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ABSTRACT
Fluids play a critical role in natural and human-induced rock failure. It is unclear, how-

ever, if propagation of a tensile fracture is inherently an episodic or continuous process. For 
example, typical average propagation speeds of hydraulic fracture tips on the order of 1–10 
m/min suggest continuous crack growth, possibly at subcritical stress intensities. In contrast, 
using field observations and numerical and mathematical analyses, we show that fracture 
growth due to anthropogenic hydraulic fracturing is most likely to occur in an episodic fashion, 
characterized by stick-split behavior that is analogous to stick-slip motion of earthquakes. 
The stick-split mechanism is regulated by cyclic variations in fluid pressure near the crack 
tip, in which each successive failure produces a local pressure drop that temporarily halts 
or slows fracture propagation. A pressure drop results in partial fracture closure, producing 
noncontinuous fracture propagation through a process that is reminiscent of hand clapping. 
Rupture speeds for individual failure events are on the order of the shear-wave velocity of 
the medium; thus, continuous crack growth is not a likely mechanism for anthropogenic 
hydraulic fracturing treatments despite slow average tip propagation speeds.

INTRODUCTION
Current mathematical models for propagation 

of anthropogenic hydraulic fractures (Adachi et 
al., 2007) generally assume continuous fracture 
growth. Such models may not accurately reflect 
the fine details of fracture propagation that occur 
in nature. In particular, it is commonly assumed 
that the fluid flow speed at the crack tip matches 
the fracture propagation velocity, a necessary 
condition to achieve continuous fracture growth.

A cursory look at two different field obser-
vations, namely injection pressure during 
anthropogenic hydraulic fracturing treatments 
and growth rate of the resulting microseismic 
clouds, seemingly supports this view. In a typical 
treatment stage, fluid pressure generally builds 
up quasi-linearly with time until the breakdown 
pressure is reached, after which pressure drops to 
a roughly constant level called the fracture-prop-
agation pressure (Zoback, 2007). The typical 
absence of conspicuous cyclical pressure fluctua-
tions during propagation could be interpreted as 
indicative of continuous fracture growth.

Hydraulic fracturing treatments lead to 
repeated brittle failure, yielding microseismic 
events (Cipolla et al., 2011; van der Baan et 
al., 2013). The microseismic cloud is generally 
thought to encapsulate the hydraulic frac-
ture (zone). Its growth thus provides an upper 
bound for the average tip propagation velocity. 

Commonly, the maximum cloud size increases 
with the square root of time (Shapiro et al., 1997), 
again suggesting continuous growth.

The temporal evolution of the microseismic 
cloud indicates typical fracture growth rates on 
the order of 1–10 m/min (0.02–0.2 m/s). These 
are orders of magnitude below the shear-wave 
velocity. Such rupture velocities are more com-
monly associated with subcritical crack growth, 
e.g., due to stress corrosion, generally thought to 
occur continuously (Anderson and Grew, 1977; 
Atkinson and Meredith, 1987).

Conversely, there is abundant geologic evi-
dence from outcrops that joints due to natural 
hydraulic fracturing can be created in both 
continuous and episodic fashions (Bahat and 
Engelder, 1984; Lacazette and Engelder, 1992; 
Davis et al., 2011). In joints, episodic growth 
is inferred from the existence of ribs and rhyth-
mic plume patterns, implying that the failure 
front significantly slowed down or temporarily 
halted (Fig. 1).

Here, we postulate that growth of anthro-
pogenic, fluid-induced tensile cracks generally 
occurs in an episodic fashion, exhibiting a simi-
lar behavior to that of some natural joints in 
rocks. We refer to this phenomenon as stick-split 
growth, analogous to stick-slip faulting in earth-
quakes (Brace and Byerlee, 1966), in that the 
rupture front temporarily sticks to a specific spot 
before the surrounding intact rock is once again 
split by the propagating fracture. We provide 

seismological evidence to support this as well 
as additional confirmation by geomechanical 
modeling and mathematical analysis.

