _ 

11 EXX -0,593163~-07 fYY ll,1~8966[•06 EXY -O,l17125E•04 
12 ----- --------£XX--0,140144F•04 EYY 0,432609-E•U!:i EXY •O,hf,535t;E-05 
13 Exx 0,179767E-n4 EYY -0,544234E-U5 EXY -0,651053E-05 

-14 ----------------EXX----0.204027f•07- EYY-- 0,109'-107E-07 EXY •0,117113f-04 
15 Ex• -0,180073F-04 FYY n,5'-lf.12b[-U5 EXY -o.~49053E-05 

-Ha [XX O, 2l <Je ~r-011 fYY ,n, 6655'4t[~~_£),.y___~~--~~----------------------------
17 EXX 0,9(,31\82E-08 EYY 0,141\439-f-ll7 rx~ -0,117\23[-04 
lll -------,---EXX --0~2;,0011r-D4--,'tY- --- 1),667155,-us EXY -O,E.47t',57E-05 
19 EXX 0,259Qlf\E-n4 fYY -n.7R157J[-U5 EXY -0,(66015[-05 
?IJ --- ------------ --EXX- ---•0,6971146[•07 EY Y -- 0, l lf.31\E,E ·O(, EXY -0, 11 7145[-04 
21 Eix -0.2!:>9920E-nq EYY 0,793(36[•05 EXY -O,b34162E-05 
,>;2 E XX O, 3010 !, u- • !lll FYY • O _ 90-923u;....u5--£.X'(-----o...-1.l.l.ll59£....u.;,....----------------------------
? 3 EXY -0,331357f-06 FYY n.157378E-Of. EXY -0.11685:?E-04 
24 - ---- --£XX--•0,298f-75E•04 EYY O,':i05176E•05 EXY •0,!:>91'-lf.U-05 
25 EXX 0,3'-150&3[-04 [YY -n.tn75f.4f-O'-I fXY -0,(63f-25E-05 
2b ---------- --EXX----•0,'-140,31/lE-Of, fYY -0.1'53611+E•U6 fl<Y •0,125'+87f'-0'-1 
27 EXX -0,337777,-C'-I EYY n.10f.A4D[·04 EXY -O.!o53~14f-05 

~.,__ _________ .....,_~--.U.....~:Z....U.r:,011 f:YY-0...-1?2~.!!~.!L........r)C'l'..-~'li;.Uuf,,__... • .v..a~---------------------------
?~ EXX 0,22B125F-05 FYY -0.45A493E-05 fXY -0,7~5P25E-05 
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!r EXW -o,3~~2h9£-P4 FYY 0,272052£-05 
J -3,-.1.-_________ _,:._,..,.... __ _Q~_]622£.-0!j________ £_y __ y -- -- -o .122 346£ -o 4 -

32 EXX 0,22/\ll lE-()5 EYY -0,4384117£-05 
33 -----~ll-_d,35B297E-04 EYY 0,272087£-05 6 34 EXX 0,345065£-04 EYY -0,107571E-U4 
35 EXX rO U45U2Qf-06 EYX ,O 853096(,06 
36 EXW -0,337802£-04 [YY -0, 10f.S47E-04 

.37 __________ .£ XJ(_____ __ .Q_, 3.0 10 I, 9 £ --.0-'1 -- - E Y L--~ 0 • 9 0 9 3 53E - II 5 -
38 EXX -0,33147Af-Q6 EYY 0,357496E-U6 

-3.9. ____________ £XX--~.0,.29!l715t:~ □ 4 ----EY'1'---0,905290E-05 
40 EXX 0,259969£-04 fYY -n, 7111731f-v5 

FXY -0,142970f-04 
EXY 0.295826[-05 
EXY 0,745~77E-05 
EXY 0.142954[-04 
EXY 0.663327E-05 
EXY O 125434£,04 
FXY 0,5529118£-05 
EXY _Q,711610(-05 
EXY 0,1161106£-04 
EXY 0,5911115£-05 
f.XY 0,66587/IE-05 

