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Strain fields in and around boudins in a clay experiment 
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(Received 28 June 1982; accepted in revised form 23 December 1982) 

Abs t r ac t - -Boud ins  were deformed by stretching of a three-layer wet clay cake on a deformat ion table. The  
middle layer was more competent  than the others.  One  edge of the boudin was sampled for strain measurements  
and a total of twenty three sample points were studied. The  preferred orientation of the  basal plane of kaolinite 
crystals was measured  for each sample point with an X-ray goniometer .  From these preferred orientations,  strain 
was determined according to the theory of March. Strain due to the compaction of the clay under  its own 
weight was removed from the total strain observed in order  to isolate the strain due to boudinage.  

Local changes  in volume,  related to water  migration within the clay cake, took place during deformation.  
Appropr ia te  corrections were made  in the procedure of strain removal.  

The  strain field due to boudinage was compared  with previous results of stress obtained in theoretical and 
exper imental  studies,  and found to be in general  agreement .  

INTRODUCTION 

THE TERM 'boudinage' encompasses a large variety of 
phenomena which are the result of different materials 
and conditions. It is possible that a strain field which is 
related to one kind of boudinage is considerably differ- 
ent from that which is related to another kind. However, 
it is believed that the basic features of strain fields which 
are related to most types of boudinage should be similar 
to each other, or at least fall into a few distinctive groups. 
A strain field related to boudinage has been studied and 
is presented with the hope that it will be applicable to 
some, if not most, of the natural phenomena. 

THE CLAY EXPERIMENT 

Three layers of wet clay paste were deformed by 
stretching them on Oertel's (1965) deformation table in 
order to simulate boudinage. The clay in this experiment 
was a commercial clay mixture, mostly kaolinitic, called 
'C&C' (1/2 Champion-I/2 Challenger) and provided by H. 
C. Spinks Clay Company, Paris, Tennessee. 

* Present  address: P A M A  (Energy Resources  Development )  Ltd.,  
Mishor Rotem,  D .N.  Arava 86800, Israel. 

The lower and upper layers were made of very soft 
clay with the consistency of butter, whereas the middle 
layer was of a stiffer consistency (the same clay with less 
water content). Details of the cake-building procedure 
can be found in Oertel (1965). The stifflayer was cut and 
put on a softer layer and then covered by another softer 
layer. The dimensions of the sample cake were approxi- 
mately 20 x 10 x 5 cm. 

In the first few runs, the middle layer was made to be 
continuous, but many faults were formed in the cake 
before rupturing of the stiffer layer into boudins. In 
order to study the strain attributable only due to boudin- 
age, without the interference of strain due to other 
structures such as faults, the stiffer layer was pre-cut and 
the resulting pieces pre-separated so that the middle 
layer consisted of alternating soft and stiff clay paste. It 
is believed that the strain pattern should not be signifi- 
cantly affected by this procedure, as discussed below. 

Right-handed coordinates were used, where xl was 
parallel to the long dimension of the cake, x2 parallel to 
its width and x3 parallel to its thickness (Fig. 1). 

The experiment was concluded within 18 min and the 
overall lengthening of the cake in the xt direction was 
about 25%. Neither lengthening in the Xl direction nor 
shortening in the x3 direction were uniform throughout 
the cake: where the stiff layer was present, shortening of 
about 10% took place, whereas in between the boudins 
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Fig. 1. Setup of the clay cake in the deformed state (cut open;  drawn from a photograph) .  Dashed  zones: boudins.  Dot ted 
zone: sampling area. 
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shortening was up to 30%. This resulted in topography 
of 'hills' above the boudins and 'valleys' in between them 
(Fig. 1). Most of the significant shortening and lengthen- 
ing took place along the xl and x3 axes and hence the 
study is restricted to plane strain. 

Technique  o f  strain measuremen t  

The right end of the right boudin was sampled. This 
choice was made mainly to avoid interference of strain 
due to faulting. Samples were taken by pressing a wire 
through the soft clay, while pouring water into the cut 
slot to prevent the two sides of the cut sticking together. 
The samples were then hardened with the aid of 'Car- 
bowax 6000', a low temperature (60-65°C) melting plas- 
tic fully miscible with water, which replaces water in the 
clay. The replacement is achieved without any change in 
the inner fabric of the clay as demonstrated in petrog- 
raphic (Mitchell 1956, p. 696, Martin 1966, p. 274) and in 
experimental (Hildebrand-Mittlefehldt 1979, pp. 133- 
135) studies. 

