
COMPUTER BASED STRUCTURAL ANALYSIS 

IN ENGINEERING PRACTICE1 

INTRODUCTION 

Christian Meyer' 

The structural analysis task can be described as the task 

of predicting the behavior of a given structure which is 

subjected to certain prescribed actions. The actions can be 

as diverse as gravity loads, other forces , temperature, or 

boundary displacements. They can be of static or dynamic 

nature. They may be known with a certain degree of confidence 

or, more commonly, not much is known about them. The loads 

resulting from some future earthquake, for example, are hardly 

known at all. 

Once the structural behavior has been predicted by sol

ving the structural analysis problem, the behavior has to be 

evaluated by comparing it with prescribed norms of behavior . 

This includes the determination whether the resulting 

stresses, strains, displacements, velocities or accelerations 

remain within certain prescribed limits established as desir

able behavior. 

In this paper, modern computer analysis techniques will 

be surveyed. Before getting started, however, it should be 

stated very clearly that the application of computer methods 

is appropriate only f or certain types of problems. It is up 

to the engineer to decide when and where a computer analysis 

is called for, and when not. To make such a decision requires 
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a certain amount of experience. 

Hand calculations, aided nowadays by those marvellous 

electronic calculators, are still sufficient in most design 

situations and are always needed for overall checks on 

computer analyses. We need them as backup to assure that the 

computer results make sense. But we should not overrate hand 

calculations either. Engineers who claim that they can 

analyze a space truss with 2000 members just as fast and 

accurately as somebody with a big computer usually make such 

claims only to cover up the fact that they never bothered to 

learn the proper use of computers themselves. 

It requires a considerable amount of experience to choose 

the appropriate analysis tool -- whether static or dynamic; 

linear or nonlinear; using an approximate model with just a 

few equivalent beam elements, or a complex finite element 

model with 10,000 degrees of freedom. Familiarity with the 

tools available to us is necessary, as is the establishment of 

criteria by which certain analytical tools are chosen for a 

given problem. Most important, we have to know how to 

idealize structures correctly for analysis. This we can do 

only through hands-on experience by analyzing many structures 

and by critically studying the results. I can give only some 

guidelines; the actual learning process is the responsibility 

of each individual engineer. 

Structural analysis in enginee_ring practice involves four 

different fields of knowledge: 1) structural mechanics, 

2) numerical methods, 3) software engineering, and 4) 

engineering applications. 

Fundamental knowledge of structural mechanics is needed 

to understand the physical behavior of the structure and the 

laws of mechanics it obeys. But it does not solve a 
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problem. For that purpose, accurate and stable numerical 

methods are needed, For accuracy, the good old sliderule used 

to set a useful standard: a few percent error on the safe side 

was generally acceptable, And what is meant by stable? If 

small variations of input parameters result in only small 

changes of output results, we know the structure is stable, 

and so is the solution method. If a 5% change of Young's 

modulus changes certain stresses by 100%, we know we have a 

problem. 

Software engineering is a relatively new term and will be 

dealt with in some detail later. It basically assures that 

solution methods are implemented on the computer in an optimum 

way. It is primarily the domain of program developers . 

When turning to engineering applications, we have to 

integrate all theory and apply it to real structures in a 

practical environment, subject to all the plights of real 

life, such as limited budgets, deadlines, and fussy bosses. 

This is the world of program users. They have to know how to 

idealize structures, They should be able to decide when and 

where to use a computer and, if needed, how to use it wisely, 

correctly and efficiently. This means program users have to 

know both computers and structures, i.e., be knowledgeable to 

some extent in all four areas mentioned above. Let them be 

amiss in any one, and they may easily get into trouble. It is 

true that program developers generally take care of the first 

three disciplines, but if they don't know anything about 

applications, they may end up solving the wrong problems or 

answering questions that have never been asked, On the other 

hand, users specialize in their own field of expertise, and 

they are all too often inclined to ignore or downplay the 

first three disciplines, This is known as the black box 
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disease. It can be dangerous, even fatal in extreme cases, 

namely when structures collapse because the engineer believed 

that computers can make no mistakes. 

Our problem is that we have powerful computers and soft

ware systems, which are not utilized to their full potential, 

because of a large gap between theoreticians and program 

developers on °the one side, and practitioners on the other. 

This paper shall be a contribution to help bridge this gap, 

We don't want the university professors to talk only to each 

other and write papers which nobody else can understand. In 

the course of their research, they seem too often to lose 

sight of what the real problems are. But we don't want users 

who consider a program as a black box either. It has been 

estimated that half or more of all finite element analyses 

made in engineering practice are outright wrong . What is 

worse, the users are not even aware of this. So let us stamp 

out the black box disease. You don ' t have to be an expert in 

all three other disciplines besides your own. You only have 

to be able to ask the right person the right question. And 

team effort can also succeed, provided the various members of 

the team talk to each other and make an effort to understand 

each other's language. 

Since this paper is addressed primarily to practicing 

engineers, the theoretical content will be limited, but it 

cannot be eliminated completely because, you know, to bridge a 

gap you best start from both sides. 

BASIC REQUIREMENTS OF STRUCTURAL MECHANICS 

Before turning to specific subjects, it is well to 

remember that all structural analysis has to satisfy three 

fundamental requirem,:nts of structural mechanics: equilibrium, 

compatibility, and constitutive equations. 



COMPUTER BASED STRUCTURAL ANALYSIS 37 

No matter how we choose to look at a structure or any of 

its elements on a macroscopic or microscopic level , each of 

its elements has to be in static or dynamic equilibrium, 

whether we are considering finite elements like beams, col

umns, plates or infinitesimal particles. This f act gives us a 

welcome assurance, because no matter how we choose to cut a 

free body from a structure--if equilibrium is not satisfied , 

we know we have a problem. 

Adjacent elements that fit together before deformation 

hav e to remain compatible also in the deformed state. If in 

reality some embairrassing cracks appear somewhere, an accurate 

analytical model will incorporate this fact in the ba s ic f orm

ulation such that the sum of all deformations still adds up to 

a compatible system--on a finite element level as well as on a 

microscopic infinitesimal level . 

The stress-strain relationships should satisfy the mat

erial law as i t has been determine d by experiment . Thi s 

material law is prescribed on the microscopic level. When 

dealing with finite elements, the infinitesimal behavior ha s 

to be integrated i n order to furnish force-displacement 

equations characte ristic for the element . 

STIFFNESS METHOD OF ANALYSIS 

Even though Eiach engineer graduating from an accredited 

engineering school should have at least one course in matri x 

theory of structures, it may be helpful to recall the major 

steps involved in a typical stiffness analysis, because almost 

all major structural analysis programs are employing thi s 

method, and it is always refreshing to recall some simple 

facts long forgotten . 

The structura1l analysis problem is solved in two phases , 
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an element level so l ution phase and a structural level solu

tion phase. In the first phase, elements are considered 

individually for the derivation of appropriate force

displacement relations. This requires the "exact" solution of 

the governing differential equations or an approximate finite 

element solution. This extends the concepts of s tiffness and 

force-displacement relationships, long known for frame members, 

to elements of two- and three-dimensional continua . In the 

second analysis phase, the individual el e ments are as sembled 

such that equilibrium and compat i bility at all s tructure nodes 

are satisified. 

The individual steps of the analysi s procedure can be 

briefly summarized as follows.(l, 2 ) 

1. Discretize the structure into a number o f elements 

which may be physically discrete (beams, columns, e.g.) or 

only imaginary discrete. It is this subdivision of two- or 

three-dimensional continua into a number of imaginary discrete 

elements for which the analyst requires considerable skill, 

experience, and insight into the behavior of structures. 

