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Abstract

Analogue and finite element numerical models with frictional and viscous properties are used to model thrust wedge development.

Comparison between model types yields valuable information about analogue model evolution, scaling laws and the relative strengths and

limitations of the techniques. Both model types show a marked contrast in structural style between ‘frictional-viscous domains’ underlain by

a thin viscous layer and purely ‘frictional domains’. Closely spaced thrusts form a narrow and highly asymmetric fold-and-thrust belt in the

frictional domain, characterized by in-sequence propagation of forward thrusts. In contrast, the frictional-viscous domain shows a wide and

low taper wedge and a thrust belt with a more symmetrical vergence, with both forward and back thrusts. The frictional-viscous domain

numerical models show that the viscous layer initially simple shears as deformation propagates along it, while localized deformation

resulting in the formation of a pop-up structure occurs in the overlying frictional layers. In both domains, thrust shear zones in the numerical

model are generally steeper than the equivalent faults in the analogue model, because the finite element code uses a non-associated plasticity

flow law. Nevertheless, the qualitative agreement between analogue and numerical models is encouraging. It shows that the continuum

approximation used in numerical models can be used to model frictional materials, such as sand, provided caution is taken to properly scale

the experiments, and some of the limitations are taken into account.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Scaled analogue models have been widely used to

provide insight into the mechanics of accretion and

deformation of thrust wedges and accretionary complexes

(Davis et al., 1983; Malavieille, 1984; Mulugeta, 1988;

Colletta et al., 1991; Liu et al., 1992; Mulugeta and Koyi,

1992; Calassou et al., 1993; Lallemand et al., 1994;

Philippe, 1994; Gutscher et al., 1996, 1998; Storti et al.,

1997; Nieuwland et al., 2000; Schreurs et al., 2001; Costa

and Vendeville, 2002; Lohrmann et al., 2003). These

experiments commonly use granular materials with fric-

tional properties such as sand, but sometimes also

incorporate materials with viscous properties (e.g. silicone

polymers). The advantage of analogue models is that they

permit direct observations of the evolution of deformation

processes (e.g. faulting sequences). Non-destructive ima-

ging techniques even allow the visualisation of the interior

of an analogue model without disturbing it and offer the

opportunity for a detailed geometric and kinematic analysis

of experiments involving complex three-dimensional set-

tings (e.g. Colletta et al., 1991; Schreurs et al., 2001).

An alternative approach to studying the dynamics of

accretionary and thrust wedge systems is through the use of

numerical models. These forward-running experiments are

conducted directly at the scale of the natural structure and

can incorporate rheology that depends on rock type,

temperature, and pressure (e.g. Mandl, 1988; Mäkel and

Walters, 1993; Sassi et al., 1993; Willett et al., 1993;

Barnichon and Charlier, 1996; Sassi and Faure, 1997;

Gerbault et al., 1998; Nino et al., 1998; Upton, 1998;

Vanbrabant et al., 1999; Erickson et al., 2001; Strayer et al.,

2001; Huhn, 2002).

In this study we compare analogue models to equivalent

large strain two-dimensional numerical models that use the

continuum approximation. We choose a contractional
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setting for our comparison and use frictional and viscous

materials. By making a direct model comparison, we focus

on the issues of scaling, model approximations and

rheological parameters. Through measurements, we con-

strain as much as possible the physical properties of the

analogue materials and use appropriate scaling for the

numerical materials. Results give a direct indication of

whether numerical models correctly model behaviour of

analogue materials such as sand at a continuum level, and

also highlight the strengths and weaknesses of the two

modelling approaches.

2. Analogue model

2.1. Analogue materials

Both viscous and frictional materials were used in the

analogue model As frictional analogue materials we used

dry, almost pure quartz sand and corundum sand (Table 1).

The size of the quartz grains varies between 88 and 250 mm

with 90% of the grains falling within the fraction 125–

175 mm. The corundum sand is slightly more heterogeneous

in grain size, with 70% between 88 and 125 mm, and 12% of

small grains ,88 mm (Table 1). The densities of sifted

quartz and corundum sand are 1.56 and 1.89 g/cm3,

respectively. The mechanical properties of the granular

materials were determined using a ring-shear tester

(Schulze, 1994), which consists of an annular cell contain-

ing the tested material (Fig. 1). Sand was sifted from ca.

20 cm height into the ring-shear tester. A vertical load is

applied through an annular lid, which is prevented from

rotating by two tie rods. To shear the sample, the cell rotates

and the critical shear force necessary for shearing is

measured. In order to minimise error, measurements are

repeated five times using different vertical loads (varying

from 1 to 5 kg, in steps of 1 kg) for each tested material and

an experiment is repeated up to four times for each normal

load. Fig. 2 shows an example of critical shear force

variations with time for corundum sand using a normal load

of 4 kg. An initial stage of elastic deformation is followed

by a stage of plastic strain hardening that precedes the onset

of failure (peak strength). Failure of the tested material

corresponds to the development of narrow shear zones along

which the arrangement of grains has been perturbed and

dilation has occurred. Failure is followed by a stage of

Table 1

Material properties of quartz and corundum sand

Quartz sand Brown corundum sand

Density (sifted) in g/cm3 1.56 1.89

Grain size 088–125 mm 5% ,0.61 mm 2%

125–175 mm 90% 061–088 mm 10%

175–250 mm 5% 088–125 mm 70%

125–175 mm 18%

Composition SiO2 99% Al2O3 95.2–95.8%

Al2O3 0.4% SiO2 0.5–0.8%

Fe2O3 þ TiO2 0.05% TiO2 2.6%

CaO þ MgO 0.05% Fe2O3 ,0.2%

K2O/Na2O 0.2% CaO/MgO ,0.9%

Angle of internal friction (fi) 35.58 37.08

Coefficient of internal friction (mi) 0.71 0.75

Angle of dynamic stable friction (fd) 31.28 32.28

Coefficient of dynamic stable friction (md) 0.61 0.63

Strain-softening 15–16% 13–16%

Cohesion 2–40 Pa 29–50 Pa

Fig. 1. Cut-away view of the ring shear test procedure. The tested material

is contained in an annular cell. A vertical load (FN) acting on the bulk solid

sample is applied through an annular lid and can be adjusted with weights.

