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Abstract-In this paper, experiments are described which were carried out to investigate the initiation and 
amplification of structures which form when a multilayer is compressed normal to the layering. The multilayers 
were made up of either putty or paraffin wax and an attempt is made to relate the structures that form to those 
predicted by the various theories which consider the deformation of either a single layer, a multilayer or an 
anisotropic material when compressed normal or at a high angle to the layering or fabric. 

The experiments give an insight into the temporal and spatial relationships between the various types of 
structures that form by showing clearly how the initiation and growth of one type of structure such as a boudin can 
provide the local perturbation necessarv for the initiation of other structures such as internal pinch-and-swell 
structures or normal kink bands. 

INTRODUCTION 

A variety of structures can form when a complex geo- 
logical multilayer (i.e. one made up of different layers 
each with its own thickness and competence) is com- 
pressed normal or at a high angle to the layering. They 
can be divided into two groups, those that form in the 
individual layers as a result of the rheological contrast 
between the layer and the adjacent layers (pinch-and- 
swell structures and boudins separated by planes of 
brittle failure, either extensional or shear fractures) and 
those that form as a result of the bulk mechanical 
anisotropy of the multilayer, which is determined by the 
intrinsic properties of the individual layers and the 
properties of the layer boundaries (normal kink bands 
and internal pinch-and-swell structures whose wave- 
length may be related to the thickness of an individual 
layer or group of layers). 

The theory of deformation of mechanically aniso- 
tropic materials (Biot 1965) shows that the type of 
structure that develops when the principal compression 
is normal to the fabric or layering (normal kink bands or 
internal pinch-and-swell structures) depends on the 
magnitude of the anisotropy. However, the theory is a 
first increment theory and therefore cannot be used to 
investigate the amplification of pinch-and-swell struc- 
tures and kink bands into finite structures. 

The experimental work presented in this paper is used 
to show how these two types of structure amplify. The 
experiments show how single-layer features such as 
boudin necks can provide the necessary perturbations in 
the adjacent anisotropic matrix to initiate internal pinch- 
and-swell structures or normal kink bands and how these 
two structures, theoretically constrained to form in 
different materials, can develop together. 

In the first part of the paper, a brief review is given of 
some of the experimental and theoretical work carried 
out in an attempt to understand the formation of bou- 

dins and related structures (for a more detailed dis- 
cussion, see Price & Cosgrove 1990, pp. 405431). This 
is followed by a discussion of the experimental work 

carried out by the present authors. 

PREVIOUS WORK 

Over the past 15 years, numerous papers on boudi- 
nage and related structures have been published. This 
work has involved theoretical analyses (Lloyd & Fergu- 
son 1982, Neurath & Smith 1982, Ghosh 1988, Mandal et 
al. 1992), field observations (Goldstein 1988, Lacassin 
1988, Lacassin et al. 1993), and experimental investi- 
gation (Lloyd & Ferguson 1981, Neurath & Smith 1982, 
Hanmer 1986, Ghosh 1988, Goldstein 1988, Jordan 
1991). 

Most of the analytical and experimental work on layer 
normal compression deformation has been concerned 
with single layers. Ramberg (1955) was the first to 
present an analysis of the breakup of a single layer by 
extensional failure when subjected to layer normal com- 
pression. He considered a single competent, elastic layer 
sandwiched between two relatively weak viscous layers 
and derived an expression relating the tensile stress 
generated in the centre of a competent layer to the 
thickness of the layer (H,) and matrix (Hz) and to the rate 
of compression normal to the layer, eZ. It was assumed 
that the layer would deform by extensional failure and 
that after the initial tensile failure it would continue to 
divide into smaller sections (boudins) by successive 
‘mid-point’ fracturing, until the boudins were too short 
to allow the layer parallel tensile stress within them to 
attain the tensile strength of the layer(S). The width, W, 
of the boudins formed in this manner is given by: 

W=H,SxH’, 
1.57. e; 

where r is the viscosity of the matrix. 
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a. 

b. 0 -0 
Fig. 1. Two types of structures: (a) interlocking pinch-and-swell 
structures; (b) conjugate normal kink bands, that can form when a 
homogeneous anisotropic material is compressed as shown by the 
arrows. The black and white bands represent passive markers which 
were originally parallel. Such structures also form in statistically 
homogeneous anisotropic materials such as mineral fabrics and multi- 

layers. [(b) after Price & Cosgrove 1990.1 

This equation indicates that the boudin width is gov- 
erned by the thickness and tensile strength of the com- 
petent layer. Later work by Lloyd & Ferguson (1982) 
has confirmed Ramberg’s model of mid-point fracture 
for the formation of rectangular boudins. 

It is clear from field observations that competent 
layers do not always respond as brittle materials when 
compressed at a high angle to the layering. Instead, they 
may deform in a ductile manner and develop periodic 
thickening and thinning along their length. This leads to 
the formation of pinch-and-swell structures. Theoretical 
work presented by Smith (1975,1977,1979) shows that if 
there is a large competence contrast between the layer 
and the matrix and if the matrix and layer are not 
markedly non-linear, then the wavelength of these struc- 
tures is given by: 

1= 2zH, x 3 Vl 

/- %’ 
(2) 

where ql and q2 are measures of the resistance to 
deformation of the layer and matrix respectively. 

