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Abstract

In this study, we present a new granular rock-analogue material (GRAM) with a dynamic scal-
ing suitable for the simulation of fault and fracture processes in analogue experiments.
Dynamically scaled experiments allow the direct comparison of geometrical, kinematical
and mechanical processes between model and nature. The geometrical scaling factor defines
the model resolution, which depends on the density and cohesive strength ratios of model
material and natural rocks. Granular materials such as quartz sands are ideal for the simulation
of upper crustal deformation processes as a result of similar nonlinear deformation behaviour of
granular flow and brittle rock deformation. We compared the geometrical scaling factor of
common analogue materials applied in tectonic models, and identified a gap in model resolu-
tion corresponding to the outcrop and structural scale (1–100m). The proposed GRAM is com-
posed of quartz sand and hemihydrate powder and is suitable to form cohesive aggregates
capable of deforming by tensile and shear failure under variable stress conditions. Based on
dynamical shear tests, GRAM is characterized by a similar stress–strain curve as dry quartz
sand, has a cohesive strength of 7.88 kPa and an average density of 1.36 g cm−3. The derived
geometrical scaling factor is 1 cm in model= 10.65 m in nature. For a large-scale test, GRAM
material was applied in strike-slip analogue experiments. Early results demonstrate the poten-
tial of GRAM to simulate fault and fracture processes, and their interaction in fault zones and
damage zones during different stages of fault evolution in dynamically scaled analogue
experiments.

1. Introduction

Natural faults and fractures form the most common geological structures and control the
mechanical strength and fluid flow in the Earth’s crust. These structures exist on all scales, rang-
ing from regional fault systems and individual faults to fracture systems and micro-cracks in
fault damage zones. Faults are complex four-dimensional (4D) structures consisting of hetero-
geneously deformed volumes of country rock, and characterized by a complex spatial and tem-
poral evolution of their structural and fluid flow properties. Fault and fractures show typical self-
similar or scale-invariant characteristics and are characterized by highly variable strains and
transient nonlinear deformation mechanisms. Structural and petrophysical analyses therefore
strongly depend on the observational scale, ranging from regional to micro-scales. The smaller
the scale, the smaller the faults that are observable (Wibberley & Shipton, 2010).

Fault zones are composed of rocks in variable degrees of deformation, consisting of a high-
strain fault core with one or several slip zones, gouge and breccias embedded in a low-strain
fracture-dominated ‘damage zone’ (Billi et al. 2003; Kim et al. 2004; Choi et al. 2016). Strain
localization leads to the progressive abandonment of many distributed small faults in the stress
shadow of a few larger faults, which then accumulate further displacement. Due to the spatial
and temporal heterogeneity of faults and fault zones, the investigation of fault and fracture proc-
esses critically depends on the range of spatial and temporal observation scales (Fig. 1).

The comprehension of a fault system and the related fracture network architectures has a
critical societal impact involving many areas of geosciences, including the development of
important predictive tools and modelling techniques, from the exploration and management
of natural resources to the analysis and mitigation of environmental hazards.

Despite extensive geological field studies and laboratory-based material tests, the analysis of
these multi-scale deformation processes in fault zones and the identification of their underlying
fundamental processes remain a challenge. Rock mechanic tests of brittle rocks have confirmed
the complex rheology and contrasting nonlinear deformation mechanisms that are controlled
by variable stress conditions in the Earth’s crust. However, laboratory rock mechanics results
cannot be scaled up easily to large fault–fracture systems. Mechanical fault models and numeri-
cal continuum finite-element (FE) modelling techniques apply only simplified mathematical
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models of the relevant physical processes (e.g. Coulomb rheology),
and do not achieve the required spatial resolution for simulating
complex multi-scale fault–fracture systems (Davis, 1984; Mandl,
1988; Twiss & Moores, 1992).

Analogue modelling techniques provide an important tool for
the spatial and temporal investigation of tectonic processes. For the
simulation of upper crustal deformation processes, cohesion-less
granular materials, such as dry quartz sand, are widely used
(Reber et al. 2020). Thesematerials show nonlinear frictional prop-
erties similar to natural rocks and are ideal to simulate the 3D
architecture of complex regional-scale fault systems. On the other
hand, cohesion-less granular materials are not able to form exten-
sion fractures and cannot provide suitable dynamic scaling and
spatial resolution for the simulation of fault–fracture networks
in fault damage zones.

In this study, we present a new granular rock-analogue material
(GRAM; introduced by Chemenda et al. 2011) with scaled physical
and mechanical parameters for the realistic simulation of multi-
scale fault–fracture processes in scaled physical experiments.
GRAM development was based on quartz sand aggregates pre-
pared with the addition of different materials acting as cementing
agents, such as gelatine, sugar, vegetable oil and hemihydrate pow-
der. The mechanical properties of the four potential aggregates
were qualitative and quantitatively tested by means of ring-shear
tests (RSTs) and uniaxial compression tests (UCTs).

Sand–hemihydrate samples appeared to be the most suitable
GRAM candidate, capable of deforming by shear and tensile failure
under variable loading conditions, whilemaintaining the nonlinear
elastic-frictional-plastic properties of granular solids such as dry
sand. The dynamic scaling provided by this model material
enabled the simulation at the targeted model resolution, with

1 cm in the model corresponding to the outcrop scale (1–
100m). Furthermore, themechanical properties of the keymaterial
can be adjusted by applying different mixing ratios of sand and
hemihydrate, allowing adjustment of the model resolution and
geometrical scaling.

As a proof-of-concept, we tested GRAM for the simulation of
fault initiation and localization in a low-strain strike-slip damage
zone by performing a series of strike-slip experiments, monitored
and analysed by digital image correlation (DIC) techniques. The
experiment series confirmed the suitability of the sand–hemihy-
drate GRAM material for the simulation of coupled fault–fracture
processes in dynamically scaled analogue experiments. Mechanical
analysis of integrated fault–fracture processes observed in GRAM
experiments will provide an improved understanding of the forma-
tion, growth and co-evolution of fault–fracture systems in the sub-
surface. The simulation of coupled fault–fracture processes in
scaled analogue experiments can help to develop predictive tools
for the understanding of such complex structures, analysing the
dynamical interaction of faults and fractures during the different
stages of deformation.

2. Geological background

2.a. Faults and fractures

Failure occurs in a material when it is unable to support the acting
stress state without permanent deformation. Brittle failure is rep-
resented by a surface where the material loses cohesion and breaks
apart, whereas in ductile failure the permanent deformation occurs
without losing cohesion. In the brittle field, two main types of frac-
tures are identified as end-members of the deformation process,

Fig. 1. (Colour online) Complexity of fault systems shown in
terms of observation scale and strain evolution (modified after
Wibberley & Shipton, 2010; Fossen, 2020).
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namely shear and tensile failure. Their occurrence depends on sev-
eral conditions, including the acting stress field and differential
stresses. The state of stress at a point can be graphically represented
by Mohr diagrams (Fig. 2) where the failure envelope, defined by
theMohr circles, represents the critical stresses at failure on a set of
planes (Twiss &Moores, 1992). The normal and shear stresses act-
ing on all existing and potential planes change systematically with
the orientation of the plane (Hoek & Brown, 1988).

Depending on the stress conditions in the upper crust, rocks
exhibit a wide range of rheologies (Hoek & Martin, 2014). At
the regional scale, faults can be classified with respect to the prin-
cipal stress tensor orientation (Anderson, 1951), and a simplified
Coulomb rheology can be applied for fault mechanics analysis
(Davis, 1984; Mandl, 1988; Twiss & Moores, 1992).

At a smaller scale, as demonstrated by rock mechanics labora-
tory tests, when subjected to large differential stresses, rocks show a
nonlinear strain-dependent elastic/frictional behaviour with con-
trasting deformation mechanisms under variable stress conditions.
The contrasting deformation processes include elastic deforma-
tion, plastic deformation with strain softening and strain hardening,
strain-dependent strength, transient deformation mechanisms,
frictional sliding, cataclastic flow and tensile, compressional or shear
failure (Byerlee, 1978; Paterson, 1978; Mandl, 1988; Krantz, 1991;
Schellart, 2000; Marcher & Vermeer, 2001; Lohrmann et al. 2003;
Panien et al. 2006). On the other hand, when undergoing small dif-
ferential stresses rocks deform by tensile failure with the formation
of cracks, tension gashes or extension fractures (Hoek & Bieniawski,
1965; Basu et al. 2013).

Across different scales of observations, the initiation of faults in
brittle rocks is controlled by tensile cracks and extension fractur-
ing, growing by coalescence of pre-existing sub-parallel tensile
structures, represented by joints, veins or pressure solution seams
(Reches & Lockner, 1994; Moore & Lockner, 1995; Peacock &
Sanderson, 1995; Scholz, 2002; Healy et al. 2006; Choi et al.
2016). Their geometries and stress interactions during fault growth

influence the fault evolution and orientation (Healy et al. 2006;
Scholz, 2002). Mode I tensile fracturing therefore occurs first, then
the structures link together in a locally perturbed stress field and,
eventually, a through-going slip surface develops, allowing modes
II and III shear fracturing to occur as a secondary fracture mecha-
nism (Crider & Peacock, 2004).

