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ABSTRACT

Stress fluctuations caused by stick-slip instabilities are frequently encountered in laboratory
shear testings of granular materials. It is not common to observe stick-slips in angular-shaped
granular assemblies, although rounded particles are more prone to this type of behaviour.
This paper specifically concerns the deviatoric stress fluctuations in the shearing of coarse
angular glass granules. A systematic experimental program comprising triaxial compression
tests was realized to investigate the effects of particle size, confining pressure, and strain rate
on the stick-slip mechanism. Particle size effect was examined by adopting three separate
size distributions. In order to understand the influences of testing conditions on the stress
fluctuations, the specimens were tested under four different confining pressures and by
applying two distinct strain rates. The results showed that both the particle size and confining
pressure greatly affected the stress fluctuations whereas the influence of strain rate was
unclear.
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1. INTRODUCTION

Unlike many solid materials which exhibit continuum properties, the mechanical response of
granular matters depends greatly on the particle characteristics of their constituents. In
addition to the gross mass features (e.g., void ratio, relative density), the own properties of
the individual particles also affect the behaviour of granular materials. In this respect,
influences of the characteristic features of particles such as shape, size, surface roughness,
mineralogy, etc. on the global behaviour of the assembly should be well understood to be
able to predict the mechanical response of the granular medium. Mechanical behaviour of
granular assemblies are also affected by the characteristics of inter-particle load distribution.
Actually, the internal force transfer is not homogeneous throughout the granular medium.

Note:
- This paper has been received on June 3, 2019 and accepted for publication by the Editorial Board on
January 7, 2020.

- Discussions on this paper will be accepted by September 30, 2021.
o https://doi.org/10.18400/tekderg.573637

1 University of Gaziantep, Civil Engineering Department, Gaziantep, Turkey
aozbay@gantep.edu.tr - https://orcid.org/0000-0002-4376-8330

2 University of Gaziantep, Civil Engineering Department, Gaziantep, Turkey
cabalar@gantep.edu.tr - https://orcid.org/0000-0002-0390-5652



Stress Fluctuations in Triaxial Testing of Angular Grains Technical Note

The forces are concentrated around load-bearing contact networks called force chains [1].
There are some strong force chains as well as the weak ones. The alignment of the strong
force chains are approximately parallel to the major principal stress direction, whereas the
weaker chains are generally diagonal or orthogonal [2]. While the strong force chains
dominate the mechanical behaviour of granular medium, the weak force chains usually
contribute to the stability of strong ones [3]. In the case of continued loading and insufficient
lateral support, the strong force chains may become unstable and be prone to buckling [4].
Domination of the internal forces is shifted between the force chains. As some strong force
chains fail as a result of buckling, the load distribution is rearranged among the existing
and/or new force chains. At this stage, two types of deformation can be observed within force
chain networks depending on the slip mechanism of particles. When the buckling of force
chains occurs suddenly, the deformation is defined as stick-slip type. On the contrary, it is
said to be a gradual (steady-state) deformation provided that the evolution of force chains is
progressive. On the other hand, since the particles are distinct elements and there is no or
little cohesion between them, granular materials may exhibit fluid-like behaviour and thus
their global stability depends also on the boundary conditions to a large extent. Therefore,
the effect of confinement needs to be explored carefully. In brief, the mechanism that governs
the response of granular materials under various loading conditions could be defined to have
a three-phase structure: (1) particle characteristics, (2) inter-particle force distribution, and
(3) boundary conditions. A similar description was made by Sun et al. [3]. They proposed
that granular materials are multiscale intrinsically, i.e. microscale (particle size scale),
mesoscale (force chains) and macroscale (bulk matter). Actually, both the particle
characteristics and the boundary conditions are relatively easy to understand, and also can be
controlled. On the other hand, the internal force distribution through the evolution of force
chains needs to be observed and analysed thoroughly.

