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Abstract: The mechanical response of a solid continuum changes drastically as the deformation evolves from a diffuse state to a highly
localized state. For this reason the subject of strain localization has received much research attention lately. This paper investigates tt
impact of strain localization in the form of strong discontinuity, or displacement jump, on the limit strengths of retaining walls supporting
an elastoplastic backfill. The analysis focuses on the propagation of strong instability in active and passive loading using a recently
developed strong discontinuity finite element model where the elements are enhanced to accommodate the presence of displaceme
jumps. Specifically, the analysis applies to dilative frictional material that is susceptible to shear banding. For the retaining wall problem,
strong instability is shown to initiate at the ground surface and propagate downward at an angle that depends on the state of stress at t
onset of localization.
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Introduction intriguing problem that has attracted much research attention due
to the difficulty in capturing the phenomenon with available con-
Material instability is generally regarded as a precursor to failure ventional modeling techniques. This has led to the development
in geomaterials. It manifests itself in the form of a shear band, a of special models and less conventional numerical approaches,
narrow zone of intense shearing to which most softening phenom-such as those based on nonlocal modBlazant and Pijaudier-
ena are attributedRudnicki 1977; Aydin and Johnson 1978; Pi- Cabot 1988; Adachi et al. 1991element breakingWan et al.
etruszczak and Mmw 1981; Read and Hegemier 1984; Viggiani 1980, gradient plasticityde Borst and Mblhaus 1992; de Borst
et al. 1994; Labuz et al. 1996Strain localization occurs in geo- etal. 1995; Oka et al. 2000 adaptive remeshing techniques
materials under various stress conditions, from the simple case of(Zienkiewicz et al. 199f and element enhanceme@rtiz et al.
uniaxial compression of cyclindrical soil and rock specimens, to 1987; Larsson et al. 1993; Simo et al. 1993; Armero and Gariki-
behavior as complex as those encountered in the hydraulic frac-pati 1999, among others.
turing of rocks. Thus, it is important to be able to predict when a For dense frictional materials it is well known that the residual
shear band forms and how this zone of intense deformation isstrength at large deformation is generally lower than the peak
oriented within the material. strength. This implies that some strain softening must occur fol-
Much research effort has focused lately on developing math- lowing the peak strength. The softening response is usually ac-
ematical and numerical models for capturing experimentally ob- companied by localized deformatiaiPeric et al. 1992; 1998
served strain localization phenomena where the zone of intenseThe goal of this article is to investigate and model this strain
shearing has a finite and measurable characteristic thickness. Sucboftening response as a problem of material instability. Specifi-
zone of localized deformation is termed “weak discontinuity” in  cally, we outline precise conditions for the onset of strong discon-
the general literature. In many instances, the shear band may havénuity and follow the evolution of the slip surface until the struc-
an infinitesimal thickness in the sense that the specimen practi-ture is brought to a final residual stress state.
cally experiences a displacement jump, termed “strong disconti-  Within the framework of the finite elemetEE) method, an
nuity” by Simo et al. (1993. Regardless of whether the shear important consideration in modeling strain localization phenom-
band has a zero or a finite thickness, strain localization remains anena is that the solution must be objective with respect to mesh
refinement and insensitive to element alignment. In addition, the
Associate Professor, Dept. of Civil and Environmental Engineering, theoretical localization model must be well formulated so that
Terman Engineering Center, Stanford Univ., Stanford, CA 94305-4020. length-scale issues are properly resolved. Here, we adopt a strong

E-mail: borja@stanford.edu N _ ~ discontinuity formulation and devise a FE approximation in
“Graduate Student, Dept. of Civil and Environmental Engineering, which the elements are enhanced to allow an accurate resolution
Stanford Univ., Stanford, CA. of highly localized deformation patterns. Recent results have
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FE solutions(Reguerio and Borja 1999; Borja 2000; Borja et al.

