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ABSTRACT

Hard soil - soft rock materids tend to fal dong wel-defined discontinuitiess. However, in the common
practice of geotechnica engineering, such failure is implicitly moddled as uniform behaviour by smearing,
and ether based on eadtoplagticity or empiricdly determined from l|aboratory test results. A modd is
presented herein which addresses the problem as one of brittle fracture of a three-phase materia, where the
matric suction exerted by the pore ar/water phases on the solid phase is disrupted by tensile or shear
loading, or a combination of both. There is therefore the added complication that the fracture toughness of
the materid medium would vary according to changes in the matric suction which is brought about by the
goplication of test loading. Furthermore, it would be necessary to predict the development of non sdf-
smilar crack extenson from a sharp corner in accordance with the observed behaviour of test specimens.

Accordingly, the problem of plane stran compresson testing has been andysed usng a hybrid BEM based
on a combinaion of the displacement discontinuity and fictitious stress methods. The mode has, moreover,
been established for confirmation againgt the results of |aboratory testing on unsaturated kaolin clay.
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INTRODUCTION

Brittle hard soil - soft rock is often found in geotechnical engineering works such as tunnds, dopes, etc.
These soils contain fissures or cracks which are the result of mechanicd, themd and volume-change-
induced dresses.  As a result of gravity, earthquake or water-pressure-induced loads, these flaws can
develop gdtress concentrations which result in the non-uniform mobilisstion of srength and ultimatdy leed to
the catagtrophic falure of the soil body as they propagate. Conventiona failure criteria [1] of soils may be
appropriate to plastic-yidd-dominant behaviour, but not, in principle, to this category of brittle fracture. In
view of the exisence of fissures and cracks, such soils are nonuniform and therefore not amenable to
andyss by continuum mechanics done. On the other hand, fracture mechanica theory may be used to
advantage to replicate their behaviour.

The firg quantitative data on the role of fissures on the strength of clay appears to have been presented by
Terzaghi [2] from a dudy of the ingtability of gentle dopes in fissured clay. Such failure occurred despite



the very high compressve drength of intact clay fragments Terzaghi edablished that the overdl srength
of the fissured clay represented a fraction of the strength of the same clay without fissures. On the other
hand, Bishop [3] and Skempton et d. [4] were gpparently the earliest to suggest that fracture-mechanica
concepts might shed light on the progressve falure of dopes made of 4iff, fissured clays, dthough Bjerrum
[5] dso discussed progressive failure in terms of stress concentration at the tip of a dip surface. Saada [6]
and Valgo [7] subsequently applied the concepts of LEFM to invedtigate the mechanism of crack
propagetion in iff clay.

A basc concept of fracture theory is that crack-like imperfections are inherent in engineering materias.
These flaws act as dress raisers that can trigger fracture when subjected to critica loading.  Unsaturated
hard soil-soft rock materials, on the other hand, are three-phase media comprisng air, water and solid. As
such, the degree of saturation S of the materia, and hence its matric suction (U, - uw), could vary as it was
loaded. Thus, it would be necessary to keep track of changes in the parameters at al stages of loading, since
for brittle fracture to take place, the fracture toughness which is avalable would depend on their ambient
vadues. In other words, unlike the generdly-accepted materid behaviour of fracture mechanics, during
crack development, the gpplied loading would not only raise the level of tota Stresses required to cause
further crack extenson, but aso influence the properties of the soil-rock medium which would determine
whether the crack would extend.

In the following discusson, a modd will be proposed for the brittle fracture of hard soil-soft rock, which is
based on the above condderations The modd will be verified by conducting plane dran biaxid
compression tests on a pre-cracked specimen, and thereafter comparing the test results with those obtained
by usng a hybrid BEM based on a combinaion of the diglacement discontinuity and fictitious stress
methods.  Furthermore, it will be shown how the development of a secondary crack may be predicted in
accordance with observed behaviour.

PROPOSED MODEL
Deter mination of Matric Suction

The matric suction (U - Uw) is defined [8] as the difference between the pore air pressure u, and pore water
pressure Uy, Which varies with load. It is required in order to determine the fracture toughness of the hard
s0il-s0ft rock test specimen.  The pore pressures may, in turn, be deduced from their respective pore
pressure parameters B, and B, based on the following relaionships:

du, =B,ds )
and
du, =B,ds ., , 2
where
s, +s,
s, =— 3
ave 2 ( )

and [; and 03 are the mgor and minor principa stresses respectively. The pore pressure parameters are
given by
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h is the proportion of dissolved ar in the water, T, the absolute air pressure, n the porosity, Cy the water
compressibility and m;,m;,m; and m,’ the volumetric deformation coefficients which may be evaluated

from the compressive indices C;, Cry, Dt and Dy, obtained from the conditutive surfaces of the hard soil-soft
rock, as follows:
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in which (Chye - Ua)mean @d (Us - Uw)mean &€ the averages of the initid and find net norma stresses and
matric suctions over aload increment.

