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The cohesive zone is the elusive region in which material fracture takes place. Here, the putatively
singular stresses at a crack’s tip are regularized. We present experiments, performed on PMMA, in which
we visualize the cohesive zone of frictional ruptures as they propagate. Identical to shear cracks, these
ruptures range from slow velocities to nearly the limiting speeds of cracks. We reveal that the cohesive zone
is a dynamic quantity; its spatial form undergoes a sharp transition between distinct phases at a critical
velocity. The structure of these phases provides an important window into material properties under the

extreme conditions that occur during fracture.
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When two bodies are in contact and subjected to an
external shear force, the myriad discrete contacts that
compose the interface separating them will lose stability
via a rupture front that precedes frictional sliding [1]. These
frictional ruptures, once residual stresses are subtracted,
have been shown to be classical shear (mode II) cracks with
singular stress fields at their tip [2-4]. Once residual
stresses are subtracted, dissipation in the wake of the crack
can be neglected and energy balance governs their equation
of motion [5], as predicted by linear elastic fracture
mechanics (LEFM). LEFM predicts the singular relation
for all cracks, 6;; o« r~'/2, between stresses and the dis-
tance, r, to their tips. This divergence, as r — 0, must break
down in the close vicinity of a crack’s tip, where materials
are no longer linear [6] or even elastic. The concept of a
cohesive zone is generally used to introduce a finite region
where energy is dissipated, and the singularity is regular-
ized [7-9]. Implementing cohesive zone models, theoretical
modeling [2,10-14] as well as numerous numerical calcu-
lations [15] have been performed. Very few experiments,
however, exist [16,17] in which the cohesive zone has
actually been measured. To our knowledge, no direct
measurements of this elusive region in dynamic fracture
have ever been performed.

The difficulty in measuring the cohesive zone of a
dynamic crack arises due to its rapid propagation velocity
and extremely small size. Moreover, locating the cohesive
zone with sufficient precision to resolve it has been,
technically, nearly impossible. These difficulties can be
circumvented by using frictional cracks, as their path is
confined to the plane of frictional contact. Previous studies
[3,18,19] of frictional cracks resolved the elastic fields of
dynamic cracks only at distances where singular LEFM
fields dominate. Since a frictional crack’s trajectory is
known, a priori, near-field measurements at the necessary
spatial and temporal resolution to resolve the cohesive zone
become possible. We use this to measure the cohesive zone
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of dynamic cracks whose velocities, Cy, range from C; = 0
to the limiting Rayleigh wave speed, Cg. The cohesive
zones studied are dynamic entities that transition, as Cy
increases, between two distinct material phases. This,
unanticipated, microscopic behavior has macroscopic
consequences.