Tie rods fixed to the lid prevent it from rotating. To shear the sample, the

cell rotates relative to the lid with angular velocity v (as indicated by

arrow), and the shear force (F1 þ F2) necessary for shearing is measured.
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strain-softening, during which the shear force decreases

until it reaches a stable value referred to as dynamic-stable

strength (Lohrmann et al., 2003). The strain-softening in

quartz sand and corundum sand is about 15% (difference

between peak strength and dynamic-stable strength). By

using the critical shear force values at peak strength and at

dynamic-stable strength for different vertical loads, normal

and shear stresses can be calculated and plotted against each

other (Fig. 3). Linear regression analysis yields two straight

lines for each tested material, corresponding to failure at

peak friction and at dynamic-stable friction. From these

graphs the angles of internal peak friction (fi) and dynamic-

stable friction (fd) can be determined. For quartz sand they

are 36 and 318, respectively, and for corundum sand 37 and

328, respectively. These values are similar to those

determined experimentally for upper crustal rocks (Byerlee,

1978). The intersection of the failure envelope with the

vertical axis (shear stress) gives the cohesion. However,

data for normal stresses ,500 Pa were not acquired and,

hence, it becomes difficult to estimate the cohesion at very

low normal stresses because of the uncertainty of extrapol-

ations. For repeated ring-shear tests on the same material,

extrapolated cohesion values vary over a wide range (peak

cohesion between 2 and 40 Pa for quartz sand and between

29 and 50 Pa for corundum sand; dynamic-stable cohesion

between 39 and 59 Pa for quartz sand and between 58 and

74 Pa for corundum sand). Schellart (2000) tested different

granular materials and determined that at low normal

stresses (below about 250–400 Pa), the fracture envelope is

no longer a straight line, but shows a convex-outward shape

with negligible cohesion as measured by the intercept with

the axis of zero normal stress. This suggests that linearly

extrapolated cohesion values at normal stresses below about

250–400 Pa are most likely overestimates.

The ring shear test results indicate that sifted dry quartz

sand and corundum sand are characterised by elastic-

frictional plastic behaviour with strain-hardening preceding

failure at peak strength and subsequent strain-softening until

a stable dynamic strength value is reached. The mechanical

behaviour of quartz and corundum sand is comparable with

the one exhibited by crustal rocks (Barnhoorn et al., 2004),

and suggests that these granular materials are well suited to

model brittle behaviour of rocks in crustal scale analogue

models.

To make a comparison with numerical models, we

attempted to evaluate the relationship between bulk sample

strain and the strains associated with localisation of

deformation in granular materials. A purely first-order

analytical approach to approximate local strain values is to

consider the shear deformation of an initially, close-packed

arrangement of circular grains (Fig. 4). Shear deformation

along a narrow fault zone involves both sideways and

upwards displacement of grains, i.e. deformation occurs by

Fig. 2. Critical shear force variations recorded during a typical ring shear

test of corundum sand. Applied normal load was 4 kg.

Fig. 3. Shear (t) vs. normal (sN) stress for (a) quartz sand and (b) corundum sand. Internal peak friction (solid line) and dynamic stable friction (stippled line)

are derived from linear regression analysis of these data. Cohesion can be inferred by extrapolation along a straight line to intersection with shear stress axis

(however, see text for discussion).
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both shearing and dilation. A comparison between the

undeformed stage with maximum grain contact and the

deformed stage with minimum grain contact reveals that

the local longitudinal strain for the principal stretching axis

is about 35% (Fig. 4). The grains in our analogue models,

however, are not perfectly circular but subangular and have

a low sphericity. Also, the development of fault zones in the

analogue model may be associated with abrasion of grains,

resulting in slight grain shape changes. Therefore, the

analytical approach is only considered to provide a

minimum estimate for local longitudinal strain.

A second approach to estimate local strain values in

narrow fault zones is to use the ring shear test results. Fig. 5

shows three hypothetical vertical sections perpendicular to

the radial direction of the ring shear tester (cf. Fig. 1). The

initially vertical marker tracks deformation during the ring

shear experiment. The bulk sample first undergoes shearing

by elastic strain, followed by plastic strain-hardening and

subsequent failure at peak strength (Fig. 5). As the cell is

closed during shearing, we do not know where the fault zone

forms initially. Total displacement of the cell (Da þ Dx; see

Fig. 5) at failure in different tests on quartz sand varies

between 1.0 and 1.4 mm near the inner part of the cell and

between 2.5 and 3.6 mm near the outer part of the cell. From

computer tomography slices through our analogue models

Fig. 4. Schematic illustration of shearing and dilation of perfectly spherical

granular material. (a) Initial grain packing; (b) displacement of grains

during shearing is accompanied by dilation; (c) comparison between

undeformed and sheared configuration; (d) an initially undeformed square

becomes a parallelogram during shearing and dilation; (e) the shear strain

(g ¼ tan c, where c is the angular shear strain) associated with the

configuration shown amounts to tan (338) ¼ 0.65; taking dilation into

account gives a length increase of 35% for the principal stretching axis.

Drawings based on Vermeer and de Borst (1984) and a theoretical concept

developed by Chris Beaumont (pers. comm.).
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Fig. 5. Vertical sections (aligned along the ring, not radially) of the ring

shear tester, (a) before rotation, (b) during elastic strain, and (c) after

rotation of the cell until failure. The hypothetical marker illustrates the

shearing of the bulk sample, first by elastic strain and then by plastic strain

and subsequent failure at peak strength. Failure at peak strength is followed

by strain-softening. Da is relative cell displacement during elastic straining

of the sand, whereas Dx is relative cell displacement during plastic

straining. Dy is the shear zone width. Deformation at A is schematically

illustrated by the strain ellipses next to each section. See text for discussion.
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we know that the initial fault zone width in frictional

materials is about 1–1.5 mm. By taking the minimum and

maximum cell displacement at which failure occurs (1 and

3.6 mm, respectively, for quartz sand) and by considering a

1-mm-wide fault zone, the local shear strain can be

approximated. For quartz sand, the minimum and maximum

local shear strain is 1 and 3.6, respectively. Using equations

given by Ramsay and Graham (1970), the local maximum

principal strain can be calculated from the local shear

strain and lies between 60 and 300% for the given range of

shear strain.

