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A B S T R A C T 

There are three main sections in this thesis. Section one contains 

a detailed literature review of boudins and related structures which are 

formed by compression normal or a at high angle to a mechanical layering or 

fabric. Section one also contains a summary of the theoretical, experimental 

and finite element studies of the formatiion of boudins and related structures. 

In section two selected experiments using paraffin wax and plasticine 

models which were performed to investigate the initiation and development 

of the structures which are formed when a multilayer is compressed at a 

high angle to the layering are presented. The structures formed in these 

experiments have been classified into four main groups, A, B, C and D, based 

on their mechanism of initiation. These groups are A - interlocking pinch-

and- swell structures, B - lenticular 'boudins' formed in thinly layered 

media, C - classical boudins in which competent layers are broken by tensile 

fracture and D - boudins generated by shear fractures. 

Experiments were also performed in which single layers containing 

pinch-and-swel1 structures were compressed parallel or sub-parallel to 

the layer. These experiments show how the wavelength and symmetry of the 

folds that develop are governed by the pinch-and-swel1 structures. 

In section three the structures, developed in the experiments described 

in section two,are discussed and an attempt is made to relate these structures 

to those predicted by the various theories discussed in section one. 

It is concluded that although the deformation of geological multilayers 

when compressed at high angle to the layering is often complex, the 

structures that form can generally be explained by the existing theories 

for the deformation of single layers, multilayers and anisotropic media. 
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CHAPTER 1 

REVIEW OF PREVIOUS WORK ON BOUDINAGE AND RELATED STRUCTURES 

1. Introduction 

1.1 Nomenclature 

The term 'boudinage' was first introduced by Lohest (1909) 

for a peculiar structure in sandstone beds in the Bastogne in Belgium, 

when he observed "the sandstone beds were segmented and the segments 

separated from each other by quartz veins. Each part is thickened in 

the centre and appears in cross-section almost like a barrel. The 

tops and bottoms of these barrels are formed by the quartz veins. 

Looking at the bedding plane one sees enormous cylinders or boudins side 

by side" (fig. 1.1). 

Literally 'boudin' means sausage in French and therefore 

boudinage is the process of boudin formation. 

According to Rast (1956) ever since the term boudinage was 

introduced by Lohest (1909), there had been a tendency to apply the 

term 'boudin' to any isolated body which had been held to be formed 

by the tectonic disruption of any originally more or less extensive 

layer (Mclntyre, 1951). Rast warns that such a wide use is undesirable 

because it may obscure the different modes of origin of such bodies 

and he proposed that all such bodies be called 'tectonic inclusion.1 

Fig. 1.2 shows the current descriptive terminology for boudins 

(Wilson, 1961; A.G. Jones, 1959). 



z 

Figure 1.1 The original boudin-
age structures described from the 
Lower Devonian quartzites and 
schists. Bastogne. Belgium. A, 
C, E, and H: Shale with foliation 
clearly independent of stratifica-
tion and without quartz veins. B: 
Slightly boudinaged grit (sand-
stone) with numerous veins. D 
and G: Boudinaged grit (sand-
stone) with numerous quartz 
veins. F: Stratified schistose 
sandstone without foliation but 
with thin quartz veins. I: Folded 
grit cut by numerous large veins. 
(After Lohest, 1910, Fig. I). 

0 2 meter* 

I r— 
0 6 feet 

Figure 1.2 Descriptive terminology in current use for boudins. A after Wilson, 
1961, Fig. 34A; B and C after A. G. Jones, 1959, Figs. 23 and 24). 



3 

Fig. 1.3 

A. Tension joints in amphibolite layer in quartz-feldspar gneiss 

from West Greenland. 

B. Boudins of amphibolite in heterogeneous gneiss from West 

Greenland (thickness of boudins -40cm). 

n 

C. Boudins of calcareous sandstone in shale from Trondelag, 

Norway (thickness of boudins -20cm). 

D. Pinch-and-swel1 pegmatites in gneiss from West Greenland 

(after Ramberg, 1955). 

Fig. 1.4 

A. Ruptured and separated amphibolite layers in gneiss. 

B. Rectangular boudins of amphibolite in granitic gneiss (thickness 

of layers -30cm). 

C. Lenticular boudins of amphibolite (altered diabase dykes) in gneiss 

D. Boudins of amphibolitized diabase dykes, about 20 metres thick, 

in granodioritic gneiss. 

All examples come from West Greenland, (after Ramberg, 1955). 

Fig. 1.5 

A. The ends of two boudins of quartz-feldspar pegmatite in mica 

schist from Wind River Mountain, Wyoming, U.S.A. (thickness of 

pegmatite about 25cm.) 

B. 'Rotated' amphibolite boudins in mica schist from West Greenland. 

C. Barrel-shaped amphibolite boudins in gneiss from West Greenland. 

D. 'Rotated' amphibolite boudins in granitic gneiss from W.Greenland 

E. Pegmatite boudin in micaceous quartzite from Wind River Mountain, 

Wyoming, U.S.A. (scale in cm.) 

(after Ramberg, 1955). 
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F i g . 1 . 3 . Features of natural boudins and pinch-and-swell pegmatites 







1.2 Sizes, Shapes and Classification of Boudins 

Ramberg (1955) points out that most boudins are only exposed 

in two-dimensions. Accordingly his description of sizes and shapes 

refers chiefly to the sizes and shapes of boudins as exposed in the 

two-dimensional erosion surfaces of rocks. 

He concluded that boudins are usually oblong bodies with the 

shortest dimension perpendicular to the schistosity in the enclosing 

rocks and the longest dimension parallel to schistosity. When a schistos 

is developed in the incompetent beds, however, the cleavage 

is generally curved towards the gaps between the boudins (fig. 1.3. B,C). 

Ramberg (1955) comments that according to his observation 

the range of thickness of boudins is between 1 cm and 

20 metres. Today it is well known that the range is much 

greater. 

Often originally rectangular boudins suffer some heterogeneous 

ductile deformation as the matrix flows into the neck regions between 

the boudins. The local shear stresses developed at the boudin corners 

causes the boudins to become barrel shaped. Various amounts of 

barreling.are shown in fig. 1.6(i), extreme barreling produces boudins 

with a lenticular geometry. 

flPTtTMMMMMMM 

!i!!!!!!!!!i!i!!i!iiiii!!! 

Fig. 1.6(1) 

. I m i l l I T I 
^MMMj,.,,,,,,,,,;::;;;;;;; 
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Lenticular boudins are also formed by the necking down of 

the boudins before separation (fig. 1.3-B, D). 

Sometimes the boudins are formed by shear failure of the relatively 

competent layer and not by tensile failure. When this occurs the failure 

planes are not normal to the competent layer but make an angle of -60° to 

it. Such boudins have been termed 'rhombodhedral' by Stromgard (1973). 

Most geologists classify boudinage structures according to 

their shapes in profile section normal to their length. Some of the 

commonly found shapes are shown below (fig. 1.6(ii)). 

(a) 

(•bj 

(c) 

(d) 

Fig. 1.6(i i) 
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1. 3 Natural Occurrence 

The structure called boudinage by Lohest was observed as 

long ago as 1866 by Ramsay and 1889 by Harker. Ramsay may have 

observed the structure described by Walls (1937), who notes that 

"in the great quarry of the Ffestiniog and Trawsfymydd fault the 

cleavage dips from 45° to 50° northwest, the inclination of the 

beds being about 34° in the same direction and a greenstone dyke runs 

through them between the cleavage planes ... bulging and thinning off 

in a rapid succession of oval-shaped masses three or four feet in 

length. Associated with it are quartz veins occurring principally at 

points between the separate bulgings of greenstone". 

Reyner (1892) describes boudinage in the limbs of the anticlines 

due to elongation in a down-dip direction. He does not use any special 

term for the phenomenon. Lohest shows that the quartz veins of the 

Bastogne locality in Belgium contains tourmaline and garnet implying 

that they are not of primary origin but of later origin (fig. 1.1,1.7b) 

In his geological description of the Tammersfons quadrangle, 

Finland (fig. 1.7), Sederholm (1911) shows boudinage but does not 

use the term. A granite dyke is broken and pulled apart, the fracture 

is filled with quartz which does not penetrate the schist. On the 

other hand the schist has a tendency to move into the fracture. 

Balk (1927) shows similar structureswhere a norite dyke has been 

stretched. The fractures are, however, not filled with quartz veins but 

by the flow of gneiss (fig. 1.7g). 

As shown by Holmquist (1931) veins and dykes frequently 

form boudinage structures during subsequent deformation. In Fig. (1.7e) 

a skarn layer has been pulled apart and the gaps between the s e g m e n t s are 

partially filled with quartz. The surrounding leptites are also 



4.0 

S T A I N I C R 
a u I R K E 

m m m m M m m j w r * 

Fig. h 

F ig. i 
Fig. 1.7a.-Boudinage after Stainier (1907); Fig. b - Boudinage in quartzite (white) 
in a fold, cleavage in shale beds is at an angle to bedding, after Lohest (1909); 
Fig. c - Schematic drawing of boudinage after Quirke (1923), black vein of quartz; 
Fig. d - Explanation of thickening of boudins by lateral compression and release of 
elastic deformation, after Quirke (1923); Fig. e - Ladder vein in leptite, dotted 
areas are skarn rocks, white are quartz veins, dark are banded leptite, after Holmquist 
(1931); Fig. f - Porphyry dyke is fractured and the schist drawn into the gap which is 
filled with quartz, after Sederholm (1911); Fig. g - Norite dyke in gneiss, extended 
in the direction of stretching, gaps are filled by gneiss, after Balk (1927); Fig. h -
norite dyke extended and traversed by several apophyses of gneiss, after Balk (1927); 
Fig. i - stretched belemnite in shale with white partitions filled with calcite, after 
A. Heim (1921). 
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Fig. 1.8 "Schematic representation of the boudinage structure at the Taig, 
Nor Wick, Unst", after H.H. Read (1934); Fig. b - Quartzite boudins 
(dotted) separated by quartz veins in matrix of fine siltstone 
after Walls (1937); Fig. c - Quartzite bed in Wissahickon schist 
is partitioned into boudins on the limb of a fold, after E. Cloos 
(1946); Fig. d - Dolomite bed is drawn out in the direction of 
elongation in limestone, Howellville quarry, N.E. of Paoli, 
Pennsylvania. Fig. e - Boudinage in edgewise conglomerate bed from 
Martic area, Lancaster County, Pennsylvania, U.S.A. (after Cloos, 1941). 



drawn in and help fill the gaps. 

Both Corin (1932) and Wegmann (1932) did further studies on the 

classical localities of boudinage in Belgium. Wegmann also studied boudins 

in granite terrains. They confirm that the quartzite segments or boudins 

had general continuity and had no doubt that they were originally portions 

of an entire bed of quartzite probably of uniform thickness. 

Read (1934) produced a summary of the structure with an excellent 

illustration of steeply dipping boudins (fig. 1.8a). Walls (1937) 

writes a descriptive record of boudinage structure in Scotland (fig. 1.8b). 

Waters and Krauskopf (1941) working in Colvi11e simply list 

boudinage as one of the structures present without any particular descrip-

tion or illustration. Gault (1948) however does illustrate boudinage in 

granodiorite, where inclusions are pulled apart as in the dyke described 

by Balk (1927) (fig. 1.7h). 

A rather special type of boudinage structure was noted by Cloos 

(1941) in the Martic area, Lancaster County, Pennsylvania. A thick bed 

of edgewise conglomerate has been broken into almost square blocks. These 

were then rotated clockwise so that the longest diagonal is now in the 

direction of bedding. There are pegmatites, calcite, or quartz veins 

between the blocks and the shale above and below has flowed into the area 

between the blocks (fig. 1.8e). 

Cloos (1946) further called attention to boudinage with 

illustrations (fig. 1.8c) and made an extensive review of early literature 

on boudinage in 1947. 

In his review Cloos (1947) writes that boudins appear to form 

independent of composition or kind of materials as long as there 



(a) 

(b) 

Fig. 1.9 Two types of boudinage structures observed 

by Coe, 1959. 

is a difference between competency of beds involved and a definite 

layering. A dyke in granite, quartzite between shale beds, dolomite 

layers between shale or limestone, or greenstone between volcanic 

ash, all may produce similar structures. (He gives examples for each). 

One of his examples, shown in Fig. 1.8c, is boudinage formed in a 

quartzite in schist beds. The quartzite which is between 

Wissahickon schist (Cloos 1946) beds is cut by tension fractures 

which are perpendicular to bedding and parallel to the fold axis. 

These fractures are also normal to the dip of the beds and to elongation 

down dip. The edges of the bed at the fractures were rounded off 

and the bed appears lenticular in cross section. Cleavage is at a 

large angle to bedding and the schist layers have filled the gaps. There 

is no doubt that boudinage is here caused by elongation down dip of 

the limb of the fold. 



id 

Cloos (1947) notes that a rather peculiar but excellent example 

of boudinage occurs below Great Falls in the Potomac river gorge near 

Washington, D.C. Here shaly beds are metamorphosed and have become 

more competent than the sandy layers. The beds are completely disrupted 

and sandy layers fill the gaps. From Ramberg's and Cloos' discussion 

of the occurrence of boudinage it appears that the structure occurs in 

all the three types of rocks - sedimentary, igneous and metamorphic. 

In parts of the Monashee Group, Shuswap, British Columbia, Canada, 

A.G. Jones (1959) found that there were two sets of approximately perpen-

dicular necklines one parallel and one perpendicular to the linear 

structures and fold axes. Carbonate partitions or gaps only occur in 

those necklines approximately perpendicular to the regional linear 

structures. 

Coe (1959) also found two perpendicular sets of barrel shaped 

boudins. Fig. 1.9 shows a 45cm thick lithified slumped si Its tone 

sheet lying between flaggy siltstones. The slumped siltstone has 

boudinaged in two directions, lithification must have transformed the 

slumped silts into a competent unit. The well-formed and smaller boudins 

are elongated normal to the fold axis. The less well-formed boudins 

are parallel to the fold axis and exposed on two-dimensional sections. 

Fyson (1962) described similar geometrical relationships in 

South Devon, England. 



Rast (1956) suggested that the evolution of the barrel-shaped 

boudins involved the following stages:-

(a) The extension of the competent layer accompanied by 

plastic deformation or 'necking.' 

(b) Ultimate fracture when extension surpasses the plastic 

1 i m i t . 

(c) Separation of the individual segments and formation of 

tectonic inclusions of lozenge-shaped cross section. 

Necking is the process of local thinning (or pinching) when a 

layer or a rod undergoes extension as the result of either compression 

perpendicular to the layer (or long axis of the rod) or tension parallel 

to the layer. Nadai (1950) studied necking in metals (by reviewing a 

number of tension tests) and concluded that as soon as necking starts, 

the stress field becomes nonuniform. The reduced cross-sectional area 

of the rod at the neck means that the tensile stress increases locally. 

Deformation therefore continues at this point and becomes more and more 

localised as the cross sectional area of the neck decreases. Necking, 

initially a ductile deformation, often leads to brittle failure as the 

strain rate (associated with the rapid increase in stress value at the 

neck) increases. 

In metallurgy necking is observed to occur both at right angles 

and oblique to the direction of extension. It is found to be dependent 

on the ratios of thickness of the bar to the width of the bar. If t/w < 

the necking is at right angles to the direction of extension, whereas if 

t/w > 7 7 it results in oblique necking, the necks make an angle of 53 -



F i g . 1 . 1 0 N e c k i n g a l o n g a n o b l i q u e 
p l a n e i n f l a t s t e e l b a r t e s t e d i n 
t e n s i o n . ( T h e s t e e l s h e e t w a s r e d u c e d 
i n t h i c k n e s s b y 2 0 % b y c o l d r o l l i n g 
b e f o r e t h e t e n s i l e t e s t w a s m a d e . ) 

( A f t e r F . K o e r b e r a n d E . S i e b e l , 
s e e N a d a i , 1 9 5 0 ) 

-55° to the axis of extension (fig. 1.10) (Nadai, 1950). The development 

of these types of necks indicates that the distribution of stresses and 

strains within a rigid material depends on its geometric properties as 

well as on the type and direction of the external force. 

Wunderlich (1962) showed that even after allowing for compaction 

effects, a considerable volume of material must be squeezed from a fold 

core during continued compression and flexural-slip folding. He believed 

that expulsion of the less competent rocks from a fold core can stretch 

the competent units in both the fold flanks and the closures. On the basis 

of theoretical and experimental studies Ramberg (1959, p.108) concluded 

that boudins normal to the fold-axis can result from pure shear (fig.l.ll-B). 

On the separation of boudins Coe (1959) suggested that two distinct 

types of boudinage can be defined: 1. boudins produced during folding with 

their length parallel to the fold axis, and 2. perpendicular sets of boudins 

arranged perpendicular and parallel to the fold axis. 

Ramsay (1967) has shown that strain ellipses can be classified 

as one of three main types according to the values of their principal 

extensions and that these types fall into three main fields when plotted 

on a graph of Ai against A 2 (fig.1.12-a). Considering strain in the plane 

of a competent layer, , different types of minor structures will develop 

in the layer according to the deformation field in which the strain ellipse 

is situated. As shown on the diagram (fig.l.l2-a) if the strain state falls 

in field 1 (Ai > A 2 > 1), the structures that develop will be entirely of 

boudinage as all directions have suffered extension. Wegmann's 
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Fig.l.ll-a. 'incipient' boudinage structure (after 

Wundelich, 1962). 

Figure 1.11 -bMinor folds and boudinage-like attenua-
tions in a crosscutting vein produced simultaneously 
by pure shear under experimental conditions. X = 
maximum extension strain; K = z e r o strain; Z= maxi-
mum compression. Axes of principal stress coincide 
with axes of principal strain (no rotation of coordinate 
axes during strain) (After Ramberg, 1959, Fig. 3). 



Fig. 1.12-a The geological structure that may be developed in the three 

fields of strain ellipse (after Ramsay, 1967) 

chocolate tablet structure will occur in this field. If the strain 

ellipse falls on the line X 2
 = 1 one set of boudins is developed 

in the layer , and the lengths of the boudins will be normal to 

principal axis A-j, although this may not be so if fractures or joints 

were present before the deformation. 

Folding in one direction and boudinage or cross jointing 

normal to the fold axis, will be produced by strain states that fall 

in field 2 (\l > 1 > A 2) because the ellipses in this field will have 

an extension along one principal strain direction and contraction along 

the other principal strain direction. Strain states which plot along 

Ai = 1 produce a single set of folds and those that plot in field 3 

(1 > A i > A 2) produce folding in more than one direction because all 



directions are contracted. 

Ramsay (1967) extended this two dimensional strain presentation 

to three dimensions and following Ramberg (1959) and Flinn (1962) 

considered five main constant volume ellipsoids described by the 

parameter k. (fig.l.12-b). He summarized this relation as follows. 

Layers in which structures will develop will cut this ellipsoid. The 

state of strain on this layer will correspond to the ellipse defined 

by the intersection of the layer and the strain ellipsoid. 

For the ellipsoids with « > k > 1 (constriction type) ellipse 

sections will fall into fields 1 or 2, that is either complex crossing 

boudinage or other extension structures, or alternatively, ptygmatic folding 

in one direction with boudinage at right angles to the fold axes. 

For the ellipsoids with k = 1, ellipse sections all fall into 

field 2 or on boundary lines of this field. The dominant structures are 

folds with structures indicating extension subperpendicular to the fold axes. 

In some special section folds only = 1) or boudinage only ( X 2 = 1) 

will develop. 

For the ellipsoids with 1 > k > 0 (flattening types) ellipse 

sections will fall in fields 2 or 3, i.e. competent layers will show folding 

and boudinage if in field 2, or complex folding in several directions if in 

field 3. 

Following Flinn (1962) and Ramsay (1967), Sanderson (1974) 

considers extensional structures during folding, with fold axis parallel 

to Y in the five constant volume ellipsoids (fig. 1.12b,c). He points 

out that they need not be developed in a unique direction within a 

deformed body, and their location is determined by the relation of the 

extended layer to the finite and/or infinitesimal strain ellipsoids. He 



k = 0 k = 0 - 2 2 k = 

F i n i t e 
e l o n g a t i o n 

F in i te 
s h o r t e n i n g 

A p p a r e n t 
s t r e t c h i n g l in. 

k = 7 - 1 5 k = OO 

g 1.12b —Equal-area projection of zones of elongation and shortening for five volume standardized 

finite strain ellipsoids; showing location of apparent stretching lineations for planes through 

Dashed lines are circular sections of strain ellipsbid. (after Sanderson, 1974) 



Fig. 1 .12-C —Equal-area projection .showing tho location of boudin long axos for fivo difforont strain states, as fig.M2-b,(a) based on finite strain model, 

(b) based on infinitesimal strain model. Elongation shown by stipj)lod areas and dashed lines are circular sections of strain ellipsoid. 

(after Sandersons1974) 
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recognises the following features. 

1. Boudin long axis parallel to fold axis can occur in any 

strain state, except k = 0. 

2. Boudin long axes normal to fold axis impliesflattening-type 

deformation k' < k < 1, that is, field 3 (fig. 1.12-a). 

3. Double boudinage may result from boudinage with long axes 

normal to fold axis followed by boudinage with long axes parallel to fold 

axis. Hence double boudinage also implies k < 1 as in 2. 

4. Irregular boudinage may develop by: (a) the layer being parallel 

to XY during strain with k = 0 (unlikely to be common during progressive 

deformation), or (b) fold axis oblique to Y, in which case there will be a 

progressive rotation of active boudin axes (fig.l.!2e, f). 

Examples of the relationship of boudin long axis and fold axes are shown in 

fig. 1.12-d. 



B o u d i n 
l o n g a x i s 

o F o l d a x i s 

• S t r e t c h i n g l i n . 

Fig. 1.12-d JO xatuples of the relationship of boudin long axes from Devonian slat-es m Cornwall, 
Kngland. (a) Boudin long axes parallel to 3 fold axes, Porthleven: (/>) Boudin long axes normal to 
stretching lineat i< uis, Tintagel: (r) Boudin long axes normal to fold axes (J'\), Watergate Bay, Xow-

<pi"y- (after Sanderson, 1974) 



boud i n long axes (heavy con t i nuous lino) for 

p lanes passing t h rough /i, which is at .">0 to Y. 
.Right side of d i ag ram based 011 finite s t ra in 

mode l , left side on inf in i tes imal stra in model , b u t 

both produce s imi lar results. Lines of no finite 

l ong i tud ina l s tra in (n.fd.s.) based on a = 1.00, 

b — 2.82, and lines of no inf in i tesimal strain 

(n.i.l.s.) based on k' — 0. Appa r en t s tretch ing 

l incat ions are paral lel to fi for all p lanes pass ing 

t h r ough /?. 

Y 

a = b — 2 and A" = 1. Heavy do i ted line 

shows posit ion of aj ma rent st ret ch ina l ineations. 
(after Sanderson, 1974) 



1.2 Previous Experimental Work on the formation of Boudinage 

1.21 Single-Layer Boudinage 

1.211 Rock Analogues 

Ramberg (1955) was the first to produce boudins experimentally. 

He used putty to simulate the incompetent layer and various kinds of 

modelling clay, plasticine and cheese to simulate the competent layer. 

Competent sheets with uniform thickness from 2 to 5 mm were used 

in each experiment, one competent sheet was placed between incompetent 

putty layers, 1 - 5 cm thick. These layered stacks were compressed between 

two stiff plates. In most of the experiments, the models were allowed to 

expand in two directions. In a few, however, the expansion was restricted 

to one direction by performing the experiments in an oblong box. The 

models were cut with a razor blade after compression (which lasted a few 

minutes), and the cross sections were examined and photographed. In all 

the models, the competent layers were either ruptured and formed boudins, 

or were locally necked down to form pinch-and-swell structures. In the 

most competent types of layers (cheese and some types of plasticine) 

relatively sharp-edged boudins were formed, whereas in the less competent 

layers smooth, lenticular (lozenge-shaped) boudins and pinch-and-swell 

structures were formed. Some runs were made with layers of differently 

coloured putty, to study details of the flowage pattern in the incompetent 

putty. It was found that the putty layer in direct contact with the com-

petent cheese or plasticine sheets was always thicker adjacent to the 

boudins than in the regions between the boudins (Fig. 1.14 B-F). Putty 

layers further away from the competent sheets were thinner just outside 

the boudins than in the regions between them (Fig. 1.15F). This is 

because of friction along the boudin surface; the lateral flowage was 

small in the layer close to the boudins and greater in layers further away. 

This effect is shown even if the layer in contact with boudins is more 
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ductile than the putty layers further away. However, when the contact 

putty layer was a little less ductile than the outer putty layers, the 

flowage in the contact layer was very small along the boudins; consequently, 

the contact layer would neck-down and break completely at the terminations 

of the boudins, forming a concentric outer zone or it would thin out to 

an almost invisible thickness in regions between the boudins (Fig. 1.14, C, 

D, E, F). This happened in spite of the fact that the contact layer (putty) 

was too ductile to form boudins on its own. In some runs drag folds formed 

close to the ends of the boudins (Fig. 1.15E, F); very similar to folds 

found near the ends of natural boudins (Fig. 1.5 E). 

The barrel-shape, so characteristic of many natural boudins, was 

formed in the more competent plasticine (Fig. 1.13-D). In the less 

competent plasticine layers lens-shaped structures formed due to a local 

necking down before rupture took place. 

Models made of petrolatum and 'gun grease' which was 'shot' 

into or between compressed layers were built by Bogadov (1947), Kirill ova 

(1949) and Chertkova (1950) in association with Beloussov (1952). 

Compression varied in different parts of the model and allowed the less 

'viscous' layers to flow from places of high to low pressure. Viscous 

flow in the ductile layers produced local tensile stresses of sufficient 

magnitude to break the brittle layers. Shorter boudins occurred where 

the compression across the layer was the larger. 
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Fig. 1.13. Sections of compressed 'cakes' of putty and plasticine (scales 

in cm.). A, B and C represent a sequence of decreasing competency 

of the boudin layer. In A, the boudin layer is cheese, in B, 

somewhat 'brittle' plasticine and in C, less competent plasticine. 

In D, the putty has been mixed with a little coloured plasticine 

to bring out the flowage in the putty during the compression 

experiment, (after Ramberg, 1955). 

Fig. 1.14. Sections of compressed layered 'cakes' of putty with different 

colours simulating bonded incompetent rocks, and plasticine (A,B,C) 

or cheese (D,E and F) simulating the competent rock (scale in cm.) 

In A, the light grey putty layer in contact with the boudin layer 

is less viscous than the outer dark grey putty layer. In B, the 

contact putty layer (dark grey) has the same viscosity as the outer 

putty layers. In C, the contact putty layer (dark grey) is more 

competent than the outer putty layers. D, E and F same as C with 

the exception that cheese was used as the competent layer, (after 

Ramberg, 1955). 

Fig. 1.15. A. Cataclastically deformed corner of boudin of pegmatite in 

mica schist from Wind River Mountain (see fig. 1.5A,E). 

B. Quartz fillings between 'unsymmetric' boudins in banded gneiss 

from Fosen, Norway. 

