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Abstract 

CONSTRAINING THE NEAR TIP STRESSES AROUND PROPAGATING 

EARTHQUAKE RUPTURES: FRICTIONAL RESPONSE  

AND OFF FAULT TENSILE CRACK  

DEVELOPMENT 

 

Monica Barbery, M.S. 

 

The University of Texas at Arlington, 2015 

 

Supervising Professor: W. Ashley Griffith 

The near-tip stress, strain, and displacement fields around propagating ruptures 

are complicated, transient, and depend heavily on the evolution of the shear traction 

along the advancing rupture. This shear traction evolution is in turn influenced by 

dynamic weakening of the coefficient of friction. I have investigated near tip rupture 

mechanics using two approaches. In the first approach, I conduct experiments using a 

novel torsional Kolsky bar apparatus to investigate the frictional evolution of synthetic 

rock gouges at pressures, accelerations, and slip velocities expected to be operating in 

the seismogenic zone where most earthquakes nucleate. Microstructural analysis and 1-

D thermal modeling is conducted to explore the observed dynamic weakening of friction, 

and in particular the inferred mechanism of flash heating at asperity contacts. In the 

second approach, I examine length and spacing distributions of naturally occurring 

pseudotachylite injection veins and experimentally generated tensile microcracks to 

elucidate the mechanical interaction between mode I cracks within the transient near-tip 

stress field. As a rupture propagates, stress perturbations result in the formation of a 
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tensile zone directly behind the rupture tip where fractures develop and fracture length is 

governed by stress shadowing of nearby fractures. 
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Chapter 1  

Dynamic Weakening of Synthetic Gouges at High Velocities and High Pressures 

1.1 Introduction 

It is well established that dynamic weakening on sliding fault interfaces (i.e., the 

reduction of frictional resistance with increasing slip velocity and slip distance) is closely 

related to the onset of frictional instabilities associated with earthquakes (Dietrich, 1979; 

Rice and Ruina, 1983). Experiments performed in biaxial and triaxial apparatuses at low 

sliding velocities (≤ 1 mm/s) have shown that the resistance to shear, expressed as the 

coefficient of static friction, for both cohesive rock and rock gouge is approximately 0.7 for 

a majority of geologic materials (Byerlee, 1978). The development of high velocity friction 

apparatuses in the last two decades has facilitated experimental studies on the frictional 

properties of bare rock and rock gouges at sliding velocities approaching seismic slip 

rates and constant normal stresses. A majority these experiments have observed 

dramatic decreases in the sliding coefficient of friction as sliding velocity approaches 

seismic slip rates, irrespective of rock type (Di Toro et al., 2011). This dramatic 

weakening is the inferred result of mechanically and thermally activated weakening 

processes developing during slip (Di Toro et al., 2011).  

Several mechanisms have been proposed to account for the dynamic weakening 

of the coefficient of friction observed in bare rock and rock gouge experiments based on 

theoretical considerations, experimental results, and microstructural analysis (see 

Niemeijer et al., 2012 for overview). Flash heating of asperity contacts is one proposed 

mechanism with support from experiments performed on bare rock and rock analog 

materials (Goldsby and Tullis, 2011; Violay et al., 2014; Yuan and Prakash 2008). Flash 

heating and subsequent weakening of asperity contacts develops during the early stages 

of slip and regulates friction during the nucleation phase (Rice, 2006; Hirose and 
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Shimamoto, 2005; Niemeijer et al. , 2011; Goldsby and Tullis, 2011). In the flash heating 

model introduced by Rice (1999) and modified by Beeler et al. (2008), weakening occurs 

by thermal softening and melting of locally-stressed micron-scale asperity contacts during 

rapid slip. For rough fault surfaces, the stress is supported by asperity contacts (figure 1) 

where the ratio of contact shear stress τc to contact normal stress τn is equivalent to the 

ratio of shear stress τ to normal stress σ, where τc>> τ.  Subsequently, thermal 

weakening from shear heating initiates at weak asperity contacts during rapid slip and 

may significantly alter fault strength. 

 

Figure 1. Idealized fault surfaces showing contacts at asperity junctions. Asperity 

contacts are typically 1-20 μm in diameter. 

 
Rock gouge and breccia are common brittle fault zone features that develop at 

the center of fault zones and are thought to control the frictional properties of faults (Ben-

Zion and Sammis, 2003). One widely accepted formation mechanism of rock gouge and 

breccia is fragmentation of mineral grains during seismic slip characterized by rotation, 

frictional grain boundary sliding and dilation (Sibson, 1977). The effects of flash heating 

on rock gouge, with contact dimensions smaller than those obtained in bare rock 

experiments, are not well constrained (Niemeijer et al., 2012). This is in part due to the 

complexity of the problem, but also due to the difficulty of obtaining unaltered fault gouge 

from seismogenic depths at the earth’s surface. 
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The San Andreas Fault Observatory at Depth (SAFOD) was a deep hole drilling 

program that began in June 2004 on the San Andreas Fault (SAF) near Parkfield, 

California where the SAF transitions from aseismic creep to repeating microearthquakes 

near the termination of the 2004 Parkfield earthquake rupture zone (Hickman and 

Zoback, 2004; Holdsworth et al., 2011, Zoback et al., 2011). Part of the goal of the 

SAFOD project was to recover core materials from the borehole penetrating the SAF 

near a fault section characterized by repeating microearthquakes and fault creep at a 

depth of approximately 2.65 km (Zoback et al., 2011). These core samples have been 

characterized microstructurally and tested for frictional properties (Carpenter et al., 2012; 

Carpenter et al., 2011; Lockner et al., 2011; Tembe et al., 2006). In order to standardize 

testing procedures for physical properties of SAFOD materials, the SAFOD Interlab 

Comparison project was established (Logan et al., 2010). The portion of the project 

related to frictional properties consists of a set of experimental protocols for frictional 

testing of five standardized, synthetic rock gouge samples: SAFOD Phase III cuttings 

gouge of a shale unit intersected in Hole E at a depth range of 10,366 feet to 10,430 feet 

in addition to Westerly granite gouge, Ottawa quartz sand gouge, talc gouge, and a 50/50 

gouge mixture of Ottawa quartz sand and montmorillonite. The Westerly granite, SAFOD 

cuttings, and talc samples were prepared at Penn State following the same procedure: 

breakdown of hand samples with a jaw crusher, dehydration at 60 °C overnight, further 

pulverization with a disc mill, followed by sieving to below 125 μm. The 50/50 mix was 

prepared with equal parts by weight of Ottawa quartz sand gouge (F110), acquired from 

US Silica to below 150 μm, and Ca-Montmorillonite gouge, acquired from GSA 

Resources to below 150 μm.  

Experiments performed to date in other labs have examined the frictional 

behavior of the rock gouges at effective normal stresses up to 100 MPa and loading rates 



 

4 

up to 50 μm/s (Logan et al., 2010). The coefficient of friction μ under these conditions 

was approximately constant for each gouge type and independent of normal stress. For 

Westerly granite gouge μ ranged from 0.57-0.7. For the SAFOD cutting gouge, μ ranged 

from 0.59-0.71 (Logan et al., 2010). The SAFOD inter-laboratory gouges serve as a 

standardized sample set at quasi static loading rates for comparison with our 

experimental results at seismic loading rates. Additionally, participation in the SAFOD 

Inter-laboratory Comparison group and validation of our experimental apparatus will 

enable future experimentation on SAFOD samples from within the SAF zone. 