In the calculations above we have assumed that total cell

displacement is entirely accommodated along a 1 mm

narrow fault zone. Initial cell displacement, however, is

taken up by elastic strain in the sand. The relative

contribution of elastic strain (Da) and plastic strain (Dx) to

total cell displacement at failure can only be estimated

approximately from Fig. 2 as the change from elastic to

plastic strain is not sharp but transitional. If we correct for

the contribution of elastic strain to cell displacement and

again take a fault zone width of 1 mm, the minimum and

maximum local shear strain values will be lower (0.8

and 2.5, respectively) and the local maximum principal

strain ranges between 47 and 182%.

In our analogue model set-up dry quartz sand directly

overlies part of the wooden base of the experimental

apparatus. Therefore, we also determined the basal friction

using the ring shear tester. An annular piece of wood was

placed on the bottom of the cell and overlain by a layer of

quartz sand. The technique to measure basal peak and

dynamic stable strength is the same as described before. The

angle of dynamic stable friction is 288.

As a viscous analogue, we used a transparent silicone

polymer (SGM 36, a polydimethyl-siloxane) with a New-

tonian viscous behaviour. It has a density of 0.965 g/cm3

and a linear viscosity of 5 £ 104 Pa s at room temperature

and at strain rates below 3 £ 1023 s21 (Weijermars, 1986).

Viscous polymers are considered a good analogue material

for simulating viscous flow of salt/evaporites in the upper

crust or rocks in the lower crust (Vendeville et al., 1987).

2.2. Analogue modelling procedure

The experimental apparatus used to model thrust belt

development consists of a rectangular box with a vertical

mobile wall. The base and walls of the box are composed of

wood. Our experiments were designed to test the influence

of mechanical layering on thrust belt development. A 5-

mm-thick rectangular-shaped slab (length 40 cm, width

17 cm) of viscous silicone is placed over part of the wooden

base abutting the rigid, mobile backstop (Fig. 6). The

viscous layer does not extend all the way to the opposite,

fixed wall, but ends 10 cm from it. Alternate layers of sand

and corundum are sifted adjacent to the viscous layer and on

top of it. The undeformed model is 80 cm long, 27 cm wide

and its total thickness amounts to 3 cm. For ease of

description, the part of the model underlain by a viscous

silicone layer is referred to as the ‘frictional-viscous

domain’, whereas the part consisting only of granular

materials is referred to as the ‘frictional domain’. The

mobile backstop has a basal exit slot of 3 mm height, to

ensure that detachment occurs within the viscous silicone

layer. The model is deformed by displacing the mobile wall,

driven by a motor, at a constant velocity of 4.8 cm/h.

A spiral X-ray computed tomographer (CT) was used for

the analysis of the analogue model. The viscous silicone,

quartz sand and corundum sand have distinct X-ray

attenuation values and their boundaries can be visualised

in X-ray computed tomography (CT) images. Faults in

frictional materials represent zones of dilation and conse-

quently show a difference in X-ray attenuation with respect

to unfaulted domains.1 Periodic CT acquisition allowed us

to monitor the three-dimensional evolution of the model

structures at successive stages of deformation. X-ray CT

images were digitally enhanced using computer visualisa-

tion software. There was a marked difference in thrust belt

development between the purely frictional and the fric-

tional-viscous domains and their evolution is described

separately (Sections 4.1 and 5.1, respectively) using

successive transverse CT images through the progressively

deformed model.

3. Numerical model

3.1. Numerical modelling procedure

The two-dimensional numerical code has been specifi-

cally designed to investigate situations with a high

percentage of finite strain (Beaumont and Quinlan, 1994;

Fullsack, 1995). It uses the arbitrary Lagrangian–Eulerian

method to compute large deformation while avoiding

numerical problems associated with extreme deformation

of the grid. The code is modified from the method described

in Fullsack (1995), in order to reproduce the boundary

conditions shown in Fig. 7. Gravity is included in the model.

In the numerical model sand is modelled as a frictional

plastic material that undergoes subsequent strain-softening

and silicone as a linear viscous material (where deviatoric

stress is linearly related to deviatoric strain-rate by the

viscosity). Elasticity is not incorporated in the code, i.e. it is

rigid-plastic in the frictional domain. The elastic modulus of

the analogue materials scaled to the numerical experiment is

rather high (ca. 40–60 GPa) supporting this assumption.

Sensitivity tests using the Abaqus finite element engineering

package, which includes elasticity but can only model small

1 Note that dilation in sand occurs slightly before frictional failure and

softening (Lohrmann et al., 2003), so that faults imaged in the sand and

corundum will appear before significant strain-softening has taken place.

This should be remembered when comparing with numerical experiments

showing strain-softened regions in Sections 4 and 5.
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amounts of deformation (Abaqus, 2001) can be used to

demonstrate that the elastic response does not significantly

change results, since the material rapidly stresses to yield.

Since the code models frictional behaviour using a

Coulomb yield criterion with non-associated flow law,

volume changes are neglected, i.e. the angle of dilation is set

to zero (Zienkiewicz et al., 1975; Willett, 1992). Conse-

quently, the initial angle of shear zones is at 458 to the

maximum compressive stress rather than (458–fi/2) as

predicted for associated Coulomb plasticity (Willett et al.,

1993). The shear zones, however, can change their

orientation during progressive deformation. We assume

that first order effects of dilation on shear zone development

can be represented within a bulk strain-softening parameter.

Strain-softening is applied after a threshold strain is

reached, as described in Section 3.3. Strain-softening results

in a decrease in the internal angle of friction used in the

model.

Model boundary conditions match those in the sandbox

experiment as closely as possible (Fig. 7). A wall friction is

applied at the wall and base of the model following a

Coulomb law controlled by static-stable friction, where the

shear stress for sliding is proportional to the angle of basal

friction fb and the normal stresses sn acting on the

boundary, as follows:

t ¼ tan fb

� �
sn ð1Þ

Velocity boundary conditions are applied at a uniform

rate along the right-hand wall above the slot, which has a

smoothed horizontal exit velocity in order to prevent an

abrupt velocity discontinuity between the wall and under-

lying slot material. Tests in which a more abrupt velocity

discontinuity was applied yielded similar results but became

unstable due to extreme shear pressures at the discontinuity.

We consider the approximation used to model the slot a

reasonable one, because even in the analogue model the

velocity will fall off over a finite distance due to slight

irregularities in the wall geometry.

