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ABSTRACT OF THESIS 
 
 
 
 
 

 ROLE OF WEAK ZONE GEOMETRY  
AND RHEOLOGY IN THE GENERATION OF INTRAPLATE SEISMICITY 

 
In intraplate seismic zones (e.g. the New Madrid Seismic Zone, NMSZ, in the south-

central United States), the source of stress that drives earthquake is very complex. Data 
from the NMSZ indicate 3 earthquake of magnitude M~7, occurring at an approximate 
interval of 500 years during the last 2000 years. One hypothesis that satisfies these 
conditions proposes that short-lived bursts of earthquakes may result from perturbations 
in the local or regional stress field. This causes relaxation of a lower crustal weak zone 
which drive repeated earthquakes.  The number of earthquakes is dependent on the 
geometry and rheology of the weak zone.  Using finite element techniques which employ 
contact surfaces to model discrete faulting events and a maximum shear stress criteria 
evaluated at each node.  We investigate the relevant parameter space, as it affects the 
concentration of stress at the base of the seismogenic fault and the number of earthquakes 
generated over a given time interval.  Parameters that can be varied include earthquake 
stress drop, background tectonic stress, and maximum shear stress at failure.    Results 
show that solutions are non-unique.  With the addition of existing observational evidence, 
however, we can place bounds on the range of parameters which satisfy above 
observations. 
 
 
KEYWORDS: Finite Element Methods, Friction Subroutine, Intraplate Seismic Zone, 
Rheological and Geometrical Parameters, New Madrid Seismic Zone. 
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Chapter-1 

Introduction 

Abstract 

There are two objective of this thesis; engineering and scientific.  Each involve 

pushing the limits of the current state of the limits of current state of knowledge to a 

higher level and developing methods to solve one of the most complex existing problems 

in the science of the Earth i.e. intraplate earthquakes.  This topic is relatively less 

understood and quite untouched in the geologic community.  The aim here is to develop a 

time dependent Finite Element (FM) Model to simulate the New Madrid Seismic Zone 

(NMSZ), which is capable of generating major earthquake in the region with a frequency 

of 500 to 1000 years.  The objective of this thesis will be to expand the geometrical and 

rheological parameter space to place bounds on possible geometries and rheologies. 

 

1.1  Background 

The earth is subjected to complex ongoing phenomena of creation, operation and 

destruction, made up of known and unknown factors, all of which are affecting human 

life.  The tendency of the human mind has always been to find out these things, 

understand and master them.  The basic approach has always been to divide the system 

into individual components or elements, whose behavior is readily understood, and then 

rebuild the original system from such component to study the behavior of system as a 

whole, through the incremental understanding of the effect of one element on the another 

and on the whole system.  This is the way in which the scientific investigation proceeds.       

Finite element procedures are prevalent in the engineering analysis.  The application 

domain of the finite element has drastically increased in the past decade with continuous 

improvement in the existing methods.  This growth is supposed to accelerate in the 

coming time.  Currently this procedure is employed extensively in he field of analysis of 

solid, structures, heat transfer, fluids and virtually all fields of the practical engineering 

analysis.  Given the wide applicability of finite element and successful results, the scope 

of Finite Element Method (FEM) has been extended to the unexplained realm of 
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problems of science.  Investigations in this thesis concerns the application and 

development of finite element procedures to solve geological science problems with 

concentration on the intraplate earthquake mechanism. 

In the efforts to ascertain the character of continuous system, we mathematically 

divide a system into infinitesimally small components.  This leads to differential 

equations, which imply an infinite number of degree of freedom.  This technique has 

evolved into FEM by keeping element size small but finite.  With the current 

computational capability of digital computers these discrete problems can be solved.  

Hence the continuous problem can be approximated with reasonable accuracy depending 

upon the number of the finite elements the problem can be divided into.  To overcome the 

intractability of the continuum problem, various methods of discretization have been 

proposed, both by engineers and mathematicians.  Continuous development in the 

methods of discretization (mesh generation) and increasing computational capacity are 

pushing the limits. All tend to involve an approximation which hopefully approaches to 

the limit of the true continuum solution. 

 

1.2  Intraplate Earthquake and NMSZ. 

Intraplate earthquake are a geophysical phenomenon.  Geophysics is the science of 

the earth.  In order to understand the character of such phenomenon of science, 

experiments are essential and geophysics is no different.  Experiments are required in this 

case as well to understand the associated backdrop.  But the need for very large scale of 

space and time leads to practical impossibility.  These leaves geologists with no 

solutions, other then to study the earth as it exists and draw conclusion about the 

processes that shaped it’s currents state.  Development of computation models in support 

of proposed hypothesis is needed. 

Seismic hazards map of the USA (Figure 1.1), clearly indicates the zones, having 

potential danger from the earthquake that exist in the central-eastern United States, i.e. 

the NMSZ.  At some probability level, the NMSZ has potential of producing earthquakes 

of equivalent magnitude as those that have been witnessed in California.    The NMSZ is 

situated in the mid-continent.  This area has thicker, colder, older rock, hence seismic 
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wave travel longer distances.  This affects a larger area than affected by an equivalent 

magnitude earthquake in the western US (Figure 1.2).  Also eastern United States on 

average is more densely populated as compared to the western US, which increases the 

overall hazards potential of NMSZ. 

 

 

Figure 1.1 Probabilistic seismic hazards maps of USA.   

[http://eqhazmaps.usgs.gov/html/us2002.html] 

 

Earthquakes have been known to exist at plate boundaries where plates move against 

each other with intermittent slips giving birth to earthquakes.  The NMSZ involves a 

different mechanism that gives rise to recurrent earthquakes far from the plate 

boundaries.  The hazards in the NMSZ are many ways more challenging than in the 

western US and the uncertainties are much greater.  In western US careful, study has led 

to relative consensus on the issues most critical to seismic hazards assessment. 

This is not the case for the NMSZ.  The low hazards model proposed by the Newman 

et. al. [1999] contradict model by Stuart et. al. [1997] and Kenner & Segall [2000].  For 

the reason explained previously, the three major earthquakes of 1811-1812 in NMSZ 

affected an area much larger than even the famous 1906 California M 7.8 earthquake 
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(Figure 1.2).  The paleoliquefaction evidence from the NMSZ shows that earthquake with 

effects comparable to those of 1811-1812 have occurred at least three times.  However, 

earthquakes of moderate size seem to be missing in the geologic, historic, and 

instrumental records of the NMSZ.  There is less certainty of exact magnitude (which is 

M>7.0 at least) of the earthquakes differing by half unit of magnitude.  Various estimates 

for the magnitude earthquake lie between 8.5-7.3.   This lack of preciseness may not be 

as important if we take note of historical observations of the effects of the earthquakes.  

Occurrence of such event may cause severe landslide hindering river traffic and potential 

failure of the bridges across the Mississippi river. 

 

Figure 1.2 Areas affected by  earthquake of similar magnitude 1811-1812 NMSZ and 1906 California.  

Darker shading indicates minor to major damage to buildings and their contents.  Outer lighter shading 

indicates that shaking was felt but objects receive little or no damage.  

[http://www.eas.slu.edu/Earthquake_Center/EQInfo/Flyers/CUS/NM_06_Intensities.html] 

 

One of the factors making study of NMSZ so challenging is erosion due to the 

Mississippi river which buries most evidence of surface faulting and has deposited up to 

1 km of unconsolidated sediments since the Cretaceous (i.e. 65 million years ago). This 
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masks deeper evidence of faulting.  It is very difficult to state something firmly in 

absence of topographic relief in the NMSZ.  Current subsurface data can give only 

estimates about very recent geologic time.  It is a scientific mystery of, how and why 

such rates of stress transformation can occur in NMSZ so as to generate seismic activity 

of such frequency and magnitude. 

 

Figure 1.3 
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1.3  Modeling Philosophy 

A tectonic model of the NMSZ should satisfy at least the following criteria: events 

comparable to those in 1811-1812 recur about every ~500 years; the active fault system is 

probably not longer than ~200 km and geodetic observation show a notable lack of 

relative motion across the fault.  There is no far field motion.  These observations clearly 

indicate the inapplicability of physical/ computational models which work well in plate 

boundary conditions.  A number of appropriate hypothesis have been proposed to explain 

the seismicity in NMSZ and computational models have been developed and analyzed for 

NMSZ.  One of the strongest hypotheses was proposed by Kenner and Segall [2000].  

This thesis is based in Kenner and Segall [2000] model, which is a unique model in the 

sense that it produces repeated earthquake in the NMSZ region, along with satisfying 

other boundary conditions like zero far-field velocities and small cumulative slip on the 

fault.  This potentially explains how significant intraplate earthquake can occur 

recurrently. 

The model chosen to interpret geodetic measurements, directly affects estimated 

fault slip rates.  Such model should also be consistent with all available information like 

applied boundary conditions.  Present day strain-rates are low but prior to Holocene ( i e. 

last 10,000 years) deformations rates were even orders of magnitude lower than that of 

today.  A high rate of seismicity is also proposed during Holocene, which is attributed to 

weakening of the sub-crustal zone [R Van Arsdale, 2000].  Table 1.1 gives details of the 

displacement history of the NMSZ. 

Table 1.1 Displacement history and slip-rate in the NMSZ [R Van Arsdale, 2000]  

Geologic Time Years 
(million years -my) 

Slip (meter-m) Slip Rate 
(mm-year-1  )  

Late Cretaceous-Present 80 my 73 0.0009 
Late Cretaceous 80-65 my 10 0.0007 
Paleocene 65-54 my 21 0.002 
Late Paleocene-Eocene 54-45 my 11 0.001 
Late Eocene-Holocene 45 my- 9000 y 15 0.0003 
Holocene 9000 y – Present 16 1.8 
Late Holocene AD 900- 1812 5.4 6.2 
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1.4  Overview of  Thesis 

The second chapter deals with the background of the NMSZ, which summarize 

geological structure, throws light on the recent research in the NMSZ and gives a brief 

description of previous FE modeling endeavors and a summery of their outcomes.  A 

weak viscoelastic zone underlying the lithosphere is developed as the cause of induced 

seismicity.  Strain emanating from the relaxing weak zone then gets dissipated along the 

critical fault with in the NMSZ. 

The third chapter details the development of the different rheologies used in this 

analysis.  It also discusses the geometric parameter space which will be studied.  Finally 

chapter three addresses the FE technologies and initial condition which are necessary to 

properly precondition the model.  

The fourth chapter deals with the fault friction criterion, putting up logic behind the 

implementation of the friction subroutines used in ABAQUS.  Faulting is one of the 

complex phenomenon when it comes to numerical modeling of contact surfaces.  Logic 

developed involves use of book-keeping parameters for the status of fault after every 

equilibrium state/iteration. 

Appendix A has been attached to throw light on the bench-marking efforts 

undertaken to establish the efficiency of the ABAQUS to solve viscoelastic problems 

when *VISCOELASTIC keyword as compared to *CREEP is used for Maxwell 

materials.  These efforts are essential to make sure parameters supplied to the numerical 

model exactly represent the equivalent analytical values.  Careful efforts are made to 

derive the parameter values in the format that is supported by the ABAQUS.  

  

  

 

   

 

 

 
Copyright © Abhishek Joshi 2005 
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Chapter-2 

 

Progressive Model Development 
 

2.1  Introduction and Significance 

While most of the earthquakes occur at plate boundaries, the occurrence of large 

intraplate earthquakes can have devastating consequences when their magnitude is 

comparable to plate boundary earthquakes.  This statement evolved from the geologic 

evidence found in central United States, where three major earthquakes of magnitude 

M>7 struck in the NMSZ, within 54 days in the winter of 1811-1812.  These earthquakes 

are inferred to be amongst the largest known intraplate earthquakes in the US.  As 

demonstrated by the Bhuj Earthquake 2001, M~7.7, in Gujrat, India, very large 

earthquake do occur in intraplate regions and can cause widespread liquefaction with 

little expression of faulting or rupture at the ground surface.  Paleoliquefaction data 

suggests at least three large seismic events in NMSZ in the last 2000 years, with the 

recurrence interval of 500-1000 years. The moment magnitude must have been at least 

6.4 or larger to have been big enough to cause this severe liquefaction over large areas 

(Figure 2.1). 

 

2.2  Geography of NMSZ 

The NMSZ is situated within an ancient intraplate rift zone, known as Reelfoot rift, 

principally active during latest Precambrian and/or early Paleozoic time (i.e. about 550 

million years ago) [Hamilton, Zoback and Mckeown, 1982].  The network catalogue of 

micro-earthquake reveals a clear pattern of intersecting planar active faults (Figure.1.3) 

consistent with those that presumably ruptured during 1811-1812.  Two vertical 

southwest-northeast trending faults, ~50 km and ~150 km in length are offset by ~70 km 

long southwest dipping reverse fault known as Reelfoot fault (Figure. 2.1).  The Reelfoot 

fault is approximately perpendicular to the two vertical faults. This dipping fault is the 

only one having observable features on surface.  Aeromagnetic data provide evidence for 

the existence of the large mafic intrusions in the rift (Figure 2.3).   The axis of rift trends 
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approximately N50E.  The rift related faults are in a favorable position to fail within the 

regional stress field which has an approximately N60-65 direction Shmax (maximum 

horizontal compression) [Zoback and Zoback, 1989].  

 
 
Figure  2.1. Schematic map of the NMSZ shows major tectonic features, state boundaries and major rivers.  

Instrumentally recorded seismicity (light dots at epicenters) delineates faults that  probably ruptured in 

1811-1812.  Currently, aseismic structures (dashed lines) may also represent potential earthquake sources 

such as the Reelfoot rift boundaries, the Commerce geophysical lineament, the Crittendon county fault 

zone, and the Bootheel lineament.  The shaded oval approximately covers  the area where >1% of the 

surface is covered by sand blows of all ages, although liquefaction feature has been found far beyond this 

areas.    The heavy dark lines represent the Mississippi embayment, a sedimentary basin, which continues 

into the gulf of Mexico. Altered from Atkinson, G. M. and 24 others [2000] 
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The boundaries of the failed rift are approximately 70 km wide and 300 km long 

[Hildenbrand and Hendricks, 1985], seismic refraction studies reveal an anomalously 

dense “rift pillow” at the base of the crust beneath the rift (Figure. 2.2 and 2.3) [Mooney 

et al., 1983]. The “rift pillow” is characterized by high seismic velocity and high density 

material in the lower crust [Ginzburg et al., 1983; Mooney et al, 1983].  A Mississippi 

embayment in which the Reelfoot rift is located contains 5 km of late 

Precambrian/Paleozoic (From 250 to 550 million years ago) sediments, a major Mesozoic 

(50-250 million years) nonconformity, and 1 km of late Cretaceous/Cenozoic (from 150 

million years to 10,000 years ago) sediments lying above the rift pillow [Ginzburg et al., 

1983].  The nonconformity represents a gradual period of uplift and extension 

accompanied by numerous magmatic intrusions (Figure 2.3).  This shows that the 

Reelfoot rift was reactivated in the mid-Mesozoic [Ervin and McGinnis, 1975; Braile et 

al., 1986].  Geological and geophysical evidence also indicates some episodes of 

Cretaceous magmatic activity [Zoback et al 1980, Hildenbrand and Hendricks, 1985], 

hence crustal structure in NMSZ is anomalous as compared to surrounding region (Figure 

2.3). 

