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Abstract

The onset of plasticity under self-weight conditions is examined in a homogeneous half-space as-
suming a cohensionless Drucker-Prager failure criterion. Four alternatives to define the Drucker-Prager
cone are explored. It is shown that plasticity under static conditions occurs if the Drucker-Prager fail-
ure criterion adopts either the Extension-Cone or the Internal-Cone approach for values of the Poisson’s
ratio v < 0.2. Adopting the Compromise-Cone approach also renders plastic behavior at rest but for
v < 0.125. If the Drucker-Prager model is made to coincide at the outer edges of the Mohr-Coulomb
criterion i.e. Compression-Cone approach, plasticity under static conditions still appear, but for a range
of v values that depends on the angle of internal friction ¢. This study shows that this unconventional
initial plastic behavior can be avoided by assuming a Compression-Cone approach in addition with the

coefficient of lateral pressure at rest proposed by geotechnical estimates.

Keywords: Material nonlinearity, Drucker-Prager, Half-Space.

1 Introduction

Originally formulated for metals, plasticity theory concepts have been successfully transferred to geotech-
nical problems in such a way that, today, plasticity for geomaterials as a new field, has reached a very wide
scope and significant scientific credibility as a consistent framework in soil behavior prediction.

Plasticity in geomaterials adopts the basic elements of flow plasticity theory, (i) existence of an initial

vield surface or yielding criterion, (ii) evolution of subsequent loading surfaces hardening rule, and (iii) the
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existence of an appropriate flow rule (Chen and Mizuno, 1990). The definition of the onset of plasticity is
governed by the yielding criterion. Flow rules are usually expressed in accordance with associative or non-
associative concepts. In associative rules, the plastic flow potential function shares the same definition as the
yield surface function, in non-associative rules on the other hand, the flow rule and yielding functions differ.
Although the use of associative flow rules may appear as a simple convenient mathematical device, there are
much more profound mathematical reasons for its usage. For instance, it ensures well-posed boundary value
problems, uniqueness of the solution and preserves the validity of the so called stability postulates (Drucker,
1959).

To date, the number of advanced constitutive models that accurately describe the soil rheology at differ-
ent strain levels is abundant. Most of these models however, focus on predicting the local nonlinear response
by means of increasingly complex expressions based upon a large number of variables that cannot be easily
obtained from standard laboratory tests. Moreover, most of these constitutive models base under the as-
sumption that numerical integration can be performed in an straightforward manner, even when it has been
shown that they are susceptible to numerical failure (Borja and Lee, 1990). Conversely, simple elastoplas-
tic constitutive models despite their modest nature, still remain as the prevalent strategies in geotechnical
modeling specially by the engineering community. Certainly, the best known yielding model for soils is the
Coulomb’s failure criterion, an irregular hexagonal pyramid in the principal stress space. Even when the
Coulomb criterion is generally simple, and depends on physical parameters readily obtained from conven-
tional laboratory results, it gives rise to numerical difficulties regarding the plastic flow at the corners of the
yielding surface. Aiming at representing a more appealing model computational-wise Drucker and Prager
(1952) presented a smooth function that approximates the Coulomb model as a cone in the principal stress
space. In the Drucker-Prager model, the yielding surface is expressed in terms of the first invariant of the
stress tensor [7, the second invariant of the deviatoric stress tensor J5 and two material constants « and k.
This allows a straightforward backward-implicit integration scheme for the material update algorithm at the
Gauss point level. As a result, the Drucker-Prager failure criterion has been widely used in slope stability
problems (e.g., Daddazio et al., 1987; Mizuno and Chen, 1983, 1984; Chen and Mizuno, 1990), and another
diverse areas such as off-fault earthquake rupture studies (e.g., Ma and Andrews, 2010; Templeton and Rice,
2008; Viesca et al., 2008), and large-scale earthquake ground motion simulation (e.g., Restrepo et al., 2012).

