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Abstract
The paper presented at the International Congress and this extended version are intended to pay homage to Professor Leopold 
Müller who was a leading developer and user of physical models. This will be done by first reviewing physical models of 
stone-built artificial structures from ancient times till now being used to investigate the flow of forces and the effect of mate-
rial properties. The same issues affect rock mechanics and engineering. Consequently, physical Querymodels of fundamental 
material behavior, geologic mechanisms, and especially jointed rock will then be described. On this basis complex models 
of geologic processes and of structures on and in rock masses will be discussed. Finally, critical aspects, namely, the issues 
of scaling and of possible obsolescence because of powerful simulation models, will be addressed leading to the outlook 
where physical models can and should be used.

Highlights

•	 Physical Models play a major role in rock mechanics and 
rock engineering.

•	 This paper reviews the history of material models, geo-
logic models and combined geologic/structural models.

•	 Physical models are compared to simulation models.

Keywords  Physical models of geology of structures in and on rock and processes in rock · History of physical modeling · 
Comparison physica/simulation models

1  Introduction

This paper intends to pay homage to Professor Leopold 
Müller who was a leading developer and user of physical 
models to solve fundamental rock mechanics problems and 
complex engineering cases. Professor Müller not only used 
Physical Models extensively but also wrote a classic paper 
(Müller 1980), in which he discussed other types of models 
and addressed the skepticism with which physical models 
were looked at. Today we face a similar situation in that 
the use of physical models is questioned in comparison to 
the possibilities of powerful computer-based simulations. 
There is also the issue that physical models can be dif-
ferently defined, which will be addressed by providing a 

variety of examples—not all-encompassing but reasonably 
representative.

I intend to start by reviewing the history of models rep-
resenting stone-built structures in the antiquity and later, 
worldwide. The objective of these structural model tests was 
to determine the flow of forces and their effect on structural 
performance quite analogous to the model investigations of 
rock masses, the main topic of this paper.

Interestingly, when geology moved from descriptive to 
mechanics-based approaches in the nineteenth century this 
was accompanied by physical models. The logical next step 
was then to consider the interaction of the rock mass and 
engineering structures be they dams, rock cuts, or under-
ground openings.

Finally, to bring physical modeling into the context of 
present-day engineering and science this paper will com-
pare the principles and use of physical models with those of 
simulation models. As will be shown both can and should be 
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used and can complement each other and serve to validate 
each other.

It is important, and as will be seen in the body of the 
paper, to know that physical modeling has been discussed 
quite widely. This paper is based on the systematic approach 
described above but what is discussed can only be limited.

2 � Physical Models of Artificial Structures

Human beings have used physical models for structures they 
built initially mostly for visualization purposes but soon also 
for mechanical functionality. This will be briefly reviewed 
with the information coming from the two sources: Addis 
(2021) and Mindrup (2019).

In Egypt 2000–1600 BC it evidently was quite usual to 
build funerary models before creating them in reality, a 
process which one can call visualization or architectural 
modeling. Particularly interesting regarding architecture are 
miniature models of columns. Markers on these (600–400 
BC) models indicate that the models were used to scale the 
geometry up (Mindrup 2019).

According to Mindrup (2019) the ancient Greeks did not 
use scaled models, but full-scale exemplars (prototypes) 
so-called Paradeigmata. This was evidently also done for 
the famous Eupalinos Aqueduct Tunnel (Kienast 2005) 
in Samos (Sixth century BC) for which a five-meter-long 

section marked with the word Paradeigma indicates that it 
was not only used as a trial section for the Eupalinos tunnel 
but possibly for others.

Not related to structural modelling but because of scal-
ing, according to Addis (2021), Philon and Heron and others 
reported on the use of models to design and build catapults. 
Not only were they used to develop optimal mechanisms but 
also to scale the projectiles.

Probably no better example of the use of models for 
design is the Dome of Sta. Maria del Fiore in Florence. In 
the fourteenth century the Opera del Duomo (the agency in 
charge of rebuilding the dome) initiated a design competi-
tion with models and drawings for the cupola of the dome. 
Neri di Fioravanti proposed a cupola internally supported by 
chains, while Talenti and Giovanni di Lapo Ghitini proposed 
a “gothic “ design with external buttresses. Mindrup (2019) 
describes in detail the roles of models in this competition; 
however, none of the proposals was realized. Realization 
only happened with Brunellesci’s design who in 1418 pro-
posed a dome design without centering (scaffolding). Bru-
nellesci’s design was again chosen based on a competition 
with models. Brunellesci’s model was “a large 1:12 double-
shell masonry model of the cupola—more than 2 m wide and 
3.5 m tall” (Mindrup 2019).

