
Roskilde
University

Engineering science and reality

Pedersen, Stig Andur; Jakobsen, Arne

Publication date:
2003

Document Version
Publisher's PDF, also known as Version of record

Citation for published version (APA):
Pedersen, S. A., & Jakobsen, A. (2003). Engineering science and reality. Roskilde Universitet. Filosofi og
videnskabsteori på Roskilde Universitetscenter, 3. række: Preprints og reprints No. 8

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain.
            • You may freely distribute the URL identifying the publication in the public portal.
Take down policy
If you believe that this document breaches copyright please contact rucforsk@kb.dk providing details, and we will remove access to the work
immediately and investigate your claim.

Download date: 22. May. 2023



ROSKILDE UNIVERSITETSCENTER ROSKILDE UNIVERSITY
Faggruppen for filosofi og Section for philosophy
videnskabsteori and science studies

Engineering Science and The Reality

ARNE JACOBSEN OG STIG ANDUR PEDERSEN

F I L O S O F I O G V I D E N S K A B S T E O R I P Å
R O S K I L D E U N I V E R S I T E T S C E N T E R

3. Række: Preprints og reprints

2003 Nr. 8



Referee: Vincent Hendricks



Engineering Science and Reality

Arne Jakobsen Stig Andur Pedersen

Contents

1 Introduction 1

2 Theory, Research Objects and Model Objects 3
2.1 Preparation of Research Objects . . . . . . . . . . . . . . . . . 4
2.2 Construction of Model Objects . . . . . . . . . . . . . . . . . 5

3 Scientific Reasoning 9
3.1 Theories as Hypothetico-Deductive Systems . . . . . . . . . . 10
3.2 Types of Scientific Reasoning . . . . . . . . . . . . . . . . . . 11
3.3 Model Building Skills . . . . . . . . . . . . . . . . . . . . . . . 13

4 Hierarchical Levels in a Theoretical Framework 15

5 An Example from Engineering Science 16

6 Truth and Reality 23

7 Aknowledgements 26

1 Introduction

The subject-matter of natural science is not in general ordinary life objects
and phenomena as we see them in our daily life. The objects and phenomena
under scrutiny by scientists are carefully delimited from their environment.
They are idealised and transformed to such a degree that many of them
do not have natural counterparts. For instance, when molecular biologists
or pharmacologists study how various drugs are transported over biological
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membranes they do it by taking test samples of tissue and cultivate them in
artificial environments and eventually decompose them into molecular parts.
This is a long and complex process which is difficult to control and inter-
pret correctly. So, what the scientist eventually measures are variables, e.g.
concentrations of enzymes, proteins, etc., which are related to the original
biological tissue in a very indirectly and complex way. The biologist can-
not see the membrane directly only indirectly as constructed pictures made
by advanced equipment like electron microscopes, MR scanners, ultra sound
instruments and the like.

The situation in engineering research is similar. Studies of strength of
various building components, for instance, are in many cases based on labo-
ratory test samples which are isolated and manipulated in ways that make
them appear very different from how they would look like at real building
sites.

The process of preparation and delimitation of objects such that they
can be studied scientifically leads to the construction of what we shall call
model objects. These objects are abstract constructions. But they are the
objects that scientific theories are about and construction of these objects is
an essential part of scientific reasoning.

It is well-known that reasoning in natural and engineering science involves
complex structures of hypothetico-deductive systems where principles, laws,
and empirical generalisations are hierarchically ordered with respect to epis-
temological significance. We shall briefly discuss such systems and their role
in scientific reasoning.

As model objects in a sense are theoretical constructions we must face
the problem of how scientific theories are related to the reality. The paper
ends with a few reflections on truth and reality.

It should be noted, that engineering science has as its main object of
research artifacts like pumps, industrial plants, electronic devices and build-
ings. It is impossible to define such artificial objects completely in naturalistic
terms. They have an intentional side. One must consider the nature of the
goals they serve. For instance, a water pump serves the goal of pumping
water from a well, and such a machine is not well defined unless this goal is
taken into consideration.

The intentional side of artifacts has not in a sufficient way been taken into
account in studies of engineering science. As artifacts ultimately must serve
certain functions in society engineering science and work must include consid-
erations of immaterial and intentional phenomena like production, planning,
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organisation and other circumstances of general economical and societal sig-
nificance. These are aspects which traditionally belong to the social sciences
and in some cases the humanities. Hence, engineering science covers an ex-
tremely broad spectrum of activities. Many engineering fields of study cannot
be characterised as only belonging to the natural sciences. However, in this
paper we shall only treat those naturalistic aspects of engineering research
which can be considered as being epistemologically similar to what one finds
in natural sciences. Intentional phenomena will not be taken up in this paper.

2 Theory, Research Objects and Model Ob-

jects

As already mentioned, scientists manipulate, idealise and transform their
research objects in the laboratory such that the properties and partial aspects
of the object, in which they are interested, are isolated and appear as pure
as possible. They eliminate all kinds of irrelevant and disturbing properties
so that they can be as certain as possible that the single aspect or property
under study is present and not disturbed by irrelevant factors. For example,
when solid state physicists are studying magnetic properties of metals they
abstract from the mechanical and electric properties of these metals and they
make sure that all possible disturbing magnetic fields are kept away. We call
this process of delimiting a research object a preparation process.

It is evident that this process of preparation of the research object re-
quires theoretical considerations. The solid state physicists must know that
there are no interactions between gravitational and magnetic forces and they
must know theoretically how to shield off other fields. Without such knowl-
edge they would not be able to prepare correctly a research object and their
experimental work would be useless. Consequently, the preparation process
requires theory both as a tool for selecting relevant properties of the research
object and as a tool for assessing the correctness of the preparation of the
research object. It requires theoretical considerations to make sure that the
research object is an adequate representation of the reality.

By ”reality” we mean the world as it look for us as ordinary people.
We do not mean anything metaphysically complex. What we want to stress
is that natural sciences, and also many engineering research fields, are not
directly about the world as it appears to us. They are about highly idealised
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and abstract features of this world, and even for engineering research it is
often difficult to see how such research has anything relevant to say about
the world as we know it, and it is not unproblematic to transfer results from
the laboratory to the real world and use them for actual engineering design.