The experiments detailed in Logan et al. (2010) were conducted with triaxial and 

biaxial compression apparatuses, with a few experiments conducted on rotary shear 

devices, on samples 1 to 3 mm in thickness. Loading rates for rotary shear apparatuses 

ranged from 10-50 μm/s and for triaxial compression apparatuses ranged from 1-10 μm/s 

for up to 20 mm of displacement (Logan et al. 2010). In rotary shear, a normal load is 

applied to annular or cylindrical samples and a constant rotational velocity, equivalent to 

the slip velocity, is applied to shear the samples. In triaxial compression apparatuses, a 

cylindrical sample subjected to an external confining stress and a differential stress is 

axially loaded to shear the sample. To date, a majority of experiments to explore the 

frictional behavior of rocks conducted at high slip rates have utilized rotary shear 

apparatuses capable of large slip rates and slip displacements characteristic of 

earthquake ruptures (Goldsby and Tullis, 2002; Hirose and Shimamoto, 2005; Di Toro et 

al., 2006; Del Gaudio et al., 2009; Sone and Shimamoto, 2009; Proctor et al., 2014). 

Experiments performed using a rotary shear apparatus at high slip velocities are limited 

to normal stresses significantly lower than expected in the seismogenic zone (<~20 MPa) 

and constant or near-constant slip rates (Di Toro et al., 2011; Fukuyama and Mizoguchi, 

2010). 
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These high velocity rock friction experiments have shown dramatic weakening of 

μ with increasing slip distance across a wide range of geologic materials in addition to 

decreases in the steady-state coefficient of friction μss with increasing slip rate (Di Toro et 

al., 2011). Furthermore, the thermal slip distance Dth (the distance over which the shear 

stress drops by 1/e of the total stress drop) decreases with increasing normal stress (Di 

Toro et al., 2011). More recent experiments on serpentinite bare rock and rock gouge 

showed that the frictional behavior of rock gouge approached the frictional behavior of 

bare rock at high pressures (Proctor et al., 2014). 

There is currently no rock gouge friction data collected from experiments 

conducted at effective normal stresses and peak slip velocities expected in the 

seismogenic zone (i.e., σn 100-200 MPa, v 1-10s m/s). In the experiments described 

here, we utilize a modified torsional Kolsky bar apparatus (Yuan and Prakash, 2012; 

Yuan and Prakash, 2008; Rajagopalan and Prakash, 1999; Rajagopalan and Prakash, 

1998) with a new gouge holder in order to investigate the frictional properties of synthetic 

rock gouge at seismically relevant slip velocities (1-5 m/s) and normal stresses (50-125 

MPa) for the first time in combination with microstructural analysis. 

1.2 Modified Kolsky Bar Experimental Configuration 

We conducted twenty-five experiments on Westerly granite gouge and SAFOD 

cuttings gouge using a modified torsional Kolsky bar apparatus at Case Western 

University in Cleveland, Ohio (Figure 2). In this experimental setup, a rock gouge 

specimen is confined to a machined annular well within a steel disk mounted in the 

specimen holder (Figure 3). This disk is removable to allow for sample extraction at the 

end of an experiment. In order to conduct experiments, a machined steel tube attached to 

the end of the incident bar is made to slide axially into the machined annular well by 
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applying a static axial compressive force that compresses the specimen, minimizing the 

loss of gouge materials.  

 

 

Figure 2. A) Photograph of modified torsional Kolsky bar apparatus with view of hydraulic 

pulley (yellow box) and the sample holder (red box). B) Photograph of sample holder with 

machined annular well filled with sheared gouge sample. C) Photograph of well for 

sample holder and alignment block. 

 
Shearing of the specimen is achieved with a torsional loading pulse produced by 

a sudden release of stored torque. The apparatus utilizes a torque pulley system 

positioned at the end of the incident bar to generate torque and a frictional clamp located 

near the center of the incident bar to limit torsional strain to the portion of the incident bar 

between the pulley and clamp (Figure 2). A hydraulic actuator is employed to twist the 

pulley and generate the desired torque. A sharp-fronted stress pulse travels down the 

incident bar towards the mounted specimen after breaking a pre-notched pin in the 

frictional clamp. Strain gages attached to the surface of the incident bar measure the 

input and reflected torsional stress pulse. Strain measurements in conjunction with elastic 

wave theory for the propagation of torsional waves in tubes is used to obtain the normal 
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and shear tractions and the slip velocity at the frictional interface. The experimental 

design, execution and data analysis are further detailed in Yuan and Prakash (2008), 

Rajagopalan and Prakash (1999), and Rajagopalan et al. (1999). 

 

 

Figure 3. Schematic of modified Kolsky bar apparatus and detailed schematic of modified 

specimen holder. 

 

In each experiment, the annular well is filled with gouge material and manually 

compressed twice to achieve a uniform gouge specimen thickness of approximately 5 

mm. After loading into the apparatus and applying the pressure, the gouge specimen is 

further compacted to a thickness of approximately 1.7 mm with variations of ≤ 

0.15.Normal stress during the experiments is controlled by the axial load, whereas peak 
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sliding velocity is controlled by the load applied by the hydraulic pulley, tempered by the 

frictional resistance (a function of the axial load). Therefore, knowing the axial load and 

the torsion applied to the bar, we can predict a priori the resulting sliding velocity on the 

sample based on experience with past experiments.  

Experiments on Westerly granite gouges were conducted at four sliding velocities 

(approximately 1 m/s, 2 m/s, 2.5 m/s and 5 m/s) and four pressures (approximately 50 

MPa, 75 MPa, 100 MPa, and 125 MPa). Experiments on gouge produced from SAFOD 

cuttings were conducted at three sliding velocities (approximately 2 m/s, 2.5 m/s and 5 

m/s) and three pressures (approximately 50 MPa, 75 MPa, and 100 MPa). Following 

each experiment, the axial compressive force is released to remove the sample holder 

from the apparatus. The sheared gouge specimens are removed from the steel holder 

and preserved for further analysis. Microimaging was performed at the University of 

Texas at Arlington Characterization Center for Materials and Biology with a Hitachi S-

3000N variable pressure scanning electron microscope (SEM) equipped with an EDAX 

energy dispersive x-ray spectroscopy (EDS). 

1.3 Experimental Results 

1.3.1 Mechanical Response 

Mechanical results for all experiments are detailed in Table 1 (mechanical results 

for all experiments are plotted in Appendix A). The normal stress is approximately 

constant during each experiment. After the initial acceleration phase, the sliding velocity v 

oscillates slightly around a constant value. During the initial acceleration phase, μ peaks 

then decays to a weakened value for all experiments with average sliding velocities 

greater than 2 m/s. Representative results for μ and v with slip distance for both Westerly 

granite gouge experiments and SAFOD cuttings gouge experiments are plotted in Figure 

4. The steady state coefficient of friction ranged from 0.4-0.13 for Westerly granite gouge 
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samples, decreasing with increasing sliding velocity and with increasing pressure. The 

steady state coefficient of friction for SAFOD cuttings gouge ranged from 0.38-0.22, 

decreasing with increasing sliding velocity and independent of pressure (Figure 3). The 

thermal-weakening distance Dth, the distance over which the shear stress drops by 1/e of 

the total stress drop (Di Toro et al., 2011) is calculated and listed in Table 1. Dth ranges 

from approximately .2-.1 mm and decreases with increasing pressure and decreasing 

sliding velocity for both Westerly granite gouge and SAFOD cuttings gouge (Figure 5). 

 

 

Figure 4. A) Steady-state friction coefficients for Westely granite gouge (green) and 

SAFOD cuttings gouge (blue) experiemtns. SAFOD gouge μss decreases linearly with 

increasing sliding vwlocity, Westerly granite gouge μss decreases with increasing sliding 

velocity, but μss values are segregated into two distinct low and high μss groups with a 

difference of approximately 0.15 between the two. B) Pressure dependence of μss for 

Westerly granite gouge. μss is approximately 0.15 lower for high pressure experiments 

(σn ≥ 70 MPa) compared to low pressure experiments (σn < 70 MPa). 
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Table 1. Experimental parameters and mechanical results for 25 experiments on synthetic rock gouges. 

