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Abstract: One of the critical design parameters used in evaluating soil
structure is the friction angle, derived from Mohr's Circle failure criterion.
The soil friction angle is an engineering parameter estimated in the
laboratory to quantify the soil shear strength in geotechnical applications.
This paper indicates an experimental study investigating the impact of
particle size on different sandy soils shear strength behavior. The direct
shear test equipment is useful for simulating various stress regimes to
determine the soil strength by employing a slow moving lateral force to a
consolidated sample along a shear plane. A series of direct shear tests were
conducted to investigate the interface behavior of soil. Soil samples were

selected from different locations in New Mexico, United States. The
influence of soil particle size on the soil's shear strength behavior is
discussed by performing a series of symmetric direct shear tests according
to ASTM D3080 and analyzing the results. To minimize errors, electronic
transducers were used to measure vertical and horizontal displacements.
DS7 is geotechnical testing software controlling the test by utilizing a data
logger. The investigation indicates that the maximum vertical deformation
for all different kinds of sandy soils accrued simultaneously. It was
concluded that a soil's friction angle is affected by coarse-grained material.
Accordingly, sandy soils with bigger particle size record a higher friction
angle than soils containing small particles. Furthermore, a non-linear
regression analysis was performed to determine the direct relationship
between soil's friction angle and soil particle characteristics.

Keywords: Soil Structure, Friction Angle, Mohr’s Circle Failure, Shear
Strength, ASTM D3080, Uniformity Coefficient, DS7

Introduction

To predict the engineering behavior of the soil, it is a
crucial early step to estimate the water content, the
Atterberg limits and strength parameters (Rasti et al.,
2020). The internal friction angle is an important
parameter of soil, the estimated strength can be derived
using Mohr's Circle failure criterion. A soil’s friction
angle describes the shear resistance of a soil with
presence of normal effective stress at which shear failure
occurs (Mitchell et al., 1972). The friction angle is a
common parameter used to quantify the soil shear
strength in  geotechnical applications, including
pavements, earth dams, retaining walls, slope stability,
foundation design, pipelines and soil cement
stabilization. The soil friction angle can be determined
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by applying various types of equipment and theoretical
methods to resolve states of stress. Common apparatuses
include the triaxial stress test, direct shear test and
double-punch test (Hasan and Rashid, 2017). Both direct
shear and triaxial methods have been widely used to
measure the shear strength of soil and rock materials in
geotechnical engineering practice. The direct shear test is
a simple and common method for design and research to
estimate the friction angle and cohesion of materials per
ASTM D3080. Direct shear testing has several
applications since less time is required to fail and
complete the test than the triaxial test (Gan et al., 1988;
Lee, 1970; ASTM International, 2011).

The wide application of the direct shear test in
evaluating the strength behavior of granular materials
over other shear tests is indorsed to their simplicity of
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setup, a short experiment run time, ability to perform the
test under different condition (saturation, drainage and
consolidation) and ability to determine the residual
strength  (Maccarini, 1993; Majedi et al., 2020).
However, laboratory tests are expensive. It requires
expertise to run the test correctly; therefore, it is
recommended that the experiment be simulated using
numerical methods such as the hybrid discrete-finite
element method to study the effective parameters in the
direct shear test (Afrazi et al., 2018). The non-uniformity
of stress and strain in direct shear test and having rigid
boundary condition, which significantly reduces the
grain movements made the direct shear test a practical
test for strength behavior of granular materials
(Sadrekarimi and Olson, 2011).

Numerous factors influence the soil friction angle,
such as mineralogical composition, particle size and
gradation, particle shape, compaction characterization,
confining pressure, roughness, moisture content, void
ratio and relative density. Additive materials can
improve the soil formations’ engineering properties
and they can significantly improve the shear strength
and tensile strength. For example, geotextile as an
additive material can increase the shear strength of
sandy soil. Accordingly, the soil stability in slopes
will increase by improving its shear strength
(Faramarzi et al., 2016; Ranjkesh Adarmanabadi et al.,
2020; Mardookhpour and Ooshaksaraie, 2011; Huat et al.,
2009; Drews et al., 2020).