2.1 Preparation of Research Objects

The preparation process involves at least three partial processes. First, the
part of the reality which we want to study is delimited from its environment.
We may, for instance, be interested in the study of how a certain drug influ-
ences a membrane in the brain of a human being. The object under study is
delimited to this membrane, and the membrane is so to speak isolated from
the other parts of the human being.

Secondly, we ignore all properties of the membrane except some of its
electrochemical properties which we want to measure. This is an abstraction
process. We abstract from all properties except one or a few which we want
to study experimentally. In this way we end up with a generic object. All
relevant properties are lifted to this generic membrane. Consequently, when
relevant properties of the concrete membrane are determined they are being
considered as being properties of all membranes of that generic type. Re-
search is not about properties of concrete tokens but about those properties
that can be lifted to generic types of objects.

Thirdly, we also idealise the object. We consider the membrane to be an
ideal, homogeneous and generic exemplar of the actual membrane. That is,
the parameters we are measuring are supposed to be valid for any membrane
of the correct type and not only valid for the actual membrane under consid-
eration. All inhomonegieties and imperfections which characterise the actual
membrane are smoothed out. In praxis this is done by considering varia-
tions in measurements as noise which must be eliminated by, for instance,
statistical analysis.

The result of the preparation process is an isolated object which is pre-
cisely demarcated from its surroundings and processed such that it can be
manipulated in a controlled way. Furthermore, it is considered as an instance
of a perfect, generic object. Consequently, the research object can be defined
as an isolated and manipulated part of the world which is conceptualised as
an instance of a generic object.

We have given a biological example. But it is an easy matter to give en-
gineering examples. Consider, for instance, the study of oscillations of steel
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bars. When we want to study eigenoscillations of steel bars we delimit the
bar from disturbing parts of its environment, we abstract from all proper-
ties which are irrelevant for the study of its vibrations, and we idealise by
considering it as a perfect, homogeneous bar. Although we of course are
making measurements on real bars we consider these measurements as being
properties of the perfect, generic bar. All variations and irregularities caused
by the imperfections of the actual bar in the laboratory are smoothed out
and considered as unintended disturbances. The bar is conceptualised as a
generic bar.

2.2 Construction of Model Objects

The research object has been defined as the result of a preparation process.
Although the object is physically real it is considered as an abstract entity.
The preparation process involves at least three aspects: (i) delimitation of the
object, (ii) abstraction from irrelevant properties, and (iii) idealisation. This
process leads to a complex artifact, the research object, which is an isolated
and manipulated entity conceptualised as a perfect generic object. All basic
properties measured and analysed in the laboratory are comprehended as
properties of the generic object. The actual object represents the generic
object.

As an example consider measurements of the gravitational field of the
Earth as part of precision surveying. In mountain areas like Greenland grav-
itational measurements are made on locations at different altitudes. Such
measurements are not compatible unless they are transformed such as to re-
fer to the same altitude. That is done by introducing the geoid. Broadly
speaking the geoid is defined to be the object bordered by the equipotential
surface of the gravitational field at sea level. This surface is an abstract
generic object which is used to define the form of the Earth as a research
object. The geoid is an abstract planet which is as similar to the Earth as
possible. It has the same mass, the same axis of rotation, the same angu-
lar velocity, etc. But it does not exist as a real object. It is a conceptual
model. When geodesists talk about the gravitational field they usually refer
to the gravitational field of the geoid. All kinds of geodesic measurements are
planned and prepared in such a way that they can be construed as measure-
ments of properties of the geoid. The Earth is from a geodesic point of view
considered as being identified with the geoid. The actual earth represents
this generic object, the geoid.
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Consequently, research objects are not only objects as they appear to
us unaffected as part of the environment. They are delimited and modified
in such a way that they can be regarded as instances of abstract generic
objects. Such abstract generic objects are called model objects. Consequently,
a research object is an entity which can be viewed as an instance of a model
object. Model objects are abstract conceptual entities, and they are the
proper targets of scientific theories. The geoid is a model object. The real
earth is an empirical objects. But when the earth is studied by geodecists
it is considered as representing the geoid. All measurements are reduced in
such a way that they appear as being made on the abstract model object:
the geoid.

So far we have discussed two interrelated processes: Preparation of the
research object and construction of a model object which conceptually repre-
sents the research object. The research object is prepared in such a way that
it fits the model object as truthfully as possible. Usually further idealisations
are made during the theoretical investigation of the research object and its
properties. Thus, if one is studying vibrations of a homogeneous bar it is
often assumed that these vibrations can be described by linear equations,
or, if that is not sufficient, one only takes second order non-linearities into
account. In this way we construct even more abstract and idealised model
objects. Whole series of models objects may be constructed during this fur-
ther generalisation process. In many cases this is a necessary condition for
existing theories to be applicable. More and more abstract model objects are
being constructed in such a way that it is possible to get through with nu-
merical or analytical solutions of the fundamental equations which describe
the problem under consideration.

As a specific example of such a model object construction in an engineer-
ing field we shall consider a project in which certain dynamic and structural
features of a human shin-bone are studied experimentally [7]. One wants to
know how such bones react when they are exposed to various kinds of loading
conditions. Knowledge of this kind is important in many medical contexts.
For instance, it is important as basis for design when various kinds of pros-
theses are being developed. The research object was confined to mechanical
properties of a well-defined carved piece of a shin-bone. Only structural
eigenoscillations in a certain frequency domain were considered, and the ob-
ject was prepared by cutting it out of a real human leg, gluing on sensors,
freezing it down, etc. The model object which was supposed to conceptually
represent this research object was a perfect bar with definite physical proper-
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ties. This generic object was conceived as the carrier of the oscillations. The
laboratory measurements were made on the real piece of a shin-bone cut out
of a human being and they were reduced in such a way that they could be
considered as originating from the model object. That is, the research object
was a technically prepared piece of shin-bone conceptualised as a perfect bar.

