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Abstract 

The two first “Days” of Galileo’s Dialogues concerning two new sciences (1638) are devoted 
to what is now commonly called the Strength of materials, in an attempt to derive the 
resistance of simple structures (“machines”) from what he defines as the resistance of their 
constituent materials (“matter”). His rationale consists in stating that machine equilibrium 
and matter resistance must be compatible, an argument that became the cornerstone of 
stability analyses in civil engineering for centuries, up to the present theory of Yield 
design and subsequent developments. Within the same framework, Galileo was 
concerned about size effects on the design of structures: he is considered as having 
provided the first example of Dimensional analysis, a theory that has been developed 
since the end of the 19th century and found its full mathematical proof in the mid-20th, 
with current applications to reduced scale modelling. 

 

1.  Galileo’s Dialogues 

According to his writings to his faithful friend Elia DIODATI, GALILEO considered the 

New Sciences as “Superior to everything else of mine hitherto published… They contain 

results which I consider the most important of all my studies”. The foundations of this 

work were laid as early as Galileo’s 18-year stay in Padua from 1592 when he had 

been appointed professor of mathematics at the University, but it was given its final 

form during Galileo’s 5-month enforced residence in Siena after his trial and 

condemnation in 1633. Publication of the work in Italy proved impossible due to the 

express order prohibiting printing or reprinting any work by GALILEO, either in 

Venice or in any other place, nullo excepto. This is the reason why this celebrated book 

appeared in Leyden after Louis ELZEVIR had arrived in Italy in 1636 and taken the 

manuscript with him on his return home1. 

But for the Appendix devoted to “some theorems and their proofs, dealing with centres of 

gravity of solid bodies”, the book is organised in Four Days. The 1st and 2nd Days are 

concerned with the first New Science referred to in the title, namely what would now 

be called Strength of materials, while the 3rd and 4th ones deal with the second New 

Science, Kinematics and Dynamics. 

                                                 
1
 This short introduction is derived from the preface written by Professor Antonio FAVARO of the University of 

Padua to the 1
st
 edition of the English translation [2] published in 1914. 
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Recalling VOLTAIRE’s saying about the secret of boring2 “Le secret d’ennuyer est celui de 

tout dire”, we will just pick up, in that book, a couple of seminal topics that were 

developed during the following centuries and found practical applications in the 

design of structures. For this purpose, excerpts will be quoted from the English 

translation of the Discorsi e Dimostrazioni Matematiche intorno à due nuove scienze 

(Galileo, 1638) by Henry CREW and Alfonso de SALVIO with Dialogues concerning two 

New Sciences as a title (Figure 1)3. 

 

                          

Figure 1. Galileo’s Discorsi 

2.  Galileo’s Approach to the Strength of Matter 

The First Day starts with considerations where the size of a “machine” or structure is 

discussed as depending on the matter it is made from. Schematically the question is 

about the possibility of extrapolating a reduced scale structure to a real size one by 

enlarging it through pure geometrical similarity. Through the voice of Salviati, one of 

the three dialogists, GALILEO denies the feasibility of such a process and delivers his 

answer: 

 “Yet I shall say and will affirm that, even if the imperfections did not exist and matter 

were absolutely perfect, unalterable and free from all accidental variations, still the 

mere fact that it is matter makes the larger machine, built of the same material and in 

the same proportion as the smaller, correspond with exactness to the smaller in every 

respect except that it will not be so strong or so resistant against violent treatment; the 

larger the machine, the greater its weakness.” 

                                                 
2
 (Voltaire, 1737) 

3
 References to Figures and pages are given according to this English edition. 
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where the so-called “violent treatment” is implicitly just related to the action of gravity 

forces in the “machine” or structure. After what, in the same dialogue, Salviati 

presents convincing arguments among which (p. 52): 

“I am certain you both know that […] nature cannot produce a horse as large as 

twenty ordinary horses or a giant ten times taller than an ordinary man unless by 

miracle or by greatly altering the proportions of his limbs and especially of his bones, 

which would have to be considerably enlarged over the ordinary.” 

