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Effect of particle size on direct shear deformation of soil
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Abstract.  Soils are natural granular materials whose mechanical properties differ according to the size and composition of
the particles, so soils exhibit an obvious scale effect. Traditional soil mechanics is based on continuum mechanics, which can not
reflect the impact of particle size on soil mechanics. On that basis, a matrix—reinforcing-particle cell model is established in
which the reinforcing particles are larger-diameter sand particles and the matrix comprises smaller-diameter bentonite particles.
Since these two types of particles deform differently under shear stress, a new shear-strength theory under direct shear that
considers the stress concentration and bypass phenomena of the matrix is established. In order to verify the rationality of this
theory, a series of direct shear tests with different reinforcing particle diameter and volume fraction ratio are carried out.
Theoretical analysis and experimental results showed that the interaction among particles of differing size and composition is the
basic reason for the size effect of soils. Furthermore, the stress concentration and bypass phenomena of the matrix enhance the
shear strength of a soil, and the volume ratio of reinforcing particles has an obvious impact on the shear strength. In addition, the
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newly proposed shear-strength theory agrees well with experimental values.
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1. Introduction

Soil is a granular medium comprising mineral particles
whose sizes range from micron clay to centimetre rubble
spanning five to six orders of magnitude (Herrmann 2001,
Mitchell and Soga 2005, Park et al. 2018). Inside soil are
many intergranular interfaces whose mechanical properties
differ from those of the particles (Kanchi et al. 2015). When
soil is deformed, its particles experience uneven and
discontinuous deformations such as translation, rotation,
and intergranular interface slip, all of which weaken the
connections between the particles and their surroundings
and reduce the ability of the soil to transmit stress (Ba Ant
1999, Jiang and Liu 2003, Oda and Kazama 1998).
Therefore, the mechanical properties of soil—such as the
evolution characteristics, the width of the shear band, and
the stress softening amplitude—differ significantly from
those of traditional continuous media, with size effects
associated with particle rotation and interface slip. These
properties are directly related to the particle size (Morgan
1999, Morgan and Boettcher 1999, Vardoulakis and
Muhlhaus 1987, Onturk et al. 2020), while the dilatancy
characteristics and strength indicators (¢ and ¢ values) are
closely related to the particle composition (Aziz 2020).
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Furthermore, many geotechnical hazards, such as landslides
and debris flows, are affected by particle size and gradation
(Ballesteros Canovas et al. 2016). Traditional soil
mechanics is based on continuum mechanics, and the soil is
treated as a continuous medium, so the discontinuity and the
nonuniformity between the intergranular surfaces are
neglected. In traditional soil mechanics, Drucker and Prager
established a D-P model (Drucker and Prager 1952), and
Roscoe et al. (1963) proposed a Cambridge model suitable
for describing the deformation characteristics of normally
consolidated soil and weakly over-consolidated clay, but
both the D-P model and the Cambridge model are based on
the elastoplastic model. That is, the traditional constitutive
model does not contain scale parameters and cannot reflect
the impact of particle size on soil mechanics (Nicot et al.
2007). Therefore, when analyzing scale problems such as
shear-band evolution and debris-flow initiation, the
traditional constitutive model faces difficulties (lverson
1997, Kuhn 2005).

In order to solve the discontinuous problem of soil,
many researchers have proposed some solutions.

The discrete element method (DEM) takes particles as
the basic unit and considers the intergranular details of
extrusion, friction, and surface slip to reveal the inherent
mechanism of particle mechanical behavior (Cundall and
Strack 1980, Jiang and Liu 2003). However, the research
objects of this method are usually simple particle systems
comprising particles at the same scale (Mishra 2003,
Norouzi et al. 2016, Liu and Yang 2020). Its
computational efficiency can be greatly compromised when
large number of particles are required to model regions of
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Fig. 1 Matrix—reinforcing-particle cell element model of soil

less interest to researchers. Due to this, the application of
DEM to boundary value problems has been limited
(Christoph et al. 2019, Jia et al. 2020).

