Numerical modelling of a centrifuged embankment on soft clay
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Biot coupled consolidation numerical analyses have been applied to a stage-constructed embankment on soft clay in the
centrifuge. In the test, the sand embankment was constructed during flight on a clay foundation consisting of an overconsolidated
crust overlying a normally consolidated layer. Measurements were taken of pore pressures, dissipation rates, and displacements
in the foundation clay. Predictions of these were made using a simple Cam-clay model for the clay and the Cambridge CRISP
computer program. A linear elastic idealization was used for the embankment. With some exceptions, pore pressures and
dissipation rates were very well predicted, as were maximum values of both horizontal and vertical displacements. However,
displacement profiles with depth were not so well p d. Particular is given in the paper to the determination of
relevant values of shear modulus G and the difference in behaviour resulting from using constant permeability and permeability
varying with void ratio.
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Des analyses numériques associées 2 la théorie de consolidation de Biot ont été appliquées 2 un remblai sur argile molle
construit par étapes dans un centrifuge. Le remblai en sable a été contruit durant I'essai sur une fondation argileuse com-
prenant une crolte surconsolidée recouvrant une couche normalement consolidée. Des mesures de pressions interstitielles,
de vitesses de dissipation et de déplac dans la fondation argileuse ont €té prises. Des prédictions de ces mesures ont été
faites au moyen d'un simple modele “Cam- -clay” pour Iargile et du programme d’ordinateur CRISP de Cambridge. Le
comportement du remblai a été idéalisé selon un modele d’élasticité liné A quelques exception prés, les pressions
interstiticlles et les vitesses de dissipation ont été trés bien prédites de méme que les valeurs maximales des déplacements
horizontaux et verticaux. Cependant, les profils de déplacements en fonction de la profondeur n’ont pas été aussi bien prédits.
Dans cet article, une attention particulidre est portée 2 la détermination des valeurs du module de cisaillement G, et au

comportement différent selon qu’une perméabilité constante ou variant avec I'indice des vides est utilisés.
Mots clés: remblais, argile molle, essai centrifuge, analyse numérique, consolidation de Biot, modéle “Cam-clay.”
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Introduction

Realistic computations of the variation of displacements and
pore pressures with time, in clay foundations under stage-con-
structed embankments, require the use of numerical analyses
with reliable constitutive models coupled with consolidation.

The Cam-clay models (Schofield and Wroth 1968; Roscoe
and Burland 1968) allow strength and compressibility to be
treated within the elastoplastic strain-hardening theoretical
framework, using a small number of parameters for both
drained and undrained analyses. Partial drained behaviour can
be also modelled numerically using the Biot three-dimensional
consolidation theory, as adopted in the CRISP program (Gunn
and Britto 1981). Some common criticisms (¢.g. Tavenas 1981)
to the original Cam-~clay models are the following:
(a) the assumption of a yield locus centred on the isotropic
compression line whereas anisotropic consolidated clays exhibit
yield loci approximately centred on the K, consolidation line
(e.g. Parry and Nadarajah 1973);
(b) the assumption of isotropic elastic rather than anisotropic
clastic behaviour inside the yield locus;
(c) the assumption of associated flow rules, which can be
acceptable for isotropic soils but do not properly represent the
behaviour of anisotropic natural clays.
Despite the above criticisms, the original Cam-clay models
have been continuously used at Cambridge. The reasons are that
they retain mathematical simplicity and use a small set of
Pparameters obtainable from standard laboratory tests.

This paper is concerned with comparisons between numerical
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calculations of pore pressures and displacements and measure-
ments taken during the centrifuge testing of a stage-constructed
embankment on soft clay.

Centrifugal modelling

The advantages of using the centrifuge to achieve self-weight
and stress path similarity have been discussed by Schofield
(1980). In essence, if a model N times smaller than the
prototype is subject to an acceleration N times the earth’s
gravity field, then the density of all materials in the model will
be increased by N and the stresses at a depth z/N will be
identical to the stresses in the prototype at a depth z. If materials
with the same stress—strain behaviour are used in both model
and prototype, strain similarity is also achieved in both model
and prototype.

