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Abstract: Surface roughness plays an important role in estimating the shear strength of granular
materials. A series of ring shear tests with different surface roughnesses (i.e., smooth and rough
surfaces) were performed. A large-sized ring shear device, which is applicable for fine- and
coarse-grained sediments, was developed to examine the shear strength of large particle sizes
(i.e., commercial gravels with a mean grain size of 6 mm). In terms of surface roughness, the drainage-
and shear-velocity-dependent shear strengths of the granular materials were examined. In this
study, different shear velocities of 0.1, 0.5, and 1 mm/s were applied under drained and undrained
conditions. The test results clearly show that shear stress is affected by drainage, shear velocity, and
surface roughness. In particular, a typical strain-hardening behavior is exhibited regardless of the
drainage and shear velocity condition. The measured shear strength obtained from both drained and
undrained conditions increased with increasing shear velocity. All tests showed a large fragmentation
using rough surfaces compared to the smooth surfaces of the device. The grain crushing was
significant during shearing, even when normal stress was not applied. For a given shear velocity,
surface roughness is an important feature in determining the shear strength of granular materials.
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1. Introduction

The shear strength of granular materials is a very important parameter in engineering practice
when examining the frictional and viscous characteristics of geomaterials [1,2]. Granular materials
have complicated shear deformation characteristics involving solid- and liquid-like behaviors [3,4].
A previous study found that granular materials have much more complex elastoplastic and viscous
behaviors than materials with finer particles [5]. For this reason, surface roughness has often been
taken into account in examining soil-structure interactions in geotechnical engineering practices for
piles, foundations, retaining walls, tunnels, embankment, and earth reinforcement [6-10], because the
soil-structure interaction is significantly influenced by the material’s properties, shape, roughness,
and loading conditions (i.e., monotonic and cyclic loading). Numerous studies have focused on the
frictional and viscous behaviors of loose and dense sands as representative granular matter [6,11].
According to Hu and Pu [8], for a sandy size particle (0.075-2 mm), elastic perfect-plastic behavior is
dominant for a smooth interface, while strain localization is dominant for a rough interface.

The importance of surface roughness in various grain sizes has also been evaluated and presented
by numerous researchers, because inter-particle friction can be affected by the Young’s modulus, particle
shape, and surface roughness of the materials [11-13]. The reason for this is that natural materials
have a wide spectrum of surface features in nature; it has generally been observed that inter-particle
friction increases with surface roughness. According to Shahrour and Rezaie [11], the friction angle
depends on both sand density and interface roughness. In order to investigate the effect of roughness

Appl. Sci. 2019, 9, 2977; doi:10.3390/app9152977 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
http://www.mdpi.com/2076-3417/9/15/2977?type=check_update&version=1
http://dx.doi.org/10.3390/app9152977
http://www.mdpi.com/journal/applsci

Appl. Sci. 2019, 9, 2977 20f10

on the frictional behavior of particle-particle and soil-structure interfaces, different types of tests have
been used under monotonic and cyclic loading: The simple shear test [14,15], the direct shear test [8,9],
and the ring shear test [16,17].