2. Identify for each element the degre e of freedom and 

possible element loads to adequately represent the element 

behavior. This choice is usually built into programs by the 

developers, but the user has to be aware of this. Fig. la* 

illustrates the simplest of all elements, a truss bar with 

only axial stiffness . This element is fully described with 

one degree of freedom per end node, and its stiffness matrix 

is easily derived. '.rhe ·planar beam element of Fig. lb is 

likewise familiar to engineers, with three freedoms per node 

(or six for a space frame member), and the stiffness 

coefficients are wel l known . Subdividing plane stress or 

plane strain continua into imaginary finite elements, Fig. le , 

·kAt end of paper. 
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requires the introduction of two freedoms per node. The 

stiffness for this element cannot be written down easily; a 

finite element problem has to be solved for a more or less 

approximate stiffness. A similar situation is encountered 

when discretizing a plate bending problem, Fig. ld, where 

three freedoms per node are required, one normal displacement 

and two rotations. In order to appreciate this , some 

background knowledge in plate theory will prove to be quite 

helpful. Again, the derivation of a general element stiffness 

matrix is possible only with the aid of finite element theory, 

and the actual stiffness is generally evaluated only 

numerically. Three-dimensional solids may be discretized with 

isoparametric curvilinear solid elements, Fig. le, with three 

displacement freedoms per node. A popular element employs 

midside nodes, thus leading up to 21 nodes with 63 freedoms . 

Again, the stiffness matrix, now a 63 by 63 matrix, i s 

generally evaluated numerically. 

3. Compute for each element the stiffness properties and 

nodal loads, which are statically equivalent to the loads 

distributed over the element. For truss and beam elements 

this is straightforward, and closed-form expressions are 

easily given. For two- and three-dimensional elements, finite 

element theory is used to compute the stiffness coefficients. 

4. Transform element stiffnesses and load vectors to a 

coordinate system common to all structural elements. It 

should be noted that different coordinate systems may be 

assigned for different nodal points, but for a g iven node, all 

the stiffness coefficients of all elements connected to this 

node must be expressed in a common reference frame , so that 

they may be added algebraically. 

5. Form the equilibrium equations for all nodal degrees 
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of freedom of the structure. This step requires the assem

blage of the structure stiffness matrix such that all element 

stiffnesses contriubting to the same freedoms are added alge

braically. At the same time, the structure load vector is 

assembled from the individual element load vectors and other 

loads that may be applied directly to the nodes. 

6. Apply the specified boundary conditions to the 

equilibrium equations. Physically, a structure without bound

ary conditions will fly away under load -- it has rigid body 

modes. Mathematically, the structure stiffness is singular, 

i.e., its determinant is zero, and the equation s cannot be 

solved uniquely. For this reason, we have to introduce as 

many linearly independent constraints (boundary conditions) as 

there are rigid body modes. 

7. Solve the equilibrium equations for the unknown nodal 

displacements (and reactions). This is usually the most time

consuming step, often taxing even the fastest and biggest com 

puters available. The large amount of numerical computations 

and demand on computer memory space can be drastically reduced 

by taking advantage -of the facts that the equations are: 

1) symmetric (because of Maxwell-Betti's law of reciprocity), 

2) positive-definite (because the strain energy associated 

with any mode of deformation must always be positive), and 

3) sparse (because of limited connectivity between the various 

structure nodes, most stiffness coefficients are zero). The 

actual number of operations and storage requirements of the 

solutions process depend very much on the sequence in which 

the unknowns are eliminated. Numerous efficient solution 

schemes are availabl,e , ( 3 ' 4 ) The most common ones are band

solvers and frontal solvers, for which, respectively, the 

bandwidth or wavefront has to be minimized for maximum 
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e fficiency. The availability of new generations of computers 

and the continuing decrease in cost per unit calculation 

require a continued reevalua tion of solution methods in regard 

to total cost requirements. Taken as a fraction of the total 

analysis cost, equatio n solution cost i s now of such insig

nificant that further optimization of solution algorithms is 

seldom justified when the solution cost is compared with the 

cost of the total man-hours for an entire project . In non- · 

linear dynamic analysis, on t he other hand, where large sets 

of equations may h ave to be solved possibly thousands of 

times , significant savings in cost can be effected by the use 

of an optimized solver. The emergence of personal computers 

i s also changing the economy of co mputation. If a problem i s 

running oh my own machine, cost is no problem any more, but 

running time may be. But even if a problem runs for hours, it 

will have only minor impact on overall solution strategy. The 

good n e ws is the n that the cos t factor in c o mputation i s 

becoming less important , and that the analyst gets more free

dom in choosing the finite element mesh to suit a given prob

lem, almost apart from cost consideratons. 

8. Determine the element deformations and stresses or 

forces from the displacements . This step completes the 

structural analysis . 

FINITE ELEMENT THEORY 

Although the basic concepts underlying finite element 

theory have been known to applied mathematicians for some 

time , the direct application to problems in structural mech

anics dates back only 25 years, if one conside rs the classical 

paper by Turner, et al. ( 5 ) as the birthdate of finite element 

analysis. By now , the finite element method has established 

itself as an indispensible tool for the analy sis of complex 

structures . 
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The fundamental idea is extremely simple. If some choice 

for the displacement field in a continuum is made, the prin

ciple of minimum potential energy can be used to derive a 

stiffness matrix for the domain over which the displacement 

field is assumed to be applicable. The theory is well

documented in several textbooks (G,?,B), and no attempt will 

be made here to go into details. It should only be noted that 

the· finite element method is an approximate method, because 

the "true" displacement variation is approximated by some 

assumed variation. As a consequence, internal stress equili

brium is not satisfied exactly (at least for such "displace

ment models"), and users should be aware of this fact . But 

the errors become smaller, i.e., results converge towards 

theoretical solutions, if either the element mesh is refined, 

or if the order of the displacement field is increased, or 

both. 

The real power of the method derives from the flexibility 

with which arbitrary boundary geometries, varying material 

properties, and individual element thicknesses can be rep

resented. Also, the method is readily extendable to dynamic 

loads, large displacements and nonlinear materials. The main 

difficulty associated with finite element analysis derives 

from the need to develop large mathematical models with many 

degrees of freedom, if meaningful results are expected, and 

complex computer programs are required as well as sophis

ticated users to run them. It takes a lot of training and 

experience to construct proper mathematical model s and to 

obtain correct results from them. We shall return to this 

subject later. 
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NONLINEAR ANALYSIS 

The more dif f icult the class of problems to be solved is, 

the more likely i t will be that we need advanced computer 

programs to perform the lengthy arithmetic calculations. 

Nonlinear programs are a good case in point. Although many 

problems in engineering practice can be approximated by linear 

elastic theory , there are some classes of problems which do 

require nonlinear analysis , if any meaningful results are to 

be obtained . 

The first such groups of problems are those with geo

metric nonlinearities . These are structures with large 

displacements or insta bility problems . Also pseudo-nonlinear 

problems belong in this category, such as structures with 

members characterized by one-way action or contact problems . 

Cables and hangers with only tensile strength are a common 

example. Another e xample is a pipe, which deflects until a 

spe cif ied 9ap i s clos ed , wh e reupon the pipe is suppo rted, 

introducing a pseudo-geometric nonlinearity . Among the most 

difficult problems are those involving friction. A pipeline, 

resting on the sea floor and subjected to temperature varia

tions, might move , but the resulting displacements and 

stresses are functions of the friction forces and very 

difficult to simulate numerically. 

The other group of nonlinear problems involves material 

nonlinearities. All common structural materials exhibit this 

behavior . Steel flows plastically after reaching its yield 

stress . Concrete cracks at very low tensile stresses, and in 

compression the stre ss-strain behavior is nonlinear, starting 

at rather low stress levels. In addition, there is creep 

behavior, very pronounced for concrete , but also for metals, 

especially at elevated temperatures . Temperature loads also 
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often introduce nonlinearities. Then there are other mat

erials with pronounced nonlinear properties. Soils are, of 

course, the most common ones, but there are also new struct

ural materials (such as composites, plastics and foams, syn

thetic rubbers and vinyls) used to cover large open spaces, 

The analysis of nonlinear problems represents a challenge 

which demands conside rable skills and knowledge on the part of 

the analyst. We shall return to this subject later . 