Recent focal mechanisms [e.g., Herrmann and Canas, 1978; Herrmann, 1979] and 

micro-seismicity studies [O’connell et. al., 1982,  Stauder, 1982; Chiu et al., 1992] reveal 

that the NMSZ is characterized by two zones of strike-slip faulting on vertical planes, and 

one zone of thrust faulting on a dipping plane lying between the strike-slip zones.  
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.  

 
Figure 2.2  Small dots in the figure represents earthquakes of  magnitude  0.1 to 5.2.  Lines WW’ is 

perpendicular to ZZ’ which is parallel to rift axis. Location T is top of model perceived dome at the 

intersection of WW’ and ZZ’. Heavy black lines tending northwest are the inferred edges of the Missouri 

batholith.  It is not known how the Missori batholith might affected seismicity in the NMSZ.  Heavy gray 

lines are contours in depth (km) to top of rift pillow.  The arrow is in the direction of far-field plate 

compression . [Stuart et al, 1997] rσ
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Figure 2.3  Bauguer Gravity profile and inferred crustal cross section normal to the Reelfoot rift along line 

ZZ’ in figure 2.2, from Hinderbrand et al [1985]. The top figure shows actual and derived model for the 

gravity profile.  Bottom figure shows inferred boundaries with densities in gcm-3 with labeled interpretation 

[Stuart et al, 1997] 
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Figure 2.4  Regional setting and seismicity (filled circles) within the NMSZ. The hatched regions are  

plutons. Thick lines denote the boundary of the Reelfoot rift. Thinner northwest trending lines denote the 

approximate lateral extent of the Missouri batholith. Solid triangles denote sites in the hypothetical 5 

station continuous network used in GPS uncertainty calculations [Kenner & Segall ,2000]. Both solid and 

open triangles are included in a 28 station yearly campaign network by Stanford University. 

 

2.3  Rheological Properties of NMSZ 

Recent studies have increased our knowledge of the structure and seismicity 

associated with the NMSZ.  As discussed above, the seismicity observed in Figure 2.3, in 

the NMSZ seems to be associated with the anomalous state of a sub-horizontal crustal 

structure and its properties.  A variety of geophysical techniques are being used to define 

the underlying structure and seismicity of the area and a number of hypotheses have been 
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proposed to explain the seismicity in NMSZ.  The “zone of weakness” model, suggested 

by Braile et al., [1986] and Hinze et al., [1998] proposes to explain the major seismicity 

in the area.  In this model contemporary earthquake activity is caused by the reactivation 

of ancient faults associated with the rift, which are favorably aligned for the failure 

within the current regional compressive stress field of eastern North America. These 

models can not provide for a 500 years repeat time as strain-rates in eastern North 

America are too low.  Boundary element modeling [Gomberg, 1992; Gomberg and Ellis, 

1994] suggests that morphologic and geologic features and the distribution of seismicity 

in the area are consistent with tectonic deformation, and slip on two left-stepping, right-

lateral strike-slip faults that are coincident with the northeast trending zone of seismicity.  

Recent GPS study show no observable strain-rate within the uncertainties of the 

measurements [Neuman et. al., 1999, Kerkla et. al., 1998].  The lack of significant long 

term surface deformation has led to the suggestion that the NMSZ is possibly a very 

young geologic feature [Schweig and Ellis, 1994] 

The spatial distribution and characteristics of liquefaction features, serve to estimate 

earthquake magnitude and affected areas.  The enormity of the volume of sand mobilized 

at many of the liquefaction sites in the NMSZ implies that they could not have been 

formed by local events of moderate magnitude.  The paleoliquefaction interpretation also 

suggests that large earthquakes like those of 1811-1812 may be characteristics 

earthquakes repeated in ~500 years.  Multiple units of vented material are evident in 

many of the sandblows and have been interpreted as resulting from major events that 

have occurred within weeks to months of each other.   Thus the paleoliquefaction records 

suggest that the clustering of earthquakes that occurred in 1811-1812 also occurred in 

prior events. 

The earth’s geotherm plays an important role in controlling material properties of the 

crust and mantle. The heat flow of ~60 mW/m2, in NMSZ [ Swanberg et. al, 1992, Liu 

and Zoback, 1997], is somewhat above average though not particularly abnormal.  A 

crustal model based on relatively high heat flow is considered.  An elevated increase in 

temperature with depth from high heat flow is believe to produce a relatively weak zone 

near the base of crust because of the ductile behavior of geological materials at this 

higher temperature [Chen & Molnar, 1983, Chen, 1988].  Based on the heat flow 
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measurement, the assignment of a geotherm based lower crustal viscosity is somewhat 

arbitrary and the results of this model should be considered carefully.  That is why a 

range of rheologies is considered in this study. 

 

2.4  Some Suggested Facts Derived from NMSZ  Observations   

• The rift structure is more developed on the southern arm than on the northern arm. 

The southern arm is aligned above the rift pillow.  The area also contains the 

highest density of liquefaction, and sandblow features.  

• Most of seismicity is concentrated between 4 -15 km depth. 

• Length of strike-slip failure is greater for thrust faulting, although the thrust fault 

is easier to document geologically.  As shown in figure 1.3 the 1811-1812 

earthquake mainshocks are thought to have occurred in each of three fault 

segments in the NMSZ. 

• Increased seismicity Late Quaternary (1 million year ago) and Holocene (10,000 

years ago). 

• Repeated occurrence of earthquake at fairly regular intervals. 

• Presence of  some zone of weakness 

 

2.5  Weakening Mechanism 

It is proposed that either thermal or pressure perturbations affected the region around 

NMSZ during the Holocene.  The model presented requires a sudden perturbation which 

triggers seismicity due to relaxation in the lower crust and upper mantle.  There is no 

specific cause that can be ascertained to trigger the seismicity given the current state of 

NMSZ. 

One hypothesis for weakening is deglaciation at the beginning of the Holocene.   The 

last North American glacial unloading took place a maximum of 10,000 years ago, and 

was relatively fast as compared  with the time-scale of relaxation of mantle materials as 
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well as the time-scale of original loading [Karato & Wu, 1993, Peltier & Jiang 1996].  

Thus even though the finally relaxed postglacial state should be close to the preglacial 

state, the rapidity of relaxation compared with the build-up of the ice load would be 

unique to the postglacial epoch.  After unloading, during viscoelastic relaxation, pressure 

perturbations of several MPa may have been generated at shallow depths at a distance 

approximate 500 km outside the perimeter of former ice sheet. 

1. Deglaciation produces increased pressure gradients, causing mantle material to 

slowly defuse laterally in response to unbending of the North American plate as 

the glaciers recede.  This would have resulted in a stress perturbation at the 

NMSZ causing it to weaken and initiate the young cycle of deformation. 

2. Heating of the lower crust & upper mantle generated by postglacial flow raised 

the temperature of these regions and weakened them.  This effect is generally 

small on laterally homogeneous viscoelastic models, but localization of flow 

within thin regions of the lower crust or upper mantle is possibly produced by 

heterogeneity in the mantle and lithosphere. 

 

2.6  Previous Models of Tectonism/Seismicity 

As pointed out earlier, any effort to produce a tectonic model applicable to NMSZ 

should be capable of producing multiple earthquakes having magnitudes comparable to 

those in 1811-1812 and recur in ~500 year increments.  The fault should be ~200 km 

long, with very small surface strain-rates.  Several models satisfying these criteria have 

been proposed, which are based on the assumption of uniform stress field and some sort 

of heterogeneity in the lower crust that produces deformation in NMSZ.  A brief 

introduction to various model regimes is as follows:  

1. Grana and Richardson [1996] proposed a finite element model without discrete 

faulting but with a stress concentration due to lateral density contrast with in the 

crust i.e. the rift pillow as a possible reason for increased seismicity.  This rift 

pillow is partially supported by the lithosphere, hence in this model the highest 

compression will occur above the thickest portion of the rift pillow generating the 
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thrust faulting.  This implies high seismicity around thickest region. This 

hypothesis is supported by the observed seismicity in the southern arm of NMSZ 

located above the area where the rift pillow is the thickest [Hildenbrand and 

Hendricks, 1985] although this arm is predominantly a strike-slip feature. The 

model generates gravitationally driven body forces which contribute to both the 

present day tectonic stress field and intraplate seismicity.  Consequently this 

model is attractive because the same mechanism is responsible for the local 

subsidence. The same hypothesis has been extended by Pollitz, Kellogg and 

Burgmann [2001].  The addition of local stresses associated with the rift pillow, 

however, results in an approximately 30% reduction in the resolved maximum 

horizontal shear stress.  The main questions on this model are: a)  How long has 

the rift pillow been gravitationally unstable?  b)  How is rift pillow support 

partitioned between the crust and mantle prior to the Holocene (when did it begin 

to sink)? and   c)  How weakening of these regions was accomplished? 

2. Liu and Zoback [1997] proposed that the high rate of seismicity results from high 

ductile strain-rates in the lower crust and upper mantel due to locally elevated 

heat flow. 

3. Cox and Van Arsdale [1997] hypothesize that the passage of the Bermuda hot 

spot in mid-Cretaceous time might have weakened the lithosphere as a result of 

accelerated heat exchange and thereby increase the potential for seismicity in the 

area. 

4. Another hypothesis suggests lateral contrasts in elastic properties such as Young’s 

Modulus within the crust may concentrate stress and promote seismicity within a 

zone of varying elastic moduli.  This intrusion may be either stiffer (stress and 

seismicity concentrated in the intrusion) or less stiff (seismicity in the outer area) 

than the surrounding rock.  The fractures associated with the rift intrusion may 

also serve as a zone of varying stiffness. Hence stress and seismicity can be 

transferred from the rift pillow in the lower crust to the upper crust. [Malvern, 

Continuum Theory, 1969] 
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5. Stuart et al [1997] presented an elastic boundary element model.  They proposed 

that the cause of stress concentration in the NMSZ is slip on a weak sub-

horizontal detachment fault in the lower crust (placed directly above the rift 

pillow).  This leads to the observed seismicity.  The model has far-field velocities 

of zero, a suitable boundary condition for intraplate regions.  However, the model 

does not deal with time-dependent nature of faulting, hence repeated seismic 

events are not considered.  Also this model generates a velocity field at the free 

surface near the fault that was found to be compatible with the geodetic data at the 

time of the paper [Liu, Zoback & Segall, 1992].  The data has been revised since 

that time.  More accurate geodetic data indicates that surface velocities near the 

fault are effectively zero given the significantly smaller uncertainties associated 

with the GPS data.  

      The above models gradually try to cover observations in NMSZ, yet there are several 

potentially active forcing mechanisms in this region, which are still not understood.  

Following are a few examples of this. 

1. The North American regional compressive stress field due to plate tectonics 

forces [Sbar and Sykes, 1973; Herrmann and Canas, 1978,  Zoback and Zoback, 

1989].  However the intraplate strain-rates due to plate tectonics is very small.  

2. Body forces acting on the high density rift pillow in the lower crust [Ervin and 

McGinnis, 1975] and how these forces have been active long enough to produce 

seismicity in the Holocene. 

3. The change in the Mississippi river course during the Holocene.   

 

2.7  Conclusion 

None of the hypotheses are completely able to explain the increased Holocene 

seismicity and lately discovered paleoliquefaction evidence in the NMSZ.  Recent finite 

element modeling efforts by Kenner and Segall [2000] provides a step towards more 

realistic modeling resulting in the successful simulation of repeating sequences of 

earthquakes.  In the present model no particular triggering mechanism has been proposed. 
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It is based on sudden weakening in the NMSZ, which took place approximately 10,000 

years ago.  This is the first modeling effort which successfully models all the 

observations from the NMSZ including surface strain-rates, cumulative fault offsets, 

earthquake magnitudes and coseismic fault slip.  The model computed surface strain-rates 

in the mid-interseismic period would not be detectable in the NMSZ at the level of 

uncertainty which exists in recent measurement using GPS.  The model postulates sudden 

weakening of the lower crust thereby concentrating stresses on the relatively thin upper 

crust. It is a time-dependent finite element model having an elastic crust and mantle with 

a viscoelastic embedded weak zone.  Relaxation of this weak zone after a tectonic 

perturbation transfers stress to overlying crust, generating a sequence of earthquakes that 

continues until the zone is fully relaxed.  In further analysis it was found that due to post-

seismic reloading of stress during the earthquake cycle relaxation is generally prolonged 

by 10-30 times the relaxation time of weak zone [Kenner PhD Thesis, 2000]. The model 

also attempts to determine the magnitude and distribution of stress which can produce 

such conditions at the scale of the observations.   

Previously the stress concentration idea had not been applied to the NMSZ to 

simulate fault slip and crustal deformation for successive stages of an entire earthquake 

cycle.  One reason is a shortage of field data to constrain inter-seismic deformation, 

coseismic fault slip, and recurrence times.   Secondly, numerical models had not been 

developed which could model multiple earthquakes without kinematically imposing their 

occurrence.  Finally, there was little interest in intraplate seismicity as plate boundary 

earthquakes are more numerous and are clearly predicted by the theory of plate tectonics.  

In contrast, intraplate earthquakes are rare and not predicted by theory of plate tectonics.  

We feel that intraplate earthquakes are, therefore, the more interesting problem. 

 
 
 
 
 
 
 
 
 

Copyright © Abhishek Joshi 2005  
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Chapter-3 

 

Rheology and Geometry of the New Madrid Region 
 

Abstract 

As seen in the previous chapter the New Madrid Zone is marked by its anomalous 

sub-crustal structures and their properties.  Seismicity in the region is attributed to these 

variations in the geometry of the structure and its mechanical properties (rheologies).  It 

is evident that mechanical properties of the material changes primarily with the depth.  In 

this chapter a brief discussion on the variation of geological and rheological properties 

will be conducted and possible effective properties of the composite material behavior are 

discussed. 