The grid dimensions are sufficiently fine to capture

focused shearing, but no faults are permitted. As shear zones

become focused as a result of strain- and/or strain-rate

softening effects, a limiting width depending on grid size is

approached (cf. de Borst, 1991). Although shear zones in the

numerical model are broader than those in the analogue

80 cm

27
 c

m

frictional-viscous 
domain

frictional
domain

(a) (b)

Fig. 6. Analogue experimental set-up. (a) Plan view showing variation in basal properties. (b) Cross-sections through frictional-viscous and frictional domains.

Fig. 7. Numerical model set-up. (a) Dimensions and illustration of the grid used to track finite deformation. The grid shown is a subset of the true grid resolution

of the model (120 £ 50 m). The dashed region outlines the part of the model domain shown in subsequent figures. (b) Boundary conditions and material

properties. Bold lines show the wall and base. Panel at right shows strain-softening function used in the frictional material. Finite strain is measured as the

principal stretch within each element.
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model, sensitivity studies show that results for finer meshes

are not significantly different (Section 6.3), and that the

finite width of shear zones does not cause fundamental

differences in the behaviour of the system compared with

the analogue model, which can develop discontinuous

faults. The element aspect ratio used in the numerical model

is 2:1, below the limit at which results become significantly

degraded; tests were conducted to make sure that the aspect

ratio had little effect on results.

All of the numerical experiments shown here were

performed at basin scale, with a model domain of 3 km

depth and 24 km width, scaled up by five orders of

magnitude from the analogue model. No erosion or

sedimentation was applied at the free surface; however,

because of the abrupt change in velocity and topography

against the right hand wall, artificial damping at the surface

had to be applied to prevent a ‘ringing’ effect against the

boundary. The damping locally smoothed out ringing and

tests showed that it did not significantly alter dynamics or

average topography in the wall region.

3.2. Scaling considerations with the numerical model

To scale parameter values from the analogue model scale

up to basin scale, we used the dynamic similarity scaling

relationships discussed by Ramberg (1981) Dynamic

similarity means that force ratios (compared kind-for-

kind) as well as length ratios remain constant. In the case

of the models investigated here, the two most important

forces to be considered are Fg, the gravitational force caused

by increase in potential energy of the thickened wedge; and

Fv, the viscous force. These can be related by a force

balance so that:

Fg

Fv

¼
rgh2

hV
¼ constant ð2Þ

where h is the layer thickness, r is density, g is gravity, h is

viscosity and V is the magnitude of velocity (Ramberg,

1981). Together with a direct relationship relating length

scale of model to length scale of natural examples, this

almost completely defines the scaling relationships when

inertial forces may be neglected. The stresses, s, of the

frictional material may be scaled up by assuming that the

depth at which cohesive strength equals lithostatic pressure

remains constant to maintain dynamic similarity (Hubbert,

1937; Ramberg, 1981), so that:

sN

rNhN
¼

sA

rAhA
ð3Þ

where the subscripts N and A refer to numerical and

analogue model values, respectively.

3.3. Material properties of the numerical model

In Section 2.1 we showed that parameter values for the

internal angle of friction in quartz and corundum sand,

densities, and viscosity of the silicone are well constrained

We use the same values within the numerical model, scaled

as given in Table 2. Values for cohesion and parameters

controlling the strain-softening behaviour are less well

constrained by the ring shear tests. Since it is not clear how

to relate the bulk shear strain measurements in the ring shear

tests to local strain within a finite element, the strain-

softening amount and the strain-softening thresholds are

also subject to uncertainty. We conduct a search around the

starting values from Section 2.1 to find the best-fit model

and an acceptable range for cohesion, strain-softening

amount, and percentage strain at which strain-softening

begins.

The strain-softening thresholds are measured with

respect to the principal finite stretch within each Lagrangian

element, and the internal angle of friction is decreased

linearly between the two threshold values. From Fig. 2 it

appears that the linear decrease in shear strength as a

function of bulk strain occurs after approximately 2 £ the

strain needed to start softening. In the numerical model we

vary the thresholds but keep the ratio between them fixed at

1:2. Strain-softening is applied as an explicit time-stepping

function to avoid the bifurcation problems mentioned in de

Borst (1991). Values of cohesion for a particular model run

are kept constant with depth and are independent of normal

stress.

4. Comparison between frictional analogue and best-fit

numerical experiment

4.1. Frictional analogue experiments (Fig. 8a)

During the early stages of shortening, distributed grain

flow of the frictional layers gives way to discrete faulting as

the dominant mechanism of strain accommodation. A basal

detachment initiates at the slot region and propagates along

the base of the model. Thrust faults with opposite vergence

develop (Fig. 8a: 1 cm shortening), with forward thrusts

dipping more shallowly (25–288) than backthrusts (358).

The downward converging thrust faults define a pop-up

structure that roots at the base of the lowermost quartz sand

layer. The forward thrust shows a slightly concave upward

shape. The forward thrust is predominantly active, while

Table 2

Analogue and numerical model parameters

Scaling quantity Analogue model Numerical model

Length (h) 1 cm 1 km

Density (r) 1560 kg/m3 (sand) 1560 kg/m3 (sand)

1890 kg/m3 (corundum) 1890 kg/m3 (corundum)

965 kg/m3 (silicone) 965 kg/m3 (silicone)

Velocity (V) 4.8 cm/h 1 cm/year

Cohesion (C) 1–10 Pa 0.1–1 MPa

Viscosity (h) 5 £ 104 Pa s 2 £ 1019 Pa s
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backthrusts form at the bend from flat to lower ramp (Fig.

8a: 2 cm shortening). Backthrusts jump episodically down-

ward to create a series of steeply dipping thrusts that merge

near the top of the model, against the backstop. The

backthrusts show little movement and as they are passively

transported over the forward thrust their fault dip decreases.

Progressive shortening is accommodated either by diffuse

deformation in the hanging wall of the forward thrust—

resulting in a broadening of the zone affected by dilation—

or by the development of a sub-parallel low angle thrust

fault. In the latter case a small volume of frictional material

completely bounded by thrust faults (i.e. a horse) is created.

With increasing deformation, the basal detachment is

activated in front of the pop-up structure and a second thrust

imbricate develops (Fig. 8a: 6 cm shortening). Activity

along the previously formed forward thrust ceases and fault

Fig. 8. (a) Results for the analogue frictional experiment. (b) Equivalent time steps for the numerical model experiment. Cohesion in the numerical model is

0.5 MPa; frictional strain-softening of 15% takes place between 0.5 and 1.0 of total strain. The small inclined lines at the top of each panel indicate actively

deforming shear zones, as determined from strain-rate plots (not shown).
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movement is transferred to the newly developed forward

thrust in its footwall. The second thrust shows a splay in its

hanging wall and a horse is created. As deformation

progresses, a third in-sequence imbricate thrust forms

(Fig. 8a: 11 cm shortening).

