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Abstract:

The study of rate and shearing effects is of major interest in geomechanics and petroleum
engineering research. In this paper, a new micromechanical apparatus is presented along with
calibration and reliability tests, which is designed in a way that the interface behavior of granular
materials can be examined for a broad range of shearing velocities of five-orders of magnitude
utilizing a dynamic data-logger and high-resolution sensors. The results showed that the shearing
velocity between 0.4-1,340mm/h did not influence the response of dry grain-grain interfaces
including engineered and natural grains, but it significantly affected the frictional behavior of

composite grain-rubber interfaces.

Keywords: Sliding friction; Coefficient of friction; Friction measurement; Dry friction
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1. Introduction

There has been an increased interest by the geomechanics and petroleum engineering
communities in the study of the grain-scale behavior of geological and composite materials. This
interest has been advanced by the increased power and capabilities of numerical analyses using
the discrete element method, DEM [1-2]. It is accepted today that the mechanical behavior of
granular materials at the meso- and macro-scale is significantly influenced by the properties of
the grains at the small-scale, including the behavior at the interfaces of grains (i.e., friction and
stiffness) [3-6], the crushing behavior of grains [7-9] and their morphological characteristics [10-
11]. When simulating the shearing behavior of granular materials at the macro-scale, Huang et
al. [5] and Kawamoto et al [10] presented the significant influence of the selection of inter-
particle coefficient of friction and particle shape parameters. The recent laboratory work by Li et
al. [12] on granular composites (sand — granulated rubber mixtures) emphasized that the behavior
obtained from triaxial shearing tests has a strong link with the morphological and elastic
properties of the grains, which in turn affect their frictional behavior; that study provided,
qualitatively, a correlation between the critical state angle of shear strength of the tested
specimens with the micro-scale inter-particle friction of the contacting interfaces. Analytical
studies published in the literature using DEM have shown that there is an important influence of
the inter-particle friction on the meso- and macro-scale behavior of granular materials subjected
to monotonic and cyclic loading [7,13]. This influence includes both macro-scale strength of
granular materials as well as their constitutive behavior (e.g. dilation). The frictional response of
granular materials plays a key role in the dissipation of energy [5,8] as well as the fundamental
study into hydraulic fracturing problems, for example the behavior of proppant-rock interfaces

[14,15].
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Of particular interest in geomechanics and petroleum engineering research and practice is the
study of velocity and rate effects on the macro-scale behavior of granular and geological
materials. Within a micromechanical framework, it is well accepted since the 1950s that there is
an influence of shearing velocity on the inter-particle friction of contacted interfaces (e.g. [16]),
yet the topic is largely unexplored in terms of the laboratory investigation of grain types of
contacts including real soil grains as well as composite granular materials such as sand — rubber
mixtures. This topic is also related to the study of thermally activated creep, where DEM
modelers have used as input the inter-particle friction against sliding velocity, as for example in

the study by Kwok and Bolton [17].

In recent years, there have been notable studies of the micromechanics investigation of soil grain
contacts and the interface behavior of grain-block types in the laboratory with the development
of a new generation of apparatuses [14-15, 18-23]. Although based on similar concepts, different
configurations were adopted by the researchers to study the inter-particle shearing behavior. For
example, Caverretta et al. [18] designed a pulley system to ensure the designated moving path of
the upper particle during shearing, while Senetakis and Coop [20] adopted a sled, bearings and
actuator system to shear the lower particle against the stationary upper particle. In many of these
recent studies, the micromechanical apparatus used were capable of performing shearing tests
without resolving forces and displacement in a way that tangential stiffness can be measured
(e.g. in the studies by [14,18]). In other cases the resolution of forces and displacements was
good enough to measure stiffness, but shearing velocities could be applied within a low and/or
within a relatively narrow range [20,23], so that the study of the role of the influence of shearing
velocity on the frictional behavior of sand-sized grain contacts has been largely unexplored,

which was a major motivation behind this study.
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In this paper, a newly developed micromechanical apparatus is presented, which follows a
similar concept in its design with an existing well-established apparatus housed at City
University of Hong Kong, initially designed by Senetakis and Coop [20] and later upgraded by
Nardelli et al. [23-24]. This new apparatus can extend micromechanical shearing tests to very
high velocities so that the inter-particle friction can be studied within a range of velocities of, at
least, five orders of magnitude. Apart from the presentation of the main technical features of the
new generation apparatus and its repeatability in testing standard materials, the study presents an
investigation into the effect of shearing velocity on the tangential load — displacement behavior
of different types of grains including real sand grain contacts and sand — rubber interfaces.
Particularly for sand — rubber interfaces, there were two major motivations to be examined in the
study: (i) These composite materials have been of progressively increased interest by the
research community with promising applications in geotechnical-transportation projects as well
as their use as vibration isolation earth systems, but their micromechanical behavior is highly
unexplored [12] and (ii) Rubber grains are highly deformable and of viscous nature which could
trigger significant rate effects in their interface response against sand grains so that, at a
fundamental level, the tribological study of sand — rubber interfaces is of major interest in

velocity effects problems.