 

3.1  Foundation of Rheological Parameter Space 

The bulk of earth consists of polycrystalline aggregate of various composition and 

properties occupying a continuum.  As continuous bodies they can be and are subjected 

to movements during which elements change their relative position.  Such relative 

changes results in deformation and flow of matter.  Here comes rheology of earth 

materials in to picture.  Rheology, originated from the Greek word, in its etymological 

sense, denotes the study of deformation and flow of matter.  As a sub-discipline of 

geophysics, rheology, therefore, deals with both the study of the mechanical properties of 

our planet’s material and their role in geodynamic processes.  There exist a number of 

rheological behaviors which depend on a variety of responses to applied stress where the 

type of response depends not only on the material under consideration, but also on the 

external parameters such as pressure, temperature and time. 

An important objective of the theoretical description of composite earth materials is 

the prediction of the effective material properties by means of the methods of continuum 

mechanics.  The effective properties are taken from the macroscopic characterization and 

the material is replaced by an equivalent homogeneous continuum.  The mathematical 
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characterization of the overall effective properties of heterogeneous materials can be 

done in various ways.  The mechanical state of a body is defined by the means of 

kinematic and dynamic quantities.  These are related by fundamental laws like Newton’s 

second law (F=m*a) to form rheological equations of state or constitutive equations.  The 

first step towards setting up these quantities is to know, identify and define kinematic 

quantities (quantities without regard to the causes of its variation) and dynamic quantities 

(quantities which are concerned with the causes affecting it). Rheologies include 

parameters related to properties of body such as rigidity, compressibility, viscosity and so 

on.  These values change with changes in extrinsic conditions like pressure, temperature, 

and time.  On the basis of experimental data from composite specimens it is possible to 

characterize the material behavior and ascertain appropriate rheological properties, but it 

is not always possible to have all the experimental data to fill the matrix defining the 

spatial material distribution.  We must therefore characterize the behavior of the earth 

using idealized material like Maxwell and Voigt solids, the details of which are in 

Appendix B. 

 

3.2  Linear Viscoelasticity. 

The phenomenon of the time-dependent mechanical behavior of materials can show 

up in different ways: stress relaxation under a constant loading condition, decay of 

vibration or strain, and stress rate dependence are some examples of viscoelastic material 

behavior.  Thus, as discussed above the constitutive equations come into the picture, 

forming the connectivity between the stresses and the strain in the material, as a function 

of time.  For infinitesimal strain the material behavior can be described by linear 

viscoelasticity.  The Boltzmann superposition principle gives the constitutive equations 

for linear viscoelasticity.  

∫
∞

−=
t

dttJt τστε )(')()(          And        ….(3.1) ∫
∞

−=
t

dttGt τετσ )(')()(

 

   Where σ’ and ε’ are the time derivatives of the stress and strain history. The 

response of the material is a function of the preceding strain and stress history. 
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0/)()( σε ttJ =  and 0/)()( εσ ttG =  are the creep compliance and relaxation modulus 

respectively, which describe the behavior of the material after the application of a 

constant stress and strain jump.  A rheological network of springs and dampers provide a 

sum of exponential functions in time for these material functions.  The parameters 

defining these material functions must be determined empirically. 

 

3.3  Basic Rheological Models 

Various viscoelastic models have been proposed like Maxwell, Voigt/Kelvin, 

Burger’s and Standard Linear Solid (SLS) models.  All the viscoelastic models are made 

up of combination of linear springs and linear viscous dashpots.  Inertial effects are 

neglected in such models.  The Burger’s body has four elements comprising a Maxwell 

and Kelvin/Voigt body in series.  These are the basic linear models for which the stress 

and strain relationship has been well developed.  In the earth material, although most data 

can be fit with basic viscoelastic materials, earth materials are more likely to be 

nonlinear. Depending on these analytical solutions, computational models have been 

developed.  In this study material definitions like Creep, Power-Law (PL) and Standard 

Linear Solid (SLS) have been implemented computationally using ABAQUS.  We 

consider the viscoelasticity in which the dilatational response is elastic and the deviatoric 

is viscoelastic. 

Since the composite material consists of one or more polymeric phases, the time 

dependency of the mechanical behavior must be taken into account. The rate dependency 

can be described by means of linear viscoelasticity.  The independent viscoelastic 

material function for earth materials is determined with the macro-mechanical model 

presented.  Viscoelastic analysis problems are more involved than elastic problems, due 

to inclusion of time variables as well as spatial variables in the differential equation. 

However, in many problems where the type of boundary condition and temperature 

remains constant in time, the time variable can be removed by employing Laplace 

transformations.  The method is known as the correspondence principle in which 

viscoelastic problems are converted into equivalent static elastic problem. The solution 

for desired variable is achieved in the form of Laplace variable “s”.   Then inversion of 
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this solution back into time domain yields the required solution.  This method can be 

applied to solve a large set of problems but in some places it is not acceptable.  Following 

are the steps involved in carrying out this method. 

a) Develop the relationship to obtain the desired quantities in the corresponding 

elastic problem.  

b) Take the Laplace transform of the elastic solution. 

c) Replace the Laplace transform of the elastic moduli with the viscoelastic moduli. 

d) Solve for the desired quantities as functions of the Laplace variable. 

e) Take the inverse Laplace transform. 

The correspondence principle is applicable to only those boundary conditions where 

the interface between the boundary on which stress is prescribed and the boundary on 

which displacement prescribed are independent of time.  

 

3.4  Viscoelastic Materials Used and Their Implementation in ABAQUS  

Earlier *CREEP has been used to model the viscoelastic Maxwell model.  The 

equivalent power law material has been used to implement linear creep models.  

mn
cr

tAq ~
.

=ε  (Time Hardening Form)………………(3.2) 

Where 
cr.

ε    is uniaxial equivalent creep strain-rate  
~
q    is the uniaxial equivalent deviatoric stress   

t      is the total time and  

A, n, and m  defined by user as function of temperature. 

 

We consider only temperature independent Maxwell bodies, such that only the 

deviatoric response is viscoelastic.   We neglect elastic response in following the 

equation.   
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……………….(3.3) 

where ijσ is the deviatoric stress, 
•

ijσ is deviatoric stressing rate, 
•

ijε  is the deviatoric 

strain-rate, µ is the shear modulus, and η  is the viscosity.  The creep strain-rate 
•

ijε is the 

defined as viscous part of above equation.  
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While  and 
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We find 

~
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cr

η
ε =

•

……………..(3.7) 

Hence the constants in ABAQUS creep law are   
η3
1

=A  , n=1, and m = 0.  Use of 

standard viscoelastic material definitions would require a similar analysis to determine an 

appropriate definition of A.   For all linear material n = 1 and time hardening behavior is 

neglected (m= 0).  When we consider nonlinear materials that are power-law we just need 

to vary the value of n like 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 to ascertain appropriate values in 

the various models that need to be run.  Power-law, Maxwell bodies and SLS (see Figure 

4.1) are considered in this thesis. 

Benchmarks have been run to show that *VISCOELASTIC can be used to formulate 

Maxwell viscoelastic material as well as SLS (for details see section 3.5).  Maxwell 

model has characteristics of having no long term strength and hence it behaves as fluid at 

large time-scales, but with earth materials it does not seems to be the most appropriate 
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definition.  Rather a material model having some long term finite strength seems more 

feasible, hence SLS appear as the best potential choice for crustal earth materials. 

A SLS body is modeled with the combination of a simple spring in series with a 

Voigt body (spring and dashpot in parallel).  Hence instantaneously the body behaves as 

an elastic body, but as the time increase its viscoelastic nature come in to picture.  After 

long time (several cycles of relaxation) when damping effect dies down, it becomes 

elastic with some long term strength. 

 

 
 

Figure 3.1 Standard Linear Solid 

 

3.5  ABAQUS Numerical Implementation of SLS 

For small-strain applications elastic response can be defined with a linear elastic 

material model.  For the viscoelastic material like SLS, which has “long term strength”, 

i.e. when a constant strain is applied the response settles down to constant stress.  The 

shear relaxation modulus can be written in dimensionless form as 

0

)()( G
tGtg R

R = ………………………….(3.8) 

where  is the instantaneous shear modulus.  This function has limiting values 

of and .  ABAQUS assumes that the viscoelastic material is 

defined by a Prony series expansion of the dimensionless relaxation modulus  

)0(0 RGG =

1)0( =Rg 0/)( GGg R ∞=∞
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where N, and  i=1,2 ….N are numerical constants.  Substitution in small strain in 

the small-strain expression for the shear stress yields. 
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The iγ  are the state variables that control the stress relaxation. For details of this 

derivation please refer to ABAQUS 6.4 user’s manual section 10.7.1  which shows that 

relaxation parameters can be defined by direct specification of the Prony series 

parameters.  The Prony series parameters ,  and   can be defined directly in the 

data line for *VISCOELASTIC  keyword.  The value of these parameters can be found 

by comparison with the analytical solution.  

P
ig − P

ik −
iτ

The creep compliance for a three body SLS model is analytically based on basic 

elements found in Table 5.1 of Creep and Relaxation of Nonlinear Viscoelastic Material 

[Findley, Lai, and Onaran, 1990].  We start with a Burger’s body which has a Maxwell 

and a Voigt body in series.  The Burgers body can be converted to a SLS by removing the 

damper from the Maxwell portion.  Numerically this can be achieved by assuming the 

damper to be of infinite viscosity. 

The Laplace transform of the relaxation modulus for a Burgers body is given by 
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 as ∞=1η   for  SLS element. On substituting this value in equation (3.12) we get 
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   Taking the inverse Laplace transform of equation (3.16) we have 
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where  is unit step function such that .  Hence the relaxation modulus for 

weak body at any time is given by 
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   In ABAQUS the dimensionless index is defined as   
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   On comparing equation (3.8) and equation (3.22) we get 
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3.6  Geometrical Parameters 

 As seen in chapter two, field seismic exploration results, in the NMSZ seems to 

indicate high seismic velocities and correlating high densities in the lower crustal body 

i.e. the “rift pillow”.  The shape of this zone is defined by gravity measurements which 

are less certain.  Inversion of gravity data in the absence of geometrical constraints yields 

non-unique solutions because an infinite number of geometrical combinations can 

produce an associated field that closely matches the measured field.  Still both gravity 

and seismic data have been used to define the dimension of rift pillow.  The steep change 

in gravitation data helps in getting preliminary information along a north-west south-east 

direction (normal to axis of pillow).  Very high gravity can be seen in the range of 190 

km to 260 km in Figure 2.3.  In the north-east south-west direction (along the axis of 

pillow) the variation is seen in the range of 200 km to 400 km.  As seen in (Figure 2.3) 

this lens shaped rift pillow is about 300 km wide and 20 km thick.  This layer is 

interpreted as a solidified intrusion or under plating of partial molten material derived 

from decompression of the asthenosphere.  It is thought that this layer was emplaced 

during late Precambrian to early Paleozoic (about 550 million years ago) rifting event.  

For modeling purposes an average height of 25 km was considered starting from depth of 

top of pillow at 15 km to the depth of the bottom of pillow at 40 km depth.  Various 

widths are analyzed starting from 3 km wide to 75 km wide.  For 2D models the fault is 

assumed to be of infinite length.  In 3D models the fault length has been constrained to 

200 km as per observation in the NMSZ (Figure 2.3). 

There is considerable uncertainty about the composition, temperature, fluid pressure, 

strain-rate and other conditions at depth in the NMSZ area. There is great uncertainty 

regarding the dominant rheologies in the NMSZ, but in our model everything except 

weak zone is considered elastic   

 

3.7  Generation of Anti-plane Model 

A model has been developed to approximate a sequence of earthquakes in the NMSZ 

in the last two thousand years.  The model is composed of a vertical single strike-slip 

fault along the rift axis.  During the occurrence of the earthquake, one surface slides 
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against the other surface and all displacements occur only in the strike direction (z 

direction in model).  This type of deformation is anti-symmetric about the fault.   In 2D 

this is known as anti-plane deformation.  ABAQUS contains special plane-stain and 

plane-stress elements, but anti-plane elements are uncommon in engineering analysis and 

don’t exist in ABAQUS.  As a result, anti-plane models are generated using standard 3D 

elements and applying requisite boundary conditions.  These boundary conditions are 

XSYMM and YSYMM which impose symmetry along the X and Y plane respectively.  

All in-plane displacements (i.e. fault normal and fault parallel in the depth direction) 

must also be set to zero.  This is currently done by applying appropriate symmetry 

conditions to all the nodes.  At least three node layers in the strike direction are required 

for the definition of contact surfaces.  Constraint equations are then used to require the 

strike-direction displacement to be the same in each layer.  “APMODEL”, a script that 

has been written in MATLAB [Kenner, PhD, 2000] generates the input file for 

ABAQUS, as per the parameters required by the user. 

 

3.8  Model Pre-stressing 

 In order to approximately apply the ambient tectonic stress field, great care must be 

taken to initialize the stresses in finite element mesh.  It becomes critical when repetitive 

earthquakes are going to be considered.  Also, nodal displacements should be minimized 

when initializing the stress in the model.  This helps in minimizing the errors due to 

undue distortion of the finite element mesh. 

Because of the observed seismicity, the model considers the sudden weakening of 

the underlying intraplate region.  Before the occurrence of weakening, the whole system 

is assumed to maintain stress equilibrium.  Hence, it is necessary to implement a steady 

state pre-stress condition while initializing the model.  These stresses must be in 

equilibrium with the boundary conditions.  If there is any difference in these stresses then 

the finite element mesh will deform to a new equilibrium state (new location of nodes) 

during the very first step of analysis.  This would result in unnecessary non-geologic 

deformation.  The background stress in the model is 60 MPa (which has been arrived at 
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empirically).  The model is pre-stressed using *INITIAL CONDITION, TYPE=STRESS. 

Details of this are discussed in following sections. 

 

3.9  Geologically Appropriate Boundary Conditions 

 Far-field stress boundary conditions are applied in each direction independently.  As 

discussed above this should be in equilibrium with the internal body stresses.  Normal 

boundary conditions can be applied to each face with *DLOAD.  A non-uniform pressure 

distribution can be applied to prescribed node sets with a user-defined *DLOAD 

subroutine.  Tangential tractions are more complicated as they cannot be applied with 

*DLOAD.  Though a concentrated tangential load can be applied to each node set with 

*CLOAD, this is not appropriate for applying surface tractions.  To properly apply 

surface tractions, concentrated nodal-load values must be interpolated using the 

appropriate shape function such that, when integrated over the surface, net tractions on 

each element face converge to the appropriate value.  Alternatively, all nodes on the 

specified boundary can be constrained to have same displacement in the direction of 

applied shear (using a constraint equation).  Then using *CLOAD, a concentrated load 

can be applied to a single node (to which all other nodes have been tied), with a 

magnitude (τ*A), where τ is the required shear traction and A is total area of specified 

boundary.  Though this approach may not be strictly appropriate, if the far-field 

boundaries don’t deform significantly it is a reasonable approximation.  This means that 

it is essential to place the model edges well away from the loci of deformation. 

