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INTRODUCTION
Direct observation of ancient faults 

exhumed from hypocentral depths can provide 
high-precision data related to the local bound-
ary conditions controlling earthquake rupture 
propagation (Chester et al., 1993; Wibberley 
and Shimamoto, 2003; Di Toro et al., 2005a, 
2005b; Griffi th et al., 2008). However, fi eld-
based studies of faults typically address fault 
development as a quasi-static problem occur-
ring on time scales of 1 ka to 1 Ma and greater 
(Willemse and Pollard, 1998; Mutlu and Pol-
lard, 2008). Direct evidence of processes oper-
ating on shorter time scales during faulting is 
generally erased from rocks due to overprint-
ing events, chemical changes, and structural 
alterations. Differentiation between faults 
that hosted earthquakes and those that slipped 
aseismically is nearly impossible, save for the 
rare occurrence of pseudotachylyte, a rock that 
is formed by melting associated with frictional 
heating during earthquakes (Cowan, 1999). 
Other structural features in rocks that may be 
indicative of dynamic (earthquake) processes 
are indistinguishable from quasi-static (aseis-
mic) features because similar structures may 
hypothetically be formed by nonunique combi-
nations of different variables (i.e., stress, defor-
mation rate, temperature, etc.).

In a series of laboratory studies that pro-
vided the fi rst experimental evidence of super-
shear (greater than the shear wave velocity, c

s
) 

crack growth in an isotropic and homogeneous 
solid (Homalite-100), Rosakis et al. (2000) 
observed and analyzed an array of secondary 

tensile microcracks that formed adjacent to the 
rupture interface. These microcracks formed 
dynamically only on one side of the rupture 
interface (Rosakis et al., 2000). Their occur-
rence was attributed to dynamic frictional 
contact and sliding behind the supershear rup-
ture tip (Rosakis et al., 2000; Samudrala et al., 
2002). The possible relation of these cracks 
to geological observations of periodic arrays 
of tensile, off-fault, fractures and to pseudo-
tachylyte injection veins was hypothesized by 
Rosakis (2002).

Di Toro et al. (2005a) provided fi eld evi-
dence that tensile fractures containing pseu-
dotachylyte (pseudotachylyte injection veins) 
might indeed form by a similar dynamic pro-
cess. Pseudotachylyte injection veins along 
exhumed strike-slip faults in the Adamello 
Batholith in the Italian Alps are observed in 
quasi-periodic arrays dominantly on one side 
of and nearly orthogonal to the faults. Such 
high-angle veins also are common along other 
pseudotachylyte-bearing faults (e.g., Swan-
son, 1988), and they differ from wing cracks 
commonly observed near tips of shear discon-
tinuities (faults, sheared joints, and slipped 
bedding surfaces) related to the quasi-static 
perturbed stress fi eld introduced by the shear-
ing (Willemse and Pollard, 1998; Mutlu and 
Pollard, 2008).

If pseudotachylyte injection veins are a 
dynamic phenomenon related to earthquake 
propagation, the geometry of tensile crack 
arrays should provide information about rup-
ture dynamics from exhumed faults. To test this 
hypothesis, we designed an experiment capa-
ble of providing values of relevant variables 
during dynamic tensile microcrack nucleation 
accompanying high-speed shear rupture.

LABORATORY EXPERIMENTS
The experimental conditions under which 

tensile microcrack arrays were initially pro-
duced (Rosakis et al., 2000; Samudrala et al., 
2002) utilized an impact-loading device to 
nucleate unilateral supershear ruptures. These 
experiments did not simulate earthquake rup-
ture conditions expected along faults in that 
the interface was entirely free of compressive 
prestress. In addition, the nature of the impact 
loading introduced complex transients to the 
experiments, making correlations between 
crack angle, rupture velocity, and far-fi eld 
static prestress conditions diffi cult. In a second 
set of experiments, sub-Rayleigh and supers-
hear bilateral ruptures were produced in sam-
ples subjected to static uniaxial precompres-
sion (Xia et al., 2004, 2005; Lykotrafi tis et al., 
2006; Lu et al., 2007). In these experiments, 
dynamic ruptures propagated along a frictional 
(but cohesionless) interface and were induced 
by an exploding wire embedded within the 
Homalite; however, tensile microcracks, like 
those observed along natural faults (Swanson, 
1988; Di Toro et al., 2005a) and those pre-
dicted by numerical experiments (Yamashita, 
2000; Di Toro et al., 2005a), were not produced 
in these experiments because transient stress 
concentrations associated with the propagating 
shear rupture tip did not exceed the material 
tensile strength

