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Abstract

This paper presents a dynamic analysis of boudinage in multilayers of alternate brittle and ductile layers under layer-normal

compression. Based on the mode of fracturing of individual brittle layers, boudinage is classi®ed into three types: tensile fracture
boudinage (Type 1), shear fracture boudinage (Type 2a) and extensional shear fracture boudinage (Type 2b). The layer-thickness
ratio, Tr �� tb=td), and the strength ratio, F �� T=2Ze), between the brittle and the ductile units are the principal physical factors

determining the type of boudinage. Type 1 boudinage develops rectangular boudins and occurs when Tr is low �< 4:5� or F is
high �> 0:8). In contrast, Type 2a boudinage takes place when Tr is high �> 8:5� or F is low �< 0:5). The intermediate values of
these factors delimit the ®eld of extensional shear fracture boudinage. The square of fracture spacing or boudin width in Type 1
boudinage is linearly proportional to layer-thickness, whereas that in Type 2 boudinage shows a non-linear relationship with

layer-thickness. The aspect ratio (Ar) of all the types of boudins is inversely proportional to layer-thickness ratio (Tr). However,
Type 1 and Type 2 boudins, have contrasting aspect ratios, which are generally greater and less than 1, respectively. # 2000
Elsevier Science Ltd. All rights reserved.

1. Introduction

Boudinage structure is a common extensional
features, especially in rocks with a layering of contrast-
ing lithologies. Comparable structures, described as
foliation boudins (Hambrey and Milnes, 1975), are
also observed in homogeneous foliated rocks, appar-
ently showing no competence contrast (Coe, 1959;
Platt and Vissers, 1980). The development of foliation
boudins is attributed to the presence of pre-existing
fractures (Platt and Vissers, 1980; Mandal and
Karmakar, 1989) or interlocking pinching-and-swelling
instability (Cobbold et al., 1971). Recently, Kidan
and Cosgrove (1996) have demonstrated that during
layer-normal compression extensional structures of
di�erent orders develop sequentially in the multilayer,

similar to the development of di�erent orders of
folds in multilayers under progressive layer-parallel
shortening.

The classical rectangular boudins (Lohest, 1909;
Corin, 1932; Wegmann, 1932; Ramberg, 1955) are con-
sidered to develop by tensile fracturing of brittle layers
at right angles to layering and where the layers su�er
little or no ductile deformation before or after ruptur-
ing. This is also supported by the mechanical models
on tensile failure of brittle objects embedded in a duc-
tile matrix (Hobbs, 1967; Lloyd and Ferguson, 1981;
Lloyd et al., 1982; Masuda and Kuriyama, 1988; Ji et
al., 1997; Ji and Saruwatari, 1998).

Tensile fracture boudins may also assume rhomboi-
dal shape, if the brittle units in the multilayer make an
angle with the bulk tension direction or are deformed
by layer-parallel simple shear. In such cases tensile
fractures form oblique to the layering, giving rise to
rhomboidal boudins (StroÈ mgard, 1973). Other workers
have shown that the rhomboidal shape may be the
result of post-boudinage deformation of rectangular
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boudins due to a layer-parallel shear component
(Ghosh and Ramberg, 1976; Hanmer, 1986).

Field observations suggest that in many cases the
rhomboidal shape of boudins may be linked to devel-
opment of parallel shear fractures in the competent
layers oblique to the layering (Cloos, 1947; Griggs and
Handin, 1960; Uemura, 1965; Gay and Jaeger, 1975).
The boudins in such cases may assume a trapezoidal
shape if the shear fractures are non-parallel, forming a
horst-and-graben geometry. A domino-type structure
results when the rhombic boudins undergo rotation
and o�setting during progressive layer-parallel exten-
sion (Freund, 1974; Garfunkel and Ron, 1985;
Gaudemar and Tapponier, 1987; Jordan, 1991).
Analogue model experiments (Karmakar and Mandal,
1989; Mandal and Khan, 1991) indicate that the orien-
tation and the spacing of parallel oblique-fractures in
the brittle layer are the principal physical factors that
could control the kinematics of rhombic boudins.

