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Shear Instability of Saturated Soil Considering the Gradients of
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Abstract  The dynamic instability of saturated soil considering the gradienis of strain and pore pressure was discussed in this paper.

The inertia and the drainage effects were considered and the Perturbation method was used. It is shown that the strain gradient and

pore pressure gradient are positive factors for the instability of saturated soi].
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Nomenclature
o, effective stress in g direction

T shear stress
¥  shear strain
¥ shear Strain ratio
B pore pressure
32 .
= A;Tjé pore pressure gradlem
7% i .
=% strain gradient
ar

g density of saturated soil

w viscosity of water

k  physical permeahility

€, material parameter

E. rebound modulus of grains

a  frequency of perturbation

8 wave number of perturbation

R, stramm hardening coefficient

@, pore pressure softening coefficient
H, strain ratio hardening coefficient
Sy strain gradient of coefficient

Py pore pressure gradient coefficient

t.  characteristic time

1 Introduction
The localization caused by shear instability can de-
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velop in saturated soils. Shear localization may appear
as a single zone, several zones or a regular pattern“:.
A single shear zone is created when boundaries of the
specimen can move freely and the material can thus
dilate freely-*!, In turn, the pattern of shear zones
occurs if non-deforming boundaries move against each
other or if saturated soils are subject to reharden-
ing'®!. The importance to understanding the mecha-
nism of shear instability is first they usually signifies
the failure of saturated soils, and second, they influ-
ence the magnitude of forces transferred from soil
bodies to surrounding structures'" " . The issue of the
inception of shear instability in saturated soils has
been the object of both theoretical, numerical as well
as experimental researches. Theoretical contributions
are related mainly to the stability and bifurcation anal-
ysis of diffused and locatized failure models!®" . Typi-
cally, the stability problem is formulated by consider-
ing small perturbations in field variables (e. g. , dis-
placement and pore pressure). Classical continuom ap-
proach leads, in this case, to the ordinary diffusion
equation for the perturbation in pore pressure'®*' Al-
ternatively, the instability in fluid-infiltrated soil may
be considered as a bifurcation problem'®'. The experi-
mental evidence on deformation instabilities and the
failure models come from conventional simple shear

apparatus[g]. 110‘11],
[12-16]

triaxial plain  strain  biaxial
71 as well as granu-

. The experimental results indi-

.in earth pressure test!
[13)

tests
lar flow in a hopper
cated that the uniform response is often followed by
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the onset of a diffused, nonhomogeneous deformation
mode!, after which distinct shear bands or liquefaction
areas form. The development of shear localization in-
creases with increasing grain diameter!!-. The effect
of the pressure lcvel on the thickness of a localization
zone has not been clarified. And, the influences of the
gradients of strain or stress were almost not discussed
in the instahility of saturated soill®*-27,

The tocalization of saturated soils has been numeri-
cally invesligated within continuum mechanics!? "
and discontinuous mechanics 2. In order to overcome
the difficulties including ill-posedness of the governing
equations in the softening regime caused by not
equipped with an internal length'*®!, higher order
strain gradients were introduced into a few classes of
standard constitutive behavior!®**, It is shown that
the gradient approach has the ability to provide the
characteristic lengths of deformation for soils. In
fact, the pore pressure plays important roles in the

[13] and the gradient in sat-

development of localization
urated soils is high, but its influence to the localiza-
tion has not been classified.

In view of the above analysis, an attempt of this pa-
per is to discuss the instability of saturated soil by
considering the effects of strain gradient and pore
pressure so as to obtain a comprehensive and precise

picture of the instability phenomenon.

2 Formulation of Problem

Consider a sample of saturated soil which is subject-
ed to a partial drained deformation under simple
shear, The pore water and grains are both incompress-
ible. The =x-axis is in horizontal direction while the y-
axis is in verltical direction. Shear loading is applied in
the w-axis. The deformation can only occur in the =
direction but may have a gradient in the other direc-
tions.

