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ABSTRACT

A microslip model for the strain localization in sand deforma-
tion 1is proposed. The model takes account of the interaction
effects between microslips and shows the process of growth of
individual microslips. The formulation is based on the method
of pseudo-traction, a general method for interaction problems.
The strain 1localization as well as the strain softening
phenomenon is predicted by the present model. The effect of
local dilatancy, which 1is an important mechanism in strain
localization, is also discussed.
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INTRODUCTION

The highly localized deformation of sand under a triaxial
loading, in the form of a narrow shear band, is a well ob-
served phenomenon. Because the 1load carrying capacity is
subject to the formation of shear band, the phenomenon, with
its appealing academic feature, has been the focus of exten-
sive studies for the last few decades.

Analytical studies of the strain localization problems can be
divided into macro approach and micro approach. A firm
theoretical basis for the former has been established through
extensive studies on the bifurcation theory, which associates
strain 1localization with the 1loss of ellipticity 1in the
governing incremental equations (Hill, 1962; Rudnicki and
Rice, 1975). In this category of study efforts have been made
for exploring suitable material models, such as non-normality
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THE MICROSLIP MODEL
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Mechanics of granular material, which studies the behavior of
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an assembly of particles, has a long way to correlate the be-
havior of each particle to the overall deformation and the
strain localization. The continuum approach, which is based on

constitutive equations, may not clarify the relationship be-
tween micromechanism and overall behavior. To study the
mechanism of sand deformation, an intermediate approach with a
gimplified model is necessary.

To study the fundamental problems in strain localizations, we
introduce the microslip model. We consider an elastic body
containing a certain number of initial defects. Under external
loading, an initial defect produces stress concentration which
leads to the formation of slip zones; see Fig.1l. Here a
microslip 1is defined as an initial defect plus two associated
slip zones. Microslips represent inelastic deformations of
sand in local regions which are the result of relative motions
among the particles inside each region, and the elastic body
surrounding microslips takes care of the elastic constraint.

Further, the present model considers local dilatancy of sand
as an important factor for strain localization. In metals,
shear deformation normally does not cause volume change. In
sand, however, shear deformation is commonly accompanied by
significant volume change, which results from repacking the
grains. Contrast to the overall contraction by shearing in
loose sand, local heaving 1in dense sand contributes to the
overall volume expansion. Although the global dilatancy is a
well-known phenomenon, the effect of local dilatancy on strain
localization has not been studied. When local uplift of sand
particles takes place, it causes resistance from the surround-
ing material. At the same time, it alters the stress field of
the surrounding material and thus has strong effect on ad-
jacent particles. This mechanism of 1local dilatancy is
included 1in the present model to study its effect on the

strain localization.

To illustrate the model, first we consider a single microslip
inside an infinite plane. The slip zone formed at the initial
defect 1is modeled by a crack-like slit. We assume frictional
sliding along the microslip with a simple frictional

condition;

Tg = an-tan¢o on initial defect (1)
By = on-tan¢c along slip zones (%c < %0) (2)
where T is the shear stress and o is the normal stress. Oon

the ini%ial defect, the frictiona? angle is taken to be %o .
Along the slip zones, the frictional angle 1is ¢c with ¢o0 < ¢c.
The direction of the microslip is chosen soO that the fric-
tional sliding 1is most likely to occur, with an angle of
450+¢c/2 with respect to the horizontal direction.

To introduce the local dilatancy which is the volume expansion
due to sliding, we consider a dilatancy stress on the
microslips. Instead of prescribing opening displacement as-
sociated with frictional sliding, we additionally apply the
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Fig.l Illustration of micro- Fig.2 Slip length of a single

slips in an infinite field microslip vs stress ratio

dilatancy stress which acts to open up the faces of the
microslips. The amount of the dilatation is a function of the
amount of sliding. Here we introduce a simple condition; the
dilatancy stress is assumed to be proportional to half length
of the microslip, that is,

04 = ad'C (3)
where o, is the dilatancy stress, C is the length of the slip
zone L pfus half length of the initial defect a, and 4 is the
dilatancy coefficient.