It is thus understood that boudinage involves both
tensile and shear fracturing of the competent units in a
multilayer. Rock deformation experiments (Griggs and
Handin, 1960; Paterson, 1978; Hirth and Tullis, 1994)
indicate that tensile fracturing occurs at low con®ning
pressure, whereas shear fracturing prevails at relatively
high con®ning pressure. However, such a correlation
may not hold for a natural system. For example, shear
fracture and tensile fracture boudins are often
observed in the ®eld at a single outcrop or even a
hand specimen (e.g. ®g. 17.1 in Ghosh, 1994),
suggesting that the two modes of fracturing may pre-
vail at the same con®ning pressure. Apparently, in ad-
dition to con®ning pressure, there appear to be other
factors governing the mode of fracturing of brittle
layers (cf. Talbot, 1970).

Under layer-normal compression of multilayers,
extensional features develop a�ecting the individual
layers as well as the entire multilayer in the course of
progressive deformation (Kidan and Cosgrove, 1996).
In certain circumstances closely spaced competent
layers may respond to the stress as a whole and rup-
ture by through-going fractures, a phenomenon that
corresponds more to faulting than boudinage (Lloyd,
1999, personal communication). The purpose of the
present paper, however, is to investigate theoretically
the mechanical basis of di�erent styles of ®rst order
boudinage (i.e. fracturing of brittle layers as single
units) a�ecting the individual layers of a multilayer, in
relation to mode of fracturing under layer-normal
compression. A few experiments were performed on
multilayer models of plasticine (brittle) and putty (duc-
tile) under layer-normal compression to test the theor-
etical model. Based on the mode of fracturing of
individual brittle layers, three di�erent types of boudi-
nage have been recognized: (1) tensile fracture boudi-
nage (Type 1), giving rise to rectangular boudins, (2)

shear fracture boudinage (Type 2a), producing rhom-
bic or trapezoidal boudins without any intervening
separation zone, and (3) extensional shear fracture
boudinage (Type 2b), forming rhombic or trapezoidal
boudins with intervening separation zones (Fig. 1).
The study also reveals that each type of boudinage
produces boudins with a characteristic range of aspect
ratios.

2. Theoretical considerations

2.1. Mechanical model

Modeling of fracture development in a sti� layer
embedded by a softer medium hinges on the formu-
lation of stress transfer to the sti� layer from the
matrix. The di�erent models as used in the mechanics
of composite materials and applied to geological sys-
tems (Ramberg, 1955; Hobbs, 1967; Lloyd et al., 1982;
Pollard and Segall, 1987; Ji et al., 1997; Ji and
Saruwatari, 1998) include (1) the shear-lag model, (2)
the stress-perturbations model and (3) the energy bal-
ance model (see Ji et al., 1998 for a review of these
models and references).

In the present analysis, the mechanical model is
framed to represent boudinage of a multilayer with
alternate competent (brittle) and incompetent (ductile)

Fig. 1. A genetic classi®cation of di�erent types of boudins formed

under layer-normal compression.
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layers of uniform thickness under layer-normal short-
ening (Fig. 2). The incompetent units are modeled with
a Newtonian viscous rheology. The bulk deformation
is considered to be a pure shear with an overall exten-
sion parallel to layering. The transfer of stress to the
competent unit from the incompetent medium is for-
mulated with the shear-lag model (Ramberg, 1955). Ji
et al. (1998) have shown that deformation of a multi-
layer can take place with or without interface-slip. In
our model, we assume that there is no slip at the inter-
faces between the brittle and ductile units. In addition,
the model is idealized by assuming that the layer-nor-
mal shortening occurs mostly in the ductile unit and
the change in layer thickness of the brittle unit is negli-
gibly small. During deformation the ¯owing ductile
material exerts tangential and normal traction to the
surfaces of the brittle layers (Fig. 2) that, under
speci®c conditions, may eventually lead to boudin for-
mation, the type of boudins being determined by the
mode of fracturing of the brittle layers. We adopt the
Gri�th criterion for the dynamic analysis of failure of
brittle layers (cf. Hancock, 1985). According to the
Gri�th criterion, the tensile stress sxx and the com-
pressive stress syy in brittle layers have to satisfy the
following conditions for failure (Jaeger, 1969):

sxx � T, when syy � 3sxx > 0 �1a�

�sxx ÿ syy�2 � 8T�sxx � syy� � 0,

when syy � 3sxx < 0
�1b�

where T is the tensile strength of brittle layer. Eqs.
(1a) and (1b) represent the conditions for tensile and
shear failure, respectively.