C. Plane view of putty-plasticine layered 'cake' sometime after 

deformation. The straight horizontal lines are cut through the 'cake.' 

D and E enlarged details of fig. 1.14D. 

F. Cross-section of 3-colour putty - plasticine cake (compare fig. 1.5E) 

showing the drag-fdld-like structures in the contact layer at the 

ends of the boudins. (after Ramberg, 1955). 



F i g . 1 . 1 3 . Features of experimental boudins 







Ramsay (1967) used wooden blocks to simulate a competent 

layer. A sheet of wood was cut into a number of strips with 

rectangular cross sections, and these were placed side by side in a 

ductile material (plasticine or putty) (Fig. 1.16-a). The model was 

deformed and the blocks became separated into boudins. The results 

of Ramsay's experiments show how the length of the minor axis of the 

strain ellipse in the boudin profile section influences the structure 

around boudins. Where the length of the minor axis of the strain 

ellipse is short (Ai = 4.9, A 3 = 0.2) the surrounding ductile material 

flowed into the necks between the boudins (Fig. 1.16-b), but where the 

length of the minor axis is long (Ai = 4.4, A 3 = 0.7) open voids were 

developed between the boudins, although the blocks were separated by 

the same amount (Fig. 1.16-c). In naturally deformed boudins solutions 

would be drawn into such voids and any material carried in solution 

would crystallize. 

Ramsay (1967) performed another experiment to investigate the 

rotation of boudins. He arranged the layer of wooden blocks within 

the ductile material oblique to principal compression direction. It was 

observed that although the marker bands in the ductile material rotated, 

the markers in the boudins changed very little in orientation. The 

angle of rotation of the boudin was always less than that of the matrix 

but varied according to the ratio of thickness to length of the cross 

section of the boudins. 



32 

(b) 

Fig. 1.16 A series of experiments to show the type of structure which develops at 
boudin necks; (a) undeformed; (b) deformed with little contraction 
perpendicular to the markers ; (c) deformed with considerable contraction 
perpendicular to the markers. (after Ramsay, 1967 ) 



Fig. 1.16-d Experimental 'rotated' boudinage. The competent 

layer was initially arranged obliquely to the 

principal axis of strain and the markers in the 

boudinaged layer totated less than that in the 

surrounding ductile material (after Ramsay, 1967). 

5 
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Hossain (1979) also used wooden blocks to model the formation 

of 'en-echelon1 structure in stretched belemnites. With progressive 

deformation the layer made up of wooden blocks started to rotate towards 

the extension direction. However the rate of rotation of the individual 

segments was found to be slower than that of the composite layer. 

Sowers (1973) performed three types of experiments to verify 

his theoretical work on fracture spacing. The first type involved work 

on photpelastic gel models. Several 'three layer' sandwich models were 

flattened in plane strain between appressed 'rigid' platens. The 

centre layer was thinner and more competent than the embedding layers. 

In some models the interfacial contacts were welded while in others they 

were free. The ends of the layers were free of constraint. It was 

possible to visually monitor the stress field during the experiment. 

The other two types of models were (1) multiple layers of 

alternating clay and putty. These were compressed to produce fractures 

and boudins, and (2) rock layers. These were stretched in high pressure 

testing machines. The experiments using rock layers were abortive because 

of technical failures in their jackets. 

The photoelastic model experiments were performed under a 15 in. 

(38 cm.) clear field Chapman research polariscope which had been equipped 

with a motor drive which rotated analyser and polariser simultaneously. 

Special laboratory equipment was made (1) to measure the Young's moduli 

of gelatin and (2) to cast weak gels. 

Homogeneity and optical properties were greatly improved by 

homogenising the gel and water in a blender before heating; then the 

mixture was heated for two hours at 90°C to improve dispersion of 

colloidal particles. 



Gelatin gels used were usually composed of 16% gelatin, 16% 

glycerin and 68% distilled water by weight. The standard gelatin 

gel has a Poisson's ratio of about 0.5 and a Young's modulus of about 

2 x 106 dynes/cm 2. The agar gel was varied from 1.4% to 2.9% 

(Young's modulus for a 2% agar gel is about 3 x 106 dynes/cm2). The 

ratio of modulus of hard to soft layers was about 3:1 but was varied 

to as much as 6:1. The models were loaded so that a displacement was 

applied normal to the layering at two strain rates, one 15% strain in 

5 min. and the other 15% strain in 30 min. (displaced 2 cm in both cases 

Experimental errors caused by friction are appreciably large 

in models made from weak gels. They cannot be measured because they 

occur on front and rear glass walls and are of opposite signs, so 

their optical effects are self-cancelling in this set up. 

Description of Model Deformation 

Before deformation starts the stress pattern in the model 

is more or less uniform. But as the elastic instability occurs, at 

a critical stress, the stress pattern becomes non-uniform. It is 

very hard to detect the small stress pattern changes in the agar gel 

but as the load is increased the agar gel develops periodic changes 

in the internal pattern that correlate directly with fractures which 

form almost immediately afterwards. One can observe the nearly 

simultaneous (fig. 1.18) formation of a set of stress concentrations 

and see that they form before fracture starts in photoelastic models. 

Stress concentrations are larger and more closely spaced 

in those models with welded contacts than in those with either 
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Fig. l. 17-a Strain frame and polariscope showing model set up. 
Frame is about 90 cm by 50 cm. 
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Fig. l. 17-b Early indication of instability. Small concentric circles 
are isochromatic fringes that appear in the gelatin adjacent to agar layer. 
These indicators of high stress concentration appear before the fractures 
occur. Fractures will appear along dashed lines. 

(after Sowers, 1973 ). 
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Fig. 1.18 Photoelastic patterns. A. Expt III isochromatics in gelatin 
gel prior to failure. Agar layer covered. B. Expt III fracture in agar 
layer and weak isochromatic pattern associated with fracture. Pattern 
appears before fracture, gelatin layers covered. C. Expt X pattern in 
gelatin shows two stages. At left (2), fracture exists in covered agar 
layer; at right (n), no visible fracture. D. Expt XI isochromatic pattern 
in gelatin in which necking has occurred. Flaws at the surface and in 
either layer between necks are stable. Necking is a perturbation of the 
entire brittle rod, not unstable growth of randomly located thin places. 
(after Sowers, 1972) 

unwelded or freely lubricated interfaces. In some of these 

lubricated interface models instabilities did not seem to develop 

and failure occurred on a single fracture in the middle of the 

model. 

Sowers (1972) noted that "in most models several modes of 

fracture occur. Other fracture modes form beside the predicted ones 

related to elastic instabilities. Some develop when loads are increased 

beyond the load at which the first-formed fractures initiate. These 

fractures seem to form without disrupting the stress field geometry until 



they migrate into the surrounding gelatin gel. This second fracture set 

consists of short fractures and probably forms as the layer is crushed 

by compressive stress that exceeds the strength of material. 

A third mode of fracturing occurs in a few of the gel experiments 

and nearly all the putty experiments. Very small, closely spaced fractures 

form on the interface (usually in the outer few millimetres) of the 

brittle layer. Fractures are usually less than 1 cm in length and are 

separated by only 2 to 3 mm. These tension fractures may be arranged in 

an en-echelon pattern along a line of potential failure. In a gel model, 

small fractures of this sort formed along the line of potential shear 

fracture well within the layer. Fractures close to the surface are 

probably controlled by interfacial instability." Because of this multiple 

modes of fractures, spacing of fracture at the end of an experiment is 

variable. 

Of the 63 photoelastic tests listed in table 1, 53 were made on 

models with welded contacts. Fast deformation (larger loads) produced 

more fractures in about half of the tests. Thicknesses of competent 

layers varied from 13 to 41 mm. It was found that the spacing interval 

(or width of segment) is directly proportional to the thickness of the 

competent layer for fast strain rate experiments (fig. 1.18-E). 

The influence of interfacial shear stress on the formation of the 

instability is clearly demonstrated by the fact that tests with free 

interfaces or with low frictional contact have few or no fractures. 

Results of 10 tests on a 3mm thick clay layer in a matrix of 

putty (Table 2) indicates that the fracture spacing to thickness relation-

ships for clay is different to that for gelatin. For the same thickness 

of layer the fracture spacing in gelatin is about 10 times greater than in 

clay. Clay-putty models differ from gelatin models in that 1. the clay-

putty layers have much higher Young's moduli, 2. they have a larger 
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Fig. 1.18-Et Plot of thickness of ccmpetent layer against the 
average width of the boudins or segments. Note the linear 
relationship between thickness and width of boudins which 
were formed in slew strain rate experiments(see Table 1.1). 



competence contrast between layers and, 3. relative to their Young's 

moduli they have very low yield strength. 

Sowers graphic representation of his experimental results are 

shown in figs. 1.19 to 1.21 and these are compared to his theoretically 

predicted results which are discussed in section 1.3. 



TABLE 1. EXPERIMENTAL RESULTS, CEL MODELS 

Layer 

Thickness 

Medium X 2 

Young's 

Layer 

(X 1 0 ' 

modulus 

Medium 

dynes) 
Average number 

of fractures 
Spacing 
interval 

Number 
of tests Applied load 

A. Welded contacts 

40.8 mm 121.8 mm slow 0 .42 0.21 2.1 76 mm 2 1.7 X 10 ' dynes 

25.4 mm 125.7 mm slow 0 . 4 2 - 0 . 2 8 0 .25-0 .21 3.8 55 mm 16 2.2 X 106 dynes 

20.6 mm 128.5 mm slow 0 .42 0.25 4.2 50 mm 6 2.4 X 106 dynes 

13.0 mm 135.0 mm slow 0 .42 0.25 7.1 38 mm 6 2.9 X 1 0 ' dynes 

25.4 mm 125.7 mm fast 
loading 

0 .36 -0 .42 0 .21 -0 .25 15.5 4 0 mm 11 1.9 X 10 ' dynes 

20.6 mm 128.5 mm fast 
loading 

0 .32 -0 .36 0.21 5.1 51 mm 12 

B. Frictional contacts 

21 mm 128 mm 0.4 0 .2 5 .0 50 mm I Fracturcs appear in 
second stage; 2 then 
3 fracturcs 

25 mm 125 mm 0.4 0 .2 1.0 2 Second test; rapidly 
overloaded layer 
shattered 

C. Free interfaces-very low friction 

13 mm 135 mm 0.4 0.2 0 3 Water lubricant 

7 mm 142 mm 0.4 0.2 0 2 

60 mm 120 mm 0.4 0.2 1.0 1 

25 mm 120 mm 0.4 0.2 100s Foam lubricant, 
shatter 

20 mm 120 mm 0.4 0 .2 0-100s 1 Shattered 

TABLE 2. EXPERIMENTAL RESULTS, CLAY MODELS 

Clay layer length Number of fractures 
Eracture Number 

Initial Einal Major Secondary interval of tests 

A. Clay layers-3 mm thick, clay plasticine embedded in put ty 

203 mm 254 mm 4.1 20-25/in. 65 mm 3 

280 mm 240 m m 4.0 20-25/in. 70 mm 1 

175 mm 240 mm 3.0 20-25/in. 70 m m 3 

B. Clay layers-3 mm thick 

203 mm 245 mm 2.0 90 mm 3 
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A B 

Fig. 1.19.A Graph of tension versus number of nodes (fracture sites) at 

various layer thickness. Critical tension and fracture spacing indicated 

for observed values in gelatin-agar model (gelatin E = 0.42 x 10 6 dynes/cm 2; 

agar E = 0.21 x 10 6 dynes/cm 2), length 28cm. Note linear arrangement of three 

critical tensions from slow tests at three-layer thickness. Slope differs from 

slope of three corresponding computed values. Combined action shear and normal 

forces on interface produces minima (critical values). 

Fig. 1.19.3 Graph of tension versus number of nodes at various thickness for 

only normal forces on interfacial surface; otherwise as in Figure 1.19.A. 

(after Sowers, 1973). 
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A B 

Figure 1.20.A. Graph of tension versus number of nodes at various thickness, 

for only shear forces act on interfacial surface. Other conditions as in 

Figure 1.19.A. 

Figure 1.20.B. Comparison of critical values computed for three layer model 

with those obtained for the stiff layer alone. Conditions as in Figure 1.19.A. 

(after Sowers, 1973). 



Fig. 1.21-A Graph of tension versus thickness at various constant 

number of nodes (fracture sites). No critical tensions 

occur in unwelded case. (after Sowers, 1973). 



Fig. 1.21-B Graph of tension versus number of nodes for clay-putty 

/T 
model. Length 25.0 cm. Assumed values: clay E = 4.9 x 10 

? 
dynes/cm ; putty E assumed to be negligible (after Sowers 1973). 
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Stromgard (1973) used cellulose acetate and benzylalcohol as 

competent layers and in another model he used the photoelastic properties of 

gelatin to study the change in the stress distribution caused by the develop-

ment of tension fractures in the competent layers (fig. 1.22-a&b) respectively. 

Because of the relatively high tensile strength of the competent 

layer material the 'fracture' had to be produced by cutting, before deformation 

started, in both models. Before fracturing, the maximum tensile stress, 

q-| , along the x-axis has its maximum value in the middle of the competent 

layer A (point P in fig. 1.22-b). After fracturing, tension is 

maximum a certain distance from the fracture (i.e. at point Q 

fig. 1.22-b-B). A comparison of the isochromatic and isoclinic patterns 

before and after fracturing showed that the fracture only measurably 

influences the stress distribution within a limited area. The 

fracture caused the value of a-j to decrease along the line R-R 

(fig. 1.22-b-B). 

Variations in Young's modulus ratio did not significantly 

change the size of domains of reduced tensile stress in the models 

(highest modulus ratio approximately 4). 

The gelatin model consists of a competent gelatin inclusion 

in an incompetent gelatin surrounding. First the isochromatics and 

isoclinics of the loaded model in the unfractured state were studied, 

and then a central tension fracture was cut at E (fig. 1.23-A) and 

the new stress distribution examined. 

The orientation of the principal compressive stress in 

the model deviated at most 10° from the x- and y-directions. A 

simplified picture of the calculated shear-stress distribution inside 

the competent layer or boudin after fracturing is shown in fig. 1.23B. 



F i g . 1 .22. a. Stress distribution at boudinage initiation; iso chromatics; cellulose acetate + benzylalco hoi 
model; Young's modulus ratio k « 3. (after Stromgard, 1973) 

Fig. 1.23.C shows the approximate variations in the magnitude of 

the principal stresses ax and a 3 along the horizontal axis of symmetry in 

the model (CDE fig. 1.23.a). After fracturing, points of maximum value of ai 

are located approximately in the middle of the segments (H). The maximum val 

of oi is slightly lower than before fracturing (fig. 1.23.C). The values of 

ai in the competent layer were found to be higher along the horizontal 

contacts than along the horizontal line of symmetry. At mid-width in a 

segment, however, this difference in the value of a x is high if width/ 

thickness ratio of segment is small. 

Stage after the boudins have separated 

For models with small differences in competency, the directions 

of a - 1 and a 3 in both the boudins and the surrounding deviate little from 

the directions of applied stresses. The maximum shear stress is concentrated 

at the ends of the boudins. Fig. 1.24 shows the distribution of maximum 



F i g . 1 . 2 2 - b Trajectories of maximum compressive stress in a photoelastic model;. 4 = competent layer of 
cellulose acetate + benzylalcohol; b = incompetent layers of the same material. A. Before formation of 
a fracture in the competent layer. B. After formation of fracture; the isochromatic pattern is shown in 

% I - 2 2 a . 

(after Stromgard, 1973). 
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. 1 . 2 3 Boudinage in gelatine model. A. Loading of model, k=E^/Eg=2.2>. B. Simplified representation of 
the distribution of maximum shear stress after fracturing. C. Principal stress along section CDE before 
fracturing (solid line) and after fracturing (broken line), (after b t r o m g a r d , 1973 ) . 

shear stress calculated from the model in fig. 1 . 2 3 . D . The T is y max 
TM Y 

maximum between the boudins. The value of —r— at this point was found 

y 

to increase with increasing modulus ratio k. The value of a^ = a y at 

the same point presumably increases with k, because of a supporting 

effect of the boudins, which reduces the vertical compression in 

the area between the boudins. The stiffer the boudins the stronger 

is the supporting effect. The fact that the values of CU and T 
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F"5 g . 1 .23-D Stress distribution for two separated boudins; isochromatics; gelatin model; k= 2.3, P v=-0.15 bar, 
^4=1.9 bar, Eg=0.8 bar, F 4 =0.025 bar /fringe and Fg=0.013 bar/fringe. An n-th order fringe corresponds 
t 0 Tmax=-n'Q.\lPy in the surrounding material (A), and to r m a x = - w 0 . 0 9 P y in the boudin material 

gives the distribution of T m a x after correction for the initial thermal stresses. 
(after Stromgard, 1973) 

both increase with k implies that a-j must increase more rapidly with 

k than o^. From this relationship it can be inferred, that values 
( o 1 + a 2 + a 3 ) ( a ] + 

of a-j and mean stress a = ^ ^— W1"'"' both be 

algebraically high at high k-value. (Magnitudes of a-i and a^ could not 

be determined accurately for the models because of the errors involved 

in subtraction of initial thermal stresses and errors of graphical 

integration process. The main feature of the distribution of principal 

stresses are shown, however in fig. 1.24-a). 

Models with different distances between boudins revealed that 

the values of T v and q, in the central part of a boudin decrease with 
max 1 

increasing separation of the boudins if loading is constant. 

Following Frochts(1966) work of photo-elastic methods, 

Sen and Mukherjee (1975) calculated the strain distribution inside an 

elliptical shaped boudin under normal progressive stress.( see Sen and 

Mukherjee (1975) fig, 1, Plates 1 and 2, pages 192-96). 
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Fig .1 ,24-a Stress distribution in a gelatin model of boudinage. Young's modulus ratio k=2.3. 

F i g . 1 ,24-bTra jec tor ies of maximum compressive stress around two rigid boudins 

(after Stromgard, 1973). 
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1.212 Real Rock Analogues 

Griggs and Handin (1960) extended concentric rock cylinders 

under high pressure to simulate boudinage. In these tests the 

inner core was relatively more brittle (dolomite, for example) than 

the enclosing rock (e.g. limestone). The ends of the composite specimen 

were restrained so that total extension of both cylinders was the 

same, although the longitudinal strain varied widely in different 

parts of the specimen. The inner core was ruptured in one or more 

places, and individual pieces were engulfed by the influx of the ductile 

matrix into the cracks. Sometimes the inner core fractured into 

several more or less equant blocks along either shear or extension 

fractures that usually terminated against the outer cylinder without 

crossing it. Fractures often opened and the ductile material penetrated 

the openings. As the tests were done on dry rocks, fracture formation 

could not involve hydraulic mechanisms. Where deformation was brittle, 

more or less triangular and rhombohedral blocks were formed, within 

which permanent deformation was negligible and lengthening took place 

by separations of these blocks (fig. 1.26). 

Paterson and Weiss (1968) used Nelligan phyllite which has 

an average grain size of about 0.01 mm and consists essentially of 

chlorite and sericite with variable but minor amounts of disseminated 

quartz, commonly in tabular grains. The grains of all these minerals 

have their long dimensions in almost perfectly parallel preferred 

orientation, defining a regular and strongly platy foliation. Additional 

quartz occurs locally in variable amounts and in various ways, e.g. as 
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Fig. 1.27-a 
A. I ensile f r ac tu re s p e r p e n d i c u l a r to u n f o l i a t e d po lycrys ta l l ine q u a r t z vein ex tended in la rge 
kink. B. Tensi le f r ac tu res , p inch and swell s t ruc tu re , and incipient h o u d i n a g e in pa r t l y fo l ia ted 
polycrystalline q u a r t z layer. C. Spec imen in steel jacket ( s h o w n b l a c k ) , shor tened 40 percent 
parallel to fo l ia t ion, s h o w i n g h o u d i n a g e of q u a r t z layer ex tended in l a rge kink. D . Deta i l of 
area outl ined in C. E. Deta i l of boud ins in C. 

EXTENSION FRACTURES, NECKING, AND BOUDINAGE OF 
QUARTZ LAYERS 

( a f t e r P a t t e r s o n and V J e i s s , 196 8 ) 



In one particular experiment in which compression was parallel 

to the foliation a massive quartz vein (oblique to the foliation) 

developed extension fracture subperpendicular to the vein. Prior to 

this fracturing the vein was locally rotated into a position approxi-

mately normal to the principal compression by the development of a 

kink band, fig. 1.27-a. When this occurred pinch-and-swel 1 structure 

formed in the vein and these then separated into discrete rhombic or 

lens-shaped boudins. 

Gay and Jaeger (1975) compressed relatively long cylinders of 

rock (25 - 27mm length and 5 - 7mm diameter) in a matrix of crushed 

rock to loads of 4.5 MN. Composite cylindrical specimens (diameter 

75 - 85mm and 25mm in height) were prepared by pouring crushed marble to 

make a layer of matrix into a thick-walled rubber jacket, placing the 

cylinder to be boudinaged in the centre of the jacket and then pouring 

an equal amount of matrix on top(fig. 1.27-b). 

7 5 m m 

Fig. 1.27-b. Diagramatic representation of the composite cylindri 

specimen. 

The material used for the matrix was crushed Wombeyan marble but in 

one test adamellite was used. The rock types used for the preparation 

of the competent cylinders (in order of increasing strength) were: 

Woodline shale, Carrara marble, Solenhofen limestone and Rangar oolitic 



limestone. The specimens were placed between steel plates and compressed 

uniaxially at a standard controlled rate in a large testing machine. 

During the deformation the unconsolidated matrix was compacted 

and the central competent cylinders thinned and boudinaged. From their 

experiments Gay and Jaeger (1975) found the response of cylinders to 

the deforming forces was very strongly controlled by their ductility. 

The very ductile Woodline shale flattened and elongated. The inter-

mediate cylinders thinned and formed boudins of one type or another. 

The least ductile specimen, Rangari oolitic limestone underwent signifi-

cant necking by collapse along 60° to 70° normal faults but hardly 

deformed internally. 

From their experimental results they drew the following conclusions 

on the mechanisms of boudinage formation 

(1) Initial effect of the axial compression is to flatten and elongate 

the specimen homogeneously. (2) A region of necking develops normally 

in the centre of the specimen where the applied pressure is greatest 

and barrelling at the ends of the specimen develop. The mechanism of 

necking, in all specimens, is due to collapse of material along a pair 

of conjugate normal faults to form a small graben-like structure. These 

shear faults then either cut through the specimen or coalesce with exten-

sion fractures or shear fractures initiated from the opposite side to 

form a curved fracture. In this way the cylinder is separated into 

boudins. The final stage is the physical separations of the boudins. 

In all specimens the matrix flowed into the opening low-pressure area 

between boudins. 

Gay and Jaeger pointed out that the result of their work is 

different from those of previous writers (namely Ramberg, 1955; Ramsay, 

1967; and Stromgard, 1973). These writers have considered extension 



fracturing to be the main mechanism for boudin initiation. Gay and 

Jaeger's result, however, does not support this idea; instead, it 

shows that necking by collapse along shear fractures occurs first. 

Griggs and Handin (1960) and Paterson and Weiss (1968) who also used 

rocks as the model materials in their experiments also emphasized the 

importance of shear fracturing. 

Gay and Jaeger (1975) warn that their experimental results should 

not be used to re-interpret all occurrences of natural boudinage 

because they are only directly applicable to specialized geological 

situations in which boudinage takes place under cataclastic conditions. 
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Fi g . 1 . 28 -a . In te r locking pinch-and-swel l s t ruc tu re s ( in ternal boud ins ) and normal k ink-bands developed 
in a mode l , as a result of compress ion no rma l to the layering. 

1.22 Multilayer Boudinage (Experimental) 
i 

Cobbold et al. (1971) compressed a lubricated plasticine multilayer 

to investigate the combined effect of degree of anisotropy and orientation 

of compression direction on the structures that form when compression normal to 

layering occurs. A stack of lubricated plasticine layers were compressed 

normal to the layering in a box with hand-operated pistons. They produced 

interlocking pinch-and-swell structures and normal kink bands (fig.1.28-a). 

From their experimental results and theoretical analysis, which will 

be discussed in section 1.51, Cobbold et al. (1971) concluded that in an 

anisotropic continuum compressed normal or at high angle to the layering 

the degree of anisotropy plays an important role in determining the types 

of structure that may form. Low degree of anisotropy produces interlocking 

pinch-and-swell structures (internal boudins) and in a high degree of 

anisotropy normal kink bands are formed. 



Following Cobbold et al. (1971), Woldekidan (1975) produced 

similar structures by compressing a stack of lubricated layers of 

plasticine (models with and without competence contrast) normal to 

the layering. In most of the models with a competence contrast 

(fig. 1.28-c) tension fractures appeared first in the competent 

individual layers, followed by high angled (20 « 90°) shear fractures 

which cut across many of the layers. The few interlocking pinch-and-

swell structures that formed were destroyed as the shear fractures 

propagated and became 'shear zones.' Similar structures were formed 

in the models without competence contrast between adjacent layers 

(fig. 1.28-b). In these models, however, only a few isolated individual 

layers (fig: 1.28-b(i)) were ruptured (after necking) by tension fracture. 

This occurred as the discrete shear fracture appeared. Many of the 

major shear fractures which cut across many of the layers became 'shear 

zones' after about 25-30% shortening. 



Fig. 1.28-b Shear fractures, shear zones and normal kink bands 

developed in a model consisting of identical layers compressed 

normal to the layering. 

Fig. 1.28-c Similar structures develop in a model made up of 

relatively competent (light) and incompetent (dark) layers. Note 

in this case the competent layers have ruptured by tension fractures. 

Note also the conjugate sets of shear zones and kink bands give the 

appearance of interlocking pinch-and-swel1. 
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1.3 THEORETICAL ( WORK ON SINGLE LAYER BOUDINAGE) 

Ever since Lohest (1909) introduced the term 1boudin1 many authors 

have tried to give an adequate explanation or theory for the development 

of boudinaged structures. Lohest established that the segments or boudin 

were originally portions of the entire quartzite bed. He also confirmed 

that the quartz veins that filled the gaps between the boudins were of 

secondary origin not primarily diagenetic structures as had been 

suggested by Renard (1909). 

Quirk (1923) ascribed the barrel-shaped boudins to compression 

parallel to the bedding plane and the modification of their form by 

elastic reaction to release of load. Quirk's idea was rejected by 

Wegmann (1932) and Corin (1932). Wegmann shows how the barrel-shaped 

boudins may be deformed into entirely disconnected lenticular 'pebbles' 

in extremely mobile areas (fig. 1.29-a). They agree that the formation 

of boudinage is due to stretching or elongation of a competent between 

incompetent beds. Cloos (1947) elaborates on the ideas of Wegmann and 

Corin but basically agrees with them. 

Most geologists now agree that boudinage structures are produced 

during compression normal or at a high angle to rock layering. Further-

more, according to Stromgard (1973) most geologists agree with Ramberg 

(1955), that compensating elongation parallel to layering causes 

competent layers to break into segments or boudins and that boudins 

gradually separate during progressive deformation (fig. 1.29-b). 

