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a b s t r a c t

Several fundamental issues of fracture mechanics during the post-dynamic stage are yet not fully
understood, including fracture arrest mechanisms, effects of the three-dimensional fracture propagation
on fracture aperture and height relations, and the role played by fracture tips on fracture termination. We
studied these issues in the seismically active Dead Sea basin, where clastic dikes (>10 m) and numerous
smaller dikelets (<1 m) dynamically intruded the late-Pleistocene soft rock of the Lisan Formation. A
three-dimensional study of the dikelets shows that they form arrest zones at the tips of the larger clastic
dikes. Geometrically, the dikelets are divided into two parts: (1) the main dikelet, in which the aperture
profile along the dikelet height is approximately elliptic; and (2) the elongated tip, in which the aperture
profile along the tip height is approximately constant. The dikelet aspect ratio is defined as A/H, where A
is dikelet aperture and H is dikelet height. A plot of A/H versus H describes power relations with two
different zones: (1) Zone A, with a small variation of A/H, between 0.02 and 0.06, for dikelets in height
range of 100–700 mm; and (2) Zone B, where the aspect ratio sharply increases to 0.23 in dikelets with
heights less than w100 mm. We interpret that during deceleration, when the height of the elongated tip
became greater than 1/10 of the dikelet height, inelastic conditions are dominant. Under these condi-
tions, the fracture velocity decreases significantly and the dikelet aspect ratio increases. The present
observations and analyses indicate that formation of elongated tips and dike (fracture) segmentation are
essential for the decay of the dynamic fracturing.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The relationship between the fracture aperture and height
(hereafter A–H relation) can be used to infer the mechanisms that
affect the fracture growth at different length scales. The Linear
Elastic Fracture Mechanics (LEFM) theory predicts a constant A–H
relation (e.g., Pollard, 1987), but field observations have shown that
for opening-mode fractures this relation is not necessarily appli-
cable (e.g., Delaney and Pollard, 1981; Vermilye and Scholz, 1995).
For these cases, the proposed relation is A¼ cHn, where c is
a constant, related to the material properties of the host rock, and n
is a power-law exponent (Olson, 2003 and references therein).
Consequently, in a case where n< 1 (Olson, 2003), the power of the
A–H relation implies that longer fractures have smaller aspect ratios
(A/H) than shorter ones.
rael, 30 Malkhe Israel, 95501
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The three-dimensional shape and size of natural fractures are
not well constrained, mainly because determining precise fracture
peripheries is difficult. This difficulty hinders interpreting the
mechanical conditions for fracture growth. One aspect of fracture
scaling is that the A–H relation for three-dimensionally analyzed
fractures may be different than for the two-dimensional case (e.g.,
Schultz and Fossen, 2002). Hence, applying scaling laws that are
based on two-dimensional fracture populations may lead to
incorrect mechanical interpretations for two main reasons: (1) two
individual fractures observed in plane view can coalesce to a single
fracture in the third dimension (Pollard et al., 1982); and (2) hidden
fracture tips may modify the A–H relation due to local stress
disturbance, depending on the proximity to these tips. The latter
reason leads to a non-linear A–H relation, and may increase the
aspect ratio (A/H). Other aspects of fracture scaling that may lead to
a non-linear A–H relation are constant fracture height due to
adjacent mechanical boundaries such as bedding planes and pre-
existing fractures (e.g., Helgeson and Aydin, 1991; Gross, 1993;
Weinberger, 1999; Olson, 2003; Bai et al., 2000), heterogeneous
(non-constant) driving pressure during fracture growth (Olson,
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2003), and the effect of the fracture-tip damage zone on fracture
propagation (Hatton et al., 1994).

Theoretically, opening-mode fractures in elastic materials can
attain velocities close to the Rayleigh wave speed (e.g., Freund,
1998). At that velocities, a branching process may create multiple
secondary fractures (Sharon et al., 1996; Blumenfeld, 1998),
resulting in dissipation of energy and possibly deceleration of
fracture propagation. However, the mechanics of fracture deceler-
ation and fracture geometry formed during the arresting process
are not well understood (e.g., Cox et al., 2005).