STICK-SPLIT MODEL
Our proposed model for anthropogenic 

hydraulic fractures is based on Secor’s (1969) 
model for natural hydraulic fractures. Given the 
large fluid injection pressures, we assume that 
fracture propagation is driven by tensile failure 
at the tip, in response to a fluid pressure that 
exceeds the tensile rock strength plus the mini-
mum lithostatic stress, i.e., Griffith’s criterion 
(Zoback, 2007; Davis et al., 2011). The fluid 
pressure at the fracture tip is determined by the 
injection pressure and the total fracture volume. 
When local failure occurs, the system volume 
abruptly increases due to fracture extension, 
allowing fluid flow toward the new tip location. 
This is accompanied by a temporary local drop 
in fluid pressure, most prominently near the 
fracture tip (Fig. 2). The fracture then partially 
closes near its tip, until fluid pressure builds up 
again due to continued fluid injection, repeating *E-mail: Mirko.vanderBaan@ualberta.ca
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Figure 1. Elliptical joint surface exposed in 
wall of Navajo Sandstone (Jurassic; south-
west United States). Height of cliff face is 8 m. 
Nested curved lines are ribs. Ribs record posi-
tion of front of propagating joint at different 
points in time. Initial rupture point is situated 
at bottom as ribs are concentrically spreading 
out from this point. Ribs imply that joint was 
not created in single failure but that rupture 
front repeatedly halted or slowed down. Pho-
tograph by G.H. Davis. Adapted from Davis et 
al. (2011), and reproduced with permission.
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the cycle of episodic stick-split failure (Secor, 
1969; Lacazette and Engelder, 1992). Repeated 
episodes of abrupt opening of the hydraulic 
fracture walls, followed by partial closing, is 
reminiscent of hand clapping (Fig. 2).

Appendix DR1 in the GSA Data Repository1 
provides a mathematical analysis of Secor’s 

1 GSA Data Repository item 2016167, Table DR1 
and Appendices DR1 and DR2, is available online at 
www.geosociety.org​/pubs​/ft2016.htm, or on request 
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

(1969) model and of an alternative model that 
invokes a fluid-free zone near the crack tip (Aki 
et al., 1977). Both models imply episodic (jerky) 
growth for anthropogenic hydraulic fracture 
treatments. Appendix DR1 also details neces-
sary conditions for continuous growth at critical 
stress intensities.

SEISMOLOGICAL EVIDENCE
Seismic field observations provide supporting 

evidence for the proposed stick-split mechanism. 
In contrast to shear events, initial opening of a 
tensile crack is expected to produce a non-dou-
ble-couple focal mechanism with predominantly 
positive compressional first motions (Vavryčuk, 
2011). Furthermore, tensile events are relatively 
depleted in S-wave emissions (Foulger and Long, 
1984; Eaton et al., 2014c); for a binary system 
(i.e., tensile or shear), S-wave/P-wave amplitude 
ratios <5 are indicative of tensile rupture at a 
90% level of confidence (Eaton et al., 2014c).

The pressure drop following tensile opening 
may cause a second seismic event with opposite 
first-arrival polarity (Foulger and Long, 1984), 
representing the second part of the hydraulic 
hand-clapping mechanism. The relatively short 
time interval between opening and closing (a 
few milliseconds) generally precludes direct 
observation of distinct waveform arrivals, but 
results in a distinctive modulation in the source 
spectrum (Walter and Brune, 1993; Eaton et al., 
2014c). The frequency spectrum for tensile fail-
ure is similar to that of a shear-failure event and 
can be described by a variant of Brune’s source 
model (Walter and Brune, 1993). The spectrum 
from two co-located events of opposite polar-
ity but separated by some time interval results 
in a series of periodic notches in the frequency 
spectrum, with a periodicity that is inversely 
proportional to separation time.