Experiment 
Sample 

Type 

σn 

(MPa) 

Acceleration 

(m/s2) 

Average Sliding 

Velocity (m/s) 
Peak μ μss 

Displacement 

(mm) 
Dth (mm) 

S_p1v1 SAFOD 49 28000 2.1 NA 0.38 2.00 NA 

S_p1v2 SAFOD 52 42000 3.6 0.69 0.28 3.43 0.12 

S_p1v3 SAFOD 53 55000 4.9 0.74 0.25 4.78 0.19 

S_p2v1 SAFOD 76 31000 1.8 NA 0.34 1.77 NA 

S_p2v2 SAFOD 74 43000 3.2 0.53 0.30 3.09 0.09 

S_p2v3 SAFOD 77 63000 4.9 0.54 0.22 4.70 0.15 

S_p3v1 SAFOD 101 18000 1.3 NA 0.38 1.20 NA 

S_p3v2 SAFOD 102 42000 3.3 0.45 0.27 3.09 0.10 

S_p3v3 SAFOD 100 46000 4.5 0.59 0.28 4.24 0.16 

W_p1v1 Westerly 48 13000 1.0 NA 0.40 0.94 NA 

W_p1v2 Westerly 47 21000 2.3 0.51 0.39 2.15 0.90 

W_p1v3 Westerly 46 32000 3.8 0.72 0.33 3.62 0.15 

W_p1v4 Westerly 48 47000 5.0 0.90 0.29 4.84 0.19 

W_p2v1 Westerly 68 11000 0.7 NA 0.34 0.67 NA 

W_p2v2 Westerly 70 29000 2.0 NA 0.37 1.85 NA 

W_p2v3 Westerly 71 39000 3.3 0.50 0.34 3.15 0.13 

W_p2v4 Westerly 71 35000 5.1 0.70 0.13 4.87 0.21 

W_p3v1 Westerly 95 11000 0.4 NA 0.32 0.37 NA 

W_p3v2 Westerly 95 22000 1.9 0.32 0.25 1.74 0.08 

W_p3v3 Westerly 96 36000 3.7 0.43 0.21 3.44 0.15 

W_p3v4 Westerly 97 66000 5.3 0.39 0.13 5.05 0.16 

W_p4v1 Westerly 118 6000 0.2 NA 0.29 0.13 NA 

W_p4v2 Westerly 118 18000 1.6 NA 0.25 1.45 NA 

W_p4v3 Westerly 119 30000 3.4 0.36 0.17 3.20 0.13 

W_p4v4 Westerly 121 52000 4.8 0.42 0.18 4.52 0.17 
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Figure 5. Evolution of the coefficient of friction and the sliding velocity during typical experiments for Westerly granite gouge (A,C) 

and SAFOD cuttings gouge (B,D) at varying pressures.
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Figure 6. The thermal-weakening distance Dth for Westerly granite gouges and SAFOD 

cuttings gouges with normal stress. Dth decreases with increasing normal stress and 

decreasing sliding velocity for both samples. 

 

1.3.2 SEM Observations 

Six Westerly granite gouge samples and four SAFOD cuttings gouge samples 

from selected experiments were preserved for microimaging in epoxy. Cohesive samples 

were vacuum impregnated with epoxy while less cohesive samples were preserved by 

embedding in epoxy. The samples were cut and polished along planes parallel to the slip 

direction for examination. The SEM observations are detailed in the following sections. 

No kink bands are observed in any sample and no foliations or slip surfaces are well 

developed in any sample. There is evidence for shear localization in the form of thin 

principal slip zones PSZ defined by comminution to very small grain sizes. Within the 

PSZ, and sometimes outside of the PSZ, grains break preferentially along planes that are 
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subparallel with the shearing direction. No evidence of melting is observed at the scale of 

SEM resolution.  

1.3.2.1 Westerly Granite Gouge 

Westerly granite samples were preserved for the following experimental 

conditions: low, intermediate, and high sliding velocities (1 m/s, 2.25 m/s, and 5 m/s, 

respectively) and low and high pressure (50 MPa and 120 MPa, respectively).  

Here we discuss microstructural observations for four samples with experimental 

conditions: intermediate velocity and high pressure (v = 1.59 m/s and σn =118 MPa), 

intermediate velocity and low pressure (v = 2.27 m/s and σn =46.6 MPa), high velocity 

and high pressure (v = 4.78 m/s and σn =121 MPa) and high velocity and low pressure (v 

= 5.05 m/s and σn =47.6 MPa). For brevity, these experiments will be referred to as 

Westerly1, Westerly2, Westerly3 and Westerly4 respectively from this point forward. Each 

sample shows significant grain size reduction within the matrix near the contact surface 

(Figure 7). Outside of the PSZ, grains are sub-angular with grain diameters ranging from 

20 to 200 μm. Westerly1 is characterized by a significant increase in the percentage of 

matrix grains less than 2 μm in diameter near the contact surface under high 

magnification (Figure 8, panel B). Under low magnification examination, regions of 

localized strain are present near the contact surface of the sample ranging in thickness 

from 50 to 100 μm, but no well-developed principle slip zone (PSZ) is preserved (Figure 

8, panel A). Westerly2, Westerly3, and Westerly4 are characterized by major increases in 

the percentage of matrix grain less than 2 μm in diameter near the contact surface under 

high magnification and well-defined PSZs observable under low magnification (Figure 7,  
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Figure 7. SEM BSE images. Rupture direction is parallel with steel gouge interface (marked by dashed yellow lines) A) Westerly1 

showing significant grain size reduction along the steel gouge interface, B,C,D) Westerly2, Westerly3, and Westerly4 respectively, 

showing well-developed PSZ with significant grain size reduction adjacent to the steel gouge interface. Abundant mineral phases 

quartz (Qtz), plagioclase feldspar (PF), potassium feldspar (KF), and biotite (B).
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Figure 8. SEM BSE images of Westerly1 sample sheared at 118 MPa and 1.59 m/s. 

Rupture direction is parallel to the steel gouge interface (marked by dashed yellow line). 

A) At low magnifications, no well-developed PSZ is present but significant grain size 

reduction is observed along the steel gouge interface. B) A higher magnification view of 

red box in panel A reveals patches of strain localization as indicated by the red arrow. 
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Figure 9. SEM BSE images of matrix grain sizes for Westerly2: A) visible grain sizes 

range from 1-5 μm outside of PSZ. B) Visible grain sizes range from <<1-2 μm within the 

PSZ. 
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panels B, C, and D). The matrix grains size within the PSZ ranged from 2 to <1 μm, 

significantly smaller than 1-5 μm range of matrix clasts outside of the PSZ (Figure 9). 

Few grains larger than 20 μm are present inside the PSZs (Figure 7 B,C,D and Figure 9). 

The PSZs range in thickness from 150 to 300 μm for Westerly2, from 100 to 200 μm for 

Westerly3 and from 75 to 175 μm for Westerly4. Grains larger in diameter than 

approximately 50 μm are preferentially orientated parallel to the shearing direction in the 

Westerly4 sample (Figure 10). This behavior is not observed in any other samples. 

 

 

Figure 10. SEM BSE image of Westerly4 sample sheared at 48 MPa and 5.05 m/s shows 

preferred orientation of grains larger than 50 μm sub-parallel to slip direction (parallel to 

steel gouge interface marked by dashed yellow line). 

 

Westerly granite samples sheared at slip velocities below 1.5 m/s did not contain 

any preserved zones of strain localization and grain size reduction is limited, however it is 
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impossible to determine with absolute certainty that strain localization did not occur. 