These models were mentioned because they show what 
is also crucial in rock modeling: The flow and magnitude of 
forces has to be such that the tensile stresses are below the 
critical ones for the brittle material, and they have to be such 
that a blocky structure does not become unstable.

These problems are also addressed by modern models, 
which are in essence based on the philosophy of Hooke’s 
second law: “As hangs the flexible line, so but inverted will 
stand the rigid arch” (Fig. 1). So, if one inverts a catenary, 
which is entirely in tension, the resulting shape will be 
entirely in compression.

Isler (1961) extends this to three dimensions with his 
“hanging cloth reversed” (Fig. 2) method. As Isler(1961) 
and Chilton (2021) in Addis (2021) state the problem and 
solution by physical modeling is not that simple: Compres-
sion may cause buckling at the boundaries and material 
selection for the models is very involved.

Fig. 1   Hooke’s second law (Addis 2021)

Fig. 2   a One of many hanging 
cloth models made by Isler; b 
The same model shown inverted 
for use as a compression struc-
ture (Image: John Chilton). Ref: 
Chilton in Addis (2021)
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The extreme application of Hooke’s second law is what 
Gaudi did, e.g., with the Sagrada Familia Fig. 3.

The review of models for artificial structures showed that 
the model needs to consider the material and the geometry, 
and these need to be properly scaled. As will be shown now 
this is exactly what needs to be done with physical models 
for rock mechanics and rock engineering.

3 � Material and Geologic Models

3.1 � Basic Material Models

To start this section the discussion (dialogo secondo) by 
Galilei (1638) on bending (Fig. 4) is used. Figure 4 shows 
not the picture of a physical model but of a conceptual one. 
It is used because it shows two aspects (among others) of 

Fig. 3   Sagrada Familia by 
Gaudi. a Built structure (Photo 
H. Einstein); b Reverse hanging 
model (Web Download)

Fig. 4   Galileo’s Beam/canti-
lever theory (from Linda Hall 
Library, Kansas City MO)
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Fig. 5   From Coulomb (1776) (a) Plate I in Coulomb (1776); (b) Schematic of Fig. 1 in Plate I Coulomb (1776); (c) Schematic of Fig. 2 in Plate 
I Coulomb (1776); (d) Schematic of Fig. 5 in Plate I Coulomb (1776)

Fig. 6   Test on blocks of paraf-
fin and resin at 0° F (Shelton 
1912). (a) Overall observations; 
(b) Details
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Fig. 7   Direct shear tests on clay (Riedel 1929). (a) Schematic of direct shear test; (b) Fracture geometry and Mohr circle for wet (weak) clay; (c) 
Fracture geometry and Mohr circle for dry (strong) clay

Fig. 8   Pure shear tests on clay (Cloos 1955). a Schematic of pure shear test; (b) Fracture geometry and Mohr circle for wet (weak) clay; (c) Frac-
ture geometry and Mohr circle for dry (strong) clay
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Galilei’s interpretations: the correct one is related to scal-
ing: multiplying (e.g., doubling) the dimensions does not 
increase the loading capacity by the same factor. The incor-
rect one is the assumption that the distribution of tensile 
stresses is uniform at section A–B while in reality it is tri-
angular. If a physical model test had been run this mistake 
might have been discovered.

Coulomb (1776) on the other hand uses detailed experi-
ments (Fig.  5a) to not only illustrate but also measure 
cohesion. As a matter of fact, he measured both tensile 
strength and cohesion of Bordeaux limestone (Pierre de 

Bordeaux—calcaire à Astéries). Figure 5b shows the tensile 
strength measurement on a one-foot square 1-inch-thick slab 
with a two-inch neck. The resulting failure force was 430 
pounds and thus the tensile strength 215 pounds/square inch. 
Determination of cohesion with a direct shear test was done 
by having a mortise and tenon along the plane g–e in Fig. 5 
c and applying force P by slinging a rope in plane geP. The 
tenon was 2 × 1 inches, i.e., the same cross-sectional area as 
in the direct tension tests. The resulting shear load at fail-
ure was 440 pounds and cohesion 220 pounds/square inch, 
i.e., higher than the tensile strength. Coulomb did mention 