2.b. Fault zones

A fault system is a complex volume of deformed rock, within which
differently strained zones, and related structures, are observed
(Wibberley et al. 2008; Faulkner et al. 2010). These are classified
as internal fault zone and enveloping damage zones (Chester &
Logan, 1987; Caine et al. 1996; Childs et al. 1996; Vermilye &
Scholz, 1998; Wibberley et al. 2008; Faulkner et al. 2010). The cen-
tral fault core accommodates most of the displacement (Micarelli
et al. 2006; Ferrill et al. 2011), is relatively highly strained and,
depending on the type of rocks involved, consists of unconsoli-
dated clay-rich gouge zones, breccia, cataclasite and ultracatacla-
site. The surrounding damage zone shows, at different scales,
lower-strain deformation structures such as microfractures, out-
crop-scale fracture networks, veins, cleavage, folds and deforma-
tion bands, enhancing the fault zone permeability. Strictly
depending on the observation scale, several faults of different
orders are contained within this fault volume (Billi et al. 2003;
Kim et al. 2004; Faulkner et al. 2010; Choi et al. 2016).

The damage zone is, in turn, surrounded by the undeformed
host rock, representing a transition between the zones of high-defor-
mation and non-deformation. The fault damage zone is closely asso-
ciated with the fundamental processes of fault initiation, growth,
termination and long-term evolution (Cowie & Shipton, 1998;
Peacock, 2002; Kim et al. 2003, 2004; Shipton & Cowie, 2003;
Gudmundsson et al. 2010). Damage zones are seen inmany geologi-
cal disciplines as the key factor controlling overall fault properties,
for example, the regional tectonic evolution (Scholz & Cowie, 1990;

Fig. 2. Graphic representation of the combined criteria defining
tensile, hybrid and shear failure.
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Marrett & Allmendinger, 1992;Walsh et al. 1999), earthquake fault-
ing and seismic hazards (Sibson, 1989; Kim&Sanderson, 2009; Choi
et al. 2012), fluid flow in the Earth crust (Simpson et al. 2003;
Faulkner et al. 2010), groundwater flow (Gudmundsson et al.
2013), hydrocarbon and mineral resources (Aydin, 2000) and
CO2 storage (Shipton et al. 2004).

2.c. Analogue modelling

Over the last two centuries, analogue models have provided a
powerful tool for the investigation of complex deformation proc-
esses and their geometric, kinematic and dynamic aspects (McClay
& Ellis, 1987b; Huiqui et al. 1992; Lallemand et al. 1994; Schreurs,
1994; Gutscher et al. 1996; McClay, 1996; Wang & Davis, 1996;
Kukowski et al. 2002; Adam et al. 2005). This method allows
the systematic analysis of the formation and evolution of geological
structures in space and time, whereas the natural outcrop repre-
sents just a single ‘frame’ of the entire process. In scaled models,
different boundary conditions and parameters can be tested and
quantified, enabling the evaluation of their influence on the overall
process.

Furthermore, the development of new technologies constantly
improves the deformation monitoring of the experiments, by
means of high-resolution imaging techniques. These include strain
monitoring with particle image velocimetry (Bitri et al. 1997;
White et al. 2001; Adam et al. 2002; Wolf et al. 2003), digital image
correlation (DIC) (Adam et al. 2005; Hoth et al. 2006, 2007, 2008;
Cruz et al. 2008, 2010; Pons &Mourgues, 2012; Yamada et al. 2014;
Dotare et al. 2016) and integrated digital volume correlation
(DVC) and X-ray computed tomography (XRCT) techniques
(Adam et al. 2008, 2013b; Zwaan et al. 2017).

Nevertheless, scaled analogue models present some limitations
that need to be considered when comparing the model with the
natural system. These limitations are mainly represented by the
boundary conditions acting in natural systems, which cannot be
represented easily in laboratory-based experiments, such as
pore-fluid pressure, compaction of sediments, and thermal, flexu-
ral and isostatic effects.

2.c.1. Scaling
To ensure an appropriate comparison between the analogue mod-
els and the natural prototype, laboratory experiments require to be
properly scaled with respect to the simulated natural rocks. The
scaling theory, first developed by (Hubbert, 1937), represented a
turning point for analogue modelling, evolving from a qualitative
to a quantitative method.

The scaling procedure is composed of three hierarchical levels
of similarity, namely geometric, kinematic and dynamic similarity.
Geometric scaling is ensured by proportional corresponding
lengths and equal corresponding angles between model and proto-
type; a similar sequence of deformation proportional in time is
additionally required for kinematic scaling; and dynamic scaling
also involves the similarity of proportional applied forces and
stresses in the model and natural prototype.

In detail, the dynamic scaling is mainly defined by density, fric-
tional parameters and cohesive strength of prototype and model
material. The latter therefore plays a critical role in the investiga-
tion method. The model material must show a similar angle of
internal friction with respect to the upper crustal rocks, 27–45°
(Handin, 1966; Jaeger & Cook, 1969), and the following equation
must be satisfied (Hubbert, 1937; Ramberg, 1981):

Cm

Cn
¼ �m

�n

gm
gn

Lm
Ln

(1)

where C is cohesive strength, ρ is density, g is gravity, L is length
andm and n refer to the model and natural prototype, respectively.
For experiments run in normal gravity conditions, the ratio gm/gn
= 1 and Equation (1) can be rewritten as:

Lm
Ln

¼ Cm

Cn

�n
�m

: (2)

This length equivalence, determined by cohesive strength and the
density of the model material and the natural prototype, is referred
to as the geometrical scaling factor, and defines the resolution of
the model. The choice of the model material therefore controls
the dynamic scaling provided and, consequently, the natural proc-
esses scale (Fig. 3).

2.c.2. Analogue materials
The physical and mechanical properties of the analogue materials
determine the model resolution, and therefore the deformation
scales we can simulate and observe in the experiment. The model
material must have similar rheology with respect to the examined
prototype and mechanical properties, suitable to be scaled into the
target observational scale. Handling and preparation of the experi-
ment samples, as well as their homogeneity and reproducibility,
also need to be considered as aspects of primary impact on the
model results (Lohrmann et al. 2003; Schreurs et al. 2006,
2016). The wide range of model materials applied to simulate dif-
ferent tectonic processes has been summarized and discussed in
different review articles (Koyi, 1997; Ranalli, 2001; Reber et al.
2020), classifying them as materials used to model (1) the upper
crust, (2) the middle crust, and (3) the lower crust and the mantle.
These include sand (Davis & Dahlen, 1983; McClay & Ellis, 1987a;
Krantz, 1991;McClay, 1996; Gutscher et al. 1998;McClay et al. 1998;
Bonini et al. 2000; Schellart, 2000; Cobbold et al. 2001; Lohrmann
et al. 2003; Panien et al. 2006; Dooley & Schreurs, 2012; Gomes,
2013; Wu et al. 2015; Dotare et al. 2016; Klinkmüller et al. 2016;
Maestrelli et al. 2021; Santolaria et al. 2021), gelatine (Corbi et al.
2013; van Dinther et al. 2013; Brizzi et al. 2016), foam rubber
(Rosenau & Oncken, 2009; Rosenau et al. 2009, 2017), clays
(Krantz, 1991; Henza et al. 2010; Gomes, 2013; Bonini et al.
2016; Bonanno et al. 2017; Hatem et al. 2017), silica powder
(Galland et al. 2006; Abdelmalak et al. 2016), hemihydrate powder
(Holland et al. 2006; Panien et al. 2006; van Gent et al. 2010; von
Hagke et al. 2019; Poppe et al. 2021), glass microspheres
(Schellart, 2000; Rossi & Storti, 2003; Abdelmalak et al. 2016),
corundum (Panien et al. 2006), sugar (Schellart, 2000; Rosenau
et al. 2009) and dry mortar (Gutscher et al. 1998).

Most studies investigating brittle deformation in upper crustal
settings used granular materials, generally defined as cohesion-less
frictional-plastic Coulomb materials (Huiqui et al. 1992; McClay,
1996; Costa & Vendeville, 2002). Among granular materials,
quartz sand is the most applied, being relatively easy to use for
the construction and sectioning of models and for its dynamic
scalability. Mechanical tests showed that granular materials,
rather than deforming as a Coulomb material with constant fric-
tional properties, have a more complex strain-dependent behav-
iour (Krantz, 1991; Schellart, 2000; Marcher & Vermeer, 2001;
Lohrmann et al. 2003; Adam et al. 2005; Panien et al. 2006), char-
acterized by distributed pre-failure deformation, shear localiza-
tion and strain accumulation in shear zones with reduced
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shear strength. The nonlinear behaviour of natural rocks in the
brittle crust is therefore well simulated by granular materials
(Fig. 4), because granular flow and brittle deformation are gov-
erned by similar material mechanics (Mandl, 1988; Marone, 1998).

