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1. Introduction

Natural soils have inter-particular cemented bonds resulted from chemical reactions between soil particles
that are called soil structure. The main distinctive aspect of the failure behavior of structured soils is the change
of their behavior from a rock like brittle response to a soil like ductile response. Griffiths and Mohr-Coulomb
failure criteria were used to describe the brittle and ductile failure behavior of structure soil superimposed
using binary state functions. The state functions describe the phase transfer of structured soil from brittle to
ductile response. The state functions derived based on the experimental data available in the literature for
structured soils. The proposed failure criterion was verified by failure envelopes reported for naturally
structured clay and shale, artificially cement treated gravel. Also, laboratory tests conducted on cement treated
sand for further verifications. The results of the laboratory tests and verifications indicated that the proposed
failure criterion is capable of describing the failure envelopes of natural structured clay and shale and
artificially cemented gravel and sand.

2. Methodology
2.1. Failure envelope of structured soils

The failure envelops of London Clay in two structured and restructured states are shown in Figure 1-a
(Bishop, 1966). It can be seen that the failure envelope of the structured soil is completely nonlinear while it is
linear for restructured soil. Fig. 1-b shows the ratio of the additional shear strength of structured soil to the
shear strength of the restructured soil shown in Fig. 1-a. Neither Griffiths criterion nor Mohr-Coulomb criterion
can be fitted to the failure envelope of this structured soil. The additional shear strength of structured soil is
representing its structure that is shown in Fig. 1-b. It can be seen in Figure 1-b that the structure related
additional shear strength of structured soil decreases as the vertical stress increases. It is in accordance with
the destruction of the soil structure under vertical stresses. As shown in Fig. 1-b, the structure related
additional shear strength of the soil can be well described using an exponential function. Therefore, an
exponential function was used in this paper as state function for binary medium model BMM (Yan et. al, 2013)
to super impose Griffiths and Mohr-Coulomb failure criteria to describe the failure behavior of structured soil.

2.2. Proposed Failure Criterion Based on Binary Medium Model

Based on the BMM, the behavior of the material is considered in two binary 0 and 1 states in two known
conditions and then at any interstate condition, the response of the material is interpolated between two binary
states using two stated functions. The state of the structured soil at intact condition was considered as 1 and it
was considered 0 when fully restructured. In Fig. 2. the shear strength of the structured soil is described using
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E-mail addresses: aouria@mail.com (Ahad Ouria), m.ranjbarnia@tabrizu.ac.ir (Masood Ranjbarnia), ms_vaezi@yahoo.com
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its shear strength at two references (0, 1) states. The state function is actually representing the ratio of intact
structure and restructured areas related to the additional shear strength retained by the soil structure.
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Fig. 1. a) Failure envelope of a natural structured soil, b) the ratio of the additional structure related shear strength
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Fig. 2. Analogous of BMM to the structured soil

It was assumed that: 1) failure points of structured soil situated between Mohr-Coulomb and Griffiths
failure criteria, 2) intact structured soil fails according to Griffiths failure criterion, 3) restructured or fully
crashed soil fails according to Mohr-Coulomb criterion, 4) increasing vertical or hydrostatic stress crashes the
soil structure, 5) the destruction of the soil structure occurs continuously. Based on these assumptions, the
following failure criterion was proposed for structured soils.

Tf = AT + PTru—c (1)
Where;
Trg = (M)o.s and T =c+ o' tan (2)
fGé — ory fM-c = n

_m0’n+o't
a=e alr and f=1-a« 3)

In which, S, ;, ¢, c and m are model parameters and should be determined in the laboratory.

3. Verification of the proposed criterion
3.1. By Data Available in the Literature for London Clay and Bearpaw Shale

The results of shear tests on London Clay reported by Bishop (1966), and Bearpaw shale reported by Singh
et al. (1983), are illustrated in Figure 3-a and Figure 3-b respectively. In these Figures, the failure envelopes
predicted by the proposed failure criterion are also illustrated. The nonlinearity of failure envelopes of these
natural soils is so evident that only Griffiths or Mohr-Coulomb failure criteria cannot be fitted to the data. The
proposed model represents the failure envelope for these two naturally structured soils.

3.2. By Laboratory Tests Conducted on Artificially Cemented Sand

In order to evaluate the proposed failure criterion, a series of laboratory tests conducted on poorly graded
clean sand. The sand used in this study was taken from southeast of Tabriz. The specimens parred stabilizing
by 2 -4% cement.
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Fig. 3. Verification of the proposed criterion with failure envelopes for: a) London Clay, b) Bearpaw Shale

In order to increase the void ratio of the specimens and producing weekly structure soil, contractile
polystyrene granules were mixed by the sand and cement mixture. The specimens were oven dried and tests
conducted by direct shear test device. The failure envelopes of specimens treated by 4% and 6% cement are
illustrated in Figure 3-a and Figure 3-b respectively. The failure envelopes predicted by the proposed criterion
are also illustrated in these figures. It can be seen in Fig. 4. that the proposed failure criterion could be
successfully used to predict the failure envelope of cemented sand as well as structured clay and shale.
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Fig. 4. Verification of the proposed criterion with failure envelopes for sand treated by: a) 4% cement, b) 6% cement

4., Conclusions

A failure criterion was proposed for structured soils combining Griffiths and Mohr-Coulomb failure criteria.
The proposed criterion was based on the Binary Medium Model which considers the structured soil as a
medium consisted of two intact and crashed parts as 1 and 0 states. The behavior of partly restructured soil
was described based on the behavior of the soil in two 1 and 0 parts using state functions. The state function
used for describing inter stage response of the material was derived based on the laboratory results. The
proposed failure criterion is identical to Griffiths failure criterion at low stress levels and then changes and
became identical to Mohr-Coulomb failure criterion at high stress levels where the structure of the soil is fully
crashed. Therefore, the proposed failure criterion could be used to capture the change of the structured soil
behavior from brittle to ductile response. The proposed criterion was verified by data available in the lecture
for clay, shale and cement treated gravel and laboratory tests conducted on cemented sand. The results of the
verification by literature data and conducted tests indicated that the proposed criterion could be used to
describe the failure behavior of natural structured clay and shale and also artificially cemented sand and gravel.
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