Six parallel, partly overlapping 2 mm slabs were cut in 
the x l -x3  plane. Twenty-three sample points were mea- 
sured in these, 12 outside the boudin and 11 inside. A 
100 ~m thick section was made of each slab for scanning 
on an X-ray goniometer in the transmission mode, in 
order to determine the statistical distribution of the clay 
grain orientations (Baker et al. 1969, Oertel 1970). An 
X-ray apparatus which was modified by Oertel and 
described by Lipshie et al. (1976, pp. 92-93) was used. 

Strains were determined from these preferred orienta- 
tions according to March's (1932) geometrical method. 
This method gives the relations between the principal 
normalized distributions of poles to the platy minerals, 
Pi, and the principal finite strains, •i, as E i = p ~ l / 3  _ 1. 

The procedure of applying the method to geological 
needs was described in detail by Oertel (1970, pp. 
1176-1178), Oertel & Curtis (1972, p. 2599) and Wood 
etal .  (1976, pp. 30-32). 

The application of March's method to calculate strain 
in rocks was discussed in detail by Owens (1973), Lipshie 
et al. (1976), Siddans (1977, 1978), Oertel (1978), 
Etheridge & Oertel (1979) and many others. A discus- 
sion particularly relevant to strain measurements in 
material under conditions similar to those described in 
the present study is given by Hildebrand-Mittlefehldt 
(1979, p. 134). 

Owing to the small size of the area studied, measure- 
ments could be made in only one section for each point, 
rather than from 2 or 3 sections as recommended by 
Oertel (1970, p. 1176). However, the maxima of the 
preferred orientations were well concentrated within 
each of those single measurements and the only result of 
taking measuremeats in one section for each point was a 
slight distortion in the overall strain field. Since the 
qualitative nature of the strain field (i.e. strains relative 
to each other) was of more interest than an absolute 
strain measurement at each point, this distortion was not 
considered to be of great importance (see also Hildeb- 
rand-Mittlefehldt 1979, p. 134). 

The clay cake was strained while being built, as a 
result of compaction of the clay under its own weight, 
These strains, which became part of the total strains 
measured, were removed with the aid of a mathematical 
procedure introduced by Oertel (1970, pp. 1181-1182) 
and further developed by Hildebrand-Mittlefehldt 
(1979, pp. 135-137). The strains due to compaction were 
measured in a separate cake, prepared simultaneously 
with, and under the same conditions as, the deformed 
clay cake. Strains were measured separately for a stiffer 
bed, similar to the boudinaged layer in the deformed 
cake, and a softer one similar to the upper layer in the 
deformed cake. Because of technical difficulties, atten- 
tion was focused on the deformation of the upper and 
middle layers of the clay cake only. The strain in the 
undeformed cake was assumed to be homogeneous for 
each layer but was nonetheless measured at three points 
in each layer and averaged. These strains (change in 
length over original length) were found to be Ei = 0.21, 
0.21 and -0.34 in the stiffer layer and ei -- 0.39, 0.39 and 
-0.48 in the softer one, and were removed from the total 
strains measured in the deformed cake. In this way, 
strains due to 'tectonic' effects alone were obtained. 

RESULTS 

The distribution of extensional and compressional 
components of the strain are presented in Fig. 2. Exam- 
ining them together with the distribution of the mean 
strain 1/3(el + E2 + Ca) (Fig. 3), a picture of high and low 
strain zones is revealed: zones of high strain magnitude 
exist diagonally outside the boudin at '2 o'clock' with 
respect to the upper corner of the boudin and inside it 
near its upper and lower borders. Accordingly, zones of 
low strain magnitudes exist between boudins, above the 
boudin and just inside its vertical border. 

The second invariant of the strain tensor, 12 = Ele 2 d- 

E2E 3 + E3el, was used as a measure for the octahedral 
shear strain (Freudental & Geiringer 1958, p. 240). 
Zones of low shear strain exist diagonally at 45 ° to the 
upper corner of the boudin, in the matrix and within the 
boudin near the upper and lower borders (Fig. 4). 
Relatively high shear strain occurred between the 
boudins and above the boudins in the matrix and just 
inside of the vertical border of the boudin. 

The displacement field was reconstructed by 'unstrain- 
ing' the studied area, i.e. looking at it in Lagrangean 
coordinates and superposing the resultant configuration 
on the strained, Eulerian one (Fig. 5). Unstraining of the 
studied area was carried out by piecemeal fitting of 
unstrained subdomains using Oertel's method (Oertel & 
Ernst, 1978) which is based on equations of Ramsay 
(1967, pp. 124-126, 129-130). 

The three-dimensional subdomains were arbitrarily 
chosen in the Eularian coordinates, such that all their 
boundaries were either parallel or perpendicular to the 
x l - x  3 plane (Fig. 5a). 

