Analogue benchmarks of shortening and extension experiments
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Abstract: We report a direct comparison of scaled analogue experiments to test the
reproducibility of model results among ten different experimental modelling laboratories.
We present results for two experiments: a brittle thrust wedge experiment and a brittle-
viscous extension experiment. The experimental set-up, the model construction technique,
the viscous material and the base and wall properties were prescribed. However, each lab-
oratory used its own frictional analogue material and experimental apparatus. Comparison
of results for the shortening experiment highlights large differences in model evolution
that may have resulted from (1) differences in boundary conditions (indenter or basal-pull
models), (2) differences in model widths, (3) location of observation (for example, sidewall
versus centre of model), (4) material properties, (5) base and sidewall frictional properties,
and (6) differences in set-up technique of individual experimenters. Six laboratories carried
out the shortening experiment with a mobile wall. The overall evolution of their models is
broadly similar, with the development of a thrust wedge characterized by forward thrust
propagation and by back thrusting. However, significant variations are observed in
spacing between thrusts, their dip angles, number of forward thrusts and back thrusts, and
surface slopes. The structural evolution of the brittle-viscous extension experiments is
similar to a high degree. Faulting initiates in the brittle layers above the viscous layer in
close vicinity to the basal velocity discontinuity. Measurements of fault dip angles and
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fault spacing vary among laboratories. Comparison of experimental results indicates an
encouraging overall agreement in model evolution, but also highlights important variations
in the geometry and evolution of the resulting structures that may be induced by differences
in modelling materials, model dimensions, experimental set-ups and observation location.

Geoscientists have used scaled experimental
models (from here on also referred to as analogue
models) for more than a century to gain insight
into the kinematic and dynamic evolution of geo-
logical structures (e.g., Cadell 1888; Ramberg
1981; Koyi 1997). The ability to observe
structures while they form is both attractive and
insightful, and the ease with which model
experiments can be performed has certainly
contributed to their widespread application.
Although many experiments have investigated
similar geological processes, a direct comparison
of experiments using the same prescribed set-up
has until now been lacking. Testing the reprodu-
cibility of model results among different labora-
tories is important as it allows for documentation
of the degree to which variations in model
apparatus, modelling materials and experimental
techniques can affect the outcome of exper-
iments. Assessing the reliability of analogue
models also has implications for comparisons
between structures formed in experimental
models, results of numerical simulations and
natural field examples.

We present the results of two analogue
‘benchmarks’: a shortening experiment and an
extension experiment. Ten modelling labora-
tories participated in these experiments. The
experimental set-up, the construction technique,
the viscous material (employed in the extension
experiment) and the material covering walls
and base were prescribed. Since each laboratory
used its own frictional analogue material (sand,
microbeads, wet clay) and experimental appar-
atus, our study is not a benchmark in its strictest
sense. Our aims are to (1) indicate the degree of
reproducibility of model results between differ-
ent laboratories, (2) highlight the influence of
material properties, model boundary conditions
and experimental set-up, and (3) use our results
to suggest further benchmark experiments.

The two experimental set-ups were designed
to simulate upper-crustal processes, and can be
placed among a wide range of laboratory exper-
iments studying contractional and extensional
deformation. Numerous studies document exper-
iments of thrust wedges under normal gravity
conditions (e.g., Davis et al. 1983; Malavieille
1984; Mulugeta & Koyi 1987, 1992; Mulugeta
1988; Colletta et al. 1991; Lallemand et al.
1994; Koyi 1995; Storti & McClay 1995;

Mugnier et al. 1997; Gutscher et al. 1996,
1998; Storti et al. 2000; Schreurs et al. 2001;
Turrini er al. 2001; Kukowski et al. 2002;
Costa et al. 2004; Hoth et al. 2005). Deformation
in these experiments occurs either by displacing
a back wall or by pulling a basal sheet below a
fixed wall. Such indenter-type or basal-pull-type
models are not entirely equivalent, as we will
discuss below. Parameters investigated in pub-
lished thrust wedge experiments include basal
friction, the presence of décollement layers,
dip of the initial basal surface, surface slope,
and the effects of erosion. In general, such
models display a series of forward-propagating,
in-sequence thrusts, whereby changes in, for
example, basal friction or erosion may cause
renewed hinterland activity. Many authors
have investigated brittle-viscous extension in a
normal gravity field (e.g., Tron & Brun 1991;
Vendeville & Jackson 1992a, b; Brun et al
1994; Keep & McClay 1997; Brun 1999; Gartrell
2001; Bahroudi er al. 2003). In these models, a
viscous layer typically overlies a velocity dis-
continuity at the base of the model and is itself
overlain by brittle materials. In all experiments
the viscous basal layer exerts a strong control
on fault nucleation and location.

In a companion paper, Buiter et al. (2006)
present numerical equivalents of both analogue
experiments and compare the results qualitat-
ively and quantitatively. This study shows that
numerical models employing different tech-
niques (finite-element, finite-difference and
distinct element methods) are able to reproduce
results of analogue models successfully. The
combination of analogue and numerical
modelling methods may help establish the
robust features of models of crustal-scale pro-
cesses (e.g., Ellis et al. 2004; Pysklywec &
Cruden 2004; Panien et al. 2006).

