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a b s t r a c t

We examine the fundamental mechanism of frontal accretion in a sand wedge from the occurrence of a
forward thrust ramp evolving into a fault-bend fold to the jump of deformation to a new frontal ramp
ahead. We use inverse problem theory to extract quantitative information on friction parameters from
the systematic comparison of experimental observations and theoretical predictions. The observables are
locations, dips and lifetime of thrust ramps, hinge and associated compression. The experimental values
(observed data) are cast into statistical models describing the error bars. The theory of limit analysis
provides calculated data, requiring five parameters : material density, friction coefficient of the
décollement plane, friction coefficient of the bulk material, and the variation of friction with slip on the
ramp as well as the distance for this variation. The misfit between observed data and calculated data is
determined for all physically admissible values of the parameters. Values yielding a small misfit are
interpreted as highly probable. The mean misfit per observable is within their error bars and therefore
application of the theory reproduces the observables. Bulk and décollement friction coefficient values
with high probability are compared to independent measurements. The inversion also reveals systematic
discrepancies: the frictional weakening on the ramps is overestimated, while the force is under-
estimated, the calculated thrust sheet is longer than observed and the calculated jump to a second ramp
occurs earlier than observed. These conclusions allow us to identify necessary improvements for the
experimental set-up and of the theoretical assumptions.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Frontal accretion is a basic growth mechanism of accretionary
wedges and of fold-and-thrust belts. Despite its geometrical
simplicity, it involves the spontaneous occurrence of frictional sur-
faces, the thrusts, and the accumulation of large slip on disconti-
nuities, e.g., the décollements. This spontaneous occurrence is a long
recognised challenge for numerical methods based on a continuous
description of matter (Leroy and Ortiz, 1989). For geological appli-
cations of numerical approaches, substantial progress has occurred
in the last twelve years with respect to capturing strain localisation
(Strayer et al., 2001; Panian and Wiltschko, 2007; Stockmal et al.,
2007), although discrepancies remain between the different
implementations andmethods (Buiter et al., 2006). Simultaneously,
small-scale physical experiments using sand or other granular ma-
terials as analogues to frictional sediments have also progressed

(impact of physical properties on experimental outcomes
(Lohrmann et al., 2003), reproducibility of the results between
different laboratories (Schreurs et al., 2006), estimation of error bars
(Cubas et al., 2010), and identification of experimental biases
(Souloumiac et al., 2012)). Thus, comparisonbetweennumerical and
physical model experiments is becoming feasible, and they are
useful because of the near absence of exact, non-trivial mechanical
solutions beyond the critical Coulombwedge theory (Dahlen,1984).
These comparisons are based on a trial-and-error approach and on
qualitative observations of 2D cross-sections (Smart and Couzens-
Schultz, 2001; Ellis et al., 2004; Del Castello and Cooke, 2007;
Hardy et al., 2009), or on the total width of the accretionary wedge
(Cruz et al., 2010), or on thrust dips (Maillot and Koyi, 2006; Egholm
et al., 2007). Now one can go beyond trial-and-error to pose the
problem of fitting experimental and numerical results using the
theory of inverse problems to gain new insights from the compari-
sons. Maillot et al. (2007), for example, proposed an inversion of
experimental data for thrust dips in a stationary geometry to
retrieve their friction coefficients. The ambition of the present
article is to analyse experimental data about the formation of a
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thrust sheet from the activation of a décollement and the associated
pop-up to the transfer of activity to a new forethrust ramp, using
inverse problem theory. In doing so, wewill determine the range of
friction coefficients for the décollement and the bulkmaterial and of
their evolutionwith deformation that are compatible with the data
(i.e., that yield numerical simulations resembling the observations).

2. The experiments

We briefly recall the experiment of Cubas et al. (2010) and the
description of the results by statistical laws, which constitute the
starting point of the inverse problem considered here.

2.1. Experimental setup

The experiment consists of shortening a sandwedge resting on a
flat sand layer (Fig. 1). The experimental box is made of glass
treated with a carbon-based product to reduce friction with sand.

The shortening force was monitored by strain gages placed at the
back wall during shortening. Generally, the first 4e5 mm of
shortening are accommodated by diffuse compaction, during
which the force increases. The sand then deforms by the formation
of two conjugate reverse faults called forethrust 1 and backthrust 1
(Fig. 1b). Continued shortening displaces the wedge over the fore-
thrust creating new relief, until a second forethrustebackthrust
system forms (Fig. 1c). The experiment is stopped after a total
shortening S ¼ 30 mm (Fig. 1d).

2.2. Experimental outcomes : observed data

Eight observables are measured during or after the experiment.
Six were measured from photographs of cross-sections in the final
stage, using the offset of strain markers in the sand (Fig. 1d): the
dips g1 and q1 of the first forethrust and backthrust; the dips g2 and
q2 of the second forethrust and backthrust; the position of the first

Fig. 1. Experimental setup and observables. a) The initial conditions. b) After about 5 mm of shortening a first forethrustebackthrust pair appears. c) After additional shortening, d,
slip stops on the first forethrust, and a second fore- backthrust pair appears further ahead. d) After total shortening S ¼ 30 mm, measured backthrust dips q1 and q2, and forethrust
dips g1 and g2, and the distances d

0
and r

0
, using photograph. The seven observables are q1,g1,q2,g2,d,d ¼ d

0 � l, and r ¼ r
0 � h/tan(g1) � h/tan(q2). The width of the box (perpendicular

to the figure) is 280 mm.
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