Determination of Fracture Toughness

At any given stage of crack development, it is necessary to obtain an update on the vaue of the fracture
toughness K¢, which is generdly dependent on the matric suction, or dternatively the degree of saturation of
the soil medium, by way of the pore Sze didribution index [I. It is noteworthy that this dependency may be
established fundamentadly on the basis of Griffith's andogy of the criticd rae of energy rdease G and the
surface tenson O for glass, in which it may be shown that a rdationship may be obtained between G, the
matric suction (Ua - Uw) and characteristic pore size Dy, given by

(u, - uW)Dp

G. =k :
¢ 4

(16)

where k is a parameter which reflects the mode of fracture. On this bags, the fracture toughness versus
matric suction plot of Figure 1 has been determined by fracture testing of brittle kaolin day specimens in



themode | of deformation.
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Figure 1. Fracture toughness versus matric suction.
FractureCriteria

The fracture andyss of tendle loading of materids has been greatly aided by deveopments in fracture
mechanics over the last 40 years or s0. However, gpplied stresses are usudly compressve rather than
tendle in a geotechnicd environment, and the fundamental fracture response of soil Sructures loaded in
compression differsin anumber of respects from its counterpart in tengle loading.

In the discusson which follows, the unified model [9] will be used as the bass of analysing how a crack
would develop in this Stuation.  Accordingly, the modes | and Il dress intengty factors with respect to the
generdisad [ plane would be given by

q . q
Kig=K, cos?’E- 3K, €n EC082§ (17)
and
K, =Ksn’3cos? 2+ K, cosI - 39n2 32 (18)
2 2 2¢ 2y
while the criterion of fracture may be sated as
Ko. Ko
Ie2 + IIe2 — 1 ] (19)
KIC I<IIC

In mixed mode loading where compression is gpplied, the dress fiedd due to K,gand K;;gcan be tensle in
the vicinity of the crack tip so that fracture can occur in a manner smilar to the case of tensle loading,
dthough if Kic > 1.15 K¢ shear or mixed mode fracture would in principle be possble too. However,
unlike the case of the dressfree crack surface due to tendle loading, under combined shear and
compressive dresses, the crack tip would develop a singularity due to relaive shear displacement of the
adjacent crack faces. Hence, some provison would have to be made to prevent the overlgp of the materia
medium at the interface, and friction could aso play a part in the fracture of the soil.

VERIFICATION OF PROPOSED MODEL

The problem adopted for verification condsted of a plane drain specimen of brittle kaolin clay, 72mm X
72mm in plan and 36mm thick, which was initidly consolidated a 200kPa and then extruded and trimmed



to the required size. Theredfter, a pre-crack of length 20mm was formed centraly within the test specimen,
and inclined a an angle of 450 as shown in Figure 2, following which the specimen was desaturated under a
matric suction of 500 kPa by the application of cell pressure I3 = 550 kPa, back-pressure uy, = 50 kPa and
pore-air pressure U, = 550 kPa in a triaxia cdl. Subsequently, the specimen was loaded monotonically by
applying a constant rate of displacement of 0.5 mm/min under a constant cdll pressure of [z = 0.2N/mm?.
This rate of loading had been edablished from the consolidation dage to be sufficient to mantan an
undrained condition in the test specimen.
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Figure2: BE andyssof plane strain compression testing of a highly brittle soil.

During loading, the volume change of the soil skdeton, [V, was monitored continuoudy by laser sensors
and the axid digolacement a the top of the specimen recorded automaticaly via a Wykeham Farrance
AT2000 data-logger. Furthermore, the extenson of the pre-crack was monitored in tandem with the gpplied
loading. The loading was gpplied until the test pecimen attained its ultimate condition.

A BE andyss was caried out on the extenson of a pre-crack in the soil specimen, based on a combination
of the displacement discontinuity and fictitious dress methods (Figure 2). The dmulation, which was
conducted over a total of 12 steps, employed the proposed soil-rock mode, and was confirmed againg the
results of |aboratory testing on unsaturated kaolin clay.

Figure 3: Opening and corner cracking of unsaturated kaolin clay.

Furthermore, it may be shown that the development of non sdf-smilar crack extenson from a sharp corner
in accordance with the observed behaviour of test specimens (for example, Figure 3) may be determined
from the mixed mode criterion
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where Kgc and K¢ are the modes | and Il fracture toughness a the corner, where the corresponding



generdised dress intengity factors, Koo and K o, would be given by

Kaq = fuKao + fiKa (21)
and

Kaig = fKao + F.Kan0 (22)

respectively, in which
fy = f(a,l,a), (23)
Kao = q:I‘i)rp@O[(Zpr)l'I sqdra)l . (24)
Kaw= Jm [(20r)™ 1 q(r,a)] (25)
| gn(2p- a)+d€nl (2p-a)=0, (26)

and [ theincluded angle of the sharp corner.

CONCLUSIONS

Present-day geotechnica models in common usage tend to view the dress-drain behaviour of soils in terms
of uniform point-to-point response of the materid medium, implicitly.  This is reflected in the use of
continuum models of eastopladticity coupled with the effective measurement of dress-dtrain parameters of
s0il specimens, when loaded, as smeared vaues. In an dternative approach, an empiricd fit is made to the
experimenta data athough the congraints of uniform behaviour and smeared values il persis.

However, it is a wdl-observed phenomenon that discontinuities, and hence the departure from uniform
behaviour, often do develop in soils (that is, apart from highly plagtic soils which exist on the “wet” side of
criticd date) when subject to loading, and may be expected to influence their Stress-drain behaviour
gognificantly. The fracture of brittle hard soils-soft rocks is an important case in point. Accordingly, a
model has been proposad to dedl with such materids which is based on LEFM, where the fracture toughness
is rdaed to the matric suction of the ar-water-solid medium. As such, there is a departure from the
generdly-accepted materid behaviour adopted in fracture mechanics, in that the fracture toughness is date-,
and hence, load-dependent. The modd has been applied to a laboratory test specimen which was subjected
to biaxia compression with reasonably good agreement with observed behaviour.
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