2. The new inter-particle dynamic testing apparatus

2.1 Technical details

The new inter-particle dynamic apparatus was designed and constructed in the Soil Mechanics
Laboratory of City University of Hong Kong aiming to test the contact response of geomaterials

with a size between about 1 and 5 mm over a broad range of shearing velocities. The apparatus is
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also capable in the study of the interface behavior of grain-block or block-block types of contacts
where the block can again be of a small size. A front view and a schematic diagram from a side
view of the new apparatus are given in Figures 1 and 2, respectively, with the key components
and dimensions marked. The apparatus was built upon a square aluminum panel, which has
adjustable feet at the corners to ensure that it is level. Two sets of loading systems are included
in the apparatus, with the one in the vertical direction applying normal load and the other in the
horizontal direction applying shearing to the grain contacts. Similar to the design by [20,23], the
apparatus is capable of testing two grains in contact (or grain-bock types), investigating the
normal and tangential load — displacement behavior including inter-particle friction and contact
stiffness, but with the main difference being that the new apparatus can apply shearing (as well
as normal load) velocities over a wider range so that rate effects can be studied more easily, and
the vertical system, as described below, has a different design. Each of the loading systems of the
new apparatus consists of a motor, a set of connections and linear bearings, and high resolution
sensors that measure forces (repeatability of 0.01N) and displacements (repeatability of 0.01
um). Two digital microscope cameras are placed in orthogonal directions to observe the particles
during the setting of the experiments to obtain, visually, an apex-to-apex configuration. These

cameras are also used to record the tests.

The vertical system is controlled by a high precision servo motor, while a micro stepping motor
is equipped to the horizontal system. The movement of the servo motor can be controlled with
designated output force, velocity or displacement. The force controlling precision of the servo
motor is 25mN. The built-in linear stage of the servo motor ensures movements in the vertical
direction only. An angled bracket is screwed to the moving stage to mount the load cell, the

displacement sensor and the upper grain mount, as illustrated in Figures 1 and 2. The vertical



129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

displacement sensor is mounted between the vertical load cell and the upper grain mount, while
its reference plane is attached to the lower grain mount. This configuration significantly reduces

the length of the vertical system, which increases its stiffness.

The horizontal loading system, including the lower grain mount and mount well, the sled and
ball bearing system beneath the sled, as well as the linear guides and connections, share a similar
design to the existing micromechanical apparatus at City University of Hong Kong [20,23]. The
micro stepping motor in the horizontal direction has a micro-step size of 0.048um to ensure
delicate movements, and its maximum speed can reach 8mm/s (=28,800 mm/h). The horizontal
displacement sensor is rigidly fixed to the bottom aluminum panel, while the reference plane of
the displacement sensor is attached to the lower grain mount well. This configuration allows the
measurement of the horizontal displacement of the lower grain (denoted as “HD”). During
tangential shearing tests, the lower grain, which is fixed, through a holding mount, on the
guiding sled, is pushed by the horizontal loading system under a given normal load applied to the
grain contact by the vertical system. Although the yaw and pitch angles of the linear stage of the
vertical servo motor are small (<0.03°), the upper grain may move slightly during shearing.
Possible movements of the upper grain induced by the shearing are carefully captured by another
displacement sensing system which was set to monitor the movement of the vertical system
along the shearing direction, as illustrated in the dashed box in Figure 2. Considering the vertical
loading system as a cantilever beam, the horizontal movement of the upper grain during shearing
(denoted as “HDcorrection’), which is taken as two times the horizontal displacement of the
vertical load cell, can be estimated. The real relative movements between the upper and lower
grain can be calculated by subtracting the displacement of the upper grain from the displacement

measured by the horizontal displacement sensing system.
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The high precision eddy current displacement sensors and load cells are of the same models as
those of the existing micromechanical apparatus [20,23], and the analogue signal output of the
displacement sensors and load cells, which are powered by highly stable power supplies, are first
filtered by analogue signal filters and then collected by the data logger with a high sampling rate
capability (up to 20 Hz). The data are then recorded by a custom-built LabView software, which
is also used to control the motors and real time monitor the tests. All the sensors were carefully
calibrated. When the system is stationary, a +1.4x10™ mm and a +0.06 N level of noise can be
observed from the displacement and load readings, respectively. The noise level is slightly
higher than that of the existing apparatus as the data logging frequency is significantly greater.
Nevertheless, the precision is still more than enough to resolve the inter-particle mechanical
response at the micro scale revealing good quality data in terms of contact stiffness. A signal
denoising analysis, which is based on wavelets [25-26], was applied to the low velocity tests to
remove further the noise in the data and reveal the real particle contact response. The high-
performance motors, precise transducers together with the high frequency data logging system
enable the dynamic apparatus to perform shearing tests at an expanded range of velocities from

0.18 mm/h up to over 1000 mm/h, depending on the material tested.
2.2 Calibration of the apparatus and validation of output
2.2.1 Stiffness in the normal load direction