The model materials used in some analogue modelling studies,
with accessible cohesive strength and density values, are summa-
rized in Table 1. The cohesive strength and density values range
from 1 to 700 Pa and from 0.8 to 2.04 g cm−3, respectively. We
compared the geometric scaling factors of these model materials
in the simulation of brittle deformation processes in upper crustal
settings. For the length equivalence calculation, we used a lime-
stone of the Lueders Formation as a natural prototype, with a cohe-
sive strength of 15 MPa and density of 2.43 g cm−3 (see online
Supplementary Table S1, available at http://journals.cambridg-
e.org/geo).

The resulting geometric scaling factors are shown in Figure 3. It
can be noticed that the presented model materials provide model
resolution, in terms of geometric scaling factor, ideal for the sim-
ulation of crustal- and field-scale structures, but not suitable for the
modelling of processes at the outcrop scale. To fill this gap of

resolution relevant for fault zone and damage zone observations,
the development of new rock-analogue material is therefore needed.

3. GRAM development

The development of a newGRAM capable of simulating fault–frac-
ture processes at the resolution of the outcrop scale can fill the gap
in model materials applied in analogue modelling studies. For this
purpose, GRAM must be able to form shear and tensile fractures
under variable stress conditions. It must therefore be a cohesive
granular aggregate, with specifically scaled shear and tensile
strength for the successful simulation of coupled fault–fracture
processes in scaled analogue experiments. The developed material
must maintain the frictional properties and granular flow charac-
teristics of quartz sand with strain-dependent frictional properties,
strain hardening and strain softening, dilatancy and shear strength
(Krantz, 1991; Schellart, 2000; Lohrmann et al. 2003; Panien et al.
2006). The bulk granular material of the GRAM aggregates is
therefore dry quartz sand of fine- to medium-sized grains
(BL60, Prince Minerals Inc. Group).

Fig. 3. (Colour online) Natural examples of geological structures observable at different scales; investigation methods (analogue modelling and mechanical tests) of geological
processes at different scales; model resolution, in terms of length ratios model/prototype, provided by different model materials applied in tectonics studies (Table 1), calculated
for the limestone of the Lueders Formation (15 MPa of cohesive strength and 2.43 g cm−3 of density; online Supplementary Table S1). Geometric scaling factor L* = Ln/Lm.
Photographs from ATML@RHUL, Google Earth and van Gent et al. (2010).
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In this study, we have tested two approaches of material design
with (1) dry cemented granular solids and (2) wet cohesive granu-
lar solids. To form cohesive sand aggregates comparable to an
ultra-weak artificial sandstone, the sand particles were bonded
either with (1) water-based (dry sand aggregates) or (2) fluid-based
(wet sand aggregates) adhesive agents. Dry cemented granular sol-
ids were created with weak adhesives based on gelatine, hemihy-
drate and sugar-based components. Wet granular solids were
created by flushing and draining sand aggregates with vegetable
oil. The systematic variation of the bonding strength of the
cemented sand aggregates, or the capillary forces in ‘wet’ sand
aggregates, allows the calibration of the shear, compressional
and tensile strength of the GRAM material.

The development of the sand aggregates followed a systematic
workflow with a step-by-step assessment of the material character-
istics. Only the sand aggregates fulfilling the required physical and
mechanical properties of the initial qualitative assessment were
taken forwards to the next level of material design and mechanical
testing.

Finally, for a large-scale test, the best GRAM candidates were
tested in a full-scale analogue experiment series in a simple shear
strike-slip deformation rig to simulate the localization and growth
of a strike-slip fault zone with a simple experiment set-up (see
Section 5).

3.a. Material requirements

Thematerial development was based on the following physical and
mechanical requirements. GRAM must be capable of (1) forming
cohesive aggregates with compositional and mechanical homo-
geneity on a sample and experiment scale; (2) deforming by shear
and tensile failure under variable stress conditions; (3) preserving
the frictional properties and granular flow characteristics of
quartz sand with nonlinear elastic-plastic frictional behaviour,
strain hardening and strain softening, dilatancy and shear
strength (Krantz, 1991; Schellart, 2000; Lohrmann et al. 2003;
Panien et al. 2006; Chemenda et al. 2011); and (4) providing
the required dynamic scaling for the targeted fault–fracture proc-
esses resolution.

The aggregates were qualitatively tested in terms of handling
and compositional homogeneity as part of the sample preparation
procedure. Compositional irregularities can determine unfavour-
able physical and mechanical heterogeneities or anisotropies
throughout the sample, conditioning the deformation during the
experiments.

The candidate materials were also evaluated in terms of ease of
preparation, sample reproducibility and application in analogue
deformation rigs. Advanced studies (Schellart, 2000; Lohrmann
et al. 2003; Panien et al. 2006; Klinkmüller et al. 2016; Schreurs
et al. 2016) proved that the physical properties of the material, such
as density, grain shape, pore space and grain size distribution, have
an impact on their compaction behaviour and mechanical proper-
ties. Evidently, the sample preparation process represents a crucial
step of the experiments since the manual procedure can have a
direct impact on the properties of the aggregates, such as density
and pore space distribution. Additionally, ambient laboratory con-
ditions can influence the chemical reactions and moisture content
of the samples. To maximize the accuracy of the sample reproduc-
ibility, a standardized sample preparation workflow is therefore
required for each model material.

Fig. 4. Schematic shear stress (τ) versus angular shear (γ) curves showing the behav-
iour of (a) an ideal Coulomb material, and the similar nonlinear behaviour of (b) rocks
in the brittle upper crust and (c) granular analogue materials (Lohrmann et al. 2003).
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The material capability to deform by shear and tensile failure
was evaluated by qualitatively examining the samples in UCTs.
Additionally, RSTs enabled a comparison of the deformation
behaviour of GRAM aggregates with dry quartz sand and the cal-
culation of the cohesive strength values needed to obtain the
dynamic scaling.

3.b. Dynamic scaling

Following the dynamic scaling procedure, the geometrical scaling
factor was derived, allowing us to evaluate the experiment resolu-
tion provided by the aggregates. The targeted geometrical scaling
factor (L* = 104–102) enables the simulation and observation of
coupled fault–fracture processes with a model resolution relevant
for fault damage zones observed on structural scales (1 cm in the
model corresponding to a range of 1–100 m in nature).

According to Equation (2), the geometrical scaling factor is
determined by cohesion and density ratios of analogue material
and natural prototype. The density of the tested aggregates was
determined by weighing different known volumes of the materials
samples. As demonstrated for loose sand (Krantz, 1991), the prepa-
ration technique has an impact on certain material properties,

including density. With granular aggregates, the material density
is strongly influenced by the compaction applied during sample
preparation. For all the tested aggregates, the samples were pre-
pared by distributing and compacting the material manually to
avoid the occurrence of irregularities and voids within the sample.

The cohesion was derived from ring-shear tests with variable
loading conditions. Each test cycle was performed with different
values of normal load that, along with the related critical shear
stresses, define the failure envelope of the material. The obtained
stress–strain curves allowed the derivation of the cohesive strength
values.

3.c. Tested aggregates

Quartz sand BL60 (physical and chemical characteristics summa-
rized in Table 2) represented the main component of the four
potential GRAM aggregates. This dry granular material was sys-
tematically tested with the ring-shear tester, defining its frictional
properties and providing a baseline for comparison with the four
aggregates in examination. The annular ring-shear cell (Fig. 5) was
filled with dry quartz sand and sifted at a constant rate from a fixed
height to ensure a homogeneous material distribution.

Table 1. Overview of the studies and materials referred to for dynamic scaling comparison and related values of cohesive strength and density

Material

Cohesive
strength
Cm (Pa)

Density ρm
(g cm−3) Reference

Castor sugar 247 1.04 Schellart (2000)

Clay 50–140 1.55–1.65 Henza et al. (2010), Bonini et al. (2016), Bonanno et al. (2017), Hatem et al. (2017)

Corundum, brown 29–49 1.55–1.89 Panien et al. (2006)

Corundum, white 99–105 29–49 Panien et al. (2006)

Dry mortar 150 2 Gutscher et al. (1998)

Gelatin 6 1 van Dinther et al. (2013)

Gelatin–salted gelatin 1 1.1 Brizzi et al. (2016)

Glass fragments 35–41 1–1.24 Panien et al. (2006)

Glass microspheres 21–160 1.4–1.91 Schellart (2000), Panien et al. (2006), Abdelmalak et al. (2016)

Glass microspheres–silica
powder

239–519 1.5–1.6 Abdelmalak et al. (2016)

Hemihydrate powder 31.35–200 0.73–0.9 Holland et al. (2006), van Gent et al. (2010), von Hagke et al. (2019)

Loess 200 1.3 Cobbold et al. (2001)

Microspheres (hollow,
aluminium hydroxide)

6 0.39 Rossi & Storti (2003)

Microspheres (hollow, siliceous) 1.5 0.15 Rossi & Storti (2003)

Rice–sugar–rubber pellets 10 0.9 Rosenau et al. (2009)

Pyrex 4–10 0.97–1.09 Panien et al. (2006)

Sand 10–520 1.3–1.9 Krantz (1991), Gutscher et al. (1998), Bonini et al. (2000), Schellart (2000), Cobbold
et al. (2001), Lohrmann et al. (2003), Panien et al. (2006), Gomes (2013), Wu et al.
(2015), Dotare et al. (2016), Maestrelli et al. (2021), Santolaria et al. (2021)

Sand–barite 188.13 1.81 Gomes (2013)

Sand–cement 420 1.56–1.69 Krantz (1991)

Sand–clay 57.1–700 0.94–1.68 Krantz (1991), Gomes (2013),

Sand–hemihydrate 0–250 1.2–1.8 von Hagke et al. (2019), Poppe et al. (2021),

Silica powder 262–560 1.33–1.6 Galland et al. (2006), Abdelmalak et al. (2016)
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Four types of sand aggregates were tested with different cement-
ing materials: sand–gelatine, sand–sugar, sand–vegetable oil and
sand–hemihydrate. The aggregates specifics, including mixing
ratios and drying procedure, are summarized in Table 3.