An additional advantage of a centrifuge test is the shortening
of time-dependent processes. According to the Terzaghi con-
solidation theory, the time for dissipation of excess pore
pressure is proportional to the square of the drainage path. As
the model dimensions are reduced by N times,4he draina age path
is also N times shorter. Hence the model time is N* times
shorter than the prototype time. This relation has obvious
implications for the centrifuge modelling of stage-constructed
embankments on soft clays.

The centrifuge test reported here is part of an extensive
programme of testing carried out at Cambridge to study the
behaviour of embankments on soft clays (Davies 1981; Almeida
1984; Almeida et al. 1985; Davies and Parry 1985). The model
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FIG. 2. Centrifuge test MA3: geometry and position of the pore
pressure transducers.

test (Almeida 1984) consisted of a 160 mm thick soft clay
foundation formed by 2 90 mm overconsolidated clay overlying
270 mm normally consolidated layer. In order to produce a stiff
crust, Gault clay was used in the top 40 mm of the model. Both
clays were consolidated together from slurry. The in situ stress
state existing before embankment construction is described
below.

The centrifuge test was performed at 100g using the
Cambridge geotechnical centrifuge described by Schofield
(1980). Embankments were constructed in flight; the stage
construction loading history that was adopted during the
centrifuge test and that is to be modelled numerically is shown in
Fig. 1. The embankment was constructed in stages from lift 1 to
lift 3 and was then taken quickly to failure. This occurred 10s
after lift 5 was poured, at an average height of 116 mm.

The geometry of the problem is seen in Fig. 2. Since the walls
of the centrifuge container are ideally smooth, the cross section
of the model represents half of the prototype modelled, as the
right-hand-side wall is a plane of symmetry. The positions of the
10 miniature pore pressure transducers used are also seen in Fig.
2. As the pore pressure transducers were provided with silicon
chips, they offer very fast response times, of the order of 0.1s.
The visible section of the model was provided with a grid of

silver spheres that allowed pictures to be taken and displace-
ments to be subsequently computed, by the technique described
by James (1973).

During stages 2 and 3 of embankment construction large
horizontal and vertical displacements occurred. Measured and
computed displacements and pore pressures are presented
below. Limit equilibrium effective stress stability analyses
using measured pore pressures produced factors of safety in the
range 1.0-1.2 during stages 2 and 3 and a factor of safety of
0.91 at failure, as described by Almeida et al. (1985). A fuli
description of the test, techniques, and analyses performed can
be found in Almeida (1984).

Previous work on critical state numerical modelling

One strong feature of the Cam-clay models is their ability to
model the behaviour of lightly overconsolidated clays under
stress paths corresponding to embankment loading (Wood
1982). Indeed, Cam-clay models have been successfully used
(e.g. Wroth 1977) for the numerical calculations of the
behaviour of embankments on clay foundations. A brief review
of prior numerical analyses of embankments on soft clays using
critical state models is presented below.

The finite element program developed by Simpson (1973)
employing models of soil behaviour and based on critical state
soil mechanics was applied to the analysis of the Kings Lynn
trial embankment. Drained and undrained analyses showed
good agreement for short- and long-term settlements. Com-
puted pore pressure showed less agreement with field measure-
ments than displacements and poor agreement was obtained
between measured and computed movements outside the
embankment toe. The results of these analyses were also
presented by Wroth and Simpson (1972). Thompson (1976)
improved Simpson’s program and applied it to a class A
prediction of the MIT trial embankment. The calculations were
good in general, but pore pressure computations in particular
were better than those presented by the other predictors (Wroth
1977).

From the findings of Simpson, Thompson, and others
(notably Naylor 1975), the CRISTINA (CRlItical STate Num-
erical Algorithm) program was developed. Bassett er al. (1981)
used a version of CRISTINA with a coupled consolidation
algorithm suggested by Small er al. (1976) to predict the
behaviour of centrifuged constructed embankments. Davies
(1981) used CRISP, the version subsequent to CRISTINA, and
described in the next section, for the analysis of centrifuged
embankments. In both cases excess pore pressures generated by
the embankment construction and their rates of dissipation were
fairly well predicted, but the settlements during consolidation
were substantially overpredicted, with a much deeper pattern of
computed displacements.

