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Abstract--The development of crystallographic preferred orientation in a single-layer buckling assembly has 
been numerically simulated using an explicit, finite difference computer code, FLAC. The model treats the 
materials in the single competent layer and the embedding less competent matrix as a polycrystalline aggregate 
with one slip system, which exhibits elastic-perfectly-plastic behaviour, and assumes dislocation glide as the 
dominant strain accommodation mechanism. The results show that the preferred orientation of slip planes is 
much better developed in the less competent matrix than in the buckled competent layer. This correlates with the 
low strains developed in the layer and the high strains in the matrix. The competency contrast in the model also 
influences the fabric development, since changing the contrast effectively alters the final buckle size and strain 
distributions. The patterns of the preferred orientations vary throughout the assembly, showing different 
orientation relationships to the fold axial plane. The slip planes are generally preferably oriented approximately 
parallel to the local principal extension direction. 

INTRODUCTION 

SINGLE-LAYER buckling has been extensively studied 
since the 1950s. The main outcome of these studies has 
been the dominant wavelength and wavelength selection 
theories which were first proposed by Biot (1957, 
1959a,b, 1961) and Ramberg (1959, 1960, 1961), and 
were then modified by other investigators (e.g. Chapple 
1968, Sherwin & Chapple 1968, Hudleston 1973a,b). 
Contrasting with these widely quoted theories are the 
results of Cobbold (1975, 1977), demonstrating the 
propagating evolution of folds, and Williams et al. 

(1978) and Abbassi & Mancktelow (1990), emphasizing 
the effects of initial perturbation geometries. 

It is noted that previous simulations of fold develop- 
ment concentrated on the buckling geometry of a single 
competent layer, whereas the internal fabric develop- 
ment associated with the buckled layer was often 
ignored. We are focusing on this aspect since the grain 
scale fabric is often a major structural element in the 
field investigation of natural folds. In the present study 
we have modelled the development of crystallographic 
preferred orientation in a buckled single layer and the 
embedding matrix, both consisting of polycrystalline 
grains with one slip system, employing the computer 
code FLAC (Fast Lagrangian Analysis of Continua, 
Cundall & Board 1988). 

The choice of a single slip system material may be a 

weakness of the model. However, this specification 
achieves a unique orientation relationship between slip 
planes and principal deformation axes, which makes it 
possible to correlate the alignment of slip planes with 
cleavage development. Besides, some crystals do show 
the domination of one slip system (e.g. olivine, ice and 
quartz deformed under low temperature) (see Nakaya 
1954, Nicolas & Poirier 1976). 

MODEL DESCRIPTION 

FLAC is an explicit, time-marching computer code 
which combines three important aspects: the finite 
difference method; the law of motion; and the stress- 
strain constitutive equations of several mechanical 
models (Cundall & Board 1988). The code simulates 
geological materials in terms of a mesh comprising 
quadrilateral elements subdivided into four overlaid 
constant strain triangles; the deformation of each ele- 
ment follows the prescribed stress-strain law according 
to the applied boundary conditions (e.g. a bulk strain 
increment). It should be pointed out that the element 
matrices of FLAC are identical to those of the finite 
element method for constant-strain triangles, although 
they are formed by the finite difference method. 

A large number of validation tests of FLAC have been 
carried out in the mining and civil engineering fields 
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(Cundall & Board 1988, Itasca Consulting Group 1991). 
The FLAC results generally are in good agreement with 
those calculated by analytical methods. In particular, 
the results show that FLAC is capable of modelling the 
deformation across a material boundary surface or an 
interface. Furthermore, FLAC has also been used for 
the studies of graben faulting (Cundall 1990) and shear 
band-strain localization (Cundall 1989, Hobbs & Ord 
1989, Hobbs et al. 1990, Ord 1990). 