Methods

Material properties

We focus on experiments performed in a natural
gravity field. In such experiments dry sand or wet
clay are commonly used to simulate brittle rocks
in the upper crust, and viscous materials to simu-
late salt or lower crustal rocks. In the shortening
experiment, the models consisted of granular
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materials (sand and glass microbeads) only,
whereas for the extension experiment both
brittle and viscous materials were used. All lab-
oratories used the same polydimethylsiloxane
(PDMS) as viscous material. This is a linear
viscous material (silicone polymer) with a vis-
cosity of 5 x 10* Pas at room temperature and
at strain rates below 3 x 107° s~ (Weijermars
1986; see also Ten Grotenhuis et al. 2002;
Cruden et al. 2006). In contrast, each laboratory
used its own brittle materials, which generally
differed in density, frictional properties, grain
sizes and grain shape (Table 1). Several labora-
tories measured the frictional properties of their
granular materials using either a Hubbert-type
shear box (Hubbert 1951), a ring-shear tester
(Schulze 1994) or a Casagrande shear box
(Casagrande 1932). Errors in ring-shear
measurements are usually small (less than 1%).
Measurements in Hubbert-type shear boxes are
less precise, because of the larger uncertainty
associated with the determination of the exact
timing of the onset of shearing. As the
Casagrande shear box measurements in this
study employed higher normal loads than occur
in the experiments, the measured values for
cohesion are not considered representative for
the experimental conditions.

Although experimental modellers have often
assumed that their brittle materials deform
according to the Coulomb failure criterion with
constant frictional properties, several studies
demonstrate that materials such as quartz sand,
corundum sand and glass microbeads are charac-
terized by elastic/frictional plastic behaviour
with strain-hardening preceding failure (at peak
strength) and subsequent strain-softening until a
stable value is reached (Lohrmann et al. 2003;
Panien 2004). Such mechanical behaviour is
very similar to the one exhibited by experimen-
tally deformed rocks (e.g., Jaeger & Cook
1979; Marone 1998; Barnhoorn ef al. 2004).
Values for the angle of internal friction (at peak
strength) range from 33° to 45° for quartz sand
and from 21° to 29° for microbeads (Table 1).
These values are generally comparable to those
determined experimentally for upper -crustal
rocks (Byerlee 1978). Strain-softening may be
expressed as the percentage difference between
peak friction and dynamic stable friction. For
the materials used in this study, it varied from
4% to 20% for quartz sand and from 0% to
14% for microbeads (Table 1). In each case,
strain softening in microbeads was lower than
in sand. Cohesion values of granular materials
display a wide range varying between —25 and
150 Pa. The negative values and the large
variation in cohesion values may be related to

uncertainties in the linear extrapolation of the
failure envelope to very low normal stresses. At
low normal stresses, the failure envelope is no
longer a straight line, but has a convex-leftward
shape with negligible cohesion (Schellart
2000). One laboratory (Piscataway) used wet
clay instead of dry sand for the extension exper-
iment. Their clay has an elasto-plastic rheology
with an angle of peak friction of 27°.

To reduce the influence of the variable proper-
ties of sidewalls and base of the modelling appar-
atus, they were covered with a self-adhesive,
transparent PVC foil (brand Alkor, article
number 120010). The influence of this foil was
investigated by measuring the friction between

sand and the foil in the GFZ ring-shear tester. Q1.1

For fine-grained sand (20—200 pwm) the angle
of peak friction was 19.8° + 0.1° and the angle
of stable friction was 16.5° + 0.3°. For coarser-
grained sand (20—650 pm) the angles of peak
and stable friction were 19.7° + 0.1° and
16.7° + 0.3°, respectively. This implies that the
use of different sands in the experiments prob-
ably had only little influence on values of bound-
ary friction, as long as Alkor foil was used on all
sidewalls and the base.

Differences in frictional properties of the
model materials may be attributed to the
applied measuring technique (e.g., Casagrande
shear box, Hubbert-type shear box or ring-shear
tester), the filling technique and/or intrinsic
material properties such as grain size distri-
bution, grain shape and composition (Table 1).
Variations in material properties may be import-
ant for differences in the evolution of experi-
mental models. Lohrmann et al. (2003) found
that the kinematics of thrust wedges are largely
a function of their material properties. Adam
et al. (2005) point out that the strength increase
of the granular materials during the strain-
hardening phase towards peak strength influ-
ences the localization and early development of
faults. A detailed investigation of the exact
causes of the differences in material properties
is beyond the scope of our study, but it should
be kept in mind that our modelling results are
influenced by the use of different granular
materials.

Scaling

Our models aim at representing upper-crustal
conditions and can be scaled up to natural dimen-
sions by observing geometric, kinematic and
dynamic similarity relationships (Hubbert 1937;
Ramberg 1981). We assume that 1 cm in the
models corresponds to 1 km in nature and that
(dimensionless) angles of internal friction can
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be taken to be equal at both scales. Then,

C Cn
P _ 105 2™ 1))
Pp Pm

where subscript p denotes natural conditions, sub-
script m analogue model conditions, C'is cohesion
and p is density. Using representative densities
pm c. 1600 kgm * and p, c. 2800 kgm >, a cohe-
sion of 10 Pa in the model corresponds to around
2 MPa in nature. The scaling up of viscous
properties depends on the assumed velocity v
(v,, was prescribed in our experiments):

npvp — 1010 MnVm (2)
pp Prm

for viscosity .