The theory relevant for the study of mechanical properties of such ob-
jects is taken from solid mechanics. This theory is based on, among other
things, fundamental mechanics, and it contains theoretical analyses of dy-
namic properties of various kinds of objects: bars, plates and other geomet-
ric configurations with plastic or elastic properties. Within this theory there
exists a big amount of knowledge about, say, stress-strain relations of various
idealised objects. This knowledge is presented in a mathematical form and
is about model objects which are idealised to such a degree that a mathe-
matical analysis is practicable. The research object is represented by such a
model object.

A real human shin-bone has a highly complex geometry. It consists
of several types of substances, for instance, bone tissue and marrow, with
very different mechanical properties. The substances are also inhomoge-
nious, anisotropic, and there are large biological variation between different
individuals. The inhomogenities of the various substances cannot directly
be eliminated in the research object. But when it comes to theoretical and
mathematical considerations it is necessary to increase the level of idealisa-
tion and construct a model object which fits into the theoretical framework.
The inhomogenities must in some way or other be reduced before it is possi-
ble to fit the shin-bone into a theoretical framework. In the example under
consideration the research object was represented as a so-called Timoschenko
bar. Only some of the constitutive properties of the shin-bone was then repre-
sented in the model object. They comprised, in the final definition, ”dynamic
and structural properties of a rectilinear, twisted, non uniform Timoschenko
bar which was made up of two linearly elastic and transversally isotropic
compounds and one perfectly flexible compound” [7].

The model object which was assumed to represent the test shin-bone and
on which the mathematical calculations were made was a conceptual objects
made up of various elements of idealised objects from the theory. The actual
piece of human shin-bone was transformed into a research object by regarding
it as a bar composed of various ideal elements. Further idealisations were
made until the final model object, the non-uniform Timoschenko bar, was
determined.
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But other models might have been chosen as representation of the re-
search object. Depending on available theory and the purpose of the analy-
sis one might have been led to other choices. In fact, an important part of
the project consisted of deliberations of which other possible models might
have been relevant for the analysis. The analysis actually showed that the
structurally very complex human shin-bone had astonishing simple dynamic
properties. Therefore, it was concluded that, for practical purposes, it might
be possible to reproduce its dynamic properties with a simpler model. Other
researchers had already suggested that a uniform Euler bar might be ade-
quate. Consequently, several possible ways of reducing the complexity of the
model object was analysed. It was finally concluded that from a practical
point of view it would be sufficient to reduce the complex model to a simple
uniform bar model with concentrated inertia contributions.

Thus the representation of a research object by a model object involves an
element of choice. Usually, there are several possible theoretical models that
can be applied in a given situation, and the scientist must decide which one
is best for the purpose. Such decisions are very important, especially in en-
gineering science. They are based on deliberations of which goal the research
is supposed to serve and of the theoretical and computational possibilities.
Complex models which represent the research object as faithful as possible
can be considered as reference models which form a theoretical framework
from which more applicable simple models can be validated. Which simple
model that eventually is being chosen as the most appropriate one depend
heavily on which purpose the simple model is supposed to serve.

There is also a kind of construction involved. The model object is a
conceptual object which the scientist must construct in such a way that it
represents the research object as faithfully as possible. In the actual case,
it was argued that a specific Timoschenko bar constructed by the researcher
was an adequate representation of a generic shin-bone.

We shall illustrate the preparation process with another engineering ex-
ample. In this project methods for calculation of reinforced structural ele-
ments of concrete was developed [1]. When structural elements of concrete
are reinforced, i.e. the concrete is deposited around reinforcing iron bars, the
strength of the elements is increased. The increase of strength depends among
other things on the anchorage. When the bars are ribbed, the strength of
anchorage is greater. In the project methods for calculating the load carrying
capacity of ribbed reinforcing bars was developed.

There exist two different main theories which deal with such structural
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calculations. One is about anchorage, i.e. the equilibrium of the loading and
the resulting forces acting in the structural elements. The other is about
how materials respond to the resulting ”inner” forces. Consequently, two
different, but interrelated, processes of preparation of the research object
were undertaken, and this led to two different model objects.

In relation to the anchorage the problem was delimited in the following
way. Only static load was considered. Movements between concrete and iron
bars were considered to be unlikely and, therefore, excluded. Consequently,
only failures between concrete holding on to the reinforcement and other
parts of concrete were considered. Further idealisations about the geometry
of anchorage were made. For example, it was assumed that the concrete
surrounding the bars was axissymetrical to the bar axis, and that loads were
evenly distributed. These delimitations, abstractions and idealisations re-
sulted in an idealised model object of anchorage.

Similarly, a model object reflecting the dynamic behaviour of the concrete
was constructed. Properties like, among others, elastic effects, creep and
hysteresis were excluded, and the material was assumed to be homogeneous
and perfectly plastic. The idealisation into a perfectly plastic material is a
very radical step. No material is perfectly plastic, and certainly not concrete.
Nonetheless, this model object was chosen because calculation methods based
on the theory of plasticity are simple and lead to relatively safe results when
applied in an appropriate way.

3 Scientific Reasoning

In the last century philosophy of science has been dominated by a logical-
linguistic view of scientific theories. Philosophers have been more interested
in the final products of science, namely scientific theories, and not so much in
the discovery process. They have concentrated on issues about justification
and truth of scientific theories. The kind of reasoning that led up to the
construction of scientific theories was not of great interest. Consequently,
most philosophy of science in this century overestimate the importance of
well-established final scientific theories and underestimate the main body of
scientific activity, namely, the reasoning involved in the development of new
scientific ideas, concepts and theories. This attitude towards science studies
was drastically changed by the appearance of Thomas Kuhn’s theory of sci-
entific paradigms where the role of communication and argumentation within
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the scientific community came to be of central importance for a proper un-
derstanding of science. In this section we shall briefly introduce the classical
logical-linguistic view of scientific theories, show its insufficiency and then
present a broader view of scientific theories.

