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A set of large deformation experiments are presented to simulate folding pattern at various energy
states during formation. In order to numerically simulate this phenomenon, a rectangular layer of shale
is generated and compressed at various strain rates. The results reveal the variation in distribution of
stress along the length of the bed. The stress distribution during elastic behaviour of shale bed at low
compression rate and the change in stress distribution leading to rupture at high compression rates is
discussed. Wavelength, limb length, bulk shortening, stress distribution, displacement of particles along
the length of the bed is considered for comparative study of the fold pattern generated at various
compression rates. The nature and position of crack generated during the formation of fold is also
explained. After rupture in shale bed, the generation of fault and stress distribution in limbs of fold
sliding over one another is also described.

1. Introduction

Folds are wavy undulations, which are developed
in the country-rocks whenever the region is sub-
jected to high pressure or stress. They are mainly
displayed in stratified formations such as layered
sedimentary rocks. Therefore, to simulate the effect
of compression rate on folding pattern, a shale rock
horizon is considered.

While carrying out analysis of folding, there
are two main problems, one deals with mechanics
of folding and the other is the causes of folding.
Mechanics of folding involves internal changes that
take place in a mass of strata that is being
folded and stress and strain play a significant role
(Carreras 2001; Enrique and Griera 2011).

Folds can be classified as tectonic or non-tectonic
in origin. Those of tectonic origin results more or
less directly from the forces originating within the

outer cell of the earth and those of non-tectonic
origin are largely results of movement under the
influence of gravity near the surface of the earth
(Schueller et al 2005). Horizontal compression,
horizontal tension, intrusions of magma, intrusion
of salt and vertical forces of unspecified origin are
the main tectonic processes. In this study, horizon-
tal compression is taken as the cause of folding.
Contraction theory and continental drift are the
two main theories proposed to explain the reasons
of forces developing horizontal compression. Both
theories propose that folds are generated as a result
of strong compressive forces.

In order to simulate the natural condition con-
sidered in the above theories, forces are applied
parallel to the bedding plane by moving a wall
inward from one side and a resisting compressional
force is applied by a fixed wall on other side of the
stratum.
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(a)
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Figure 1. (a) Stresses in bent beam. (b) Deformation
entirely plastic.

In any individual unit of fold, whether concave
or convex, upwards folding, it is possible to imag-
ine a plane which divides the fold into two halves as
symmetrically as possible. Such an imaginary plane
of symmetry of any fold is described as its axial
plane (Ghosh 1993). In some folds, the axial plane
is vertical; in others it may be inclined or horizon-
tal. If the axial plane is curved, the dip or strike or
both may differ from place to place. A number of
research studies (Biot 1959, 1961; Biot et al 1961;
Ramberg 1963; Smith 1975, 1977, 1979; Fletcher

1977, 1979) clearly explained that the shape and
wavelength of folds potentially provide one of the
few sources of direct information on rock rheology
under natural conditions. In this work, limb length
and wavelength of the fold pattern generated at
various compression rates are investigated.

To simulate the deformation of the single
homogeneous layer, a rigid boundary condition is
required to model under PFC code. The part on
the convex side is subjected to tension whereas the
part on the concave side is subjected to compres-
sion. Between these two layers, there is an interme-
diate surface of no strain (figure 1). If, the bed is
sufficiently ductile, it will yield plastically. On the
convex side, it will lengthen and become thin but
on concave side it will shorten and thicken. If it is
brittle, it will yield by rupture. Tension fractures
form on convex side whereas small thrust folds form
on the concave side. This phenomenon has been
thoroughly studied by many researchers using field,
physical simulation in laboratory as well as numeri-
cal simulation (Carreras 2001; Schopfer and Zulauf
2002; Enrique and Griera 2011).

In the case of sedimentary rocks, some beds
are competent whereas others are incompetent.
A competent bed is strong and can transmit the
compressive force much faster than a weak incom-
petent bed. Competency is influenced by various
factors. Uniaxial compressive strength and mas-
siveness of the formation are few important factors.
A 2-m thick shale layer is considered in order to
maintain optimum massiveness for fold simulation

Determination of micro-properties of shale by 
simulating uniaxial compression and tension test.

