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Abstract: For the geotechnical construction and maintenance, assessing the shearing
behavior at the soil-structure interface is significant. This study presents an
experimental investigation about the effect of the grain size distribution of a sandy soil
on the shearing behaviors at the soil-structure interface, using a modified direct shear
apparatus. Five soil samples with different coefficients of uniformity were prepared.
The normalized roughness of the structure surface (the ratio between the maximum
roughness of the structure plate and the mean grain size of the soil), the relative density,
the maximum, the mean and the minimum grain sizes of all samples were controlled
the same. During the tests, the shear force, the shear displacement and the vertical
displacement were monitored. The results show that at a given shear displacement and
normal stress, the sample with lower coefficient of uniformity C, presents higher shear
stress and more pronounced dilative behavior. The increase of C, leads to the decrease
of the friction angle for the soil-structure interface (at both peak and ultimate states)
and the decrease of the maximum vertical deformation of the soil sample during the
shearing process. As Cy increases, the main force chain at the soil-structure interface
turns from the contact between the coarser grains to that mainly formed by the finer
grains, resulting in the decrease of the shearing resistance. In comparison with the
previous relevant studies, the decreasing trend of the friction angle with the increase of
Cu is strongly supported.

Keywords: soil-structure interface, grain size distribution, coefficient of uniformity,

friction angle, dilatancy
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Introduction

In the field of geotechnical and geological engineering contents such as piled
foundations, geosynthetic-reinforced structures, soil nailing projects and retaining walls,
the soil-structure interaction plays a key role in the long-term performance of these
constructed facilities (Abu-Farsakh et al. 2007; Zhou and Yin 2008; Yin and Zhou 2009;
Zhou et al. 2011; Anubhav and Basudhar 2013; Chen et al. 2013; Qian et al. 2013; Zhou
et al. 2013; Arulrajah et al. 2014; Divya et al. 2014; Venkateswarlu et al. 2018; Wang
et al. 2018a; Goodarzi and Shahnazari 2019; Wang and Chen 2019; Wang et al. 20193,
2019b, 2019c). Among the mechanical behaviors for the soil-structure interface,
assessing the shearing behavior is of paramount importance, which thus attracts
increasing attentions from researchers in the recent decades.

The shearing behavior at the soil-structure interface is complex, with various
influencing factors. Among these factors, the surface roughness of the structure was
widely studied and was proven to significantly affect the shearing behaviors at the soil-
structure interface (Uesugi and Kishida 1986; Jensen et al. 1999; Dove and Jarrett 2002;
Hu and Pu 2004; Zhang and Zhang 2006; DeJong and Westgate 2009; Hamid and Miller
2009; Chen et al. 2015; Jing et al. 2018; Su et al. 2018; Zhou et al. 2019). To standardize
this effect, a normalized surface roughness R, was proposed by Uesugi and Kishida
(1986), defined as the ratio between the maximum roughness of the structure plate
R..x andthe mean grain size d,, of the soil. As R, increased in the beginning, the

friction coefficient increased; when R reached a critical value, the friction coefficient

stabilized irrespective of the variation of R, (Uesugi and Kishida 1986; Jing et al.
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2018; Su et al. 2018). Except for the surface roughness of the structure, other influential
factors such as loading conditions and soil properties on the shearing behaviors at the
soil-structure interface were also reported by several studies using numerical and
experimental methods (Desai et al. 1985; Uesugi and Kishida 1986; Zeghal and Edil
2002; Oumarou and Evgin 2005; Zhang and Zhang 2006; Mortara et al. 2007; DeJong
and Westgate 2009; Hamid and Miller 2009; Tabatabaiefar et al. 2013; Turan et al. 2013;
Hokmabadi et al. 2014; Trombetta et al. 2014; Eid et al. 2015; Hokmabadi et al. 2015;
Karimi and Dashti 2016; Nguyen et al. 2017; Fatahi et al. 2018; Jing et al. 2018; Su et
al. 2018; Zhu et al. 2018; Zhou et al. 2019). However, in terms of the soil properties,
the investigation about the influence of the grain size distribution of soils on the
shearing behavior at the soil-structure interface remains scarce.