The performance of the dynamic apparatus and its high stiffness in the normal direction was
verified by performing tests on a set of reference grains of chrome steel balls and glass ballotini
of 2mm diameter. These grains have highly consistent surface characteristics and repeatable

results in terms of normal load — displacement behavior [27-28]. The normal load - displacement



174

175

176

177

178

179

180

181

182

183

184

185

186

187

188

189

190

191

192

193

curves of three pairs of chrome steel balls (named CSB N1, CSB N2 and CSB N3) and two pairs
of glass ballotini (named GB N1 and GB N2) are plotted in Figure 3 (a) and (b), respectively.
Fitting using the model proposed by Hertz ([29], after [30]) was applied to fit the test results and

quantify the contact Young’s modulus. This fitting is based on Equations (1) to (3) as follows:

F, = f( R')”E'SS
3 (1)
1 1 1
=
R R R, @

1 1-v} 1-v2
+ [
E E, E,

©)
where Fy is the normal force, R” is the equivalent particle radius computed from Equation (2), E”
is the equivalent Young’s modulus computed from Equation (3), oy is the normal displacement
and vi, v2, R1, Ry, E; and E; correspond to the Poisson’s ratio, radius and the apparent Young’s
modulus of the two grains in contact. The radius, the Poisson’s ratio (which was taken as 0.3)
and the apparent Young’s modulus of the upper and lower grains are assumed to be identical
(i.e., Ry = Ry =1mm for both CSB and GB grains, v; = v, =0.3, and E; = E;). The apparent
Young’s modulus was used as a fitting parameter to match the model Hertzian curve to the
experimental data. The fitted curves are given in Figure 3 in the red double lines, and the
corresponding apparent Young’s modulus values are marked in the legends. Note that the
application of the Hertz model to the normal load — displacement curves produces a small
mismatch at the initial regime of very small displacements (in general less than 0.5-1.0 pum),
which has also been reported in previous studies on both reference and natural sand grains

[18,23-24,31]. Based on this fitting, the apparent Young’s moduli of the three pairs of chrome
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steel balls ranged between 160-190 GPa, while those for the glass ballotini were in the range of
75-85 GPa. These results fall within the same range as the reported data by Sandeep and
Senetakis [27-28], who examined the normal contact behavior of reference grains with two
different well-established micromechanical loading apparatus. These results prove the reliability
and reproducibility of the new dynamic apparatus in the normal direction, demonstrating the high

stiffness of the vertical system.
2.2.2 Stiffness in the tangential-shearing direction

Calibration was carried out in the shearing (horizontal) direction to check the compliance of the
new apparatus (similar to the methods described by Senetakis and Coop [20]). The deflections of
the load cell, the motors and connections are the main source of flexibility of the system in the
shearing direction. The flexibility of the system was measured by performing shearing with the
upper and lower grain mounts firmly fixed to each other with super glue under 5N of normal
load, as illustrated in the sub-figure of Figure 4(a). In this case, the shearing displacement
measured is solely because of the compliance of the system, since no slip was allowed between
the upper and lower grain mounts. The results are plotted in Figure 4(a) in terms of shearing
displacement-flex. (denoted as SD in Equation (4)) against the tangential force (Ft). Note that
the term SD here equals to the horizontal displacement (HD) having subtracted the displacement
HDcorrection (section 2.1), which were at a magnitude of 0.0016mm when F+ reached 1N during
the compliance shearing test. Based on a third order polynomial fitting, the following equation

could be derived:

SD =-0.002925F° +0.012024F +0.011618F; 4)

10
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The deflection of the system can then be calculated from the equation above based on the
magnitude of the tangential force. Subtracting the HDcorrection and the deflection SD from the

recorded horizontal displacement HD, the real shearing displacement can be revealed as follows:

Corrected shearing displacement = HD — HDcorrection — SD (5)

An example is given in Figure 4(b), where the tangential load — displacement relationship of a
shearing test on specimen CSB 4 (pair of chrome steel balls) before and after the correction is
plotted. Specimen CSB 4 was sheared at a velocity of 1.05mm/h under 1.7 N of normal load (test
number 5 in Table 1). The behavior was initially non-linear with a decreased rate of tangential
force increment with displacement reaching, after a short shearing path, a steady-state sliding.
During the steady-state, evidence of stick-slip behavior was observed (i.e. slight fluctuation of
the tangential force with increasing displacement) which has also been reported in previous
studies on chrome steel balls [27,32]. In this test, the maximum magnitudes of SD and
HDcorrection are around 0.0023mm and 0.0002mm, and after the correction, the tangential
stiffness before reaching the apparent steady state increased. The initial tangential stiffness (Ko)
of this test, which was calculated at around 0.0004mm tangential displacement, increased from
44N/mm to 162 N/mm after the correction. Note that additional correction of the measured
tangential force is not necessary in the new apparatus since its inherent friction was found
negligibly small, so that the only important correction, due to compliance, is of the measured
shearing displacement which corrects the real tangential stiffness at the grain contacts. For the
given normal load, the corrected value of Ky, agrees well with previously reported data on

chrome steel balls by Sandeep and Senetakis [32].