To gain a better understanding of fracture propagation partic-
ularly during cessation of fracture growth, we examine the A–H
relationships for clastic dikelets (<1 m in height). They are located
together with large (>10 m) clastic dikes in the seismically active
Dead Sea basin, where they intruded the late-Pleistocene soft rock
of the Lisan Formation (Figs. 1 and 2). In previous studies, based on
field observations, anisotropy of magnetic susceptibility (AMS)
analysis, and optically stimulated luminescence (OSL) dating, we
concluded that these dikes are injection structures that were
emplaced dynamically due to fluidization of clay-rich source layers
during Holocene earthquake events (Levi et al., 2006a,b; Porat et al.,
2007). These studies also indicate that the injection of the fluidized
Fig. 1. Location maps of the study area. The regional setting of the Dead Sea Fault
(inset), and the Ami’az Plain with the clastic dykes marked schematically by dashed
lines. Solid lines represent main strands of the Dead Sea Fault (Dead Sea Fault). SD,
Sedom Diapir (after Levi et al., 2006a).
clay-rich material into the dikes occurred simultaneously with
dynamic fracturing and bifurcation. Based on the turbulent
channel-flow model and elastic crack theory, we showed that the
injection velocity within the wider clastic dikes (�0.18 m) could
reach tens of meters per second, which is on the order of the
dynamic fracturing velocity (Levi et al., 2008).

For this study, we took advantage of the soft rock of the Lisan
Formation to dig and reveal the three-dimensional geometry of the
dikelets. We showed that these dikelets form the arrest zones at the
tips of the large-scale clastic dikes. Consequently, we documented
the architecture of the arrest zones and constructed A–H relations
of the measured dikelets. These analyses helped us to infer the
decay mechanism and fracture deceleration process at the post-
dynamic stage.

2. Geologic setting

The clastic dikes were studied in Ami’az Plain (Fig. 1), a down-
faulted block located between the Mount Sedom salt diapir (Zak,
1967; Weinberger et al., 2006) and the western margin of the Dead
Sea basin. The Dead Sea basin is associated with a transtensional
segment of the Dead Sea Fault (DSF), which is an intercontinental
left-lateral transform accommodating the relative motion between
the African (Sinai) and Arabian plates (e.g., Quennell, 1959; Freund
et al., 1968; Garfunkel, 1981).

The bedrock of Ami’az Plain is the w40 m thick lacustrine Lisan
Formation consisting mostly of authigenic aragonite laminae
alternating with fine detritus layers (Fig. 2a) (Begin et al., 1980) of
late-Pleistocene age (between 70,000 and 15,000 years B.P.; Haase-
Schramm et al., 2004). The upper part of the Lisan Formation
consists of a relatively stiff gypsum layer about 1 m thick. A thin
veneer (<1 m) of eolian and fluvial sediments overlies the Lisan
Formation and covers large parts of the plain. The lower part of the
Lisan Formation contains several thick (<0.4 m) and stiff gypsum
layers (Fig. 2a). The incision of Nahal (Wadi) Perazim in Ami’az Plain
exposes the entire Lisan section, and about 250 large clastic dikes
and numerous dikelets.

The paleoseismic record from the Dead Sea basin based on
breccia layers in the Lisan Formation reveals numerous moderate to
strong earthquake events between 70,000 and 15,000 years B.P.
(e.g., Marco and Agnon, 1995; Begin et al., 2005) and during the
Holocene (Enzel et al., 2000; Ken-Tor et al., 2002).

3. Sampling strategy and methods

To construct reliable A–H relations, we measured the dimensions
and orientations of the dikelets by both a standard two-dimensional
method (e.g., Nicholson and Pollard, 1985) and a more elaborate
three-dimensional technique. The latter technique is based on
exposing vertical isolated dikelet along their strike (defined here as
the z-axis) by digging into the relatively soft Lisan rock in steps of
20–100 mm (Figs. 2 and 3). Measuring the apertures and the heights
of the dikelets or segments and photographing their xy planes in
each digging step enabled us to reconstruct the A–H relations along
the strike of the dikelets. The sum of the segment dilational areas,
based on the digital analysis, was calculated for each step by using
the Argus software (http://www.argusone.com/CompProfile.html).
This analysis checks if the segmentation process causes a non-
linearity in the dikelet A–H relation and an increase/decrease in the
A/H aspect ratios. All the dikelets studied are located away from
adjacent clastic dikes and the stiff gypsum layers (Fig. 2a), and
hence, they grew without mechanical disturbances from these
discontinuities.