Without being explained explicitly at that stage, the competition between the action 

of gravity forces and some kind of resistance forces in the “machine” or system is 

already underlying here. The statement that “the larger the machine, the greater its 

weakness” leads us to guessing that these two kinds of forces are related in a different 

way to the geometrical scale of the solid under consideration but it is only in the 

Second Day that the concept of “resistance [resistenza] that solids offer to fracture” is 

clearly introduced and thoroughly dealt with, referring to longitudinal pull tests 

performed on cylindrical samples up to fracture (Figure 2). 

The strength so defined is the fracture force related to the considered cylinder (pp. 

156-157): 

“If now we define absolute resistance to fracture as that offered to a longitudinal pull 

(in which case the stretching force acts in the same direction as that through which the 

body is moved)”. 

 

 

Figure 2. Galileo’s Discorsi, (p. 55) 

Then, somehow anticipating on the concept of stress that would be introduced two 

centuries later, Salviati (GALILEO) recognises that (Figure 3) 

“If we consider the resistance to fracture by longitudinal pull as dependent upon 

bases… no one can doubt that the strength of the cylinder B is greater than that of A 
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in the same proportion in which the area of the circle EF exceeds that of CD; because it 

is precisely in this ratio that the number of fibres binding the parts of the solid 

together in the one cylinder exceeds that in the other cylinder.” 

 

Figure 3. Galileo’s Discorsi, (p. 160) 

This being acknowledged together with the fact that gravity forces obviously refer to 

volumes the conclusion comes as (p. 169): 

“From what has already been demonstrated, you can plainly see the impossibility of 

increasing the size of structures to vast dimensions either in art or in nature; … ; nor 

can nature produce trees of extraordinary size because the branches would break down 

under their own weight; so it would be impossible to build up the bony structures of 

men, horses, or animals so as to hold together and perform their normal functions if 

these animals were to be increased enormously in height; for this increase in height 

can be accomplished only by employing a material which is harder and stronger than 

usual, or by enlarging the size of the bones, thus changing their shape until the form 

and appearance of the animals suggest a monstrosity.” 

“To illustrate briefly, I have sketched a bone whose natural length has been increased 

three times and whose thickness has been multiplied until, for a correspondingly large 

animal, it would perform the same function which the small bone performs for its 

small animal.” (Figure 4). 

 

Figure 4.  Galileo’s Discorsi, (p.170) 
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Upon the same premises, where the strength of a cylindrical rod is defined as the 

resistance to a longitudinal pull test, GALILEO, through Salviati’s voice, endeavours to 

explain why (p. 156) 

“A prism or solid cylinder of glass, steel, wood or other breakable material which is 

capable of sustaining a very heavy weight when applied longitudinally is, as 

previously remarked, easily broken by a transverse application of a weight which may 

be much smaller in proportion as the length of the cylinder exceeds its thickness” 

through the analysis of the cantilever beam problem (Figure 5): 

“Let us imagine a solid prism ABCD fastened into a wall at the end AB, and 

supporting a weight E at the other end; understand also that the wall is vertical and 

that the prism or cylinder is fastened at right angles to the wall.” 

 

Figure 5. Galileo’s Discorsi, (p. 157) 

He clearly points out the leverage effect at the origin of the observed phenomenon 

 “It is clear that, if the cylinder breaks, fracture will occur at the point B where the 

edge of the mortise acts as a fulcrum for the lever BC, to which the force is applied; the 

thickness of the solid BA is the other arm of the lever along which is located the 

resistance. This resistance opposes the separation of the part BD, lying outside the 

wall, from the portion lying inside.” 

where the “resistance” is just the “absolute resistance to fracture” already defined, which 

is the result of uniformly distributed resisting forces as stated in Figure 3 (p. 160)4. 