Experiments were conducted on poly(methylmethacry-
late) (PMMA) blocks (density 1170 kg/m?) having x, y, z
dimensions 150,100,5.5 mm (upper) and 300,30,30 mm
(lower) [Fig. 1(a)]. Rayleigh, shear, and longitudinal wave
speeds are, respectively, Cr ~ 1255 o, Cg~1345%, and
Cp =~ 2680 (plane strain, using the dynamic value of the
Young’s modulus, E = 5.75 + 2.6% GPa) [3]. Both blocks
were first loaded with a normal force F ~ 5000 N in the
—¥ direction. Shear forces, Fg, were then applied quasis-
tatically to the bottom block in the —X direction, until
obtaining desired values. At this point, cracks were
nucleated by imposing a small (~1072F) an out-of-plane
shear perturbation (mode III) in the z direction, at x = 0.
Twelve to fifteen miniature (Vishay O1RJ) rosette strain
gages continuously measured all components of the local
2D strain tensor, &;;(x, ), 3.5 mm above the interface [black
squares, Fig. 1(a)] at a 1 MHz rate. Simultaneous optical
measurements of the local displacement, u,(x,¢), and the
real contact area, A(x,t) were performed. u,(x,) were
measured by following the edges of grooves engraved on
the contact surface of the upper block. Groove edges,
visualized by illuminating the interface at incident angles
well beyond the angle of total internal reflection, were
[Fig. 1(b)] tracked via cross-correlation of successive
images to achieve a 0.4 ym resolution every 0.8 u sec
[camera #1 in Fig. 1(c)] as frictional ruptures traversed the
measurement region (see [20]). Acquired images were
averaged in the transverse z direction, resulting in a single
u,(x, t) measurement per groove edge [see Fig. 1(d)]. A
second optical system illuminated the entire interface at the
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FIG. 1. Experimental system and data acquisition. (a) Schematic
of the experimental system. Normal F and shear F'g forces are
applied to PMMA blocks. Rosette-type strain gauges, mounted
3.5 mm above the interface, enable instantaneous strain mea-
surements. Local material displacements on the interface are
measured via grooves engraved on the upper block’s contacting
surface. (b) Groove edge locations are imaged by total internal
reflection [1] each 0.8 p sec [20]. (c) Separate light sources
simultaneously image the real area of contact, A(x,7) of the
(i) groove edge displacements, u,(f), and (ii) frictional crack
dynamics over the entire 150 mm interface every 1.6 p sec. Each
optical path is imaged by a separate fast camera producing
simultaneous measurements of u,(¢,y = 0) and C;. (d) Typical
measurements of u,(z) when averaged across the z axis. The
bright (dark) borders trace u,(#) motion (blue lines) of each edge.
(e) A(x, t), averaged in z and normalized by A, = A(x, f,), where
ty is prior to crack initiation. Colors reflect A(x,)/A. C, are
extracted from crack tip locations, x;,. Red box: grooved surface
location.

same incident angle. Under these conditions, light is
transmitted only at contacting points, hence the image of
the transmitted light provided the real area of contact along
the entire interface [camera #2 in Fig. 1(c)] at 581000
frames/s. Averaging in z produced real time measurements
of the area of contact, A(x,?). Instantaneous crack tip
locations, x,, were defined as points where A(x, 1),
normalized by A(x,t = t;), dropped by 2%. t, is a time
slightly prior to rupture initiation. x,(¢) yielded C; every
0.2 mm along the interface with a 10 m/s resolution. All
measurements were synchronized by a trigger provided by
an acoustic sensor mounted on the upper block at x = 0.
We present a typical crack front measurement in Fig. 1(e).

Figure 2(a) presents superimposed measurements
ufvl)(x — Xxyp) of each of the 0 <i <18 groove edges

[Fig. 1(d)] after uf)(t) were transformed to spatial coor-
dinates via ul’(x — J Crdr). LEFM [7.8] predicts the
parabolic form:

u,(x = xgp) < V- f(Cp) - /T, (1)

where I is the fracture energy (defined as the energy
dissipated per unit crack length) and f(Cy) is a known [8]
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FIG. 2. Displacement measurements, u,, on the interface for
Cy=707% (0.56 Cp). (a) u,(t) [Fig. 1(d)] transformed to
U (X = Xgp ) ul” (x = xyp) of the ith groove edges vary widely
in amplitude for the same rupture front, each corresponding to a
fracture energy, [';. (b) Distribution of I'; from (a). I; as
determined by fitting ul? (x = xyp) to Eq. (1). T; are distributed
around the value (blue line) of I measured by the strain gauge
above the grooves. (c) The mean value of u)(f)(x—xtip) (red)
compares well to LEFM predictions (black) using I" measured by
the strain gauge. Inset: fitting the strain components to LEFM
(orange curve) yields I" at strain gage locations.