Goguel (1946) first applied mechanical principles to the problem 

of boudinage. From geological observation he decided that the 'plastic' 

flow of weaker members of a geological sequence controlled the deformation 

of the whole sequence, including markedly stronger layers. He used 

Prandtl's solution for the 'plastic' flow between two appressed rigid 
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Fig. i .29-a Boudinage af ter WEGMANN [1932]: (a) 
Class ical stage (Lohest, Read); (b) Beds of dif-
fering res is tance; (c) Boudinage in granitized 
te r ranes ; (d) The ends of (c) a re almost ent i re-
ly turned in;(e) Final stage withoug pegmatiza-
tion; (f) Far advanced stage f rom highly mobi-
lized t e r rane 



Fig.l . 29-b—Successive s teps dur ing format ion of 
boudinage s t ruc tu res . .1, s t a t e prior to compres-
sion. T h e black layer in the middle is the compe-
tent body on e i ther side of which incompeten t 
bodies exist (vertically lined regions). Compressive 
stress is t r a n s m i t t e d by means of two stiff sheets 
(black). B, compression has s t a r t ed , the plast ic 
tlowage in the incompeten t layers is indicated by 
the dis tor t ion of the originally vert ical lines. Ar-
rows in the compe ten t black layer indicate tensile 
stress. c, a more advanced s tep than b. C o m p e t e n t 
layer is now rup tured in the middle where tension 
was grea tes t . T h e network in the incompeten t 
layer indicates pa t t e rn of tlowage. T h i s network 
is not a fu r the r evolut ion of the deformed network 
in b, but ra ther the evolut ion of an imaginarv 
rectangular network not shown in b. Hor izonta l 
arrows show tensile stresses in I he competent layer. 
D. a stage more advanced than ( . Compe ten t 
layer has rup tured at two new places. The pa t t e rn 
ot the network indicates 'plast ic' tlow age in the in-
competent layers dur ing evolut ion from ( to I). 
Again, the detormed network in /> is supposed to 
have developed Irom a rec tangular imaginarv net-
work not shown in ( .(after Ramberg, 1955, and 
reviewed by Sowers, 1973). 



platens to obtain the displacement and flow velocity fields that 

might develop in the 'plastic' layers. The large blocks of adjacent 

layers were supposed to assume the role of the rigid platens of 

Prandtl's model that were displaced towards one another in a direction 

normal to bedding with uniform velocity and displacement. The stronger 

layer was acted on by tensile stress produced by the shear forces at 

the interfaces. These interfacial forces were supposed to be caused 

by viscous flow of the weak material, and were calculated from well-

known formulas for viscous drag. By calculating strain energy Goguel 

was able to calculate the lengths of boudins that would form. 

In Ramberg's (1955) mathematical study of boudinage he assumed 

(1) the deformation of the incompetent rock layers occurred by viscous 

flow and (2) the competent layer deformed elastically before rupture. 

Based on these assumptions Ramberg derived the following equation for 

extension parallel to the layer in one direction. The tensile stress 

in the centre of the competent layer is given by 

Z. 
S = - _L (P _ P ) (1.1) 

o ^ 0 1 

c 

where S = tensile stress at centre o 

Z.j and Z c = thickness of incompetent and competent layers respectively, 

(P0 - P-j)-* pressure difference (PQ at centre of the block and P^ 

at the end). 

The pressure difference during the formation of boudins can be 

limited by the condition 

Z„ z r 

> ( p „ - p J > - 1 — s c K 9 / c m 2 0 - 2 ) 
z s ' o 1' 2 z s 
i i 



Fig. 1.29-c. A competent layer enclosed in a matrix of incompetent 

rock (after Ramberg, 1955). 

Fig. 1. 29-d. Ramberg's boudinage model with extension in 

more than one direction. 



and the rate of compression 

Z 3 

— = " T ( p
0 " P 1 > ( ! - 3 ) 

at £ 6y 0 1 

where S = tensile stress 
s 

y = viscosity coefficient of incompetent layer 

£ = width of competent layer (see fig. 1.29-c) 

/ 

From these three equations one can find the tensile stress in 

the boudin layer and rate of compression provided the pressure difference 

and thicknesses of layers are known. In order to determine the rate of 

compression it is essential to know the viscosity of the materials. 

Sowers (1973), however, is critical of the assumptions made by 

Ramberg. He suggests that the ductile flow in Ramberg's experiments 

and in his own experiments is plastic rather than viscous. He points 

out that in the experiments of Griggs and Handin (1960) little or no 

viscous flow occurred, yet fractures and boudins were formed. In their 

specimens neither the amount of flow nor the flow field matches that 

required by Ramberg's viscous flow model. Ramberg's assumption that 

the 'platens' remain straight and rigid up to the moment of necking 

is not always valid in natural rock deformation. Sowers accepts the 

quantitative relations developed by Ramberg but considers that the 

simple viscous model leads to large errors when calculating the viscous 

drag forces. If natural flow is indeed viscous it is very slow and 

the coefficient of viscosity is very large. Therefore, the drag forces, 

calculated by Ramberg become unrealistic for thick viscous layers. 



Ramberg arrives at the following stress equations applicable to 

boudinage model with extension in more than one direction(fig. 1.27-d) 

1. ( P Q - P ) 

a = i (3 + m) 2 (£2 - r 2) (1.4) 
n y Z £ 2 

c 

and 

i z - ( P " P i ) 
T = 4- — — 1(3 + m)£ 2 - (1 + 3m)r2 | (1.5) 

c £ 2 

where r = distance from centre (of cylinder) 

£ = radius of circular disc 

m = Poisson's ratio of of competent layer 

Z c = thickness of competent layer 

Z. = thickness of incompetent layer 

A and T = radial and tangential tensile stresses respectively. 

According to equations (1.4) and (1.5) one would expect radial 

fissures to form first, originating in the centre and spreading to the 

circumference. This did not generally occur in Ramberg's experiments, 

probably because the analysis is based on the assumption that the 

materials are perfectly homogeneous and elastic and are unable to 

yield plastically. Release of stress by plastic yielding of the 

competent sheet during the deformation would inhibit the formation of 

the radial fissures. 

Sowers (1973) reviewed the quantitative theoretical work on 

fracture spacing and boudinage of both metallurgical work done on 

rods and experiments performed on rocks. 

Based on the theory of incremental deformation of Biot (1965) he 
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developed a theory that explains fracture spacing without requiring 

large viscous flow. His theory provides a simple way of understanding 

the role of initial tension and anisotropy in the physics of the defor-

mation of layers. Sowers' approach in developing an explanation to 

fracture spacing differs from previous theories of Ramberg (1955) and 

Beloussov (1964) in the following ways. 

(1) A variation is made in the shape of the entire competent 

layer (as opposed to the variation of a diameter of a rod.) 

(2) Instability is introduced by means of a sinusoidal pertur-

bation of the interfacial forces. Such perturbances may result 

in various unstable configurations similar to those which Biot (1965) 

has described in buckling (both single layer and internal) where the 

shape of the 'brittle' layer changes while the outer margins of thick 

embedding ductile layers do not change. Under other conditions the 

outer layers may change into shapes that are concentric to the inner 

ones. Another possibility which Biot points out is that the interfaces 

become unstable and wrinkle into folds that die out exponentially away 

from the interface. 

In adopting Biot's (1965) theory of internal instability Sowers 

assumed that if the layers are thin relative to their length the layered 

material may be considered to approximate to a continuous anisotropic 

material. The basic theory is greatly simplified by using this assumption, 

but as shown by Biot (1965, p. 216), it is not a necessary one. The 

other assumption is that the material has orthotropic or orthorhombic 

symmetry, one axis of symmetry is normal to 'bedding' and the others lie 

in the bedding plane. 

Biot (1965, pp. 182-259) has discussed buckling of layered media. 

The general theory of tensional instability that was developed by Sowers 

(1973) is substantially the same although the difference in sign of the 
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axial pre-stress alters the effect of moduli in some important relation-

ships which determine stability. Internal instability occurs in either 

anisotropic or layered media, in the latter case layers must be alter-

natively elastically hard and soft but not of too large contrast. 

The case considered by Sowers is that of plane strain deformation 

in which the ends of the layers are subjected to uniform tensile stress. 

The upper and lower surfaces are confined between effectively rigid walls but 

are in perfectly free contact with them (Fig. 1.30A,B). For further 

simplification Biot assumes homogeneity and incompressibility of the 

entire domain. Individual layers may be either isotropic or orthotropic. 

Instability develops if the material is anisotropic to incremental 

stresses even if it is isotropic to prestress. 

Based on the above assumptions and considerations Sowers arrived 

at the following equations:-

(q + + 2 ( 2 N _ q) + (q - = o (1.6) 
1 ax4 9x 23y 2 L sy4 

where N and Q are the normal&shear elastic moduli for anisotropic materials; 

T is the tensile stress and <j> is the displacement function that describes 

permitted deformation. It is defined as follows:-

u = 3j>, v = 9$ 
9y 3x 

This equation can be solved for <j> to get a complete elastic 

solution, as Biot notes, the characteristic equation then becomes 

? + 2m£2 + k 2 = 0 (1.7) 

where £ is the ratio of wave length in the x and y direction respectively. 
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Fig. 1 .30 A. Internal instability of layered media. Under action of 
external tension outer margins of rectangular domain are deformed to 
produce longer, narrower rectangular body shown. Inside the body the 
central stiff layer has deformed into a pinch and swell structure because 
of the growth of a sinusoidal perturbation. B. Necking instability of 
entire domain. Top and bottom soft layer as well as inner stiff layers 
aredeformed. ( a f t e r Sowers, 1973). 

m = 
2N - Q 

Q " 
T 

Q + I 
k 2 = z_ 

" - i 

Roots of this equation are: 

£ = -m ± /m z - k z 

Real roots of £ occur when 

(case 1) m > 0, k < 0 or equivalently T > 2Q, Q > 2N 

(case 2) m < 0, m 2 > k 2 > 0 or equivalently T < 2Q, Q > 2N and 

|2N - Q| > |Q -

Case 1 occurs only if the brittle, higher modulus layer is much 

thinner than the embedding medium, otherwise the applied tension would 

exceed the strength of the material before onset of instability. 

Case 2 may give rise to 'shear instability', related probably to 

the development of ductile fracture in necked rods. 

Unstable solutions occur in a stretched anisotropic domain when 

tension along layers exceeds a certain critical value. For this 

condition to occur in nature the material must have the strength to 

support the required critical applied stress; otherwise unstable stress 

conditions will never come into existence before fracture occurs. 
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Biot (1965) considered another solution to equation (1.6) 

* = sin £x for what he called surface instability. 
£2 

A ! ! - 2m ^ + k 2f = 0 (1.8a) 

a y " a y 2 

where £ = wave number. 

This equation has solutions of the type 
8£v 

f = exp 17 where 6 is the solution of the characteristic equation 

6" - 2m82 + k 2 = 0 (1.8b) 

If 8 were equal to equation (1.8b) would be equal to equation 

(1.7) except for the sign of the second term. 

With f = C . e ^ 1 ^ and for the condition f = 0 when y = -«>, unstable 

solutions occur if 

(case 1) T < 2Q or m > 0; 

Q < 2N or K 2 > 0 

(case 2) T > 2Q or m < 0 

m 2 < k 2 < 0 or Q < 2N 

|2N - Q| < |Q -

These are exactly the conditions excluded from internal instability. 

Case 1 should occur easily and frequently in nature but would not affect 

thick layers because the stress dies out exponentially away from the 

interface. Surface instability is favoured by low ratios of N:Q or in 

deformations where large normal strains occur relative to shear strain. 
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Assume f = C x cosh 3i£ y + C 2 cosh 3 2 £ y sin £x (1.8c) 

where 3 is a solution for the characteristic equation (1.8b). 

If different boundary conditions are chosen from those for internal 

instability then different structures may result. For example, if 

deflection of the layer boundaries are permitted layer instability 

(fig. 1.30-B) may develop. Layer instability occurs for the same 

conditions of T, Q and N as for surface instability. In this case the 

solution does not contain the exponential decay term in y, and the entire 

layered sequence becomes unstable, the rectangular outer form changing 

to pinch-and-swell shape. 

As yet N, Q and other moduli have not been measured for rocks under 

tension. This difficulty limits the use of these theoretical methods 

and precludes the likelihood of obtaining a closed form solution in this 

way, hence Sowers (1973) turns to strain energy methods. 
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Strain Energy Methods 

Sowers (1973) reviewed Biot's (1965) general strain energy methods 

of incremental deformations and applied it to the problem of fracture spacing. Biot 

equation for the total incremental strain energy per unit area, AV, within 

the domain is 

AV = 2Me* + 2LeJ + T (1.9a) 
xx xy 2 (-^j 

where T is the tension ( S n - S 2 2 )» M and L are modulii (M = N-T, L, the 
4 

slide modulus, is Q-T) and e is strain. Equation (1.9a) states that the 
2 

incremental strain energy (related to incremental stresses) and the work 

done by the tension in lengthening the body equal the total incremental 

strain energy. 

According to Sowers the total incremental strain energy potential for 

the entire body is obtained by integrating AV over the entire area (which 

is of unit thickness). Because this general equation (1.9a) for potential 

energy expresses the instability condition, its solutions provide the stress 

field needed to locate the high stress concentrations believed to localize 

fracture. 

Using sinusoidal displacement fields in AV, following Biot (1965, p.204) 

the characteristic equation for internal instability can be obtained 

L ^ + 2( 2M-L)6
2
 + L + T = 0 (1 .9b) 

which is identical to equation (1.7). 

According to Sowers equation (1.9b) identifies the variational principle 

with the internal instability condition. 

After Sowers had analysed the possible development of fracture in an 

anisotropic material using Biot's (1965) general strain energy methods, he 

turned to the classical strain energy methods to test this hypothesis and 

developed a fracture spacing theory independent of the more exact theory of 
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Biot. This is outlined below. 

The incremental strain energy stored in a system (AV) is equal to the 

work done by the external forces for the incremental deformation (AW) 

(Timoshenko and Goodier, 1970). 

AV - AW = 0 (1.10a) 

Both AV and AW must be calculated to use this principle (1.10a). This 

equation can be used to find the critical tension, T, for elastic instability 

Sowers (1972) considered a three-layer sandwich in which the stiffer 

layer is embedded between two less competent layers (fig.1.30c). 

E2 t2 

t . 
t2 

Fig.|.30c. Layered domain for 
which theory has been developed. 
E , > E 2 t ! « t 2 . T h e central layer 
is the stiffer one. (after 3 overs, 1973 ) 

Fig.|.30d. Load distribution on stiffer layer. 

He calculated the strain energy associated with deformations caused 

by assuming sinusoidally distributed stresses on the surface of the stiffer 

layer (fig. 1.30d). The second order part of the incremental strain energy 

for an element of the beam (stiffer layer) is given by Timoshenko and Goodier 

(1970) as 

1 ,.2 . ̂  _ „ A 1 ,2 N (1.10b) A V = ^ ( o j + a ) - ( f r a + ^ t2 ) xy 

and the total incremental strain energy for the domain as a whole is 

I c r-j 

O 0 
v - 5 T U E

 K + " E 
^ 1 

a + x y 2GLxy x y 
d d (1.10c) 
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where £ is the length of the layer, c is constant. 

The layer is loaded on top and bottom surfaces sinusoidally (fig.l.30d) 

so that the boundary conditions are:-

y = +c; t = 0; cry = -Bsinax 

y = -c; T = 0 ; A = -Asinax 
xy y 

The maximum amplitude of the applied forces are A and B, and a = — 
£ 

where n is an integer equal to the number of half waves and £ is the length 

of the layer. 

Stresses can be determined by using the Airy stress function * in the 

biharmonic equation 

* = sinax (cx coshay + c2sinhay + c3ycoshay + c^ysinhay) (l.lOd) 

For the embedding incompetent medium (matrix) the stored strain energy 

can be calculated using elastic solution obtained by Biot (1937) 

* = - sinaxe" a y (1 + ay) (l.lOe) 
a 2 

Once the stress components have been determined the strain energy can 

be calculated using equation (1.10c). 

Consider now the work done by the external forces during incremental 

deformation. In order to calculate the work done by the external forces 

Sowers assumed that the surface forces cause a sinusoidal deflection of 

D 

amplitude, p where E is the Young's modulus of the stiffer layer. By 

finding the change in length, A£, of the stiffer layer by the sinusoidal 

surface loading and multiplying by the tension, T, work, W can be obtained 

W = TA£ (1.11a) 
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Sowers (1973, p.41) discussed various ways of computing A£ and 

considers, after introducing several approximations that the external work, 

W, can be written as 

o t ~ 2 2 
W = p 2a T (l.llb) 

where n is the wave number and 3 1 is the amplitude of the sinusoidal pertur-

bation. 

Using equation (1.11b) to calculate the work means that all terms in 

the equation of virtual work depend on the square of the amplitude; therefore 

the equation (1.10a) becomes independent of the deflection and a critical T 

can be found. By varying the wave number, n, of the sinusoidal perturbation, 

the least value of the tension, T, for each perturbation can be computed. 

Comparison of Theoretical and Experimental Results 

Sowers calculated the fracture spacing using the strain energy methods 

described above and compared the calculated spacings of areas of high stress 

concentration (i.e. nodal points) with the spacing observed in the experi-

ments. These comparisons are represented graphically (fig. 1.19 - 1.21). 

To find the number of nodes which occur at the lowest possible tension (T), 

called the critical tension, he plotted T against nodal points (n) for various 

layer thicknesses (fig. 1.19-A). The curve for each thickness represents the 

boundary for the stability of the rectangular form of the competent layer at 

that thickness. 

By plotting tension against number of nodes (fracture sites) at 

various layer thickness for only normal surface forces (fig. 1.19-B) and 

for only shear forces on interfacial surface (fig. 1.20-A), the physical 

nature of the instability is brought out. In the first graph (fig. 1.19B) 

the number of nodes increases nearly linearly with tension, but in the 

latter ones (fig. 1.19-A) the nodes are inversely related to the tension. 

These results show generally that nodal points (fracture sites) are 
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more frequent in thin layers than in thick ones, other things being 

equal. This relationship is not linear in models. In calculated tensions 

shown on Figs. 1.19-A and 1.20-B, critical tension in thin layers are 

higher than in thick. Fig. 1.20-B shows comparison of critical values 

of tension calculated from the theory and those measured in the experiments. 

Although off-set from one another the theoretical curve and the experiment 

derived curve are parallel and the difference between;theoretical and 

experimental results is not large. 

The critical tension values calculated from the three-layer model and 

those obtained for the stiff layer alone is shown in fig. 1.20-B. The figure 

shows the effect of interfacial slip on the development of instability. 

It is clear that shear stress plays an important role in the formation of 

the instability. As shown on Fig. 1.21-A, which is a plot of tension against 

thickness for various constant number of nodes (n) for both welded and friction-

less contacts, the tension on the unwelded interfaces is nearly uniform for 

all 'nodal points', which contrasts sharply with the variation in tension 

on welded interfaces. This compares well with experimental results. In 

experiments with lubricated interfaces, that is, experiments in which negli-

gible shear stress can develop along the interface either one fracture occurs 

at the centre of the layer or none form. It is concluded that a single 

centrally located stress concentration develops and remains stable as the 

load increases. 

From his computation Sowers (1973) found that the effects of the vari-

ation of thickness of the embedding layers are most important in thin layers. 

For example, the critical tension for a 5mm layer sandwiched between two 

5mm layers is about half the value of that for two 50mm layers. This is 

because as the stress dies out exponentially away from the interface in the 

embedding medium, effects of thickness are most important in thin layers. 

As shown in fig. 1.21-B the elastic strain energy fracture spacing 



theory does not seem to describe fracture spacing developed experimentally 

in clay. This is because clay is not an elastic material. 

From the study of the dependence of critical stress and fracture 

spacing on the ratio of moduli of the two materials, Sowers (1973) concluded 

fractures are more widely spaced for large competence contrast in material. 
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Smith (1975) pointed out the disadvantages of the Euler beam 

buckling theory in the analytical study of folding in layered rocks; 

(1) it is limited to long wavelengths and hence a large viscosity 

ratio; (2) it obscures the driving mechanism of the instability; (3) 

it fails to describe structures such as boudinage. Smith turned to 

the methods of linear hydrodynamic stability theory. The approach is 

as follows:- (a) A basic flow is found that is a possible state of 

motion for the mechanical system. This basic flow is represented by 

an exact solution to the governing equations and boundary conditions, 

(b) It is then determined whether the basic flow is a stable or un-

stable state of motion. If small disturbance (which are always present 

in practice) grow, the basic state becomes unstable. A flow is stable 

if all disturbances decay, leaving the system in its basic state of 

flow. In the case of amplifying disturbances the basic flow cannot 

exist for long and will not be found in nature. The flow associated 

with the disturbance will eventually dominate. 

In his mathematical study of folding, boudinage and mullion for-

mation, Smith (1975) made the following physical assumptions: 

(1) The materials are assumed to be Newtonian, incompressible, homo-

geneous, and isotropic, that is, shear dependent viscosity, normal 

stress effects, and elasticity are not considered. (2) The geometry 

analysed is the simplest that retains the phenomena of folding and 

boudinage. (3) The background applied stress must be planar, with 

principal directions either perpendicular to or parallel to the bed. 

(4) The perturbation velocities and interface deflections are assumed 

to be small. The analysis is meant to describe only the early stages 

of growth of an instability. 
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Fig. 1.31-A. Diagram of model problem, showing a thin layer between 

two thick layers of different material, all squeezing out from between 

two smooth rigid plates slowly moving together. 

Fig. 1.31-B. Diagram illustrating nomenclature used for describing inter-

face position. H/2 is distance from middle of layer to mean interface 

position; h(x) is local displacement of interface from its mean position. 

Referring to Fig. 1.31-B, the interface position hy can be 

u 
represented as hy = /2 + h(x) (1-12) 

The rate of change of the interface position can be written in 

terms of the velocity field:-

3h. 

9 t " 

9h T T + v - u — r — 
9x y=h-

(1.13) 

Now if the velocity field is represented as the sum of the basic 

flow plus a small disturbance u and v, 
a -

u = U + u 

w 
v = V + v 

(1.14 
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where u is the velocity parallel to x 

v is the velocity parallel to y 

The strain in the x and y direction is obtained by differentiating 

u and v, x and y 

„. dU V* 
= cTx = "D 

(1.15) 
„. = dv = V* 

dy " D 

where U = U'x and V = V'y 

Substituting equation (1.12), (1.14) and (1.15) into (1.13) 

Using the above assumptions Smith arrived at the following equation:-

+ = v'H/2 - U'x + V 1
 h -

at at 3x 
+ V 

3x 
( 1 . 1 6 ) 

JH/2+h(x) | 

kinematic dynamic 
distortion distortion 

Considering only the dynamic distortion Smith arrived at the 

following equation:-

E = i ( m - 1 ) (1.17) 

where E = i . ^ i.e. the growing rate of the amplitude (a) for a 

particular sinusoidal disturbance on the interface 

R = + 1/4(AT n / p ' E ) T n - stress difference (tension) 

m = y 2 / y 1 

When the thin layer has a larger viscosity than the surroundings 

(i.e. m > 1), and the compression is perpendicular to the bed 

(3U/3x > 0); the conditions are those normally associated with boudinage. 

The growth rate of the disturbances can be simplified by defining 

the normalized growth rate as 

311 1 
£ ( B > m) = E($, m ) / ^ = ^ ^ |m - 1 | (1.18) 

where 3 = wave number, m = H i 
y i 
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This function (1.18) has an extremum(maximum) em at 8m for each 

m, (fig. 1.31-C). It is the disturbance of this wave number, 8m, that 

will grow most rapidly and eventually dominate the flow. The value 

m is directly related to the dominant wavelength A m = ^ 

Fig. 1.31-C. Plot of normalized dynamic growth rate (see equation 1.18) 

versus nondimensional disturbance wavenumber. Curves shown are 

those for which one material is five times as viscous as the other. 

These growth rates are result of secondary flow only, not basic flow, 

(after Smith, 1975). 

Figure 1.31-D. Plot of maximum normalized dynamic growth rate versus 

viscosity ratio. These growth rates are result of secondary flow only, 

(after Smith, 1975). 



The maximum growth rate at each m is plotted in Fig. 1.31-D. 

According to Smith (1975) the sign of A T n is the crucial factor which 

determines whether a pinch-and-swel1 or foldlike disturbance grows. 

The secondary flows produced by A T n and a wavy interface are shown in 

fig. 1.31-E. Note in the diagrams that the vertical velocity at the 

interface amplifies the existing interface shape. 

C A S E S i * * 
i a n — r ^ — * — — • — — r * -

P INCH AND S W E L L , A T , , > 0 

F O L D I N G , A T , , < 0 

Fig. 1.31-E. Qualitative sketch of secondary flow associated with 

growing disturbance. Vertical velocities near interfaces are such as 

to further deform interface, which in turn will produce even stronger 

secondary flow (after Smith, 1975). 

From his theoretical analysis, Smith (1975) arrived at the 

following conclusions. The kinematic and dynamic effects co-operate 

in the formation of regular folding and mull ion formation, but they 

compete in the formation of inverse folding and pinch-and-swel1 

structure. Therefore, for boudinage the dynamic growth rate y^ is less 

than 1 regardless of the viscosity ratio, m. The theory predicts that 

the kinematic flattening of the background compression (y k) will be 

-1 and that the stress-induced secondary flow produces a positive 

normalized growth rate where y d < 1. Thus the total growth rate 
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F O L D - S T R O N G D Y N A M I C 
G R O W T H 

B O U D I N S - D Y N A M I C G R O W T H 
A B O U T B A L A N C E D B Y K I N E -
M A T I C D E C A Y 

I N V E R S E F O L D - V E R Y W E A K M U L L I O N S - W E A K D Y N A M I C 
D Y N A M I C G R O W T H S W A M P E D G R O W T H A I D E D B Y K I N E M A T I C 
B y K I N E M A T I C D E C A Y G R O W T H 

Fig. 1.32 - a. Four cases of dynamic instability on single layer 
for linear viscous materials, 
(after Smith, 1975) 

> 1 

FOLDING S T R A I N - R A T E S O F T -
ENING L A Y E R I N C R E A S E S 
GROWTH R A T E S , D E C R E A S E S 
W A V E L E N G T H 

m > 1 

B O U D I N A G E : S T R A I N - R A T E 
S O F T E N I N G L A Y E R N E C -
E S S A R Y F O R G R O W T H . 

m < 1 

I N V E R S E F O L D I N G : E X T R E M E 
S T R A I N - R A T E S O F T E N I N G 
( r » > | ) N E C E S S A R Y E V E N F O R 
WEAK G R O W T H 

Fig. 1.32-b. Diagram summarizing the 

m < 1 

M U L L I O N S ( I N V E R S E B O U D I N A G E ) : 

S T R O N G S T R A I N - R A T E S O F T E N I N G 
S U R R O U N D I N G S N E C E S S A R Y F O R 
S I G N I F I C A N T G R O W T H . 

four single-layer shearing in-

stabilities and the effect on each of the non-linear viscous (specifi-

cally strain-rate softening) behaviours. 
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Y = Y k + Y d is always negative. This means that although the distur-

bance amplitude may grow relative to the layer thickness (which is 

decreasing), it will decay in absolute terms. It follows then that 

pinch-and-swel1 structure will not grow in absolute terms in a linear 

viscous (Newtonian) material. Although the theory may have the correct 

qualitative description of the growth mechanism (fig. 1.32-a) it does 

not provide adequate explanation for the observed pinch-and-swel1 

structures. 