4.2. Frictional numerical experiments (Fig. 8b)

As discussed above, uncertainties in cohesion and in

strain-softening thresholds for the analogue materials make

it difficult to merely scale up values without conducting a

search in parameter space. We conducted a suite of

numerical experiments with cohesion values between 0.1

and 1 MPa, and strain-softening thresholds between 0.3 and

1.0 finite strain. We found that the experiments with higher

cohesion values (1 MPa) were qualitatively similar to lower

cohesion experiments but that their surface slopes were too

high compared with the analogue model. The most

acceptable models therefore have lower cohesions (0.1–

0.5 MPa, corresponding to cohesions between 1 and 5 Pa in

the analogue model). Fig. 8b shows a low cohesion

(0.5 MPa) numerical experiment assuming that strain-soft-

ening of the internal angle of friction by 15% takes place

between 0.5 and 1.0 of total finite strain.

The dynamics of the numerical model are broadly

consistent with those of the analogue experiment. An

initially curved, strain-softened region develops, rooted in

the slot in the right-hand wall (Fig. 8b: 1 km shortening).

Because of the limited mesh resolution, the strain-softened

region (which we compare with the visible faults in the

analogue material) eventually broadens to a width of about

1 km, 1/3 the total layer thickness. Material between the

forward thrust and the backstop is uplifted in a plug, as seen

in the analogue model. The width of the plug is

approximately 2 £ the total thickness of the layers,

somewhat less than the analogue pop-up (which has a

width about 3 £ the total layer thickness). Both forward and

backward thrusts dip more steeply than their analogue

counterparts, at 32 and 458, respectively, and the backthrust

steepens with progressive convergence rather than being

rotated into a more horizontal attitude as in the analogue

experiments. Wedge angles are also somewhat steeper,

creating a thicker pile than for the equivalent analogue

steps. We believe that these differences result from the non-

associated plastic flow law, which causes thrust shear zones

to form at a steeper angle. Several backthrusts develop

against the wall like in the analogue model, although their

spacing and time of development are somewhat different.

We attribute this to the different initial fault dips and limited

resolution of the numerical model.

With more convergence, the strain-softened forward

thrust is displaced and uplifted towards the wall. The

misalignment of this shear zone with the tip of the sheared,

high stress region near the slot causes a second forward

thrust to develop after a convergence of 5–6 km. Material

near the first shear zone at the surface reaches the critical

angle of repose and is sheared downwards. This effect is

also seen in the analogue model.

After 11 km convergence a third forward shear zone

develops in the numerical model, slightly later than in the

equivalent analogue model. Despite the discrepancy in shear

zone thicknesses and timing, the succession of forward

stepping thrusts is successfully reproduced in the numerical

model.

Vectors of the maximum compressive principal stress are

overlain on a contour plot of log (second deviatoric strain-

rate) for the frictional numerical model after 1 km

convergence in Fig. 9. Maximum stresses exceeding

200 MPa are attained near the slot. This is to be expected

given the very strong influence of the boundary condition in

this region. Within the strain-softened shear zones, stresses

are slightly reduced compared with surrounding regions,

which experience stresses of ca. 100–200 MPa. These

values are consistent with the range in values measured

within the sandbox experiments of Nieuwland et al. (2000).

They found differential stresses beneath several forward

verging thrusts of ca. 2500–3000 Pa, which are equivalent

to approximately 140–190 MPa at the scale of our

numerical experiments. The directions and magnitudes of

principal compressive stress also compare well with those

predicted by the numerical models of Mäkel and Walters

(1993).

Fig. 9 also shows how principal stress directions are

rotated anticlockwise in low dipping shear zones. In

particular, near the base of the model, the maximum

principal compressive stress (s1) dips at about 308. This is

consistent with the sub-horizontal attitude of shear zones in

this region, since slip lines in the numerical model are

predicted to form at 458 to the maximum compressive stress

(s1) (cf. 458–fi/2 for dilational Coulomb material), The

rotation of s1 in this region and associated development of a

curved shear zone is an effect of the basal shear stress

(Mandl, 1988; Mäkel and Walters, 1993).

4.3. Sensitivity analysis

One advantage of the numerical technique is that it easily

allows parameter values to be varied in order to examine

their influence on the solution Here, we explore the

sensitivity to cohesion and the strain-softening parameters

(Fig. 10).

4.3.1. Sensitivity to cohesion

Fig. 10c and d shows resultant deformation after 8 km

convergence in numerical experiments in which the

frictional parameters used in Section 4.2 are changed by

increasing or decreasing the cohesion. The results are

qualitatively similar to the frictional case in Fig. 10b, but

Fig. 10c shows how a lower cohesion causes lower surface

slopes to develop within the frontal thrusts. Shear zone

width is also slightly reduced for lower cohesion. Increased

cohesion (Fig. 10d) causes surface slopes to remain stable at
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much higher values with a higher tapered wedge. The plug

shows more internal deformation in this case, and formation

of a third shear zone is slightly advanced.

4.3.2. Sensitivity to strain-softening threshold

As discussed in Section 2.1, the strain values at which

strain-softening begins and ends are poorly known from the

bulk ring shear tests. In the model shown in Fig. 10b we

have assumed strain-softening begins after a finite principal

stretch of 0.5 and ends at strain ¼ 1.0. We also ran a suite of

models in which the starting or ending values of sensitivity

thresholds were varied, and the amount of strain over which

softening occurred either kept constant or at a constant ratio

of 1:2. Fig. 10e and f demonstrates that these strain-

softening thresholds also produce an acceptable fit to the

analogue model, although some differences are observed.

For a lower strain-softening threshold (softening by 15% of

original value between strain ¼ 0.3 and 0.6; Fig. 10e) shear

zone widths are increased compared with the model in Fig.

10b. Similar results were observed for a case in which

strain-softening occurred from a finite principal stretch of

0.3–0.8. For higher thresholds (e.g. softening of 15%

between strain ¼ 1.0 and 2.0; Fig. 10f) the forward thrusts

are narrower and there is more internal plug deformation.