2.2.3 Validation of the shearing test results

11
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In section 3, the set of materials tested in this study in a wide range of velocities is presented
with information on the types of tests performed. This testing program aims at investigating the
effect of sliding velocity on the frictional behavior of a broad range of material types and
combinations. In this section, a few of these tests are presented in order to assess the repeatability
(and reliability) of the new apparatus in terms of measured tangential load — displacement
response and inter-particle friction, considering experiments on three types of materials and a
narrow range of relatively low velocities (which match with those from previous studies for

comparison purposes).

For validation purposes, under different magnitudes of normal load, a set of shearing tests were
performed on three materials, namely chrome steel balls (CSB), Leighton Buzzard sand (LBS)
and glass ballotini (GB) at low shearing velocities (0.40-0.53 mm/h), and the apparent steady
state inter-particle tangential load, coefficient of friction (u) and tangential stiffness were
measured. The details of the shearing test results are summarized in Table 1. From the low
velocity shearing tests on five pairs of CSB specimens (i.e., test numbers 1, 2, 3, 4 and 10 of
groups CSB 1 to 5), the apparent steady state coefficient of friction was found to range between
0.08-0.12, with an average value equal to 0.10. Within the range of normal load (1.7-5N), the p
values were consistently close, and they matched well with the literature results, reported by
[20,27]. The two pairs of glass ballotini grains gave close p values, with the apparent steady state
u of GB 1 and GB 2 specimens equal to 0.12 and 0.13, respectively, when sheared at 0.5 mm/h.
Sheared under 2.8 N of normal load, the p value of LBS 1 from test 16 was found to be 0.15,
which was lower than that of LBS 2 (0.25) from test 22, which was sheared under 1.7 N of
normal load. The u values of the specimens from Leighton Buzzard sand and the glass ballotini

are also close to the literature values reported by Sandeep and Senetakis [27,31].

12
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Representative tangential stiffness degradation curves of tests on LBS and GB are given in
Figure 4(c) to illustrate the tangential stiffness of these two materials measured in the new
dynamic apparatus. Specimens LBS 2 and GB 2 were sheared under 1.7 and 1.3 N of normal
load, respectively, and the shearing velocity was 0.53mm/h. The initial tangential stiffnesses
(Kto) of LBS 2 and GB 2 are about 220 and 152 N/mm, respectively. The initial tangential
stiffness of the LBS test reasonably matched what was reported by [23,31-33]. Note that for both
GB and LBS and for the given normal load magnitudes, the tangential stiffness reaches zero at
very small displacements of the order of 1 um which is in agreement with previous works

[23,27,31-32].

3. Materials and testing program

Five types of materials, namely chrome steel ball (CSB) with a diameter of 2mm, Leighton
Buzzard sand (LBS) (fraction: 1.18-2.36mm), a quartz sand with nominally flat surface, glass
ballotini (GB) with a diameter of 2mm, and recycled granulated rubber chips, were included in
the study for the investigation of the effect of shearing velocity on the inter-particle friction of
standard, natural and composite interfaces. Representative images from a scanning electron
microscope of the materials are given in Figure 5. Superglue was used to stick the grains onto the
mounts and at least 12 h of curing time was allowed before the performance of the tests. Extra
grooves of 2 mm in diameter and 1 mm in depth were manufactured at the center of the grain
mounts to hold the grains firmly during testing (similar to [18,20]). In total, 5 pairs of CSB
grains, 2 pairs of LBS grains, 1 pair of LBS against quartz sand with a rather flat surface and 2
pairs of GB grains were included in the monotonic shearing tests, and 52 shearing tests were
performed to evaluate the shearing velocity effect on the shearing response of the grain-grain

interfaces. The shearing response of the grain-rubber interface was evaluated by performing 37
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shearing tests that were carried out on two pairs of CSB — rubber and two pairs of LBS — rubber
specimens. A set of cyclic shearing tests with various shearing velocities were performed on two

pairs of LBS — rubber specimens.

The details of the shearing tests between grains (CSB, GB, LBS, LBS-nominally flat quartz) are
given in Table 1. The shearing behavior of five pairs of CSB grains was tested within a range of
1.7-5N of normal load. Specimens CSB 4 and CSB 5 were repeatedly sheared at different
velocities under 1.7N and 5N of normal load, respectively. Two pairs of grains from LBS and
two pairs of grains from GB were also sheared at different velocities. The grain-grain contact
tests were generally sheared only up to 0.03-0.05 mm of shearing path for the grain against grain
tests to maintain an apex to apex type of contact, and the range of velocities covered was 0.40-
264 mm/h. Shearing at even higher velocities could not be easily performed on the current
version of the apparatus, as not enough reliable data of the force and displacement during
shearing can be captured given the relatively short shearing path (0.03-0.05 mm) of the small
size grains. For example, at a 264 mm/h velocity, 0.05 mm of shearing path would be covered in
less than 0.7 seconds. An LBS particle was sheared against a quartz sand with a nominally flat
surface (denoted as LBS 3) to extend the shearing path, and thus the maximum shearing velocity
was expanded to 612 mm/h. For a given pair of grains, the shearing velocities were randomly
sequenced among the cycles to avoid possible effects of preloading and preshearing, but the
higher velocity shearing cycles (>100mm/h) were always performed last to avoid possible

disturbance to the specimens.