Prediction of the behaviour of a trial embankment on Rio de
Janeiro clay was performed by Almeida (1981) using the CRISP
program. A coupled consolidation analysis of the month-long
period was performed and good agreement was observed for
both settlements and pore pressures. When results were also
compared (Almeida and Ortigdo 1982) with numerical calcula-
tions using an elastic nonlinear model, the superiority of critical
state numerical calculations that accounted for the soil con-
solidation was made evident.

Other critical state finite element programs have been
developed elsewhere, such as the Rosalie program used for
predictions of the Cubzac-les-Ponts A and B trial embankments
(Truong and Magnan 1977; Magnan et al. 1982a, b). Early
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nalyses without consolidation (Truong kod Magnan 19773
wete semftive to the i ving value of X, adopted and sottlements
wese penerally enderestimated. The program has reeently been
modificd (Magnan e« al. 1982, b) 6 inclisde coupled cot-
salictanion, yield locus centred on the X, line, anisotropic elostio
sehavioar inaide the yield locus, and nommssociative Bow e,
10 give. cbmsequently, better resulis.

sumerical anadyses of the 1-95 MIT test embankment and of
1he East Achafalsyas test section were presentod by Kavazanjion
wd Pocpael (1984). Agreement belweon obigrvesd sl com-
puted valses was genorally satisfaciory, after soil parameler
walibration upon intin] conruction deformations. Underpre-
diction of both baternl deformutions and center-line settlements
was ttribiwied 10 unddrained creep, which is not included in the

CRISE program and finite elensent mesh used

Crnstifutive models included in CRISP ure Cam-clay, elastic
qerfectly plastic, and linear clastlc. The clay foundation has
bern modelled here as o modified Cam-clay material (Roscos
and Furland 1968) and the soil parnmeters sdopted are pre-
seniedd i the mext section. A study of the suimbility of the
mexdels available in CRISP 1o be weed for the embankment was
performed by Almeida { 1981). It was concluded that despite its
shoricomings the linear clastic model wi the moest convenient;
S it bs adopted here for both embankment and sand layer,
Valies adopted for Young's modulas were E = 3 MPa for the
embankment and £ = 2MPa for the sand layer, based on
comelations with cone penetration teste performed through the
embankmient and op sand layer during centrifuge operation
{Almeida 1984). A Poisson's ratio of v* = 0,3 was adopted for
hoth mslerials.

Trizngular and guadrilateral clements with displacements
aknown, of with both pore presiure and displacements
unknown are provided in the program . The six-noded trinnghe
Fig. da) was used to madel the consolidating clay forndation.
The sand layer and the embankment were modelled 21 dmined
materials and the element types used have only displacement
emknown ol the modes (Fig. 3k, o},

The finite element mesh with the type of elements mentioned
ahove b peesented in Fig. 4, It i composed of & total of 130
elements, 85 being in the clay foandation, 12 in the mnd layer,
end 33 in the ensbankment, The embankmient consisted of four
ftx, fift & being simulated by distributed boad on the top of Tiftd.

T The todnl number of nodes in the mesh was 319 and the

Euxinmm number of degrees of freedom in the solution (after
constrycting lift 4) was 604,

The formulation of consolidation is based on Fot’s theee-
dimessional consolidation theory. Physscal nonlinearity is
handled by & purely incremental approach, which requires the
use of o lasger number of increments.