The discontinuous deformation analysis (DDA) cuts the
research object into different block elements, and uses the
principle of minimum potential energy to solve the state of
each block at each time. In the DDA method, the
deformation between blocks has a high degree of
discontinuity (Zheng et.al 2016), which can better simulate
discontinuity problems. However, this method is mostly
used in the analysis of rock masses, and it is difficult to
implement for soils with more obscure cutting surfaces, and
has certain limitations.

Fang (2014a), Fang and Bo (2016) constructed a
matrix-reinforcing-particle cell model that reflects the
material information and particle characteristics. In this
model, the soil particles are divided into matrix particles
with a significant cohesive effect and reinforcing particles
(RPs) with a friction effect, according to the connection
characteristics and micro-heavy ratio between mineral
particles. Fang (2014a) studied the particle size effect of
triaxial shear based on the cell model, and the results
showed that the RP size and volume ratio have a significant
effect on the strength and deformation of the soil. That is,
the coarse particles can enhance the strength of the soil.

Soils experience different stress and deformation states
under direct shear tests and triaxial tests. In a triaxial test,
the soil is subjected to both compressive and shear stresses,
so the stress environment at each point in the sample is
basically the same. In a direct shear test, the shear stress is
applied mainly near the shear plane, so the deformation of
the sample is located mainly on the shear surface. To
improve the particle-size analysis method, this paper
explores the size effect of soil particles under direct shear
stress, analyzes the microscopic mechanism, and then
establishes a theoretical analysis equation Eq. (11) for the
soil cell model. At the same time, a direct shear test is
carried out to verify this equation.

2. Theoretical analysis of particle size effect under
direct shear

2.1 Matrix—reinforcing-particle cell element model

The scale effect exhibited by soil mechanical behavior is

derived from the granularity of soil, and the size effect is
strongly impacted by the components, particle sizes, and
grading situations. According to experimental results (Fang
and Bo 2016, Fang 2014b), the interaction between particles
at different scales shows different mechanical effects and
produces different macroscopic soil characteristics. Fine
particles have a large specific surface area, and the particles
are mainly linked by molecular bonds (van der Waals
force). This cohesive effect is expressed as a macroscopic
cohesive force. By contrast, coarse particles are mainly
connected by contact coupling, and this elastoplastic contact
is induced by gravity and external loads and behaves as a
macroscopic fractional force. When coarse particles and
fine particles are mixed, the cementation of fine particles to
coarse particles plays a major role. Based on the mechanical
effects of the interactions between different particles,
particles are divided into matrix particles and RPs (Fang
and Bo 2016). Matrix particles are mainly small particles,
such as clay minerals, organic matter, and oxides, that are
smaller than silty particles. RPs are mainly coarse particles
that are larger than silty particles. When the RPs are
perfectly wrapped by the matrix particles, the matrix—RP
cell element model is formed by RPs and their surrounding
matrix particles. In this model, the RPs are equivalent to
rigid spheres, and the matrix particles are aggregated into a
uniform continuous matrix medium, as shown in Fig. 1.
Therefore, a cell element is the smallest unit that reflects the
material information and structure information of a soil, and
macroscopically the soil comprises many cells. If the
volume of a cell element is Ve and that of the RP in the
cell is V;, then the RP volume ratio is

a :Vr/vcell (1)

If a cell element is a cube of length L and the RP
diameter is d, then

_ (7 s
L=G,) ¢ )

To ensure that the RP does not exceed the boundary, we
require L > d and a < 7/6.

2.2 Derivation of theoretical formula

The matrix particles are assumed to be well mixed with
the RPs, and the RPs are assumed to be distributed
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uniformly in the matrix medium. Under direct shear, the
deformation is mainly shear strain and is concentrated near
the shear plane, as shown in Fig. 2. The shear force on the
shear plane is assumed to be approximately equal to the
lateral load Q. The shear stress on the plane has two parts,
namely (i) the shear stress on the matrix and (ii) the shear
stress on the RPs (as shown in Fig. 3), of which the latter is
derived from the relative shear displacement between the
RP surface and the matrix.