DYNAMIC ANALYSIS 

Most loads encountered in practice are of a dynamic na

ture, even though for engineering purposes it is often permis

sible to neglect the dynamic effects. Dynamic loads can be 

subdivided into two groups . The first one contains those 

loads involving many cyclic load reversals, such as traffic, 

earthquakes, wind, waves and machinery. If these loads are 

rich in frquencies at or near important structural frequen

cies, then this fact may strongly influence the response, The 

other group includes short, intense, impulse-like loads such 

as those due to blast and missile impact. Because of the very 

high strain rates associated with these loads, the material 

rate effects will generally have to be considered, especially 

at the front of a shock wave traveling through the structure 

or medium. 

Traffic loads on highway or railway bridges seldom re

quire dynamic analysis . In engineering practice, the dynamic 

effects are usually simulated by impact factors, to be in

cluded in the static analyses. Even if the dynamic effects 

are computed more accurately the structure response under such 

service loads is usually linear, so that nonlinear dynamic 

analysis is seldom if ever necessary. 

Earthquakes belong to the important natural phenomena , 
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which have to be considered in many parts of the world. While 

actual ground ruptures are localized to the immediate fault 

v icinity, the ground motion is more important, because 

possibly thousands of square miles may be subjected to 

vibratory motion .. The designer is interested primarily in the 

i ntensity, duration , and frequency content of this ground 

motion. Since the strain rates are only moderate (up to about 

0.05 in/ in/ sec) , mathematical models derived for static loads 

are generally adequate to simulate earthquake response. 

While earthquakes produce vibrations about a zero mean, 

wind pre sssure fluctu a tes about certain nonzero mean values, 

so that it may be decomposed into a steady-state mean pressure 

and dy namic pressure variations about this mean. The 

superposition of these two components is straightforward , 

unless the combined response enters the nonlinea r range, in 

which case nonlinear superposition should be used. The s train 

rates of wind loadings are of the same orde r of magnitude as 

those associated with earthquake ground motions and seldom 

need to be conside red when developing mathematical material 

models . 

Another source of dynamic loads is represented by ocea n 

waves, for which structures such as off-shore drilling 

platforms have to be designed . In the North Sea , for example , 

the design load is a 30 m wave with a horizontal force of 

40 , 000 tons. In addition , underwater currents have to be 

considered, which are also of dynamic nature . 

Earthquakes, wind , and waves have in common strain rates 

small enough to permit the use of static material models. And 

all three are of a random nature, so that their effects on 

structures canno t be predicted with confidence, using 

deterministic analyses alone. Structural performance can be 

predicted only in statistical terms, using established 
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techniques of random vibration analysis ( 9 ) . 

The loads associated with mechanical equipment (e.g . , 

turbines) are much more deterministic, because their operating 

cha racteristics are generally known to a high degree of cer

tainty. These loads are neither as random as earthquakes, 

wind or waves, nor as destructive as blast or missile im

pact . The design of structures to withstand these loads is 

therefore straightforward. The structures should be tuned 

properly against the equipment in order to avoid resonance 

problems. 

The design of nuclear power plants calls for a number o f 

hypothetical accidents, many of which would result i n highly 

dynamic loads, such as high-energy pipe ruptures , jet impinge

ment, blowdown loads associated with the sudden activat i on o f 

safety relief valves , and internally generated missiles. The 

analysis and design problems connecte d with these accidents 

are amply covered i n th e pe rtinent lite rature . For example, 

the proceedings of the last International Confere nce on 

Structural Mechanics in Reactor Technology , held in Paris in 

1981 (lO) , contain about 870 papers, many of which address 

this subject. 

Problems associated with missile impact span a wide 

range. For example , nuclear power plant containment buildings 

have to be designed to withstand the impact of tornado-borne 

debris such as a 4000 lb passenger vehicle, thrown at the 

containment wall with 50 mph, or a telephone pole hurled at it 

with 200 mph . Other cases to be considered are the impact of 

aircraft or fragments of a fractured turbine, and the loads 

resulting from high-energy pipe rupture. At the other end of 

the spectrum are penetrators in military attack, against which 
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certain protective structures have to be designed. The ana

lysis of such problems has to consider not only large dis

placements, large strains, and highly nonlinear material laws , 

but also the provision for slide lines, so that parts of the 

structural model may slide relative to others. 

Blast loads due to chemical or nuclear explosions gen

erate shock waves, which subject structures to highly impul

sive loads. Once the shock waves hit the ground surface, they 

also generate ground motions very similar to earthquake ground 

motions. When s tudying the effects of weapons on protective 

structures, the various wave propagation effects have to be 

taken into account. 

Once the dy namic loads have been defined in whatever form 

was possible or appropriate, the equations of motion have to 

be solved. For a deterministic analysis, the load histories 

have to be known precisely. But most loads are not known 

precisely, therefore probabilis t ic methods or random vibration 

analysis methods are needed. These do not require determin

istic load input, but only certain statistical descriptions of 

them, such as the power spectral density, and they provide 

also the analysis results in terms of such statistical 

quantities. 

Unfortunately , probablistic methods are difficult to 

apply to nonlinear structures, such as reinforced concrete 

structures subjected to overloads . In such situations, it has 

become accepted practice to use numerical simulation, i . e . , a 

number 9f random functions are selected such that they satisfy 

the prescribed statistical properties of the random process. 

Each one of these sample functions is then treated as if it 

were a determin i stic function, for which the nonlinear 

structural response can be computed . The large number of 
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computed structural response functions can then be evaluated 

statistically. Such statistical response prediction is much 

more meaningful than the results of a single deterministic 

analysis, although also much more expensive, because many 

complete nonlinear dynamic analyses may have to be per

formed. But in many situations this is the only way to arrive 

at rational response predictions at all. 

The dynamic analysis of large nonlinear structures may 

pose oth~r difficulties as well, for example, those associated 

with excessive element distortions. When parts of the s truc

ture slide relative to others, slide lines have to be incor

porated (like in missile impact problems, where the missile 

may push out a plug}, which have to maintain equilibrium, 

compatibility , and the constitutive relations at the inter

face, including friction. When elements become excessively 

distorted, the commonly used Lagrangian formulations (wherein 

strains and stresses are expressed in a fixed global co 

ordinate system} will break down and rezoning may become 

necessary. In that case, a new regular element mesh is laid 

out, and the motions and stresses of the old, distorted 

elements are mapped into the new mesh layout. Eulerian 

formulations do not have this problem , because here element 

deformations and stresses are expressed in coordinates which 

are traveling with the elements. Hydrodynamic analysis 

programs therefore normally employ Eulerian formulations. 

NUMERICAL METHODS 

Once a structural analysis problem has been formulated, 

it has to be solved. If the problem were formulated in the 

form of differential equations, some closed-form solution 

would be sought. But in computer-based methods, continuous 

problems are discretized, resulting in as many algebraic 
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equations as there are degrees of freedom in the structure. 

The numerical tasks can be classified into three basic groups: 

1. Simultaneous solution of linear equations; 

2. Solution of eigenvalue problems; 

3. Numerical integration of differential equations. 

The solution of linear equations has already been 

discussed in connection with static analysis. The eigenvalue 

problem arises out of dynamic and buckling analyses. Dropping 

the loading and damping terms from the equations of motion 

leads to the free vibration problem , an eigenvalue problem 

with the structure"s frequencies and mode shapes as the 

solution (ll) If the geometric stiffness is included, the 

solution of the eigenvalue problem consists of the critical 

load and buckling mode shape. 