In the next section we present the mathematical deri-
vations of the tensile and the compressive stresses on
the brittle layers in a multilayer, following the
approaches adopted by earlier workers (e.g. Ramberg,
1955; Mandal et al., 1994; Ji et al., 1997).

2.2. Mathematical derivation

Let tb and td be the thicknesses of brittle and ductile
units, respectively. We choose a Cartesian coordinate,
xy, with the x-axis located along the central line of the
ductile layer between any two brittle layers (Fig. 2).
The multilayer is deformed under pure shear with the
principal shortening normal to layering. In a non-slip
boundary condition the instantaneous velocity at all
points on the brittle±ductile interface �y � td=2�
assumes a constant value. The velocity components
along x and y directions are given by u � 0 and
v � etd=2, respectively, where e is the rate of bulk
shortening of the ductile unit. The velocity functions
for the ¯ow in the ductile unit, that satisfy the above
mentioned boundary conditions have the following ex-
pressions (Jaeger, 1969):

u � 3

2
ex
�t2d ÿ 4y2�

t2d
�2a�

v � 1

2
ey
�4y2 ÿ 3t2d�

t2d
: �2b�

To ®nd the stresses in the brittle unit, induced by the
¯ow in the ductile material, we require the strain-rate
components in the ductile layer. Di�erentiating Eqs.
(2a) and (2b), we have:

exx � du
dx
� 3

2
e
t2d ÿ 4y2

t2d
�3a�

eyy � dv
dy
� 3

2
e
4y2 ÿ t2d

t2d
�3b�

exy � 1

2

�
du
dy
� dv

dx

�
� ÿ6exy

t2d
: �3c�

Eq. (3c) shows that the ¯ow in the viscous layer devel-
ops a layer-parallel shear, and thereby exerts a shear
stress on the surface of the brittle layer (Fig. 2). The
shear stress at any point on the layer interface, i.e. at

Fig. 2. Geometrical and kinematic considerations for the dynamic

analysis of boudinage of a brittle unit in a multilayer under layer

normal compression (big arrow). Small arrows indicate traction com-

ponents of the ¯ow in the ductile layer to the brittle layer. u and v

are the velocity components of the ¯ow in the ductile unit. The trac-

tion components s, t on the brittle unit are shown for an arbitrarily

chosen layer-segment of length 2l (within vertical dashed lines). T

and Z are the tensile strength of the brittle layer and the co-e�cient

of viscosity of the ductile layer, respectively.
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y � td=2, is:

t � 2Zexy, �4�
Z is the coe�cient of viscosity of the ductile material.
The shear stresses are symmetrically disposed on either
side of the brittle layer, which, as a consequence, suf-
fers a tensile stress (Fig. 2). We now arbitrarily choose
a layer segment within x � ÿl and l (Fig. 2). Under
the condition of dynamic equilibrium:

tb � sxx � 2

�l
0

t dx �5�

where sxx is the tensile stress at x � 0: After substitut-
ing t from Eq. (4), Eq. (5) becomes:

sxx � 4Z
tb

�l
0

exy dx: �6�

Replacing exy by Eq. (3c) and after some rearrange-
ments, we have

sxx � 6Ze
l2

tbtd
: �7�

The above equation is the expression for the tensile
stress in the brittle layer, which is similar to that
shown by Ramberg (1955).