One of the problems with only applying stress boundary conditions (i.e., no 

displacement or velocity boundary conditions) is to constrain rigid body motion.  If the 

applied boundary tractions do not sum to zero the finite element model will deform and 

accelerate due to the unbalanced forces.  Even if the applied tractions sum to zero, rigid 

body motions may still be present because the model, as formulated, remains ill-

constrained and can rotate about its axis.  Thus, additional constraints needed to be 

applied which prohibit rigid body motions.  If they are incorrectly applied, using 

displacement or velocity conditions, motions may be eliminated but stress will 

concentrate at the constraint point.   To determine a suitable constraint first consider an 
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initially stress free rectangular body which is subjected to pure shear boundary tractions.  

The body’s central point must remain stationary and net horizontal displacements at any 

corner of the mesh must be oriented along a line connecting that corner in with its 

opposite corner at the same depth.  With this in mind, it turns out that if two opposite 

corners in a pre-stressed finite mesh are constrained to 1) move in the direction described 

above and 2) have motions which are equal and opposite, rigid body motions are 

eliminated and there are no unwanted side effects. This has been incorporated in the 

APMODEL program [Kenner, PhD 2000].  Constraint equations are used to tie the 

necessary degrees of freedom to one another.  While applying these various boundary 

conditions, care must be taken to avoid constraining particular degrees of freedom more 

then once to avoid over-constraining errors.   This is particularly hard to do along the 

trace of the fault. 

The embedded time-dependent material initially has the same distribution of stress as 

the surrounding elastic body.  Given this condition the time-dependent zone is transparent 

and no deformation should take place during the initial equilibrium step.  Once the 

embedded zone is perturbed and allowed to relax the model should transiently deform, 

but eventually equilibrium is should be re-established and deformation should cease.  If 

the lower crust (excluding the weak zone) is time dependent and constant stress boundary 

conditions are applied then as the weak zone relaxes and the stress become heterogeneous 

the time-dependent lower crust will no longer be in equilibrium with the boundary 

condition. This will drive model dependent deformation that is not geologically realistic.  

For models in which the weak zone is embedded within an elastic body, changes in 

internal stresses will not drive continuous deformation in the lower crust.  Unfortunately 

a viscoelastic lower crust is geologically more reasonable.  We use an elastic body 

because methods for maintaining stress equilibrium at the boundary of a viscoelastic 

lower crust have not yet been developed.  Obtaining the required balance between 

internal stress, applied constraints, and external stress boundary conditions is a difficult 

thing. This demonstrate that before the finite element model can be taken seriously, it 

should be thoroughly tested to make sure that it behaves as you expect it to behave, 

especially when time dependent materials are included. 
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3.10  The Model 

The present model incorporates a lower crustal zone of weakness embedded within 

an elastic lithosphere.  In this model the mantle is also considered as an elastic body.  

This eliminates any possibility of considering rheological variations with depth.  This is 

done to achieve increased computational efficiency and avoid model dependent 

transients.  This helps to get the first order response of the model so it can be compared 

with the observations.  The possible impact of using an elastic mantle would be on the 

number of earthquakes on the fault, which would be increased if a viscoelastic material 

had been used.  Following a perturbation in the weak zone stress, the system tries to re-

establish equilibrium.  Since the weak zone can not support any shear stress, it relaxes by 

transferring stress to the upper crust.  This may trigger slip on overlying seismogenic 

faults, potentially generating a sequence of earthquakes.  This continues until the weak 

zone reaches its fully relaxed state.  Slip on the fault in turn partially reloads the lower 

crustal weak zone causing cyclic stress transfer, which prolongs the relaxation process.  

Relaxation of the weak zone could be induced by variations in rheology, due to, for 

example, a thermal or fluid perturbation, or by a transient change in the regional stress. 

 The model formulation is true to first order observations from the NMSZ.  Since the 

length of weak zone is finite and constant stress boundary conditions have been applied, 

the net fault offset remains finite as the weak zone relaxes.  This implies that there is 

finite number of slip events. Also deformation rates far from the fault are zero.  Finally, 

seismicity is confined to a localized region.  In order to calculate the influence of post-

seismic transients which re-load the seismogenic fault, time dependent calculations have 

to be performed. Computational efforts are required to quantify the amount of coseismic 

slip, earthquake magnitudes, earthquake recurrence intervals, and surface deformation 

rates. 

In present finite element models, a rectangular weak zone (Figure 5.1) with various 

types of rheological properties is defined. Rheologies include a Maxwell model, a 

standard linear solid and various power-law formulations.  Also geological parameters 

like weak zone width and depth is also varied.  Details of these properties have been 

discussed at length in section 3.4 and Appendix B.  This type of variation is necessary to 
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be considered in order to incorporate all the possibilities. Since the exact material 

properties can not be firmly ascertained and allocated in the space matrix as it exists, it 

makes numerical approximations necessary to adopt.  Each model must then be evaluated 

against the other models and geological observations.  Previous modeling efforts 

considered only Maxwell materials for the weak zone, which have no long term strength 

and linear dissipation properties.  Other material options may have more realistic 

rheological properties, and also match observed distributions of earthquake repeat times 

and observed magnitudes in the NMSZ. 

 

3.11  Conclusion 

As discussed in the previous section we apply the boundary conditions on the model 

by initially stressing entire model uniformly ( 0312112332211 ====== σσσσσσ ) 

while ∞= σσ13 , which maintains equilibrium with far field stress “ ∞τ ”.  Fault slip occurs 

when the resolved stresses on the seismogenic fault reach maxτ and stress on the fault then 

drops to a stress that satisfies one of the chosen friction criteria explained in chapter four.  

Model behavior, as function of various fault friction criteria, geometrical, rheological 

and stress parameters, is thoroughly evaluated.  In order to improve the computational 

efficiency 2D models are run to derive a first hand knowledge base of the system.  2D 

results are then used to refine the set of 3D model parameters.  This improves the 

computational efficiency of obtaining results which becomes crucial as the computational 

cost is very high in 3D models.  

Initial estimates of the weak zone geometry were made using the rift zone geometry 

as derived from topographic, seismic and gravimetric investigations of the NMSZ. Order 

of magnitude estimates of the remote stress, maxτ , were obtained using the simple elastic 

crack relation plate tectonic theories. 

Estimates of stresses in the NMSZ are not available.  Maximum horizontal stress in 

the upper 300 m and surrounding regions of the NMSZ lie between ~7 and ~25 MPa. 

Deviatoric stresses from hydro-fracturing experiments in the deep boreholes are much 
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larger [Zoback & Zoback, 1989].  Shear stresses inferred from these measurements are 

only 2-3 times higher then our estimates using elastic crack relations. 

If the upper mantle also relaxes then cumulative offsets on the fault will change but 

the fundamental behavior of model will be untouched.  Then to generate the equivalent 

cumulative offset remote stress magnitudes must be reduced.  Since earlier studies have 

been extended using the same model formulation, we will use the same remote stress, 60 

MPa.  The relaxation time of the material in the weak zone is important in governing the 

rate of stress transfer from the weak zone to the seismogenic upper crust.  We are going 

to consider a range of relaxation times ranging from 90 years to 9000 years  
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Chapter-4 
 

Fault Friction Behavior 
 

Abstract 

In order to model a discontinuous fault in an otherwise continuous model (finite 

element mesh) we use contact surfaces.  Fault friction behavior is the tool for modeling 

coseismic faulting or discrete slipping surfaces past each other at depth.  Various friction 

relations can be applied to these surfaces and theoretically user-defined subroutines 

ultimately allow almost any possible combination of choices of fault constitutive 

relations to be defined.  To date, normal stresses have not been included in any of the 

models and fault normal motion has been prohibited.  In future models normal stresses 

can be incorporated. 

 

4.1  Discrete Faults Using Contact Surfaces and User Subroutines 

ABAQUS works in such a way that the main program supplies values for the 

existing shear stress ( 1τ ), maximum allowed shear stress ( maxτ ) and possible stress drops 

( 1τ∆ ) and then ABAQUS estimates the increment in sliding motion ( 1γ∆ ).  These 

estimates are based on the discretised partial derivatives ( βα γτ ∆∂∆∂ / = Fault Stiffness, 

ρτα ∆∂∆∂ / = zero) supplied to ABAQUS. Where βα γτ ∆∂∆∂ /  (DDTDDG) is the partial 

derivative of the frictional stress in direction α  with respect to relative motion in 

direction β , and ρτα ∆∂∆∂ /  (DDTDDP) is the partial derivative of the frictional stress 

in direction α  with respect to the contact pressure.  The subroutine then generates new 

values for 1τ  and .  These values are assigned to variables when a non-recoverable 

sliding motion is allowed in the subroutine.   If equilibrium is not established in the 

model then ABAQUS re-iterates the increment using modified values for the time-

increment until equilibrium is achieved.  In the subroutine the residual shear stress is 

calculated first and then ABAQUS calculates the amount of slip using internal methods.    

sl
1γ∆
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 ABAQUS uses a master-slave algorithm to define contact conditions.  The master 

surface defines the geometry and orientations of the contact relationship. Slave nodes are 

not allowed to penetrate the master surface, while master surface nodes can penetrate 

slave surface.  In 2D models a contact surface is used to define the master surface and 

contact node set to define the slave surface. It is because 2D models consist of only one 

layer with active degrees of freedom. The other two layers are tied to the first layer. In 

3D models contact surfaces are used to model both mater and slave surfaces.  The 

ABAQUS subroutine is called for all slave nodes in a contact pair in 2D models and at 

integration points in a contact surface element in 3D models.  ABAQUS has the option of 

including user-defined parameters in the subroutine, through which the user can pass on 

values which directly affect the control of subroutine.  This also gives capability on the 

users end to direct the decision taking capability of ABAQUS.  Section 4.4 details the list 

of parameters which have been passed on to subroutine. 

 

4.2  Surface Behaviors 

Presently, there are three basic surface behaviors that can be applied through the 

APMODEL program.  

1. The fault can be permanently locked and no contact surfaces or friction relations 

are defined.  Nodes on either side of the mesh are tied to one another using *TIE 

and differential motions are not allowed.   

2. In ‘ROUGH’ friction, the coseismic fault is either locked or freely slipping.  This 

is implemented through *FRICTION, ROUGH which allows no relative motion 

between the slave and master surfaces. When freely slipping fault behavior is 

required, the *ROUGH friction can be temporarily deactivated.  The fault friction 

can be inactivated by invoking the *MODEL CHANGE, CONTACT PAIR, 

REMOVE command in time-step definition portion of the input file.  The contact 

surfaces can be reactivated again by the *MODEL CHANGE, CONTACT PAIR, 

ADD command invocated during a subsequent step and the *ROUGH friction 

relation is reapplied. Note that, when *ROUGH friction is inactive, other 

boundary conditions can be applied to the fault surface (like kinematically 
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prescribed earthquakes).  Currently, if *ROUGH friction is inactive and other 

boundary conditions are not applied, the fault surfaces slip freely past one other.  

The freely slipping fault can be constrained to slip in only the dip or strike 

directions.  If these conditions are not satisfied, zero pivots will result and job will 

fail during analysis. 

3. The third surface behavior is a maximum shear stress criterion.  This friction 

relation is defined using a user-defined friction subroutine which is described in 

detail in the following section.  User-defined parameters can be changed during 

analysis using the *FRICTION, CHANGE command.   

 

4.3  Maximum Shear Stress Criteria Friction Subroutine 

To model a fault which fails at a prescribed maximum resolved shear stress and 

continues to slip until the stress drops to some residual level, it is necessary to implement 

a user-defined friction subroutine.  Without using user-defined subroutine, ABAQUS 

allows the specification of a maximum shear stress rupture criteria with slip continuing 

until the stress drops below the failure stress.  In this formulation nodes on the rupture 

surface slip freely when the maximum stress at nodes are greater then or equal to the 

failure stress.  In our case, once the surface is sliding increases in the resolved shear stress 

due to continued tectonic loading cause the surface to keep sliding.  Since the peak stress 

on the fault never drops below that required sliding, the surfaces never relock.  

Eventually all the nodes on the fault plane slip continuously at the failure stress.  Thus 

there is never a sudden stress drop as required in an earthquake.  This eliminates the 

default ABAQUS maximum shear stress criteria for use in geological problem since 

stick-slip behavior can not be produced. 

A variety of maximum shear stress friction subroutines have been developed which 

are capable of stick-slip behavior.   These are described below: 

1. [Type1, MXSHRFRC] This allows motion in the strike-slip direction only. Slip 

occurs when the resolved shear stress reaches a user-specified maximum shear 

stress. The fault continues to slip until the shear stress value on the fault falls at 
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user-defined residual shear stress. No aseismic slip is allowed.  Dip-slip motion is 

not considered and fault perpendicular motions are not allowed.  Any changes in 

normal stress across the fault are neglected.  The subroutine evaluates stress 

independently at each node, such that nodes can fail independently or in groups.  

This subroutine can be used in anti-plane or 3D models.  An effort has been made 

towards more efficient methods for cutting back the time-step.  During the 

analysis ABAQUS continuously augments the time-step values but when shear 

stress on the fault falls in super stress region (Figure 4.3) the subroutine requires 

ABAQUS to consider a smaller time-step.  The time reduction factor was 

supplied as user input parameter. This was inefficient way of obtaining stress in 

desired window as use of user supplied values often required more iterations.  

This subroutine implements a mechanism of slip occurrence which is more 

realistic, but computationally it is more expensive.  It takes longer time to 

compute since each node is considered. The cut back ratio is calculated as 

inout

inrtime
ττ
ττ

−
−

= max . 

where, 

inτ = stress at the start of step. 

outτ = stress at the end of step. 

maxτ = stress at the failure. 