41 EXX -0,698437£-07 EYY O 116445£-06 EXY O l l.ll.1.9£-,.,_,. ___________________________ _ 
42 EXX -0,259973[~04 [YY n.7937119[-05 rxY Q,(33995£-05 
1'3 _______________ _£)(.l( ____ Q ,2198h9L-04---!:Y'1'---~0 ,665712£-05 EXY O ■ 652509[-05 
44 EXX 0,969794£-08 FYY 0,14/1439E-U7 EXY 0,117115E-04 
~5-- ____________ £XX ____ .....a,220066[-04 EYY- 0,667320[-05 EXY 0,647607£-05 
46 [XX 0,179842F-04 EYY -0,544399[-05 EXY 0,651107£-05 

1 [XX O, 2 nµ 0 I Bf- D 1 EYY O 1Q 81116f-D1 EX Y O, ll.1..12iL,_,.._,, ___________________________ _ .!Ll. 
48 EXX -0,1B0126F-04 EYY n,546298[-05 EXY 0,649101£-05 

_49 ____ [X)L___Q, 13'HE lE-04 ---- EYY - -n, 1H535SE-U5 F: XY O, b 34532[-05 
5() EXX -0,59Q217E-07 EYY 0,15~907[-06 EXY 0,117140f-04 
.Sl _____ £XX---0, 140le9E-n4 --EY't'--- 0,432762£-05 F:XY --- - 0,665423£~05 

f, 52 EXW 0,101147F-n4 EYY -n.294495[-05 FXY 0,557850(-05 
.:,__ _________ -L--...,_ _ _,.__U-4.ot.8.5!Ll.OL.ll£_ • YY O. W!2.52.!iL...U6----EXX O, I I (,£,8-0£_,,_0,._ ___________________________ _ 5.3 

54 EXX -0,9900~9E-05 EYY 0,316152£-05 EXY 0,746812[-05 • -5~ _________ )()(_ ___ .(),634673L•.05-SYY __ ,0.975146[-06 EXY 0,3&8628£-05 -
Sf EXX -0,12q313F-~5 EYY 0,497957,-07 EXY 0,130475E-04 

----- ----EXX--~-0,517458£-05--EY-Y- --- 0,132602£-05 - -EX'I' 0, 798141£-05 --
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Comments 

In comparing the output from the II INTROFEM" and the STRUDL-II 

solutions, it can be seen that the results compare quite favorably with 

each other. While there are differences between the displacement and 

stress values produced by the two programs, these differences are generally 

less than 10%. One possible reason for these differences is the differing 

mathematical formul ati ans of the 11 4-CST 11 element and the 11 PSR 11 element. 

The abundance of information produced by a finite element anal­

ysis is illustrated by comparing the handbook calculation with the 

finite element solutions. In order to obtain one piece of information 

(the mid-point deflection of the beam) with the handbook method, a 

calculation was necessary. For each additional piece of information, 

an additional calculation would be necessary. In contrast, the effort 

and time to perform the finite element analysis remains relatively 

constant whether one or many resultant values are sought. To match the 

information available from a finite element analysis using handbook 

formulas would require much more time and effort than that required to 

use a finite element program. In larger problems with more complicated 

geometries, the difference would be even greater, if comparable informa­

tion could be obtained from handbook formulas at all. 



Chapter 9 

CLOSURE 

Summary 

This paper has attempted to approach the finite element method 

of structural analysis from two viewpoints. First, the viewpoint of 

the manager who might be considering the outlay of corporate resources 

in order to obtain a finite element capability in his company's design 

process. Secondly, the viewpoint of the engineer or technician who will 

use a finite element capability in analyzing design alternatives under 

varying conditions of stress, strain, vibration, etc. 

To the manager, the finite element method provides a means for 

modeling designs from the engineering department in a computer instead 

of the workshop. It allows testing of the design to be carried out in a 

computer instead of on~ test track~ in a test room, or in the field. 

It allows alternative designs to be more accurately evaluated at an 

earlier stage in their development so that there is a better chance that 

the best design will be committed to a prototype. In short, using 

finite element methods of analysis allows a better design to be produced 

in a shorter time at a lower cost. 

Finite element methods are being used in many applications today. 

They can be integrated into the design process in a number of ways, 

depending upon the resources available and the need for this advanced 

analysis capability. There are programs and hardware available now with 
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impressive capabilities, and the future is certain to bring about more 

advanced and accurate programs with lower user costs. 