Even though a structure may be discretized spatially 

using the finite element method, the discretization in time is 

normally done by· finite differences, and some proper numerical 

integration method has to be employed to compute the 

solution . In most widely used computer codes, implicit 

formulations are used, wherein the equilibrium of the finite 

element system is enforced at the end of a time step. The 

resulting algebraic equations have to be solved for the 

incremental displacements (or accelerations) within this time 

step (Bl . Explicit formulations, which enforce equilibrium at 

the beginning of a time step, do not require the solution of 

linear equations for each time step during which the effective 

structure stiffness changes . Therefore it seems that explicit 

methods are much more efficient than implicit ones, but they 

are subject to stringent stabil i ty criteria, which require 

much smaller time steps than those necessary for implicit 

integration . The choice of the most efficient integration 

scheme therefore depends on whether it is more efficient to 
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take many small time steps, each one requiring relatively 

little effort, or much fewer larger time steps, each one 

requiring a lot more computation. 

Numerical methods have to be judged on the basis of their 

accuracy, stability and efficiency. Commercial programs 

seldom give the user the option of selecting a particular 

numerical solution method. But in order to avoid pitfalls, 

the user is advised to independently verify the correctness of 

the results. For linear elastic (especially static) problems 

this is almost unnecessary, because most linear equation 

solvers give acceptable answers, provided the structure is 

well-conditioned. But problems may arise in dynamic analyses, 

in particular if nonlinear effects are included. In such 

cases, the analyst should have complete control over which 

numerical method to use for a particular problem. 

SOFTWARE ENGINEERING 

Turning to software engineering, the third discipline of 

computer analysis of structures, we may offer the following 

definition: software engi.neering is the science of programming 

computers to help engineers achieve better or more economical 

designs, or both. 

Since engineers work in a production-oriented environ

ment, the computer use has to be seen from the viewpoints of 

productivity and competitiveness. All advanced engineering 

mechanics, numerical methods, and programming skills ought to 

serve the ultimate goal of solving real engineering prob

lems. Solving a mechanics problem that has no real engineer

ing application may be a curiosity, or even pure science, but 

it is definitely not engineering. Devising inefficient 

solution schemes won't help either. And writing programs 
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which are difficult or impossible to use is also a violation 

of basic principles. 

51 

Software engineering is the science of first identifying 

those procedures in the engineering design/ analysis process , 

which can be automated, and then developing software which 

puts the computer to use where it is of most benefit in terms 

of quality and economy of the final design end product . In 

spite of tremendous advances in computer science, there will 

remain many activities of the engineer which will not be 

automated economically for some time. Examples are pattern 

recognition, the storage of e xperience, and heuristic decision 

making rules . It is only in areas involving the quantitati ve 

data processing that the computer is clearly superior . 

Further advances in artificial intelligence research may 

possibly modify this assessment in the future, but for some 

time to come the computer will be used only for a certain 

share of the who.le task, while the e xperienced engineer will 

still be needed. 

The ingredients of software engineering can be grouped 

into means (hardware, systems software, data structures, data 

base management systems), attributes (reliability, modularity, 

maintainability, portability, upwards compatibility) and the 

user interface (documentation , user support, development) . 

Without a solid footing in all three, a commercial software 

developer will not stay in business for long. We shall look 

at them in some detail, not because we want to outline cri

teria for software developers , but because the user community 

ought to be awar1: of the basic standards and yardsticks by 

which commercial software should be measured . Software should 

not be what developers offer to the users, but rather what the 

users demand from the developers . 
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1. Hardware. The dizzying development in recent years 

in the field of microelectronics requires full-time efforts 

just to stay abreast. But program developers and users 

obviously have to be aware of what is or may become avail

able. Computers no longer cost millions of dollars. Minis, 

micros, personal computers, etc., now make computers afford

able to all engineering offices. Computer-aided design and 

manufacturing systems, especially, will change the average 

engineering office dramatically in the years to come. 

2. Systems Software . This serves as the important 

interface between applications software and hardware. Effi-

cient Fortran coding can reduce storage requirements and 

e xecution times, but the systems software can further optimize 

the execution of a program through optimum use of the computer 

resources. This is the exclusive domain of computer scient

ists, but we need effective communication with them , because 

as users we are also strongly affected by the systems 

software . 

3. Data Structures. Much progress has been made over 

the years regarding the structuring and handling of large 

amounts of data, such as may be involved in large finite 

element analyses. This subject is particularly acute when 

large amounts of data have to be handled in small computer 

memories. But disk storage space is still relatively 

expensive, therefore efficient data structures will save 

money. 

4. Data Base Management Systems (DBMS). This fashion

able word is used mostly in non-structural and even non

engineering applications . Aside from business applications 

such as personnel management, project control , etc , , an 

important engineering application is construction 
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management. But also in structural analysis programs, effi

cient data base management techniques can bring numerous 

benefits. 
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5. Reliability . A high probability of providing correct 

answers to a given problem is the most important of all soft

ware attributes. We don't want bugs or to allow the salesman 

to promise more than the program can deliver. Reliability is 

the opposite of error-proneness, i . e. , the chance of getting 

no answers or (even worse) wrong answers. A system or program 

abort alerts the user to an obvious problem. Also some wrong 

answers (displacements of 10 29 inch) attract the attention of 

the average user . But the worst errors are only of moderate 

magnitude, e.g . . involving factors such as 2 or 3 . It takes 

an experienced engineer with a critical and courageous mind to 

question the correctness of the results provided by the com

puter in such cases . 

6. Modularity. This is of primary concern to program 

developers, because it makes it easier to maintain and extend 

a program. 

7 . Maintainability. This quality stands for the degree 

with which a developer can respond to user requests and com

plaints and to changing environmental conditions, such as 

different hardware or systems software. It also stands for 

the ease with which errors can be isolated and corrected. 

Some large programs are written so poorly that successive 

modifications require progressively more effort for coding and 

checking , until a point is reached at which the program can be 

said to have suffocated under its own dead weight. 

8. Portabi.li ty . A program may be optimized to run 

extremely efficiently on your machine . But there may come the 
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day when you can get a computer twice as fast at half the 

cost. If it requires $100,000 to convert your program to the 

new machine, you have a problem . The solution is portability, 

which makes a program as machine-independent as possible. 

Unfortunately, system-dependent features can increase the 

program efficiency so drastically, that we cannot afford to go 

entirely without them. Therefore, all machine-dependent 

functions are concentrated in specially designated and easily 

replacable subroutines. 

9. Upwards Compatibility. This quality is invaluable 

when you wish to run, with some slight changes, a problem 

which you have analyzed five years ago. You may be able to 

produce the dusty card deck, but the program developer has 

meanwhile introduced 1001 changes to his program. If it 

accepts your card deck anyway, it is said to be upwards 

compatible. 

10. Documentation. Barely ten years ago, this was an 

unknown word among most programmers. There might exist an alf:2 

by 11 sheet with the program name, the programmer's name, and 

a two-paragraph description of what the program can do. 

Everything else was buried in the master's head and was lost 

if he quit his job or died. By now it has become apparent 

that a good program documentation is as important as the 

program itself; in other words, the commercial success of a 

program with limited capabilities but good documentation is 

decidedly better than that of an excellent program with poor 

documentation. As the most important interface element 

between user and program, it should consist of a theoretical 

manual, a programmer's manual, a user's manual, and a 

verification example manual. 

11. User Support. Although the program documentation, 
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if written properly, should leave nothing to ask, a human 

interface is also important. I am referring to that helpful 

chap at the other end of the telephone line, available 24 

hours a day, who does not get angry, no matter how stupid the 

question asked. It is his job to keep the user happy and the 

royalties rolling in. 

12. Development. This is another aspect of the user 

interface. Because the computing market is dynamic, the user 

needs keep changing. Code specifications, for example, such 

as the ACI, ASME and AISC codes, are updated periodically . A 

program has to undergo constant updating to stay abreast and 

remain competitive. New features and options have to be 

incorporated , restrictions relaxed, and user requests 

accommodated. Many new features may be required just for 

marketing purposes; the users may never need them, but it does 

not hurt to know they are there . 

In summary, it is obvious that a good, competitive, user

friendly program has to take all of the above i terns into 

account to remain competitive and to keep the users happy. 

