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// Lo ABSTRACT
" The mechanics éF pos tpeak yié]ding of dense-structured
soils (and to a limited extent, rocks) has been examined. In
most_jnstances, yielding of these materials tends to
localize along shearzones. The behaviour of shearzones is
examined and a mechanistic a@éraa:h has been found suitable
for describing the postpeak yield process. Under natural
conditions, depositi 731 and environmental factors often
lead to controls on\shearzone iscatién which greatly
simplify analysis of the yie]diné process.
4 Suitable one-dimensional closed-form models and finite
éiemEﬁt analytical procedures are examined and, where
necessary, developed, in order to carry out deformation
analysis of shearzone yielding. Application éf these
techniques to simple problems met.with limited success, and
abzausly further development work is required before a wide -~ - .
xrahge of shearzone yielding problems can be confidently |
managed.

Two important case histories are examined. The ,
progressive failure postulated to have developed at the
Saxon Clay Pit seems unlikely in light of the deformation
analysis results. The behaviour of the foundation shearzones
of Gardiner Dam demonstrates some limitations of design
based on 1imit*equi1ibrium techniques, and the deformation
analysis has helped to clarify the mechanisms of movement in

the foundation. ' r
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1. INTRODUCTION

"Yielding" of soil or rock masses refers‘t@ the
processes by which irrecoverable deformations develop. It is
a consequence of the constitutive pragertieslaf the
materials, and response to particular conditions of loading
and deformation. In practiceieyieldiﬁg processes are complex

and are generally difficult to predict accurately. )

k.
=

"Failure", on the other hand, refers to a qua]itati?e
or quantitative assessment of the consequences of yielding.
Depending on the nature of the risks involved, on the -
economic factors applicable to the situation, and on the
experience of the participants, failure defines the
situation where tolerable conditions become intolerable.

This thesis deals with aspects of a class of problems
referred to in the geotechnical literature as "progressive
f;iIuFE—! This is the yielding process by which a soil or
rock mass fails without fully mobilizing throughout the
maximum available strength. Such failure states are
géherai1y observed to involve discrete surfaces of intense
shearing, and it is the post-peak strain weakening
associated with such localized shearzones which permits
progressive failure to develop.

From a practical viewpoint, time-dependent yielding
processes cannot rigorously be separated from progressive

failures. Effects such as pore pressure equilibration,



weathering, and long-term available strength reductions give
rise. to "delayed failure". In the literature, aspects of
delayed and progressivé failure are often interrelated. It
is beyond the scope of this research to examine

t ime-dependent behaviour in any detail; however, such
matters are discussed where pertinent. ’

The yielding behaviour of discrete shearzones is
examined herein. A meéhanistic approach to yielding and
strain-weakening is considered, and computational procedures
for realistic deformation analysis of shearzone problems are
developed. Case histories of shearzone yielding are
examined, and some further contributions made to the
'on-going‘debate over progressive failure,

In this chapter, the literature on progressive failure
is briefly reviewed. Concepts necessary for definition of
shearzone problems are discussed, and the objectives of the.

research program are introduced.

1.1 PROGRESSIVE FAILURE

Terzaghi (1936) dgs:ribed a progressive weakening
phenomenon in clay slopes: stress changes and removal of
lateral support allowed fissures to open, moisture ingress
then caused nonuniform weakening, this allowed further
cracks to develop; and so on. This classical description of
a delayed failure process is equally relevant today.

Terzaghi and Peck (1948) and Taylor (1948) were particularly



concerned that under certain conditions, nonuniform

. ) ‘ 7 . o
straining of strain-weakening materials would not allow full
simultaneous development of maximum strength. This latter

observation is at the heart of the progressive failure

As field evidence from slope failures accumulated in
the 1950's, it became apparent in most field situations that
full peak strength was not being mobilized at failure. Some
early observations that weathering and softening lead to
loss of'{;E/Cohesive peak strength component were made, but
Skempton (1964) clarified knowledge to that time by
introducing the concept of residual strength. This lead t@.a
problem in slope analysis: on what strength basis should
slopes be designed, to allow for progressive failure
development which reduces peak strength towards residual?
The "residual factor"” introduced to account for progressive
failur€ implied a proportional loss of cohesive and
frictional strength components (James, 1870).