A microseismic field experiment in British 
Columbia, Canada (Eaton et al., 2013), con-
ducted during a hydraulic fracturing treatment, 

included a set of events that are characterized 
by tensile failure and hydraulic clapping (Eaton 
et al., 2014c). Of 17 events with S/P amplitude 
ratio <5, considered indicative of tensile failure, 
four also display quasi-periodic notches in their 
spectra. Another hydraulic fracturing treatment 
in central Alberta, Canada (Eaton et al., 2014a), 
furnishes further examples of microseismic 
events that are characterized by both a signifi-
cant component of tensile failure and source 
complexity, consistent with a hydraulic clapping 
mechanism. Appendix DR2 provides details on 
the processing strategy for both data sets.

Figure 3 shows an inferred tensile event with 
an S/P amplitude ratio of <2. Both its P- and 
Sfast-wave source spectra display quasi-periodic 
notches. The spectra are computed by sepa-
rating the recorded wavefield into constituent 
wave types (P, Sfast, and Sslow), beam-forming to 
enhance the signal-to-noise ratio, and applica-
tion of a 200 ms Hanning window centered on 
the wave arrival. As illustrated by the dashed 
curve for the best-fit model, the spectral notches 
can be explained by two events with opposite 
polarity, a composite magnitude of -0.89, a 
temporal separation t of 14.5 ms, and fracture 
radius of 1.1 m and aperture of 1.1 mm. The 
composite magnitude and temporal separation 
t are estimated using the methodology of Eaton 
et al. (2014c). Estimates for the fracture radius 
and aperture are obtained using a net pressure 
of 10 MPa, a shear modulus of 9.7 GPa, and 
Equations DR2-1 and DR2-2 in Appendix DR2.

We thus interpret this event as opening and 
subsequent closing of a tensile fracture, where 
quasi-periodic notches in both the P- and Sfast-
wave spectra are explained by the hand-clapping 
mechanism. Both the tensile opening and clos-
ing, and any additional shearing, are likely to 
enhance the extent of the process zone (Rubin, 
1993; Davis et al., 2011) in front of the fracture, 
facilitating subsequent failure. An alternative 
interpretation for the existence of spectral 

Figure 2. Schematic representation of epi-
sodic fracture growth. From top to bottom: 
(1) Fluid pressure builds up, increasing aper-
ture (stick). (2) Effective pressure exceeds 
tensile rock strength, causing tensile fail-
ure (split), fracture extension, and volume 
increase. (3) Volume increase causes drop in 
fluid pressure, partially closing fracture again 
a split second later. Visual opening-closing 
movement of fracture walls resembles clap-
ping of hands. (4) Fluid pressure builds up 
again and process repeats but not necessarily 
at regular intervals due to variations in local 
tensile strength and rupture lengths. Ribs are 
created each time rupture front temporarily 
halts, possibly due to precipitation of minerals 
but more likely as remnants of fracture tips.

Figure 3. Source spectra of tensile microseismic event, characterized by complex spectral shape with amplitude modulation. A: Recorded 
waveforms of P- (red), Sfast- (green), and Sslow-waves (blue). B,C: Displacement (blue) and noise (black) spectra for respectively P-wave (B) 
and Sfast-wave (C) source spectra. Dashed red curves show best-fitting tensile opening-closing model. Black curve shows background noise 
based on a pre-event noise window. Signal amplitude is above noise level from 10 to 400 Hz.

ftp://rock.geosociety.org/pub/reposit/2016/2016167.pdf
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notches in the Sfast-wave spectrum due to suc-
cessive shear-slip events of opposite polarity is 
unphysical, as it would require one event to slip 
in direct opposition to the in situ stress field. 
Likewise, the possibility that the spectral notches 
are caused by path effects or receiver-side hetero-
geneities is unlikely, as spectral notches would 
then be expected for most recorded events.