3.1 Theories as Hypothetico-Deductive Systems

Consider a physical theory like, for example, analytical mechanics. It is
considered as a hypothetico-deductive system expressed in an appropriate
language. The most elegant way of formulating classical analytical mechan-
ics is to use the so-called Hamilton formalism. This formalism is designed
to express properties of classical mechanical model objects. A typical me-
chanical system or model object is, for instance, a rigid body M under the
influence of a conservative force field F. This system is described by identify-
ing its state S(t) at a given time t. The state at a given time is a point in the
phase space and consists of the set of generalised co-ordinates and momenta

S(t) = (q(t), p(t))

where q(t) is the vector of generalised co-ordinates and p(t) the vector of
generalised momenta.

All mechanical properties of the system is included in the state descrip-
tion, and the state S(t) develops according to the laws of nature which are
implicitly expressed in the Hamilton equations.

In the case of specifying a rigid body M one needs six space coordinates,
three for the centre of gravity of M and three for the orientation of M. Then
one needs six corresponding momenta coordinates. Thus a rigid body can be
described in a 12-dimensional state space.

All this can be placed in a hypothetico-deductive system where the most
fundamental natural laws are the top level axioms and specific descriptions
of the characteristics of the mechanical system are low level axioms. For
example, top level axioms are the Hamilton equations, and low level laws
are Newtons gravitation law, Hooke’s law, etc. Properties of the system are
deduced from all these assumptions together with initial conditions.

Thus, a rigid body influenced by a conservative force field is a model
object, and this object is adequately described by applying the language of
Hamilton mechanics which in turn is a hierarchically organised hypothetico-
deductive system. This gives us the classical theory of rigid bodies. So a
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scientific theory is a hypothetico-deductive system designed to describe a
certain class of model objects. Other examples of theories of this kind are
classical electrodynamics, quantum field theory, molecular biology, etc.

Mario Bunge is a typical exponent of this view of scientific theories. In
the paper [2] he gives a short presentations of this view. He calls a theory of
a model object a theoretical model: ”A theoretical model is a hypothetico-
deductive system concerning a model object, which is in turn a schematic
conceptual representation of a thing or a situation assumed to be actual or
possible.” [2, p.97]. Thus, a theory is considered as a general schematic
framework in which a concrete description of a model object is possible by
incorporating the concrete description of the model object in the hypothetico-
deductive framework. To give a scientific explanation of some phenomenon
then consist in a deduction of a description of the phenomenon within the
framework augmented with the concrete description of the model object. For
example you can deduce the exact time and place of a certain lunar eclipse
from the Hamilton description of the Moon. This is also called the covering
law theory of explanation.

3.2 Types of Scientific Reasoning

It is, of course, true that many kinds of scientific analyses can be cast into this
covering law form, and hypothetico-deductive reasoning is an important part
of scientific rationality. However, it is not a complete description of the sci-
entific rationality. It only gives a characterisation of some very mature forms
of scientific arguments. It is the form in which many result are presented in
scientific journals. But it is not a form of representation which can be applied
during the research process. During this process all kinds of reasoning are
relevant, for instance, analogous reasoning, intuitive considerations, applica-
tion of elucidating metaphors, and, especially in engineering science, praxis
based reasonability considerations. Consequently, most scientific reasoning
do not originally have a hypothetico-deductive form. In situations where one
does not have a complete theory it might even be impossible to identify a
deductive hierarchy. One only have a system of loosely related and vaguely
defined conceptual models.

Another but related serious shortcoming of the covering law picture of
scientific theories concerns the fact that according to this view a theory is a
general schematic framework. The basic laws are abstract schemata which
do not have a concrete semantic meaning unless they are interpreted in con-
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crete situations. That is, they only have concrete meaning when interpreted
in connection with a concrete model object. But they do not by themselves
give a method by which it is possible to identify the models which are es-
sential for their own semantic interpretation. The way in which research
objects and model objects are identified is an important aspect of the sci-
entific activity. It is true, that knowledge of hypothetico-deductive systems
in many situations is essential for the preparation process and for the def-
inition of model objects. But it is not the only form of knowledge that is
involved in this process. The ability to delimit concrete research objects
and to identify model objects which represent them is a complex cognitive
skill which is learned during scientific training. It involves both linguistically
expressed knowledge and tacitly given kinds of knowledge (in the sense of
[6]) concerning model identification. The schematic laws and propositions in
hypothetico-deductive systems would not be semantically well-defined unless
it was based on this knowledge.

The way in which implicit and tacitly given knowledge actually functions
during scientific reasoning is very beautifully expressed by Heisenberg. He
describes the way in which Bohr reason when he was doing atomic physics:
”Bohr must surely know that he starts from contradictory assumptions which
cannot be correct in their present form. But he has an unerring instinct
for using these very assumptions to construct fairly convincing models of
atomic processes. Bohr uses classical mechanics or quantum theory just as a
painter uses his brushes and colours. Brushes do not determine the picture,
and colours is never the full reality; but if he keeps the picture before his
minds eye, the artist can use brush to convey, however inadequately, his own
mental picture to others. Bohr knows precisely how atoms behave during
light emission, in chemical processes and in many other phenomena, and
this has helped him to form an intuitive picture of the structure of different
atoms; a picture he can only convey to other physicists by such inadequate
means as electron orbits and quantum conditions. It is not at all certain that
Bohr himself believes that electrons revolve inside the atom. The fact that
he cannot yet express it by adequate linguistic or mathematical techniques
is no disaster. On the contrary, it is a great challenge.” [3, p. 36-37].

What Heisenberg is saying here is that Bohr, in his reasoning about the
structure of atoms, operates with not too precisely defined model objects
describing the structure of atoms. These model objects can be used to rep-
resent various atomic processes as seen in the laboratory, for instance, light
emission phenomena (line spectra) and various aspects of chemical processes.
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These model conceptions can be communicated to other physicists by apply-
ing concepts from classical physics augmented with new quantum physical
principles. But this augmented form of classical physics would be cryptical,
senseless or even contradictory if not interpreted on the background of Bohrs
conceptual models of the atom. To understand atomic physics at the begin-
ning of this century would imply to be able to understand the conceptual
models developed by Bohr, Einstein, Heisenberg and many other physicists,
to understand in which way these models actually represented research ob-
jects as light emission phenomena, and to be ably to relate these conceptual
objects to theories, laws and principles from classical physics and quantum
theory. Thus, the scientific activity consisted at that time in many other
things than descriptions and deductions within hypothetico-deductive sys-
tems.