A more precise description of nonuniform stress and
strain conditions, and progressive failure, was given by
‘Bjerrum (1967). A necessary precondition wés the existence
of a discontinuity in the soil mass or at its boundary,
where yielding could initiate and subsequently localize.
~ Then, in order for progressive failure to occur,

1. Local shear stresses tend to exceed the ma x i mum
available strength;

2. The advance of the failure surface must be



accompanied by local differential strains in the

shearzone sufficient to strain the material beyond

ma x i mum stfénath; |

3. The material must show a large and rapid strength

decrease after maximum strength is ex:egdedl
The existence of relatively high lateral stresses, relieved
by this progressive yielding, were cited 'as a prime cause of
deve lopment of the excessive shear stresses in the first -
instance. Bjerrum also dis}inguishgd between materials which
bonds, and weathered material where bond destruction allowed
the stored energy tcsfiaw and aggravate the stress
concentration effect. Consequently, Bjerrum regarded
weathered material as being most susceptible to progressive
failure. This img;;git linkage of progressive and delayed
failure élements Qés maintained by most subsequent
reseérchers!

The importance of geologichl processes had been
realized by the time Skempton’'s and Bjerrum’s contributions
had been made. Amongst the case histories in the literature
at that time, good alternative explanations ofibehaviour
coulg be found without progressive ‘failure being a critical
element. The search for first-time slides which could
definitely be attributed to progressive failure was ‘\‘
intensified. James (1970) examined more than 50 slope
failures, and could not find evidence for progressive

failure. However, his Studiesbcanclusive1y demonstrated the



following points:

1. Delayed failure processes result in the loss of any

cohesive strength component in the field, while peak
- frictional strength is maintained; E

2. Very large displacements in first-time slides are
required to develop residuaf strength by the
progressive failure mechanism;

3. Delayed failure processes and activation of -
presheared surfaces are sufficient to explain the
range of slope behaviour observed. )

Progressive failure in overconsolidated clays and clay
shale slopes has not been substantiated by field experience

to date. Delayed failure. particularly softening of the

has been quite well documented. Morgenstern (1977) discussed
the state-of-the-art for these failure conditions at some
length, and drew attention to three basic concerns for
further Fesearch wﬁrki

Fir‘stiy. geological conditions 1n‘uch materials
control Fa11ure geometry. Residual strength is much more
rapidly attained by shear along bedding than across it.
Geological factors associated with the stress history of
many materials virtually assure the development of insitu
pre-shearing along bedding planes irrespective of whether
any slip failures develop. _
Secondly, delayed failure processes are difficult to

separate from the progressive failure mechanism. This means



that exceptionally careful and complete investigation is
required 6f any field record which éuggests progressive
failure of a first-time slide.

Thirdly, residual strength in tne field is only
obtained after sufficient straining has developed along
thin, localized shearzones. Anaiytical treatment of the
progressive failure problem thus requires careful attention
to the geometrical constraints of shearzones as well as
correct treatment of representative constitutive behaviour.

The above discussion is specific to sliope behaviour in
ovetconsolidated clays or clay shales, where indeed most of
the engineering concerns regarding progressive failure are
centred. However, progressive failure mechanisms may develop
in any dense-structured maferial which is subjectéd to
nonuniform straintdevelopment once peak strength is
attained. Such situations commoniy are found in laboratory
testing beyond peak strength, where an overall stress-strain
response is recorded even though nonuniform straining
("shear planes”) are observed to evolve (for example
Cornforth, 1964). When combinéd with the path-dependency of .
stress-strain response, progressive failure is difficult or
impossible to isolate and measure. Bearing capacity problems
and underground excavations are other areas where
progressive failure can be expected to deveiop if material
properties are suitable. These matters can not be discussed
in this thesis. However it is pertinent to sfate that, as

for slope stability behaviour, geotechnical design and



- construction economies -are available in such areas if
suitable understanding of the progressive failure process
can be developed and analysed.