For the current purpose, the 'ubiquitous joint model' 
(a constitutive model in FLAC) was chosen. This model 
treats each crystal grain of an aggregate as an elastic- 
perfectly-plastic material containing an infinite number 
of parallel slip planes (one slip system); the slip planes 
also follow elastic-perfectly-plastic behaviour, and their 
orientations can be arbitrarily initialized for different 
grains in the polycrystals. In such a material, the total 
strain increment (Ae) is assumed to be composed of an 
elastic part (Ae °) and a plastic part (AeP), that is, 

Ae- -Ae  e +  Ae p, (1) 

where Ae ~, achieved before plastic yielding, is defined by 
Hooke's law, and Ae p, achieved after plastic yielding, is 
defined by the non-associated flow law (see Board 1989 
for the full description of the constitutive equations). 
Plastic yielding can occur on the slip planes, or in the 
medium material in which the slip planes are embedded, 
or both. This is determined by the values of slip plane 
and medium material cohesions, and slip plane orien- 
tations. Slip (plastic yielding) on a slip plane commences 
when the resolved shear stress (rr) on the slip plane is 
equal to the critical resolved shear stress (r~); r~ is 
determined by the value of slip plane cohesion (C~) after 
zero slip-plane friction is chosen. Similarly, when the 
maximum shear stress (rm) in the medium materials 
reaches the yielding limit (Oo), plastic flow in the me- 
dium materials will start; o,, is correspondingly deter- 
mined by medium material cohesion (Cm) after the 
internal friction angle is set to be zero. These indicate 
that the following conditions must be satisfied: 

T r ~ r c 
(2) 

r m ~ o- o. 

The slip and the medium deformation produce distinct 
incremental strains. The former leads to material shift- 
ing along slip planes, while the latter causes the distor- 
tion of the material between two slip planes. In practice, 
the second deformation effect can be viewed as being 
equivalent to that caused by climb and vacancy dif- 
fusion. By setting C m > Cs so that cr o > re, slip (disloca- 
tion glide) will be easier than plastic flow in the medium, 
and slip will dominate and accommodate the major part 
of the plastic deformation. The plastic flow in the me- 
dium material plays only a supplementary role. The 
imposed bulk strain is therefore compatibly accommo- 
dated by the co-operation of two mechanisms. 

The polycrystailine deformation model described 
above differs from the Taylor-Bishop-Hill model 
(Lister et al. 1978) in four main ways: (1) only one slip 

system is involved; (2) slip planes can experience some 
small elastic deformation before slip; (3) there is a 
medium material between slip planes which is allowed to 
deform; and (4) the homogeneous strain assumption is 
abandoned while strain compatibility is still maintained, 
and strain as well as stress distributions are instead 
determined by solving a set of constitutive equations. 

NUMERICAL SPECIMEN SPECIFICATION 

The finite difference mesh (Fig. 1) chosen for these 
simulations is 100 × 60 in size, and the central 16 rows of 
elements are used for the single competent layer sur- 
rounded by the less competent matrix. The competent 
layer, with a length/thickness ratio of 20:1, possesses a 
small symmetric perturbation. As shown in Fig. 2, slip 
planes have been randomly assigned to each element in 
the competent layer and in the areas of the matrix 
adjoining the layer, where each element can be thought 
of as corresponding to a crystal grain with a single slip 
system. The slip-plane traces and the the orientation 
distribution of slip-plane normais show that the distri- 
butions of slip planes are initially random and uniform 
both in the layer and the matrix. The areas of the matrix 
that are relatively remote from the layer are not initia- 
lized with slip planes, simply because they are less 
interesting in terms of fabric investigation as they display 
a relatively homogeneous strain response. Instead, they 
simply act as an isotropic and homogeneous elastic- 
perfectly-plastic material. The purpose of this specifi- 
cation is to save computer time. 