Among all these parameters, particle size and shape
play a significant role in soil shear strength properties.
Several investigations have evaluated the impact of soil
particle characteristics on soil shear behavior, which
indicates it is still the subject of debate (Cho et al., 2006;
Prakasha and Chandrasekaran, 2005; Ranjkesh
Adarmanabadi et al., 2021)

Fuggle (2011) conducted a laboratory investigation to
determine the effects of size and gradation on sand
particles' shear strength. It was observed that sand
particle size and gradation significantly affect soil
friction angle and dilation angle. The shear behavior
of sand and gravel mixtures was conducted on
different proportions by applying triaxial tests. Effects
of gravel gradation, particle size and particle shape on
shear strength were evaluated. The results indicate
that the shear strength increased with increasing
gravel content greater than 50% by weight (Fuggle,
2011; Holtz and Gibbs, 1956).

A series of direct shear tests on sand-gravel mixtures
were performed by (Simoni and Houlsby, 2006) to find
the relation between shearing resistance and grain size
distribution of materials. Thus, different amounts of
gravel were added to the sand. In the next step, sand and
sand-gravel mixtures' strength behavior were compared.
The result's analysis showed that friction angle, peak
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friction angle and dilatancy at failure increased by gravel
addition even with gravel fraction less than 0.1 by
volume (Simoni and Houlsby, 2006).

Particle size distribution is an important parameter
influencing the shear strength behavior of granular
materials. Direct shear box testing was performed on sets
of mixtures of fines and mixtures of fines with gravel to
investigate the effects of particle size and shape on soils'
strength behavior. The results illustrated that the fine
fraction experienced less friction angle due to particle
alignment and densification. On the other hand, friction
angle increased as coarse particles increase and rising
elongation or decreasing convexity caused an extra
increment in friction angle (Li, 2013).

Vangla and Latha (2015) reported the results of direct
shear and interface direct shear tests on three different
size fraction sands with similar morphological
characteristics to eliminate the particle's size effect on
the friction and interfacial shear strength of sands. The
results indicated that particle size has no impact on peak
shear strength and interface shear strength for the test
conducted on sands with similar morphology at the same
void ratio. It was also observed as particle size increased,
the ultimate friction angle and the shear bands' thickness
increased (Vangla and Latha, 2015).

Prakasha and Chandrasekaran (2005) conducted one-
dimensional consolidation and Triaxial Shear tests to
survey marine sand-clay mixtures' behavior at different
proportions. It was concluded from the experiments that
an increase in sand grains caused a reduction in void
ratio and undrained shear strength and an increase in
friction angle and pore pressure.

This study aims to determine the effect of particle
size characteristics on the friction angle of sandy soil
materials. For this purpose, the friction angle of different
sets of comparable samples with different particle size
fractions by utilizing a direct shear test was estimated.
All tests were conducted on a soil specimen cut from a
sample in natural moisture conditions from different
New Mexico states' target places. Direct shear tests for
each sample took place on three different specimens
taken from the same sample at increasing consolidation
loads. To minimize the error of the experiment,
electronic transducers were employed to measure
vertical and horizontal displacements. The direct shear
test was controlled by DS7, geotechnical testing software
connecting to the data logger.

Methodology

Several investigations were performed to study the
soil particle size's effect on their shear strength under
direct sliding conditions. For example, the study was
conducted by Vangla and Gali to investigate the impact
of particle size of sand and the surface asperities of
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reinforcing material on the interlocking soil mechanism.
Their investigations proved that the peak interfacial
friction and dilation angles are dependent upon the
interlocking between the sand particles and the relative
size of sand particles and asperities (Vangla and Gali,
2016). This investigation aims to determine the
consolidated drained shear strength of several soils under
direct shear boundary conditions to evaluate the effect of
particle size on their shear strength.

