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Abstract

Fault zones are key elements in plate tectonics and important pathways for fluid
flow within the Earth’s crust, which makes their presence or absence a governing
factor for the occurrence of mineral deposits and petroleum reservoirs. Furthermore,
seismic activity on fault zones is a hazard to nearby settlements. Mechanically, fault
zones can be regarded as narrow, weak zones within a strong host material that form
through the processes of strain localisation and strain weakening. Understanding
fault system evolution in detail, however, is hindered by their long lifetime and the
limited resolution of available geological data. Analogue experiments using loose
quartz sand are a viable tool to circumvent these problems and to shed light on
the processes controlling fault zone evolution. So far these experiments have mostly
considered the kinematic evolution. In this study I develop a new analogue sandbox
experiment that combines high-resolution measurements of deformation and strength
in order to deepen our understanding of fault system evolution.

In a first step new scaling relations are derived that take into account the transient
strength evolution of both, analogue material and natural prototype. Through
detailed mechanical tests a previously unrecognised scale dependence of strain weak-
ening is detected that restricts the applicability of the tested analogue material to
models with a certain length scale. This length scale is determined by comparison
with natural data, considering different common assumptions for the strength of the
brittle crust. The scaling values thus obtained can be transferred to other tectonic
sandbox experiments.
In a second step a new experimental set-up is developed that is capable of simul-

taneously measuring deformation and strength evolution at the required resolution
and in various tectonic settings. A detailed description of the set-up is given and two
standard experiments, a convergent wedge and a Riedel-type strike-slip experiment,
are analysed with respect to the temporal relations between deformation and strength
evolution. This analysis reveals neither of the two tectonic settings to be particularly
well suited to the problem under consideration.

Therefore, in a third step, the new set-up is applied in a different strike-slip setting
akin to a transfer fault zone connecting two dip-slip faults. The work required to grow
a fault is measured as a function of fault system size. It is found to increase in an
approximately quadratic relation with fault length. This is caused by a corresponding
increase of diffuse deformation around the fault, which can be interpreted as reflecting
sub-seismic deformation in nature. The observed dependence is in accordance with
theoretical predictions for natural fault zones; and the numerical values are similar
to estimates from measured earthquake energy release rates in nature.
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Zusammenfassung

Störungszonen sind Schlüsselelemente in plattentektonischen Prozessen und wichtige
Fluidtransportwege innerhalb der spröden Erdkruste. Letzteres macht sie zu einem
entscheidenden Faktor für das Vorkommen wirtschaftlich bedeutender Lagerstätten.
Darüber hinaus stellt die Erdbebentätigkeit aktiver Störungszonen eine erhebliche
Gefahr für nahegelegene Siedlungsgebiete dar. Aus mechanischer Sicht lassen sich
Störungszonen als schmale Schwächezonen in einem festen Umgebungsmaterial be-
schreiben, die durch die Lokalisierung von Verformung und damit einhergehende
Verformungsentfestigung gebildet werden. Ein tieferes Verständnis der Entwicklung
von Störungssystemen wird jedoch durch ihre lange Lebensdauer sowie die geringe
Auflösung zur Verfügung stehender geologischer Daten erschwert. Analogexperimente,
in denen unverfestigter Quarzsand als Analogon der spröden Erdkruste verwendet
wird, stellen einen gangbaren Weg dar diese Schwierigkeiten zu umgehen. Bisher haben
derartige Studien überwiegend die kinematische Entwicklung von Störungssystemen
untersucht. In dieser Arbeit hingegen entwickle ich einen neuartigen Versuchsaufbau,
in dem hochauflösende Deformations- und Festigkeitsmessungen verwendet werden,
um neue Erkenntnisse über die Entstehung von Störungssystemen zu gewinnen.

In einem ersten Schritt werden neue Skalierungsparameter hergeleitet, die die tran-
siente Festigkeitsentwicklung sowohl des Analogmaterials als auch des natürlichen
Prototyps berücksichtigen. Anhand ausführlicher mechanischer Tests wird eine bisher
unerkannte Skalenabhängigkeit der Verformungsentfestigung nachgewiesen, die die
Anwendbarkeit der untersuchten Analogmaterialien auf Modelle mit einem bestimm-
ten Längenmaßstab einschränkt. Dieser Längenmaßstab wird durch Vergleich mit
natürlichen Festigkeitsdaten ermittelt, wobei verschiedene gängige Annahmen über
die Festigkeit der Erdkruste in die Betrachtungen einbezogen werden. Die ermittelten
Skalierungsparameter können auf andere tektonische Analogexperimente übertragen
werden.

In einem zweiten Schritt wird ein neuer Versuchsaufbau entwickelt, der gleichzeitige
Messungen der Deformations- und Festigkeitsentwicklung bei der geforderten Auf-
lösung und in verschiedenen tektonischen Umgebungen ermöglicht. Der Versuchsauf-
bau wird im Detail beschrieben und zwei Standardexperimente, ein konvergenter
Keil sowie eine Riedel-Transformstörung, werden im Hinblick auf den zeitlichen
Zusammenhang von Deformation und Festigkeitsentwicklung analysiert. Im Rahmen
dieser Analyse erweist sich keines der beiden Experimente als für die Untersuchung
der Problemstellung geeignet.
Daher wird der neue Versuchsaufbau im dritten Schritt in einem weiteren tekto-

nischen Szenario verwendet, nämlich dem einer Transformzone ohne basale Diskon-
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Zusammenfassung

tinuität, wie sie in der Natur den Versatz zwischen zwei Auf- oder Abschiebungen
übertragen. Die Arbeit, die für die Ausbreitung der Störung notwendig ist, wird in
Abhängigkeit der Störungslänge gemessen. Diese Größen stehen in einer ungefähr
quadratischen Abhängigkeit zueinander, die von einer entsprechenden Zunahme der
diffusen Deformation im Umfeld der Störung hervorgerufen wird. Diffuse Deformation
wird in diesem Zusammenhang als Abbild kleinskaliger Deformation unterhalb der
seismischen Auflösung interpretiert. Die beobachtete Abhängigkeit der aufzuwenden-
den Arbeit von der Störungslänge steht im Einklang mit theoretischen Modellen für
natürliche Störungszonen. Ebenso stimmen die ermittelten Werte der Arbeit mit
Abschätzungen aus natürlichen Erdbeben überein.
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1 Introduction

1.1 Motivation

Fault zones are important features within the Earth’s crust, both geologically and
economically. Geologically they are important as zones that accommodate the long-
term deformation shaping the Earth’s surface during orogenesis, subduction and
other tectonic processes. They can be both, pathways and barriers, for fluid flow
within the Earth’s crust that either connect or seal petroleum reservoirs, which
makes them economically interesting. As pathways for hydrothermal fluids they may
also form exploitable mineral deposits. At the same time, active large fault systems
cause seismic hazard to human settlements in their vicinity. Many zones of dense
population lie at or close to active fault systems despite this hazard, such as around
the Pacific Ocean with the coasts of the Americas, Japan and the Philippines, or
along the northern and eastern Mediterranean coasts. Detailed knowledge about the
processes acting in fault zones is therefore of fundamental importance. This thesis
aims at improving the understanding of generation and long-term evolution of fault
zones, i. e. the processes that transform intact rock into mature fault zones over
time-spans of several million years.

1.2 Strain Localisation in the Earth’s Crust

On a long time-scale, elastic deformation and the occurrence of earthquakes can
be assumed to be negligible short-term oscillations that average each other out.
Formation of fault zones is then the localisation of plastic strain into shear zones
that is driven by mechanical weakening of the overall system (Hobbs et al., 1990).
The ability to localise strain is a fundamental characteristic of nearly all Earth’s
materials and can be observed over a wide range of scales, from laboratory rock
samples to outcrops and entire continents (e g. Ramsay, 1980; Ben-Zion and Sammis,
2003).

The process of strain localisation in brittle rock is still not fully understood. For
a simple, homogeneous material, such as a glass rod or a single crystal, it can be
satisfactorily explained by stress concentrations that occur at the edges of inherent
imperfections within a sample (“Griffith cracks”) and that locally exceed the atomic
bonding strength of the material, resulting in propagation of the crack. This leads
to macroscopic weakening and ultimately to separation into two pieces along a
discrete plane within otherwise intact material. Griffith (1921) derived an analytical
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1 Introduction

description of the energy balance of this process, that has subsequently been verified
experimentally (see Orowan, 1949, for a review).

For polycrystalline materials, such as rock, the process is more complicated and the
response of the great number of different grains with intercalated zones of weakness
(e. g. the grain boundaries) cannot be described in a simple analytical model. Yet,
localisation has been found to be closely linked to weakening in laboratory experiments
on brittle rock samples as well (Wawersik and Fairhurst, 1970; Rummel and Fairhurst,
1970; Crouch, 1971; Holyoke and Tullis, 2006). Other than in homogeneous materials,
weakening in rock is preceded by a phase of inelastic hardening. During this,
deformation takes the form of opening of micro-cracks in a wide zone around the
future fault plane. This opening can be detected through sample dilation or acoustic
emission (Brace et al., 1966; Lockner et al., 1992). Some of the micro-cracks
subsequently coalesce to form a through-going fracture while the sample weakens
(Lockner et al., 1992). Brady et al. (1973) showed weakening to be proportional to
the reduction of the cross-sectional area of the coherent portion of the rock sample,
which indicates an analogue relationship between weakening and localisation as on
the atomic scale described above.

Similar behaviour can be observed on a crustal scale, although it is more difficult
to quantify in this case: For the North Sea Rift System, Cowie et al. (2005) reported
a gradual increase of strain rate at the rift axis over time, while it simultaneously
decreased at the basin margins. This process lasted about 30 Ma. Their study could
not unequivocally resolve the causes leading to such localisation. Likewise, from
investigations of the Hammaram Faraun Fault System, Gulf of Suez, Gawthorpe
et al. (2003) found localisation to occur by several isolated faults linking together
to form one basin-bounding fault. They inferred from stratigraphic relationships
that the growth of the individual faults took place in a sequential manner: Faults
first propagated quickly and then accumulated displacement with only minor lateral
growth before linking to the next one. Oncken et al. (2012) were able to link
localisation on the orogen-scale to crustal weakening. From field observations in
the Andes they found simultaneous reduction of the number of active faults and
decrease of convergence rate to coincide with an increase of slip rate on the remaining
faults.

Taken together these observations reveal a remarkable similarity over the different
scales. Ben-Zion and Sammis (2003) argued that all fault systems will evolve towards
a simple, i. e. planar, structure while at the same time weakening. Any structural
complexity, they state, is due to an early phase of hardening and low-slip phenomena
prior to localisation. Understanding structurally complex fault networks therefore
requires a close look at the early stages of fault formation and the transient processes
associated with hardening –weakening. Unfortunately, these processes are too fast
and too small in scale to be reconstructed in detail from the geological record. At the
same time, the evolution of a fault zone lasts too long to be accessible by instrumental
observation.

2



1.3 Strain Localisation in Granular Media

These restrictions can be overcome by means of analogue sandbox experiments
which provide physical models that can be observed at high spatio-temporal resolution,
can be repeated as required, and facilitate systematic parameter studies. For these
reasons analogue sandbox experiments have been used for centuries (starting with
Hall, 1815) to investigate processes that are not directly observable in nature (Brun,
1999; Dooley and Schreurs, 2012; Graveleau et al., 2012). Several successful concepts
have been derived from, or at least been inspired by, analogue experiments, e. g. the
critical taper theory (Davis et al., 1983) or the concept of Riedel shears (Cloos, 1928;
Riedel, 1929). Observations from these models can be transferred to nature, provided
that the models behave analogous to nature and are properly scaled with respect to
all significant physical properties (e. g. Hubbert, 1937).

1.3 Strain Localisation in Granular Media

Sand and other granular media, when being sheared, show a distinct localisation of
strain into a narrow shear zone whose width is somewhere between 10 to 20 times
the mean grain diameter (e. g. Panien et al., 2006). This localisation goes along
with dilation perpendicular to the shear plane and strain hardening followed by
strain weakening. Once a shear zone is established, the shear stress for continued
deformation remains approximately constant (Lohrmann et al., 2003). Because of
these properties, and in particular because of their ability to localise strain into
well defined shear zones, granular media have been used for decades as analogue
materials to model a brittle, cohesion-less Earth’s crust (Brun, 1999; Dooley and
Schreurs, 2012; Graveleau et al., 2012). Despite this popularity, the micro-mechanical
processes underlying localisation and strain weakening in granular media had not
been understood until recently:
Oda and Iwashita (2000) were among the first to present a numerical code that

realistically reproduces the weakening behaviour of sands by using a Distinct Element
approach (DEM). They found the grains to form “column-like structures” aligned
with the direction of maximum compressive stress during the hardening regime. These
structures have later been termed “force chains” and found to be the load-bearing
structures in granular media (e. g Mair and Hazzard, 2007; Daniels and Hayman,
2008). During weakening the particles within these structures re-organised themselves
by means of rolling. Oda and Iwashita (2000) were able to change the width of the
shear zones in their model by changing the particle’s resistance to rolling.

Rechenmacher (2006) performed compressional tests on sand, using high-resolution
Digital Image Correlation (DIC) to monitor strain evolution. She described shear
band evolution as competition between conjugate shear zones: Initially multiple sets
of conjugate shear bands formed (cf. Desrues and Viggiani, 2004; Dotare et al., 2016),
from which later one through-going shear zone emerged while the sample weakened.
Inside the shear zone Rechenmacher (2006) found patterns of alternating regions

3



1 Introduction

showing either high shearing or high rotation. She interpreted these patterns as
signs of re-organising force chains in accordance with the observations of Oda and
Iwashita (2000). Similar results were obtained by Alonso-Marroquín et al. (2006) in
a numerical model using a Cosserat-Continuum approach that includes rotation as a
field variable.

Tordesillas and Muthuswamy (2009) combined all those observations into a math-
ematical model: Using an assembly of seven discs they were able to describe failure
in granular media as the buckling of confined force chains. This had already been
inferred in Oda and Iwashita (2000) and Rechenmacher (2006) but had not yet been
tested. Tordesillas and Muthuswamy (2009) described failure as a process comprising
several stages: first, grains along a single force chain get elastically compressed. They
soon start to slightly roll around each other, causing the particles confining the force
chain to slightly dilate. Due to this rolling, particles leave the centre of the force
chain. This is assumed to be promoted in real sands, where force chains are rarely
ideally oriented. Grains can then be squeezed out of the force chain, which happens
either by sliding or continued rolling, depending on grain shape, inter-particle friction
and relative orientation. Additional dilation takes place in either case.
The model of Tordesillas and Muthuswamy (2009) is able to reproduce – even

for the small number of grains – many of the macroscopic characteristics previously
observed in real sands, namely strain weakening, dilation during localisation and
the dependency of these processes on confining pressure (Kolymbas and Wu, 1990;
Desrues and Viggiani, 2004). The most important parameters in this model are inter-
particle rolling- and sliding friction. For larger assemblies of grains Tordesillas and
Muthuswamy (2009) assumed many force chains to buckle and fail in a coordinated
manner. This was confirmed by Abedi et al. (2012), who monitored a shear zone in
natural sand at grain-scale resolution. They found deformation to be mainly dilative
during the beginning of weakening. During later stages they observed vortices,
as proposed by Alonso-Marroquín et al. (2006), and zones of affine deformation
which they interpreted to be force chains. These zones subsequently broke down
simultaneously to form new vortices, in between which again new zones of affine
deformation formed. The formation of vortices and force chains in these experiments
went along with subtle variations in measured shear force, where vortices coincided
with lower shear forces and force chains with higher ones. Abedi et al. (2012) did
not observe significant amounts of sliding, a fact which they attributed to the high
sliding friction of natural sand due to their rough grain surfaces.

From the above it is evident that strain localisation and strain weakening in granular
media follow different micro-mechanical processes than in rock. However, they are
similar in that rock as well as granular media show an initial phase of distributed
deformation prior to localisation that is associated with hardening, followed by a
phase of weakening during localisation. Granular materials then enter a regime of
stable sliding at constant stress during which the shear zone’s properties do not
change (e. g. Lohrmann et al., 2003; Panien et al., 2006). This is different from rock,
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1.4 Problem Statement and Overview of the Thesis

in which the shear zone gradually forms a layer of fault gauge (e. g. Scholz, 2002). For
investigations during the hardening-weakening phase granular materials nevertheless
seem well suited.

1.4 Problem Statement and Overview of the Thesis
This thesis aims at improving the understanding of the evolution of complex,
continental-scale fault networks through analogue modelling. Particular attention
is paid to the mechanical evolution and the corresponding strain distribution prior
to the establishment of a localised fault and their proper representation in sandbox
experiments.

