Critical taper in sandbox experiments? Investigations into the
differences between pushed and pulled wedge experiments
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The traditional view of mountain chains or accretionary complexes as compressive wedges is
that of material stacked in front of a moving indenter (Davis et al. (1983); Dahlen et al. (1984);
Dahlen (1984)). Motivated by this ”bulldozer wedge” model, experimental realizations (analogue
models) of this process often use a push-setup (Fig. 1a), where a moveable backwall (indenter)
is driven into a layer of sand and the sidewalls are fixed. However, original experiments carried
out to test the critical taper concept (Davis et al. (1983)) were in fact in a pull-setup (Fig. 1b),
where the layer of sand rests on a frictional basal sheet that is pulled in the direction of a rigid
backwall and compresses overlying material against it.

Fig. 1: Initial setup for push and pull experiments

It has been noted that because of the frictonal effects of the sidewalls used in both types of
experiments, push and pull experiments are not expected to yield the same results and may not
be consistent with the basically 2D theory. Nevertheless, results of the pull-experiments seem
to agree well with the critical taper wedge theory in terms of their surface slope (α) for a given
decollement dip (β), corresponding closely to the predicted value (Davis et al. (1983); Suppe
(2007)). This theory has since been applied to settings such as Taiwan (Carena et al. (2002)) or
the Niger delta (Suppe (2007)), where it yields reasonable predictions of frictional parameters
of the systems.
Experiments performed with the push setup have persistently yielded higher surface slopes than
predicted by the critial taper theory (GeoMod 2008 Benchmark project, in progress), presumably
related to sidewall friction. 2D numerical models of compressive wedges reached the theoretically predicted critical angle very quickly and sustained it (GeoMod 2008 Benchmark project, in
progress). To better understand the 3D nature of sandbox experiments and their applicability
to critical wedges, we investigate the role of sidewall effects in a quantitative approach. To do
so, we introduce an objective measurement of surface slope.
A large number of experiment iterations were done to demonstrate and quantify the intrinsic
variability of sandbox experiments and to allow judging on the accuracy and reproducibility
of laboratory observations. We performed push and pull experiments with sandbox apparatus
of different length and width (Table 1). In all apparatus the walls and the base were covered
with Alkor foil. The experiments have been monitored using Particle Image Velocimetry (PIV)
analysis (Fig. 2).
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experiment
push + pull
push
push + pull
push + pull

β
0
0
variable
0

width [cm]
30
80
30
30

length [cm]
130
35
100
300

materials
sand, glass beads
quartz / corundum sand
sand, glass beads
sand, glass beads

Table 1: Experiments performed for this study

Fig. 2: Diagrams showing temporal evolution (horizontal translation) in push (a) and pull (b) experiments
derived from PIV analysis through the middle of the sand layer for experiment 37-007 (a) and experiment
37-008 (b). White line indicates trace of the backwall (a) or trace of the front of the Alkor foil (b)

In order to find an objective measurement of the critical parameter of surface slope in the
models we developed an automatic surface detection method (Fig. 3). In contrast to the widely
used method of manually picking the points where the in-sequence-thrusts intercept the surface
(Lohrmann et al., 2003, GeoMod 2008 Benchmark project, in progress) our method relies on
least square fitting of a line to the model surface in cross-section similar to what has been used
for topographic profiles (Davis et al. (1983); Carena et al. (2002)).

Fig. 3: Different methods of determining the surface slope based on an image taken from the side of the
model; red: manual method, green: surface trace detected at constant interval for the whole part of the
wedge above the initial level

The new method is superior to manual picking in that it does not require several thrusts to
be developed in the model, which is usually not realized below a certain minimum convergence.
Moreover, the interception between thrusts and the surface is mostly not a sharp contact, but
it is blurred by diffuse deformation and syntectonic sliding of material. Our method uses the
full model surface which is elevated above the top of the initial sand layer. From the start of
the experiment on, all the points above this level were included in the linear regression. In a
modified version of this method we exclude points in the toe zone and close to the backwall to
minimize effects of boundary friction and to compare our results to the surface slope (see Fig.
3) derived from manual picking in what Lohrmann et al. (2003) called the ”frontal imbrication
zone” (FIZ). The automatic method allows a temporally and spatially high-resolution analysis
of the surface slope and other parameters (height, length) for pushed and pulled wedge experiments (Fig. 4). Comparisons of the two methods (Fig. 4b) showed deviations of about ±2°.

Fig. 4: a: Length and height evolution of the wedge, square root functions have been fitted to the data
points; b: surface slope as a function of convergence determined with the automatic slope detection
method described in the text for pushed and pulled experiments, black lines are the theoretically calculated upper and lower limits of α for β = 0 based on measurements of µ and µb of the sand used in the
experiments, green points are manual measurements of surface slope

Finally, the automatic slope detection method was used to evaluate and compare pushed
and pulled experiments. Both setups produce wedges which grow in height and length as the
square root of convergence (Fig. 4a). In pulled experiments the normal accretion cycles start
in a regular manner early (<10 cm convergence) and the wedge reaches critical taper between
10 cm and 20 cm of convergence and maintains it from then on (Fig. 4b). In push experiments,
in contrast, several (2-4) small faults develop initially that show only limited activity (Fig. 2).
After 8-15 cm of convergence, there is a transition to the regular accretion cycle (Fig. 4b),
but the surface slope is significantly higher than predicted by critical wedge theory and more
transient than in pull experiments. In particular with every new in-sequence-thrust forming in
front of the wedge the surface slope decreases by 4-8° and it does not maintain a constant value
with continued convergence. It reaches its highest value just before the next new thrust forms.
The surface slope in this phase is generally between 15° and 25°.
From the curvature of fault traces at the surface it is suggested that sidewall friction effects
the wedge at least 7-10 cm inbound from the side. Consistently, surface slope is steeper near
the sidewalls by 5°- 15° compared to the centre where the linear surface traces of thrust may
indicate unaffected growth. However, the surface slopes measured in the middle of the wedge
are still significantly steeper (5°-10°) than theoretically predicted by the critial taper wedge theory. Therefore, we conclude that while the sidewall friction effect contributes to the higher than
predicted surface slopes observed in pushed wedges, sidewall friction alone may not be sufficient
to explain the discrepancies between experiments and theory.
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