64 / JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING / JANUARY 2002



(=)o,

Fig. 1. Elastoplastic continuum cut by a shear band Fig. 2. Orientation of surface of discontinuity and unit vectorsn

andn

points in the backfill will yield at the same time when either

horizontally stretchedactive loading or horizontally compressed the band and unload elastically outside the band. These two

(passive loading In this case, a slip plane at failure theoretically modes of bifurcation have been identified by Rudnicki and Rice

can pass through any point in the continuum. Rankine considered(1975 and Rice and Rudnickil980. In a recent paper, Borja

yielding and failure to be synonymous—the formation of slip (2002a showed that the two modes in fact will occur at the same

surface is dictated by the satisfaction of a yield or failure crite- time for the case of perfect plasticity.

rion, and not by any material instability consideration. However, For an elastic-perfectly plastic model a necessary condition for

such an approach may not necessarily hold for the case of densé¢he inception of a shear band along a potential slip surfsisghe

granular backfill. vanishing of the determinant of the elastic-perfectly plastic acous-

In this article we reanalyze the retaining wall problem using tic tensorA, with components\;, and takes the form

the strong discontinuity formulation and treat the backfill as an _ e

elastoplagtic, dilatant f):ictional material susceptible to localized de(A)=0, Aj=nmCilin, (1)

deformation instability. More specifically, we assume a nonasso- where then;'s=components of the unit normal vectarto the

ciated Drucker-Prager model for the continuum and investigate band, see Fig. 2. Here, the elastic-perfectly plastic moduli tensor

the onset of strong discontinuity, or displacement jump, in active Cﬁﬁl has the form

and passive loading. Due to a nonuniform stress field resulting

from the presence of gravity loads, localization in the continuum Zet ¢ X= —C8 —

takes place progressively, rather than simultaneously, starting X IPAhg g dorps KD doj; Mgy

from the most critically stressed points and propagating in the )

direction favoring material bifurcatiort®udnicki and Rice 1975;  wherec; = Cauchy stress tensor. It must be noted that this result

Runesson et al. 1991; Borja 2002é/e show that the localization  only applies to the case of infinitesimal deformation. In general,

condition for the retaining wall problem is first satisfied at the any result derived from such analysis must be taken with caution

ground surface, allowing displacement jumps to emerge. Then thesince geometric nonlinearities do play a very crucial role in the

displacement discontinuity, or slip line, propagates downward at theory of bifurcation(Borja 2002b.

an angle that depends on the state of stress—active or passive—at Sincecﬁ-k' is positive definite, the determinant function

which the localization condition is first satisfied. This contrasts

with the Rankine theory which states that failure at all points D=de(A) ®)

occurs simultaneously in a loose, homogeneous granular backfill.will approach zero from the positive side, assuming that the body
is loaded from an initially elastic stattRunesson et al. 1991;
Borja et al. 2000 The value ofn at which the determinant func-

Localization Theory tion D vanishes for the first time defines the orientation of the
surface of discontinuitys, while the unit eigenvectam obtained

Consider an elastic-perfectly plastic continuum deforming homo- from the eigenvalue probleitl) defines the instantaneous direc-

geneously as shown in Fig. 1. Assume that the constitutive re-tion of the velocity jump vector at the onset of localization. In

sponse prior to localization is described by a yield functoand plane strain loading there are two possible orientationsSor

a plastic potential functio®, and Ietci‘*jkl denote the component  however, an algorithm for choosing the correct orientation can

of the elastic tangential moduli tensor having the properties of always be devised provided that the displacement gradient tensor

major and minor symmetries, as well as positive definiteness. Weat the onset of localization is nonsymmetric. If the displacement

identify two modes of shear band bifurcation instability: continu- gradient tensor is symmetric, then no uniquean be chosen for

ous bifurcation and discontinuous bifurcation. In continuous bi- the orientation of the band.

furcation the continuum is assumed to yield plastically on both ~ The onset of displacement jump damages a previously intact

sides of the band at the onset of the instability; in discontinuous continuum and results in a bifurcated mechanical response, where

bifurcation the continuum is assumed to yield plastically inside the latter response is characterized by plastic deformation that is

e oo 9Q aF oF 9Q
ijkl = Cijki
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now concentrated to the surface of discontinuity as the remaining .
part of the structure unloads elastically. Within the framework of 3 4

small strain theory, the orientation vectorand the unit velocity
jump vectorm characterize the geometry of the plastic movement
in the post-localization regime. It is useful to define a symmetric
slip tensorr, with component;; ,