1.2 DEFINITIONS OF SHEARZONE YIELDING BEHAVIOUR

The term shearzone wif?ape used to refer to the
physical zone where localized post-peak yielding occurs. In
analytical models of such processes, the model shearzone
will be referred to as a shearband . These terms have been
used somewhat interchangeably in the past, but there are

conveniences in adhering to the above distinctions here.

Physically the shearzone may be a complex set of structures” >

on various scales, of great point-to-point variations. The
processes operating in such a shearzone are intended to be
encapsulated in a shearband by appropriate constitutive
laws .

Yielding refers to processes such as particle crushing
or reorientation, fracture, frictional slip, and so on which
are not reversible upon removal of the causative forces.
Th%g is distinct from elastic behaviour, which may or may
not accompany yielding and which will be significant or
insignificant depending on particular circumstances. !

Weakening and strengthening refer to modifications to
the current available strength as a function of
microstructural changes brought about by yielding.

Strain-weakening thus describes the strength-envelope



reduction from peak to residual conditions, and ﬁeaeséariiy
takes place in the post-peak yield regime. Strain-
strengthening typically develops during drained yielding of
normally consolidated clays or initially loose sands. In
each case strain is the most convenient measure of yielding
since it avoids non-uniquenes! associated with weakening of
strength in particular.

It is important to note the reservation of the terms
weakening and strengthening in relation to the description
of material strength. On the other hand, softening and
stiffening refer to the loading and unloading stress-
deformation characteristics. Historically, straiﬁéweakeningr
has usually been referred to as strain-softening, but it is
more rational now to use a terminology which distinguishes
the processes involved. Figure 1.1 is an illustration of the
meaning of all of the above terms in context.

As a comment, "softening” has become associated with
the time-dependent Feéuc}ian of peak cohesive strength in
the field. This is out-of-step with the above notions, but
for historical reasons must now be accepted into the
geotechnical terminology even as residual strength has been.

The inception of localized shear yielding is a most
complex issue. Needless to say, the simplistic Mohr-Coulomb

rupture surfaces which can be predicted at peak strength are

However they do have significance for the evolution of a
shearzone, as will be discussed in Chapter 2. Some elegant
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This demands complicated and extensivé mathematical
treatment and has not matured to the stage of practical
utilization at the time of writing. A review of some
concepts of the bifurcation approach is also provided in
Chapter 2. i

Fortunately, gegiggitél conditions greatly simp?%Fy the
understanding of inception in the field. N‘Eura] materials
are finvar*iably anidgopic on account of depositional
conditions and stress history. Preferred particie
orientation thus controls inception, along microstructural
zones of weakness. This is the reason for abservaticﬁs'that,
residual strength is obtained parallel to bedding planes
with least straining (James, 1970; and others; see ¢
Morgenstern, 1977). It=wi11 be shown in Chapter 2 that
preferred pa;tiGIe orientation is developed by stress
changes of any nature. For the inception of shearzone
yielding, it can be tentatively concluded that first *
development will occur parallel to bedding. Subsequent
, straining and tension cracking (delayed failure prccesses.
contributing as well) may eventually lead to shearzones
across bedding, as with the maturing of a slope failure in
. overconsolidated clay. i

It naturally follows that the propagation of shearzones
be examined. Again, geological and environmental factors in i

nature favour controls such as bedding orientation and
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material inhomogeneity. However, shearzones which propagate
under laboratory test conditions are most probably
controlled by the Kinematic constraints of the test. As will
be shown in Chapters 2 and 3, control under these’conditions
is undoubtedly exercised by other factors besides
microstructural fabric, and these are not amenable to simple
analysis. Therefore, the direction of shearzone propagation
in field problems can be more caﬁVEﬁient?} analysed than
that for the shearzones which evolve in laboratory testing.
In this respect, though, the direct shear test is of great
value since it constrains the direction of shearzone growth
and hence enables the effects of geological controls to be
evaluated with considerable insight.