CSB and LBS particles were sheared against recycled granulated rubber chips at different
velocities under 1.5-2.1 N of normal load, and the detailed information of the tests is given in

Table 2. The granulated rubber chips were recycled from automobile tires with a dimension of 2-
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6 mm. In order to extend the range of shearing velocities, a relatively consistent and long
shearing path is needed. Therefore, rather elongated rubber chips (3-5 mm length) with a
relatively flat surface were chosen to perform the tests, and the shearing paths of all the grain-
rubber shearing tests were, in general, of 0.13 mm or more. During the grain-rubber interface
tests, the rubber chip was always glued to the lower grain mount, while the grain was glued to
the upper one, as illustrated in Figure 6, where two representative images of LBS — rubber and
CSB — rubber during tests are given. Note that the grain mounts used to hold the rubber chips are
without the groove, i.e. the rubber chip is glued directly to a flat surface. To avoid possible
effects of preloading and preshearing, the shearing velocities were randomly sequenced, for
example, the velocity sequence of specimen CSB+R 1 was: 2, 22, 43, 0.4, 81, 327, 166, and 565

mm/h.

4. Test results

4.1 Monotonic shearing tests on grain-grain interfaces

Two pairs of grains from each type of material (i.e., CSB, LBS, LBS-quartz sand and GB) were
studied, and at least five different shearing velocities were covered for each pair of grains. The
details of each test, including the magnitude of the applied normal load, the shearing velocity and
the apparent steady state coefficient of friction, are listed in Table 1. The mobilized coefficients
of friction (w) against shearing displacement at three representative shearing velocities of CSB,
GB and LBS are given in Figures 7(a), (b) and (c), respectively. At the higher shearing velocities
(i.e., 34 mm/h) less data could be recorded, but the p values can be satisfactorily captured. At the
apparent steady state of shearing, the mobilized p was observed to be slightly fluctuating

especially for the CSB and GB pairs of grains, which is due to their very smooth surfaces as also
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was reported in previous works [27,32]. In those tests, the apparent steady state p was taken as
the mean value of the fluctuating p at the steady state. To illustrate the effect of shearing velocity
on the coefficient of friction, the apparent steady state u of the seven pairs of grains from three
materials are plotted against the corresponding shearing velocity in Figure 8. Within a range of
shearing velocities from 0.53 to 146 mm/h, the p values of the chrome steel balls ranged between
0.09 to 0.12, while that of the glass beads fluctuated around 0.13. The p values of specimen LBS
1 fall into a range from 0.15 to 0.18, while those of LBS 2 fluctuated between 0.24 to 0.27. The
LBS-quartz inter-surface (test LBS 3) yielded higher p values between 0.39-0.45, for shearing
velocities within a range of 0.50-612mm/h, but no specific correlation between p and shearing
velocity was observed. The different average values of u between the different pairs of grains
from the natural sand (LBS and LBS-nominally flat quartz), is expected to be observed since
natural materials display discrepancies with respect to their morphological properties as also
reported by [23,27,32]. From Figure 7, Figure 8 and Table 1, no systematic effect of the shearing
velocity could be observed on the apparent steady state coefficient of friction of a given pair of
grains within the range of normal loads and velocities covered. Note that this range of velocities
is much broader compared with previous works which used the existing micromechanical
loading apparatus of City University (e.g. studies by [23-24,27,31]). Those studies covered a

range of velocities, in general, from 0.003 to 0.30 mm/h.

4.2 Monotonic shearing tests on grain-rubber interfaces

Two CSB grains and two LBS grains were sheared against rubber chips at different velocities
and representative mobilized coefficients of friction against shearing displacement plots are
presented in Figures 9 (a) and (b) for tests CSB+R 1 and LBS+R 1, respectively. Clear effects of

shearing velocity on the coefficient of friction of CSB — rubber interface can be observed from
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Figure 9(a). At 0.37 to 2.05 mm/h, the apparent steady state p was around 0.22 to 0.24. The p
started to increase with the increase of shearing velocity after the velocity exceeded 22 mm/h,
despite the drop of friction from 81 mm/h to 163 mm/h. The steady state p increased by about
67%, from 0.24 to 0.40 as the shearing velocity increased from 0.4 mm/h to 565 mm/h for
specimen CSB+R 1. The mobilized p values of seven repetitions of shearing of specimen
LBS+R 1 are plotted together in Figure 9(b), and the increase of pu was observed from the LBS —
rubber interface shearing tests as well. The shearing behaviors below 1mm/h shearing velocity
were almost identical, with the steady state p to be equal to about 0.29. At 81 mm/h shearing
velocity, which is the maximum velocity reached for this pair of grain — rubber, the steady state

increased to 0.37.