MODELING SUPPORT
We use a two-dimensional discrete-element 

method (Cundall, 1988) to confirm the existence 
of the stick-split and clapping mechanisms. 
A rock mass 200 m wide by 170 m high is con-
sidered at a depth of 1330 m, with a network of 
non-persistent natural fractures interconnected 
with intact rock bridges (incipient fractures). 
The stress field is characterized by a thrust-fault-
ing regime, with vertical and horizontal principal 
stresses of, respectively, 42 MPa and 73 MPa. 
A vertical injection well in the center injects 
fluids over a 2 m open interval with a three-
dimensional–equivalent flow rate of 400 L/min 
into an initially dry rock (model 1 of Preisig et 
al., 2015). Figures 4A and 4B show the model 
layout and setup. Preisig et al. (2015) provide 
full details on the modeling strategy. Table DR1 
in the Data Repository contains the mechanical 
and hydraulic parameters. Chosen parameters 
reflect in situ conditions in an underground mine 
in New South Wales, Australia.

The rock mass is discretized such that intact 
blocks are bounded by a pre-defined fracture 
network composed of (1) preexisting natural 
discontinuities and (2) incipient discontinui-
ties having intact rock properties until rupture. 
Fluid flow within the propagating fracture sig-
nificantly exceeds flow into the rock matrix such 
that poroelastic effects within intact rock can be 
neglected. This assumption is reasonable for the 
low-permeability and low-porosity rocks com-
monly encountered in anthropogenic hydraulic 
fracturing treatments (Zoback, 2007; Cipolla et 
al., 2011; van der Baan et al., 2013). The rock 
matrix is thus considered impermeable in the 
coupled hydromechanical model; fluids can only 
flow within the fractures once opened by failure 
of the pre-defined network of discontinuities.

Figures 4A and 4B show two snapshots of 
fluid pressure, immediately before and after a 
failure event. At the fracture tip, fluid pressures 
are significantly higher before tensile failure 
than following the expansion, thereby support-
ing the stick-split model (Fig. 2). The failure 
event leads to a pressure drop of 8 MPa, a dis-
location of 3 m (source radius of 1.5 m), and an 
aperture of 0.5 mm in the newly formed branch 
of the hydraulic fracture. From Equation DR2-1, 
this corresponds to a magnitude of –0.64, and 
thus similar failure characteristics to the real 
event shown in Figure 3.

Figure 4C shows fluid pressure at an observa-
tion point, initially close to the tip of the previous 

failure event, and the vertical displacement 9 m 
below this point. The vertical displacement is 
indicative of the evolution in fracture aperture. 
Displacement is somewhat damped due to rock 
elasticity and the distance from the fracture, yet 
its cyclic variations indicate repeated opening 
and closing. Likewise, the fluid pressure builds 
up repetitively until failure, followed by rapid 
drops due to the newly created fracture volume. 
Simultaneously, fracture aperture expands during 
fluid pressure buildup, followed by a subsequent 
decrease on fracture propagation, revealing the 
clapping mechanism. For longer injection times, 
pressure fluctuations at the observation point 
decrease to a constant level, consistent with the 
mostly constant fracture propagation pressures 
seen in many hydraulic fracturing treatments 

(Zoback, 2007), due to increasing system vol-
ume and storativity.

DISCUSSION AND CONCLUSIONS
Geologic, seismic, and numerical observa-

tions indicate that stick-split failure is a likely 
mechanism for anthropogenic fluid-induced 
failure. Seismic observations also provide direct 
and indirect measurements of the anticipated 
fracture lengths and time separations between 
opening and partial closing at the crack tip. The 
observations of nearly uniform injection pres-
sures during hydraulic fracturing treatments and 
continuous growth of the resulting microseis-
mic clouds do not contradict episodic fracture 
growth, because fracture compliance increases 
with the cube of its radius (Raaen et al., 2006), 
suppressing pressure variations measured at the 
injection point. Moreover, cyclic pressure varia-
tions immediately after the formation breakdown 
pressure are in some cases observed in extended 
leak-off tests (Raaen et al., 2006), similar to 
those shown in Figure 4C. Likewise, the growth 
of the microseismic cloud is measured on time 
scales of minutes to hours (Shapiro et al., 1997), 
instead of fractions of seconds, rendering epi-
sodic stick-slip growth difficult to resolve using 
standard methods of analysis.

