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Abstract The cyclic loading mechanical response of dense
granular materials under biaxial compressions was exper-
imentally investigated. Ratcheting occurred and evolved
throughout the experiment. The results suggest that perma-
nent displacement primarily occurs during the first cycle; the
generation of ratcheting is principally driven by the occur-
rence of stick—slip events and the changes in porosity. In
different cycles, the occurrence of stick—slip events obeys
the power law relationship, and the change in porosity tends
to approach a homogenous state. Simultaneously, the magni-
tude of the initial force plays an important role for increasing
ratcheting in granular system.

Keywords Granular materials - Ratcheting - Stick—slip -
Cyclic loading

1 Introduction

Granular materials are collections of discrete macroscopic
particles. They typically interact with each other only within
short distances, mainly through collisions and contacts. Most
common examples include food products, such as rice, corn,
and breakfast cereal flakes, and building materials such as
sand, gravel, and soil, and chemicals such as coal, plastics,
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and pharmaceuticals. Colloids (e.g. grains in solvent and,
pastes) can be classified as granular materials, but only dry
cohesionless granular matters are considered in this paper.
Despite their seeming simplicity, the behavior of granular
materials differs from that of any of the other familiar forms
of matter: solids, liquids, or gases. The behavior involves
stick—slip motion, dilatancy, pattern formation, segregation,
as well as ratcheting and anisotropy among many others [1,
2].

A particularly intriguing phenomenon in granular systems
is the so-called ratcheting effect, this effect is known as gran-
ular ratcheting, and it refers to the constant accumulation
of permanent displacement (or strain) per cycle, when the
granular sample is subjected to load—unload force (stress)
cycles. Herrmann [3], Peijun Guo et al. [4] have done a lot
of research on the mechanical properties of granular system
under cyclic loading; furthermore, Peijun Guo has done some
research on the influence of confining pressure, deviatoric
stress and micromechanical parameters. Some experimen-
tal data, suggests that the rebound modulus change is in
line with the change of loading cyclic, but not sensitive to
the change of confined forces; for example [5,6]. More-
over, some pavement designers thought that, if a 2D granular
packing of discs were subjected to stress-controlled cyclic
loading, the displacement accumulations were identified as
shakedown, or ratcheting, depending on the amplitude of the
stress variations. This particular phenomenon has been inten-
sively investigated in 2D (Alonso-Marroquin et al. 2004;
Garcia-Rojo et al. 2004); Further; Md. Mahmud Sazzad
and Kiichi Suzuki [7] have investigated the anisotropy char-
acteristics of non-spherical particles under cyclic loading.
McNamara and Garcia-Rojo [8] have studied the origin of
ratcheting through a combination of 16 particles. Besides,
a large number of personnel have also carried out a similar
study.
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Although there is wide experimental evidence describ-
ing the accumulation of permanent deformation under cyclic
loading, it is not clear whether this effect remains for small
loading amplitudes, or if there is a certain regime where the
material behaves perfectly elastic [9]. Itis still also not clearly
understood what the role of micromechanical processes, such
as sliding, crushing and wearing of the grains, are in the
accumulation of plastic deformation with the number of
cycles [10].

Here we present experimental evidence of the ratcheting
effect on assemblies of densely packed circular particles. This
can be detected at the micromechanical level by a ratchet-like
behavior at the contacts. This effect excludes the existence
of the ideal elastic regime of cohesionless granular materi-
als [11].

2 Experimental devices and results
2.1 Experimental devices

The experimental system consists of a tri-disperse mixture
of 2500 large (diameter D = 1.0 = 0.025 cm) , 2500 middle
(D = 0.8+0.025 cm) and 2500 small (d = 0.6 +=0.025 cm)
polymer disks with a thickness of 0.3 cm, that are bire-
fringent under stress (photoelastic) (Fig. 1). They are made
of polycarbonate elastomer, and their Young modulus is
E = 3.15 x 107 Pa, Poisson coefficient is A = 0.36 and
friction coefficient is @ = 0.2. The disks are placed in
an 80cm x 80 cm chamber. The upper (the axial) and left
boundaries can be moved freely, the other boundaries were
fixed. The axial load was applied using electro-motor loading
system and measured at a load cell accuracy (0.2N) inside
the pressure cell below the lower specimen end plate. The
axial displacement of the boundary was monitored using
a displacement transducer with an accuracy of 0.001 mm