4.3.3. Sensitivity to amount of strain-softening

Greater amounts of strain-softening produce slightly

different dynamics in the numerical model (Fig. 10g). In this

model, the extra softening causes more deformation to be

partitioned onto the first forward thrust. The pop-up

structure is advected over the footwall in the manner of a

flat–ramp–flat before the next thrust forms. Within the

plug, material is tilted backwards and only one backthrust

forms. Surface slumping is more evident owing to the

extreme softening in this region. The width of the forward

thrust is comparable with that in the frictional model shown

in Fig. 10b near the surface, but decreases with increasing

depth, indicating that the down-cutting of the shear zone

only takes place near the surface.

Fig. 10h shows results for a model with no strain-

softening. The first thrust in this case is extremely diffuse.

The marker horizon is tilted and sheared over a wide region,

quite unlike behaviour of the analogue model. This model

result indicates that strain-softening is not required to

achieve episodic thrusting and wedge formation, but that

thrusting style is much more irregular.

In summary, from sensitivity studies like those in Fig. 10

we have found that strain-softening of between 10 and 30%

in the numerical experiments provides an acceptable fit.

Results are not very sensitive to strain-softening threshold

values, although these may control the width of shear zones

that form in the numerical model, and the timing of thrust

development. Higher cohesion increases taper and allows

steeper surface slopes to develop.

5. Comparison between frictional-viscous analogue and

numerical experiments

5.1. Frictional-viscous analogue experiment

The initial basal detachment forms within the basal

silicone layer and a pop-up structure develops in the

overlying frictional layers near the mobile backstop (Fig.

11a: 1 cm shortening). The forward thrust dips at 308 and the

backthrust at 328. With increasing strain both backthrust and

viscous material are transported along the frontal thrust, and

initiate a second back-thrust, and a splay in the forward

thrust (Fig. 11a: 2 cm shortening). Movement along the

forward thrust splay creates a horse that is progressively

sheared as shortening progresses (Fig. 11a: 3 cm short-

ening). Displacement takes place dominantly along the

forward thrust, and a fault-bend fold develops as material

moves upward along the ramp.

As deformation progresses, a new—slightly concave

upward—thrust forms far away from the mobile wall, at the

foreland pinchout, i.e. at the vertical interface between basal

silicone and quartz sand (Fig. 11a: 4 cm shortening).

Shortening is now accommodated by coeval activity along

the frontal ramp and along the forward thrust of the pop-up

structure near the mobile wall. The progressive movement

of the mobile wall, and the advection of silicone and

Fig. 9. Contours of log (second deviatoric strain-rate) with directions and magnitudes of principal compressive stress superimposed, for the numerical frictional

experiment after 1 km convergence.
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backthrusts along the first forward thrust, causes bulging

and extension in the upper part of the fault-bend fold, where

small normal faults form in its outer arc (Fig. 11a: 6 cm).

Along the second frontal ramp another horse is created as

a sub-parallel thrust forms in the hanging wall. Advection of

viscous material along the frontal ramp is associated with

the initiation of a backthrust. In the footwall of this

backthrust, another vague thrust is observed (Fig. 11a:

6 cm shortening). This thrust is probably related to a second

pop-up structure that would have been triggered by

deformation propagating from the wedge against the wall,

if the discontinuity presented by the vertical silicone–sand

interface had not localised the position of the frontal ramp.

As deformation continues, more backthrusts form as more

viscous material is advected along the ramp (Fig. 11a: 8–

11 cm shortening).

5.2. Numerical comparison

The strain-localised regions are slow to develop in the

numerical model (Fig. 11b), taking until 3 km of conver-

gence to be apparent. As for the analogue case, the first plug

forms near the wall and roots within the basal linear viscous

layer. The dips of the forward and backward shear zones are

37 and 448, respectively, higher than in the analogue

experiment. This is due to the non-associated plastic flow

and consequent neglect of dilational effects in the numerical

model.

The tracking grid within the viscous substrate shows how

displacement is partitioned there in the form of simple

shear, and quickly propagates through the viscous layer. The

result is a second forward shear zone, which develops after

4–5 km convergence. In an interesting discrepancy com-

pared with the analogue model, the second pop-up structure

forms in-board of the viscous layer termination. We

speculate that this difference is caused by the steeper dips

of shear zones in the numerical model, which changes the

ratio between the pop-up surface width and the layer

thickness. In analogue experiments that have a slightly

greater viscous substrate width, the second pop-up also

forms away from the layer termination. Alternatively,

triggering of the end of the viscous layer in the analogue

experiment may be enhanced by a slight roughness of the

surface of the layer. Sensitivity tests show that a small

roughness introduced to the surface of the viscous layer in

the numerical experiment is enough to trigger the second

thrust at the layer termination.

With continued convergence, the first pop-up near the

wall is advected over the footwall. Some upwarping of

viscous material against the backstop occurs. A small zone

of surface extension is seen in the core of the first pop-up,

but unlike the analogue case it does not localise into shear

bands. At the same time, the second pop-up shears forward

to the viscous layer termination (so that results after a

convergence of 7 km are very similar to those seen in the

equivalent stage of the analogue model). Viscous material is

Fig. 10. Sensitivity analyses for the numerical frictional experiment.

Frames (b)–(h) are shown after 8 km convergence. (a) Analogue model

after 8 cm convergence for comparison. (b) Model from Fig. 8b with

cohesion 0.5 MPa, strain-softening threshold 0.5–1.0, and strain-softening

amount 15%. (c) Cohesion 0.1 MPa. (d) Cohesion 2.5 MPa. (e) Strain-

softening thresholds at strain ¼ 0.3–0.6. (f) Strain-softening thresholds at

strain ¼ 1–2. (g) Strain-softening amount 30%. (h) No strain-softening.
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also advected into the core of the second pop-up, causing

focusing of the shear zone (cf. the frictional experiment). In

comparison with the analogue results, only one backthrust

forms as the second pop-up is advected forward. The cause

of this difference is unknown, but it may be related to the

limited mesh resolution in the numerical model.

5.3. Sensitivity analysis

Fig. 12c shows a frictional-viscous numerical model

after 8 km convergence, which is similar to the standard

frictional-viscous case from Fig. 11b (reproduced in Fig.