The effect of surface roughness on the mechanical behavior of granular materials is also crucial
for natural disaster prediction and prevention, such as landslides and debris flows. In landslide
areas, the mechanical properties that may lead to rock avalanches with rapid, massive, and dynamic
movements of fragmented rocks are evaluated by the surface roughness determined by in situ and
laboratory tests [9,18]. In geology, joints and weathering are related to fragmentation [19]. The shear
strength, permeability, and compressibility of granular materials are also greatly affected by the
fragmentation phenomenon when they are subjected to changes in stress. An empirical method to
estimate the travel distance of fragmented rocks in the Wenchuan earthquake area was presented
by Zhan et al. [1]. High mobile mass movements can be caused by the soft base effect [20], which is
related to the increase of fine-grained sediment during a landslide motion. In general, the surface
roughness of granular materials may result in particle breakage, also called grain crushing. In the shear
stress (or force) and strain relationship, three stages of particle breakage under compression can be
identified: (i) Local rearrangements and sliding, (ii) fragmentation by abrasion, and (iii) fragmentation
by fracture [21]; it is assumed that grain fragmentation can be characterized by the progressive
propagation of a transversal crack (including compression, abrasion, and fracture) inside the grain.
In general, the breakage potential of a soil particle increases with its size [22]. Using a large-sized ring
shear apparatus, particle breakage can be measured by the grain size distribution curve before and
after shearing [23,24]. However, the mechanical behavior due to particle breakage in different drained
and shear velocity conditions is not fully understood. In assessing landslide mobility, the mechanical
deformation from failure to post-failure may affect the shear zone formation, which depends on the
potential for grain crushing to occur. Thus, in a traditional laboratory test condition using a smooth
surface for a given loading, the underestimation of shear stress appears to be inevitable.

The objective of this study was to examine the effect of surface roughness on the shear strength of
gravels, as a granular matter, in the ring shear test. First, the characteristics of shear stress are examined
as a function of the drainage and shear velocity. Second, the surface roughness effect under drained
and undrained conditions is compared for different shear velocities. Third, the determined shear
strength and shear velocity relationships are discussed. Finally, the grain crushing effect is highlighted
using a grain size distribution analysis of gravels before and after the tests. However, the roughness of
the grain itself, cyclic behavior, and the strain rate effect based on the grain size were considered to be
beyond the scope of this study.

2. Materials and Methods

2.1. Materials

Commercial aquarium gravel with different grain sizes of 5-10 mm was used, because it may
result in higher fragmentation than the fines. The mean rounded shape value was approximately 6
mm (Figure 1). The dry densities were 1.839 and 1.725 g/cm?>. To represent an unbroken loose state of
gravel, a total of 4500 g contained in a ring shear box with a hollow cylinder volume of 2580 cm?® was
considered in all tests. Grain size analyses were conducted for unbroken and broken gravel particles
before and after the tests, respectively.



Appl. Sci. 2019, 9, 2977 30f10

ertical TR ;
b /i
i1 1 L - pen: drained
[ i i Closed: undrained

@ ring shearbox  _ .

| o
fixed
upper ring annular
rotaing ____| soil sample
lower ring

=250 mm (b

i 3 i Douter
A L. Do = 110 mm shearing

- — inner

~| Water Supply w =70 mm (width in annular ring)
i h =75 mm (total height of sample)
> -

Figure 1. Ring shear apparatus and material: (a) Ring shear apparatus; (b) ring shear box; (c) gravel;
and (d) schematic view of ring shearing.

2.2. Methods

2.2.1. Ring Shear Test

A ring shear apparatus is commonly used to examine the residual shear strength of soils based on
a shear stress—shear strain relationship. It is a well-known special instrument with an artificial slip
surface that allows for measurements of the shear stress when forces act on a sample [25-27]. One of
the main advantages of the ring shear test is the unlimited shear deformation developed in a soil
sample. There is a constant contact area during the test, so extra stress concentration with large shear
deformation does not occur [8]. To investigate the undrained shear strength of soils, a large-sized
ring shear apparatus was developed by various researchers [17,25-29]. This ring shear device is
easy to assemble and has simple drainage and shear velocity control systems (Figure 1). The device
incorporates one of the largest ring shear boxes, with a maximum outer diameter of 250 mm. It is
applicable for both fine- and coarse-grained sediments. The samples were contained in the ring shear
box, which is also called the ring shear cell [30]. Vertical loading can be applied to the samples through
three piston chambers (Figure 1a,b). However, normal stress-dependent frictional strength and shear
zone formation were beyond the scope of this study.