The thesis is composed of three independent articles intended for separate publica-
tion in scientific journals. In the first one (chapter 2), existing scaling routines for
analogue sandbox experiments are critically reviewed, which leads to the conclusion
that transient strength evolution is not adequately represented in the standard scaling
procedures. New data are presented and a more complete scaling approach is derived,
based on a quantitative comparison with natural strength data from literature. The
new data reveal a scale dependence of scaling due to the transient strength evolution.
The resulting limitations for analogue modelling are discussed and an unproblematic
set of scaling factors for crustal scale models is recommended. This article has already
been published (Ritter et al., 2016).
In the second article (chapter 3) a new experimental set-up is presented that

has been developed for the purpose of conducting analogue experiments in which
both stress and strain can be monitored simultaneously and at high resolution in
various tectonic settings. A brief example of its capacities is given for the cases
of compressional wedges and strike-slip tectonics, respectively. These experiments
confirm the relationship between diffuse deformation and hardening, which on the
scale of an entire wedge had previously only been inferred. Through the combined
approach details of deformation can be detected, that otherwise would have remained
obscured. In the strike-slip case the limitations of a classical Riedel-type set-up for
analysing dynamic evolution become evident.

The findings from the previous chapters are applied in the third article (chapter 4)
in a study investigating fault evolution in a network of transfer faults, using an
improved strike-slip set-up. A scale dependence of transient mechanical evolution is
detected and quantified in terms of energy. Its relation to the evolution of distributed
deformation is established and an analogy to the development of complex fault
networks in nature is drawn.
The results of the three articles are summarised in chapter 5.
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2 Scaling the Sand Box – Mechanical
(Dis-) Similarities of Granular Materials and
Brittle Rock

Abstract
Analogue sandbox experiments are an important tool to understand brittle tectonic
deformation. To date, most experiments are interpreted kinematically only. With
the advent of reliable, small scale force sensors, however, their dynamic evolution
becomes available for analysis, offering new insights into the transient evolution
of tectonic systems. Both rock and granular materials show an evolution of strain
hardening and weakening during loading in the brittle-plastic regime, but so far this
similarity has only been appreciated qualitatively. As strain weakening is a vital
parameter controlling fault reactivation and lifetime, it requires proper scaling.

We therefore measured and analysed two common granular analogue model mater-
ials (quartz sand and glass micro beads) using ring-shear tests at a range of normal
loads typical for analogue experiments. We find two different modes of strain weak-
ening as a function of normal load: Strain weakening at normal loads <1 kPa is due
to partial loss of extrapolated cohesion, while at normal loads >1 kPa it is controlled
by reduction of internal friction, which is consistent with previous measurements in
this range. We show that this introduces a scale-dependence into the scaling and
restricts the possible use of the tested materials to crustal scale models with a length
scaling factor of l( model

nature) ≈ 2× 10−6. For these we quantitatively compare the model
materials’ transient strength evolution to that known from natural rock and the
Earth’s crust.

2.1 Introduction
Analogue models are an important tool to understand tectonic deformation. In com-
bination with modern imaging techniques they achieve a spatio-temporal resolution
published as: M. C. Ritter et al. (2016b): ‘Scaling the sandbox — Mechanical (dis-) similarities
of granular materials and brittle rock’. In: Journal of Geophysical Research: Solid Earth 121.9,
pp. 6863–6879. doi: 10.1002/2016JB012915.
Individual Contributions: M. C. R. planned and performed research, carried out experiments
and analysed results, wrote the paper; K. L. was involved in planning the research, participated
in writing the paper; M. R. participated in writing the paper; O. O. was involved in planning the
research, supervised the research, participated in writing the paper.
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2 Scaling the Sand Box

that neither natural data nor numerical models can provide (Adam et al., 2005).
Most long-term models of the brittle upper crust use some kind of granular material
(“sand”) as a rock analogue and study its kinematic behaviour during compression
(e. g. Graveleau et al., 2012), extension (e. g Brun, 1999) or strike-slip movement (e. g.
Dooley and Schreurs, 2012). Some recent experiments also include force measure-
ments in an attempt to characterise the dynamics of the model (Nieuwland et al.,
2000; Cubas, Maillot et al., 2010; Cubas, Barnes et al., 2013; Herbert et al., 2015).

For the observations from any model to be representative of a natural prototype
it is crucial that the model be properly scaled to nature with respect to geometry,
kinematics and dynamics (Hubbert, 1937). According to this author, three funda-
mental scaling factors need to be defined: one each for length, mass and time, or,
more commonly, length, density and gravity:

l∗ = lmodel
lnature

, ρ∗ = ρmodel
ρnature

, g∗ = gmodel
gnature

. (2.1)

All other necessary scaling factors can then be calculated from these. For tectonic
models the most important other scaling factor would probably be that for stress,
which can be derived from eq. 2.1 as

σ∗ = ρ∗g∗l∗. (2.2)

If these scaling factors are taken care to be valid always and everywhere throughout
the entire experiment, Hubbert (1937) states, scaling will be achieved. However,
doing so for stress is not trivial, since it cannot be directly controlled but arises
as a response of a material to the applied boundary conditions. Consequently, the
material’s response to boundary conditions, i. e. its rheology, must be the same as for
the natural material (Weijermars and Schmeling, 1986), which for brittle prototypes
means that the analogue model material must be brittle as well, and has to show the
same transient strength evolution.

The common approach to achieve scaling is, apart from ensuring geometric simil-
arity, to assume that both brittle rock and analogue material behave according to a
Mohr-Coulomb failure criterion:

τ = µσn + C (2.3)

where τ and σn are the shear stress and the normal stress on a failure plane, µ is the
coefficient of internal friction and C is the extrapolated cohesion. (In the following
the term “cohesion” is always referring to this extrapolated cohesion unless stated
otherwise. For a procedure to determine the true cohesion, see Abdelmalak et al.
(2016)). Being small compared to µσn, C is often simply neglected for the purpose of
scaling (Davy and Cobbold, 1988; Buchanan and McClay, 1991; Tron and Brun, 1991;
Duerto and McClay, 2009). This conveniently results in the single scaling condition
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2.1 Introduction

that µsand and µrock be similar. µsand is commonly taken to be between 0.5 and 0.7
(based on e. g. Krantz (1991)), and µrock is taken to be 0.6, based on Byerlee’s law
(Byerlee, 1978). Consequently models are assumed to be properly scaled.

Other modellers (Gutscher et al., 1996; Cobbold et al., 2001; Galland, Cobbold
et al., 2006; Rosenau et al., 2009; Burchardt and Walter, 2010; Galland, Burchardt
et al., 2014; Abdelmalak et al., 2016) do scale C, using the geometry of their set-ups
and the density of their model materials. They all come to the conclusion that their
models are properly scaled for Cnature ranging somewhere from 105 Pa to 107 Pa,
depending on their materials and modelled settings. According to these authors this
range of values represents the natural materials in their respective cases quite well.
The major problem of this common approach is that the Mohr-Coulomb failure

criterion does not account for any transient post-failure behavior of a material. This
is particularly unfortunate since the post-failure phase is the one during which most
significant tectonic evolution takes place. It is characterised by a loss of strength
with progressive deformation known as “strain weakening”, in both rock (Bieniawski
et al., 1969) and sand (Kolymbas and Wu, 1990; Desrues and Viggiani, 2004). Strain
weakening is assumed to be closely linked to strain localisation and fault formation.
Accordingly it is an additional material property that should be properly scaled
in tectonic models. Lohrmann et al. (2003) were the first to recognise this and
to qualitatively compare the shapes of failure curves of natural rock and quartz
sand. From measurements in a Ring-Shear tester they defined three Mohr-Coulomb-
type failure envelopes for quartz sand, corresponding to the different stages during
deformation: peak strength, stable strength and reactivation strength (fig. 2.2). They
did not, however, quantitatively compare these strength values to those of natural
materials. Panien et al. (2006) determined the same mechanical parameters for several
other analogue materials, but did not relate them to natural data either. Therefore a
quantitative comparison of the transient mechanical behaviour of granular analogue
materials to nature is still missing to date and its scaling remains to be determined.

Another problem of the above scaling approach, although not inherent to it, is the
mechanical testing of the analogue material itself. It is usually carried out at normal
loads of a few kPa (Krantz, 1991; Lohrmann et al., 2003; Panien et al., 2006) to a few
hundred kPa (Kolymbas and Wu, 1990). This yields linear failure envelopes for peak
and stable strength that differ mainly by slope, i. e. friction coefficient. However, the
overburden load at the bottom of a 5 cm thick layer of sand, which is a typical height
of an analogue model, is ρgh ≈ 1700 kg m−3× 9.81 m s−2× 0.05 m = 834 Pa and thus
below the range of the test data. It is therefore unclear whether the data obtained in
these studies are representative for the material’s behaviour under model conditions.

Schellart (2000) tested different granular materials at very low normal loads (50 Pa
to 900 Pa) and found that for this range the failure envelope of the peak strength
shows a convex shape. He attributed the observed deviation from the linear Mohr-
Coulomb envelope to a reduction of apparent cohesion. Stable strength and weakening
were not measured in this study, owing to the nature of the experimental device used.
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The data in Schellart (2000), as well as in Krantz (1991) and most of Lohrmann
et al. (2003), have been obtained using a so-called “Hubbert-type” shear box. This
device consists of two cylinders of equal diameter that are placed above each other
with a thin gap in between. They are filled with the tested material; then the
upper one is moved laterally, thereby shearing the material at the transition between
the cylinders. Its strength can be calculated from the contact area between the
two cylinders and the force required to move the upper cylinder. There are some
issues with this approach, though, the main one being that the shear zone does not
necessarily remain between the cylinders as a plane feature. For small thicknesses
of the layer above the shear zone (h < r

3 , where r is the radius of the cylinder) it
may bend upwards (Schellart, 2000) or even evolve into a thrust cross-cutting the
sample. Obviously, this would bias the results. Schellart (2000) provides a detailed
discussion of possible sources of error related to the Hubbert-type apparatus.

In this study we aim to address the issues mentioned above: We first create a set of
mechanical data for two common analogue materials, that covers the entire range of
relevant normal loads and is large enough to account for statistical variability. We do
this through measurements with a Ring-Shear tester (Schulze, 1994) that due to its
design avoids the problems of the Hubbert-type apparatus. We then quantitatively
compare this data set to natural data to assess the analogue materials’ suitability
for tectonic modelling, taking into account the transient material behaviour during
failure.

2.2 Materials and Methods

We use two granular materials that are both commonly applied in analogue modelling:
quartz sand and glass beads. The quartz sand (type G23T) is a moderately sorted,
medium-grained fluvial sand, with rounded grains and a mean grain size of 300 µm.
It is the standard sand used for analogue modelling at GFZ Potsdam and represents
a rather coarse variant of sands used by the analogue modelling community. However,
friction and cohesion values are similar to sands from other laboratories (Klinkmüller,
Schreurs, Rosenau and Kemnitz, 2016). The glass beads are an artificial product.
They are nearly perfectly rounded and very well sorted, with a grain size distribution
ranging from 100 µm to 200 µm and a mean grain size of 175 µm. They represent
rather fine-grained and low friction and cohesion material compared to commonly
used sands (Klinkmüller, Schreurs, Rosenau and Kemnitz, 2016).

Measurements are carried out in the Ring-Shear tester RST-01.pc (Schulze, 1994)
which has also been used by Lohrmann et al. (2003) and Panien et al. (2006). It
consists of an annular shear cell containing the sample (inner radius: 5 cm, outer
radius: 10 cm, height: 4 cm), and a lid that is pressed onto the sample at a preset
normal load which is kept constant throughout an experiment (fig. 2.1). The shear
cell is rotated while the lid is kept in place. Closely spaced radial blades pointing
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0.5 Fs

Δh

Fn = const.

sample
shear cell

lid

rotation direction

tie rod

0.5 Fs

Fig. 2.1: Sketch of the Ring-Shear tester. The
material is sifted into the shear cell, then
the lid is placed on top of it and a constant
normal load Fn is applied through a weight.
The cell is then rotated, while the lid is kept
in place by tie rods. Due to this differential
movement between shear cell and lid a shear
zone forms within a sample. Force sensors
register the shearing force Fs, which can
be transformed into shear stress within the
sample using the known geometry of the
device. Dilation of the sample is measured
as the vertical movement ∆h of the lid.
Modified from Schulze (1994).

vertically downward from the lid (distance: 17.9 mm at inner edge, 30.2 mm at outer
edge; height: 5 mm, thickness: 0.9 mm) ensure that it is mechanically coupled with
the sample, such that all relative displacement between lid and shear cell must be
taken up by the sample. Sensors at the lid record the torque transferred from the shear
cell via the sample to the lid, as well as the lid’s vertical movement which is equivalent
to the sample dilation. Knowing the geometry of the device one can transform the
torque measurements into shear stress (τ) and the rotation into displacement, and
plot those as shear curves (fig. 2.2). This device has been benchmarked using a
certified standard bulk material (limestone powder CRM-116) and the results have
been found to be consistent with those of a Jenike shear cell (Schulze, 1994). The
Jenike shear cell is mechanically equivalent to the Hubbert-type shear box that is
commonly applied in the analogue modelling community.
At the onset of deformation shear stress first increases quickly to a maximum τp

and then drops to a stable value τs, which it retains for the rest of the deformation.
When deformation is stopped, the sample unloaded and subsequently deformation is
resumed, another stress peak occurs which is called reactivation strength τr. It is
usually somewhat smaller than τp. Detailed inspection of fig. 2.2 reveals that the
stable value is actually slightly increasing. This is an artefact of the set-up and due to
the fact that the lid of the shear cell slowly burrows into the material upon continued
shearing, thereby increasing the friction at its side walls. It causes a tendency to
overestimate τr. For exact an determination of the reactivation stress this should
be corrected for using the measurement of the vertical displacement of the lid. The
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Fig. 2.2: Characteristic shear stress – displacement curve (shear curve) for quartz sand at σn =
3 kPa, obtained using the Ring-Shear tester (RST). Strain localisation into a discrete shear
zone is associated with a peak in the diagram due to hardening and subsequent weakening
(initial failure, τp). Smaller hardening –weakening precedes reactivation (τr). The horizontal
part of the curve is associated with stable sliding on the shear zone (τs). The slight increase is
due to the lid of the shear cell burrowing slowly into the material.

three stress values were automatically picked from the shear curves and form the base
of the following analysis, in which we will concentrate on τp and τs, and report the
values of τr merely for the sake of completeness. The automatic picking algorithm
finds the two maxima of the shear curves, which are τp and τr, and then finds the
minimum in between the two peaks, which is τs. The unloading phase is detected
via the rotation velocity and masked out prior to determining the peaks.

Samples were sifted into the shear cell to achieve high compaction (Krantz, 1991),
and measurements were carried out for different normal loads ranging from 125 Pa
to 4000 Pa, repeating them eight to ten times per normal load. Samples measured
at normal loads below 500 Pa were pre-loaded at 500 Pa to make sure the blades
were fully immersed in the sand and the lid was in close contact with the sample.
Preliminary tests at a normal load of 300 Pa have shown that this does not affect
the strength.
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2.3 Results
In total 102 measurements were carried out for quartz sand and 83 for glass beads.
The complete shear curves for all of them are available in the supplementary data
publication of Ritter et al. (2016a). In the following we use only τp, τs and τr
derived from the shear curves. We divide them in two data sets, one containing
all measurements for quartz sand and one for those of glass beads. Both data sets
show an approximately linear increase of all three values with σn, and neither shows
the convex shape of the failure envelope observed by Schellart (2000) for low σn
(fig. 2.3 A, B). This is consistent with a Mohr-Coulomb failure criterion. The strength
of the quartz sand is generally higher than that of the glass beads. In order to
quantify the strength drop from τp to τs we define the relative weakening ∆τ as

∆τ = 1− τs
τp

= 1− µsσn + Cs
µpσn + Cp

. (2.4)

This value will be between zero (no weakening) and one (no residual strength). For
high normal loads it will be dominated by µ and converge towards 1− µs

µp
, whereas

for normal loads approaching zero it will be dominated by C and converge towards
1− Cs

Cp
. Fig. 2.3 (C, D) shows ∆τ for both data sets. In either case ∆τ is highest

(about 0.35) for low normal loads, decreases towards a minimum of about 0.1 at
σn ≈ 1 kPa and then reaches a stable value of roughly 0.2 at high normal loads. This
shape is inconsistent with the assumption of linear τ and positive σn, for which,
according to the definition in eq. 2.4, ∆τ should be monotonic: If τs,p are simple
linear functions (eq. 2.3), they are differentiable. Thus ∆τ is differentiable as well.
It has a pole for τp = 0 and no other extremum. This can be verified by setting

∂∆τ
∂σn

= µpCs − µsCp
τ2

p
≡ 0 (2.5)

which yields no solution for σn, except for the case of µpCs − µsCp = 0, in which it
becomes true for any σn. For physical reasons τp > 0 for σn ∈ (0,∞) and thus ∆τ
must be monotonic in this interval.
We therefore divide both data sets at their respective minimua of ∆τ in two

subsets, such that each subset individually satisfies this criterion. The “low-load”
subsets comprise all measurements of the respective material for which σn ≤ 1 kPa
and the “high-load” subsets all those for which σn ≥ 1 kPa. For each subset a linear
least squares algorithm is applied to find the best fitting Mohr-Coulomb failure
envelope (eq. 2.3). The fitting parameters µ and C for each subset are listed in
tab. 2.1.
The high-load subsets (fig. 2.4 (A, B)) show similar characteristics as observed

in previous studies (Mandl et al., 1977; Lohrmann et al., 2003; Panien et al., 2006):
The failure envelopes for peak, stable and reactivation strength diverge, with friction

15



2 Scaling the Sand Box

σn [kPa]

peak strength
reactivation strength
stable strength

Quartz Sand

A
τ 

[k
Pa

]

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

0.5

1

1.5

2

2.5

3

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0

Δ
τ

C

σn [kPa]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

D

σn [kPa]
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

0

Δ
τ

Glass Beads

B

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
0

0.5

1

1.5

2

2.5

3

τ 
[k

Pa
]

σn [kPa]

peak strength
reactivation strength
stable strength

Fig. 2.3: Shear strength as function of normal load of quartz sand (A) and glass beads (B),
measured with the Ring-Shear tester (raw data in Ritter et al. (2016a)). The data show a linear
increase with normal load, which is consistent with the assumption of a Mohr-Coulomb failure
criterion. The strength of quartz sand is generally higher than that of glass beads, and the
peak strength of each material shows a higher slope than the respective stable and reactivation
strengths. The grey patch shows the range of other common analogue model materials
(Klinkmüller, Schreurs and Rosenau, 2016). (C) and (D): Relative weakening ∆τ = 1− τs

τp
as

function of normal load of quartz sand and glass beads. Neither of the data sets show the
monotonic behaviour expected from the definition of ∆τ and linear failure envelopes.
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Tab. 2.1: Mechanical properties of the investigated materials, as determined by linear least
squares fitting of τp, τr and τs at different normal loads. The numbers in parentheses are the
numerical values of measurement uncertainty, calculated as twice the standard deviation of the
respective fit parameter and referred to the corresponding last digits of the result.