Although gelatine, sugar and vegetable oil have not been used in
analogue modelling studies to form aggregates with sands, sand–
hemihydrate aggregates were previously used by Haug et al. (2014)
to simulate fragmentation in rock avalanches.

3.d. Sample preparation

The aggregates were prepared in samples of the different shapes
required for mechanical tests. A standardized preparation work-
flow was defined for each aggregate to ensure their reproducibility
and to reduce the impact of ambient conditions and operator
handling.

For sand–gelatine, sand–sugar and sand–hemihydrate aggre-
gates, a certain amount of water was added to dissolve the solute,
gelatine and sugar or, in the case of hemihydrate powder, to amal-
gamate with sand. For sand–vegetable oil aggregates, an addition of
flour completed the mixture. The sample preparation and the dry-
ing-up phases were performed at controlled ambient laboratory
conditions.

The drying-up time can have an impact on the material
mechanical properties as a result of the variable moisture content
of the samples. Sample moisture content was therefore analysed by
time-series data of the sample weight in 24-hour intervals to mon-
itor water loss.

For ring-shear tests, the samples were prepared and dried
directly in the ring-shear cells (942.48 cm3 volume, 10 cm inner
diameter, 20 cm outer diameter and 4 cm height). The cylindrical
test samples for uniaxial compression tests were prepared and
dried in steel moulds (100 mm height and 50 mm diameter).

Sand–gelatine aggregates were prepared using food gelatine HI
250 Bloom, dissolved in boiling water at a proportion of 1:20. The
solution was poured on the sand samples until saturated. Finally,
the samples were dried under laboratory conditions for 18 hours.

Sand–sugar aggregates were prepared by immersing the sand
cylindrical samples into a solution of sugar and water for variable

times (tested from 5 to 30 minutes) sufficient to ensure saturation
throughout the sample. The water–sugar solution was also tested
with different concentrations of solute, from 10 to 100 g L−1. The
drying procedure was evaluated at different conditions and dura-
tion, from 8 to 18 hours in the oven and from 5 to 7 days at labo-
ratory conditions.

Sand–vegetable oil samples were prepared by mixing the two
components together with the addition of flour (55% of quartz
sand, 33% of flour and 12% of vegetable oil). These aggregates

Table 2. Quartz sand BL60 technical data provided by the Prince Minerals Inc.
Group, including the material physical specifics, typical chemical analysis and
typical particle size distribution (dry sieving BS410 test sieves)

Property Value

Chemical analysis
Particle size
distribution

Oxides
Weight

% Microns
%

Retained

Bulk
density

1.5 g cm−3 SiO2 99.7 600 Nil

TiO2 0.03 425 0.1

Al2O3 0.11 300 4.6

Hardness
(Mohr
scale)

7 Fe2O3 0.02 212 42.9

K2O 0.02 150 46.1

CaO 0.03 106 5.7

Specific
gravity

2.65 LOI 0.07
max

75 0.4

<75 0.2

LOI – loss on ignition.

Fig. 5. (Colour online) Mechanical testers used in this study: (a) ring-shear tester
sketch (modified after Schulze, 1994) and (b) uniaxial compression tester.
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did not require the addition of water, so therefore excluded the dry-
ing procedure from the sample preparation workflow.

Sand–hemihydrate aggregates were examined at different mix-
ing ratios, with 1%, 2%, 3% and 4% of hemihydrate calcium sul-
phate powder (CaSO4·½H2O). The samples were prepared by
mixing the dry parts first, accurately separating the particle
agglomerates and obtaining a homogeneous mixture. The water
was gradually added to the mixture (10% of the total weight) under
continuous stirring. The samples were air-dried at laboratory con-
ditions for 4–6 days.

3.e. Material mechanical testers

The mechanical properties of the aggregates, including frictional
parameters, cohesion, shear and compressive strength, were deter-
mined by means of RSTs and UCTs.

The dynamic ring-shear tester (Schulze, 1994), specially
designed for powder testing, enables the analysis of shear proper-
ties under low normal loads in the range of the stresses observed
in scaled analogue experiments (Lohrmann et al. 2003). The
stress–strain curves of the examined aggregates were analysed
under variable normal loads to determine their dynamic fric-
tional parameters, cohesion, shear strength and dilatancy. The
shear tester is composed of a stainless-steel ring-shaped cell
where the tested material is placed, a lid, two tie rods and a cross-
beam (Fig. 5a). Through the lid, fitting on top of the filled cell and
counterbalanced by a weight, a normal load is applied to the sam-
ple. A horizontal shear force is applied by the cell rotation, occur-
ring at a constant angular velocity, during which the lid is fixed
with tie rods and a crossbeam to the strain gouges. The lid is anch-
ored into the sample by means of several steel protrusions, ensur-
ing shear inside the sample itself and avoiding slipping between
material and lid. Measurements were performed with different
normal loads ranging from 1 to 20 kPa. For each measurement,
the stress–strain curve was measured for the undeformed and
then deformedmaterial in two successive shear cycles (Lohrmann
et al. 2003).

A tensional–compressional uniaxial tester (Zwicky 5N, Zwick
Roell) was used to analyse the elastic properties and compressive
strength of aggregates under uniaxial loading. The tester is

composed of a plate where the sample is placed and uniaxially
compressed by a vertical load applied by a servo-controlled piston
(Fig. 5b). During the test, the cylindrical samples, with a length:
diameter ratio of 2, undergo deformation until breaking, allowing
the analysis of the failure modes of the materials. The test can be
performed either in load-controlled or strain-controlled condi-
tions and the applied force (N) and occurring deformation (%)
are measured.

4. GRAM test results

Following thematerial requirements of GRAM (Section 3.a above),
the tested aggregates were examined in a step-by-step workflow,
where only the suitable aggregates were further tested at the next
stage (Table 4).

4.a. Sample preparation

During sample preparation, the suitability of sand mixtures
was assessed to form cohesive aggregates with compositional
homogeneity.

Gelatine-based aggregates were characterized by moisture-
dependent properties, considerably increasing in strength over
time. The samples showed diffuse deformation under wet condi-
tions, whereas the samples were too strong to be tested by UCT
(maximum uniaxial load of the tester: 5000 N) when completely
dry (after about 18 hours of drying-up), showing a highly time-
dependent cohesion. Due to this complexity in material handling,
sand–gelatine aggregates were excluded.

Sand–sugar aggregates were unsuitable to produce homo-
geneous samples in all the different mixing ratios and drying-up
procedures tested. The aggregates developed sugar crusts on the
outer part of the sample andmaintained loose sand volumes inside.
For this reason, sand–sugar aggregates were excluded from the suc-
cessive tests.

Sand–vegetable oil and sand–hemihydrate aggregates formed
cohesive and homogeneous samples, showing no handling issues,
and were therefore taken to the next stage of tests. For these two
aggregates, the sample preparation workflows were defined includ-
ing mixing procedures, ratios and drying time.

Table 3. Summary of the aggregates tested in this study

Aggregate name Adhesive agent Other additions Materials proportion Drying phase

Sand–gelatine Food gelatine Water 50 mL/L added until saturation 18 hours

Sand–sugar Caster sugar Water 10–100 g/L added until saturation 8–18 hour oven or 5–7 days air-dried

Sand–vegetable oil Vegetable oil Flour 55% sand, 33% flour, 12% oil Not required

Sand–hemihydrate Hemihydrate calcium sulphate Water 1%, 2%, 3% and 4% hemihydrate 4–6 days

Table 4. Requirements checklist of the tested materials

Material

Sample preparation Uniaxial compression test Ring-shear test

Form aggregates Handling issues Sample homogeneity Shear and tensile fractures Nonlinear behaviour Target scaling

Sand–gelatine ✓ ✗

Sand–sugar ✓ ✓ ✗

Sand–vegetable oil ✓ ✓ ✓ ✗ ✓ ✗

Sand–hemihydrate ✓ ✓ ✓ ✓ ✓ ✓
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4.b. Uniaxial compression tests

The capability of the aggregates to simultaneously deform by
shear and tensile failure was qualitatively analysed by means
of a tensional–compressional uniaxial tester. From the quanti-
tative point of view, the UCT series allowed the elastic proper-
ties and compressive strength parameters of the materials to be
determined.