There are no significant variations in grain sizes or distributions across low velocity 

samples and clasts are typically sub-angular with grain diameters ranging from 20 to 200 

μm (Figure 11), similar to grains outside of the PSZ in high velocity samples. The matrix 

is composed of grains spanning to 5 μm in diameter (Figure 12, panel A). A significant 

increase in the percentage of matrix grains less than 1 μm in diameter adjacent to the 

gouge steel interface is observed in low velocity samples under high magnifications 

(1700x) (Figure 12, panel B). 

 

Figure 11. SEM BSE image of Westerly granite gouge sample sheared at 48 MPa and 

1.04 m/s. Clasts are subangular with maximum diameter of approximately 200 μm. Slip 

direction is parallel to steel gouge interface marked with dashed yellow line. 

 
Grain fracturing is observed in each Westerly granite sample to some degree. 

Fractures are more abundant at high pressures and high slip velocities and are most 

common in feldspar grains larger than 100 μm in diameter. Grains greater than 100 μm in 

diameter adjacent to each other are typically highly fractured with pulverized edges 
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(Figure 13). Fractures are not preferentially oriented in any Westerly granite gouge 

sample.  

 

Figure 12. SEM BSE image of westerly gouge sheared at 118 MPa, average slip speed 

of 0.156 m/s and peak slip speed of 0.676. A) Matrix adjacent to the gouge steel interface 

and B) matrix within the sample interior. There is an increase in matrix grains <1 μm 

adjacent to the gouge steel interface in A compared to B, though the effect is much less 

pronounced than in high speed experiments with strain localization. 
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Figure 13. SEM BSE image of Westerly granite gouge sample sheared at 118 MPa and 

and 1.59 m/s. Fractures are common in grains larger than approximately 100 μm as 

indicated by red arrows. Fractures are most common in feldspar grains. Pulverization is 

common where grains > 100 μm are adjacent as indicated by yellow arrows. 

 
PSZs developed and were preserved in all samples with sliding velocities greater 

than 2 m/s independent of pressure despite total slip magnitudes of only a few 

millimeters. The thickness of fully preserved PSZs ranged from 100 to 300 μm in all 

experiments. Evidence of strain localization is observed in all Westerly samples with slip 

velocities greater than 1.5 m/s. Although fully developed PSZ were only observed in a 

few specimens, PSZ likely developed in all experiments at sliding velocities greater than 
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1.5 m/s but were not preserved due to smearing on the gouge holder or the sample 

preparation process. 

1.3.2.2 SAFOD Cuttings 

 

Figure 14. SAFOD3 gouge sample sheared at 100 MPa and 4.46 m/s. Steel gouge 

interface parallel to slip direction is marked by yellow dashed line. Grains are sub-

rounded to sub-angular and range in size from approximately 20-250 μm 

 

SAFOD cutting gouge samples were preserved for the following experimental 

conditions: low sliding velocity and high pressure (v = 1.29 m/s and σn = 101 MPa), low 

sliding velocity and low pressure (v = 2.11 m/s and σn = 49 MPa), high sliding velocity 

and high pressure (v = 4.46 m/s and σn = 100 MPa) and high sliding velocity and low 

pressure (v = 4.92 m/s and σn = 53 Mpa). For brevity, the samples will be referred to as 

SAFOD1, SAFOD2, SAFOD3, and SAFOD4, respectively. The SAFOD cuttings grains are 
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typically sub-rounded to sub-angular ranging in size from 20 to 250 μm (Figure 14). The 

matrix grain sizes range from 2 μm to sub-micron (Figure 15).  

Grain fracturing is observed in all SAFOD samples and is most prevalent at high 

sliding velocities. Fractures are common in grains larger than 100 μm in diameter. Grains 

larger than 100 μm in diameter adjacent to similar sized grains are typically highly 

fractured (Figure 16). There is no preferred orientation of grain fractures observed in any 

sample. Adjacent to the steel/gouge interface, grains larger than 100 microns are 

commonly fractured at high sliding velocities, with more pulverization observed in 

SAFOD3 (Figure 16). 

 

Figure 15. SAFOD1 gouge sample sheared at 101 MPa and 1.29 m/s. The SAFOD gouge 

matrix ranges from <1-2 μm and matrix grains are sub-rounded. 

 



 

23 

Under low magnification examination, patches of localized strain are observed 

along the steel/gouge interface for each sample, but no PSZ is preserved for any SAFOD 

sample (Figure 17). Based on observations of Westerly granite gouge samples, PSZs 

likely developed during each experiment on SAFOD cuttings gouge with slip velocities 

greater than 1.5 m/s but are not preserved due to smearing on the sample holder or the 

sample preparation process.  

 

 

Figure 16. SAFOD8 gouge sample sheared at 53 MPa and and 4.92  m/s. Fractures are 

common in grains larger than approximately 100 μm as indicated by red arrows. 

Fracturing of large grains adjacent to similarly sized grains is common as indicated by 

yellow arrows. Slip direction is parallel to steel gouge interface marked with yellow 

dashed line. Large grains adjacent to the steel gouge interface are commonly pulverized. 
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Figure 17. SAFOD gouge samples: Slip direction parallel to steel gouge interface marked with yellow dashed line. No PSZs are 

preserved for any SAFOD sample. Grain fracturing and patches of strain localization are observed along the steel gouge interface 

for all samples to some degree A) SAFOD1 B) SAFOD3 C) SAFOD2 D) SAFOD4. 
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1.4 Discussion 

Our experiments show that synthetic gouge produced from SAFOD cuttings and 

Westerly granite both undergo dynamic weakening of friction at high velocities and high 

pressures, although the coefficient of friction evolves differently for each material. 

Notably, the steady state coefficient of friction, μss, decreases with increasing sliding 

velocity for both Westerly granite gouge and SAFOD cuttings gouge and decreases with 

increasing pressure for Westerly granite gouge. There is no pressure relationship 

between μss and SAFOD cuttings gouge. To reconcile these differences, the dynamic 

weakening mechanism of flash heating is explored in light of microstructural 

observations. One dimensional thermal models are employed to investigate how frictional 

heating affects rock gouge friction at the macroscopic scale (mm) and asperity scale (μm) 

in rock gouge experiments. 

1.4.2 1-D Thermal Models 

The macroscopic and microscopic temperature rise during experimentation is 

explored with 1-D thermal models constructed based on microstructural observations of 

postmortem specimens with fully developed and preserved principle slip zones. The 

macroscopic temperature rise, Tmac, within the deforming zone is modeled using:  

 

𝑇𝑚𝑎𝑐 = 𝑇0 + ∫
𝜏(𝑡′)𝑉(𝑡′)

𝜌𝑐𝑝

1

√4𝜋𝛼𝑡ℎ(𝑡 − 𝑡′)

𝑡

0

𝑑𝑡′ (1) 

from Proctor et al. (2014) derived from a one-dimensional, time dependent heat 

conduction equation frictional heat controlled by strain rate and shear stress and in which 

both the shear stress and sliding velocity are time dependent. This is in contrast to the 

commonly cited model of Cardwell et al. (1978) where frictional heating is controlled by 

shear stress and displacement and frictional heating is independent of time. T0 is the 

ambient temperature (21°C), τ(t’) is the time dependent shear stress V(t’) is the time 
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dependent velocity, ρcp is the volumetric heat capacity, αth is thermal diffusivity, and t is 

the time. The volumetric heat capacity and thermal diffusivity for Westerly granite are 

2112 kJ/Km3 and 1.25 mm2/s, respectively. The volumetric heat capacity and thermal 

diffusivity for SAFOD cuttings are 1889 kJ/Km3 and 2.99 mm2/s. The maximum 

macroscopic temperature at the center of the slip surface ranged from 85°C to 320°C for 

Westerly2, Westerly3, and Westerly4 and ranged from 210°C to 360°C for SAFOD3 and 

SAFOD4, just slightly above ambient and not sufficient to produce melt which is 

consistent with SEM observations (Figure 18). 