As mentioned above Smith's (1975) analysis of pinch-and-swel1 

structures formation leads to the conclusion that the growth rate of 

boudins in linear viscous materials will be very slow. He subsequently 

(1977) extended the analysis to incorporate non-linear viscous materials 

(fig. 1.33-a). 

\ <+> E l , 

M1(®)» n ^ © ) t 

y 
2 

• 

Ml (® ) i n 1 ( © ) 

Fig. 1.33-a. Geometry and dimensions of the single layer non-linear 

viscous system. Also shown the positive sense for the basic strain 

rate ( E n ) , (drawn from Smith, 1977). 

One type of non-linear viscous material Smith (1977) considered 

was a power law material. The exponent n is found to be the ratio of 

two viscosities y and n. 

n = L (1.19) 
n 
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where y is the viscosity appropriate for basic strain rate E : 1 and 

perturbation simple shear and n is the effective viscosity for pertur-

bation normal shear (see fig. 1.33-c). If the fluid is not a power 

law material, n is simply the ratio S 2/S 3 at the point E 1 X in fig. 1 .33-b 

In this latter case, n will depend on the basic rate of strain E n . 

Smith obtained the following results. The dynamic growth rates 

of the instability G (calculated from the eigen value problem, Smith 

1977, page 320) can be normalized defining the normalized growth rate 

Yd as 

Y d 5 i p b t 1 - 2 0 ) 

The normalized growth rate y^ is associated physically with the 

deformation of the interfaces by the secondary (i.e. perturbation) 

flow. 

The normalized growth rate y is obtained by adding the normalized 

dynamic (y^) and kinematic (y^) growth rates. 

The total normalized growth rate is 

Y = Y d + Y k ( 1 - 2 1 ) 

and as y k = -1, y = y d - 1. 

It is found (except for strongly strain softening materials) that 

the family of instabilities that develops falls readily into four 

(see fig. 1.32) on the basis of whether the perturbation is symmetric 

or anti-symmetric and on whether viscosity ratio, m is greater or less 

than 1. That is, 

m > 1 y ^ < 0 

m < 1 + y ^ > 0 

for foldlike instability 

m > ^ Y d > ^ f o r p i n c h - a n d - s w e l l i n s t a b i l i t y 

m < 1 + Y d < 0 ( f i g . 1 . 3 2 - b ) . 



Fig. 1.33-b. Plot of normal stress versus normal strain rate for a 

typical strain rate softening material. The values of stress T n and 

strain rate E n that characterize the basic state are shown. Slopes 

Si, S 2 and S 3 represent the effective viscosity for (1) small pertur-

bations about a state of rest, (2) small tangential strain rates about 

the basic state, and (3) small normal strain rates about the basic 

state, (drawn from Smith, 1977). 

v2^^^ 
C O M P E T E N T 
L A Y E R 

/ / 
I N C O M P E T E N T 
SURROUNDINGS 

Fig. 1.33-c.Flow laws for the layer and surroundings. At the basic strain 
rate E n two slopes (for each material) are relevant to fold initiation: 
y - the viscosity appropriate for the basic state E n and perturbation 
simple shear, and y - the effective viscosity for perturbation normal shear 
The ratio y/o=n, is the effective power law for the material (after Smith, 
1979). 



3 8 

Smith's (1977) theory indicates that symmetric pinch-and-swel1 

instability occurs when the compression is perpendicular to the 

bedding (A d > 1). The growth rate has a maximum, for a particular combin-

tion of material properties (i.e. m, ni, n 2 ) at the dominant wavelength 

A of the pinch-and-swel1 structure. A normalized relative to the m r m 

layer thickness is shown in fig. 1.34-a and the corresponding maximum 

normalized dynamic growth rates Y ^ t ^ m i ni> n 2) are shown in fig. 1.34-b. 

Useful asymptotic expressions for the dominant wavelength (A m) and y d 

(A m) valid for large m values are 

\n= 3 . 4 6 ^ 
H A n 2 

V e 
m v 3 

and y d ( A m ) = n 2 

100 

X / H 10 

10 100 
m = 

100.0 

1000 1 0 1 0 0 
m = 

be subtracted from these y d (after Smith, 1977) 

(1.22) 

(1.23) 

Fig. 1.34-a. Dominant normalised 

wavelength (Am/H) for folding and 

boudinage is plotted against viscosity 

ratio (m) for various values of the 

effective power-law exponents n x and 

n 2 . Only strain-rate softening 

materials (n>l) are shown (after 

Smith, 1977). 

Fig. 1.34-b. Normalized dynamic 

growth rate (ya) for boudinage is 

plotted versus viscosity ratio (m) 

for various values of the exponents 

n a and n 2 . Only strain-rate softening 

materials (n>l) are shown. To obtain 

1 0 0 0 0 the total growth rate ( y ) , 1 . 0 must 

1000 

100 



o 

From equations (1.22) and (1.23) and figures 1.34-a and 1.34-b 

Smith (1977) noted the following: 

1. Strain-rate softening behaviour in the layer (n2 > 1) decreases 

the dominant wavelength, whereas similar behaviour in the surroundings 

V / V 

(nx > 1) increases it. When the quantity x\(yx\{ is small, the dominant 

wavelength is nearly independent of m (A/^ - 4) until m is large. 

2. The maximum growth rate is increased by strain-rate softening 

behaviour of either the layer or the surroundings or both. At large 

viscosity ratios, however, only n 2 matters. For example, if the com-

petent layer has an effective power-law exponent (n 2) of 20 and m is 

greater than 100 or so, then y d - 20 and y = y d - 1 - 19. Thus every 

1% extension of the layer is accompanied by 19% growth in the disturb-

ance amplitude. Using the logarithmic relationship, eqn. (1.24) 

shows that 

ao = "Do where a = amplitude (1-24) 

D = marker line 

A thousandfold increase in disturbance amplitude could be caused by 

a ĵ - = 1.44, that is, a 44% stretching of the layer and its surrounding. 

This example shows for a moderately non-linear viscous layer y d 

is large enough to overcome the kinematic decay and still provide for 

strong growth. In other words, the very existence of flow boudinage 

is evidence that the rock has behaved in a non-linear viscous way. 
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m = p 2 / p , 
Fig. 1.34-c 

Fig. 1.34-c. The ratio of the dominant wavelength (A^) to the layer 
thickness (H) is plotted against the viscosity ratio m. for various 
values of ni and n 2 . At large m, Ad/H increases as m

1/3 in agreement 
with classical buckling theory. When n 2 is large the curves cluster 
between A^/H = 4 and 6. 

Fig. 1.34-d. The dominant wavelength data of figure 1.34-c replotted 
as a parameter map with ni = 1. The ratio A d/H resulting from any parti-
cular combination of m and n 2 is indicated. When m>n2(low and to the 
right) A./H depends on the material properties in agreement with classical 
buckling theory while when n 2>m, A d/H approaches four and is nearly 
independent of the material properties, (after Smith, 1979). 



In the strongly non-linear viscous limit the dominant wave-

length (A^) and associated growth rate for pinch-and-swel1 (which 

Smith calls boudinage) become (Smith, 1979) -

A . 
= 4; Y = m>/ n : (1.25) 

where n x is the power law for the matrix. He predicts that the domi-

nant wavelength (but not the growth rate) of folding and pinch-and-

swell in strongly non-linear viscous layer units are equal. One im-

portant difference is that pinch-and-swel1 requires non-linear viscous 

behaviour for growth. A large fraction of the observed cases of flow 

pinch-and-swel1 structures should have 4 < ^ < 6 (fig. 1.34, C, D). 
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F i g . l .35-aVorticity and velocity distributions near a small deflection on the upper interface 
of a more-viscous layer during extension. The vorticity in the layer is dominant. The ori-
ginal deflection is attenuated, and deflection geometry tends towards symmetry about 
the layer midplane. (after Full agar, 1980) 

Fi g. 1 .35-b"Cross-over" during extension of a more viscous layer; as deflection geometry 
tends towards symmetry, a point is reached at which vorticity in the layer no longer 
dominates the flow• ( a f t e r Fullagar, 1980) 

Fullagar (1980) suggests that for slow plane flow of an infinite 

two-dimensional layer of incompressible Newtonian fluid sandwiched 

between infinite viscous media of the same density, vorticity (the curl 

of velocity) is a potentially valuable interpretational aid, being 

simply related both to velocity (via the Biot-Savart law) and to pressure 

(via the equations of motion). It provides a link between dynamics 

and kinematics. 
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. 1 . 3 5 - c . Vorticity and velocity distributions characteristic of amplification and nucleation 
of pinch-and-swell during extension of a more-viscous layer. The vorticity in the media is 
dominant, as per (13.8). Vorticity at each interface is conducive to local amplification and 
nucleation, but there is destructive interference between vorticity at the upper and lower 
interfaces, (after Full agar, 1980). 

During extension the flow is driven by relatively weak pressure 

gradients, although pinch-and-swell structure does nucleate, destructive 

interference between the vorticity in the two media precludes the devel-

opment of classical boudins. 

Fullagar (1980) arrived at the following conclusions:-

For long-wavelength asymmetrical deflections (fig. 1.35-a), the 

magnitude of the vorticity at the interface is always greater in the 

layer than in the matrix, as long as y 0 > or y 2-

|W0 | » |Wx| (1.26). 

X V 

where W is the vorticity defined by W = V -Ir , W 0 in the layer and Wi 

in the matrix superscripts x and y are used to denote partial derivations. 

Near a small symmetrical deflection of long wavelength, the 

magnitude of the vorticity is greater in the matrix than the layer, as 

long as y 0 > \i1 or y 2 (fig- 1.35-b) 

|Wx| > |W0| (1.27-a) 

or 

|W2| > |W0I (1.27-b) 
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Continuity of tangential (sgn) traction is expressed by:-

sgn(W0 - W x) = sgn|(1 —r1)T| (1.28-a) 

sgn(W0 - W 2) = sgn|(l-r2)T| (1.28-b) 

where r 1 = \il r 2 = y 2 

do do 

T = 2y sin 26 

y = an externally imposed strain rate 

0 = inclination of the surface of the layer (fig. 1.35-a). 

Considering the layer in fig. 1.35-a, the primary tangential 

tractions (T) at A and B must be negative and positive respectively 

and from 1.26 and 1.28-a, it follows that W 0(A) is negative and W 0(B) 

is positive. Application of the Biot-Savarat Law shows downward motion 

at the crest of the deflection and at all points directly beneath. 

At this stage the perturbation flow is controlled by the vorticity 

at the upper interface. Very soon the vorticity at the lower interface 

counteracts the effect of that at the upper, vorticity being positive 

at C and negative at D (fig. 1.35-b). This is considered to mark a 

transition or 'cross-over.1 

After the cross-over the magnitude of the vorticity is greater in 

the matrices than in the layer (1.28). W X(A) and W X(B) are positive 

and negative respectively while W 2(C) and W 2(D) are negative & positive respect-

ively (fig. 1.35-c). The equivalent perturbation velocity distribution 

(arrows in fig. 1.35-c) causes amplification and nucleation of pinch-

and-swel 1 eventually. 



1.4 Finite Element Method 

Stephansson and Berner (1971) were the first geologists to use 

the finite-element method to produce boudinage structure. Because 

of symmetry, they considered one-fourth of the boudin concerned. An 

analysis of deformation of an elastic boudin shows the development of 

the barrel shape so characteristic of many natural boudins (fig. 1.37-A, 

B). The precipitation of minerals observed in nature in the gaps 

between boudins can be accounted for by the mean stress disturbation 

deduced from the analysis (fig. 1.36, 1.37, C, D). It can be seen 

that at both ends of the boudin an area of low pressure forms. Con-

sequently the most mobile constituents in the rock (C0 2, Si0 2) will 

migrate from the surroundings towards these low pressure areas. The 

chemical analysis made by Berglund and Ekstrom (1974), using sphalerite 

as a geobarometer (based on the varying content of FeS in sphalerite) 

from different parts of a boudin on a specimen from the Udden mine, 

North Sweden, confirms the mean stress variation shown on fig. 1.37-D. 

The natural boudin they analysed is of amphibolite in a matrix domi-

nated by pyrite (fig. 1.38-A). The content of FeS in sphalerite from 

different parts of the boudin is shown in fig. 1.38-B. 

Fig. 1.36 The mean stress distribution in a theoretical 
boudinage after Stephansson & Berner (1971). The 
pressure is recalculated to kg/cm(after Berglund and 

Ekstrom, 1974). 



They argue that the different content of FeS in different parts 

of the boudin corresponds to differences in stress values and that the 

variations match well the variations in the mean stress in a theoretical 

boudinage structure (fig. 1.38-C). 

Following Wilson (1963) and Stephansson and Berner (1971), and 

Selkman (1978) investigated the relationship of stress distribution 

and mineral distribution of boudinage from the Udine Mine, using the 

finite-element method. A boudinage from the Udine Mine area has been 

examined in detail (fig. 1.38-a) with regard to its mineral distri-

bution, chemical variations (Berglund and Ekstrom, 1974) and grain-

size distribution (fig. 1.39-b compare with 1.38-B). In his programmes, 

Selkman assumed elastic or plastic material properties. During one 

iterative step, each nodal point is displaced and this displacement 

provides the basis for calculation of normal stress, principal stress 

and shear stress at the centre of each element. At a later stage, plain 

strain is maintained, which creates a possibility of calculating the 

mean stress a = ( g l + g 2 + g 3 ). The models can be carried through several 

iterations, in such a way that the nodal points, after one iteration, 

set up new points for the next iteration. 

This programme indicates that the stress distribution around the 

boudin is compatible with the mineral distribution around the boudin 

from the Udden Mine. His investigation also shows that there is a 

direct relationship between grain size and stress distribution (compare 

fig. 1.39-b and 1.40). 
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Fig. 1. 38-A Amplitude boudinage investigated by Berglund 

and Ekstrom (1974) 

14.9 
x 

15.0 

--
x14.B 

x 15.6 

x x x 19.2 x15.0 
15.6 13.7 15.6 x 15.2 

Fig . 1.38-B The distribution of large sulphide grains. The positions 

of analysed sphalerite grains are shown by crosses. 

The content of FeS in these sphalerite is also given 
(after Berglund and Ekstrom (1974)) 
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1.5 Multilayer Boudinage 

Although a number of geologists have worked theoretically and 

experimentally on the origin and development of boudinage in single 

layers, very little work has been done on multilayers. Fullagar (1980) 

when considering single layer boudinage, considered two different incom-

petent layers as matrix, even so the model is still essentially a competent 

single layer between two different incompetent layers. 

The reason multilayers have received such scant attention may be that 

they are too complex to be easily analysed mathematically. AIternatively, 

it may be that geologists consider the single layer analysis capable of 

explaining boudinage development in multilayers. 

1.5.1 Theoretical 

Cobbold, Cosgrove and Summers (1971) used Biot's (1965) theory of 

deformation of a homogeneous, anisotropic material to account for the 

buckling of multilayers. They considered the behaviour of a multilayer in 

terms of its average or bulk properties, instead of the properties of the 

individual layers. 

They adopted Biot's (1965b) theory of deformation of a homogeneous, 

anisotropic material and arrived at the following equations. 

A single equation for the displacement function, <J> 

r Q _ P) + 2(2N - + (Q + - ) — = 0 (1 .29a) 

2 ax" 3 2x 2dy 2 2 ay1* 

where N and Q are compressive and shear moduli respectively 

P = (s 2 2 - s 11) and S n and S 2 2 are the initial stresses within the 

material. 

For an isotropic material, N and Q are equal, but for an orthotropic 

material N and Q are different. "The material behaves with one modulus (N) 

if subjected to an increment of compression and a different modulus (Q) if 
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subjected to an increment of shear. Because of this modulus difference, 

the material is anisotropic; but it is also homogeneous because there are 

no discontinuities and there is no variation in properties from point to 

point", noted Cobbold et al. (1971). 

The initial stresses within a material affect the response to incremental 

applied boundary forces which are related to incremental strains within the 

material by the moduli M and L, given by: 

M = N + P/4 

L = Q + P/2 

In terms of the moduli M and L, equation 1.29a becomes: 

(L-P) + 2(M-L) + L (1.29—b) 
3X 4 B x 2 9 y 2 By 4 

The general solution of homogeneous partial differential equations 

such as (1.29-b) is (Green, 1951) 

* = fi(x + Siy) + f 2(x - Siy) + f 3(x + s 2 y ) + M * - £ 2y) (l .29-c) 

where Si> S2
 a r e

 arbitrary constants and f l s f 2 f3 & f*. are any arbitrary 

functions. 

Biot (1965, p. 193) shows that real values of Si S2 exist in the 

following cases: 

case 1: M/L > \\ P/L > 1 (1.29-d) 

case 2: M/L < J; 1 > P/L > 4.M/L(1-M/L) 

case 3: M/L < \; P/L > 1. 

Substitution of eg. 1.29c into e.g. 1.29b gives an expression relating 

the critical stress difference, P, with the moduli M and L and the parameters 

Si and S 2j a t the onset of instability. 

LS" + 2(2M-1)S2 + (L-P) = 0 (1.29-e) 

Expression (1.29e) is shown graphically in fig. 1.41, where the 
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critical stress difference is plotted as the non-dimensional ratio P/L 

against modulus ratio M/L. Cobbold et al. (1971) called the three unstable 

stress fields (fig. 1.41), which correspond to the three cases of eq. 1.29-d, 

type 1, type 2 and type 3 instability. 

It is assumed that the orthotropic material has rectangular boundaries 

which remain undeflected throughout the deformation and that there are no 

shear stresses at these boundaries. Because of these assumptions the most 

significant displacements occur towards the central part of an unstable 

body, and for this reason, the instability is internal. With the above 

assumptions, the conditions to be satisfied for type 1 instability are those 

of case 1 (1.29-d) M/L > J; P/L > 1. 

A solution of equation 1.29-b which satisfies the assumed boundary 

conditions and gives periodic displacements is: 

<j> = 4 C (cos £(*-£y) + cos £ (x+£y)} 

or <j> = -C cos£x.cos££y (1.29-f) 

where C and £ are arbitrary constants. 

The displacements u and v are: 

u = = -C££cos£xsi n££y 

9y 

v = — = C£sin£xcos££y (1.29-g) 
3x 

Each of the displacement vectors u and v, varies sinusoidally in 

magnitude, with wavelength W x and W , along the coordinate directions, where: 

r 7T i TT 
W = —; W = — so that, for this displacement pattern: 
x £ y a 

^ = Wx/W 
y 

The displacement pattern, of equation 1.29-f is that associated with the 

internal buckling of a homogeneous anisotropic material. 
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For a type 2 instability the conditions to be satisfied are 

(case 2, eqn. 1.29-d): 

M/L < \\ 1 > P/L > 4M/L(1-M/L). 

There is a single value for £ at the critical value of the initial 

stress difference, 

P c = 4M/L(L-M): 

= (1-2M/L)5 

associated with this value of f there are characteristic directions, the 

angle 6 between these directions and the y-axis is given by 

tan 0 = ±E 

These characteristic directions are oblique to the y-direction, in 

contrast with type 1 instability, where the characteristic directions for a 

minimal initial stress are parallel to the y-direction.These oblique 

characteristic directions are considered to be associated with the 

development of kink-bands. 

The combined effects of degree of anisotropy and orientation of 

compression direction on the form of finite internal structures which may 

develop in a statistically homogeneous rock is summarized in fig. 1.42. 

The theoretical forms of interlocking pinch-and-swell structures were ob-

tained by superimposing the displacement field (eqn. 1.29-f) for type 1 

instability on a set of passive marker lines, which initially were normal 

to the compression direction. An example of experimentally produced (by 

Cobbold et al., 1971) interlocking pinch-and-swell structures (internal 

boudins) have already been shown in fig. 1.28-a. 
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- 2 

Type 1 instability Type 3 

1 
Type 

\ 2 

Stable 

• i 

stress states \ 

m 
Qj 
7) 

_M 
L 

1-5 1-0 0-5 0 

Modulus ratio 

Fig.1.41. Stable and unstable values of the initial stress 
P, in materials with different degrees of anisotropy 
(expressed by modulus ratio, M/L ). The thick black 
line represents the critical stress Pc , of equation 
1.29-c. (After Cobbold et al, 1971) 

LOW ANISOTROPY (M/LJ HIGH 

0 

-e-

25 

90 

FIG.1.42. Some possible modes of expression of " b u c k l i n g " instabilities in materials 
wi th dif ferent anisotropy ( M / j J and at d i f ferent angles (6) to the m a x i m u m com-
pression direct ion. (After Cosgrove,1976) 



Stromgard (1973) is one of the few geologists to consider a 

multilayer boudinage model. His model takes account of the influence 

of viscosity contrast, thickness ratio of the layers and magnitude 

and orientation of external forces. All layers are viscous (or elastic 

and the model is subjected to layer-parallei and layer perpendicular 

external stresses. Each layer is assumed to deform homogeneously 

until it ruptures. This assumption is valid if layer-thicknesses 

are small compared to the dimensions of the model. Stromgard 

does not take into account the effect of 'necking'. 

I ipw ^ 
(nA) 

at: 
b" B, 

(nB) 

Px. 
xy 

t tPv t 

[ xy 

* * 

T yx 

Fig. 1.43-A A loaded multilayer sequence 

(drawn from Stromgard, 1973) 
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The model analysed by Stromgard is shown in fig. 1.43A. It is 

rhythmically layered, semi-infinite and consists of linearly viscous 

materials, stiff A, and less stiff B with viscous tensile moduli n A and 

n B , respectively. The model is assumed to deform by plane strain. For 

this type of model Stromgard (1973) shows that the stress distribution in 

such a model is 

= - V B > (1.30) 

0 - VJ) + §K(1 - V|) 

. p - y - ! m v B + y - v A ~ V + V 1 - v A > < 1 - 3 1 > 

8 (1 - Vjp + f K( 1 - V|) 

% 

a 
X 

° y A -
p y ( 1 " 3 2 a ) 

°yB
 P y ( K 3 2 b ) 

T x y A
 = V B

 = T y x ( 1 " 3 3 ) 

where V^ and V g = ratios of latitudinal to longitudinal strain rates 

of A and B respecti vely. K = ru, . 

Besides being valid for plane strain, eqns. 1.30 - 1.33 also hold for 

one special three-dimensional deformation i.e. an axisymmetrical model 

subjected to an applied average stress P in the radial direction parallel 
A 

to the layers. This can be compared to 'chocolate tablet boudinage', 

Ramsay (1967). 

According to Stromgard, in order for boudins with a rectangular shape 

to form, there must be an axial tension, parallel to the competent layers. 
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ipy X 

0 <AAAAAAhr-5£».AAXAA X Px » - P y B 2 
OTWSAAAAAAAAA/IA? 
TvVvVAWAW^iA ^ 

Fig. 1.43. Magnitude of 

longitudinal stress parallel 

to layering, crxA, in competent 

layers (A), for various thick-

ness ratios a/b and viscosity 

ratios K = nA/nB; if the 

applied stress P^ is compres-

sive, stress is tensile to the 

right of the ordinate; B: 

P /P = 0 ; C: P / P = 1/2. 
x / y X / y 

(after Stromgard, 1973). 

From his analysis, Stromgard concludes that in a multilayered rock 

sequence under which tension develops (as shown in the diagrams fig. 1.43-

B, C) the following conditions pertain. 

(a) In uniaxial compression (fig. 1.43-B) a is always tensile if 
x A 

the viscosity ratio is greater than 1 regardless of the thickness 

ratio. 

(b) Tension fractures normal to bedding could develop provided the 

tensile strength of the competent layers was low enough. 

(c) If P = 1/2 P , (fig. 1.43-C,) a will be tensile only for certain 
x y x A 

ratios of viscosity and thickness. If the viscosity ratio is <2 

there is no possibility for tension to develop, regardless of the 

magnitude of P^ and of thickness ratio of the layers. 

(d) The smaller a/b, the greater the axial tension developed in 

competent layers and the greater the viscosity ratio the greater 

the tension. 
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P 1 
(e) If _x > /2 boudins cannot form by fracturing and only flow 

Py i 

occurs. If P x < / 2 boudins form if the tensile 

^ P 

stress is high enough. J Thus low _x ratios favour the develop-
P 

ment of boudinage structures. ^ 

(f) If slippage between layers occurs or if the soft material is 

compressible the fields of fracture in fig. 1.44 will decrease. 

Formation of Rhombohedral Boudins 

Different mechanisms have been proposed for the formation of rhombo-

hedral boudins. One assumes that failure of the competent layers occurs 

by shear fracturing. If o 1 is normal to the layering these fractures will 

be oblique to the layering commonly at 60° to it. Another method by which 

rhombohedral boudins can be formed is by the deformation of originally 

rectangular boudins. They may become rhombohedral during progressive defor-

mation because of shear parallel to the layering. 

Stromgard (1973) considered the effect of a shear stress (t ) 
xy 

parallel to the layering in addition to P x and P . In this model 

the principal stresses are inclined to the layering. If the materials 

are considered to be incompressible the orientation of the axis of 
i 

* maximum compression refracts across the boundaries between competent 

and incompetent layers according to the following equation:-

tan 29- = 5- tan 20 R (fig. 1.44-A) (1.34) 

J 



Q 

_SL 

Fig. 1 . 4 4 . Conditions for format ion of rectangular boudins by tension cracking of competent layers of a 
symmetrically loaded incompressible multilayer, (after Stromgard, 1 9 7 3 ) . 
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b 

Fig. 1.45-A Relationship between orientations of principal stresses at 

interfaces between soft and stiff layers for various viscosity 

ratios K. For angles of the principal axis in the incompetent 

layers of less than 45°, the angles of the principal axis in 

the competent layers are greater than those in the incompetent 

layers. The opposite relations hold for angles in the incom-

petent layers of less than 45°. 

Fig. 1,45-B Orientation a of the maximum compressive stress in competent 

layers (A), at high competence contrast for various thickness 

ratios and orientations <j> of applied compression; orientation 

3 of maximum compressive stress in incompetent layers (B) is 

constantly 45° except for <j> = 90°. 



© a / b = 1 / A 

k=3a- oo 
MB 

P , / P 3 < 0 . 4 8 g i v e s 
t e n s i o n in A 

a / b = 1 

K - — > OO 
t|b 

P,/P3 < 0.18 gives 
t e n s i o n in A 

Fig. 1.46 Distribution of maximum compressive stress far four multilayers 

with different thickness ratios loaded in the same direction. 