Finally, the constitutive ]laws which bridge the gap
from shearzone to ané]yti;ai shearband must be noted. The
concepts of microstructural control have already been
introduced, and it may be &8hcluded that whatever laws are

“used in a model must reflect the microstructural influences
at play. In this respect the direct shear test loses its

value because parameters for constitutjve laws cannot be

determined. Generally speaking, it is ingpossible to evaluate

all the required microstructural paraméters from any test.
Thefefore (conveniently) it is best to adopt an "averaging”
approach, applying to the shearband a simple, appropriate
law or laws which respect above all else the microstructural.

~behaviour expected.
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1.3 AIMS OF RESEARCH PROGRAM

The basic aim was to develop analytical procedures for
predicting deformation response of soil (or rock) masses
which are influenced by shearzone yielding and strain
weakening. The basic tools are one-dimensional yield models
and two-dimensional finite element analysis. The former case
treats the shearband as a displacement discontinuity whereas
the latter employs a suitable thin element, with
displacement compatibiligies along its boundary but
considerable freedom for strain discontinuities.

Necessary steps in developing these procedures included
deve lopment of suitable constitutive laws in a form amenable
to economical numerical analysis. Following are the steps
necessary to achieve this goai:

1. An examination and assessment of the microstructural

processes in shearzones:
2. Assessment of available treatments of the inception
of yielding and shearzone response;
3. Assessment of shearzone propagation and development
of yielding processes;
4. A statement of the features necessary if the
model1ing procedure is to be adequate.
.These steps are‘discussed in Chapter 2, or (if more
appropriate) Chapter 3.

Discussion of the one-dimensional anafytical mode 1s and

the two-dimensional constitutive laws is provided in Chapter

3, while in Chapter 4 the development of suitable
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computational procedures for figite element analysis is
presented. )

Any ngé analytical procedures have to be evaluated
under simple conditions. Ideally, comparison with
- process, but it is not generally possible when significant
nonlinearities are invoked. In Chapter 5, the behaviour of
the computational models is discussed.

- Two case histories were examined using the analytical
procedures available. The interpretation of shearzone
propagation in response to excavation of a steep slope is
examined in Chapter 6. This has been discussed as an example
of a progressive failure mechanism (Burland et.al. 1977) but
the analysis presented sgqgests that only residual strength
ﬁas deve loped along bedding surfaces in the field. The
behaviour of shearzones in the foundation of Gardiner Dam
(Jaspar and Peters, 1979) is evaluated in Chapter 7, as an
illustration of the interactions that develop between a
structure and a zone of localized yielding.

The question of progressive failure remains elusive.
While the ana1yt§ca] tools developed should prove to be |
valuable in Furtger research or in practical design
problems, they do not address the interactions of delayed
failure prgcessés with the progressive failure mechanism.
Likewise, there is still a lack of field experience proving
that progressive failure can develop in first-time slope

failures in overconsolidated clay or clay shale. These



matters, and some suggested avgﬁués of research into other

materials and problems are discussed in Chapter 8.

14



2. A MECHANISTIC VIEW OF SHEARZONE YIELDING

The central theme of this thesis concerns the
reiaticﬁs%ip between the deforming structural components of
a shearzone and the constitutive description of the yielding
process. Certain common features of shearzone response for a
wide variety of natural materials and structural scales are
noted. Many of the more subtle but nevertheless important
" aspects of detfiled response of a given material at a given
scale are deliberately set aside, in Qrde: to reach workable
conclusions for the modelling of shearzone yielding.

Of paramount interest are the common physical features
.of localized yielding in different materials, at different
scales and at successive stages of the yielding process. The
observations of a ;Ember of researchers are summarized and a

working hypothesis of microstructural control of the

"microstructural” refers to structure within*the éhearzaﬁeg
whatever physical scale this happens to represent.)
important to the consideration of localized shearing.
Treatments which specifically recognize shearband behaviour
-'are examined in order to extract c@ncepfs useful for this -
research. Unfortunately, %@st of this subject matter is not

yet developed to the stage of practical implementation.

15
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This thesis is by no means the first attempt to deal
with the mechanics of progressive failure. Other work on the
subject, and particularly that dealing with the modelling of
post-pesk yielding, is preseﬁted and discussed.