Shortening experiment

Model set-up

In the shortening experiment a thrust wedge was
built in alternating layers of different strength.
Six laboratories (Bern, Parma, Pavia, IFP
Rueil-Malmaison, Toronto, Uppsala) deformed
their model by moving the backwall (right-hand
wall in our figures) of the apparatus towards
the interior of the model (leftward). For ease of
description these models are referred to as
mobile back wall models (Fig. 1a). Two labora-
tories (Kyoto and GFZ Potsdam) produced
shortening by pulling an underlying sheet
horizontally beneath the vertical backwall.
These models are referred to as fixed back wall
models (Fig. 1b). The applied shortening rate
varied between the models. This was not
expected to influence the results as only rate-
independent brittle model materials were used.
The model dimensions (length and width)
varied between the laboratories (Table 2). The
mechanical stratigraphy was the same in all
models. A 5 mm thick layer of sand at the base
of the apparatus was overlain by a 5 mm thick
layer of weaker microbeads, which in turn was
overlain by additional layers of sand (Fig. la,
b). To visualize deformation, the sand layers
above the microbeads were either coloured
differently or alternated with corundum sand,
which has similar mechanical properties to
quartz sand (laboratories of Bern and IFP
Rueil-Malmaison, Table 1). The total thickness
of the layers was 3.5 cm. The granular materials
were sieved from a height of 20 cm with a filling
rate of approximately 250 grams/minute. The
model was not pre-compacted before the onset

of shortening. A wedge of sand, 10 cm long
and with a 10° surface slope was sieved adjacent
to the right-hand vertical wall to facilitate the
build up of the thrust wedge. The base of the
modelling apparatus remained horizontal.

As the Alkor foil created visualization pro-
blems across glass sidewalls, the laboratories of
Kyoto, Parma and Pavia did not apply foil on
the sidewalls, while GFZ Potsdam applied the
foil only on the sidewall which was not used for
visualization. Two laboratories (Kyoto and
Parma) tested the sensitivity of the experimental
results to the presence of Alkor foil on the
sidewalls. For most laboratories no significant
material loss through a gap at the base of the
right-hand vertical wall was reported. In the two
fixed back wall experiments (Kyoto and GFZ
Potsdam) there was a small exit slot (<1 mm)
above the conveyor belt. In the Toronto exper-
iment, there was initially no slot below the
right-hand mobile wall, but at the end of the
experiment a small slot (<1 mm) appeared.

All laboratories monitored the cross-sectional
evolution, either by photography through trans-
parent sidewalls (GFZ Potsdam, Kyoto, Parma,
Pavia, Toronto and initial stage of Uppsala) or
by X-ray CT imaging through the centre of the
model (Bern and IFP Rueil Malmaison)
(Table 2). The laboratory from Uppsala moni-
tored mainly the surface evolution of the model
and cut a cross-section through the central part
of the model at the end of the experiment.

Comparison of mobile back wall
model results

Figure 2 shows the cross-sectional structural
evolution of the eight thrust wedge models
after 0, 2, 6, 10 and 14 cm of displacement. A
comparison of surface structures of three of the
models (Fig. 3) shows a difference in drag of
the structures along the sidewalls (walls parallel
to the shortening direction). Thrusts are convex
to the hinterland for the fixed back wall models
and convex to the foreland for the mobile back
wall models. Because the two shortening set-
ups led to differences in structural evolution
and given that the majority of the experiments
were mobile back wall models, we only com-
pared quantitative parameters related to the
cross-sectional geometry for the six mobile
back wall models.

To compare model results quantitatively, we
measured the following parameters for up to
14 cm of displacement (Table 3, Figs 4 and 5):
the amount of displacement at which forward
thrusts form (Fig. 4a), their basal and upper dip
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. . . Foil
(a) Shortening experiment — Mobile back wall °!
Foil Mobile
10cm back wall
10°
sand
1.0 cm sand
0.5 cm sand
1.0 cm sand
0.5 cm microbeads
0.5 cm sand
base is covered with foil
. X . Foil
(b) Shortening experiment — Fixed back wall
Fixed

back wall

1.0 cm sand

0.5 cm sand

1.0 cm sand

0.5 cm microbeads

)

sheet covered with foil is pulled underneath fixed back wall

(c) Extension experiment

Foil
Initial length 20 cm

Mobile
Foil wall

1.0 cm sand
1.0 cm sand
1.5 cm sand I 1.0 cm sand
I RS N I .
5cm 10cm 5 om

entire base is

covered with foil Velocity discontinuity

thin, rigid sheet covered with foil,
attached to mobile wall

Fig. 1. (a) Setup of the shortening experiment with a mobile back wall. The mobile back wall moves leftward
(towards the foreland). (b) Setup of the shortening experiment with a fixed back wall. Shortening is achieved by pulling
a basal sheet below the fixed wall. (¢) Setup of the extension experiment. A thin viscous slab of PDMS, 10 cm wide and
5 mm high, lies in the central part of the model. Half of the PDMS overlies the thin rigid sheet that is attached to

the mobile wall. The mobile wall moves rightward.

angle (Figs 4b and c, respectively; see Fig. 4
for definition), the dip angle of back thrusts
(Fig. 4d), the spacing between forward thrusts
(measured as the distance to the previous
thrust at the moment of initiation of a new
thrust) (Fig. 4e), the surface slope of the wedge

(Fig. 5), the amount of fault-controlled
shortening, the displacement at which the
microbeads layer was activated and the length
of the detachment in the microbeads layer
(Table 3). The amount of shortening accommo-
dated by faults is determined from the offset of
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IFP Rueil-Malmaison (40 cm from side)

Toronto (side)

Uppsala (side)

(i)

GFZ Potsdam (side)

Fig. 2. Results for the shortening experiments for mobile back wall (i) and fixed back wall (ii) models. The microbeads  wehColor
layer is indicated by an ‘m’. Model length is not shown completely for all laboratories (see also Table 2). Note

slightly oblique views for the Toronto model. The microbeads layer is not well visible in CT images of the early stages

of the Bern and IFP Rueil-Malmaison experiments. (a) Initial geometries. The locations of the cross-sections are

indicated with the laboratory names. (b) Geometries after 2 cm displacement. (¢) Geometries after 6 cm displacement.