At this stage, only sand–vegetable oil and sand–hemihydrate
aggregates were tested. The compressive strength, calculated for
each specimen as the normal load (N) per unit area at failure,
showed higher values for sand–hemihydrate aggregates than
for sand–vegetable oil samples (Fig. 6a). The latter exhibited a
more diffused deformation with higher deformation rates, as
shown by the UCT normal load/strain curves (Fig. 6b).

At failure, sand–vegetable oil aggregates mainly deformed by
distributed shear fractures (Fig. 7), usually developing a single
shear fracture. On the other hand, sand–hemihydrate aggregates
localized the deformation by shear and tensile failure (Fig. 7),
developing patterns of early micro-cracks linking together in
macro-fractures by coalescence with increasing loading stresses.
The specimens usually showed multiple fracture planes, with the
main fractures spanning through the whole sample. As a result
of this qualitative test, sand–vegetable oil aggregate was considered
unsuitable for this study purposes. This material was tested in RST
series for comparison purposes only.

4.c. Ring-shear tests

In order to evaluate the strain-dependent deformation behaviour
and frictional parameters of the GRAM aggregates, the samples
were tested with the ring-shear tester and compared with the base-
line stress–strain curves of BL60 dry quartz sand.

Ring-shear tests were performed for sand–hemihydrate and
sand–vegetable oil aggregates. In the comparison of the stress–
strain curves (Fig. 8), the nonlinear elastic–plastic frictional behav-
iour, with strain hardening and strain softening, was observed in
both tested aggregates, preserving this granular materials charac-
teristic. Quantitatively, sand–hemihydrate aggregates showed
higher shear strength (peak, static and dynamic) and strain soften-
ing than sand–vegetable oil and loose sand samples. Sand and
sand–vegetable oil samples showed very similar peak strength val-
ues. In detail, the shear stresses required for shear failure in sand–
hemihydrate aggregates at a normal stress of 10 kPa was about 14%
and 18% higher than loose sand and sand–vegetable oil aggregates,
respectively.

Cohesion values for each tested material were extrapolated by
plotting the critical shear and normal stresses in a Mohr diagram
(Fig. 9). The best-fit linear failure envelopes were calculated. The
obtained parameters, including cohesion, coefficient and angle of
internal friction, are summarized in Table 5.

4.d. Dynamic scaling

As mentioned above (Section 2.c.1), for a dynamically scaled model
the analogue material must have rheology and angle of internal fric-
tion similar to the natural prototype. Following RSTs, sand–vegeta-
ble oil and sand–hemihydrate samples yielded values for the angle of
internal friction of 33 and 37°, respectively (Table 5). Additionally, to
calculate the geometric scaling factor that thematerial can provide in
scaled experiments, density and cohesion parameters of model
material and natural rocks are needed. The dynamic scaling param-
eters are summarized in Table 6.

Sand–vegetable oil aggregates showed cohesion values of
291 Pa, whereas sand–hemihydrate aggregates had cohesion values
one order of magnitude higher, namely 7883 Pa.

Fig. 6. Uniaxial compression test results for sand–hemihydrate
and sand–vegetable oil samples: (a) compressive strength
derived from the tests and (b, c) normal load (N) versus strain
(%) curves.
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The density of sand–vegetable oil aggregates was calculated by
weighing the RST samples with known cell volume and weight,
providing values of 1.52 g cm−3. In the case of sand–hemihydrate
samples, the drying stage and the related samples moisture content
made the density values more uncertain. To obtain a better estima-
tion of the sand–hemihydrate density, it was calculated by weigh-
ing different sample volumes including the samples prepared for
the strike-slip experiments and for the mechanical tests, namely
the cylindrical specimens for uniaxial compression tests and the
two cells used for ring-shear tests. The slope of the linear regression
line provided the best estimate of density of 1.36 g cm−3 (Fig. 10).

From the obtained cohesion and density values, the geometric
scaling factor has been calculated by using Equation (2) and refer-
ence natural rocks with known cohesion and density values
(Lueders Formation limestone used for comparison; Fig. 3;
15 MPa and 2.43 g cm−3). The length equivalence for sand–vegeta-
ble oil and sand–hemihydrate was 1 cm in the model correspond-
ing to 322.43 and 10.65m in nature, respectively. Only the dynamic
scaling provided by sand–hemihydrate aggregates therefore fitted
the outcrop scale, enabling an ideal model resolution to simulate
fault and fracture processes at the structural scale. By comparison
with the model materials used in analogue modelling studies

Fig. 7. (Colour online) Samples after uniaxial compression tests:
(a) sand–gelatine; (b) sand–sugar; (c) sand–vegetable oil; and (d)
sand–hemihydrate.

Fig. 8. Ring-shear test diagrams (shear stress versus time) for
sand–hemihydrate, sand–vegetable oil samples and quartz sand
BL60.
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(Fig. 3), the developed sand–hemihydrate material filled the gap of
resolution corresponding to the outcrop scale.

5. GRAM strike-slip experiment

In Sections 3 and 4 we developed a GRAMprototype with required
mechanical and physical properties for the simulation of coupled
fault–fracture processes in scaled experiments, and have tested its
sample-scale preparation andmechanical properties. The next step
is to demonstrate the application of GRAM in scaled experiments
simulating the localization and growth of coupled fault–fracture
processes. For this purpose, the material was prepared in large vol-
umes and applied in strike-slip experiments.

The strike-slip setting was chosen for its simple set-up and ideal
orientation for strain analysis, with the shear zone evolution being
observable in map view on the sample surface by stereo DIC tech-
niques. This type of experiment, usually referred to as the Riedel
experiment, simulates the deformation in an overburden lying
on a straight and vertical basement fault (Cloos, 1928; Riedel,
1929) and has been performed with a large variety of model mate-
rials (Dooley & Schreurs, 2012).

The experiments were monitored by 3D stereo DIC techniques,
which enabled the high-resolution monitoring of the 3D surface
displacement and deformation of the experiment surface for the
fully quantitative analysis of dynamic fracture localization and
crack propagation in the experiment.

The experiment series confirmed that GRAM aggregates can be
prepared and handled in large experiment volumes. Furthermore,
the structural-scale fracture processes and fault localization
observed in the experiments presented the characteristic elements
of large-scale fault localization and early fault zones evolution.
Finally, DIC analysis provided insights into the dynamic evolution
of a fault damage zone at the relevant structural scale.

5.a. Experiment set-up

The experiments were performed with a 100-cm-long, 60-cm-wide
and 12-cm-high strike-slip rig (Fig. 11). The apparatus simulated
the shear deformation in a horizontal material layer overlying a
straight strike-slip fault. The base of the rig consisted of twomobile
metal baseplates with a linear central interface representing a single
planar and vertical basement fault. The baseplates were able to

Fig. 9. Mohr diagram showing the shear stress as a function of
the normal stress for quartz sand BL60, sand–vegetable oil aggre-
gates and sand–hemihydrate aggregates.

Table 5. Summary table of cohesion (Pa), angle of internal friction ϕ (°) and coefficient of internal friction μ (dimensionless) obtained after ring-shear tests for loose
sand ‘BL60’, sand-vegetable oil aggregates and sand-hemihydrate aggregates. The error is the standard deviation of the mean values after multiple measurements (4
cycles of 5 tests each)

Material Cohesion (Pa) Angle of internal fiction ϕ (°) Coefficient of internal friction μ (–)

Sand BL60 13 ± 1.23% 36.55 ± 1.23% 0.74 ± 1.23%

Sand–vegetable oil 291 ± 4.78% 33.4 ± 3.1% 0.66 ± 3.1%

Sand–hemihydrate 7883 ± 5.75% 37.1 ± 2.69% 0.76 ± 2.69%

Table 6. Dynamic scaling parameters calculated for sand BL60, sand–vegetable oil and sand–hemihydrate aggregates. Model resolution (Ln) corresponding to 0.01 m
in the model (Lm)

Material Cohesion (Pa) Density ρ (g cm−3) Geometrical scaling factor L* Model resolution Ln (m)

Sand BL60 13 1.5 1.4 × 10−6 7123

Sand–vegetable oil 291 1.52 3.1 × 10−5 322

Sand–hemihydrate 7883 1.36 9.39 × 10−4 10.65
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translate independently parallel to the strike direction of the cen-
tral velocity discontinuity, that is, the fault interface. The 12-cm-
high rig walls were in place during the sample preparation and con-
fined the model during deformation. The displacement was man-
ually applied to the baseplates by a hydraulic winch attached to the
rig because the application of standard electric stepper motors used
in dry sand shear experiments was prevented by the high strength
of the GRAM. The deformation was applied by moving one of the
two baseplates with a shear sense arbitrarily chosen to be dextral.
The basal interface consisted of two separate 1-mm-thick metal
baseplates, each of which was covered with a glued-on rubber
sheet, forming a high-friction basal interface with the sample
aimed at minimizing slippage on the rig base.