µp Cp [Pa] µr Cr [Pa] µs Cs [Pa]
quartz sand, σn ≥ 1 kPa 0.672(5) 0(13) 0.562(4) 101(9) 0.524(3) 91(6)
quartz sand, σn ≤ 1 kPa 0.576(7) 110(4) 0.591(4) 70(2) 0.546(3) 60(2)
glass beads, σn ≥ 1 kPa 0.536(7) 0(17) 0.471(3) 58(6) 0.429(2) 57(4)
glass beads, σn ≤ 1 kPa 0.459(9) 85(5) 0.478(3) 47(2) 0.443(4) 40(3)

coefficients of µp ≈ 0.7 and µs ≈ 0.5 for quartz sand, and µp ≈ 0.5 and µs ≈ 0.4 for
glass beads. ∆τ is similar for both materials and increases from 0.1 to 0.2 over the
range of the subset (fig. 2.4 (C, D)). This increase is mainly due to Cp � Cs for both
materials, which makes the derivative in eq. 2.5 positive.
This is remarkably different for the low-load subsets (fig. 2.5 (A, B)). Here peak

friction coefficients are significantly lower than in the high-load subset, particularly
for the quartz sand. At the same time, friction coefficients for reactivation and
stable strength remain approximately constant. This results in the failure envelopes
of peak and stable strength being almost parallel. Consequently, the weakening is
mainly controlled by cohesion, which shows an offset of about 50 Pa between peak
and stable strength for both materials. According to eq. 2.5 this results in decreasing
∆τ . It starts around 0.3 to 0.35 for σn = 125 Pa and decreases to 0.1 to 0.15 for
σn = 1000 Pa (fig. 2.5 (C, D)). It is slightly higher in glass beads than in quartz sand
owing to the quartz sand’s higher peak strength.

2.4 Discussion
2.4.1 Validation of Measurements
Deformation in the Ring-Shear tester used in this study is in general similar to that in
the Hubbert-type shear box. As a main difference there is not one single back wall at
which failure initiates – as in the Hubbert-type apparatus – but several blades at each
of which a small shear zone initiates and propagates to link up with the next shear
zone at the next blade. Conceptually, the Ring-Shear tester can be regarded as a
series of small scale Hubbert-type shear boxes that are each bounded by two adjacent
blades. Therefore, the measured shear stress is averaged over several developing
shear zones, which makes the results more stable. The mechanical processes within
the sample, however, are the same.

The data set we have obtained in our measurements spans a wider range of normal
load conditions than any previous study: Lohrmann et al. (2003) measured quartz
sand similar to ours (their sands “SIC2” and “SHC”) at normal load conditions
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Fig. 2.4: Shear strength as a function of normal load for the high-load subset of quartz sand (A)
and glass beads (B). The lines represent Mohr-Coulomb failure envelopes fitted by means of a
linear least squares algorithm. The three failure envelopes for each material diverge, indicating
a weakening mechanism controlled by reduction of internal friction. (C) and (D): Relative
weakening ∆τ = 1 − τs

τp
as function of normal load for quartz sand and glass beads in the

high-load subset. For both materials is ∆τ is slightly increasing with σn. The computed
weakening is the result of inserting the equations of the fitted failure envelopes into eq. 2.4.
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Fig. 2.5: Low-load subset: Shear strength as a function of normal load of quartz sand (A) and
glass beads (B). The lines represent Mohr-Coulomb failure envelopes fitted in a linear least
squares sense. Peak friction is much lower than in the high-load subset, especially for quartz
sand. This results in the failure envelopes of peak and stable strength being almost parallel,
which indicates a weakening mechanism controlled by reduction of cohesion rather than internal
friction. (C) and (D): Relative weakening ∆τ = 1− τs

τp
is decreasing with σn for both quartz

sand and glass beads. Values for glass beads are slightly higher than for quartz sand, due to
the glass beads’ lower peak strength.
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corresponding to our high-load range. Friction coefficients and cohesion they derive
for peak and reactivation show the same trend and very similar values as ours. Since
they used a Hubbert-type shear box, they could not measure weakening as we define
it. Panien et al. (2006) carried out Ring-Shear measurements on several granular
materials and determined also the relative weakening. In the high-load range, in
which they measured, they find the same slightly increasing trend of the relative
weakening as we do (fig. 2.4 (C, D); their fig. 3). Klinkmüller, Schreurs, Rosenau and
Kemnitz (2016) measured various materials at normal loads ranging from 430 Pa to
2150 Pa, among them also those used in this study. They used the same ring-shear
tester as we did and found friction coefficients that match those of our high-load
subset quite well. Their range of normal loads overlaps slightly with our low-load
subset, however, they do not report the increase of weakening we observe for low
normal loads. The good agreement of the parameters measured in those previous
studies with our measurements validates our results for the high-load subset. For
the low load subset validation is not possible because of a lack of data in this range.

The only measurements carried out at low normal loads that we are aware of are
those of Schellart (2000) and Mechelen (2004). The latter study measured internal
friction and cohesion of different sands and glass beads (wet and dry) at normal loads
between 200 Pa to 1000 Pa. However, the results are not directly comparable to ours
since the materials used are different, and the study of Mechelen (2004) concentrates
on low normal loads and could thus not have found the transition to the high-load
regime.
Schellart (2000) reports peak strengths of several granular materials for normal

loads matching our low-load subset and below, which he measured in a Hubbert-type
apparatus. He observed a convex shape of the failure envelope for very low normal
loads below 300 Pa, which is not visible in our data. It is possible, however, that this
convex shape does also exist in our materials, but only occurs for lower normal loads
than we were able to measure.

2.4.2 Consequences for Scaling

In the common scaling approach in tectonic modelling – as described above – the
influence of cohesion C is often neglected. Strength in that case only depends on
normal load through a constant factor, the friction coefficient. Since strength and
normal load both scale as stresses, it is then assumed that strength is properly scaled
as long as friction is the same and normal load is scaled, independently of the actual
dimensions of the model. Granular materials have been used accordingly to model
processes at scales ranging from basin- or accretionary wedge-scale (McClay, 1990),
over crustal- or orogenic wedge-scale (Leever et al., 2011; Graveleau et al., 2012) up to
even lithospheric scale (Davy and Cobbold, 1988; Luth et al., 2013). Our results, on
the contrary, show that for the dimensions of typical analogue models the weakening
of granular materials is controlled by cohesion. As a consequence, cohesion should
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be taken into account for the scaling of processes in which weakening is important.
This renders the initial assumption invalid and introduces a scale-dependence of the
material strength which is likely to restrict the possible uses of analogue materials
to only some of the above processes. Other models already include cohesion in the
scaling, e. g. Galland, Cobbold et al. (2006), Holohan et al. (2013) and Abdelmalak
et al. (2016). However, in these studies weakening is usually not considered.

In order to derive dynamic scaling of an analogue material, one has to determine
the strength of the natural prototype first. Lohrmann et al. (2003) and Panien et al.
(2006) used laboratory-derived rock failure strengths for a qualitative comparison
to analogue material strengths, suggesting different analogue materials to model
different rock types. This implies the assumption that the strength of small rock
samples under laboratory conditions correctly reflects rock strength on a larger,
natural scale, and although it is rarely stated explicitly this assumption can be found
quite often in the analogue modelling literature.

Studies on crustal rheology, on the other hand, usually assume the brittle part of
the crust to be best described by Byerlee’s law (Byerlee, 1978; Brace and Kohlstedt,
1980; Bürgmann and Dresen, 2008), which is an empirical law that describes the onset
of sliding in a pre-cut, laboratory-scale rock sample under shear stress as a function
of normal load. This assumption is based on hydro-fracturing experiments in deep
boreholes, which measure crustal fracture strength on a km-scale and consistently
find friction coefficients between 0.6 and 1 in most locations (Brudy et al., 1997;
Townend and Zoback, 2000), which are the same values as given by Byerlee’s law. It
is commonly explained by fractures cross-cutting the upper crust in all directions,
such that its strength will be determined by the reactivation of these fractures and
not the fracturing of intact rock, if a large enough volume of rock is considered (Brace
and Kohlstedt, 1980).

Depending on the situation and processes modelled either of these two assumptions
might be better suited. In the following, we analyse both and determine to which
extent and at what scales our model materials correctly mimic the assumed natural
behaviour for each. In either case we define the natural processes to be represented by
the analogue material’s peak and stable strength and then try to determine suitable
scaling parameters by trial-and-error and simple comparisons. Prior to this, we
analyse the influence of the weakening mode (by reduction of cohesion or friction).

Influence of Weakening

Strain weakening is crucial to maintain activity of a shear zone and to facilitate its
reactivation: With progressing deformation a shear zone often rotates away from
the initial, ideal orientation. The weakening determines how long it can still remain
active, i. e. how much it can rotate until formation of a new shear zone will be
mechanically more favourable than continuing activity on the existing one (“maximum
rotation angle”). This can be illustrated in a Mohr-Coulomb diagram (Scholz, 2002).
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2 Scaling the Sand Box

Fig. 2.6A shows this for a hypothetical material that weakens by reduction of friction,
as commonly assumed for analogue materials. In this case the absolute weakening
increases with normal load, but the relative weakening remains constant. The slopes
of the failure envelopes (µ) depicted are the same as we measured for quartz sand
at high normal loads, but cohesion (C) is set to zero for simplicity. As can be seen
from the diagram, the maximum rotation angle is independent of normal stress and
always −18◦ to 13◦ around the dynamically ideal orientation (where the negative
sign refers to clockwise rotation in the Mohr-Coulomb diagram).

Fig. 2.6B shows the same Mohr-Circle construction for a material similar to quartz
sand in the low-load regime, with µ = 0.57 and cohesion Cp = 110 Pa and Cs = 60 Pa
for peak and stable strength, respectively. In this case, that is representative for the
situation in sand-box models, absolute weakening is constant, but relative weakening
decreases with increasing normal load. Consequently, the range of orientations
facilitating continued shear zone activity decreases with increasing normal load. The
two Mohr-Circles shown represent the overburden stress at the base of a 1 cm thick
and a 4 cm thick layer of sand. For an overburden of 1 cm sand shear zones may
rotate ±15◦ and remain active. For an overburden of 4 cm only ±10◦ of rotation
are possible. These angles can be geometrically related to the distance between the
failure envelopes at the point of failure and thus to the relative weakening. A similar
construction could be carried out for the reactivation strength.
The cases described above are idealised, since for real sand the cohesion in the

high-load regime is not exactly zero and friction coefficients in the low-load regime are
not exactly the same. Nevertheless, the general trend remains and shows a minimum
range of possible shear zone rotation for continued activity at layer thicknesses of
around 5 cm. This variable range has implications for any model in which strain
is accommodated on networks of faults, in which partitioning of slip on individual
structures is controlled by their potential for continued activity or reactivation. A
narrower range of allowed shear zone rotation (i. e. smaller relative weakening) results
in a shorter lifetime of shear zones and thus in more shear zones to be formed during
a certain amount of time. Therefore special care must be taken to properly scale the
relative weakening and thereby the range of shear zone activity.

Comparison to Intact Rock

The rock failure data used to compare our measured data to were compiled from
literature. Al-Ajmi and Zimmerman (2005) provided data in numerical form, all
other data have been digitised from published plots. In Byerlee (1975) they were
given in terms of stresses at failure, whereas Byerlee (1968), Bieniawski et al. (1969),
Crouch (1970, 1971) and Wawersik and Fairhurst (1970) provided characteristic
failure curves from which the stresses at failure were picked by hand. All data were
given in terms of principal stresses σ1 and σ3. Fig. 2.7A shows the failure strength
as differential stress (σ1 − σ3) versus confining pressure (σ3). This figure shows a
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Fig. 2.6: Mohr-Circle constructions showing the influence of weakening on shear zone activity
for A: a material that weakens by reduction of friction (µp = 0.67, µs = 0.52, C = 0; similar
to quartz sand under high-load conditions), and B: a material that weakens by partial loss of
cohesion (µp = µs = 0.57, Cp = 110 Pa, Cs = 60 Pa; similar to quartz sand under loading
conditions relevant for analogue models). In A the relative weakening is constant which results
in a constant range of fault orientations, ∆β, that can remain active (“maximum rotation
angle”). In B relative weakening decreases with increasing normal load and so does ∆θ. The
Mohr-Circles show the state of stress at the base of a 1 cm and a 4 cm thick layer of sand,
respectively. Both cases are idealised to emphasise the principal behaviour. Inset C shows the
definition of β. Please note that angles are doubled in Mohr-space.
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Tab. 2.2: Mechanical fit parameters of the different rock types used in this study. All numbers
refer to peak strength τp.

rock type q C0 [MPa] φ [◦] µ C [MPa]
Oak Hall limestone1 2.63 417 26.7 0.503 128
marble2 2.98 136 29.8 0.574 39
norite3 7.78 279 50.6 1.216 50
norite4 11.85 278 57.6 1.575 40
quartzite5 12.69 246 58.6 1.641 34
Weber sandstone A6 3.23 227 31.8 0.620 63
Weber sandstone B6 4.09 217 37.4 0.764 54
Weber sandstone C6 4.09 285 37.4 0.764 70
marble7 4.23 52.7 38.1 0.785 13
Dunham dolomite 7 3.66 299 34.8 0.696 78
KTB amphibolite7 6.44 220 47.0 1.072 43
Shirahama sandstone7 2.31 124 23.4 0.432 41
Solnhofen limestone7 2.09 358 20.7 0.378 124
Westerly granite7 8.17 250 51.4 1.254 44

(1) Byerlee (1968), (2) Wawersik and Fairhurst (1970), (3) Crouch (1971), (4) Bieniawski
et al. (1969), (5) Crouch (1970), (6) Byerlee (1975), (7) Al-Ajmi and Zimmerman (2005)

reasonably good linear correlation for the individual rock types. Therefore a linear
Mohr-Coulomb failure criterion can be fitted to each rock data set. In (σ1, σ3) - space
this takes the form (Jaeger et al., 2007):

σ1 = qσ3 + C0 (2.6)

where the parameters q and C0 can be related to the angle of internal friction φ and
the cohesion C as

q = 1 + sinφ
1− sinφ (2.7)

C0 = 2C cosφ
1− sinφ. (2.8)

Using these relations, the angle β between σ1 and the failure plane, i. e. τ , can be
calculated (Jaeger et al., 2007):

β = 45◦ − 1
2φ (2.9)

By constructing the principal stress tensor and rotating it by β each data point can
individually be transformed from (σ1, σ3) - space to (τ, σn) - space in order to use the
same coordinate system for all data, rock and sand. The rock fitting parameters for
either coordinate system can be found in tab. 2.2.
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Fig. 2.7: A: Stress at failure for several types of rock in drained biaxial testing at different
confining pressures. The solid line marks Byerlee’s empirical law (Byerlee, 1978) for initiation
of sliding on pre-cut (failed) rock. B: Relative weakening ∆τ of rock, assuming Byerlee’s
law (Byerlee, 1978) as the representation of the weakened shear stress τs. Note that this is
only an upper bound approximation for τs, real ∆τ will in fact be larger. All data are rotated
into (σn, τ) - space using the friction angles φ given in tab. 2.2. All data are compiled from
literature.
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Tab. 2.3: Scaling factors for different applications of sandbox models, (H) = hydrostatic pore
fluid pressure, (L) = lithostatic confining pressure. l thickness of modelled domain, ∆ρ density
reduced by density of pore fluid, σ stress. g∗, the factor for scaling the acceleration due to
gravity, equals 1 in all cases.