Brittle layers in the multilayer also experience a
compressive stress from the reaction to the ¯ow in the
enclosing viscous layers. We determine the compressive
stress on brittle layers in the following way. The rate
of energy required for the deformation of an in®nitesi-
mal volume in the ductile layer is:

dE � 2Z�e2xx � e2yy � 2e2xy� dx dy: �8�

The energy required per unit time, to induce ductile
¯ow in the layer segment in between x � 0 and l is
then:

E � 2Z
�td=2
0

�l
0

�e2xx � e2yy � 2e2xy� dx dy: �9�

Substituting the strain components from Eq. (3) into
Eq. (9), we have

E � 9Ze2

t4d

�td=2
0

�l
0

h
�t2d ÿ 4y2�2 � �4xy�2

i
dx dy: �10�

The solution of Eq. (10) is:

E � 6Ze2

td
l

�
2

5
t2d �

1

3
l2
�
: �11�

If the compressive load on the brittle layer is syy, the
rate of work required for bulk shortening in the ductile
layer is:

Eb � 1

2
syyletd: �12�

Making an energy balance between Eqs. (11) and (12),
we get the magnitude of compressive stress:

syy � 12Ze

 
1

3

l2

t2d
� 2

5

!
: �13�

The analysis reveals that both the tensile and the
compressive stresses on the brittle layer are functions
of the length of the layer segment under consideration.
For a critical value of l, the stresses in Eqs. (7) and
(13) meet the failure criterion (Eq. 1a and b), and
result in rupturing of the brittle layer. The failure
takes place by tensile fracturing if the stresses satisfy
Eq. (1a) of the Gri�th criterion. On the other hand, if

Fig. 3. Analysis of failure in the stress space. The bold line is the

failure curve obtained from the Gri�th failure criterion. Lines with

arrows show variations of the tensile stress and the compressive

stress in the brittle layer with increase in l/tb. Tr is the corresponding

layer-thickness ratio in the multilayer. The bold lines with arrows at

Tr � 0:9 and 4.6 delimit the three types of boudinage.
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the stresses ful®l the condition of Eq. (1b), the failure
will occur either by shear fracturing or extensional
shear fracturing.

2.3. Fields of three types of boudinage

In the analysis of mode of brittle failure we rewrite
Eqs. (1a), (1b), (7) and (13), for convenience, in terms
of dimensionless quantities as:

s�xx � F �14a�

�s�xx ÿ s�yy�2 � 8F�s�xx � s�yy� � 0 �14b�

and

s�xx � ÿp� � 3A2
r Tr �15a�

s�yy � ÿp� ÿ
2

5
�6� 5A2

r T
2
r � �15b�

where Ar � l=tb, Tr � tb=td and s�xx � sxx=2Ze,
s�yy � syyx=2Ze, p� � p=2Ze: F is the ratio of the tensile
strength of the brittle unit to the ¯ow strength of the
ductile unit, and is designated as a rheological factor
in the subsequent discussion. In Eqs. (15a) and (15b)
we add bulk con®ning pressure, p, as the failure takes

place in response to the total stress (deviatoric stress�
isotropic stress).

In the s�xx±s
�
yy stress space, the failure condition of

Eq. (14a) (i.e. tensile failure) de®nes a straight-line seg-
ment, whereas that of Eq. (14b) (i.e. shear failure)
describes a parabolic line segment (Fig. 3). These two
line segments together delimit the ®eld of stability
from that of failure, and meet each other at the point
(F, ÿ3F ). This, in other words, means that if s�yy >
ÿ3F the failure is by tensile fracturing and if s�yy <
ÿ3F the failure is by shear fracturing. It can be shown
from Eq. (14b) that the stress condition on the para-
bolic failure curve, marking the transition between
extensional shear failure and shear failure, will satisfy
the condition: �s�xx ÿ s�yy� � 5:7F: The bottom line is
that there are three di�erent segments in the failure
curve de®ning three regimes of failure: tensile failure,
shear failure and extensional shear failure.