In fact, as reported in literature, the grain size distribution of the soil has a
significant impact on the mechanical behaviors of the geotechnical materials (Kokusho
et al. 2004; Wichtmann and Triantafyllidis 2009; Yan and Dong 2011; Wang et al. 2013;
Wichtmann and Triantafyllidis 2013; Liu et al. 2014; Norsyahariati et al. 2016; Wang
et al. 2017, 2018b, 2018c). Based on this consideration, Uesugi and Kishida (1986)
conducted a series of shear tests to investigate the effect of the grain size distribution
of sandy soils on the shearing behaviors at the soil-structure interface. They stated that
the influence of the coefficient of uniformity C, on the friction coefficient of the soil-
structure interface was insignificant. However, this conclusion was not rigorous, using

the samples with only two different coefficients of uniformity, different maximum /

minimum grain sizes, and an extremely low R, value (about 0.006 and 0.03). This
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value was much smaller than the critical R, value ranging from 0.1 to 0.18 for this
soil (Uesugi and Kishida 1986), suggesting that the variations of the friction coefficient
had not reached the stable state and some estimating errors might thus be induced. Liang
et al. (2017) investigated the shearing behavior of the soil-steel interface at various

grain size distributions of a sand-stone mixture, with the same steel plate. Nevertheless,

the mean grain sizes d,, were different for the samples, leading to the variations of
the normalized surface roughness R, . As a result, the different R, values might also
affect the testing results (Uesugi and Kishida 1986; Jing et al. 2018; Su et al. 2018;
Zhou et al. 2019). Thereby, to the authors’ knowledge, the effect of the grain size
distribution of soils on the shearing behavior at the soil-structure interface has not been
fully addressed yet.

In this study, a series of shear tests on the soil-structure interface were performed
using a modified direct shear apparatus at five different grain size distributions for a
sandy soil. The maximum, the mean and the minimum grain sizes, and the relative
density of each sample were kept the same. One steel plate with the regular saw-tooth
plate and a constant maximum surface roughness was used as the testing structure,
which also indicates a constant R value. During the tests, the shear force, the
horizontal shear displacement and the vertical displacement of the shear box were
monitored. The testing results allow the effect of the grain size distribution of this sandy

soil on the shearing behavior at the soil-structure interface to be analyzed.

Materials and Methods



110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

Testing Materials

In this study, the Fujian standard sand was taken as the testing material. The soils were
stored in sealed plastic bags in the laboratory with constant temperature and humidity.
With three randomly selected soil samples, the water contents were determined by the
oven-dry method as 0.059%, 0.073% and 0.090%, respectively, suggesting that this
stored sandy soil can be approximately considered as dry sand with such low water
content. In the following tests, the soils with this state of negligible water content were
used.

In order to investigate the effect of the grain size distribution of soils on the soil-
structure interface behaviors, the sandy soil was firstly sieved through different grain
sizes between 0.212 mm and 2 mm, as shown by the photos of the sand particles (100
g mass for each photo) with different grain size ranges in Fig. 1. These particles have
well-rounded corners and edges, determining the mean roundness parameter at about
0.88 by the particle projection and the image processing procedures [the roundness
herein is defined as (ZJz_A)/ P by Hentschel and Page (2003): 7~ is the circular
constant, A is the particle image projection area, P is the particle image projection
perimeter; with the roundness value closer to 1, the particle shape is closer to a
completely round one; see more details about the determination of the roundness of this
sand in Li et al. (2018)]. Then, the sieved soils with different grain sizes and mass
fractions were mixed to obtain soil samples with different grain size distribution curves,

as shown in Fig. 2. In this study, five grain size distributions were considered, showing

the variation of the coefficient of uniformity C, ranging from 1.85 to 5.20. According
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to ASTM (2017), the testing soils can be classified as poorly graded sand (SP). Table 1
lists the detailed soil properties. Note that to eliminate the extra influencing factors
except for C,, the maximum, the minimum and the mean grain sizes were controlled
as the same. In addition, during the sample preparation, the relative densities of all
samples were kept at 90%.