Scale lnature lmodel ∆ρnature ∆ρmodel l∗ ρ∗ σ∗

[km] [cm] [kg m−3] [kg m−3] × 10−6 × 10−6

Crust (H) 25 5 1800 1700 2 0.94 1.89
Crust (L) 25 5 2800 1700 2 0.61 1.21
Basin (H) 10 10 1400 1700 10 1.21 12.1
Basin (L) 10 10 2400 1700 10 0.71 7.08
Lithosphere (H) 20 1 1800 1700 0.5 0.94 0.472
Lithosphere (L) 20 1 2800 1700 0.5 0.61 0.304

Because of technical issues related to the high stiffness of rock, which is similar to
that of common rock-testing machines (Cook, 1965; Wawersik and Fairhurst, 1970),
practically no complete stress-strain curves including the stable sliding regime are
available for rock. Instead we use Byerlee’s empirical law as an estimate for the
stable strength. It states that peak shear stress for sliding on a pre-existing fracture
plane is independent of rock type and follows (Byerlee, 1978):

τ = 0.85σn for σn ≤ 200 MPa and
τ = 0.6σn + 50 MPa for σn ≥ 200 MPa. (2.10)

This corresponds to the reactivation stress τr as measured in the Ring-Shear tester
and can serve as an upper bound for τs only; however, it is the best approximation
available. Byerlee’s law is shown in fig. 2.7A as a black line. Fig. 2.7B shows
the relative weakening ∆τ for the different rock types assuming Byerlee’s law as
describing the weakened state. ∆τ shows a strong decrease from about 75% for very
low σn to 5% to 35% for σn ≈ 400 MPa. Due to the upper-bound approximation for
τs, these values will be lower-bound approximations for ∆τ . For σn = 0 ∆τ will be
equal to 100% for any rock, due to the definition of Byerlee’s law.

Crustal Scale A common length scale for modelling processes involving the entire
brittle crust, such as formation of orogenic wedges, is l∗ = 2× 10−6, translating to
a model thickness of 5 cm for a brittle crust of 25 km. From eq. 2.2 and assuming
ρmodel = 1700 kg m−3 and ρnature = 2800 kg m−3 this results in a stress scale σ∗ =
1.214× 10−6 (see tab. 2.3). The data from the Ring-Shear tester are scaled up using
this factor and the rock data are transformed into (τ, σn) - space as described above
and using the parameters listed in tab. 2.2. The result is shown in fig. 2.8A.

The peak strength of quartz sand plots in the lower range of the rock failure data
and more or less parallel to it. The stable strength of quartz sand plots below and
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Fig. 2.8: A: Failure of natural rock and analogue materials, scaled for crustal scale processes
and assuming lithostatic stress at depth. The data for the analogue materials has been scaled
up using a scaling factor of σ∗ = σmodel

σnature
= 1.214× 10−6. σ∗ has been derived from geometry

and density according to eq. 2.2. The rock data have been transformed to (τ, σn) - space
using friction coefficients from fitted Mohr-Coulomb failure envelopes (original data shown in
fig. 2.7A). Quartz sand matches the natural data rather well, with the peak strength being
in the range of natural data and the stable strength somewhat below Byerlee’s law (Byerlee,
1978), which is an upper bound for natural stable strength. Glass beads are generally too weak
to match the natural data. B: Relative weakening ∆τ for rock and analogue materials, scaling
factor σ∗ = σmodel

σnature
= 1.241× 10−6. Both analogue materials show very similar ∆τ and plot

right within the range of natural data.
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approximately parallel to the curve defined by Byerlee’s law. These are both rather
good matches, since Byerlee’s law marks the upper limit of stable strength. However,
for σn ≤ 200 MPa the quartz sand data do not follow the kink in Byerlee’s law and
are thus relatively too high for low normal loads. The strength of glass beads follows
the same trend, but since it is generally lower it does not match the natural data as
well as the quartz sand.

As discussed above, the relative weakening ∆τ is even more important for the
dynamic evolution of a shear zone than the absolute strength, because it can be
directly linked to the reactivation potential of a shear zone. ∆τ for this scaling
is displayed in fig. 2.8B. It is almost the same for both analogue materials, which
fully plot in the range of the natural rock data. For very low loads, however, the
weakening of rock becomes much larger than that of the analogue materials, due to
natural rocks’ complete loss of strength under these conditions.

Other Scales Sandbox models have been used not only for crustal scale tectonic
models (tab. 2.3), but also to investigate processes on a basin scale (e. g. basin
inversion) and granular materials have even been used to represent the entire brittle
crust in lithospheric scale models. Length scales for these cases are on the order
of l∗ = 10−5 and l∗ = 5× 10−7, respectively. This translates to basin scale models
being about 10 cm thick (for 10 km of sedimentary rock), and the crust in lithospheric
scale models being represented by a 1 cm thick layer of sand (tab. 2.3). For either
case fig. 2.9A shows that the shear strengths of the analogue materials are offset
with respect to the rock data. For lithospheric scale models the shear strength of
the analogue materials is too high, and only the measurements carried out at the
lowermost normal load are within the rock data’s range of confining pressures. A
quantitative comparison is therefore difficult. For the basin scale case, on the other
hand, the analogue material’s shear strength is too low, the slopes of the failure
envelopes do not match the natural ones and the weakening is too small.

This could potentially be improved by using more cohesive materials, an approach
that is in fact common in the volcanotectonic community. In fig. 2.9A this would
ideally shift the peak strength upwards into the field of natural rock data without
affecting the coefficient of internal friction. Tab. 4 in Galland, Holohan et al.
(2015) lists the properties of frequently applied materials, and Abdelmalak et al.
(2016) present a material of tunable cohesion. However, only peak strengths of
the materials are reported and additional measurements would be required for
quantitative comparison.

Strain at Failure An ideally scaled analogue material should not only withstand the
same (scaled) load as its natural prototype, it should also fail after a similar amount
of strain. For the rock data that were digitised from failure curves (Bieniawski et al.,
1969; Crouch, 1970, 1971) we know this strain threshold to increase slightly with
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to natural rock data. For the lithospheric scale case the weaker glass beads are shown, for
the basin scale case the stronger quartz sand, but yet the analogue materials are to strong
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law (Byerlee, 1978) and under hydrostatic conditions. San Andreas gouge refers to material
recovered from drilling the San Andreas Fault, California (Lockner et al., 2011). Scaling factors
in tab. 2.3.

29



2 Scaling the Sand Box

confining pressure, and to generally range from 0.2% to 1%, with some measurements
reaching up to 4%. These numbers refer to the change of axial sample length
normalised to the initial sample length.

To define a similar “bulk axial strain” value for the Ring-Shear tests, we construct
a strain ellipse for each deformation increment during a measurement. We then
calculate the length of the short axis of each strain ellipse and call its change in
length normalised to its initial length the “axial strain” of these measurements. This
yields the following formula for the axial strain in Ring-Shear tests, εrst:

εrst = 1− h√
h2 + d2

(2.11)

Here h is the height of the shear zone and d the cumulative displacement at the
moment under consideration. However, h cannot be measured during the experiments
and therefore needs to be estimated. Panien et al. (2006) found the height of a mature
shear zone in granular media to be 11 to 16 times the mean grain size, which would
correspond to 3.3 mm to 4.8 mm for our quartz sand. Adam et al. (2005), on the
other hand, observed an approximately 4 cm wide zone of diffuse deformation prior
to localisation in compressive wedge experiments, using a quartz sand very similar
to ours. We assume that this diffuse deformation is also present in our Ring-Shear
experiments at the onset of deformation. Since the maximum possible height of the
shear zone in our shear cell (i. e. the height of the shear cell minus the height of the
blades at the bottom of the lid) is only 35 mm we expect the initial shear zone to
span the entire shear cell. With progressive deformation localisation will take place
and the shear zone will become narrower until it is only 3.3 mm to 4.8 mm wide.
Localisation and narrowing of the shear zone will be completed shortly after peak
stress (Lohrmann et al., 2003), i. e. at peak stress (“failure”) the shear zone width
will be something between 35 mm and 3.3 mm. This provides a range of possible
strain values which lies between 0.03% to 0.11% for 35 mm shear zone width and
3% to 12% for 3.3 mm (quartz sand low-load subset, see displacement data in Ritter
et al. (2016a)). These values are very similar for both quartz sand and glass beads.

Accordingly, rock strain at failure falls within the field of possible values of the ana-
logue material’s strain at failure. The latter are admittedly still very crude, however,
we see no feasible way of deriving more precise values from our data at present.

Comparison to a Fractured Crust

When assuming the crust to be fractured throughout, Byerlee’s law (eq. 2.10) should
describe its peak strength. Obtaining values for the weakened strength of crustal faults
is difficult, as this is subject of an ongoing debate. Current estimates range from “com-
parable to the surrounding rock” (Scholz, 2000) to friction coefficients as low as 0.2
(Lockner et al., 2011). The latter were measured in shear tests on natural gouge ma-
terial recovered from drilling the San Andreas Fault, California, whereas the first was
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estimated from rotation of horizontal stress directions at the same location. We will
assume the weakest estimate, keeping in mind that it represents a very mature fault.

Townend and Zoback (2000) showed that in most cases the strength of the brittle
crust is not controlled by σ3, but by the effective stress σ3 − Pf , where Pf is the
hydrostatic pore fluid pressure. We include this in our scaling by calculating the
natural stress as σnature = (ρcrust − ρfluid)gh, where ρfluid is the density of the pore
fluid (water). For crustal scale models (l∗ = 2× 10−6) this leads to a stress scale
σ∗ = 1.889× 10−6 (tab. 2.3). The scaled strengths are shown in fig. 2.9B. For
σn ≥ 200 MPa the upscaled peak strength of quartz sand matches that of the crust
nearly perfectly. For lower normal loads it is slightly too high, because it does not
follow the kink in Byerlee’s law. This kink corresponds to a depth of roughly 7 km
in nature or 1.4 cm in a crustal scale model.

The stable strength of quartz sand is much higher than the strength given by the
friction coefficient of 0.2 measured for San Andreas gouge. The glass beads’ stable
strength is similarly too high, moreover, their peak strength is well below the strength
given by Byerlee’s law. Since for both analogue materials the stable strength is much
higher than for the natural example, weakening is too low to properly represent large
mature faults.

2.5 Conclusion

Using a Ring-Shear tester we measured frictional properties of two granular materials
that are typically applied in analogue tectonic modelling. Our results show a
change of the frictional properties with normal load, that divides the data into a
“high-load” and a “low-load” subset. While the high-load subset behaves similar to
measurements previously published (weakening through reduction of internal friction,
Krantz (1991), Lohrmann et al. (2003) and Panien et al. (2006)), the low-load
subset shows a behaviour that had not been observed so far: Weakening through
reduction of cohesion. The range of normal loads for which this different frictional
behaviour is important coincides roughly with the range of normal loads common
in analogue models and thus our findings affect the suitability of these materials for
modelling. Importantly, the weakening through reduction of cohesion introduces a
scale dependence of material strength, which had previously not been recognised. As
a consequence, the tested granular materials are best suited for modelling crustal scale
processes, regardless of whether the actual behaviour of the crust is closer to Byerlee’s
law or laboratory-derived failure envelopes of intact rock. We suggest a length scaling
factor of l∗ = 2× 10−6 to obtain the correct dynamically scaled material strength
for sand-box models using loose quartz sand. For other length scaling factors the
relative weakening and thus the lifetime and reactivation potential of shear zones
are likely to be different than in the natural prototype. Glass beads are generally
less suited, but might be the right choice to model particularly weak structures.
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2.6 Additional Measurements

2.6 Additional Measurements

After preparation of the above manuscript we have undertaken additional analyses in
order to shed light on the possible causes for the observed increase of peak strength
τp with normal load σn. We investigated two possibilities, compaction and “healing”.
In the first case an increase of compaction at the onset of deformation would

effectively increase the bulk density of the sample and thereby increase the peak
strength (e. g. Krantz, 1991). Our data allows to quantify initial compaction as the
downward movement of the lid of the RST (fig. 2.10). As can be seen from the
figure, initial compaction is always around 0.2 % of the initial volume, or 0.08 mm
and thus an order of magnitude smaller than the average grain size. Although the
scatter increases at low normal loads, there is no systematic variation apparent. We
therefore conclude that the reported changes in τp with increasing normal load are
not due to an increase of sample density caused by compaction.
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Fig. 2.10: Initial sample compaction in RST experiments measured as lid subsidence. The data
show increased scatter for low normal loads, but no systematic variation. The observed increase
in τp with σn is thus probably not caused by increased compaction.

In the second case, the so-called healing, the grain-grain contact area and thus
the frictional resistance increase with normal load through elastic indentation and
possibly through limited, local plastic yielding of the highly stressed grain contacts.
This process is proportional to normal load and to the logarithm of contact time
(Dieterich and Kilgore, 1994; Schulze, 2003). It can be measured using slide-hold-slide
tests in the ring-shear tester, in which a sample is first sheared at a constant rate
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2 Scaling the Sand Box

until stable shear stress is achieved; then shearing is suspended without relaxing the
applied normal and shear stresses. After a given holding time, during which the
material relaxes partly, shearing is resumed and the reactivation stress is measured
relative to the stable sliding stress before shearing was suspended.
We have performed such tests on samples of our quartz sand for holding times

from 1 s to 103 s and normal loads from 0.5 kPa to 10 kPa. The results are shown in
fig. 2.11 as the increase of reactivation stress per order of magnitude holding time,
versus the normal load. The data clearly show an increase from no detectable healing
at 0.5 kPa normal load to approximately 30 Pa per order of magnitude holding time
at 10 kPa. Therefore, a load dependent healing process is evident, which we interpret
as a possible cause of the load-dependency of friction coefficients, i. e. we argue that
in the high-load regime healing becomes an additional significant micro-mechanical
mechanism controlling friction which is not detectable – within the precision of the
measurement – at low loads.
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Fig. 2.11: Healing of quartz sand from slide-hold-slide tests. The data shown reflect the increase
of reactivation stress per order of magnitude holding time with normal load. Here, ∆τ is the
hardening during holding, log is the logarithm to the base ten, ∆t is the holding time and t◦
is the unit time.

In the original experiments presented in the manuscript, some time elapses between
loading a sample and starting the deformation, which is needed to double-check all
settings. During this time healing can take place. At reactivation, on the other
hand, the time needed for stopping deformation, relaxing the sample and resuming
deformation is less than 1 s, which is why the friction coefficient for reactivation is
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less sensitive to normal load. The amount of healing we measure is not sufficient
to explain the observed increase of the peak friction coefficient, however, it has to
be taken into account that healing is measured in a pre-sheared sample where the
density of grain-grain contacts is significantly less, thus reducing the potential for
healing.
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3 A New Experimental Device to Simultaneously
Measure Stress and Strain in Tectonic Sandbox
Experiments

Abstract

Geodynamic processes are often too slow to be monitored directly, while at the
same time being too fast to be accurately reconstructed from the geological record.
Furthermore, measurements of the driving stresses are principally impossible for
past tectonic events. Analogue sandbox experiments do not have these limitations
and have thus been used for a long time to understand tectonic processes. Despite
their long history, force measurements in analogue sandbox experiments have only
emerged recently and combined measurements of forces and deformation are still
rare to date and the reported force data is often noisy.
In this article we present an experimental device that facilitates precise meas-

urements of boundary forces and surface deformation at high temporal and spatial
resolution. We demonstrate its capabilities in one experiment of strike-slip and
compressional deformation, respectively. In these we are able to directly observe
correlations between strain weakening and strain localisation that had previously
only been inferred. Our data additionally shows that deformation in the often applied
Riedel-type set-up is controlled mainly by the boundary conditions and not by the
mechanical properties of the material.