(d) Geometries after 10 cm displacement. (e) Geometries after 14 cm displacement. The Uppsala model has been

covered with an additional sand layer before cutting of section.
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(b)
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IFP Rueil-Malmaison

Uppsala

(i)

Fig. 2. Continued. WebColor
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Toronto

(i)

GFZ Potsdam

Fig. 2. Continued. WebColor
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(d)
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(i)

GFZ Potsdam

Fig. 2. Continued. WebColor
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(e) Bern (12 cm from side)
(i)

Uppsala (centre)

(i)

Fig. 2. Continued. WebColor
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Fig. 3. Left-hand column: Cross sections of fixed and mobile back wall model set-ups. Middle column: Surface
views with sense and relative magnitude of horizontal shear stresses acting at the base of the model (filled arrows) and
shear stresses acting at depth along the lateral sidewalls (half arrows). The rotation of o from pure compression in the
centre of the model to strike-slip at the sides explains the sense of curvature of the surface traces of the reverse
faults. Right-hand column: Surface views of models after 2 cm displacement. (a) Fixed back wall model of Potsdam
(model width 20 cm). (b) Fixed back wall model of Kyoto (model width 50 cm). (¢) Mobile back wall model of
Uppsala. Note the difference in drag of structures along the sidewalls between fixed and mobile back wall models.
Grey-shaded area in column in the middle indicates the initial location of the sand wedge.

cut-off points of material layers by the faults.
Quantitative analysis used sections along the
lateral boundaries (Parma, Pavia and Toronto,
initial stage of Uppsala) or through the centre
of the model using X-ray CT images (Bern, IFP
Rueil-Malmaison). Analysis of the Uppsala
model was mainly done by monitoring the
surface evolution and by cutting a section
through the model at the end of deformation.
Thus we could not measure all parameters for
this experiment. As in the equivalent numerical

models (Buiter er al. 2006), we found that
the measurements were sensitive to the person
measuring due to small differences in inter-
pretation. Therefore, two people measured
parameters for all experiments (using cross-
sectional images taken at 1 cm increments of dis-
placement) in the same manner and averaged the
obtained values. In general the differences
between the two measurers were small, with a
maximum variation in fault dip angle values
of 6°.
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Table 3. Quantification of mobile back wall shortening

experiments
Laboratory Fault shortening* Microbeads layer
at 4 cm (cm)
Activated  Detachment
at (cm) length (cm)
Bern 2.85 5 6.6
Parma nd.f 11 22
Pavia 1.9 no -
IFP Rueil- 2.75 no* -
Malmaison
Toronto 1.9 10.8 9.3
Uppsala n.d. 12.3 12.7
< I~
w

*Fault-controlled horizontal shortening determined by cut-off points between

layers and the faults.

"In the model of Parma fault-controlled shortening was not determined as the
faults are not narrow shear zones, but rather wide kink-like structures with
deflection of layers towards the kink zones.

*Reactivation of microbeads with a detachment length of 1.8 cm occurred

along strike at 9 cm shortening.

Inset at bottom shows how detachment length (w) was measured.

The mobile back wall models share the follow-
ing similarities: (1) Shortening is accommodated
by forward thrusts, which propagate in-sequence
towards the foreland, and by back thrusts (Fig. 2).
(2) After 2 cm of displacement, an active forward
thrust formed in all models (Fig. 2b). (3) The dip
angles of this first forward thrust are fairly
similar: 28° + 4° for its lower dip and 29° + 3°
for its upper dip. Upper dip angles are generally
slightly steeper (Figs 4b and c). (4) The dip
angle of back thrusts is higher than the dip
angle of forward thrusts (Fig. 4d).

From Figures 2, 4 and 5 and Table 3 it is also
clear that variations in thrust wedge deformation
occur among the models: (1) The number of
forward thrusts that formed at a particular
amount of displacement is variable (maximum
difference of two thrusts) (Figs 2 and 4a). (2)
Five experiments show the first thrust propagat-
ing upward from a point located to the left of
the base of the back wall, whereas two exper-
iments (Toronto, Fig. 2b and one model of
Parma, Fig. 6a, b) show the forward thrust propa-
gating from the corner at the base of the back wall.
The reason for this difference is not entirely clear.
A comparison of mobile back wall models whose

evolution was monitored through glass sidewalls
suggests that the presence of Alkor foil along the
sidewalls could promote the formation of forward
thrusts emanating from the lower right-hand
corner. Cross-sections cut after 14 cm displace-
ment located near or adjacent to the transparent
sidewalls are shown in Figure 6 for the two
models that applied Alkor foil to the sidewalls
(one model of Parma and Toronto). In both
models a large number of forward thrusts
formed very close to the mobile wall. The
absence of back thrusts close to the mobile wall
for these models is in agreement with the for-
mation of forward thrusts rooting at the basal
right-hand corner, as this does not leave space
for the formation of back thrusts propagating
from the base. Alternatively, the variation in
first thrust configuration could be caused by vari-
ation in sand properties. Shear zones may be
located close to the mobile wall for sand in
which peak strength is reached fast. Variations
in friction along the back wall or in the height
of the gap below the right-hand wall (however
small) may also play a role.

