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a b s t r a c t

Low velocity zone (LVZ) is a common structural feature in geological faults. To examine the effect of
LVZ on faulting, a laboratory fault model considering the LVZ is constructed and loaded to different
levels. Subsequently ruptures are triggered on one of its contact boundaries with the host rock.
The bilateral rupture propagation along this laboratory fault that separates different materials shows
distinct directionality in both rupture speeds and rupture modes. The rupture in the positive direction
with respect to the fault is always crack-like growing at the Generalized Rayleigh (GR) wave speed.
However, in the negative direction both stable and unstable slip pulses are observed. Higher load and
thinner LVZ facilitate the unstable slip pulses. The trailing tip for both types of pulses propagates at
the GR wave speed, the leading tip of the stable pulse propagates with the GR wave speed while that
of the unstable pulse features a supershear speed.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Geological fault is a complicated structure characterized by
damage zone or a low velocity zone (LVZ) embedded in host

ocks [1–4]. The damage zone or the low velocity zone (LVZ),
hich may be induced by aseismic processes [5–7] or coseismic
rocesses [8,9], may have profound influences on the rupture
haracteristics [10–14].
Using the finite difference method with slip-weakening law

15,16], Harris and Day [10] pioneered systematic study of the
ffects of LVZ on earthquake rupturing characteristics. They stud-
ed three fault configurations (FC): FC1 - fault bisecting a finite
VZ, FC2 - fault on the edge of a finite LVZ, and FC3 - fault on
he edge of an infinite LVZ (i.e., bimaterial fault). They observed
igh frequency oscillations of the slip function due to the finite
VZ in both the positive direction and the negative direction with
espect to the fault (the positive direction is the same direction
s the slip direction of the more compliant material) for both
C1 and FC2. Using the finite difference method with a modified
rakash–Clifton friction law that has a constant coefficient of fric-
ion [17,18], Ben-Zion and Huang [11] examined the possibility
f developing a self-sustained, wrinkle-like pulse (i.e., Heaton
ulse [19]) in the positive direction during rupture growth for
C2. Huang and her coworkers carried out systematic studies on
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the rupture propagation characteristics for FC1 using the spec-
trum element method coupled with a modified slip-weakening
friction law and a strongly velocity-weakening friction law [12–
14]. They showed the formation of the pulse-like rupture and
the modulation of the slip function by the LVZ. These numerical
studies have revealed interesting features on the effect of LVZ on
the rupture velocity and rupture mode.

Carefully designed experiments can be used to validate nu-
merical simulations and further provide conclusive evidence. The
laboratory experiments have provided conclusive evidence to
the formation of supershear rupture [20]. The directionality of
rupture propagation was also observed for FC3, where the LVZ
with infinite width is simulated with a low velocity material [21].
Sammis et al. [22] showed the asymmetric rupture propagation
for FC3 with the LVZ simulated with a damaged polymer plate
using thermal-shock. They also showed that the rupture velocity
is always subRayleigh and it decreases with the width of the LVZ
for FC1.

The existing numerical and experimental studies on LVZ are
focused on FC1 and FC3. For FC2, there are only a few numerical
studies in the literature [10,11]. Based on fracture mechanics
theory [23], shear ruptures in layer systems tend to propagate
along the material interface, corresponding to the case where the
damage zone is on one side of the fault [8,9]. However, other
scenarios of damage zone distribution have also been observed
in nature [24]. This study is intended to experimentally address
rupturing characteristics for FC2, where the fault is on the edge

of a finite LVZ.

https://doi.org/10.1016/j.eml.2021.101321
http://www.elsevier.com/locate/eml
http://www.elsevier.com/locate/eml
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eml.2021.101321&domain=pdf
mailto:kaiwen.xia@utoronto.ca
https://doi.org/10.1016/j.eml.2021.101321


K. Xia and A.J. Rosakis Extreme Mechanics Letters 46 (2021) 101321

t
r
c

2

F
t
s
c
2
s
C
m
a
R
m
r
H
t
T
p
c
p
s

3

3

r
T
s
t
t
a
t
t
d
t

Fig. 1. (A) The laboratory fault model FC2 (fault on the edge of a low velocity zone). The width of LVZ is denoted as b, and the inclination angle α. The rupture is
riggered on the top material interface (which is the fault) at the hypocenter while the other interface acts as the reflector for stress waves emitted from the moving
upture. The black dot in the field of view is a 1/4′′ (6.35 mm) scale marker. Typical results showing both crack-like ruptures in (B) and in (C). The left rupture is
rack-like while the right pulse-like (Hereafter, rupture-tips and tips of the slip pulse characterized by stress singularity are indicated with white arrows in figures).
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. Experimental design and typical results

