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Generally accepted concepts:

- The cycles of earthquake slip and inter-seismic fault healing lead to time-
dependent evolution of fault-zones (e.g., Wesnousky, 1988; Marone et al., 1990; Muhuri et 
al., 2003).

- Fault zones include surfaces of localized slip surrounded by damaged host rock 
(e.g., Chester et al., 1995).

- Slip Localization within gouge or cataclasite layers and the associated weakening 
lead to earthquake dynamic instabilities (e.g., Dieterich, 1981).

- Many fault-zones are complex assemblages of fault rocks (gouge, mylonite, 
cataclasite), and host rock blocks of heterogeneous properties.

Present analysis:
Mechanisms of reactivation and localization in a complex, heterogeneous fault-zone.



Outline

I. Field observations of the complex structure of a heterogeneous fault-
zone (the Pretorius fault) and the earthquake rupture (M2.2) along it.

II. Rock- mechanics experiments of the fault rock and the host rock.

III. Finite element analysis of shear and slip localization.
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Field observations

Study area for field observations

Tautona mine, Witwatersrand basin, 
South Africa

The NELSAM site is located at  depth of 
3.6 km

The Pretorius fault is one of the largest 
faults in the Western Deep Basin
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The Pretorius fault:

- Vertical fault zone of steeply dipping, 
anastomosing segments
(complexity of the fault zone)

- 10 km long, 30 m wide 
- Displacement: 

-Horizontal ~200 m;
-vertical throw < 60 m

- Inactive for about 2 Ga

- Reactivated due to current mining
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The host rock:

- Quartzite

- Fine to coarse grained with several 
pebble beds

- Low grade burial metamorphism

The fault rock:

- Cohesive cataclasite

- Composition similar to host rock 
(quartzitic), but of finer grain

- Abundant granular flow structures

- Low grade burial metamorphism



5 cm

The rupture of m2.2 earthquake (Dec 2004) reactivated the Pretorius fault

We mapped the rupture zone for 25 m horizontally and 6 m vertically in a few cross-
cutting mining tunnels at a depth of 3.6 km

– Reactivation of 3-4 quasi-planar, crosscutting ancient fault segments
– Rupturing predominantly along contacts between the quartzitic host rock and the 

cataclastic fault rock
– Generation of 1-5 zones of fine-grained fresh gouge (“rock flour”)



Rupture surface with 
fresh gouge

Displaced rock bolt

Displacement

Wing cracks in the 
hanging wall indicate  
normal-dextral slip

Displaced rock bolds 
reveal normal-dextral 
slip up to 25 mm 



Rock mechanics experiments

Quartzite samples:
Cylinders: 75 x 25 mm

Fault rock samples:
Rectangular Prisms: 55 x 18 x 18 mm      

Conditions:
Confining pressures: 20, 60, 120 and 200 MPa

Shortening rates 1 – 3⋅10-5/s

Experiments on 34 samples from within the fault zone, collected from continuous drilling
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Micro-mechanisms of damage within the samples
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Finite element analysis

Analysis of an elliptical inclusion 
(idealized fault geometry)

FEM code:
- ABAQUS/ Standard, student edition, v6.6
- 2D analysis

Dimensions:
- 80 m x 80 m block
- Elliptical inclusion with aspect ratio 1:10 

Boundary conditions:
- Plane-strain
- Boundary applied displacements: 

0.006 shortening, 0.005 extension 
- 6-node modified quadratic, triangle elements
- Reduced mesh size towards the inclusion

Plane-strain displacement 
field for the boundary applied 
displacements



Yield strength 
(MPa) Plastic strain

200 0

300 0.01

350 0.022

Material properties:
- Quartzitic host rock: isotropic elastic-plastic
- The inclusion: isotropic elastic
- Elastic and plastic properties are derived 

from the rock-mechanics experiments

Input for the plastic material properties 
of the quartzite
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Strain gradient effect

Gradients in shear strain result in slip localization and failure

Theoretical analysis of strain gradients in metals (Fleck and Hutchinson, 1993)

The quantity of the gradient is controlled by:

-A material length scale (particle size)

-Difference in shear modulus

-Geometrically necessary amount of dislocations

More compliant medium

Stiffer medium

Figure: A bi-material interface under remote 
shear between two dissimilar elastic solids
(Fleck and Hutchinson, 1993) 



Field observations:
1. Slip during the recent earthquake is predominantly localized along the contacts between 

the quartzitic host-rock and the cataclastic fault-rock. 
2. The host-rock exhibits plastic strain damage and strain hardening already at ~0.15 

ultimate strength (Brittle-Plastic).
3. The cataclastic fault-rock is highly brittle with no strain hardening prior to failure

Model results:
1) The shear strain inside the fault-rock (model inclusion) is lower than the shear strain in 

the host-rock (model medium).
2) Abrupt increase of the shear strain at the contact between fault-rock and host-rock

Discussion:
a. The gradient of shear strain at the contact reflects the plasticity (damage) of the host-

rock
b. This gradient could nucleates the slip localization
c. Contrast of mechanical properties within a heterogeneous fault-zone can control fault 

reactivation and slip localization.