3.1 Introduction

Understanding of geodynamic processes based on natural data alone is difficult,
because of the large temporal and spatial scales involved: The observational, seis-

Manuscript in preparation intended for publication in Tectonophysics, with authors: Malte C. Ritter,
Tasca Santimano, Matthias Rosenau, Karen Leever, Onno Oncken.
Individual Contributions: M. C. R. planned research was involved in developing the set-up and
performed the strike-slip experiment, analysed and interpreted results of both experiments, wrote
the paper; T. S. was involved in developing the set-up and performed wedge experiment (preliminary
results of a similar experiment are presented in her thesis (Santimano, 2016)), participated in writing
the paper; M. R. was involved in developing the set-up and analysis and interpretation of the data,
participated in writing the paper; K. L. was involved in planning the research and interpretation
of the data, participated in writing the paper; O. O. was involved in planning the experiments,
supervised the research.
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3 A New Sandbox to Measure Stress and Strain

motectonic and paleotectonic history of features such as fault systems or orogens
spans a few decades to thousands of years at most, while the underlying processes
are active over thousands to millions of years. Information from the geological record,
on the other hand, is generally sparse and of a temporal accuracy too limited to
reconstruct the evolution of the features in detail.
Scaled analogue sandbox experiments can fill this gap, as they provide physical

models that can be subjected to all kinds of measurements at virtually any resolution
required, only limited by the scale of granular material used. Traditionally, analogue
experiments have mostly been observed by optical means, ranging from photography
and stereo-photogrammetry via laser interferometry to Digital Image Correlation
(DIC) of surface images (see Graveleau et al., 2012, for a review). Internal structures
have commonly been analysed by wetting and cutting the model post mortem.
Recently, also X-ray computed tomography has been used to non-destructively
monitor the evolution of internal structures during deformation (Schreurs et al.,
2003). All of these observations aim at the kinematic evolution of the model and
thus the effects of deformation. In an attempt to link those kinematic observations
to dynamics some authors (Adam et al., 2005; Dotare et al., 2016) have drawn
analogies between their models and mechanical testing results (e. g. Lohrmann et
al., 2003; Ritter et al., 2016). Finally, analytical and numerical models have been
used to analyse sandbox dynamics (Cubas, Leroy et al., 2008; Cubas, Barnes et
al., 2013). However, a quantitative understanding of sandbox dynamics requires
the knowledge of both stress and strain to formulate constitutive laws of their
deformation.
Only recently, experimenters have begun to carry out force measurements on

analogue models in order to gain a better understanding of their dynamics and
thus the driving factors of deformation (Nieuwland et al., 2000). The data have
been used e. g. to quantify the effect of side wall friction in sand box experiments
(Cubas, Maillot et al., 2010; Souloumiac et al., 2012), and to assess the work done
during fault formation (Herbert et al., 2015). All of these studies concentrated
on the mechanical evolution. The next step in the development of experimental
set-ups would be to combine both observation techniques – high resolution optical
imaging and force measurements – in a single experiment to analyse the interplay
between mechanical and kinematic evolution. In this article we present an exper-
imental device that facilitates such studies and verify it using a set of preliminary
experiments.

3.2 Experimental Set-Up

3.2.1 Experimental Device

The experimental deformation device introduced in this study is designed to be
versatile for use in different settings. In this article we describe two principal
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3.2 Experimental Set-Up

applications: an accretionary wedge setting and a strike-slip setting. In both set-ups
a stationary sand pack of a few centimetres thickness is deformed by a moving
back-wall. In its most straightforward application this back-wall is used directly as
an indenter that is pushed into the sand pack, creating a convergent wedge setting.
We will first describe the basic device as it is used for this kind of experiments,
and later show the modifications that can be made to adapt it to model strike-slip
deformation.

The Basic Device: Convergent Wedge Setting

The basic device consists of a tank made of acrylic glass (100 cm× 100 cm× 30 cm).
Its flat bottom can be covered with various materials to control the basal strength
within a wide range from virtually zero (using e. g. a silicone-based lubricant) to high
friction (sandpaper). The box is watertight and all parts inside the box are waterproof
to allow the realisation of floating models, if desired. Two parallel linear actuators
consisting each of a ball screw and a stepper motor are installed at the top of the tank
to impose accurate and precise deformation on the model inside the tank (fig. 3.1A).
The nuts of the two ball screws are connected by an aluminium beam from which
the moving back-wall is suspended. The stepper motors are computer-controlled and
synchronised to prevent tilting of the beam. The horizontal velocity of the beam can
be varied between 0.01 mm s−1 and 6 mm s−1, with a maximum pushing force at the
beam of about 2.5 kN. This is orders of magnitude beyond what is actually needed
in typical sandbox experiments, but it provides a comfortable buffer and immediate
acceleration in case of applications featuring velocity changes in viscous materials.
The moving back-wall consists of an aluminium plate (thickness 1 cm, to prevent

bending) that is connected to the horizontal beam by two precision hinges designed
for minimum backlash. A vertical beam connected to the backside of the plate acts
as a lever that holds the back-wall upright and couples it to a sensor registering
the force required for this (fig. 3.1B). Any push against the back-wall will result in
a corresponding pulling force at the sensor. A load at the upper end of the beam
compensates the mass of the back-wall itself, such that in the initial state the force
sensor is without load. The sensor’s position along the vertical beam can be adjusted
to optimally exploit its full range; the reading from the sensor must then be corrected
with the ratio of the lever arms to get the actual force integrated over the back
wall. Several force sensors are currently available and can be chosen depending
on the expected force, with maximum load capacities ranging from 50 N to 10 kN
(S-beam type, KM1401 - and KM1501 -series by Megatron GmbH & Co. KG, Munich,
Germany). In the following experiments the 50 N-sensor has been used unless stated
otherwise. Its output is recorded at a sampling rate of 1 kHz by the same computer
that controls the stepper motors. Besides performing experiments with controlled
velocity, this set-up allows in principle also force-controlled routines. An algorithm
sensitive enough to balance the subtle force changes expected in analogue experiments
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Fig. 3.1: A and B: Experimental set-up for indenter experiment. An indenter is pushed into
a stationary layer of sand (20 mm) overlying a basal detachment layer made of 5 mm glass
beads (diameter: 40 µm to 70 µm), resting on sand paper. The indenter is driven by two linear
actuator located along the edges of the box made of acrylic glass. Via a lever arm the force
acting on the bottom of the indenter is transmitted to a force sensor. The force sensor’s
vertical position is adjustable to match the expected force to the load capacity of the sensor
and operate it in its optimum range.
C and D: Experimental set-up for strike-slip experiment. The indenter from A is replaced by
a “half box” consisting of a basal plate with a back-wall and one sidewall. It is underlain by
a 5 mm thin layer of low viscosity silicone oil (η = 1520 Pa s) for lubrication and underlies
half of the sand pack. The other half of the sand pack is underlain directly by the bottom
of the acrylic glass box. Upon displacing the half box a shear zone forms above the edge of
the half box. This set-up is thus a variation of the classical Riedel set-up modified for force
measurements.
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is currently in a testing phase. This operating mode will be particularly interesting
for experiments containing visco-elastic materials.

Strike-Slip Modifications

To convert the indenter device into a strike-slip device of the classical Riedel-type,
in which a sand pack is sheared above a basal discontinuity (Cloos, 1928; Riedel,
1929), a “half-box” is placed in front of the moving back-wall (fig. 3.1C,D). This
half-box is a combination of a back-wall, one sidewall and a base, made from 2.5 mm
stainless steel. It is coupled to the moving back-wall by another hinge to prevent it
from turning sideways, while at the same time transmitting horizontal forces only.
The dimensions of the half-box are such that its base underlies only half of the sand
pack (hence the name “half-box”), while the other half of the sand pack rests on
the stationary base of the acrylic glass tank. When the half-box is pushed forward,
the sand pack is sheared at the discontinuity along the edge of the half-box and
a strike-slip shear zone develops. Underneath the half-box a 5 mm thin layer of a
low-viscosity silicone paste (η = 1520 Pa s) provides lubrication. By keeping the
deformation rate low (30 µm s−1), the basal drag can be minimised to 10 Pa which is
about an order of magnitude lower than the cohesion of the sand used. Moreover, as
it is a constant value, it can be easily accounted for in the analysis of forces.

Optical monitoring

In addition to the force measurements, the experiments are optically monitored from
the top using one digital camera (ImagerProX by LaVision GmbH, Göttingen, Ger-
many) that produces uncompressed, 14-bit greyscale images with a spatial resolution
of 2600 px×4000 px (pixel) at a recording rate of up to 5 Hz. The camera is controlled
by a separate computer. The two systems (force sensor and optical recording) are
synchronised manually by first starting the camera and then, after typically ten still
images, the displacement of the moving back-wall, such that the onset of deformation
is captured by the camera and the time shift can be reconstructed. From the images
capturing the deforming model surface displacement fields can be derived by means
of DIC (Adam et al., 2005), using the software StrainMaster distributed by LaVision
GmbH. The noise of the displacement fields is estimated using the initial still images
captured before the onset of back-wall displacement.

3.2.2 Analogue materials used
We use quartz sand G23T as brittle analogue material. This is a medium-grained,
moderately sorted fluvial sand with rounded grains and a mean grain size of 300 µm
(Klinkmüller et al., 2016). Its mechanical behaviour under experimental conditions
can be described by two Mohr-Coulomb failure envelopes, τp = 0.58σn + 110 Pa for
the peak strength and τs = 0.55σn + 60 Pa for the stable sliding strength after failure
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(Ritter et al., 2016). In the compressional wedge experiments, sand paper is used to
gain higher basal friction. This sandpaper is made by sifting the same quartz sand
onto an adhesive tape. The resulting basal friction is significantly lower than the
internal friction (µp = 0.41 and µs = 0.34, Klinkmüller et al., 2016). Reactivation
of existing faults is described by Lohrmann et al. (2003), Panien et al. (2006) and
Klinkmüller et al. (2016), among others.

3.3 Observations and interpretations

3.3.1 Strike-slip experiment

In this experiment a 5 cm thick layer of sifted sand is used, which is 32 cm wide and
40 cm long. The input displacement rate is 30 µm s−1 and the optical recording rate
is set to 1 Hz. The effective spatial resolution of the camera images is 0.1 mm px−1.

Kinematic observations

At the beginning of the experiment, and for the first 3 mm of back-wall displacement,
shearing is taken up by a broad, through-going shear zone (fig. 3.2, A). Deformation
subsequently localises into three narrow Riedel-shears that are initially oriented at
an angle of 15◦ to the trace of the basal discontinuity (fig. 3.2, B). They form one
after another, starting at the end further away from the back-wall. The shears then
grow in length (fig. 3.2, C) and slowly rotate inwards until they finally connect and
form once again a through-going, but this time localised, slightly anastomosing shear
zone (fig. 3.2, D). The anastomosing shape stems from the fact that the shear zones
do not connect directly tip-to-tip, but rather curve around each other and link up
with some overlap. This general evolution is consistent with observations from earlier
experiments described e. g. by Dooley and Schreurs (2012).

To visualise deformation through time, a “width evolution map” of the shear zone
is created from the displacement fields. This is done by measuring the width of the
active shear zone for each displacement increment and at each position along strike
(x-direction). These values are projected onto profile lines, one per displacement
increment, and the profile lines are then assembled to form the width map (fig. 3.3).
In the resulting map the formation of localised shear zones can be traced as transition
from blue (wide) to yellow (narrow) colours. It clarifies the timing of shear zone
formation, starting with a short localised shear zone at the rear end of the box.
A second and a third one form subsequently in the middle of the box and at the
moving back-wall, respectively. The map further shows that shear zone growth
is not a continuous process but occurs step-wise. It also shows the locations of
overlapping branches of shear zones as patches of intermediate shear zone width, due
to summation of their respective widths.
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Fig. 3.2: Deformation maps showing the evolution of the shear zone in the strike-slip experiments:
Initially, displacement is taken up by a broad, diffuse shear zone (A). Subsequently, three
localised Riedel-shears form at an angle of 14◦ to the trace of the basal discontinuity (B),
which then grow and rotate towards each other (C). Instead of rotation of the existing shears,
new shears at a more favourable orientation can also form (C, bottom). Finally, the shears link
up and form an anastomosing shear zone (D). The maps use the vorticity ω of the displacement
field for visualising the shear zones, i.e. the difference between the off-diagonal components of
the 2-D strain tensor at each point: ω = ∂uy
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∂y , where u is the displacement vector at
the respective point.
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Fig. 3.3: Map showing the bulk width of the strike-slip shear zone along strike over time. Bulk
width is defined here as the total width of the area affected by deformation at a given
displacement increment and is determined separately for each point along strike. The map
shows the formation of Riedel-shears as the transition from blue to yellow colours (reduction
of width). It clearly shows their timing, the first Riedel-shear occurring at the far end away
from the moving back-wall, the next one in the centre and then at the back-wall. Overlapping
shears are shown as an increase (more blueish colours), since the width of both shears gets
added up.
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Fig. 3.4 shows the average width of the shear zone for each displacement increment,
calculated by simply averaging along the profile lines that compose the width map of
fig. 3.3. It serves as a 1D-proxy for localisation. Average shear zone width increases
until approximately 6 mm of back-wall displacement and then decreases towards a
stable state which it achieves after about 15 mm back-wall displacement in total.
Based on the known material behaviour of sand featuring strain hardening and
weakening associated with localisation (Lohrmann et al., 2003; Ritter et al., 2016),
we expect this localisation proxy to correlate with the measured bulk force.

Dynamic observations and correlation with structural evolution

In fig. 3.4 back-wall force is plotted against back-wall displacement. The curve
shows a clear hardening –weakening behaviour: At the start of the experiment, force
increases quickly towards a maximum value, after which it decreases again, to finally
reach a stable plateau. The total decrease with respect to the maximum value is
roughly 20 %. Similar behaviour has been observed in axial (Kolymbas and Wu,
1990) and ring-shear tests (Lohrmann et al., 2003; Ritter et al., 2016). The maximum
force is measured at about 5 mm of back-wall displacement, which is shortly before
we observe at the surface the localised shear zone forming in the centre of the sand
pack (fig. 3.3), close to the time of maximum surface shear zone width (fig. 3.4) and
at the onset of formation of the second, isolated Riedel-shear.

The temporal relation between average fault width (strain localisation) and back-
wall force (hardening –weakening) is displayed in fig. 3.5. It shows a four-phase
evolution: 1. the shear zone widens and simultaneously hardens (steep increase
of the curve); 2. hardening continues without further widening; 3. the shear zone
narrows again (strain localisation) at the same time as the weakening begins (curve
descending to the left); 4. the force remains constant while the shear zone width
slightly changes up and down, due to different segments of the final shear zone
becoming active and inactive in turns.

3.3.2 Compressional wedge experiment
In this experiment a flat layer of sand is used that is initially 20 mm thick. It is
overlying a detachment horizon made of a 5 mm thick layer of glass micro beads
which are resting on a base made of sand paper. The velocity of the indenting
back-wall is 0.5 mm s−1; the image recording rate of the camera is set to 1 Hz. The
effective spatial resolution of the camera images is 0.2 mm px−1.

Kinematic observations

While the indenter progresses, a compressional wedge forms in front of it. The wedge
is bounded by an initially straight frontal thrust and oblique ramps along the sides
that are connecting the frontal thrust to the indenter edges. The frontal thrust
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Fig. 3.4: 1-D average of shear zone width (orange, right axis), calculated as arithmetic mean
of all points from the width map for a given displacement increment. The reduction to 1-D
is necessary to compare width to force. Evolution of back-wall-force during the strike-slip
experiment (violet, right axis), as function of back-wall displacement. The plot shows the
typical hardening-weakening behaviour of sand. The structural complexity observable in the
model as several Riedel-shears is not reflected in the force.
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develops a slight curvature over time. Accretion of material occurs typically through
several cycles, each beginning with the formation of a new thrust fault and two ramp
segments, followed by accommodation of convergence along the fault, translation
along the ramps and the building of topography. A new cycle begins with the renewed
localisation of strain ahead of the active front and formation of the next thrust-ramp
system.

The data derived from DIC allows us to zoom in and analyse the processes during
formation of a single thrust fault. In accordance with literature (Dotare et al., 2016)
we divide the formation of a thrust (i. e. one accretionary cycle) into four stages
(fig. 3.6). In the first stage, stage 0, the old thrust is active and all displacement is
localised onto it. This is followed by a stage during which most deformation is still
localised onto the old thrust, but some is also distributed in the foreland of the wedge
(stage 1). The zone of distributed deformation is approximately 5 cm wide, and the
amount of deformation tapers out away from the wedge. In stage 2, a new thrust
localises in front of the wedge and within the area of diffuse deformation, which
immediately ceases. However, there is still activity on the old thrust, as different
displacements of the new and the old part of the wedge show. This difference could
alternatively be due to a backthrust forming at the toe of the wedge, which in top
view could not be distinguished. In stage 3 the formation of the new thrust is finished
and activity on the old thrust has nearly stopped. Stage 3 would at the same time
be stage 0 of a new accretionary cycle.