kinematic function. Fitting Eq. (1) to ul? (x = x4p) provides
us with the value of I'; at each location, i. Surprisingly, I';

varies significantly. Figure 2(b) presents a histogram of I';

measured from the u,(cl) (x— xﬁp) in Fig. 2(a), where the blue
vertical line is the value of I' measured independently, by
fitting the known angular functions of LEFM to measure-
ments of the strain gage located above the grooves [3]
[Fig. 2(c), inset]. The mean value of I'; coincides closely
with I'. Furthermore, the relative magnitudes of the I'; are
approximately invariant, when comparing different events
(see [20]). This suggests that I', as measured by strain
gages, is the mean-field representation of strongly varying
local values. This is illustrated [Fig. 2(c)] by the good
quantitative agreement (away from x;,) between the mean

displacement, u, (x — X)) = <u)<f) (X = Xgp));» and the curve
predicted by LEFM using T. In the near vicinity of x;p,,
however, a clear discrepancy is visible. We attribute this to
the nonlinear elastic zone [6] followed by the cohesive zone
at the crack’s tip.

The temporal derivative of u,(f) yields the particle
velocity on the interface, v,(x — xp), which is one half
of the slip velocity of the interface. v, (x — xy,) is typically
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FIG. 3. Slip velocity dependence on Cy. (a) Slip velocity,

v, (x = xyp), profiles for front velocities 0 < C; < Cg. v, (see
color map) increase with C . Measurements are prior to the return
of waves reflected by system boundaries. (b) Peak slip velocity,
Upeak» Of v, versus Cy. Marker shapes indicate different experi-
ments, red markers denote the experiments presented in (a). Three
representative error bars are displayed. Yellow line: vpeq versus
C calculated from the cohesive zone model [14] in Eq. (2).

three to four orders of magnitude below C; [25-27]. As
vy (x4p) of the LEFM solution is putatively singular, the
amplitude, spatial scale, and form of v,(x) in the vicinity of
Xgip Characterize the cohesive zone, where the singularity is
regularized. Figure 3(a) presents multiple measurements of
v (x — Xgp) for 0 < Cy < Cp. Their peak velocities, vpeq
nonlinearly increase with C; as shown in Fig. 3(b). This
behavior is qualitatively described by a slip-weakening
cohesive zone model presented in [14], which assumes a
gradual decrease of shear stresses, 7(x), as with the distance
from the crack tip:

‘L'(X) = (Tp - Tr)%(x/xc) + 17, (2)
where 7,, 7,, x. are the peak stress, residual stress, and
cohesive length, respectively. For simplicity, we chose
7(x) = exp(—x).

Using Eq. (2), we are able to obtain v, (x — xg,) as
follows (see [20]). As in [7,8], we solve the elastic
equations by assuming a steadily moving crack.
Following [14], we impose boundary conditions containing
the stress profile as described in Eq. (2) for the cohesive
zone, and the known boundary conditions for a mode II
crack outside the cohesive zone (see [7,8]). The solution of
these equations results in the entire strain field, ¢;;, which
can be explicitly calculated for y = 0. Particle velocities are
then obtained by the relation to the crack velocity
vy(x) = —=Cy - &, (x,y = 0). The value of x, ~3 mm is
obtained by comparison of the calculated v,(x — xg,) to
measurements. Although the model may adequately
describe v, as a function of Cy, we will show that it
does not describe the functional form of v, (x) well.

Figure 4(a) presents measured spatial profiles of v, /e
for different C;. Surprisingly, the data collapse into two
distinct profiles according to high or low C;. A transition
between the two takes place at Cy = C, = 0.8 £ 0.06Ck.
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FIG. 4. Properties of the slip velocity form. (a) The two
collapsed forms are qualitatively different. The high C; regime
(bottom) monotonically increases before a slow decay in v,. In
low C; regime (top) v,(x) has a sharp local maximum followed
by an abrupt increase to vy, and a subsequent rapid decay in x.
(b) When normalizing the slip velocity by vpeq, profiles collapse
into two distinct forms for low and high C,. The critical front
velocity separating the two regimes is C, = 0.8 £ 0.06C.
(c) Comparison of the two regimes to the cohesive zone model
used in Fig. 3(b). The model, using x.=3.2 mm and
' =3.5 Jm™2, provides a reasonable description only behind
the crack tip for C; > C,. In the C; < C, regime, this simple
model fails for all x. Note that the distance between the points in
each measurement presented is less than 1 pym.