P] 
Note that the critical ratio of -5— required for tension cracking, 

3 
decreases as the thickness ratio increases, (after Stromgard, 1973 

The trajectories of P 3 in four incompressible multilayers with a very 

high viscosity contrast (K are shown in fig. 1.46. The orientation of 

the applied principal stresses P x and P 3 are the same for four models but 

the thickness ratio between the competent and incompetent layers is 

different. In the model with widely spaced competent layers, boudins which 

are very nearly rectangular will form (fig. 1.46-A). However, for closely 

spaced competent layers (for which incidentally a much lower ratio of applied 
p 

stress, -R-1, is required for stresses to be tensile in the competent layers) • 3 
rhombohedral boudins may form (fig. 1.46-D). 

Stromgard (1973) concludes that boudins formed by tension cracking at 

high confining pressure will be roughly rectangular, irrespective of the 

bulk orientation of compression relative to layering (fig. 1.46). According 

to equations (130 - 133) tension cracks markedly inclined to the normal to the 
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p 
layering can develop only if has quite a low value. If the confining 

P3 
pressure, -P l s is high, differential applied stress, Pi-P 3, has to be very 

high for markedly rhombohedral boudins to form. The requirement of very 

high differential applied stress indicates that at great depth formation 

of markedly rhombohedral boudins by tension cracking must be rare because 

at great depth very high differential applied stress is not developed. 

The shapes of rhombohedral boudins may also be controlled by the 

orientation of pre-existing planes of weakness, such as shear planes, on 

planes of orientation of platy minerals generated during folding (fig.1.47) 

Fi g . 1 .47 . Formation of rhomboidal boudins by separation across planes of weakness. A. Att i tude of aniso-
ropy in fold; thinner units are more competent . B. Distribution of stress in limb of fold, separation 
ccurs across anisotropy planes, (after Stromgard, 1 9 7 3 ) . 
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1.6 Pinch-and-Swell Structures 

The term 'boudinage' implies individual segments or boudins of a 

once continuous layer separated by fractures or veins or country rock. 

Pinch-and-swell structure however is the name given to the periodic 

thickening and thinning of a layer which remains continuous. According to 

many authors (e.g. Ramberg, 1955; Ramsay, 1967; Smith, 1975) most lenticular 

types of boudinage structures start as pinch-and-swell structures. Indeed, 

many (Smith, 1975) have tried to produce pinch-and-swell structures to 

investigate the initiation and development of boudinage. Compared to 

boudinage, comparatively little work has been carried out on pinch-and-

swell structures. 

Ramberg (1955) was probably the first to investigate the development 

of pinch-and-swell structures. Using clay, putty, plasticine and cheese 

as modelling materials, Ramberg showed that boudinage and pinch-and-swell 

structures develop only when a competent layer is set in an incompetent 

matrix and is subjected to elongation. He also observed that if the competence 

contrast was small, the more competent layer formed pinch-and-swell structures 

before rupturing, on the other hand, if the competence contrast was large 

rupturing occurred after only a small amount of elongation. 

Ekstrom (1975) made a detailed study of pinch-and-swell from a Swedish 

locality. He based his investigations on field observations and measurements 

with special attention to the following parameters; the orientation of the 

dykes which contained the pinch-and-swell structures, the schistosity of the 

host rock, the width and thickness of the swells, the grain size, the mineral 

composition and the thickness or separation of the pinch zones. 



F i g . 1 

Fig. 1.51 shows some of the measured parameters on the pinch-and-swell 

structure. 

He presented some useful statistical analytical results and a mathematical 

function which describes the outer shapes of wel1-developed swell (fig. 1.54). 

f(x) = L " 2 (1-35) 
(e + 1) 

It is suggested that a continuous flattening of the swell is a func-

tion of decreasing competence. The ratio of the average thickness of the 

pinch zone and the thickness of the swell is nearly constant for pinch-and-

swell structures which have been deformed contemporaneously. The ratio be-

tween the width and the thickness of the swells is approximately 3:1. 

idth 

e p a r a t i o n 

W i d t h , c m 
t i g . I . 5 1 B The varying width of the studied swells. 

5 1 B Some of the measured parameters are shown on 
the pinch-and-swell structure. ts — thickness of swell, tp = 

thickness of pinch, ds = disturbed area outside the swell, 
d p = disturbed area outside the pinch. 

(after Ekstrom, 1975). 
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There seems to be a critical thickness of layers or dykes necessary 

for the formation of a pinch-and-swel1 structure in the area. Veins 

less than 0.5cm thick were completely ductile during the deformation. 

Thick dykes behave more competently than thin ones and the number of 

swells increases with decreasing thickness of the dykes. 

Fig. 1.53 The theoretical flow 

directions above a pinch-

and-swel 1 structure (A). 

The thinning and thickening 

of a vein due to 'plastic' 

flow (B). Small boudinage 

structures around a big 

swell (C). 

(after Ekstrom, 1975) 

Fig. 1.52 The pinch/swell ratio as 

a function of increasing 

deformation. A low 

coefficient (a) 

means great deformation. 

(after Ekstrom, 1975) 

He also found that it was possible to identify pinch zones at 

different stages of the development of the pinch-and-swel1 structure. 



f ( x ) 

Fig. 1.54. The continuous flattening of the swells is described 

1 - ? 
by varying K in the function f(x) = —n -— 

(e + 1) 

(after Troeng, 1975). 

Troeng (1975) studied one natural example of pinch-and-swell structure. 

He found that the deformation of individual grains of quartz and feldspar 

in the host rock increased towards the pinch-and-swell layer. The outer 

curve of the swell can be approximated by the mathematical function (1.35) 

(see fig. 1.54). 

From his experimental model work, in which he used black and white 

plasticine as the competent model materials, Troeng concludes that a 

competence contrast less than that between putty and plasticine is needed 

to produce pinch-and-swell. The main mechanism of pinch-and-swell 

formation in the models is by sliding along shear planes. 



Deformation of Pinch-and-Swel1 Structures 

As shown in fig. 1.55 Penge has suggested three ways the 

various shapes of pinch-and-swel1 structures can be classified. 

They are:-

(1) in terms of their symmetry (fig. 1.55-a). 

(2) the relationship of swell width to pinch width (fig. 1.55-b) 

(3) the ratio of swell thickness to pinch thickness (fig. 1.55-c 

Penge (1976) used plasticine models to simulate the geological 

process of deforming a single layer pinch-and-swell structure. He 

found that the maximum deformation was always concentrated within the 

proximity of the pinch zones. This deformation can be divided into 

two distinct phases, namely, the buckling of each pinch zone, which 

changes the original orthorhombic symmetry of the pinch-and-swell 

structure to triclinic (fig. 1.55-a); and the shearing of the pinch 

zone (fig. 1.55-b). 

The resulting structures of the second phase (shearing) were 

dependent on the competence contrast and the initial angle of the 

layer to maximum principal compression. 

The shears which often make an acute angle to the maximum 

principal compression, are normally en echelon. In each pinch zone 

either one or two parallel shears may develop. Penge also found 

that variation of strain rates had no significant effect on the 

resulting structures. 
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. Fundcrrental types of pinch-and-swel1 classes based 
on the relationship of swell width to pinch width. 
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C. The four classes of pinch-and-swel1 structures based 
on the ratio of swell thickness to pinch thickness. 
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CHAPTER 2 EXPERIMENTS 

2.1 INTRODUCTION 

In this chapter the main types of structures that develop 

in experiments where a multilayer is compressed normal or at high 

angle to the layering, are described, illustrated and analyzed. 

As was discussed in Chapter 1, a number of authors have 

performed different types of experiments to study the development 

of boudinage and related structures. Ramberg (1955) used materials 

such as plasticine, clay and others. Stromgard (1973) & Sowers(1973) used 

gelatin. Apart from a few experiments by Cobbold et al. 1971, all 

experiments on boudinage structure have been concerned with single-

layer system. Furthermore, although Cobbold (1973) and Summers 

(1979) have used paraffin wax multilayers to study the formation of 

folds, the author is not aware of any work done using paraffin wax 

to model boudinage structures in multilayers. 

The object of the present work is to investigate the 

initiation and development of boudinage and related structures that 

develop in experiments where a multilayer is compressed normal or 

at high angle to the layering. 

2.11 Apparatus - the apparatus used for most of the 

experiments is the Pure Shear Deformation rig (fig. 2.1.A.) designed 

and constructed by Cobbold (1973) for the scale modelling of geo-

logical structures. The models have initial dimensions of X = 6" 

(15 cm); Z = 6" and Y = 2" (5 cm), and are deformed under controlled 

conditions of strain rate and temperature. Throughout the course 



1&& 

I 
8 — 

Fig.2.1.A 

General view of the pure shear machine, showing the rigid 
frame (1), electric motor (2), gear box (3), drive-shafts 
(4), heating lamps (5), fan (6), deformation box (7), 
photographic copy-frame (8) and measurement and control 
systems ( 9 ) . (after C o b b o l d , 1973) . 



of experiment, X and Z varied, but Y was constrained to remain 

constant. For details see Appx. A.l. 

The second apparatus used to compress single layer models 

of plasticine and putty (Models 11, 12, 13) was a wooden defor-

mation box shown in fig. 2.I.B. The apparatus is described 

in detail in Appx. A.2. 

2.12 Modelling Material. Paraffin waxes with different 

melting points (50°, 54° and 58°C) and in some experiments plasti-

cine and putty were used as modelling materials. Paraffin wax was 

chosen because over the temperature and strain rate ranges that 

can be conveniently used in the apparatus, the rheological properties 

of wax vary between brittle and ductile. Paraffin wax can also 

undergo large deformation. 

Rheological, chemical and some other properties of 

paraffin wax and plasticine are given in Appx. B.2. A simple method 

of preparing wax in the form of sheets, for use in multilayer experi-

ments, was developed. The method, which is described fully in Appx. 

C.ll, made use of the low specific gravity of wax by floating and 

cooling a thin sheet of molten wax on the surface of a water bath 

(Appx. C.ll., fig. A.4.). 

As a result of tests on the rheological properties of 

paraffin wax (Summers, 1979), the competence contrast of 54°C 

melting point paraffin wax layers ©1mm thick) alternating with 

thin films of silicon grease can be estimated over a range of 

temperatures. For experiments that ran at 36°C the viscosity 

contrast is on average 1:500. Zalpon liquid soap can be used as 
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Fig. 2.1.B. The Wooden 

a. Before 

b. At the 

b 

Deformation Box 

deformation 

end of deformation. 



an interlayer lubricant but it is difficult to find out its 

viscosity because of the problem of it draining from the multi-

layer during the initial clamping of a test block in the test 

apparatus. 

2.13 Number of Experiments. Altogether fifty-four 

experiments were performed. These are listed in Table 2.1. together 

with the major structures that developed in each model. Models 

1 - 1 0 and models 38, 39, 40 were made up of plasticine. Three 

models (Mod. 11, 12, 13), which were deformed in the wooden deformati 

box, consisted of plasticine layer and putty or putty mixed with 

plasticine matrix. The remaining ' models were constructed using 

paraffin wax. 

Most of the paraffin wax models had 150 layers. A few 

contained thicker (more than 1mm thick) layers, and these models 

had between 140 and 148 layers. Models 47 - 51 had between 138 -

148 layers. 

In the following sections of this chapter the different 

types of structures (fig.2.2) that were recognised in the deformed 

models will be discussed in turn together with the description of 

relevant selected models which best illustrate these structures. 



Type A. - Interlocked pinch-and-swell (or Internal boudins) structures 

B-I. - Boudins initiated by in-built cross-shaped hoi 
representing tension fractures. 

b 
\ 

Aw ̂  

Type B-II. - Boudinage generated by the formation of relatively in-
competent (strain softened) bands, b, b. 

Type C. - Classical Boudins formed in competent layers sandwiched 
by incompetent layers. 

V. 

Type D - "Boudins" generated by shear fractures. 

F,g 2 2 
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Table 2.1 .a. 

Model 
No. 

Model Construction 
(Plastici ne) 

Temperature Strain Rate 
Sec"1 

1 Finite 
Bulk 
Shorteni ng 

Structures 

1 Single layer 1cm 
thick Black Standard 
plasticine, matrix 
soft pink plasticine 

toom temp. 

24-25°C 

2.05 x 10"' 37.3 Boudinage initi-
ated by shear 
fractures 
(Type D) 

2 Same as above II 2.05 x 10"' 37.3 D 

3 Same as above, 
except layer .5cm 
thick. 

M 2.05 x 10"' 34 D 

4 Same as above, 
except layer 2cm 
thick 

n 2.05 x 10"' 37 D 

5 Same as above, 
except layer 1.5cm 
thick. 

n 2.05 x 10"' 34.8 D 

6 Same as Model 1 
except layer in-
clined at 45°. 

it 2.05 x 10"' 36 No boudins 

7 Same as above, 
except layerQin-
clined at 65 to 
p. stress direction. 

II 2.05 x 10"' D 

8 Same as above, 
except layer .5cm 
thick inclined at 
60° to p.s.d. 

II 2.05 x 10"' 36.6 D 

9 Same as Model 3, 
except layers are 
two separated by 
matrix. 

II 2.05 x 10"' 27.6 D 

10 

11 

12 

Same as above, 
except layers 1cm 
thick each 

Single layer .5cm 
thick in putty matri 

Single layer .5cm 
thick black standard 
plasticine in soft p 
& putty mix matrix 

M 

II 

( 

II 

ink 

2.05 x 10"' 

Models 11, 
12, 13 
Shortened 
at 3.5 x 1 (P 
cm per sec. 

30 

47.5 

48 

D 

D and C with 
necking. 

D 

13 Same as above except 
layer .2cm thick 

n 48.8 D 
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Table 2.1. e. 

Model 
No. 

Model Construction Tem 
(Wax). 

perature 
OC 

Strain 
Sec" 

Rate 7o Finite 
Bulk 
Shortening 

Structures 

14 Multilayer of 54°C 
Melting Point wax 
of 1mm thick each, 
lubricated by si 1 icon 
grease. 

36 2 .05 X 10" " 1 + 40 A (good) 
B-II (good) 
D 

15 Same as in 14 41 2 05 X 10" 32 Homogeneous 
Flattening 

16 Same as in 14 36 2 05 X 10" 1+ 30 A (good) 
B-I, B-II, D 

17 Same as in 14 36 2 05 X 10" I t 36 A,B-I,B-II,D 

18 Same as in 14 with 
2 fractured layers in 
the middle 

36 2 05 X 10' I t 33 A, B-I, B-II, 

D. 

19 Same as in 14 but 
multilayer (94mm thick) 
sandwiched between 2 
isotropic blocks of 
weaker wax (28&30mm thi 

36 

ck) 

2 05 X 10" 33 A and B-II 

20 Same as in 19 with 
fractured layers in the 
middle of model. 

36 2 05 X 10' 31 .5 A and B-I 

21 Same as in 14 with 3 
cross-shaped holes, 
12 x 12mm in the 
middle of model 

36 2 05 X 10" 1+ 35 A and B-I 

(good) 

22 Same as in 21 but 
with smaller holes. 

36 2. 05 X 10" 31 .5 B-I (good) 

23 Same as in 21 36 2 05 X 10" I t 40 A (good), B-I 
/ J \ 

24 Same as in 18 40 2 05 X 10" k 30.5 
(good) 
Homogeneous 
F1atteni ng 

25 Same as in 14 but 
colouring 1 black 
layer every 5 yellow. 

36 2 05 X 10" k 38 A, B-II(good)-

D. 

26 Same as in 25 with 
liquid soap lubricant 

36.5 2 .05 X 10" I t 38 A(good),B-11, 

D 

27 Same as in 25 without 
1ubricant 

36.2 2 05 X 10" I t 38 B-II (good), 

C, D. 
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Table 2.1. e. 

Model 
No. 

Model Construction Tem 
(Wax) 

__ 

perature 
°C 

Strain 
Sec" 

Rate % Finite 
Bulk 
Shortening 

Structures 

28 Same as in 25 but 
black layers more 
competent (58°C M.pt 
wax) than yellow layers 
No lubricant. 

36 2 .05 X 10"" 31 A, B-II (good) 
C, D. 

29 Same as in 28 with 
liquid soap lubricant 

36 2 .05 X 10"" 31 A, C, D. 

30 Single layer (10mm 
thick 58°C M.pt. wax) 
in multilayer matrix as 
14 but all yellow 

36 2 .05 X io~" 39 A, the layer 
siightly bent. 

31 Two (5mm thick each) 
58°C layers in a multi-
layer matrix as in 30. 

36 2 05 X 10"" Abandonet 
technica' 

1 due to 
fai1ure. 

32 Same as in 31 36 2 05 X 10"" 38.5 A(poor), B-I 
(poor), C,D. 

33 Same as in 31 but com-
petent layers are 3mm 
thick each. 

36 2 05 X 10"" 40.5 A(good) B-I, 
B-II and 
minor folds 
on ends. 

34 Single 58°C M.Pt. layer 
in an isotropic 54°C 
M.Pt. wax block 

36 2 05 X 10"" 35 C (initiated 
by necking) 

35 Same as in 34 but 2mm 
thick competent layer 

37.5 2 05 X 10"" 33 Flow of matrix 
and homogen-
eous flatten-
ing of layer. 

36 Same as in 14 36 2 05 X 10'" 34 A and homog-
eneous flat-
tening . 

37 Multilayer of 54°C M.Pt 
P.. wax (101mm total 
thickness) embedded by 
25mm thick 50°C M.Pt. 
p.wax on each end. 

36.5 2 05 X 10"" 326 A, B-II. 
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Table 2.l.d 

Model 
No. 

Model Construction 

and mater ia ls 

Tempera-
ture 

OC 

Strain 
Sec" 

Rate 
-l 

% Finite 
Bulk 
Shorten-
ing. 

« 

Structures 

38 Pinch-and-swell 
(4.5mm - 9mm thick) 
of standard white in 
an isotropic stand-
ard black plasti-
cine matrix. 

24-25°C 2.05 x io"4 
33 Shortening of 

pinch-and-
swel 1 layer 
by slip along 
shear faults 

39 Same as in 38 but 
pinch to swell 3.5: 
6.5 thickness ratio. 

24-25°C 2.05 x 10"
4 

31.5 Pinch-and-
swell shor-
tened by slip 
along shear 
faults 

40 Black standard pinch-
and-swell in special 
soft pink plasticine 
(2mm and 6mm thick) 
vaseline lubricant 

24-25°C 2.05 x 10"4 
34.6 Shortening of 

pinch-and-
swell by slip 
along shear 
faults 

41 58°C M.Pt. wax pinch-
and-swell layer in 
50°C isotropic 
matrix, vaseline 
1ubricant 

43.5 °C 2.05 x 10"
4 

31.5 Shortening by 
assymetric 
folding. Void 
formation and 
c usp-like 
structures at 
matrix inter-
faces. 

42 Same as in 41 39 °C 2.05 x 10-
4 

31.5 Shortening by 
assymetric 
folding. Void 
formation and 
c u sp-1ike 
structures at 
matrix inter-
faces . 

43 Same as in 42 but 
pinch to swell 
1.4:6.0 

39 °C 2.05 x 10"
4 

30.5 Shortening by 
tight assymet-
ric folding. 

44 Same as in 43 35°C 4.1 x 10"5 
32 Folded pinch-

and-swel1 
layer and 
tight assymet-
ric folds in 
pi nches. 
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T a b l e 2.1. e. 

1 
Model 

No. 
Model Construction 

(Wax) 
Tempera-
ture 

OC 

Strain 
Sec" 

Rate 
i 

% Finite 
Bulk 
Shorten-
ing. 

Structures 

45 Same as in 44 but 
the pinch to swell 
width ratio is 
2:1 

34 2.05 x 10'" 28.6 Shortening 
by assymet-
ric folding 

46 Same as in 45 38.3 2.05 x 10~" 33 Shortening 
by assymet-
ric folding 

47 Multilayer of 
3mm, 2mm, 1mm 
thick black 
(2,3,6 layers 
respectively, 54 C 
M.Pt. wax) compet-
ent layers in a 
layered (50OC M.Pt. 
orange 1mm thick 
each) matrix. 

28.3 2.05 x 10~" 36 TYPE C 
structures, 
boudins initi-
ated by tens-
ion fractures, 
later shear 
faults (zones) 
formed joining 
many of the 
tension 
fractures. 

48 Same as in 47 but 
slower strain rate 

28.3 4.11 x 10"5 
36.3 C as in 47 

49 Same as in 47 30 2.05 x 10-" 37 C as in 47 

50 Same as in 47 32 2.05 x 10"" 37.3 Mostly homog-
eneous flatt-
ening. 

51 Same as in 47 but 
the incompetent 
layers coloured 
white 

28 2.05 x 10-" 36 C as in 47 

52 Same as in 14 36 2.05 x 10-" 37 A 

53 Same as in 23 but 
orange instead 
of yellow 

36 2.05 x 10"" 36.4 A and B-I 

54 Same as in 23 2.05 x 10"" 35.6 B-I 
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TYPE A STRUCTURES - INTERLOCKING PINCH-AND-SWELL (OR 

INTERNAL BOUDINS) STRUCTURES 

V 

Fig. 2.3.B. 
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The type A structure is a combination of a network of conjugate 

normal kink bands and interlocking pinch-and-swell structures. 

When viewed closely (fig. 2.3.B.) the individual layers are seen 

to be deformed into triclinic pinch-and-swell structures. In some experi-

ments the early interlocked pinch-and-swell structures seem to be symmetric, 

but they immediately change into triclinic as deformation proceeds. 

The alignment of the pinches in adjacent layers gives rise to the 

line (plane in 3D) which define the normal kink band (or shear zone). 

These kink bands may form in conjugate sets and initially form at 

around 60 ° to the principal compression direction (ai). 

Model 14 

Model 14 consists of alternating black and yellow 54°C 

melting point paraffin wax layers each approximately 1mm thick 

- 3 

(fig.2.4.A). Each layer was smeared with a thin (about 1.6 x 10 mm 

thick) film of silicon grease (supplied by N.V. Dowcorning S.A., 

Seneffee, Belgium) to allow frictionless slip between the layers. 

Five minutes after the start of compression, individual 
j* * 

layers near the "top" and "bottom" of the model started forming 

pinch-and-swell structures. After another minute certain pinches 

(necks) in the various layers deflected in such a way as to form 

a shear zone inclined at 30° to the layering. Each individual 

pinch-and-swell layer interferes with the adjacent layers, the swells 

of one layer favouring the development of a neck in the adjacent 

layer. A swell in one layer is often seen to cause a deflection 

of a neck in an adjacent layer. Photographs in fig. 2.4.B, C show 

Model 14 at 27% and 40% bulk shortening, respectively. 

* "top" and "bottom" refer to photographic face. 
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Fig. 2.4. Three stages in the progressive deformation of 

Model 14. 

A - 0.0% 

B - 27% (% b ^ k shortening) 

C - 40% 
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M O D E L 1 4 

Fig. 2.4.D 

Fig. 2.4.D. Plot of the average bulk shortening against the 

average stress in the progressive deformation of Model 14. 

A-C correspond to the three photographs in fig. 2.4 A-C. 

t~T 



The major shear zone (fig. 2.4.C.a) is at 25° to the 

layering when bulk shortening reached an average of 27% and at 

22° to the layering at the end of the experiment after an average 

bulk shortening of 40%. The obtuse angle between conjugate shear 

zones was 127° when the shortening was 27% and 132° when the 

shortening reached 40%. 

The area in the central part of the model (fig. 2.4.C) 

is less deformed than the margins. This relatively undeformed 

region is 26mm thick after 40% bulk shortening. This area which 

flattened homogeneously acted as a relatively competent band between 

two strain softened incompetent bands in which pinch-and-swell 

structures and normal kink bands developed. The relatively in-

competent bands flowed around the competent bands, as shown in 

figures 2.4.B. and 2.4.C. 

Local shortening within the model can differ considerably 

from the bulk shortening. For example, at 27% bulk shortening the 

"top" 25 layers (fig.2.4.B) had shortened by 33% and the "bottom" 

20 layers by 31%. Similarly at 31.5% bulk shortening, the "top" 

25 layers have undergone 36.7% shortening and the bottom 20 layers 

34% shortening. At the end of the experiment the bulk shortening 

was 40%. However, the upper 25 layers had shortened by 45.5% and 

the less deformed area in the central part shortened by only 25%. 

Fig. 2.4.D shows the plot of the average bulk shortening 

against the average stress during the progressive deformation of 

Model 14. The stress is seen to increase until the appearance of 

the first pinch-and-swell structures (fig. 2.4.D.a). It then drops 



slightly and the deformation continues at an approximately constant 

stress until about 30% (fig. 2.4.D.b) shortening has occurred when 

the 'locking up' processes start. These 'locking up' processes 

are mainly caused by restraints imposed by the experimental rig, 

for example, the confining barriers begin to resist the flow of 

the less competent bands of the model. As a result minor folds 

form and the incompetent material is deflected in such a way as 

to make it difficult for the more competent band to flow. The 

result is that the stress must be increased to maintain a constant stfcai 

Model 23 

Model 23 consists of black and yellow 54°C melting point 

paraffin wax layers, each M m m thick. Three cross-like holes 

were cut in the central part of the model (fig. 2.5.A). After a 

bulk shortening of 5% (4 = 1 x 10 ), the layers adjacent to the 

holes began to flow to fill the gaps (fig. 2.5.B, C), and as 

deformation continued the gaps were gradually filled. Infilling 

was complete after 14% shortening. During the deflection of the 

layers towards the gaps lubricant also flowed towards the gaps. 

After a bulk shortening of 8% pinch-and-swell structures 

developed in the individual layers at the bottom of the model 

(fig.2.5.C). As in Model 14, these structures first developed near 

the edge of the piston-face and then propagated towards the central 

part of the model. Because of the irregularities, that is, gaps 

built into the model and therefore the formation of the type B-l 

structure in the central region of the model, type A structures 

were able to develop almost everywhere in the model (fig.2.5.F.G). 
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Fig. 2.5. Six stages in the progressive deformation of Model 23. 

A - 0.0% 

B - 5% 

C - 8% (% bulk shortening) 

D - 10% 

E - 16% 

F - 40% 

G (Overleaf) - enlargement of the whole model at 40% finite 

bulk shortening. 

H (page 142.) - enlargement of the upper central part of fig. 2.5.G. 

N.B. not all the model is shown in fig. 2.5 A~F 
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At 40% bulk shortening only a small area of the model 

remained unaffected by one or other of type A and Bl structures. 

The type B-l boudins were extended at both free ends of 

the model and eventually reached the barriers which caused the 

structures to fold (fig. 2.5.D-F). 

The angle of alignment of the deflected pinches 

(i.e. shear zone) at 10% bulk shortening (21.5% local shortening) 

was between 25° and 28° to the layering (65° - 62° to ai)(fig.2.5.D) 

This angle rotated towards the layering by about 10° to 20° as the 

shortening increased. 

The gaps between type B-l boudins acted as zones of initi-

ation from which normal kink bands (shear zones) initiated. These 

normal kink bands, which appeared at 26% bulk shortening, range in 

orientation between 40° - 46° to the layering. By the time the 

gaps were closed the zone at the'bottomnof the model, where type A 

boudins were forming, had reached a shortening of an average of 

28%, twice the bulk strain. At the end of the experiment (46% bulk 

shortening) this zone had been shortened by 51%. 