Design of Test Setup

The conventional direct shear test is a popular test to
determine the mechanical behavior of interfaces and
estimate fundamental parameters such as friction angle
(Vangla and Gali, 2016; Bacas et al., 2015; Rouse et al.,
2008; Bergado et al., 2006).

The direct shear test was conducted according to
ASTM D3080 (ASTM International, 2011).

The direct shear test is designed to provide an idea of
soil strength by employing a force to a consolidated sample
along a shear plane. Shear stress and displacements were

nonuniformly distributed within the specimen. Direct shear
measures the peak strength of the soil before failure. The
test is conducted on a soil specimen cut from a sample in
natural moisture conditions. The sample is housed in a
square shear box with rigid walls with 15.59 in? area. A
porous plate sits above and below the sample, allowing
water to flow in and out under saturation and consolidation
conditions (Fig. 1).

The shear box is split into two halves, fixed in position
and the other connected to the drive mechanism, free to
move across the fixed part under shearing conditions. The
two halves are fixed to each other with securing screws
during the consolidation phase of the test (Fig. 1).

In this investigation, the tests were performed in a
natural moisture condition. Direct shear tests took place
on three different specimens taken from the same sample
and for each sample, the consolidation load applied is
increased. Consequently, the results from tests are
grouped in a combined report. In the consolidation stage,
the load is applied to the sample through the slotted
weights via a level arm with a fixed ratio of 10:1.

©

Fig. 1: (a) Direct shear box container; (b) Direct shear box; (c) Porous plate
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Electronic  transducers measured vertical and
horizontal displacements of the sample in automatic data
collection systems. To control the test, DS7 software was
used utilizing a data logger. DS7 is geotechnical testing
software that provides a test option for the direct shear
test. In this study, DS7 version 3 that ELE generated was
used. A stepper motor-driven gearbox applied force by
allowing shearing speeds of 0.00001-90.9999 mm/min.

Sample Preparation and Testing

For this investigation, different types of soil were
selected and three tests were performed on specimens
from one soil sample. Soil samples were selected from
different locations in New Mexico, United States. Figure

2a to 2d present the soil used for this study. A series of
laboratory tests were performed on samples to determine
the soil engineering properties. Samples were tested for
engineering properties as presented in the Table 1
(ASTM International, 2015; 2017a-c).

Grain size distribution curves for soils were obtained
per ASTM D6913-04 and the results are presented in
Fig. 3. Properties of these soils are given in Table 2. The
median size (Dsg) of materials is estimated and ranged
between 0.080 and 0.180 mm. To prevent an excess pore
water pressure, all tests were performed at a constant and
low displacement rate of 1 mm/min under three different
normal stresses to estimate the shearing response of
different materials (Dai et al., 2016).

(©
Fig. 2: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4
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Fig. 3: Particle size distribution curve

Table 1: ASTM standards used in this investigation to define the typical engineering properties

ASTM Standard Engineering properties

ASTM D6913-04
ASTM D2487-17
ASTM D3282-15
ASTM D4318-17

Standard test method for particle-size distribution (gradation) of soils using sieve analysis

Standard practice for classification of soils for engineering purposes (unified soil classification system)
Standard practice for classification of soils and soil-aggregate mixtures for highway construction purposes
Standard test methods for liquid limit, plastic limit and plasticity index of soils

Table 2: Typical engineering properties of soil samples

Sample ID Group name Group symbol LL (%) PL (%) PI Dgo (MmM) D (mm) Dy (mm) Cy Cc Dso (mm)
S1 Poorly graded sand ~ SP NV NP SNP  0.850 0.425 0.18 4722 1181 0.600
S2 Sandy fat clay CH 50 15 35 0.075 0.075 0.075 1.000 1.000 0.075
S3 Silty, clayey sand SC-SM 25 18 7 0.109 0.075 0.075 1.357 0.737 0.080
S4 Silty sand SM NV NP SNP  0.250 0.075 0.075 3.333  0.300 0.180

Note: Dgo = 60% of the soil particles are finer than this size, D3, = 30% of the soil particles are finer than this size, D1 = 10% of the soil particles are
finer than this size, Dso = 50% of the soil particles are finer than this size, Cy = The uniformity coefficient, Cc = Coefficient of curvature, Pl =
Plasticity Index, LL = Liquid Limit
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Table 2 gives the general information about the test
series conducted.