(3) Four experiments (Bern, Parma, Pavia, [FP
Rueil-Malmaison) show the formation of a back
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Fig. 4. Quantitative comparison of the six mobile back wall models. All values were measured at the moment a
new fault initiated. (a) The amount of displacement at which a forward thrust forms. (b) Lower dip angle of forward
thrusts. (¢) Upper dip angle of forward thrusts. (d) Dip angle of back thrusts. (e) Spacing to previously formed
forward thrust at the moment of initiation of a new forward thrust. Insets at right-hand lower corner show how lower dip
angle («), upper dip angle (8) and thrust spacing (d) were measured.
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Fig. 5. Surface slope versus displacement for five mobile back wall models. Lines are solid when the microbeads layer
has not been activated and dotted after activation of the microbeads layer. The insets show how surface slope was
measured for one thrust (left) and for more than one thrust (right).

thrust related to the first thrust. In three of these
experiments, the back thrust roots onto the base
of the model and connects with the upper right-
hand corner of the wedge. In the Bern exper-
iment, however, the first back thrust roots at
the top of the microbeads layer and does not
connect with the upper right-hand corner of the
wedge. In this experiment, CT images reveal
that the back thrust forms later than the forward
thrust. The back thrust rooting at the top of
the microbeads layer suggests sensitivity to
small variations in material properties (between
sand and microbeads) for the Bern model
(Fig. 2). In the Toronto experiment back thrusts
did not form until 12cm of displacement
and are then related to the frontal thrust
(Fig. 6f). (4) The distance between a newly
formed thrust and the previously formed thrust
is highly variable (Fig. 4e). (5) The microbeads
layer was activated in four experiments
(Bern, Parma, Toronto, Uppsala). In one exper-
iment (IFP Rueil-Malmaison) activation of
microbeads occurred along strike of the
sections shown in Figure 2, based on CT scans.
In the Pavia experiment, no activation
took place (Table 3). (6) The length of the

detachment in the microbeads layer is variable
(Table 3).

(7) The surface slope of the wedge is also
highly variable (Fig. 5). The high surface
slope angles at 3 to 5 cm of displacement in the
Parma experiment are the result of a second
forward thrust that formed very close to the
first one (with a thrust spacing of only slightly
over 1cm; Fig. 4e). Oscillations in surface
slope angles occur as new thrusts form. The
thrust wedges do not seem to reach a stable
state. It may be that more displacement is needed
before a stable field is reached (Lohrmann
et al. 2003). Alternatively, alternating use of
the embedded microbeads layer or the base of
the model for forward thrust propagation may
disturb stable surface slopes. The strength
contrast between the microbeads layer and the
base may be comparable, depending on the
sand and microbeads used. Figure 6 shows no
clear effect on surface slope of the first activation
of the embedded microbeads layer. (8) Fault-
controlled shortening at 4 cm of displacement
varies between 48 and 71%, implying that
diffuse deformation and deformation taken up
by folding ranges from 29 to 52%.
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(a) Parma — sidewall observation (sidewall with foil)

[__b) F'arrna—o.s_cm from sidewall
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(f) Toronto—section close to sidewall (sidewall with foil)

(d) Parma topography
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Fig. 6. Influence of lateral shear stresses illustrated in models of Parma (a—e) and Toronto (f and g). Structures are
shown after 14 cm displacement. This model of Parma shown is with Alkor foil attached to the sidewalls (and is,
therefore, different from the model in Fig. 2). The model of Toronto also has Alkor foil applied to the sidewalls
(same model as in Fig. 2). (a) Cross section as observed through glass sidewalls. Note that Alkor foil partly obscures
model visualization. (b) Cross section at 0.5 cm from sidewall. (¢) Cross section through centre of model. (d) Contour
map showing topography of deformed model, obtained by laser scanner; scale in cm above model base.

(e) Topographic profiles 0.5 cm from sidewalls (right and left section) and through centre of model (‘mid section”’).
(f) Cross section close to lateral sidewall. (g) Cross section through centre of model. Note that in (b), (c), (f) and
(g) a sand layer was added on top of the model before cutting.

Effects of experimental set-up, material
properties and boundary conditions

The geometry and evolution of the structures in
the shortening experiments reflects differences
in experimental set-up, material properties and
model dimensions.

The surface structures in Figure 3 show that
thrusts are convex to the hinterland for fixed
back wall models and convex to the foreland for
mobile back wall models. Although the absolute
magnitude of the basal and lateral shear stresses
are not known, the curved geometry along the
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sidewalls indicates differences in stress trajec-
tories between fixed and mobile back wall
models. The sense and relative magnitude of the
basal shear stresses at the onset of shortening
are the same for both fixed and mobile back
wall models. The basal shear stresses are
highest near the back wall and decrease away
from it as a result of both decreasing wedge
load and increasing distance from the back wall.
The sense of the lateral shear stresses, however,
is different for the fixed and mobile back wall
models. The lateral shear stresses in the fixed
back wall models are directed towards the
fixed back wall, i.e., in a direction opposite
to the basal shear stresses. In contrast, in the
mobile back wall models the direction of
the lateral shear stresses is the same as that of
the basal shear stresses. The difference in sense
of lateral shear stresses for fixed and mobile
back wall models results in the difference in
drag of structures near the sidewalls (compare
Figs 3a and b with Fig. 3c). In both cases,
the drag is in the same direction as the sense of
the lateral shear stresses and can be understood
from the rotation of the o} (most compressive
stress) direction from pure compression in the
centre of the models towards strike-slip at the
sides (Fig. 3).

In the fixed back wall model of Potsdam, a
pop-up structure formed in front of the pre-
existing wedge with the back thrust close to its
toe (Figs 2b and 3a). The pre-existing wedge
itself was not involved in the thrusting. The
initial localization of deformation in front of
the wedge in the Potsdam experiment (20 cm
width) is similar to other fixed back wall model
experiments with an initial wedge geometry and
comparable initial thicknesses (Gutscher et al
1996, 1998 (30 cm width); Konstantinovskaia &
Malavieille 2005 (10 cm width)). In the mobile
back wall models, a forward thrust or box fold
structure forms close to the mobile wall and
deforms the pre-existing wedge (Figs 2 and 3c).
The fixed back wall model of Kyoto (Figs 2
and 3b) shows a structural evolution that is
more similar to the mobile back wall models,
with a forward thrust surfacing close to the toe
of the wedge. A main difference between the
Potsdam and Kyoto fixed back wall models is
the width (measured perpendicular to shortening
direction): the Potsdam model is 20 cm wide
and 340 cm long, and the Kyoto model is
50 cm wide and 94 cm long. This suggests that
model width has an important influence on the
overall structural evolution of the thrust wedge.
Comparisons of the Kyoto and Potsdam models
(Figs 3a and b) suggest that the effect of lateral
shear stresses on model structures is more

important in narrow models. The width of a
model apparatus needs careful attention, there-
fore, balancing between minimization of edge
effects which occur in narrow models and mini-
mization of heterogeneities due to, for example,
hand sieving, which tends to be amplified in
wide models.