Boundary conditions sdopeed in the analysis, Fig 4, ane those
Euisting inside the centrifiuge model container and consiu af
Wides restrainest horipoeitally but allowed 1o move vertically.
and bopom. resraint iy both borieontal snd vertical direc-
Hims, Dhrainage was permibied at the top and bottons of the <lay
model theouglsut the analysiv, e, during both loadiog sod
cumalidation,

The analysix was performed by applyiag oot the mesh the
enhankimenl self-weighl under centriluge acceleration for pach
el e albvelng For partind pore pressure disstpation under thit
Il The bulk specific weight of the embankment was
16.9KN/m". All the clements corresponding 1o the embank-
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et material were rernoved prior 1o analysis. Times for both
loading and covsolidution were exactly the same as in the
centrifuge test,

Modelling the clay foundation
Critical mte parameders

The Cam-clay model requires four critical stale parameters:
. the gradient of the conscilidation line in the ¢ — In p' spdce,
evpual to £33, w, the gradient of the sweiling line in the ¢~ In
P space, equul to €,/ 2. 3; M, the value of the stress ratio g*/p°
#t the eritical state condition; and ¢, the voud ratioal p* = | kP
on the critical vate line tn the ¢ = In p” space.

The: following values adopted in the analyses were hased on
fhe farge amount of data available ot Cambridge (c.g Amrey
1984 Davies 1981, Parry and Nadaraph 1973 Thompeon
19760 knohine & = 0,25, ¢ = 0.05, M= 09, ¢, = 2 44; Guult
clay: A=0219, x = 0.035, M = L0, £, = 1.96.

Shrrr modull

The matrix of elistic companents is computed in the CRISE
program using values of shear modilus & and bulk resduli A7
The bulk mocdulus i peessire dependent and in computed by
differentinting the equation of & swelling line

il e’
"

Whes using the sandard version of the program it is possible
1o wsaipn either o corstant value of shear modialus of 8 constant
walue of Polsson’s rutio, 1) sppears that neliher of the psisrp-
tigms of G ot v consant ts-satisfactory, as discisscd bl In
the latier cave the shear madulus i3 pressure dependent and
given by

1 &

H) =¥
PR M Lok,
201+ W)

Submtinaing values of ¢ = | 5, & = 0,08, and o = (L3 gives
126) G=23p
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Triaxial tests in kaolin carried out by Houlsby (1981) resuited

Bl G=15p

Houlsby also showed that using [3] provided a much better fit to
his triaxial tests than using a constant value of shear modulus.
Thus for the analysis performed here the shear modulus for
kaolin is constantly updated using [3], despite this equation
implying an unrealistic value of zero for Poisson’s ratio when
[1] and {3] are substituted in [2a] with ¢ = 1.5 and k = 0.05. For
the Gault clay, G was assumed to be 2250kPa (see Fig. 5)
throughout the analysis. Values of G corresponding to the in
situ stress state, p = (26", + 0',0)/3, are shown in Fig. 5.

Values of G computed by {24] (making the normal assump-
tion of v’ = 0.3) are also shown in Fig. 5, and are much lower
than those given by [3]. The ratio G/c,, which is a good guide
for the estimated values of G, varies between 130 and 230
(Houlsby 1981), as shown in Fig. 6. However, the same ratio
given by values of G computed by [24] varies between 27 and
74, Fig. 6, whereas that using values of G computed by [3]
varies between 72 and 270, Fig. 6. Thus values of G for kaolin
given by (3] seem to be quite realistic, whereas use of {2] might
lead to excessively low values of G, which might explain why
some previous critical state numerical analyses overpredicted
displacements.

Coefficients of permeability

For coupled consolidation analysis the program also requires
values of the coefficients of permeability in the horizontal (ky)
and vertical (k,) directions. In the standard version of CRISP the
coefficient of permeability is assumed to remain constant
throughout the analysis.