After mounting, the drained or undrained condition is selected using the open/close valve in
the upper plate. The shear velocity can be varied from 0.01 to 100 mm/s. In this study, three shear
velocities were selected: 0.1, 0.5, and 1 mm/s, with a particular emphasis placed on surface roughness.
These velocities were selected because the grain crushing of gravel is much higher (excessive) when the
shear velocity is higher than 1 mm/s in ring shear tests [30]. However, the effect of surface roughness
on the shear stress in the shear zone is not clear, because the inside of the ring shear box cannot be
observed during the test. Normal stress was not applied during the tests regardless of the drainage
condition; that is, the upper ring plate just contacts the upper part of the gravel material being tested
without applying any load because the frictional behavior is strongly influenced by applied normal
stress [8,11], which was not the focus of this study. The grain size and surface roughness also have
significant influence on the shear resistance [14]. To minimize the normal stress effect on the granular
materials, a constant normal stress is applied during a test (i.e., 0 kPa). However, the gravel may
resist the dilative force during shearing when the normal stress is applied to maintain a zero vertical
loading value. Thus, the materials tested are continuously subjected a contractive force, which could
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be negligible within the relatively low shear velocities imposed (e.g., 0.1-1 mm/s). During the tests,
the shear stresses (i.e., the torques) were measured by two arms on the sides of the ring shear box.
The variations in vertical displacement and normal stress were also measured. The testing procedures
were identical to those detailed by Sassa et al. [25,26].

2.2.2. Surface Roughness in the Ring Shear Box

The annular-like shape of the ring shear box has an inner diameter of 110 mm, an outer diameter
of 250 mm, and a height of 75 mm (Figure 2). The width between the inner and outer sides of the
annular-shaped shear box is 70 mm. The height of the materials in the ring shear box can be varied from
70 to 80 mm, but a fixed height of 75 mm was applied in the tests. In this context, a wide range of large
particle sizes (e.g., 0.075-10 mm) can be accommodated within the box. To minimize the slip effect, surface
roughness is required for many types of instruments when investigating an engineering problem. In some
tests, a thick sand cover with a rough surface texture was used for clayey to sandy soils. In this study,
two types of ring shear boxes with smooth (classic) and rough (serrated) surfaces were made and placed
inside the inner and outer sidewalls of the ring shear box to examine the frictional and fragmentation
effects during shearing. No roughness was considered for the classic ring shear box except at the top
and bottom. In the upper and lower plates, a combination of porous stone and 12 saw-like surfaces was
used. The rough surfaces in the second ring shear box were located inside the inner and outer sides of
the hollow cylinder box (Figure 2b—d). The dimensions of the rough surfaces were fixed. The thickness,
width, and height were 5 mm, 3 mm, and 22 mm, respectively, for the lower ring, and 5 mm, 3 mm,
and 26 mm, respectively, for the upper ring. In total, there were 32 inner rough surfaces and 72 outer
rough surfaces. Because of the dimensions of the rough surfaces, large particle sizes were well sheared at
the inner and outer perimeters of the shear box. In particular, the roughness was considered capable of
directly affecting the gravelly soil tested (mean grain size of 6 mm).

e’

—

\

Ring Shear Box
upper rlng - fixed

o}

5 mmx3mmx22 mm |

Iower ring «— rotated 72 saw-like surfaces §

5 mmx3mmx26 mm
36 saw-like surfaces

—— rough surface
samples
rubber edge |

2

|12 blades
porous stone
F—70 —— 110 ——70 — mm

-]

Figure 2. Ring shear box: (a) Smooth surface; (b) rough surfaces; (c) schematic view; and (d) inside
view with inner and outer rough surfaces.
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3. Results

The test results indicated the shear characteristics of gravels, the minimization of the wall slip
due to the rough surfaces in the inner and outer hollow cylinder box, the measured shear stress as
a function of the shear velocity, and the grain crushing effect with respect to surface roughness at
different drainage conditions and shear velocities.