Eqs. (15a) and (15b) show that layer-thickness ratio
controls the tensile and the compressive stresses on the
brittle layer. For a given layer-thickness ratio Tr, with
increase in Ar the changes in the compressive and ten-
sile stresses describe a linear regression in the stress
space. The line meets the failure curve at a critical
value of Ar (Fig. 3). The gradient of the regression line
increases with increasing layer-thickness ratio. A re-
gression line, therefore, meets one of the three regimes

Fig. 4. Fields of the three types of boudinage in the space between layer-thickness ratio and strength ratio in a multilayer. p� � 0:
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of the failure curve depending on the layer-thickness
ratio.

The layer-thickness ratio in the multilayer that
marks the transition between Type 1 and Type 2 bou-
dinage is obtained from Eqs. (15a and b) as:

�Tr�T=E �
3

2

�3Fÿ p� ÿ 2:4�
� p� � F � : �16�

Similarly, the transition between Type 2b and 2a bou-
dinage is marked by:

�Tr�E=S �
3

2

�
4:8Fÿ p� ÿ 2:4

0:85F� p�

�
: �17�

Eqs. (16) and (17) delimit the ®elds of the three
types of boudinage in Tr±F space (Fig. 4). The
equations reveal that tensile fracture boudinage is
possible when Tr < 4:5 and F > 0:8: In contrast, shear
fracture boudinage may take place at all ranges of Tr

if F < 0:5, or at all ranges of F if Tr > 8:5: Extensional
shear fracture boudinage, on the other hand, occurs
when Tr is less than 8.5 and F > 0:5: In general, tensile
fracture boudinage is favored at relatively smaller
values of layer-thickness ratio, and is progressively
replaced by extensional shear fracture boudinage and
shear fracture boudinage with increasing layer-thick-
ness ratio in the multilayer. This explains occurrence
of di�erent types of boudins in layers of di�erent
thicknesses in a single multilayer over an outcrop or
hand specimen. It also appears from Fig. 4 that in
multilayers with little mechanical contrast �F < 0:8�
between individual layers, the dominant mode of de-
formation would be through shear fracturing irrespec-
tive of layer-thickness ratio. The theoretical result is
consistent with the experimental observations of Kidan
and Cosgrove (1996) as well as of the present study.

2.4. Experimental observations

To verify the control of layer-thickness ratio on the
mode of boudinage in individual brittle layers we also
conducted a series of experiments with analogue physi-
cal models. The models consisted of alternate layers of
commercially available plasticine (brittle unit) and
putty (ductile unit). The interfaces between the plasti-
cine and putty layers were smeared with kerosene oil
to prevent interlayer slip during deformation. We
deformed the model by a layer-normal compression in
a pneumatically driven vertical piston machine. The
model was con®ned by two parallel, vertical glass
plates, ®xed by two horizontal pistons, and it was
allowed to extend in one horizontal direction. A num-
ber of experiments were performed on multilayers with
di�erent layer-thickness ratios. Models with a layer
thickness ratio of 0.15 were observed to be boudinaged
by tensile fractures, giving rise to rectangular boudins

(Fig. 5a). In contrast, models with a layer-thickness
ratio of 2.6 showed rupturing of the brittle layers dom-
inantly by shear fractures (Fig. 5b). In the domains of
parallel shear fractures, the boudins underwent ro-
tation and o�setting, giving rise to a typical domino
structure, while in the domains of non-parallel shear
fractures normal slip along the oppositely dipping frac-
tures produced a horst-and-graben structure (Fig. 5c).
For moderate layer-thickness ratios, boudinage was
often associated with extensional shear fractures, pro-
ducing separation zones between the boudins.