 

Figure 18. Macroscopic temperature rise for 5 experiments. A) 3 Westerly granite gouge 

experiments (Westerly3 in green, Westelry4 in red, and Westetly2 in blue). Peak 

temperatures ranged from approximately 85°C to 330°C, well below the breakdown 

temperature of Westerly granite B) 2 SAFOD cuttings gouge experiments (SAFOD4 in 

cyan and SAFOD3 in magenta). Peak temperature ranged from approximately 210°C to 

360°C, well below the breakdown temperature of SAFOD cuttings. 
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Given the low macroscopic temperature rise, we turn to the flash heating model 

introduced by Rice (1999; 2006) for the microscopic temperature rise at asperity 

contacts. The flash heating model, modified to account for the width of the deforming 

zone (i.e., the PSZ) by Beeler et al. (2008), calculates the temperature rise at asperity 

contacts (Tasp): 

 

𝑇𝑎𝑠𝑝 = 𝑇𝑚𝑎𝑐 +
𝜏𝑐

𝜌𝑐𝑝

[
𝑉𝐷

𝑔
𝑤

𝜋𝛼
]

1
2

 (2) 

where Tmac is the macroscopic temperature at the center of the deforming zone 

calculated in equation 1, τc is the frictional contact shear strength, V is the sliding velocity, 

D is the contact diameter, g is the average gouge grain size, and w is the thickness of the 

deforming gouge layer. The τc is calculated as the product of the low slip macroscopic 

friction coefficient f0 and the applied contact normal stress σc. We assume σc is equal to 

the microindentation hardness of the abundant minerals and is estimated from the Mohs 

hardness Hm of each material using the empirically derived power law relationship σc = 

CHm
n where C = 0.123 GPa and n = 2.3 presented by Beeler et al (2008) fitted to the data 

of Broz et al. (2006).  

Using this approach I calculate τc for Westerly granite gouge is 6.05 GPa and for 

SAFOD cuttings gouge is 5.56 GPa (Table 2). The f0 for both materials is 0.7 (Logan et 

al., 2010) The volume median diameter d(v,0.5) is used for the average gouge grain size, 

obtained from particle size analysis distributions of the Interlab comparison sample 

materials (Marone, pers. Comm.). For Westerly granite gouge the d(v,0.5) value is 40.00 

μm. For SAFOD cuttings gouge the d(v,0.5) value is 40.12 μm. The thickness of the 

deforming gouge layer is measured directly from SEM images for Westerly granite gouge 

experiments and is equal to 250 μm for Westely2, 125 μm for Westelry3, and 125 μm for 

Westerly4. For SAFOD cutting gouge experiments where no PSZ was preserved, the 
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Table 2. Material and thermal properties of Westerly granite gouge and SAFOD cuttings gouge 

Mineralogy 
Percent 

Composition 

Κ 
Thermal 

Conductivity 
(W/mK) 

Cp 
Specific 

Heat 
(J/kgK) 

HM 
Mohs 

Hardness 

σc 
Microindentation 
Hardness (Gpa) 

f0 

Low Speed 
Friction 

Coefficient 

τc 

Contact 
Shear 

Strength 
(Gpa) 

Tw 

Breakdown 
Temperature 

(°C) 

Westerly Granite Material Properties 

quartz 0.271 7.692 741.004 7.005 10.81 0.706 7.56 17307 

plagioclase 0.301 2.142 776.004 6.005 7.58 0.706 5.31 11007 

microcline 0.361 3.592 820.004 6.005 7.58 0.706 5.31 11507 

mica 0.061 2.492 795.004 2.505 1.01 0.706 0.71 6507 

Total 1.00 4.20 783.61 6.06 8.06 0.70 5.64 1262.73 

SAFOD cuttings Material Properties 

quartz 0.571 7.692 741.004 7.005 10.81 0.706 7.56 17307 

albite 0.141 2.142 776.004 6.005 7.58 0.706 5.31 11007 

calcite 0.031 3.592 820.004 3.005 1.54 0.706 1.08 7408 

orthoclase 0.071 2.492 820.004 6.005 7.58 0.706 5.31 11507 

pyrite 0.011 19.212 518.004 6.255 8.33 0.706 5.83 6008 

chlorite 0.041 5.152 818.004 2.255 0.79 0.706 0.56 6758 

smectite 0.141 1.883 795.004 1.505 0.31 0.706 0.22 1259 

Total 1.00 5.64 762.00 5.70 7.95 0.70 5.56 1293.33 
1 Marone; 2 Clauser and Huenges, 1995; 3 Brigaud and Vasseur, 1989; 4 Goto and Matsubayashi, 2009; 5 Klein et al., 1993; 6 Logan et al., 2010; 7 

Spray, 1992; 8 Deer et al., 1992; 9 Midgley and Gross, 1956
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thickness of the deforming gouge layer was assumed to be 125 μm based on results from 

our Westerly granite gouge experiments. 

The flash heating model presented by Rice (1999; 2006) and Beeler (2008) is 

derived from a square based asperity model. An actual representative asperity contact 

diameter D is unknown and based on the square asperity model is a constant 

independent of normal stress. In previous experimental studies, the value of D was 

chosen based on an empirical fit to experimental data (e.g., Beeler et al., 2014, Goldsby 

and Tullis, 2011, Proctor et al., 2014). Given the apparent pressure dependence of the 

steady state friction coefficient μss for the Westerly ggranite gouge samples, it is desirable 

to find a deterministic method to estimate D that captures the effect of the observed 

pressure dependence on the sliding friction coefficient. We calculate D based on a 

Hertzian model of two spherical asperities of different elastic moduli in contact in which 

the relationship between D and the radii, Young’s Modulus E, and Poisson’s ratio ν, of 

individual grains in contact is governed by: 

 

𝑎 = [
𝐹𝑟

2
[(

1 − ν2

𝐸1
) + (

1 − 𝜈2

𝐸2
)]]

1/3

 (3) 

where a is the contact radius, F is the force applied over the surface area of one asperity 

radius, E1 and E2 are the Young’s moduli for each contacting grain and r is the effective 

radius (Persson, 2000) equal to 2/R where R is the radii of the two contacting grains, 

assuming a uniform grain size distribution, equal to one half of the volume median 

diameter. We assume a three component mineralogy for Westerly granite of 27% quartz, 

67% feldspar, and 6% biotite mica by volume, each characterized by E = 94.5 GPa, E = 

70 GPa, and E= 60 GPa (Carmichael, 1989) respectively, all with Poisson’s ratios of 

ν=0.25. We further assume that the normal stress is distributed evenly over the gouge 

layer; therefore the load W given in equation 3 can be estimated by multiplying the 
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normal stress by πri2 where i =1, 2 refers to each grain in contact. Given these values we 

conduct 5000 Monte Carlo simulations in which E1, E2, and E3 are drawn from a 

distribution characterized by the volume percent of each mineral species. The process is 

repeated for SAFOD cuttings using a mineralogy of 62% quartz, 22% feldspar, and 15% 

smectite (Marone, pers. Comm.), with E = 4.3 GPa for smectite (Mondol et al., 2008).  

The model predicts that contact area will increase with normal stress for both 

experimental materials (Figure 19). The model predicts contact diameters for Westerly 

granite of approximately 2.5 to 3.35 μm at normal stresses of 50 MPa to 125 MPa, 

respectively (Figure 19, panel A). For SAFOD cuttings, the generated contact diameters 

range from 3.22 to 4.0 μm at normal stresses from 50 to 100 MPa (Figure 19, panel B). 

These values are in the same range of D used by other researchers (Goldsby & Tullis, 

2011; Proctor et al., 2014). 