In practice, some assemblages of granular materials such as cohesionless soils are frequently
modelled by using the finite element method (FEM) which depends on the continuum
mechanical theory. In this method, the granular medium is divided into a finite number of
elements (meshes) whose dimensions are obviously different from the actual particle size.
On the other hand, the FEM cannot truly model the inter-particle contact mechanics at grain-
scale and the evolution of force chain networks [3]. Actually, it can only simulate the
boundary conditions to a limited extent. Thus, the FEM is far from describing the mechanical
behaviour of granular materials. As an alternative, Cundall [5] introduced a numerical
solution called as discrete element method (DEM). Although this method was developed
firstly for describing the mechanical behaviour of rock blocks, Cundall and Strack [6]
extended the technique to the analysis of granular soils. Over decades, the DEM has been a
powerful tool to simulate the mechanics of distinct particles due to its compatibility [7-12].
Fortunately, due to the fast processing capabilities of today’s computers, model simulations
can be performed more effectively. However, those DEM simulations need to be verified by
physical experiments. In the literature, there are numerous experimental studies conducted to
have a better understanding on the mechanical behaviour of granular materials [1,13-16].
More specifically, the stick-slip phenomenon has also been studied by many researchers
[13,17-19]. Actually, the stick-slip phenomenon occurs in granular materials when particles
slide, slip with respect to each other. In some cases, sudden releases of stress followed by
gradual increase may be observed during the deformation of granular materials [20]. Stick
slip behaviour in granular materials has been investigated by other researchers in many
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different disciplines, such as; Thompson and Grest [21], Feder and Feder [22], Demirel and
Granick [23], Miller et al., [24], Nasuno et al. [25], Albert et al. [26], Cain et al. [27], Gourdon
and Israelachvili [28]. Earlier attempts on the geotechnical engineering were made by Kim
[29] and Duchesne [30]. In those studies, some stick-slip type fluctuations in the mechanical
response of granular materials were reported. Later on, Adjemian [31] conducted a number
of axisymmetric uniaxial compression tests on dry spherical glass beads and also on Huston
sand. The stick-slip mechanism was clearly observed in those tests. The results of that study
were presented in the paper of Adjemian and Evesque [32]. Stick-slip behaviour of spherical
glass beads were also investigated by Alshibli and Roussel [20] and Roussel [33]. They drew
some remarkable conclusions on stick-slip load oscillations. In a recent study, Cabalar and
Clayton [34] performed undrained triaxial tests on Leighton Buzzard sand and observed
instabilities in the stress-strain behaviour in the form of deviatoric stress, axial strain and pore
water pressure jumps. Doanh et al. [35] presented the results of another comprehensive
testing facility on water-saturated specimens of glass beads. They observed similar
fluctuations in deviatoric stress, volumetric strain and excess pore pressure. More recently,
Ozbay and Cabalar [36] performed a series of triaxial compression tests on dry spherical
glass beads under various loading conditions. They derived some robust conclusions from
their experimental investigations.

In the present study, the authors would like to introduce a new experimental work performed
on coarse angular granular materials. The paper is mainly focused on stick-slip deformations
of dry angular glass granules. A series of triaxial compression tests were realized to
investigate the effects of particle size, confining pressure and strain rate on stick-slip
behaviour. Three separate particle size distributions were used in the experiments. The
specimens of glass granules were tested under four different confining pressures by applying
two distinct strain rates.

2. EXPERIMENTAL WORK
2.1. Materials

Coarse angular glass granules having various size distributions were used in the experimental
study. The materials were supplied from the glass recycling company Akcihan, Istanbul,
Turkey. The glass granules were arranged according to the supplier’s designation. Three
groups of materials were included in the tests. Some properties and coefficients are presented
in Table 1 and Figure 1.