The situation in modern science is of course completely similar. A solid
state physicist also knows various important model objects, he knows how to
relate such objects to concrete research objects and he knows how to relate
these objects to modern theories, laws and computational principles. This
is not only true of basic science but also of engineering science. Thus, as we
have seen, the study of reinforced concrete also require construction of model
objects as representations of research objects and as objects of theoretical
analysis.

3.3 Model Building Skills

It is well known that Kuhn originally used the concept of paradigm in many
different senses, but that he eventually, in an answer to his critics, reduced
the senses to two, namely, the disciplinary matrix and exemplars. The dis-
ciplinary matrix was a system of more or less explicitly formulated group
assumptions which all members of a scientific field would share. So dur-
ing scientific training the young scientist would learn how to do science by
actually taking part in the daily scientific work. When he has become a com-
petent scientist, and a member of the scientific community, he would have
acquired the basic assumptions of the paradigm. And only when he had ac-
quired these group assumptions would he be a full competent member of the
scientific field. This can be analysed more precisely by taking the new view
of scientific theories into account.

The basic assumptions of a paradigm are acquired by taking courses and
participating in daily scientific work. Although the instrumental training in
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formal theories and laboratory techniques is important it only constitutes
some significant aspects of the cognitive capabilities which are built up dur-
ing the training as a scientist. As we have seen the perhaps most important
part of scientific work consists in establishing conceptual models in which
problems under investigation can be represented in a way that makes solu-
tions possible. Formal theories like fluid mechanics, thermodynamics and
other fundamental physical formalisms are logical instruments which make
it possible to describe model objects and research objects in a precise math-
ematical manner.

The ability to construct, select and elaborate conceptual models is a skill
which must be established before one can claim to have acquired a scientific
paradigm. It is part of this skill to be able to identify and prepare research
objects. It is also part of it to be able to construct and analyse model
objects which represent research objects in a scientific proper way. These
activities require conceptualisations of the world and as such the capability
of construction conceptual models.

This skill makes it possible to understand and apply formal scientific
theories, and it makes it possible to interpret what one sees in the labora-
tory. Scientific theories and laws, on the other hand, are important tools
of this skill. They deliver the central conceptual tools which are necessary
for a proper differentiation between adequate and inadequate models. Con-
sequently, formal theoretical structures do not by themselves characterise a
scientific discipline, but they are indispensable conceptual tools which sci-
entists need to be able to prepare research objects and construct relevant
model object representations.

Not all kinds of conceptualisations are allowed. A central part of estab-
lishing a scientific paradigm is to restrict the class of possible conceptuali-
sation to those which fit into the ontological view that is characteristic of
the science. At this point laws and formal theories play a central role. It
is a main purpose of scientific principles to give descriptions of the scientific
ontology.

Consider, for instance, classical electrodynamics. When Maxwell devel-
oped the classical field equations he had in his mind a rather concrete model
of the ether (see [5]). The ether was considered as a fluid and magnetism
was conceived as vortices in that fluid, and electric currents consisted of
small particles that flowed between the vortices. This mechanical model of
the ether was the basis and source of inspiration for his derivation of the
equations. The full scope of his equations could, at that time, only be under-
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stood relative to this or similar models of the ether. Only much later when
the special theory of relativity was introduced it became possible to get rid
of a concrete ether model.

During the process of developing this model building skill a certain onto-
logical view of the world is established. This is not done in an explicit way
but implicitly by learning which model objects that are allowed and which
that are prohibited. For instance, when learning classical electrodynamics
at the end of the 19th century model objects should be in accordance with
the implicit and to some extend vague conception of the ether. Model con-
structions which violated the established, but tacit, conception of the ether
and electromagnetic phenomena would be rejected as being too odd, too
unrealistic, or too imaginative to be worth working on.

These assumptions define a definite scientific world view. It is established
during a cognitive process by which the scientist actually learn the conceptual
system of the research field, the basic laws, fundamental models objects,
experimental methods, ways of preparing research objects, etc. All this is
integrated into one specific way to comprehend the world in. We call this a
theoretical framework.

4 Hierarchical Levels in a Theoretical Frame-

work

The system of laws within a theoretical framework is hierarchically organised.
At the highest level one has abstract laws like energy conservation. They are
very general structural descriptions of all kinds of systems and they can be
considered as universal constraints which all kinds of physical systems must
satisfy. We call these laws principles because they are part of the ontological
characterisation of the physical world. Our conception of nature requires
that these principles are valid and that they govern all natural processes.
Consequently, if they had to be changed or given up it would imply great
changes in our scientific world view.

At a lower level we have more concrete laws like, for instance, Newtons law
of gravitation and Coulombs law of force between charged particles. Usually
these laws are not considered as principles. They are less general as they only
hold for certain regions of the world. On the other hand, they are not just
empirical generalisations. The fact that both electrical and mechanical forces
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operate inversely with the square of the distance has far-reaching implication
for the nature of physical phenomena. If these inverse square laws had to be
modified it would be necessary to invoke radical changes in mechanics and
electrodynamics to make these theories fit the phenomena. These laws are
extremely well-corroborated both theoretically and empirically.

When it comes to the study of more concrete phenomena like strength of
various materials, for instance steel and concrete, we find laws at a still lower
level. It is not possible to deduce the strength properties of concrete within
a well-defined hypothetico-deductive system. We are, in a way, in a similar
situation as Bohr was when he studied the nature of light emission. The
laws which control say the process of rupture of blocks of concrete are not
known and cannot be deduced from basic physics. Consequently, it has been
necessary to develop a set of laws based on both empirical and theoretical
considerations.