However, the permeability is not a soil constant and in
situations in which large loads are applied and significant
consolidation takes place, changes in void ratio can lead to
important changes in the coefficient of permeability. This point
might be important in stage-constructed embankments and is
investigated here; two cases have been analysed:

(a) Case A—The permeability was assumed to be dependent
on the void ratio; this case was used for direct comparison with
the observed behaviour. Four values of the initial coefficient of
permeability in the vertical direction (k,,) were used. Fig. 7b,
according to the initial void ratio e,, Fig. 7a. The equation
adopted to correlate the coefficient of permeability with the void
ratio in case A and which was implemented in the original
version of the CRISP program is the linear relationship between
log k, and e given by

(4] k= kyor 10-e0/Ck

where &, and e, have been defined above and Cy is the slope of
the log k, — e plot. The value of C; adopted for both kaolin and
Gault clay was 0.60, which, like k,,, was based on data
available at Cambridge (Thompson 1962);

(b) Case C—The permeability was assumed to remain
constant throughout the analysis; this case was used just for
comparison with case A. Only two values of permeability were
used (Fig. 7b): k, = 9.37 x 10~ ' m/s for the Gault clay and &,
= 2.0 X 107° m/s for the entire kaolin clay layer.

Inboth cases values of k, were assumed to be 1.5 times higher
than those of &,, according to experimental data available at
Cambridge (Chan 1975).

In situ stress state
A soil element close to the clay surface (see Fig. 8b, element
A), in clay models used for centrifuge tests, experiences loading

G (MPa)
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FiG. 5. Variation of shear modulus with depth.
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in the laboratory and continuous swelling as it is unloaded and
then subjected to 100 g of acceleration, eventually reaching
equilibrium. On the other hand, a soil element at the bottom of
the clay (see Fig. 8b, element B) experiences loading followed
by unloading and subsequent reloading to a normally consoli-
dated condition as it reaches equilibrium at N = 100 g.

Values of in situ horizontal effective stresses o'p, were
computed using values of coefficients of earth pressure at rest
Ko = 0'1o/0" o given by the following empirical relationship
found to be suited to Cambridge reconstituted clays:
[5] Ko = Kuc+(OCR)®' (radians)
where OCR = 0',n/0", is the overconsolidation ratio and Ko
is the coefficient of earth pressure at rest at the normally
consolidated condition, equal to 0.69 for both kaolin and Gault
clay (Airey 1984; Thompson 1962). Results from [5] agree well
with the available experimental data.

Variations of OCR and K, (given by [5]) with depth in the
clay foundation are given in Fig. 8a. Values of in situ vertical
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and horizontal effective stresses o', and o'y, are shown in Fig.
8b. The bulk specific weight of the clay foundation was
15.4kN/m>. The third curve in Fig. 8b is the isotropic precon-
solidation pressure p’, required by Cam-clay models to locate
the yield locus at each integration point. Values of p’ have been
computed from the stress history (0" ho» O'vo, and OCR) using
the equation of the modified Cam-clay yield locus.

Predicted and measured displacements

Results

Predicted vertical displacements at the top of the clay surface
and displacements measured 5mm (0.5m) below the clay
surface (there were practical difficulties of positioning the
reflective markers used for displacement measurements at the
clay surface) are compared in Figs. 9a-9c. Plots are given at
moments shortly after lift 2 was placed and just before lift 3 was
placed (i.e. start and end of stage 2), Fig. 94; at start and end of
stage 3, Fig. 9b; and just after construction of lift 5. Magnitudes
of both settlement under the embankment and heave in front of
the embankment are generally very well computed.

As far as surface settlements are concerned, the only factor of
discrepancy is related to the shape of the curves under the
embankment. It is believed that side friction developing inside
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the centrifuge model container is of minor importance and that
the modelling of the embankment as an elastic material is the
main reason for the difference, as discussed in detail by Almeida
(1984). Indeed, back analysis of the embankment failure
(Almeida et al. 1985) using well-known effective stress strength
parameters and measured pore pressures produced a factor of
safety of 0.91, thus suggesting that side friction, not considered
in the stability analysis, was less than 10%. -Also, use of an
embankment with very low stiffness, although overpredicting
displacements, produced a displacement profile similar to the
observed one, suggesting that the use of a stress-dependent
embankment modulus should improve the results.

The variation of settlements with time is shown in Fig. 10 for
a point 225 mm (22.5 m) away from the embankment centre
line. The few data regarding the variation of settlement with
time suggests that this is being well computed. However, the
variation of settlements with depth is not as well computed as
surface settlements, Fig. 11, since computed displacements
decrease gradually with depth, with displacements at great
depths being greatly overpredicted. The reason for this dis-
crepancy is not clear.