For this reason, the initial development cost will be much 

higher, but this will appreciate or amortize at a considerably 

higher rate due to reduced maintenance cost. This is a 

typical example where the developer has to resist the investor 

mentality: never mind the product quality, as long as I get a 

quick return on my investment. Barely any other engineered 

product will pay as much dividend as a software system, 

prudently designed for maintainability and user-friendliness. 

GENERAL PURPOSE ANALYSIS PROGRAMS 

Let us now turn to general purpose static and dynamic 

analysis programs , which enjoy wide usage . These represent 
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investments ranging from hundreds of thousands to tens of 

millions of dollars. Some of them are in the public domain, 

i.e., they have been developed with government funding and can 

be obtained from government agencies such as COSMIC, or univer

sities, for mostly a nominal cost which is small compared to 

the cost of development plus maintenance. Without service or 

maintenance backup, such programs are generally of limited 

utility for the buyer unless he has the means to service them 

himself. 

Other programs are for sale by their private develop

ers. Purchase agreements va_ry widely and may or may not 

include the source code. The sale price is usually separate 

from a maintenance contract, which normally covers updates, 

error debugging, and limited user support. After purchasing 

the source, the user will be free to do with it as he pleases, 

i.e., to make modifications and additions, create stripped-

down versions, etc. But for obvious reasons there will be 

restrictions with regard to non-disclosure to third parties. 

The final category contains programs which the developer 

is not willing to sell, but only to lease. Access is provided 

through some computer networks. Here the user has no choice 

but to rely completely on the developer for providing error

free code -- a strong inducement to consider the program as a 

black box. 

In the following, a few comments on the most widely used 

programs are offered. Objective and complete program eval

uations and comparisons are time-consuming and difficult to 

make. ( 12- 17 ) The comments below are based mostly on my own 

experience ,and therefore likely to be subjective, of limited 

scope, and lopen to criticism by users with different 

experience. 
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LINEAR STRUCTURAL ANALYSIS PROGRAMS 

ASKA {_~utomatic ~ystem for ~inemati,c ~nalysis) is a 

general-purpose program developed by the Institute for Statics 

and Dynamics of Flight Structures (ISD} at the University of 

Stuttgart, Germany, under the directorship of Professor 

Argyris. ( 18 ) It is one of the most comprehensive programs 

available, in sheer volume of code rivaled possibly only by 

NASTRAN. Originally it was a strictly linear program , but in 

recent years, nonlinear versions have also been developed to 

handle geometric nonlinearities as well as plasticity and 

creep. From a software engineering standpoint, ASKA repre 

sents the state of the art. The e x tens ive element library 

permits the modeling of frames, two- and three-dimensional 

continua as well as axisymmetric shells and solids. 

The program is comparably difficult to use and requires a 

certain amount of familiarity obtained through formal training 

on the system. The program is widely used in Europe, but less 

in the United States. 

BERSAFE (Be,rkeley ~tructural ~nalysis by E_inite ~le

ments}, developed by the Central Electricity Generating Board 

at the Berkeley Nuclear Laboratory in England , is another 

system which started out as a linear program and was expanded 

in later years to treat nonlinear isotropic and anisotropic 

elasto-plastic probl~ms as we11 . <19 l According to the pub

lished literature, it has incorporated many state-of-the-art 

algorithms . Automatic interactive mesh generation and 

modifi.cation facil i ties and extensive data checks make it 

quite user-friendly . In this country, it is not widely used. 

EAL (~ngineering ~alysis ~anguage) is a large-scale data 

base oriented general purpose software system for engineering 

analysis, developed by Engineering Information Systems , Inc., 

of Jose , Calit . <20) Also marketed under the name EISI-EAL, it 
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is the successor to EISI-SPAR, providing a broad spectrum of 

computational and data management facilities, with primary 

emphasis on design and analysis functions based on finite 

element methods. Although originally marketed primarily among 

the aerospace industry, it has earned a high reputation also 

among civil engineering users as a reliable proprietary code 

with good support services, 

EASE (~las tic ~alysis for ~tructural ~ngineering) is a 

highly successful and widely used proprietary program, deve

loped by the Engineering Analysi s Corp. of Redondo Beach, 

California. Its success is due to its efficient algorithms, 

adequate element library, user-friendliness and a competent 

support staff.< 21 ) The currently distributed version is 

called EASE2. 

NASTRAN (NASA STRUCTURAL ANALYSIS) owes its existence to 

President Kennedy's vow to send a man to the moon. In 1965 

NASA awarded a contract to the Computer Science Corporation, 

with subcontractors McNeal-Schwendler, Martin Baltimore and 

Bell Aero Systems, to develop a program to solve all struct

ural analysis problems conceivable. Five years later, the 

first version was released with about 150,000 statements, at a 

cost of $3 to $4 million. The public domain version is still 

available from COSMIC, although without support for users in 

non-government agencies. ( 22) The McNeal-Schwendler Corp. has 

since developed the very successful proprietary version MSC

NASTRAN. In spite of the enormous size of the program, it has 

been installed on minicomputers such as the VAX( 23 ). Orig

inal-ly its appeal was limited mostly to the aerospace ind

ustry, but in recent years, NASTRAN has gained many satisfied 

users in other industries as well. 

SAP (~tructural ~alysis E_rogram) originated in the 

University of California at Berkeley under the guidance of 
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Professor Wilson <24 ) . The most widely distributed version is 

SAP4, of 1973, with some updates added in 1974. SAP is dist

inct from most other widely used programs in the following 

respects: 1. At the time of the first release, the element 

library and efficient solution algorithms represented the 

state of the art; 2. the clear and transparent programming 

is easy to work with and gave a generation of programmers t h e 

opportunity of learning good programming style; 3. a truly 

public-domain program, it is available from the University of 

California for very little cost; 4. on the negative side, 

the university offers no user support whatsoever; and 5. the 

program is difficult to use because of relatively poor input 

pre-processing and output post-processing. The program 

documentation is virtually nonexistent, the manual completely 

inadequate, and the file structure not state-of-the-art. As a 

result, many users develop their own proprietary versions, 

mo stly by adding pre - and post-processors, up t o the point of 

completely rewriting the program. Wilson himself has devel

oped a new proprietary version, SAP80, available from Struct

ural Analysis Programs in El Cerrito, Calif., for 16-bit 

micro-processors.< 25) 

In 1974, a SAP Users Group was formed at the University 

of Southern California, to provide limited user support for a 

membersh i p fee . A program version SAPS originated at USC, 

basically SAP4 plus a band-minimizer and a geometric stiffness 

matrix capability for buckling analysis. More recently , the 

SAP Users Group has acquired the proprietary version of 

Babcock and Wilcox, then called FESAP, and distributed it with 

further additions and modifications as SAP6. This is a rather 

efficient and modernized vesion of SAP4; the terms of agree

ment are very similar to those of other proprietary pro

grams. <26 > 
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STARDYNE is one of the oldest proprietary static and 

dynamic analy s is systems, developed by Mechanics Research Inc. 

in Los Angeles< 27 l. The first public release was 1968, and 

many new versions, especially with new dynamic capabilities, 

have been released si n ce. It is now a system of compatible 

structural analysis programs for static and dynamic loads and 

small displacements. The program has been very s uccessful. 

The numerical algorithms seem to be average and the eleme nt 

library somewhat outdated , but what counts most with users is 

the user-orientation and the support offe r ed by the devel

opers . Although data are input in fixed format , user s do n't 

seem to mind, and I have heard praises for the user's manual . 