For both the two and three-dimensional methods, it is necessary
to determine and measure the true dikelet height because dikelets
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Fig. 2. (a) Vertical two-dimensional (xy plane, see Fig. 3) architecture of a clastic dike system in Ami’az Plain, Dead Sea basin. The system is divided into four sub-branching order
zones (denoted by numbers) and is bordered by stiff gypsum layers. Typical angles between dike strands of the second-order zone are around 65� . The fourth-order zone consists of
dikelets that formed along the strike of the third-order dikelets and cannot be seen in this view (see Fig. 3). (b) An isolated third-order dikelet and enlargement of its elongated tip.
(c) A–H profile of the dike in (b). The main dike is characterized by an elliptical shape, whereas the elongated tip is characterized by an almost constant aperture of w1 mm.
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typically have a narrow, elongated tips (Fig. 2b and c), which may
introduce a bias to the height measurements. Theoretically, the
aperture along a vertical profile of a dikelet should resemble an
ellipse, and the aperture at its two edges is zero. Practically, dikelet
edges are associated with elongated tips (Fig. 2c). Hence, to
discriminate the elongated tips from the main dikelets we
measured the aperture along the main dikelet height with accuracy
of a tenth of a millimeter. The point at which an aperture starts to
become constant is defined as the base of the tip zone and an edge
of the dikelet (Fig. 2c).

Overall, two-dimensional measurements of 373 dikelets were
collected from six outcrops. In addition, to check a possible genetic
linkage between dikelets and dikes, we compared a population of
dikelet orientations to the orientations of 7–10 large-scale dikes
that cross the same outcrops. Three-dimensional measurements of
six dikelets were collected at five outcrops from the upper Lisan
section.

4. Architecture of clastic-dike systems

Dike heights and apertures range from 1 mm to 20 m and
0.1 mm–200 mm, respectively. A connection between a green clay-
rich layer in the lower part of the Lisan Formation and the dike-fill
observed in several dikes unequivocally indicates that the clay-rich



Fig. 3. A schematic three-dimensional architecture of the third-and fourth-order
dikelets exposed by digging along their strike (z-axis). Note that the dikelets may split
into several segments and coalesce again into a single dikelet along the strike.
Numbers denoted steps in the digging along the z-axis.
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layer is the source of the dikes, and the dike-fill propagated mainly
upward and laterally as well as downward (Levi et al., 2006b; Porat
et al., 2007). Downward, the clastic dikes terminate at the lower
Lisan Formation consisting of 0.5 m stiff gypsum layers alternating
with aragonite layers (Fig. 2a). Upward, the dikes either terminate
against the stiff, 1 m thick, gypsum layer or cut through it to the
surface. Several clastic dikes branch upward and split into several
large strands (Fig. 2a), resembling the pattern of dynamic fractures
that bifurcate during upward propagation (e.g., Bahat et al., 2005).
We could determine four orders of branching characterized by
interrelated and physically connected zones (Figs. 2 and 3). The
first-order zone consists of a single parent clastic dike from which
all strands and dikelets split. The second-order zone comprises 3–5
large strands about 2–7 m in height, branching from the parent
dikes. The third-order zone comprises numerous dikelets (w0.1–
1 m high) that split from the second-order strands. Commonly,
these dikelets are segmented along their strikes, forming arrays of
overlapping en-echelon fractures (Fig. 3). Theses arrays form the
fourth-order zone of dikelets (<1 m height) at the upper part of the
Lisan section, between 13 and 18 m above the clay-rich source layer.
The orientation distribution of the dikelets in the third-order zone
are associated with the parent clastic dikes, but with a greater
orientation variability (Fig. 4). Digging laterally along the strike of
the fourth-order dikelets (Fig. 3) indicated that their apertures and
heights decrease so that eventually the dikelets disappear within
the Lisan host rock. Several observations indicate that genetically
dikelets are associated with the clastic dikes so that both are part of
the same fracturing system: (1) The distribution of the dikelets and
dikes is limited to the same outcrops (Fig. 2). (2) The modal
orientations of the dikelets are similar to that of the neighboring
large-scale dike strands (Fig. 4). In localities where two sets of
dikelets were measured, similar orientations were identified for the
dikes. (3) In cases where the dikes were completely exposed,
physical connections between them and the dikelets were
observed (Fig. 2a). (4) The sediment infill in dikes and dikelets is
identical (Levi et al., 2006a,b). (5) The AMS analyses of the sediment
infill in both dikes and dikelets indicate similar flow conditions
(Levi et al., 2006b).
5. Shape and A–H relations of clastic dikes