Table I - Some physical properties of the glass granules

Material | Specific D1o D3o Dso Dso C C USCS en e
Name | Gravity | (mm) (mm) (mm) | (mm) v € | Class. | ©min | max

GG1 2.50 0.32 0.50 0.60 0.65 |2.03(120| SP |032]| 051
GG2 2.50 0.76 1.04 1.26 136 | 1.79|1.05| SP | 056 | 0.71
GG3 2.50 0.88 1.42 1.79 192 |218|1.19| SP | 0.79 | 0.86
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Fig. 1 - Photos of the coarse glass granules

2.2. Preparation of the Specimens

The preparation of the glass granule specimens were made by using a cylindrical split mould
originally designed for cohesionless soil materials. The angular glass granules were enclosed
by 0.3-mm thick latex membranes at periphery and porous stones at the top and at the bottom.
The initial diameter and the height of the cylindrical specimens were 38.2 mm and 77.8 mm,
respectively. The specimens were prepared according to the a relative density of about 40%.
Dry glass granules within the membrane were sealed by using four O-rings. A small vacuum
of nearly -20 kPa was applied to the inside material in order to hold the glass particles
together. The negative pressure was maintained by closing the drainage valves. The split
mould was removed gently and a plexiglass pressure chamber was placed around the
specimen. Then the chamber was filled with de-aired water and subsequently pressurized to
a small confining pressure (=20 kPa). The drainage valves were opened again. The confining
pressure was increased to its target value and kept constant during the shearing stage. No
saturation was made and the glass granules were left dry throughout the experiments.

2.3. Testing

Stick-slip behaviour of the angular glass granules was investigated by using a conventional
triaxial loading device. The specimens of glass granules were sheared under axial
compression. The axial load and deformation were acquired by means of linear variable
differential transformers (LVDTs) connected to a data logger. The drainage valves were open
during the tests. Since the glass granule samples were dry, neither volume change nor pore
water pressure measurement was done. Thus, in the calculation of deviatoric stress, the
correction of the specimen’s cross-sectional area was performed by measuring volume
change in the cell water.

Twenty four experiments were performed on the angular glass granules (Table 2). In fact,
three particle size distributions (labelled as GG1, GG2 and GG3) were utilized to investigate
the effect of particle size. Those materials were tested by applying four different confining
pressures (30 kPa, 50 kPa, 70 kPa and 100 kPa) and two distinct loading rates (2 mm/min
and 0.2 mm/min). The glass granule specimens were loaded until an axial strain of about 20%
was reached.
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Table 2 - The details of the tests

Material  Confining

Test No Test ID Type Pressure Loading Rate
1 GG1-30F GGl 30 kPa 2 mm/min
2 GG1-50F GGl 50 kPa 2 mm/min
3 GG1-70F GGl 70 kPa 2 mm/min
4 GGI1-100F GGl 100 kPa 2 mm/min
5 GG1-30S GGl 30 kPa 0.2 mm/min
6 GG1-508 GGl 50 kPa 0.2 mm/min
7 GG1-70S GGl 70 kPa 0.2 mm/min
8 GG1-100S GG1 100 kPa 0.2 mm/min
9 GG2-30F GG2 30 kPa 2 mm/min
10 GG2-50F GG2 50 kPa 2 mm/min
11 GG2-70F GG2 70 kPa 2 mm/min
12 GG2-100F GG2 100 kPa 2 mm/min
13 GG2-30S GG2 30 kPa 0.2 mm/min
14 GG2-50S GG2 50 kPa 0.2 mm/min
15 GG2-70S GG2 70 kPa 0.2 mm/min
16 GG2-100S GG2 100 kPa 0.2 mm/min
17 GG3-30F GG3 30 kPa 2 mm/min
18 GG3-50F GG3 50 kPa 2 mm/min
19 GG3-70F GG3 70 kPa 2 mm/min
20 GG3-100F GG3 100 kPa 2 mm/min
21 GG3-30S GG3 30 kPa 0.2 mm/min
22 GG3-50S GG3 50 kPa 0.2 mm/min
23 GG3-70S GG3 70 kPa 0.2 mm/min
24 GG3-100S GG3 100 kPa 0.2 mm/min