Fig. 9   Triaxial tests on jointed 
gypsum model rock (from Ein-
stein et al. 1969). (a) Triaxial 
test setup; (b) Different joint 
geometries; (c) Mohr envelopes 
for the different joint geometries

Fig. 10   Direct shear tests on 
jointed model rock (Ladanyi 
and Archambault 1969). The 
Model Rock consists of ½ × 
½ × 2 ½ inch concrete rods
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this fact but did not further pursue this since the difference 
was small and varied (note and thinking of Mohr diagrams: 
equality of cohesion and tensile resistance occurs only with 
a parabolic envelope (see Hoek, 1968), while a straight-line 
envelope can lead to differences in cohesion and tension 
depending on the assumed friction angle). Very importantly, 
Coulomb did multiple tests using not only limestone but also 
artificial materials (bricks and mortars). Equally important, 
he mentions that one cannot generalize the results since they 
differ for different materials. Interestingly, Coulomb men-
tioned friction only marginally by citing Amontons, and he 
developed the “Coulomb law” theoretically in the context of 

an unconfined compression test (Fig. 5d) and this in terms of 
forces. He did not run a test to verify the law.

Mohr (1906) did not perform tests by himself but used 
tests run by others to confirm what he proposed theoreti-
cally: the sliplines bisect the angle between the major and 
minor principal stresses in a tension test, and the angle 
between the major principal stress and the failure surface in 
a compression test becomes smaller with increasing material 
strength, i.e., the failure envelope is curved.

3.2 � Geologic Models in the 19th and Early 20th 
Century

While Coulomb and Mohr used the physical models to prove 
their theories, Shelton (1912), Riedel (1929), Cloos (1930), 
and Cloos (1955) used their model tests to explain fracture 
patterns observed in nature. Sheldon used paraffin–resin 
models at 0° F to explain joint geometries she had observed 
in nature. The experiments showed the patterns documented 
in Fig. 6a where uniaxial compression was applied along 
the horizontal axis resulting in new fractures inclined at 45° 
to the force direction implying zero frictional resistance. 
Most interesting is the observation shown in Fig. 6b with 
classic wing cracks aligned along the major principal stress 
direction.

The Riedel (1929) and Cloos (1955) experiments show 
both the influence of the shear mechanism, namely, direct 
shear versus pure shear, together with the effect of mate-
rial strength, namely, wet versus dry clay (note that Cloos 
achieved wet clay by sprinkling water over the clay surface) 
(see Figs. 7 and 8).

Fig. 11   Direct shear tests on joints. (a) Geometries tested (Patton 
1966); (b) Schematic of test equipment (Einstein et al 1969)

Fig. 12   Schematic of Ladanyi and Archambault (1969) model

Fig. 13   Barton’s (1970, 1971, 1973) model tests (a) surfaces of dif-
ferent tension joints, (b) analog direct shearing test along a 2-D pro-
file: plastic strips representing a joint with two rough surfaces are 
displaced—“sheared”—relative to each other
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3.3 � Jointed Rock Models

The next step was to investigate the behavior of jointed rock, 
i.e., strength and deformability of a jointed rock mass. Fig-
ure 9 presents aspects of the work by Einstein et al. (1969). 
Figure 9a shows the relatively complex triaxial equipment 
that was used to run tests on rock models consisting of Gyp-
sum blocks representing a rock mass with different joint 
(fracture) spacings and orientations (Figs. 9b). The complex-
ity was caused by the necessity of having prismatic speci-
mens causing challenges regarding sealing. Very interesting 
are the results potted with the Mohr diagrams of Fig. 9c. The 
results indicate decreasing strengths with increasing num-
bers of preexisting joints being intersected by the failure 

surface (the stress–strain plots show analogous behavior 
– see EE  Einstein et al. 1969 Einstein and Hirschfeld 1973)

These results are emphasized here because they then led 
to the physical model research on non-persistent fractures 
(see, e.g., Reyes and Einstein 1991; Bobet and Einstein 
1998) discussed later in this paper. It is important to note 
that around the same time others (Hayashi 1966; Rosengren 
and Jaeger 1968; Rosenblad 1969; Ladanyi and Archambault 
1969; Brown and Trollope 1970) conducted analogous tests 
on jointed rock models. The work by Brown and Trollope 
(1970) is interesting because it eventually led to the Hoek 
and Brown criterion (Hoek et al. 2002).