Smith (1977) showed that if the fayer and matrix are 
significantly non-linear, then the wavelength of the 

pinch-and-swell structure is given by: 

3 vi .:‘b 
A=2nH,x -.-’ 

J- 6~2 ni 
(3) 

where nl and n2 are measures of the non-linearity of the 
layer and matrix respectively. If the materials are power- 
law materials, then II is the exponent. It can be seen that 
for linear materials (n = 1) equation (3) reduces to 
equation (2). 

Equation (2) is identical to the equation derived by 
Ramberg (1960) and Biot (1961) for the wavelength of 
the folds that form when a single layer with linear 
material properties set in a less competent linear matrix 
is compressed parallel to the layer. 

The only theoretical analysis known to the authors 
that addresses the problem of boudin formation in 
multilayers is that of Stromgird (1973), who considered 

the formation and orientation of extension fractures in a 
regular bilaminate compressed normal, or at a high 
angle, to the layering. This work showed that the layers 
can be broken into rhomboidal boudins, provided that 
the maximum principal compression does not act exactly 
normal to the layers. Theoretical work on the formation 
of boudins and related structures in homogeneous, 
anisotropic materials such as slates and schists has been 
presented by Cobbold et al. (1971) and Sowers (1973). 
These workers used Biot’s (1965) analysis of the defor- 
mation of mechanically anisotropic materials and 
showed that there are two types of structures that can 
develop when such a material is compressed at right- 
angles to the layering or fabric. These are interlocking 
pinch-and-swell structures and normal kink bands, 
shown in Fig. 1, and referred to as Type I and Type II 
structures respectively. Which structure forms is deter- 
mined by the degree of anisotropy. Pinch-and-swell 
structures form in materials with a relatively low degree 
of anisotropy and normal kink bands in material where 
the anisotropy is well developed. 

The theoretical work mentioned above has been suc- 
cessful in explaining how a brittle, competent layer 
breaks into rectangular boudins of a particular length by 
the process of mid-point fracture. It can also account for 
the formation of pinch-and-swell structures in a ductile 
competent layer and kink bands or pinch-and-swell 
structures in a mechanically anisotropic material. How- 
ever, in order to understand how the structures pre- 
dicted by these first increment theories grow into finite 
structures, it is necessary to use the techniques of nu- 
merical or analogue modelling. 

One of the first attempts at numerical modelling of 
layer normal compression deformation was by Ste- 
phansson & Berner (1971), who used the technique of 
finite element analysis to determine the stress distri- 
bution in and around rectangular boudins as they 

Fig. 2. Two stages in the layer normal compression of Model 1 (see Table 1) showing the development of tensile failure in the dark, more 
competent layers. (a) After 15.9% shortening; (b) after 12.5% shortening; (c) detail of (a). 

Fig. 3. Plan view of a black 1 mm thick competent wax layer originally sandwiched between light-coloured, relatively incompetent layers, after 
36% layer normal compression. 

Fig. 4. Three stages in the deformation of Model 4 showing the formation of rhomboidal-shaped boudins in a single, relatively competent 
Plasticine layer compressed normal to the layering. See text for discussion. 

Fig. 5. Three stages in the deformation of Model 5 showing the shear failure of two relatively competent Plasticine layers set in a less competent 
Plasticine matrix. See text for discussion. 
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a. 

b. 

Fig. 6. Both (a) and (b) are schematic representations of Model 6 after 0% and 27% shortening respectively, showing the 
central relatively uniformly deformed region flanked by two horizons (stippled) in which pinch-and-swell structures and 

normal kink bands are forming. A close-up of these structures is shown in (c). 

Fig. 7. Model 1 (see Fig. 2) after 36% shortening. The spatial relationship between the rectangular boudins, the 
pinch-and-swell structures and normal kink bands can be seen clearly. 

Fig. 8. Folded multilayer from the Castile and Todillo evaporites of New Mexico, showing regions characterized by 
single-layer folding (A), multilayer folding (B) and the buckling of anisotropic materials (C). The different types of folding 

occur in different areas of the multilayer and appear to have developed independently of each other. 
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Table 1. Description of Models l-6 referred to in the text and deformed in Experiments l-6 
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Model 
No. Description 

Temp. 

(“C) 

Strain 
rate (s-l) 

Bulk 
shortening (%) Structures 

1 Multilayer of two 3 mm, three 2 mm and 
19 1 mm thick black competent layers of 
54°C m.pt. p.w* in a layered matrix of 1 
mm thick white 50°C m.pt p.w. 