3. RESULTS AND DISCUSSION

For the purpose of presenting results in a convenient and compact manner, it was preferred
to give the graphical outcomes of the experimental study with respect to two of the input
parameters namely particle size and loading rate (Figs. 2-7). The figures also include the
photos of the failed samples taken at the end of the tests in order to provide a direct inspection
of the test results and comparison with the modes of failure. When taking each photo, the
most suitable point of view reflecting the details of specimen failure as much as possible was
selected.
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It is clear from the stress-strain plots that there are a number of load (or stress) fluctuations
observed during the axial compression of glass granule specimens. Some of these oscillations
were caused by stick-slip failures which exhibit a dynamic character but some others are due
to the gradual deformation of the samples. It is postulated that the mechanism observed in
the specimens tested could be because of two main reasons, which are (i) the specimens’ own
material properties, and (ii) any compliance in the apparatus. In the light of the study by Gajo
[37], it has been seen that the influence of system compliance on collapse of sand samples
needs to be taken into account. Gajo [37] revealed that the compliance of the loading
apparatus can deeply affect the onset of dynamic instability. One of the reasons of the
fluctuations observed could be the stiffness of the apparatus itself. However, the present
specifically focuses on the material properties of the specimens tested, since the apparatus
used during the testing of specimens was the same apparatus, which was not thought to
produce a series of fluctuations in some tests, while producing a pretty smooth curves in
others. It is possible to distinguish the stick-slip deformations from the gradual ones
especially in the tests of GG1 granules which have the smallest particle size among the tested
materials (Figs. 2 and 3). Because of having a dynamic nature, the stick-slips result in sharp
decreases in deviatoric stress [1,23-28]. Actually, fluctuation mechanism observed during the
tests may be attributed to the structure of the specimens. It is postulated that the mechanism
observed in the specimens tested could be because of (i) higher number of contact points, and
(i1) number of open fabric structure in the specimens. The higher number of contact points
may be due to the higher confining pressure values in the specimens. It seems to be possible
that the grains in the specimen may be held in by interlocking asperities in a tighter packing
leading to a mechanism having higher internal friction between the soil particles. Hence,
from the study by Luding [38], the authors considered that, during the increase in deviatoric
stress, the particles in the shear band of the specimens tested under high confining pressure
values do not move (steady-state) as easy as those of the specimens tested at low confining
pressure values, where the motion of the particles is allowed more easily (fluctuation),
because it is assumed that the applied force exceeds easily a critical threshold force, although,
the specimens tested under higher confining pressure do not exhibit any fluctuation in
deviatoric stress during testing of the specimen. Just after a slip phase, the deviatoric stress
increases again but the increment is decelerating as the stress approaches its previous level
[5]. The stick-slip instabilities may be attributed to simultaneous buckling of all strong force
chains at a section. It refers to concurrent collapse of a row of particles. However, in the
steady-state deformations, the failure of strong force chains are compensated by the
formation of some other force chains which are previously weak or not existing. In fact, there
is a realignment or rearrangement of force chains without any sudden collapse in a gradual
(non-stick-slip) deformation. As observed from the experiments given in this study, the
amplitudes of the stick-slip failures are always greater than those of the steady-state
deformations (see the photos) [7].

When the effect of particle size distribution is considered, similar trends are seen in the
overall stress-strain behaviours of the glass granules having different sizes. Besides, it is
shown that, as the particle size increases, the amplitudes of stick-slip deformations decrease
generally. However, the amplitudes of stress fluctuations corresponding to gradual
deformations increase in this case. As for the frequency of stick-slip jumps, it is observed
that the number of stick-slips are greater in larger particles. No consistent relation was found
to be between the strain ratio and characteristic of the stick-slip behaviour (amplitude,
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frequency) observed in the specimens, although deviatoric stress fluctuations were observed
to initiate slightly earlier in the specimens with coarser grains than those in the specimens
with finer grains.