Force network

Yo

Confine
force

Fig. 1 Experimental schematic
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that was fixed to the load piston. Visual measurements were
taken using a Nikon D-90 camera (12.3 megapixel resolu-
tion) to determine the yield positions and displacements of
the individual disks, as well as the stresses inferred from the
photo-elastic response of the disks [12]. Each image captured
roughly 5000 particles located around the center of the cell,
roughly 60 % of the total number of particles. The system is
imaged through crossed circular polarizers. We determined
that the local disk contacts have a stress above our experimen-
tal light intensity threshold (corresponding to about 1 N) and
satisfy local force balance constraints, for the forces which
are less than 1N, the Tardy compensation method is used
for compensation. The entire stress chain network satisfies
physical constraints and provides a good characterization of
the distribution of local forces to complement the pressure
measurements. To prevent generating plasticity in the mate-
rials, the test was first done to a single particle. After the
maximum force (1.6 KN) was applied, the maximum defor-
mation of the particles did not exceed 1.8 % of the minimum
particle diameter; therefore, the deformation of the particles
was complete elastic deformation during the loading process,
which can be fully recovered after unloading, meaning, there
was no plastic deformation.

2.2 Experimental programs

A three-part experimental design was created to analyze
ratcheting (Table 1).

Ist type: cyclic loading with a constant amplitude (S1, S2,
S4, 55,57, S8). Initially, the samples were isotropically com-
pressed until the confined forces reach to F0(0.4, 0.6, 0.8).
Then, the samples are subjected to axial loading—unloading
cycles, the loading interval is defined as A, [0.4, 0.8] for S1
and S2, [0.6, 1.2] for S4 and S5, [0.8, 1.6] for S7 and S8, the
cycle index defined as N, and the loading rate is 0.2N/S for
all.

2nd type: cyclic loading with varied amplitudes (S3, S6).
Initially, the samples were isotropically compressed until the
confined forces reached F0(0.4, 0.6, 0.8). Then, the samples
were subjected to axial loading—unloading cycles; the load-
ing interval is defined as A, [0.4, 0.8] for S3, [0.6, 1.2] for
S6, and the cycle index defined as N. Finally, the cycling
amplitude was increased to interval A1, [0.6, 1.2] and [0.8,
1.6] for S3, [0.8, 1.6] for S6; the cycle index was kept as N.

3rd type: cyclic loading under varied amplitude (S9).
S9 was loaded three times under the conditions of 0.6+
0.2,09+0.3,1.24+0.4,0.940.3, and 0.6 £ 0.2KN.

2.3 Experimental results
Figure 2 shows the examples of the force-displacement plots.

The results show that there is no elastic stage in granu-
lar system (Fig. 2). The hysteresis loops are not closed in
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Table 1 Ratcheting

experimental datasheet Sample number Confined force Cyclic number (N) Load schematic
xp FO (KN) and cyclic amplitude (A)
S1 04 N=40(A=0.4) 08
S2 N=40(A=04)
=
X 06
<
0.4
cycling numbers(N)
S3 0.4 N=30(A=0.4) 12¢
0.6 N=3(A=0.6) 1ol
0.8 N=3(A=0.8) goa
<
06}
0.4 —
cycling numbers(N)
S4 0.6 N=20(A=0.6) 12
S5 N=30(A=0.6)
Qo9
0.6 f T T T 1
1 2 3 4 5
cycling numbers
S6 0.6 N=20 (A=0.6) 11
0.8 N=10(A=0.8) 149
= 124
3
< 1.0
0.8
06 T T
cycling numbers(N)
S7 0.8 N=20 (A=0.8) 81
S8 N=20(A=0.8)
Z 124
<
08 T T T T T T T 1
cycling numbers(N)
1.6
S9 0.4 N=3(A=04)
0.6 N=3(A=0.6) 12
0.8 N=3(A=0.8) g
0.6 N=3(A=0.6)  0e
0.4 N=3(A=0.4)
0.4 .