Equivalent inclinometer plots 11, 12, and I3 are presented in
Figs. 12 and 13 for lifts 2, 3, and 5. Maximum horizontal
displacements are well predicted at inclinometers I1 and I3 but
not so well at inclinometer 12. Maximum computed horizontal
displacements were located at a depth ratio z/H of the order of
0.24-0.4, whereas observed maximum values were at a depth
ratio of the order of 0.0-0.2. Similar to the vertical displace-
ments, observed horizontal displacements had a more pro-
nounced gradient with depth than computed values; hence
displacements at great depth were overpredicted.

Contours of computed vertical and horizontal displacements
at the end of stage 3 are presented in Figs. 14a and 145. The
general agreement in magnitude between calculations and
measurements but the deeper pattern of computed displace-
ments can be seen by comparing the calculations of Fig. 14 with
measurements presented in Fig. 15.

Discussion
Maximum magnitudes of both heave in front of the embank-
ment and settlements under the embankments were very well

depth (mm)
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120
o .’." G A
SO0+
100+
e
150-

FiG. 8. In situ stress state.
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predicted at all stages of the test. Also, maximum magnitudes of
horizontal displacements were fairly well predicted. However,
both vertical and horizontal displacements were overpredicted
at greater depths. Computed horizontal displacements appeared
to be restrained at the clay surface, thus differing in shape from
the measured curves. Difficulties associated with calculations of
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lateral deformations of foundations were discussed by Poulos
(1972). Predicted horizontal displacements are usually larger
than measurements and Poulos listed the possible reasons for the
discrepancies: (1) the difficulty of estimating Poisson’s ratio of
the soil; (2) anisotropy of the soil; (3) nonlinear stress—strain’
behaviour of soil; (4) nonhomogeneity of soil; (5) neglect of
certain factors such as the effect of embankment stiffness and
foundation roughness or more generally, incorrect assumptions
made regarding the stresses applied to the soil by the foundation
or embankment. Poulos (1972) also pointed out that the
sensitivity of the horizontal movements to the factors listed
above is considerably greater than that of vertical displace-
ments. It appears that factors (2) and (5) are the most relevant
for the case analysed here.

Factor (2), regarding soil anisotropy, is possibly the main
drawback of simple Cam-clay models. Indeed, anisotropic
elastic behaviour might be particularly important for the initially
overconsolidated top clay layer (see Parry and Wroth 1977).
Also, anisotropy in the shape of the yield locus for one-
dimensional consolidated soil might be relevant for points
yielding beyond the toe due to the passive nature of the stress
paths.

Related to the influence of anisotropy is the problem of rota-
tion of the direction of principal stresses beyond the embank-
ment toe. In Cam-clay isotropic models the rotation of principal
stresses does not cause additional plastic strains, which is quite
contrary to the experimental evidence. Therefore Cam-clay
models in these circumstances will be too stiff and will
underpredict deformations. This is the case for lateral deforma-
tions of points close to the surface in equivalent inclinometers [ 1
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and I2. However, the opposite occurs in the bottom clay layer,
which is yielding more than expected, i.e. plastic strains and
displacements are being overpredicted there.

The modelling of the embankment also seemed to be
unsatisfactory, as suggested in (5) above, as a linear elastic
model does not model the variation of the embankment stiffness
with stress level. Therefore it is apparent that a more correct
modelling of the embankment material should improve the
shape of the settlement curves under the embankment and the
profiles of lateral deformations and settlement with depth.

The discussion by Poulos (1972) was made in the context of a

> quickly built embankment. In the case of a stage-constructed

embankment, the hypotheses regarding the consolidation of the-
clay foundation might also be important. It was observed in the
analyses performed here that the assumption of permeability
?eing constant throughout the analysis (case C) has the effect of
increasing lateral deformations and settlements as compared to
the assumption of permeability varying with void ratio (case A).