3.  Yield Design of Structures 

In both examples presented here above the question to be answered is that of the 

resistance of a whole body submitted to a prescribed loading process while the 

                                                 
4
 One may wonder about quoting pages that do not seem to be correctly ordered. This comes from the living 

dialogue style adopted by GALILEO. 
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resistance of its constituent material is given. The cornerstone of GALILEO’s rationale 

consists in checking more or less accurately that equilibrium of the concerned body 

or structure is compatible with what he considers as defining the resistance of the 

material. 

Let us focus on the example in Figure 5. The guiding idea in GALILEO’s rationale is 

that the cantilever beam acts as a lever with B  as a fulcrum. Then, as schematically 

represented in Figure 6, he writes down that equilibrium of the structure under the 

constraint imposed by the resistance of matter requires that the moment at point B  

of the active load exerted at endpoint C  be balanced by the resistance of the rod as 

defined in Figure 2. 

 

Figure 6. The principle of Galileo’s reasoning 

As recorded by Henry CREW and Alfonso de SALVIO, GALILEO’s rationale for this 

problem has often been criticised upon many arguments, which we consider do not 

stay within GALILEO’s hypothesis framework. For instance regarding the fact that 

equilibrium of horizontal forces in the built-in end-section is apparently not satisfied:  

“The one fundamental error which is implicitly introduced into this proposition 

…consists in a failure to see that, in such a beam, there must be equilibrium between 

the forces of tension and compression over any cross-section.”  

As a matter of fact this shortcoming can be explained as the result of GALILEO only 

considering fracture in tension when defining the resistance of the rod (Figures 2 & 

3). Thus the proposed solution amounts to assuming infinite resistance in 

compression, which would only require one horizontal fibre in B  to be in 

compression to fulfil the horizontal force equilibrium condition without changing the 

result! 

The main point about this example, which is not clearly stated in GALILEO’s dialogue, 

is that the result so-obtained, based upon a necessary condition for the compatibility 
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between equilibrium of the structure and resistance of matter, is just an upper bound 

value for the applied weight E . 

The approach we have just described appears as a prototype for the “stability 

analyses” that were performed during two centuries by architects and civil engineers 

when dealing with arches, vaults, cathedrals, churches, bridges, retaining walls 

either for civilian or military purposes. The reader may refer to the many books and 

papers by HEYMAN for exhaustive and in depth analyses of this part of the art of 

building history (http://www.bma.arch.unige.it/PDF/Heyman%20Biblio%20crono.pdf).  

Among many authors we must mention COULOMB for his Essay On the application of 

the rules of Maximis and Minimis to some Problems of Statics related to Architecture 

(Figure 7), whose title recalls LEIBNIZ’ seminal contribution to the theory of Calculus 

(Leibniz, 1684).  

 

         

Figure 7. Coulomb’s Essai (1773) 

In that work COULOMB, dealing with stability analyses of vaults, arches… (Figure 7) 

and active and passive thrust on retaining walls (Figure 8), clearly points out the 

difference of status between active forces, whose magnitude is imposed, and 

resisting forces that are only defined through the resistance of matter that sets a limit 

to their magnitude. Compatibility between equilibrium equations of the concerned 

system or structure on the one side and resistance of matter on the other side must be 

checked as a necessary condition for “stability”.  

But for exceptional cases of statically determinate structures, exhaustive 

compatibility checking turns out to be unfeasible. The checking process is restrained 

by substituting weaker necessary equilibrium equations for the complete ones. Most 

often only global equilibrium equations – or even only one of them – are imposed. It 

http://www.bma.arch.unige.it/PDF/Heyman%20Biblio%20crono.pdf
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follows, as clearly exposed by COULOMB, that it is necessary to look for the minimum 

value of the load obtained through the procedure. 

 

 

Figure 8. Coulomb’s stability analysis of a retaining wall 

Moreover, as global equilibrium equations only involve resultant forces and 

moments they can easily be interpreted from a kinematical viewpoint through the 

introduction of rigid body motions. Thence, the necessary condition for compatibility 

between equilibrium and resistance can be written as checking if, in such a motion, 

the work of active forces can be balanced by the work of resisting forces. 

