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Abstract

In this paper, the deformation behavior of the soft ground using a non-coaxial Cam-clay model under an embankment fill has
been simulated by deformation analysis using a finite element method. The results of deformation analysis using the non-coaxial
Cam-clay model have been compared with those using a coaxial Cam-clay model. The results show clear transition from localized
strain to formation of a circular arc band in which maximum shear strain is localized, as demonstrated by deformation analysis using a
non-coaxial Cam-clay model. Using the non-coaxial Cam-clay model, the circular arc band is clearly formed in the embankment
foundation at an earlier stage of embankment construction than that using the coaxial Cam-clay model. Based on these results, it is
suggested that estimation of foundation deformation using the non-coaxial Cam-clay model is superior to that using the coaxial

Cam-clay model. The deformation analytical results provide significant information for construction management of geotechnical

projects and prediction of slope failures by using the non-coaxial Cam-clay model.

1. Introduction

Vertical and horizontal deformations for foundations
under embankments are often large, and are potentially
damaging to structures. Embankment fill applies vertical load
to the foundation surface in combination with an outward
shear stress caused by horizontal stresses in the fill.
Evaluating their magnitude plays an important part in many
geotechnical engineering projects. Deformation analysis of
the clay foundation under embankments is also required for
embankment design. This deformation analysis becomes
increasingly important when embankments are constructed
over weak material (normally consolidated cohesive stratum).
In these situations, as a consequence of the widespread use of
powerful computers and theoretical soil mechanics over the
last few decades, it has been become possible to carry out
sophisticated numerical analysis. Consequently, the results of
numerical simulation can be assessed qualitatively and
quantitatively by comparison with field-measured data (e. g.
Sakajo and Kamei, 1995, 1996; Kamei and Sakajo, 1998).

The original Cam-clay model developed by Roscoe et al.
(1963) provides a reasonable match to the experimentally
observed behavior of saturated clay using only four soil
parameters. This model is a coaxial hardening elasto-plastic
model up to a critical state: the principal directions of
incremental plastic strains are coaxial with those of current

stresses. In the Cam-clay model, incremental stresses make no

contribution to the principal directions of incremental plastic
strains.

The localization of deformation into a shear band for
pressure-sensitive dilatant material is not explained by the
flow theory of plasticity, which is based on the assumption of
coaxiality between the principal directions of incremental
plastic strain and those of current stress. This restriction in the
flow theory has been relaxed by Rudnicki and Rice (1975),
who considered the contribution of a non-coaxial term
persuaded by arguments in favor of a yield vertex plasticity.
Papamichos and Vardoulakis (1995) suggested a similar
modification to the flow theory of an elastic-plastic model for
sand. Yatomi et al. (1989a) proposed a non-coaxial Cam-clay
model, simply following the basic procedure of Rudnicki and
Rice (1975). The incorporation of the non-coaxial term into a
constitutive model has no effect on the instantaneous shear
modulus for the normal stress difference, but makes the
instantaneous shear modulus for shear stress smaller. In the
theoretical prediction of shear band formation, a
non-coaxiality influences the shear band inclination angle, and
facilitates shear band formation. In contrast, non-coaxiality
arising from the anisotropy does not contribute much to
triggering instability by localization of the deformations
which result in shear band formation, whereas the
non-coaxiality due to the yield vertex effect is inclined
towards instability by localization of the deformations (lizuka

et al., 1992). Bifurcation analysis in a circular cylindrical
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specimen using the non-coaxial Cam-clay model was carried
out. Incorporation non-coaxiality —made bifurcation
phenomenon occur easily, and explained the patterns of slip
planes observed in the triaxial test of saturated clays (Yatomi
and Shibi, 1997). Yatomi et al. (1989b) carried out finite
element analysis for finite strain in a classical rigid punch
problem without introducing any initial imperfections into the
material elements, and as a result obtained a deformation of
shear band formation.