Generation of rectangular model by radius 
expansion  method with intact rock properties.

Assigning micro-properties of shale to the 
rectangular model.

Moving wall at various velocities for different 
strain rate.

Installation of specified stress (1.0MPa in 

Reduction of floating particles (Floating 
particle is a particle which has less number 

of contacts than specified: 3 in this case)

Compaction of particle assembly

Particle generation

Bond installation

this case)

(a) (b)

Figure 2. (a) Flowchart showing steps of model generation. (b) Standard steps followed by PFC2D to simulate uniaxial
compression test.
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under rigid boundary conditions. This assumption
is necessary and important to hold the micro-balls
intact within single layer and prevent upward and
downward flow to simulate the model material. If a
stratum fails by rupture, it is no longer competent
to transmit a compressive force.

In the present work, two-dimensional particle
flow code (PFC2D) tool is applied for the simu-
lation which is based on discrete element method
of modelling (DEM). DEM, as introduced by
Cundall and Strack (1979), explains the mechan-
ical behaviour of assemblies of discs (2D) and
spheres (3D). The method is based on the use of
an explicit numerical scheme in which the inter-
action of particles is monitored contact by con-
tact and the motions of the particle are modelled
particle by particle. The micro-properties of rock
are generated by inverse modelling procedure in
PFC2D.

2. Generation of model

Discrete element method treats the problem
domain as an assemblage of distinct, interacting
bodies or blocks that are subjected to external
loads and expected to undergo significant motion
with time. PFC2D uses force-displacement law to
specify the interaction between deformable intact
rock blocks and law of motion, which determines
the displacements induced in the blocks by out-
of-balance forces. The steps involved in generation
process are shown in figure 2(a).

2.1 Determination of micro-properties

As the rock mass is laced with discontinuities,
the accurate simulation of discontinuity properties
to represent real rock mass is tedious and difficult.
Before the generation of model, appropriate rock
properties are required that can exhibit very close
results to the in-situ rock mass. PFC2D simu-
lates the mechanical behaviour (both static and
dynamic) of material which is represented by
circular particles either bonded or unbonded.

PFC2D requires micro-mechanical properties of
material to be generated. These properties are
given in table 1. To calibrate and verify the
micro-mechanical properties of intact rock, ‘Inverse
modelling procedure’ is adopted. This procedure
simulates laboratory testing environment for rock
samples. A uniaxial compression and tensional
testing environment is simulated to determine the
micro-properties of intact shale and sandstone.
This simulation takes micro-properties as input
and gives macro-properties like Young’s modulus,
Poisson’s ratio, uniaxial compressive strength,
tensile strength, etc., as output which are matched

Table 1. Micro-properties for particles used to generate
shale bed.

Parameters Values for shale

Minimum ball radius (cm) 0.75

Ball size ratio 1.66

Wall normal stiffness multiplier 1.1

Ball density (kg/m3) 1800

Ball–ball contact modulus (GPa) 1.45

(a) (b)

Figure 3. Shale sample (a) before loading and (b) after loading.
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Table 2. Comparison of mechanical properties obtained from numerical simulation of biaxial and
Brazilian tests and from laboratory experiments for shale.

Mechanical properties Mechanical properties

obtained from obtained from

Mechanical properties numerical modelling laboratory experiments

Uniaxial compressive strength (MPa) 11.85 11.829

Elastic modulus (GPa) 1.69 1.705

Poisson’s ratio 0.281 0.27

Tensile strength (MPa) 1.748 1.739

(a) (b)

Figure 4. Trimmed sample generated for simulation of tensile testing of shale sample. (a) Sample before testing and
(b) sample after loading.

to laboratory results to calibrate the accurate
micro-properties of intact rock.

A particle flow code representation of a cylin-
drical intact rock sample bounded in a rectangular
region is demonstrated in figure 3(a). Circular par-
ticles with specified statistical size distribution are
bounded in four rigid walls. These particles were
generated by specimen genesis procedure built in
PFC2D. Parallel bond models were used to develop
bonds among balls (PFC Manual, 1999a). PFC2D
adopts following standard steps to simulate uni-
axial compression test on rock samples (figure 2b).