3.1. Shear Characteristics of Gravel in the Ring Shear Tests

Ring shear tests were initially performed using a classic smooth surface for the aquarium gravel
with a normal stress of 0 kPa and a velocity of 0.5 mm/s. The mechanical properties of materials can
often be described by their shear stress and shear strain (or displacement) relationship in response
to the applied load. Figure 3 shows that in the shear stress—shear time relationship, the particles
exhibited a typical strain-hardening behavior, regardless of the drainage condition, which implies
that shear stress increases with increasing shear strain. This may be considered a shear resistance
(i.e., yield strength) occurring at the beginning of plastic behavior based on the rheology. There was
no contractive or dilative behavior apparent during shearing. Because the normal stress remained
constant during shearing, very little decrease in the height of the sample was observed (the variation
was less than 0.1 mm). According to Terzaghi et al. [31], typical dense sand and over-consolidated
clays are dilative, while loose sands and normally consolidated clays are contractive. There was little
effect based on the drainage condition. At the end of the test, as shown in Figure 3, the maximum shear
strength was approximately 20 kPa. The minor variation in normal stresses with both drained and
undrained conditions was caused by particle rearrangement, interlocking, and fragmentation along
the artificial sliding plane during the ring shear test (Figure 3¢ f). In the drained condition, after 1200 s,
there was a slight decrease in shear stress, which may occur because the strain localization due to grain
crushing was more significant in the drained condition; the large particles in the drained condition
could freely move from the upper part to the middle part (artificial sliding plane) within the ring shear
box. Similar results were reported by Sassa et al. [26]. The pore water pressure is also an important
factor in determining the shear strength in the undrained condition, but in this study, this value was not
a major factor because it strongly depends on the drainage and shear velocity. Thus, the measurement
of pore water pressure was not considered.
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Figure 3. Shear characteristics of gravels using smooth surface test box: (a—c) Drained and (d—f)
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3.2. Effect of the Surface Roughness on the Shear Stress

Figure 4 presents a comparison of the shear strength obtained from the smooth and rough surfaces
with respect to the drainage condition drained or undrained) and shear velocity (0.1, 0.5, and 1 mm/s).
The shear stress-time relationship was considered because the total displacements of the materials tested
were not exactly the same for all test conditions, as they may have been different for a given shear velocity.
As previously described, the tests were performed over a limited range of shear velocities because rapid
shearing may have resulted in an unnecessary reduction in the shear strength of granular materials for
higher velocities [32]. From the test results, the shear stress and shear deformation characteristics were
very similar for both drainage conditions. The effect of surface roughness on shear stress is crucial when
considering a relatively high shear velocity (i.e., > 0.1 mm/s). At 0.1 mmy/s, the shear stress measured
from the rough surfaces was slightly larger than from the smooth surfaces; however, at the end of the
test, both values were similar at their closest point (20 kPa for the drained condition and 17 kPa for the
undrained condition). At 0.5 mm/s, the difference in surface roughness was significant (Figure 4b,e).
Compared to the results at 0.1 mm/s, the shear stress measured from the smooth surface only slightly
increased (21-22 kPa), but the shear stress measured from the rough surface greatly increased (33-34 kPa).
At the final stage of shearing (at 2200 s), the stress difference between smooth and rough surfaces was
almost constant (12 kPa). For the shear velocity of 1 mm/s (Figure 4c/f), there was little difference in the
stress-time relationships. The difference was small until the shearing time reached approximately 500 s;
when shearing was continuously applied, dilatancy was prominent in the rough surfaces. In the drained
condition, a larger difference in shear stress was observed when a larger shear velocity was applied,
but the difference was small in the undrained condition. These results may be attributed to the presence
of shear localization and water in the shear zone.
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Figure 4. Comparison between smooth and rough surfaces for different shear velocities of 0.1, 0.5, and 1 mm/s:
(a—c) Drained and (d—f) undrained conditions. (a,d): 0.1 mm/s; (b,e): 0.5 mm/s; and (c,f): 1 mm/s.