2.3 TYPE B-l STRUCTURES 

The second most important structures to develop in the 

experiments are called type B-l structures. They were mentioned 

briefly in the description of Model 23 and are lenticular or lozenge 

shaped boudins generated at a specific locality by building into a 

model neck region (gaps). The introduction into the model of a 

band of layers which are cut to create voids 1.2cm long (fig.2.5.A) 



caused the adjacent layers in the matrix to flow into the gap when 

the model was deformed. 

Fig. 2.6.A 

As can be seen in fig. 2.6.A the layers inside the "boudins" 

are thicker than the outer layers. It is thought that these layers 

remained thicker, that is relatively unstretched (1mm thick), 

because the layers that flowed into the gap acted as a barrier 

preventing the "boudin" extending. 

Fig. 2.6.B Fig.2.6.e 

Type B-l structures also developed in models in which no gaps were 

introduced (fig. 2.6.C). These structures were formed because a 

small gap was created during the experiment as a result of different 

rates of stretching in different bands of layers. The layers 
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adjacent to this gap are deflected into it creating a type B-l 

'boudin'. Breaks in individual layers may also cause type B-l 

boudins to form as shown in fig.2.6.B. 

Model 21 

This model is identical to Model 23 in construction. 

They both had 3 cross-shaped holes and were deformed at the same 

temperature and strain rate. However, Model 21 was deformed until 

the bulk shortening reached an average of 35% whereas in Model 23 

it reached 40%. Model 21 has all the major structures that are 

in Model 23 except the micro-folds. Because of this the B-l type 

structures have not been obliterated and remnants of the original 

gaps can still be seen (fig. 2.7). 

The layer of B-l boudins is bent. The bending started 

at shortening when an area at the centre of the bottom edge 

of the model began to develop type A structures. It was this 

localised zone of strain softening that caused the central part 

of the model to be deflected. After ^9% bulk shortening type B-l 

structures started to aopear at positions 1 and 3 of the 

model (fig. 2.7). A zone of type A structures initiated by the 

separation of the two central type B-l boudins formed at an angle 

of -45° to the layering at position?2 fig. 2.7. The type A 

structure (shear zone) mentioned above and another shear zone at 

a lower angle to the layering form the boundary of type B-l struc-

ture of the second kind (fig. 2.7(3)). 

Some areas of the model deformed homogeneously (fig.2.7(4)). 

I 



FIG 2 7 





However, type A structures would most probably have formed here 

had the deformation continued (c.f. experiment 23). 

During the deformation lubricant from between the 

layers and between the top plate and the model filled the gaps. 

However, the lubricant was squeezed out and displaced towards the 

ends of the model as the matrix flowed in. 

2.4 TYPE B-II STRUCTURES 

The boudin structures that form when a relatively un-

deformed area is isolated in a model in which there is no competence 

contrast between the layers as in Model 14, are referred to as type 

B-II. 

These structures result from the localisation of type A 

structures in specific horizons within the model. Once the type A 

structures have developed the horizons containing them deform more 

easily than horizons in which they do not occur. The model becomes 

essentially one containing relatively competent and relatively in-

competent horizons and boudins may develop (fig.2.8) in the 

relatively competent horizon in the same way as they do in a competent 

single layer. 

Fig. 2.8 
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The boudins are barrel-shaped and are often in the central part 

of the models (fig.2.4.C, 2.9). Type B-II structure also develops 

in models made up of alternating competent and incompetent layers 

of the same thickness, for example, Models 27, 28 and 29. Fig.2.9 

shows the progressive development of B-II type boudins in such a 

model. 

Model 28 

The model was made up of alternating yellow layers of 

54°C melting point paraffin wax with alternating black and plain 

(colourless) layers of 58°C melting point paraffin wax, all the 

layers having the same thickness, 1.0 - 1.1mm. 

After 16 minutes a competent layer near the piston devel-

oped embryonic necks and broke. As deformation continued more and 

more competent layers near the 'top' and 'bottom' of the model 

necked and separated. The incompetent matrix layers flowed into 

the gaps between the competent layer ancf deflected the boudins 

(fig.2.9G).There is a very significant, relatively undeformed area 

in the central part of the model. After an average bulk shortening 

of 38.3%, the incompetent layers in the relatively undeformed area 

had elongated to 168mm (from 152mm), an increase of 10%, while 

the unbroken competent layers had elongated to 157mm, an increase 

of only 3%. This area covers M 5 % of the whole deformed model at 

38.3% bulk shortening. Different stages of necking and fracturing 

of the competent layers can be observed in this relatively undeformed 

area (fig. 2.9.C). The resistance offered by the confining plates 

to extension of the two strain softening zones that developed near 



2.9. Seven stages in the progressive deformation of 

Model 28. 

A - 0.0% 

B - 10% 

C - 13.5% 

D - 17.6% (% bulk shortening) 

E - 25% 

F - 31.3% 

G - 37.5% 

H (Overleaf) - an enlargement of fig. 2.9.G 
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(a) 

Fig. 2.10 (a) Plot of the average stress against the bulk shortening 

in the progressive defonration of Model 28. A-F correspond to 

the photographs in fig. 2.9 A-F. (b) Plot of percent shortening 

against time of defonration. Curves 1-4 show the variation of strain 

in different parts of the model during the defonration. 

M O D E L 2 8 



the piston caused microfolds to develop at the ends of these zones 

(fig. 2.9. F,G). 

The strain in the strain softened areas is much higher 

than the bulk shortening. Fig. 2.9 shows seven stages in the 

progressive deformation of Model 28. The variation of average 

stress during this progressive deformation is shown in fig. 2.10.A., 

where the seven stages (A-G) in fig. 2.9 are also indicated. On 

this graph (fig. 2.10.A.) bulk shortening has been plotted against 

average stress. The stress increased steadily until one of the 

competent layers failed (point B in fig. 2.10.A.), as can be seen 

in fig. 2.9.B. Fig.2.10.B- shows the variation of strain in the 

'upper'and'lower'25 layers with the bulk shortening of Model 28. The 

variation in strain between the upper and lower 25 layers is not 

very much, for example, after 10 minutes the bulk shortening was 

13.5% (curve 2) while the lower 25 layers shortened by 18.3% 

(curve 4) and the upper by 17.5% (curve 3). Curve 1 shows the strain 

in the relatively undeformed area. At a bulk shortening of 37.5% the 

lower 25 layers shortened by 67.8% and the upper 25 layers by 59.8% 

while the central part of the model shortened only by ^24%. 

2.5 TYPE C STRUCTURES 

Type C is the well-known boudinage structure that is 

formed in models where a relatively competent layer is sandwiched 

between layers that are relatively incompetent. In the multi-layer 

experiments where the competent layers were thicker or as thick as 

the incompetent layers, the competent layers fracture and the 

incompetent layers flow into the gap formed between the separating 

boudin blocks. 



Fig.2.11.A. 

As shown in fig. 2.11.A. the boudins that form in a 

multilayer can either be rectangular or lenticular (as in Model 28 

(fig.2.9)). The corners of the former have not been affected by 

the inflow of the incompetent matrix into the gaps. Lenticular 

boudins may be formed from rectangular boudins as the inflow of 

matrix deforms the ends of the rectangular block (see fig. 2.13.H) 

or they may result from the separation of original pinch-and-swe-M 

structures(fig. 2.9-H). 

Model 47 

Model 47 is a multilayer made up of layers of relatively 

n * 

competent, 54 C M.pt.p. wax of different thickness coloured black 

or brown (dark), separated from each other by 4 ;lmm thick 50°C 

m.pt.p. wax coloured orange (light). The thickness of the competent 

layers starting from the bottom is four 1mm (one black and three 

brown), one 3mm, three 1mm (one black and two brown), one 2mm, three 

1mm (one black and two brown), one 2mm, three 1mm (one black and 

two brown), one 2mm, three 1mm (one black and two brown), one 3mm 

and three 1mm (one black and two brown). 

In this relatively faster strain rate (2.05 x 10 ) 

experiment, it took 27 minutes before tension fractures in the 

competent layers developed (7.3% bulk shortening). The tension 

fractures at this stage appeared in most of the 1mm thick competent 

* M.pt.p. - melting point paraffin 



layers. Tension fractures appeared in 2mm and 3mm layers 

immediately after the 1mm layer fractured (between 7.5% - 8% 

shortening). Fractures were more closely spaced in the thinner 

layers than thicker layers. As deformation continued the number 

of fractures increased in all the competent layers (fig.2.12.B). 

The incompetent matrix flowed into the space created by the 

separating of boudins. During the filling of the gap between boudins 

in the 3mm and 2mm layers, the 1mm competent layers bent towards 

the gaps following the matrix. The gaps in the 2mm and 3mm layers 

seemed to affect the spacing (breaking) pattern of 1mm layers and 

the familiar ellipse-shaped cross section view of boudinage developed, 

(fig. 2.11.B and 2.12.6). 

Fig. 2.11.B. 

The gaps also controlled the initiation of shear zones 

that follow the deflection of 1mm boudins and the alignment of 

tension fractures in the thicker layers. The shear zones initiated 

at to the layering and soon rotated towards the layering as 

deformation continued. Because of the shear some 1mm boudins 

became inclined at 45° to the layering. The shear zones also dis-

placed and fractured various segments of the 1mm layers. 

Five stages in the progressive deformation of Model 47 



2.12. Five stages in the progressive deformation of 

Model 47. 

A - 0.0% 

B - 8.3% 

C - 16.1% (% bulk shortening) 

D - 28.7% 

E - 36.1% 

F - Enlargement of the central part of fig. 2.12.E 

G (Overleaf) - Enlargement of fig. 2.12.E. 

H (see page 157b) - Enlargement of the central part of 

fig. 2.12.G. 



Fig. 2.12 



Fig. 2.12 
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are shown in fig. 2.12. The shortening shown as a percentage is 

the bulk shortening during the progressive deformation. 

There is a relatively less deformed area near the 'bottom' 

left of the model and the black 1mm competent layer inside this 

area has fewer fractures than the 1mm black competent layers 

outside the region. 

Model 51 

Model 51 was identical to Model 47 except that the 

relatively incompetent layer of 50°C m.pt.p. wax were coloured 

white using fine artists powder paint (-1.5cc to 1300 ml of molten 

wax). The strain rate at which the experiment ran was the same 

as that used in experiment 47, that is, 2.05 x 10"Vsec. 

At 8% bulk strain (21 minutes) tension fractures appeared 

in four 1mm black layers (layers 1, 2, 5, 6)(fig.2.13.B). Some 

of the fractures did not cut completely through the layer. As 

deformation continued, although fractures appeared in the brown 

1mm layers, the number of fractures in lmrn black layers did not 

increase. At ^10% strain a few 'half-developed' tension fractures 

initiated in 2mm layers (layers 1 and 2), but were very weakly 

developed. Some fractures also appeared in layers 3 and 4 (1mm 

black layers). At 12% strain all the competent layers except the 

3mm layers had fractured (fig.2.13.C). The average width of the 

boudins or segments decreased as deformation continued. The number 

of tension fractures was found to be inversely proportional to the 

thickness of the layers. 

After 13-14% shortening tensile fractures occurred in 
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the lower 3mm competent layer. This initiated the development 

of a shear zone which exploited conveniently positioned tension 

fractures in the adjacent layers. The orientation of the shear 

zone was initially - 45° to the layering and a conjugate zone also 

at 45° to the layering developed. At 24% shortening (fig. 2.13.E) 

the shear zone had rotated to 36° to the layering and the angle 

between the conjugate set was ^ 100°. New shear zones (fig. 2.13.E) 

appeared at 24% shortening and were initially at 45° to the layering. 

With increasing bulk strain the shear zones rotated until at a finite 

strain of ^ 36% shortening, the first set of shear zones were in-

clined at 30° and the second set at 35° to the layering (fig. 2.13.F). 

Fig. 2.13.1. shows the plot of the average stress against the 

bulk shortening in the progressive deformation of Model 51. The 

various stages described above (fig.2.13.A-F) have been indicated 

on the graph with same notation (A-F). 
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2.13. Six stages in the progressive deformation of Model 51. 

A - 0.0% 

B - 8.4% 

C - 12.5% (% bulk shortening) 

D - 15.9% 

E - 24% 

F - 36% 

G (overleaf) Enlargement of fig. 2.13.F 

H (on page 163) Enlargement of the central part of fig. 2.13.G 

(Note how the negative print made the flow of the matrix 

stand out markedly) 
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Fig. 2.13.1. Plot of the average stress against bulk shortening in 

the progressive deformation of Model 51. A. Undeformed. B. 8.5% 

shortening - tension fractures appear in 1mm thick layers. B-l. Fractures 

in 2mm thick layers. C. Stress drops just after the initiation of tension 

fractures in 3mm thick layers. D-F. Stress drops gradually as shear zones 

are formed (D) by exploiting the suitably positioned tension fractures 

and as more boudins break further and separate. 
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2.6 Type D Structures 

Boudins generated by Shear Failure 

Type D structures formed in the models made of plasticine 

(experiments 2, 3, 4, 5, 6, 7, 8, 9 and 10). The experiments were 

carried out at room temperature. In both the single layer and double 

• layer experiments (experiments 9 and 10) the matrix was unlayered, special 

soft pink plasticine and the layers were standard black plasticine. 

The details of the preparation of the models and the properties of 

the plasticine are in Appendix C.2. 

The boudins were initiated and formed by shear fractures 

in the competent layers and the subsequent development of conjugate 

shear fractures in the matrix caused additional movement along the 

shear planes that separated the boudins. 
/ 

N / 
N / 
N / 
\ / 
\ 

Fig. 2.14 

It is rather difficult to detect how the failure of 

thinner competent layers was initiated. In some models it was 

initiated by pinching which was then followed by tensile failure. 

In others layer failure initiated by shear followed by the separation 

of the layer segments. There were none that initiated by clean 

brittle tensile failure. 



All the models described in the following section were 

deformed in the Pure Shear Deformation machine and the average 

size of the models was 150mm by 50 by 150mm. 

2.6.1. Single.Layer Experiments 

Model 2 (fig. 2.15.E.H.) consisted of a single 10mm thick layer 

of black standard plasticine in a matrix of special pink soft 

plasticine. After 25 minutes (at a strain rate of ^1.2 x 10-l+) 

shear planes appeared in the matrix as it flowed towards both ends 

of the competent layer. 

At -23% bulk shortening a shear fault developed in the 

competent layer (fig.2.15.F) at 40° to aj. At 26% shortening while 

layer separation was occurring at the first fault another fault 

initiated in the longer segment of the competent layer at M 0 ° to oi. 

At this stage of the experiment the faults in the matrix had rotated 

from ^40° to 50° to a x . Neither faults in the competent layer was 

the continuation of the faults in the matrix. They were however 

at 90° to some of the faults in the matrix. 

At 29% shortening (fig. 2.15.(5), the segments on either 

side of the first fracture in the layer had completely separated 

and the segment between the two shear fractures became more visible. 

It had a thickness to width ratio of 1:5 at the end of the experi-

ment, at 33% finite strain, (fig.2.15.H) the first and second shear 

planes in the layer had rotated to 47° and 46° to Oi respectively. 

Model 3 (fig. 2.15. A.D) 

Model 3 is very similar to Model 2 except that the thick-
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Fig. 2.15. A-D. Four stages in the progressive deformation 

of Model 3. 

A - 0.0% 

B - 23% 

C - 30% 

D - 37% 

(% bulk shortening) 

Fig. 2.15. E-H. Four stages in the progressive deformation 

of Model 2. 

E - 0.0% 

F - 23% 

G - 29% 

H - 33% 

(% bulk shortening) 

* 





ness of the layer was 5mm. 

As in Model 2, shear faults appeared in the matrix as 

it started to flow towards the ends of the competent layer. The 

first shear fault in the competent layer was coupled with necking 

(stretching) and appeared at 21% shortening (after 28 minutes) 

and was inclined at -45° to the principal compression. The second 

fault, also coupled with pinching, developed after 23% bulk 

shortening (fig.2.15.B). These two shear faults in the layer formed 

a conjugate set with the faults in the matrix. The stretching of 

the layer and the flow of the matrix into the gap between boudins 

obscured the rotation of the fault direction. More conjugate sets 

of faults appeared in the matrix as the gap between the boudins 

widened. The finite bulk strain was 37% shortening (fig.2.15.D). 

2.62 Inclined Single Layer Experiments 

Model 7 (fig.2.16.A.D.) 

This model is the same as Model 2 except that the layer 

was inclined at 65° to ai. As in the previous models shear faults 

appeared in the matrix as it flowed towards the ends of the layer. 

As deformation proceeded the layer rotated to a higher angle to 

ai and at 20% shortening a shear fault appeared in the layer. The 

fault is not the continuation of any fault in the matrix although 

its orientation (33° to was at 90° to the faults in the matrix. 

At 25% shortening the layer had rotated to 73° to ai, and the shear 

fracture had rotated to 45° to cji. 

After 33% shortening the layer had rotated to 78° to ai 

and the shear direction rotated to 53° to ai, that is 7°rotation 

in 8% bulk strain. 
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Fig. 2.16 A-D. Four stages in the progressive deformation 

of Model 7. 

A - 0.0% 

B ' Z 0 % (% bulk shortening) 

C - 25% 

D - 33% 

Fig. 2.16. E-H. Four stages in the progressive deformation 

of Model 8. 

(% bulk shortening) 

E - 0.0% 

F - 23% 

G - 31% 

H - 36% 

« 
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Model 8 (fig. 2.16.E.H.) 

The layer in this model is 5mm thick and was originally 

inclined at 63° to o l t As in all the previous plasticine models 

shear faults first developed in the matrix as it flowed towards 

the ends of the competent layer. It took 35 minutes and a bulk 

strain of 23% shortening before the initiation of a shear fault 

in the competent layer. The fault made an angle of 26° to ax. 

By then the layer had rotated to 70° to oi, a rotation of 8°. 

Both the layer and the shear orientation continued to rotate as 

the bulk strain increased. As shown in fig. 2.16.H. at the finite 

strain of 36% shortening the layer had rotated to 77° to ai 

(i.e. 15° rotation) and the shear fault to 55° to a l (i.e. 29° 

rotation). 

2.63 Double Layer Experiments 

Model 9 (fig.2.17.A.D.) 

Two 5mm thick layers separated by homogeneous special 

soft pink plasticine matrix (fig.2.17.A) were compressed at 90° 

to the layering. As in the single layer experiments, shear faults 

first appeared in the matrix as it flowed towards the ends of the 

layers. After 14% bulk shortening (fig. 2.17.B-1) a shear fault 

(fault 1) appeared in layer II and this had rotated to an angle 

of 47° to a x at 19% shortening, before a shear fault inclined at 

42° to ai appeared in layer 1 (fig.2.17.0-2). This fault (fault 2) 

in layer 1 is normal to the first fault in layer II and both faults 

can be seen to have extended into the matrix. At the same time a 
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Fig. 2.17 A-D. Four stages in the progressive deformation 

of Model 9. 

A - 0.0% 

B - 14% 
(% bulk shortening) 

C - 19% 

D - 29% • 

Fig. 2.17 E-H. Four stages in the progressive deformation 

of Model 10. 

E - 0.0% 

F - 12% 
(% bulk shortening) # 

G - 20% 

H - 30% 







third shear fault (at 42° to o l ) developed in layer II on the right 

side of the model (fig.2.17.C-3). This fault (fault 3) was insti-

gated by a fault in the matrix which started at the right end of 

layer I (fig.2.17. C-4). The two faults in layer II form a conju-

gate and are at 90° to each other. The fault in layer I, which 

divided the layer into 2 equal widths, was followed by two 'less 

developed' faults on the right boudin (fig. 2.17.C-5). At this 

stage because of movement on one of the shear fractures^layer I 

looked like a pinched layer with slightly displaced segments. 

The amount of rotation of the faults increased as 

deformation continued. By the end of the experiment (29% 

shortening), the first shear fault in layer II was rotated to 50° 

to ax (0 = 50°), a rotation of 8° during -15% strain. The next 

two faults in layer I and II have been reorientated to 46° to ai, 

a rotation of 4° in ^10% strain. The layers have been displaced 

and separated by these three shear faults (fig.2.17.d) 

Model 10 (fig.2.17.E.H) 

Model 10 was the same as Model 9 except that the two 

competent layers were 10mm thick each. After 12% shortening a 

shear fault appeared in layer I at 40° to o 1 (fig.2.17.F-l). This 

divided the layer into two equal widths. The next fault appeared 

in layer II (fig.2.17.G-2) at 6 = 40° to o 1 . At 20% shortening a 

third fault developed in layer II at 40° to o l (fig.2.17.G-3) and 

the first two faults rotated to 0 = 45°. The second fault was 

instigated by faults that developed in the matrix (fig.2.17.G-4). 

By the end of the experiment (a shortening of 30%) the 
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first two faults had rotated to 50° to a l s a rotation of 10° 

(in about 18% shortening) and the third fault rotated to 46 to 

o i. 

2.7 D E F O R M A T I O N O F P I N C H - A N D - S W E L L S T R U C T U R E S 

Nine (three plasticine and-six wax) experiments were 

carried out to investigate the deformation of a layer containing 

pinch-and-swel1 structure. The layer was cast in a plaster-of-

paris mould, which itself was cast in a specially made steel box 

(see fig 2.18.a.-B) 
17 cm. 

4 cm 

A B 

Fig.2.18. A- Steel box for casting the plaster-of-paris mould. 

B. The two halves of plaster-of-paris mould for casting 

the pinch-and-swell.structures. 

All the experiments had only a single layer containing 

pinch-and-swell structure but the average thickness of the layer 

was different in different experiments. In the plasticine models 

the layer shortened by shear failure which occurred in the pinch 

regions. The shear fault was a continuation of the shear faults 

that appeared initially in the matrix. 

In the wax models the pinch-and-swell layer shortened 

by buckling although the voids, which formed because of separation 

of the matrix and the layer during heating up and during running 
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of the experiments, have obscured the regularity of the folds which 

are all asymmetric. Some of these models (40, 44, 45, 46) will 

now be described. Note the numbering of pinches or swells 1, 2, 3 

is from left to right. 

Model 40 (fig. 2.19., 2.20-A, 2.22.A) 

The model consists of a single pinch-and-swell layer 

(thickness: pinch = 2mm and swell = 6mm) of black standard plasti-

cine in a matrix of special soft pink plasticine. A grid of spot 

strain markers was painted on the top of the model. 

Voids, between the matrix and the layer appeared at about 

6.8% shortening generally in the pinch regions.At *T2% shortening, 

incipient buckling initiated at pinch regions 3 and 5. Shear faults 

developed in the layer at the folded pinched regions when the 

strain approached 18%. The shears were at <30° to Oi. The matrix 

deformed homogeneously until about 16% shortening, when conjugate 

sets of shear faults were initiated slowly at 90° or less to each 

other, (20 < 90°). As deformation proceeded shortening of the layer 

occurred by sliding on the shear faults and of the matrix by homo-

geneous flattening and the formation of shear faults. 

At the end of the experiment (36% shortening) the original 

pinch-and-swell shape was transformed into a layer of segments with 

'imbricate' shape separated by four shear planes each at <30° to gi 

fig. 2.22.A) 

Model 44 (fig.2.21., 2.20.B., 2.22.B.) 

The model consists of black 58°C m.pt. paraffin wax layer 

painted white after deformation for identification (pinch thickness = 

1.4mm, swell = 6.0mm) in a matrix of 54°C m.pt. paraffin wax. The 
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MODEL 40 

0.0% 

6.8% 

12.2% 

17.8% 

21,5% 

O 
i 
I 

a 

30% 

36% 

F i g . 2,19 Seven stages in the progressive deformation of 
Model 40 



F i g . 2 . 2 0 . INITIAL ( D AND FINAL IF) STAGES IN THE PROGRESSIVE DEFORMATION 

OF MODELS 40(A), 44(B), 45(C) AND 46(D) 

«r 
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F i g . 2 . 2 0 . INITIAL (I) AND FINAL (F) STAGES IN THE PROGRESSIVE DEFORMATION 

OF MODELS 40(A), 44(B), 45(C) AND 46(D) 

* 
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experiment was run at 35 C and strain rate of 4.11 x 10 . Voids 

appeared between the layer and matrix (fig.2.20.B(f), 2.22.B) 

during the heating up of the experiment from room temperature to 

35°C. The layer as a whole also started to buckle with a much larger 

wavelength during the early stages of the deformation. As defor-

mation progressed pinch 5 buckled at about 18% shortening. The 

smaller buckles amplified and the folding of the layer as a whole 

became more significant. Both the larger and the smaller buckles 

are asymmetric. The second pinch started folding at about 27-28% 

shortening and by the end of the experiment, which took 3£ hours 

with a shortening of 36%, all the pinches were folded, some into 

very tight asymmetric folds (2.22.B). 

Model 45 (fig.2.20.C., 2.22.C., 2.23) 

Like Model 44, Model 45 consists of a black 58°C m.pt. 

p. wax pinch-and-swell layer in a clear 54°C rn.pt.pwax matrix. 

The pinches are 1.5mm thick and 20mm wide and the swells 

are 6mm thick and 10mm wide. 

Voids appeared during the heating up and during the 

deformation as in Model 44. At 8% shortening a slight bending 

occurred at pinches 1 and 5, but no significant buckling occurred 

until a shortening of 13%. At this stage a buckle developed at 

pinch 4. This fold amplified and tightened making the nearest 

swell (4) one of its limbs, and another fold formed at about 21.0% 

shortening at pinch 3. This second fold also had one of its limbs 

made up of a swell (swell 3) and the other limb a pinch (pinch 3). 



MODEL 44 

O 

O 

1 

0.0% 

12.3% 

18.6% 

22.2% 

28% 

32.6% 

18 1 

Fig, 2 . 2 1 six stages in the progressive deformation of 

Model 44 



L F I G . 2 . 2 2 . ENLARGEMENTS OF THE FINAL DEFORMATION OF THE MODELS SHOWN IN FIG, 2 . 2 0 

C(b) IS THE BACK SIDE OF MODEL 45. 



F I G . 2 . 2 2 . ENLARGEMENTS OF THE FINAL DEFORMATION OF THE MODELS SHOWN IN FIG.2; . ,20 

C(b) IS THE BACK SIDE OF MODEL H5. 



MODEL 45 

0.0% 

8 . 0 % 

13.0% 

21.9% 

a. 

I 
t 

29.0% 

2 3 Five stages in the progressive deformation of 

Model 45 



The slight bending that occurred at pinch 5 did not 

amplify but the bending at pinch 1 did to form a fold with a 

larger wavelength than the buckles which developed at pinches 3 

and 4. At the end of the experiment (finite shortening of 29%) 

pinches 2 and 5 had only slight deflection while very tight 

asymmetric folds formed at pinches 1, 3 and 4 (fig. 2.20.C-, 2.22.C-

C (b) and 2.23). 