The details of all the four pairs of grain-rubber interface shearing tests are summarized in Table
2, where, in general, the steady state u of all the specimens were observed to be increased by the
higher shearing velocities. The trends are illustrated in Figure 9 (c) and (d) in terms of apparent
steady state coefficient of friction against shearing velocity for CSB+R and LBS+R tests,
respectively. A maximum of five orders of magnitude of velocities were covered in the study,
from the minimum of 0.37mm/h up to the maximum 1,339 mm/h. At low shearing velocities
(below 1mm/h), the apparent coefficient of friction of CSB+R 1 (0.24) is 35% lower than that of
CSB+R 2 (0.37). The grain-rubber interface friction should depend greatly on the rubber
surfaces, as the surfaces of the chrome steel balls are consistent, which is in agreement with the
recent study by Li et al. [12] who examined a broad range of sand types sheared against rubber,
but their results were restricted to a limited range of velocities. The steady state u of CSB -
rubber interfaces started to increase dramatically when the shearing velocity exceeded about

80mm/h.
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A notable difference in the steady state p was also observed between the two LBS — rubber low
velocity shearing tests. The apparent steady state p of LBS+R 1 increased from 0.29 to 0.37
(27.6% increment) as the shearing velocity increased from 0.37 to 81 mm/h, while that of
LBS+R 2 increased from 0.39 to 0.55 (41.0% increment) as the shearing velocity increased from
0.53 to 1,339 mm/h. Although the steady state u of LBS+R 2 fluctuated between 0.46 to 0.49 in
the range of shearing velocities from 372 — 1,134 mm/h, the influence of shearing velocity was,

in general, very clear.

The secant stiffness degradation curves of tests CSB+R 1 and LBS+R 1 are plotted in Figure
10(a) and 10(b), respectively. The secant, instead of tangent, stiffness is presented since the data
points captured at high shearing velocities were limited and at the initial stage of shearing, the
secant and tangent stiffness should be identical. Within the scatter of the data in Figure 10, a
general trend of increased value of the initial stiffness can be observed as the shearing velocity
increases for both CSB - rubber and LBS — rubber tests. For example, the secant stiffness of
CSB+R 1 at 0.37mm/h and 2.05mm/h of shearing velocity at around 0.002 mm displacement is
around 40 N/mm, while at a shearing velocity of 163 mm/h, the stiffness increased to around 63

N/mm (increase of about 58%).

4.3 Cyclic shearing tests on grain-rubber interfaces

Two pairs of LBS — rubber grains (named as LBS+R C 1 and LBS+R C 2) were tested in cyclic
shearing mode and the tangential force against shearing displacement results are plotted in
Figure 11. Both pairs of grains were cyclically sheared under 2 N of normal load at various
shearing velocities. The displacement amplitude for specimen LBS+R C 1 was around 0.15 mm,

while that of specimen LBS+R C 2 was around 0.18 mm. The cyclic shearing was performed at
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26 mm/h and 210 mm/h for specimen LBS+R C 1. From Figure 11 (a), it can be observed that
the initial stiffness of the shearing at 210 mm/h was 69 N/mm, which is much higher than the 38
N/mm observed from the shearing at 26 mm/h. The maximum tangential force reached at 0.15
mm tangential displacement for the higher velocity shearing test was also larger compared to that
of the low velocity shearing test LBS+R C 1, which induced a slightly larger hysteretic loop. The
damping ratios, which can be derived from the loops in the tangential load — displacement plane
(similar to [31]), of the higher and lower shearing velocity cyclic shearing were approximately
equal to 44.3% and 44.2%, for the higher and lower velocities, respectively. Thus, the small
increase of the tangential force had limited effect on the damping ratio. A similar increase of
both tangential force and initial stiffness with the increase of shearing velocity was also observed
for specimen LBS+R C 2. The maximum tangential force increased from about 0.75 to 1.10 N as
the shearing velocity increased from 5 to 158 mm/h. These results imply that even though there
is an influence of the shearing velocity on the energy losses (and damping ratio), though small,
an effect of shearing velocity on the initial tangential stiffness could be observed for both

specimens tested.

5. Summary and Conclusions

A newly developed dynamic micro-mechanical apparatus was presented in the paper together
with a set of preliminary tests on a broad range of materials. The new micromechanical apparatus
can perform experiments on pairs of grains of about 1 to 5mm diameter and can investigate the
normal load and tangential load — displacement behavior of sand grains at their contacts, with