2 Same as above, but with the incompetent 
layers coloured orange 

3 Multilayer of 1 mm thick layers of 54°C 
m.pt. p.w. lubricated with silicon grease. 
A 1 mm thick layer of more competent 
58°C m.pt. p.w. coloured black is placed 
every five yellow layers 

4 A single layer of black Plasticine. 0.5 cm 
thick, set in a matrix of soft pink 
Plasticine 

5 Two layers of black Plasticine, 0.5 cm 
thick, set in a matrix of soft pink 
Plasticine 

6 Multilayer consisting of alternating light 
and dark layers of 54°C m.pt. p.w., each 
1 mm thick, lubricated with silicon 
grease 

28.3 2.05 x 1om4 36 

28.3 2.05 x IO-’ 36 

36 2.05 x lo-’ 37 

24.5 2.05 x 10-j 37.3 

24.5 

36 

2.05 x lo-” 27.6 

2.05 x 10mJ 40 

Tensile fractures, rectangular 
boudins 

Tensile fractures, rectangular 
boudins 

Lensoid boudins separated by 
tensile fractures 

Rhomboidal boudins separated by 
shear fractures 

Rhomboidal boudins separated by 
shear fractures 

Internal pinch-and-swell 
structures and normal kink bands 

*m.pt. p.w* = melting point paraffin wax. 

Table 2. Variation in the per cent shortening across Model 6, shown 
in Fig. 6. The table gives the per cent strain in the upper and lower 
strain softened zones and in the central zone in which no strain 

softening has occurred. for three values of per cent bulk shortening 

Bulk shortening (%) 27 31.5 40 

Upper strain-softened zone 33 36.7 45.5 
Central zone of no strain-softening 18.1 20.2 25 
Lower strain softened zone 31 34 42.75 

deformed and separated during layer normal compres- 
sion. They showed that the stress distribution is compat- 
ible with the redistribution of minerals found to occur 
around natural boudins and that there was a tendency 
for the boudins to become barrel-shaped as the defor- 
mation increased and the boudins separated. Later, 
Lloyd & Ferguson (1981,1982) successfully investigated 
the process of ‘mid-point’ fracture using elastic-plastic 
finite element simulations. 

L,ike the analytical studies, most analogue modelling 
of layer normal compression deformation has been fo- 
cused on single-layer structures deformed either in pure 
shear (Neurath & Smith 1982, Ghosh 1988, Mandal etal. 
1992) or simple shear, these latter experimental studies 
investigating the possible use of these structures as 
kinematic indicators. For example, Hanmer (1986) stud- 
ied the effect of simple shear deformation on originally 
symmetric boudins separated from each other by exten- 
sional fractures normal to the layer boundary, while 
Jordan (1991) and Goldstein (1988) considered the 
effect of such a deformation on rhomboidal boudins 
separated from each other by shear fractures. A review 
of the use of boudins and pinch-and-swell structures as 
kinematic indicators is given by Hanmer & Passchier 
(1991). 

Surprisingly little analogue modelling has been car- 
ried out to investigate the formation of boudins and 
related structures in multilayers (Woldekidan 1982). 
The experimental work described in this article con- 
siders the initiation and finite development of a variety 
of structures in a complex multilayer (i.e. one made up 
of a variety of different layers with different thicknesses 
and competencies) when it is deformed in pure shear by 
the maximum principal compressive stress acting normal 
to the layering. The experiments show how the indi- 
vidual structures such as boudins and single-layer pinch- 
and-swell structures (which relate to the relative rheolo- 
gies of adjacent layers) and normal kink bands and large 
scale pinch-and-swell structures (which relate to the 
bulk mechanical anisotropy of the multilayers) interact, 
as well as how the formation and amplification of one 
type of structure initiates another. 

THE EXPERIMENTS 

Apparatus, model materials and experimental procedure 

The apparatus used for the experiments was a pure 
shear deformation rig, a detailed description of which is 
given in Cobbold (1975). The output shaft of the gear 
box is an eccentric cam, which varies the angular velocity 
with time so as to deform the model at a constant strain 
rate. Four rotary shafts to which rotors are connected 
turn synchronously, driving the two pistons together. 
The load is transmitted from the rotors to the pistons via 
journal bearings and is measured with resistance strain 
gauges fixed to the axes of each shaft. The models, which 
were made up of layers 15 cm long, 5 cm wide and of 
various thicknesses ranging from 1 to 10 mm, had initial 
dimensions of X = 15 cm, Z = 15 cm and Y = 5 cm and 
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Fig. 9. Line drawing of Fig. 7, showing the spatial relationship between the rectangular boudins in the thick competent 
layers (dark), the large scale pinch-and-swell instabilities indicated by the solid lines and the conjugate normal kink bands 

indicated by the dashed lines. 

were deformed under controlled conditions of strain 
rate and temperature. Throughout the experiments, X 
and Z varied but Y was constrained to remain constant. 
A few experiments were performed on Plasticine 
models, but the majority consisted of paraffin wax layers 
of various melting points (5o”C, 54°C and 58°C). Para- 
ffin wax was chosen because its rheological properties 
vary between brittle and ductile over the temperature 
range that can be used conveniently in the apparatus. 