Despite the widespread use of Drucker-Prager inelasticity, this paper brings to attention the likelihood

of irregular predictions of nonlinear behavior by such a material model. Evidence of unrealistic plasticity
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is presented by examining a the response of a simple cohesionless half-space subjected merely to gravity
stresses. Since such a domain does not exhibit any geometrical irregularity, nor the in situ stress state
generates irregular stress patterns within the soil mass, the response of any material point should be elastic
irrespective of state variables or material model definitions. Although the study of geometrically unperturbed
half-spaces to gravity forces is not a relevant engineering problem, it is of paramount importance in nonlinear
earthquake ground motion simulation where surficial irregularities are generally disregarded, and is accepted
that prior to the occurrence of the seismic event, the initial gravity induced stress state is elastic. Surprisingly,
my results show that elastic stresses violate the failure criterion for some specific ranges of the Poisson’s
ratio. My results show also that linear conditions at rest can be restored if one adopts the coefficient of

lateral pressure traditionally used in geotechnical estimates.

Model Description

Assuming standard linear elastic theory is straightforward to prove that under the action of the self-weight
7, the principal stress-state at any material point z in a homogeneous half-space is purely compressional and
fully described in terms of the vertical stress component o, the elastic coefficient of lateral pressure at rest

Ko, and the Poisson’s ratio v. Fig. 1.

0r =7z Ko= : ey

Figure 1: Stress-state in a homogeneous half-space subjected to gravity load.

The first invariant of the stress tensor /7 and the square root of the second invariant of the deviatoric

stress tensor v/ Ja, take the following values for the static condition (superscript st)

I'=(1+42K,) 0., (2)



o lo:] (1 —Ko)
,/J;_T. 3)

One of the best known yielding model for soils is the Mohr-Coulomb’s failure criterion. Despite its
simplicity, the Mohr-Coulomb model gives rise to numerical difficulties regarding the plastic flow at the
corners of the yielding surface when used in general 3D stress states. Aiming at representing a more appeal-
ing model computational-wise, Drucker and Prager (1952) presented a smooth function that approximates
the Mohr-Coulomb model as a cone in the principal stress space. In this model, the onset of plasticity in a

cohesive-frictional geomaterial with friction angle ¢ and cohesion ¢, begins if I; and /.J5 satisfy

J2 + a(@) 1 = k(¢, c) , )

the material variables k and « in Eq. (4) can be characterized depending on the criteria adopted for making
coincide the Drucker-Prager failure criterion with the Mohr-Coulomb model. The Compression-Cone and
the Extension-Cone are obtained if the Drucker-Prager model coincides at the outer and inner apices of the

Mohr-coulomb hexagon respectively (de Souza Neto et al., 2008). These cones are defined by

Compression-Cone
o 2 sin qb k= 6c¢ cos .gi) . )
V3 (3 — sin ) V3 (3 — sin ¢)
Extension-Cone
2 sin ¢ 6c cos ¢

a:\/§(3+sin¢)’ k:\/§(3+sin¢)' ©

Two alternative cones, the so-called Compromise-Cone (Zienkiewicz and Pande, 1977) located some-
where in between the Compression and the Extension cones, and the Internal-Cone (Griffiths, 1990) placed

completely inside the hexagonal pyramid are obtained according to:

Compromise-Cone
2 sin ¢ 6c cos ¢
o= , k=
3V3 3V3

)

Internal-Cone
sin ¢ 3c cos ¢

0= ——, k= .
\/3 (3 4 sin?¢) \/3 (3 4 sin?¢)

In the meridional plane (I; — +/J2 plane), Eq. (4) depicts a straight line with slope —« and intercept k.

®)
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Figure 3: Meridional plane depicting the Drucker-Prager failure criterion for a cohesionless soil, and the
initial stress-state under gravity loads.

If the geomaterial is cohesionless, the k value in Egs. (5) to (8) vanishes, and the failure criterion becomes
a line that passes through the origin. Fig. 3 depicts the failure criterion for a cohesionless geomaterial,
and the initial stress-state from Eq. (1). In order to ensure elastic behavior under static conditions it is

straightforward to see that the following must hold

tan(§) < (©)]

substituting in Eq. (9) the I3 and \/J5! values from Eqs. (2) and (3) yields

(1 B Ko)

10
V3+2K,) 1o
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It becomes clear from Eq. (10) that four different expressions relating K, and ¢ will be obtained de-

pending on the o value chosen:

Compression-Cone

. (1 — Ko)
> 11
Sln¢_(1+Ko) (h
Extension-Cone
. 3(1-K,)
> 2 12
SIn ¢ 2 5K, (12)
Compromise-Cone
. 3(1-Ko)
> — 1
sin ¢ > 21+ 2K,) (13)
Internal-Cone
sin ¢ > (1 - Ko) (14)

VKo (2+K,)

Fig. 4 presents the minimum ¢ values required to ensure elastic behavior under static conditions given

by Eqgs. (11) to (14). It is readily seen that the Compressional-Cone, yields real values of ¢ throughout the

whole physical range of K,, (0 to 1). On the other hand, only a limited range of real values of ¢ is obtained

from the rest of the cones. For instance, the Internal and Extensional cones only ensure elastic behavior for

K, > 0.25, while a relatively larger range is exhibited by the Compromise-Cone i.e. K, > 1/7 =~ 0.14.

