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Abstract—Until quite recently our understanding of the basic mechanical process responsible for

earthquakes and faulting was not well known. It can be argued that this was partly a consequence of the

complex nature of fracture in crust and in part because evidence of brittle phenomena in the natural

laboratory of the earth is often obliterated or obscured by other geological processes. While it is well

understood that the spatial and temporal complexity of earthquakes and the fault structures emerge from

geometrical and material built-in heterogeneities, one important open question is how the shearing

becomes localized into a band of intense fractures. Here we address these questions through a numerical

approach of a tectonic plate by considering rockmass heterogeneity both in microscopic scale and in

mesoscopic scale. Numerical simulations of the progressive failure leading to collapse under long-range

slow driving forces in the far-field show earthquake-like rupture behavior. En Echelon crack-arrays are

reproduced in the numerical simulation. It is demonstrated that the underlying fracturing induced acoustic

emissions (or seismic events) display self-organized criticality—from disorder to order. The seismic cycles

and the geometric structures of the fracture faces, which are found greatly depending on the material

heterogeneity (especially on the macroscopic scale), agree with that observed experimentally in real brittle

materials. It is concluded that in order to predict a main shock, one must have extremely detailed

knowledge on very minor features of the earth’s crust far from the place where the earthquake originated.

If correct, the model proposed here seemingly provides an explanation as to why earthquakes to date are

not predicted so successfully. The reason is not that we do not understand earthquake mechanisms very

well but that we still know little about our earth’s crust.
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1. Introduction

The recognition of a connection between earthquake related processes and critical

phenomena, together with numerical models of earthquakes, have resulted in

significant progress in the theoretical interpretation of earthquakes (BAK and TANG,

1989; CALDARELLI et al., 1996; CANNELLI et al., 1989; HEIMPEL, 1997; MILTENBER-

GER et al., 1993; SCOTT, 1996; ZAPPERI, 1997). However, the mechanism behind this

self-organization and the precise relationship between these largely different time
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scales are still lacking (MILTENBERGER et al., 1993), and a clear picture of how

earthquakes develop has yet to emerge (SAHIMI and ARBABI, 1996). Experimental

investigations reveal that failure behavior of brittle material strongly depends on the

material heterogeneity (MOGI, 1985). One major question for numerical modeling of

earthquake’s is in what scale the heterogeneity should be represented in the model.

Although from the viewpoint of micro-scale, many previous numerical models

(CALDARELLI et al., 1996; MILTENBERGER et al., 1993; SCOTT, 1996; ZAPPERI et al.,

1997) are considered as representing a heterogeneity feature of the natural materials,

most of the models behave homogeneously in macroscopic scale by exhibiting a

failure process that is too brittle (SCHLANGEN and VAN MIER, 1994) and without

revealing any seismic cycle behavior. However, seismicity is often not randomly

distributed but spatially clustered (TANG and KAISER, 1998). These clusters were

interpreted by Reifenberg (STEWART and SPOTTISWOODE, 1993) as areas of high local

stress. We further propose that the spatial clustering can also be interpreted as areas

of weakness even if in a low local stress level, which is believed to be related to the

seismic cycles recorded in the crust failure. Pursuing the latter view, simulation is

presented by using a Rock Failure Process Analysis code (TANG, 1997), RFPA2D,

developed based on finite element method (FEM) with proper consideration of

failure mechanisms. In the simulation we try to specify the conditions of material

heterogeneity both in microscale and in mesoscale.

2. Model Setup and Numerical Results

The geometry used for the simulation is a two-dimensional square block that is

loaded in both spatial dimensions (as shown in Fig. 1). The model mesh contains

170 · 170 ¼ 28,900 elements. We introduce the mesoscopic scale heterogeneity for

some nonuniformly distributed weaker inclusions (5 weaker inclusions marked 1, 2,

5 with their strength and elastic modulus one half lower than that of the matrix are

setup in the model). The mesoscopic heterogeneity represents the variation of the

inclusion size, shape, mechanical properties and the volume percentage. The

microscopic heterogeneity represents the variation of the mechanical properties for

the elements composing the inclusions. Every inclusion has its own geometric and

mechanical properties. The microscopic heterogeneity for the elements composing

the inclusions and matrix is achieved to assign to the elements random strength and

elastic modulus by assuming a Weibull distribution (TANG et al., 1993). We use a

smeared failure approach that a microfracturing or quake occurs when the stress of

a element satisfies a strength criterion. The simulation proceeds as follows. We

apply an external displacement with a constant rate in the y direction and a

confining stress in the x direction of the block. We compute the stress and

deformation in each element. The external displacement in y direction is then

slowly increased step by step. At certain steps the stress in some elements satisfies
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strength criterion, the element is damaged either in shear or in tension and becomes

weak according to the rules specified above. The stress and deformation

distribution throughout the block is then adjusted instantaneously after each

rupture to reach the equilibrium state. At positions with increased stress due to

stress redistribution, the stress may exceed the critical value and further ruptures

are caused. The process is repeated until no failure elements are present. More

external displacement is then applied. In this way the system develops a

macroscopic fracture. Energy is stored in the elements during the loading process

and is released as acoustic emissions through the onset of element failures. Owing

to the stress redistribution and the long-range deformation induced interactions, a

single element failure may induce an avalanche of additional failures in neighbor

elements leading to a chain reaction releasing more energy.