Figure 10 from Ladanyi’s and Archambault’s (1969) 
paper represents a transition between the behavior of an 

Fig. 14   Fracture system geome-
try and failure. (a) Outcrop with 
fracture system; (b) Discrete 
fracture geometry (DFN) model 
Geofrac representing complex 
fracture system; (c) Complex 
failure mechanism through 
intact rock bridges

Fig. 15   Physical model testing 
addressing the “persistence 
problem”. (a) Prismatic physi-
cal models under different stress 
conditions, different joint geom-
etries, different materials, and 
different flaw geometries. The 
flaws are rectangular and go 
through the prismatic specimen. 
(b) Test result of a uniaxial 
compression test on gypsum 
showing classic tensile “wing” 
fractures. (c) Test result of a 
uniaxial compression test on 
marble showing shear failure. 
The uniaxial load in b and c is 
applied in the vertical direction
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Fig. 16   Comparison between 
numerical prediction and exper-
iment for a 45-a-2a open flaw 
geometry in uniaxial compres-
sion (Bobet and Einstein 1998)

Fig. 17   Loading and recording equipment used to conduct physical model tests on the persistence problem and hydraulic fracturing. (a) Photo, 
(b) Schematic
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individual joint discussed below and the behavior of a rock 
mass.

To completely represent the behavior of a jointed rock 
mass it is necessary to model the behavior of the individual 
joint, specifically the effect of joint roughness on shearing 
resistance. Early work in this direction is by Patton (1966) 
and Goldstein et al. (1966). Patton (1966) qualitatively char-
acterized the effect of joints on the stability of rock slopes 
and also conducted model tests on the effect of asperities 
on direct shear resistance (Fig. 11a). Similar tests were run 
at that time by the Hirschfeld group at MIT (Fig. 11b) as 
reported, e.g., in Einstein et al 1969. Patton’s work also 
included development of a theoretical model representing 
shearing-off and riding-over asperities. Note in this context 

that the shearing mechanisms of individual joints is more 
complex as discussed by Nelson (1977).

The shearing mechanism of an individual joint, i.e., the 
above-mentioned combination of shearing-off of asperities 
affected by “intact rock” resistance and the “riding-over” 
of asperities affected by sliding resistance, was included in 
the testing and theoretical modeling work by Ladanyi and 
Archambault (1969) as schematically shown in Fig. 12.

Barton in his Doctoral Thesis (Barton 1970) did also 
work along these lines with extensive experimental mod-
eling. Specifically, joints in a model material were cre-
ated through indirect tension (guillotine) and then tested 
in shear. In addition, profiles along the black lines in 
Fig. 13a were transformed into 2-d plastic-sheet profiles 
shown in Fig. 13b. All this was then combined in the shear 
force–displacement diagram also shown in Fig. 13b. With 
this information Barton (1973) then formulated his joint 
shearing resistance expression, which also include the 
joint roughness coefficient JRC. Further developments, 
e.g., Barton and Bandis (1982), Barton and Choubey 
(1977) also involving laboratory experiments led to con-
sideration of size effects.

From this point on the physical modeling went into two 
directions.

–	 Details of the fundamental fracturing mechanisms (see 
below).

–	 Modeling of large-scale mechanisms such as slope fail-
ures and interaction with structures such as dams and 
tunnels (the latter will be dealt with in Sect. 4).

For the former the changing Mohr envelopes of Fig. 9 
provide an idea: analysis showed that if the physical failure 
surface crossed more joints this led to lower Mohr envelopes, 
in essence indicating that these crossing points were possi-
ble fracture initiation points. In addition, parallel theoretical 

Fig. 18   Equipment for applica-
tion and visualization of hydrau-
lic fracturing. (a) In uniaxial 
test on 2 × 3 × 6″ specimen; (b) 
In bi-axial (quasi-triaxial) test 
on 1 × 2 × 4″ specimen

Fig. 19   Visualization of hydraulic fracturing on Opalinus clayshale 
(red circles: propagating fracture stops; yellow circles—propagating 
fracture stops temporarily; the square seal on the face of the specimen 
is 1.5″ × 1.5″)
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Fig. 20   Same test as Fig. 19. 
(a) Visualization of fractur-
ing with records of acoustic 
emission events superimposed; 
(b) Acoustic emission events 
(colors indicate timing, size 
indicates magnitude, symbols: x 
double couple–circle expansion/
tensile–square collapse/com-
pressive)