This paper investigates the influence of incorporating
non-coaxiality into a constitutive model for clay on
deformation analytical results of soft ground under an
embankment fill. Deformation behavior of the soft ground
using a non-coaxial Cam-clay model under an embankment
fill has been simulated by deformation analysis using a finite
element method. The results of the deformation analysis using
the non-coaxial Cam-clay model are compared with those
using a coaxial Cam-clay model. The results show that
deformation analysis using a non-coaxial Cam-clay model
provides clear transition from localized strain to formation of
shear band. Based on these results, the utility of incorporating
non-coaxiality into a clay model for deformation analysis is

discussed.
2. Constitutive relation

In this paper, we employ the original coaxial Cam-clay
model and a second model (a non-coaxial Cam-clay model)
which incorporates a non-coaxial term. These constitutive
models are summarized briefly below:

The yield function of the Cam-clay model is of the type

F:f(q’p’5p6)—vp=0> (1)

where the mean effective stress p” and the generalized stress

deviator ¢ are defined as

1
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and p’y is the mean effective stress at the initial state, and P is
the volumetric plastic strain. Here, o’;; is the effective stress
and S, is the deviatoric part of of; Equation (1) is fully

expressed as
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Figure 1 Deviatoric part of incremental plastic strain for

coaxial and non-coaxial models

where A and x are the compression index and the swelling
index respectively, e, is the void ratio at the initial state, p’y is
the mean effective stress at the initial state, and D is the
coefficient of dilatancy, which is related to the critical state
parameter M as defined by D=(A—x)/{ M(1+eg)} (e. g. Shibata,
1963; Sekiguchi and Ohta, 1977; Kamei, 1989).

The plastic part of incremental strain d&®; is expressed by

a coaxial flow theory as
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with 7=.[5,S,/2 and J=(M—q/p)/\3, where de”,

is the deviatoric part of dé”;, doj; is the incremental effective

i
stress, and 4 is the hardening modulus given by

h= p'ﬂ (5)
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Yatomi et al. (1989a) called the above constitutive relations
the coaxial Cam-clay mode! because the principal directions
of a’g*p,-j are coaxial with the principal directions of S (see, Fig.
1(a)).

The coaxial Cam-clay constitutive relation is expressed

as
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Figure 2 Finite element mesh used in the present study

where 12(: (I1+e)p'/x) is the bulk modulus and
6(= 3(1 —2v)g /{2(1+v)}) is the shear modulus, where v is
Poisson’s ratio.

The deviatoric part of incremental plastic strain dg*",-j is
expressed by a non-coaxial flow theory (Rudnicki and Rice,
1975) of the form

W 15,8 1
2de? =—2L ("X do}, +— Bdoy,) .
ij h?(ZF ke 3ﬂo'kk)
1 S8
+h—x(ds,.j— 21?2“ ds,,) (7)

Here h; is the second hardening modulus, which was, for
simplicity, assumed by Yatomi et al. (19892) to have similar

form as the hardening modulus /4 as

h=PP >0, ®)

V34

where A4 (the non-coaxial parameter) is a positive material
constant. The additional term to dg*p,-j is the tangential
direction of yield surface in Fig. 1(b). The additional term
de*p,, is workless and thus makes no contribution to the rate of
plastic energy loss. The effect of incorporating the
non-coaxial term is merely exchanging the coefficients in Eq.
(6) as
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Table 1 A set of soil parameters used in the present study
(Sekiguchi, 1977, Yatomi et al., 1989a)

A = 0231
= 0.042
= 0333

e = 1.5

M = 143

A = 001(0)*

*A=0.01 for the non-coaxial Cam-clay model, and A=0

for the coaxial Cam-clay model

When the principal directions of dS; correspond with the

principal directions of S, the additional term to a’gxp,-j is zero,

ijs
and incorporating the non-coaxial term consequently has no

effect on dsP; in this case.

3. Finite element analysis, boundary conditions and
their modeling

The finite element program used in this study was coded
according to the method proposed by Sandhu and Wilson
(1969). The type of solid element used for deformation was a
second order iso-parametric plane-strain element with 8 nodal
points, and a first order iso-parametric element with 4 nodal
points was used for pore water pressure. An embankment
foundation with 1984 clements (6143 nodal points; Fig .2)
was modeled to investigate the influence of incorporating
non-coaxiality into a constitutive model for clay on
deformation analytical results of soft ground under an
embankment fill. The finite element array and the boundary
conditions are also shown in Fig. 2. The targeted analytical
area was symmetrical about the centerline, so the mesh
represents  half the cross-section through the cutting.
Embankment load was expressed by the distribution load. The
simulation was carried out until the embankment load reached
that corresponding an embankment height of 4.0m. Short term
stability is one of the most important problems for
construction on weak cohesive soils so the embankment fill
was rapidly constructed.