To simulate loading in uniaxial compression test on
cylindrical sample, top and bottom walls are moved
towards each other by same velocity. Test is initiated
at zero confining pressure to obtain stress–strain
curve for the sample so that it can be calibrated with
laboratory testing results of uniaxial compressive
strength. Sample before and after loading is shown in
figure 3(a and b) respectively. It can be observed that

the compressive strength is approximately similar
to the laboratory results (table 2) which establishes/
validates the competence of micro-properties
assigned to the particles and parallel bonds.

2.1.1 Yellow chain exhibits contact forces

To simulate tensile strength test scenario for
intact rock sample, the rectangular assembly was
trimmed to a circular disc of the diameter of cylin-
drical sample. In this test, top and bottom walls
are moved towards each other with same velocity
to load the trimmed sample (figure 4).

It is difficult to match both strengths (compres-
sive and tensile strength) because the ratio of the
tensile strength to compressive strength obtained
in a bonded-particle model is approximately 0.12,
which is slightly higher as compared with the most
hard rocks where the ratio is typically reported as
near 0.08–0.10.
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Figure 5. Rectangular model showing location of monitoring points.

3. Generation of rectangular model

A rectangular model of 100 m length and 2.0 m
width is generated using radius expansion method
in PFC2D. A total of 26,872 particles having radii
0.75–1.245 cm, bounded by four boundaries were
generated. This assembly of particles is demon-
strated in figure 5.

After generation of rectangular model, the
micro-properties calculated by the above proce-
dure are assigned to the model. The upper and
lower walls were deleted, keeping side walls intact
(figure 5).

4. Results and discussion

The study of fold generation is carried out con-
sidering two main aspects, the cause of folding
and mechanics. A rock structure approximating a
shaly layer, made up of assembly of balls, is con-
fined by two side walls. One of the two side walls
(left wall) is moved inward to provide compres-
sive force acting parallel to stratum. The other
wall provides resisting force to the unit. The wall
is moved at various velocities representing differ-
ent compression rates. Most of the velocity rates
simulated are higher to understand the phenom-
ena and behaviour of rock at high stress zone line
squeezing phenomenon which are very likely in the
Himalayan mobile belts. It is obvious that these
higher velocities are not possible in other areas
during the formation of folds.

The mechanics of folding is discussed by tak-
ing into account the variation of stresses along the

Figure 6. Fold pattern in shale bed with no initial geometric
perturbation at compression rate of 1 mm/s.

length of the bed, vertical displacement of par-
ticles, and fractures developed during the forma-
tion of bed. For obtaining the details of stress and
displacement, some monitoring points are defined
along the length of the bed. Three lines are taken
with each having 10 monitoring points on it. One of
the lines is midway along the bed and other two are
0.8 m apart on either side of this mid-line. Start-
ing from the left wall, points are defined on each
line at an equal interval of 10 m. The monitoring
points are shown in the figure 5.

The monitoring points are defined by marking a
fixed identity number to balls in the bed. The dis-
placement and stresses acting on these balls dur-
ing the process of folding are stored in computer
memory.

To study effect of variation in compression rate
on folding in shale bed, the left wall is moved
inward at speed of 1, 20, 50, 70 and 100 mm/s
for same time period in each case. The evaluation
of fold and generation of stresses in each case is
discussed separately.

4.1 Folding pattern when left wall is moved
at the rate of 1 mm/s

Horizontal stress applied by the side wall displaces
balls near the left wall by 0.21 m. Therefore, a bulk
shortening of 0.21% is obtained. The pattern of
fold thus obtained is shown in figure 6. A crest and
a trough are generated in the originally horizontal
stratum.

Figure 7. Distribution of compressive and tensile zone along
the length of the bed at compression rate of 1 mm/s.
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Both compressive and tensile forces develop
along the curvature of the bed. These forces induce
stress within the bed. The maximum compressive
stress is found on concave side while the maximum
tensile stress is concentrated on convex side. Since
the stresses between these two opposing maxima
vary linearly, a plane exists between them where
there is no bending stress. The locus of these points
is known as neutral axis. The area under compres-
sive region is shown in yellow while that in tension
is shown in red (figure 7).

