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a  b  s  t r  a  c  t

Shear  behavior  of granular  soil  with  fines  is investigated  using  the  discrete  element  method  (DEM)  and
particle  arrangements  and  inter-particle  contacts  during  shear  are  examined.  The  DEM  simulation  reveals
that  fine  particles  play  a vital  role  in  the overall  response  of  granular  soil  to  shearing.  The  occurrence  of
liquefaction  and  temporary  reduction  of  strength  is ascribed  mainly  to the loss  of  support  from  the  fine
particle  contacts  (S–S)  and fine  particle-to-large  particle  contacts  (S–L)  as  a consequence  of  the  removal
of  fine  particles  from  the  load-carrying  skeleton.  The  dilative  strain-hardening  response  following  the
strain-softening  response  is associated  with  the migration  of  fine  particles  back  into  the load-carrying
skeleton,  which  is thought  to enhance  the  stiffness  of  the  soil  skeleton.  During  shear,  the  unit  normal
iscrete element method
abric anisotropy
oordination number

vector  of the  large  particle-to-large  particle  (L–L)  contact  has  the  strongest  fabric  anisotropy,  and  the S–S
contact unit  normal  vector  possesses  the  weakest  anisotropy,  suggesting  that  the  large  particles  play  a
dominant  role  in  carrying  the  shear  load.  It is also  found  that,  during  shear,  fine  particles  are  prone  to
rolling  at  contacts  while  the  large  particles  are  prone  to  sliding,  mainly  at  the S–L and  L–L  contacts.

© 2015  Chinese  Society  of  Particuology  and  Institute  of  Process  Engineering,  Chinese  Academy  of
Sciences.  Published  by  Elsevier  B.V.  All  rights  reserved.
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Over the past several decades, many laboratory investigations
ave been carried out in terms of the shear behavior of clean sands,
nd the behavior has been successfully described in the framework
f critical state soil mechanics (CSSM). However, observations from
he failures of soil structures involving sands (Ishihara, 1993; Seed

 Harder, 1990) indicate that most in situ sands generally comprise
 certain quantity of fine particles <0.074 mm in diameter. These are
eferred to as silty sands in geotechnical engineering practice and
he mechanical behavior of silty sands, because of the presence of
he fine particles, is complex and not yet fully understood.

A review of published laboratory studies on silty sands (Chu
 Leong, 2002; Georgiannou, Burland, & Hight, 1990; Kuerbis,
egussey, & Vaid, 1988; Murthy, Loukidis, Carraro, Prezzi, &
algado, 2007; Ni, Tan, Dasari, & Hight, 2004; Pitman, Robertson,

 Sego, 1994; Thevanayagam & Mohan, 2000; Yamamuro & Lade,

997; Yang & Wei, 2012; Zlatović & Ishihara, 1997) indicates that
he CSSM theory does not adequately describe the behavior of silty
ands. For example, it was reported by Yamamuro and Lade (1997)
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hat silty sand specimens with the same fines content, sheared at
ifferent consolidation pressures, tended to demonstrate a “reverse
ehavior” in that an increase in the consolidation pressure gave
ise to an increase in dilation and enhanced the ability of the
pecimen to resist liquefaction. This is contrary to the normal
ehavior of clean sands predicted by the CSSM theory. The study of
hevanayagam and Mohan (2000) also showed that two silty sands,
aving the same initial global void ratio and fines content, behaved

n a manner that could not be described in the framework of CSSM:
he specimen at a higher confining pressure exhibited higher shear
trength at a steady state.

