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and sliding commenced. As in the previous case, the
commencement of slip corresponds to an accumulated
relative horizontal displacement of 2mm.
Subsequently, the horizontal relative velocity
increased rapidly from 0.6 m s�1 to a local maximum
of 2.5 m s�1. After 5ms, the relative velocity decreased
abruptly back to 0.6 m s�1 at point A2 (Figure 21(b)).
The slip ceased since the relative velocity was very
low, allowing surface asperities to re-establish contact
and be deformed elastically. The above observations
show that the stable fringe structure (A1A2) represents
a ‘self-healing’ slip pulse of approximately 7ms in
duration. Directly after the pulse, the relative velocity
increased rapidly again to 6.4 m s�1 and retained its
large value of approximately 4 m s�1 for a long period
of time, of about 40ms. This suggests that the initial
rupture of the pulse-like mode was immediately fol-
lowed by a second rupture of the crack-like mode.
Thus, as it has been anticipated, the experimental
results presented up to this point indicate that the
rupture process is very sensitive to impact speed.
Indeed, as the projectile speed was decreased while
keeping the external confining stress constant, the
rupture-tip speed was also decreased. Finally, the
rupture mode changed from a crack-like mode to a
mixed mode where a single ‘self-healing’ slip pulse
was followed by a crack.

By further reducing the impact speed to 10 m s�1,
the rupture mode became purely pulse-like. The
horizontal relative velocity was measured at a

distance of 70 mm from the impact side of the

Homalite plate and its evolution over time is shown

in Figure 22. The rupture started at A1 and propa-

gated at sub-Rayleigh speed of 0.76CS, whereas after

15 ms the sliding ceased at A2. The duration of sliding

was very short compared to the approximately 100 ms

duration of the impact event, and thus we infer that

an isolated ‘self-healing’ pulse was formed. Such a

case clearly indicates that a pulse-like mode of rup-

ture can definitely occur under appropriate

conditions. Indeed this is the first time that such a

dynamic pulse has been clearly seen in a controlled

laboratory setting. The fact that ‘self-healing’ pulses
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were obtained as the impact speed was decreased
below certain point is consistent with the theoretical
results of Zheng and Rice (1998). According to their
predictions, and as discussed in Section 4.06.3.1, one
of the necessary requirements of self-healing pulse
formation is that the overall driving stress could be
lower than a threshold value.

The combined use of classic dynamic photoelas-
ticity with velocimetry allowed us to fully
characterize the frictional sliding process. However,
the maximum particle velocity which can be mea-
sured by the velocimeter is 10 m s�1. In order to
comply with the above limit, low impact speeds
were only used up to this point. For higher impact
speeds, only dynamic photoelasticity in conjuction
with high-speed photography was used as diagnostic
tools.

In Figure 23, an instantaneous isochromatic
fringe pattern is shown at a specific time for the
same compressive load of 10 MPa as in the previous
experiments and at much higher impact speed of
42 m s�1. The rupture propagated intersonically at
approximately 1948 m s�1¼ 1.56CS¼ 0.75CP giving
rise to a shear Mach cone originating from the rup-
ture tip B1. In addition, a second Mach line which
originated from point B2 and was nonparallel to the
first one was observed behind the rupture
point (Figure 23(a)). The Mach line was at a shal-
lower slope corresponding to a supershear
(approximately sonic) propagation speed of
2514 m s�1¼ 2.01CS¼ 0.97CP. A more detailed view
of the isochromatic fringe pattern in the neighbor of
the rupture tip is shown in the inset of Figure 23(a).

The two shock waves are highlighted by dotted lines.
Nonparallel shock lines imply a highly transient and
unstable rupture process. Indeed, study of the entire
set of the captured photoelastic pictures shows that
the tip B1 of the second Mach line gradually
approached the end B2 of the first Mach line.
Finally, these two points merged as the second
point caught up with the first point. The sliding
continued at the lower speed and thus only one
Mach line was observed in the next recorded frames
(not shown here). Figure 23(b) shows the position
histories of the first and second sliding tips for the
case above. It is evident that the second sliding tip
moved faster than the first sliding tip and at approxi-
mately 50 ms the pair of points coalesced. The
existence of two Mach lines means that behind the
onset of sliding (point B1), there was a second point
on the interface (point B2), where the sliding speed
again changed rapidly. Then, one could conjecture
that the initial sliding which started at point B1

stopped after a while and new sliding started at
point B2. In this way, an unstable sliding pulse was
formed between the points B1 and B2 followed by a
crack-like sliding which started at point B2 in a
similar manner to that shown in Figure 21 though
at higher sliding speeds. We finally note that behind
the second Mach line a ‘wrinkle’ like pulse appeared
at point C propagating at a speed of 0.92CS which is
close to the Rayleigh wave speed of Homalite. We
extensively elaborate on the nature of this distur-
bance in Section 4.06.5.3.

