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A comparative study of the types of yield surfaces was conducted. It was found that the egg-shaped yield surface, as
a closed yield surface, compensates for the defects of the open and cap yield surfaces. A theoretical analysis was then
performed to determine the egg-shaped yield surface parameters of soil material. The concept of initial plastic modulus
was proposed, and the relationships between parameters a, b, and d of the egg-shaped yield function and the initial plastic
modulus were established. The soil shear wave velocity, which is a meso-scale parameter, was also introduced to establish
the relationships among the parameters. Parameter � was determined based on the consistency of the value between shape
parameter � and the tangent function of the internal friction angle. To confirm the rationality of the theoretical analysis,
silty clay was mixed with cement to prepare artificial structural clay. The shear wave velocity (based on the bender element),
isotropic compression, conventional triaxial compression, and stress path compression tests were conducted. The initial yield
characteristics of the soil at different cementing strengths were determined. Regression analysis was performed by using
the egg-shaped yield function, which quantitatively indicated the correlations between the initial shear wave velocity, peak
internal friction angle, and egg-shaped yield surface parameters. The parameter determination method accurately reflected
the physical properties of soil and exhibited excellent practicability by combining the macro- and meso-scales.

INTRODUCTION

Yield surface is an important component of the elastic–plastic
model for soils. The classical ideal elastic–plastic constitutive
model is inaccurate because the yield surface is open on the
meridian plane. Therefore, Drucker and Prager (1952) proposed
the cap model, which incorporates a spherical cap into the
Drucker–Prager model. The work hardening of the soil expands
the shear yield surface together with the cap. The Cambridge
model and its modified version are the most representative and
widely used soil models (Roscoe et al., 1963; Roscoe and Bur-
land, 1968). This yield surface has a closed form, which is more
suitable for practical applications than the open yield surface.
However, this yield surface is not smooth and has certain angular
point problems because the direction of the plastic strain incre-
ment is undefined at the angular point. The singularity often
causes stress integration schemes to perform inefficiently or fail.
Thus, this yield surface often leads to difficulty in numerical
analysis. Koiter (1953) first proposed the plastic flow rule near
the angular point of the yield surface. Green and Naghdi (1965)
theoretically proved it according to Drucker’s postulate. During
the 1970s to the 1990s, the singularity problem had been exten-
sively investigated during the process of implementing the non-
linear finite element programming. Several treating methods had
been proposed (Sloan and Booker, 1986; Abbo and Sloan, 1995;
Yu, 1994; Wathugala and Desai, 1993), among which the corner
models had been widely used. Although these corner models can
eliminate the singularity, their mathematical expression is very
cumbersome and the parameters of these models lack clear phys-
ical meanings. Furthermore, it was found that the discontinuity of
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the finally deduced plastic shear strain cannot be neglected (Hu
et al., 2009).

To overcome the defects of the combination yield surface,
researchers have proposed a closed smooth yield surface (Lade
and Kim, 1988a, 1988b; Kim and Lade, 1988; Desai et al., 1993;
Ren et al., 1993; Xu et al., 1997). Lade and Kim (1988a, 1988b)
and Desai et al. (1993) established the yield function of a smooth
closed space curve that avoids singular points in the yield surface
and the tracking memory of a multi-yield surface model to ensure
smooth finite element analysis. Therefore, the closed smooth yield
surface has good theoretical significance, but it still cannot be
applied widely, mainly because of its complex mathematical form
and numerous parameters that are difficult to determine.

In contrast, the egg-shaped yield surface proposed by Ren et al.
(1993) and Xu et al. (1997) is continuous and differentiable for all
values of the stresses, and not only compensates for the defects of
the open and cap yield surfaces, but also has explicit mathemati-
cal form and geometric meaning. Moreover, it is given in a form
suitable for finite element programming, and only a few parame-
ters exist in this proposed model. Thus, this model has good the-
oretical significance and application value. Nonetheless, the lack
of a clear physical definition of the parameters limits the signifi-
cant promotion and application of the model. Most of the models
are suitable only for qualitative analysis rather than quantitative
analysis due to the uncertainty of the model parameters. It can be
found that the uncertainty is mainly caused by the model param-
eters’ lack of establishing the intrinsic relationships between the
physical indicators and mechanical indicators. The changes made
by the model parameters to the calculation results are considered
unacceptable. Therefore, the model parameters should be system-
atically investigated.

Structure is an essential characteristic of natural soils; there-
fore, the relationship between soil structure and the egg-shaped
yield surface model should be established. Research on soil struc-
ture has made great progress since Terzaghi proposed the concept
(Liu and Carter, 2002; Cotecchia and Chandler, 2000; Callisto