Using the K, value predicted by Eq. (1), Egs. (11) to (14) can be rewritten in terms of v as:

Compression-Cone

sing >1—2v.

Extension-Cone

3(1—2v
Compromise-Cone
3(1—2v
sin ¢ 2 2((1 n V))
Internal-Cone
sin ¢ > (1-2v)

NACEDR

15)

(16)

A7

(18)

Egs. (15) to (18) are presented graphically in Fig 5. The Compression-Cone is the only stable approach
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Figure 4: Minimum frictional angle ¢ required to ensure elastic behavior in terms of K. Vertical dotted
lines show the limiting values of (12) to (14).
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Figure 5: Minimum frictional angle ¢ required to ensure elastic behavior in terms of v. Vertical dotted
lines show the limiting values of (16) to (18).

that guarantees elastic behavior at rest conditions for the whole physical range of v. This stable behavior,
however, needs to be understood merely in the mathematical sense i.e. there is a real ¢, for a real v. From
the physical point of view, some peculiar behavior can still emerge. For instance, rewriting Eq. (15) in

terms of v, one obtains the minimum Poisson’s ratio that a half-space must hold in order to guarantee elastic
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behavior under gravity forces for a fixed ¢.

Vz(l_;in(b). (19)

Assuming for the sake of comparison a traditional value of ¢ = 30°, Eq. (19) shows that elastic behavior
is preserved only if v > 0.25. For lower values of v, plastic behavior occurs irrespective of the matching
criterion with the Mohr-Coulomb model employed by the Drucker-Prager plastic surface.

The unusual plastic behavior predicted under static conditions raises doubts regarding the validity of
using these results as initial stress conditions in subsequent nonlinear analysis. This is specially true since
it is reasonable to expect that under the effects of just gravity the the level of strains in the mass of soil is
so small that linear behavior should prevail. Elastic behavior can be however restored by means of a hybrid
approach. This assumes that the functional form of the stress-state predicted from elastic theory is preserved,
see (Fig. 1), but modifies K, by the widely used coefficient of lateral pressure at rest for consolidated clays

and granular-soils proposed by Jaky (1944):

Ko=1-sing¢, (20)

with this in mind, the inequality in Eq. (11) yields:

sing <1. (21

It is readily seen that the latter is always satisfied for any ¢. In contrast, the inequalities in Eqs. (12), (13),

and (14) turn into:

sinp <3/5, (22)
sin ¢ < 3/4, (23)

and
sinp < (5—+13)/2, (24)

which are only satisfied by ¢ < 36.9°, ¢ < 48.5°, and ¢ < 44.2° respectively. It is worth to notice that

despite the apparent limits of applicability of the latter values, these cover most of the range of friction angle
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2 Conclusions

The stress state from gravity loads predicted from elastic theory in a homogeneous half-space was examined
according to a cohesionless Drucker-Prager failure criterion. Analytical results showed that for a fixed
¢ value, elastic behavior under gravity forces is ensured only for a particular range of Poisson’s values,
ie. v > (1 —sin¢) /2. This irregular plastic behavior appears to challenge the widely accepted idea
of linear behavior under static conditions. It was shown however, that when the traditional coefficient
of lateral pressure for granular-soils is adopted, elastic condition at rest is recovered for any ¢ value for
the Compression Drucker-Prager cone. The rest of the approaches present limits of applicability in their ¢
values, although those limits appear to cover the maximum limit of friction angles usually found in granular-
soils.

The previous results suggest that using elastic theory to assess the initial stress state from gravity loads
in general domains, can lead to an unrealistic nonlinear behavior at rest conditions in geomaterials with zero
or very low cohesion values. Fortunately, the fact that even for heterogeneous domains the self-weight value
~ is almost constant, the computation of the stress-state at rest can still be performed by means of the hybrid

approach followed in this study.
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