The A–H relations of 373 dikelets measured in two-dimensions
are not linear and a power-law fitting is preferable (Fig. 5a). The
first derivative of the power-law equation indicates that around
120 mm the slope increases sharply. Hence, dikelets that are larger
than w120 mm have almost constant aspect ratios (Fig. 5c and d),
whereas dikelet that are smaller than that have a range of aspect
ratios up to a value of 0.15 (Fig. 5d). Six dikelets that were measured
in three-dimensions (Fig. 6) also show non-linear A–H relations.
The aspect ratios (A/H) versus heights of four out of the six dikelets
also can be characterized by a power-law relation (Fig. 6a; dikelets
‘a’, ‘c’, ‘d’ and ‘e’). These curves reveal that the aspect ratios vary
between 0.01 and 0.23 for heights <100 mm (zone B in Fig. 6a). For
heights >100 mm (zone A), the range of aspect ratios is only
between 0.02 and 0.05. For example, the heights of dikelet ‘d’ range
between 35 and 512 mm and the slope increases sharply for dikelet
smaller than 100 mm (Fig. 6b). Most of the measured heights of
dikelet ‘f’ are greater than 90 mm and associated with aspect ratios
between 0.02 and 0.06. The measured heights of dikelet ‘b’ show
a modest range of sizes between 21 and 210 mm, whereas greater
aspect ratios of up to 0.125 are related to heights of 100 mm and
less. Image analysis of dikelets whose elongated tip heights could
clearly be separated from the parent dikelet also supports power-
law relations between the aspect ratio (A/H) and dikelet heights
(Fig. 6c). From 0 to 200 mm along a single dikelet length the dila-
tional area decreases from 5000 to 4000 mm2 and increases again
up to 4800 mm2 (Fig. 7a). From 400 to 800 mm along the dikelet
length the dilational area is almost constant (w3500 mm2) even
though the number of the segments varies between and 1 and 4.
This indicates that the dilational area is not affected directly by the
number of segments along the dikelet length. The aspect ratio of
short segments is greater than that of longer segments and
maximum values are seen at dikelet lengths of 450, 800, and
1200 mm (Fig. 8b). In cases where the dikelet terminated, the
number of segments does not affect the height or aperture profile
along the z-axis (Fig. 8a and b).
6. Elongated tips

The heights of the elongated tips vary between 2 and 80 mm, and
the average is around 23 mm (Fig. 9a). The apertures measured at the
base of the elongated tips (Fig. 10a) vary between 0.2 and 3.6 mm
(average is around 0.9 mm; Fig. 9b), and typically increase with tip
heights (Fig. 9c). Fig. 10 shows the geometry and relationships
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between dikelet tip height and aperture with respect to dikelet
height. Two zones are identified in Fig. 10b: (1) Zone C, where rela-
tively tall dikelets are associated with a large range of elongated tip
heights. In this zone, the dikelet height varies between 100 and
658 mm, and the elongated tip height between 2.7 and 78 mm; (2)
Zone D, where relatively short dikelets are associated with a narrow
range of elongated tip heights. In this zone the dikelet height varies
between 6.6 and 100 mm, and the range of the elongated tip heights
is between 3 and 18 mm. Likewise, these two zones are identified in
Fig. 10c: (1) Zone C has a narrow range of aspect ratios, between 0.02
and 0.06, for dikelet heights between 100 and 658 mm; (2) Zone D,
which has a greater range of aspect ratios between 0.02 and 0.23 for
smaller dikelet heights between 6.6 and 100 mm. The average ratio
of dikelet height to elongated tip height in zone C is about 20 (w10
near the transition line), while the average ratio of the dikelet height
to elongated tip height in zone D is about 6.
7. Discussion

Digging laterally along the strike of the fourth-order dikelets
indicates that their apertures and heights decrease as the dikelets
disappear within the Lisan host rock (Figs. 3and 8). Therefore, we
interpret that the branching of the parent dikes into a three-
dimensional network of numerous strands and dikelets, and the
segmentation of the latter along their strike represent the last stage
of the clastic-dike emplacement and termination of dynamic frac-
turing (Fig. 11). Field data of dynamic fracturing systems is scant,
and data of laboratory experiments (e.g., Yoffe, 1951; Ravi-Chandar
and Knauss, 1984; Sharon et al., 1996; Ravi-Chandar, 1998; Sagy
et al., 2001) is limited to the sample scale. In the Ami’az Plain study
area, where the clastic dikes propagated through an ‘‘infinite’’
medium, the architecture of a dynamic fracturing system and their
associated arrest zones is well exposed and can be studied in three-
dimensions to yield insight into fracture cessation.
7.1. A–H relation

