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It would have been a daring task to write 50 years ago about the “future of com-

puters in the next 50 years” and so there is no point to speculate about computers

in this millennium. We also cannot speak of the evolution of computers in the last

millennium since they are just an effect of the last 50 years or so. So, in the history

of how computers conquered mankind, the millennium just seems to represent an

arbitrary date.

Since the globalization of the internet, the development of new software has

become a joint venture of everybody and since the progress in hardware does not

seem to stop growing exponentially, one must be very optimistic about progress.

Today, most tasks in engineering can be simulated quite satisfactorily (design of

planes or bridges, factory processes and logistics) and also in many other fields, the

situation is similar. Of course, there are some big challenges left and many situations

in which we still need to wait maybe 10 or 20 years to yield full satisfaction. Of

course, there are those kinds of problems with chaotic behavior like meteorology,

earthquake prediction or stock markets where for intrinsic reasons, simulations will

always fail to be accurate. But, I do not want to deal with these problems.

One of the challenges in simulation is making steady progress and seems likely

to reach some perfection in the next 20 years is material science. The strategy of

the future seems to define different levels or length scales and to simulate a given

level by using the results of simulations of the level below. So, an ab initio electron

structure calculation gives the binding energies which in a molecular dynamics can

be used to simulate the deformation of microcrystals. This can be expressed as

the elastic modulus of grains in a mesoscopic simulation of a heterogeneous solid

like concrete and the obtained constitutive law can be inserted in a finite element

code to design the bridge. Such hierarchic simulations are of course based on some

homogenization property of the material at least on a certain length scale. A fractal

sponge cannot be treated in this way (but there are other, simpler techniques for

fractal objects).

Hierarchical simulations not only need a teamwork of different specialists but

also a good theoretical understanding of the transition micro-macro. That means,
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one needs to know how to measure in the finer level correctly the variables one needs

on the courser level. Suppose for instance, one wants to describe the deformation

of a soil, one needs to know how to calculate on the level of the grain not only the

Young modulus but also the other parameters of soil plasticity like the angles of

friction and of dilatancy. This theoretical understanding is still missing in many

cases and many groups are presently working on such tasks.

Micro-macro transitions are characterized by a change of physical variables and

by an increase in degree of phenomenology. Since most systems of interest are quite

complex, a serious micro-macro study also implies an experimental validation, i.e.,

a test that the constitutive laws obtained numerically coincide with data from the

laboratory.

The study of micro-macro transition for solids with some internal structure is

undertaken these days for many systems at many places. Simple spherical inclu-

sions have been treated for many years using effective medium theories. In this

way also, layered materials, cellular structures, eutectics and even artificial, woven

composites are considered. In each case, the issue consists in trying to include the

structure inside the solid into a suited constitutive law. For this purpose also, very

complicated expressions using in some cases auxiliary tensorial variables have been

designed.

From the computational point of view, the treatment of these structured solids

has been a challenge and has generated many original ideas for modelization and

subsequent algorithmic implementations. One technique that has been particularly

successful in the last years are lattice models. In these models, a representative

volume element is described by a discrete set of variables organized on a special

grid. The structure of the grid is very often adapted to the micro-structure that

one wants to describe. The variables represent stresses or deformation rates but

also auxiliary fields used in the constitutive law like a damage variable or failure

planes in space. These models are used as an intermediate step, often called the

“mesoscale” in which originally continuous fields are discretized, not only to facil-

itate numerical calculations but in particular to characterize the internal structure

of a material. After numerical calculations of these lattice models within a represen-

tative volume element, the obtained data are inserted into a continuous constitutive

law again.

One of the basic questions when one wants to modelize a micro-macro transition

for a complex (heterogeneous) solid is to define which are the smallest units or

grains and how many degrees of freedom they should have. A simple example is dry

granular material like sand. There, the smallest unit is a sand grain. It certainly has

translational and rotational degrees of freedom. In most cases, it should be able to

deform elastically, needing a Young’s modulus. In very rare cases like in the work

of Charles Campbell at USC also, plastic deformations of grains are allowed. The

elasticity of grains is in fact mainly introduced for numerical reasons, because in

most applications (not too large stresses), the rigid approximation for grains would
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be sufficient. Other important degrees of freedom are the geometry of particles (its

size and shape) and the surface properties of the grain. Concerning the surface, one

can describe the roughness or the friction (static or dynamic) by simple models,

involving essentially only tangential displacements and velocities.

Once the smallest units are defined that have to be distributed according to

the composition of the material to be studied, one has to decide upon the size

distribution of grains and their spatial arrangement. There might also be inter-

actions between grains, intrinsic to the material like cohesion forces coming from

humidity, electro-static repulsion or the eventual existence of the matrix surround-

ing the grains. Typically, a certain number of threshold values are then set and

distributed. For instance, one can give breaking thresholds for eventual cohesion

bonds or thresholds in the friction between grains or eventually breaking or yield

values for an individual grain. Breaking thresholds are chosen from empirical distri-

butions like the Weibull-distributions. Sometimes the numerical preparation of the

material still needs in addition some preparation dynamics like for instance a ther-

mal equilibration or for compact granular packings, a settling procedure which can

be achieved through vibration. As we can see, it takes already a certain effort just

to prepare a sample of the size of the representative volume element and involves

a certain number of material properties, like local constitutive behavior which can

only be determined from independent experiments. In the concrete case of granular

materials, one needs measurements of the granulometry, the constitutive behavior

of the material of the grains and their surface properties including in particular a

dissipation term coming from collisions or the sliding of grains against each other.

Examples of such numerical simultations yielding constitutive behaviors of soils are

in Refs. 1–8.

The above discussion about the case of a dry granular packing is typical for many

other situations in which the transition from micromechanics to macromechanics is

modeled and simulated. Examples are composites like fiber-composites in which up

to four steps of failure must be taken into account: fiber rupture, matrix damaging,

delamination and the failure of the fiber tissue.9–14 Other examples are viscous

fluids charged with particles that can be fibers like in the case of paper or platelets

like in the case of zeolite. For these systems, the fluid motions must be then into

account and the long range interactions between particles mediated by the fluid are

of crucial importance.15,16

The evolution in this kind of modelization of technical materials is very fast.

It is not only carried out by physicists, but also and mainly by engineers. The

hope behind is that one day we would design materials by testing them first on

the computer. The hope is to save much time and resources that have to be spent

usually for experimental tests. It is of course not clear if these expectations will be

fulfilled because the simulations necessarily have to neglect most effects occurring

for instance on the quantum level, at least for the time being, in order to have

computational efficiency.
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