Testing Apparatus and Methods

The schematic view of the modified direct shear apparatus is shown in Fig. 3. The shear
box consists of two parts: the base fixed with the regular saw-tooth plate and the upper
part (sample size: 100 mm x 100 mm x 20 mm) filled with the soil sample (Fig. 3b).
For the saw-tooth plate, a constant maximum surface roughness R . was provided.
According to the tests on the same kind of sand by Su et al. (2018), when the normalized
surface roughness R, was higher than about 0.4, the friction angle of the soil-structure
interface remained relatively stable regardless of the change of R, . Hence, in this study,
the R, value was chosen as 0.8, to ensure that the stable values of the friction angle
could be obtained. Thus, the corresponding R . Vvalue was back-calculated as 0.636
mm (dy, =0.795 mm, see Table 1).

For the testing procedures, the selected saw-tooth plate (R_. = 0.636 mm) and the

max

upper box were firstly installed to the base of the shear box. Secondly, the soil samples
with the pre-determined mass (calculated through the parameters in Table 1) were
prepared by leveling and compacting with a rubber hammer in three layers in the shear
box. After that, the sample was covered by the top plate and the shear box was installed

in the modified direct shear apparatus (Fig. 3a). Fourthly, the base of the shear box was
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fixed to the shear apparatus and the bolts connecting the upper box and the base were
unscrewed. Then, the normal stress o, was applied through the loading system. In
this study, three normal stresses were considered for each sample: 50 kPa, 100 kPa and
200 kPa.

According to ASTM (2011) for the direct shear test, the default time for the poorly
graded sand [with less than 5% fines (particle size < 0.075 mm)] to failure was
recommended as 10 min. From the previous interface shear tests by Su et al. (2018) for
the same kind of sand with various roughness-value saw-tooth plates, the relative
displacement of 10 mm was found to be sufficient for the soil to enter the ultimate state.
Thus, the constant shear velocity of 1 mm/min (10 mm/10 min) was selected for the
present test, by driving the base with the saw-tooth plate horizontally and keeping the
upper box filled with the soil sample static. Finally, the tests terminated after the shear
displacement reached 12 mm, at which value the soil samples were expected to enter
the ultimate state (Su et al. 2018). During the tests, the shear force, the shear
displacement and the vertical displacement were monitored by the force sensor
(accuracy: 0.1 N), the horizontal and the vertical linear variable displacement
transformers (LVDT; accuracy: 0.001 mm), respectively (Fig. 3a).

Note also that to verify the testing accuracy of the proposed experiments before the
formal tests, three repeatability tests were performed on three samples of S1 (see

properties in Table 1 and Fig. 2) under 50 kPa normal stress.

Experimental Results
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Repeatability Tests

To check and to validate the accuracy of the testing methods, the repeatability tests
appear necessary. Fig. 4 shows the repeatability testing results about the variations of
the shear stress and the vertical displacement versus the shear displacement for three
S1 samples under 50 kPa normal stress. In the shear stress-shear displacement plane
(Fig. 4a), the peak and the ultimate shear stresses are defined as the maximum shear
stress during the shearing process and the shear stress at 12 mm shear displacement,
respectively. With regard to the relationship between the vertical displacement and the
shear displacement (Fig. 4b), dilatancy is considered for the positive vertical
displacement values and contraction is considered negative. The maximum vertical
displacement is defined as the maximum value of the positive vertical displacement
(dilatancy) during the shearing process. It can be observed from Fig. 4 that appropriate
repeatability can be obtained for both the shear stress and the vertical displacement
curves.