Model 46 (fig. 2.20. D., 2.22.D. and 2.24) 

This model is the same as model 45, but was run at 38.3°C 

at the faster strain rate of 2.05 x 10 . 

As in the three models previously described, voids 

appeared between the layer and the matrix during the heating up 

and during the deformation. 

The first fold was initiated at 12% shortening at pinch 

2. This fold developed within the relatively wide void and did 

not deflect the matrix. The second fold was initiated at pinch 3 

near swell 4 at 16.0% shortening. A sinusoidal fold also initiated 

at pinch 4 at this stage. The development of the folds in this 

model occurred more readily than in the previous experiments be-

cause of the large voids that developed at the layer/matrix junction 

This void effectively removed the resistence to buckling offered 

by the matrix in the other experiments. This large void also 

affected the style of folding, for example, the first fold to form 

developed into a kind of 'mushroom' fold while the folds in most 

of the other models were inclined isoclinal folds. 



r1 
1 8 5 

MODEL 46 

0.0% 

12.0% 

16.6% 

F i g . 2 . 24 Five stages in the progressive deformation of 
Model 46 



2.8 Experimental Problems 

2.8.1. Volume change 

1. The Pure Shear Deformation rig (fig. 2.1.A) was designed to 

achieve deformation without volume change. However volume changes 

do occur. The variation in model area with deformation is shown in 

the graph in fig. 2.25. Since the width of the model is kept constant 

(5cm) it is the area change that accounts for volume change. For 

details see Cobbold (1973). 

40 

34 

(radians) 0.4 

0 

0.0 
A 

o 10 6 0 70 8 0 90 

9 (dagt—s) 

Fig. 2.25. Variation in model area (A) and ratio of strain-rate and 

angul ar velocity (c / 6) with the angle, 0, of the rotors 

(see fig. A.1.5) (after Cobbold, 1973). 
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2. In wax experiments after the model has been placed in the 

deformation rig volume change occurs during the heating up of the 

model from room temperature to the temperature at which the experi-

ment is to be run. The volume change is particularly significant 

(-5% maximum) in models using low melting point paraffin wax and in 

experiments run at high temperatures (38° - 41°C). The main reason 

* why it is significant in low melting point paraffin wax running at 

high temperatures is probably because the oily constituents of the 

less competent wax escape during the early stages of the experiments. 

This does not, however, seem to affect the structures formed by 

compression normal to the layering. However in the experiments in-

volving the deformation of pinch-and-swell structures where the 
% 

compression was parallel to the layering the effect of the draining of 

the lubricants from the upper part of the model on the style of folding 

that develops is significant. In experiment 46 (fig. 2.20D, 2.24) 

for example, the folds with large volume change (or large voids) 

developed into a kind of 'mushroom' (or 'box') fold while in most 

of the other models the folds were inclined isoclinal folds. 

• 3. The matrix in the plasticine models contains air trapped during 

the preparation. Rolling helps to remove this but does not remove 

it all. As a consequence there is some volume change as air escapes 

during the deformation. 

2.8.2. LUBRICANTS 

The lubricants used were silicon grease^vaseline, liquid soap and 

glycerol (see Cobbold, 1973, for details of rheological behaviour). 

The performance of liquid soap is excellent but it has a tendency to 
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dry and must be kept wet during the heating up of the model. This 

is achieved by placing beakers of water in the deformation box (fig. 

2.1.A.7). During the heating up of the model, the liquid soap tends 

to drain to the bottom of the model. This depletion in lubricant 

at the top of the model may result in the smearing of the top of the 

model against the retaining plates partially obscuring the structures 

as they develop and making photography difficult. The best way to 

avoid this effect is by cutting the top surface of the model as smooth 

as possible and spreading the lubricant very evenly over the model. 

The best lubricants were found to be liquid soap and glycerol. Low 

temperature experiments (28° - 30°C) had fewer lubrication problems 

than high temperature experiments. 

2.8.3. Different batches of paraffin waxes 

There were slight differences in rheological behaviour of different 

batches of commercially 'identical' waxes. These differences were 

found to affect the behaviour of some models, in particular models run 

at 36°C using 54°C m.pt. wax. For example, Model 52 was made up of 

commercially 'identical' waxes (54°C m.pt.) and run at 36°C, as was 

Model 14; type A structures in Model 52 were almost non-existent com-

pared to the type A structures that developed in Model 14. It is 

therefore important to make some rheological checks before using paraffin 

from different batches. 
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CHAPTER 3 DISCUSSION 

In this chapter the various types of structures which developed 

experimentally in multilayers and single layers compressed at a high 

angle to the layering are discussed. These structures were described 

and classified in chapter 2. In the discussion that follows the four 

classes of structures recognised in chapter 2 are considered and an 

attempt is made to relate them to the structures predicted by various 

theories discussed in chapter 1. Natural examples which resemble the 

structures are also given. 

3.1 Type A - Interlocking Pinch-and-Swel1 Structures (Internal Boudins) 

These extensional structures (fig. 2.4.B.C) were described by Coe 

(1959) as boudinage structures which developed in a series of siltstones 

within which there was no obvious lithological variation (i.e. no competence 

contrast), but which possessed a marked mechanical anisotropy (fig.1.9). 

Biot (1965) has investigated the deformation of such a material and 

considered the structures (internal buckles) that would develop if it 

were compressed parallel to the planar fabric. Cobbold et al (1971) and 

Cosgrove (1976) using Biot's theory described structures that might develop 

in an anisotropic material compressed normal to the planar fabric. They 

argue that when a material with a relatively low mechanical anisotropy 

is compressed normal to the planar fabric interlocking pinch-and-swell 

structures (internal boudins) will develop (fig.3.1.). They demonstrated 

this using multilayers of identical plasticine layers (i.e. no competence 

contrast) but with low cohesion between the layers. Interlocking pinch-

and-swell structures developed when the multilayer was compressed normal 

to the layering (fig. 1.28a). 

Interlocking pinch-and-swel1 structures may develop in a variety 

of materials, for example, a planar or linear fabric or a layered media. 
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If a finely foliated media is compressed at a high angle to the 

foliation, interlocking pinch-and-swel1 structures may develop as 

shown in fig. 3.1.A. 

« 

Fig. 3.1.A. interlocking pinch-and-swel1 Fig. 3.I.B. The effect of type 1 

structures in a finely foliated media displacement pattern (sec. 1.5, pages 

1 (shale) compressed at a high angle to 103-105) on marker lines originally 

the foliation, (after Cobbold et al., at 90° to ax-

1971) 

Cobbold et al . (1971) have shown that if the mechanical anisotropy 

of a material is high then normal kink bands rather than interlocking 

pinch-and-swel1 structures may form when compression is at a high angle 

to the fabric (fig. 3.1.C). It is interesting to compare the geometry 

• of interlocking pinch-and-swel1 structures (fig. 3.1.A and B) with that 

of the normal kink bands (fig. 3.D). The interlocking pinch-and-swel 1 

structures are geometrically indistinguishable from a regular array of 

intersecting conjugate kink bands (cf. fig. 3.1.A and D). 

figJ.I.C fig.3.I.D 
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If an anisotropic material is distinctly layered as opposed to 

having a more pervasive fabric, then there are two possible ways in 

which interlocking pinch-and-swell structures may develop when the multi-

layer is compressed at a high angle to the layering. 

The first is the development of interlocking pinch-and-swell 

structures in which each individual layer develops pinch-and-swell structures 

as shown in fig. 3.2.A. 

Alternatively, the unit in which pinch-and-swell structures are 

developed contain several layers (8 in the example shown in fig. 3.2.B). 

The limits of the pinch-and-swell structure units are shown by a thicker 

line in fig. 3.2.B. 

fig. 3-2-B 
The present author has investigated the initiation and development 

of interlocking pinch-and-swell structures using paraffin wax as a 

modelling material. From these experiments (fig. 2.4 and 2.5) it was 

observed that once a particular layer necked and formed a pinch-and-swell 

structure, the swell of that layer produced a pinch in the adjacent layer. 

The process continued forming an interlocking pinch-and-swell structure 



geometry similar to those shown in fig. 3.1.A and 3.1 .B. 

The geometry that results from the oblique alignment of pinched 

zones (fig. 3.2.A and fig. 2.4.C) is indistinguishable from that of a 

normal kink band. Similarly interlocking pinch-and-swell structures may 

be geometrically indistinguishable from a regular array of intersecting 

normal kink bands. 

In the experiments (No. 14 and 23) it was observed that the thinning 

that occurred at the pinches formed by the pulling apart of individual 

layers or band of layers, and were therefore tensile instabilities. They 

did not form as a result of the intersection of conjugate shear zones 

(i.e. were not shear instability). However, as mentioned above the pinch 

zones are often aligned in such a way as to constitute normal kink bands 

at 60° to 65° to Oi as soon as the pinches are initiated. 

The interesting problem poses itself as to whether "shear failure" 

occur?by the en echelon arrangement of local tensile failure. The close 

relationship between the internal instability associated with interlocking 

pinch-and-swell structures and normal kink bands will be apparent from 

the above discussion. However, although structures with identical geom-

etry could result by two different mechanisms, that is, the development 

of interlocking pinch-and-swell structures or of intersecting normal 

kink band array (c.f. fig. 3.1.D and 3.1.A), it may be possible to 

differentiate between these two possibilities in the field if the spacing 

between the normal kink-bands in the arrays is large enough for the lozenge 

shaped zones (fig.3.1.D.d) to contain relatively undeformed foliation 

(c.f. 3.1.A.a and 3.1.D.d). 

From experiments such as Experiment 14 (fig. 2.4) it can be inferred 
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Fig. 3.3 Complex of multilayer boudins. La 

Carolina, near Ciudad Real, Spain. 

(Lower photograph is magnified view 
of one . boud ! n) . (after Cobbold, 1973) 
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Fig. 3.4 A. Interlocking pinch-and-swell structures and incipient 

shears in metasedirnents - below Glarus Nappe, near Flimms, 

Swiss Alps, (after J. Cosgrove). 

B. Interlocking pinch-and-swell structures and "incipient" 

shears (normal kink bands) in a rock consisting of alternating 

quartz-rich and mica-rich layers from near Torcross, N. Devon, 

England, (after J. Cosgrove). 

L 
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that when pinch-and-swel1 structures are concentrated in a particular 

horizon (e.g. next to the pistons in the experiments) (fig. 2.2-b.b), 

the horizon is strained-softened. The initiation of pinches and swells 

seems to initiate local rheological change perhaps as a result of the 

change in orientation of the plane of anisotropy in the perturbed domain. 

The localisation of pinch-and-swel1 structures in particular horizons is 

* discussed more fully in section 3.3. 

Fig. 3.3 shows an example of interlocking pinch-and-swel1 structures 

in multilayers from La Carolina, near Cuidad Real, Spain. 

Another natural example of internal boudinage structure of triclinic 

cross-section shape is shown in fig. 3.4.A This is strikingly similar to 

* the type A structures formed in Models 14 and 23 (fig. 2.4 and 2.5). 

Note the similarity of the interlocking pinch-and-swel1 geometry 

between those of natural examples in metasediments (fig. 3.3) and 

foliated rocks (fig. 3.1.A and 3-5). 

An example of both interlocking pinch-and-swel1 structures and 

boudins which developed as a result of breaking at the pinch regions 

is shown in fig. 3.6. These lenticular boudins are similar to those 

* produced in experiments (No. 28, fig. 2.9). 
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Fig. 3.5 Large-scale interlocking pinch-and-swel1 structures (internal boudins) in metavolcanics from Trebarwith 

Strand, Tintagel, N. Cornwall, England. 

NB. The volcanic pile has a pervasive mechanical anisotropy but also has layers of different properties. 

It is apparent that these layers determine where pinch-and-swel1 structures develop. 
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* 

Fig. 3.6 Interlocking pinch-and-swel1 structures in metasediments 

(quartzite/phyllite) from Castaneras Beach, Oviedo, N.Spain. 

A. Note the incipient shear initiated from the pinch region 

of the thick layer. 

B. Enlargement of part of photograph A.-
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3.2 Type B-1 structures 

A horizon of tension gashes in an apparently uniform planar fabric 

as shown in fig. 3.7.A. is often seen in nature. A number of experiments 

(21, 22, 23) were performed to investigate the effect that these tension 

gashes might have if deformation had continued after their formation. 

The development of tensile fractures in a particular horizon may 

occur, for example by hydraulic fractures if the horizon has a slightly 

lower permeability than the rest of the multilayer. During deformation 

these fractures may open and the adjacent layers may be deflected into 

the fracture. Alternatively the voids may be filled by mobile minerals 

such as quartz or calcite that migrate to areas of relatively low 

pressure. In experiments 21-23 lubricating fluid squeezed out from the 

multilayers during the deformation and filled the voids. 

This type of boudinage structures has been identified and described 

by Piatt and Vissers (fig. 3.8). The examples they describe are from 

Waroga shear zone, Western Australia. They believe the boudins are 

controlled by a pre-existing foliation and suggest that the presence of 

a strong foliation limits the rate of ductile extension parallel to 

foliation (S). Extensional fractures form normal to S (fig. 3.9) and open 

out along S. The open fractures and the adjacent foliation are then 

pinched in by shortening normal to S. This implies the finite pinch-and-

swell geometry was caused by brittle failure. In the experiments, however, 

(fig. 2.4) it is difficult to form extension fractures in thinly layered 

media. They usually produce interlocked pinch-and-swell structures 

(sometimes however individual pinched layers break and form local type 

B-1 structures). In order to study the development of B-1 structures it 

was found necessary to introduce fractures into the models. 

The results of experiments 21 and 23 show that a distinct class of 



Fig. 3.7 A. 

B. 

A horizon of tension gashes in an apparently uniform planar 

fabric from Porthleven, S. Cornwall, England. 

Enlargement of fig. 3.7.A. 
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Fig. 3.8 Natural examples (schists) of type B-I structures from 

Waronga shear zone, Western Australia, (a) Field example, 

(b) Photomicrograph of a similar rock as (a), (after Piatt 

and Vissers, 1980) 
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^ a: extension fractures 
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b: opening out 

Fig. 3.9 Conceptual model of the development 

of type B-I structures (after Piatt 

and Vissers, 1980). 
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boudinage structure is formed by the introduction of a gap (void) into 

the model. These voids act as a widened tensile fracture cutting a 

band of the multilayers. Apart from containing the 'fractures' the 

band is identical to the unfractured multilayer on either side of it. 

It has already been noted that a multilayer of identical layers compressed 

normal to the layering may develop interlocked pinch-and-swel1 structures. 

However it is found experimentally that the presence of voids (fractures) 

in such a multilayer favours the formation of a structure rather like the 

classical boudinage that forms in multilayers and single layers in which 

a high competence contrast exists between the layers or the layer and 

matrix. 

Like type A structures, type B-l structures occur in both multi-

layers and foliated rocks such as phyllites. However the initiation of 

type B-l structures requires a local tension fracture in an individual 

layer or band of layers. 
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3.3 Type B-II structures 

As was described in section 2.4 and mentioned in section 3.1, type 

B-II structures (fig. 2.2, 2.8) are lenticular 'boudins' which develop in 

a thinly layered media. They are similar to type B-I structures (fig. 2.2, 

2.6) but are of horizons in which strain softening occurs sandwiching an 

horizon where no strain softening occurs. In the experiments the softening 

developed near the deformation plates and the central region of the model 

in which no strain softening was developed acted as a relatively competent 

horizon. Interlocking pinch-and-swel1 structures formed in the strain 

softened horizon whilst the central, relatively undeformed region deformed 

by homogeneous flattening. 

The similarity between types B-I and B-II becomes apparent when the 

B-II structures developed in the experiments are viewed as individual boudins 

(fig. 2.4C, 2.9F), the re-entrants formed at the end of the models as the 

central horizon fails to extend as much as the surrounding strain softened 

horizons represent the neck region between boudins. At the end of experi-

ment 14 the relatively undeformed central region had been shortened by 25% 

while the bulk shortening was 40%. The relatively undeformed central region 

of experiment 14 can be compared with the central part, a, of the type B-I 

boudins in Model 23 (fig. 2.5.F.a,a) which was shortened by 26% after 40% 

bulk shortening. 

The initiation and development of type B-II structures confirms the 

idea that the properties of the individual layers making up a multilayer 

are not the only factors that determines the resistence to deformation. 

The deformation process also plays an important role, especially in thinly 

layered media. It was observed in experiment 14 that at a particular tempera-

ture (35°-36°C for 54°C m.pt.p.wax) strain softening of the multilayer occurred 

near the deformation plates. It was these softened bands which effectively 
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became the incompetent bands while the relatively undeformed central region 

became the competent band. Thus an original uniform multilayer in which 

no competence contrast existed between the layers is converted by the 

development of strain softened horizons into a material with bands that 

are relatively easily deformed (incompetent) and bands that are not so 

easily deformed (competent). 

These effectively competent and incompetent bands which contain several 

individual layers, may also develop in multilayers containing layers with 

different competencies (experiment 28, fig. 2.9). 

3.4 TYPE C STRUCTURES 

Type C boudins discussed in section 2.5, are the classical boudins 

named and described by Lohest (1909). They include rectangular and barrel-

shaped boudins. 

Experiments such as 47 and 51 (fig. 2.12 and 2.13) demonstrate clearly 

that the tensile fracture spacing in the relatively competent layers of a 

multilayer is governed by the layer thickness. The development of tension 

fractures in multilayers made up of alternating competent and relatively 

incompetent layers is discussed in detail below. 

Effect of Temperature on Fracture separation (boudin width) 

In the paraffin wax models the temperature proved to be the major 

factor that determined whether the layers behaved in a brittle or ductile 

manner. In the low temperature experiments (28°C for Models 47 and 51) 

rectangular boudins formed in the higher melting point (54°C) wax layers 

which behaved as a brittle competent material. In the higher temperature 

experiments (36°C for Model 28) lenticular boudins formed in the 54°C m.pt. 

p.wax layers which necked before separating. In Model 28, a relatively high 
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temperature experiment (fig. 2.9), the average width of boudins in the 1mm 

thick competent layers is more than in Models 47 and 51, relatively low 

temperature experiments. It is interesting to note that models used in 

experiments 49 and 50 were identical to those used in experiments 47 and 51. 

However experiments 49 and 50 were run at the relatively higher temperatures 

of 30°and 32°C respectively. Many of the structures that formed in the 

relatively competent layer were similar to those formed in experiment 28. 

The width of the boudins in experiments 49, 50 and 28, i.e. in the relatively 

high temperature experiments is greater than the width in experiments 47 

and 51 (the relatively low temperature experiments). The reason for this 

is that extension of the relatively competent layer in the high temperature 

experiments is achieved by a combination of ductile flow and brittle fracture 

whereas in the relatively low temperature experiments the extension is 

achieved predominantly by brittle failure. 

The effect of thickness on fracture spacing 

Several experiments (28, 47, 48, 49, 50, 51) were performed to investi-

gate the relationship between fracture spacing and layer thickness. The 

results of some of these experiments are summarised in the graphs and histo-

grams of figs. 3.10, 3.11 and 3.12. 

In the initial stages of the experiments the first formed tension 

fractures break the competent layers into boudins with relatively large 

width (fig. 2.13 B,C). 

Graphs A-E (fig. 3.10) show the plots of the average width of boudins 

for the competent layers 1, 2 and 3mm thick against the percent strain 

(shortening) for Models 47 and 51. It is clear from the graphs that the 

width of the boudins decreases as strain increases. 

The plot of the average width/thickness ratio of boudins against 

percent strain for the 1, 2 and 3mm thick competent layers of Models 47 
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Fig. 3.10 See text for explanation. 
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and 51 are shown in fig. 3.10.C, D & E. 

The forms of graphs A to E (fig. 3.10) can be conveniently described 

by the hyperbolic function 

(3-D 

where y = percent bulk strain 

x = average width of boudin 

k is a constant, which depends on layer thickness. 

It can be seen from the graphs (fig. 3.10.A to E) that the fracture 

spacing in a particular layer varies in a non-linear way during the progres-

sive deformation. 

The set of graphs in fig. 3.10 F to H show the plot of layer thickness 

against the average width of boudins. Each curve represents a different 

stage in the bulk shortening of Models 47 and 51. 

The curves are straighter in fig. 3.10.H,which is a graph of com-

bination of graphs F and G (fig. 3.10), than in fig. 3.10 and G. 

This suggests that statistically the relationship between the thick-

ness and width of the boudins developed at a particular stage of deformation 

would be linear or nearly linear. 

The histograms of the width of boudins at various stages in the 

progressive deformation of Models 47 and 51 are shown in fig. 3.11 and 3.12. 

It is apparent from these histograms that with progressive deformation the 

relatively wide boudins break down to form narrower boudins and that this 

breaking down occurs until an optimum width of boudins is obtained. 

Although the experiments indicate that fracture spacing (boudin width) 

depends on both the layer thickness and the amount of deformation, it can 

be seen from the histograms of fig. 3.11, that the dominant width of boudins 

associated with a particular layer becomes apparent even after only a relatively 



2 0 7 

M O D E L 4 7 

SHORTENING 

r l h 1 1 1 1 1 1 1 r—l i—i 
• •' •' i T I ' r I ' • - • i 
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small amount of deformation. In experiment 47, for example, the optimum 

boudin width (=4mm) that developed in the 1mm competent layer can be clearly 

seen from the histograms after only 16% shortening (fig. 3.11). 

In natural examples of boudins a fairly constant boudin width is 

generally observed to occur in a particular layer. However sometimes boudin 

widths are observed to vary considerably within a layer (fig. 3.13). This 

may be due to the fact that the total strain is relatively small and the 

optimum boudin width has not yet developed. 

The examples shown in fig. 3.13. a, b, c are all from the region of 

Monte Ferone near Bazena, Br'eno, Province of Brescia, N. Italy. 

Fig. 3.13 (a) 

Fig. 3.13 (a) Section view of competent pelite (grey-brown) boudinaged 

layers in a matrix of limestone (blue-grey), (after F. Peel). 



Fig. 3.13 (b) 

Fig. 3.13 (b) Section view of a multilayer of competent pelite (dark) 

boudinaged layers containing various thicknesses in a 

matrix of limestone. Note the difference of boudin width 

in the various thicknesses. 

Fig. 3.13 (c) 

Fig. 3.13 (c) Close up view of the boudins shown in fig. 3.13(b) the section 

is however at a slightly different angle (after F. Peel). 
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Six 1 mm thick layers (three from Model 47 and three from Model 51) 

at various stages of deformation are represented schematically in fig. 3.14. 

After 36% bulk shortening the average number of boudins for the three layers 

of Model 47 is 37 and for those of Model 51 is 36. 

In fig. 3.15 and 3.16 six 2mm and six 3mm layers are represented 

schematically at various stages in the progressive deformation of Model 47 

and 51. At 36% bulk shortening the average number of boudins in the 2mm 

layers is 8, in both models. At 36% bulk shortening the average number of 

boudins in each 3mm layer is 4. Thus the ratio of the number of boudins 

of 1mm to 2mm to 3mm thick layers is 9:2:1. 

The relationship between the number of boudins and layer thickness 

determined from the experiments is, therefore, slightly non-linear. It is 

difficult to say whether this indicates a real non-linearity or whether the 

non-linearity is due to an incorrect value for the boudin width in the 

relatively thick layers. This value, based on relatively few boudins does 

not have same statistical confidence as the average boudin width for the 

thinner layers. 

THE BREAKING OF BOUDINS DURING PROGRESSIVE DEFORMATION 

In the early stages of an experiment the initially continuous com-

petent layers are cut by only one or two tension fractures. These often 

divide the layer into boudins of considerably different widths. These 

boudins are then broken down into smaller boudins during the progressive 

deformation by the development of new tension fractures. The position of 

these new tension fractures has been studied and the ratio of the width of 

the two boudins formed from a larger boudin by the development of a tension 

fracture recorded for experiments 47 and 51. The results are shown by the 

histograms in fig. 3.17. 
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From these histograms (particularly C and D) it can be seen that 

statistically each boudin breaks into two smaller boudins of equal width 

as the theories of fibre loading (Rambergl955) and fracture spacing predict. 

However the spread of the histograms indicates that this does not always 

occur and that splitting in the ratios 1:2, 1:3 or 1:4 may occur. This is 

seen in the experiments, for example in Models 47 and 51 (fig. 3.17). 

The splitting into ratios other than 1:1 may be a consequence of the 

experimental boundary conditions. However it is interesting to note that 

many geological examples (fig. 3.13) show boudins divided in ratios other 

than 1:1. 

Fig. 3.18.a is a photograph taken looking down on a 1mm competent layer 

in Model 49. The neck regions between the boudins in the layer are the 

light areas. 

The photograph, fig. 3.18.b, is taken looking down on a peli.te (grey 

brown) layer and neck regions (blue-grey) of limestone from Monte Frerone, 

Breno, Brescia, N. Italy. It is interesting to note the similarity between 

the experimentally produced boudins (fig. 3.18.a) and the natural boudins 

(fig. 3.18.b). 

The deflections of the layered matrix and the relatively thin competent 

layers towards the gaps (necked regions) between the relatively thick boudins 

produces fold-like structures as shown in fig. 2.11.b and 2.13.b. Watkinson 

(1981) pointed out that there is evidence that indicates some folding may 

have been influenced or initiated as a result of nucleation by large-scale 

boudins. 

In both the experiments and in nature it is found that shear zones 

are commonly generated following the deflections of the matrix into the 

gaps between the relatively thick boudins. The zones, often conjugate pairs, 

propagate from the neck region at about 45° to the layering. In the experi-
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Fig. 3.18 Length (i.e. plan) view of experimentally produced boudins 

(a) and natural examples of boudins (b). See text for explanation, (b)(after 

F. Peel). 
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ments (e.g. experiment 51) it was found that the zones incorporated suitably 

situated tension fractures in the thinner competent beds. 

Shear zones (fig. 3.18.c) which initiate from a local perturbation 

such as the neck region between two regions may occur in conjugate sets 

(see fig. 2.13 D,E). It is interesting to compare these (shear zones) with 

those associated with interlocking pinch-and-swell structures. In the latter 

example (fig.3.18.d) the regular array of perturbations (thinning and thick-

ening of layers) produce regular array of conjugate normal kink bands (shear 

zones) as compared to the isolated structures, fig. 2.13.D,E, associated 
a. 

with local perturbation of a boudin neck. j 

3.5 TYPE D STRUCTURES 

In experiments in which multilayers and single layers were compressed 

at a high angle to the layering, structures were often formed in association 

with the development of discrete shear planes. 

Shear failure planes often broke the competent layers into rhombo-

hedral shaped blocks (fig. 2.14, 2.15, 2.17). Such blocks have been termed 

type D structures. It is interesting to note that discrete shear planes 

developed only in the plasticine and/or putty models. In the paraffin wax 
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models, although shear zones were produced they developed only after tension 

fractures (or pinch-and-swell structure in individual layers in the case 

of multilayers with identical layers) had formed in the relatively competent 

layers. The shear zones then incorporated suitably positioned tension 

fractures or pinched regions as they passed through the individual layers 

(see section 2.6, pagel65and fig. 2.13). 