This explains the following two heuristic statements that have been relied upon by 

designers for quite a long time: 

 If an internal force distribution can be built up that is in equilibrium with the 

given active forces and respect the limits set by the resistance of matter, then the 

structure will be “stable”. 

 If a collapse mechanism can be built up where the work by the given active 

forces exceeds the work developed by resisting forces, then the structure will be 

“unstable”. 

Despite their looking rather obvious, both statements happen to be misleading. 

Examples have been given showing they may even be in contradiction with each 

other (Drucker, 1954; Salençon, 1974): this means that a set of given active forces that 

can be proven safe through the first statement is then proven unsafe through the 

second one. 

A reliable mathematical theory was established in the 20th century for such stability 

analyses, based upon the very same requirement that equilibrium and resistance 

should be compatible. Works by PRAGER (Prager, 1955) can be considered as seminal 

on the topic. Translating the old French name “Calcul à la rupture” we call it “Theory 
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of Yield Design” in order to draw a distinction from the Theory of Limit Analysis or 

Limit Loads, as this latter theory assumes the constitutive law of the constituent 

material to be fully defined as an Elastic and perfectly plastic law with associated 

flow rule. 

The theory of Yield Design relies on two mathematical concepts (Salençon, 1983, 

1990, 2013): 

 Convexity, for the criteria defining the resistance of the constituent materials, 

 Duality between stresses and strain rates through the principle of virtual work. 

 Underscoring the fact that compatibility between equilibrium and resistance is 

just a necessary condition for the structure to be stable, any set of active loads that 

can be equilibrated by an internal force distribution complying with the convex 

strength criterion of matter all over the structure is said to be Potentially safe. 

These potentially safe loads generate a convex set K  in the loading parameter 

vector space 1( ,... ) ( )n

nQ Q Q  , which opens the way to the Statical approach of 

potentially safe loads. 

 Then, the dual definition of the convex set of potentially safe loads results in the 

kinematical approach: any set of active loads whose virtual work in a virtual 

collapse mechanism exceeds the total maximum resisting work of matter in that 

mechanism is Certainly unsafe5 

These theorems are mathematically consistent with each other. They look as the 

counterparts of the preceding heuristic statements, but deserve being explained and 

clarified. 

The wording Potential stability recalls that, depending on the actual behaviour of 

matter before fracture and the complete history of the loading process of the 

structure, a potentially safe set of active loads may come out as actually safe or not. 

In the kinematical approach, virtual collapse mechanisms are referred to, with the 

meaning that they are not compelled to abide with geometrical constraints imposed 

to the structure or a constitutive law of matter if any, or correspond to observed 

mechanisms either for fracture of matter or collapse of the structure. Thence the 

pivotal concept of Maximum resisting work is introduced, which is derived through 

mathematical duality from the strength criterion of the constituent material. It is the 

maximum work that can be developed by internal forces in an element of matter in a 

                                                 
5
 Under some mathematical hypotheses (Frémond & Friaà, 1978) the kinematical approach can also be 

proven to completely define the convex. 
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given virtual mechanism under the only constraint set by the convex strength 

criterion of that element. Within the mathematical framework developed by MOREAU 

(1967), the maximum resisting work is just the support function of the strength 

criterion, which is at the root of its dual definition. The total maximum resisting 

work is the result of the integration of that quantity over the whole structure. 

As symbolically illustrated in Figure 9, loads and resistances do play symmetric roles 

in the Yield Design rationale. With the introduction of resistance parameters 

1( ,... ) ( )m

mR R R   , the theory can be generalised. Potentially safe dimensionings 

for a given set of loads are defined consequently, which also generate a convex set 

( )D Q  with similar statical and kinematical approaches. Optimum dimensioning 

within the Yield Design theory can thus be performed. 