12b) but with increased cohesion. Like results from the

equivalent frictional experiment, increased cohesion pro-

duces a higher taper of the initial wedge. However, overall

the dynamics are not that different from those in Fig. 12b,

indicating that cohesion does not exert a first-order control

on frictional-viscous behaviour. Fig. 12d and e shows that a

much more dramatic change is found for cases with

differing basal viscous strength. For a lower viscosity

along the basal detachment (Fig. 12d), the second plug at the

end of the viscous layer is triggered much earlier, and more

deformation occurs along it, with commensurately less

deformation and uplift of the initial plug near the wall. In

contrast, the case with a higher basal viscosity (Fig. 12e)

does not trigger the end of the detachment until ca. 8 km

convergence, and instead exhibits a series of forward-

stepping thrusts adjacent to the wall, much like the frictional

analogue and numerical experiments.

These results show the strong influence of the basal

Fig. 11. (a) Results for the analogue frictional-viscous experiment. (b) Equivalent time steps for the numerical model experiment. Cohesion is 0.5 MPa.

Frictional strain-softening of 15% between 0.5 and 1.0 of total strain. The small inclined lines at the top of each panel indicate actively deforming shear zones,

as determined from strain-rate plots (not shown).
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detachment on thrust wedge development, consistent with

other model studies (e.g. Smart et al., 1999). The dramatic

change in dynamics also confirm that our scaling between

the analogue and numerical models is basically correct—if

it were not, there should be a much bigger discrepancy

between the analogue and scaled numerical frictional-

viscous models of Fig. 11.

6. Discussion

Very few studies have compared analogue and numerical

models results directly. Smart and Couzens-Schultz (2001)

compared mechanics of blind thrusting using finite element

models and sand/silicone analogue models, but their

comparison was limited because of the inability of their

numerical model to model shear zones and extreme

deformation. The comparison in this paper is more general

because the numerical code can incorporate strain-softening

and large amounts of deformation, but the numerical code

also contains some approximations and simplifications. We

discuss some of the effects of these, and the dynamics

predicted by the two model types, below.

6.1. In sequence vs. out-of-sequence thrusts

Both analogue and numerical models show fundamental

geometric and kinematic differences between frictional and

frictional-viscous experiments. The thrust belt that detaches

on a frictional décollement (sand) shows a high wedge taper

and in-sequence thrusting. The thrust belt advances towards

the foreland (away from the mobile wall) by forming new

thrust imbricates at the front of the wedge. The older

structures within the wedge cease their activity as short-

ening progresses and are passively transported by displace-

ment on the younger thrusts. The structural vergence of the

belt is asymmetric, and is characterized by piggy-back

propagation of forward thrusts.

In contrast, the thrust belt that detaches on a weak,

viscous décollement (silicone) shows a lower tapered

wedge, a more symmetrical vergence of fore- and back-

thrusts, and long-lasting coeval activity along different

forward thrusts. Previous analogue model experiments

simulating detachment on a viscous décollement suggest

that there is no systematic forward propagation in a piggy-

back fashion and no systematic thrust vergence (Costa and

Vendeville, 2002). This behaviour has also been observed in

real thrust wedges (e.g. Davis and Engelder, 1985). Our

experiments and other similar numerical experiments at

basin scale (Wissing et al., 2003) suggest that shortening

may be taken up by in-sequence or out-of-sequence

thrusting, depending on several factors: (1) the relative

strength of the viscous layer, (2) the width and thickness of

the viscous layer, (3) the thickness of the overlying

frictional layers, and (4) the height of the slot. The

numerical experiments also show that the viscous detach-

ment layer deforms by simple shear, whereas the overlying

frictional layers deform by localized deformation, resulting

in the formation of a pop-up structure during the early stages

of shortening.

For low viscosities or large viscous layer thickness,

stresses are transmitted easily to the décollement pinch-out.

A frontal thrust at the décollement pinch-out nucleates

before a second pop-up forms in between frontal thrust and

first-formed pop-up, and thrusting is out-of-sequence (Fig.

12d). Conversely, for high viscosities or smaller viscous

layer thickness, the stress transfer along the viscous layer is

slow. A second pop-up forms within the zone underlain by

the viscous layer, before the forward thrust at the

Nominal

Viscosity (/10)

Cohesion (x5)

Viscosity (x10)

Fig. 12. Sensitivity analyses for the numerical frictional-viscous exper-

iment. Frames (b)–(e) are shown after 8 km convergence. (a) Analogue

model after 8 cm convergence. (b) Numerical model from Fig. 11b. (c)

Cohesion £ 5. (d) Lower viscosity of basal layer. (e) Higher viscosity of

basal layer.
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décollement pinch-out is initiated. In this case, thrusting

appears to be in-sequence (Fig. 12e).

6.2. Shear zone broadening in the analogue model

After initial strain localisation along relatively narrow

shear zones (,1 mm wide), forward shears in the analogue

model broaden with increasing convergence. Broadening

may occur by a gradual widening in the shear zone (e.g. as

seen in the lower part of the frontal thrust in Fig. 8a; 3–4 cm

shortening) or by the development of a second semi-parallel

discrete thrust in mid-section resulting in a horse structure

(e.g. Fig. 8a; 6–7 cm shortening). In both cases deformation

occurs dominantly in the hanging wall of the initially

narrow forward shear. The formation of horse structures is

not seen in the equivalent steps in the numerical model (Fig.

8b), which instead undergoes a progressive broadening of

the shear zone with time.

Grain size distributions for quartz and corundum are

slightly different, and the dilation between small grains

during shearing in the analogue model experiment may

potentially influence the strength of the shear zone. In order

to test whether grain size heterogeneity had an influence on

shear zone broadening, the frictional experiment was

repeated, using this time only quartz and corundum sand

with a restricted grain size distribution between 125 and

175 mm. Results were almost identical. In yet another

experiment, only homogeneous, well-sieved sand (125–

175 mm) was used. Again, forward shears broadened during

progressive deformation, but horse structures were less

clearly defined, suggesting that their development in

multi-layer frictional models may be partly controlled by

the small change in material properties from quartz sand to

corundum sand.

Shear zone broadening in the analogue model by diffuse

or discrete deformation appears to be related to one of the

two following factors or a combination of them. (1) The

initial abrupt transition from lower flat to ramp, which tends

to be smoothed out into a more listric fault shape as material

is progressively advected along it; this may be accompanied

by either an upward migration of diffuse deformation or by

the formation of a discrete hanging wall short-cut. (2) The

advection of backthrusts—along with material in its foot-

wall—over the ramp of the forward shear. During

progressive convergence, backthrusts accommodate less

displacement than forward shears. Cessation of activity

along a backthrust and its passive transportation along the

forward shear may trigger additional diffuse or discrete

deformation. Discrete deformation will result in the creation

of a horse structure as a new forward shear forms semi-

parallel to the older forward shear. The horse structure is

accentuated by the fact that the initial forward shear has a

slight concave upward shape (which is related to the basal

shear stress; cf. Section 6.4), whereas the younger forward

shear in its hanging wall tends to be more linear.