5 An Example from Engineering Science

To illustrate this we shall again look at modern engineering methods for
calculation of structural elements of concrete and reinforced concrete. Many
materials are to some degree elastic. When they are exposed to loading (com-
pressing, bending, tension, etc.) up to a certain point they follow Hookes law,
that is , they regain their shape when the loading ceases and deformations
are proportional to the loading. But when materials are exposed to loadings
beyond a certain point Hookes law is no longer valid. The relation between
load and deformation is no longer linear and the material may not regain
its shape when loading ceases. The relation between load and deformation,
which can also be expressed as a stress-strain relation, might look as shown
on figure 1.

Hooke’s law which states the linear relationship between load and defor-
mation is a law of very low generality. It is an empirical generalisation which
only holds for deformations up to a certain limit. Genuine empirical generali-
sations may be empirically extremely well-corroborated, but they do not play
a deep theoretical role and they would very easily be revised if observations
required it.

Materials which follow Hookes law are called elastic. No material is per-
fectly elastic, but many materials can be considered as being elastic within a
certain range. A material is called perfectly plastic if the deformation contin-
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Figure 1: General stress-stain relation

ues without increasing the load, i.e. the stress-strain relation is horizontal.
A material is perfectly elastic-plastic if it is perfectly elastic up to a point
and thereafter perfectly plastic. The stress-strain relation of such materials
is shown in figure 2. They do not exist in nature, but they are model objects
which give reasonable and approximate descriptions of many existing ma-
terials. Important examples are many types of steel for which these model
objects have been used extensively in many years.

When dimensioning a structural element one can, for a given load, calcu-
late the necessary conditions for keeping the deformation inside permissible
deformations. In this way it is possible to find safety conditions for collapse
or yielding. Such calculations are based on the elastic properties of the ma-
terial. That is, it is assumed that the material is perfectly elastic up to a
certain point, and that the deformations are within the range of elasticity of
the material. Calculations of structural elements of concrete and reinforced
concrete have for a long time mainly been based on such elasticity proper-
ties. The fact that the stress-strain relation is not entirely linear in actual
materials has been compensated for by using safety factors.

However, one can also try to calculate the necessary strength against
yielding and eventually collapse. Such calculations are based on plasticity
theory. A difficulty when doing so for concrete constructions is that it is
not known in advance which part of the element that will participate in the
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Figure 2: Stress-stain relation of perfectly elastic-plastic material

collapse. Consequently, it is not possible to reduce the problem to a given
single set of differential equations. Another difficulty when studying concrete
is that concrete is far from being perfectly plastic. It has a work curve similar
to the one in figure 1. For small loads it is rather near to being elastic but
for greater loads it only poorly resembles a plastic material. That is, the
calculations are based on a model object which corresponds relatively badly
to the research object. The development of modern plasticity theory has
been an attempt to overcome these difficulties. We shall in turn deal with
these difficulties.

At the beginning of this century there only existed minor works on struc-
tural elements of concrete based on plasticity considerations. However, in
the thirties a new important and productive development was initiated. In
1931 the Danish engineering scientist K. W. Johansen proposed a practical
method for calculation of certain types of homogeneously reinforced slabs.
His method was an extension of a method suggested by another Danish en-
gineer, Aage Ingerslev.

The method was based on the plastic properties of reinforced concrete us-
ing the often observed fact, that concrete structures, when collapsing, yield
at certain lines, the so-called yield lines. In the beginning the method was
meant as a primarily pragmatic way of getting results, and it was justified by
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empirical observations. But later on the idea of yield lines gained theoretical
significance. In his dissertation from 1941 Johansen writes: ”In 1931 I gave
an extended technical theory of yield lines. At that time I considered the
theory as an practical approximation method, but a later review of the ex-
periment convinced me about the reality and theoretical justification of the
yield lines. This conception was further enhanced by my own experiments
with small model plates, and I, therefore, began a more comprehensive the-
oretical investigation which in 1934 led to the mathematical theory of yield
lines in slabs.” [4].

The theory of yield lines meant an important step towards a method
for determining where in the material yielding would occur, and as such it
was a significant step in the direction of modern plasticity theory. However,
this early theory of yield lines only made it possible to calculate safe upper
bound solutions for load carrying. A more complete theory was developed
independently by Russian and American researchers and published in the
fifties. In fact, the Russian formulation coincided with the one by Johansen,
but it was unknown to the Western World until the fifties. The complete
theory of plasticity contains methods for calculating both upper and lower
bound solutions.

The other problem, that concrete is very far from being perfectly plastic,
is solved by reducing the strength of the concrete with an effectiveness factor.
This factor is found empirically for different types of lead compression, shear
stress, suspension, etc. Calculation methods based on plasticity theory for
different types of practically used constructions have been developed since the
sixties. In spite of this practical success a theoretical comprehension of what
is going on is still lacking although several attempts of developing explana-
tions based on fundamental theory has been made. This phenomenon, that
a theoretical understanding is lacking and eventually appears at a time when
practical methods have been in use for years, is quite common in engineering
science.

As we have seen, it is possible to study structural elements of concrete
from two different perspectives. On the one hand, one can base the theory
on elastic properties of materials. Within this view concrete is considered as
behaving as an elastic material up to a load which leads to rupture. Deter-
mination of rupture conditions and other properties of the material is based
on the assumption that the material up to rupture is elastic. That gives one
theoretical framework on which both practical and theoretical analyses of
structural elements can be founded. Structural elements are then construed
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as model objects which are within the range of elasticity.
On the other hand, one can assume an plasticity theoretical perspective

on structural elements. Within this view concrete is considered as a rigid-
plastic material which means that no deformations occur for stresses up to a
certain limit, the yield point. For stresses at the yield point arbitrary large
deformations are possible without any change in stresses. Although concrete
is far from being a rigid-plastic material it is possible within this framework to
develop a general theory of rupture which fits experimental data reasonably
well.