 

Figure 19. Contact dimensions for from Monte Carlo simulations of hertzian spherical 

contact model. A) Westerly Granite gouge experiments (2.5 to 3.4 μm ) and B) SAFOD 

cuttings gouge experiments ( 3.3 to 4.1 μm). 
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 Using the modeled contact dimensions, the microscopic temperature rise is 

calculated using equation 2 (Figure 20). The microscopic temperature at asperity 

contacts ranged from 1500-4000 °C for the Westerly granite gouge experiments and 

ranged from 2000-2500 °C for the SAFOD cuttings gouge experiments, sufficient to result 

in thermal weakening and melting at asperity contacts for all modeled experiments. 

 

Figure 20. Microscopic temperature rises at asperity contacts for 5 experiments. A) Three 

Westerly granite gouge experiments. Microscopic temperatures ranged from 1500°C to 

3900°C, sufficient to produce the observed dynamic weakening of friction. B) Two 

SAFOD cuttings gouge experiments. Microscopic temperatures ranged from 2000°C to 

2600°C, sufficient produce the observed dynamic weakening of friction. 

 

The flash heating model predicts that weakening should occur when the slip 

velocity at asperity contacts reach a characteristic weakening velocity Vw (Rice, 2006). At 

slip velocities above this critical velocity, the contact will weaken during its lifetime due to 
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localized heating and melting of highly stressed asperity contacts. Vw is calculated with 

the following equation from Rice (2006): 

 

𝑉𝑤 =  
𝜋𝛼

𝐷
[
𝜌𝑐𝑝(𝑇𝑤 − 𝑇𝑎𝑣𝑔)

𝜏𝑐

]

2

 (4) 

where Tw is the characteristic weakening temperature, based on the breakdown 

temperature of abundant mineral phases (Spray, 1992 and Robbie et al., 1979). For V > 

Vw, an asperity contact spends portions of its lifetime in un-weakened and weakened 

states and the overall contact strength is a weighted sum of both (Rice, 2006).  

Assuming that heating is confined to a thin layer relative to the contact size, the 

dynamic friction coefficient becomes a function of the slip velocity:  

 

𝑓 = (𝑓0 −  𝑓𝑤)
𝑉𝑤

𝑉
+ 𝑓𝑤 (5) 

where fw is the weakened coefficient of friction (i.e. μss). The frictional constitutive 

behaviors implied by eq. 5 for Westerly granite gouge and SAFOD cuttings gouge are 

plotted in Figure 21. The predicted friction profiles obtained from equation 5 are in 

agreement with our experimentally obtained friction results for both Westerly granite 

gouge experiments and SAFOD cutting gouge experiments (Figure 21). The results show 

for the first time that the flash heating model is supported for rock gouge at sliding 

velocities > 1 m/s and pressures >75 MPa, similar to conditions expected in the 

seismogenic zone. The experimental results further indicate that the pressure 

dependence of μss for Westerly granite can be well described by a flash heating model if 

the asperity contacts are idealized as spherical and elastic. 
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Figure 21. Modeled coefficient of friction from equation 5 and experimental values from each run. A) Three Westerly granite gouge 

experiments modeled with corresponding experimental data points. B) Two SAFOD cuttings gouge experiments modeled with 

corresponding experimental data points. The modeled coefficient of friction is in agreement with the experimental values for 

Westerly granite gouge experiments and the SAFOD cuttings gouge experiments.
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1.5 Conclusions 

This work represents the first experimental results for rock gouge friction at 

pressures and sliding velocities expected to be operating in the seismogenic zone. 

Weakening of the dynamic coefficient of friction from a peak value to a steady state value 

is observed in all experiments with velocities above approximately 2 m/s within 

approximately 200 μm of slip. We demonstrate that the value of the steady state 

coefficient of friction is dependent on both sliding velocity and pressure for Westerly 

granite gouge, while for gouge produced from SAFOD cuttings the steady state 

coefficient of friction is dependent only on sliding velocity. We examine the effects of 

velocity, normal stress, strain localization, and shear heating using microstructural 

analysis and 1-D thermal modeling. We show that the flash heating model, modified to 

account for changes in in asperity contact size with increasing pressure, accurately 

predicts experimental values for the steady state coefficient of friction under high slip 

velocity and high normal stress conditions.  
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Chapter 2  

Modeling the Length of Pseudotachylite Injection Veins from the Near Tip Stress 

Geometry of Propagating Earthquake Ruptures 

2.1 Introduction 

Large stress concentrations have long been acknowledged at crack tips (Inglis, 

1913; Griffith, 1925; Orowan, 1949; Yoffe, 1951) and contribute to geologic processes 

related to the development and deformation of geological structures, including faults, 

joints, and veins, typically modeled as quasi-static cracks ignoring inertial forces (Pollard 

and Segall, 1987). Earthquakes are generated as shear stress drops along a fault zone 

accompanied by slip as a rupture propagates dynamically (Scholz, 2002) and are 

generally idealized as shear cracks advancing along a preexisting plane of weakness 

(Ngo et al., 2012).  

As the rupture velocity, vr, increases, the amplitude of all near-tip stress 

components increases relative to the quasistatic values (vr =0), and as vr approaches the 

Rayleigh wave speed this effect becomes marked (Poliakov et al., 2002; Samudrala et 

al., 2002; Rice et al., 2005, Griffith et al., 2009). Large off-field stress amplitudes 

produced at seismic rupture velocities result in the formation of off-fault mode I cracks 

that grow in the direction of maximum circumferential stress, typically orthogonal to the 

fault in the case of mode II cracks approaching the Rayleigh wave speed (Di Toro et al., 

2005). Dynamic shear rupture experiments at seismic slip rates have revealed that these 

tensile mode I cracks initiate within a region of tensile stress concentrated directly behind 

the rupture tip (Griffith et al., 2009). Behind this shear cohesive zone, a finite length zone 

in which the shear traction decays from a peak value to a steady state value, tensile 

microcracks growth ceases (Ngo et al., 2012). I hypothesize that the length of tensile 
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cracks, including pseudotachylite injection veins, is governed by stress shadowing at the 

crack tip. 

The spacing between opening mode cracks has long been hypothesized to be 

strongly influenced by stress shadowing, wherein the spatial scale of stress reduction 

around a crack scales with its length, reducing the driving stress necessary for crack 

propagation within the resulting “stress shadow” (Lachenbruch, 1961). To illustrate this 

point, Crider et al. (1996) modeled joint spacing and length for a homogenous elastic 

medium using a linear elastic fracture model with a uniform remote driving stress and 

zero tractions acting on the crack face. They found that the driving stress was less than 

70% to 85% of the remote stress (i.e. insufficient for tensile failure) at distances 

approximately 1 to 1.5 times the crack length and that the stress shadow size increases 

with increasing crack length (Crider et al., 1996). Neighboring cracks may develop 

outside of the stress shadow of preexisting cracks, but as cracks grow in length and 

corresponding stress shadows increases, cracks can overtake younger cracks and retard 

further growth. 

Laboratory experiments investigating intersonic crack growth (i.e. above the 

shear wave velocity) conducted by Rosakis et al. (2000) observed the formation of 

secondary tensile microcracks along one side of the rupture and adjacent to the slipping 

interface formed by frictional contact and sliding behind the rupture tip. Rosakis (2002) 

suggested a relation between the observed microcracks, tensile fractures containing 

pseudotachylite (pseudotachylite injection veins) and other off fault, tensile fractures. 

Pseudotachylite is a fault rock formed by the melting of wall rock related to friction 

heating during earthquake ruptures. Exhumed pseudotachylite injection veins in the 

Adamello Batholith in the Italian Alps are observed dominantly along one side of strike 

slip faults and orientated at high angles to the fault surface (Di Toro et al., 2005) further 
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supporting a correlation between dynamic tensile crack development and pseudotachylite 

injection veins. 