The schematic drawing of laboratory FC2 model is shown in
ig. 1A. The LVZ (Material 1) has a width b and it is enclosed by
he other two identical plates (Material 2) cut out of a 6′′ by 6′′

quare. The thickness of the plates is 3/8′′ and thus the problem
an be assumed to be plain stress. We use Homalite 100 (Material
) to simulate the host rock, and Polycarbonate (Material 1) to
imulate the low velocity zone. Homalite has a shear wave speed
Fast
S = 1200 m/s and a longitudinal wave speed C Fast

P = 2498
/s; and Polycarbonate has a shear wave speed CSlow

S = 960 m/s
nd a longitudinal wave speed CSlow

P = 2182 m/s. The Generalized
ayleigh (GR) wave speed for the material combination CGR is 959
/s. The shear wave speed ratio of Homalite to Polycarbonate is

s = 1.25. This ratio is close to one of the scenarios studied by
arris and Day [10] for FC2 where rs = 1.2. In our experiments
he earthquake ruptures were triggered by an exploding wire.
he subsequent rupture propagation was visualized using the
hotoelasticity technique and captured with an ultra-high speed
amera [20]. The isochromatic fringe pattern obtained using the
hotoelasticity method represents the contours of in-plane shear
tresses.

. Experimental results

.1. Crack-like and pulse-like ruptures

With respect to the fault, the propagation direction of the left
uptures is positive and that of the right ruptures negative [25].
ypical results are shown in Fig. 1B and C. To better visualize the
tress field around the rupture-tip from the LVZ side, the width of
he LVZ in these two tests is 1/2′′ . We can see that for both cases
he stress fields near the left rupture are very similar, exhibiting
clear singular point characterized by a caustic spot, which is

he rupture-tip. These two ruptures are obviously crack-like. On
he contrary, the stress fields of the two right ruptures are very
ifferent. The right rupture in Fig. 1B is crack-like as evidenced by
he caustic spot, while the right rupture in Fig. 2C does not have
 b

2

lear singularity on the host rock side. As we can see from the
VZ side, there are two singular points in the fringe pattern. We
nterpret the front point (leading tip) as the boundary between
he locked fault zone to its right and sliding fault zone to its left,
nd the back point (trailing tip) as the boundary between the
liding fault zone to its right and locked fault zone to its left. These
wo tips enclose a pulse-like rupture, which is consistent with
he theoretical model proposed by Rice et al. [8]. The self-healing,
ropagating slip pulse is reminiscent of Heaton pulse observed in
atural earthquakes [19].

.2. Nucleation mechanism of pulse-like ruptures

A few mechanisms have been proposed in the literature for
he occurrence of pulse-like ruptures. Rice and his coworkers
uggested that assuming certain frictional law of the slip-rate
eakening type, pulse-like earthquake faulting is attainable [26].

n addition to the nature of frictional laws, geometrical effects are
lso thought to govern the occurrence of pulse modes of rupture.
n particular some researchers [27] believe that spatial stress and
rictional heterogeneities (e.g., asperity distribution) promote slip
ulse formation. Besides, the existence of bimaterial contrast is a
andidate for the genesis of pulses [28]. Finally, the low velocity
one may also nucleate slip pulse based on numerical simulation
13,14). Experimentally Lykotrafitis et al. [29] provided the first
vidence of the pulse-like rupture along homogeneous frictional
ontact driven by impact loading. Lu et al. [30] then demonstrated
uch pule-like rupture along homogeneous faults in laboratory
arthquakes with proper interfacial roughness.
The experiments proposed here are primarily aimed towards

he study of the mechanically triggered rather than the hetero-
eneity or frictional law caused slip pulses. In the current study,
here are three controlling parameters: b - the width of LVZ,
- the inclination angle of LVZ, and P - the uniaxial pressure

pplied. When the fault ruptures, elastic waves are emitted from
he rupture-tip and are reflected at reflector — the other interface
etween the LVZ and the host rock [11]. The slip direction carried
y the wave is the same as the slip direction at the rupture-tip
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Fig. 2. Distance between the rupture-tip and the arrival location of the stress
wave. The inert shows the mechanism controlling the nucleation of the pulse-
like rupture. For rays with angle smaller than 26◦ , the stress wave arrives behind
he rupture-tip for all LVD widths studied in this work. These rays cause dynamic
ompression of the fault and thus may lead to the pulse-like rupture.