Here, we report for the fi rst time the genera-
tion of tensile microcracks that formed dynami-
cally behind a sub-Rayleigh shear rupture 
propagating along a preexisting interface with 
cohesive and frictional strength, subjected to 
compressive and shear pre-tress (Fig. 1). Tran-
sient stress fi elds during the experiments were 
recorded using photoelasticity (Kavaturu et al., 
1998) and high-speed digital photography (e.g., 
Rosakis, 2002), yielding patterns of isochro-
matic fringes (Fig. 2), which are contours of 
maximum in-plane shear stress. The asymmet-
ric fringe pattern about the propagating rupture 
tip (Figs. 2A and 2B) is a result of a superpo-
sition of the static ambient stress, or pre-stress 
state (Poliakov et al., 2002; Samudrala et al., 
2002), on the transient fi eld around the propa-
gating rupture. Written in indicial notation, the 
local stress state, σ

ij
, in the vicinity of the propa-

gating shear rupture tip can be written as:

 σ σ σij ij ij= +0 , (1)
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ABSTRACT
We used optical experiments and high-speed photography to interpret the origins of tensile 

fractures that form during dynamic shear rupture in laboratory experiments. Sub-Rayleigh 
(slower than the Rayleigh wave speed, cR) shear ruptures in Homalite-100 produce damage 
zones consisting of an array of tensile cracks. These cracks nucleate and grow within cohe-
sive zones behind the tips of shear ruptures that propagate dynamically along interfaces with 
frictional and cohesive strength, simulating a “strong” fault. The tensile cracks are produced 
only along one side of the interface where transient, fault-parallel, tensile stress perturbations 
are associated with the growing shear rupture tip. Results of this study represent an impor-
tant potential bridge between geological observations of structures preserved along exhumed 
faults and theoretical models of earthquake propagation, potentially leading to diagnostic 
criteria for interpreting velocity, directivity, and static prestress states associated with past 
earthquakes on exhumed faults.
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where σ 0
ij
 is the static ambient stress state due to 

the remote load P, and Δσ
ij
 is the stress pertur-

bation due to the rupture (Poliakov et al., 2002).
Samudrala et al. (2002) and Poliakov et al. 

(2002) have shown that the off-fault stress con-
centration due to a propagating shear rupture is 
related to rupture velocity v

II
 and to peak shear 

traction τ
p
 attained along the rupture surface 

(i.e., shear stress needed to overcome total inter-
face strength). In previous laboratory studies, 
this total interface strength τ

p
 was either due to 

cohesive strength, τ
o
, of the glued bond (Samu-

drala et al., 2002), or to frictional strength, τ
f
, 

of the interface due to the remote compressive 
stress P (Xia et al., 2004, 2005; Lu et al., 2007). 
Because cracks have not been observed to form 
in this frictional confi guration, we applied an 
adhesive bond to the interface, thereby strength-
ening the interface by the amount τ

o
 (see the 

GSA Data Repository1). The total interface 
strength is then:

 τ τ τp f o= + . (2)

Here, τ
o
 is a constant material property of 

the bond, τ
f
 = fσ

n
, where f is the friction coef-

fi cient, and σ
n 

is normal traction resolved on 
the interface. Because transient stress state 
Δσ

ij
 is proportional to total interface strength 

τ
p
, adding cohesive strength τ

o
 should magnify 

off-fault stress, encouraging tensile failure of 
the Homalite. In the confi guration shown in 
Figure 1B, the greatest tensile stress (and thus 
tensile cracking) is expected in the lower block 
for a rupture propagating downward to the right.