A simple method was used for preparing wax in the 
form of thin sheets (see Summers 1979). This method 
makes use of the low specific gravity of wax and involves 
the floating and cooling of a thin sheet of molten wax on 
the surface of a water bath. The wax layers were then cut 
and stacked to form the multilayers and the layers 
separated from each other by a thin film of silicon 
grease. 

Although over 50 experiments were performed to 
investigate the effect of layer normal compression on the 
deformation behaviour of a multilayer, the resulting 
structures can be illustrated by reference to the six listed 
in Table 1. The models deformed during these experi- 
ments together with the structures that formed will now 
be discussed. The structures can be sub-divided into 
those related to single-layer behaviour and those that 
form as a result of the mechanical anisotropy of the 
multilayer. 

When single competent layers within a multilayer 
being compressed normal to the layering behave as 
brittle materials, they may fail by either tensile or shear 
failure. In the experiments described in this paper, it was 
noted that the competent layers in the wax multilayers 
tended to fail by tensile failure and those in putty 
multilayers failed by shear. Experiments exhibiting 
these two modes of deformation will be considered in 
turn. 

Boudins generated by the tensile failure of individual 
competent layers 

It was observed that, when the competent layers failed 
by tensile failure normal to the layering, the adjacent 

incompetent material flowed into the gap which devel- 
oped between the separating rectangular boudins. In the 
low temperature experiments (28”C), the boudins 
remained rectangular as deformation proceeded. In the 
relatively high temperature experiments (36”C), they 
became lenticular as the matrix flowed into the gaps. 

Experiment 1 (Table 1, Fig. 2) illustrates the forma- 
tion of rectangular boudins and the development of a 
well-defined width thickness ratio by a process of mid- 
point failure of relatively large boudins. 

After 8% bulk strain (21 min), tension fractures had 
appeared in four of the 1 mm thick competent layers, 
although some of the fractures had not cut completely 
through the layers. After 10% strain, fractures appeared 
in other 1 mm thick layers and tensile failure had been 
initiated in two of the 2 mm thick layers. After 12.5% 
strain, only the 3 mm thick layers remained unfractured 
(Fig. 2a). The average width of the boudins (i.e. the 
distance between the two adjacent fractures) decreased 
with deformation and at any stage in the deformation the 
number of tension fractures in any layer was found to be 
inversely proportional to its thickness. Tensile failure 
occurred in the lower 3 mm competent layer after 13% 
shortening and Fig. 2(a) shows the model after 15.9% 
shortening. Structures that formed during the continued 
deformation of this model are described in the dis- 
cussion and illustrated in Figs. 7 and 9. 

The effect of thickness on fracture spacing 

Models 1 and 2 (Table 1) both contain 24 relatively 
competent layers of paraffin wax (two 3 mm thick layers, 
three 2 mm thick layers and 19 1 mm thick layers) and a 
schematic representation of six 1 mm thick competent 
layers (three each from experiments 1 and 2) at various 
stages of deformation is shown in Fig. 10. After 36% 
bulk shortening, the average number of boudins for the 
three layers of Model 1 is 36 and for those of Model 2 is 

37. 
In the early stages of an experiment, relatively few 

tension fractures develop in the initially continuous 
competent layers. These often divide the layer into 
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Fig. 10. Schematic representation of six 1 mm thick competent layers; (a) three from Experiment 1; (b) three from 
Experiment 2, at various stages in the compression of the models. 
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boudins of considerably different widths. During con- 
tinued deformation, the boudins are then broken down 
into smaller boudins by the development of new tension 
fractures. The position of these new fractures has been 
studied and the ratio of the widths of the boudins formed 
from a larger boudin recorded during the deformation of 
Models 1 and 2. The results are shown as histograms in 
Fig. 11. 

It can be seen from these histograms (particularly c & 
d) that statistically each boudin breaks into two boudins 
of equal width as the theory of fibre loading (Ramberg 
1955) and fracture spacing predict. However, the spread 
of the histograms indicates that this does not always 
happen and that splitting in the ratios of up to 1:4 may 
occur as can be seen from the experimental results 

shown in Fig. 10. It might be argued that the splitting 
into ratios other than 1:l is a consequence of the bound- 
ary conditions of the experiments. However, many 
geological examples show boudins divided into a similar 
range of ratios (see e.g. Lloyd & Ferguson 1982). 

The histograms of boudin width in Experiments 1 and 
2 after 36% shortening are shown in Figs. 12(a) & (b) 
respectively. A dominant fracture spacing (boudin 
width) is apparent, although a broad spread of boudin 
widths developed. 