LOCALIZATION FUNCTION, 7

Fig. 4. Mesh convergence study: variation of localization function
with depth, active case. Note: data points are evaluated at element

r,]:syn‘(minj):§(minj+mjni) 4) centroids

where the symbol “sym” denotes a symmetrization operator. The
tensorr;; defines the plastic deformation on the band at post-post-

localization(Borja and Regueiro 2001; Borja 2005nd has the Once an element satisfies the localization condition it could
same meaning as the plastic slip tensor used by Ri6&0 in theoretically exhibit a bifurcated response, herein characterized
seismic dislocation theory. by a damage function of the form

Yielding on the band is defined by a damage yield funct®n G=nioyt—[Cs— oy N, tand s =0 ®)

and a plastic potential functidrR Here, the term “damage” refers

to a break in a homogeneous pattern of deformation going into where t;=component of unit vectot tangent to the bandcg
localized deformation. It must be noted that the functiGrendR =mobilized cohesion on the band; ardd,=mobilized friction
may be entirely different from the prelocalization functidghand angle on the band. Note that E&) is nothing else but the stan-
Q; the latter functions pertain to the intact state whereas the dard Mohr—Coulomb law whene o j;t; =resolved shear stress on
former pertain to the bifurcated state. In this paper we assume thathe surface of discontinuityS, and 7y=cgs—njoj;n;tandg
the prelocalization model represented by the functierendQ is =vyield shear resistance @ (the continuum mechanics conven-
described by a nonassociated elastic-perfectly plastic Drucker-tion is used in this equationObviously, for consistency with the
Prager mode[see Borja et al(2000 for the specific forms of prelocalization continuum model, the conditioRs=0 and G
these functions Setting the cohesion parameter equal to zero =0 must be satisfied simultaneously at the onset of localization.
makes this model applicable to cohesionless granular materials. However, since the mobilized friction angles at residual state
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0 that for rocks the value of the mobilized angle of frictidr on
the surface of discontinuity could also vary with slip speed and
1 - some other state variabléRuina 1983; Dieterich and Linker
1992; Dieterich and Kilgore 1994; Sleep 1997
£ i
T 2
E Numerical Simulations
w i
@] 3 We will restrict the simulations to the case of smooth retaining
wall with a vertical backface and supporting an elastoplastic hori-
4 7] zontal backfill. Three FE meshes of increasing degree of refine-
ment are shown in Fig. 3. The meshes consist of 100, 400, and
5 1600 constant strain triangl€ST) elements, which are unstruc-
0, tured in the sense that no attempt was made to align element sides
to expected orientation of the shear band. Vertical faces are sup-
ported on horizontal rollers, and the bases are supported by ver-
1 ] tical tractions that balance the weight of the backfill and the sur-
face load acting on top of the backfill. This is a slight departure
g 2 - from a conventional procedure of fixing the base of the mesh,
I which will not work in the present problem since the accompa-
E N nying kinematical constraints will restrict the development of the
g 3 shear band.
We assume the following material parameters for the cohe-
4 . sionless backfill prior to localization: Young’s modulug
=26 000kPa; Poisson’s ratio=0.3; and Drucker—Prager pa-
5 rameters3 =0.4 andb=0.2 [the notations are the same as those
used by Borja et al(2000]. Assuming that the circular cone ap-
0 proximation passes through the inner corners of the Mohr-
Coulomb hexagon, then the paramet@r&nd b correspond to
1 N continuum friction and dilatancy angle$=23.1° and {s
£ =10.6°, respectively. Note that the friction anglecorresponds
-2 N to initial yielding and not to failure, and that the value ¢f
I . . .
= represents the dilatancy angle for the intact continuum. The ma-
ﬂ'_, 3 . terial parameters described above have been chosen on purpose so
] as to bring all gravity-induced stresses to yield condition even
prior to active or passive loading.
47 | 1600 ELEMENTS| 7] Once the localization criterion is detected, the localizing ele-
ment on the way of the shear band is enhanced to accommodate
5 ! L L ' the presence of displacement jumps. In this case, the bifurcated
0 1 2 3 4 5 yield strength is described by the mobilized cohegigrand mo-
LOCALIZATION FUNCTION, 7 bilized friction angled s, where the former is assumed to soften