The state parameter  , defined as the difference between the
urrent global void ratio and the critical void ratio at the same mean
ffective stress (Been & Jefferies, 1985), is a useful parameter in
escribing sand behavior in the framework of CSSM (Li & Dafalias,
000; Wood, Belkheir, & Liu, 1994; Yang & Li, 2004; Yang, 2002). The
tate parameter, however, does not work effectively for silty sand.
s shown in Fig. 1(a), Foundry sand with a specific fines content of
2% shows a trend of decreasing contractiveness with increasing

 (Thevanayagam & Mohan, 2000), a reverse trend compared with

lean sand (Fig. 1(b)). In particular, many published studies have
ound that no unique critical state line can be determined in the
–log p′ plane for silty sand (Been & Jefferies, 1985; Murthy et al.,
007).

hinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. Particle shape and size distributions considered in this study. Grading
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ig. 1. Influence of state parameter on the shear behavior of granular soil: (a)
oundry sand with fines (Thevanayagam & Mohan, 2000) and (b) clean Kogyuk sand
Been & Jefferies, 1985).

Some researchers have ascribed the incompatibility of the
ramework of CSSM with silty sand to the use of the global void
atio or   (Bobei, Lo, Wanatowski, Gnanendran, & Rahman, 2009;
eorgiannou et al., 1990; Lade & Yamamuro, 1997; Mitchell, 1976;
i et al., 2004; Rahman, Lo, & Gnanendran, 2008; Thevanayagam

 Mohan, 2000). These authors considered that the fine particles
ere easily trapped in the voids formed between large particles and
ence made little contribution to the force chains. In this respect,
n alternative state variable, known as the skeleton void ratio, es,
as proposed for silty sand by treating all of the fine particles as

oid spaces (e.g. Georgiannou et al., 1990; Mitchell, 1976). This
ndex was then modified as an equivalent skeleton void ratio ese

y introducing a parameter, b, that considers partial participation
f fine particles in the force chains (e.g. Ni, Tan, Dasari, & Hight,
004; Thevanayagam, Shenthan, Mohan, & Liang, 2002):

se = e  + (1 − b)fc
1 − (1 − b)fc

, (1)

here e is the global void ratio, fc is the fines content, and b denotes
he portion of fine particles present in the force chains. Several
ssues were clarified by the use of the equivalent skeleton void
atio. First, a unique critical state line could be determined in the
se–log p′ plane by the best-fit approach using a back-calculated

 value (Rahman et al., 2008; Thevanayagam, Shenthan, Mohan, &

iang, 2002; Yang, Sandven, & Grande, 2006). Notably, however,
he factor b was treated in these studies as a constant throughout
he loading process, which does not reflect its originally defined
hysical meaning (Dai, 2010).

d
d
a
f

urve A has 10% particles <0.26 mm and fc ∼ 2%, grading curve B has 5% particles
0.26 mm and fc ∼ 1%, and grading curve C represents clean sand with grains in the
.26–0.66 mm size range.

The complexity in the behavior of silty sand arises from its par-
iculate nature, and particularly the presence of the fine particles.
o develop a fundamental understanding of the shear properties
f silty sand, it is necessary to examine the spatial arrangements
f the fine particles in the soil skeleton and their interactions with
oarse particles during the loading process. This is the motivation
f this work and, by means of grain-scale modeling using the dis-
rete element method (DEM) (Cundall, 1971), a series of numerical
imulations have been performed and the results are presented and
nterpreted.

EM model and data interpretation

umerical model implementation

The program PFC2D (Itasca, 2005) was used to conduct biax-
al test simulations in undrained conditions. Numerical specimens

ere composed of idealized particles, each of which had two  cir-
ular constituent particles clumped together (Fig. 2) to take into
ccount the non-circular shape of soil particles. Each clumped par-
icle was  assumed to behave as a rigid body with an aspect ratio
f 0.6, and the two  constituent particles were not allowed to break
part during loading. The size of a clumped particle was described
y an equivalent particle diameter – the diameter of a circular par-
icle with the same cross sectional area as the clumped particle.
he linear elastic contact model was used to describe the contact
ehavior between particles, and the friction behavior at contacts
as assumed to observe the Coulomb friction law. Both the nor-
al  and tangential stiffnesses of the contact were assumed to be

.0 × 109 N/m, and a friction coefficient of 0.5 was adopted.
Three grading curves were considered in this study (Fig. 2).

rading curve C serves as the reference curve, representing clean
and with particles in the size range of 0.26–0.66 mm.  To study the
ffect of fines, different amounts of finer particles were added to
orm two different materials, as represented in grading curves A
nd B. Grading curve A represents a silty sand with 10% particles
0.26 mm and fc ∼ 2%. Grading curve B represents a silty sand with
% particles <0.26 mm and fc ∼ 1%.