To the engineer or technician, finite element methods provide 

much more information about the behavior of a design under test condi­

tions than could be gathered by conventional methods. They apply tried 

concepts of materials mechanics to structures and designs which are 

beyond the capabilities of traditional methods to analyze. And, through 

the use of digital computers, this analysis is carried out with comparably 

little effort in a short time period. 

The finite element method augments and expands the power of the 

engineer's experience. A good finite element model depends upon the 

skill and insight of its modeler. The method cannot replace the engineer's 

creativity or experience. It can reduce his uncertainty and actually 

decrease his work load. 

Conclusion 

It appears, then, that the finite element method provides a means 

for improving the output of the design process. Computer programs are 

available today to implement this methodology. These programs are 

capable of providing accurate answers to fonnerly unsolvable types of 

analysis problems. 

Although the cost of using finite element methods appears to be 

fairly high, the cost of not using them can be even higher for a firm 

in today's competitive world of increasing consumer demands, shrinking 

margins, and scarce resources. In short, finite element method capabil­

ities are worth investigating for any firm involved in producing products 

which operate under conditions of load, stress, vibration, temperature 

changes, etc. 
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Implications and Recommendations 

Finite element methods are a new application of some very well 

documented concepts of mathematics and mechanics. The literature on the 

subject is growing rapidly, almost on a daily basis. As more and more 

users of the methodology come into being, the need for people aware and 

able to use finite element methods will increase. Instruction in finite 

element theory and methodology cannot be limited to the graduate level 

engineer. The use of finite element methods, as well as other methods 

of computer aided design, will have to be incorporated into the already 

crowded undergraduate engineering and technical curriculums. 

This paper has hardly scratched the surface of the material 

available on the finite element method. Further work could easily be 

done on any aspect of this subject. Some of these areas are listed 

below: 

1. Mechanics: Statics, Dynamics, Strength of Materials, 

Theory of Structures, etc. 

2. Mathematics: Matrix Algebra, Tensors, Variational Calculus, 

etc. 

3. Computers: Programming, Languages, Hardware, etc. 

4. Finite Elements: Formulations of Elements, Isoparametric 

Elements, Higher Level Elements, Axissymetric Elements, etc. 

5. Programs: Advanced use of ICES STRUDL-II, use of other 

finite element programs, new developments in program capabilities, etc. 

6. Other aspects of computer aided design. 



109 

BIBLIOGRAPHY 

Bernstein, Murray, and others. 11 NASTRAN Analysis of the 1/8-Scale Space 
Shuttle Dynamic Model, 11 NASTRAN: User's Experiences. Compendium 
of papers prepared for the Third NASTRAN Users' Colloquium, NASA 
Langley Research Center, September 11-12, 1973. Report number NASA 
TM X-2893. Springfield, Virginia: National Technical Information 
Service, 1973. 

Butler, Thomas G., and Douglas Michel. NASTRAN: A Summary of the 
Functions and Capabilities of the NASA Structural Analysis Computer 
System. Report number NASA SP-260. Washington: Government 
Printing Office, 1971. 

Carl, E. J., and W. C. Hamann. How Finite Element Methods are Introduced 
in Large and Small Organizations. New York: Society of Automotive 
Engineers, #740006, SP-387, 1974. 

Clark, J. N., D. F. Barnhart, and W. F. Hayes. Stress Analysis of 
Industrial Components with Plastic and Finite Element Models. 
Warrendale, Pennsylvania: Society of Automotive Engineers, #740706, 
1974. 

Conner, J., and G. Will. Computer-Aided Teaching of the Finite Element 
Displacement Method. Cambridge, Massachusetts: School of 
Engineering, Massachusetts Institute of Technology, 1969. 

Davis, Charles S. Illustrations of Automotive Finite Element Models-­
Statics. New York: Society of Automotive Engineers, #740004, 
SP-387, 1974. 

Davis, R. L. How Finite Element Methods Improve the Design Cycle. New 
York: Society of Automotive Engineers, #740003, SP-387. 1974. 

Desai, Chandrakant S., and John F. Abel. Introduction to the Finite 
Element Method. New York: Van Nostrand Reinhold Company, 1972. 

Hamann, W. C. 11 Finite Element Methods in Product Design, 11 Mechanical 
Engineering, February 1974, pp. 30-36. 