It is assumed that the direction of the shear stress on the
RPs is consistent with that of the shear displacement. As
shown in Fig. 3, the RP labeled “1” on the shear plane is
taken as the research object to analyze the shear stress on
the surface of the RPs in the shear region. During the shear
deformation process, because the deformation modulus of
the RPs is much larger than that of the matrix, the former
experience almost no deformation. Consequently, the matrix
deformation must bypass the RPs, thereby causing a relative
slip between them to coordinate the uneven deformation.

As shown in Fig. 4(a), the relationship between the
relative shear displacement 1¢ of any point P on the RP
surface and the relative stiffness rotation angle of the RP
can be expressed as

Ay=w-rsinfd, 0<0<rx (3)

where 7 is the RP radius (r =d/2) and 6 is the angle
between line OP and the axis of rotation (the z axis). The
shear stress and shear displacement of the matrix are
assumed to be related as

7y = fn(4) 4)

where 7, is the shear stress and 4 is the shear displacement
of the matrix. The interface between the matrix and the RPs
is assumed not to separate, so the shear stress is assumed to
be continuous. That is, the shear stress on the surface of an
RP is that of the corresponding point of the matrix. From
Egs. (3) and (4), the shear stress 75 on the RP surface can be
expressed as

7 75= fm(wrsing) 2z z

Before matrix yield Part of matrix yield

(b)
Fig. 4 Relative rotation and stress distribution of reinforcing
particle (RP)

Matrix yield and decay

7,=1.,(4,)=f,(orsind) Q)

from which the shear stress on the surface of an RP is
related to the radius of rotation (rsinf) of the point. The
distribution curves of surface shear stress for different
relative stiffness rotational angles are as shown in Fig. 4(b),
and the resultant shear force on the surface of an RP can be
obtained by integrating the area under this curve as follows

2r
F= J'rf, sin@dsS = ” f. (wrsin@)rsingsinddpdd  (6)
Q 00
where the subscript i indicates RP i on the shear plane.
According to the assumption that the interface between an
RP and the matrix does not separate, the interfacial
displacement is continuous, i.e., g = wrsind = . Therefore,
the resultant shear force on the surface of an RP can be
expressed as a function related to the shear displacement of
the matrix medium

8r'? A
F=—|f,(1)————=dA 7
@ '! J(ro)? =27 @

where f,(1) is the shear stress function of the matrix in the
cell element.

To describe the various conditions of the relationship
between the shear stress fm(4) and lateral displacement 1 of
the pure matrix, the relationship curve is divided into three
stages (as shown in Fig. 5), namely (D the linear elastic
stage before yield, @ the hyperbolic stage after yield but
before decay, and (3 the decay stage. The relationship can
be described as follows

f (A)=GA, 0<A<A

A
fmz(ﬁ)—m, A<ALA, 3
fs(A) = Tsefkﬂ, A> 2,
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where G, a, b, and k are all fitting factors that can be
obtained by piecewise fitting the relationship curve between
the shear stress and the shear displacement in Fig. 5. Then,
combining Eqgs. (7) and (8), the resultant force on the
surface of an RP can be determined during the entire
shearing process.

If the shear stress everywhere on the surface of an RP
has reached the strength limit, then the matrix medium
around the RP surface has reached the shear strength limit
75, as shown in Fig. 5. Then, combining Eqs. (7) and (8), the
shear force limit on the RP surface can be derived as

F =grs #diz&zrs 9)

where 7, is the shear strength limit of the matrix. Then,
combining Eqgs. (7) and (8), the resultant shear force on the
shear plane can be determined as

Q=(01-a)Ar, +%Z F=(l-a)Ar, + Z“A
i=1

—ZF 0
where o is the RP volume ratio, 4 is the area of the shear
plane, (1—a)Az, is the shear force of the matrix on the
shear plane, n is the total number of RPs on the shear plane,

1 n
and EZ F. is the RP shear stress, in which the
i=1
coefficient 1/2 is the probability average value of the
surface area of the RPs on the shear plane. Therefore, the
shear stress on the shear plane is given by

a
27r?

a = —
Tb:Q/A:(l_a)Tm—i_WFi_(l a)f(4)+ E 1)

where 4, is the shear displacement of the sample or on the
shear plane.