There was no direct observation possible for the soil-structure interaction in ring shear tests using
the developed apparatus. However, from the test results, it may be deduced that, in terms of the
grain fragmentation, local rearrangement and sliding features were dominant for the shear velocity of
0.1 mm/s, while local abrasion and global fracture inside the grain were dominant for shear velocities of
0.5 and 1 mm/s. In brief, from the test results, the surface roughness was of significance, and this proves
that the wall slip phenomenon was minimized. However, it is not easy to estimate the fragmentation
effect based on shear velocity.
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3.3. Peak Shear Strength as a Function of Shear Velocity

From the shear stress and shear displacement relationships, the peak and residual shear strengths
could be determined. The maximum and minimum shear strengths were clearly determined from the
strain-softening behaviors of materials such as dense sands or over-consolidated clays. According to
Toyota et al. [33], there appears to be no shear rate effect for low and high plasticity clays when
relatively low shear rates ranging from 107° to 10~ mm/s are imposed on the slip surface. In this study,
the strain-hardening behavior was dominant for a given drainage and shear velocity; thus, only the
peak shear strength (i.e., the final shear stress) could be determined. For convenience, the value at the
end of each test was selected. In this context, the ultimate shear strength and residual shear strength
could not be determined. For a dense sandy soil-steel interface, Saberi et al. [6] demonstrated that as
the roughness increases, the shear strength and friction at the peak increase, but those at the residual
state essentially remain unchanged. The latter may be characterized by the thickness of the crushed
grain band and the fine content in a shear zone. For gravel, the shear zone thickness can be affected
by a relatively high shear speed (e.g., 300 cm/s, as tested by Sassa et al. [26]) and cyclic motion with
surface roughness [10]. Zhang and Zhang [10] demonstrated that a large shear deformation can result
in a remarkable thickness of the crushing band near the soil-structure interface for gravelly soils with a
mean grain size of 7 mm. In our study, this thickness of the crushing band increased up to a maximum
of 24 mm depending on the shear applied, but it reached a stable state if a large amount of shear
deformation occurs.

In general, the shear resistance increases with increasing shear velocity [34,35]. Figure 5 shows
the dependence of the peak shear strength on the shear velocity. Regardless of the drainage condition,
the values were similar at the same roughness. At the lowest shear velocity, i.e., 0.1 mm/s, the difference
varied from 0.3 kPa to 1.5 kPa. However, at the medium shear velocity, i.e., 0.5 mm/s, the difference
varied from 11.7 kPa to 14.6 kPa. Compared to the lowest shear velocity, the change in shear resistance
increased 10-fold. At the highest shear velocity, i.e., 1 mm/s, the difference varied from 5.2 kPa to
14.7 kPa. The difference in average values of shear strength (Av) obtained from smooth and rough
surfaces for each shear velocity were 1, 12, and 10 mm/s, for 0.1, 0.5, and 1 mm/s, respectively.
The largest difference was found at the shear velocity of 0.5 mm/s, meaning that this shear velocity
may induce an abrasion and fracture-dominant process not present in the 0.1 mm/s shear condition.
Interestingly, in the drained condition, the shear strength at 1 mm/s was almost identical to that at
0.5 mm/s. However, in the undrained condition, the difference may have decreased by as much as
5 kPa. Hence, in the undrained condition, the water in the shear zone played an important role in
shearing when measuring the torque in the ring shear test.

60 L I ) I L l ) I T I L) I ) I L) I L) l L) ' )
50 - —
;-L.a‘ L .
< 40 | I -
¥ | o
2
E 30 I =
b= i i
@ - -
2 20 AVO.5 —@— Smooth(Dr)
wn B ’ —l- Smooth(Ud)
10 |- Avo1 ~@- RoughDr)
| —l- Rough(Ud)
O L I 'l I L I 'l I L I 1 l L I 1 I L I 1 I 'l

0 01 02 03 04 05 06 07 08 09 1 11
Shear velocity (mm/s)

Figure 5. Peak shear strength as a function of the shear velocity.