The set-up of our shortening experiment
required that at least 14 cm inward displacement
could be accommodated without deformation
reaching the back wall. Activation of the
microbeads layer may cause thrusting to step
further out than for a homogeneous sand layer,
and a longer initial domain length will conse-
quently be needed in that case. The region in
front of the foremost thrust may, depending on
the type of sand used, strain-harden upon short-
ening, and deformation of the wedge may be
influenced if the strain-hardening front reaches
the back wall. Adam et al. (2005) show that the
region of diffuse strain accumulation in front of
the wedge can have a length of approximately
15cm (for a 3.5 cm high input layer). Some
models in our study may in their late deformation
stages have been affected by the length of the
model apparatus, as deformation and/or the
region of strain-hardening has reached the back
wall. The length of the model apparatus should,
therefore, also be considered carefully when
designing an experiment.

The effects of lateral shear stresses on the
shape of the thrust wedge during shortening are
illustrated in Figure 6 for two mobile back wall
models (Parma and Toronto). The cross-sectional
wedge geometries at different locations
(Figs 6a—c and 6f-g), the final model topo-
graphy (Fig. 6d) and topographic profiles along
different cross-sections (Fig. 6e) show that the
thrust wedge shortens and steepens toward
the sidewalls due to the shear stresses along the
sidewalls. It is important, therefore, to evaluate
the along-strike (perpendicular to the shortening
direction) variation of model results. The
effects of sidewall properties on model evolution
could be tested by repeating the same experi-
ment while varying only the materials of the
walls.

As the properties of the granular materials
varied significantly, it was not to be expected
that all experiments would develop in an identi-
cal manner. The set-up of our comparison is, fur-
thermore, not suitable to uniquely distinguish the
effects of the differences in material properties
from the influence of other variables such as
model boundary conditions and dimensions.
This can be tested by performing the same
experiment in the same apparatus with different
granular materials (Lohrmann et al. 2003).
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Implications of the shortening experiments

The shortening experiments show that differ-
ences in material properties, boundary conditions
(fixed back wall versus mobile back wall models)
and model dimensions may result in significant
differences in model results. Despite these
differences, a comparison of the mobile back
wall models demonstrates similar styles of defor-
mation in which shortening is accommodated by
both in-sequence forward propagation of thrusts
and, in most models, by back thrusts. We con-
sider this an encouraging result, which will
help establish robust features in laboratory tec-
tonic models. The variations in geometry and
structural evolution among the mobile back
wall models may be attributed to (1) differences
in properties of the granular materials, (2) small
variations in the exit slot below the mobile
wall, (3) differences in the location of obser-
vation (at sidewall versus centre of model), (4)
the properties of the walls (presence or absence
of Alkor foil), (5) width of the box (due to influ-
ence of lateral shear stresses), (6) length of the
model (for short domain lengths), and (7) set-
up technique (for example, small variations
may occur when sieving granular layers by
hand and levelling of layers after sieving may
lead to some compaction).

Our results indicate that care has to be taken
when evaluating quantitative results from model
experiments and applying them to natural
systems. This is especially the case when results
are obtained from measurements through trans-
parent sidewalls (where lateral shear stresses are
greatest). Although analogue models may be
qualitatively used to interpret the mechanics of
thrust wedges, limitations apply to quantifiable
results such as thrust spacing, surface slope,
length of detachment layer and the number of
thrusts versus shortening.

Extension experiment

Model set-up

The extension experiment tested the influence of
a weak, basal viscous layer on fault local-
ization in overlying brittle materials (Fig. 1c).
Five modelling laboratories ran the extension
experiment (Bern, Florence, Piscataway, IFP
Rueil-Malmaison and Toronto). The initial
length (measured parallel to the extension
direction) was 20 cm in all models, except for
Toronto, where it was 29.2 cm. The width of
the model, measured perpendicular to the exten-
sion direction, was variable (Table 2). The
Florence laboratory ran two experiments with

different widths (25 and 90 cm). Alkor foil
covered the base and sidewalls of the experimen-
tal apparatus. A thin sheet, also covered with
Alkor foil, lay on the base of the apparatus. It
extended from the centre of the apparatus to a
mobile end wall (right-hand side in all figures)
and was attached to it. Extension was produced
by moving the mobile wall with the attached
sheet outward at a constant velocity of 2.5 cm/
hour. The edge of the mobile sheet acted as a vel-
ocity discontinuity. Total displacement was
5 cm, except for the Piscataway model where it
was 3 cm.

A 10 cm long and 5 mm thick slab of viscous
PDMS covered the central part of the apparatus.
To minimize PDMS sticking to the sidewalls,
Vaseline was applied over a height of 5 mm
from the right end (mobile) wall to the left end
of the PDMS layer. Four models used dry sand
and one model (from Piscataway) used wet clay
as the brittle analogue material (Table 1). Sand
was sieved (from a height of 20 cm with a filling
rate of approximately 250 grams/minute) or
clay was placed adjacent to and on top of the
basal PDMS slab. Multiple sand (or clay) layers
had the same material properties (as much as poss-
ible), but different colours to help in visualizing
deformation. The model was not pre-compacted
before the onset of extension. The total height of
the model was 3.5 cm. No sedimentation occurred
during extension. Two laboratories (Bern and
IFP Rueil-Malmaison) monitored the model
cross-sectional evolution by X-ray CT imaging
through the centre of the model and three
laboratories (Florence, Toronto, Piscataway) by
monitoring the surface evolution and by cutting
a cross-section through the centre after the end
of the experiment.