Fitting the unstrained domains was carried out by 
translation and rigid body rotation of the elements. All 
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Fig. 2. Pat terns of  the principal strains in the boudin sample area 
(Fig. 1)• (a) Tensional  strain, el;  (b) compressional  strain, e3. Arrows 
and smaller  numbers :  directions and plunges of strain components  into 
the plane of the paper.  Contour  interval 0.05. Sample point at the base 

of each arrow. 
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Fig. 3. Pat tern of the mean  strain, 1/3(et + E2 + E3) in the sample area 
(Fig. 1). Dots:  sampling points. Contour  interval 0.01. 

Fig. 4. Pat tern of the second invariant,  12 = e l e 2  + E263 + e3el, 
represent ing the shear  strain (see text)• Dots:  sampling points. 

Contour  interval 0.05. 

necessary rotations were counter-clockwise (Fig. 5b). 
This is consistent with Schwerdtner's observation (1970) 
of clockwise tectonic rotation of material near the edge 
of natural boudins (for a boudin in an orientation similar 
to the one described in the present study). As soon as the 
unstrained subdomains were fitted together, it became 
clear that some local volume changes in the matrix took 
place during the experiment, as measurements of the 
clay cake before and after the experiment were avail- 
able. These changes were in the form of volume reduc- 
tion along the x3 axis above the boudin and addition of 
material along the Xl axis in between boudins. These 
volume changes may be explained by the movement of 
water in the cake during deformation• Corrections for 
volume changes were made to fit the measurements. 
Domains F2, E2, FI, C 4, El and B1 were given a 'linear 
dilatation' (Oertel & Ernst 1978, p. 88) which compen- 
sated for 30% volume loss along the x3 axis; domains D2, 
D 3 and D4 were given such a linear dilatation as to 
compensate for 10% gain of volume along the xt axis; 
domain Cl was similarly compensated for 45% volume 
loss along the Xa axis, C2 for 40% volume loss along x 3 
and 10% gain of volume along xl and domain D1 for 25% 
volume loss along x3 and 10% gain of volume along x~. 
Within the sampled area there is no complete volume 
compensation (i.e. increase for decrease) because this 
small area is part of the larger system. 

One of the assumptions for the unstraining procedure 
was that strain was homogeneous throughout a single 
domain. Though essential for the procedure adopted, 
this assumption is not accurate and results in incom- 
patibilities between unstrained subdomains which are 
expressed as gaps and overlaps in their borders• Cobbold 
(1979) and Cobbold & Percevault (this issue) proposed a 
least-squares method for removing these incom- 
patibilities by imposing translations and rigid body rota- 
tions. In the present case, however, minimizing the 
incompatibilities by visual inspection rather than by 
going through the suggested rigorous procedure was 
judged to be sufficient. 
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Fig. 5. (a) Projections of strained, arbitrarily-chosen subdomains onto the x ] - x  3 plane (Eulerian coordinates). Dots: 
sampling points. (b) Projections of the unstrained subdomains (Lagrangean coordinates) onto the x t - x3  plane. Arrows and 
numbers above them indicate sense and amount of rotations. (c) Projections of the unstrained domains, incompatibilities 

removed. (d) Displacement field; arrows from unstrained configuration (dotted lines) to strained one (dashed lines). 

The incompatibilities were removed by drawing gap/ 
overlap bisecting borders between the subdomains (Fig. 
5c). Common points for superposing the two configura- 
tions were established as follows: it was assumed that the 
boudin's vertical mid-line (parallel to the x3 axis) 
remained stationary and that lengthening proceeded 
equally in both directions along the xt axis. Hence, each 
end-point was displaced by half of the total lengthening, 
which was measured. Similarly, it was assumed that the 
boudin's horizontal mid-line (parallel to xt) remained 
stationary and shortening towards it along the x 3 axis 
proceeded equally from the bottom and top of the 
boudin. The superposition of the strained configuration 
(Eulerian coordinates, Fig. 5a) on the unstrained one 
(Lagrangean coordinates, Fig. 5c) yielded the differen- 
tial displacement field (Fig. 5d). 

DISCUSSION 

Hardening the samples involves migration of water 
and liquid 'Carbowax 6000' in the sample. Nevertheless, 

it was shown that the movement of liquids hardly, if at 
all, affects the preferred orientation of the clay platelets 
(Mitchell 1956, Martin 1966, Hildebrand-Mittlefehldt 
1979). Similarly, water migration during the experiment 
is apt to contribute little, if at all, to the present deforma- 
tion. As Oertel & Curtis (1972, p. 2603) stated, the 
greater concentration of diffractions from particles in 
the compressed clay does not affect the results because 
of the normalization procedure. The same should be 
true for lesser concentration in diffractions in the clay. 