to zero at residual state while the latter is assumed to have a

Fig. 5. Mesh convergence study: variation of localization function Cconstant valueps=22° throughout the bifurcated stage. The rate

with depth, passive case. Note: data points are evaluated at elemerit Which the mobilized cohesion softens to zero is dictated by the
centroids value of the softening modulus on the band, and for this example

we assumeH = —40kPa/m. In all simulations we have em-
ployed the standard Galerkin FE approximation with embedded

) S discontinuity advocated by Borj@000 to model the bifurcated
must be less than that prior to localization, it follows that the regponse.

mobilized cohesio right after localization must be greater than

zero. Let us denote the value of the stress tensor at the onset of . . . .

strong discontinuity bysj ; the conditionG=0 at the onset of Slip-Line Tracing Algorithm

bifurcation gives A slip-line tracing algorithm described in detail by Regueiro
(1998 and Lai(2001) is used to track the propagation of strong
discontinuity. In a nutshell, this algorithm classifies the elements
This defines the initial value afs at the onset of localization. as either “intact,” “detected,” or “traced.” Intact elements be-

A purely frictional response at residual state implies that the have either elastically or plastically, and have yet to satisfy the
mobilized cohesiorcg on the band must decay to zero with in- localization condition. Intact elements are never enhanced. De-
creasing relative movement. This feature is captured by a cohe-tected elements behave plastically and have satisfied the localiza-
sion softening law(Vermeer and de Borst 1984The rate of tion condition, but have not yet been enhanced because the shear
cohesion softening is dictated by a plastic softening moddlgis band has yet to cross them. It is possible for a detected element to
Here, we assume that the mobilized friction angjlgis constant remain unenhanced if it is not on the way of the shear band.
while the mobilized cohesioog decays to zero. It must be noted Traced elements are detected elements that have been crossed by

CSZniO'ﬁtj+niUﬁnj tan¢5>0 (6)

JOURNAL OF GEOTECHNICAL AND GEOENVIRONMENTAL ENGINEERING / JANUARY 2002 / 67



200 1000
i £
£ ¢—= SHEAR BAND PROPAGATES > 800 -
25 f WEDGE : |
- SOLUTION
WED

Lcu) 1 B.:) 600 S SHEAR BAND SOLU-ﬁ‘gN
(on} 8 PROPAGATES
O { i

L H
E 150 > SHEARBAND &= 2$§'TDEUA'-
= 3 D 400 COMPLETELY '
= | | SHEAR BAND g() j TRACED
o | COMPLETELY X . TOPMOST
< Q&WE%STTS ' TRACED 1 ELEMENTS
;(' 125 - | OCALIZE 100 ELEMENTS |<£ 2008 LOCALIZE —o— 100 ELEMENTS
- = o) —o— 400 ELEMENTS
= —o— 1600 ELEMENTS

0 | | |
100 ! | ‘ 0 0.1 0.2 0.3 0.4
0 0.05 0.10 0.15 0.20

WALL DISPLACEMENT, m
WALL DISPLACEMENT, m

Fig. 8. Load-displacement curves for retaining wall problem: passive

Fig. 6. Load-displacement curves for retaining wall problem: active loading

loading

ment, but the tracing algorithm is the same. In the examples that

the shear bar_1d, and havg been enhanced to accommodate thf‘(e)llow, we will restrict the analyses to the case with only one slip
presence of displacement jumps. line