All numerical specimens were prepared using the gravitational

eposition method. As illustrated in Fig. 3(a), particles with ran-
om orientations were initially generated in a designated domain,
nd the gravity field was then introduced with the gravitational
orces applied to all particles in a vertical direction. In doing so,



162 B. Dai et al. / Particuology 21 (2015) 160–172

Fig. 3. Sample preparation by gravitational deposition: (a) initial particle distribution, (b) deposition completed, and (c) final specimen.

Table 1
Sample information.

Test name Grading curve Global void ratio, e Particle number, N Confining pressure, p (kPa)
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s
tively, where �1 and �2 are the major and minor principal stresses.
The axial strain (εa) is estimated from boundary movements, where
εa = �L/L; L is the original length of the confining wall, and �L  is the
shortened length resulting from movement of the loading walls.
T-1 A 0.2157 

T-2  B 0.2175 

T-3  C 0.2171 

articles descended and were deposited on the bottom boundary,
s shown in Fig. 3(b). At the end of deposition, a 25 mm × 25 mm
rea (Fig. 3(c)) was chosen as the final specimen, and compaction
as then performed via simultaneous contraction of the four rigid

oundary walls. All numerical specimens were consolidated to a
onfining pressure of 1000 kPa, with a global void ratio of ∼0.217.
ndrained shearing was achieved by moving the two loading walls
hilst maintaining a constant sample volume. Tables 1 and 2
resent parameters of the contact model and sample information.

It must be noted that a 3D DEM model requires a higher compu-
ational cost and is more time-consuming than a 2D model given
hat both fine and large particles need to be generated to reproduce
he fines and the coarse soil grains, respectively. Additionally, many
EM simulations on soil behavior in the literature have demon-

trated that 2D simulations are able to reproduce the main features
f soil behavior (Gu, Yang, & Huang, 2013; Khalili & Mahboubi,
014; Mahmud Sazzad, 2014; Yang & Dai, 2011). Therefore, 2D sim-

lations were chosen for this study although further work involving
D DEM simulations will also be pursued and reported in future.

able 2
odel parameters.

Particle density, � (g/cm3) 2.65
Aspect ratio, Ra 0.6
Inter-particle friction, �s 0.5
Wall friction, �w 0.0
Normal and tangential stiffness, kn and ks (N/m) 109

Wall stiffness, kw (N/m) 109

Damping factor,  ̨ 0.7
F
a

9013 1000
5212 1000
2881 1000

acro- and micro-indices

For biaxial tests, the mean effective stress (p′) and deviatoric
tress (q) can be defined as: p′ = (�1 + �2)/2 and q = �1 − �2, respec-
ig. 4. Geometrical description of vectors: v1 and v2 = contact unit normal vectors
nd n = unit vector in a Cartesian coordinate system.
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Fig. 5. Macroscopic shear behavior of three specimens, T-1, T-2, and T-3, determined by numerical simulation: (a) q vs εa and (b) q vs p′ . Note that specimen T-1, with
the  highest fines content, behaves in the most contractive manner and liquefies upon shearing, whereas T-3 (clean sand) exhibits the most dilative behavior, achieving the
highest  deviatoric stress and mean effective stress at the large strain.

Fig. 6. Previous laboratory test findings of shear behavior: (a and b) Thevanayagam and Mohan (2000), (c and d) Lade and Yamamuro (1997), and (e and f) Yang and Wei
(2012).
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Fig. 7. Evolution of coordination numbers (CN) for specimen T-1 according to grain type contacts: (a) overall CN,  (b) S–S CN,  (c) S–L CN,  and (d) L–L CN.