PRODUCTS OF DYNAMIC SHEAR 
RUPTURE

Ruptures in these experiments propagated 
with velocities in the range 0.7c

s
 < v

II
 < 0.85c

s
, 

where in Homalite c
s
 = 1255 m/s (Fig. DR1 

in the Data Repository). Photoelastic images 
reveal that tensile microcracks initiate within the 
region of stress concentration directly behind 
the dynamic shear rupture tip. Figure 2A shows 
fringe patterns at three times around a propagat-
ing rupture in an experiment with axial load P = 
32 MPa and inclination angle α = 60°. A closer 
view of the shear rupture tip at 105 µs (Fig. 2B) 
reveals a trailing line of dark spots at an acute 
angle to the interface. These are shadow spots 
surrounded by caustics (Rosakis et al., 2000) 
associated with propagating tensile microcrack 
tips (Fig. 2C). The trailing edge of this trian-
gular zone marks the point at which the micro-
cracks stop growing: behind this zone static 
microcracks are left in the wake of the propa-

Figure 1. A: Photoelastic apparatus including laser light source, polarizing fi lters, and high-
speed cameras. B: Hydraulic press and sample confi guration showing relative orientation 
of vertical load (P) and inclination of interface (α). Explosion induces a bilateral right-lateral 
shear rupture upon explosion. C: To constrain parameters fs (coeffi cient of static friction) 
and τo, we conducted static strength tests on 14 Homalite samples with glued interfaces at 
angles ranging from 30° to 80° using an Instron electromechanical testing machine. Samples 
were subjected to uniaxial loads in same confi guration as shown in B. Experimental failure 
loads defi ne a strength envelope with slope fs = 0.32 ± 0.15 and Y-intercept τo = 11.3 ± 1.5 
MPa, where errors are plus or minus one standard deviation of residuals. See the GSA Data 
Repository (see footnote 1) for further detail.

1GSA Data Repository item 2009195, summary of 
experimental methods and results, is available online 
at www.geosociety.org/pubs/ft2009.htm, or on request 
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 2. Isochromatic 
fringe patterns around 
a shear rupture nucleat-
ing at an exploding wire 
and propagating along 
bonded interface. Note 
that fringes surrounding 
rupture tip expand as 
rupture grows, indicat-
ing an increasing stress 
concentration with dis-
tance. A: Photographs at 
50, 80, and 105 µs after 
detonation. White box in 
last photo indicates lo-
cation of image in B. B: 
Close-up of rupture tip 
showing caustics asso-
ciated with tensile micro-
crack tips. C: Schematic 
of B, identifying shadow 
spots, tensile microcracks, and defi ning angles θ and ϕ. All images are from experiment 60I, 
with P = 32 MPa and α = 60°. 
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gating rupture (Figs. 2B and 2C; Video DR1 in 
the Data Repository). This zone, between 5 and 
10 mm in length (Figs. 2B and 2C), corresponds 
to the shear cohesive (process) zone of the prop-
agating shear rupture. These observations con-
fi rm that the microcrack formation is a dynamic 
phenomenon triggered by the transient stress 
fi eld of a propagating shear rupture and that the 
microcracks grow only in close proximity to the 
shear rupture tip.