The maximum size of the microseismic 
clouds for individual stages of the hydraulic 
fracturing treatment in central Alberta (Eaton 
et al., 2014a) is given by r(t) = 276 t1/2, where 
r is distance from the injection point and t is 
time (Eaton et al., 2014b). This leads to an 
upper bound for the tip propagation speeds of 
5.6 m/min, 3.3 m/min, and 2.3 m/min at, respec-
tively, 10, 30, and 60 min after the start of each 
treatment stage. The numerical modeling pro-
duces growth rates of 2–5 m/min for the first 10 
min of fluid injection, then 0.5–1 m/min between 
10 and 30 min of fluid injection, followed by 
periods of complete growth stagnation. Such 
propagation velocities more commonly associ-
ated with subcritical, continuous fracture growth 
due to stress corrosion (Anderson and Grew, 
1977; Atkinson and Meredith, 1987).

Care should thus be taken not to attribute 
slow average fracture propagation speeds due 
to stick-split behavior, where significant time 
is consumed by halting of the rupture process, 
to slow, subcritical, continuous fracture growth. 
In particular the presence of microseismicity in 
natural rocks, or acoustic emissions in labora-
tory experiments (P.G. Meredith, 2015, personal 
commun.), is likely indicative of episodic failure 
with rupture speeds of individual events on the 
order of the shear-wave velocity. Indeed, rupture 
velocities on the order of 10-2–10-1 m/s are asso-
ciated with region III of the subcritical growth 
process which occurs close to critical stress 
intensities. This region is thought to represent a 
combination of mechanical cracking and stress 
corrosion (Anderson and Grew, 1977).

Figure 4. A,B: Two different instants in time 
illustrating cyclical increase and decrease of 
fluid pressures at hydraulic fracture tip during 
fracture propagation. Gray lines are pre-
defined fracture network. Colored lines are 
fluid pressures. Black box is injection interval 
within vertical well. C: Temporal variations in 
fluid pressure (blue line) at observation point 
(blue star) shown in A and B, and vertical dis-
placement (red line) 9 m below observation 
point. Fluids reach observation point after 
1.6 min. Fluid pressure then builds up until 
2.2 min, when failure event shown between 
A and B occurs. Subsequent cyclic pressure 
variations indicate episodic fracture growth. 
Relative variations in vertical displacement 
capture hydraulic fracture clapping mecha-
nism (opening and closing of walls).
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Stick-split behavior in hydraulic fracturing 
treatments and stick-slip failure in earthquakes 
therefore exhibit substantial similarities, in that 
in both cases the rupture process often temporar-
ily halts (sticks) until sufficient stress has built 
up to overcome either the tensile rock strength 
(fracture toughness) by splitting, or the frictional 
resistance created by asperities and fracture 
roughness to allow slipping (shearing). Seismic 
observations thus put a time scale on the stick-
split process, e.g., by revealing that the time lag 
t between opening and partial closing at the tip 
is on the order of milliseconds. Given the rela-
tively large time durations spent in the halting 
stage, it is indeed possible that stress corrosion 
and subcritical crack growth also occur, even 
when the stick-split or stick-slip mechanisms are 
the kinetically most noticeable failure processes.

We anticipate that our findings will lead to 
enhanced mathematical models describing fluid-
induced fracture propagation near the crack tip. 
Furthermore, our findings may lead to improved 
insights into (1) natural hydraulic fracturing, in 
particular on physical and geologic conditions 
determining episodic, stick-split behavior or 
continuous joint growth, (2) interaction of a 
propagating anthropogenic hydraulic fracture 
with preexisting natural and incipient fractures, 
which commonly results in very complex fracture 
zones, and (3) rock-fluid interactions in general.
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