Model results

Figure 7 shows the cross-sectional evolution of
the models Bern and IFP Rueil-Malmaison for
four stages of displacement (0, 0.5, 1 and
2 cm). Figure 8 illustrates the final cross-
sectional geometry of all five models. Surface
views at 2cm displacement are shown in
Figure 9. We measured the following parameters
for a quantitative comparison of the models: the
amount of displacement at which the first faults
formed and their fault dip angle (Table 4), the
amount of fault-controlled extension (Table 4),
the displacement at which faults formed at the
edges of the silicone layer (Table 4), and the
dip angle and migration of the first-formed
normal fault to the right of the velocity disconti-
nuity with increasing extension (Fig. 10). Due
to different monitoring procedures not all
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Fig. 7. Cross-sectional geometries of two extension
experiments at 0, 0.5, 1 and 2 cm displacement. The
horizontal red line indicates the position of basal thin
sheet covered with Alkor foil. The tip of the basal sheet
is indicated with a white arrow (VD = velocity
discontinuity). (a) Model of Bern. The cross-section is
taken 35 cm from the side (see Fig. 9). (b) Model of IFP
Rueil-Malmaison. The cross-section is taken through the
centre of the model.

parameters could be determined for all labora-
tories. The values were again measured by two
people and then averaged.

Analysis of the qualitative and quantitative
aspects of the experimental model results allows
the following observations:

(1) After 1 cm of displacement, fault zones are
visible in all models. In most models, faults
formed near the centre of the model and with
additional extension, the faulted zone broadened,
with younger faults propagating towards the
edges of the silicone layer (Fig. 7). In the
narrow model of Florence (25 cm width), the
model evolution differed (Fig. 9). The first
faults nucleated onto the right-hand edge of the
silicone layer and much of the subsequent exten-
sion was accommodated along these faults. In
this narrow experiment, the velocity discontinu-
ity had no influence on localizing initial

deformation. With additional extension, most
faulting concentrated in the brittle layers along
the right-hand edge of the silicone layer and
only minor faulting occurred in the centre and
left-hand side of the model. In two other
models (Toronto and Florence large-width
model), early faulting also nucleated at the
right-hand edge of the silicone, but nearly simul-
taneously with the development of faults near the
central velocity discontinuity. Faulting in the
central part of the model subsequently accommo-
dated most of the continued extension. All sand-
silicone models demonstrate that the rheological
change between the viscous silicone layer and
the brittle sand cover, combined with friction
along the sidewalls, may result in the nucleation
of faults along the edges of the silicone layer.

(2) All models show drag structures due to
friction along the sidewalls (Fig. 9). The sense
of the curvature of the surface views of the
normal faults can be understood from the rotation
of o3 (least compressive stress) from pure
extension in the centre of the model towards
strike-slip at the sides (see also Vendeville 1987).

(3) The first formed faults have dip angles of
60° to 69° in sand layers and dip angles of 55°
to 587 in clay. These dip angles correspond
closely to those expected for Mohr-Coulomb
faults, for which the fault dip should be
45° 4+ ¢/2 (Coulomb angle).

(4) The cross-sectional evolution of the Bern
and IFP Rueil-Malmaison models, obtained by
X-ray CT imaging through the centre of the
model, shares many similarities. Extension first
leads to the formation of two main fault in the
central part of the model on either side of the vel-
ocity discontinuity (Fig. 7; panels at 0.5 cm).
These faults are initially symmetrically located
withrespect to the velocity discontinuity. However,
the fault extrapolations do not root directly above
the velocity discontinuity, but are offset laterally.
This may be explained by more distributed thin-
ning of the silicone layer, which smooths out the
influence of the velocity discontinuity. Further dis-
placement along the two main normal fault causes
further thinning and sideways expulsion of the
silicone layer and results in the formation of two
conjugate fault sets (Fig. 7; panels at 1 cm). As dis-
placement of the basal sheet continues, the initial
symmetry of the first deformation structures is
disrupted. The silicone continues to thin, the
surface depression becomes wider and asymmetric
in shape, and the faulted zone broadens outward.

(5) The dip angle of the first formed normal
fault on the right side of the velocity discontinu-
ity that dips away from the mobile wall decreases
with continued extension (Fig. 10a). For larger
amounts of displacement (5 cm), faults tend to
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Fig. 8. Cross-sectional geometries at 5 cm displacement for the extension models of Bern, Florence (model of 90 cm  webColor

width), IFP Rueil-Malmaison and Toronto. The Piscataway clay model is at 3 cm displacement (line-drawing after
photograph). A sand layer has been added to the models of Toronto and Piscataway before cutting. The horizontal red
line indicates the position of the basal thin sheet covered with Alkor foil. The tip of the basal sheet (the velocity

discontinuity) is indicated with a small arrow.

become listric and block rotations become more
pronounced.

(6) The first-formed normal fault on the right
side of the velocity discontinuity (dipping away
from the right end wall) moves to the right as
the model is extended (Fig. 10b). In the models
of Bern and IFP Rueil-Malmaison fault
migration is similar and in both cases slower
than the displacement velocity of the mobile
wall because continued extensional deformation
is also accommodated by the formation of new
faults in the block located to the right of the
first formed normal fault.