Dynamic observations and correlation with structural evolution

Fig. 3.7 shows the back-wall force as a function of back-wall displacement along with
the total area of the active wedge (Atot) as a 1-D proxy for strain due to wedge
growth. It is calculated by summing up the area of all pixels whose norm of the
displacement is above a threshold of 12 µm, which is the noise level determined from
the still images taken prior to the experiment. The stages of the accretionary cycle
defined above can be easily identified in fig. 3.7: During stage 0, Atot is slightly
decreasing due to minor internal shortening of the wedge that is accommodated by
reactivation of older thrusts or distributed deformation. In stage 1, a rapid increase of
Atot shows the period of diffuse deformation ahead of the wedge, whereas localisation
onto the new thrust during stage 2 is reflected by a decrease of Atot. Stage 3 is again
characterised by a slightly decreasing Atot, although at a higher level than during
stage 0.
The back-wall force (fig. 3.7) shows three characteristics: A long-term trend of

increasing force, on top of which midterm periods of transiently increased rate of
force build-up occur that are followed by short-term force drops. The long-term
trend defines a constant rate of force build-up that is consistent with growth of the
wedge in mass and the consequent increase in basal drag. Based on known material
behaviour of sand, the transient increase of forces followed by a force drop likely
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Fig. 3.6: Maps showing the displacement (norm of displacement field) in indenter experiments
in top view. The indenter is moving at a constant convergence rate of 0.5 mm s−1 from top to
bottom. The sequence shows the initiation of a thrust fault in four stages: In stage 0 (A) the
old thrust fault is active and all deformation is localised onto it, which is visible as a sharp
transition from yellow to blue colours. In stage 1 (B) most deformation is still localised onto the
thrust but some is also diffusely distributed in the footwall in front of the wedge. This is visible
in the map as light blue halo around the yellow patch. The zone of diffuse deformation reaches
approximately 10 cm ahead of the active thrust and the amount of deformation decreases away
from the wedge. Stage 2 (C): A new thrust fault has just formed in front of the old one,
in the area where previously the diffuse deformation had occurred. Diffuse deformation has
ceased, and the area covered by the new thrust fault is significantly less than the one covered
previously by diffuse deformation (2.5 cm ahead of the previous thrust). Both thrust faults
are still active in this picture, recognisable as displacement contrast between the two parts
of the wedge. Alternatively, this displacement contrast could be due to activity on a possibly
existing backthrust instead of the old thrust. In stage 3 (D) relative displacement between the
two parts of the wedge has nearly ceased and almost all deformation is localised onto the new
thrust.
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Fig. 3.7: Area of the actively deforming region of the wedge (green, right axis). The initiation of
new thrusts is clearly visible as a drastic increase of area, followed by a decrease to a level still
higher than before propagation. The increase reflects the period of diffuse deformation and the
subsequent decrease reflects the localisation onto a new thrust. Corresponding force evolution
as measured at the indenter is shown in violet (left axis). Each new thrust is characterised
by a steep increase of force prior to localisation, followed by a force drop during localisation.
The overall increasing trend reflects the increasing frictional strength on the thrust and basal
detachment due to growth of the wedge. Although the size of the wedge grows in a step-wise
manner, the increase of force is smooth and gradual (except for the propagation events).
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reflects strain-hardening and -weakening during localisation of a new thrust – ramp
system. Accordingly, the peaks made by transient force increases and subsequent
force drops are generally correlated to, but broader than, the corresponding peaks of
Atot. Force build-up starts already before the diffuse deformation of stage 1 can be
seen optically. However, the subsequent force-drop coincides rather well with stage 2.
The covariation of force and Atot is synoptically visualised in fig. 3.8, in which

these two variables are plotted against each other. The plot shows a recurring pattern
in which each cycle of the graph represents an accretionary cycle of the sand wedge.
A cycle begins with the build-up of stress, visible as slow increase of back-wall force
while Atot first decreases slightly and then stagnates. This is stage 0 of wedge growth
(sub-vertical part of the graph). It is followed by a rapid increase of Atot, during
which the back-wall force further increases (stage 1, nearly horizontal part of the
graph). The increase of Atot becomes faster and larger with every cycle, which is
indicated by the respective sections of the graph becoming shallower and longer
every time. Stage 2, localisation, is characterised by a decrease of Atot. The small
loop at the transition from stage 1 to stage 2 indicates that during the first few
increments of localisation the force still increases, i. e. the force drop lags behind
the localisation. At the end of localisation the decrease of (Atot) shortly pauses
before convergence on the newly formed thrust sets in and force increases again
(stage 3).

3.4 Discussion

3.4.1 Strike-slip Experiment

In the strike-slip experiment we observe initially diffuse deformation in combination
with hardening registered at the force sensor. At the onset of localisation in the
centre of the shear zone, hardening changes to weakening. This is in accordance with
observations from mechanical testing and experiments in granular physics (Lohrmann
et al., 2003; Rechenmacher, 2006), where the hardening –weakening behaviour has
been attributed to reorganisation of grains and the build-up and subsequent break-
down of force chains within the material. Lohrmann et al. (2003) observed the onset
of weakening to correlate with the maximum dilation rate of their samples, which
they interpreted as measure for localisation. In our experiments, however, the onset
of weakening and the onset of directly observed localisation coincide. Additionally,
in our experiment most of the internal complexity of shear zone evolution, which
includes rotation and linkage of several shear zones, is not reflected in the force
measurements. These differences are likely due to the strong kinematic boundary
condition of a pre-existing basal discontinuity: As shown by Ueta et al. (2000), the
developing Riedel shears are always linked down to the through-going, localised
shear zone at the base. Therefore, deformation is essentially of the mode-III type
(“tearing”). This involves the crack front propagating perpendicular to the direction
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Fig. 3.8: Plot showing the temporal relation of back wall force and deformation, represented
by the area of the deforming region. The distance between two circles is always 0.5 mm of
displacement, i. e. the wider the circles’ spacing along one axis, the quicker is the change of
the respective property. The plot shows a cyclic pattern, in which each cycle can be attributed
to the formation of one thrust fault. A cycle begins with the slow increase of force while
the deforming area slightly decreases (sub-vertical parts of the graph). This is stage 0 of
the thrust formation, during which the wedge grows in a self-similar way. It is followed by a
sudden increase of the deforming area, during which the force still increases. This is stage 1 of
the wedge (diffuse deformation, nearly horizontal part of the graph). At the end of stage 1
deformation begins to localise (deforming area decreases). Only after the onset of localisation
the force starts to drop. Localisation takes several tens of seconds, during which force and
deforming area decrease at a constant ratio (stage 2). At the end of the localisation a new
cycle begins (stage 3).
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of deformation, which in our case can be translated to localisation propagating from
the basal shear zone upwards. The degree of localisation observed (i. e. the average
shear zone width) is thus rather a measure of how close the “crack front” is to the
surface than describing accurately the deformation within the sand pack.
Contrasting with this, the force measurements are integrating the hardening –

weakening behaviour over the entire volume of the sand pack. We presume that
weakening in this bulk measure occurs when the volume that is undergoing weakening
exceeds the volume that is still undergoing hardening, which is probably the case
when localisation is halfway through the sand pack. Consequently we speculate that
the good correlation between average shear zone width and force drop observed in
fig. 3.5 is rather coincidental and depends on the distance between the surface of the
sand pack and its centre, i. e. its thickness.
To truly link the optical observations to a force evolution, a set-up needs to be

designed in which the propagation of deformation occurs in a direction that can
be optically observed. In case of a strike-slip shear zone that is observed from
the top this means deformation must propagate horizontally, resulting in mode-II
deformation (“shearing”). We designed such a set-up by removing the basal plate
from the Riedel set-up and pushing a part of the sand layer directly over a thin layer
of silicone oil without a pre-existing basal shear zone. In chapter 4 we will use this
modified set-up to investigate the interplay of localisation and weakening.

3.4.2 Compressional wedge experiment

In the compressional wedge experiment we observe cyclic thrust propagation, in
which the formation of each new thrust is preceded by a stage of diffuse deformation
in front of the current thrust, similar to what was observed by Adam et al. (2005).
Dotare et al. (2016) showed through high-resolution imaging that this initial stage
of diffuse deformation is in fact composed of localised deformation along several
ephemeral shear zones. They divided the initiation of a new thrust into four stages,
which we are able to recognise in our experiment.

The two studies cited above drew an analogy to results from Ring-shear tests
(Lohrmann et al., 2003) in which a phase of compaction and associated hardening was
observed. According to this analogy the diffuse or ephemerally localised deformation
corresponds to the compaction phase and thus to hardening. With our combined
approach we are now for the first time able to directly observe the correlation between
hardening and localisation. Our force measurements, however, show that hardening
starts prior to visible deformation. Notably, this time lag becomes more pronounced
with each accretionary cycle. During this first part of the hardening period, we
interpret, deformation is partly accommodated through reactivation of older thrusts
that are now within the wedge. Only when this reactivation potential is exploited
does the wedge attain an internal strength that is high enough for the formation of
an additional fault being energetically favourable.
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While hardening precedes the onset of diffuse deformation, weakening seems to
lag behind the onset of localised deformation, as visualised by the small loops in
fig. 3.8 between stages 1 and 2. This can be related to the episodic behaviour of
localisation, which in fig. 3.7 can be recognised by the flat peaks in the curve showing
deforming area: Atot increases to a certain value, which it retains while hardening still
continues. It then quickly decreases, with the rate of decrease being maximal directly
after the plateau. The onset of weakening thus coincides with the maximum rate of
localisation. This is in accordance with results from mechanical testing (Lohrmann
et al., 2003), but had never been observed at the larger scale of accretionary wedges.

3.5 Conclusion
We developed an experimental device that facilitates simultaneous measurements
of stress and strain in analogue experiments. We tested this device in two different
tectonic settings, a strike-slip one and a convergent one. For the strike-slip setting
we find that the classical Riedel-type set-up that we applied is not ideally suited
for investigating the interplay of mechanical and kinematic behaviour, due to the
dominating kinematic boundary condition. This leads to vertical propagation of
deformation, which is thus not observable.
In the accretionary wedge set-up we are able to observe a correlation between

hardening and diffuse deformation that so far had been only inferred. Additionally,
we observe a time lag between strain localisation and strain weakening that we
interpret to be a consequence of the episodic character of deformation.

In total, our experiments show that simultaneous observation of deformation and
force at high resolution are feasible and can provide valuable new insights into links
between processes which so far had only been investigated individually.
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4 Growing Faults in the Lab: Insights into the
Scale Dependence of the Fault Zone Evolution
Process

Abstract

Analogue sandbox experiments of strike-slip deformation show the work required
to create a fault system, Wprop, to scale approximately with the square of the fault
system length, l. This is consistent with theory of fault growth in nature. Through
quantitative measurements of both Wprop and strain, we are able to show that Wprop
is mainly spent on diffuse deformation prior to localisation, which we regard as
analogous to distributed deformation on small-scale faults below seismic resolution in
natural fault networks. We show the strain threshold at which localisation occurs to
be a function of l, whereas the total stress drop remains independent of system size.

4.1 Introduction

Localisation of strain into discrete shear zones and fault networks is a characteristic
feature in the deformation of Earth materials on all scales from single grains to
tectonic plates. In laboratory experiments on brittle rock the localisation of strain
into cracks and their subsequent coalescence to a through-going fracture are closely
linked to a decrease of material strength known as strain weakening (Brady et al.,
1973; Lockner et al., 1991; Scholz, 2002; Paterson and Wong, 2004). On the larger
scale of entire sedimentary basins strain localisation can be observed as deformation
being initially distributed onto several small faults and subsequently concentrating
onto one master fault (e. g. McLeod et al., 2000; Cowie, Underhill et al., 2005). In the
Andes, Oncken et al. (2012) were able to link this reduction of the number of active
faults to a concurrent decrease of crustal strength. Their study uses field data to
convincingly show the general behaviour; however, the scarcity of geological data and
the accuracy of available dating methods make it difficult to understand in detail the
process of localisation and its quantitative relation to strength evolution. Scaling laws
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have been employed to derive estimates regarding slip on faults below the resolution
of a dataset (Scholz and Cowie, 1990), but their results remain untested.
Scaled analogue sandbox experiments provide physical models in which the pro-

cesses of interest can be observed directly and practically without limitations of resol-
ution apart from the particle size of the selected material. Previous experiments have
shown a phase of diffuse (Adam et al., 2005) or ephemerally localised (Dotare et al.,
2016) deformation to precede formation of localised faults in sand. This can be linked
to global material hardening (Lohrmann et al., 2003; Rechenmacher, 2006) and is thus
an essential part of the localisation process (Tordesillas and Muthuswamy, 2009). By
analogy it has been related to distributed deformation preceding localisation in nature
(e. g. Dotare et al., 2016). However, quantitative proof for this analogy is still missing.

Furthermore, the energy budget of the localisation process has recently received in-
creased attention, due to its application in predicting fault growth through minimum-
work models (Mitra and Boyer, 1986; Hardy et al., 1998; Masek and Duncan, 1998;
Cooke and Murphy, 2004; Dempsey et al., 2012; Cooke and Madden, 2014). In this
context the work of fault propagation, Wprop, is recognised as the crucial parameter
determining strain distribution and -localisation (Del Castello and Cooke, 2007).
As usual in these studies, we define Wprop to be the work per unit height of the
fault, where height refers to the in-plane extent of the fault perpendicular to the slip
direction. The unit of Wprop is thus J m−1. The common estimate used in all the
above studies assumes Wprop to depend on the volume of the fault zone. Its width
depends on the displacement on the fault (e. g. Scholz, 1987) and thus on fault length
l (Cowie and Scholz, 1992; Dawers et al., 1993). This leads to an overall scaling of
fault zone volume, and thus Wprop, with l2.

In contrast to this, shear zone width in sandbox experiments is depending on grain
size and is otherwise constant (Panien et al., 2006). Accordingly, Herbert et al. (2015)
have reported results from which Wprop can be deduced to be directly proportional
to l, although this relationship was not in the focus of their study. If this linear
relationship is valid, it carries severe implications for the applicability of sandbox
experiments to understanding natural systems.

To resolve these issues we carry out analogue sandbox experiments varying the fault
system length l systematically over a wide range. By determining diffuse deformation
and Wprop, as well as their mutual relation, we show that diffuse deformation in
sandbox experiments is indeed analogous to distributed deformation in natural fault
systems. Our data also verifies the scalability of sandbox models with respect to
energy, i. e. it shows a similar scaling of Wprop with fault length as in nature. In
order to facilitate the formation of a sufficiently large fault system, we choose the
tectonic setting of strike-slip deformation, in which l (defined here as the extent in
slip direction) is not limited by crustal thickness. To further extend the range of l,
we complement these experiments with measurements in a Ring-Shear tester that
facilitates very precise measurements of forces for short l at the cost of not allowing
direct observation of the shear zone.
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4.2 Experimental Approach

4.2.1 Analogue Material

The analogue material used in this study is quartz sand of type G23T, which is the
standard sand used for analogue modelling at GFZ Potsdam. It is a medium-grained
and moderately sorted fluvial sand with rounded grains (mean grain size 300 µm).
Standard mechanical testing has been carried out on this sand by Klinkmüller et al.
(2016) and Ritter et al. (2016, cf. chapter 2), among others. The latter study
found tectonic models using this material to be scaled for a length scaling factor of
l∗ = 2× 10−6, i. e. for the case of 1 cm in the model relating to 5 km in the natural
prototype.

4.2.2 Deformation Rigs

Strike-Slip Shear Box

The strike-slip shear box is a custom built apparatus that is based on the deformation
rig introduced in chapter 3. It essentially consists of a sand pack, one part of which
is pushed forward by a combination of an indenter and a moving sidewall, while the
other part is held in place by a stationary back- and sidewall (fig. 4.1). The sand
pack is resting on a layer of low-viscosity silicone oil that, in combination with a
low deformation rate of 30 µm s−1, reduces the basal traction to approximately 10 Pa.
This is about 4 % of the average sand strength and thus enables the sand pack to
be pushed forward as a whole without internal thrusting (average sand strength
τprop = 0.5µσn = 0.5 ρghµ ≈ 255 Pa). A strike-slip shear zone develops between the
edges of the indenter and the stationary back-wall. The force required to push the
indenter forward is measured by a sensor attached to it (sampling rate: 1 kHz), and
a digital camera captures images of the sand pack’s surface (rate of recording: 1 Hz),
from which the surface deformation field is calculated by means of DIC (Digital
Image Correlation).

The fundamental novelty of this shear box is the total absence of any pre-existing
basal shear boundary condition, either distributed or discrete, which distinguishes it
from the typical Riedel-type shear box and its derivates (Dooley and Schreurs, 2012).
Such basal shear zone would result in mode-III deformation of the sand pack and
vertical propagation of the already localised basal shear zone (cf. chapter 3). Here
only the starting and ending points are given as stress singularities, between which a
fault can freely develop. This leads to mode-II deformation and does not prescribe
localisation away from the end points.
In all strike-slip experiments presented here the sand pack is 50 mm high and

750 mm wide. The sand is sifted into the box to ensure a reproducibly high density,
and it is levelled by carefully scraping off the topmost approximately 1 mm to a
uniform height. The variable parameter is the initial distance between indenter and
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sand pack

indenter

back-wall

moving side-wall

force sensor
linear actuator

acrylic glass tank

mass to balance
the back-wall
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Fig. 4.1: Experimental set-up for strike-slip
experiments (SL). The sand pack is pushed
by the indenter moving at a constant velo-
city. Due to a layer of low viscosity silicone
oil the drag at the base of the sand pack is
very small (≈10 Pa), such that when pushed
the sand pack moves as a whole. A station-
ary back-wall holds back a part of the sand
pack, which causes a shear zone to develop
between the edges of the indenter and the
back-wall. The parameters recorded are the
force needed to push the indenter and its
displacement. Additionally, a stereoscopic
camera system (not shown) mounted above
the set-up monitors the surface deformation
of the sand pack.

stationary back-wall, which is the fault system length l. It is set to l = 200 mm,
l = 300 mm and l = 400 mm in this study.