3 Constitutive Relation

The skeleton of soil is taken as visco-plastic and is
influenced by the gradients of strain and pore pres-
sure. Therefore, the constitutive relations is assumed

to be expressed as follows under shear loading!?*"*.

o= 50 vapsEan) (1)

in which r is the shear stress; ¥ is the shear strain;
7 is the shear strain ratie; p is the pore pressure and

is equal to o — 5,,,0 is the total stress in the y direc-
tion and is a constanl, o, is the effective stress in the

72 )/,
y direction, Thus, p denotes s,,: ¢+ %: 7= !;);;
My ‘

As an example, based on the model presented in
Refs. [34,35]by considering the gradient of pore pres-
sure as a linear factor, there holds

= AY"YEt - ot~ dy (2)

in which A, m,a,b,c,d are parameters which may
be determined by experiments. We can see that it is a
noniinear equation. [ts application will be given in
Section 6.

4 Controlling Equations

Here, the momentum equations of water and grains

are given according to the mixture theory!® Y.

p E.2 :
S e 4

& K J_yz 73 .
aty It (3)
Pt

in which p is the pore pressure, E, is the rehound
modulus, K = x/k and p is the viscosity of water and
k is the physical permeability whose dimension is
[L%], C, is a material parameter, and o is the density
of saturated soil.

The solutions of these equations are difficult to seek
because of the non-linearity. Since the aim of this pa-
per is so seek for the condition of instahility. The per-
turbation method is adopted here. Hence, a smooth
developing deformation state ¥, ry. py 15 taken as the
hase state which is a solution of Eq. (3). When per-
turbation is applied to the governing equations, we
will be able to analyze the factors and criteria of insta-
hility.

5 Perturbation Analysis'>*%

We study the solutions in the following form:

YEretys 1Y i<<]yl
PPt Ip << pol (4)
r=rytr i< <l

where ( ¥y, py, 7y is a solution of Eq. (3).and

[y =y e
dp=penti (5)
lr =r'e" "
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in which a2, 3 are respectively the frequency and the
wave number.

Differentiating the constitutive relations (1), we
may cobtain

dr=Rydy - Qudp + Hyd¥ — Podf - Spdy (6)
where
Jr Jr)

=t SHy= 2]

RO (’}y)u QO ((-"P )ll ¢ (r?)' 0
_ & .- {%

r= 3]s - (55, @
Therefore

=Ry - Qup taHyy — Pofip - Sty (8)

Substituting(3),{4) and (7) into (2) leads to a homo-
geneous system of equations

(e + (R, + aHy) —
(E.Cirya + E,C 7yRy+ E.C ¥gHya -
E.CiyiSof)y —Ap =0
(9)

m which Al = CIEI‘YUQU + CIE,)’UPQIBZ gt _I?ﬁz
As we all know, the determinant of the coefficients
should be equal to zero such that the system has non-

zero solutions, which leads to

pa’ + (/’((lerj’u(Qu*'Poﬁ?)+%ﬂz)+ﬁ2H0)“2+
ER,, ES

K 8 - K — g5 =0 {10)

Aja +-

FHU

where A, = Roff - Spp' + ——8"' = #'PyC\E zq -

FQuC E, . Tt is a spectral equatlon and if ¢ has a
positive real root, instahility is possible.

If the influences of ¢, y are neglected and we pro-
ceed in the same way as in Ref. [31], we can obtain
the following solution.

By ;l;z =0, the following equation about &° may be

obtain as:

E
(p( E }‘(,f + “+H0)a +(Ry— Qu(,'lE,Tn)af

F=

E, E,

(:zs.J ~2H, +2PUClE,rU)a 2Ry
(11)
Substituting Eq. {11) into Eq. (10}, we can obtain

nﬁ ]7 —(5 P0+£2Q£3)p =0

the following conditions under which « has positive
roots:

N E( al 2 o
8pC  E, ¥y QyRq E>RU_Q0(’1Ert(J (12}

In the case of small strain ratio, the above inequality

becomes

QuCiE,
R

0

>1 (13)

It is the same as that in Ref. [31]for this case. It
means that no matter whether there is the influence of
the pore pressure gradient, the instability criteria
may be the same.