 

2. [Type 2, AVGMXSHRFRC] This subroutine follow all the rules explained above 

except that instead of calculating the stress at each node separately, an average is 

calculated using all the slave nodes on the fault.  It is used in 2D anti-plane or 

plain strain models.  This utilizes the fact that there is a low variation of stress as 

nodes rise above the fault tip.  If desired the average can be taken over some 

subset of nodes, for instance nodes near the fault tip need not be included in the 

average.  This modeling of average stresses in certain circumstances can save 

large amounts of computation time, giving indicative results for first order 

modeling. The average is calculated as  
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nσ = Shear stress at node 

n∇ = Area associated with the node 

We used the fixed earthquake stress drop in this subroutine (which is geologically 

less realistic) and got interesting first order results which will be discussed in 

chapter 5 in section 5.9. 

 

3. [Type 3, PERDPMXSHRFRC]  This version of the friction subroutine controls 

the stress drop.  This subroutine has been developed to overcome the 

shortcomings of the above two subroutines.  Stress change during an earthquake 

event has been previously calculated as either dropping to a constant value of 

stress (say 50 MPa) or constant stress drop (say drop by 10 MPa).  We know that 

values of stress can not be the same at the top and bottom of fault after an 

earthquake.  Secondly, all earthquakes can not be of same magnitude and release 

the same amount of stress.  This subroutine calculates the amount of stress drop as 

a user-defined value of “percentage drop of stress” at the node.  A constant value 

of percentage stress drop can be considered throughout the fault, and represent a 

more realistic geological model.  This has been considered under the assumption 

that the variation of the percentage stress drop, being a second order quantity, 

would have less effect on model.  This is applicable with both the calculation of 

stress at each node (type 1) and the average of stress on fault (type 2) versions of 

subroutines discussed above.  This has been used for most of 3D model run for 

this thesis. 

 

4. [Type 4] Apart from above, some other propositions are under consideration but 

have yet to be tested.   One such subroutine would calculate average stress on the 

group of nodes at different locations (average of small areas a compared to whole 
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fault at once) on the fault and when maximum allowed limit of stress is reached 

on that patch of nodes the stress is dropped.  This is mid way between the above 

tested methods (type 1 and type 2).  This would have advantages of both methods, 

a speed close to method type 2 and accuracy close to method type 1.  Over all it 

could be a more efficient subroutine. 

 

5. [Type 5] Book-keeping is the most important key to generate a successful 

subroutine and particular book-keeping schemes can result in very efficient 

computations, while other times could end with unpredictable outcomes or 

deterioration in results.   I have tried some of the schemes but so far did not get 

success to generate an efficient subroutine.  Advanced understanding of 

ABAQUS numerical scheme is required to manipulate the ABAQUS’s internal 

variables which control the computation at high level.  It has been very difficult to 

understand the trends in the models which I have run.  They are very large and 

consume huge computational time as well. 

 

A version of the friction subroutines has been developed by Kenner [2000, PhD] 

which allows both dip-slip and strike-slip motion along with the fault plane. Dip-slip 

faulting does occur in the NMSZ but it is an area for further study.  First, strike-slip user-

subroutine must be optimized for both computational efficiency and geological realism. 

All the subroutines that have been produced are variation in the above discussed 

subroutines.  Only a few have been used in the models presented in this thesis.  The study 

presented in this thesis shows that subroutine type 3 has high capability to be realistic.  

We do, however need to find a middle ground between average and individual calculation 

of shear stress.   

 

 4.4  Input Parameters 

 The values conveyed to the different friction subroutine typically require the 

following criteria given by user.  

1. Maximum resolved shear stress at failure [ ]. maxτ
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2. Residual resolved shear stress after failure [ ]. resdτ

3. Fault zone stiffness [fltstiff] 

4. Fraction of failure stress which specifies the maximum allowable deviation [sdiff] 

from the maximum shear stress, , at the time of rupture. maxτ

5. The minimum time-step at which rupture at one node is allowed to trigger rupture 

at neighboring nodes [eqtimemin]. 

6. When a node is satisfying the rupture criteria but the time-step in more the 

eqtimemin.   The [ritme] is taken as ratio specifying the reduction in time-step 

when iterating towards the failure stress.  In later versions efforts has been made 

to give the program more intelligence in choosing the value of rtimeeq such that 

computation time and the cost of additional iterating can be saved. 

7. The ratio [rtime] specifying the reduction in time-step, used when nodal stesses 

are in superstress zone. 

8. Number of slave surface nodes on the fault plane. (APMODEL determines this 

number).  

Parameters 4-7 directly influence the time-stepping scheme adopted by ABAQUS 

such that it meets geological requirements.  Through this subroutine we try to pass on 

information like the stress value at which earthquake/slip should take place, possible 

stress drops in such events, and nodes lying on fault surface.  For a given model, during 

rupture the sequence in which nodes will break and the timing of the rupture is dependent 

on the time-stepping scheme and critical friction parameters.  Small slip events may be 

due to numerical limitations and uncertainties.  Hence they are less liable to be 

ascertained as an earthquake.  Bigger rupture events are more robust and rise above 

numerical uncertainties.  Their magnitudes are less sensitive to some of friction 

parameters and time-stepping schemes.  In general, a big event is characterized by its 

occurrence in a set of 2 to 3 slip events during consecutive iterations. 

 

4.5  Logic 
The basic logic governing the frictional failure is the same in all the three subroutine.  

ABAQUS calls the friction subroutine twice for each node on the fault, for each 

equilibrium iteration in each increment of each time-step.  This ensures that the 
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computation has converged.  This methodology also poses problems, in that it is hard to 

control time-stepping and failure criteria in the user subroutine.  

A node ruptures when the shear stress, , at the end of increment falls in the 

“failure window”  (see Figure 4.3).  This window, which is defined using user-specified 

parameters is between ( - sdiff* ) and ( + sdiff* ).  The 

outτ

maxτ maxτ maxτ maxτ inτ  is the shear 

stress at the node at the beginning of the increment and is stress at the end of time-

step.  After rupture this  could be redefined using a fixed stress drop, a fixed residual 

stress value, or the stress drop can be defined as some percentage of 

outτ

outτ

inτ  stress at the 

node.  The last method seems to be the best formulation.  

In the subroutine when a rupture takes place we set ddtddg(1,1) and ddtddg(2,2) to 

zero.   When the rupture does not occur the stressing continues and we set these values to 

an elastic stiffness.  Any stress or pressure across the fault is neglected.  The change in 

shear stress for a locked node in a given time increment in a given slip direction is 

defined as fltstiff*dgam,  where dgam is the expected change in sliding motion during the 

current increment if node is allowed to slip freely.  The dgam is automatically calculated 

by ABAQUS and passed to the subroutine.  A bookkeeping procedure needs to be 

adopted to methodically decide whether a node does or does not slip.  The book-keeping 

method must also save the increment’s initial conditions so that the increment can be 

restarted if the time-step is changed. 

 

4.6 Flow-Chart Representation of the Subroutines 

     The logic for the 2D model (plane-strain or anti-plane), which employs an average 

maximum shear stress (type 2, Figure 4.1) and the 3D/anti-plane model which employs 

the shear stress at each node (type 1, Figure 4.2) is explained in flow charts Figure 4.1 

and Figure 4.2.  They show how the control is governed in both the subroutines 
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tau(2)

Initializing and redefining the book-keeping  parameters of 
subroutine
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Keep loading

No
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No
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No
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Calculate the average shear stress on the fault

If the 
stress is  in 

window

Yes

If the 
time step duration

Is permissible
Yes

No

Cutback

Yes

Cutback

No

Update book-keeping 

RETURN

If the 
stresses are over the  window

i. e. super-stressed

Continue loading

Rupture

No

Yes

No

If the
fault has ruptured
current iteration Yes

No

If the
fault has ruptured

last iteration

Rupture

Rupture

 
Figure 4.1  Logic for the friction subroutine used in the 2D models (plane-strain or anti-plane).  This 

makes use of average shear stress on the fault (Type 2). 
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Yes

No

Yes

No

RETURN

Update the book-keeping parameters

If the
multi-node rupture

Is allowed  If time
step duration is 

permitted

Cutback 
Cutback 

Rupture

 
 

Figure 4.2  Logic for the friction subroutine used for 3D/anti-plane models.  The criterion is applied to 
individual nodes and on satisfying the criteria a single node is capable of slipping (Type 1). 
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Chapter-5 
 

2D Model Results and Discussion 
 
5.1 Introduction 
 

2D models provide guidelines which help to constraint the parameter space (both 

rheological parameters and weak zone width) for 3D models.  2D models run faster, 

thereby saving computational time and cost by eliminating parameter sets which are 

unlikely to produce useful information in 3D model.  Table 5.1 gives the values which 

were successfully tested in 2D models.  Since we were more interested in non-linear 

results, plots of linear Maxwell and SLS models were not extensively searched.  Kenner 

[PhD Thesis, 2000] did extensively search the Maxwell parameter space. 

In the 2D models, the remote shear stress of 60 MPa is assumed in all models.  With 

use of fault friction criteria slip on the fault is automatically (i.e. not kinematically) 

initiated when the average maximum shear stress criteria is satisfied.  The maximum 

shear stress of 62 MPa has been chosen for all the models.  Constant stress drop of 10 

MPa (friction subroutine of type 2 ) is applied for initial models.  It evolved not to be the 

most appropriate condition as discussed in section 5.9.  Friction subroutine of type 3 is 

used for the models presented in the following sections. 

A variety of 2D models (Figure 5.1) have been developed to study how changes in 

geometry and rheology affect the number of earthquakes generated over 10,000 years 

(Table 5.2).  Results produced are shown below. 

 
Figure 5.1:  2D models in ABAQUS.  Since ABAQUS doesn’t support  

anti-plane elements, 3D bricks must be used which are then constrained to deform as an 
anti-plane model. 
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Details of the model are discussed in section 3.11.  Numerical calculations are 

completed in ABAQUS.  The APMODEL program, by Dr. Kenner, has been used to 

generate the input file for ABAQUS as well as to post-process the data file generated by 

ABAQUS.   

 
Table 5.1 Range of Parameter Space Searched 

 
Rheology Type Maxwell Power-law SLS 

 
Width, W(Km) 3 6 12 

 
Power-law, stress 
exponent, n 

1.0 1.5 2.0 2.5 3.0 3.5 

 
Effective Viscosity 
(Pa-s) 

10e20 10e21 10e22 10e23 10e24 

Relaxation time, 
Tr(Yrs) 

90 900 9000 90000 900000 

 

The graphs below are the results generated by APMODEL.  Moment is defined as 

multiplication of shear modulus, slip magnitude and area that slipped.  Cumulative 

moment is sum of the moments in each earthquake.  While plotting the diagram lumped 

cumulative moment has been used, which calculates sum of moments released in events 

for each node failure in consecutive increment.  Big events of multiple node failure are 

then represented as one earthquake.  This reduces the computational uncertainties of 

cumulative moment.  Results shown below compare variation of one parameter at a time 

in one graph, keeping the other two parameters fixed.  Sometimes a curve has been used 

in more then one comparison as it falls under other criteria as well.  Each figure is an 

independent comparison between the curves.  Each section handles comparison for one 

parameter. 
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5.2 Viscosity Variation for 3 km Wide Weak Zone 
 

 
 

Figure  5.2.1  Width 3 km, Power-law exponent 1.5,  Viscosity variation .  Y axis of graph represents 
the cumulative moment in N-m release on the fault (the stress relaxation) and the X axis represents the 
time in years. Green dot on the curve indicates that the model satisfy the observation from NMSZ i e. 
3-4 earthquakes in 2000 years window.  Blue shaded area shows the duration of time in which 2000 

year window can be spotted. 

 

Viscosity =10e22 Pa-s

10e21 Pa-s 

Viscosity =10e22 Pa-s
Viscosity =10e21 Pa-s 

10e20 Pa-s 

 
Figure  5.2.2  Width 3km, Power-law exponent  2.0, Viscosity variation 
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10e22 Pa-s 

Viscosity =10e23 Pa-s 

 
Figure  5.2.3  Width 3 km, Power-law exponent 3.0, Viscosity variation 

 
Figures 5.2.1 to 5.2.3 show variations in stress relaxation pattern (as cumulative 

moment release on the fault) for increasing values of viscosity and a fixed power-law 

stress exponent.  When viscosity is increased total time before the model cease to 

produce earthquake increases.  Values of viscosity beyond 10e23 Pa-s results in 

relaxation times of more than 10,000 years for the models.  Present model limits viscosity 

values to 10e23 Pa-s since Holocene is only 10,000 yrs long.  As we increase the 

viscosity to higher values, the rate of relaxation decreases and the relaxation curve 

becomes less steep.  We found that in Figure 5.2.1 and 5.2.2 total relaxation of weak zone 

extends till ~10,000 years and we note that there are ~15 earthquakes with recurrence 

time intervals of  ~500 for first 6000 to 8000 years .  We can therefore select a window of 

2000 years having 3-4 earthquakes with recurrence interval of ~500 years 
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5.3 Power-law Variation for 3 km Wide Weak Zone 
 

 

2D Model, Width 3 km ,Viscosity =10e21 Pa-s, Power-law Variation 

 
Figure  5.3.1  Width 3km, Viscosity 10e21 Pa-s, Power-law exponent variation 

 

Viscosity =10e22 Pa-s2D Model, Width 3 km ,Viscosity =10e22 Pa-s, Power-law Variation 
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Figure  5.3.2  Width 3 km, Viscosity 10e22 Pa-s, Power-law exponent variation 
 

Figures 5.3.1 to 5.3.2 show variations of power-law exponent for fixed material 

viscosity.  We have results for three different power-law exponents used with a weak 

zone width of 3 km.  For the same viscosity, use of higher power-law exponents increases 

the slop of the relaxation curve.  Power-law value can not exceed beyond a certain value 

as the relaxation curve becomes so steep that a numerical singularity results.  For 2D 

models, we found use of power-law higher than 3.0 results in such rates of stress 

relaxation as to results in a computational singularity.  Curves which satisfy the 

observation from the NMSZ have a green spot on them, while other curves don’t as they 

are steeper and get most of relaxation in first 1000 years.  

 
5.4 Viscosity Variation for 6 km Wide Weak Zone 
 

 

10e21 Pa-s

10e20 Pa-s 

Viscosity =10e22 Pa-s

 
Figure  5.4.1  Width 6 km  Power-law exponent 1.5 , Viscosity variation 
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10e21 Pa-s 

Viscosity =10e22 Pa-s

 
Figure  5.4.2  Width 6km, Power-law exponent  2.0, Viscosity variation 

 

 

10e22 Pa-s 

Viscosity =10e23 Pa-s 

 
Figure  5.4.3  Width 6 km, Power-law exponent 3.0, Viscosity variation 
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Figures 5.4.1 to 5.4.3 show effect of variation in viscosity on relaxation of stress for 

6 km weak zone width.  As seen section 5.2 increasing viscosity decreases the relaxation 

rate.  We used a maximum viscosity of 10e23 Pa-s for getting results for the power-law 

exponent of 3.0. As viscosity increases total time before earthquakes cease to occur also 

increases.  Variation of power-law exponent is dominant over variation of viscosity. 