 

Figure 22. A) Schematic of experimental apparatus with laser light source, polarizing 

filters, sample position, and high speed cameras. B) Hydraulic press used to apply 

uniaxial load in experiments and schematic of homalite sample with orientations of the 

applied load and the bonded, frictional interface. Modified from Griffith et al. (2009). 

 
The relationship between tensile crack development and earthquake rupture 

propagation was further explored by Griffith et al. (2009). Dynamic shear rupture 

experiments were induced along a friction interface in Homalite samples inclined from 60° 

to 80°. The samples were subjected to uniaxial loads and an exploding wire induced a 

bilateral right-lateral shear rupture that produced tensile microcracks that formed 

dynamically behind the sub-Rayleigh shear rupture (Figure 22). Photoelastic images 

were taken at discrete time steps as the rupture propagated in each experiment to 

observe variations in the stress field (Figure 23). Griffith et al. (2009) found that tensile 
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microcracks form in close proximity to the tip of a propagating shear rupture in the shear 

cohesive zone in response to the transient stress field. This work investigates the effect 

of stress shadowing on the development and growth of dynamic tensile microcracks 

behind a propagating shear rupture based on geometry of the shear cohesive zone with 

examination of experimentally generated microcracks in Homalite samples and naturally 

occurring pseudotachylite injection veins. 

 

Figure 23. Photoelastic images showing fringe patterns of a propagating shear rupture 

along a bonded, frictional interface oriented at 60° A) Three time steps during rupture 

propagation: 50 μs, 80 μs, and 105 μs. B) A higher magnification view of the white box in 

time step 105 μs showing the rupture tip and actively growing tensile microcracks. C) 

Schematic of the rupture tip and region of actively growing microcracks directly behind 

the propagating rupture. From Griffith et al. (2009). 
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2.2 Methods and Procedures 

Eight Homalite rupture samples with tensile microcracks were scanned interface 

down (i.e. perpendicular to the rupture direction) at 1000 dpi to map the tensile 

microcracks: four at 60° inclinations, three at 70° inclinations, and one inclined at 80°. 

Microcracks intersecting three scan lines running parallel to the rupture direction were 

identified (Figure 24). Distance from the nucleation point and crack widths were recorded. 

 

 

Figure 24. A) Homalite rupture sample profile showing tensile microcracks. B) 

Transmitted light microscope image of tensile microcracks showing crack length l. C) 

View of tensile microcracks on the rupture interface showing crack width w. D) Schematic 

of idealized half-penny cracks where w=2l. 

 
Three high quality, photoelastic images, taken from 60 to 90 μs, were used to 

map the shear cohesive zone for each experiment. The maximum crack length l, length 

of the shear cohesive zone c, θ and Φ were recorded and averaged for each experiment 

(Figure 25). 
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Figure 25. Geometry of shear cohesive zone where tensile cracks develop behind a 

propagating shear rupture tip. Maximum crack length l, length of the shear cohesive zone 

c, θ and Φ were recorded from three photoelastic images for each experiment. 

 
2.3 Results 

In order to test my hypothesis that the spacing of shear ruptures in the damage 

zone of propagating shear ruptures is controlled by stress shadowing, I examine three 

individual datasets: two from the experiments of Griffith et al. (2009) and one from 

outcrop mapping of pseudotachylytes on an exposed fault surface in the Gohe Larghe 

Fault zone (Figure 26). The experimental datasets include (1) dynamic photoelastic 

photographs taken during rupture (Figure 23), from which the fracture lengths l and other 

geometric freatures of the rupture tip zone can be measured (Figures 24 and 25); and (2) 

scans of the post-mortem rupture surfaces from which the fracture widths w and spacing 

s can be measured. We attempt to resolve these two datas which are perpendicular to 

one another by analyzing the statistics of l, w, and s. These results are later used to 

inform a model of fracture growth during rupture propagation. Finally, we apply 
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knowledge gained from analyzing the fracture spacing to length relationship in the 

experiments to the data from the Gole Larghe Fault zone. 

 

Figure 26. Pseudotachylite injection veins near an exposed fault in the Gole Larghe Fault 

zone in the Italian Alps.  

 
The geometry of the shear cohesive zones measured from photoelastic images 

is presented in Table 3 with the average shear rupture velocity VII and time t. Histograms 

and probability density functions are presented for each Homalite experimental group 

(Figures 27-29). For  the Homalite sample produced at 80° inclinations, the probability 

distribution is guassian with the highest probability of 20% for widths of 0.035-0.045 cm 

(Figure 27) . All other distrubutions are right skewed.  

For the samples produced at inclinations of 70 °, the largest probabilities of 

approximatly 4.5% and 5% for widths between 0.025-0.035 cm for experiments 70K and 

70I, respectively (Fiugre 28 panel A and B) and 6% for widths between 0.055-0.065 cm  
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for experiment 70J (Figure 28 panel C). For samples produced at 60° inclinations, the 

largest probabilities of 4% for widths between 0.045-0.065 cm for experiment 60I (Figure 

29 panel A), 4% for widths between 0.085-0.15 cm  for 60K (Figure 29 panel B), and 6% 

for widths 0.045-0.065 cm for experiments 60H and 60J (Figure 29 panels C and D). 

 

Table 3. Rupture characteristics for eight Homalite experiments measured and average 

from three high speed photoelastic images. 

 θ (°) Φ (°) l (cm) c (cm) VII (m/s) t (μs) 

60H 75.1 20.7 .161 .442 917 4.78 

60I 72.2 22.5 .255 .618 910 6.84 

60J 71.8 21.6 .186 .497 983 5.05 

60K 68.5 26.0 .194 .433 886 4.89 

70I 68.6 21.2 .170 .459 1048 4.4 

70J 65.5 28.4 .229 .476 977 4.87 

70K 65.1 27.7 .165 .346 960 3.60 

80A 62.4 23.2 .197 .275 1003 2.74 

 

 

Figure 27. Probability density function and histogram for experimentally generated tensile 

microcrack widths in homalite produced at 80° inclinations across three scan lines. 

Maximum probability density is approximately 20% for widths of 0.035 - 0.045 cm. 
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Figure 28. Probability density function and histogram for experimentally generated tensile microcrack widths in 3 Homalite 

experiments produced at 70° inclinations across three scan lines. A) 70K maximum probability density of approximately 4.5% for 

widths of 0.025-0.035 B) 70I maximum probability density of approximately 5% for widths of 0.025-0.035C) 70J maximum 

probability density of approximately 6% for widths of 0.055-0.065 
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Figure 29. Probability density function and histogram for experimentally generated tensile microcrack widths in 4 Homalite 

experiments produced at 60° inclinations across three scan lines. A) 60I maximum probability density of approximately 4% for 

widths of 0.035-0.045 B) 60K Maximum probability density of approximately 4% for widths of 0.065-0.075 C) 60H Maximum 

probability density of approximately 6% for widths of 0.045-0.055 D) 60J Maximum probability density of approximately 6% for 

widths of 0.025-0.035. 
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Figure 30. Probability density function and histogram for naturally occurring 

pseudotachylites in Italian Alps. Maximum probability density of approximately 11% for 

widths of 0.005-0.015 

 

The probability distribution for the mapped psuedotachylte injection veins is right 

skewed with the highest probabilities for pseudotachylite crack widths at 11% for widths 

between 0.005-0.015 and 9% for widths between 0.015-0.025, with the latter containing 

the highest number of observed pseudotachylite widths (Figure 30). 