Finally, the mechanistic approach is summarized in its
component aspects, and.tﬁe d{rection of this research

program is defined.

2.1 PHYSICAL VIEWPOINT
The character of a typical strain-weakening material
response was shown on Figure 1.1. Three important phases of
successive deformation may be identified from this figure:
1. Prepeak response,
2. Postpeak strength modifications, and
3. Residual or steady-state deformation.
In each case the following discussion is conveniently
separated into the behaviour of unbonded granular aggregates
and the extra complications of cohesive material. “"Cohesion”
may be a physicad reality, as for intergranular'bdnding of

rock grains, or an apparent effect due to certain

characteristics of fine-grained soils.

Prepeak Responée, Granular Material:
- Theoretical arguments (Horne, 1965) and experimental
observation (0Oda, 1972 a,b,c) clarify and confirm the basic

hypotheses of Rowe (13962) concerning an incremental sliding
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between favourably oriented groups of particles. If
appreciable grain-to-grain crushing, or intergranular and
intragranular elastoplastic processes take place, the
relationship becomes more approximate (Rowe, 1972). Slip
increments between any two groups may be quite small before
other, more favourably-arranged groups assume the next
movement increment. Oda was able to determine physically
that the particles themselves undergo insignificant
rotations, rather it is the orientation of the interparticle
contact surfaces which is adjusted during the slippage
process. Horne concluded that

"...particle rotations do not appear to constitute

an imgortant feature of the total deformation state

at stresses below the peak stress ratio.”
The agreement between these two distinct approaches is q@-
remarkable.

Oda (1972b) examined the fabric change mechanism in
detail by comparing the response of two otherwise identical
samples, prepared by tapping and by plunging respectively.
Tapping during sedimentation resulted in a greater degree of
particle preferred orientation. The initial fabric,

" characterised by particle shape, grading, and compaction
method, was subjected to deviatoric stress‘incremEﬁts. This
caused preferred orientation of grain-to-grain contact
surface orientations, perpendicular to the direction of
greatest compressive principal stress. It can therefore be

concluded that the primary component of prepeak fabric



change Is thé development of a highly anisotropic grain
contact fabric . Peak sustainable deviatoric stress is
reached when the Eﬁ;iﬁlﬂlﬁgssib1e fabric orientation has
been deyveloped. Concurrently, the maximum possible friction
angle is maintained between particles. Further fabric
deformation must then involve gross particle slippage and
reorientation, on a more individual particle basis.

Further evidence for the grsin-contact mechanisms was
provided by Oda and Konishi (1974a,b) for simple shear
tests. In this case, principal stress axis rotation is
enforced. The same incremental reorientation of contact
surfaces, by minor slips of particle groups, was observed.

The deformation beh;viaur of such assemblies can be
approximated to some degree by elastic theory. This usually
results in an adequate choice of deformation modulus (for
example, Young's modulus) but an inadequate value of a
complementary modulus (as given, for example, by the use of
Poisson's ratio). This is because the dilatancy rates wh%ch
develop in denser éarticig packings violate the assumptions
of linear isotropic elastic theory. The prepeak deformations -
are generally small, particularly in denser packings., hence
the elastic simplifications are usually adequate for
practical purposes unless significant volumes of material

are strained close to their peak strength.

Prepeak Response, Cohesive Material:
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A distinction has to be made between interparticle
bonding, as in a typical rock, and apparent cohesion of a
fine-grained soil mass. The latter behaves as an unbonded
aggregate if allowance is made for interparticle
electrochemical forces which may be significant.

In bonded materials, a certain element of true elastic
behaviour can be sustained until the point is reached where
bond fracture commences (Bieniawski, 1967). Further
deviatoric stress increases can be tolerated during a phase
of stable microcrack growth. At peak strength, microcrack
growth becomes unstable and further deformations result in
larger-scale coalescence of fractures, This prgcesé has been
observed experimentally in a variety of materials (Peng and
Johnson, 1972, in granite; Sangha et.al. 1974, in sandstone;
Tapponnier and Brace, 1976. in granitel). Associated with
microfracture growth is the onset of dilatant volume
changes, which were earlier thought to be a result of shear
displacements and propping along the crack faces but are now
recognized as non-recoverable crack face separations. The |
prepeak fracture field is oriented with the fracture
elongation direction parallel to the maximqgiccﬁpﬁessive
principal stress. ‘1 7