Von Kármán and Tsien (1939) proposed the
two dimensional equation to describe the large
deflection in the thin plates which is given below.
Chekhov (1975) and Guz and Chekhov (1975) have
also used the same equation for describing the lin-
earized theory of fold formation in the large earth
crust.

Eh3

12 (1 − v2)
Δ2ζ − h

∂

∂xβ

(
σαβ

∂ζ

∂xα

)
= P,

∂σαβ

∂xβ

= 0,

where E = Young’s modulus, σαβ = stress tensor,
h = thickness of the plate, ζ = out of plane deflec-
tion, v = Poisson’s ratio, P = external normal force
per unit area of the plate, and Δ = 2-dimensional
Laplacian.

Introducing Airy stress function χ, the above
equations become

Eh3

12 (1 − v2)
Δ2ζ − h

×
(

∂2χ

∂y2

∂2ζ

∂x2
+

∂2χ

∂x2

∂2ζ

∂y2
− 2

∂2χ

∂x∂y

∂2ζ

∂x∂y

)
= P,

Δ2χ + E

{
∂2ζ

∂x2

∂2ζ

∂y2
+

(
∂2ζ

∂x∂y

)2
}

= 0.

For the pure bending of thin plates the equation of
equilibrium is DΔ2ζ = P , where

D = Eh3/12
(
1 − v2

)
.

Table 3. Stress distribution along the length of the bed at compression rate of 1 mm/s.

Distance of monitoring point Stress distribution Stress distribution

from left wall (m) along line-1 (MPa) along line-3 (MPa)

0 −0.25 −0.01

10 −1.1 −0.001

20 2 −3.55

30 2.4 −5.57

40 −2.1 −1.57

50 −4.75 −0.2

60 −5.1 1.2

70 −5.25 −3.4

80 −1 −4.8

90 −1.5 −4.6

Table 4. Stress distribution along the length of the bed at stain rate of 20 mm/s.

Distance of monitoring point Stress distribution Stress distribution

from left wall (m) along line-1 (MPa) along line-3 (MPa)

0 −0.6 −0.1

10 −0.7 −0.08

20 3.7 −6.3

30 2.9 −6.51

40 −3.4 −0.4

50 −7.8 0

60 −2 1.2

70 −1.5 −7.5

80 0.5 −3.9

90 −2.8 −3.6
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For mathematical analysis of fold pattern, a series
of trigonometric function is formed, the sum of
which gives a close fit to more complex function of
the original curve. It is possible to represent the
fold pattern in a summation series of sine functions:

f (x) = a1sin (b1 + c1) + a2sin (b2 + c2) + · · · ·

Each set of values of a, b and c represents a unique
fold pattern. The coordinates of monitoring points
lying on line-3 is plotted and best fit curve (sum of
trigonometric functions) is obtained for each case.
The equation and R-square values are determined.
The equation representing the folding pattern in
this case is given by:

f(x) = 494.8 sin(0.00262x + 5.789)
+ 134.7 sin(0.005718x + 6.97)
{R-square = 0.9985}.

To calculate the amplitude of the fold,

df(x) /dx = 0 (1)

and

d2f(x) /dx2 > 0. (2)

Equations (1) and (2) give the coordinate of hinge
point in trough. For the purpose of analysis, the left
most hinge is considered. Distance of hinge point
below the symmetric axis represents the amplitude
of the fold. The amplitude in this case is 0.842 m.

The resistance force (Fint) developed within the
competent layer is given by:

Fint =
(2π2μd3vx)

3W 2
i ex

where, μ is the viscosity coefficient of the rock, d
represents thickness, Wi represents wavelength, vx

represents shortening rate along the length and ex

is bulk shortening.
The internal resistance force is determined by

calculating the compressive force on the monitoring
points along the left wall. The internal resistance

Table 5. Stress distribution along the length of the bed at compression rate of
50 mm/s.