2.4 Discussion 

The spacing data acquired from the Homalite samples was combined with the 

values for the rupture velocity, θ, and Φ obtained from the photoelastic images to create 

a fracture growth model based on the equation: 
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𝑙 =

𝑉𝐼𝐼𝑡

𝑐𝑜𝑠𝜃 +
𝑠𝑖𝑛𝜃
𝑡𝑎𝑛𝜙

 
(6) 

derived from geometric relationships between the shear cohesive zone where VII is the 

shear rupture velocity, t is the time, and l, θ, and Φ are defined based on geometry (see 

Figure 22). For modeling the microcracks produced during experimental shear ruptures in 

Homalite, the initial spacing (the distance between fracture nucleation points) was 

randomly prescribed from a normal distribution with an average of 1 mm and standard 

deviation of 0.25 mm, calculated from the minimum spacing observed during spacing 

measurements from the Homalite samples. In the model, the initial crack grows until 

reaching the maximum length lmax where lmax=0.5wmax assuming cracks are half-penny 

shaped, based on observations of tensile microcracks in Homalite where l rages from 

approximately <1-4 mm and w ranges from approximately 4-9 mm (Figure 24, panels B 

and C). The second crack grows until shadowed by the first crack (i.e. when the length of 

the first crack is greater than or equal to the distance between the two cracks). As each 

additional crack grows, the model checks for interaction with older fractures and stops 

growth when appropriate over 1000 time steps.  

The model generates distinct length groups for all experiments, with the smallest 

lengths being the most abundant (Figure 31). This agrees with our hypothesis and 

observations from both the experimentally generated Homalite microcracks and the 

pseudotachylite injection veins, indicating the validity of the model. Tensile microcracks 

modeled at conditions matching experiment 80A displayed a guassian distribution with 

the highest probability of 20% for crack lengths of 0.035-0.045 cm, though crack lengths 

are segregated into two distinct groups with the most microcracks in the bin covering 

lenghts of 0.025 cm to 0.035 cm (Figure 32).  

.    
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Figure 31. Plot of model results for tensile microcrack lengths with mechanical interaction by stress 

shadowing for experiment 60I. 
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All other distrubutions are right skewed, matching the distributions for mesured 

tensile microcracks in homalie samples produced at 70° and 80° inclinations and for the 

psudotachylite injeciton veins. For conditions matching experiments conducted at 60° and 

70° inclinations, the highest probability density is observed at crack lenghts of 0.005-

0.015 cm (Figures 33 and 34) 

For the model conducted at conditions coresponding to experiments 70K and 

70I, the most abundant bin spans crack lenghts of 0.025-0.035 cm. For the model 

coresponding to conditions matching 70J, the most abundant bin covers crack lengths of 

0.015-0.025 cm (Figure 33). For models run at conditions coresponding to experiments 

60I, 60K, 60H, and 60J the most abundant bin covers lengths of 0.025-0.035 (Figure 34). 

The modeled length distributions mirror the measured distributions, with the highest 

probability densities observed at magnitudes approximately half of the highest probability 

densities measured for microcrack widths, validating the assumption of approximately 

half-penny shaped cracks and indicating the accuracy of the model in simulating 

dynamically growing tensile microcracks. 

The model was run under 9 experimental conditions to elucidate rupture 

characteristics corresponding to formation of the mapped pseudotachylite injection veins. 

Three rupture velocities (800 m/s, 900 m/s and 1000 m/s) and three orientation of θ and 

Φ (60°/20°, 70°/15°, and 80°/10°) were used to model the pseudotachylites (Figure 35). 

For brevity, conditions will be abbreviated to: A (800 m/s, 60°/20°), B (900 m/s, 60°/20°), 

C (1000 m/s, 60°/20°), D (800 m/s, 70°/15°), E (900 m/s, 70°/15°), F (1000 m/s, 70°/15°), 

G (800 m/s, 80°/10°), H (900 m/s, 80°/10°), and I (1000 m/s, 80°/10°).The probability 

density distributiosn for the modeled psuedotachylte injection veins are right skewed with 

the highest probability densities for lengths between 0.005-0.015 m for all conditons. This 

fracture length is the most abundant bin size for conditon B (Figure 35, panel B). For 
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conditons A, D, E, F, G and H the most abundant bin spans lengths of 0.005 m to 0.015 

m (Figure 35, panels A, D, E, F, G and H). For conditions C and I the most abundant bin 

size coresponds to crack lengths of 0.015 m to 0.025 m (Figure 35, panels B and I).  

 

Figure 32. Probability density function and histogram for tensile microcrack lengths 

modeled at rupture characteristics matching experiment 80A. The highest probability 

density corresponds to microcrack lengths of 0.025-0.035 cm. 

 
Assuming half-penny shaped pseudotachylite injection veins, the most abundant 

bins should 1 and 2, coresponding to pseudotachyltite injection vein lengths of 0-0.005 m 

and 0.005-0.015 m, respectively (approximatly half of the most abundant bins from 

mapped pseudotachylites: 0.015-0.025 m and 0.025-0.035 m). This is observed for only 

model conditons A (800 m/s and θ/Φ of 60°/20°) and B (900 m/s and θ/Φ of 60°/20°) 

(Figure 35, panels A and B), indicating prehistoric rupture velocity approximately ≤ 900 

m/s. This is far below the rupture velocity inferred from injection vein geometry (Di Toro et 



 

50 
 

al., 2005; Ngo et al., 2012), suggesting that the model may still be too idealized to 

represent the natural prototype. 

Conclusions 

Naturally occurings pseudotachyltie injection veins and experimentally generated 

tensile microcracks in Homalite were mapped to obtain probability density distributions for 

microcrack lengths. A model based on geometry of the shear cohesive zone and the 

concept of stress shadowing, where the a crack will retard growth of nearby cracks when 

the crack length is greater than or equal to the spacing between nearby cracks, was built 

to examine the role of stress shadowing on microcrack length distributions. The model 

generated representative probability density distributions for experimentally generated 

tensiel microcracks. For naturally occuring pseudotachylite injection veins, the model 

suggested rupture velocities below those determined from pseudotachylite injection vein 

geometry, suggesting the mode is too idealized to accuratley characterize the natural 

structures. 
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Figure 33. Probability density functions and histograms for tensile microcrack lengths modeled at rupture characteristics matching 

experiments. Maximum probability density of approximately 10% (70K, panel A), 9% (70I, panel B), 9% (70J, panel C) is observed 

for widths of 0.005-0.015 cm. 
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Figure 34. Probability density functions and histograms for tensile microcrack lengths modeled at rupture characteristics matching 

experiments. Maximum probability density of approximately 8% (60I, panel A), 11% (60K, panel B), 10% (60H, panel C) and 9% 

60J, panel D) for crack lengths of 0.005-0.015. 
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Figure 35. Nine Probability density functions and histograms for modeled pseudotachylite injection vein lengths at velocities of 800 

m/s, 900 m/s, and 1000 m/s, θ/Φ angles of 60°/20°, 70°/15° and 80°/10°. Maximum probability densities for cracks 0 to .5 cm in 

length. 
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Appendix A 

Raw Data from Modified Kolsky Bar Apparatus Experiments 
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Figure 36. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Sp1v1. 
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Figure 37. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Sp1v2. 
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Figure 38. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Sp1v3. 
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Figure 39. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Sp2v1. 
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Figure 40. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Sp2v2. 
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Figure 41. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Sp2v3. 
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Figure 42. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Sp3v1. 
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Figure 43. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Sp3v2. 
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Figure 44. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Sp3v3. 
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Figure 45. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp1v1. 
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Figure 46. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp1v2. 
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Figure 47. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp1v3. 



 

67 

 

Figure 48. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp1v4. 
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Figure 49. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp2v1. 
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Figure 50. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp2v2. 
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Figure 51. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp2v3. 
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Figure 52. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp2v4. 
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Figure 53. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp3v1. 
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Figure 54. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp3v2. 
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Figure 55. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp3v3. 
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Figure 56. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp3v4. 
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Figure 57. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp4v1. 
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Figure 58. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp4v2. 
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Figure 59. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp4v3. 
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Figure 60. Evolution of the coefficient of friction (solid line) and sliding velocity (dashed line) with 

increasing slip distance and time for experiment Wp4v4. 
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