To quantify the repeatability of these tests, an uncertainty parameter is defined as
the ratio between the variation range of the value of a specific parameter (peak or
ultimate shear stress, maximum vertical displacement during shearing) and the average
value of this parameter for the three tests (Seif EIl Dine et al. 2010). With the lower
value of the uncertainty parameter, more accuracy can be obtained by the test. In terms
of the peak and the ultimate shear stresses, the uncertainty parameters are determined
as 1.55% and 2.87%, respectively. For the maximum vertical displacement, the

uncertainty parameter is calculated as 5.13%, which is slightly larger than those for the
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specific shear stresses. Nevertheless, the relatively low values of the uncertainty
parameters still verify and ensure the repeatability by the present testing apparatus and
methods.

Stress-Displacement Curves

Figs. 5-7 present the variations of the shear stress and the vertical displacement against
the shear displacement for each sample under 50 kPa, 100 kPa and 200 kPa normal
stresses, respectively. Note that the testing data of the sample with C, =1.85 (S1) under
50 kPa normal stress in Fig. 5 is represented by the repeatability Sample A in Fig. 4.
From the shear stress-shear displacement planes (Figs. 5a-7a), on the whole, all samples
firstly experience the elastic-perfectly and the plastic deformation procedures, until
reaching a peak shear stress at about 1.5 mm shear displacement. Then, the stress curves
follow the stress softening process, till a relatively stable shear stress is produced

beyond about 6 mm shear displacement. On the other hand, it appears that the stress-

displacement curve for C, =1.85 lies the highest under a given normal stress (Figs. 5a-
7a). As C, increases, the peak shear stress presents lower values. Moreover, this
difference seems to be more significant as the normal stress increases.

For the relationship between the vertical displacement and the shear displacement,
all samples present negligible contraction followed by dilatancy (Figs. 5b-7b). With a
lower value of C_, larger vertical displacement can be identified under a given normal
stress and a given shear displacement. This indicates the more pronounced dilatative

behavior during the shearing process for the soil sample with lower C, values.

Variations of Friction Angle and Maximum Vertical Displacement
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To have a better understanding of the effect of the grain size distribution of this sandy
soil on the soil-structure interface behaviors, the friction angle ¢ at the soil-structure

interface and the maximum vertical displacement d,_ . arecompared for each sample.

Fig. 8 shows the definition of the friction angle ¢ for the soil-structure interface (the
peak/maximum shear stress of S1 sample is taken as an example). Note that for the soil-
structure interface shear test, especially for the cohesionless soil (like sand used in this
study), the fitting between the interface shear stress and the normal stress can be
considered through the origin in the plot (see for examples in Hu and Pu 2004; Wang

et al. 2013; Eid et al. 2015). Thus, this fitting method is also applied for the

determinations of the interface friction angle in this study. Following this method, it can

be observed from Fig. 8 that the variation of the shear stress o, with the normal stress
o, presents a linear relationship with high accuracy (coefficient of determination
R? =0.990), determining the tangent value of the friction angle (tan ¢ ) as the slope of
the fitting line. Table 2 lists the coefficients of determination R® for the friction angles
at peak and ultimate states for all samples. It can be seen that the R* values are no less
than 0.987, verifying the accuracies of the determinations of the interface friction angle
at both peak and ultimate states.

Fig. 9 depicts the variations of the friction angle for the soil-structure interface at
peak and ultimate states with the coefficient of uniformity C, for each sample.
Distinct stress softening behavior is identified for a given sample during the shearing

process, with higher values of the friction angle at peak state than the ultimate state.