When the shear stress of the matrix everywhere near the
RP surface reaches the strength limit, so does the cell
element. Then, combining Egs. (9)- (11), the shear strength
limit of the soil sample can be expressed as

7 = Qs /A=[(§—1)a+1]rs (12

Matrix - T

— — — —of | k—
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Fig. 6 Shear deformation of cell element on shear plane

Through the above analysis, the shear strength limit of
the soil sample is obtained, and the relationship between
shear stress and shear displacement is established. It can be
seen that the shear strength is related only to the RP volume
ratio and is not affected by the RP size.

3. Theoretical calculation and analysis

In this section, by analyzing (i) the RP rotation angle
and (ii) the shear force on the RP surface, we determine the
relationship between the relative rotation angle w and the
shear displacement A, and the relationship between the
resultant shear force F; and the shear displacement A.
Thus, we derive a formula for calculating the shear stress
T, on the shear plane during the entire shear process.

3.1 Relative rotation angle of reinforcing particles

When using the above equations to describe how the
particle size affects the shear strength and deformation, the
relationship between the RP relative rotation angle and
shear displacement should be determined. The shear
deformation is assumed to be concentrated on the shear
plane and to decrease in the vertical direction of the shear
plane as shown in Fig. 3. Then, the relationship between the
shear strain and coordinate y is

yzyoefglyl (13)

where yo is the shear strain on the shear plane and & is the
decay constant. Thus, the shear displacement is

2

l:ux\y=0 =

(14)

A cell element on the shear plane is selected for
analysis, as shown in Fig. 6. Because the RP is much stiffer
than the matrix, the shear deformation is concentrated
mainly in the latter. The matrix shear strain at the RP apex
position can be obtained as

y o= nl o Al
m . 4nr® o 4xr® (15)
3 3

Thus, the matrix shear displacement at this point can be
expressed as
Acl®
L2 4rr® (16)
3

j’m:ym'l:
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The RP relative rotation angle can be described as

A, Al

___W (17)

r

3.2 Shear force on surface of reinforcing particle

According to Eq. (16), the shear displacement of the
sample can be written as

AL =471 13) _ Arxr®

- An 1—
% cl® ( 33

) (18)

From Figs. 4 and 5, the relationship curve of the matrix
shear stress and displacement is divided into three stages
(@, @, and @ in Fig. 5).

When the matrix at the RP apex position is yet to yield

A Arr®

(stage @, ie., A, <——(1— K ——)), Eq. (7) can be

expressed as

A)A
I ml( ) - d ( 1 9)
\/(ra)) -1
When the matrix has yielded but not yet decayed (stage

3
.. £(1_4;_2 )< 47rr
-

be expressed as

TCLEPP (8 SOV S

8r
e s

When the matrix enters the decay stage (stage @), i.e.,

%>&(1_47z'
9

E )), Eq. (7) can be expressed as

(b) phys1ca1' dlagram
Fig. 7 The grain size distribution curve and physical diagram of quartz sand

Table 1 Basic physical parameters of test materials

Material Specific  Liquid limit Plastic limit Liquidity
gravity wr [%] ws [%] index IL
Bentonite 2.54 236 48 0.2
Quartz sand 2.68 — — —
8t L fe2 msu
21
f m { m I (21)

So far, we have obtained expressions for the relative
rotation angle w Eq. (17) and the resultant shear force F;
Egs. (19)-(21). Substituting these equations into Eq. (11)
gives the relationship between the shear stress 7, and the
lateral displacement A, during the entire shear process.

4. Experimental results and theoretical analysis
4.1 Sample preparation

To verify the rationality of the theory of how particle
size affects the direct shear deformation of soil, we
performed a series of direct shear tests on samples with
different RP sizes and different volume ratios. In this
experiment, we used bentonite as the matrix and quartz sand
as the RPs. The grain size distribution curve and physical
diagram of quartz sand are shown in Fig. 7. The quartz sand
is sieved to obtain three particle groups with particle sizes
of 0.2~0.3, 0.5~0.6 and 0.7~0.8 mm, respectively, which
are used as RPs of different particle sizes. The basic
physical parameters of the materials are given in Table 1.