(compare Figure 5.4.2 and 5.4.3).  The model does not completely relax for viscosity 

10e22 Pa-s and a power-law exponent of 1.5.  Curves in Figure 5.4.1 and 5.4.2 with green 

spot can have a window of 2000 years located where we can find 3-4 earthquakes which 

satisfy the observations from the NMSZ.  

 
5.5 Power-law Variation for 6 km Wide Weak Zone 
 

 

2D Model, Width 6 km, Viscosity =10e21 Pa-s, Power-law Variation 

 
Figure  5.5.1  Width 6km, Viscosity 10e21 Pa-s, Power-law exponent variation 
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2D Model, Width 6 km, Viscosity =10e22 Pa-s, Power-law Variation 

 
Figure  5.5.2  Width 6km, Viscosity 10e22 Pa-s, Power-law exponent variation 

 
Figures 5.5.1 to 5.5.2 show variation of power-law exponent for given viscosity 

values for a 6 km wide weak zone.  All curves are pretty much completely relaxed in 

about 5000 years. Curve having green spot satisfy NMSZ observation.  As seen in section 

5.3 slope of the relaxation curve increases with increase in power-law.  A power-law 

exponent of 3.0 can be used before computational singularity is reached.   
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5.6 Viscosity Variation for 12 km Wide Weak Zone 
 

 

10e20 Pa-s 

10e21 Pa-s 

 
Figure  5.6.1  Width 12 km,  Power-law exponent 1.5, Viscosity variation 

 

 

Viscosity =10e22 Pa-s 

Viscosity =10e22 Pa-s 

10e21 Pa-s 

10e20 Pa-s 

 
Figure  5.6.2  Width 12 km, Power-law exponent  2.0 , Viscosity variation 
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Figures 5.6.1 to 5.6.2 show variation of viscosity for a given power-law and a weak 

zone width of 12 km.  Again, we see that increasing viscosity decreases the dissipation 

rate as seen in section 5.2 and 5.4.  The total number of earthquakes occurring has 

increased by great amount in time period of 1000 years.  For viscosity 10e20 Pa-s 

relaxation is very steep. Curves that satisfy the NMSZ-observation are marked with green 

spot [viscosity 10e21 Pa-s; power-law 1.5] and [viscosity 10e22; power-law 2.0].  As we 

have observed, increases in power-law and viscosity have opposite effect on the slope of 

the relaxation curve.  The two green spotted curves depict the effect when both the 

viscosity and power-law exponent is increased.  Thus, models matching the NMSZ 

observations seem to be achievable by increasing viscosity and power-law exponent 

simultaneously. 

 
5.7 Power-law Variation for 6 km Wide Weak Zone 

 

 

2D Model, Width 12 km, Viscosity =10e20 Pa-s, Power-law Variation 

 
Figure  5.7.1  Width 12 km, Viscosity 10e20 Pa-s, Power-law exponent variation 
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2D Model, Width 12 km, Viscosity =10e21 Pa-s, Power-law Variation 

 
Figure  5.7.2  Width 12 km, Viscosity 10e21 Pa-s, Power-law exponent variation 

 

Figures 5.7.1 to 5.7.2 show variation of power-law exponent for weak zone width 

of 12 km.  As seen in section 5.3 increasing power-law increases the slope of the 

dissipation curve.  Except for higher viscosity models, all other models relax in 1000 

years. Only high viscosity model satisfy NMSZ observation.  
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5.8 Geometric Variation with 3, 6, 12  km Wide Weak Zones 
 

 

2D Model, Viscosity =10e20 Pa-s, Power-law = 1.5, weak zone width variation 

 
Figure  5.8.1   Power-law exponent  1.5, Viscosity 10e20 Pa-s, Width  variation 

 

 

2D Model, Viscosity =10e21 Pa-s, Power-law = 1.5, weak zone width variation 

 
Figure  5.8.2   Power-law exponent 1.5, Viscosity 10e21 Pa-s, Width  variation 
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Figures 5.8.1 to 5.8.2 give the comparison among different weak zone widths for 

constant set of the other two parameters.  The number of earthquakes which occurred 

increases as the width of weak zone increases.   For the viscosity 10e20 Pa-s all the 

models relax completely in 2000 years having ~15 earthquake which does not satisfy 

NMSZ observations. For a viscosity 10e21 Pa-s we can find a window of 2000 years 

having 3-4 earthquakes, hence satisfy the NMSZ observations.  In general as the width of 

weak zone is increased, cumulative moment released at the fault gets drops.  This drop is 

very high when we go from 3 km to 12 km and 3 km to 6 km.  The drop from 6 km to 12 

km is considerably smaller.  We don’t know why 3 km wide weak zone behaves so 

differently.  It may be non-linear effects from post seismic stress relaxation in a narrow 

weak zone.  A thorough investigation of the output would be necessary to determine the 

exact cause.  
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Table 5.2  2D models  run for 10,000 years with Maximum Average Shear Stress criteria on whole fault. 
 

No Width 
km 

Power-law 
exponent ‘n’ 

Viscosity
Pa-s  ‘η’ 

Cumulative 
Moment (N-m) 

No. of 
Earthquake
(Approx.) 

 

Relaxed after 1000 
Years (Yes or No) 

Time for full 
Relaxation years 

Satisfy  NMSZ 
Observation 

1        3 1.5 10e20 3.25e15 ~15 Yes 1200 No
2        3 1.5 10e21 3.25e15 ~14 No NA Yes
3        3 2.0 10e21 3.25e15 --- Yes 2300 No
4        3 2.0 10e22 3.25e15 ~16 No NA Yes
5        3 3.0 10e22 3.25e15 --- Yes 3700 No
6        3 3.0 10e23 3.25e15 ~14 Yes 7300 No
7        3 3.5 10e23 3.25e15 --- Yes 2000 No
8        6 1.5 10e20 1.30e15 ~34 Yes 2200 No
9        6 1.5 10e21 1.30e15 ~38 Yes 6600 Yes
10        6 1.5 10e22 1.10e15 ~24 No NA Yes
11        6 2.0 10e21 1.30e15 --- Yes 2200 No
12        6 2.0 10e22 1.30e15 ~34 No NA Yes
13        6 3.0 10e22 1.30e15 --- Yes 3600 No
14        6 3.0 10e23 1.37e15 ~15 No NA No
15        12 1.5 10e20 1.40e15 --- Yes 1200 No
16        12 1.5 10e21 1.40e15 --- Yes 7300 Yes
17        12 1.5 10e23 1.10e15 ~30 No Yes
18        12 2.0 10e20 1.40e15 --- Yes 600 No
19        12 2.0 10e21 1.40e15 --- Yes 4200 No
20        12 2.0 10e22 1.35e15 --- No NA Yes
21        12 3.0 10e22 1.40e15 ~50 No NA No
 
“---“  No. of earthquake could not be counted due to lack to resolution. 
“NA” Weak zone was not fully relaxed. 
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5.9 2D Model with Constant Stress-drop 

A number of initial model have been run with constant stress drop.  Eventually we 

decided that this was not the most optimal fault constitutive law.  In the constant stress 

drop version, the failure criteria were based on average shear stress on the fault.  During 

earthquake the stress on the fault is dropped by a constant stress-drop of 10 MPa on 

whole fault.  This results in the same magnitude of earthquake every time.  Hence better 

and more geologically reasonable failure criteria could be developed.  Also this method 

causes stress profiles on the fault to increasingly diverge giving unrealistic values of 

stress in the bottom half of fault as seen in the Figure 5.9.1.  Still this model can be used 

to obtain preliminary conclusions similar to the paleoliquefaction observations suggesting 

the magnitudes to be around M~7.   
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Figure  5.9.1  Variation of stress profile along the depth on the fault section with time.  Failure 

criteria is average shear stress on the fault, constant stress drop on the fault at every earthquake (Depth 

not to scale). 

 
As we see in Figure 5.9.1, when the time increases and the weak zone relaxes the 

stress profile on the fault changed to lower stresses on the upper zone while much higher 

stresses in lower fault and towards tip of the fault.  Stresses at the last nodes are 

neglected, being situated in the crack tip (we bury the fault tip in the viscoelastic material 

to try to minimize the effect of singularity of crack tip).  This is an expected numerical 

result but is also consistent with fact that the earthquakes have foci at the base of 
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seismogenic zone.  Still unrealistic values of the stresses at the lower fault speak of a 

numerical singularity.  As we are not interested in stress near the crack tip this is 

reasonable approach.   

 

5.10 Conclusions 

Table 5.1 and 5.2 show outcome of numerous experiments. We have recognized 

three possible rheology type of material for weak zone.  For geometrical variation we 

have considered just width of the weak zone.  We found that for power-law materials 

widths beyond 12 km the occurrence of earthquakes becomes so frequent that it can not 

match with observation of the NMSZ unless viscosity is larger than 10e21 Pa-s.  We have 

not run models for wider weak zone but infer that above trend continues.  Wider weak 

zone require higher viscosities.  We found that limiting values for power-law exponent is 

3.5 as after this relaxation of stress becomes so fast that individual events can not be 

identified.  Hence such model can not represent the NMSZ in this limiting case. 

On analyzing Table 5.2 we can state that earthquakes do occur with weak zone 

widths as low as 3 km for 2D results.  The rate of dissipation of stress is proportional to 

the stress exponent and inversely proportional to viscosity.  Increase in viscosity 

increases the total relaxation time.  For higher viscosities we found that some of the 

models were not fully relaxed in 10,000 years.  The number of earthquakes in the model 

increases with the increase in weak zone width even though increase in cumulative 

moment do not seem to be monotonic with increasing weak zone width (Figure 5.8.1 to 

Figure 5.8.2).  Increasing width satisfy NMSZ observation only with increasing viscosity. 

 

 
 
 
 
 
 
 
 
 
 

Copyright © Abhishek Joshi 2005 
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Chapter-6 
 

3D Model Results and Discussion 
 

6.1  Introduction 

3D models more realistically represent the geometry of the NMSZ and are designed 

to study the variation in weak zone width and coseismic stress drop within the relaxing 

weak zone.  We require a finite number of number of major earthquakes occurring over a 

period of 10,000 years.  The remote stress in the 3D models is always 60 MPa.  In present 

models, a stress drop of 30% is used (type 3).  The effect of other stress drops is under 

consideration in future work. 

On the down side, 3D models are more computational intensive (Figure 6.1).  

Depending upon which model parameters are used it can take 1-3 days on a Dell 2003, 

Xeon processor workstation to complete a job. 

Parameters from successful 2D results (Table 5.2) are considered.  The 2D results 

indicate that, in general, low power-law exponents (1.0 to 3.0) coupled with average 

viscosity values (10e20 to 10e-23 Pa-s) are found to give suitable results.  A power-law 

exponent of 3.0 is found to be an upper bound. A viscosity corresponding to a relaxation 

time of 9,000 years is found to be an upper bound. (Young’s modulus of 35 GPa and 

Poison’s ration 0.25 is assumed.) 

 

 
 

Figure 6.1:  3D models in ABAQUS.  A symmetry plane is imposed perpendicular to the fault at it’s 
midpoint.  Brick elements are employed. 
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Figure 6.1 shows the 3D model geometry considered.  We have used geometrical 

symmetry across x-axis.  Fault perpendicular boundary conditions have been applied on 

the front face seen in Figure 6.1. The model uses brick element. Element sizes vary from 

0.25 km to maximum of 300 km in any direction.  A typical mesh generated is shown 

Figure 6.1.  The model covers the seismically affected area shown in Figure 6.1.  Further 

details of the model have been discussed in section 3.10.  In the analyses shown below 

some of the curves may repeat in different comparisons.  A comparison of nearby values 

of same parameter is presented in every figure.   

 

6.2 Viscosity Variation for 24 km Wide Weak Zone 
 

 

Viscosity =10e22 Pa-s 

10e21 Pa-s 

 
Figure  6.2.1  Width 24 km, Power-law exponent 1.5, Viscosity variation.  Y axis of graph represents 

the cumulative moment in N-m release on the fault (the stress relaxation) and the X axis represents the 
time in years. Green dot on the curve indicates that the model satisfy the observation from NMSZ i e. 
3-4 earthquakes in 2000 years window.  Blue shaded area shows the duration of time in which 2000 

year window can be spotted. 
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10e22 Pa-s 

Viscosity =10e23 Pa-s 

 
Figure  6.2.2  Width 24 km, Power-law exponent 2.0, Viscosity variation 

 
Figure 6.2.1 to 6.2.2 show variation of viscosity for 3D model with weak zone width 

of 24 km for a fixed power-law exponent.  In the above models as viscosity increases the 

relaxation time increases as seen in section in section 5.2.  It also increases the 

earthquake recurrence time.  We found that viscosity of 10e20 Pa-s is no more capable of 

producing earthquake in 10,000 years we are considering.  While we considered an upper 

limiting value of 10e23 Pa-s, the only models producing suitable results close to the 

NMSZ observations was found in to be 10e22 Pa-s.  Model found to match the NMSZ 

observation are marked with a green spot.  One remarkable trend noticed in these models 

is that when a combination of higher power-law exponent and higher viscosity is used we 

get higher dissipation of cumulative moments on the fault.  This phenomenon needs 

further study to satisfactory explained. 
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6.3  Power-law Variation for 24 km Wide Weak Zone 
 

 

Pl=1.5 

Pl=2.0 

3D Model, Width 24 km, Viscosity =10e21 Pa-s, Power-law Variation 

 
Figure  6.3.1   Width 24 km, Viscosity 10e21 Pa-s, Power-law exponent variation 

 

 

3D Model, Width 24 km, Viscosity =10e22 Pa-s, Power-law Variation 

 
Figure  6.3.2  Width 24 km, Viscosity 10e22 Pa-s, Power-law exponent variation 
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Figure 6.3.1 to 6.3.2 show variation of power-law exponent for 3D models with 

weak zone width of 24 km.  As we move to higher values of power-law exponents 

stress dissipation rates on the fault are almost doubled.  This trend might indicate that 

3D models are more sensitive to power-law variations than 2D models.  In Figure 

6.3.1 and 6.3.2 there is increase in viscosity as well power-law exponent, and increase 

in power-law is dominant over viscosity variation, hence model in Figure 6.3.2 

relaxes faster even with higher viscosity. 