Distance of monitoring point Stress distribution Stress distribution

from left wall (m) along line-1 (MPa) along line-3 (MPa)

0 0 −0.2

10 1 −1.3

20 1.5 −2.6

30 3.25 −6.9

40 −3 −0.8

50 −18.67 −0.3

60 −2.5 1.6

70 −0.8 −8.3

80 1.5 −5.6

90 −2 −5.8

Table 6. Stress distribution along the length of the bed at compression rate of
70 mm/s.

Distance of monitoring point Stress distribution Stress distribution

from left wall (m) along line-1 (MPa) along line-3 (MPa)

0 0 −0.2

10 1.6 −0.1

20 2.2 −2.7

30 0.6 −3.2

40 −4.7 −4

50 −21.36 −0.5

60 −2.2 15

70 2 −87

80 1.5 −6

90 −2 5
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Table 7. Stress distribution along the length of the bed at compression rate of
100 mm/s.

Distance of monitoring point Stress distribution Stress distribution

from left wall (m) along line-1 (MPa) along line-3 (MPa)

0 −0.4 −0.1

10 −0.7 0

20 −2.1 0.4

30 −2.5 0.6

40 −1.8 1.5

50 −9.2 −0.5

60 0.5 0.5

70 1.5 −4.8

80 0.95 −2.2

90 −0.9 −3.3

force developed at a compression rate of 1 mm/s is
0.25 MPa.

The qualitative analysis of compressive and ten-
sile stress is shown in figure 7. For quantitative
analysis, stress level at each monitoring point on
line-1 and line-3 is calculated (figure 5). The stress
values

(+ve)-Tensile stress (−ve)-Compressive stress

at various monitoring points are given in tables 3–
7. The inflection points along line-1 are represented
by a, b, c, d and that along line-3 are represented
by a1, b1, c1, d1. Thus, region a–b or a1–b1 repre-
sents region between the first and second inflection
points in the bed. To correlate the study of stress
distribution and situation of the bed, same nomen-
clature is followed in stress distribution curve also.
Locations of these points are mentioned in the plot
of stresses in each case (tables 4, 5, 6 and 7).

Figure 8. Plot of stress distribution along the length of the
bed at compression rate of 1 mm/s.

Figure 8 indicates the distribution of stresses
along the length of the bed. Along line-1, the region
a–b and c–d are under compression and b–c is in
tension. Along line-3, the region b1–c1 is in com-
pression and a1–b1 and c1–d1 are under tension.
The region in compression lie on concave side of
the fold and that under tension lies on convex
side of the fold (figure 7). The stress distribution
curve along line-1 and line-3 are opposite in nature
due to lengthening and shortening phenomenon on
either sides. In the zone where line-1 curve shows
compressive nature, line-3 curve has tensile nature.
The local maxima of compression of line-1 curve
lies approximately opposite to the local maxima
of tension of line-3 which is also logical, since the
region where line-1 has concave curvature, line-3
has convex curvature (figure 8). The point where
stress curves of line-1 and line-3 intersect repre-
sents the zone of uniform stress along the thick-
ness of the bed. At this point, the concavity of fold
reverses, known as inflection point (I) of the fold.
The local maxima of tension along line-3 repre-
sents crest in the fold. Therefore, distance between
two consecutive local maxima of tension along
horizontal direction represents wavelength of the
fold (figure 8). The distance along horizontal axis
between consecutive local maxima of tension and

Figure 9. Displacement vectors of particles and points of
inflection generated in shale layer at compression rate of
1 mm/s.
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local maxima of compression represent limb length.
Wavelength and limb length is calculated from the
plots.

In this model, only the left wall is moved. The
stress is transmitted from the left wall to the shale
bed which travels along the bed to the right wall.
Most of the energy is being consumed in deforming
the left portion of the bed. Thus, the amplitude
of fold decreases and the linear distances between
the consecutive inflection points (I1, I2, I3, etc.)
increases going from left to right margin.