 

Figure 9. Symmetric roles played by loads and resistances 

Then, the more general concept of a Domain of potential stability K , referring to both 

loads and resistances, is defined in ( ) ( )n m

  in a natural way by  

  ( , ) ( ) ( ) ( ) ( )n m n mQ R Q K R R D Q         K : (1) 

it is a convex cone in ( ) ( )n m

  which can be determined through the internal 

approach defined by (1) or the external approach written as  

   ˆ ˆ ˆ  . ( ) . ( ) 0U Q q U R r U   Kvirtual collapse mechanism, , (2) 

where ˆ( )q U  and ˆ( )r U  are respectively the kinematic vector associated with Q  and 

the dual vector of R  in the expression of the virtual resisting work. 

This domain is referred to in the case of Probabilistic yield design dimensioning 

(Carmasol, 1983; Carmasol & Salençon, 1985), when the loads or resistances, or both 

of them are stochastically defined through a probability measure ,Q Rµ  in ( ) ( )n m

 . 
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The probability of potential stability of the structure is just the measure of K : 

s , ,( ) ( )Q R Q RP µ µ K  while the probability of collapse is 
c , ,( ) 1 ( )Q R Q RP µ µ  K . This 

latter probability is usually what the designer wishes to assess. It is important to note 

that equation (2), combined with Monte Carlo methods for instance, only provides 

lower bounds for 
c ,( )Q RP µ  that may be dramatically optimistic if the range of 

considered virtual collapse mechanisms is too small. Also, as very low values of 

c ,( )Q RP µ   are anticipated since collapse must be a very rare event, one must pay great 

attention to the choice of the probability measure 
,Q Rµ  as regards its “tail behaviour”. 

Owing to its general mathematical formulation, the Yield Design theory applies to 

the many methods that have been used for long by civil engineers, as mentioned 

earlier, for the design of vaults, arches, reinforced concrete plates, shells, retaining 

walls, slope stability analyses in the spirit of the heuristic statements. It also makes it 

easier to combine these methods when analysing structures that associate different 

geometrical and mechanical modelling frameworks (e.g. one-dimensional, two-

dimensional and three-dimensional continua). 

One may think that, due to the fact that the Yield Design approach only provides 

results in the form of Potential stability, its practical relevance should be rather faint 

by now, when many numerical methods are available for step-by-step analyses of 

structures with sophisticated constitutive laws for their constituent materials. 

Ironically, it is the very reasons that require the introduction of the adverb 

“potentially” that explain that the Yield Design theorems, most often the kinematical 

one, are still currently referred to in practical circumstances, especially in civil and 

construction engineering. As pointed out by HEYMAN (1983, 1988), in the absence of 

data about the history of the loading process of a structure, e.g. concerning initial 

internal force distribution (that may be considered as a general rule !) and with rather 

crude data about the constitutive laws, the Yield Design approach provides an 

answer to stability analysis problems in the form of upper and lower bounds for the 

ultimate sets of loads that might be sustained within such a restricted data 

framework. This unfortunately often happens to be the case with post-collapse 

analyses. 

Also, as illustrated in (Pecker, 2017), these results can be a guiding thread for design 

projects that will be assessed by various methods numerical and experimental 

methods, including reduced scale tests. 
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They also come out as a theoretical groundwork for the “Ultimate Limit State 

Design”, which is one of the philosophies that need being correctly referred to in 

construction codes. The Theory of Yield design provides clear definitions for the 

“effect” of design resistances and “effect” of design loads through the kinematical 

approach, and clarifies the concept of “partial factor for model uncertainties”. 

Incidentally, reconsidering GALILEO’s solution to the problem of the cantilever beam, 

it comes out that it clearly fits within the mathematical framework of the Theory of 

Yield Design as an implementation of the kinematical approach, where a rigid body 

rotation about fulcrum B  is used as a virtual collapse mechanism. For this reason the 

result so obtained remains valid as an upper bound to the weight E  whatever the 

fibre resistance in compression. 

4. Dimensional Analysis 

We may now come back to GALILEO’s heuristic discussion about the size of 

“machines” and try to explain and quantify his arguments in the case of “small” and 

“big” animals. 

Keeping in mind that the concept of internal forces, stress fields for a three-

dimensional continuum, would only be introduced two centuries later and, 

consistently, without any reference to constitutive laws we may look at the problem 

within GALILEO’s own mechanical framework, in the following way. 