The model embankment was constructed on a 15m deep
model foundation of cohesive soils. A 50cm thick sand mat
was first placed on the original surface of the weak cohesive
soil before embankment construction began. Bedrock was
located at a depth of 15.5m. The cohesive soil foundation was
in a normally consolidated state. The soil parameters of the
foundation (Table 1) were determined from experimental
results from triaxial tests on Umeda Clay, as reported by
Sekiguchi (1977). The remaining parameters of the model
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were assumed to be: coefficient of permeability for clay & =
1.0 x 10”m/s; shear modulus for sand E, = 3600kN/m?
Poisson’s ratio for sand v, = 0.45; coefficient of permeability
for sand k, = 1.0 x 10~ my/s. The intensity of non-coaxiality of
clay was not experimentally investigated. However,
non-coaxiality is very important for theoretical explanation of
the deformation behavior of clay, which is accompanied by
bifurcation phenomenon (Yatomi and Shibi, 1997). In this
paper, we estimated a non-coaxial parameter from the results
based on the theory of shear band formation using the
non-coaxial Cam-clay model (Yatomi et al., 1989a) and the
numerical results of bifurcation analysis using the non-coaxial
Cam-clay model (Shibi et al., 2000).

For the boundary condition, horizontal displacements
were fixed along the vertical line at the center of the
embankment and at the right side of the foundation. Both the
horizontal and vertical displacements were fixed along the
bottom line of the foundation. With respect to drainage
condition, the model assumed complete drainage along the
ground surface and the bottom line of the foundation. The
boundary along the vertical line at the center of the
embankment and the right side of foundation was set as

impermeable.
4. Deformation analytical results and discussions

The objective of the present deformation analysis is to
investigate the utility of incorporating non-coaxiality into a
clay model in the deformation analysis of embankment
foundation.

A process of deformation of embankment foundation
using the non-coaxial Cam-clay model is shown in Fig. 3. In
the early stage of embankment construction (embankment
height = 2.8m), the amount of ground surface settlement was
the same from the center of the embankment to the
embankment shoulder, and decreased while from the shoulder
to the embankment toe. The ground surface in front of the
embankment toe heaved slightly. Displacement in the ground
was about 15cm at most. The amount of ground surface
settlement under the embankment shoulder was slightly larger
than that at the center of embankment when the embankment
height reached 3.4m, and slight shear deformation appeared in
the elements under the embankment shoulder. The difference
of the amount of the ground surface settlement between the
shoulder and the center of the embankment extended as
embankment height increased beyond 3.4m. The shear
deformation in the element under the embankment shoulder
became greater than any other element when the embankment

height reached 3.8m. When the embankment height finally
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Figure 3 Embankment foundation deformations using the

non-coaxial Cam-clay model

reached 4.0m, the area occupied by the element with marked
shear deformation extended from the embankment shoulder to
the toe in a circular arc band. This circular arc reached about
4m in depth.

Ground surface subsided uniformly with increasing
embankment height up to the embankment height of 2.8m. In
this case, the embankment foundation stably deformed and

consolidation was responsible for the majority of the
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Figure 4 Embankment foundation deformations using the

coaxial Cam-clay model

deformation in the embankment foundation. Settlement of
ground surface, however, locally progressed beneath the
embankment shoulder when the embankment height exceeded
2.8m. This settlement of the ground surface is related to
localization of shear deformation in the elements beneath the
embankment shoulder, and is one of the signs of failure of
embankment foundations. The area of localized deformation

extended in front of the embankment when the embankment

height passed 3.4m.