emphasis on the effect of sliding velocity, even though the apparatus allows experiments to be
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performed on grain-block and block-block types of contacts as well. In the tangential direction,
calibration of the apparatus was performed using a specially designed specimen to provide a
correction of the resultant displacement due to compliance of the apparatus. Based on this
calibration as well as verification experiments in both the normal and tangential directions, it was
shown that the apparatus is stiff enough and also produces repeatable results on reference grains
when compared with previous studies which have used well-established micromechanical
apparatus. Through a set of shearing tests on standard materials of chrome steel balls and glass
ballotini as well as tests on natural materials of Leighton Buzzard sand (LBS) and LBS —
nominally flat quartz interfaces, no significant effect of the shearing velocity was observed on
the grain interface shearing behavior considering a range of velocities from 0.50 to 612 mm/h. It
is noted that these experiments were performed on nominally dry surfaces. However,
experiments on chrome steel ball — rubber and LBS — rubber interfaces within a range of
shearing velocities from 0.40 to 1,340 mm/h, showed a significant influence of shearing velocity
on the coefficient of friction and an additional influence on the initial tangential stiffness and
energy losses. This influence appeared to be important beyond velocities of 10 to 50 mm/h for
the composite interfaces. The results from the study, along with the establishment of the new
micromechanical apparatus, are promising in the study of velocity effects in micromechanical
research which can contribute to new insights in geomechanics and petroleum engineering

research and modeling.
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Figure 1 Image of the new dynamic apparatus from the front view with the key components
illustrated

Figure 2 Schematic plot of the new dynamic apparatus from a side view (note * the vertical non-
contact displacement sensor is behind the vertical load cell and the upper specimen mount from
this view, ** the displacement monitoring system for the upper loading system is illustrated
separately)

Figure 3 Typical normal load test results and corresponding fitting using the model proposed by
Hertz of (a) three pairs of Chrome Steel Balls (CSB); (b) two pairs of Glass Ballotini (GB)

Figure 4 Calibration test results of the new dynamic apparatus in the tangential direction: (a)
Compliance of the apparatus expressed with shearing displacement-flex. versus tangential force;
(b) A typical example of the shearing test results of specimen CSB 4 sheared at 1 mm/h before
and after compliance correction; (c) Representative plots of tangential stiffness against shearing
displacement of Leighton buzzard sand (LBS 2) and glass ballotini (GB 2) at a shearing velocity
of 0.5 mm/h

Figure 5 Representative scanning electron microscope images of (a) chrome steel balls; (b) a
Leighton Buzzard sand particle; (c) the quartz sand surface; (d) a glass ballotini particle; (e) a
piece of rubber chip

Figure 6 Representative images of (a) LBS particle against rubber chip before the application of
the normal load; (b) CSB particle against rubber chip under 2N of normal load

Figure 7 Representative plots of mobilized coefficient of friction () against shearing
displacement of (a) chrome steel ball (specimen CSB 4); (b) Leighton Buzzard sand (specimen
LBS 2); and (c) glass ballotini (specimen GB 2)

23



547
548
549

550
551
552
553

554
555
556
557
558

559
560

561

Figure 8 Influence of shearing velocity on the inter-face behavior of grain-grain contacts
expressed with the coefficient of friction: (a) Chrome steel balls; (b) Leighton Buzzard sand; (c)
Glass ballotini

Figure 9 Influence of shearing velocity on the inter-face behavior of grain-rubber contacts (a)-
(b) Representative plots of mobilized coefficient of friction (p) against shearing displacement of
chrome steel ball - rubber chip (specimen CSB+R 1) and Leighton Buzzard sand - rubber chip
(specimen LBS+R 1); (c)-(d) Coefficient of friction against shearing velocity

Figure 10 Influence of shearing velocity on the inter-face behavior of grain-rubber contacts (a)
Representative plots of secant stiffness against shearing displacement of chrome steel ball -
rubber chip (specimen CSB+R 1) shearing test at different velocities; (b) Representative plots of
secant stiffness against shearing displacement of Leighton Buzzard sand - rubber chip (specimen
LBS+R 1) shearing test at different velocities

Figure 11 Cyclic shearing test results of LBS - rubber chip at different velocities (a) at an
amplitude of around 0.15 mm; (b) at an amplitude of around 0.18 mm
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Table 1 Details of grain interface shearing testing program and results

No. | Material type | Code of test NorFma' load, Shearing ?tgfeacr:%gtf;t;ae?\il
n (N) velocity (mm/h) of friction (1)
1 CSB 1 5 0.4 0.08
2 CSB 2 48 05 0.1
3 | CSB 3 3.3 0.5 0.12
4 17 05 0.09
5 | 17 1 0.09
6 | 17 2 0.1
— CSB 4
L Chrome steel L7 0 01
_8 | pall(csB) L7 34 0.09
9 17 146 0.1
10 | 5 0.5 0.1
11 5 1 0.09
12 5 2 0.11
= CSB5
13 5 8 0.11
14 | 5 33 0.12
15 | 5 146 0.11
16 2.8 0.5 0.15
17 | 2.8 2 0.16
18 | LBS 1 2.8 9 0.18
19 | 2.8 17 0.18
20 | 2.8 34 0.17
21 | 17 05 0.25
22 Leighton 17 1 0.26
—— Buzzard Sand
28| g 17 2 0.24
24 17 4 0.24
25 | LBS 2 17 8 0.26
26 | 17 17 0.27
27 | 17 34 0.26
28 | 17 146 0.26
29 | 17 264 0.26
30 | Leighton 2 05 0.42
31 Buzzard Sand LBS 3 2 2 0.42
32 | (LBS)—Quartz 2 4 0.39
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33 2 8 0.39
34 | 2 17 0.4
35 | 2 34 0.43
36 | 2 146 0.42
37 | 2 264 0.43
38 | 2 612 0.45