It can be seen from the histograms of Fig. 13, which 
show the boudin widths in the 1 mm competent layers of 
Model 2 at various stages of its deformation, that the 
dominant width of boudin, associated with a particular 
layer thickness, becomes apparent even after a relatively 
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Fig. 11. Histograms showing the width ratios of wide to narrow boudins that result from tensile failure of a larger boudin in 
the (a) 3 mm, (b) 2 mm, (c) 1 mm thick competent layers of Experiments 1 and 2; (d) shows the combined results from (a), 

(b) and (c). 

small amount of deformation. The optimum boudin 
width (4 mm) that developed in the 1 mm thick com- 
petent layers can be seen clearly from the histogram 
after only 16% shortening. In natural examples of bou- 
dins, a fairly constant boudin width is generally observed 
to occur in a particular layer. However, as pointed out 
above, boudin widths in some competent horizons are 
sometimes seen to vary considerably (Lloyd & Ferguson 
1982). These workers, who developed a stress transfer 
theory for the initiation of boudins, measured 91 quartz- 
ite boudins within the Lower Carboniferous slates of 
Tintagel, Cornwall and found that the predicted aspect 
ratios (width/thickness) were in close agreement with 
those measured in the field. They concluded that natural 
rock layers are likely to contain randomly distributed in- 
built flaws and assumed that the number of such flaws 
per unit length of layer can be estimated by recognizing 
that, in any stress transfer mechanism, the largest gaps 
correspond to the earliest fracture sites. This can be 
clearly seen from Fig.7. 

The graph of Fig. 14(a) shows the plot of percentage 
strain against the average width of the boudin for com- 
petent layers 1 mm, 2 mm and 3 mm thick in Experiment 

1 (Table 1). The graphs show that the width of the 
boudins decreases as the strain increases until a particu- 
lar width is attained. Beyond this stage in the defor- 
mation, no further fracturing (i.e. no further reduction 
in boudin width) occurs. 

The plots of the average width/thickness (W/H) ratio 
of boudins against the percentage shortening for the 1 
mm, 2 mm and 3 mm thick competent layers of Models 1 
and 2 are shown in Fig 14(b). It can be seen from these 
graphs that the fracture spacing in a particular layer 
varies in a non-linear way during the progressive defor- 
mation. The graph of Fig. 14(c) shows the plot of layer 
thickness against the average width of the boudins at 
different stages in the shortening of the models. The 
curves indicate that, statistically, the relationship be- 
tween the thickness and width of the boudins at a 
particular stage of the deformation is approximately 
linear. 

One of the advantages of paraffin wax as a model 
material is that the multilayers can be dismantled after 
the experiments have been performed and the boudin 
geometry in the plane of the layering can be studied. 
Such a ‘plan’ view of a 1 mm thick competent layer from 
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Fig. 12. Histograms of boudin width in the 1 mm thick competent 
layers after 36% shortening (a) in Experiment 1; (b) in Experiment 2. 

Experiment 1 is shown in Fig. 3. It can be seen that the 
boudins are remarkably non-cylindrical (see Ghosh 

1988). 

The effect of temperature on boudin geometry 

One of the properties of paraffin wax which makes it 
such a useful model material is that its rheology is very 
sensitive to temperature. At the strain rates used in the 
experiments (2.05 x lo-4 s-l), the behaviour changes 
from brittle to ductile over a temperature range of less 
than 20°C. In experiments conducted at relatively low 
temperatures (28°C for Model 1, Table l), rectangular 
boudins formed in the higher melting point (54OC) wax 
layers, which behaved in a brittle manner (Fig. 2). In the 
high temperature experiments (36°C for Model 3, Table 
l), lenticular boudins formed in the 54°C m.pt. wax 
layers which necked before separating. In this model, 
the average width of the boudins in the 1 mm thick 
competent layers is more than in Model 1, a relatively 
low temperature experiment. The reason for this is that 
extension of the competent layer in the higher tempera- 
ture experiment is achieved by a combination of ductile 
flow and brittle fracture, whereas in the low temperature 
experiment the extension is achieved predominantly by 
brittle failure. 

SG 18:4-F 

Boudins generated by shear failure in individual 
competent layers 

As noted earlier, shear failure of individual com- 
petent layers only occurred in the models made of 
Plasticine. Two experiments will be described, one on a 
model containing a single layer of relatively competent 
standard black Plasticine set in a matrix of special soft 
unlayered Plasticine, and the other on a model contain- 
ing two competent layers in a soft, unlayered Plasticine 
matrix. Both experiments were carried out at room 
temperature and there was no lubricant between the 
layers and the matrix. 

In the first experiment (Model 4, Table 1, Fig. 4), 
shear planes initially appeared in the matrix after 25 min 
at a strain rate of 2.05 x 1O-4 s-‘. Later, after 23% bulk 
shortening, a shear plane developed in the competent 
layer at 40” to al; Fig. 4(b). After 26% shortening, whilst 
layer separation was occurring at the first fracture, a 
second shear was initiated in the longer segment of the 
layer also at 40” to the compression direction. Neither 
fault in the competent layer was the continuation of a 
fault in the matrix. After 29% shortening, the segments 
on either side of the first fault in the layer had com- 
pletely separated and the segment between the two 
faults became more apparent (Fig. 4~). It had a 
thickness:width ratio of 1:5. At the end of the experi- 
ment (33% bulk strain), the first and second shear planes 
in the layer had rotated to 47” and 46” to the compression 
direction respectively. 