The material properties then have to be assigned to 
the numerical specimen assembly. For single-layer 
buckle folding, an important parameter is the compe- 
tency contrast (R) between the competent layer and the 
less competent matrix. The elastic-perfectly-plastic 
behaviour of the currently chosen material means that 
the competency contrast is dominantly determined by 
the ratio of cohesion between the layer and the matrix; 
the cohesions determine when the material commences 
plastic deformation and how much stresses the material 
can sustain. However, since the material incorporates 
some elastic behaviour, the elastic constants are also 
taken into consideration in defining the contrast. The 
definition of R therefore is: 

R -  C s -  C m  - Cs  - K _  G 
C ° , C ° s  K ° G ° '  (3) 

where C,, Cm and C °, C°ml are the slip plane and material 
cohesions for the competent layer and the less com- 
petent matrix with slip-plane involvement, respectively, 
C°2 is the material cohesion for the less competent 
matrix without slip plane involvement, and K, G and K °, 
G ° are the bulk and shear moduli for the layer and the 
matrix, respectively. The values of R = 5 and 100 are 
adopted for the two numerical experiments described 
here. To achieve this C~, Cm, K and G are chosen as 
2 x  109 , 2 x 10 ~°, 4.64 x 10 ~° and 4.23 x 101° Pa, 
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Fig. 1. The initial finite difference mesh used in the simulation. The competent layer occupies the central 16 rows of 
elements. 

respectively, and the propert ies for the less competent  
C ° o o K° ,G ° ) a r e  matrix ( ~, Cml, Cm2, correspondingly de- 

termined according to equation (3) and the required R 
values. A density of 2650 kg m -3 and zero friction are 
used for both the layer and the matrix. It must be 
clarified that,  except for the values of density, K and G, 
which are chosen with reference to those for quartzites 
(Clark 1966), the other parameters  are used simply out 
of the need to construct the model. 

The numerical specimen is then subjected to a pure 
shearing deformation,  with shortening parallel to the 

layer at a rate of i x 10 .3 units per  t ime step; the unit is 
the initial length of an element  in the horizontal direc- 
tion (see Fig. 1). A 20% overall shortening of the 
specimen requires 20,000 steps of computat ion,  which 
takes 7 days on a 386sx computer .  

FABRIC DEVELOPMENT 

After 20% overall shortening, well-shaped buckles 
have developed in competent  layers (Fig. 3). Consistent 

a) b) 

c) 

Fig. 
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2. (a)&(b) Theinitialorientation distributions ofthe slip-plane normals with respecttothe specimen ofientationfor 
the competentlayer and the matrix, respectively.(c) The initialslip-plane tracesin the specimen. 
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a )  

b )  

Fig. 3. The final geometries of the buckled layers after 20% overall 
shortening: (a) the model of R =5; (b) the model of R = 100. 

with the dependence of fold wavelength on the compe- 
tency contrast, which is predicted by the Biot-Ramberg 
theory, the fold developed in the deformed numerical 
specimen with R = 5 exhibits smaller wavelength and 
amplitude than that for the fold under a specification of 
R = 100. Separate fabric analyses of slip planes have 
been performed for the buckled layer and the shortened 
matrix. 

Competen t  layer 

The final slip-plane traces in the buckled layers and 
the corresponding orientation distribution of the slip- 
plane normals are illustrated in Fig. 4. Comparison with 
the starting configuration (Fig. 2) shows that the slip 
planes have been systematically rotated accompanying 

the buckling and also some shortening of the competent 
layers, and the local rotations in the buckled parts of the 
layers are dominated by the spin induced by buckling. 
However,  the orientation distribution of the total slip- 
plane normals in each competent layer for two models 
(Fig. 4b) still display an approximately uniform pattern, 
even though the results for the model with R = 5 exhibit 
a slight concentration of the slip-plane normals parallel 
to the overall shortening direction. This indicates that, 
after 20% overall shortening and significant buckling, no 
evident preferred orientation of slip planes is developed 
in the competent layers as a whole. 