The pattern of fracture process shown in Figure 2 reproduces the main features of

mechanical tests on brittle materials and mimics the basic characteristics of

earthquakes. As shown in Figure 2, the rock first develops isolated microfractures

which are nucleated in the weak regions (stage B in step 68). As the applied strain

increases, more weak regions develop fractures (stage C in step 86), while the other

regions remain relatively intact. After some time the fractures coalesce (chain

reaction) and a shear failure zone emerges that explains the existence of self-

organized criticality (stage D in step 108).

1

2

5

4

3

Figure 1

Numerical model mesh. There are five weak zones called the inclusion zones, located in the sample with the

average elastic modulus (and strength) of the inclusions marked 1, 3, 4, and 5 being 50% lower than the

surrounding materials, and the inclusion marked number 2 being 75% lower. The brightness of the gray

shading indicates the heterogeneity of the element elastic modulus (high ¼ white, low ¼ black).
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A-Step 25 D-Step 108

B-Step 68 E-Step 122

C-Step 86 F-Step 149

Figure 2

Numerical simulation of failure mode (simulated with RFPA2D) (Dark areas indicate zones of lower stress

relative to the rock strength).
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3. Discussion and Conclusion

The progressive failure of brittle materials has been exhaustibly investigated by

numerical studies using lattice network models (CALDARELLI et al., 1996; MILTEN-

BERGER et al., 1993), or granular models (SCOTT, 1996; LIU et al., 1994), or even an

electrical resistor network (ZAPPERI, 1997) as a analogy. The results from our failure

simulation show other features.

Firstly, a Coulomb criterion envelope with a tensile cut-off (BRADY and BROWN,

1993) is used so that the failure of the elements may be either in shear or in tension

depending on the combination of the principal stresses r1 and r2 for the two-

dimensional model. However, most of the existing numerical models are difficult to

simulate the complex failure modes involving mode I and mode II fractures in

heterogeneous geomaterials. By introducing threshold value for the length of a spring

without considering the difference between tensile strength and compressive (or

shear) strength, the predicated damaged bands in most of the lattice network models

(ZAPPERI, 1997; MARDER and LIU, 1993; ABRAHAM et al., 1994) can only resemble

the geometrical structure of the failure surface in tensile fracture mode. However,

instead of modeling the failure process in a microscopic scale (such as atom model),

the numerical models for geo-materials are in a mesoscopic scale, and, in which scale,

rock exhibits a strength difference between tension and compression due to the

existence of defects or flaws. Near the earth’s surface, overburden pressures are small

so that a large-scale tensile failure phenomenon may occur. At seismogenic depths,

however, unless fluid pressures are abnormally high, all principal stresses become

compressive and the rock must fail mainly in shear or in the combination of shear

and tension (LOCKNER and MOORE, 1992). While tensile fracture is a relatively simple

failure mode, shear failure of brittle rock can be a more complicated process,

involving a number of stages of damage accumulation (LOCKNER and MOORE, 1992),

which represents a great challenge to numerical modelers in geophysics. Scott’s

granular model (SCOTT, 1996) appears to offer a possible shear mechanism for the

occurrence of earthquakes, but whether such a granular model is a good

representation of the brittle crust is also questioned (SCHOLZ, 1996).

The failure mode shown in Figure 2 can explain the formation of fault which is

nucleated in relatively intact rock and tends to grow and organize, not as straight

initiated, but more often as self-affine structures composed of many strands of varying

lengths, leading to the geological concepts of fault segments and barriers. It is of

interest to compare the numerical results with the experimental observations made by

LAJTAI et al. (1994). After examining the failure mode of potash salt rock both in site

and in laboratory, LAITAI et al. defined two types of fracture patterns: en echelon

tensile crack-array pattern and en echelon shear crack-array pattern. A further

examination of the numerical results shown in Figure 2 suggests that the simulation

agrees well with the experimental observation made by LAITAI et al. As shown in the

figures, during the pre-peak failure stage, the fracture of the model sample involves the
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propagation of numerous tensile cracks that normally run parallel to the direction of

the axially compressive stress. The weak inclusions more or less control the crack path

at the mesoscopic scale (stage B-D). At the macroscopic scale of the model, the

loading stress controls the fracture propagation direction. In the post-peak failure

stage or the strain-weakening stage (stage D-F) we can see the appearance of inclined

(so-called shear) fracture zone in macroscopic scale. Eventually, the whole en echelon

array collapses forming a so-called shear fracture or fault. It was found that due to the

stress redistribution, the area away from the shear zone was elastically restored.