The slip-line tracing algorithm consists of three cases. The first
case pertains to element which is first to localize. Here, slip line is
traced through the element starting from a given element side /nitial Condition
location and at an orientatidghshown in Fig. 2. The second case
pertains to an element adjacent to a traced element and sharing
side intersected by the tip of the slip line. Here, the slip line is
traced across the newly localizing element at a current orientation
0 starting at the slip-line intersection of the adjacent traced ele-
ment. The third case pertains to element that is not adjacent to a
traced element. In this case, the element is not traced even if it
satisfied the localization condition. Note that it is possible to have
multiple slip lines; in that case, there is more than one start ele-

Initial condition is first established by applying a downward grav-
ﬁy load of y=20kN/n?, a downward surface load of
=20kPa(equivalent 6 1 m surcharge and an upward reactive
load of 120 kPa to the meshes of Fig. 3. The surface load above

ACTIVE PASSIVE
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Fig. 9. Active and passive wedges at residual state. Notes: all forces

Fig. 7. Load-displacement curves for retaining wall problem: active in kN/m; failure plane orientations calculated from averaged shear
loading with constant averaged shear band angle band orientations
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Fig. 10. Conforming octahedral shear strains showing different stages of shear band development: active case

the mesh is applied to bring the uppermost stress points suffi-Figs. 4 and 5, based on the stress values provided by the FE
ciently far from the origin of the stress space, thus avoiding com- solutions. Note that, under th€, condition, F theoretically var-
plications with vertex effects induced by the yield surface. With ies uniformly with depth(see plots labelecdax=0 m in Figs. 4

this loading all initial stress points were brought to yield condi- and 5. SinceF is nowhere near zero initially, it is not possible for
tion even prior to active or passive loading. Theoretically, stressesany element to localize undét, loading (trivial resuld.

should vary only with depth from the ground surface, but some

horizontal variations were also noted due to bias with orientation pnset of Strain Localization

of the standard CST elements. This bias is of secondary impor-

tance and has been ignored in the present analysis.

For plane strain loading the determinant conditibs-0 is
equivalent to the localization condition
2

3v2ss —2(8-b)?=0  (7)

\/Sijsij
where s;; = deviatoric component of Cauchy stress tenssy;
= out-of-plane normal component sf ; andv=Poisson’s ratio.

+B+b

ff(l—v%

For the active case the wall of Fig. 3 is moved horizontally to the
left so thatAx<0. Fig. 4 plots contours of the localization func-
tion F as a function of wall movement. The figure clearly sug-
gests a strong tendency for localization to initiate in the upper-
most row of elements. Here, data points are denoted by open
circles located at element centroids. The fact thatan be cal-
culated at each element centroid implies that all stress points con-
tinue to yield plastically during active loading. Localization is
first detected in the uppermost row of elements when the wall

Variations of 7 with depth for the three meshes are plotted in movement has reached a valie= — 20 mm for the 100-element
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Fig. 11. Conforming volumetric strains showing different stages of shear band development: active case

mesh, andAx= — 16 mm for the 400- and 1600-element meshes plastically, allowing the localization functiof to be calculated
(see dark circlgs This suggests that the 100-element mesh is too for those elements. At a wall movement of 60 mm for the
coarse to capture the spatial variation of the localization function; 100-element mesh, and 48 mm for the 400- and 1600-element
however, convergence is easily achieved by refining meshes. Furmeshes, the topmost elements behind the retaining wall
ther wall movement causes the value Bfto reverse in sign.  have yielded enough to satisfy the localization condition.
Since the topmost elements localize simultaneously, no uniqueAgain, the 100-element mesh is too coarse to resolve the spatial
shear band position can be identified, implying that a potential variation of 7, but convergence is easily achieved by refining
shear band can initiate anywhere on the ground surface. For simusmeshes. Further wall movement causes the valuéstofreverse
lation purposes we prescribe a point on the ground surface fromin sign.
which the shear band initiates; this is equivalent to prescribing a  Note that for the same material parameters it takes a larger
weak element from which the slip line may be traced. wall movement to initiate a displacement jump in passive loading
For passive loading the wall of Fig. 3 is moved horizontally to than it does to localize in active loading. Furthermore, note from
the right so thatAx>0. Initially, this causes all elements behind the trends implied by the spatial variations of the localization
the wall to unload elastically and come in contact with the oppo- function that with further loading the slip line is likely to propa-
site (compressionalside of the yield surface. At a wall movement gate downward as the elements located at greater depths satisfy
of 24 mm, some elements within the upper soil layer have yielded the localization condition.
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Fig. 12. Conforming octahedral shear strains showing different stages of shear band development: passive case