The fold geometry could cause possible mixing effects 
in the fabric presentation. For example, the fabric pat- 
terns in the outer arc and inner arc areas of a fold hinge 
zone could neutralize each other. To investigate this 
effect, detailed fabric analysis was conducted for differ- 
ent parts of the fold. On the basis of the similar finite 
strain geometries, the buckled competent layers are 
divided into five sub-areas (Figs. 5 and 6). They are the 
left and right limb areas (1 and 2), the outer and inner arc 
areas (3 and 4) of the hinge zone, and the unbuckled 
layer area (5). The orientation distributions of the slip- 
plane normals in these subareas for the two models (see 
Fig. 5 for R = 5 and Fig. 6 for R = 100) show clear 
variation. 

(1) The l imb areas: for the model with R = 5, the 
maxima of slip-plane normals for the two limbs are both 
oblique to the fold axial plane but approximately paral- 
lel to the respective limb layer plane, indicating that the 
most prevalent alignment of slip planes occurred normal 
to the limb layer planes. In contrast, the orientation 
distribution of slip plane normals for the model with R = 
100 is still approximately uniform, not displaying any 
preferred orientations. 

(2) The outer arc area: an evident maximum of slip- 
plane normals develops parallel to the fold axial plane 
for the model with R = 5, whereas for the model with 
R = 100, only a slightly higher concentration is observed 
about the orientation of the axial plane. 

(3) The inner arc area: the concentration of slip-plane 
normals for the model of R -- 5 is stronger than for the 
model of R = 100. The orientation of the maximum 
concentration is opposite to that for the outer arc area, 
roughly normal to the axial plane. 

(4) The unbuck led  layer area: the distribution of slip- 
plane normals shows a maximum parallel to the bulk 
shortening direction for the model of R = 5, but no 
evident preferred orientation is observed for the model 
of R =- 100. 

In summary, the competent layers of the two models 
show different patterns of fabric development. The high 
competency contrast model (R = 100) is associated with 
a very poor fabric development.  In contrast, the fabric 
development in the low competency contrast model 
(R = 5) is stronger. This behaviour is dependent  on the 
mechanical behaviour and deformation feature of a 
competent layer, both of which will vary for different 
layer-matrix assemblies with different competency con- 
trasts. More discussion will be given later. 
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Fig. 4. (a) The spatial distribution of slip-plane traces in the buckled competent layers. (b) The corresponding orientation 
distribution patterns of slip-plane normals with respect to the specimen orientations for the whole layer in the two models. 

Less competent matrix 

The final distributions of slip-plane traces in the 
shortened matrix for the two models with R = 5 and 100 
are presented in Figs. 7(a) and 8(a), respectively. As 
within the buckled layer, it can be seen that the patterns 
of slip-plane alignment correlate with position with 
respect to the buckled competent  layers. Based on the 
styles of slip-plane alignments, six sub-areas can be 
defined from each matrix of the two models, both 
numbered from 1 to 6 (Figs. 7a and 8a). The correspond- 
ing orientation distributions of slip-plane normals for 
these sub-areas are given in Figs. 7(b) and 8(b), respect- 
ively, for the model with R = 5 and the model with 
R = 100. It is evident from these figures that the pre- 
ferred orientations are well developed. The main fabric 
features for the different areas are summarized as 
follows. 

(1) Area 1 (outer arc of  the fold hinge zone): for the 
model with R = 100, the preferred orientation of slip- 
plane normals is a maximum parallel to the fold axial 
plane, indicating a prevalent alignment of slip planes 
normal to the fold axial plane. For the model of R = 5, 
however, no evident preferred orientation is developed. 

(2) Area 2 (inner arc of  the fold hinge zone): the two 

models show similar fabrics, that is, a single maximum of 
slip-plane normals normal to the fold axial plane. The 
intensity of the maximum of the model with R = 100 is 
stronger. 