The mobilized friction angle relation is (Labuz and
Zang, 2012; Heyman, 1972):

‘z" =C+otang

where, C is cohesion, zis the shear stress on plane, o is
the normal stress on the plane and ¢ is the angle of the
internal friction.

Results and Discussion

In this study, a series of symmetric loading direct shear
tests were completed. All tests were carried out with three
samples using different normal pressures. Tests were
performed until the shearing resistance achieved the
maximum value. The vertical deformation Vs. time of the
samples under three different normal stresses are presented
in Fig. 4a to 4d. Besides, Fig. 5a to 5d are showing the shear

o= emSample A sesesSample B emm— Sample C

stress vs. the relative lateral displacement. It can be seen
that the pattern for all samples is similar. The maximum
deformation for all samples is between 0.8 and 2.0 mm. It
is concluded that the maximum deformation for all
different kinds of sandy soils and applying various normal
stresses accrued simultaneously. Maximum deformation
for all samples occurred at 0.4 square root minutes
regardless of the stress level.

Materials used in the current investigation have
different engineering properties and particle size,
presented in Table 2. The normal stress applying on
uniform samples and the summary of direct shear test for
each soil are given in Table 3 to 6.

Investigating the relationship between measured
shear stress failure and normal stress allow estimating
the effective shear strength parameters and internal
friction angle (Niroumand, 2017). Based on a
Mohr-coulomb failure criterion, the slope variation of
the shear stress with normal stress is defined as internal
friction (Perkins, 2007).
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Fig. 4: (a) Deformation Vs square root time- S1; (b) Deformation Vs square root time- S2; (c) Deformation Vs square root time- S3;

(d) Deformation Vs square root time- S4
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Table 3: Summary of direct shear test- sample S1

Sample S1 A B C
Normal Stress (kPa) 121.35 242.63 424.58
Peak Strength (kPa) 99.49 169.13 274.07
Corresponding Horizontal Displacement (mm) 3.57124 3.59918 3.47472

Rate of Shear Displacement (mm/min)
Final Moisture Content

Stage 1: 0.0995426
5.69%

Stage 1: 0.0992124
5.69%

Stage 1: 0.0997966
5.69%

Particle Specific Gravity 2.65 2.65 2.65
Final Void Ratio 0.3522 0.4133 0.4179
Final Saturation 42.81% 36.46% 36.06%
Table 4: Summary of direct shear test- sample S2

Sample S2 A B C
Normal Stress (kPa) 247.59 495,11 866.40
Peak Strength (kPa) 171.47 256.97 399.21
Corresponding Horizontal Displacement (mm) 3.62204 3.62966 3.6068

Rate of Shear Displacement (mm/min)
Final Moisture Content

Stage 1: 0.096266
11.99%

Stage 1: 0.0997458
12.01%

Stage 1: 0.099619
12.01%

Particle Specific Gravity 2.65 2.65 2.65
Final Void Ratio 0.9968 1.1377 1.3998
Final Saturation 31.88% 27.98% 22.73%
Table 5: Summary of direct shear test- sample S3

Sample S3 A B C
Normal Stress (kPa) 32.20 64.47 128.86
Peak Strength (kPa) 26.61 47.09 79.57
Corresponding Horizontal Displacement (mm) 3.59156 3.57124 3.53314