An important comment on the frictional sliding
experiments discussed above is that the rupture-tip
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speeds were constants during the entire observation

time. That is a general result and it holds true for all

the experiments performed. This is a strong charac-
teristic of frictional sliding and it agrees with

theoretical results (Adams, 1998; Rice et al., 2001;

Ranjith and Rice, 2001) which predict constant and

discrete propagation speeds for all the different dis-

turbances and singularities along homogeneous

interfaces subjected to uniform prestress.
In the last part of this section, the influence of the

impact speed on the propagation speeds of the rup-
ture tip is explored. Figure 24 shows the variation of

the propagation speed of the sliding front with the

impact speed at a constant uniform confining stress of

10 MPa. The slowest achieved impact speed was

9 m s�1. In this case and in other cases with impact

speeds close to 10 m s�1 the rupture-tip speed was

sub-Rayleigh. At higher impact speeds the rupture-
tip speed became supershear. It was observed that for

impact speeds in the range of 20 to 40 m s�1, the

sliding speed was slightly above
ffiffiffi

2
p

CS. This is a

special rupture speed (also discussed in Sections

4.06.3.1, 4.06.4.3, and 4.06.4.5) and it has been shown

that it separates regions of unstable and stable inter-

sonic shear crack growth (Samudrala et al., 2002a,

2002b). When the impact speed increased, the rup-
ture-tip speed increased toward the plane stress P-

wave speed. It is worth mentioning that no sliding

speed was observed in the interval between the

Rayleigh wave speed and the shear wave speed of

Homalite-100. This experimental observation agrees

with theoretical predictions on steady-state shear

crack propagation which exclude this speed interval
based on energetic arguments (Freund, 1990;

Broberg, 1999; Rosakis, 2002). It should also be

noted that the experimental rupture-tip speed mea-

surements presented here feature, as is proven below,

high-enough resolution to obtain propagation speeds
in the interval between CR and CS, if such speeds
existed. It is finally noted that experiments per-
formed at lower compression show that the speed of
the rupture tip was influenced by the change in the
static confining stress and it was supershear even at
the lowest achieved impact speed.

4.06.5.3 Wrinkle-Like Opening Pulses
along Interfaces in Homogeneous Systems

The possibility of generating wrinkle-like sliding
pulses in incoherent frictionless contact between two
dissimilar solids, when separation does not occur, was
first investigated by Achenbach and Epstein (1967).
These ‘smooth contact Stonely waves’ (also known as
slip waves or generalized Rayleigh waves) are qualita-
tively similar to those of bonded contact (Stonely
waves) and occur for a wider range of material combi-
nations. Comninou and Dundurs (1977) found that
self-sustained slip waves with interface separation
(detachment waves or wrinkle-like opening slip
pulses) can propagate along the interface of two simi-
lar or dissimilar solids which are pressed together. The
constant propagation speed of these waves was found
to be between the Rayleigh wave speed and the shear
wave speed of the slowest wave speed material. For
interfaces separating identical solids the propagation
speed was between CR and CS. Weertman (1980)
obtained a 2-D self-sustained wrinkle-like slip pulse
propagating at the generalized Rayleigh wave speed
along a bimaterial interface governed by Coulomb
friction when the remote shear stress was less than
the frictional strength of the interface. Finite-differ-
ence calculations of Andrews and Ben-Zion (1997)
show the propagation of wrinkle-like opening pulses
along a bimaterial interface governed by Coulomb
friction. Particle displacement in a direction perpen-
dicular to the fault is much greater in the slower
material than in the faster material, resulting in a
separation of the interface during the passage of the
slip pulse. Anooshehpoor and Brune (1999) discovered
such waves in rubber sliding experiments (using a
bimaterial system consisting of two rubber blocks
with different wave speeds). The above-mentioned
detachment waves are radically different from the
Schallamach waves (Schallamach, 1971) which propa-
gate very slowly compared to the wave speeds of the
solid.