Ring-Shear Tester

In order to extend the range of l towards lower values we carry out complement-
ary experiments in a ring-shear tester (RST). The RST is an industrial standard
device (model RST-01.pc, manufactured by Dr.-Ing. Dietmar Schulze Schüttgut-
messtechnik, Wolfenbüttel, Germany) that has already been used in several other
studies in the analogue modelling community (e. g. Lohrmann et al., 2003; Pan-
ien et al., 2006; Klinkmüller et al., 2016; Ritter et al., 2016). It was first in-
troduced by Schulze (1994). The RST consists of an annular shear cell and a
matching lid between which the sample is contained. The shear cell is 40 mm
high; it has an inner radius of 50 mm and an outer radius of 100 mm. The lid
is pressed onto the sample at a preset normal load, σn. The shear cell is then
rotated (angular velocity ω = 0.39 rad s−1, corresponding to an average shearing
velocity v = 0.5 mm s−1) while the lid is kept stationary by tie rods (fig. 4.2).
Thereby the sample is sheared. Sensors record the torque and the normal load
applied to the lid, as well as its vertical displacement due to volume changes of the
sample.
The lid is equipped with small radial blades pointing vertically downwards from

its base to provide sufficient mechanical coupling with the sample. These blades are
5 mm high and extend over the whole width of the ring. Upon rotating the shear cell,
shear zones will nucleate at the tip of each of these blades and propagate towards the
respective next one. The distance between two such blades is therefore the equivalent
to the fault system length l in the strike-slip set-up and the parameter we vary in
this study. We define the average circumferential distance between two blades as the
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Fig. 4.2: Experimental set-up for ring-shear
tests (RST). The sample is sifted into the
shear cell, which is then covered with the
lid. A constant normal load is applied to
the lid and the shear cell is rotated at a
constant angular velocity, while the lid is
kept stationary by tie rods. Radial vertical
blades at the base of the lid (not shown)
ensure mechanical coupling between lid and
sample. The spacing l of these blades is var-
ied between experiments. Sensors register
the shear force Fs, the normal load Fn and
the decompaction of the sample ∆h. Modi-
fied from Schulze (1994).

distance along the imaginary circumferential line that separates the surface of the lid
into two parts of equal area. For the sake of simplicity we will call this the “blade
distance” from here on.
In the standard configuration of the lid there are 20 blades (l = 24.4 mm). From

this configuration blades were removed systematically, to realise blade distances of
l = 48.8 mm (10 blades) and l = 97.6 mm (5 blades). Samples are sifted into the shear
cell and then scraped off to the correct height. Normal load is set to σn = 500 Pa
and is constant over the entire fault plane, whereas slip rate increases outwards.
Deformation in the RST is not strike-slip deformation sensu strictu, since the

shear plane is horizontal. However, it is plane-strain, mode-II deformation with a
negligible vertical component. We therefore regard it as equivalent to strike-slip for
our purposes.

Kinematic and Mechanical Differences Between the Set-Ups

Deformation in the two experimental set-ups is different to some degree: In the
strike-slip box, normal load across the shear zone is due to lithostatic load, which
increases from 0 Pa at the surface to approximately 850 Pa at the bottom of the
sand pack. Thus, there is a gradient of normal load across the fault from the surface
to the bottom. At the same time, the slip rate is constant over the entire height
of the sand pack. This is exactly opposite in the RST, where a constant normal
load of 500 Pa is applied on the entire fault surface by the lid, while the slip rate
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increases outwards due to constant angular velocity. Since deformation of sand
follows a velocity-independent Coulomb-type rheology (e. g. Lohrmann et al., 2003),
we presume the slip rate gradient in the RST to not affect our measurements. The
gradient of normal load, on the other hand, has a direct influence on fault strength,
which in this case increases with depth. However, the relationship between normal
load and strength is linear; thus average values for normal loads, strengths and forces
should be reasonably good quasi-2D representations of the actual processes.

4.2.3 Work of Fault Propagation
According to Herbert et al. (2015) the total work balance for analogue sandbox
experiments is:

Wext = Wprop +Wfric +Wgrav. (4.1)

Wext is the external work done on the system, Wfric is the frictional work along
the (localised) shear zone and Wgrav is the work done against gravity. In the case
of strike-slip deformation the vertical component of deformation is negligible, such
that Wgrav ≈ 0 in our models. The remaining parameters can be easily determined
from the experiments: Measurements of bulk shear force in either experiment yield
shear curves (fig. 4.3), that reveal a hardening –weakening cycle during deformation.
According to Lohrmann et al. (2003), this is associated to a compaction – dilation
cycle. Based on the micro-mechanical model of Tordesillas and Muthuswamy (2009)
we suggest the onset of dilation to be equivalent to the onset of localisation. As can be
seen from the figure, this coincides with the onset of hardening. We therefore define
the work of fault propagation Wprop as the area under the hardening –weakening
peak, and the work done in frictional sliding on the shear zone Wfric as the remaining
area under the shear curve. Both values are normalised to fault height. Please note
that our definition of Wprop is slightly different from other definitions that can be
found in literature, which often exclude the period of hardening prior to the force
maximum (e. g. Cooke and Madden, 2014; Herbert et al., 2015).

4.3 Results
4.3.1 Optical Monitoring: Diffuse versus Localised Deformation
In the strike-slip set-up a total of nine experiments were carried out for different l.
Displacement fields derived from DIC are used to analyse the fault evolution in
these experiments. Fig. 4.4 exemplarily shows maps of the curl of the incremental
displacement field for a representative experiment with l = 300 mm. The general
pattern described in this example is independent of l in all experiments, as shown
later.
In the beginning, deformation is diffuse and widely distributed in a sigmoidal

patch between the edges of back-wall and indenter. Directly at the edges, however,
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Fig. 4.3: Shear stress and (blue) and sample dilation (orange) in a ring-shear experiment at
σn = 3 kPa. Shear stress increases towards a maximum (“failure”) and then decreases
(“weakening”) again towards a stable sliding stress. At the same time dilation takes place,
which can be taken as a proxy for localisation. The work required for fault propagation (Wprop)
is defined as the area under the hardening –weakening peak, as shown by the blue-shaded area,
and normalised to fault height. Wfric is the work for continued frictional sliding on the fault,
which is the area under the shear stress curve that does not belong to Wprop, as indicated by
the grey shading.
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Fig. 4.4: Evolution of a shear zone in strike-slip experiments, l = 300 mm. Data shown is the
curl of the incremental displacement field. The shear zones evolve in a complex pattern until
finally an approximately straight shear zone is formed. See text for detailed analysis.
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it becomes quickly localised into narrow shear zones that are a few centimetres long.
They are rotated about 25◦ to 30◦ outwards with respect to the trace of the ideal, i. e.
direct, connection between the edges of indenter and back-wall. This corresponds
to the angle predicted by the Mohr-Coulomb failure criterion, if one assumes the
pushing direction to be equal to the direction of maximum compressive stress. In
the gap between the two shear zones deformation remains diffuse.
After accumulating some more displacement without growing significantly, the

two initial shear zones become replaced by new ones that are oriented closer to the
direction of imposed deformation; however, their tips are still bending outwards and
away from each other (fig. 4.4). The new shear zones grow in a step-wise manner
and eventually become replaced by a new, even more favourably oriented one. Before
a new shear zone takes over the deformation, both shear zones, new and old, show
simultaneous activity for a short time span.
In this way the shear zones grow towards and around each other until they

eventually connect. When they finally do so, they connect not to the other fault’s
tip but somewhere close to its starting point, such that there are two adjacent fault
branches, both connecting back-wall and indenter. In between the two branches,
slight uplift (a few millimetres) can be observed. Activity then usually ceases on the
more curved branch such that one main shear zone remains. It might straighten out
slightly, but apart from that, deformation appears to have reached a steady state at
this point.

To compare the evolution of experiments with different l, the cumulative displace-
ment fields at the end of the experiments are used. Fig. 4.5 shows maps of their curl
for one experiment of each l. It is clear from the figures that the general behaviour
of fault growth is the same independent of l: In all cases there are several distinct,
abandoned shear zones at decreasing angles towards the deformation direction, and
two main branches that connect to the other side. Due to the maps showing the
cumulative deformation, the main shear zone at the end of the experiment cannot
be clearly identified from the figure. This is only possible in the case of l = 200 mm
(bottom), where an additional straight and through-going shear zone forms in the
centre.
To quantify the extent of diffuse and localised deformation, we measure the de-

formed area by counting the number of pixels that have undergone measurable
deformation. We use the second component of the displacement gradient tensor
(∂ux/∂y, where ux is displacement along strike and y is in the direction perpen-
dicular to it) and apply the algorithm of Otsu (1979) to find the best threshold
between noise and measurably deformed area. This algorithm is designed to ex-
tract features from their background in an image based on intensity histograms.
Because this relies on relative intensity differences, we are able to either include
or exclude diffuse deformation in the pixel counting by applying the algorithm
to displacement fields at two different, well-defined points during deformation:
At peak stress practically no localised deformation has taken place yet. The al-
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Fig. 4.5: Maps of curl of cumulative displacement fields comparing experiments with different
l. The overall structure is similar with shear zones curving around each other. However, the
number of abandoned shorter shear zones and the amount of diffuse deformation increase
significantly with l.
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Fig. 4.6: Deformed volume normalised to fault length in strike-slip experiments. The volume of
the localised deformation is approximately constant, whereas the total volume including diffuse
deformation shows a more-than-linear increase with l.

gorithm thus finds a threshold that separates diffuse deformation from noise. This
threshold can subsequently be applied to the final time step to measure overall
diffuse deformation during the experiment. Applying the algorithm directly to
the final time step, on the other hand, returns a threshold that retains only loc-
alised deformation. This is due to the fact that the intensity difference between
distributed and localised deformation is much larger than between distributed de-
formation and noise. We are thus able to measure total deformation (of which
localised deformation is only a minor fraction) and localised deformation separ-
ately.
Assuming plane strain deformation, the number of pixels displaying deformation

can be transformed to the total volume V that has undergone deformation at any
time during the experiment. Fig. 4.6 shows V normalised by l as a function of l.
Without diffuse deformation, the volume per fault length (Vloc) is approximately
constant. If, on the other hand, diffuse deformation is included, the volume per fault
length (Vdiff) increases overproportionately with l.

Fig. 4.7 shows along-strike profiles of distributed, cumulative slip for each experi-
ment. These profiles are compiled by first masking out (i. e. setting to zero) areas
of localised deformation and then summing up in y-direction all values ∂ux/∂y. The
profiles show a maximum in the centre of the shear zones, which is in accordance with
the propagation of localisation described above. Their maxima are slightly below the
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Fig. 4.7: Distributed slip profiles for the strike-slip experiments. The profiles show a maximum in
the centre that corresponds to the amount of slip accumulated before weakening. Normalising
both axes to fault length results in a collapse of all experiments to one profile line with a
maximum at about 6 % of the fault length.

displacements required for formation of a through-going fault zone in the respective
experiments, and correspond to the displacements at which weakening is complete
(see below). When normalising both the position along strike and the displacement
to l, the profiles show a good data collapse, with the maximum distributed slip in
the centre of the shear zone being about 6 % of the fault length.

4.3.2 Force Measurements: Strain Hardening – Weakening and Work
Budget

In the strike-slip set-up the pushing force was measured in all nine experiments.
Fig. 4.8 exemplarily shows the shear force (corrected for basal drag) for one experiment
of each l. The general behaviour is similar for each of them: The curves show a
hardening –weakening peak followed by a stable sliding phase in the end. Both peak
height and stable sliding force increase with l, in accordance with an increasing fault
surface area. The amount of displacement needed to achieve stable sliding increases
with l, too, from approximately 15 mm for l = 200 mm to 30 mm for l = 400 mm (cf.
fig. 4.7).
In addition to the experiments with undisturbed sand packs, experiments with

a pre-cut shear zone were carried out for l = 400 mm and l = 200 mm. As shown
in fig. 4.8, they do not exhibit hardening –weakening, but, after an initial increase,
directly start into the regime of stable sliding that in the undisturbed experiments
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Fig. 4.8: Boundary force vs. displacement in strike-slip experiments for different shear zone
lengths l. Both peak and stable sliding force increase with l, which can be explained by an
increased shear zone area. Reference measurements with a pre-cut sand pack were carried out
for l = 200 mm and l = 400 mm. They do not exhibit any hardening –weakening behaviour,
but begin directly in the regime of stable sliding. The oscillatory pattern in these curves is
probably due to the limited mechanical accuracy of the ball screws driving the deformation.
The oscillation frequency corresponds to the angular frequency of the ball screws.
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was attained after weakening. The force in these experiments shows a cyclic variation
of maximally ±0.5 N which is considered an artefact. It reflects the limited precision
of the ball screws used to drive the deformation (repeat accuracy ±0.02 mm). The
frequency of the variation corresponds to the angular frequency of the ball screws.
The average level of the force is very similar to the stable sliding force at the end of
the undisturbed experiments.
In the RST five independent measurements were carried out for each blade con-

figuration. The normal load was set to σn = 500 Pa, which corresponds roughly to
the average overburden load in the centre of a 5 cm thick layer of sand, as used in
the strike-slip experiments. Fig. 4.9 shows one example of a shear curve for each
blade configuration. The measurements are the total force at the sensors, which
is integrated over the number of fault systems created, i. e. the number of blades.
As the final fault surface area is the same in all experiments independent of blade
configuration, all three curves show almost identical stable shear forces and similar
peak heights. The peak width, however, measured to the point where the shear force
reaches a stable value, increases with blade distance, similar to what we observe in
the strike-slip experiments.
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To compare the weakening during fault formation for the different fault areas that
occur in the two set-ups, we define the relative weakening in terms of force, ∆F :

∆F = 1− Fs
Fp

(4.2)

where Fp and Fs are the maximum of the stress curve (“peak”) and the subsequent
plateau value (“stable”), respectively. ∆F will be between zero (no force drop, i. e.
no peak) and one (drop to zero after the maximum; cf. eq. 2.4). It is shown in
fig. 4.10 for all experiments of either set-up. The figure clearly demonstrates that
∆F is independent of l, but differs between the two set-ups, being on average 0.19
in the RST and 0.43 in the strike-slip. This difference of approximately a factor of
two is is due to the different ways shear zones are induced in the two set-ups: In
the RST, stress concentrations at the tip of each blade initiate one fault per blade.
These faults propagate in the direction of shear (i. e. rotation) until they meet the
faults initiated at the respective next blade. Consequently, there is only one fault
evolving per fault system, with the number of blades being equal to the number of
fault systems. This is sketched in fig. 4.11.
In the strike-slip experiments, on the other hand, two faults evolve in one fault

system, one initiating at either side of the set-up (figs. 4.4 and 4.11). They evolve in
parallel and overlap until finally one of the two faults is abandoned. The total area
of the fault planes is hence twice as large as it would be in the RST for the same
l, which for a given material strength results in the force being twice as high, too.
This changes towards the end of an experiment when one of the fault branches is
abandoned. Consequently, the stable sliding force is the same as it would be in the
RST for the respective l, and thus the weakening is twice as high.
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Fig. 4.11: Conceptual sketch of shear zone
formation in the two different set-ups.
A: Section of the Ring-shear tester. One
shear zone forms at the tip of each blade
and propagates in rotation direction towards
the next blade. The fault system under con-
sideration extents from one blade towards
the next; several fault systems develop sim-
ultaneously.
B: Strike-silp set-up. Only one fault sys-
tem develops, that contains two faults. The
work required to deform this fault system
on a given scale is twice as much as in the
RST. Sketches are not to scale.

From the shear curves the work for fault propagation Wprop is determined: The
transition from weakening to stable sliding is picked by hand in each shear curve
and the area under the thus confined peak is measured (see definition in fig. 4.3).
The values obtained in this way represent the formation of two faults in case of
the strike-slip experiments, and of a variable number of faults depending on blade
configuration in case of the RST (see above). Therefore, all measurements from
the strike-slip experiments are divided by two, and all measurements form the RST
are divided by the number of blades in the respective experiment, before being
normalised to fault height. The resulting Wprop as a function of l is shown in fig. 4.12.
The plot shows a strongly non-linear increase of Wprop, with values ranging from
1 mJ m−1 to 1260 mJ m−1 for the range of l covered by our data.