A total of nine strike-slip experiments were performed with the
sand–hemihydrate GRAM (see online Supplementary Table S2,
available at http://journals.cambridge.org/geo). The new GRAM
was prepared for an initial set of experiments in smaller volumes
(40 × 30 × 10 cm) and adjusted for the later set of experiments in
significantly larger volumes (100 × 60 × 10 cm) to minimize the
impact of edge effects of the experiment set-up on the fault damage
zone evolution. GRAM at 3% wt of hemihydrate was applied in the
first three experiments, whereas GRAM at 2%wt was applied in the
successive six experiments (see online Supplementary Table S2).
The first pilot experiments allowed the evaluation of various sam-
ple preparation issues, such as the drying-up of large material vol-
umes, their handling and the experiment set-up specifics.

In the smaller experiments (1–4), the influence of significant
boundary conditions as a result of the relatively small sample
dimensions was highlighted. Fractures initiated at the velocity dis-
continuity of the sample–rig walls and propagated to the central
sample area, therefore influencing the damage zone localization
and evolution (Fig. 12a). This edge effect was limited by increasing
the sample dimensions to 100 × 60 × 10 cm, enabling the shear
zone to localize and develop in the model without being impacted
by the ‘boundary effect’ fractures (Fig. 12b).

The material volumes were prepared following the sample pre-
paration workflow defined for the mechanical tests (Section 3.d
above). For the 40 × 30 × 10 cm samples c. 18 kg of dry materials
were used, whereas the 100 × 60 × 10 cm samples required c. 80 kg.
The smaller experiment volumes were prepared and dried in a
wooden box with detachable walls and subsequently transferred
to the rig for the experiment. The larger experiment volumes were
prepared and dried directly on the rig, reducing the risks of dam-
aging the large sample during its relocation after the preparation
and drying procedures. For the larger material volumes, the three
components (sand, hemihydrate and water) were mixed in a con-
crete mixer. The mixture was transferred to the rig, accurately dis-
tributing the material by hands. Once all the material was in place
within the rig walls, a wooden plate was positioned on top of the
sample with weights (c. 100 kg) for c. 1 hour, ensuring material
compaction. The sample height was 2 cm less than the rig walls
to accommodate the compaction plate during the sample

Fig. 10. (Colour online) Plots of mass versus volume for sand–
hemihydrate model material.
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preparation. With this procedure, no voids or irregularities were
observed throughout the samples, enabling a suitable level of
material homogeneity (Fig. 11a).

The experiment series was performed with the described strike-
slip rig set-up. As a representative experiment, GRAM test-7 was
analysed and discussed in the following. The total shear displace-
ment applied was 7 cmwith an experiment duration of 17 minutes,
resulting in an average slip rate of 4.12 mm min−1.

The scaling factors of the experiment GRAM test-7 are summa-
rized in Table 7, referring to the same prototype used for compari-
son (Fig. 3), namely the Lueders Limestone Formation (see online
Supplementary Table S1). The length equivalence was 1 cm in the
model corresponding to 10.65 m in the natural prototype.

5.b. Experiment monitoring

Digital Image Correlation (DIC) analysis techniques were applied
for high-resolution strain monitoring in the GRAM strike-slip

experiments (Adam et al. 2002, 2005, 2013a; Krézsek et al. 2007;
Dotare et al. 2016). DIC analysis enables the full-field measure-
ments of heterogeneous displacement, strain and porosity changes,
as well as the monitoring of localized and diffuse deformation
processes in the model from the large experiment scale to the par-
ticle scale with sub-millimetre accuracy (White et al. 2003; Adam
et al. 2005; Viggiani & Hall, 2008). For the acquisition and analysis
of sequential stereo images, we used the digital image correlation
and deformation analysis software (Strain Master, LaVision)
adapted for scaled analogue experiments. The monitoring equip-
ment consisted of two high-resolution charge-coupled device
(CCD) cameras in stereoscopic set-up above the experiment
(Fig. 11b). From the ortho-corrected stereo images, the 3D experi-
ment surface was calculated by means of a mathematical mapping
function derived from 3D volume correlation and correction. For
this purpose, a calibration plate with equidistant cross marks was
placed on the entire sample surface; stereo images recorded the dif-
ferent positions of the calibration plate and allowed the derivation
of the mapping function from the ortho-corrected calibration plate
images. The volume correlation enabled the accurate 3D mapping
of the experiment surface during deformation, and the subsequent
calculation of the 3D incremental displacement vector field from
successive time-series images, by digital image correlation.
Finally, from the 3D displacement field, additional surface defor-
mation displacement and strain components were calculated.

5.c. Experiment results

Here we show the results of GRAM test-7 experiment (parameters
summarized in Table 8). The displacement and strain components,
computed from the incremental DIC displacement field data of the
experiment surface, enabled the kinematic and dynamic analysis of
the shear zone evolution. These include the displacement field
(mm), the shear strain ϵxy (%) and the vertical displacement
(mm) derived from the incremental 3D displacement vector data
(see online Supplementary Videos V1–V4, available at http://
journals.cambridge.org/geo). These attributes were calculated
incrementally for each time step (Δt= 1 s). Incremental displace-
ment, shear strain and the z-displacement representing active
deformation between subsequent time-series stereo images and
derived displacement, shear strain and z-displacement rates are
shown at six experimental stages, along with ortho-corrected sur-
face images and the structural maps of the interpreted structures
(Fig. 13). In the colour maps of incremental vector length
(Fig. 13c–e), linear and sharp colour contrasts represent fracture
localization and localized displacement of shear fractures. In the
incremental DIC displacement field data (Fig. 13c–e), the fault
localization is usually revealed before it can be observed in the
raw images (Fig. 13a).

With this experiment set-up, only one of the two baseplates was
translated with the static block of the sample (top part of map view
in Fig. 13) mostly showing lower displacement and strain rate
values.

The experiment showed the formation of a strike-slip shear
zone from early localization of the first synthetic Riedel shears
(R shears), striking c. 22° clockwise with respect to the trace of
the basement fault, to their complete linkage into a continuous
and anastomosing primary deformation zone (PDZ). The final
damage zone developed asymmetrical to the basement fault as a
result of the set-up consisting of a static and a moving baseplate.
The total displacement applied to the rig was c. 7 cm, correspond-
ing to c. 74.55 m in nature.

Fig. 11. (Colour online) Experimental set-up with 3D optical strain monitoring.
(a) 100 × 60 × 10 cm sample with the rig walls removed to enhance the drying pro-
cedure. The sample shows a suitable level of homogeneity. (b) Laboratory set-up with
stereoscopic CCD cameras and DIC set-up, with schematic representation of the strike-
slip rig.
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Mainly R and Y shears developed during the experiment, with
only three R' shears clearly observed and characterized by lim-
ited activity; no P shears were identified. The Y shears in the
lower part of the model (corresponding to the moving baseplate)
localized as individual shears first and then linked to the earlier
R shears. In the upper part of the model (corresponding to the
static baseplate), the Y shears formed as part of the early R
shears, and propagated towards the outer zones of the PDZ at
lower angles. Tens of tensile fractures formed, mainly in the
overlap areas between the main R shears or due to block uplift,
rotation and failure. The open fractures and areas of local exten-
sion mainly corresponded to the right-lateral bends and step-
overs of the fault traces.

In the final stages of deformation (30–40 mm displacement),
active displacement was mainly accommodated by a single
through-going strike-slip fault. At the same time, the intense early
segmentation in the damage zone created small, 2–5-cm-long, dis-
crete blocks or shear lenses, which underwent rotation and uplift
obliterating the surrounding fault traces. Consequently, from this
stage onwards no further new structures developed in the PDZ and,
for this reason, we analyse the model evolution up to the 40-mm-
displacement stage (Fig. 13).

In the six deformation stages shown in Figure 13c, the maxi-
mum displacement rate of observed shear fractures ranged from
0.11 to 1.4 mm s−1. The highest rate was reached once the PDZ
was completely interconnected, and all the displacement was
accommodated by a through-going strike-slip fault.

The shear strain maps (Fig. 13d) show the shear sense of the
different faults and fractures. The incremental shear strain (%)
increases from the initial to the final stages, spanning ±0.85%, with
the positive strain values (warm colours) indicating dextral shear
sense and the negative values (cold colours) indicating sinistral
shear sense (Fig. 13d). In general, the shear strain observed during
the experiment is mostly dextral as the imposed rig sense of shear.
Only a limited antithetic shear deformation was observed, with low
or negligible negative values developed, and only three R' shears
were observed.

The maps of incremental z-displacement visualize the vertical
movements of fault blocks, including local pop-up structures, sub-
sidence areas and thrust faults (Fig. 13e). The z-displacement rates
(mm s−1) of individual fault blocks is variable and ranges from
−0.15 to 0.28mm s−1, with the positive values (warm colours) indi-
cating uplift and the negative values (cold colours) indicating sub-
sidence. In the first three experiment stages, the z-displacement
rate is more distributed andmainly accumulated along fault traces,
especially in the central area between early Riedel shears. In later
stages, vertical displacement describes smaller discrete blocks
undergoing uplift, rotation and, in only a few areas, local sub-
sidence due to block fragmentation. The z-displacement also high-
lighted the occurrence of compressive areas, usually related to the
left-lateral bends of the fault traces, additionally characterized by a
strike-slip component.