Lykotrafitis and Rosakis (2006b) observed wrin-
kle-like opening pulses propagating along the
interfaces of Homalite-steel bimaterial structures
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subjected to impact shear loading. The propagation
speeds of these wrinkle-like pulses of finite opening
were constants and their values were always between
the Rayleigh wave speed and the shear wave speed of
Homalite, in accordance with the theoretical predic-
tion of Comninou and Dundurs (1977). The wrinkle-
like pulse in the bimaterial case generated a charac-
teristic fringe pattern. Similar photoelastic fringe
structures propagating behind the rupture tip along
interfaces in homogeneous systems of Homalite were
also observed by the same researchers (Lykotrafitis
and Rosakis, 2006a). Prompted by this similarity,
they decided to investigate whether wrinkle-like
pulses were once more responsible for the generation
of these fringe structures, in interfaces separating
identical solids. Their results are summarized in
this section. It is known that a system consisting of
two identical half-planes and subjected to compres-
sion and to far-field shear loading cannot sustain a
wrinkle-like pulse propagating along the interface. In
the setup used in these experiments, however, the
loading was not strictly shear and there is not any
physical reason to exclude the possibility of generat-
ing wrinkle-like pulses.

In this section, photoelasticity and velocimetry is
used to investigate the physical attainability of such
wrinkle-like pulses along frictional interfaces separat-
ing identical solids. The equivalent issue for the case
of Homalite-steel bimaterial system was investigated
by Lykotrafitis and Rosakis (2006b) and Lykotrafitis
et al. (2006b). Figure 25 is used to illustrate the

methodology used to identify the wrinkle pulses.
The figure features an instantaneous isochromatic
fringe pattern obtained at confining stress of 10 MPa
and at an impact speed of 28 m s�1. Point B is of
particular interest. The rupture tip A is shown to
propagate at a constant supershear speed of 1.49 CS.
A shear Mach cone is clearly visible in the photoelastic
image. A fringe structure located at point B, in
Figure 25(a), propagates at a speed of 0.96 CS. The
time evolution of the relative vertical displacement of
points M1 and M2, which were located 70 mm from
the impact side of the Homalite plate, is displayed in
Figure 25(b). A simple 1-D calculation shows that the
initial static compression of 10 MPa caused a negative
relative displacement of approximately 1.3mm.
Negative relative displacement means that the two
points approached each other under compression.
The P-wave front arrives at about 2.5ms after the
triggering of the oscilloscope. Because of the Poisson
effect, the horizontal dynamic (inertial) compression
generated a vertical dynamic compression in addition
to the static compression. A negative relative displace-
ment was caused by this dynamic compression. The
shear rupture point crossed the velocity measurement
position at approximately 10ms (marked A in
Figure 25(b)) and it did not cause any visible change
to the vertical components of the velocities of points
M1 and M2. The relative vertical displacement
becomes positive at approximately 31ms. The photo-
elastic picture, captured at 30ms, clearly shows that
the fringe structure at B, which is the point under

B

10
5

0

0 10 20 30 40 50 60 70 80 90 100–5
–10
–15
–20
–25
–30
–35

–45
–40

Decompression

CompressionCompression

Time (μs)

R
el

at
iv

e 
ve

rt
ic

al
 d

is
pl

ac
em

en
t

(μ
m

)

A

(b)

(a)

M2

M1
A B

5

0

–5

–10

–15

–20

–25

–30

–35

10

10 mm

Figure 25 (a) Isochromatic fringe pattern generated during an experiment for which the impact speed was 28 m s�1 and the
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investigation, is very close to the measurement posi-
tion. The study of the entire set of the 16 recorded
photoelastic images in combination with the relative
vertical displacement history sheds light on the dis-
tribution of the dynamic compression along the
interface during sliding. The interface was locally
under dynamic compression immediately after the
arrival of the P-wave front until the arrival of the
mentioned fringe formation at B. The entire area
from the rupture point A to the location of the fringe
structure at B was sliding under compression. The
length of the area AB was estimated to be approxi-
mately 40 mm, whereas the entire length of the
interface was 139.7 mm. The fringe structure at B
caused a local opening (�5mm) at the interface. At
approximately 42ms the relative vertical displacement
became again negative and the compression increased
abruptly. During the rest of the recording time the
interface at the velocity measurement position was
sliding under compression. The fringe structure at B
can thus be clearly related to a wrinkle-like pulse
propagating along the interface. As was stated earlier,
its propagation speed was very close to 0.96 CS which
lies in the interval between the shear and the Rayleigh
wave speeds of the material in agreement with the
prediction of Comninou and Dundurs (1977).