As expected, the confining pressure is very effective on the general stress-strain behaviour.
Increasing the confining pressure results in higher deviatoric stresses. As a consequence,
amplitudes of the stick-slip stress fluctuations increase similarly. However, in some tests,
there is no stick-slip failure especially at high confining pressures. For instance, no stick-slip
deformation is observed in GG1 glass granules tested under a confining pressure of 100 kPa
regardless of the strain rate (Figs. 2 and 3). On the other hand, the confining pressure seems
ineffective on the amplitudes of gradual deformations. It is hard to talk about the effect of
strain rate on the stress fluctuations since the results are very scattered. However, a limited
deduction may be possible for the tests conducted under the confining pressure of 30 kPa. In
those tests, the number of stick-slip jumps decreases as the strain rate increases.
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Fig. 2 - GG test results for the fast (2 mm/min) loading condition
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Fig. 3 - GG test results for the slow (0.2 mm/min) loading condition
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Another factor affecting the amplitudes of stick-slip stress fluctuations is the failure mode of
the specimens. In some of the tests, the failure planes developed about horizontally
(symmetrical bulging). However, there are also some other tests in which the failure planes
are diagonal. It is clear from the photos of the failed specimens that greater fluctuation
amplitudes are observed when a diagonal shear band formation is apparent. For example, it
is very remarkable in the test GG1-70S (i.e., Material: GG1, Confining pressure: 70 kPa,
Loading speed: 0.2 mm/min) (Fig. 2). This could be explained by the redistribution of stresses
on the inclined failure plane [12-17]. Diagonal failure causes a variation in the direction of
the shear stress, and the axial normal stress contributes to the shear failure. It implies that, as
the inclination angle of the failure plane increases, the extent of the slip in a stick-slip type
deformation also increases. This led the authors to consider that type of failure (symmetrical
bulging, diagonal plane) was governed by either steady-state or stick-slip deformation during
testing the specimens, while yielding might be governed by a different criterion (Mises,
Tresca).

4. CONCLUSIONS

A number of triaxial compression tests were performed on cylindrical specimens of dry glass
granules which contain highly angular particles. The effects of particle size, confining
pressure and strain rate on stress fluctuations were investigated. Also failure modes of the
specimens were explored in order to relate with the stick-slip amplitudes. The findings of the
experimental study are given as follows.

. In all the tests, a number of deviatoric stress fluctuations were observed to some extent.
Some of those oscillations were caused by the stick-slip failures and some others by
gradual (steady-state) deformations of the glass granule particles. Stress fluctuations
corresponding to gradual deformations are existing in all the tests but stick-slip type
fluctuations are missing in some cases. The amplitudes of the stick-slip fluctuations in
the available tests are greater than those of the gradual fluctuations.
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Particle size distribution of the granular samples were investigated by using three
different sizes. It is found that the amplitudes of stick-slip fluctuations decrease with
increasing particle size. However, the fluctuation amplitudes caused by the gradual
deformations become greater as the particle size increases. In other words, provided that
the stick-slips are ignored, the smaller the particles, the smoother the general stress-
strain curve. In addition, finer particles have a less frequency of stick-slip jumps.

It is also concluded that increasing the confining pressure causes the stick-slip
fluctuation amplitudes to increase in most samples. It may be attributed to the variation
of deviatoric stress. Besides, there is probably no effect of confining pressure on the
steady-state deformation amplitudes.

Since the results are highly scattered, no such correlation could be established between
the strain rate and stress fluctuations.

The results show that the failure mode of the tested specimens is effective on the stick-
slip stress oscillations. Although there are horizontal failure planes which are
characterized by a symmetric bulging, some of the specimens failed diagonally. Greater
stick-slip fluctuation amplitudes were observed in the samples having inclined failure
surfaces. It brings about a conclusion that any increase in the inclination angle of the
failure plane results in a proportional increase in the value of fluctuation amplitudes.

This suggests that, for the specimen formation in the way employed in the present study, both
the particle size and the confining pressure have significant effect on the overall stress-strain
behaviour of coarse angular granular materials while the influence of strain rate is unclear.
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