The net displacement of each particle with res-
pect to their original position is shown in figure 9.
In order to analyze the variation of amplitude with
rate of compression, the displacement of particles
on the leftmost trough is considered. The moni-
toring point numbered 113 is lying in proximity of
hinge point of leftmost trough. Therefore, the dis-
placement of this point is calculated in order to
obtain amplitude of the trough. The amplitudes of
the trough wavelength and limb lengths are given
in table 8.

4.2 Folding pattern when left wall is moved
at the rate of 20 mm/s

At compression rate of 20 mm/s, a horizontal stress
of 0.6 MPa is applied by the wall on the bed. The

Table 8. Values of parameters representing
fold pattern at various compression rates.

Parameter Values

At 1 mm/s
Bulk shortening (%) 0.21
Wavelength (m) 55.9
Length of limb (m) 29.5
Amplitude (m) 0.842

At 20 mm/s
Bulk shortening (%) 0.30
Wavelength (m) 55.6
Length of limb (m) 32.6
Amplitude (m) 1.01

At 50 mm/s
Bulk shortening (%) 0.46
Wavelength (m) 50.95
Length of limb (m) 28.7
Amplitude (m) 1.047

At 70 mm/s
Bulk shortening (%) 0.6
Wavelength (m) 43
Length of limb (m) 21.5
Amplitude (m) 1.176

At 100 mm/s
Bulk shortening (%) 0.92
Wavelength (m) 41.5
Length of limb (m) 20
Amplitude (m) 2.001

Figure 10. Fold pattern in shale bed with no initial geo-
metric perturbation at compression rate of 20 mm/s.

Figure 11. Distribution of compressive and tensile zone
along the length of the bed at compression rate of 20 mm/s.

balls near the left wall are displaced by 0.3 m.
Therefore, a bulk shortening of 0.30% is obtained.
The pattern of fold thus obtained is shown in
figure 10. It is clear from the figure that with the
increase in compression rate, the undulations in the
bed increase resulting into formation of three crests
and two troughs.

The equation governing the folding pattern at
20 mm/s is given by:

f(x) = 78.14 sin(0.000763x + 1.249)

+ 10.3 sin(0.01005x − 1.683)

{R-square = 0.9915}.

The amplitude for this case is 1.01 m.
On further increasing the compression rate,

redistribution of stress in the bed occurs, thereby
forming more number of compression and tensile
zones (figure 11).

Figure 12 shows that along line-1, regions a–b,
c–d and e–f are under compression and b–c and
d–e are under tension. Along line-3, the regions b1–
c1 and d1–e1 are in the compression and a1–b1 and
c1–d1 are under the tension. This plot also indi-
cates that the stress curve along line-1 is opposite
in nature to that along line-3. The tensile stress is
higher at hinge point in left trough as compared
to other hinge point which denotes high curva-
ture of left trough. Wavelength and limb length are
calculated from plot (table 8).

4.3 Folding pattern when left wall is moved
at the rate of 50 mm/s

At compression rate of 50 mm/s, a horizontal
stress of 1.125 MPa is applied by the wall. The
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Figure 12. Plot of stress distribution along the length of the
bed at compression rate of 20 mm/s.

Figure 13. Fold development in shale bed with no initial
geometric perturbation at compression rate of 50 mm/s.

horizontal displacement of balls close to left wall is
0.46 m thereby causing a bulk shortening of 0.46%
(figure 13). Here the number of crest and troughs
remains same as in the previous cases but their
amplitudes have increased.

The equation governing the folding pattern at
50 mm/s is given by:

f(x) = 657.6 sin(0.00008725x + 8.777)

+ 5.661 sin(0.01707x − 2.475)

{R-square = 0.975}

The amplitude for this case is 1.047 m.
The number of compression and tensile zone

remains same but the stress level further increases
(figure 14).

Figure 15 demonstrates that along line-1, regions
a–b and c–d are under tension and b–c and d–e
are under compression. Along line-3, the region
b1–c1 and d1–e1 are in tension while a1–b1 and
c1–d1 are under compression. Stress curve along
line-1 is opposite in nature to that of line-3. Wave-
length and limb length are calculated from plot and
are given in table 8.

Figure 14. Distribution of compressive and tensile zones
along the length of the bed at compression rate of 50 mm/s.