With C, increasing, the friction angles at both peak and ultimate states decrease
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linearly. In other words, for a structure surface with a given normalized roughness (with

R, higher than the critical value), the soil-structure interface provides a higher
shearing resistance for the granular soils with a lower C, value. Furthermore, the

friction angle at peak state seems to decrease more rapidly than the ultimate state as

C increases.

u

The variation of the maximum vertical displacement d, .. against the coefficient

ax

of uniformity C, is plotted in Fig. 10 for each sample under the three normal stresses.
For a given sample, the maximum vertical displacement shows a higher value under a
lower normal stress, suggesting that the soil sample presents the more significant
dilative behavior under lower normal stresses. Under each normal stress, the linear
relationship can be observed between the maximum vertical displacement and the
coefficient of uniformity, with high fitting accuracies (R* >0.994). As C, increases,
the maximum vertical displacement decreases, presenting the less pronounced dilative
behavior of the sample. The less dilatancy or the less particle movement during the
shearing process leads to the decrease of the shearing resistance at a higher C, value
accordingly, which is consistent with the testing results shown in Fig. 9. Furthermore,

with the increase of the C, value, the difference between the maximum vertical

displacements of the sample under various normal stresses appears to decrease slightly.

Discussions

Interpretation of Interface Interactions

To interpret the mechanism of the variations of the friction angle with C,, two extreme
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cases are considered. Spheres are used to represent the granular soil particles in the
shear box. Fig. 11 and Table 3 show the details of the grain size distribution curves and
the mass fractions of these two cases, respectively. The maximum, the mean and the
minimum grain sizes of these two cases are kept the same as the present test (Fig. 11).
For Case | (nearly monodisperse material), the soil particles consist of 98% spheres
with diameter around 0.795 mm (d,, ), showing the C, value close to 1. However, for
Case Il (nearly polydisperse material), the large (1.99 mm diameter) and the small (0.21
mm diameter) spheres both account for 49% of the mass of the material, determining
the C, value close to 10. To investigate the sphere distributions in the shear box, the
PFC2D software was used to generate the soil samples randomly in a shear box (50 mm
length, 10 mm height) with the bottom as the regular saw-tooth plate (R, = 0.636 mm,
R, = 0.8). Note that due to the lack of parameters for the maximum and the minimum
dry densities for these two cases, the porosities of these two samples were both set at
0.36 as the value of S1 sample in the present test (Table 1).

Fig. 11 plots the generated soil samples in the shear box and the magnification of
two typical interface views of the two cases. For Case | (C, ~ 1), the particles close to
the interface fall in the saw tooth, because of the smaller particle size than the size of
the saw tooth (Fig. 11a). These fallen particles are thus interlocked by the saw tooth.
Then, the other particles with similar diameter join tightly with the fallen particles to
form the main force chain during the shearing process.

For Case Il (C, ~ 10), the small particles (0.21 mm diameter) fall in the saw tooth.

With plenty of the fallen small particles, a new effective interface is generated (Su et al.
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2018), as shown by the surface of the colored spheres in the magnification figures of
Fig. 11b. Then, the interactions of other particles with this effective interface can be
divided into two situations. Because of the small diameters of the particles forming the
new effective interface, this newly generated surface roughness value [lower than the
radius of the small particle (0.105 mm) for two horizontally abreast spheres] is much
smaller than the roughness of the saw-tooth plate and the diameter of the coarse grains

(2.99 mm). When the coarse grains (1.99 mm diameter) move along the effective

interface (Fig. 11b), the R_ value is extremely low (for two horizontally abreast small
spheres, R <0.105/1.99). According to Jing et al. (2018) and Su et al. (2018), this
interface can be considered as smooth, thus presenting negligible values of the interface
friction angle. On the other hand, when the small particles contact with the effective
interface, the main force chain is generated (Fig. 11b). As reported by several literatures,
the contact force chain by smaller particles shows lower values of shearing resistance
compared to that formed by larger particles (Wang et al. 2017, 2018b, 2018c). That is
to say, in combination with the two aforementioned interactions in Case 11, the shearing
resistance mainly provided by the force chain of the smaller particles (0.21 mm
diameter) in Case Il is expected to show lower values than that formed by the larger
particles (around 0.795 mm diameter) in Case I. This interpretation has a good
agreement with the observations in the present tests: for a given condition, with the
lower C, value of the granular soil, the soil-structure interface provides the higher
shearing resistance.