T L] T T
6 12 18 24 30
cycling numbers(N)

@ Springer



10 Page 4 of 9

Z.Bietal

0.8+
~ omN
z g
g -
= =
e %
Z <
0'4 L) L) 1
0 3 6 9
Axial displacement (mm)
(a)
1.6 4
14 4

1.24

1.0 4

Axial force (KN)
\
Axial force (KN)

0.8 4

8.0

06 Y . - ! :
0 2 4 6 8 10 9.0
Axial displacement (mm)
(b)
1.6 4 1.6 -
14 4 1.4
~ ~~
= =
X 12 X 124
o
0 8
ie 1.0 4 "6‘ 1.0 -
(e :: > [
.g 08 4 .;1: 0.8 4
< <
0.6 4 0.6 4
0.4 T T 0.4 - T T

6 6 6 7 75
Axial displacement (mm)
(©

72 75
Axial displacement (mm)

Fig. 2 Force-displacement curves of the system, a Force-displacement curve of S1. b Force-displacement curve of S6. ¢ Force-displacement curve

of S9

the initial stage or later stage, and, there is a significant
ratcheting effect. Meanwhile, the hysteresis loops are not
identical, not closed from beginning to end; the opening of
the first hysteresis loop is relatively large, but the subsequent
loops are relatively small. Further, the shape of the hystere-
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sis loop changes from an oval to a leaf tip as the number
of cycles increase. Additionally, the structure (arrangement
mode) of the particles controls the permanent displacement
of the first cycle in granular system. Since the samples are
randomly selected and put into the chamber, there are no
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Fig. 3 Ratcheting phenomenon of S1, a permanent displacement (incl. 1st cycle). b Permanent displacement per cycle (excl. Ist cycle)

identical samples(For the preparation of samples, first pull
out the chamber, make the customized strip-typed hopper
opening match with the opening of the top driven plate,
then spatter the particles in plate form from top to down.
When the altitude can meet the experimental requirement,
push in the chamber). Therefore, the unclosed degree of the
first hysteresis loop has a big difference and with no obvi-
ous law. However, the permanent displacement generated in
the first cycle accounts for approximately 90 % of the entire
cycling process, indicating that the permanent displacement
and energy consumption in the first cycle are very large. After
entering the second cycle, the accumulated displacement per
cycle becomes smaller until an approximately constant value
(10e—3 mm) is reached (Fig. 3a). The displacement response
consists of short time regimes (<7 cycles) with a rapid accu-
mulation of displacement (permanent displacement per cycle
>10e—2), and longtime ratcheting regimes (until ratcheting
disappeared) with a constant accumulation displacement rate
of around 10e—3 mm per cycle.

The permanent displacement accumulation per cycle
becomes independent from the number of cycles following
a short transient regime (Fig. 3b). From a micromechanical
point of view, the observed macroscopic strains are asso-
ciated to the evolution of the contact network, which in
turn is due to the relative sliding and rotation of particles
at contacts. However, the focus of this study is on particle
sliding.

3 The origin of ratcheting
3.1 Stick—slip phenomenon

The interaction between particles is mainly through contacts,
and these contacts obey Moore—Coulomb’s law [13-15].
Coulomb’s law of friction is a non-smooth law in that the
friction force and sliding velocity at a contact are not related

as a function. Many experiments have explored the dynamic
characteristics of slowly driven granular systems, such as
the strong force fluctuation due to the formation of stress
chains and friction that results in stick—slip motions. How-
ever, these studies did not focus on the statistical aspects of
the sheared granular media, and there are few records that
describe cyclic loading. However, power law distribution of
responses has been observed in sheared tapioca grains in
annular cells [16,17].

McNamara and Garcia-Rojo have carried out a detailed
study on cyclic loading, and thought that stick—slip is the
cause of ratcheting. However, these studies only analyzed
the ratcheting phenomenon after the second cycle, and no
studies have examined this effect during the first cycle. In
order to analyze the stick—slip phenomenon, the first and
second S7 cycles in the force rising phase were analyzed
because it has a large force variation range [0.8, 1.6]. The
relationship between the axial displacement and the force
increases slowly, then drops suddenly, indicating that there
is a stick—slip event occurring during the loading process
(Fig. 2a). By dividing the displacement difference at every
jump by the time difference we get the (discrete) velocity
of the top-driven plate, shown in Fig. 4a, b. The changes
in velocity of the top driven plate demonstrate a series of
events along with the time (Fig. 4a, b). The velocity of the
top driven plate fluctuates more during the first cycle than in
the second cycle; the fluctuation interval is [0, 0.3] in the first
cycle, while [0, 0.04] in the second cycle, only 1/10 of that
in the first cycle. This indicates that, along with the ongoing
cycles, the velocity of top driven plate is approaching a stable
state. It further suggests that the granular microstructure has
settled into a final configuration. Under the same time span,
there were six fluctuations in the second loading cycle, and
36 in the first loading (Fig. 4c, d). This indicates that under
some confined forces, with the increase of loading times, the
granular system becomes more stable, and ratcheting regime
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Fig. 4 Time versus velocity of top driven plate and stick—slip size ver-
sus frequency in 1st and 2nd cycle, a time versus velocity of top driven
platein Istcycle. b Time versus velocity of top driven plate in 2nd cycle.