nd only the magnitude is reduced after reflection. When this
eflected wave arrived at the fault plane, it caused oscillation
f the slip function both in the positive and negative directions
s identified by numerical simulations [10–14]. Furthermore, the
nteraction of the reflected wave with the fault also leads to
ynamic compression or dynamic tension due the existence of
he material contrast [28,31,32].

The nucleation mechanism of the pulse-like rupture in the
egative direction of a fault with LVZ is illustrated in the inert
f Fig. 2. The rupture-tip indicated by a dot propagates in the
egative direction at velocity vr to a new position. During the
eantime, the elastic wave emitted by the rupture with velocity
is reflected at the reflector. The isochromatic fringe pattern

round the bimaterial rupture-tip is taken from reference [21].
ne representative path of the elastic wave is plotted, and the
ave arrives at the fault indicated by a small circle after reflec-
ion. The rupturing along the bimaterial interface leads to both
hear and compressive normal stresses. First the shear stress
s considered. The slip carried by the stress wave due to shear
nteracts with the bimaterial fault after reflection, leading to
3

dynamic compression [25]. Further the rupture along the bima-
terial fault induces dynamic compression. This compression is
carried by the stress wave and got reflected to the fault with
reduced magnitude. Dynamic compressive loadings due to these
two mechanisms may heal the fault at the circle, leading to
a pulse-like rupture eventually. In the positive direction, these
interactions induce tension and thus healing (therefore the slip
pulse) is not possible.

As shown in Fig. 2, θ is the angle between the ray of the elastic
wave and the normal direction of the fault. The distance between
the rupture-tip (second dot) and the arrival location of the ray
(circle) is d = 2b(vr/C−sin θ )/cosθ . Taking C as CSlow

P = 2182 m/s
and vr as CGR = 959 m/s, we can plot d as a function of the angle
in Fig. 2. For all three LVZ widths considered in this study, stress
ave rays with angle smaller than 26◦ arrive at the fault after the

rupture-tip. These rays will contribute to the healing of the fault
after the rupture-tip. The reflector is thus the geometrical reason
for the nucleation of the slip pulse and thus the property of the
pulse is controlled by the material contrasts and the frictional
properties of the interface. This observation is consistent with
the results by Huang and her coworkers in their study of the slip
pulses for FC1 [12,13].

3.3. Effect of loading on the rupture modes in the negative direction

In Fig. 3, experimental results featuring b = 1/8′′ and α = 25◦

are shown to illustrate the effect of loading on the slip pulse. In
Fig. 3A, both left and right ruptures are crack-like; in Fig. 3B and
C, the left ruptures are crack-like while the right ones are pulse-
like. It can be concluded that higher uniaxial loading facilitates
the nucleation of pulse-like rupture in the negative direction.

3.4. Stable pulse-like rupture

Fig. 4 demonstrates the formation and growth of a slip pulse
using the rupture-tip history. The inter-frame time is 3 µs and the
first frame corresponds to 38 µs after triggering. As seen from the
figures, the rupture in the positive direction (left) is always + CGR.
However, the rupture in the negative direction shows a transition
from a crack-like rupture to a pulse-like at 44 µs. After 47 µs, the
length of the slip pulse is roughly a constant (∼4.6 mm) and this
type of pulse is called a stable pulse. Both the leading tip and the

trailing tip of the pulse propagate at - CGR.
Fig. 3. The effect of far-field loading on the nucleation of pulse-like rupture in the negative direction.
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Fig. 4. The rupture-tip history of a stable slip pulse.