In the experiments involving a single layer of relatively competent 

plasticine set in a matrix of less competent plasticine it was observed 

that shear failure generally occurred initially in the competent layer. 

Later shear faults formed in the matrix and the orientation of the shears 

in the matrix was often such as to form the conjugate shear to that formed 

in the layer. Less frequently shear failure occurred in the matrix first. 

Sometimes the matrix shears propagated through the competent layer and at 

other times a shear, conjugate to the mature shear developed independently 

in the competent layer. 

In multilayers consisting of identical plasticine layers, discrete 

shear faults initiated randomly throughout the model and were usually at 

45° to ai (see section 1.22, fig.1.28b .and c). 

In the single layer experiments discussed above the boudins are 

separated from each other by shear planes. During subsequent deformation 

displacement may occur along these planes. Consequently type D boudins are 

likely to be offset from each other (fig. 3.19). 

Fig. 3.19 
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Fig. 3.19 (e,f) Two natural examples of type D structures, multilayers of 

quartzite (competent) and phyllite from Castaneras Beach, 

Oviedo, N. Spain ((f) after J. Cosgrove). 
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As deformation proceeds slip occurs on the shear planes and the 

shear planes, originally at -45° to ai, rotate to a higher angle to ai. 

This process of rotation and slipping may continue until the individual 

boudins separate (fig. 3.19.c.ii and d). At this stage they may be 

indistinguishable from pinch-and-swell structures especially if an element 

of ductile deformation has occurred and the corners of the rhombohedral 

* block have become rounded (fig. 3.19.C.- i and ii). 

Ideally then,unless the deformation has progressed to stage d (fig. 3.19), 

it should be relatively easy to differentiate between type C and type D 

structures in the field. 

Fig. 3.19(e) shows an excellent natural example of rhombohedral 

• boudins initiated by shear failure. The multilayers consist of competent 

quartzite and incompetent thinner layers of phyllites. 

The natural example of rhombohedral boudins shown in fig. 3.19(f) may 

also have been initiated by shear failure. 

Type C are rectangular and not offset. Type D are rhombohedral and 

may be offset (fig. 3.20a.b). 

a 

*••••••**•.*•*•••«•*•••• Aiziiiinf Jtisssssy TypG D r 

b 

Fig. 3.20 

However, there are several reasons why it is often difficult to 

distinguish between the two types in the field. Apart from the shear initiated 

rhombohedral boudins, there are three other ways in which rhombohedral boudins 

can be formed. 

1. If the boudinaged layer was originally inclined to ai, then there 

I 113 E;;:;:l::;;::;:lii Type C 
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• 

• 

is a 'double ' rotation effect, i.e. rotation of the individual boudins 

and of the inclined layer as a whole as it rotates away from 01. It was 

observed experimentally by both Ramsay (1967) and Hossain (1979) that the 

individual segments (or boudins) rotate more slowly than the layer as a 

whole. This results in the len echelon l arrangement of boudins shown in 

fi g. 1. 16. d . 

In such a layer even rectangular boudins which initiate by tension 

fractures, will be offset (fig. 3.2l.b). Shear parallel to boudin edges 

may during this rotation change the profile of individual boudins from 

rectangular to rhombohedral (fig. 3.2a.c). The natural example shown in 

fig. 3.21 was probably formed in this way . 

2 .21 

Fig. 3.21. Apparent rotation of a boudin relative to the banding in the 

surrounding strata, Kahn Gorge, Namibia (S.W.A.) (after Ramsay, 

1967). 
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It is interesting to note that the boudins are offset in opposite 

sense to that of the rhombohedral boudins shown in fig. 3.20 (i.e. those 

which initiated by shear failure). It may, therefore, be possible to 

differentiate between the two reasonably easily in the field. 

t 
Fig. 3.22 

2. Stromgard (1973) pointed out that under certain conditions (see sec-

tion 1, pages 109-113 ) when the principal compression is not perpendicular 

to the competent layer, tensile failure may occur at an angle less than 90° 

to the layering boundary. Thus rhombohedral boudins can be generated by 

tensile failure (see section 1.5, fig. 1.4b). 
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From his theoretical considerations Stromgard also noted that boudins 

formed by tension cracking at high confining pressure will be roughly rec-

tangular regardless of the bulk orientation of compression relative to the 

layering. He argued that the occurrence of rectangular boudins in high 

grade metamorphic rocks (i.e. high confining pressure) supports this idea. 

3. Another way in which rhombohedral boudins may be formed is by the 

exploitation of existing planes of weakness such as cleavage in a competent 

layer. Cleavage is thought to develop parallel or subparallel to the AB 

plane of the finite strain ellipsoid and except at the hinge of a fold 

cleavage is generally not at 90° to bedding. 

The cleavage pattern characteristic of a relatively competent bed in 

a tight fold is shown in fig. 3.23 (a) and fig. 1.47. Once the cleavage planes 

are well developed, the blocks between these cleavage planes (the microlithons) 

may rotate at different rates to the rotation of the fold limb during the 

progressive deformation of the fold (in the manner described previously and 

summarised in figs.3J9&3.21. This rotation and the slip along the cleavage 

planes in the competent layer may produce structures indistinguishable from 

offset rhombohedral boudins. 

a 

Fig. 3.23 
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3.6 DEFORMED PINCH-AND-SWELL STRUCTURES 

Pinch-and-swell structures are sometimes found deformed in the field. 

The deformation is most apparent when the original compression associated 

with the deformation of the pinch-and-swell structures is approximately 

parallel to the layer containing the structures. 

Turton (1975) investigated deformed pinch-and-swell structures from 

Hele Bay, North Devon and Penge (1976) deformed pinch-and-swell structures 

experimentally, as mentioned in section 1.61. He deformed orthorhombic 

class 2 and class B type pinch-and-swell structures (fig. 1.55) and from 

his experimental results and field observations concluded that pinch-and-

swell structures may undergo two modes of deformation. These are buckling 

in the proximity of the pinch zone and/or shearing along the same zone. One 

or other or both of these modes of deformation occurred in all the models 

regardless of the competent contrast or whether the layers were oblique or 

parallel to Oi. 

Cosgrove (1980) has shown that many of the quartzite layers in the 

South Stack Formation in the Rhoscolyn anticline (Rhoscolyn area of Anglesey, 

North Wales) developed pinch-and-swell structures during the first deformation 

and that these structures often control the wavelength of the folds which 

develop during the second deformation. Field observations in this area and 

experimental work (Penge 1976) on the folding of a layer containing pinch-

and-swell structures indicate that buckles form such that one limb contains 

the 'pinch' portion and the other limb the 'swell' portion of the pinch-and-

swell structures (fig. 3.24). 

The present author attempted to investigate the effect of the class 

of a pinch-and-swell structure on its deformation. The result of the 

plasticine experiments (fig. 2.20a, 2.22a) show that both shear and buckling 
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Chapter 4. Conclusions 

4.1 Experimental 

From the experimental results it is possible to identify four 

types of boudinage and related structures which developed where multi-

layers and/or single layers are compressed normal or at a high angle to 

the layering. 

(1) Type,A structures - interlocking pinch-and-swell structures 

(or internal boudins). These developed in multilayers made up of identical 

layers with a lubricant between the layers (i.e. low cohesion). Experi-

ments in which such a multilayer was deformed confirm the prediction re-

garding the formation of internal boudins made by Cobbold et al. (1971) 

(see section 3.1). 

These structures may form in fabrics as well as in discretely layered 

media. In both materials a similar geometry of interlocking pinch-and-swell 

structures develops either as a result of intersecting normal kink bands 

or as a result of the periodic necking of a layer or packet of layers or 

of th<e fabric. The geometries of the structures produced in these two 

ways are often identical. 

(2) (a) Type B-I Structures is the name given to lenticular boudins 

which develop when a multilayer with pre-existing fractures(e.g. tension 

gashes) is compressed at a high angle to the layering or foliation. In 

experiments (23, 21, fig. 2.5 & 2.7) the unfractured multilayer on either 

side of the band containing the pre-existing fracture were deflected into 

the opening fractures giving rise to a neck region similar to that 

often found associated with "classical" boudinage (Type C)(fig. 2.5 

C -E). Fluids squeezed out from the multilayers during the deformation 

and filled the gaps. In natural examples (fig. 3.8) the voids (tension 

openings) are usually filled with quartz. 
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(b) Type B-II Structures, like type B-I are lenticular boudins 

which develop in finely layered media but are formed as a result of the 

development of strain softened (relatively incompetent) horizons within a 

multilayer. Horizons within the multilayer which are not strain softened 

are relatively competent. Boudins may develop in these competent horizons 

in much the same way as they do in relatively competent single layers. 

However, in single layer boudinage, competence contrast is an intrinsic 

property of the system whereas type B-II structures develop as the 

result of an induced competence contrast. 

(3) Type C structures are the classical boudins named and described 

by Lohest (1909). In the paraffin wax experiments the temperature proved 

to be the major factor in determining whether the layers behaved in a 

brittle or ductile manner, which in turn influenced the fracture spacing 

(i.e. width of boudins) , the ductile necking instability having a 

different spacing than the brittle failure instability. However, the 

major factor influencing the width of boudins was found to be the thickness 

of the relatively competent layer. It was also noted that the width of the 

boudins in any particular layer decreased with progressive deformation 

during which the relatively wide boudins subdivided until an optimum width 

of boudin was obtained (fig. 3.11). It was observed, for example, that 

the optimum width of boudins in the 1mm thick competent layers in experiment 

47 was -4mm after 36% bulk shortening. For any particular stage in the 

progressive deformation it was found that the optimum boudin width increases 

with the thickness of the competent layer. 

(4) Type D structures are 1boudins1 which are generated by shear 

failure planes, a single competent layer is broken into boudins by approxi-

mately regularly spaced shear planes. The boudins are rhombohedral in 

profile section and adjacent 1boudins' may be offset. There are three 

other mechanisms by which rhombohedral boudins can be formed (see section 

3.5) and it is often difficult to distinguish between them in the field. 
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Deformed pinch-and-swell structures 

From experiments it was found that when a layer or layers containing 

pinch-and-swell structures is compressed parallel to the layering, layer 

shortening occurs by either buckling or shearing (fig. 2.20a and 2.20 b-d). 

In both mechanisms the pinch-and-swell structures govern the style of 

structures which form. The buckles are asymmetric, one limb containing 

the 'pinch' and the other the 'swell'. When layer shortening occurs by 

shearing, the shear planes usually cut through pinch regions and the swells, 

separated from each other by shear planes, rotate to form an imbricate 

arrangement. 

4.2 Theoretical 

It is concluded that the theories at present available are adequate 

to explain the initiation and development of boudinage and pinch-and-swell 

structures. Ramberg's (1955) theoretical analysis of boudin formation, 

when aided by field measurements and some knowledge of viscosity ratios 

of the rocks concerned, provides a way of estimating pressure gradients 

and rates of flowage associated with the formation of boudins. 

The theory developed by Cobbold et al. (1971), based on Biot's 

(1965) theory of internal buckling, gives a good explanation of interlocking 

pinch-and-swell structures and normal kink bands which often develop in 

multilayers or anisotropic materials compressed normal or at high angle 

to the layering. Sowers (1973) reviews Biot's (1965) theory of internal 

buckling in anisotropic materials and uses the theory to predict the 

spacing of brittle failure in such a material. Sowers used the strain 

energy methods to calculate the critical tension necessary for the initi-

ation of tensile fracture. 

Smith's (1975, 1977, 1978) theories predict that pinch-and-swell 
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structures (which Smith calls boudinage structures) develop only if the 

competent layer in which the structures form has non-1inear Theological 

properties. For example, if the layer is a linear viscous material he 

concludes that the amplification rate of the pinch-and-swell instability 

is too small to allow any instability to amplify into a finite structure. 

Stromgard's (1973) theoretical analysis of a multilayer made up of 

welded, rhythmically layered units with different viscosities, is an 

important contribution to the understanding ofvthe formation of boudins in 

multilayers. He considers the theoretical stress distribution in such 

a multilayer deformed in plane strain and concludes: 

(a) boudinage is favoured by high competence contrast, low compressi-

bility^ great thickness of the incompetent layers and low ratio of 

applied stress P-|/P3 (fig- 1.46). 

(b) boudins formed by tension cracking at high confining pressure will 

be roughly rectangular, irrespective of the bulk orientation of compression 

relative to layering. 

(c) the width of boudins by tension cracking will be in the range of 

2 - 4 times the thickness of the competent layer. 

Stephansson and Berner (1971) and Stromgard (1973) worked on 

photoelastic and finite element models of boudinage. They determined the 

stress distribution in and around boudins during their formation and 

demonstrated how the mineral redistribution observed in the field around 

boudins is compatible with the stress distribution predicted from both 

the finite element and photoelastic models. 

In contrast to the theory of fibre loading (halving of segments or 

boudins) both Sowers and the present author observed in their 
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respective experiments that a number of tensile fractures develop in 

competent layer at the same time. However, once these fractures are 

formed the next tensile fractures which form tend to divide the 

segments formed by the initial tensile failure into halves, thus 

behaving in the manner predicted by the theory of fibre loading. 

4.2 Future work on Boudinage and related structures 

The following paragraphs attempt to indicate the possible direction 

future research into the formation of boudinage and related structures 

might take. The suggestions relate to the three main areas of research namely 

experimental, theoretical and field work. 

Smith (1977,1979) has shown that non-linear behaviour of materials 

is important in the development of pinch-and-swell structures in single 

layer system and Latham(1982) has incorporated both bending resistance and 

non-linearity in his instability theory of an anisotropic system compressed 

parallel to the layering or fabric. It would therefore be very instructive 

to extend this theory and to determine the effect of compression at a 

high angle to the layering or fabric. 

Having determined the effects that compression at a high angle to the 

layering or fabric would have on a non-linear anisotropic material it 

would be instructive to test the theoretical prediction by performing 

suitable experiments. Such experiments might involve materials such as 

metals with well known non-linear rheological properties. 
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One of the limitations of the experiments outlined in section 2.5 

was that the size of the models was too small to enable the thickness 

to width ratio of all but the thinnest competent layer to be determined 

accurately. Experiments on larger models would enable the ratio of width/ 

thickness to be determined for a large range of competent layer thickness 

and thus enable the relationship between the two paramenters(width and 

thickness) to determined. 

It is possible to record the stress history of an experiment.TKe 

relationship of the stress values to the initiation of structure, their 

amplification and their locking up could provide an interesting insight 

into the problems of 'instability'. 

Close study of natural examples of structures developed in multilayers 

and fabric that have been compressed at a high angle to the layering or 

fabric would undoubtedly shed considerable light on the relationship 

between these various structures, that is, boudins, pinch-and^swell, reverse 

kink bands and faults. 
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APPENDIX 

Appendix A APPARATUS 

A.l PURE SHEAR DEFORMATION RIG 

The deformation apparatus used for most of the experiments 

described in this thesis was the Pure Shear Deformation Rig (fig.2.1, A.l) 

* designed and constructed by Cobbold (1973) for (1) deforming geological 

scale models (152mm x 152mm x 50mm) under controlled conditions of strain 

rates and temperature; and (2) measuring the rheological properties of 

model materials such as waxes, plasticine, gelatine, clays and putty. 

A detailed description of the apparatus is given by Cobbold (1973, 1975) 

and a brief account of its main features is given below. 

The rig is made up of three main units 

(1) A rigid framework mounted on wheels for the convenience of 

mobility, incorporating an electric motor, a gear box, five bevel gears 

and four drive shafts. 

(2) A deformation box which is situated on top of the rigid frame 

which accommodates the model and its boundary plates. 

• (3) Several measurement and control systems. 

The loads which cause the deformation are transmitted through rigid 

plates to the boundaries of the model. The required condition of the 

planar frictionless boundaries is achieved to a close approximation by 

lubricating the boundary plates. The models y-boundary (x-z plane)(fig.A.2) 

can be photographed at any stage of deformation through the thick perspex 

plate cover. 



Fig.A. 1. Deformation box, viewed from above, showing side-walls 
(1), window (2), rails (3), displacement gauge (A), 
rotors (5), bearings (6), blocks (7), lever y-plate (8), 
x-plates (9), z-pl.ates (10), bogies ( U ) and a .. b 1 (12). 

(after Cobbold,1973) 

P 
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Fig. A.2 

A.2 WOODEN DEFORMATION BOX 

Models 11, 12 and 13 were deformed in a wooden deformation 

box shown in Fig. A.3. 

The, rectangular model is compressed between two wooden blocks 

(Fig. A3-A,B) which are driven towards each other by a vertical piston 

(Y direction). Extension in the Z direction (Fig.A.3a) is prevented 

by two perspex plates and the model is allowed to extend in the Xdirection 

until it eventually reaches the two wooden blocks (C and D in Fig. A.3.). 

Both the perspex plates can be unscrewed for loading and removing the 

model. 

Appendix B MODELLING MATERIALS 

B.l PARAFFIN WAXES 

Paraffin waxes are mixtures of crystalline and amorphous 

hydrocarbons. They are^the result of fractional crystallization of 

melts, each grade of wax consolidating over a range of temperature (its 

melting point range). Commercial manufacturers use cleansing and filtering 

techniques to produce refined waxes suitable, for example, for use in 

histology. These waxes have narrow melting ranges (e.g. 55° - 57°C) 

and are classified by their nominal melting-point (e.g. 56°C)." The 

physical properties of refined wax are reasonably consistent from batch 

to batch. 
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Paraffin waxes have been used to simulate the plastic flow of 

metals. Patterns of deformation in wax produced experimentally are 

similar to those derived theoretically from the flow laws of an ideal 

plastic solid according to the work of Hailing and Mitchell (1965). 

The waxes are convenient to work with because they are clean and 

chemically inert. Other advantages are that one can construct models 

using a different grade of wax for each component. Different grades 

have different properties, which can be scaled so that their relative 

contrasts are equivalent to the contrasts that exist in heterogeneous 

rocks. The waxes also have rheological properties which are proportional 

to those obtained in laboratory experiments on rock, consequently 

the waxes are. excellent rock analogues. A list of more 

detailed advantages and some disadvantages is given by Cobbold (1973). 

B'. 1.1 .Physical and Chemical Constitution of Paraffin Wax. 

The following brief account of the chemical and physical 

constitution of paraffin wax has been taken mainly from Mazee (1962). 

A solid paraffin wax is a polycrystalline aggregate of various 

hydrocarbon species, containing oil or non-crystalline material at crystal 

interfaces. The properties of the aggregate therefore depend on the 

properties of the crystalline constituents as well as on those of the oil. 

The major constituents are normal alkane hydrocarbons of several 

different molecular weights, together with small quantities of iso- and 

cyclo-alkanes. The exact composition of a given grade of wax depends on 

its origin and the methods used in its manufacture. 

Crystalline alkanes belong to various crystal systems (triclinic 

to orthorhombic) and have transition points in the solid phase. The 

phase-change, from 3 to a-modification is accompanied by changes in crystal 
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habit, refractive index, specific gravity and elastic modulus. For 

an alkane with a melting point of 51°C, for example, the transition 

temperature is 48.1°C. 

Commercially manufactured waxes contain unspecified amounts of 

unknown constituents, belonging to several different crystal systems. 

This is because they are formed by fractional crystallization of liquid 

melts, probably in the same way as many igneous rocks. The range of 

constituents of a commercial wax can be limited by solvent-cleansing 

and filtering, but a certain amount of oil usually adheres to the crystal 

interfaces. The yielding properties of the wax depend significantly on 

the amount of oil present, as well as on the temperature. Some crystal-

line constituents may undergo temperature-dependent phase changes in the 

solid state; others may undergo total or partial melting, especially 

if the temperature approaches the nominal melting point of the wax. 

B.1.2. Frictional Properties of wax surfaces 

According to Cobbold (1973) the coefficient of friction of 

a flat machined surface of paraffin wax, in contact with a flat surface 

of perspex, metal or glass, is low (about 0.1), probably because of 

(i) the softness of wax and (ii) the lubricating action of its non-

crystalline components. Many other lubricants (e.g. petroleum jelly 

or silicon grease) adhere easily to a wax surface and do not squeeze out 

under pressure. These lubricants reduce the coefficient of friction to 

values as low as 0.01. This is a good approximation of a frictionless 

surface, a condition which may be necessary for rheological tests. < 

B.2 PLASTICINE AND PUTTY 

Authors such as Green (1951), Durney (1968), Bever (1971), 

Mendum (1972), Treagus (1972), Troeg (1975), Woldekidan (1975) and others 
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have used plasticine and painters putty as model materials to simulate/'Seological 

deformations. McClay (1973) examined previous rheological work on 

plasticine and carried out further tests. 

As shown in Table 2.1. most of the models described in this thesis 

were made of paraffin wax. However, most of the models containing a 

single competent layer were made of plasticine. In some of these single 

layer experiments painters putty was used as a matrix. 

B.2.1 Composition of Putty and Plasticine 

Plasticine and putty have similar compositions: both are 

the mixtures of mineral filters, oils and waxes. Putty is mainly a mix-

ture of linseed oil and chalk. On storing or at high strains putty 

separates into its constituents. Large deformations generate strong 

grain fabrics. These two rheological behaviours limit its use as a model 

material in deformation experiments. 

Plasticine consists of linseed oil and chalk like putty but also 

contains significant amounts of paraffin waxes which stabilize the 

material so there is little change of properties over periods of weeks. 

Both materials are therefore aggregates of chalk (mainly calcite grains), 

oils and waxes (only in plasticine) - thus making mechanisms of defor-

mation complex. Platy carbonate fragments in both materials will tend 

to produce a grain fabric with deformation. 

B.2.2. Mechanism of Deformation and rheology of Plasticine 

From his rheological tests McClay found out that the rheology 

of plasticine was complex. At 25°C and at low strains it has initially 

the behaviour of a Newtonian liquid. Then as the mineral grains come 

into contact, grain boundary sliding and small shears occur. As defor-

mation continues platy mineral fragments develop a preferred orientation 

^Plasticine is the registered trade name, made by Harbut Plasticine Ltd., Bath, 
England. 



Fig. A.4. Method of preparation of thin wax sheet. (after 
Summers, 1979) 
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and this anisotropy allows instabilities to develop and propagate. At 

high strain rate in pure shear deformation instabilities develop and 

propagate in the period of accumulating permanent strain before steady 

state flow occurs. In effect the plasticine is strain softened at high 

strain rates before steady state flow occurs. As minute shears propa-

gate throughout the material steady state flow occurs and then work 

hardening begins as conjugate shears develop and interact with existing 

shears. The work hardening may be attributed to the squeezing out of 

pore fluids as the deformation proceeds. 

Appendix C. MODEL CONSTRUCTION 

C.l WAX MODELS 

C. 1 .1 . Layered Models 

A simple method of preparing wax in the form of thin 

sheets for use in multilayer experiments, was developed by Summers (1979). 

This method made use of the low specific gravity of wax by floating and 

cooling a thin sheet of molten wax on the surface of a water bath (Fig.A.4). 

(a) A large quantity of water was heated separately in an electric 

water bath to a temperature approximately 25° - 30°C above the melting 

temperature of the wax, (Fig.A.4). 

A known quantity of granular or tablet wax (determined by the 

thickness of layer to be produced) was added to a large beaker approxi-

mately one-fifth full of water. The wax floats on the water and the 

water prevents the wax from becoming overheated. The contents of the 

beaker were heated to a temperature approximately 15°C above the melting 

temperature of the wax of known volume. A dye was added to the wax at 

this stage. The dye was put in a small (100ml) beaker and some molten 

* ii . 
The dye was supplied by Farbwerke Hoechst A.G. Votmals Meister & B r u m n g , 

W.Germany. 
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wax was poured into the beaker. After mixing the wax and the dye 

thoroughly, the mix was poured into the main beaker and again stirred 

thoroughly. 

(c) The large quantity of heated water (Fig. A.4B) was transferred to a shallow 

plastic tank measuring approximately 200 by 75 by 5cm and then the hot wax and 

water were poured from the beaker(Fig.A.4A) onto the water surface of the tank to 

form a thin sheet of floating wax. The thickness of this sheet was controlled by 

the volume of wax used. The contents of the tank were then allowed to cool to 

room temperature producing a thin sheet of solidified wax of constant 

thickness. A large quantity of sheet wax with a controlled thickness 

which varies by less than 5% over the total area of the sheet can be 

obtained. If this method is used to produce a sheet of wax 1mm thick 

or less it is found that the effects of surface tension in the molten 

wax cause significant local thickness variations. 

(d) The solidified wax sheet can be cut into convenient size strips 

which can then be machined to the dimensions required in a particular 

experiment. Because of the high strength of the material at room temper-

ature, sheets with a thickness as low as 1mm could be handled easily. 

It is possible to store wax in sheet form indefinitely and this is one 

of the main advantages of wax over materials such as plasticine. 

C.1.2. Single layered 

In single layer models in which wax was used as the matrix, 

the matrix was made by pouring molten wax into a rectangular perspex 

mould. The solidified blocks of wax were machined to the required size 

and the two blocks and the single layer assembled. If lubrication was 

required between the layer and the matrix.vaseline, silicon grease or 
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liquid soap (Zalpon) was applied before the model was assembled. 

C.1.3. Construction of Pinch-and-swel1 models 

To produce the required pinch-and-swel1 layer, a steel box 

containing half the profile of a series of pinch-and-swel1 structure 

was constructed (Fig.A.5.) 

Two moulds of plaster-of-paris (Fig.A.5.) were cast in this box. 

These moulds were arranged so that the half profiles faced each other 

and the pinch-and-swel1 layer was then cast between them. The pinch-

to-swell thickness ratio could be varied to some extent by varying the 

separation of the two moulds. In order to cast the matrix with a side 

that fits the pinch-and-swel1 layer exactly, a second mould (plaster-

of-pari s) which produced a 'reverse' pinch-and-swel1 side in the matrix 

was cast from one of the plaster-of-paris moulds. The matrix block was 

then cast using the 'reverse' mould in a perspex box. All the sides of 

the moulds were painted and then lubricated with glycerol or vaseline to 

prevent the wax or plasticine from sticking to the plaster-of-paris moulds. 

C.2. PLASTICINE MODEL CONSTRUCTION 

Each of the competent layers was prepared from a block of plasticine 

by rolling and flattening to the required thickness. The layer was then 

cut to the required size by a rectangular metal cutter. 

The matrix was prepared in the same way as the layers except that 

the cutting to the required size was done using a knife. The layer was 

placed between two blocks of matrix and stuck together by thin films of 

vaseline. The assembled mould was then cut, with great care, to fit 

into the appropriate deformation rig. 

In the Pure Shear deformation rig the base and sides of the model 
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A 

Fig. A.5. A, Steel box for casting one of the plaster-of-paris 
mouids shown in B. 

B. The two halves of plaster-of-paris mould for 
casting pinch-and-swell structure 
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were lubricated with vaseline and the interface between the top of the 

model and the perspex plate lubricated by glycerol or liquid soap (trade 

name Zalpon). 

After fitting and clamping the model inside the deformation box, 

a photograph of the undeformed model was taken. A series of photographs 

were taken as the model deformed. Before starting the machine, the gearing 

* was arranged to give the required strain rate. 
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