Predicted and measured pore pressures

Excess pore pressures Au measured during test MA3 are
compared in this section with values of Au computed at
the integration point nearest to the respective pore pressure
transducer.

Measured and computed variations of excess pore pressure
with time are presented in Figs. 16 and 17 for 8 of the 10
transducers monitored. The agreement is generally good for
both generation and dissipation of pore pressures. Computed
pore pressures had a trend of peaking at the end of loading
whereas measured pore pressures showed some peak delay, i.c.
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peaked after the end of loading. That is the case of transducer
P6, Fig. 16¢, where, despite the poor agreement, both com-
puted and measured pore pressures peaked on completion of
loading lifts 1-3.

At transducer P9, Fig. 17b, computed pore pressures
showed a continuous rise on completion of loading lift 1,
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maxim values being obtained af the end of the stage. Also, o1
transducer P10, Fig. 17c, computed Ay remafned stable for
sinme time 1t the begrnning of stapes 2 and 3, which was also the
case for the early moments of stage 2 in tunsducer P11, Fig
174 The delayed peak response as well as the continuous rise in
e pressure af the end of loading moy be a consequence of both
the two-dimensional pore pressure redisirbution in the clay
foundation and te Mandel-Cryer effect (Gibson er af. 1963),
witich are also refleciedd in the computational method.
Transducers located in the Gault clay ('] and P10) or close 1
the inlerface between Gault elay and kaolin (P& and P11)
showed, for some stapes of the fests, computed racs of
dissipation slightly faster than mensiwred ones. However,
compuledd pore pressure Tesponsss o the reaaining transiducen
located within kaolin were generally very good, and particulasly
motbceable are the excellent sgreensents obiained for transducers
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P2 mnic P9, Thus it agpears that the fow existing discrepancie,
between cabculations and measurements are not particulagy
related o the computationa] model adopted but rather wiy
difficulties in defining exactly the consolidation properties of
the bess well studied Gault clay, 1T lower values of cocfficients of
permeability are adopled for Gault clay. the predicted dissipa.
tion shoukl improve,

The influgnce of the hypollicses regarding vamaten of the
coefficient of permeability given by cases A and C is shown i
Fig. 18. Comparisons are made for tmnsducers P2, P3, P, ang
P9, at respectively B, 17.5, 26, and 35m away from the
prototype ceotre line, As expected, the difference between the
two cases graduslly inceeases for points closes (o the centee line,
as these are subjected to greater overburden pressures, hence
experiencing lorger changes in void mtio,

Since apreemend between measurements and case A cakeuly =2

tions was generally very pood and as computed case O pore
pressures dissipated faster than computed case A pose pres
wures, agreement between cnse C and measurements is theeefor:
o av poed as for case AL Analysis for a case in which the
permeability was kep constant throughout the analysis bug with
initinl distibution a5 in case A prshiced pore pressises
intermedinte between cuses A and C but closer to cass C. Thus i
appean that it is nod only important o pssne the comect initial
values of k.. ond &y, but even mone imporiant ks assime that the
permeability varies with void mtio, The effect of the varistion af
permeahiliy was less significant on displacements than gn pors
PICESUEs,

Cantours of comgputed Au af the end of stage 3 are shown in
Fig. 19, Valoes presented a decrease of Au from mid-depth o
top and bottom draining bounderies and from the prototype
centre fine te the embankement toe, as expected.

Stress distribution on the clay foundation
Compued streas paths in the p'—g* dingrun ploted af the
feeation of the pore pressure transducers 1, 12, F7, P4, PR,
and P11 are shown in Fig. 20, where ¢* is the generalized
deviator stress as defined by Roscoe and Burlamd (1968). The
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Fic. 18. Influence of the hypothesis related to the permeability on the pore pressure response.

critical state line (csl) and the modified Cam-clay yield locus are
also plotted in the p’'—g* diagram.