Comparison of Present and Previous Studies
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To verify the observations in the present test, several relevant studies are chosen to be
compared in terms of the friction angle at peak state. Table 4 lists the soil properties
and the testing details of the present and previous studies. The friction angles at the
peak state are plotted versus C, for these studies in Fig. 12. The previous
investigations about the effect of the grain size distribution of soils on the friction angle
include not only the interface shear test, but also direct shear tests, consolidated
drained/undrained triaxial tests and DEM (discrete element method) simulations (Table
4).

On the whole, the testing results of the friction angle all decrease with the increase
of C,, lying in a range defined by the upper and the lower bounds (Fig. 12). For the
previous interface shear test (Liang et al. 2017), the decreasing rate of the friction angle
with C, is less significant than that in the present test. This is probably due to the
different d., values for each sample (Liang et al. 2017), leading to the variations of
R, and thus influencing the interface friction angle. For the other tests without the
structure interface, the friction angle between soil particles also decreases as C,
increases, while the values of the friction angle and the variation rate are different for
each study. This is because except for C,, the shearing behavior of soils is also affected
by the soil type, the maximum, the mean and the minimum grain sizes, the relative
density, the water content, etc. The comparison between the present and previous
studies in Fig. 12 is an overall analysis of the existing data for both the soil materials

and the soil-structure interface. In summary, the previous studies still provide a strong

support for the variations of the friction angle with C, identified in the present study.
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Limitations of this Study

It is important to mention that the present and the existing relevant studies are all
focused on the granular soils, such as sands and gravels with low or negligible plasticity.
The plasticity effect is not considered for the sandy soil (or granular soil) in this study.
Thus, the identified observations are suitable for these granular materials, with the other
influencing factors kept the same (only the grain size distribution is considered as the
variable). However, for the soils with high plasticity (such as clay or silt), the decreasing
trend of the shearing resistance with the coefficient of uniformity might be different due
to the extra contribution of the cohesion, which cannot be negligible for these soils. To
clarify this issue related to the soils with high plasticity, more studies are needed.

Note also that normalized surface roughness R, is selected at a value (0.8 in this
study) higher than the critical value (around 0.4) identified by Su et al. (2018) for the
same kind of sand, to ensure the stable state of the interface friction angle. At this state,
the interface friction angle keeps constant, regardless of the changes of R, . Hence, the
present observations and interpretations are available for the soil-structure interface

when the normalized surface roughness exceeds the critical value.

Conclusions
This study investigates the effect of the grain size distribution of a sandy soil on the
shearing behaviors at the soil-structure interface using a modified direct shear apparatus.

The testing accuracy of the present testing method was firstly verified by repeatability

tests using three S1 samples (C, = 1.85) under 50 kPa normal stress. Appropriate
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consistency of the testing results was obtained for these three samples, ensuring the
accuracy of the following tests. Five samples with different grain size distribution
curves were prepared. During sample preparation, the maximum, the mean and the
minimum grain sizes, the relative density and the normalized roughness of the interface
were all kept the same for each sample. The variations of the friction angle for the soil-

structure interface and the maximum vertical displacement with the coefficient of

uniformity C, were analyzed.

With a lower C,, the shear stress curve lies higher in the shear stress-shear
displacement plane under a given normal stress. As C, increases, the friction angle
for the soil-structure interface decreases at both peak and ultimate states, with a higher
decreasing rate for the peak state. For a given sample, the maximum vertical
displacement shows higher values under lower normal stresses, suggesting the more
dilative behavior. With C, increasing under a given normal stress, less dilatancy or
less particle movement is identified during the shearing process, thus presenting a lower
shearing resistance.