1   is the geometric scale of the big animal with respect to the small one (equal to 3 

in the example in Figure 4). Let g  denote the average animal weight per unit 

volume for both the big and small animals, whose total weights are respectively 

gV  and gV . We focus our attention on the vertical bones whose function is to 

support the total weight of the animal under concern and denote by S  and S  the 

total area of their cross sections in the big and small animals respectively, with the 

corresponding scale factor S S S  . With 0  denoting the resistance of the bone 

material to compressive force per unit bone section, supposed to be the same for both 

the small and big animals, we may state that: 

 for the existing “small” animal the total resistance of those bones is such that 

  0 S gV    (3) 

 and a similar equation must be satisfied for the “big” animal to exist 

  0 S gV   , (4) 
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with 3V V  , from which it is clear that if the bones are to increase harmoniously 

with the whole body, which implies 2S S  , they will not keep on complying with 

equation (4) for high values of  . 

If the bone constituent material is unchanged the existence of the big animal requires 

that the bone geometrical scale factor be increased as 
3

2 , as shown in Figure 4 

where 3   and 
3

2 5.2  . 

Otherwise, if the geometrical “harmony” of the animal is to be preserved, the bone 

constituent material must be stronger, with resistance 0( ) , in order that  

  0( ) S gV    , (5) 

as remarked by GALILEO and actually observed in nature. Incidentally, Figure 10 

from (Kérisel, 1978), presents the giant footprints of a “big” animal! 

 

Figure 10. “Toro Toro (Bolivia). The gigantic footprints of a dinosaur about 190 million year 

old.  (Centro Studi Richerche Ligabue, Venice)” 

With this example it may be considered that GALILEO opened the way to the theory 

of dimensional analysis and the concept of mechanical similarity that would be 

developed more than two centuries later: equation (5) shows that the problem is 

governed by the dimensionless factor 0( ) S gV    . 

Presently, dimensional analysis is most often referred to as the use of the -theorem, 

which provides efficient practical methods for exhibiting the non-dimensional factors 

that govern a physical phenomenon. It thus reduces the bulge of numerical 

calculations to be performed and makes presentation and analysis of results easier.  

Historically, as reported by BORODICH in his contribution to the IUTAM Symposium 

on Scaling in Solid Mechanics (Borodich, 2007), it seems that, after GALILEO’s study of 

the size effect for geometrically similar mechanical structure, EULER also considered 
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the problem of structure modelling (Euler, 1776) and may also be supposed to have 

been aware of kind of a -theorem.  

BORODICH also reports a theorem by KIRPICHEV that only concerned weightless elastic 

models (Kirpichev, 1874). The French mathematician BERTRAND produced the first 

explicit discussion about dimensional homogeneity (Bertrand, 1878) quite 

simultaneously and independently of LORD RAYLEIGH’s contribution (Rayleigh, 1877, 

pp. 46-47). In the meantime, FOURIER had already explicitly used the dimension 

concept (Fourier, 1807, 1819). There seems to be a general consensus (e.g. Macagno, 

1971; Debongnie, 2016) about the fact that VASCHY proposed the first form of the -

theorem which is also known as Vaschy’s theorem (Vaschy, 1892). Nevertheless, the 

theorem is most popular as Buckingham theorem after BUCKINGHAM’s paper 

(Buckingham, 1914), although BUCKINGHAM (Buckingham, 1921) acknowledged 

having been inspired by the English abstract of a paper in French by RIABOUCHINSKI 

(Riabouchinski, 1911). 

Quoting BARRENBLATT’s own wording in the preface of (Barrenblatt, 1987) we may 

say that 

“In fact, the idea on which dimensional analysis is based is very simple, and can be 

understood by all: physical laws do not depend on arbitrariness in the choice of basic 

units of measurement. An important conclusion can be drawn from this simple idea 

using simple arguments: the functions that express physical laws must possess a 

certain fundamental property, which in mathematics is called generalized homogeneity 

or symmetry. This property allows the number of arguments in these functions to be 

reduced, thereby making it simpler to obtain them… this is in fact the entire content of 

dimensional analysis – there is nothing more in it.” 