2.5. Aspect ratio of boudins

For a given layer-thickness ratio in the multilayer,
the compressive stress and the tensile stress in the
brittle layer reach the failure condition for a particular
ratio between the length of the layer-segment and the
thickness of the brittle layer �l=tb � Ar). This ratio rep-
resents the dominant aspect ratio of boudins in a
brittle layer. From Eqs. (16) and (17), we have in the
regime of Type 1 boudinage:

Fig. 5. Boudinage structures in physical models. (a) Tensile fracture

boudins. (b) Shear fracture boudins. Models were deformed by verti-

cal compression from the top. Scale bar � 1 cm: (c) Sketch of the

deformed model shown in (b); note that the shear fractures are

restricted within individual brittle layers, and often occur as conju-

gate sets (see top layer), indicating that the brittle layers have rup-

tured as single units; the sense of slip on the shear fractures is

consistent with the layer-parallel extension.
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A2
r �

1

3

p� � F

Tr

; �18�

and in the regime of Type 2 boudinage:

A2
r �

1

Tr

� ������������������
b2 ÿ 4ca
p

ÿ b

2a

�
, �19�

where

a � �2Tr � 3�2

b � 8

5

�
9� 15F� 2�3ÿ 5F �Tr

�

c � 16

25

�
9ÿ 5F�5p� � 6��:

Eqs. (18) and (19) show that, irrespective of the mode
of boudinage, the aspect ratio of the boudin is inver-
sely proportional to the layer-thickness ratio in the
multilayer; however, the aspect ratio of Type 1 bou-
dins decreases more strongly with increasing layer
thickness ratio than that of Type 2 boudins (Fig. 6).
The equations also reveal that the di�erent types of
boudins observed in a multilayer of fairly uniform
mechanical contrast between layers are likely to have
characteristic ranges of aspect ratios. Tensile fracture

boudinage will be favored by relatively thinner layers
and the boudins will have relatively large aspect ratios
generally greater than 1 (Fig. 6) (e.g. ®g. 1.8 in
Ramsay and Huber, 1987). In contrast, shear fracture
boudinage would prevail in relatively thicker layers
and the boudins will have relatively low aspect ratios,
generally less than 1 (Fig. 6). This is consistent with
natural and experimental observations (Jordan, 1991;
Mandal and Khan, 1991). Extensional shear fracture
boudins, however, will have intermediate values of
aspect ratio.

The theoretical results indicate that the aspect ratio
of tensile fracture boudins is more sensitive to both
layer-thickness ratio and mechanical contrast between
layers in the multilayer than shear fracture and exten-
sional shear fracture boudins (Figs. 6 and 7).
However, the aspect ratio of both types of boudins
becomes less dependent on the rheological factor with
increasing layer thickness ratio (Fig. 7).

2.6. Implications of the theoretical results for the
relationship between layer-thickness and fracture spacing

It must now be clear that the boudin width, as mod-
eled in this paper, essentially represents the spacing of
the fractures developing within the brittle layers in a
multilayer in the process of boudinage. The relation-

Fig. 6. Variation of aspect ratio of boudin with layer-thickness ratio. Rheological factor F � 0:9:
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ship between layer-thickness and fracture spacing has
been an area of major interest to material scientists
including the earth scientists. Several types of relation-
ships have been obtained using di�erent stress transfer
models (Hobbs, 1967; Pollard and Segall, 1987;
Sou�acheÂ and Angelier, 1989; Mandal et al., 1994; Ji
and Saruwatari, 1998). However, these studies mainly
deal with tensile fractures. The analysis presented in

this paper can be utilized to understand the relation-
ship between layer-thickness and fracture spacing, not
only for tensile (Mode 1) fractures but also for shear
(Mode 2) fractures. For tensile fractures the relation-
ship can be deduced from Eqs. (7) and (14a) as:

L2
c �

1

3
Ftbtd, where F � T

2Ze
: �20�

In Eq. (20) the factor F, a dimensionless quantity, is
simply the ratio between the tensile strength of the
brittle material and the ¯ow strength of the ductile ma-
terial with viscous rheology. The rheological factor
de®ned by Ji and Saruwatari (1998) in their model
based on elastic rheology, on the other hand, is a com-
plex function of the elastic constants. Nevertheless, the
relationship between fracture spacing and layer thick-
ness remains similar in both the models. Eq. (20)
suggests that the width of boudins is linearly pro-
portional to

��������
tbtd
p

: This is consistent with equation
(26) of Ji and Saruwatari (1998), obtained from shear-
lag model.