Deformation behaviéur in such materials typically
requires very small strains to attain peak strength. Thus,
elastic deformation moduli can conveniently be used to mode!
this aspéct of response. H@neveri the growth of microcracks

typically results in significant dilatancy., even into the
‘
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more ductile stress ranges (Edmond and PatEPécn. 1972) and
the ltinear isotropic elastic Poisson’'s Fétia caﬁnﬁt be used
as a suitable model. Because the strains involved are small,
S;actical disadvantages of prepeak elastic assumptions are
unlikely to be significant.

In fine-grained soils , response is similar to that in
granular soils except that individual particles are less
likely to respond than "packets” of particles. The prepeak
deformation phase is characterized by development of
crenulations and kink-band structures (Tchalenko, 1968;
Maltman, 1877). Much the same conclusions arise: peak
strength occurs where the maximum sustainable fabric
re-orientation is developed, without gross rearrangement of
particle "packets”. Again, the deformation behaviour
consists of generally small strains with dilatancy
developing to its maximum extent at peak strengthki"The
primary dilatant mechanism is the volume increase associated
with particle-packet Ectatiaﬁ to form the Kink bands or
crenulations. Typically, much larger strains are involved
than for rock microi’acture.

These mechanisms refer to drained conditions, where all
of the external stress is carried by the particulate
skeleton. In undrained conditions. the tendency to dilate is
inhibited by pore fluid pressure drops and skeletal stress
increase, and the overall strength may be significantly
increased. Evidence exists for other mechanisms such as

tensile fracturing or hydﬁéffasturihg in unbonded fine
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grained soils (Sibson, 1981) as a cause of fabric d{latgncy.’
In such cases, the fabric evolution closely parallels that

for bonded materials.

Prepeak Response Summary:

In all materials, the characteristic of prepeak
response is statistically homogeneous deformation with low
overall strains. The microfabric mechanisms all involve
structural adjustments to align interparticle contact
sur faces predominantly perpendicular to the maximum
compression. fFull development requires significant
volumetric expansion (dilatancy) of dense-structured
materials. (This is the most suitable definition for a
dense-structured material). Figure 2.1 shows typicgigprgﬁeak
behaviour for the materials described above. The maft
interesting aspects of microstructural control are the
stress-induced anisotropy which results, and the apparent
coincidence of maximum dilatancy rate with peak strength. A
qualitative assessment of the effects of principal stress
rotation, different stress paths to failure, influence of
intermediate principal stress and so on can be made in terms
of microstructure behaviour. For example, plane strain
deformation is the most Kinematically restrictive for the
microfabric. Hence, stiffness and strength should be higher
than for conventional triaxial tests under the same stress

conditions.
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Postpeak Response, Granular Material:

Further straining of the peak microfabric can only take
place with significant intergranular slip and reorientation,
since the (statistica{ly) ma x i mum sustaigabie contact shear
forces have been attained. The mean orientation of the
contact planes is preserved invelation to the principal
compression, but the dilating, slipping fabric results in
statistically fewer contacts and hence lower sustainable
stress. This is the primary cause of postpeak strain
weakening. Oda (1972a) was able to show clearly that
triaxial test samples deformed towards a unique microfabric
in the zone of postpeak weakening. This may be compared with
Taylor’s (1948) 1ﬁFgrenseréF a unique ultimate condition he
called the critical vold ratio .

“Unfortunately, the postpeak structural processes are
extremely sensitive to displacement conditions. Grains near
the boundaries of laboratory test specimens are easily ‘
restricted in movement by restraints of friction or
different stiffness at the contact with other materials. For
an unloading system undergoing monotonic strain, it has been
. shown (Vardoulakis et.al. 1978) that the equilibrium of the
overall deforming system may be met by alternative internal
mechanisms. Very careful attention to removal of boundary
restraints may permit homogeneous weakening, but localized
ﬁeakgﬂiﬁg and a heterogeneous sample mechanism is more
realistic. Oda (1972a,b,c) and Oda et.al. (1978) herg able

to demonstrate this clearly.