Figure 15. Plot of stress distribution along the length of the
bed at compression rate of 50 mm/s.

4.4 Folding pattern when left wall is moved
at the rate of 70 mm/s

A horizontal stress of 1.47 MPa is applied on the
wall at a rate of 70 mm/s. There is breakage of
bonds at the points of maximum curvature lead-
ing to the formation of cracks at hinge point.
The wavelength decreases and the amplitude
increases leading to the formation of more promi-
nent and well developed folding pattern (figure 16).

The equation governing the folding pattern at
70 mm/s is:

f(x) = 416 sin(0.00007758x + 8.298)

+ 7.803 sin(0.01426x + 5.69)

{R-square = 0.9896}.

The amplitude for this case is 1.176 m.
There is an appreciable change in the stress

distribution pattern along the bed (figure 17).
The stress on the balls lying in the proximity of
cracks has decreased manifold. The strain energy
accumulated due to folding is responsible to form
cracks.
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Figure 16. Fold development in shale bed with no initial geometric perturbation at compression rate of 70 mm/s.

Figure 18 exhibits the stress distribution curve
along line-1 which is deviating from the earlier
trend and the regions a–b and c–d are under
tension and b–c and d–e are under compression.
The curve along line-1 should have started from
compression as in the cases above. But in this case,
as a result of high compression rate there are frac-
tures in the bed (figure 16). The edge on the left
side of the bed has failed resulting into breakage
of contact bonds. Thus, this part is showing zero
stress in the plot (figure 18). Moving ahead along
the curve in a–b region, the hinge point should
have shown high tensile stress, but there is a ten-
sile crack at the hinge point resulting in relaxation
in stress. Similar is the reason for low tensile stress
level in c–d region. Along line-3, the region b1–c1

and d1–e1 are in tension and a1–b1 and c1–d1 are
under compression. The curve starts from zero
stress as the upper portion of the bed in the left side
leaves contact with the wall during the process of
folding and thus gets unstressed. Fractures in bed
are also a reason for low compressive stress level
in a1–b1 region. There is a peak of compression
in region c1–d1, because the tensile crack is only
in lower part of the bed. The upper part is intact

Figure 17. Distribution of compressive and tensile zones
along the length of the bed at compression rate of 70 mm/s.

and at such high compression rate highly intense
compressive zone is formed (figure 16). Although,
the opposite nature of stress curve along line-1 and
along line-3 is maintained; wavelength and limb
length are calculated from the plot (table 8) in this
case also.

4.5 Folding pattern when left wall is moved
at the rate of 100 mm/s

When the compression rate is 100 mm/s, a hori-
zontal stress of 1.99 MPa is applied on the wall.
In this case, bulk shortening of 0.92% and highly
fractured fold pattern is formed (figure 19). Failure
of bed has taken place in both tension and com-
pression modes. The loci of failure are the points

Figure 18. Plot of stress distribution along the length of the
bed at compression rate of 70 mm/s.
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Figure 19. Fold development in shale bed with no initial geometric perturbation at compression rate of 100 mm/s.

where the curvature is maximum which is present
in the form of peak of crest and trough. There is no
change in number of crests and troughs but their
amplitudes have increased.

The equation governing the folding at 100 mm/s
is given by:

f(x) = 537.9 sin(0.000145x + 6.961)

+ 29 sin(0.007592x + 5.18)

{R-square = 0.989}.

The amplitude for this case is 2.001 m. Because of
high compression rate (100 mm/s), fractures have
developed in the bed (figure 20).