The process of deformation of embankment foundation
using the non-coaxial Cam-clay model is compared with those
using the coaxial Cam-clay model. Fig. 4 shows the process
of deformation of embankment foundation using the coaxial
Cam-clay model. The process using the non-coaxial Cam-clay
model almost corresponded with those using the coaxial
Cam-clay model up to an embankment height of 3.4m.
However, when the embankment height reached 3.8m, the
shear deformation of elements using the non-coaxial
Cam-clay model under the embankment shoulder was more
significant than that using the coaxial Cam-clay model. The
difference between the settlement under the shoulder using the
non-coaxial Cam-clay model and that using the coaxial
Cam-clay model increased as the embankment height rose.
The shape of the circular arc band occupied by the element
with marked shear deformation using the non-coaxial
Cam-clay model almost corresponded to that using the coaxial
Cam-clay model when the embankment height reached 4.0m.
The degree of shear deformation in this band, however, was
more marked using the non-coaxial Cam-clay model than
using the coaxial Cam-clay model.

Propagation of failure of embankment foundation can be
seen more clearly in the strain distribution. Contours of
maximum shear strain using the non-coaxial Cam-clay model
are shown in Fig. 5.

Maximum shear strain slightly increased at first in a
small area beneath the embankment shoulder reaching
maximum shear strain of 2-4% when embankment height
reached 2.8m (Fig. 5(a)). When the embankment height
reached 3.4m, the area of higher maximum shear strain
extended from the embankment shoulder to the embankment
toe in a circular arc which reached a depth of about 4m (Fig.
5(b)). A slight maximum in shear stain was computed in the
area about 1m beneath the embankment. In this area, depth
was shallow and consequently the shear strength was small
and small loading yielded large strain. On the other hand, this
slight maximum shear strain was formed by lateral outward
movement of the embankment foundation at depths in excess
of 1m (see Fig. 3). Therefore, the slight maximum shear strain
in this area scarcely influenced outward lateral movement at
depths in excess of 1m. When embankment height exceeded
3.8m, maximum shear strain increased locally in a circular arc
band (Fig. 5(c)). Maximum shear strain in the arc band
increased to 6-8% at 3.8m in embankment height, and reached
8-10% in the final stage at 4.0m embankment height (Fig.
5(d)).

The propagation of failure of embankment foundation

using the coaxial Cam-clay model is given in Fig. 6.
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Figure 5 Contours of maximum shear strain using

the non-coaxial Cam-clay model
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At 2.8m embankment height, the contour of maximum
shear strain using the coaxial model almost corresponds to
that using the non-coaxial model (Fig. 6(a)). At 3.4m, the
maximum shear stain using the coaxial model was slightly
smaller in the area 1m beneath the embankment than that
using the non-coaxial model. In both models, however, the
area of slightly larger maximum shear strain appeared from
the embankment shoulder to the embankment toe in a circular
arc (Fig. 6(b)). When embankment height exceeded 3.8m,
maximum shear strain in the circular arc band grew later and
was less in the coaxial model than with the non-coaxial model
(Fig. 6(c)). Both models agree in the shape of the circular arc
band (the shear band) in which the maximum shear strain is
localized. The amount of maximum shear strain in the shear
band at 4.0m in the coaxial model (Fig. 6(d)) nearly matches
to that at 3.8m in the non-coaxial model. The difference in the
maximum shear strain between the models suggests that
deformation analysis using the non-coaxial Cam-clay model
may detect signs of failure of embankment foundations at an
earlier stage than does the coaxial model. Consequently,
deformation analysis using the non-coaxial Cam-clay model
yields significant information for construction management of
geotechnical projects and prediction of slope failure.
Additional study in geotechnical engineering thus seems
Jjustified.

5. CONCLUSIONS

The present deformation analysis, which models
construction of embankment fill on soft ground using the
non-coaxial and coaxial Cam-clay models, demonstrates clear
transition from localized strain to formation of shear bands.
Incorporating non-coaxiality into a constitutive model for clay
shows that marked shear deformation and large maximum
shear strain occur under the embankment shoulder in the early
stage of embankment construction. However, the area of
marked shear deformation and large maximum shear strain
almost correspond with that which disregards non-coaxiality.

The present deformation analysis using the non-coaxial
Cam-clay model provides significant information for
construction management of geotechnical projects and
prediction of slope failures. Additional study in geotechnical

engineering seems to be justified, however.
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