 
6.4  Viscosity Variation for 54 km Wide Weak Zone 
  

 

10e21 Pa-s 

Viscosity=10e22 Pa-s 

 
Figure  6.4.1  Width 54 km, Power-law exponent 1.5, Viscosity variation 
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Viscosity=10e22 Pa-s 

10e21 Pa-s 

 
Figure  6.4.2  Width 54 km, Power-law exponent  2.0, Viscosity variation 

 
 

Figure 6.4.1 to 6.4.2 show variation of viscosity for 3D model for weak zone width 

of 54 km. Each figure shows comparisons for fixed power-law exponent.  As seen in the 

previous section, increase in viscosity increases the relaxation time and changes the stress 

relaxation pattern.  The slope of relaxation curve decreases when viscosity is increased.   

Models for values 10e21 Pa-s and higher can be run for this width of model.  For values 

below this viscosity the models do not satisfy the convergence criteria. 
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6.5  Power-law Variation for 54 km Wide Weak Zone 

  

3D Model, Width 54 km, Viscosity =10e21 Pa-s, Power-law Variation 

 
Figure  6.5.1  Width 54 km, Viscosity 10e21 Pa-s, Power-law exponent variation 

 

 

3D Model, Width 54 km, Viscosity =10e22 Pa-s, Power-law Variation 

 
Figure  6.5.2  Width 54 km,  Viscosity 10e22 Pa-s, Power-law exponent variation 
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 Figure 6.5.1 to 6.5.2 shows the variation in power-law exponent for 3D model with 

54 km weak zone width. Again each figure shows comparison for fixed value of 

viscosity. Only one curve is found to satisfy the NMSZ observation. As noted earlier, 

with higher weak zone width, models become sensitive to power-law exponents and 

higher power-law exponents result in fast stress dissipation rates.  As per the trend seen in 

Table 6.1, a suitable value set is found in the lower power-law exponent range.  With the 

variation in power-law exponent, models with the same geometry can have very different 

stress relaxation curves.  

 
6.6  Viscosity Variation for 75 km Wide Weak Zone 
 

 

10e21 Pa-s 

Viscosity=10e22 Pa-s

 
Figure  6.6.1  Width 75 km, Power-law exponent 1.5, Viscosity variation 

 
 

Figure 6.6.1 shows viscosity variation of the 3D model for a weak zone width of 75 

km. Only two model can be run for this width both having power-law exponent of 1.5.  

The general trend seen in viscosity variation follows previous results yielding a greater 

number of earthquakes with increase in viscosity.  None of the models found satisfy the 

NMSZ trend for this weak zone width and power-law exponent, and viscosity 

combination. 
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6.7  Geometric Variation with 24, 54 and 75  km Wide Weak Zone 
 

  

3D Model, Power-law 1.5, Viscosity =10e22 Pa-s, Power-law Variation 

 
Figure  6.7.1  Power-law exponent 1.5, Viscosity 10e22 Pa-s, Width variation 

 

 

3D Model, Power-law 1.5, Viscosity =10e21 Pa-s, Power-law Variation 

 
Figure  6.7.2  Power-law exponent 1.5, Viscosity 10e21 Pa-s, Width variation 
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Figures 6.7.1 to 6.7.2 show variation in width of the weak zone for 3D models, we 

have compared the variation for constant power-law exponent and viscosity values.  For 

lower values of viscosity models are found to be relaxed in first couple of thousands of 

years.  None of lower viscosity model satisfies the observations from NMSZ.  If we move 

to higher viscosity models with less width, they do satisfy the observations from the 

NMSZ.  Note the difference in stress release on the fault between the 24 km to 54 km 

models  (30 km jump) and the 54 km to 75 km models (21 km jump).  A likely reason for 

the 3D case could be the effect of the characteristics lengths.  The 3D problem has two 

characteristic lengths 40 km as the depth of bottom of weak zone and 100 km as half of 

length of fault.  The 24 and 54 km model are close to characteristic length 40 km i.e. 

depth of the bottom of the weak zone, hence stress release on the fault is controlled by 

depth of the bottom of weak zone.  The 75 km model is close to characteristic length of 

100 km hence stress release on the fault is proportionally increased.  Because they are of 

infinite length this argument does not apply to the 2D models.  

 

6.8  Conclusions 

We found that as we move towards the higher weak zone width higher amounts of 

stress is released on the fault. Use of power-law exponents as high as 1.5 to 2.0 may need 

very high viscosity values in order to produce models having resemblance with the 

NMSZ observation.  Suitable results can be obtained with the moderate values of width 

about 24-54 km, power-law exponents of 1.5 -2.0 and viscosities of 10e22 Pa-s to 10e23 

Pa-s.   We ran some models with weak zone widths of 3 km and 6 km but did not result in 

successful convergence of model.  Due to time constraints and computational constraints 

models could not be revised.  Thus we cannot comment on the model with widths below 

24 km.  Given the time constraints 24 km was lowest weak zone width that ran 

successfully. Thus we have no models run for widths of 3, 6, 12 km so we don’t have any 

comment on them.  Table 6.1 shows data for parameters which resulted in model 

satisfying the NMSZ observation. 
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Table 6.1  These 3D models were run for 10,000 years with Maximum Shear Stress criteria on each node with 30 % drop in stress on fault. 

 

No Width 
km 

Power-law 
exponent 

‘n’ 

Viscosity 
Pa-s  ‘η’ 

Cumulative 
Moment  

(N-m) 

No. of 
Earthquake 
(Approx.) 

 

Relaxed after 1000 
Years (Yes or No) 

Time for full 
Relaxation years 

Satisfy  NMSZ 
Observation 

         
1   24 1.5 10e21 6e21 6      Yes 2500 No 
2   24 2.0 10e21 6e21 3      Yes 800 No 
3   24 1.5 10e22 6e21 7 No NA      Yes 
4 24 2.0 10e22 11e21 4      Yes 2000 No 
5       24 2.0 10e23 11e21 4 No NA No
         
6   54 1.5 10e21 7e21 8      Yes 2000 No 
7   54 1.5 10e22 6e21 5 No NA      Yes 
8   54 2.0 10e21 7e21 4      Yes 700 No 
9   54 2.0 10e22 6.5e21 4      Yes 4000      Yes 
         
10   75 1.5 10e21 11e21 2      Yes 800 No 
11   75 1.5 10e22 11e21 2      Yes 8000 No 
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Chapter-7 
 

Results and Discussion 
 

In this section we test the model against field data.  The most useful data for testing 

the model are the 1811-1812 earthquake sequence and two other pre-historic events 

which took place in last two thousand years. There is also a small set of geodetic data 

measured in the last decade by Stanford University, Northwestern University, and 

Memphis University.  The observations in the NMSZ include 15 m of uplift on the 

Reelfoot fault [Van Arsdale and TenBrink, 2000] and dramatic increase in slip-rate 

during the Holocene (Table 1.1). The sequence of earthquakes was extremely large, M>7 

with a felt area extended to Boston (Figure 1.1).  In part, seismic waves travel much 

farther in the central and eastern US as compared to the western US (Fig 1.2) but the 

1811-1812 earthquakes are still extremely large.  The sizes of sandblows which are 

located in the NMSZ region are the largest ever recorded. 

  The study shows that a simple model of the earthquake cycle in the NMSZ, based 

on the phenomenon of stress relaxation in a weak zone, can explain the first order 

observations from the NMSZ. Results in Chapter 5 and Chapter 6 indicate that we can 

find models using narrow weak zone widths and power-law and viscosity values which 

can produce earthquake sequences as seen in the NMSZ.  Given a combination of certain 

parameters an earthquake cycle close to the observed one can be produced with 

negligible surface strain-rates.  Though the solution is non-unique, we can still rule out 

parameter combinations that don’t work.  A smaller set of parameters can be obtained 

when an additional constraint of number of earthquakes produced in the last 2000 years is 

used.  

One of the goals of this study was to see how narrow a weak zone could get and still 

satisfy observations from the NMSZ. Figures in Chapter 5 show that in certain windows 

of time a weak zone as low as 3 km width can produce earthquake sequences similar to 

those in the NMSZ.  The model uses nonlinear power law rheologies. All the models 

producing required observation have been marked with green spot, other models can be 

eliminated. 
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The second goal was to develop more computationally efficient and rheologically 

realistic fault friction subroutines.  We investigated various possibilities.  Fault friction is 

a complex geological phenomenon. Efforts have been made to integrate these phenomena 

and reach optimal utilization of computation resources.  Friction criteria type 1 and type 2 

enforce predetermined stress drops. Type 3 criteria use a percentage stress drop and may 

be more geologically realistic approach. In all cases computational efficiency must be 

improved.  Book-keeping parameters are the key to performing friction simulations of 

earthquakes.  Further streamlining of the book-keeping can be investigated to improve 

efficiency.   

A final goal was to identify the trends in the parameter space which might help to 

limit future studies.  For constant width and power-law exponent, increases in viscosity 

increase the total relaxation time for the same geometry but the trend of occurrence of 

earthquake changes.  For a given set of the other two values, higher and lower viscosity 

value can be decided where average recurrence time for earthquakes can be resolved on 

the time scale ~500 years. 

For the constant width of the weak zone and viscosity, increases in power-law 

exponent accelerate the occurrence of earthquake.  Criteria of ruling-out a value of the 

power-law is same as discussed above for viscosity.  We found that large values of weak 

zone widths are incompatible with large values of power-law exponents.  The same 

results are seen in both 2D and 3D models.  Finally, many of the models produce 

geological impossible results and can be eliminated.  

After we have obtained these values, further parameter set can be constraints by 

limiting magnitude of earthquake and slip on the fault.  This could be scope of future 

work. Concurrent development of fiction subroutines will help to investigate more 

realistic values and further restrict parameter set being constrained.  As see in Chapters 5 

and 6 we can also produce positive results using narrow weak zones and power-law 

rheologies to match observations in the NMSZ. 
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Chapter-8 
 

Limitations 
 

Following are limitations on the result that are applicable to the finite element modeling 
of the NMSZ. 

 
1. Approximations used in the modeling which result from a lack of precise 

geometrical and rheological information in the NMSZ.  These uncertainties are 

dealt with by attempts to bound the range of geologically reasonable 

parameters. 

2. There are certain limitations in the friction subroutines used both in the 2D and 

3D calculations.  For example, in 2D problems the whole fault will rupture 

every time there is an earthquake.  There also errors which are introduced by 

variations in the numerical convergence criteria.  More precise friction 

subroutines are currently being developed. 

3. We have used simplified fault geometry in the model i.e. the NMSZ is modeled 

as one strike-slip fault of span 200 km, while in actual it is composed of three 

faults two strike-slip and one dip-slip as discussed in Chapter 2.  In future both 

thrust faulting and strike-slip faulting can be included to obtain more realistic 

results. 

4. Earthquake magnitude are uncertain (though certainly M>7) because they are 

based on felt reports and the amount of shaking necessary to form observed 

paleoliquefaction feature. 

5. Earthquake repeat times are uncertain because they are based upon dating of 

paleoliquefaction features.  Further more there is no historical record of a 

complete earthquake cycle.  Finally, earthquake repeat times are highly variable 

in any tectonic setting.  

6. The results are restricted to an elastic crust and mantle. 

7. We have considered steady state stress boundary conditions, where in real life 

remote stress would be slowly changing.   
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Chapter-9 
 

Conclusions 
 

As we review the 2D and 3D model results, we can draw the following conclusions: 

1) As the power-law exponent increases, the frequency of earthquakes is initially 

very high and the weak zone reaches a fully relaxed state relatively quickly.  

Thus, higher power-law exponents produce higher energy dissipation rates.  See 

results in sections 5.2 and 6.2  

2) In the 2D model, as weak zone width increases, the total number of earthquakes 

occurring before total relaxation increases.  This tend is not as clear in 3D may 

due to width values used.  See Table 5.2 and 6.1. 

3) For 2D models as weak zone width increases the time required for full relaxation 

of the weak zone increases although the total moment release after 10,000 years is 

decreased (see Figure 5.7.1 and Figure 5.7.2).  This is because energy is initially 

transferred to parts of the crust which are far from the fault.   Very narrow weak 

zones (3 km) have much higher moment release compared to models with wider 

weak zone (6-12 km).  This may be the result of the increase in efficiency of 

postseismic stress recycling in the narrow non-linear weak zone. 

4) At its fully relaxed state for 3D power-law models with wider weak zone have 

higher moment release (see Figure 6.7.1 and Figure 6.7.2). 

5) Increases in weak zone viscosity lead to lower initial slopes in the moment vs. 

time curves.  This produces lower initial energy dissipation rates. See section 5.3 

and 6.3. 

6) Using power-law rheologies in 2D, we can have 10-12 earthquakes in weak zones 

as narrow as 3 km over 1200 years with lower values of viscosity.  3D models 

using a weak zone width of 24 km yield 5-6 earthquakes in 5000 years.  This 

difference in number of earthquakes is mainly because of the way the modeling is 

done, as 2D models have infinite weak zone length while 3D model have limited 

weak zone length.   
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7) This is a non-unique problem.  A specific set of parameters satisfying the 

observation can not be considered as solution.  If we are given two of the 

following three parameters, power-law exponent, weak zone viscosity, and weak 

zone width, a range of the third parameter can always be found which matches 

geological observations in the NMSZ. However, if we can make realistic, 

independent assessments of two of these parameters, we can place more 

restrictive bounds on the range of possible third parameter values 

8) We find that weak zone as narrow as 3 km for 2D models and 24 km for 3D 

models can fit the observations in the NMSZ using the power law rheology.  

Unfortunately 3D weak zone models with width smaller than 24 km with power-

law rheologies experienced numerical convergence difficulties. 

9) We have developed and refined 4-5 different fault friction subroutines, though 

some them have not been used in the reported results.  Preliminary testing 

indicated that subroutine using average shear stress values for calculation is the 

fasted but the friction subroutine which is implemented through shear stress at 

each node seems geologically more realistic. Hence a friction model having a 

median (type 3) between the two features would be more appropriate.  As 

suggested in Chapter four, research using type 4 and type 5 subroutines can yield 

very efficient subroutines and more realistic results. 

10)  Stress drop is one of the important parameters in deciding the whole earthquake 

cycle.  Earlier constant stress drop and stress drop to a constant value has been 

used which does reflect the true behavior of process and give more unrealistic 

stress profiles. 

11)  Benchmarking efforts have been made to compare *CREEP and 

*VISCOELASTIC keywords for representing linear materials and 

*VISCOELASTIC keyword was found to be more computationally efficient 

when Maxwell material is considered. 