STRUDL ( Structural _£es ign ~anguage) was developed at t he 

MIT as a part of the l._ntegrated _s:_i v il _§_ngineering .§_ys t e m 

(ICES) Project , a cooperative venture of MIT , IBM and va r iou s 

government agencies.< 28 ) The public domain vers ion i s prob

ably still available from MIT, but has a multitude of e rro rs 

and no support. For this reason, commercial versio ns are 

being offered, the most popular ones being the McAUTO 

Version< 29 ) and GTSTRUDL()O), a version developed and extended 

by the Georgia Institute of Technology under the direction o f 

Professor Emkin . In its class of user-oriented general

purpose programs, probably no other program is as widely used 

as STRUDL. It is particularly popular among structural engin

eers . There exists an ICES User' s Group with worldwide me m

bership, newsletters and user conferences , The best feature 

of STRUDL is a rel a tively easy-to-learn free-format user

oriented input language which allows the user much flexibility 

in defining a structure and setting up an analysis . Capa

bilities and reliability depend very much on the version used 

and the maintenance support available. The commercial 

versions are under continuing development. The element 
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library and analy sis options are constantly updated, and 

limited design capabilities are also now available , such as 

stress checks according to the ACI and AISC specifications. 
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SUPERB i s a general-purpose finite element code developed 

by the Structural Dynamics Research Corp. of Milford, 

Ohio.< 31 , 32 ) It is an efficient integrated system, especially 

if used together with the advanced interactive pre-processor 

program called SlJPERTAB. 

NONLINEAR STRUCTURAL ANALYSIS PROGRAMS 

Before turning to nonlinear general-purpose programs, a 

few preliminary c omments are in order. Potential users of 

such programs are reminded that all such programs are dif

ficult to use, notwithstanding the assurances to the contrary 

by the various promoters. Such programs require sophisticated 

users with advanced knowledge of structural mechanics and 

numerical methods. Black-box usag_e of such programs without 

any appreciation of their inner workings is a sure road to 

disaster. Not only are these programs difficult to use, they 

are also seldom user-friendly . I t could be a rgued that such 

an extra barrier against wide usage is rather desirable in 

order to deter unqualified users. Below, some codes are 

listed, which were developed specifically for nonlinear 

applications . As mentioned earlier, to many of the originally 

linear codes some nonlinear options were added over the 

years. But the programs listed below were written primarily 

to solve nonlinear problems. Only codes based on Lagrangian 

formulations a re included, since Eulerian codes are used 

primarily for hydrodynamic applications and are therefore 

outside the scope of this survey. Also omitted are finite 

difference codes , both with Eulerian and Lagrangian formula

tions, because their use in conventional civil engineering 
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applications is rather limited.< 33 > 

ABAQUS, developed by Hibbitt, Karlsson & Sorenson, Inc. 

of Providence, Rhode Island, is the most recent addition to 

nonlinear codes.< 34 ) In spite of its relatively recent 

release, the program has already earned high marks, especially 

in the nuclear and oil industries, because of powerful capa

.bilities, good documentation, and many user-friendly 

features.< 35 ) With solid user support and new developments, 

the program can be expected to increase its popularity. 

ADINA (~utomated _Qynamic ..!_ncremental Nonlinear ~nalysis) 

is a modern and efficient code written by Professor Bathe of 

the MIT. <36 ) It has a good library of state-of-the-art 

elements and material models . An ADINA Users Group consisting 

of a number of industrial users in the US and abroad has 

supported further development and held periodic users confer

ences at the MIT. The basic program is available from Prof

essor Bathe, but a somewhat more user-friendly proprietary 

version is now installed on various computer networks, 

supported by ADINA Engineering Inc. in Watertown Mass

achusetts. The program is used primarily in the nuclear power 

industry and by some defense contractors . <37 > 

ANSR (~nalysis of .!:!_onlinear .§_tructural B_esponse) is a 

general-purpose program written by Professor Po~ell and his 

students at the University of California at Berkeley.< 38 ) The 

latest version, ANSR-2, is an improvement of an earlier ANSR-1 

version and can be considered as a replacement of an even 

earlier program, DRAIN-2D. <39 ) ANSR is conceived as an 

efficient analysis tool, particularly well-suited for research 

purposes. The user has numerous options available for 

solution strategies, but in order to make the program more 

user-oriented, good pre- and post-processors will have to be 

added . The individual elements are documented in a series of 
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Berkeley research reports . 

ANSYS was developed by Dr. Swanson of Swanson Analysis 

Systems Inc. of Houston, Pennsylvania.( 40) It is probably the 

most successful commercial nonlinear analys i s program , pri

marily because it can be used without loss of efficiency (and 

it is in fact heavily used) for l1near analysis as well, 

making the nonlinear option a very attractive feature. Also, 

the program has a solid reputation for dependable user support 

and good user-orientation . It is much older than most of the 

other programs, therefore it may be less efficient in certain 

cases, but for users this is often of secondary importance. 

If they are well familiar with the linear analysis portion of 

the code, the danger of misuse is lessened somewhat if it is 

used also to investigate certain nonlinear effects . 

DYNA, developed by Dr. Hallquist of the Lawrence Liver

more National Laboratory , exists in two versions, DYNA-2D and 

DYNA-3D, which are based on an explicit integration of the 

equations of motion. ( 41 • 42 ) Highly optimized for computers 

such as the CRAY and CDC 7600, they are among the most effi

cient codes avai l able and represent the state of the art in 

computational mechanics , but they are neither user-friendly 

nor are there many people knowledgeable enough to use them 

effectively. 

EPIC was developed by the Defense Systems Division of 

Honeywell Inc . of Hopkins , Minnesota ,( 43 ) and has many capa

bilities to analyze nonlinear effects in complex structures . 

MARC, written by Dr. Marcal of ~areal ~nalysis ~esearch 

~orporation in Palo Alto , California, was probably the first 

general-purpose nonlinear analysis program. During the last 

15 years it has maintained its position among the most widely 

used commercial programs , and the user support is good . How

e ver, proper use of the advanced features of the program is 

far from easy. ( 44, ) 
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NIKE, developed by Dr. Hallquist of thw Lawrence Liver

more National Laboratory, exists in two versions, NIKE-2D and 

NIKE-3D. They are very similar to the DYNA codes mentioned 

above, except that they use implicit integration of the 

equations of motion< 45 •46 >. Highly optimized for advanced 

mainframe computers, they represent the state of the art with 

regard to computational efficiency of engine ering mechanics . 

These codes are not at all easy to use, even though graphic 

packages are available for pre- and post-processing of data. 

NONSAP is the nonlinear version of SAP, written by Wilson 

and Bathe at the University of California at Berkeley and can 

be considered a predecessor of ADINA. Its advantage is that , 

as a public domain program, its cost is very low. The dis

advantage is its restriction to in-core solutions and the lack 

of user support. For research and development it can serve 

good purposes in a s i milar way as SAP does in the linear 

domain.< 47 > 

IDEALIZATION OF STRUCTURES 

The best and most powerful programs in the world do not 

mean anything if we don't know how to make good use of them. 

This means we have to be able to correctly model the structure 

to be analyzed. This is a problem regularly encountered in 

engineering practice . After graduation from school, few 

engineers will be asked to write programs. Most of them will 

be asked to use programs. But if we look at our libraries, we 

shall find plenty of books on the theory of dynamic analysis , 

structural analysis, finite elements, etc., i.e. the theory on 

which programs are based. There are no books that tell the 

engineer how to use programs correctly or how to model 

structures for analysis. The reason may be that the pro

fessors who usually write books either have insufficient 

experience with applications in engineering practice, or no 
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interest, while the practioners are seldom given the time or 

the opportunity to document their experience. Moreover, 

mathematical modeling of structures is an art, something you 

learn mostly by experience, which is not easily taught or 

described in a book. Below, J will try to give a few guide

lines, which could make the sometimes painful process of 

learning and gaining experience a little easier. More 

information can be found in Refs. 48 and 49. 
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Modeling, like designing, is based on the skill of making 

correct assumptions. Some of these are obvious to everybody, 

but others appear sometimes to be very daring and will have to 

be verified. In some cases this is not easy or even possible, 

because of limitations of the current state of the art. In 

design, it is always relatively straightforward to come back 

and check whether the design assumptions were valid or not.The 

verification of analysis assumptions is much more dif-

ficult. The degree to which it is possible is the measure of 

the confidence that we have in the correctness of the mathe

matical model and the results obtained with it. 