Fig. 21   Flow experiments on individual rough fracture using a Hele Shaw cell. (a) Schematic cross-section; (b) transparent analog; (c) Sche-
matic cross-section of rough fracture; (d) Deformation of contacts and flow under increasing pressure
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investigations on the stochastic nature of joints (see Fig. 14a 
and, e.g., Baecher et al. (1977), Call et al. (1976), Dershow-
itz (1984), Dershowitz and Einstein (1988)) eventually led to 
DFN’s (Fig. 14b) and influenced the analytical modeling of 
failure of jointed rock masses: Einstein et al.(1983) and Ein-
stein et al.(1980) showed that the eventual failure of intact 
rock bridges can be complex combinations of shear and ten-
sile failure (Figs. 14c). This indicated that it was necessary 
to physically investigate this rock bridge failure problem also 
called the “persistence problem.”

Following numerical model work by Chan et al. (1990) 
that led to the development of FROCK (Fractured ROCK), 
Reyes and Einstein(1991) and Bobet and Einstein (1998) 
studied fracture interaction with physical models. The physi-
cal model tests with different materials and geometries, and 
different applied stresses (Fig. 15a) showed different inter-
action mechanisms (Fig. 15b and c). The research by Bobet 
and Einstein (1998) started an extensive series of tests ini-
tially using the same model material (gypsum), in which 

Fig. 22   Results of flow experiments on individual rough fracture 
using a Hele Shaw cell under increasing normal stress. (a) Fracture 
asperities in contact—white indicates contact area; (b) Flow chan-
neling

Fig. 23   Physical model for flow through a jointed rock mass (Louis 
1972). (a) Experimental study of the flows in the neighborhood of 
the intersection of two fractures: (1) Free surface (2) Impermeable 
boundary where H and h are piezometric heights; (b) Cross-section 
of the ridge "Kraghammer Sattel": (1) Natural profile (2) Concrete 

piling (3) Grout curtain (4) Controlling galleries (5) Piezometers and 
drainage (6) Main fractures in zone 1; (c) Hydraulic model for study 
of flows in zone I of Kraghammer Sattel: (1) Reservoir at 307.5  m 
level (2) Grout curtain (3) Simulation of the bedding (4) Downstream 
level 278 m (5) Simulation of cross-joints K2; (d) Joint details
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the geometry of the preexisting fractures was varied and 
compared to the numerical model (FROCK) (Fig. 16).

Given the practical and research interest in hydraulic frac-
turing, testing was extended by adding the effect of fluid 
pressure. At MIT these tests were mostly on natural rock 
and not on model material with the equipment shown in 
Figs. 17 and 18. Most important in the experiments con-
ducted with this equipment is the possibility to simultane-
ously observe and record fracture propagation both visually 
and with acoustic emission (Figs. 19 and 20).

Physical models can not only be used to conduct experi-
ments on fracturing but on flow and, specifically, frac-
ture-flow. The following will therefore deal with modeling 
fluid–rock interaction first of the individual joint and then 

the jointed rock mass. Individual joint models mostly con-
centrate on the effect of irregular joint surfaces on fluid 
flow. Many use natural rocks with natural or artificially 
cut fractures/joints (see, e.g., Iwano and Einstein 1995). 
Using such non-transparent materials causes problems in 
that the surfaces and the flow through fractures cannot be 
directly observed and have to be inferred. More informa-
tive is the approach used by Detwiler et al. (2000) with 
fracture analogs, which was also done at MIT. Figure 21 
shows (a) cross-section through the MIT Hele Shaw cell 
with a transparent fracture analog; the transparent rough 
analog is shown in (b) and the principle of the tests in (c). 
The experiment consists of applying external stresses and 
fluid flow in the Hele Shaw cell such that fracture surfaces 
get increasingly deformed, and the flow (and transport) is 
affected as shown in (d). The effect of increasing normal 
stress is shown in more detail in Fig. 22.

Researchers have also constructed physical models 
to observe flow in jointed rock masses. Figure 23 shows 
aspects of what are probably the most ambitious and 
complex models in this domain, namely, those by Louis 
(1972). In these models the joints are represented by Plexi-
glas plates also including roughness. Given this complex-
ity it is recommended to look at the original publication 
by Louis (1972). Not only shown but also well known are 
electrical resistor networks, which essentially are physical 
analogs.