We compare the two profiles in Fig. 4(b). When C; > C,,
v, increases smoothly and rapidly to vy, before slowly
decaying. When Cy < C,, v, increases initially to a sharp
local maximum, then drops sharply before increasing to
Dpeak» Defore rapidly decaying in space until about 0.2vc,-

Slip-weakening cohesive zone models, while able to
describe v (Cy), utterly fail to describe cohesive zone
profiles for C; < C.. As the comparison in Fig. 4(c)
demonstrates, neither the nonmonotonic form nor width
of the v, profiles are captured by this simple model.

v, profiles for C; > C. however, do not fare as badly. As
demonstrated in Fig. 4(c, bottom), the slow decay of v,
beyond vy is actually described quite well by Eq. (2). In
both regimes, however, slip initiates (v, > 0) prior to the
crack tip’s arrival. This implies that slip is already taking
place prior to fracture of the contacts [defined by
A(x,t) = 0.98A(x,0)] within the interface. This is, of
course, missing in the cohesive zone theoretical description.

The most striking feature revealed by the measurements,
the sharp transition at C,., cannot be explained by simple
“static” cohesive zone models. Modeling such features will
necessitate incorporating dynamic behavior within cohe-
sive zones.
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FIG.5. Shear stress changes with C. (a) Comparisons of A(x —
Xgp) (blue), v, (x — x,) (green, top; red, bottom), and the LEFM
solution (black) for v,. For both C; < C, (top) and C; > C,
(bottom) slip (v, > 0) initiates upon the crack tip’s arrival at
Xip = Xpi- The locations x,; (denoted by arrows) are, therefore,
the last point where the LEFM solution (hence linear elasticity) is
valid. Typical error bars, resulting from v, fluctuations [see Fig. 4
(a)], are noted. (b) Green: the C; dependence of the shear stress
value, 7,, at the onset of the nonlinear region defined at
X — Xgp = X1, Where the LEFM solution starts to break down.
Red: C; dependence of the peak shear stress of the cohesive zone,
Tps calculated with the cohesive zone model, Eq. (2) [14] at the
measured v, Both quantities exhibit similar behavior, with a
clear transition at C; ~ C.. Both 7,, and 7, VS vy are presented
in [20]. Inset: solid line indicates equality. While 7, is greater
than 7, for C; < C,, beyond C, their values coincide.

Figure 5(a), presents a simultaneous comparison of
A(x = Xgp), vy(x—xgp), and the corresponding LEFM
predictions for each regime. The figure clearly demon-
strates that slip initiates prior to any reduction of A(x, 7).
This indicates that the first action performed by the crack is
a process other than contact separation. This “preslip” must
be a nonlinear or plastic process, as linear elastic processes
are fully incorporated into LEFM, which predicts that no
slip should precede the tip.

We now utilize the LEFM solution to measure the value of
the shear stress at the point, x,,;, where slip initiates. We will
assume (as demonstrated by [3,28]) that the LEFM solution
is accurate for all x > x,;, whereas at this point nonlinear
behavior will ensue. The LEFM solution therefore provides
us with an accurate measure of the maximal value of the
linear elastic shear stress, 7, = 7“¥™)(x,,,y = 0), where
7(LEFM) i the value at x,; provided by LEFM. 7, is the shear
stress at which the material begins to soften, via either
nonlinear elastic or plastic deformation (see [20]).

Figure 5(b) describes both the variation of 7, with Cy
and compares 7, to the maximal peak stress on the
interface, 7, as calculated from the cohesive zone model
[Eq. (2)] at 7,(xpex). The data were obtained from
numerous different experiments and provide a clear picture.
First, for all Cy, both 7, and 7, track each other well.
Furthermore, as we would expect, 7, > 7, over the entire
Cy range. Both 7, and 7, describe a gradual decline with
Cy, implying shear weakening of the interface for C; < C...