becomes smaller. However, before the sliding events occur,
the motions develop in a periodic fashion (Fig. 4c, d).

In order to analyze the distribution of the stick—slip
motions, each stick—slip associated fluctuation was denoted
as s. Make statistics to s, the statistical interval is [0, 0.3] in
the first cycle and [0, 0.04] in the second cycle. These distrib-
utions are showed in Fig. 4e, f. The s distribution tendency of
all samples is similar, and each curve follows a quasi-power
law behavior.

The distribution of the stick—slip events in the first cycle
is more broad than it is in the second cycle, indicating that
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the porosity non-uniformity of the granular system affects
stick—slip occurrences (Fig. 4) Following the first cycle, the
fluctuation time of the stick—slip reduces, and the permanent
displacement diminishes, indicating that the porosity non-
uniformity of granular system becomes increasingly weak.

The stick—slips were classified as type I and type Il accord-
ing to the size of the torque [18]. Type II corresponds to the
stick—slip phenomenon in the first cycle because it exhibits
asymmetric fluctuations that are “saw-tooth” in nature. Type I
corresponds to the velocity in the second cycle because it has
predominantly symmetrical fluctuations of stick-increasing
and slip-decreasing events. It was also found that, with regard
to small slips, sometimes the sound and motion of the parti-
cles due to adjustment can be seen and heard. However, they
are not always observed. Partial particles had small adjust-
ment during this time, and only some particles changed their
positioning (Fig. 4a). The motion of the particles exhibits a
significant overall stick—slip in large slips, and louder sound
can be heard. Combined with numerical image processing, it
can be seen that the granular system experienced significant
macroeconomic adjustments at this time.

Different levels of stick—slip phenomenon can be
explained using the schematics (Fig. 5). The red particles are
the key particles; when the red particle slips, it cannot lead
to the movement or adjustment of the surrounding particles.
This event is called a small stick—slip (Fig. 5a). When the red
particle slips and it affects the movement of the surrounding
particles, and leads to the adjustment of two or more par-
ticle clusters, and even causes the movement or adjustment
throughout the granular system, this is called as large stick—
slip (Fig. 5b). The large stick—slip is associated with dramatic
fluctuations in the force curve.

McNamara studied the permanent displacement caused
by stick—slips of particles, indicating that if there are no slid-
ing contacts, then the trajectories of particles are straight
lines. Further, if there is no change in the displacement of
the particles and they return to their original positions, no,
and ratcheting does not occur. However, when the particles
cannot return to their original positions, ratcheting occurs,
and is in line with the findings from the experiment in this

paper.
3.2 Porosity changes

Two studies have investigated force chain networks and the
average coordination numbers [19,20]. These studies found
that the normal and tangential forces obey a certain dis-
tribution following force fluctuation. However, few studies
have examined these forces under porosity fluctuations. In
numerical simulation processes, most studies generated some
porosity samples using technology, and considered the pores
of the granular system to uniform everywhere after a certain
coarse-grained interval. However, it was found that, when

the divided interval includes 40 particles, there is still a large
fluctuation in the porosity. Therefore, real granular systems
have heterogeneous pores, making it is necessary to conduct
research on the porosity fluctuation that results in permanent
displacement. For example, in S4, obtaining digital images of
the experimental samples under isotropic compression using
a digital camera. Then, the images were equally divided into
2000 x 2000 pixel intervals, each interval including 40 parti-
cles more or less (Fig. 6a), through the image recognition and
processing, and a porosity of 0.1823 was obtained. This tech-
nique can be used for any interval, and each interval has large
porosity fluctuations. The average porosity of all experimen-
tal samples is 0.18. The interval vs. the porosity fluctuation
shown in Fig. 6c, the fluctuation interval is [—0.04, 0.045].
At the beginning of isotropic compression, the porosity in
each interval is unevenly distributed.