In general, dextral strike-slip component was predominant over
the reverse dip–slip movement. The maximum damage zone width

Fig. 12. (Colour online) Boundary effect of the rig walls on the samples with dimensions of (a) 40 × 30 × 10 cm and (b) 100 × 60 × 10 cm. BF – boundary effect fracture.

Table 7. Dynamic scaling properties of the GRAM strike-slip experiments. Natural prototypes displacement rates from Mouslopoulou et al. (2009)

Quantity Experiment (model) Nature (prototype) Scaling Factor

Length 1 cm 10.65 m L� ¼ Lm
Ln

¼ Cm
Cn

�n
�m

gn
gm

L� ¼ 9:39 x 10�4
Cohesion 7.88 kPa 15 MPa

Density 1.36 g cm−3 2.43 g cm−3

Gravity acceleration 9.81 m s−2 9.81 m s−2

Internal friction coefficient 0.75 0.53 c. 1

Internal friction angle 37° 28° c. 1

Displacement rate c. 4.12 mm min−1 0.08–2.83 mm a−1 7:64 x 105 � 2:82 x 107

Stress 7.88 kPa 15 MPa �� ¼ �m
�n

¼ ��g�L�; �� ¼ 1:8 x 10�4
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for each displacement step shown in Figure 13 was, progressively,
0.93, 1.34, 1.35, 1.58, 1.62 and 1.68 cm, with a final damage zone
width spanning, along strike, 0.75–1.68 cm, corresponding a fault
damage zone width ranging over 8–17.89 m in nature.

6. Discussion

The sand–hemihydrate GRAM aggregate enables the simulation of
multi-scale fault–fracture processes in scaled physical experiments.
The material is suitable for forming cohesive aggregates capable of
deforming by shear and tensile failure while preserving the nonlin-
ear behaviour of granular materials. The dynamic scaling provided
by GRAMmaterial enables the simulation of fault damage zones at
the structural scale, with 1 cm in the model corresponding to
10.65 m in nature.

The material was applied in a strike-slip experiment series to
evaluate its applicability in scaled analogue experiments. The
experiment GRAM test-7 described in Section 5.c above demon-
strated the characteristic geometries, kinematics and dynamics
of fracture nucleation and damage zone evolution leading to an
interconnected shear zone, that is, a primary deformation
zone (PDZ).

The observed geometries are representative of a strike-slip shear
zone and can be directly compared with natural systems. Themod-
els developed with GRAM represent relatively low-strain fault sys-
tems, similar to the fault systems developed by earthquake surface
ruptures. In Figure 14, we compare the GRAM test-7 model with
an example of low-strain shear zone (c. 3.5 m displacement), dex-
tral strike-slip earthquake event, the Greendale Fault, New Zealand
(Quigley et al. 2010). In this case, we used this natural example to
validate the models but did not specifically scale the experiment
dynamically to the surficial alluvial sediments affected by the earth-
quake event shown in Figure 14. The structural features of the two
shear zones show high similarity to the main structures repre-
sented by Riedel shears and the smaller conjugate shear fractures
(R') as minor structures. In the model, the R shears developed at
c. 22° clockwise with respect to the trace of the basement fault
and formed an angle of c. 75° with the R' shears (Fig. 14b). In
the natural system, the R shears formed at c. 26° from the plane
of the imposed shear and are at c. 56° to the conjugate R' shears
(Fig. 14d). The level of deformation is higher in the model with
respect to the prototype, where the R shears are not directly linked

and the Y shears are only incipient. As a result, in contrast to the
model (Fig. 14a, b), the shear zone is not yet completely intercon-
nected (Fig. 14c, d). P shears are not observed in the model and in
the prototype, confirming, in both cases, the relatively low-strain
level of the shear zones.

Overall, the experimental results demonstrated that the sand–
hemihydrate GRAM can be applied in scaled experiments for the
simulation of fault–fracture processes in fault damage zones
observable at outcrop-scale resolution. Consequently, our
GRAM experiments can be directly compared with natural fault
systems.

6.a. Sand–hemihydrate challenges and limitations

As derived from systematic material testing, sand-hemihydrate
aggregates fulfilled all the GRAM requirements for fault–fracture
simulation (Section 4). The sand–hemihydrate aggregates were
further examined in terms of physical and mechanical properties,
with the sample preparation procedure including sample homo-
geneity and properties of diverse mixing ratios. We also evaluated
the experiment set-up, deformation rig features, and experiment
volume preparation and dimensions to outline potential improve-
ments and limitations.

6.a.1. Physical and mechanical properties
As part of the sample preparation with consistent mechanical
parameters, the impact of the residual water content on the
material properties was analysed in detail. Uniaxial compression
test results highlighted the clear influence of the drying duration
on the mechanical properties of the material. The compressive
strength showed a linear relationship with drying time (Fig. 15a).

Consequently, samples with different physical and mechanical
characteristics are obtained with a longer/shorter drying time or
with different ambient conditions. This aspect critically influences
the reproducibility of GRAM properties in different experiments.
To tackle this problem, during the drying stage the moisture con-
tent of the samples was analysed by time-series data of the sample
weight at 24-hour intervals to monitor the water loss through time.
The rate of water loss of the samples (at controlled laboratory
ambient temperature conditions of 23 ± 4°C and 33 ± 6% humid-
ity) stabilized within 5 days, with a decrease of the initial amount of
water in weight by 80–90% (Fig. 15b).

The percentage of water loss seemed to be a more accurate
parameter to determine the completion of the drying process,
rather than defining a fixed time, since the process is strongly influ-
enced by the environmental humidity and temperature conditions
in the laboratory. The oven-drying procedure was precluded
because the volume dimension (100 × 60 × 10 cm) hinders the
transport of the sample from the oven and to the rig without risk
of damage. Oven-drying was therefore not applied to smaller
samples (i.e. for UCT and RST) since the condition was not rep-
licable for the experiments samples. Consequently, we established
that the sand–hemihydrate samples were defined ready, either for
mechanical tests or analogue experiments, once the water loss
reached 80–90%.

The material compaction applied during the sample prepara-
tion is important for the homogeneity of samples (Fig. 11a).
Nevertheless, its impact on the density of GRAM experiment
volumes should be further evaluated in future. The linear inter-
polation of mass/volume ratios (Fig. 10) suggests a slight increase
in density by reducing the volume of the samples. This bias is the
result of the difficulty of directly weighing the 100 × 60 × 10 cm

Table 8. Specifics of GRAM test-7 strike-slip experiment

GRAM test-7 Experiment

Model material Sand–hemihydrate 2%

Sample dimension 100 × 60 × 10 cm

Initial set-up Horizontal and homogeneous sample

Rig set-up Single planar and vertical basement fault

Kinematic Dextral strike-slip

Basal interface Metal baseplate with rubber sheet

Total displacement 7 cm

Average displacement rate 4.12 mm min−1

Duration 17 min

DIC frame rate 1 Hz, Δt= 1 s

DIC raw data c. 1000 images
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samples, for which the mass (g) was estimated from the sample
preparation materials before mixing them, slightly underestimat-
ing it. Although the resulting overestimation of density was rel-
atively minor (1.38 g cm−3 instead of 1.36 g cm−3), the density
used to calculate the dynamic scaling was obtained considering
only the mechanical test samples (UCT, RST Cell 2 and RST
Cell 1þ 2).

Furthermore, the effect of the ratio of the sand–hemihydrate
mixture on mechanical properties was analysed by testing samples
with a range of mixing ratios. Sand–hemihydrate aggregates with

1% to 4% of hemihydrate (on the total dry parts weight) were
tested.

Uniaxial compression test results (Table 9) showed no signifi-
cant variation of Young’s modulus between the different mixing
ratios, with average values ranging from 2.09 to 2.99 MPa. A linear
trend was observed for the values of maximum normal load
applied during the test (Fmax) and the normal load registered at
the first break of the sample (Fbreak). The compressive strength
showed a linear relationship with the hemihydrate concentration
(Fig. 15c).

Fig. 13. (Colour online) DIC time-series images of sand–hemihydrate 2% sample surface during GRAM test-7 experiment: (a) image source data; (b) structural map; (c) displace-
ment field (mm) with vector displacement; (d) shear strain ϵxy (%) with vectors displacement; and (e) z-displacement (mm)with vector displacement. R – Riedel shear; R' – R' shear;
Y – Y shear; T – thrust fault.

Fig. 14. (Colour online) Model comparison with natural strike-slip shear zone (Greendale Fault surface rupture, New Zealand; Quigley et al. 2010). (a) GRAM test-7 experiment
surface with (b) structural map of the developed structures and (c) aerial photograph of the Greendale Fault surface rupture, New Zealand (aerial photograph from Quigley et al.
2010), with (d) structural map of the developed structures.
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It is reasonable to assume that such a relationship is similarly
observed for the material cohesive strength (Haug et al. 2014).
This aspect should be further investigated in future studies. The
observed linear relationships between the mixing ratio and
GRAM strength enables the adjustment of GRAM mechanical
properties and GRAM scaling for specific experiment applications
and resolutions.