For a ®xed value of F, the spacing of tensile frac-
tures is controlled by two parameters: the thickness of
the brittle layer (tb) and the thickness of the ductile
layer (td). For a constant thickness of ductile layers in
the multilayer, fracture spacing is a function of the
square root of the thickness of the brittle layer (Fig.
8), as shown in earlier models (Mandal et al., 1994; Ji
and Saruwatari, 1998). However, the spacing becomes
progressively insensitive to variation in layer-thickness
as the intervening ductile layers become thinner and
thinner (Fig. 8). This has been well illustrated in the
®eld examples documented by Ladeira and Price
(1981).

Fig. 7. Plots of aspect ratio of boudins vs. rheological factor in mul-

tilayer. Tr is the layer-thickness ratio. (a) Tensile fracture boudins.

(b) Extensional shear fracture boudins. (c) Shear fracture boudins.

Fig. 8. Variation of spacing of tensile fractures with thickness of

brittle layer. td is the thickness of ductile layer. F � 1:
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It may be noted that the relationship between frac-
ture spacing (Lc) and layer-thickness (tb) as discussed
above, holds only for tensile (Mode 1) fractures and is
likely to be di�erent if the fracturing is by shear fail-
ure. The spacing of shear (Mode 2) fractures, derived
from Eqs. (7), (13) and (14b), is given by:�
L2

c

�
3

tb
� 2

td

�
� 12

5
td

�2
�8Ftd

�
L2

c

�
3

tb
ÿ 2

td

�

ÿ 12

5
td

�
� 0

�21�

It is important to note that, whereas the square of
fracture spacing in Type 1 boudinage in Eq. (20) is lin-
early proportional to layer-thickness (tb) in the multi-
layer, that in Type 2 boudinage in Eq. (21) varies
nonlinearly with the layer-thickness (Fig. 9). The vari-
ation of fracture spacing in Type 2 boudinage shows a
decreasing gradient with increasing layer-thickness.
Thus, the square of spacing of shear fractures becomes
less sensitive to layer-thickness when the latter is large.
In addition, with decrease in thickness of ductile layers
(td), the spacing of shear fractures becomes more
insensitive to layer-thickness than that of tensile frac-
tures.

In L2
c±tb space, for any layer-thickness of the brittle

layer, the spacing of shear fractures is less than that of
tensile fractures. Both Mode 1 and Mode 2 fractures

lower their spacing as the thickness of the intervening
ductile layers is decreased. But the spacing of Mode 2
fractures shows larger departures, and tends to be
independent of the thickness of brittle layer (Fig. 9).

3. Conclusions

The outcome of the present paper is summarized
along the following points. (1) The type of boudinage
in multilayered rocks is controlled largely by the layer-
thickness ratio and the mechanical contrast between
the brittle and ductile units. (2) Multilayers with low
layer-thickness ratios �< 4:5� are virtually boudinaged
by tensile fracturing, while those with large layer-thick-
ness ratios �> 8:5� by shear fracturing of the brittle
layers (Fig. 4). For moderate layer-thickness ratios,
boudinage is likely to be by extensional shear fractur-
ing. (3) The square of boudin width or fracture spacing
in tensile fracture boudinage is linearly proportional to
layer-thickness, whereas that in shear fracture boudi-
nage is non-linearly proportional to layer-thickness
(Fig. 9). (4) The aspect ratio of tensile fracture boudins
tends to be greater than 1. In contrast, the aspect ratio
of shear fracture boudins is relatively low, generally
less than 1 (Fig. 6). (5) In a layered sequence with vari-
able thickness of brittle layers, the aspect ratio of ten-
sile fracture boudins may show a wide scatter, but that
of shear fracture boudins in a similar situation will not
vary signi®cantly (Fig. 6). (6) The assumptions made
in the present analysis are: (i) there is no interlayer
slip, (ii) the brittle layer is ¯awless, homogeneous and
isotropic in mechanical properties, (iii) the ductile
layers have a constant ¯ow strength, and (iv) the
incompetent medium is of Newtonian rheology. These
assumptions need to be eliminated in future studies for
an improved approximation of the natural obser-
vations.
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