Points P1, P10, and P11 are located in the top overconsoli-
dgled clay layer, thus stress paths at these points start inside the
yield locus. Conversely, points P2, P7, and P8 are in the bottom
normally consolidated layer and their stress paths initiate on the
yield locus. Stress paths shown in Fig. 20 may be described as
follows:

(a) During loading, undrained type of stress path, vertical for

points at the overconsolidated state and inclined to the left for
points at the normally consolidated state, which is consistent
with the negligible drainage taking place during the short time of
construction. These stress paths generally moved towards the
critical state line with increasing g*

(b) During consolidation, a predominantly horizontal line with
increasing p’, thus moving away from the critical state line.
Slight departures from these typical patterns are seen in the
initially more overconsolidated points P1 and P10, as consolida-
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tion during stage 1 at P1 was associated with increase in g*
and only marginal increase in p’, and at P10 was associated with
a slight decrease in g* while p’ was held constant.

Computed stress paths indicate that all three points, P1, P10,
and P11, initially at the overconsolidated state reach yielding
conditions during stage 2 of construction; point P11, the least
overconsolidated of the three, started yielding in lift 1, but P1
and P10, both at initial K, conditions very close to unity,
reached yield conditions in lift 2. Most of the clay foundation
under the embankment was also at a normally consolidated state
at the end of stage 2, which explains why both computed and
measured deformations increased more rapidly following com-
pletion of lift 3 loading.

At points P8, P10, and P11 under the embankment slope,
stress paths moved very close to the critical state line,
particularly on completion of stages 3 and 5 loading. At points
P2 and P7, located at greater depths, stress paths during loading

were predominantly vertical and never approached the critica]
state line.
Conclusions

A coupled consolidation numerical analysis of a stage.
constructed embankment test has been presented adopting the
modified Cam-clay model for the clay foundation. Soft clay
parameters were obtained from the large amount of test data
available. No calibration of parameters was carried out. Values
of shear modulus G were made dependent on the mean effective
stress p' and values of permeability were related to the void
ratio, as these more realistic assumptions appear to be important
in the case of a stage-constructed embankment.

Good overall agreement of maximum magnitudes of horizon-
tal and vertical displacements and of pore pressure variation
with time has been obtained. Agreement was particularly
promising for settlements at the ground surface under thy
embankment and for pore pressure generation and dissipation-
the kaolin clay.

Agreement was less satisfactory for displacements at greater
depths, where both horizontal and vertical displacements were
overpredicted. Shapes of computed and measured lateral
deformation profiles with depth- were also different. Some
reasons for the differences are the modelling of the embank-
ment as a linear elastic material and that anisotropy of the
clay foundation was not considered in the modified Cam-
clay model.

Because of the general good agreement obtained in this
well-controlled centrifuge experiment, and indeed with other
field cases reported in the literature, the numerical model
adopted here is recommended for practical applications of
embankments on soft clays.
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List of symbols
void ratio at critical state line at p’ = 1 kPa

€cs

ky, ky permeability in the horizontal and vertical direc-
tions

p' mean normal effective stress = (o) + o'z +
a'3)/3

P isotropic preconsolidation pressure

Po mean in situ effective stress = (0", + 26'ng)/3

q* generalized deviator stress = [(0) —~ o' +
(o'2 — a5 + (@' — a’3P1'"?

t time

u pore-water pressure

z depth

C. gradient of the compression line in the e - log
p’ plot
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gradient of the swelling line in the e - log
p' plot

slope of the e - log k, line

Young’s modulus

shear modulus

total depth of the clay foundation

bulk modulus in terms of effective stress
coefficient of lateral earth pressure at rest
coefficient of lateral earth pressure at rest in the
normally consolidated condition

gravity scaling factor (centrifuge acceleration

Ng)

OCR
K

)N
"

'
T hos
[ vm

Au
M

'
'
’

o

0,02,073
;

Oh Ty

’
T'vo

overconsolidation ratio (6" /0" vo)

gradient of the swelling line in the e — Inp’
plot

gradient of the compression line in the e — 1n p’
plot

Poisson’s ratio in terms of effective stress
principal effective stresses

horizontal and vertical effective stesses

in situ horizontal and vertical effective stresses
maximum vertical effective stress

excess pore pressure

critical state frictional constant