Tensile microcracks (Fig. 3) were produced 
during shear rupture in all experiments at α = 
60° and 70°, but microcracks were not observed 
at α = 80°. For greater values of α, remote com-
pressive stress P resolves lesser normal and 
shear tractions on, and greater compression 
parallel to, the interface, which would inhibit 
tensile cracking. Consistent with theoretical 
calculations (Samudrala et al., 2002), all cracks 
formed in the tensile quadrant, nucleated on the 
interface, and grew into the Homalite (Fig. 3). 
In all cases, microcracks formed at high angles 
to the rupture interface and some curved 
slightly as they propagated into the Homalite 
sample (Fig. 3B). Longer microcracks typically 
were interspersed with shorter microcracks, 
and crack size and spacing were greater at α = 
60° than α = 70°. Maximum microcrack length 
changed systematically with distance from the 
nucleation site of the shear rupture, increasing 
from initial occurrence at ~3 cm to a maximum 
(as much as ~5 mm in length at α = 60°) at 
~9 cm, and then the length steadily decreased 
toward the edge of the sample (e.g., Fig. 3A). 
The increase in microcrack dimension with 
distance from the nucleation site was accom-
panied by an increase in stress concentration 
as evidenced by expansion of the lobes in the 
fringe pattern focused around the rupture tip 
(Fig. 2A). Microcracks typically were shorter 
for greater rupture interface inclination angles 
α, reaching a maximum length of ~2.5 cm at 
α = 70°. Longer microcracks extended across 
the entire thickness of the sample, while shorter 
microcracks did not (Fig. 3C). For α = 60°, the 
average width (measured across the out-of-
plane dimension of the specimen) of micro-
cracks was 0.35 ± 0.16 cm, whereas the average 
width for α = 70° was 0.25 ± 0.19 cm. Aver-
age microcrack spacing for α = 60° was 0.35 
± 0.29 cm, whereas spacing for α = 70° was 
0.23 ± 0.13 cm. The larger microcrack width 
at a smaller inclination angle is consistent with 
overall larger relative crack size as suggested 
by the length measurements. Average crack 
spacing appears to have a weak, inverse depen-
dence on v

II
, tending to be smaller at faster v

II
.

Tensile microcracks grew in the veloc-
ity range 0.25c

s
 < v

I
 < 0.33c

s
 (Fig. DR2). The 

microcracks were never observed to branch, 
which is consistent with propagation velocities 
on the order of v

I
 ≈ 0.3c

s
, less than the critical 

branching velocity (e.g., Fineberg et al., 1991; 
Sagy et al., 2001, 2002).

The inclination angle θ (Fig. 3C; Fig. DR1) 
between tensile microcrack and interface for 
cracks longer than ~0.1 mm was measured on 
photomicrographs taken with an optical micro-
scope focused at midthickness of the Homalite 
samples. Microcrack orientation, θ, varied 
within individual experiments by as much as 
~15° (Fig. DR1). By comparing θ and v

II
 varia-

tions from all experiments, it is clear that θ corre-
lates with v

II
; however, v

II
 is not the only param-

eter that infl uences microcrack inclination.
To compare experiments, we binned micro-

crack orientation data from velocity-distance 
plots (e.g., Fig. DR1) using bin centers at loca-
tions where rupture velocities were calculated. 
In Figure 4, we plot average crack angle θ over 
each bin against the corresponding rupture 
velocity for each experiment. These data are 
from six experiments representing two different 
loading confi gurations (α = 70°, P = 38 MPa; 
and α = 60°, P = 32 MPa). Two distinct trends 
show inclination angle increasing almost lin-

early with rupture velocity. The offset between 
the two trends is a measure of the infl uence of 

 σ 0
ij
 on microcrack orientation, i.e., Δθ = 7°–8° 

for ΔP = 6 MPa and Δα = 10°.

DISCUSSION AND CONCLUSIONS
These experiments yielded a series of impor-

tant insights into tensile cracking around a prop-
agating subsonic shear rupture subjected to com-
pressive and shear prestress. Most importantly, 
we established that the tensile microcracks are 
a dynamic phenomenon not confi ned to experi-
ments performed under impact loading in the 
absence of static compressive stress. The open-
ing micocracks formed systematically in the 
region of tensile stress concentration on one side 
of the propagating shear rupture, consistent with 
early experimental results (Rosakis et al., 2000), 
fi eld interpretations (Di Toro et al., 2005a), and 
theoretical predictions (Samudrala et al., 2002; 
Di Toro et al., 2005a). This phenomenon was 
not observed in laboratory experiments using 
a similar confi guration with identical materials 
but absent interfacial cohesion (e.g., Lu et al., 

Figure 3. Tensile microcracks in Homalite 100 specimen 70I, P = 38 MPa and α = 60°. A: 
View of 10-cm-long array of microcracks along rupture interface. White box shows location 
of image shown in B. B: Transmitted light microscopic image of microcracks. C: View of 
rupture interface surface. Larger microcracks frequently extend across sample thickness, 
while smaller microcracks only partially cut sample. Samples are ~0.95 cm in thickness. D: 
Photograph of pseudotachylyte injection veins along a fault in Adamello Batholith.