(7) The amount of fault-controlled extension
at 2 cm could be measured in three experiments
and ranges between 0.8 cm in the silicone-clay
model and 0.9 to 0.95 in the silicone-sand
models.

Implications of the extension experiments

As in the shortening experiment, we find that the
width of the model (perpendicular to the exten-
sion direction) may cause differences in model
results. Lateral friction seems to have a larger
influence on initial fault location and evolution
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Table 4. Quantification of extension experiment

Laboratory Fault Fault initiation First fault on left First fault on right
extension® at at edges of side of VD dipping toward  side of VD dipping
2 cm (in cm) PDMS (at cm mobile wall away from mobile
of extension) wall
Left Right  Dip angle At extension Dip At
(cm) angle  extension
(cm)
Bern 0.9 never 4-4.5 69° <0.5 65 <0.5
Florence" n.d. 1 1 60°* <0.5 L
Piscataway 0.8 2 never 55% 58%
IFP Rueil-Malmaison 0.95 never 2-2.5 65° <0.5 60° <0.5
Toronto n.d. 1.2 0.6 62° 0.6-1.2 62 0.6-1.2

“Fault-controlled horizontal extension determined by cut-off points between layers and the faults.

TResults shown are for large-width (90 cm) model.
?Faull dip measured at surface.
SFirst two faults that form both dip towards mobile wall.

IFault dip measured at surface; faults dip shallower towards bottom of model.

VD = velocity discontinuity.

in narrow models than in the wider models.
A comparison between the Toronto model
(29.2 cm length) and the other models (20 cm
length) (Fig. 8) shows no clear indication for
influence of the length of the model for this set-
up. In wide models the main graben forms
initially above the velocity discontinuity, as
observed in the equivalent numerical models
(Buiter et al. 2006). A comparison between
these models shows a high level of agreement
with respect to initial fault dip and graben
location, graben broadening and decrease in
fault dip with continued extension. However,
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variability in structural evolution does occur
and includes differences in the number of
normal faults that form and the timing with
which faulting propagates to the edges of the
viscous layer. The differences in evolution
between the models may be attributed to (1)
differences in material properties, (2) differences
in model width, (3) possible small variations of
initial silicone slab geometry, (4) variations in
base and wall properties, and (5) differences in
location of observation. Similar to the shortening
experiment, our results indicate that caution is
required when quantitative results such as the
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Fig. 10. (a) Dip angle versus displacement for the first formed normal fault on the right side of the velocity
discontinuity and dipping away from the mobile wall. (b) Normal fault migration in the extension experiment. The
migration of the first formed normal fault on the right side of the velocity discontinuity and dipping away from the
mobile wall is measured relative to the velocity discontinuity (VD).
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number and spacing of faults are extrapolated
from analogue models to natural systems.

Conclusions and outlook

We used two experimental set-ups to test the
reproducibility of model results among different
experimental modelling laboratories. We find
that all models demonstrate a similar first order
evolution. The differences among the models in
our study may help to identify main focus
points for future comparison studies.

A comparison of eight brittle thrust-wedge
experiments shows that model evolution may
differ in detail to a considerable extent. These
differences may be related to: (1) differences in
model set-up (i.e., two laboratories used a con-
veyor belt below a fixed back wall and six labora-
tories used a mobile back wall above a fixed
horizontal base), (2) differences in model dimen-
sions, (3) location of observation (i.e., at the
transparent sidewall or in the centre of the
model), (4) material properties of granular
materials (angle of internal friction, cohesion
and amount of strain softening and strain harden-
ing), (5) mechanical properties along the walls
(with or without Alkor foil), (6) small differences
in the set-up technique used by individual exper-
imenters (‘the human factor’). All mobile back
wall experiments show the development of a
thrust wedge characterized by in-sequence
forward thrusts and minor back thrusting. A
large variability exists in quantitative parameters
such as fault dip, thrust spacing, number of
forward and back thrusts, and surface slope.

The evolution of wide extension models is
highly similar. Normal faulting initiates in the
brittle layers above the viscous silicone layer,
near the basal velocity discontinuity. Fault dip
angles tend to shallow with continued extension.
Variations between laboratories occur for para-
meters such as fault dip angle and fault spacing.
Reducing the variability in quantifiable parameters
such as number of faults and fault spacing will be
a challenge for future analogue benchmarks.

The present study is the first ever comparison
of analogue experiments between different mod-
elling laboratories and our results may be used as
a guide for the design of future comparison
studies. Future ‘benchmarks’ could focus on:
(1) a simpler experimental design to minimize
the number of differences in experimental set-
up among the participating laboratories, (2) use
of the same materials in comparison studies
between different laboratories (to test the influ-
ence of model apparatus and experimenter),
(3) measuring the properties of a sample of the
same material in different shear testers in order

to determine the influence of the measuring
method, (4) additional tests of the influence of
material properties for different materials and
experimental set-ups (where the same exper-
imenter repeats the same experiment in the
same laboratory and modelling apparatus), fol-
lowing up on previous studies (e.g., Lohrmann
et al. 2003; Atmaoui et al. 2005; Withjack &
Callaway 2000), (5) having different exper-
imenters perform the same experiment using
one apparatus (in the same laboratory) to test
the ‘human factor’, (6) testing the variability of
quantifiable parameters obtained by one exper-
imenter using one single apparatus and the
same materials against the variability of these
parameters among laboratories, and (7) testing
the effects of the properties of walls and base
of the modeling apparatus by performing the
same experiment (with the same material and
by the same experimenter) for different materials
covering the base and walls.

The results of our benchmark study illustrate
the importance for analogue experimental
studies of a clear specification of modelling
apparatus, set-up technique, material properties
and boundary conditions, and may help in
establishing the degree to which model results
may be extrapolated to natural examples.
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