The second experiment (Model 5, Table l), in which 
the boudins formed by shear failure, contained two 
competent layers (Fig. 5). As in the single-layer experi- 
ment described above, shear failure first appeared in the 
matrix. After 14% bulk shortening, shear failure (Fault 
1) occurred in the lower layer at 44” to the compression 
direction (Fig. 5a). After 19% shortening, this angle had 
increased to 47”and two other shear planes (Faults 2, top 
layer, and3), conjugate to the first and both inclined at 42” 
to the compression direction, appeared (Fig. 5b). Fault 2 
was initiated in the layer and subsequently extended into 
the matrix, whereas Fault 3 formed in the matrix and 
extended into the layer. As deformation continued, new 
shear planes (e.g. Fault 4) were initiated and movements 
on and rotation of Faults 1 and 3 modified the geometry of 
layers, giving them the appearance of pinch-and-swell 
structures that had been separated and slightly displaced. 
The amount of rotation of the faults increased as defor- 
mationcontinuedand,bytheendoftheexperiment(29% 
shortening), Fault 1 had rotated to 50” to ol. 

Structures resulting from multilayer behaviour 

The structures formed in Experiments l-5 and iilus- 
trated in Figs. 2,4 and 5 are the result of brittle failure of 
single competent layers by either tensile or shear failure. 
However, when a complex multilayer is compressed 
normal to the layering, its response it often governed by 
its bulk mechanical anisotropy rather than by the 
properties of an individual competent layer. When this 
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a. 

b. W C. W 

Fig. 13. Histograms showing the width of boudins in the 1 mm thick competent layers of Model 2 after (a) 10%; 
(b) 16% (c) 30% shortening. 

I- 

I- 

I- 

l- 

ly- 
0 

I I I’0 20 30 
I 
40 

% Strain 

40- 

x30- 

s 

20:L 

L_ 3mm 

10 

hum 

O- 
b. % e 

80 

1 x 
60 

10% 15% 

3 
36% 

40 

20 

0 

/if 23% 

0 3 C. ‘H(m&) 

Fig. 14. (a) Plot of percentage strain against the average boudin width for the 1 mm, 2 mm and 3 mm thick competent layers 
in Experiment 1; (b) the average width/thickness ratio (W/H) of the boudins plotted against percentage shortening for the 1 
mm, 2 mm and 3 mm thick competent layers of Experiments 1 and 2; (c) plot of layer thickness against average boudin width 

at different stages in the shortening of Models 1 and 2. 

occurs, it has been demonstrated theoretically (Cobbold 
et al. 1971) that either interlocking pinch-and-swell 
structures or a network of conjugate normal kink bands 
may form (Fig. 1). 

The formation of these structures is well illustrated in 
Model 6 (Table l), which is made up of alternating dark 
and light layers of 54°C melting point wax, each approxi- 
mately 1 mm thick (Fig. 6). The layers are separated 
from each other by a thin film of silicon grease (approxi- 
mately 1.6 X 10e3 mm thick) which allows almost 
frictionless slip to occur between the layers. Thus, 
although there is no competence contrast between the 

individual layers making up the multilayer, it is highly 
anisotropic. Compression was applied normal to the 
layering and after 10% bulk shortening, pinch-and-swell 
structures started to form near the pistons (top and 
bottom of Figs. 6a & b). 

As the layers close to the piston face developed pinch- 
and-swell structures, they affected the adjacent, rela- 
tively undeformed layers, the swells favouring the for- 
mation of necks in the adjacent layers and the necks the 
formation of swells. In this way the zone of deformation 
spread from both piston faces towards the centre of the 
model. This migration continued until the zone contain- 
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Fig. 15. Internal pinch-and-swell structures developed (a) on the 
scale of the individual layers making up the multilayer; (b) on a larger 
scale involving four layers. Note that the geometry of these structures 
is equivalent to a network of conjugate normal kink bands parallel to 

the dashed lines. 

ing pinch-and-swell structures was approximately 2.5 cm 
wide (20% of the width of the model). The zones then 
effectively ceased to widen and subsequent deformation 
was concentrated within them. The result is a central 
zone which is relatively undeformed sandwiched be- 
tween two more deformed zones (stippled in Fig. 6b) in 
which pinch-and-swell structures are developed. 

Initially, the individual pinch-and-swell structures are 
amplified at the same rate; however, after 12% bulk 
shortening of Model 6, it was observed that this rela- 
tively uniform deformation gave way to a more localized 
one in which deformation was concentrated along a 
diagonal array of pinched regions (necks) which linked 
in such a way as to form well-defined normal kink bands 
parallel to the conjugate directions indicated by the 
dashed lines on Fig. 15(b). The bands were initially 
inclined at approximately 30” to the layering, but this 
angle was reduced as deformation continued. After the 
bulk shortening had reached 27%, the angle had been 
reduced from 30” to 25” and by the end of the experiment 
(40% bulk shortening) this angle had been reduced to 
22”. 

The localization of instabilities in zones close to the 
pistons occurred in several experiments. In some, the 
individual layers developed pinch-and-swell structures; 
in others, the structures developed on a larger scale and 
the units undergoing regular thickening and thinning 
were made up of several layers (see Figs. 6 and 15). 