Step 1. The idealization of a structure starts with the 

study of the engineering drawings. For complicated structures 

or pieces of equipment, this can be a time-consuming task , 

requiring the engineer to visualize a structure in three

dimensional space. 

Step 2. Abstraction of nonstructural components. Nobody 

can tell us what is nonstructural and what is not , so we have 

to make our own assumptions, in line with standard practice . 

For example, partitions, windows, curtain walls, insulation on 

piping, etc., are normally regarded as having negligible 

influence on the structural response to load. But we know 

very well that this is not necessarily the case. For example, 

partitions can strongly influence the seismic response of tall 

buildings. 
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Step 3. Idealization of structural components. The 

identification of "beams" in a concrete floor system is 

somewhat regulated by the ACI Code, but a closer look at the 

problem will reveal h ow daring such assumptions are. In 

complex machinery, we may wish to consider an assemblage of 

plates, welded into something resembling a box section, as a 

beam. Cut-outs, bevels, diaphragms, and appendages may be 

ignored for the time being, but we have to ask ourselves about 

the justification. If in doubt, we should come back later and 

model the component in question in more detail . 

Step 4. Linearization of nonlinear behavior. For ex

ample, it takes courage to analyze reinforced concrete as if 

it were a linear material. But if designed properly, it is a 

forgiving material, just like steel, forgiving our ignorance 

or unwillingness to compute more realistically. 

Step 5. Appropriate representation of loading. All 

loads are subject to uncertainties and randomness in space and 

time. Even dead load is not as well known as often assumed. 

The most uncertain loads, such as wind or earthquake ground 

motions, have to be modeled nS random processes in order to 

permit response predictions that are meaningful. 

Step 6. Finite element mesh design. This is a difficult 

task, although with modern interactive graphics pre-processors, 

it is much less laborious than it used to be. The objective is 

to "guess" the response and design the mesh accordingly, 

especially with regard to the required level of refinement. 

For example, in areas of expected stress concentrations, a fine 

mesh should be used. This task may take several trials and 

errors and experience concerning the approprite level of 

refinement. Often, a simple stick model, consisting only of 

beams and lumped masses (for dynamic analysis) suffices. If 

there is reason to believe that such a crude model is inade

quate, we can always come back later and design a more refined 
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model. But the level of refinement has to correspond to the 

level of knowledge of the materials and loads. It simply i s 

not justified to model each nut and bolt in a complicated piece 

of equipment, for which the loading is highly uncertain, 

Step 7. Boundary conditions. Mathematical boundary 

conditions should simulate the~ealistic conditions as closely 

as possible. Note that clever use of symmetry can reduce the 

computational effort considerably . 

Step 8 . Data checking. The various computer graphics 

packages are inva l uable tools , because they can help in 

revealing incorrect coordinates and improper connectivity 

between structural members . 

Step 9 . Static analysis. If the actual loads are 

static, this may be the final run. But even then, it is 

ad v isable to first analyze the structure for some very simple 

basic loading conditions, for which the answers are either 

known or easily checked by hand. This will give us confidence 

in the correctness of the model and the answers it provides 

later for the actual loading. Even if the actual loads are of 

a dynamic nature, it pays to make a number of static analysis 

runs to test the correctness of the external boundary condi

tions, the internal connectivity, the reactions and material 

properties. The static analysis verifies the correct stiff

ness characteristics and is an excellent check of the input 

data . 

Step 10 . Eigenvalue analysis. If the loads are dynamic , 

then an ei_genvalue analysis should be performed , whether or 

not the mode shapes and frequencies are needed subsequently 

for a modal analysis or response spectrum analysis . This 

analysis identifie,s rigid body modes, verifies the correctness 

of the structure mass and also the stiffness in additional 

detail. If some mode shapes and frequencies are already 

known, for example, from an experiment , then we can fine-tune 
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the model against these results. We can use this phase to get 

a better feeling for the structural behavior . Rushing through 

this phase may mean beating the deadline, but possibly at the 

expense of obtaining wrong answers without even knowing it. 

It is quite common that dynamic finite element analysis gives 

wrong answers , which look reasonable. In design, the results 

can be checked against code-prescribed stresses or deflec

tions. In analysis, there often are no criteria to check the 

answers against. The only way to proceed in such cases is to 

gradually build up our confidence in the model by reproducing 

known answers. Then we can dare to predict answers to a 

problem for which the answers cannot be verified . 

Step 11. Steady-state vibration analysis. Such an 

analysis is recommended as a further check, for example, in 

order to verify the natural frequencies in a frequency sweep . 

Step 12 . Transient analysis . Before analyzing the 

structure for the actual transient loads, we may want to 

choose first a few simple loads such as an initial impulse or 

step function. Such studies can be used to compare different 

integration schemes , for example , modal analysis versus direct 

integration , explicit versus implicit integration. This phase 

serves also to test not only the model but also the program 

itself, by executing all options needed in the final run . 

Besides, it is always nice to get answers which we can check 

readily. 

Step 13. The final production run that is, if you 

haven't been fired yet. The supervisor is very like ly to be 

impatient by now, blaming those Ph . D.s who make a research 

project out of each job. But in this phase, you can turn out 

parameter studies , sensitivity studies , analyses of details 

and design modifications about as fast as the turna round time 

permits, provided you have not cut corners earlier. Now comes 

the time to enjoy the satisfaction of a job well done . 
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EXAMPLES 

A few examples shall illustrate some of the points made 

earlier . Fig. 2 shows the French-built bulb turbines for the 

Rock Island Hydro,:lectric Project on the Columbia River. Each 

turbine casing is supported by two conc r ete pedestals and six 

radial stay vanes anchored in the concrete frame, schemat

ically illustrated in Fig. 3. The designers needed to know 

the stiffness of the support frame in order to design the 

turbine casing. Only a three-dimensional finite element 

analysis was considered adequate for this task . Because of 

symmetry , only half of a typical unit for two turbines was 

modeled, Fig . 4 . By applying one unit displacement at a time 

at the various vane support nodes , the required stiffness 

coefficients could be determined directly. Program STRUDL was 

used to solve this problem. 

Fig . 5 shows an interesting sculpture, entitled "Stairway 

to Nowhere, " situated on the Atlantic Richfield Plaza in 

downtown Los Angeles. The sculpture is built up with hollow 

metal boxes , which are bolted together. In order to analyze 

this structure , it is worthwhile to recall some of the basic 

steps of the direct stiffness method and the meaning of a 

finite element. Each bo x can be considered to be a "finite 

element ," with a finite number of degrees of freedom, which 

interacts with the neighboring elements through six bolts 

having three force components e ach , Fig . 6 . Thus, we can 

build a finite eleme nt model of a typical box and analyze it 

for 18 loading conditions, one displacement component at a 

time , to obtain the 18 by 18 finite element stiffness. Since 

all boxes are alike, we can transform the nine freedoms of the 

upper level to the local coordinate system of the next box, so 

that the "global" element stiffness has to be computed only 

once . The structure stiffness is then assembled according to 
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the rules of the direct stiffness method. 

The last example is the main propulsion unit of a modern 

ship. Fig . 7 illustrates the entire unit, including the major 

equipment, while Fig. 8 shows an abstracted view of the 

subbase without the equipment, but with the support structure 

down to the ship's hull . A simple "stick" model is shown in 

Fig. 9, consisting only of beam elements. For a more detailed 

study of the complex plate assembly , a more detailed model 

including plate finite elements was constructed, Fig . 10. 

Both models were rigorously tested according to the step-by

stp procedure described earlier. Further details can be found 

in Ref. 47. 

FUTURE OUTLOOK 

Computer methods have made possible unprecedented prog

ress in structural analysis and design in the last 20 years. 

Allhough the future will surely bring similar changes, it is 

not yet possible to make specific predictions. It can be 

said , however, that future progress will depend largely on how 

well the gap between program developers (researchers) a nd 

practitioners can be bridged , so that the profession can take 

full advantage of the electronic hardware yet to come. 