Propagation of Strong Discontinuity: Force- After the slip line has been completely traced, cohesion soft-
Displacement Responses ening accelerates following poil, bringing the slip-line forces

The soil response to active loading can be summarized with thej[o the residual state. Theoretically, the residual state is character-

aid of force-displacement curves shown in Fig. 6. Here, the wall 1269 Py @ plateau in the load-displacement plots, but the active
reaction begins with an initial value oK(yH2/2+qH) forces cor_ltlnue _to increase as the eIemenFs surrounding the shear
=184kN/m and initially decreases with wall displacement, as Pand begin to yield as a continuum. This is due to the generally
expected. Localization of uppermost elements are detected atcUrved shear band that formed, whose orientations vary from
point A, after which a slip line is traced from a prescribed point about 50° to 55° from the horizontal. A curved shear band inhibits
on the ground surface in such a way that the shear band freely2 free kinematical movement of the active wedges and prevents
intersects the bottom boundary of the mesh. As the shear bandhe development of a true residual state.

propagates, the cohesion parametgrsoftens to zero on all To illustrate the effect of the nonconstancy of the shear band
traced elements. Slip-line tracing has been completed at point orientation, a slight variation to the slip-line tracing algorithm
when the shear band intersected the bottom boundary of the meshdescribed above has been explored. Here, the individual slip-line
Note that the algorithm traces the shear band slightly sooner with orientations obtained previously have been averaged, and this av-
the 100-element mesh, again because this mesh is too coarse fograged valug53° relative to the horizontalwas used to define

the problem at hand. uniform slip-line orientations for all traced elements. Essentially,
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Fig. 13. Conforming volumetric strains showing different stages of shear band development: passive case

this forces the surface of discontinuity to be a straight line. Fig. 7 all softening response follows until the shear band has been com-
shows the results of the modified simulations and indicates thatpletely traced, and even beyond this point. Like the active case, a
the load-displacement responses now exhibit constant wall reaccurved shear band did not allow the development of a true re-
tions at residual state. The shape of the force-displacement residual state; nevertheless, the wall reactions appear to have stabi-
sponses portrayed in Figs. 6 and 7 for the active case is consistenfized enough to a constant value.
with a well-known trend exhibited by a retaining wall supporting A |imit equilibrium-type of solution is useful for checking the
an initially dense granular backfiiDesign Manual 1971 final results provided by the FE localization model. Simple cal-
For passive loading the load-displacement responses areyjations based on the wedge method, and using the averaged
shown in Fig. 8. St_artlng from.the. same |n|t|<'_:1I wall reaction of slip-line orientationg53° from the horizontal for active, and 37°
184 kN/m the passive forces flrst_ increase with wall movement. for passive to define the geometry of the wedges, are performed
Then, the topmost elements localize at pdinihen the wall has in Fig. 9 for both active and passive loading. Note that these

moved by about 0.05 m _toward the ba_ck(xﬂf. Fig. 5. A S.h ear faveraged shear band orientations agree better with the expression
band then emerges and is traced starting from a prescribed poin

on the ground surface in such a way that the slip line freely 45°* (¢ +¥)/4 from the horizontal, as suggested by Arthur et al.
intersects the bottom boundary of the mesh. In this example, the(1977, than to either the expression 45%/2, or 45°+ /2. The
computed shear band orientations vary from about 36° to 41°, total wall reactions calculated in Fig.(258.6 kN/m for the active
with an averaged value of 37° relative to the horizontal. An over- case and 773.1 kN/m for the passive gaagree well with the
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Fig. 14. Deformed meshes at end of active loaditi@: 100 ele- ©

ments; (b) 400 elements; (c) 1600 elements (displacement

) . . Fig. 15. Defi h t f ive loadif@y:1 le-
magnification=5; final horizontal displacement—0.10 m 'g. 15. Deformed meshes at end of passive loadia:100 ele

ments; (b) 400 elements; (c) 1600 elements (displacement
magnification=2; final horizontal displacement0.27 m