The matrix liquidity index was designed to be /. = 0.2,
and the RP volume ratio was designed to be 0, 0.067, 0.125,
0.177, and 0.223. A detailed scheme is given in Table 2.

When preparing the samples, the RPs were mixed
evenly with the matrix particles with an appropriate amount
of water. Then, the mixed material was molded into samples
with a diameter of 61.8 mm and a height of 20 mm. The
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Fig. 8 Relationship between shear stress and displacement for different volume ratios (74. = theory; Exp. = experiment)

Table 2 Scheme of quick direct shear test

was

No. I of matrix [%] d [mm] a L [mm]
0.2 0.2-03 0,0.067, 0.125,0.177,0.223 0.496, 0.403, 0.359, 0.332
0.2 0.5-0.6 0,0.067, 0.125,0.177,0.223 1.091, 0.887,0.790, 0.731
0.2 0.7-0.8 0,0.067, 0.125,0.177, 0.223 1.687,1.370, 1.220, 1.130
Table 3 Parameters of equations matrix samples was prepared simultaneously to test the
Parameter Value Parameter Value corresponding parameters. A direct shear test
a 00182 b 0.0362 perfprmed on the samples at a rate of 0.8 mm/min, and the
vertical pressure P was 100 kPa.
Ts 18.084 kPa G 31.06 kPa/mm
k 0.00129 S 1/r mm™ 4.2 Experimental results
28 The equations introduced in Section 3 contain many
PP basic parameters that can be obtained by the direct shear
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Fig. 9 Relationship between shear stress and displacement for
different RP sizes

samples were subjected to vacuum evacuation and then
placed where for more than 24 h. The water content of each
sample after saturation was tested to ensure the same water
content. For each series of samples, a set of corresponding

test of pure matrix. The parameters G, a, b, and k can be
obtained by fitting the shear stress and lateral displacement
curve of the pure matrix as shown in Fig. 8 (0=0) with the
least square method, and s represents the peak stress of the
curve. The specific values of these parameters are listed in
Table 3, where the decay constant is taken as ¢r =1.

Comparisons of the theoretical calculations and the
experimental results of the quick direct shear test for soil
samples in various cases are shown in Figs. 8-10. Figs. 8
and 9 show that the soil shear strength is obviously
enhanced with increasing RP volume ratio; however, for
constant RP volume ratio, the soil shear strength is affected
less by the RP size. The theoretical calculation results are
consistent with the test results.

In Fig. 10, both the theoretical and experimental results
showed the fact that the shear strength increases linearly
with the RP volume ratio; however, for constant RP volume
ratio, the shear strength is affected minimally by the RP
size. The theoretical results shown in Fig. 10(b) are
basically in line with the experimental results, and there are
also slight deviations. The reason may be that the yield
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hypothesis on the interface between the RP and the matrix
is ideal in the theoretical derivation process, as shown in
Fig. 4(b), which is somewhat different from the actual
situation. The comparison results showed that both the
lateral displacement and the shear strength exhibit an
obvious size effect, indicating that the theoretical equation
Eq. (11) in this paper is reasonable.

4.3 Analysis and discussion

The size effect of the soil shear deformation and
strength can be explained as follows. In the soil cell model,
the matrix of the cell element comprises fine particles, and
the strain in the soil changes little on their scale. That is, the
deformation of the matrix can be regarded as continuous, so
the matrix can be considered as a continuous medium. The
RPs are relatively large and rigid and are wrapped by the
matrix. The coordinated deformation relationship between
the matrix and the RPs concentrates strain near the interface
between them, thereby changing the corresponding
deformation and strength properties.