A second factor which will have a major impact on the 

future development is the availability of personal compu

ters . Until now many employers felt fit to endow their 

secretaries with more capital investment (in the form of 

typewriters and word processors) than their e ngineers. In the 

future, this will not matter, because computers will become so 

inexpensive that the engineers themselves will buy them if 

their employers don't . This will completely change their 

attitudes toward computers, the way they work, the way they 

set priorities and the way they think. 

A third source of change is the emergence of computer 
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graphics, without which computer aided design would not be 

what it is now and what it promises to become. It greatly 

enhances user-friendliness of analysis software and improves 

communication with the computer. With the help of interactive 

graphic pre- and post-processors, the productivity and effect

iveness of the engineer will be largely improved. 

I foresee a gradual elevation of the status of the engin

eer, which will overcome even the traditional inertia of 

employers: endowed with a personal workstation, he will more 

and more assume the position of a true profes sional, relying 

on his experience and expertise to analyze and design struct

ures. The computer will free him of tedious and time

consuming tasks, reducing the need for specialization and 

fragmentation of the work force. 

In this development education will be instrumental. Our 

universitites will ha ve to take on the burden of preparing 

their students for this new working environment. If e very

thing were to continue as it has in the past, we wi ll have 

large numbers of unqualified people running powerful software 

and obtaining useless or misleading results. The introduction 

of computers into school curricula has become standard by now , 

but a basic Fortran course and possibly a matrix structural 

analysis course are insufficient. We will have to teach our 

students all the basics needed to make proper and effective 

use of software packages offered in engineering practice , 

There are no ready solutions. In the past it has been pro

posed that individual users ought to undergo formal training 

in data processing and automatic calculation, after the 

successful completion of which they would be licensed to use a 

particular software system. (SO) Some valid criticism has been 

brought up against such licensing procedures, but so far no 

better alternatives have been proposed. 
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APPENDIX - SOFTWARE SUPPLIERS 

1. ASKA 

Institut fur Statik and Dynamik 
University of Stuttgart 
Pfaffenwaldring 27 
7 Stuttgart 80 
Germany 

Attn: Prof. J.H. Argyris 

2. BERSAFE 

Central Electricity Generating Board 
Research and Development Department 
Berkeley National Laboratories 
Berkeley, Gloucestershire GL13 9PB 
England 

Attn: Dr. T.K. Hellen 

3. EAL 

Engineering Information Systems 
5120 Campbell Ave., Suite 240 
San Jose, California 

Attn: Dr . W.D. Whetstone 

4. EASE 

Engineering Analysis Corporation 
25200 Karbonne Ave. 
Lomita, California 90717 

Attn. F.E. Peterson 

5. NASTRAN 

COSMIC 
Barrows Hall, Suite 112 
University of Georgia 
Athens, Georgia 30602 

Attn: R.L. Brugh 

The MacNeal-SchwE~ndler Corp. 
7442 North Figueroa Street 
Los Angeles, Cal i fornia 90041 

Attn: Dr. c.w. McCormick 

6. SAP4, NONSAP 

NISEE/Computer Applications 
Davis Hall 
University of California 
Berkeley, California 94720 

Attn: Ken Wong 

7. SAPS, SAP6 
SAP Users Group 

Phone: (408) 379-0730 

Phone: (213) 530-3273 

Phone: (404) 542-3265 

Phone: ( 213) 254-3456 

Phone: (415) 642-5113 

Department of Civil Engineering, VHE 406 
University of Southern California 
University Park 
Los Angeles, California 90007 

Attn: Prof. V.I. Weingarten Phone: (213) 741-5508 
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8. SAP80 
Structural Analys i s Programs 
1050 Leneve Avenue 
El Cerrito, California 94530 

Attn: Prof. E.L. Wilson 

9. STARDYNE 

System Development Corp. 
360 North Sepulveda Boulevard 
El Segundo, California 90245 

Attn: Dr. R. Rosen 

10. STRUDL 

ICES Users Group Inc. 
PO Box 8243 
Cranston, Rhode Island 02920 

Attn: Fedrick E. Hajjar 

Phone: (415) 642-3743 

Phone: (213) 615-1554 

Phone: (401) 885-1688 

Civil Engineering Department 
Massachusetts Institute of Technology 
Cambridge, Massachusetts 02139 

Attn: Prof . R.D. Logcher Phone: (617) 253-7101 

McDonnell Douglas Automation Co. 
PO Box 516 
St. Louis, Missouri 63166 

Attn: Dr, B.B. Flachsbart 

GTICES Systems Laboratory 
School of Civil Engineering 
Georgia I nstitute of Technology 
Atlanta, Georgia 30332 

Attn: Prof. L.Z . Emkin 

11 . SUPERB 
Structural Dynamics Research Corp. 
2000 Eastman Drive 
Milford, Ohio 45150 

Phone: ( 314) 23 2-5569 

Phone: (404) 894-2229 

Attn : V.T. Nicholas Phone: (513) 576-2400 

12 . ABAQUS 

Hibbitt, Karlsson & Sorensen, Inc . 
35 South Angell Street 
Providence, Rhode Island 02906 

Attn: Dr . M. D. Hibbitt Phone: (401) 861-0820 

13 . ADINA 

Adina Eng i neering , Inc. 
71 Elton Avenue 
Waterto~n. Massachusetts 02172 

Attn: Prof . K.J . Bathe 

14, ANSR, DRAI N-2D 

NISEE/Computer Applications 
Davis Hall 
University of California 
Berkeley, California 94720 

Attn: Prof . G. H. Powell 

Phone: (617) 926-5911 

Phone: (415) 642-4373 
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15. ANSYS 

Swanson Analysis Systems, Inc . 
Johnson Road 
PO Box 65 
Houston, Pennsylvania 15342 

Attn: Dr. J.A. Swanson 

16. DYNA, NIKE 

Phone: ( 412) 746-3304 

Lawrence Livermore National Laboratory 
PO Box 808 
Mail Stop Ll22 
Livermore, California 94550 

Attn: Dr. J.O . Hallquist Phone: (415) 422-8756 

17. EPIC 

Defense Systems Division 
Honeywell Inc . 
600 Second Street NE 
Hopkins, Minnesota 55343 

Attn: Dr. G.R. Johnson 

18. MARC 

Marc Analysis Research Corp. 
260 Sheridan Avenue, Suite 200 
Palo Alto, California 94306 

Attn : Dr. P.V. Marcal 

Phone: ( 612 l 870-5200 

Phone: (415) 326-7511 
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Fig. 2 Plan V~ew and Elevation of Bulb Turbines in 
Hydroelectric Plant Project 
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Fig. 5 "Stairway to Nowhere" Sculpture 

Fig. 6 

Coordinate System 

Coordinate System 

for Level n 

Degrees of Freedom of Typical Step 



COMPUTER BASED STRUCTURAL ANALYSIS 83 

! t=~~.~ 
w..... .-
•"-- -~ 

•• H,ltL++r±,-. '-~~-~··'!)!,I -=-j =±=-J - -

b) ELEVATION 

Fig. 7 Ship Main Propulsion Unit - Plan and Elevation 

''.s:.1• 

t. 
·,;,.1-1 

I 

Fig. 8 

a) VIEW FROM A,FT 

,,,.,, 
•••r,o,oo-

b)VIEW FROM FWD 

-~h-c----l.;l·-----L_J 

_TJ 
.-,::::l 

F'"~.11 

r--1-','-µ, J 
1J-'~,,--

>----------.u',._ 

Ship Main Prop·ulsion Unit - Forward and Aft view 



84 BOSTON SOCIETY OF CIVIL ENGINEERS SECTION, ASCE 

Pig. 9 Rendering of Starboard Mai n Propulsion Unit Subbase 
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Model of Main Propulsion Unit Using Beam and Plate 
Elements 