Several arguments indicate that during the dike emplacement
the Lisan host rock behaved in a brittle manner and like a linear
elastic material. The clastic dikes are filled fractures with smooth
wall planes that sharply crosscut the Lisan rock. Small-scale
faulting and tilting of Lisan lamellae were observed within an
overlapping zone between two dike/dikelet segments. On the
other hand, indications of ductile deformation such as viscous
fingering between the injected slurry and the Lisan rock are
absent.

The Lisan was deposited in an aqueous environment, and
ductile deformation of the soft sediments occurred close to
deposition as evidenced by tight synsedimentary folds. However,
OSL ages of dike emplacement suggest that many dikes intruded
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the Lisan host rock after a significant drop in the Lake Lisan water
level (Porat et al., 2007). Hence, it is likely that the Lisan rocks lost
a significant amount of moisture before fracturing and their
properties were similar to those at present. By analyzing the
dikelets geometry, we showed that most dikelets have an elliptical
shape, suggesting that the dikelets were dilated elastically (Levi
et al., 2008). Therefore, it is likely that brittle fracturing and elastic
deformation were dominant during dike emplacement, and,
hence, the dikelet A–H relations can be discussed in terms of the
elastic theory.

We explored the A–H relations of the dikelets because charac-
terization dynamic fracturing behavior by dikelet orientations
alone is not conclusive (Fig. 4). A power-law scaling of the dikelet
A–H relation and aspect ratio adequately represents both two and
three-dimensional fracture populations (Figs. 5 and 6). Based on
the analysis of the power-law relations (Figs. 6 and 10), two zones
can be distinguished: (1) The zone in which the aspect ratio varies
in a narrow range (zone A, Fig. 6a and c) for dikelets whose height
varies between 100 and 700 mm. The almost constant aspect ratio
in this zone indicates that the dimensions of the dikelet aperture
and height were achieved at an almost constant driving pressure
(DP0) as predicted from linear elastic fracture mechanics (LEFM)
(e.g., Delaney and Pollard, 1981);

A=H [ DP0=M; (1)
where M is the elastic stiffness of the host rock; and (2) The zone in
which the aspect ratio is not constant (zone B; Fig. 6a and c) for the
range of dikelet heights between 7 and 100 mm. Because the aspect
ratio is not constant in this zone, Equation (1) is not applicable and
inelastic processes around the dikelet tips became dominant. The
number of segments did not affect the total dilational area of the
blade-like dikelets along their z-axis. Hence, during the segmen-
tation process the amount of injected material through an indi-
vidual blade-like dike and its associated segments/dikelets did not
vary significantly. However, the heights of the segments are smaller
than that of their parent dike (Fig. 7b), resulting in relatively greater
aspect ratios of the third-and fourth-order dikelets. Large aspect
ratios formed when the segments became relatively small and close
to their end (Fig. 8), indicating the importance of the segmentation
process in the post-dynamic stage and dike termination. During
this stage, the dikelet A–H relation is not constant and depends on
the height of the elongated tip (Fig. 10).
7.2. The association between the dikelet A–H relations and the size
of the elongation tip under arrest conditions

The termination of the dikelets is the expression of a decelera-
tion stage, in which the fracturing velocity decreased to zero.
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Hence, the initial dynamic (accelerated) propagation of the clastic
dikes was changed at final stages to propagation under deceleration
conditions (Fig. 11), up to termination of the fracturing. In that
sense, the present study differs from most published works (e.g.,
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Fig. 8. Changes in total height (a) and average aperture (b) relative to decreasing
length of dikelet ‘b’ up to termination. The number of segments observed at each step
and linear regression lines fitted to the data are presented.
Rubin, 1993) in which the dike (fracture) geometry is assumed to be
the expression of growing conditions, either under constant or
accelerating velocities.