Notably, Fig. 5(b) also demonstrates that both 7, and 7,
undergo a distinct transition at C/Cg ~ 0.84 to a regime of
rapidly dropping values. C. is approximately the same
velocity where both the residual strain and residual contact
area decrease sharply as shown in [26]. The sharp kink at
the transition, which is evident in both curves, corresponds
to Cy~C,, the front velocity separating the different
cohesive zones forms (Fig. 4). Beyond C,, 7, and 7,
nearly coincide [inset of Fig. 5(b)].

Our measurements go far beyond the results of previous
work [3,5,26,28] where “far field” behavior was compared
to LEFM, as they probe the structure of precisely the region
that LEFM, by definition, cannot describe. The transition at
C., however, corresponds closely to that noted in [26]
where the frictional resistance and residual contact area
changed their behavior. It is interesting that these velocities
also roughly correspond to strong digressions of the shear
strain from LEFM predictions [3]. Beyond a detailed
description of how the singular region near a crack’s tip
breaks down, our measurements of the cohesive zone
contain a number of surprises. The most important of these
is that the cohesive zone is not a passive entity but, instead,
undergoes dynamic behavior; at a critical velocity, both its
functional form and characteristic properties change their
character at a sharp transition.

Let us first consider the mechanism driving this tran-
sition. A possible explanation may be provided by a type of
flash heating mechanism [29] in which the crack is
propagating so quickly that the energy (I") deposited within
the cohesive zone will have insufficient time to be ther-
mally conducted away. Under these circumstances, material
temperatures will increase to a point that the character of
the material undergoing fracture fundamentally changes. In
our case, a simple thermal model (see [20]) predicts that,
beyond C., the PMMA will be heated beyond its glass
temperature and will therefore soften. Evidence for this has
been suggested in [26,27] for both PMMA and Homalite
[25]. While the details of these observations may only
characterize thermo-plastics, since flash heating [29] is a
general mechanism, we believe that nontrivial cohesive
zone dynamics may well take place in other materials. The
specific form that these dynamics will take in rock or
engineering materials has yet to be studied.

Direct evidence for extreme softening within the cohe-
sive zone beyond C.. is also provided by Figs. 3 and 5. Only
beyond C, does 7, = 7, [Fig. 5(b)], suggesting elastic-
plastic behavior within the cohesive zone. Further support
for elastic-plastic behavior in this regime is provided by
evidence of large strains that occur precisely where shear
stresses (characterized by both 7, and 7,,) drop; the relation

vy = —Cy - &, [7] provides us with a direct measure of the
peak strain, 05 = Vpeak/Cy. The sharp rise of v for

Cy > C, in Fig. 3 therefore strongly suggests that, beyond
C,, €”¥ increases rapidly while shear stresses decrease.
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Our measurements indicate complex material behavior
for C; < C,. The linear zone of Fig. 3(b) suggests nearly
constant values of e — Upeak/Cy in this region. The
complex form of the v, profile for C; < C. indicates that,
in this regime, the cohesive zone has a nontrivial structure;
it is significantly localized with characteristic nonmono-
tonic structure. The localization, when coupled with the dip
in v,(x) that drops below that predicted by LEFM may
imply material hardening in this vicinity, whereas the
nonmonotonicity could imply dynamic structural changes
within the highly strained material.

Our direct measurements of the cohesive zone provide a
new window into material behavior at extreme strain rates
and stresses. This work has illuminated, hitherto hidden,
detailed material properties of the rough, submicron layer
that governs the frictional resistance of this material.
Material properties under the extreme conditions that take
place during fracture, are nearly impossible to access. They
are, however, critical to our fundamental understanding of
material strengths and fracture properties—as only under
such conditions do materials fail.
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