Figure 21 shows that on stress distribution curve
along line-1, regions a–c and d–e are under com-
pression and c–d is in tension. The curve along
line-1 is starting from non-zero value, which shows
that the broken left edge is bearing some of the
load (figure 19). The curve is not following the con-
ventional trend because of fractures in the bed.
Conventionally, the region a–b of curve should be
in tension but in this case it is in compression;
this is because of failure at the hinge point in left
trough. The lower part breaks in tension, result-
ing in tensile cracks and the upper part of the bed

Figure 20. Distribution of compressive and tensile zones
along the length of the bed at compression rate of 100 mm/s.

breaks due to compression. The crushing of par-
ticles in the upper half validates the compressive
failure. After the failure of bed at this hinge point,
the two parts slides past one another resulting into
shearing movement due to differential stress lev-
els. In region b–c, the bed failure is restricted to
upper half and the compressive stresses are main-
tained in lower half. In region c–d, there are newly
developed cracks resulting in less intense tensile
stresses. Along line-3, the regions b1–c1 and d1–f1
are in compression and a1–b1 and c1–d1 are under
tension. The curve starts from zero stress as dis-
cussed in previous condition. Since, the bed is bro-
ken at the hinge of left trough, the two sides slip
over one another causing compression in lower half
and tension in the upper. The sliding of two sides
results in the formation of fault in the shale bed.
In region b1–c1, the curve shows abrupt change in
stress from tensile to compressive. This is the cause

Figure 21. Plot of stress distribution along the length of the
bed at compression rate of 100 mm/s.
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Figure 22. Plot of wavelength vs. compression rate.
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Figure 23. Plot of amplitude vs. compression rate.

of failure at the hinge of the crust. Between c1 and
e1 curve follows conventional behaviour. In region
e1–f1, the bed edge breaks resulting into compres-
sive stress and then into conventional tensile stress.
The opposing nature of stress curve along line-1
and that along line-3 is continued in this case also.
Wavelength and limb length are calculated from
plot and given in table 8. The compression rate
variation with wavelength and amplitude is shown
in figures 22 and 23. It is clearly visible that after
a compression of 60 mm/s, the behaviour of mate-
rial changed drastically. The wavelength decreased
from 50 to 43 m, whereas amplitude showed an
increasing trend and reached up to 1.5 m.

This study makes it clear that there is a sig-
nificant nonperiodic lateral change in wavelength.
Although, the magnitude of asymmetry is not
related to the folds in most geological situations,
the folds away from the compressional stress side
have the lower amplitude. This may be due to
the scale effect of the model in terms of chosen
dimension of competent geo-material layer with the
high rate of compression. The fast transmission of
stress from one end to the other may be one of
the probable reasons to create low magnitude
asymmetry – slight lateral or change in wavelength

of the fold. A high asymmetric fold model incor-
porates other dimensions of research such as the
degree of competence, friction between layers, etc.,
which form the basis for further research in this
area and have been kept out of scope of the study.

5. Conclusion

The mechanics of folding at different compression
rates have been studied using particle flow code.
This paper demonstrates effects of different com-
pression rates on 100 m long shaly bed, derived
from detailed interpretation of stress distribution.
The evolution of different folding patterns at dif-
ferent compressive forces as well as stress and
displacement in folded shale bed along its entire
length is presented and discussed in this paper.
The results bring forth the locations of crests and
troughs, points of inflection, wavelengths and pat-
tern of folding, and stress concentration in vari-
ous parts of the bed along with bulk shortening.
The wavelength of fold decreases continuously with
increasing rate of compression, for example, from
55.9 m at a compression rate of 1 mm/s to 43 m at
a rate of 70 mm/s. The number of inflection points
increases from 3 to 4 with increases in compression
rate from 1 to 20 mm/s, thereafter the number of
inflection points remains constant but the ampli-
tude of crest and trough increases. At low compres-
sion rate of 20 mm/s, conventional stress distribu-
tion takes place in the bed in which the part on
convex side is under tension whereas the part on
the concave side is under compression. At high rate
of compression (>70 mm/s), the pattern of stress
distribution changes. At the hinge point on con-
vex side, where failure of bed takes place, tensile
stresses convert to compressive stresses and limbs
on either side slides over one another resulting into
initiation of faulting. With increasing compression
rate, the total shortening also increases resulting
into more prominent folds. Bulk shortening reaches
its critical value at 0.60% beyond which the rupture
starts propagating in the bed resulting in forma-
tion of faults and relaxation of stresses takes place
reducing the amplitude of crust and trough. PFC is
a very strong tool to simulate the real life problems
and understand the mechanism of changes.
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