Figure 4. A: Summary plot of average θ versus shear rupture velocities for six experiments. 
Inclination of data trends represents dependence of microcrack orientation on transient 
stress ΔσΔσij, which is dependent on rupture velocity vII. Offset between two trends is a func-
tion of background, prestress state, σij . Error bars represent ±one standard deviation for 
each interval plotted. B: Example of rupture velocity and crack angle data from experiment 
60J. Empty squares are microcrack inclination angle (θ) measurements, fi lled triangles are 
average vII, and fi lled circles are average vI. 
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2007). The necessity of cohesion speaks to the 
competing effect of frictional strength and frac-
ture toughness in enabling or retarding forma-
tion of microcracks: fault damage in the form of 
tensile fracture should be more prevalent along 
“strong” faults (e.g., stress drop > 100 MPa, 
as defi ned by Kanamori [1994]), even in the 
presence of large compressive tectonic stress. 
Finally, the direction of tensile microcrack 
growth always makes an acute angle with the 
direction of shear rupture growth (Fig. 2).

Several other observations are thought-pro-
voking and require further investigation. First, 
microcrack growth initiates on the interface near 
the shear rupture tip, and growth ceases when 
the rupture tip has moved ~5–10 mm beyond 
the microcrack. The orientation at which micro-
cracks initiate is related to rupture velocity, v

II
, 

and tectonic stress state (Fig. 4). We can quan-
tify these effects using an analytical solution for 
a dynamic mode II crack following Samudrala 
et al. (2002). Such an analysis requires knowl-
edge of the velocity weakening behavior and 
the ultimate tensile strength of the monolithic 
Homalite material, parameters that are diffi cult 
to determine independently. Using measure-
ments of rupture velocity, crack angle, and static 
prestress state, we can inversely constrain these 
elusive parameters that are critical to defi ning 
the physics at the rupture tip. These insights will 
be detailed in subsequent work.

Ruptures consistently propagate between 
0.7 and 0.85c

s
. Theoretically, however, a mode 

II crack propagating along a weak path in a 
homogeneous, isotropic elastic material should 
approach the Rayleigh wave speed (c

R
 = 0.92c

s
). 

High stresses associated with rupture velocities 
approaching c

s
 can lead to energy dissipation 

due to inelastic yielding (e.g., Andrews, 2005; 
Yamashita, 2000) around the crack tip, lower-
ing the terminal rupture velocity. Such an effect 
has been measured directly in the laboratory for 
mode I (opening) fractures (Sharon et al., 1996). 
The formation of damage in the present study 
(i.e., creation of new fracture surface area) cer-
tainly created an energy sink, lowering terminal 
rupture velocity. An important question to pur-
sue in future work is: Does creation of new sur-
faces account for the energy defi cit responsible 
for sub-Rayleigh rupture propagation?

This study suggests a fundamental connec-
tion between tensile, off-fault fractures and 
past earthquakes since the laboratory ten-
sile microcracks are shown to be produced 
dynamically by transient stress perturbations 
due to a rapidly propagating shear rupture. 
Furthermore, we demonstrate that microcrack 
orientations correlate with rupture velocity 
and ambient stress. Beyond simply elucidating 

such relationships, this study provides avenues 
for advancing understanding of them: because 
we have been able to visualize the phenom-
enon dynamically and identify the relevant 
parameters, we can now take steps to construct 
and verify analytical models to investigate the 
interplay among fault damage, rupture veloc-
ity, and tectonic conditions.
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