“residual state” values predicted by the localization model, and
are sketched as horizontal dashed lines in Figs. 6—8.
nates from the ground surface at a prescribed point located ap-
proximately at a distance of 3.9 m behind the wall. Theoretically,
the shear band can have two possible orientations—either going
Conforming strains are calculated by interpolating the total nodal toward, or away from the wall; however, the orientations of CST
displacements provided by the FE solution using the standardelements favored the development of a shear band that goes to-
strain-displacement operator matrBc For CST elements not  ward the wall. The strain contours shown in Figs. 10 and 11 show
traced by a shear band, the conforming strains are piecewise condifferent stages of shear band development, at about 1/3, 2/3, and
stant and discontinuous across element boundaries. For elementll development, or stages 1, 2, and 3, respectively. These plots
traced by a shear band the conforming strains represent only parhave been constructed using solutions from the 1600-element
of the total strains, the “enhanced strains” representing the other mesh. Clearly, the contours shown in Figs. 10 and 11 are indica-
part(Simo et al. 1998 Since the total strains are singular on the tive of the effect of the displacement jumps on the overall defor-
shear band where jumps in the displacement field take place, itmation pattern in the mesh. For example, the stage 1 contours
follows that the enhanced part contains the singularities resulting clearly suggest where the shear band is heading if the wall con-
from the displacement jumps. Contour plots of conforming strains tinues to move away from the soil.
are useful in assessing the effect of the shear band on the defor- For the passive case contour plots of conforming octahedral
mation patterns in neighboring elements, as well as in predicting shear and volumetric strair(@ percent are shown in Figs. 12
what direction the shear band is heading. In this section we and 13, respectively. These plots were also generated from the
present contour plots of conforming octahedral shear and volu- 1600-element mesh. Here, the specific shear band of interest ema-
metric strains at different stages of shear band development fornates from a point located approximately at a distance of 6.9 m
both active and passive loading. behind the wall, and propagating downward toward the wall. Ob-
For the active case contour plots of conforming octahedral serve from stages 1 and 2 propagation that the deeper elements
shear and volumetric strair(é percent are shown in Figs. 10  are less deformed than the shallower ones, but as the band fully
and 11, respectively. Here, the specific shear band of interest emadevelops the deformation becomes more and more concentrated

Conforming Octahedral Shear and Volumetric Strains
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to the surface of discontinuity. Plastic dilatancy on the band is This contrasts with the Rankine theory which states that failure at

noted throughout the simulations, in agreement with observed be-all points occurs simultaneously in a loose, homogeneous, granu-

havior of most rocks and dense san@sace et al. 1966; Cook lar backfill.

1970; Vardoulakis and Graf 1985 The simulations replicate a well-known result that active load-
Deformed meshes at the conclusion of the simulations areing requires a smaller movement to develop a displacement jump

shown in Figs. 14 and 15 for the active and passive cases, respecas compared to passive loading. Separate parametric studies not

tively. The shear band orientations are nearly the same for eachpresented in this article suggest that these conclusions are valid

case, regardless of the mesh, and irrespective of the fact that thenot only for the specific set of material data used in the present

meshes are unstructured in the sense that the element sides are nsimulations, but also for a wider range of realistic material param-

necessarily aligned to the shear bands. Unlike the results reporteceter values. Work is underway involving shear strain localization

in a similar papefBorja et al. 200Dwhere mesh independence to behind a geosynthetic-reinforced soil wall to investigate the ro-

machine precision was achieved with the FE solutions, it was not bustness of the model for solving more realistic boundary-value

possible to achieve such a high level of accuracy in the presentproblems.

simulations due to the numerical errors associated with the slip-

line tracing proceduréthe simulations presented by Borja et al.

(2000 involved bifurcations from a homogeneous stress state and Acknowledgments

did not necessitate any special slip-line tracing technique since all
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