Fig. 5. Photograph sequence from one experiment with unstable pulse: (A) 42
s, (B) 45 µs, (C) 48 µs, (D) 52 µs. (E) The rupture-tip history of this test.
t

4

Table 1
Summary of experimental results. The left rupture speed is always + CGR ,
hile the right rupture is either crack-like or pulse-like. For the pulse-like right
upture, the velocity of the trailing tip is always − CGR , velocity shown in the
table is for the leading tip.
α (◦) b (′′) P (MPa) Mode Velocity of

left rupture
Velocity of
right rupture

25 1/8 20 Pulse + CGR − CSlow
P

25 1/8 17 Pulse + CGR − CGR
25 1/8 13 Crack + CGR − CGR
25 1/4 17 Pulse + CGR − CGR
25 1/4 13 Crack + CGR − CGR
25 1/2 17 Pulse + CGR − CGR
25 1/2 10 Crack + CGR − CGR
22.5 1/8 17 Pulse + CGR − CGR
22.5 1/8 13 Crack + CGR − CGR
22.5 1/4 17 Crack + CGR − CGR
22.5 1/4 13 Crack + CGR − CGR
20 1/2 13 Crack + CGR − CGR
20 1/4 13 Crack + CGR − CGR
20 1/8 13 Crack + CGR − CGR

3.5. Unstable pulse-like rupture

In Fig. 5, we present a time sequence of photographs of an
experiment with P = 20 MPa, α = 25◦ and b = 1/8′′ along with
ts rupture-tip history plot. The left rupture is always crack-like
nd grows at + CGR. The right rupture on the other hand starts
s crack-like and soon develops into pulse-like. From Fig. 5A-D,
he length of the pulse increases with time. This fact can be seen
learly from Fig. 5E. The trailing tip of the pulse propagate at - CGR
hile the leading tip of the pulse assumes velocity - CSlow

P right
after its birth. This unstable slip pulse is somewhat similar to that
in the homogeneous fault system as reported by Lu et al. [30]
based on the measurement of near fault slip history.

There are also some similarities between rupture character-
istics in the current case and those observed in bimaterial fault
ruptures [21], where a rupture moving in the negative direction
can transition to a supershear speed close to - CSlow

P . Since we
ave not observed this unstable pulse phenomena for experi-
ents with lower pressure, it seems that there exists a critical
ressure for a given LVZ width b and an inclination angle α,
eyond which the leading tip of the slip pulse propagates at
supershear speed right. Finally, the experimental results are

ummarized in Table 1. One can see that higher load and thinner
VZ facilitate pulse-like ruptures in the negative direction.

. Discussion and implications

There are some similarities between our results and those
eported by Harris and Day [10] for the case rs = 1.2, when the
eneralized Rayleigh wave speed can be defined. The numerical
esult predicted that the rupture moving in the positive direction
eatures a speed close to + CGR, which is consistent with our
xperimental results. Along the negative direction, both their nu-
erical simulation and our experiment show that the supershear

uptures are possible. The supershear rupture velocity in both
tudies consistently points to the P wave speed of the slower LVZ
aterial. However we observed pulse-like ruptures, while they
nly reported the occurrence of crack-like supershear rupture in
he negative direction. As compared with the numerical work by
en-Zion and Huang [11], the experimentally observed propaga-
ion direction of the pulse-like rupture is opposite to what they
roposed.
The modulus of Homalite is about 5 GPa and that of the crustal

ock is around 50 GPa. Therefore, the load in the laboratory (P
15 MPa) can be scaled up to at least 150 MPa (∼5 km depth) in
he field, which is close to what is expected at the seismogenic
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epth. We assume that the frictional property is material inde-
endent and thus L/dc is a constant, where L is the length of the
lip pulse. Because the critical slip distance in the field is around
.5 m and that in the lab is around 20 µm [20]. The length of the
ulse in the laboratory for the stable slip pulse (4.6 mm) can be
caled to the field condition as 1.15 km. This length lies in the
ange of pulse length for real earthquakes (0.8 km ∼13 km) as
eported by Heaton [19].

. Conclusion

We experimentally studied the effect of low velocity zone
LVD) on earthquake ruptures. The directionality of both rupture
peeds and rupture modes were observed. The rupture growth in
he positive direction is always crack-like with the generalized
ayleigh (GR) wave speed. Due to the existence of the reflector,
he rupture in the negative direction may become pulse-like as fa-
ilitated by higher loading level and thinner LVD. This is an alter-
ative nucleation mechanism of pulse-like earthquake ruptures.
he pulse-like rupture is usually stable with both the leading
ip and the trailing tip propagating at the GR wave speed. How-
ver, under sufficiently high loading, the pulse-like rupture may
ecome unstable with its leading tip propagating at supershear
peed while trailing tip at GR wave speed.
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