Fig. 8. Evolution of coordination numbers (CN) for specimen T-2 according to grain type contacts: (a) overall CN,  (b) S–S CN,  (c) S–L CN,  and (d) L–L CN.
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Fig. 9. Relationships between the particle number and the contact numbe

To quantify the microstructures of the granular assembly, the
ontact unit normal vector, as depicted in Fig. 4, was  used to for-
ulate the fabric tensor. The second-rank fabric tensor (Oda, 1982,

999) is expressed as:
ij = 1
2N

2N∑
k=1

nki n
k
j , (2)

1

F

Fig. 10. Relationships between the particle number and the contact number at d

Fig. 11. Evolution of the magnitudes of fabric anisotropy of cont
fferent shear strain levels for specimen T-1: (a) NL vs NC and (b) NS vs NC.

here N is the contact number and nk
i

(i = 1–3) are the direction
osines of the contact unit normal vector nk with reference to
he axes Xi (i = 1–3) in a Cartesian coordinate system (Fig. 4). By
ntroducing a density function E(n), the second-rank fabric tensor
ij can be rewritten into the integral form (Rothenburg & Bathurst,

989):

ij =
∫
˝

E(n)ninjd˝,  (3)

ifferent shear strain levels for specimen T-2: (a) NL vs NC and (b) NS vs NC.

act unit normal vectors for specimens: (a) T-1 and (b) T-2.
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here  ̋ is the representative elemental volume and the expres-
ion of E(n) is given as:

(n) = E0(1 + dijninj), (4)

r

(�) = E0{1 + an cos 2(�  − �n)}, (5)

here E0 denotes the distribution probability density at an
sotropic state, dij is a second-rank tensor describing the devia-
ions from the isotropic distribution, � refers to a direction angle
f interest, an is the magnitude of anisotropy, and �n indicates the
rincipal direction of anisotropy. The value of E(�) in Eq. (5) repre-
ents the distribution probability of contact unit normal vectors in
he direction denoted by the angle �. It is evident that the parame-
ers an and �n are two important indices that characterize the fabric
nisotropy, and these can be determined by equating Eq. (2) to Eq.
3) as follows:

n =
√
d2

11 + d2
12, and �n = 1

2
arctan

(
d12

d11

)
. (6)

Coordination number is an effective index to characterize the
acking state of a granular assembly at a microscopic level and is

efined as the average contact number per particle. It must be noted
hat there are inevitably some particles without contacts or with
nly one contact and these do not contribute to the force chains in
he soil skeleton. Therefore, an alternative coordination number,

i
o
T
i

Fig. 12. Angular distribution probability density (%) of th
21 (2015) 160–172

nown as the mechanical coordination number (Thornton, 2000),
as used to better characterize the packing state, and is defined as

ollows:

N = 2C − N1

N − N1 − N0
, (7)

here C is the contact number, N is the particle number, N1 is the
umber of particles with only one contact and N0 is the number of
articles without contacts.

imulation results and discussion

acroscopic observations

Macroscopic shear behavior of the three specimens is presented
n Fig. 5. Specimen T-1 (grading curve A in Fig. 2), with the highest
ontent of fine particles, behaved in the most contractive manner,
iquefying at the end of shearing. Specimen T-3 (grading curve C in
ig. 2), representing clean sand without fines, exhibited the most
ilative behavior, achieving the highest deviatoric stress and mean
ffective stress at large strain. The response of specimen T-2 (grad-

ng curve B in Fig. 2) appears to be intermediate, manifested by the
ccurrence of the phase transformation state (Yang & Dai, 2011).
he deviatoric stress of specimen T-2 is well below that of spec-
men T-3, but its overall behavior is more dilative than specimen

e S–S contact unit normal vector for specimen T-2.
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-1. Similar observations can be made from the stress paths in the
–p′ plane (Fig. 5(b)).