Since the stress is relaxed by the slip zones, the stress sin-
gularity does not exist at the tip of the microslip. This
leads to the following condition:

KII =0 (4)
where KI is the mode II stress intensity factor at the end of
the mic%oslip. For general problems we have a number of

microslips along which the conditions (1)-(4) are assumed. For
simplicity all microslips are assumed parallel in the critical
direction mentioned above. Solving the prescribed problems

with conditions (1)-(4), we obtain the length of microslips
for given applied load.

For the case of a single nicroslip, the problem is equivalent
to the well-known Dugdale model and the relation between the
applied load and the length of the microslip is given by

L _ n-(r - a-tan¢o) ~
a sec[ 2-0-(tan®c - tanto) ] a (5]
where
_ 01 + 03 _ 01 - d3 | .. _ 01 - gz
a = 2 3 sin¢c, T 5 coséc (6)
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In deriving the above relatlon,_ no dilatancy tigrziiros—
considered. This relation is shown in Fig.2, where
lip grows continuously as the load increases.

. . . 5 5 e
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section.

FORMULATION
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k o h Muskh sh S omp
“”( and is COlIlple tely defLHEd by the fOllOWing equatlollS.

C2
N J._io, 1 4¢. . - sin2¢. )
gl = ¥ {2(cos4¢ij - 2c°52¢1j)'°d'0§ ® 2(51n ij ij
Sr j=1
j*i
‘] 2 2¢..) -0
—J Z£(sin4¢, .- sin #
- ( - o, tanéc) * i ij h
Th h Dij n J
a.-Ci (7)
- (tandc-tando) - }

cz

N 1J J. 2l . Licosae
Lo § (- 3-(sinde ; - sin2¢, ) -0y- bz, " 27y
P j=1 . J

A= C2 a,-C )
2. .g. - (tan®c - tando) - (8)
(- ohtamc)-—D;i-;— + 2.cos40, -0y - (tane —i—-lDij |
i i 2 i i )
. ! 2 .4, -(o, + O, *+ O
C.l-[rh + T; (o, + Ogp * Og )ytan¢c] + T 84 (oy, sr 4
(9)
-(tan¢c - tando)= 0
where i =1,2,---,N, ¢ and D .. are the relative angle and

- ) i e
distance between ithe i{ﬂ and JtﬁJdefth resgeg%lviéyihénngr—
above equations, T_ 1is the pseudo-traction ?n ¢ B e eGSGES
mal stress on the Rth microslip; Ty §nd qo are (g) D e
stresses defined by (6) and g5 1s glven byIC /ﬁ S o
equations are derived wunder the cond1t1o?s 'rei.olved by
la./D. .}<<1. The system of non-linear equgthns B el ADE T
Ne@toﬁJRaphson method. Eigenvalue analysis litcin g
find possible bifurcation points so as to obta

cated solutions. When the growth of microslips ii gﬁﬁiztghiz
localized, the so-called arc length control e
employed.

RESULTS AND DISCUSSION

The system of equations derived in the previous section 1is
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Fig.3 Illustration of arrangement of initial defects

s?}ved for given distribution of initial defects (D and
¢"“), with the given values of the frictional angle ¢o aﬁ& $c

the dilatancy coefficient «,, the size of initial defects a'
and the confining pressure 33. Note that quantities with th%
dimension of length and stress are nondimensionalized with the
initial defect size a, and the stress os respectively. Random
distribution of the initial defects may be the straightforward
assumption. ‘However this may create the problem of having too
closely positioned defects, which results in strange behavior
dominated by these microslips. In the present study, we ar-
range the initial defects in the way specified in Fig.é where
the 1initial defects are distributed inside the given ;ectan—
gular region. By the illustrated way different arrangements of

defects are obtained by chan
ging ¢1 and ¢2 with the densit
defects unchanged (d and r are kept constant). v oot