Fig. 24   Conceptual physical 
model of H. Cloos (1930). (a) 
Table with clay sheet under 
which a metal sheet is pulled to 
deform the clay sheet; (b) Gra-
ben produced with the modeling 
process of (a).Vertical height of 
Graben approx. 10 cm

Fig. 25   Physical Model of Mount Toc Slide Conducted by L. Müller 
(from Fumagalli 1973)

Fig. 26   Base friction model. 
(a) Model equipment (Bray and 
Goodman 1981); (b) Schematic 
of base friction model by Egger 
(Bray and Goodman 1981). For 
results of the tests by Bray and 
Goodman (1981) see Fig. 30
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4 � Complex Models

In this chapter physical models representing geologic mech-
anisms (tectonics, slope failure) and the interaction of struc-
tures and geology (Dams, Tunnels) will be discussed.

4.1 � Physical Models of General Geologic Processes

Such models are further steps beyond the models of, e.g., 
Shelton (1912). Cloos (1930) used sheets of clay of different 

consistencies placed on a table as shown in Fig. 24a. By 
pushing a metal plate underlying the clay sheet different 
geologic mechanisms can be modeled and the resulting 
structures produced. Figure 24b shows not only a Graben 
produced by moving the underlying metal sheet in lateral 
extension but also the resulting faults. By including clay 
of different stiffnesses (more or less moist) it is possible to 
show different tectonic structures. Quite important are H. 
Cloos’ initial comments on scaling in which, along the lines 
of Galilei, he states that true scaling of material properties 

Fig. 27   Rock avalanche experi-
ments by Manzella and Labi-
ouse (2009). (a) Model setup; 
(b, c) Effect of different particle 
geometries, volumes, fall 
heights on resulting morphol-
ogy of deposits

Fig. 28   Model of dam on jointed rock foundations (Fumagalli 1973). 
(a) Book cover “Statical and Geomechanical Models” showing dam 
and loading; (b) Jointed rock foundation; (c) Load application—in 

addition to external loads the pore pressure effects in the joints are 
modeled by air-pressurized bags in the joints
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is very difficult and that his models are to be understood as 
conceptual tools.

4.2 � Physical Models of Jointed Slopes

Jointed rock slope models are probably the best-known phys-
ical rock engineering models mostly because of tests run by 
Müller in Karlsruhe on the rockslide at Mount Toc leading 
to the Vajont disaster (Fig. 25). In essence, the seat-shaped 

geometry underlying the jointed mass can facilitate a col-
lapse of the blocky mass possibly producing a sudden pore 
pressure increase. One needs to know, however, that other 
interpretations of the Mount Toc failure exist (see, e.g., Hen-
dron and Patton 1987).

Cloos’ (1930) approach leads to the use of “base friction 
models” which go beyond conceptual models by introducing 
a way to consider the effect of gravity in the physical mod-
els. Modern base friction models as introduced by Bray and 
Goodman (1981) (Fig. 26) use a continually moving belt to 
produce the effect of gravity. As shown in this reference true 
scaling is now possible. Interestingly, Cundall et al. (1977) 
used a base friction model of a jointed rock slope to compare 
the modeling with the distinct element method.

The preceding, but considering in addition some move-
ment during slope failures, logically leads to models of 
rock avalanches and rockfalls as were used, for instance, by 
Manzella and Labiouse (2009) (Fig. 27). A wide variety of 
parameters could be investigated with this model and then 
be compared to numeral models with good correspondence.

4.3 � Physical Models of Structures on or in Rock

4.3.1 � Models of Dams

Figure 28a shows the Book cover of “Statical and Geo-
metrical Models” by Fumagalli (1973). This is shown for 
several reasons: The impressive dimensions and how the 
forces are applied are illustrated. ISMES led by Fumagalli 
was the center of the physical modelling effort, mostly for 
structures (bridges, buildings). The book goes into details 
of scaling. Regarding dams on rock there are several inter-
esting aspects: very importantly, Fumagalli distinguishes 
between conventional and geomechanical models. In the 
former, aimed at performance of the dam per se, the foun-
dation is a continuum consisting of properly scaled material. 
In the geomechanical model the behavior of the foundation 
is included and modeled by stacks of bricks (Fig. 28b). This 
includes different surfaces of the joints, hydrostatic load-
ing of the dam by fluid-filled bags (fluid density varied for 
proper scaling), or hydraulic jacks as shown in Fig. 28c. A 
particularly interesting feature is the use of air pressure-filled 
bags in the joints making it possible to model varying pore/
cleft water pressure (Fig. 28c).