It is worth noting that the shear responses shown in Fig. 5
re consistent with the findings of Yamamuro and Lade (1997),
hevanayagam and Mohan (2000), and Yang and Wei  (2012), as
eproduced in Fig. 6. These test results indicated that the partic-
pation of fine particles in the soil skeleton led to an increase of
ontractiveness and liquefaction potential.

icroscopic observations

oordination number
The mechanical coordination number calculated for the whole

ranular assembly is referred to herein as the overall coordination
umber (overall CN). It is decomposed into three parts in this study:
1) S–S coordination number (S–S CN)–the coordination number
ontributed by the contacts between fine particles; (2) S–L coordi-
ation number (S–L CN)–the coordination number contributed by
he contacts between fine and large particles; and (3) L–L coordi-
ation number (L–L CN)–the coordination number contributed by
he contacts between large particles.
The evolution of the four coordination numbers defined above
or specimens T-1 and T-2 is presented in Figs. 7 and 8, respectively.
he overall CN for specimen T-1, which underwent complete liq-
efaction, shows a monotonic decrease with axial strain. It is found

t
b
C
c

Fig. 13. Angular distribution probability density (%) of th
21 (2015) 160–172 167

hat the decreases of both the S–S CN and S–L CN account mainly for
he decrease of the overall CN,  since the variation of the L–L CN is
ot significant. The important implication is that the occurrence of

iquefaction in specimen T-1 is closely linked with the movement
f fine particles within the soil skeleton. It can be inferred that,
pon shearing, a number of fine particles exit the force chains, and
ome large particles, due to the loss of the supporting effect from
he fine particles, also exit, giving rise to the continuous loss of the
–S and S–L contacts and thus liquefaction occurs.

Specimen T-2 (non-liquefied) shows a temporary decrease in
he S–S and S–L CN upon initial shearing; however, further shear-
ng leads to a rebound of these two  coordination numbers (Fig. 8).
uch a trend is not observed in the L–L CN,  which remains almost
nchanged during shear. Evidently, the S–S CN and S–L CN domi-
ate the variations in the overall CN, and thus fine particles clearly
lay a crucial role in the evolution of the overall CN and, conse-
uently, in the overall response of specimen T-2 to shearing. The

nterim decreases of the S–L CN and S–S CN suggest that the removal
f a number of fine particles from the soil skeleton has occurred.
he particle rearrangements and microstructure reorganizations
nvolved appear to render a relatively soft soil skeleton, leading

o temporary contractiveness, as evidenced by the macro shear
ehavior shown in Fig. 5. The subsequent increases of both S–L
N and S–S CN indicate the re-entry of fine particles into the force
hains, leading to a stiffer soil skeleton and more dilative behavior.

e S–L contact unit normal vector for specimen T-2.
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In Fig. 9(a) the statistics of the numbers of large particles corre-
ponding to different contact numbers are shown for specimen T-1
t different shear strains (εa). Similar statistics for small particles
re shown in Fig. 9(b). It is interesting to note that the number of
arge particles with more than five contacts decreases with increas-
ng strain, whereas the number of large particles with less than five
ontacts increases with increasing strain. This suggests a continu-
us loss of contacts for large particles during shear, which is mainly
nduced by the disintegration of the S–L contacts. Conversely, the
umber of small particles with more than three contacts decreases
ith increasing strain. It appears that, for large particles, NC = 5 can

e used as an approximate criterion for judging whether such parti-
les tend to lose or gain contacts, whereas NC = 3 can be adopted for
ne particles. The lower value for fine particles may  be caused by
he fact that these particles can be more easily confined in the voids
o that their degree of participation in the soil skeleton is lower.
imilarly, it can be observed in Fig. 10(a) for specimen T-2 that, the
L with the contact number NC above five decreases first upon ini-

ial shearing, but then increases at large shear strains. Conversely,
 nearly reverse trend occurs when NC < 5. In Fig. 10(b), the number
f fine particles with a high contact number (NC > 3) decreases first
nd then increases with further shearing, and exhibits the inverse

endency when NC < 3. This indicates that fine particles in specimen
-2 first move out of the soil skeleton at the initial shearing stage,
nd subsequently migrate back into the soil skeleton upon further
hearing.

d

a
i

Fig. 14. Angular distribution probability density (%) of th
21 (2015) 160–172

abric anisotropy
This section presents an analysis of fabric anisotropy in terms of

he contact unit normal vector. Similar to the differentiation of the
oordination number, the contact unit normal vector is differenti-
ted here into the S–S, S–L, and L–L contact unit normal vectors,
nd the overall contact unit normal vector is defined with respect
o all the inter-particle contacts.