12)  Standard linear solid has been proposed as an alternative choice for material 

representing the crust weak zone material.  Analytical calculations were 

performed to calculate Prony series coefficients for SLS model in ABAQUS. 
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Appendix A 
 

Comparison of *VISCOELASTIC & *CREEP Keywords 
 

The Nur-Mavko model has been used to compare two keywords.  The Nur-Mavko 

model comprises of geometry as seen in Figure 5.1.  It has two layers.  The top layer is 

elastic representing the lithosphere while bottom layer is a viscoelastic half-space 

representing the asthenosphere.  The Nur-Mavko model can be used to find the surface 

displacements through an analytic method.  Earlier a benchmark for this analytical and 

*CREEP keyword has been done.  I proceed further and compare surface displacement 

for *VISCOELASTIC and *CREEP keyword for same setup.  

Following are the plots of difference in the displacement at nodal points on the 

surface between the models using *CREEP and *VISCOELSTIC keywords.  These 

graphs have been plotted at different times starting from first occurrence of earthquake.  

 
 

Figure A.1 Displacement difference at top surface at Time t = 0.000 Years.  X axis shows distance from 
fault in km and Y axis shows the difference in displacement in mm at the elapsed time in years given in the 

figure caption.  
.  
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Figure A.2 Displacement difference at top surface at Time t =0.236 Years 
 

 
 

Figure A.3 Displacement difference at top surface at Time t = 0.540 Years 
 

 
 

Figure A.4 Displacement difference at top surface at Time t = 0.800 Years 
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Figure A.5 Displacement difference at top surface at Time t = 1.080 Years 
 

 
 

Figure A.6 Displacement difference at top surface at Time t = 1.720 Years 
 

 
 

Figure A.7 Displacement difference at top surface at Time t = 2.700 Years 
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Figure A.8 Displacement difference at top surface at Time t = 5.600 Years 
 

 
 

Figure A.9 Displacement difference at top surface at Time t = 10.600 Years 
 

 
 

Figure A.10 Displacement difference at top surface at Time t = 20.000 Years 
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Figure A.11 Displacement difference at top surface at Time t = 40.000 Years 
 

 
 

Figure A.12 Displacement difference at top surface at Time t = 80.000 Years 
 

 

After reviewing these results we find the maximum difference of 2.5 mm in 

displacement after 40 years.  When viscoelastic body is fully relaxed after 80 years, this 

difference becomes 1.5 mm. This difference goes down as we go from 40 to 80 years 

because both models tend to achieve fully relaxed state.  When we are talk at the scale of 

hundreds of km this difference is negligible. Hence *VISCOELASTIC keyword can 

replace *CREEP keyword without any difference in the result.  It is also found that 

*VISCOELASTIC take 10 % less iterations to complete the time-step  

 

Copyright © Abhishek Joshi 2005
 86



Appendix B 
 

Analytical Models of Viscoelastic Behavior 

B.1  Introduction 

In following model springs and dashpots are used to simulate the elastic and viscous 

components of the stress/stain response.  The spring (elastic component of the response) 

obeys the relations for tensile and shear stress.  The dashpot (viscous component of the 

response) obeys the relations for tensile and shear stress  

………………….(B.1) 
 

……………………(B.2) 

Simple models using combinations of springs and dashpots are used to understand 

viscoelastic material response for stress/strain variations using tensile stress conditions.  

In general, more complex the model is better the experimental fit are, but greater numbers 

of experimental constants are involved.  Note that E, G, η, and µ depend not only on the 

material but also on  pressure and temperature. Following analysis was taken in large part 

from http://www.see.ed.ac.uk. 

B.2  Maxwell Model  
 

A Maxwell model consists of a spring and dashpot in series (Figure B.1).  Each 

of the Equations in the section B can be used for shear. 
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ε
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η
ε
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2

2

 
Figure B.1  Maxwell Model 
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B.2.1  Governing Equation 

 Assuming constant area, at equilibrium condition of forces, stress and strain in each 

element is given by  following equations 

Stress   …………………………(B.3) 

Strain   …………………………   (B.4) 
 
 

Using Equations B1, B.2 and B.4 we get 

…………..(B.5) 
Now putting values from B.3 

……..…(B.6) 
 

This is the governing equation of the Maxwell Model.  
 

B.2.2 Creep for Maxwell Model 

Deformation under constant stress  is known as creep.  For a Maxwell Body the 

creep equation can be found by integrating equation B.6.  If the strain increases linearly 

with time, and a constant applied stress,  

oσ

……………(B.7) 
 

B.2.3  Stress Relaxation  

For a constant strain, equation B.6 becomes 

……………(B.8) 
       Solving this equation with at t = 0,  

……………………(B.9) 
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B.2.4. Strain Recovery  

When the stress is removed there is instantaneous recovery of the elastic strain.  The 

dashpot is no longer creeping the strain is constant and given by   

    for tensile stress ……….(B.10) 
 

        Where is time derivative of stress 'σ
 
 

B.3  Kelvin /Voigt Model  

This consists of a spring and dashpot in parallel (Figure B.2).  This model is 

acceptable as a first order approximation to creep and recovery behavior, but is 

inadequate for prediction of stress relaxation. Each of the equations in Section C can also 

be used for shear 
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Figure B.2: Kelvin/ Voigt Model 
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B.3.1  Governing Equation  

The applied load is supported by both the spring and the dashpot simultaneously 

…………….(B.11) 

        Further the strain and stress can be given by 

Strain   ……………..(B.12) 

Stress   …………(B.13) 
 

From above equations B.12 and B.13 we get  

………………………..(B.14) 
 
This is the governing equation of the Kelvin/Voigt Model.  
 
 

B.3.2 Creep for Kelvin/Voigt Model 
 
For a constant applied stress, , Solving differential equation (B.13) for total strain, oσ

  We get  

……(B.15) 
 

B.3.3  Stress Relaxation  

For a constant strain  

…………(B.16) 
 

i.e., the stress is constant, which is the predicted response being that of an elastic 

material. There is no relaxation  

 

B.3.4  Strain Recovery  

When the stress is removed, Equation B.13 becomes  

…….(B.17) 
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Solving this equation with the initial condition at the time of stress removal  

……………(B.18) 
 

B.4  General Equations  

Various compromises between the Maxwell and Kelvin/Voigt models have been 

proposed.  More complex models are also used.  

 In general, equations of the form  

 

………(B.19) 

are used to define the governing equations for all linear viscoelastic materials. ai and 

bi are determined from constitutive relations, boundary and initial conditions 
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Appendix C 
 

Geological Time Scale 
 
 
Geologic time is often discussed in two forms: 

• Relative time ("chronostratic")  subdivisions of the Earth's geology in a 

specific order based upon relative age relationships (most commonly, 

vertical/stratigraphic position). These subdivisions are given names, most 

of which can be recognized globally, usually on the basis of fossils.  

• Absolute time ("chronometric")  numerical ages in "millions of years" 

or some other measurement. These are most commonly obtained via 

radiometric dating methods performed on appropriate rock types.  

Think of relative time as physical subdivisions of the rock found in the Earth's 

stratigraphy, and absolute time as the measurements taken upon those to determine the 

actual time which has expired.  Absolute time measurements can be used to calibrate the 

relative time scale, producing an integrated geologic or "geochronologic" time scale. 

In addition, like any good scientific measurement, every dated boundary has an 

uncertainty associated with it, expressed as "+- X millions of years" which can be found 

in Harland et al., [1990]. 

This geological time scale is based upon Harland et al., 1990, but with the 

Precambrian/Cambrian boundary modified according to the most recently-published 

radiometric dates on that interval, revising the boundary from 570+-15 million years to 

543+-1 million years ago [Grotzinger et al., 1995].  

The time scale is depicted in its traditional form with oldest at the bottom and 

youngest at the top, the present day is at the zero mark.  Geologic time is finely 

subdivided through most of the Phanerozoic [Harland et al., 1990], but most of the finer 

subdivisions (e.g., epochs) are commonly referred to by non-specialists only in the 

Tertiary.  Because of the vast difference in scale, the younger intervals have been 

successively expanded to the right to show some of these finer subdivisions. 

 92



 Figure C.1  Geological Time Scale 
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Appendix D 
 

Glossary 
 
 
Aseismic:  A region without earthquakes (seismic activity). 

Asthenosphere:  The uppermost layer of the mantle, located below the lithosphere. This 

zone of soft, easily deformed rock exists at depths of 100 kilometers to as deep as 700 

kilometers. 

Basin:  A depression in the Earth’s surface that collects sediment.  

Batholith:  Very large mass of intrusive (plutonic) igneous rock that forms when magma 

solidifies at depth. A batholith must have greater than 100 square kilometers (40 square 

miles) of exposed area. 

Cenozoic Era:  The time span between 66.4 million years ago to the present 

Craton:  The relatively stable nucleus of a continent. Cratons are made up of a shield-

like core of Precambrian Rock. 

Crust:  The rocky, relatively low density, outermost layer of the Earth.  

Cretaceous:  Geologic period that occurred roughly 65 to 144 million years ago. During 

this period, the first flowering plant species appear and dinosaurs are at their greatest 

diversity. Dinosaurs die out at the end of this period.  

Deformation: General term for folding, faulting, and other processes resulting from 

shear, compression, and extension of rocks. 

Dip: A measure of the angle between the flat horizon and the slope of a sedimentary 

layer, fault plane, metamorphic foliation, or other geologic structure 

Dip-slip fault: A fault that moves rock on one side of the fault up or down relative to the 

other side.  Can be either a normal or thrust fault.  The fault plane dips 

Earthquake: A sudden ground motion or vibration of the Earth.  Produced by a rapid 

release of stored-up energy along an active fault 

Eon:  The largest time unit on the geologic time scale.  
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Fault: A fracture in the Earth along which one side has moved in relative to the other. 

Sudden movements on faults cause earthquakes 

Geotherm:  Heat derived from the Earth's interior. 

Holocene: An epoch of the Quaternary Period beginning 10,000 years ago and 

continuing today 

Hot spot: An area of concentrated heat in the mantle that produces magma that rises to 

the Earth’s surface to form volcanic islands when penetrating oceanic and extremely 

large volcanoes 10’s of km across when penetrating continental crust.  The volcanic 

activity of the Hawaiian Islands is one example. Hot spots generally persist for millions 

of years. 

Left-lateral: If you were to stand on the fault and look along its length, this is a type of  

fault where the left block moves toward you and the right  block moves away. 

Left-stepping: If you were to stand on the fault and look along its length, this is a type of 

fault where the left portion steps over to the left. Implies that fault is segmented. 

Liquefaction: Temporary transformation of a mass of soil or sediment into a fluid mass. 

Occurs when the cohesion of particles in the soil or sediment is lost. Often triggered by 

seismic waves from an earthquake. For this condition to take place the pore spaces 

between soil particles must be at or near saturation. 

Lithosphere: A layer of solid, brittle rock making up the outer 100 kilometers of the 

Earth, encompassing both the crust and the outermost part of the upper mantle. See also 

asthenosphere. 

Mafic: A term used to describe minerals or igneous rocks that are rich in iron and/or 

magnesium. Mafic igneous rocks have a high percentage of dark-colored (mafic) 

minerals.  They are relatively heavy. 

Mantle: The layer of the Earth below the crust and above the core. The uppermost part of 

the mantle is rigid and, along with the crust, forms the 'plates' of plate tectonics. The 

mantle is made up of dense, iron and magnesium rich rock such as dunite and peridotite.  

It flows at very long time scale. 
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Moment magnitude: A measure of the total amount of energy released by an earthquake 

( modulus of rigidity X Area X Slip). 

Mesozoic:  Geologic era that occurred from 245 to 65 million years ago.  

Magmatic: Molten rock. Magma may be completely liquid or a mixture of liquid rock, 

dissolved gases and crystals. Molten rock that flows out onto the Earth’s surface is called 

lava. 

Nonconformity: A type of unconformity in which young sedimentary rocks lie on top of 

older metamorphic or intrusive igneous rocks. 

Normal fault: A fault that drops rock on one side of the fault down relative to the other 

side.  Forms in zones of extension.  The fault plane dips.  

Precambrian: The 'unofficial' time period that encompasses all time from the Earth’s 

formation, 4.55 billion years ago to 570 million years ago, the beginning of the Paleozoic 

Era 

Paleoseismology:   The study of ancient seismic (earthquake) events. 

Paleozoic Era: The earliest era of the Phanerozoic Eon, marked by the presence of 

marine invertebrates, fish, amphibians, insects, and land plants. 

Plate: A slab of rigid lithosphere (crust and uppermost mantle) that moves over the 

asthenosphere 

Phanerozoic Eon: The eon beginning about 570 million years ago and continuing to the 

present. The portion of Earth history with rocks containing abundant fossils 

Plutons: An intrusive rock, as distinguished from the preexisting country rock  that 

surrounds it 

Quaternary:  The most recent Period of the Cenozoic Era. Encompasses the time 

interval of 1.6 million years ago through today 

Reverse/Thrust fault: This dipping fault develops when compressional force causes the 

displacement of one block of rock over another.  
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Rift zone: A region of Earth’s crust along which divergence is taking place. A linear 

zone of volcanic activity and faulting usually associated with diverging plates or crustal 

stretching.  When divergence fails to split the two plates, it becomes known as a failed 

rift zone. 

Right-lateral: If you were to stand on the fault and look along its length, this is a type of 

strike-slip fault where the right block moves toward you and the left block moves away. 

Right-stepping: If you were to stand on the fault and look along its length, this is a type 

of fault where the right portion steps over to the right. Implies that fault is segmented 

Sand Blow: A type of liquefaction in which fluidized over-pressured sand fractures its 

way to the surface creating what looks like a mini-volcano of sand. 

Seismicity: The world-wide or local distribution of earthquake in space and time; a 

general term for the number of earthquakes in a unit of time. 

Strike-slip: A left or right-lateral fault.  The fault plane is often nearly vertical. 

Tertiary Period: The earliest Period of the Cenozoic Era, beginning about 66.4 million 

years ago and ending 1.6 million years ago 

Topography:  The shape of the land surface 

Unconformity: The contact between older rocks and younger sedimentary rocks in 

which at least some erosion has removed some of the older rocks before deposition of the 

younger. An angular unconformity shows that the older rocks have been deformed and 

eroded before the younger sedimentary rocks were deposited; there is an angle between 

the beds of the older and the younger 

Unconsolidated:   Loose sediment; lacking cohesion or cement.  

[http://www.geos.iitb.ac.in/glossaries.html] 

[http://www2.nature.nps.gov/grd/usgsnps/misc/glossaryAtoC.html] 
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