The ring shear tests (Section 2.1) indicate that both

quartz and corundum sand exhibit elastic/frictional plastic

behaviour with strain-hardening prior to failure and

subsequent strain-softening until the onset of dynamic

stable sliding at constant frictional properties. This

behaviour is very similar to experimentally determined

stress–strain curves of natural rocks at low confining

pressure. Therefore, the results of the analogue model may

have implications for the interpretation of natural shear

zones in upper crustal rocks. Discrete faults in the model

correspond to major through-going fault zones in nature

characterized by narrow zones of intense deformation and

referred to as fault-cores, whereas diffuse deformation

might be expressed in nature by damage zones that occur

near major faults and are generally characterized by

distributed small-scale faults and fractures (e.g. Chester

and Logan, 1986; Chester et al., 1993; Caine et al., 1996;

Wilson et al., 2003) Experimental results suggest that: (1)

natural shear zones may broaden by diffuse or discrete

deformation after initial strain localisation along a narrow

fault zone, (2) the width of the shear zone (including

associated damage zone) reflects the total cumulative

displacement along the fault, (3) deformation tends to

become progressively younger in the hanging wall of a

forward thrust, and (4) forward shears tend to be broader

than back shears (Shipton and Cowie, 2001, 2003).

6.3. Width of shear zones in the numerical model

Since the numerical model uses the continuum approxi-

mation, discrete shears cannot be represented The scaled

element size was chosen to be smaller than the width of

shear zones observed in the analogue model. Some of the

shear zones imaged in the numerical model are initially

comparable in scaled width to those in the analogue model.

The difference occurs when material is advected through

shear zones, for example, the forward thrust seen in Fig. 8b.

In this case, a ‘numerical diffusion’ occurs between strain-

softened and unsoftened regions due to the mesh resolution,

causing the strain-softened region to be gradually diffused in

the direction of forward propagation, and the shear zone to

widen before it is abandoned to form the next (in sequence)

thrust. This phenomenon makes it impossible to observe

detailed shear zone features, such as the horse structures that

develop in the analogue model.

To test the effect of mesh density on numerical model

results, the frictional model from Fig. 8b was run at double

horizontal mesh density (Fig. 13). Results are shown for 8, 9

and 10 km convergence, and illustrate the same basic

dynamics, although some details of the shear zones are

different. In particular, the higher mesh density model

develops a double shear zone in the second forward-

stepping thrust. This is similar to the horse structures seen in

the analogue model, and suggests that limited mesh

resolution may be misrepresenting these features as one

broad shear zone. Despite this difference, the overall

similarity in dynamics is encouraging.
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The higher mesh density (Fig. 13a) does not produce

narrower shear zones in general, suggesting that these are a

function of other parameters. For example, broadening of

shear zones in the numerical model may be a function of our

choice of strain-softening parameters. In general, the width

of thrust slices depends on how long shear can continue to

operate on the previous thrust (i.e. how misaligned it can be

before a new thrust develops). The sensitivity studies in

Section 4.3 illustrated how this depends on the strain-

softening parameters. A more realistic material represen-

tation of the processes occurring in a shear zone is needed to

further explore this effect. This will require more detailed

analogue studies to fully constrain the properties of

frictional materials.

6.4. Listricity and dip of shear zones

Both the analogue and numerical frictional models show

a zone originating from the slot in which the forward thrust

is almost horizontal, and which gradually curves up towards

the surface. As discussed in Section 4.2, the listricity results

from the interaction of horizontal compressive stresses

caused by the wall boundary condition, with shear stress

along the high-friction base. The basal shear stress causes a

rotation in the direction of maximum compressive stress, s1

(Mandl, 1988; Mäkel and Walters, 1993). The distance over

which the forward shear zone is almost horizontal grows

with each episodic thrust slice (Fig. 8a and b). By the

development of the third forward thrust, this zone extends

under most of the existing wedge.

An important discrepancy between the analogue and

numerical models is that the non-associated plastic flow law

in the finite element code does not permit dilation. Although

the effects on volumetric strain are expected to be small,

neglect of dilation means that shear zones that develop in

the numerical model are (in general) steeper than the

equivalent faults in the analogue model. This is important

because it controls the width over which pop-ups develop,

and may change the relative timing and sequence of

thrusting in frictional and frictional-viscous experiments.

The discrepancy in thrust dips may explain why we need

cohesion to be at the low end of those scaled from the

analogue experiments, in order to reproduce the thrust

sequencing seen in Fig. 8a. It may also explain the

difference in initial location of the second pop-up (near

the décollement termination) between the frictional-viscous

analogue and numerical experiments, as shown in Fig. 11.

When using this type of numerical model to analyse timing

of thrust development and wedge taper in real thrust wedges

(e.g. Willett, 1992; Willett et al., 1993), this discrepancy

should be taken into account.

7. Concluding remarks

The qualitative agreement between analogue and

numerical experiments of frictional and frictional-viscous

wedges is encouraging even though discrepancies do exist.

It demonstrates that the continuum approximation used in

these types of numerical models need not preclude the

modelling of frictional materials such as sand, provided

caution is taken to properly scale the experiments, and some

of the limitations (e.g. in representing dilational and strain-

softening parameters) are taken into account. In general, the

boundary conditions in nature (for example, those that can

generate an accretionary wedge) are not known with

certainty as in the laboratory boundary conditions used

here. On the other hand, the ‘strong’ boundary condition

DOUBLE MESH NOMINAL

8 km

9 km

10 km

Fig. 13. Effect of increased mesh density on the frictional numerical experiment. Results after 8–10 km convergence with double horizontal mesh density (left-

hand side) and results from Fig. 8b (right-hand side) for comparison.
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imposed at the slot in the experiments shown here provides a

relatively stringent test because of the high stresses and

strain-rates around this region. The closer match between

frictional-viscous analogue and numerical experiments

results from a softening of this strong boundary constraint

via the viscous medium.
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