Jones, C. F. Personal letter to Richard Ryner, September 20, 1974. 

Kardestuncer, Hayrettin. ~Jementary ~atrix Anal_1-sis of Structures. 
New York: McGraw-Hill, 1974. 

Lockheed Missiles and Space Company. Lockheed Structural Analysis 
Service (brochure). Palo Alto, California: Lockheed Missiles and 
Space Company. (Mimeographed.) 



110 

Logcher, Robert D., Jerome J. Connor, Jr., and Mark F. Nelson. ICES­
STRUDL-II: The Structural Design Language Engineering User's 
Manual. Vol. II, Additional Design and Analysis Facilities. 
Cambridge, Massachusetts: School of Engineering, Massachusetts 
Institute of Technology, 1972. 

Logcher, Robert D., and others. ICES STRUDL-II: The Structural Design 
Language Engineering User's Manual. Vol. I, Frame Analysis. 
Cambridge, Massachusetts: School of Engineering, Massachusetts 
Institute of Technology, 1968. 

MacNeal, Richard H., ed. The NASTRAN Theoretical Manual (Level 15.Sl, 
NASA SP-221. Washington: National Aeronautics and Space Adminis­
tration, 1972. 

Meek, John L. Matrix Structural Analysis. New York: McGraw-Hill, 1971. 

Minard, Keith S. Personal letter to Richard Ryner, October 24, 1973. 

Noble, Ben. Applied Linear Algebra. Englewood Cliffs: Prentice-Hall, 
1969. 

Oberg, Erik, and Franklin Jones. Machinery's Handbook, ed. H. L. Horton, 
H. L. Horton, P. B. Schubert, and G. Garratt. New York: Industrial 
Press, 1971. 

Salus, W. L., R. E. Jones, and M. W. Ice. "Dynamic Analysis of a Long 
Span, Cable-Stayed Freeway Bridge Using NASTRAN, 11 NASTRAN Users' 
Experiences. Compendium of papers prepared for the Third NASTRAN 
Users' Colloquium, NASA Langley Research Center, September 11-12, 1973. 
Report number NASA TM X-2893. Springfield, Virginia: National 
Technical Information Service, 1973. 

Schumacker, Betsy. An Introduction to ICES. Cambridge, Massachusetts: 
School of Engineering, Massachusetts Institute of Technology, 1967. 

Sherlock, James E., and Joseph G. Kormos. "Dynamic Analysis of Complex 
Machinery." Paper presented at the meeting of the Mississippi Va]ley 
Section, Society of Automotive Engineers, Dubuque, Iowa, January 
25, 1973. Cincinnati, Ohio: SDRC-Systems, Inc., 1973. 

Smith, Gary L. Automotive Use of Finite Element Methods--Introduction 
and Overview. New York: Society of Automotive Engineers, SP-387, 
1974. 

Stehling, Kurt R. Computers and You. New York: New American Library, 
1972. 

Thompson, J. E. Future Developments in Structural Analysis. New York: 
Society of Automotive Engineers, #740008, SP-387, 1974. 

Timoshenko, Stephen P., and James M. Gere. Mechanics of Materials. 
New York: Van Nostrand Reinhold, 1972. 



Ural, 0ktay. Finite Element Method. New York: Intext Educational 
Publishers, 1973. 

Vail, Curtis F. Illustrations of Automotive Finite Element Models-­
Dynamics. New York: Society of Automotive Engineers, #740005, 
SP-387, 1974. 

111 

Wilkinson, Michael T., and Arthur C. Bruce. 11Structural Analysis of 
Light Aircraft Using Nast ran, 11 NASTRAN: Users I Experiences. 
Compendium of papers prepared for the Third NASTRAN Users• 
Colloquium, NASA Langley Research Center, September 11-12, 1973. 
Report number NASA TM X-2893. Springfield, Virginia: National 
Technical Information Service, 1973. 

Zienkiewicz, 0. C. The Finite Element Method in Engineering Science. 
London: McGraw-Hill, 1971. 


	Computer Aided Structural Analysis: The Finite Element Method
	Recommended Citation

	Computer Aided Structural Analysis: The Finite Element Method
	tmp.1692733430.pdf.pHYvN