The existence of these two very distinct theoretical views of concrete re-
flects nicely the situation in engineering science. As it is not possible to
deduce material properties directly from basic physical theory one must de-
velop theoretical views and model objects from experimental observations
and those fundamental theories which seem to imply the best possible prac-
tical methods. One is free to comprehend the situation in any possible way
as long as it leads to applicable results. Even contradictory views may be
developed.

Both elasticity and plasticity theory can be developed within existing
physical theory, and, even though they in many cases may lead to different
results, both theories can be used to solve practical construction problems.
However, they cannot both hold at the same time, and to some extent it is fair
to say that none of them are right, as they both are based on highly idealised
models of concrete. They are constructed by generalising two different areas
on the stress strain curve. But they both lead to results which are safe
and technically applicable. As in the case of Bohr, a skilled expert has the
capability to select those models and theories that are most adequate as tools
for solving a given construction problem.

As an illustration of laws at an intermediate level between principles and
empirical generalisations we shall present some ideas from plasticity theory.
A rigid-plastic object is characterised by a system of generalised stresses,
Q1, · · · , Qn and strains, q1, · · · , qn. The product

W = Q1 q1 + · · · + Qnqn

represents the virtual work per unit volume.
There are two fundamental laws which govern objects of this kind, namely

the yield condition and the yield law.
The yield condition gives information about which combinations of stresses

that can cause rupture. According to this law there exists a hypersurface in
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the stress space, which can be described by an equation of the form

f(Q1, ..., Qn) = 0

This equation determines the yield point. That is, for stresses with

f(Q1, ..., Qn) < 0

no rupture will appear, but for stresses with

f(Q1, ..., Qn) = 0

yielding is possible. Stresses with

f(Q1, ..., Qn) > 0

are impossible.
The yield law determine the properties of strains during yielding. It

says that the strains q1, · · · , qn must be proportional to the outward directed
normal to the yield surface which mathematically means

qi = λ
∂f

∂Qi

where λ is a positive constant.
This law, which also is called von Misess flow law, can be derived from a

general variational principle introduced by von Mises. von Mises introduced
the hypothesis that stresses corresponding to a given strain field assume such
values that the work W becomes as large as possible. That is, the material
strives against deformation. From this hypothesis and the yield condition it
is easy to derive the yield law.

Variational principles have been known in physics since Pierre de Fer-
mat (1601-1665) introduced them in optics. Fermat developed a theory of
refraction based on the principle that light always travels along the route
which leads to the shortest time of propagation. It is possible to build many
fundamantal physical theories on variational principles. A good example is
Lagrange’s and Hamilton’s formulations of classical mechanics. But in spite
of the fact that these principles seem to be universal they have never achieved
the same fundamental status as the principle of energy conservation.

These constitutive equations of plasticity theory are not expressions of
universal basic physical laws like, say, energy conservation. They are em-
pirical generalisations based on careful observations of failure properties of
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various kinds of materials. Although von Mises’s flow rule can be derived
from a principle of maximum work it is still a hypothesis that requires fur-
ther justification from a more fundamental understanding of the structure of
solids. Until such a deeper explanation is found von Mises’s flow rule must be
considered as a well corroborated hypotheses which has important practical
applications. But besides being empirical generalisations they also serve as
a theoretical framework within which studies of structural elements can be
organised. Therefore, they are intermediate level laws like Newtons law of
gravitational force and Coulomb’s law of force between charged particles.

At even lower levels there are laws which, for instance, describe the actual
form of the yield surface. Examples are Coulumbs frictional hypothesis which
says that failure often occurs along certain sliding planes and Mohrs more
general theory that postulates that failure occurs when the stresses satisfy a
condition

f(σ, τ) = 0

where σ and τ are the normal stress and the shear stress, respectively.
It follows from these examples that there are many kinds of natural laws

and that they can be organised hierarchically with respect to their generality.
Laws like energy conservation are valid for all kinds of physical interactions,
whereas laws like Newtons gravitation law only holds for mechanical inter-
actions. At an even lower level of abstraction we have the laws of plasticity
theory which are valid only for bodies which can be considered as approxi-
mately plastic, and, finally, there are laws which only hold for specific types
of material like, for instance, concrete and steel. The most abstract laws are
also those which are the most difficult to revise mainly because they form
part of our scientific ontology. They are epistemologically basic and therefore
impossible to revise without changing central parts for our scientific world
view, whereas low level laws can be changed when required without changing
our view of nature.

It is interesting to notice that in many cases a scientific law is first intro-
duced into a scientific framework as a rather low level empirical generalisation
or as a heuristic tool to better calculations. An example of this is Johansen’s
theory of yield lines which we discussed above. When he introduced this
theory in the early thirties he himself considered it as a practical method
of calculation. But later on, when he studied the experimental results more
carefully and further developed the idea, he realised that the idea of yield
lines might have a deeper theoretical meaning. This was further elaborated
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by himself and other scientists around the world, and it finally led to the
modern plastic theoretical analysis of concrete. Epistemologically, this de-
velopment is similar to the development of the concept of a photon. The
idea of light quanta was introduced by Einstein i 1905 as a heuristic, math-
ematical tool. Only many years later, in the beginning of the 20th, was it
realised that light quanta was real particles, and only much later was the idea
of light particles, i.e., photons, incorporated into modern physics. It had to
wait until the idea of quantisized fields was acceptable.

6 Truth and Reality

From the analysis above it follows that scientific statements are claims about
model objects and not directly about the world as it exists independently of
us. Usually scientific statements are true of model objects, but they may be
false, or at least only approximately true, as characterisations of the world.
For instance, when engineers calculate the strength of a shin-bone or of a
construction element they have in mind a conceptual model which is used as
base for setting up their equations. The equations give a true description of
the model object, and, if they can be solved, it is possible to produce true
statements about the model object. But the model object is not the reality.
It is an abstract, idealised, conceptual model of the research object which in
turn has been transformed by the preparation process.