Next, we mainly discuss the infivences of £, .
(1)5,=0

In this case, the spectral equation (10)becomes
| . ; E, . ' ,
pa’ ¥ iP[CJErYU(Qu r Pyt x “Erﬁd] * ﬁzHu%-’lg +

Aya +E ,@4 =0 {14}
‘ E.H .
in which A, = Ry 8% - S, + -T‘]ﬂ“ =B PyCE ry -
#QyCiE, 7.
Since the coefficients of the terms &%, a¥ are posi-
tive, if only A, <0, there might be a positive real
root of ¢ which leads to

ﬁAPn(‘ L Tt E (,11'0(,2“‘8

E H0
Rf#+ ——p'

>1 (15)

1t means that once the softening effect of pore pres-
sure and its gradient overcomes the hardening cffect
of the strain and the strain ratio, instability will oc-
cur. It means that the gradient of pore pressure has
the positive influence on the instability of saturated
soil.
{(2)P,=0

In this case, the spectral equation (10} becomes

pa’ + (P(C]EI?OQO*' %ﬁz) + ﬁzHD)GZ Ayt

ERy E Sy
K K#-

(16)

where A, = Ryf#* -

ﬂanclErfu
The conditions that « may has a positive real root

M+—"@-ﬁ&me



Vol.7 No.z2 Jun. 2003 LUX.B. etal.:

Shear Instability of Saturated Soil Considering . . . 141

are as follows:

ErRO E‘ﬁ@

7,@*— K-ﬁ6<0 or  Ay<0 (17)

which might be written as

Ry~ Se3 <0,
‘_F:L_HU

Ry+ g - K"<ErC1To(QU+PUBZ)+.‘325() (18)

It is shown that Sy is a positive factor for the instabili-
ty of saturated soil.

C.\E
If P, =40,5, =0, the critericn QU—I;—"'—TD >1is
a
valid.
If P, =0, the criterion By — §,8° < 0, R, +

. H
# E;( PCECral Qq + Po*) + 83, is valid.

6 Practical Criterion

Now we concentrate to the practical criterion. It is
desirable to establish a criterion connecting state pa-
rameters with material constants in the criterion.
And, if the constitutive relation of the soil is formulat-
ed explicitly, the criterion is easy to obtain.

Inserting Eq. (2)into the criterion(15), we can ob-
tained the criterion considering the influence of pore
pressure gradient
('lEr( o %" )
woEg gy (e

+ -
Yo K Yo

Generally, the parameters of soils have the follow-
ing orders:
K~10" Ykg/m®s, £, = 1078 Pa, 8~ 10°/m, 7, ~
167y~ 108,y ~10%, 6~ ~ 10"2, g ~ 10!
Pa,a~ 1071, ¢ ~ 100 " 2m?, £y~ 10%Pa, €, ~ 1.0, p, ~
10°" ®P4

E
Then by neglecting the term E’f_—ﬁz Eq. (19)may
Q

be reduced as to

P> (20)
C,E ( o - ir—‘f)
1 20
If ¢=0and d =0, then the criterion becomes
’> Ampu (21)

B ?’(-‘TErTO

The above analysis is just theoretical and compared
with the results in some special cases. The experimen-
tal verification of the criterion is being processed.

7 Conclusions

It has been shown that the gradients of strain and
pore pressure have both the positive influences on the
instability of saturated soil. When the effects of the
gradients of strain or pore pressure overcomes the
hardening effect of strain and strain ratio, instability
may occur. The solutions may be the same as that in
Ref. [31] when neglected ¢, 5.
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