It can be seen from Fig. 15 that the deflection of the 
layer boundaries that accompanies the formation of 
interlocking pinch-and-swell structures is such that a 
network of overlapping conjugate normal kink bands is 
defined (the two sets of dashed lines). We return to this 
point in the discussion when the relationship between 
the two structures is considered further. 

The experiments were carried out at a constant strain 
rate and the variation in stress during the deformation 
indicated important rheological changes occurring 
within the models. A plot of the (bulk) shortening 
against the average stress during the deformation of 

Fig. 16. Plot of the average (bulk) shortening against the average 
stress during the deformation of Model 6. ‘A’ represents the onset of 
strain softening and coincides with the initiation of pinch-and-swell 

structures in the layers adjacent to the pistons. See text. 

Fig. 17. (a) Field sketch of a conjugate set of en echelon tension 
gashes. (b) A uniform distribution of tension gashes representing 
tensile failure. (c) The organization of tension gashes to produce 

localized shear failure. 

Model 6 is shown in Fig. 16. The stress is seen to increase 
until the appearance of the first pinch-and-swell struc- 
tures (point A, Fig. 16) when it drops slightly. The 
deformation then continues at an almost constant stress 
until approximately 30% bulk shortening has occurred. 
This break in slope of the stress-strain curve denotes the 
onset of strain softening which is associated with the 
formation of pinch-and-swell structures and the associ- 
ated local changes in orientation of the layering. 

The formation of pinch-and-swell structures in zones 
adjacent to the pistons divides the model into a central 
competent ‘layer’ sandwiched between two relatively 
weak layers in which strain softening has occurred. 
Thus, as deformation continues, greater shortening will 
occur across the weak layers than across the stronger 
layer. The variation of layer normal shortening across 
the model at various stages of deformation is given in 
Table 2. It might be expected, therefore, that the com- 
petent central ‘layer’ would develop boudinage struc- 
tures in the same way as a single competent layer does 
when compressed between two incompetent horizons. 
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Fig. 18. Natural examples of the deflection of an anisotropic matrix 
into a neck region of a pinch-and-swell structure initiating normal kink 

bands (after Halbich 1978). 

The central layer in Fig. 6(b) can be envisaged as 
representing a single boudin. 

DISCUSSION 

The structures resulting from layer normal compres- 
sion of a variety of model multilayers can be accounted 
for in terms of either the theory of single-layer defor- 
mation or in terms of the deformation behaviour of 
statistically homogeneous, mechanically anisotropic 
materials. 

In the experiments, the single competent layers failed 
either by tensile or shear failure and the structures 
associated with tensile failure have geometries which 
range from well-separated rectangular boudins to 
slightly detached, lozenge-shaped boudins, depending 
upon the rheology of the layer and the amount of 
deformation. Brittle behaviour and large deformations 
favour the former and more ductile behaviour the latter. 

Shear failure of a single competent layer forms bou- 
dins that are rhomboidal. Their geometry can become 
considerably modified by subsequent deformation so 
that they become difficult to distinguish from pinch-and- 
swell structures, particularly if the shear failure is 
accompanied by an element of ductile deformation. 

When the deformation of a multilayer is governed by 
its bulk mechanical anisotropy, two distinct types of 
structures may result. These are internal pinch-and- 
swell structures and normal kink bands and, as men- 
tioned earlier, these two structures correspond to two 
types of instability referred to as Type I and Type II. The 

degree of anisotropy of the material controls which 
structure will form. Thus, the theory predicts that either 
one or other of the structures (but not both) will develop 
depending on the anisotropy of the deforming material. 
However, the theory cannot be used to predict how 
these structures amplify and it is during their growth into 
finite structures, which can be examined during the 
deformation of the models, that the difference between 
them, so apparent from the theory, becomes less clear. 
For example, in the experiments involving multilayers 
made up of identical layers separated by a thin film of 
lubricant, it was found that these two structures almost 
invariably occur together. In more complex multilayers, 
i.e. multilayers made up of a variety of different layers 
with different thicknesses and different properties, 
deformational behaviour characteristic of both single 
layers and anisotropic materials often occurred 
together. These experiments give an interesting insight 
into the spatial and temporal relationships that some- 
times exist between the various types of layer normal 
compression instabilities. This is clearly illustrated in 
Model 1, shown in Figs. 2,7 and 9. The first structures to 
form were rectangular boudins (Figs. 2a & c). With 
progressive deformation, deflection of the layered 
matrix into the neck region between separating rectan- 
gular boudins generated a series of interlocking pinch- 
and-swell structures (Fig. 7). With continued defor- 
mation, the pinch-and-swell structures amplified and 
normal kink bands, which formed by the linking of 
various neck regions in the pinch-and-swell array, 
became apparent (Figs. 7 and 9). A similar relationship 
between the formation of pinch-and-swell structures and 
conjugate normal kink bands occurred in Model 6 (Fig. 
6), where it was noted that the individual pinch-and- 
swell structures initially amplified at the same rate. 
Later, this relatively uniform deformation gave way to a 
more localized one in which deformation was concen- 
trated along a diagonal array of pinched regions (necks) 
which linked in such a way as to form well-defined 
normal kink bands. 