Despite its simplicity, this introduction of the concept of dimensional analysis is 

followed a few paragraphs further by a caveat: 

“It seems to me that the deficiencies in many of the previous attempts to describe 

dimensional analysis are explained (strangely enough) by the absence of a logically 

correct definition of the main concept - the dimensions of a physical quantity. Indeed, 

the definition of dimensions requires some reflection and the introduction of some 

additional concepts beforehand.” 

As a matter of fact, the mathematical bases of dimensional analysis are not trivial and 

a full and general mathematical proof has been the object of successive contributions 

that are listed and commented in (Macagno, 1971; Saint-Guilhem 1962, 1985; 

Debongnie, 2016;…), where reference is often made to a theorem by FEDERMAN 
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(Federman, 1911). In more recent papers (Saint-Guilhem, 1985) the use of some 

results in topology about the properties of arc-wise connected subgroups of n  

(Hayashida, 1949; Homma & Minagawa, 1949; Bourbaki, 1974), yielded a full 

mathematical proof of the One and fundamental theorem of dimensional analysis. 

Going back now to the initial topic of this section, namely the size effect in the 

modelling of structures, the fact that the dimensionless factor 0( ) S gV     was 

shown to govern the problem of mechanical similarity is just a particular case of an 

important and current application of the -theorem, which provides clear similarity 

rules for representative reduced scale experiments. 

GALILEO’s analysis did anticipate upon a current practice in civil engineering, where 

reduced scale experiments are commonly used as one of many approaches when 

designing a structure, especially when it cannot be derived or extrapolated 

straightforwardly from an existing one due to its size or to specific actions and 

special constraints.  

When designing the foundations of a bridge for instance different materials are 

involved at the same time. For some of them, whose constitutive law is well 

characterised and simple enough, it is possible to have different materials 

corresponding to each other in a proper way in the full-scale structure and in the 

reduced scale model. But civil engineers also need to cope with soil and similar 

materials on which their structures are to be safely built and remain stable. 

Unfortunately the behaviour of these materials is so complex and dependent on the 

actual level of internal efforts they are submitted to that it is compulsory, for reduced 

scale experiments to be representative, to keep the material unchanged. Then, gravity 

forces must be substituted with body forces that are artificially increased in inverse 

proportion with respect to the scale of the model: the centrifuge modelling technique 

is commonly used in such cases as illustrated in Figure 11 (Garnier, J.& Pecker, A., 

1999), as well as others such as the hydraulic gradient. We may infer that the 

experimental difficulties COULOMB had to face when, as an Officer of the Royal Corps 

of Engineers in Martinique (West Indies) he was elaborating his theory about the 

thrust of soil on retaining walls, were due to this necessity that was not realised at 

the time; as quoted by KÉRISEL (Kérisel, 1987, p. 57):  

“I have often come across situations in which all the theories based on hypotheses or on 

small-scale experiments in a physics laboratory have proved inadequate in practice: I 

did all the necessary research…” 
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Figure 11. Centrifuge test on a reduced scale model of a reinforced soil foundation for the 

Rion-AntiRion Bridge subject to seismic forces 

5.  As a conclusion 

We hope that these two examples made it clearer that Galileo’s insight was at the 

origin of theoretical research and practical applications that are still actively referred 

to presently. Through mathematical concepts introduced during the past century 

complete proofs and statements of what could have been somehow considered as 

heuristic approaches could be established that ascertained the corresponding results 

within a clear and appropriate framework. 

The nexus between materials and structures, whatever their size, is a most important 

topic for Solid mechanicists and engineers. Albeit it should not be considered as the 

unique goal, improving material resistance, as observed by GALILEO, often comes out 

as a necessity. As a recent example we may mention the stupendous results obtained 

last year by IAS Senior Fellow Professor LU Jian and co-workers about a new method 

for producing high-strength magnesium alloys (Wu & al., 2017). 
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