Secondly, it is noted that the existence of such weak zones demonstrates a more

realistic image of earthquake sequences. The simulation shown in Figure 3 illustrates

the associated seismicities in the evolution of a fault zone, and presents a complete

image of foreshocks, main shock and aftershocks. Due to the mesoscopic

inhomogeneities, the fracture development occurred in the 1st week inclusion until

the much stronger neighborhood matrix is encountered. Then, fracture growth stops

and another fracture nucleates in other weak zones (3rd weak inclusion). The growth

of the new fractures also stops when it encounters another stronger area between the

weak inclusions, and so on. This gives rise to large fluctuations in the cumulative

elastic energy released as seismic events during fracture. This is repeated in cycles that

are similar to the earthquake data (see the marks A, B, …F shown in Fig 4). It is

found that only three weak inclusions (marked 1, 2, 3) along a line (the potential

shear zone) are active. Thus we may view seismicity in a region as a sequence of

fracturing cycles, where each cycle represents a progressive cooperative stress buildup

and fracture nucleation that culminate in some manner of a critical point which is

characterized by global failure in the form of a large earthquake. Note that a similar

conclusion has been inferred by SAHIMI and ARBABI (1996).

Understanding the factors that control foreshock occurrence is critical for

determining how large earthquakes initiate and whether reliable short-term predic-

tion will ever be possible (ABERCROMBIE and MORI, 1996). The seismicity illustrated

in Figure 4 shows more clearly how the microfracturing evolves in the manner

forming the entire imaging of foreshocks, main shock and aftershocks. The seismic

events (fracture-avalanche statistics) and their energy lost during failure are

computed by recording the number of failed elements and the size of an avalanche.

Before the main shock occurs, long-range correlation develops at many scales that

leads to the cascade of events (earthquakes) at an increasingly larger scale. Note the

irregularity of the events in Figure 4. At several points the shock is almost dying, and

its continued evolution depends on minor details of the material properties in the

model. Similar seismic features have been observed in experiments investigating

quasi-static fault growth on Westerly granite and Berea sandstone (LOCKNER et al.,

1991; LOCKNER and MOORE, 1992). These results imply that self-similarity and

criticality on a fault emerge during an earthquake cycle, and suggest that the

character of local seismicity can be useful in earthquake forecasting by revealing how

advanced a fault is within its cycle (HEIMPEL, 1997). Thus in order to predict a main
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A-Step 25 D-Step 108

B-Step 68 E-Step 122

C-Step 86 F-Step 149

Figure 3

Numerical simulation of source location of seismicity (simulated with RFPA2D) (black circles indicate

event locations during current loading step; gray circles represent cumulative events of previous steps).
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shock, one must have extremely detailed knowledge of very minor features of the

earth’s crust far from the place where the earthquake originated. If correct, the model

proposed here seems to provide an explanation as to why earthquakes thus far are

not predicted so successfully, and the reason is not that we inadequately understand

earthquake mechanisms but that we still know little about our earth’s crust.

The increase of the external inputted energy is balanced by the damage in such a

way that the stress drops in a brittle manner. Figure 4 also illustrated that every large

Figure 4

Stress-stain curve, AE counts energy release (simulated with RFPA2D).
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increase of acoustic emissions and released elastic energy resulted in a large stress

drop (see the curves with marks D, E and F).

If we define the avalanche size n as the number of elements damaged for a given

magnitude increment, and find that, as in the lattice model (MARDER and LIU, 1993;

ZAPPERI, 1997), the frequency and magnitude relation in our simulation also exhibits

a power-law behavior (TANG, 1997).

The point that the weakening of large faults by elevated pore-fluid pressure is

suggested as one solution to the San Andreas Fault heat-flow paradox is questioned

by SCOTT (1996) with his granular model. Again, our model also removes the need for

this relatively complex idea. Although there are many factors that may influence the

initiation of earthquakes, factors such as pore-fluid pressure, rate-dependent friction

or slip-dependent strength, etc., are not the prerequisites to initiate an earthquake. In

the self-organization criticality (SOC) systems (BAK and TANG, 1989), instability

occurs when the value of the relevant field exceeds locally some critical value and there

is no parameter (pore-fluid pressure, for instance) to be adjusted in order to reach

criticality—the system self-organizes into a critical state (CALDARELLI, 1996).

We note that the present model can also be used to simulate the failure process

and organization of slow earthquake (SEGALL, 1996) (swarms) and explain why

failure sometimes occurs slowly and at other times catastrophically by adjusting the

heterogeneity and stiffness in the model respectively (KAISER and TANG, 1998; TANG

et al, 1993). It is worth noting that instead of a constant strain rate, when we load the

model in a constant stress rate, the failure process will be put into a sweeping of

instability. This is quite similar to the reported result with a resistor network model

(ZAPPERI, 1997), in which case if the system is driven by imposing a constant current,

no steady-state is observed and the system is driven to an instability corresponding to

the critical current of the voltage-driven experiment. These simulations should

eventually improve our understanding and help to determine under which conditions

the failure process will result in stable faulting that if takes a long time to complete

(SEGALL, 1996) or in unstable faulting which produces an earthquake.
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