Rate of Shear Displacement (mm/min)
Final Moisture Content

Stage 1: 0.099695
9.16%

Stage 1: 0.0999236
9.21%

Stage 1: 0.099949
9.17%

Particle Specific Gravity 2.65 2.65 2.65

Final Void Ratio 0.969 0.8481 0.8315
Final Saturation 25.05% 28.79% 29.22%
Table 6: Summary of direct shear test- sample S4

Sample S4 A B C
Normal Stress (kPa) 30.90 61.90 123.80
Peak Strength (kPa) 48.00 67.20 108.50
Corresponding Horizontal Displacement (mm) 2.858 3.629 3.592
Rate of Shear Displacement (mm/min) Stage 0.1000 Stage 1: 0.1000 Stage 1: 0.1049
Final Moisture Content 13.03% 13.51% 13.39%
Particle Specific Gravity 2.65 2.65 2.65
Final Void Ratio 0.9479 1.1223 1.1712
Final Saturation 36.44% 31.90% 30.29%

This investigation's purpose is to evaluate the
impact of particle size of different types of sand on
shear strength behavior. Several studies proved that
the angularity influences the sands' stress-strain
response and with increasing the interlocking forces,
the peak shear strength will increase (Santamarina and
Cho, 2001; Holtz and Kovacs, 1981; Vangla and
Latha, 2015; Rouhanifar et al., 2020). It is proved that
void ratio has a more considerable effect on the
friction angle than the particle size and particle size
does not have any effect on the peak friction angle if
the void ratio is same.

The result of experiments present in the Fig. 6a to 6d.

Statistical Analysis

As observed from test results, sample no. 1 shows the
highest interfacial frictional resistance to the other samples.
The following table indicates the comparison of the friction
angle of materials used in this investigation. A summary of
particle size is presented in Table 7. Results indicated that
the angle of friction for material with bigger particle size
was steeper than the other soils that contain small particles
in the stress range tested. According to the direct shear test
results, friction angles were obtained in the range of 20-34°.

Friction angle of the tested material increased with
the increasing uniformity coefficient of samples and Dsg
(Fig. 7 and 8).
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Figure 8 displays the results of the friction angle of
laboratory tests versus the uniformity coefficient
measured. It can be seen that there is a relation between

characteristics. It is was found a power function with a
good coefficient of determination between the soil
uniformity coefficient, Dso and their friction angle. As

the soil's friction angle and its uniformity coefficient. As
Cu increases, the friction angle will rise.

A non-linear regression analysis was performed to
evaluate different soil particle factors' effect on its
internal friction angle. Table 8 indicates the relationship
between the sandy soil friction angle and its particle

presented in the table, the relationship between friction
angle and Cy has the highest -coefficient of
determination. Consequently, Dso and Cy of soil can be
used to estimate the soil's friction angle while Cy is
giving more accurate results.
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Fig. 7: Friction angle Vs the Dso
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Fig. 8: Friction angle Vs the uniformity coefficient of tested materials

Table 7: Summary of friction angle and D50 material used for study

Sample ID Dso (mm) Friction angle (°)
S1 0.600 34.21
S2 0.075 20.26
S3 0.080 28.51
S4 0.180 33.15

Table 8: Proposed relation between the friction angle and soil particle characteristics

Dependent variable Independent variable Proposed equation R?
Friction angle Dso 39.86 *(Dso)?-184 0.56
Cu 22.74* (Cy)02% 0.80
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Conclusion

The effects of particle sizes on the sandy soil's shear
strength parameters were studied in this investigation.
The relationship between the measured friction angle and
different soil particle characteristics of different sandy
materials was investigated. Among various factors, the
relationship between friction angle with Dso and Cy was
considerable. This investigation proved that the friction
angle of soil is affected by the presence of coarse-
grained material. It was concluded that there is a direct
relationship between friction angle and a soil's
uniformity coefficient with a high coefficient of
determination. It was observed that the interfacial
frictional resistance records a higher value by increasing
the uniformity coefficient.
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