6.a.1.1. Dynamic scaling. The dynamic scaling of GRAM
(Section 4.d) provides a geometric scaling factor L* of 9.39 × 10
−4 (1 cm in the model corresponding to 10.65 m in nature). The
geometric scaling factor was calculated considering an arbitrary
natural prototype with a cohesive strength of 15 MPa and
2.43 g cm−3 of density, corresponding to the limestone of the

Lueders Fomation (see online Supplementary Table S1). To ana-
lyse the role of different lithologies on the model resolution, we cal-
culated the dynamic scaling of GRAM with respect to a sandstone
(Tennessee Formation), a marble and a granite (see online
Supplementary Table S1). The resulting geometrical scaling factors
(Table 10) showed that with the sandstone, the marble and the
granite as a prototype rock the deduced model resolution would
be appropriate for simulating fault damage zone processes
observed at the outcrop scale (1 cm in the model corresponding
to 36.40, 69.26 and 20.18 m, respectively; Fig. 16).

6.a.2. Experiment set-up
Beyond homogeneous material volumes, scaled analogue experi-
ments can simulate geological heterogeneities in their set-up. In
GRAM experiments, a mechanical layering representing a layered
sequence can be introduced as part of the preparation of GRAM
aggregates. The mechanical layer thickness has a critical impact
on the fracture propagation and the spatial distribution of fracture
spacing and aperture in strata-bound fracture sets. To ensure the
sample homogeneity, either for RST, UCT or experiment samples,
the samples were compacted only when all the material was added
to the cell, cylinder or rig (Section 5.a). However, in the sample
preparation tests, we prepared sand–hemihydrate UCT samples
by varying the sample preparation procedure. Namely, we
observed that by filling and compacting the samples in different
steps we obtained mechanical inhomogeneities representing the
bed surfaces. During the UCTs these layers acted as a mechanical
layer with respect to fracture propagation (Fig. 17). Potentially, the
experiment samples could be prepared following this workflow and
characterizing the model with beds, therefore enabling the inves-
tigation of the interaction between mechanical layer thickness and
fracture propagation processes in scaled experiments.

As discussed in Section 5.a, a strike-slip setting was chosen for
the prototype experiments because the experiment surface defor-
mation represents tectonic material transport in the σ1–σ3 princi-
pal plane of stress. However, the experiment series showed that
some improvements can be applied in terms of rig set-up. First,
the deformation was manually driven by a hydraulic winch pulling
one of the two baseplates. This was reflected by the formation of
asymmetric shear zones characterized by a moving and a static
block during the simulation. Also, the deformation rate was
not constant, but was affected by the perception of the operator.
For the GRAM test experiments, stepper motors used for generic
sandbox experiments could not be utilized due to the high
strength of the model material. The electronic motors available
in the analogue tectonic modelling laboratories of the Department
of Earth Sciences at Royal Holloway, University of London
(ATML@RHUL) are designed for experiments consisting of nearly
cohesionless and low-strength materials, not applicable to the
GRAM prototypes. The application of more powerful electric
motors or attenuators to deform the cohesive sand–hemihydrate
aggregates in the future will enable a constant and controlled defor-
mation rate during the experiment.

The presented strike-slip experiment series demonstrated the
suitability of GRAM to simulate the kinematic and dynamic proc-
esses of shear zone evolution, although, with the experiment set-up
described, only a relatively low level of strain was achieved before
the superimposition of several pop-up structures limited the
observation of primary shear zone features. With increasing dis-
placement, these uplifted domains obstructed the surrounding
structures in the PDZ. As seen in the analysed experiment
(Fig. 13), in the high-strain stages the DIC maps show local data

Fig. 15. (a) Compressive strength variation trend with different drying time; (b) per-
centage of water evaporation with respect to the initial amount in weight, monitored
through time during the drying stage and (c) compressive strength values for different
concentrations of hemihydrate in sand–hemihydrate aggregates, after uniaxial com-
pression tests.
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gaps corresponding to the pop-up structures. As a result, the total
finite displacement of the experiment set-up was limited to low-
strain shear and damage zones.

The block uplift is caused by complex fault geometries charac-
teristic of strike-slip tectonics. Different set-ups simulating dip–
slip faults may enable an ideal damage zone simulation with

continuous high-resolution DIC monitoring since the experiment
hanging-wall would provide the confining pressure.

In analogue modelling studies involving granular model mate-
rials, after completion of the experiments the models are com-
monly saturated with a gelatine–water solution and, once dried,
cross-sectional sequential slices are provided. This procedure

Table 9. Uniaxial compression test results for sand–hemihydrate samples at different mixing ratios: 1%, 2%, 3% and 4%. The error is the standard deviation of the
mean values after multiple measurements (a total of 53 samples were tested).

1% 2% 3% 4%

Emod (MPa) 2.12 ± 1.51 2.99 ± 1.74 2.09 ± 1.46 2.53 ± 1.15

Fmax (N) 177 ± 15.71 291.23 ± 99.58 353.84 ± 267.17 405.75 ± 103.75

dL (mm) 1.5 ± 0.28 1.9 ± 0.48 1.96 ± 0.54 1.32 ± 0.19

Fbreak (N) 35.41 ± 3.15 61.08 ± 29.91 76.51 ± 52.85 81.13 ± 39.76

dL (mm) 1.98 ± 0.44 2.27 ± 0.51 2.36 ± 0.73 1.8 ± 0.28

Table 10. Dynamic scaling provided by GRAMwith different natural prototypes (from online Supplementary Table S1, available at http://journals.cambridge.org/geo)

Natural prototype ρm (g cm−3) ρn (g cm−3) Cm (kPa) Cn (MPa) L* Model resolution Ln (m)

Sandstone 1.36 2.37 7.88 50 2.75 × 10−4 36.4

Marble 1.36 2.74 7.88 110 1.44 × 10−4 69.26

Granite 1.36 2.65 7.88 31 4.95 × 10−4 20.18

Fig. 16. Comparison chart of the model resolution, in terms of
geometric scaling factor, provided by quartz sand BL60, sand–
vegetable oil aggregates and the developed sand–hemihydrate
GRAM. The dynamic scaling was calculated considering different
prototypes, namely, sandstone, marble and granite (see online
Supplementary Table S2).
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allows the analysis of the final structures in 3D volumes. Early slic-
ing tests were conducted onGRAMexperiments by filling the open
fractures generated during the experiment with dry granular sands
then saturating the model with a diluted gelatine solution.
However, this procedure will need major tests and further refine-
ment to determine whether the different materials and the mois-
ture conditions of the samples and the gelatine solution can be used
to optimize slicing procedures.

7. Conclusions and outlook

We have developed a new granular rock-analogue material
(GRAM), aimed at enabling the simulation of coupled fault–frac-
ture processes at structural scales. Four aggregates were evaluated
as potential GRAM candidates, based on quartz sand in a mixture
with a cementing agent, and were tested for their physical and
mechanical suitability. The GRAM needed to form cohesive
and mechanically homogeneous aggregates, deforming by shear
and tensile failure, while preserving the nonlinear behaviour of

dry granular sands and providing a specific dynamic scaling.
The latter was established so that the geometric scaling factor
ensured a model resolution within the outcrop scale, that is,
1 cm in the model corresponding to 1–100 m in the prototype.

The material development tests demonstrated that sand–hemi-
hydrate aggregates satisfied all the GRAM material requirements.
The material showed a density of 1.36 g cm−3 and cohesion of
7.88 kPa, providing a geometric scaling factor (calculated for a
prototype rock with 15 MPa cohesive strength and 2.43 g cm−3

density) suitable for the required model resolution, with 1 cm in
the model corresponding to 10.65 m in nature. The mechanical
properties of the GRAM material could be adjusted by changing
the mixing ratios, with an observed linear relationship between
the cementing agent percentage (hemihydrate) and the material
strength.

As a larger-scale test, the material was prepared in larger vol-
umes for strike-slip scaled analogue experiments. The experiment
series, analysed by means of digital image correlation (DIC)
techniques, showed the kinematic and dynamic evolution of a

Fig. 17. (Colour online) UCT samples prepared by generating
different mechanical layers, and schematic representations of
the fracture–mechanical layer interaction.
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strike-slip shear zone from the early stages of fracture nuclea-
tion to the interconnected architecture of the final primary
deformation zone and related fault damage zone. The final
model was directly compared with a natural earthquake rupture,
highlighting the similar architecture of the two shear zones and
validating the model itself.

The developed GRAM material will enable the simulation of
fault and fracture processes at a high resolution and representative
structural scale, allowing the investigation of fault damage zone
evolution. The mechanical properties of GRAM can also be modi-
fied by varying the mixing ratios, enabling the adjustment of the
model dynamic scaling for the simulation of different tectonic
processes with specific experimental resolution.

Supplementary material. For supplementary material accompanying this
paper visit https://doi.org/10.1017/S0016756821001321
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