The experimental observations are interpreted from the micro-mechanism of the
particle contact. For the granular sample with an extremely low C, value (= 1), the
shearing behavior is dominated by the contacts between coarser grains (diameter around
0.795 mm in this study). However, for the granular sample with an extremely high C,
value (= 10), the contacts between finer grains (diameter around 0.212 mm in this study)
form the main force chain, thus leading to a lower shearing resistance. In comparison

with the previous relevant studies, the observations about the decreasing trend of the

17



374  friction angle (at peak state) with the increase of C, are also strongly verified.
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381

382  Notation

383  The following symbols are used in this paper:

A = particle image projection area
C, = uniformity of coefficient

ds, = mean grain size

d.x = maximum grain size

d. = minimum grain size

d, = specific gravity

d,_mx = maximum vertical displacement
D, = relative density

n = porosity

P = particle image projection perimeter
R = maximum surface roughness

R, = normalized surface roughness
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384

385

386

387

388

389

390

391

392

393

394

395

396

397

R? = coefficient of determination

Py = dry density

Pymax = Maximum dry density

Pymin = mMinimum dry density

o, = normal stress

o, = shear stress

4 = friction angle

7 = circular constant
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Table 1
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Table 1. Soil properties

Sample dso (mm) Cu  pamax (@/cM®)  pamin (9/cm®) Dg (%)  ds n

S1 0.795 1.85 1.720 1.580 90 2.67 0.36
S2 0.795 281 1.830 1.700 90 2.67 0.32
S3 0.795 3.75 1.850 1.710 90 2.67 031
S4 0.795 4.67 1.870 1.710 90 2.67 0.31
S5 0.795 5.20 1.890 1.690 90 2.67 0.30

Note: dsp = mean grain size; Cy = coefficient of uniformity; pamax = maximum dry

density (ASTM 2016a); pdmin = minimum dry density (ASTM 2016b); Dq = relative

density, which can be expressed as D, _ PPy _pdmi”)xloo (ASTM 20164,
P (pdmax _pdmin)

2016b); p4 = dry density; ds = specific gravity; n = porosity.
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Table 2. Coefficients of determination R? for the friction angles at peak and ultimate

state

Sample  S1 S2 S3 S4 S5

Peak  0.990 0.993 0.987 0.997 0.998

Ultimate 0.990 0.998 0.993 0.999 0.990




Table 3 Click here to access/download;Table;Table 3.docx %

Table 3. Material properties of the two extreme cases

Sphere diameter (mm)  Mass fraction (%)

Case | Case Il

1.99 1 49
0.8 49 1
0.79 49 1
0.21 1 49

Cu ~1 ~ 10




Table 4 Click here to access/download;Table;Table 4.docx %

Table 4. Soil properties and testing setups

Studies Material dso (MmM)  dmax (MM)  dmin(mm)  Cy D4 (%) Testing
type

Present test Sand 0.795 2 0.212 1.85-520 90 IS

Liang et al. (2017) Sand-stone  0.17-1.06 2 0.07 24-7.2 NA IS

Norsyahariati et al. Silty sand NA NA NA 2-3.4 NA DS

(2016) *

Liu et al. (2014) 2 Sand 0.9 16-2 0.08-0.48 1.1-20 41.3-429 CU

Liu et al. (2014) 2 Glass ball 0.9 1.6-2 0.08-0.48 1.1-20 414-431 CU

Wiang et al. (2013) Sand-rock 1.1-71 10 0.07 2.2-17.6 NA T

Yan and Dong (2011) ¢ Sphere 2.4 6 0.2 1-2.17 NA CD

Note: dsp = mean grain size; dmax = maximum grain size; dmin = minimum grain size; Cy = coefficient of
uniformity; Dq = relative density; 1S = interface shear test; NA = not applicable; DS = direct shear test; CU =
consolidated undrained triaxial test; T = triaxial test; CD = consolidated drained triaxial test.

! The liquid limit and the plasticity index of fines (particle size < 0.075 mm) in the soils are 24.4-25.32 and
0.44-0.54, respectively.

2 The friction angle of total stress is used in Fig. 12.

3 This study is based on DEM (discrete element method) simulation.
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Fig. 1. Photo views of the sand particles (100 g mass for each photo) at different
ranges of grain sizes

Note: for each photo, the soil particles represent those passing the sieve with the larger

size and retaining on the sieve with the smaller size.
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