Appl. Sci. 2019, 9, 2977 8 0f 10

3.4. Grain Crushing Effect with Surface Roughness in the Ring Shear Test

Particle breakage has a significant effect on soil behavior [22,36]. According to Hardin [22],
grain crushing is affected by many factors, e.g., particle shape, state of effective stress, void ratio,
particle hardness, and presence of water. A relative breakage potential can be determined using a
grain distribution analysis, but this was not considered in this paper. In addition, particle compaction
in the ring shear test may result in potential grain crushing and strain localization [30,37]. A grain
size analysis was performed for the aquarium gravel using eight sieves before and after the tests.
Figure 6 presents the grain size distribution curves with respect to surface roughness depending on the
drainage condition and shear velocities of 0.1, 0.5, and 1 mm/s. As shown in Figure 6, under identical
drainage conditions (Figure 6a—f) the grain crushing gradually increased with increasing shear velocity.
In each curve, the area created before and after the test could be considered as a fragmentation effect
through the artificial sliding plane. From the mechanical viewpoint, the roughness may cause increased
friction in both drainage conditions. All tests showed large fragmentation using the rough surfaces
compared to the smooth surface, although there was little difference between drained and undrained
conditions. For clayey and sandy soils, it may have been easier to locate the shear surface in the test.
However, it was much more difficult to visually compare the differences in shear zones obtained from
drained and undrained conditions for granular materials because of the invisible slip surface in the
ring shear test without using a transparent ring shear box [26]. For the gravel tested, the thickness of
the shear zone (hs) was estimated as 3-6 mm, based on the concept of relative roughness, assuming that
hs = (5 to 10)-Dsq [14]. In landslides, a great volume of fine-grained sediments from the entrainment
process can affect landslide transformation. For example, Zhang et al. [20] reported that “the fine soil
layer carried the slidebody moving fast on the ground and decreased the integrity of the slidebody.”
Excess pore water pressure and the soft base effect may combine to create a possible mechanism for the
transformation from slide to debris flow in landslides.
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Figure 6. Grain crushing effect with respect to surface roughness: (a—c) Drained and (d—f) undrained
conditions. (a,d): 0.1 mm/s; (b,e): 0.5 mm/s; and (c,f): 1 mm/s.

4. Conclusions

The effect of surface roughness on the shear strength of gravels using ring shear tests was examined.
The shear characteristics measured from smooth and rough surfaces in a newly developed ring shear
box were compared. The reduced wall friction using a smooth surface box may result in low shear
strength estimates. Rough surfaces in test devices may result in overestimated shear strengths of
geomaterials (clay to gravel-size), but they may also provide significant results if a slip occurs between
two non-homogenous materials for the determination of the residual shear strength of gravelly soils.
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From the test results, the shear strength of granular materials depended on the drainage condition
and shear velocity. The effect of surface roughness on shear strength, although small, could not be
considered negligible with respect to minimization of the wall slip effect. The gravel exhibited a typical
strain-hardening behavior regardless of the drainage and shear velocity when the gravel was firmly
covered by the upper plate of the test device without applying normal stress (0 kPa). The peak shear
strength obtained from drained and undrained conditions increased with increasing shear velocity,
when it may be assumed that the material exhibited plastic behavior; however, a large difference
was caused by surface roughness when the shear velocity was increased. The grain crushing effect
was not negligible and is actually dominant for both smooth and rough surfaces. A higher degree
of grain crushing was observed for rough surfaces in the ring shear test. In a landslide transition,
the reduction in shear strength with respect to the variation in pore water pressure and soft base
(i.e., finer materials forming at the bottom of the slidebody) caused by shearing should be examined.
In addition, the development of the shear zone, contraction, and dilatancy phenomenon, which depend
on the normal stress and shear velocity, should be examined.

5. Patents
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