The dikelets have a typical narrow elongated tip at the front of
their edges. In zone C, the elongated tip heights are not constant
even for the same dikelet sizes (Fig. 10b). This geometry applies for
single dikelets with one (Fig. 2b) or two elongated tips and for the
entire population of dikelets that have different elongated tip
heights. The variable elongated tip heights in zone C can be
explained in four ways. First, two elongated tips with different sizes
may develop at single dikelet edges. The dilation profile of the
pressure-driven fractures (dikes) is composed of three parts,
namely, the elliptical shape, the teardrop shape, and the diamond
shape (Delaney and Pollard, 1981). Levi et al. (2008) analyzed the
dilation profile of the dikelets based on the elastic theory and
showed that they mainly dilate into an elliptical shape by the
uniform component of the driving pressure (DP0) (Levi et al., 2008).
Nevertheless, a best-fit analysis indicates that the dilation profile of
the dikelets slightly deviates from the perfect elliptical shape and
includes components of teardrop and diamond shapes. This
geometry implies that on the dikelet edges, different magnitudes of
linear stress gradients existed, forming elongated tips with different
sizes.

Second, the Lisan Formation is apparently characterized by
contrasting material properties of alternating aragonite and fine
detritus layers that have different resistance to fracturing.
Furthermore, the thickness of the bounding detritus layers might
control the dikelet and the elongated tip propagation (e.g., Rijken
and Cooke, 2001). However, the height variations due to this
possibility seem to be minor, because field observations indicate
that most elongated tips belonging to single dikelets propagated in
similar set of alternating aragonite and fine detritus layers. Third,
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under deceleration conditions, the dikelets reduced their apertures
and heights along the z-axis. Hence, different heights (2a) of the
main dikelets formed along the z-axis may result in different stress
intensities (KI) at their edges,

K I [ DP0ðpaÞ0:5 (2)

Assuming that DP0 is equal in all dikelets due to their interre-
lated physical connection suggests different elongated tip height,
Ry,

Ry ¼ 0:5a
�
DP0=sYS

�2
; (3)

where sYS is the yielding stress (Anderson, 1995 and references
therein). Yet, this explanation is less probable, because there is no
linear correlation between the height of the main dikelet and the
height of the elongated tip (Fig. 10b).

Fourth, during tip interaction the closure stress at the segment
tips may vary between pairs of overlapping segments (e.g., Bai
et al., 2000). This variation may lead to changes in the size of the
elongated tip and formation of segment (dikelet) populations
that have different tip heights. However, segment interaction
would also change the dikelet aspect ratio (Olson, 2003), yet it
varies in a narrow range in zone C (Fig. 10c), suggesting that the
interaction between segments was not dominant. Therefore, we
suggest that the above first explanation is the main reason for the
observed variations in the elongated tip height, but the relative
importance of this and the other explanations should be further
studied.
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7.3. Elongated tip heights and fracture velocities

A bunch of three-dimensional dikelets belonging to the same
dike and injection system and connected to the same source layer
are interpreted to be formed in a single event (Levi et al., 2006b). In
addition, in zones A and C all dikelet populations indicate an almost
constant aspect ratio, suggesting that during the propagation and
injection of the dike-fill the driving pressure (DP0) was almost
constant (Equation (1)). Assuming constant driving pressure for
dikes with different heights implies variations in the stress inten-
sity KI (Equation (2)). High stress intensity magnitudes are associ-
ated with high fracture velocities, because fracture velocity V
depends on the stress intensity, VfKn

I (n is material-dependent)
(e.g., Anderson, 1995; Weinberger and Bahat, 2008). On the other
hand, under quasi-static and arrest conditions, the stress intensity
factor should be equal or lower than the fracture toughness (KIc)
(Anderson, 1995, p. 219–223), otherwise the fracture propagation
will never stop.

In zone A or C LEFM is verified, allowing the use of Equation (2)
for estimating the stress intensity magnitudes. Using the variables
in Table 1 for dikelet height of 0.02 m, results in a stress intensity of
about 1 MPa m0.5. This value is more than one order of magnitude
larger than the fracture toughness of soft rock (Table 1).
able 1
alues of variables of soft rock used for calculations.