The permanent displacement of the granular system is
6.6 mm after the first S4 cycle. The porosity of the interval
was reduced to 0.1820, indicating that the interval is under
a compressed state (Fig. 6b). The average porosity of the
granular system was reduced by 0.0003 after the first cycle,
but the spatial distribution of the porosity was still uneven,
with some fluctuations and an interval of [—0.0204, 0.0213]
(Fig. 6d). Overall, the homogeneity of the pores becomes
smaller following cyclic processes, further indicating that
the permanent displacement of the granular system is drive
by the heterogeneous pores.

In order to illustrate the causes of permanent displace-
ment, the change of porosity fluctuations in different intervals
before and after each cycle was obtained (Fig. 6e). It was
found that the change in porosity was not uniform, because
some intervals were under a dense state, while others were
under a sparse state. The black in Fig. 6e shows that the com-
paction degree of the pores under a dense state is greater
than the average compaction degree. The red shows the
compaction degree of porosity that is less than the aver-
age compaction degree, and white represents the compaction
degree of porosity that equals the average compaction degree.
Together, this indicates the structure of granular system
changed during the different intervals. Combined with the
stick—slip phenomenon in Fig. 5, it can be concluded the
ratcheting effect is caused by structural adjustment of the
granular system. The fluctuation of porosity in the differ-
ent intervals follows a normal distribution, and the change
in porosity for more than 70 % of the intervals is the same
as that of the overall samples (Fig. 6f). Only a few of the
changes in porosity result in fluctuations that deviate from
the overall samples, indicating that stick—slip phenomenon
exists in partial intervals, and that these fluctuations result in
significant ratcheting events in granular systems. After the
tenth cycle, the porosity fluctuations of the granular system
are within [—0.0056, 0.0088], and the fluctuation region is
reduced significantly, indicating that the porosity of the gran-
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ular system becomes more uniform, and the deformation of
the granular system approaches affine deformation. This is
shown by an increasing number of steep peaks on the curve,
and increasingly smaller range distribution (Fig. 6f).

3.3 Displacement field

During the ratcheting regime, the accumulation of permanent
displacement in each cycle at the stick—slip will was reflected
in a displacement per cycle at the individual grains. It is of
great interest to study the patterns that are created by the
displacement field of all the grains.

@ Springer

During cyclic loading, the trajectory of a single particle
is given by a constant, small displacement per cycle in the
ratcheting regime, and a large displacement during the transi-
tion between two ratcheting regimes. Typically, the maximal
displacement per cycle at the transition between the two
ratcheting regimes is one or two orders of magnitude larger
than that in a single ratcheting regime.

Figure 7 shows a snapshot of the particle displacement per
cycle for these two cases. The most important remark of this
flow is the formation of the vortex structures. An animation
of this flow depicts a constant vorticity field during the ratch-
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Fig. 7 The displacement gradient of granular matter

eting regime, and large vorticities during the transition of the
two ratcheting regime. It was also observed that the vortex
structures were created and destroyed during this transition.

Vorticity is linked with the nonvanishing asymmetric por-
tion of the displacement gradient [21], and the strain tensor
is not sufficient to provide a complete description of this
convective motion during cyclic loading. An appropriate
continuum description would require the introduction of
additional degrees of freedom that take into account the vor-
ticity. As in the case of the shear band formation, the Cosserat
theory may be a good alternative [22].

4 Results

A grain scale investigation of the cyclic loading response of
the packing of disks has been presented. In the quasistatic
regime, we have shown the existence of long time regimes
with an accumulation of permanent displacement per cycle,
due to ratcheting motion at the stick—slip.

As the loading amplitude decreases, a smooth transition
from the ratcheting to the shakedown regimes was observed,
preventing the identification of a purely elastic regime. The
granular ratcheting resulted from anisotropy induced by the
loading on sliding contacts for small loading amplitudes.

The overall response of the polygonal packing under
cyclic loading consists of a sequence of ratcheting regimes
with a long duration, and a slow accumulation of deformation
in the plastic. These regimes are separated by short regimes
with large plastic deformations.

The analysis of the displacement field per cycle of the
particles shows that each particle moves with constant dis-
placement per cycle during the ratcheting regimes. These
displacements form vortex-like structures, which remain dur-
ing for the duration of the ratcheting regime.
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