(3) Areas 3 and 4 (outer arcs of  the fold limbs): for both 
models, the preferred orientations of slip-plane normals 
for the two areas are oblique to, but symmetric about, 
the fold axial plane. The maximum for each of the areas 
is roughly parallel to the corresponding limb. It is noted 
that the two areas with the above fabric features in the 
model of R = 5 have shrunk relative to those in the 
model of R = 100. 

(4) Areas 5 and 6 (inner arcs of the fold limbs): the 
respective preferred orientations of slip-plane normals 
for the two areas are again roughly symmetrically 
oblique to the fold axial plane. Contrary to the results 
for areas 3 and 4, however, the two maxima are inclined 
in the opposite direction to that of the respective rele- 
vant limb. The difference between the two models is that 
the model of R = 5 shows reduced areas and less well 
defined preferred orientation patterns. 

These results show that the variations of preferred 
orientation patterns in the less competent matrix are 
critically dependent  on the fold geometries in the com- 
petent layers. Since the differences of the competency 



270 Y. ZHANG, B. E. HOBBS and M. W. JESSELL 

7--- 

1 F 

2 ×  

Fig. 5. The sub-area divisions of the competent layer and the orientation distributions of slip-plane normals for these 
sub-areas (the model with R = 5). 

contrasts between the two models has effectively led to 
the formation of folds with different geometries (mainly 
amplitude) (see Fig. 3), the fabric results of the two 
models for the matrix must show some differences. In 
general, the fabric development for the high compe- 
tency contrast model is stronger. 

The fabric results for the less competent matrix could 
be relevant to cleavage development in the soft stratum 
rocks next to a folded high-competency bed. These 
experiments support the idea that cleavages do not 
develop always parallel to the fold axial plane. Different 
orientation relationships between cleavage and the fold 
axial plane exist in the different positions of the less 
competent rocks with respect to the folded layer. In 
particular, the current results show that the cleavage 
developed in the less competent rocks in the vicinity of 
the outer arc of a fold hinge zone could be normal to the 
fold axial plane (see Fig. 8). 

DISCUSSION 

The results of this computer model indicate that the 
development of crystallographic preferred orientations 
is much weaker in the competent layer than in the less 
competent matrix, and changing the competency con- 
trast in the model has an influence on the fabric out- 
come. These can be understood by examining the 
mechanical and deformational response of the numeri- 
cal specimen assembly during buckling. 

The assembly in the present model is a stiff thin layer 
embedded in the thick soft matrix with a striking compe- 
tency contrast. In the process of deformation, the com- 
petent layer and the less competent matrix behave 
differently. The central thin stiff layer, which has a 
higher yield limit (higher ~c on slip planes), can sustain 
higher stresses than the soft matrix before the limit is 
reached. In so doing, the layer acts as a stress supporting 
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I 2y. 
Fig. 6. The sub-area divisions of the competent layer and the orientation distributions of slip-plane normals for these 
sub-areas (the model with R = 100). In contrast to Fig. 5, an area between areas 2 and 5 is excluded here because this area 
differs from the limb and unbuckled-layer parts but resembles a hinge zone; the inclusion of this area would cause the 

weakening of the preferred orientation of the resulting fabrics. 

beam, and buckling which does not contribute much to 
the intra-layer strain is the major response of the layer to 
the imposed bulk shortening, even though a small 
amount of pre-buckling layer-parallel shortening also 
occurs. Therefore ,  as shown in Fig. 9, the buckled 
competent  layers are characterized by high stresses and 
low strains. Low strains are obviously disadvantageous 
to fabric development.  It is known that competency 
contrast is the parameter  determining the partitioning of 
bulk shortening between the buckling and the pre- 
buckling layer-parallel shortening. A higher compe- 
tency contrast means a higher yielding contrast which 
gives rise to larger buckling and smaller pre-buckling 
shortening (smaller intra-layer strain), and vice versa. 
Owing to this, the strain in the competent layer and the 
stress contrast between the layer and the matrix for the 
model o fR  = 5 are, respectively, larger and smaller than 
those for the model of R = 100 (Fig. 9). This explains 