This relationship between internal pinch-and-swell 
structures and normal kink bands has a sound math- 
ematical basis (Biot 1965) which becomes clear when the 
displacements associated with the two instabilities are 
considered. The displacement pattern associated with 
internal pinch-and-swell structures is equivalent to the 
superposition of two opposing simple shears parallel to 
the characteristic directions (dashed lines in Fig. 15b) 
whereas the formation of conjugate normal kink bands is 
equivalent to the juxtaposition of two apposing simple 
shears parallel to the characteristic directions (Fig. lb). 
The pinch-and-swell structures represent a relatively 
pervasive deformation (Fig. la) and the normal kink 
bands a more localized deformation (Fig. lb). However, 
it is clear from Fig. 15(b) that if conjugate normal kink 
bands are sufficiently closely spaced then the result will 
be a symmetric network of shears with a geometry 
indistinguishable from an array of interlocking pinch- 
and-swell structures. 

The relationship between pinch-and-swell structures 
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and normal kink bands also highlights an interesting link 
between tensile and shear failure. The pinch-and-swell 
structures, which produce a symmetric and periodic 
necking of the layers, are an expression of tensile yield- 
ing or failure. However, it has been noted that as 
deformation continues these zones of yielding (the 
necks) link to form a planar zone of localized shear 
deformation (the normal kink band). This process finds 
a parallel in brittle deformation where (bulk) shear 
failure is often achieved by the linking of individual 
tension fractures in an en Cchelon array (Fig. 17). 

In some experiments, an originally uniform aniso- 
tropic material became more complex during defor- 
mation by the development of horizons in which strain 
softening occurred as a result of the formation of pinch- 
and-swell structures and normal kink bands (Fig. 6). As 
can be seen from Fig. 6, the division of the originally 
uniform material into competent and relatively incom- 
petent layers (the layers in which strain softening has 
occurred) may result in the formation of boudins in the 
relatively competent layers. 

It is also clear from the experiments that the various 
layer normal compression structures may develop on a 
variety of scales when complex multilayers are de- 
formed. Three scales of pinch-and-swell structures can 
be seen in the experiments. These are illustrated in Figs. 
6,7,9 and 15. Figure 15(a) shows the structures forming 
on the scale of the individual layers making up the 
multilayer and Figs. 15(b) and 6 show them on a larger 
scale involving four and 11 layers respectively. Even 
larger pinch-and-swell structures (involving 16 layers), 
developed in Experiment 1, are shown in Figs. 7 and 9. 

The analyses of Smith (1977, 1979) show that pinch- 
and-swell instabilities are in general much weaker than 
folding instabilities. For pinch-and-swell the dynamic 
and kinematic growth rates are of opposite sign, whereas 
for folding they are of the same sign. Thus, for given 
materials, folds in shortening are more likely to occur 
than pinch-and-swell in extension. It follows that the 
role of the perturbation from which a structure grows 
will be more important in the development of layer 
normal compression structures than in layer parallel 
compression structures and it is not surprising to find 
that in both the experiments described in this paper and 
in many natural examples (Fig. IS), layer normal com- 
pression structures can often be traced back to their 
source perturbation. For example, the normal kink 
bands in Figs. 7,9 and 1X were initiated by the deflection 
of the layered matrix into the boudin neck regions that 
formed in the thick competent layers. 

Some of the similarities and differences between the 
deformation behaviour of a complex multilayer sub- 
jected to layer normal and layer parallel compression 
can be seen by comparing the multilayers shown in Figs. 
7 and 8. Both multilayers show structures characteristic 
of single-layer behaviour and the behaviour of a mech- 
anically anisotropic material. However, whereas the two 
types of behaviour are intimately related both in time 
and space in the multilayer subjected to layer normal 
compression (see Figs. 7 and 9 and the accompanying 

discussion), in the multilayer deformed by layer parallel 
compression the various types of buckling behaviour, 
e.g. single layer buckling (Fig. SA), multilayer buckling 
(Fig. 8B) and the buckling of anisotropic material (Fig. 
8C) are found in separate horizons and there is no 
indication of one type of structure initiating another. 

CONCLUSIONS 

Experimental work on multilayers compressed nor- 
mal to the layering indicates that the structures that form 
may be controlled either by the properties of various 
single layers within the multilayer or by the mechanical 
anisotropy of the multilayer as a whole. A variety of 
structures was formed, including rectangular and rhom- 
boidal boudins, pinch-and-swell structures and normal 
kink bands. It is argued that although structures formed 
during layer normal and layer parallel compression are 
the result of the same basic instability, layer normal 
compression structures are more difficult to initiate and 
their rate of growth is significantly lower than that of 
layer parallel compression structures. This may in part 
account for their intimate spatial and temporal relation- 
ship compared with the various types of layer parallel 
compression structures; i.e. the generation of one struc- 
ture such as a boudin may provide the disturbance 
necessary for the initiation.of another, often quite differ- 
ent, structure such as a normal kink band. 
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