Fig. 4.13 shows Wprop normalised to the deformed surface area A. As Wprop is
defined as work per height, dividing by the surface area effectively results in a work
per volume. It increases with l, if A = Aloc i. e. only localised deformation is taken
into account. If the total diffuse deformation is considered as well (A = Adiff), the
work per volume is constant and about 55 J m−3.

4.4 Discussion

4.4.1 Assessing the Complementarity of the Two Set-Ups

Optical monitoring of the strike-slip experiments shows that the final shear zone
is often curved; thus it often deviates from the shortest possible fault path which
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might be considered the energetically preferred one. Hence it is conceivable that the
evolution of the shear zone at the end of our experiments is not in a stable state yet,
and more weakening might be possible. In this case ∆F and Wprop determined in
our experiments would underestimate the true values. However, the average level
of shearing force in the experiments with pre-cut, straight shear zones is similar to
the stable sliding force in the experiments with undisturbed sand packs. From this
we conclude that, despite the shear zones still being curved, weakening is largely
complete at the end of an experiment and our estimates for ∆F and Wprop are good
representations of the true values.

Furthermore, we have set the normal load in the RST-experiments to σn = 500 Pa,
which is roughly the overburden load in the centre of a 5 cm thick sand pack. By
comparing the result of RST and strike-slip experiments we have implicitly assumed
that this overburden load reflects the normal load on the shear zone, and that
variations with depth cancel out in total. This assumption can be justified by
comparing the stable sliding forces in the two set-ups: In either one, the RST and
the strike-slip one (for l = 40 cm), stable sliding requires a force of approximately
7.9 N. The fault area is ARST = 226.19 cm2 for the RST and ASSL = 200 cm2 for the
strike-slip experiment. Stable sliding stress is thus slightly higher in the strike-slip
case than in the RST, but the difference is still within the range of measurement
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variations of the strike-slip experiments. The two set-ups therefore can in fact be
regarded as complementary with respect to the load conditions.

4.4.2 Interpretation at the Laboratory Scale

Our experiments show that in sand the work of fault propagation, Wprop, increases
with fault length in a nonlinear way. In search for a law that describes both our data
subsets, RST and strike-slip, with a common set of parameters, we find the closest
fit with a function of the form

Wprop = alb. (4.3)

Here, a and b are free parameters that we determine through least squares fitting.
Doing so for both subsets individually returns similar values for a and b, respectively
(tab. 4.1). A joint fit to the complete dataset (“combined” in tab. 4.1) yields the
empirical relation for Wprop in sand under the given normal load conditions:

Wprop = (10± 2) J m−1
(
l

l◦

)2.3± 0.2
(4.4)

where l◦ is the unit length. This relation is also shown in fig. 4.12. The errors
given refer to the uncertainty of the fit only (95%-interval of confidence) and do not
include the accuracy of the measurements themselves. Considering the low number of
experiments conducted, it is reasonable to assume that the total error might be larger.
Our data therefore do not exclude a simple quadratic dependency. Nonetheless, they
are in definite contrast with the interpretation of Herbert et al. (2015) that implies a
linear relationship on l. This discrepancy probably stems from the fact that their
study only included a narrow range of values for l, as it was not intended to test
for a relationship of Wprop on l but focussed on normal load instead. They used a
convergent wedge setting and varied the sand pack thickness from 12 mm to 20 mm
to realise different normal load conditions. However, from the specifications of their
experiments we are able to derive an approximate comparison of their data to ours:
We transform the sand pack thicknesses to fault lengths (assuming a fault dip of 30◦)
and remove the normalisation to fault length from their work data. The resulting
data we project to a normal load of 500 Pa to make them comparable to our normal
load conditions. The results of this projection are shown along with our RST-data
in the inset in fig. 4.12. The two datasets show a good congruence which verifies the
experimental approaches used in either study.

The good correlation betweenWprop and Adiff that we observe in our data (fig. 4.13),
supports our hypothesis of diffuse deformation being the main energy sink during
fault formation in sand. As the width of the total area affected by deformation, i. e.
the distance between the two outermost faults in the maps in fig. 4.5, is more or
less constant, the total volume that is available for diffuse deformation increases
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a [J m−1] b

RST 19± 22 2.3± 0.5
strike-slip 10± 4 2.3± 0.4
combined 10± 2 2.3± 0.2

Tab. 4.1: Parameter returned from fitting a function
of the form Wprop = alb to measurements of
Wprop. The data were normalised to the number
of faults and to fault heigh h prior to fitting. See
text for explanation.

only linearly with l. Nevertheless, the fraction of the volume that actually becomes
deformed increases according to the above power-law, resulting in an increasing
density of deformed pixels in the recordings. Consequently, the maximum shear
strain the material in the deformed area undergoes prior to failure is not a material
property, but depends on the size of the system. This is confirmed by the observation
that failure on the system scale in all experiments occurs when the distributed slip
has reached about 6 % of the fault system length. Taken together, this leads to the
conclusion of the average rate of fault propagation being constant over the range of l
tested. We interpret this to be an indicator for localisation to be at least partially
driven by the kinematic boundary condition at the edges of indenter and back-wall.

4.4.3 Application to Natural Systems

Comparison of Work Estimates

Estimates of Wprop in natural rock are subject to large uncertainties, mainly because
of the difficulty to directly measure it at the relevant scales. A common approach
assumes Wprop to be the sum of the work done in creating the fault itself and the
work done in creating a damage zone around it (Mitra and Boyer, 1986):

Wprop = γl + γlrw (4.5)

As all expressions for Wprop in this article, this is a two-dimensional, plane-strain
formulation that implicitly assumes a unit length in the third dimension. γ is the
surface energy per unit area, ranging from 101 J m−2 to 104 J m−2 for common rock-
forming minerals (Wong, 1982; Cox and Scholz, 1988; Del Castello and Cooke, 2007).
l is the length over which the fault grows and r is the density of fractures in the
damage zone around and ahead of the fault tip, which is around 500 m−1 according
to Mitra and Boyer (1986). w is the width of the damage zone that is 0.1 times to
0.01 times the fault displacement (Scholz, 1987). This in turn is linearly related to l
by some material constant c′ (Cowie and Scholz, 1992; Dawers et al., 1993), such
that w = c l, where c is a material parameter of the order of 10−2 (Scholz, 2002).
Substituting w with c l results in:

Wprop = γ
(
l + crl2

)
(4.6)
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The quadratic term refers to the damage zone around the fault and the linear one to
the fault itself. This dependence of the spatial dimension of the damage zone on l2
is also in accordance with modern fracture mechanics (Scholz, 2002). However, the
linear term implies the fault to be a discrete, planar feature that forms in a separate
process, which is probably not the case. Instead, most faults encompass a granulated
core of finite width that forms by frictional wear from the intensely fractured material
of the damage zone (e. g. Scholz, 2002). This process occurs whenever a fault slips
and does not cease after localisation. Hence, we argue that formation of the fault
core is not part of the localisation process itself. A more accurate estimate of Wprop
would thus omit the linear term in eq. 4.6 and rather include the formation of the
fault core in Wfric instead. However, the discrepancy between these two estimates is
negligible; it is on the order of 0.1 % to 1 % for l = 100 m and quickly decreases for
longer faults. Following this, we assume Wprop in nature to be a function of l2 which
is, within the range of measurement accuracy, similar to our experimentally found
values for sandbox models.

Another approach to determine Wprop in nature is to measure the surface area
created by a single earthquake, determine the surface energy spent, and sum this
over the number of earthquakes experienced by the fault. For the 100 m Bosman
fault, South Africa, that formed in just one earthquake and was sampled immediately
afterwards, Wilson et al. (2005) report the surface energy consumed to be in the
range of approximately 3 MJ m−2 to 10 MJ m−2. For the Punchbowl fault in the
San Andreas system, California, Chester et al. (2005) determine the fracture surface
energy per earthquake to be approximately 0.5 MJ m−2. They estimate the total
44 km of displacement to have accumulated over about 10 000 earthquakes, which
results in the total energy required for creation of a fault of comparable size to
be 5× 109 J m−2 to 1011 J m−2. Assuming a fault length of 440 km (Scholz, 2002),
eq. 4.6 results in values ranging from 2.2× 107 J m−2 to 2.2× 1010 J m−2 for the same
situation.

Using the scaling factors derived in Ritter et al. (2016, chapter 2 of this thesis) we
determine a model fault length of 0.88 m to be analogous to this case. From eq. 4.4
this results in Wprop = 8.47 J m−2 in the model. The scaling factor for energy per
area can be calculated as the product of the scaling factors for stress and length,
σ∗ l∗ = 2.42× 10−12 (Ritter et al., 2016). Scaling the model result up to nature with
this factor yields Wprop = 3.5× 1012 J m−2. This is slightly higher than the values
derived for natural faults above, but still acceptably close considering the uncertainty
of four orders of magnitude for the natural estimates. Consequently, our results are
also numerically similar to natural fault systems.

Analysis of Strain Distribution

We interpret the fault system evolving in our experiments as representing a transfer
fault system linking two segments of dip-slip faults, where the two displacement
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singularities (indenter and back-wall) correspond to the edges of the dip-slip faults.
This termination by conversion into a dip-slip fault is one of three geometrically
possible terminations of a strike-slip fault (Ramsay, 1980; Mouslopoulou et al., 2007).
Natural examples include the Tjörnes Fracture zone in Iceland (Gudmundsson, 1995)
and the Las Vegas Valley Shear Zone in Nevada (Duebendorfer and Black, 1992).

The pattern of overlap of the shear zones we observe in our experiments is similar
to that in restraining double bends occurring in natural strike-slip shear zones
(e. g. Cunningham and Mann, 2007). The uplift we observe resembles – although
negligibly small with respect to the work calculations – the pop-up or positive flower
structure that usually can be found in natural structures in this context (Cunningham
and Mann, 2007; Cunningham, 2007). Commonly, natural restraining bends are
interpreted to be related to inherited structures within the trace of a strike-slip
shear zone, such as a step-over in a pre-existing basement fault (Cunningham and
Mann, 2007). Our results contrastingly suggest that an inherited structure is not a
necessary condition; instead restraining bends seem to develop whenever two fault
segments that follow the same fault trace approach each other. This is particularly
well exemplified in fig. 4.5 for the case of l = 30 cm, where the two segments first
propagate directly towards each other before they turn outwards. We interpret this
as being due to the stress distribution around each fault segment which makes it
impossible for the segments to link directly tip to tip.

Furthermore, we observe a succession of short-lived shear zones that occur directly
at the edges of indenter and back-wall during the hardening regime. They appear at
decreasing angles with respect to the final fault trace, and their number is highest
for long fault systems. Their initial orientation according to a Mohr-Coulomb failure
criterion suggests that the first such shear zone represents the dynamically favoured
path. The final direction of the through-going shear zone, however, is strongly
predetermined by the fixed kinematic boundary condition. We therefore interpret
the succession of these shear zones as being the result of a competition between the
dynamically preferred and the kinematically imposed shear zone direction. To our
knowledge, similar shear zone patterns have not been reported from any natural
fault system so far. This might be either due to lack of preservation of such features,
or due to the edge of the dip-slip fault in nature being more compliant than the
indenter in the experiment, resulting in a weaker kinematic boundary condition.
In natural basin-scale fault systems, the formation of a through-going, localised

fault is preceded by deformation on multiple smaller-scale, but nevertheless localised
faults (McLeod et al., 2000; Cowie, Underhill et al., 2005). This precursory fault
network cannot be resolved as such in the sandbox. Instead, we regard the diffuse
deformation observed in our experiments as analogous to this diffusely-localised fault
network, since it is persistent plastic deformation which in brittle rock always takes
the form of micro-cracks, fractures and faults. From our measurements of diffuse
strain we interpret the density of such fracture networks to be a function of fault
system size in nature, too. This carries implications for bulk rock permeability in
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sedimentary basins and reservoir rock affected by faulting, which are often controlled
by fractures that are below seismic resolution. Our findings provide a relative
scaling for such fracture systems based on system size. Additionally, such increase of
fracture density away from the through-going fault is identical to a decrease of strain
localisation. Therefore, no unique quantitative relation between strain localisation
and the constant strain weakening can be formulated.

4.5 Conclusion
We have carried out analogue sandbox experiments of strike-slip deformation in which
we simultaneously monitored stress and strain. We find the work of fault propagation,
Wprop, to be directly proportional to the volume of diffusely deformed material, Vdiff ,
with a numerical value of about 55 J m−3. In contrast to earlier sandbox studies,
but consistent with theory of fault growth in nature, both Wprop and Vdiff show an
approximately quadratic dependence on fault system size, while at the same time
the total stress drop during localisation is constant. Numerical values of Wprop scale
well to estimates from natural fault zones. Additionally, our data for the first time
show quantitatively that distributed deformation in sandbox models mimics natural
damage zone evolution and can be interpreted as a proxy for deformation below
seismic resolution in crustal-scale fault systems.
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5 Conclusion and Outlook

I have carried out deformation experiments on granular material as an analogue
for crustal rock. In these experiments I have investigated the evolution of transient
mechanical properties and the corresponding strain evolution in a complex fault
system for different normal load conditions and different fault system sizes. The
study is divided into three parts:
In the first one (chapter 2), scaling parameters are established for the following

experiments and for analogue tectonic sandbox experiments in general. Ring-Shear
tests with a fixed fault system length are applied to determine material strength,
strain weakening, and the amount of strain at failure for quartz sand and glass
beads. The measurements reveal strain weakening to be highly dependent on
normal load conditions. In particular, under normal load conditions usually met in
tectonic sandbox experiments weakening in the tested materials is characterised by a
reduction of cohesion, instead of friction as previously assumed. This introduces a
scale dependence of strain weakening and consequently of scaling. In order to obtain
a dynamically correct scaling for sandbox experiments using loose quartz sand, a
length scaling factor l∗ = 2× 10−6 is suggested for which the measured parameters
match natural data compiled from literature.

In a second step (chapter 3), a set-up is developed that allows for highly resolved
measurements of boundary forces and deformation in sandbox experiments. The
set-up is tested in two different tectonic settings, namely a convergent wedge and a
Riedel-type strike-slip setting. Besides verifying the set-up, these experiments prove
that diffuse deformation in sandbox experiments can indeed be attributed temporally
to strain hardening. This has been proposed previously, for example, by Lohrmann
et al. (2003) and Dotare et al. (2016); however, the two phenomena had not been
observed directly and simultaneously before.
The third part (chapter 4) comprises a set of experiments from both, the Ring-

Shear tester and the new set-up, that vary the fault system length while keeping the
normal load constant. The results show material strength and strain weakening to
be independent of system size. However, the total slip required to form a localised
fault increases with system size, where the additional slip for longer fault systems
is spent in diffuse deformation around the fault. The volume affected by diffuse
deformation increases correspondingly, i. e. deformation becomes more pervasive
instead of more intense. Increasing diffuse deformation in this way effectively decreases
strain localisation, such that there is no unique correlation between the amount of
strain weakening on one hand and the amount of strain localisation on the other
hand.
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The increase of diffuse deformation observed in the experiments is reflected by
the work required for fault growth, Wprop, which increases approximately quadrat-
ically with fault length. This dependency is similar to theoretical predictions for
natural scenarios, as are the numerical values for Wprop. From this analogy, diffuse
deformation in sandbox experiments can be interpreted as a proxy for small-scale
faulting in natural systems, similar to that observed by e. g Oncken et al. (2012) in
the Andes. The density of this small-scale faulting in natural fault systems can thus
be related to the system size, such that in large systems a particularly dense network
of fractures is to be expected.
From the observations reported in this thesis some new research questions arise.

For example, in chapter 2 a change of weakening behaviour is reported and its
influence on the applicability of the tested material for analogue models is discussed.
However, the mechanism causing this change could not be determined with certainty.
A future study might address this through a combined approach of numerical DEM
models (Distinct Element Models) and physical experiments. Such study should also
investigate possible effects of the changing weakening mechanism on the evolution of
Wprop.
Furthermore, the analysis of Wprop carried out on the strike-slip experiments in

chapter 4 assumed a plane strain situation, although minor uplift can be observed.
Such approximation is probably justified, as the uplift is comparatively small. How-
ever, a possible follow-up study using this set-up should include three-dimensional
optical monitoring (e. g. stereoscopic cameras) to quantify the influence of uplift and
verify the plane-strain approximation.

A third question regards the step-wise pattern of strain evolution observed. It
might be controlled by the amount of weakening, which affects the energy balance
and thus the timing of fault formation. Further experiments are needed to investigate
this relationship which might also be applied to the North Anatolian Fault Zone
(NAFZ). Here a pattern of deformation and rupture propagation from East to
West can be observed that can be linked to earthquake magnitude (Bohnhoff et al.,
2016) and is remarkably similar to the strain evolution observed in the experiments.
Understanding this behaviour in the models might shed light on the mechanisms
underlying this propagation pattern in nature, despite the different time-scale.
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