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Abstract

Geotechnical behaviour of a reinforced embankment on soft ground is studied by a numerical
model based on the ®nite element method. Special emphasis is given to the stress states (stress

levels and pore pressures), displacements, tensile forces in the geosynthetic and overall stability,
during and after construction. The in¯uence of some parameters, namely geosynthetic sti�ness
and viscosity, embankment width and construction sequence, is also analysed. Several conclu-
sions are obtained. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The increasing occupation of the ground over the last decades, due to economical
and social development of the populations, has led to the necessity of using soils
with bad geotechnical characteristics as foundation of multiple engineering works.
Particularly, the construction of embankments on soft soils, characterised by their
low strength, high deformability and low permeability, has become nowadays an
increasing reality, despite the di�culties associated to these works, generally related
to overall stability de®ciency and to high settlements that develop slowly.
Geotechnical engineers have developed several alternatives to solve these problems

and, in recent years, geosynthetic reinforcement has been added to the list of possible
solutions when embankments must be constructed on very soft foundations. In many
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cases, the use of a geotextile or geogrid can signi®cantly increase the safety factor,
improve performance in terms of displacements and reduce costs in comparison with
more conventional solutions.
Over the two last decades, with the availability of faster computers with larger data

storage, it has been possible to perform ®nite element analyses with increasingly
complex formulations. The earliest analyses used elastic models for the materials but
quickly moved to non-linear elastic and elasto-plastic models. A critical state model
was used by Wroth and Simpson [24] on a trial embankment and coupled analyses
have been capable of predicting the pore pressure response in the ®eld and in cen-
trifuge tests [33±36]. Using reinforcement and interface elements, Kwok [25] per-
formed a parametric study to investigate the e�ect of the reinforcement sti�ness, the
subsoil conditions, the geometry and the embankment constitutive model. Hird and
Kwok [26] used interface elements and showed that useful information regarding the
transmission of shear stresses from the soil to the reinforcement could be extracted.
Hird and Kwok [27] carried out a parametric study and concluded that su�ciently
sti� and strong reinforcement may signi®cantly reduce subsoil deformations and, for
a subsoil of constant strength, the e�ect of reinforcement reduces with increasing
depth. Undrained plane strain ®nite element analyses have been compared with limit
equilibrium solutions [28,29] and with plasticity solutions for strip footings [30±32].
Rowe and Soderman [30] found that the ®nite element results were within 7% of the
predicted plasticity failure heights for highly reinforced embankments. In Jewell [37,38],
the mechanisms of reinforced embankments on soft foundation soils were examined
and design formulations were provided. Jewell [38] concluded that limit equilibrium
methods can be applied to reinforced embankments on soft soil and also presented
approximate analytical solutions for foundation of uniform strength and limited depth
and foundation with strength increasing with depth.
In this paper, the geotechnical behaviour of a reinforced embankment on soft soil is

simulated by a numerical model, developed by Borges [3], based on the ®nite element
method. Basically, the model uses the following theoretical hypotheses: (a) plane strain
conditions; (b) coupled formulation of the ¯ow and equilibrium equations, considering
soil constitutive relations formulated in e�ective stresses (extension of Biot's con-
solidation theory) [6,16]; this formulation is applied to all phase of the problem, both
during the embankment construction and in the post-construction period; (c) utilisa-
tion of the critical states model [p; q; �] [3,4,6,16] to simulate constitutive behaviour of
the foundation and embankment soils; (d) utilisation of a hardening elasto-plastic
model to simulate `instantaneous' constitutive behaviour of the reinforcement; (e)
simulation of viscous behaviour of the geosynthetics (time-dependent constitutive
relations) using a rheological model based on a series of Kelvin's models [20]; (f)
simulation of constitutive behaviour of the soil±geosynthetic interfaces using a
hardening elasto-plastic model.
The study includes analyses of a reference embankment. The e�ect of some param-

eters, like geosynthetic sti�ness and viscosity, embankment width and construction
sequence, is also studied.
In order to verify accuracy of the numerical model used in this paper, Borges [3]

compared numerical and ®eld results of two reinforced embankments on soft soils,
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