The evolution of the fabric anisotropy magnitude, an, of the four
ontact unit normal vectors is shown in Fig. 11. For specimen T-
, the anisotropy magnitudes of the S–S, S–L, and L–L contact unit
ormal vectors increase steadily at the initial shearing stage, and so
oes the an of the overall contact unit normal vector. This signifies
hat the accumulating S–S, S–L, and L–L contacts tend to be orien-
ated in the loading direction such that they are able to effectively
arry the external load. This finding is verified by observations of
he rose diagrams describing the angular distribution of contact
nit normal vectors. It is observed in Figs. 12–14 that an of the
–S, S–L, and L–L contact unit normal vectors where εa = 1.2% are
istinctly larger than those in the initial state, and the principle
irections of anisotropy (�n) are ∼90◦, i.e., orientated nearby the

oading direction. Additionally, it is noted that from εa = 0.0% to
a = 1.2%, �n undergoes a considerable rotation toward the loading

irection for the S–S and S–L contact unit normal vectors.

Upon further shearing, the fabric anisotropy magnitudes reach
n almost stable state at large shear strains. The rose diagrams
n Figs. 12–14 also show that the angular distributions of contact

e L–L contact unit normal vector for specimen T-2.
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Fig. 15. Angular distribution probability density (%) of the overall contact unit normal vector for specimen T-2.
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nit normal vectors, where εa = 25.2%, do not differ notably from
hose where εa = 12.2%. Of particular interest is the observation in
ig. 11(b) that an of the S–L contact unit normal vector is close to
hat of the overall contact unit normal vector, which denotes an
nsemble of the S–S, S–L, and L–L contact unit normal vectors. This
bservation is also supported by comparison of the rose diagrams
n Fig. 13 with those in Fig. 15: the angular distribution of the S–L
ontact unit normal vector approximates that of the overall contact
nit normal vector in the four shearing states.

As far as specimen T-1 is concerned, an of the L–L con-
act unit normal vector, similar to specimen T-2, exhibits an
nitial increase and then plateaus during shear (Fig. 11(a)). Mean-

hile, an of the S–L contact unit normal vector experiences a
onotonous increase prior to the onset of liquefaction, imply-

ng that the deviatoric shear loading causes S–L contacts to
ncreasingly orientate into the loading direction and thus adapt
o effectively carry the shear load. However, an interim decrease
n an of the S–S contact unit normal vector occurs before it
ncreases with subsequent shearing. This is because most S–S

ontacts are initially orientated perpendicular to the loading
irection such that they are unable to sustain the external forces
ffectively and their orientations are expected to transit toward the
oading direction upon the initial shearing. As revealed by the rose

o
e
d
d

iagrams in Fig. 16, the principal direction of anisotropy transits
rom ∼0◦ (horizontal) at εa = 0.0%, to ∼90◦ (loading direction) at
a = 1.2%. In other words, the initial shearing reduces the S–S con-
acts oriented horizontally and simultaneously increases the S–S
ontacts orientated in the loading direction. This adjustment in the
–S contact orientations leads to a temporary decrease of an.

Close scrutiny of Fig. 11 also reveals that the L–L contact unit
ormal vector generally has the strongest anisotropy, and the S–S
ontact unit normal vector has the weakest anisotropy. This sug-
ests that large particles play a major role in sustaining the external
orces whereby the external loads are principally carried by large
articles through the microscopic force chains formed at the S–L
nd L–L contacts. Indeed, Fig. 17 indicates that the mean contact
ormal forces at the L–L contacts are the highest and the mean
ontact normal forces at the S–S contacts are the lowest. Fig. 18(a)
nd 18(b) also show that the main force chains in the reference
rea, shown by the dotted line, are mostly formed at the contacts
etween large particles (yellow).