The particle size effect of direct shear deformation and
strength is related mainly to the properties of the shear slip
plane of the soil (upper and lower shear-box interface) and
its surroundings, as shown in Eq. (13) and Fig. 3. The
magnitude of the size effect can be characterized by the
shear force and its degree of exertion at the interface
between the RPs and matrix on the shear slip plane.
Because the RPs are much stiffer than the matrix, the shear
deformation is concentrated mainly in the matrix. To
coordinate the differential deformation between them, the
matrix must bypass the RPs, so the shear deformation path
of the matrix is increased. This increased path causes the
shear deformation to consume or store more energy, thereby
enhancing the soil shear strength. Thus, the RPs exhibit an
enhanced effect on the shear strength at the macroscopic
level. When the RP volume ratio is increased, the total shear
path in the soil sample increases, and thus the soil strength
increases, as shown in Eq. (12).

Under the same vertical load and horizontal
displacement, the larger an RP, the larger the shear stress at

the interface between it and the matrix, and the larger the
resultant horizontal shear force at the particle interface.
Conversely, the smaller an RP, the smaller the shear stress at
the interface between it and the matrix, and the smaller the
degree of exertion of the shear stress, as shown in Eq. (9).
When the RP volume ratio is constant, the larger an RP, the
smaller the total RP surface area, that is, the fewer the RPs.
Conversely, the smaller an RP, the larger the total RP
surface area, that is, the more the RPs. Therefore, the final
result may be that the enhanced horizontal total shear force
(the horizontal total shear force of the shear stress on the
matrix—RP interface) basically does not change with the RP
size. However, from the perspective of the effect of RP size
only, the particle size effect increases with increasing RP
size, as shown in Eq. (9).

5. Conclusions

* The effect of particle size on soil strength and deformation
is due to the interaction among particles of different sizes
and different compositions. Fine soil particles mainly
exhibit a cohesive effect, whereas coarse particles tend to be
more rigid and exhibit a friction effect. Thus, when coarse
particles interact with fine particles, uneven deformation
and stress concentration are induced that strengthen the soil.
In addition, the difference in the stiffness causes the shear
deformation of the matrix to bypass the RP surface, which
increases the shear deformation path of the matrix and so
also the soil shear strength.

* The results of the present direct shear test show that the
shear strength is obviously affected by the RP volume ratio
but not by the RP size. The differences in the particle size
effect between direct shear tests and triaxial tests
demonstrate the intrinsic properties of the RPs in different
deformation and stress states. These differences are the
basic characteristics of the size effect and the performance
of the intrinsic properties for the soil under different
external conditions.

* The present theory based on the phenomena of shear stress
concentration and the bypass of shear strain reveals the
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physical mechanism of the size effect of soil samples under
a quick direct shear test. At the same time, the results of this
theory agree well with the test results.
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Effect of particle size on direct shear deformation of soil

Notation
The following symbols are used in this paper:

one of two fitting factors for segment 2 of

relationship curve in Fig. 5

A area of shear plane

b other fitting factor for segment @ of
relationship curve in Fig. 5

d diameter of RP

G fitting factor for segment (D of relationship

curve in Fig. 5

I liquidity index of sample
k fitting factor for segment @ of relationship
curve in Fig. 5
L length of cell element
n total number of RPs on shear plane
Veeur volume of cell element
|78 volume of RP
r radius of RP
F resultant shear force on surface of RP i on
L shear plane
Fis shear force limit on surface of RP
(0] resultant lateral force on shear plane
Os shear stress limit on shear plane
V4 shear strain of pure matrix medium
Ym shear strain of matrix
70 shear strain on shear plane
. shear stress of matrix at end of stage @D in
! Fig. 5
T shear stress of matrix at end of stage @ in
z Fig. 5
Ts shear strength limit of matrix in Fig. 5
Tp shear stress on shear plane
Tg shear stress on surface of RP
Tm shear stress of matrix in cell element
Tps shear strength limit
0 angle between line OP and axis of rotation (z
axis)
a volume ratio of RP
y! lateral displacement of sample
shear displacement of matrix at RP apex
m position
A Am value at end of stage D in Fig. 5
A2 Am value at end of stage @ in Fig. 5
o relative shear displacement of any point on RP
surface
10} relative stiffness rotation angle of RP

c decay constant of shear strain near shear plane
fm(A) shear stress function of matrix in cell element
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