Since 1little information on local dil
atancy is available from
experimental observations, the value of the parameter o, is
g::iggedb somgwhat arbitrarily. The range of variation gug—
e Y the present calculations, howev
o A, er, is 0.05 N/mm3 <

As an illustrative example, we consider a case with 15

defects, shown in Fig.4. At the initial stage, the micigifiﬁi
extend almost uniformly as the load increases. As the load ex-
ceeds a certain level, the <central microslip becomes more
active than the rest, taking a leading role in the deformation
process. Before reaching the maximum 1load, except for the
microslips in the diagonal region, the microslips stop
growing. This indicates the process of strain localization, or
the formation of shear band. At and after the peak load tﬁese
microslips start to shrink while those active microslips in
the diagonal region accelerate their elongation. The shear
band patterns shown in Fig.4 are in qualitative agreement with
the experimental observations, with the solid lines for the
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Fig.4 Microslip growth pattern and microslip length vs stress
ratio in case of 15 microslips (dotted line is the bifurcation

path)

microslips in extension and the dotted lines for those in
shrinkage. It 1is worth of mentioning that upon reaching the
maximum stress ratio, unloading begins while the shear band
continues to develop. The present model predicts strain sof -
tening behavior with extending microslips along which no
softening conditions are assumed.

Eigenvalue analysis was carried out in the case study of the
microslip model to find bifurcation points. After the bifurca-
tion point has been fixed, the solution can be continued on
the bifurcation path. In Fig.4 the bifurcation path is il-
lustrated by the dotted 1lines. However, the bifurcated
solution 1is out of our present interest because at the point
of bifurcation, shear band has already formed by highly elon-
gated microslips and the condition fc,/z,l<< 1 for the
microslip model is no longer observed at tﬁislstage.

In the example shown above, we did not mention the depedance
of microslip growth on the arrangement of initial defects. As
explained before, we consider the arrangement as shown in
Fig.3. For a given density of initial defects we change the
angles ¢1 and ¢2 to find the critical arrangement with the
minimum critical load. Investigation shows that strain
localization occurs only with certain arrangement of initial
defects. We plot the critical loads for various combinations
of %1 and ®¢2 in Fig.5 with the number of initial defects
fixed. It 1is found that shear bands form at about 400 < ¢1 <
650 and 00 < ¢1 < 10°. Otherwise active microslips occur in
scattered regions and do not form a shear band.

As discussed earlier, 1local dilatancy 1is an important

micromechanism in sand deformation. To illustrate its effect
on strain localization we consider one more case. Keeping all
the initial conditions in the above example except that «, =
0, we reevaluate the relation between the microslip length gnd

the load. The result is shown in Fig.7. As the load increases,
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Fig.5 Critical load by diffe- Fig.6 Pattern of microslip
rent combination of ¢, and @, growth without dilatancy stress

the active microslips occur in scattered regions and no shear
band is formed.

CONCLUDING REMARKS

To explain the phenomena of strain localization in sand defor-
mation from microscopic point of view, a microslip model is
proposed. The deformation of sand is modeled by an elastic
body containing a certain number of microslips. Slip zones
develop from initial defects under the action of applied
loading. The 1interactions between these microslips with the
dominant effect of local dilatancy lead to accelerated exten-
sion of the microslips in an inclined band and shrinkage of
the other microslips, i.e., the formation of shear band.

The strain localization in the form of a narrow shear band as
well as the strain softening feature have been reproduced by
the present model. The effect of local dilatancy on strain
localization 1is discussed. Studies of some related problems
such as the effect of confining pressure on strain localiza-
tion by the microslip model are possible. An extension of the
present work including the external boundaries of a finite
specimen 1is considered important for discussion of the bound-
ary effects on strain localization.
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