39 17 05 0.12
40 | 17 1 0.12
41 | 17 2 0.11
42 | 17 4 0.13
— GB 1

43 17 8 0.13
44 | 17 17 0.13

45 | Glass Ballotini 1.7 66 0.14
46 | (GB) 1.7 146 0.15
47 | 1.3 05 0.13
48 | 1.3 1 0.14
49 | 1.3 0.13
— GB 2

50 13 0.15
51 | 13 34 0.14
52 | 13 146 0.15
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Table 2 Details of grain — rubber interface shearing testing program and results

No. Material type Code of test Norma(ll\ll())ad, Py Shear(mgr]n\//ﬁ)louty ?tggaa;igﬁit:iﬁ)t/
of friction (W)
53 2 0.4 0.24
54 2 2 0.22
55 2 22 0.25
56 2 43 0.27
57 CSBHR1 2 81 0.31
58 2 163 0.29
59 2 327 0.35
60 Chrome Steel 2 965 0.4
61 Ball + Rubber 2.1 0.5 0.37
62 Chip 2.1 9 0.34
63 2.1 43 0.33
64 2.1 81 0.36
65 CSB+R 2 2.1 163 0.37
66 2.1 327 0.43
67 2.1 565 0.48
68 2.1 900 0.5
69 2.1 1134 0.53
70 15 0.4 0.29
71 15 0.8 0.29
72 15 17 0.32
73 LBS+R 1 15 34 0.34
74 15 43 0.35
75 15 66 0.37
76 Leighton 15 81 0.37
Buzzard Sand +
77 Rubber Chip 1.7 0.5 0.39
78 1.7 5 0.4
79 1.7 34 0.42
80 LBS+R 2 1.7 66 0.43
81 1.7 146 0.44
82 1.7 264 0.45
83 1.7 372 0.46
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566
567
568
569
570

571

84
85
86
87
88
89
90

1.7 453 0.46
1.7 670 0.48
1.7 797 0.47
1.7 908 0.49
1.7 978 0.49
1.7 1134 0.48
1.7 1339 0.55

28



572

573
574

575

Vertical servo motor
and the solid
mounting panel

Vertical load cell

Reference plane
(mounted on vertical
load cell)

ww 0LT

Non-contact

displacement sensors
— Electronic microscope

i Vertical non-contact

Reference plane ’
displacement sensors

(mounted on lower |

specimen mount) |
—— Reference plane (mounted

Horizontal load cell on lower specimen mount)

Linear guides

Horizontal micro
stepping motor
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Figure 2 Schematic plot of the new dynamic apparatus from a side view (note * the vertical non-
contact displacement sensor is behind the vertical load cell and the upper specimen mount from
this view, ** the displacement monitoring system for the upper loading system is illustrated
separately)
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Figure 3 Typical normal load test results and corresponding fitting using the model proposed by

Hertz of (a) three pairs of Chrome Steel Balls (CSB); (b) two pairs of Glass Ballotini (GB)
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Figure 4 Calibration test results of the new dynamic apparatus in the tangential direction: (a)
Compliance of the apparatus expressed with shearing displacement-flex. versus tangential force;
(b) A typical example of the shearing test results of specimen CSB 4 sheared at 1 mm/h before
and after compliance correction; (c) Representative plots of tangential stiffness against shearing
displacement of Leighton buzzard sand (LBS 2) and glass ballotini (GB 2) at a shearing velocity

of 0.5 mm/h
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Figure 5 Representative scanning electron microscope images of (a) chrome steel balls; (b) a
Leighton Buzzard sand particle; (c) the quartz sand surface; (d) a glass ballotini particle; (e) a

piece of rubber chip

Figure 6 Representative images of (a) LBS particle against rubber chip before the application of

the normal load; (b) CSB particle against rubber chip under 2N of normal load
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623 Figure 9 Influence of shearing velocity on the inter-face behavior of grain-rubber contacts (a)-

624  (b) Representative plots of mobilized coefficient of friction (u) against shearing displacement of
625 chrome steel ball - rubber chip (specimen CSB+R 1) and Leighton Buzzard sand - rubber chip

626 (specimen LBS+R 1); (c)-(d) Coefficient of friction against shearing velocity
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Figure 10 Influence of shearing velocity on the inter-face behavior of grain-rubber contacts (a)

Representative plots of secant stiffness against shearing displacement of chrome steel ball -

rubber chip (specimen CSB+R 1) shearing test at different velocities; (b) Representative plots of
secant stiffness against shearing displacement of Leighton Buzzard sand - rubber chip (specimen

LBS+R 1) shearing test at different velocities
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636 Figure 11 Cyclic shearing test results of LBS - rubber chip at different velocities (a) at an
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