The test piece of shin-bone is not a human shin-bone. It is a manipulated
piece which has been cut out of a real human body and has been modified
to such an extend that it is possible to produce stable measurements on it.
Furthermore, it has been modified in such a way that only certain important
features of it, which are related to some of its mechanical properties, have
been controlled. The test shin-bone, i.e. the research object, is a laboratory
artefact. It is a non-trivial problem how this object is related both to the
real human shin-bone, as it exists in a living human being, and to the model
object, which is the object that theories are about. Data are produced by
making measurements on the research object, i.e. the test shin-bone, but
they are interpreted as claims about the idealised model object. They are
used to ”put blood and flesh” on the Timoschenko bar, that is, data are
reduced in such a way that they can be considered as statements about the
dimensions and oscillations of the Timoschenko bar. However, the results
of this scientific analysis are regarded as giving information not only of the
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model object or the research object but also about the real human shin-
bone. Consequently, data are not only measured on an artifact which is
fabricated in the laboratory. They are interpreted as being about a highly
abstract model object and, finally, they are believed to give real information
about a piece of reality. This complex process where a piece of reality is
being delimited, generalised, abstracted, idealised and finally identified as
the object which scientific propositions are about must be reverted in order
to give information about the original piece of reality.

If these considerations are true they raise serious question about how
scientific theories can be said to give true information about the reality. How
can highly idealised knowledge about model objects which are only very
remotely related to that part of the world they are supposed to represent
lead to reliable knowledge about actual phenomena i the world? How can
we be sure that statements about the strength of concrete building elements,
based on calculations on highly idealised model objects, also hold true for
real constructions? Fortunately, experience tells us that it, in fact, is possible
in many cases to base real constructions on theoretical calculations. But we
still have the epistemological problem of accounting for how that is possible.

Immanuel Kant introduced the distinction between the world in itself
and the world as it appears to us. As we are finite beings and only have
limited cognitive capacities we cannot know the world as it is in itself. All
objects we identify and develop knowledge about are already shaped by our
form of perception and our conceptual system. Things in themselves are not
accessible to us. Only things as they appear to us can be known. In science
one goes even further. Only objects which are abstract and conceptual in
nature - model objects - are accessible to scientific scrutiny. Hence, scientific
statements about the world do not in any sense refer directly to objects in
a world completely independently of us. They do neither refer to things in
themselves nor to objects as they appear to us in practical life.

This strange situation has motivated some modern philosophers to claim
that the objects of science - the scientific world - is a social construction. The
model objects of science are social constructions based on our interests and
social attitudes. Our theories about these objects are also social construc-
tions. Consequently, science is a product of creative imagination which in a
serious way is circular. Its conception of reality and its theories of this reality
are constructions of our mind which are more governed by social values than
by confrontation with an objective reality.

The social constructivist view has some good points as it is true that
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science only is able to develop true knowledge about model objects and as
the construction of these abstract objects inevitably is based on our inter-
ests and epistemological possibilities. Furthermore, experiments are in many
cases developed in such a way that they manipulate objects and processes
in our environment with the intention that they approximate the abstract
model objects as closely as possible. When we force Nature to “fit our ideas”
in this way we very often work with technological constructions which are at
the borderline of what is technically possible at all. Usually, the experimen-
tal set-up is so complex and badly understood that it is nearly impossible to
differentiate between real effects stemming from the research object and un-
expected properties of the experimental set-up. Where to stop an experiment
and how to interpret the outcome is often a matter of choice. This choice is
made by the scientific community. If we want to avoid social constructivism
we must in some way explain how ”nature strikes back” on our conceptual
constructions.

This problem requires a deeper analysis. But let us conclude by suggest-
ing a possible answer. A scientific theory is rendered true if it holds, that
(i) its statements are true of the model objects (in a correspondence sense of
true), and that (ii) the model objects sufficiently approximate the research
objects. The fit between abstract model objects and laboratory produced
research objects is difficult to estimate. It requires that both kinds of objects
are being modified, and that involves both conceptual reconstructions and
engineering of physical objects in the laboratory. These modifications can-
not be done arbitrarily. The conceptual reconstructions must comply with
consistency and other epistemic requirements and engineering of laboratory
objects is limited by practical and physical constraints. Consequently, we
cannot arbitrary force the fitting process to converge, it may easily diverge
and develop in a direction that does not serve our interests. If this process
diverges or does not stabilise aspects of the theory under scrutiny will be
overthrown not by arbitrary decisions but by being unable to comply with
constraints given by Nature.

It is true that scientific experiments always allow several interpretations
and it is up to us - the scientific community - to choose the one that fits
best into our scientific world. Therefore, especially experiments that are at
the borderline of what is technically possible are not acceptable standards
for deciding between truth and falsity. They admit several interpretations
and our choice must be comstrainted by other norms and standards of the
scientific community in order to be uniquely determined.
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However, sometimes the experimental praxis leads to anomalous situa-
tions where new qualitative properties of Nature show themselves. Such
situations constitute natural non-social conditions which often require a re-
organisation of the theoretical framework. The history of science delivers
examples of that abundantly. Descriptions of these originally anomalous
phenomena appear in textbooks, often referred to by the scientists involved
in their discovery: Newton’s rings, the photo-electric effect, the Compton
effect, the Zeemann effect, the Hall effect, etc. Such situations, when they
appear within a scientific discipline, indicate first of all that a phenomenon
has appeared which cannot be reduced to irregularities of the equipment and
the experimental and theoretical techniques involved. Furthermore, the ad-
justment of the theoretical framework must take the new phenomenon into
account. This cannot be done in a sociologically free way, it may even lead
to changes in the social structure of the scientific community.

When these various constraints are respected, the stability and conver-
gence between conceptual constructions and laboratory manipulations may
lead to a world view which cannot in any sense claim to be a true picture
of the reality as it is in itself. This claim of metaphysical realism must be
given up. But at least the convergence results in a view which respects the
constraints that the world puts on us. We do not know what the reality
is in itself but we know that it constraints us as just described. And for
engineering science there is a further requirement which we call the practi-
cal imperative: The ultimate test is that practical engineering constructions
must hold in practical life. It is an incontestable fact that they by and large
do hold.
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