Orientations of the strain components, shown in Fig. 
2, suggest a distinct asymmetry in the strain pattern. 
Such an asymmetry could be due to edge and base 
effects, or due to the resultant topography of the upper 
surface of the model (which is in the order of the average 
thickness of the top layer), or both. 

Only a few numerical studies have been carried out on 
the stress distribution within and around boudins (e.g. 
Stephansson & Berner 1971, Str6mg~rd 1973, Selkman 
1978). Some of these are based on physical experiments 
(e.g. Ramberg 1955). Even fewer studies deal with 
strain distribution and those that do, deal mainly with 
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theoretical aspects (e.g. Schwerdtner 1970), in some 
cases based on experimental  study (e.g. Tan 1974). 

Despite the relatively complex relationship between 
stress history and finite strain, and notwithstanding the 
different materials involved in the various studies (which 
are, in turn, different from those in nature),  it is of 
interest to compare the strain field measured in the 
present study with the theoretical stress fields described 
in the literature. Considering fields of stress and strain 
analogous components  will be compared; that is, the 
shear stress component  with that of shear strain, the 
compressional stress component  with that of compres- 
sional strain, etc. 

Selkman (1978) studied the distribution of stress and 
displacement in boudinage structures by means of the 
finite-element method.  One of his four models is analog- 
ous to that of the present study. In it he considered a 
quarter  of an incipient boudin, the centre of the boudin 
being at rest and displacements taking place towards the 
free short edge. In this model,  he found that "large 
compressive stresses are c o n c e n t r a t e d . . ,  in the matrix, 
close to the boundary above the corners of the boudin";  
an observation which is consistent with the situation in 
the present study (Fig. 2a). The compressive-stress dis- 
tribution within the boudin studied by Selkman, how- 
ever, does not agree with the strain distribution found in 
the present study: in contrast to the clay cake, his model 
has the form of a barrel,  implying the existence of 
compressive stresses along the vertical border  just inside 
the boudin. Selkman found low values of compressive 
stress in the gap between the boudins, a fact which is 
again in agreement with the present strain pattern. 
Selkman found the highest tensile stresses in the 'bound- 
ary between the gap and the matrix' ,  in agreement with 
the present strain measurements,  assuming this bound- 
ary area means the area just above the zone between 
boudins. 

Str6mghrd, in constructing and analyzing photo-elas- 
tic models, showed that the lowest tensile stresses in the 
matrix occur above the boudin (Str6mghrd 1973, fig. 17, 
left-handed part). Somewhat higher values exist 
between boudins, whereas the highest values are found 
within the boudin near its upper  boundary. A similar 
picture is presented here for the tensile finite strain 
component  in the clay experiment study (Fig. 2a). 

The mean strain distribution (Fig. 3) may be compared 
with the available patterns of theoretical mean stress: 
Stephansson & Berner  (1971, fig. 6), Str6mg~rd (1973, 
right-hand fig. 17) and Selkman (1978, fig. 10). All three 
have similar patterns of high and low values to the mean 
strain obtained in the present study. The pattern of the 
second strain invariant, as a measure of the shear strain 
(Fig. 4), can be compared with Str6mghrd's photoelastic 
results (1973, fig. 13A). Zones of high and low values 
observed in the two studies have similar distributions. 

CONCLUSIONS 

The strain field determined in the present study 
proved to be in general agreement with stress fields 

obtained in numerical studies and observed in physical 
experiments. Such agreement indicates that (a) pre-cut- 
ting and pre-separating the boudins did not affect the 
general pattern,  and (b) that water migration during 
deformation could not have significantly affected the 
preferred orientation of the clay platelets and, hence, 
the strain pattern. 

Some of the strain components observed here are 
hardly surprising and were both predicted in the theoret- 
ical studies and observed in nature. However ,  the pat- 
terns of strain trajectories were neither predicted nor  
observed previously. These patterns (Fig. 2) suggest 
some asymmetry of the strain field. It might be beneficial 
to test wfiether this aspect of the strain field exists also in 
nature and is not merely a result of the experimental 
conditions. 

In a previous strain-field study, which was performed 
with a similar kind of experimental procedure and 
material, the analytical results agree with those obtained 
from natural phenomena in faults (Hildebrand- 
Mittlefehldt 1979, 1980). It may thus be expected that, in 
spite of the many dissimilarities between the experimen- 
tal material and conditions and the natural ones, natural 
structures will display similar strain patterns. 
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