why the competent layer in the model of R = 5 exhibits 
distinguishable fabric patterns while the layer in the 
model with R = 100 shows poor  fabric development. In 
contrast to the situation of the competent layers, the less 
competent matrices with a low yield limit experience an 
early plastic yielding while stresses are still low, and 
thereafter they cannot resist any further external loading 
since any attempt for stresses to increases will be relaxed 
by simultaneous plastic flow. Therefore,  extensive plas- 
tic shortening is the major response to the imposed bulk 
shortening, and the matrix characteristically exhibits 
low stresses but high strains (Fig. 9). As a result, fabrics 
are well developed. 

Two episodes of fabric development in the single- 
layer buckling system could be recognized from the 
current results, that is, layer-parallel bulk shortening 
and buckling. In different sub-areas of the system, each 
or both could be important. In the competent layer, the 
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Fig. 7. The fabric results for the less competent matrix in the model of R = 5. (a) The final slip-plane traces in the deformed 
matrix and the sub-area divisions of the matrix. (b) The preferred orientations of slip-plane normals for six sub-areas. 

preferred orientation of slip-plane normals for the 
unbuckled-layer area (see 5 in Fig. 5) is obviously due to 
the bulk shortening, those for the limb areas (see 1 and 2 
in Fig. 5) seem to be produced by the bulk shortening 
and then subjected to a buckling rotation, and those for 
the hinge zone areas (see 3 and 4 in Fig. 5) result 
dominantly from the buckling-induced secondary exten- 
sion and shortening. In the less competent  matrix, the 
preferred orientations are always the results of mutual 
operation of the two episodes of deformation since the 

shortening of the matrix must accommodate  the buck- 
ling of the competent  layer. This explains why the fabric 
patterns in the matrix vary from area to area along the 
buckled competent  layer, and why the fabrics in the 
matrix of the model (R = 100) involving a larger buckle 
are better  developed than in the matrix of the model 
(R = 5) involving a smaller buckle. An area of interest is 
the one near the outer  arc of the hinge zone (see 1 in 
Figs. 7 and 8), where the effects of the bulk shortening 
and the buckling-induced extension are approximately 
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Fig. 8. The fabric results for the less competent matrix in the model of R = 100. (a) The final slip-plane traces in the 
deformed matrix and the sub-arca divisions of the matrix. (b) The preferred orientations of slip-plane normals for six sub- 

areas. 

opposite. When the buckling is so strong that the exten- 
sion overwhelms the effect of bulk shortening, as in the 
model of R = 100, buckling fabrics are developed. If the 
extension is just enough to cancel the effect of bulk 
shortening, as in the model of R = 5, the fabric develop- 
ment then is poor. With this in mind, the preferred 
orientations of slip-plane normals, developed in this 
area, could be used as an indicator of the strength of pre- 

buckling layer-parallel shortening in situations where 
folds are well grown. The development of a preferred 
orientation parallel to the fold axial plane should indi- 
cate a small amount of pre-buckling layer-parallel short- 
ening, the effects of which have been totally eliminated 
by the buckling-induced extension, whilst the develop- 
ment of a preferred orientation normal to the fold axial 
plane (or a poor fabric pattern) should be an indication 
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Fig. 9. The orientation and magnitude of principal stresses (left) and strains (right) in the chosen parts of the deformed 
specimens. (a) The model of R = 5; (b) the model of R = 100. In the stress plot, the length of the bars is proportional to stress 

magnitude, and the bars with arrow heads indicate tensile stresses. 

of a relatively large amount of shortening. In contrast to 
the outer-arc sub-area, in the area adjoining the inner 
arc of the hinge zone (see 2 in Figs. 7 and 8), the effects 
of bulk shortening and the buckling-induced shortening 
are positively superimposed and strong preferred 
orientations normal to the fold axial plane are always 
developed. 