ariable Symbol Values Source

ikelet half height H 0.05–2 m field observations
ikelet aperture A 2–20 mm field observations
TOD d 0.2–3.5 mm field observations
riving pressure DP0 2–4 MPa Levi et al. (2008)
oisson’s ratio nelastic 0.4 Gee-Clough et al., 1994; Vallejo

and Lobo-Guerrero, 2002;
Chetrit, 2004;
Othman, 2005; Bala et al., 2006

hear modulus m 50–100 MPa Gannon et al., 1999;
Schneider et al., 1999;
Yuan-qiang and Xu, 2004;
Chetrit, 2004;
Bala et al., 2006

oung modulus E 100–300 MPa Chetrit, 2004
ensile strength T 0.1 MPa Arkin and Michaeli, 1986
racture toughness KIC 0.03–0.1 MPa m0.5 Delaney and Pollard, 1981;

Spence and Turcotte,
1985; Zhang, 2002;
Chen and Zhang, 2004;
Funatsu et al., 2004

ielding stress sYS 0.4 MPa Karig, 1996
At a certain point, the elongated tip height becomes more than
1/10 of the dikelet height (zone B or zone D; Figs. 6 and 10), and
inelastic processes are dominant. Consequently, the stress intensity
may be estimated under the Elastic–Plastic condition (Anderson,
1995),

KI ¼

0
BBB@

dsYSE

1þ 1=6
�

p
2

DP0

sYS

�2

1
CCCA

0:5

; (4)

where E is the Young modulus, and d is the crack tip opening
displacement (CTOD) (Anderson, 1995) d is equal to the aperture of
the elongated tip (along the x-axis). Using Equation (4) and
inserting the variables from Table 1, the calculated stress intensities
are equal or less than 0.1 MPa m0.5. This value is of the same order
as the fracture toughness of the soft rock, and is also at least one
order of magnitude smaller than the calculated stress intensity for
zone A. Consequently, the dikelet height becomes shorter due to
the lower stress intensities, while the dikelet aperture is relatively
wide, resulting in greater aspect ratios. Hence, the relative
enlargement of the elongated tip height is associated with
a reduction of the stress intensity magnitudes and, consequently,
a decrease in the associated fracture velocity.

The above scenario also provides insights into the dikelet
segmentation process (Fig. 12). During this process, the dikelet
aspect ratios increase (Figs. 7b and 12), implying that the stress
intensity and fracture velocity for each segment (dikelet) decreased.
Hence, the more a dikelet is segmented, the lower the fracture
velocity of each segment (Fig. 12). In cases where the segment is less
than 0.1 m, it would be terminated at a short distance, which would
make the parent dike shorter as well. In the next step, the dikelet
would be segmented again and the same process may occur. Hence,
the segmentation process along the dikelet length might reduce the
high fracture velocity attained during the dynamic fracturing. It is
also accompanied by an increase of fracture surfaces and energy
dissipation (Pollard et al., 1982).

Both elongated tip zones and process zones are similar in the
sense that they are small zones, either along the fracture plane
(elongated tip) or out-of-plane (process zone), near the end of the
fracture in which all non-linear and dissipative fracture processes
occurs. Development of elongated tips or process zones at the front
of the main fracture can result in dissipation of fracturing energy.
The fracture process zone, which accompanies a dynamically
propagating crack, plays a crucial role in determining the dynamics
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of crack growth, including the limiting of fracture velocity (Biegel
et al., 2008) and branching (Yang and Ravi-Chandar, 1996).
8. Conclusions

1) The dikelets form a unique zone that express a deceleration
stage of dynamic fracturing. In that sense, the present study
differs from most published works in which the fracture
geometry is assumed to be the expression of growing condi-
tions, either under constant or accelerated velocities.

2) A power-law scaling of the dikelet A–H relation and aspect ratio
adequately represents both two and three-dimensional frac-
ture populations.
3) Contrary to the LEFM prediction, in propagation during a single
event, the ratio between the fracture (dike) height and its
elongated tip height is not constant.

4) During the post-dynamic stage, when the dikelet height
becomes less than ten times the height of the elongated tip, the
inelastic process becomes dominant; this is also expressed by
a non-linear behavior of the A–H relation and variations in the
dikelet aspect ratio.

5) The segmentation process plays a major role during the post-
dynamic stage, forming numerous dikelets. It reduces the
height of the dikelet to a critical size, and, consequently, the
velocity is sharply decreased.

6) Elongated tips in the third-and especially fourth-order dikelets
are well developed. The formation of the elongated tips
multiplied by the segmentation process may lead to increase in
the total energy dissipation during the termination stage of the
dynamic fracturing.
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