4.3.2 � Models of Tunnels

ISMES also used geomechanical models for tunnels 
(Fig. 29). This is, however, not quite correct since load is 
applied after the tunnel is built. The correct unloading mech-
anism can be applied in the base friction model as shown by 
Bray and Goodman (1981) (Fig. 30). As a matter of fact the 
base friction model correctly applies the effect of gravity, 

Fig. 29   ISMES model test on a lined tunnel under horizontal loading: 
setup is rotated by 90° (Fumagalli 1973). Arrows show load direction

Fig. 30   Base friction test on a tunnel in jointed rock (Bray and Good-
man 1981). (a) Condition before removing the bolt at the upper left; 
(b) Condition after removing the bolt at the upper left
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and scaling is to some extent possible with the choice of the 
friction coefficient between the moving belt and the two-
dimensional model.

A step further in correct modeling of the in situ stress 
field is possible with the centrifuge. Bucky (1931) used the 
centrifuge for mining problems as shown in Fig. 31 where 
the roof deflections of an opening in layered rock were mod-
eled. Figure 32 shows the principles of the stress modeling 
with the centrifuge.

Numerous centrifuge studies with tunnel models in soil 
have been conducted and will not be mentioned here. How-
ever, what will be mentioned is the limitation of using the 
centrifuge in jointed rock. While stresses and strains in a 
continuum can be properly scaled, displacements can to a 
limited extent only. Models of jointed rock can therefore 
be used conceptually (Fig. 33) but not in cases where, e.g., 
shearing resistance changing with displacement plays a role.

5 � Physical Models in Rock Mechanics 
and Rock Engineering—Critical Aspects 
and Outlook

When discussing physical models, physical properties or 
laboratory experiments in general, the issue of scaling has to 
be addressed. As a matter of fact, this has been continuously 
addressed throughout this paper from Galilei to centrifuge 
modeling. Dimensional analysis (e.g., Lanhaar 1951) can 
be used to develop a proper model. Related to the specific 
issue of scaling in modelling jointed rock masses the reader 
is referred to Nelson (1968), who discusses in detail how 
the material for the model studies shown in Sect. 3.2 was 
selected. The process involved the selection of parameters 
that best represent the performance of the prototype, for-
mulation of dimensionless products and variation of model 
material properties. Experiments had then to be conducted 

Fig. 31   Centrifuge test on 
a mine roof in layered rock 
(Bucky 1931). (a) Equipment 
setup; (b) results layer rock 
deforms more as load stresses 
increase from bottom to top. 
“A,” “B,” etc., indicate observed 
fractures caused by the defor-
mation

Fig. 32   Principle of stress scaling in centrifuge tests. (a) Genisco centrifuge—during rotation the centrifugal force applies multiple g in the hori-
zontal direction; (b) Stress scaling
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to determine which material best satisfies the requirements. 
Such experiments, as any laboratory experiment, are sub-
ject to experimental scatter. These comments are made to 
show that although mathematically clear, the combination 
of mathematical complexity and experimental variability 
makes the selection of a model material not straightforward, 
and this is also so for other modeling conditions such as the 
geometry and the stress field.

If one compares such physical modeling to modeling 
with numerical simulation in which many parameters, many 
parameter states, and many external conditions can be simul-
taneously varied, the question comes up why use physical 
models at all. On the other hand, one has to mention the 
well-known questions and facts regarding simulation:

To what is the simulated performance compared?
The same simulated performance can be caused by 
a variety of unknown combinations of parameters, 
parameter states, and external conditions.

This leads to this final question: are neither the physical 
models nor simulations satisfactory?

The answer to this question may lie in many of the 
examples shown previously in this paper: Coulomb stipu-
lated cohesion and proved it by physical model testing. 
The flow in a rough fracture subject to combinations of 
external stresses and internal pressure was simulated and 
then physically verified in the Hele-Shaw tests. Very often 
the verification process is reversed: Rock avalanches or 
shearing and tension in the persistence problem were 
tested and then simulated using the tested parameters.

In other words, and in conclusion, physical models are 
essential for verifying simulation models of specific mecha-
nisms and simulation models can be used to expand param-
eter variation.
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