There have been many reports that strong crystallo- 
graphic preferred orientation patterns are observed in 
investigations of natural folds (e.g. Carreras et al. 1977, 
Dietrich 1986). Gairola (1989) also showed that clear 
preferred orientations occurred in the hinge zones of his 
experimentally produced folds in marble and limestone. 
In contrast to these natural and experimental results, the 
fabric development in the competent  layers of the pres- 

ent model appears to be relatively weak, particularly in 
the layer of the high competency contrast model 
(R = 100), where intra-layer strain is very small. This 
difference can in part be explained, since natural folds 
generally involve geological sequences in which the 
competency contrasts between the neighbouring beds 
can be quite small. At the same time, folded rocks 
usually experience strong deformation and show high 
strains (e.g. Mitra 1978), so well developed fabrics are to 
be expected. High strain is also possibly involved in 
Gairola's experimentally formed folds since the experi- 
ment involves the folding of marble and limestone plates 
(without a soft matrix) under conditions of relatively 
high temperature (400°C) and low strain rate (x  10 -7 
s- l ) .  These deformational conditions could also give 
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rise to a certain degree of dynamic recrystallization and 
twinning in calcite, which are both factors favourable for 
fabric development. 

It is noted that, although various preferred orien- 
tations are developed for various sub-areas in the de- 
formed numerical specimens, the preferred orientations 
of the slip-plane normals are all approximately parallel 
to the local principal shortening directions. This is basi- 
cally consistent with previous simulation results of fabric 
development in polycrystalline aggregates containing 
one slip system (Etchecopar 1977, Zhang et al. 1991), 
and with the crystallographic preferred orientation 
developed in experimentally flattened synthetic dunites 
(Nicolas et  al. 1973). 

In this model, some small secondary perturbations 
have been generated along the boundary surface be- 
tween the competent layer and the matrix in the inner 
arc of the hinge zone (see Fig. 3). These are the geo- 
metrical manifestations of mesh deformation under the 
condition where strong buckling-induced local shorten- 
ing operates, and where strong interaction between the 
layer and the matrix exists. This could possibly be 
overcome by using a finer mesh. It should also be 
mentioned that the uniform distributions of slip-plane 
orientations, as shown in Fig. 2, are ensured only pre- 
cisely for the whole competent layer and the whole 
matrix. The distribution for a local sub-area could show 
slight deviation from these patterns. This is why the 
fabrics for some sub-areas in the hinge zones of the 
buckled competent layers, where deformations are too 
weak, are not precisely symmetrical about the fold axial 
plane (see 4 in Fig. 5; 3 and 4 in Fig. 6). 

CONCLUSIONS 

(1) The numerical simulation of fabric development in 
the single-layer buckling assembly shows that the pre- 
ferred orientation of slip planes is generally well devel- 
oped in the less competent matrix but poorly developed 
in the buckled competent layer. 

(2) The competency contrast in a model has an influ- 
ence on the fabric development. For competent layers, 
the high contrast model produced no preferred orien- 
tation, whereas the low contrast model still showed 
distinguishable preferred orientations. For the less com- 
petent matrix, in contrast, the high contrast model 
offered better fabric development than the low contrast 
model. 

(3) Distinct preferred orientations of slip-plane nor- 
mals are developed for the different sub-areas of the 
assembly. These preferred orientations have different 
orientation relationships to the fold axial plane, ranging 
from parallel to normal. In general, the slip planes are 
preferentially oriented approximately parallel to local 
principal extension (elongation) directions. 

(4) With progressive bulk shortening the fabric orien- 
tation is transposed in the outer arc sub-areas where 
buckling-induced horizontal extension is superimposed 
on layer-parallel shortening. 
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