Nevertheless, it should be mentioned that the substantial role

f large particles in the formation of the main force chains does not
xclude the role that the fine particles play in the force chains. As
iscussed previously, the evolution of the microstructures is highly
ependent on the movement of fine particles in the soil skeleton
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Fig. 16. Angular distribution probability density (%

nd the role of large particles in carrying shear loads relies firmly
n the supporting effect of fine particles.

article motion
The evolution of particle rotation and sliding ratios with increas-
ng εa is shown in Figs. 19 and 20. The contacts at which the
obilized inter-particle friction coefficient (�s) is >0.9999 are

egarded as sliding contacts. Fig. 19 shows that the rotation of
oth fine and large particles increases continuously during the

m
t
i
s

Fig. 17. Evolution of the mean contact normal forces with inc
e S–S contact unit normal vector for specimen T-1.

ntire shearing process. In particular, the degrees of rotation
xperienced by the fine particles are higher than the large par-
icles, suggesting that fine particles rotate more freely. This is

ost likely because fine particles located at, or near, the con-
acts between large particles are prone to rolling, thus giving a
ore compressible soil skeleton. From Fig. 20 it can be observed
hat the S–L and L-L sliding ratios are higher than the S–S slid-
ng ratios, suggesting that large particles are more inclined to
lide.

reasing axial strain for specimens: (a) T-1 and (b) T-2.
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Fig. 18. Force chains at εa = 4.2% for specimen T-1: (a) a global view of the force chains in the specimen and (b) the main force chains in the reference area. (For interpretation
of  the references to color in the text, the reader is referred to the web  version of the article.)

Fig. 19. Particle rotation in radian with increasing axial strain for specimens: (a) T-1 and (b) T-2.

tact ty

C

fi
i

1

2

Fig. 20. Sliding ratio of the various con

onclusions

This paper presents a numerical investigation into the role of
ne particles in the shear behavior of granular soil. The main find-

ngs are summarized as follows:

. The simulation reveals that the participation of fine particles
in the soil skeleton of granular soil increases the potential to
contract and liquefy. The degree of contraction increases with
increasing fines content. These findings are consistent with the

previous work of Yamamuro and Lade (1997), Thevanayagam
and Mohan (2000), and Yang and Wei  (2012).

. Fine particles play an important role in the evolution of the over-
all CN and soil structure while the large particles play a secondary

3

pes for specimens: (a) T-1 and (b) T-2.

role. The liquefaction of granular soil with fine particles (silty
sand) results mainly from the continuous loss of support from
the S–S and S–L contacts that is caused by the removal of the
fines from the soil skeleton. In the case of temporary liquefac-
tion, fine particles initially move out of the soil skeleton at the
initial shearing stage, rendering temporary contractive behav-
ior and an interim decrease in the S–L and S–S CNs,  followed by
migration back into the soil skeleton upon further shearing. This
contributes to the dilative shear response and rebound of the
S–L and S–S CNs.
. The S–S, S–L, and L–L contacts all tend to orientate into the load-
ing direction during shear so as to effectively carry the external
loads. The an of the S–S, S–L, and L–L contact unit normal vectors
increase with shear strain until they reach a stable state. Under
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conditions of complete liquefaction, an of the S–S contact unit
normal vector may  undergo an interim decrease because most
S–S contacts are initially oriented horizontally and their orien-
tations will undergo a transition toward the loading direction
upon initial shearing. The external shear loads are primarily car-
ried by large particles through the force chains formed at the S–L
and L–L contacts.

. Fine particles are found to be prone to rolling and rotating, whilst
large particles are prone to sliding, mainly at the S–L and L–L
contacts.
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