Reviewing the results from the entire spectrum of
experiments, it is verified that, at a confining stress of
10 MPa, the lowest impact speed which can generate
a wrinkle-like pulse in the present setup is approxi-
mately 17 m s�1. Figure 26(a) displays an
isochromatic fringe pattern obtained at a confining
stress of 10 MPa and at an impact speed of 9 m s�1. It

is clear that no fringe structure related to a wrinkle-
like pulse appears. That is reflected by the relative
vertical displacement history shown in Figure 26(b),
where the maximum positive value of the displace-
ment was only about 0.3 mm. A comparison of the
photoelastic image shown in Figure 26(a) with
photoelastic images obtained at the same static com-
pression of 10 MPa and at similar impact speeds
during experiments where the horizontal particle
velocities measurements were available, shows that
the rupture started at point A.

The propagation speeds of wrinkle-like pulses at
different impact speeds and at the same confining
stress of 10 MPa are shown in Figure 27. The sliding
speed was measured to be between the Rayleigh
wave and the shear wave speed of Homalite-100.
This result, in combination with the experimental
results obtained via velocimetry, favors our conjec-
ture that the interface disturbance was actually a
wrinkle-like pulse. As has been already mentioned,
the available theoretical and numerical analysis on
the subject predicts the same speed range with this
identified in Figure 27. It is also noted that both the
prestress and the impact speed do not affect the
propagation speed of the wrinkle-like pulses pro-
vided that such pulses could be generated.

4.06.5.4 Discussion

Finite element calculations of dynamic frictional
sliding between deformable bodies have always
been a very challenging task for the numerical ana-
lysts. As it was recently recognized (see Section
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external compression was 10 MPa. The rupture tip is at the fringe concentration point A. No wrinkle-like pulse appeared.

(b) Relative vertical displacement history of points M1 and M2 located at a distance of 100 mm from the impact side of the
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4.06.4.1), the main source of difficulty was the ill-
posedness of the corresponding boundary and initial
value problem, if a rich-enough friction law was not
implemented. Coker et al. (2005) took advantage of
the latest advances in the theory of the frictional
sliding (Rice, 2001) and by using a rate-enhanced,
rate and state friction law of Prakash–Clifton type,
they were able to perform stable (grid-size indepen-
dent) finite element calculations for a configuration
very similar to the experiments described above. The
use of a rate-enhanced Prakash–Clifton type of law
was an essential element for the successful comple-
tion of the simulations because of the presence of fast
changes of the local compression at the interface,
caused by wave propagation, during dynamic sliding.
As it is explained in Section 4.06.4.1, the Prakash–
Clifton law is currently considered the only friction
law which correctly describes the effect of fast
changes in compression on the resulting frictional

resistance. We note that for various impact speeds

the numerical simulations exhibit a richer behavior
than the experimental results and generate not only

crack-like, pulse-like and mixed mode ruptures but

also trains of pulses and pulses following a crack-like
rupture. A representative result is shown in

Figure 28(a), where the distributions of the sliding

speed (� _uslip) and the shear traction Ts along the

interface at three times (t¼ 32, 38, 44 ms) are illu-
strated, for the case of 40 MPa static compression

and of a 2 m s�1 impact speed. Contours of maximum

shear stress, which correspond to isochromatic fringes

in photoelasticity, at t¼ 38 ms are shown in
Figure 28(b). In this numerical experiment, a mixed

mode of rupture, where a pulse was followed by a

crack-like rupture, was obtained. This is reminiscent
of the experimental case shown in Figure 21. We

believe that the similarity between the numerical and

the experimental results can be further improved by

binding and eventually fine tuning the parameters of
the friction law.

The experimental results presented in Section
4.06.5 elucidate the sliding process and provide con-

clusive evidence of the occurrence of various sliding
rupture modes (crack-like, pulse-like, or mixed) pro-

pagating dynamically along incoherent interfaces. Of

particular interest here is the experimental evidence

of the formation of both supershear and sub-Rayleigh
sliding pulses of the ‘self-healing’ type, leading the

direct validation of predictions made on the basis of

theoretical and numerical models of dynamic shear

rupture. These pulses were found to propagate in the
absence of interfacial opening. The experiments also

provide hints of the dominant physical mechanisms
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governing the choice of various rupture modes and
their evolution. It is finally noted that ‘wrinkle-like’
pulses which feature finite opening in addition to
sliding were discovered propagating along the inter-
face at speeds between CR and CS for various loading
conditions.
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