Mand! et.al. (1977} conducted a thorough study of
pos tpeak shearzones in granular materials using a specially
constructed ring shear'apgaratus. This permitted physical
'Examinsiigﬁ of shearzone evolution as well as continuous
monitoring of stress conditions both inside and outside the
zone. Dilatancy could only be suppressed at very high stress
levels, with severe grain crushing as a consequence of
shearing. In common with Oda (1972a) they observed no
shearzone development until after peak strength had been
achieved. (Again on theoretical grounds, Horne (1965) was
also ab¥%e to justify why shearzone development could not
pracegé until after peak strength was mobilized).

Eva1uti§ﬁ of the granular shearzones was described in
considerable detail, and the structure of the postpeak
shearzones in the ring shear teéts was clarified in two
: ﬂays. Dire:t observations showed principal shear 5urfa§es
along the”b@undariesi Within the shearzone, and in sﬂmé
;ases extending into the unyielded material on either side,
were en echelon shear surfaces inclined at approximately
‘%g to the principal shear directions, where )3 was the
cﬁrrgnfﬁy available frictional strength. The material within
the shearband dilated, ﬁeachiﬁg a constant-volume condition
only after large shear displacements had occurred. During
this dilation, there was some adjustmEﬁt‘@F the minor slip
surfaces to maintain angles of approximately %;. wrth the
principal shear direction. Stress orientation measurements

enabled the principal shear surfaces to be identified as

L]



directions of maximum shear stress, while the minor shears
corresponded closely with Mohr-Coulomb rupture orientations.
The granular shearzone microstructural iﬁterpretatiﬂﬂ is
shown in Figure 2.2. Response of ‘individual gra%ﬁs was not
closely documented, except for recording the severe
cataclasis which accompanied suppression of dilation. Grain
sizes were between 0.1mm and 2.0mm and shearband thickness
grew during dilatant shearing to a maximum thickness between
8mm and 20mm. Thus, shearzones approximately 20 t§750 times
thicker than averége particle size HEFé‘@bSEPVEﬂ- By
comparison, Bridgwater (1980) used stochastic mechanics to

predict a minimum shearzone thickness of 10 particle

diameters.

Postpeak Response, Cohesive Material:

Tchalenko (1970) summarized the microfabrics of
shearzones over a large range of scales, from micrometres
(individual shears within a direct shear test shearzone) to
tens of metres (surface expression of regional strike-slip
faulting). The similarities are strikingly obvious. Three
stages of evolution of the microfabrics were recognized. The
first Stage. coincident with peak strength developement,
consists of preferred orientations of particle "packets" and
an incipient set of Riedel and conjugate Riedel shears, as
defined in Figure 2.3. {t is important to note that
localized shearing, consequence of the. deformation of this

shear structure, d not develop until peak strength is
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attained. (Morgenstern and Tchalenko, 1967a, did find
however that the influence of boundary conditions in the X
direct shear test induced “"edge structure" shears prior ‘o
peak). The shear lenses formed by Riedel shearséare not
conducive to large-scale fabric deformation, and other
structures are produced when postpeak deformations increase.
Most obvious are the thrust shears of the secaédi pos tpeak
stage of shearzone evolution. Tchalenko (1968) showed how
these conjugate shears developed from the prepeak Kkinkband
structures. The "compression texture", of oriented particle
packets within the shear lenses, remained with long axes
essentially perpendicular to the maximum compression. The
microstructural stress distribution during this phase is
exceedingly complex but can be overlooked. However, the
overall effect is to maintain planes of maximum average
shear stress parallel to the shearing direction, in complete
accordance with the observations for granular shearzones
descr ibed above. As might be expected, the dilatancy rate
for the shearzone is a maximum at peak strength c@ﬁditignsi'
where the shear lenses are in a §tate of maximum potential
movément. There is a close agreement of microstructural
processes.?for materials of different grain size and for a
shearzone scale range of several orders of magnitude. The
third stage, residual structure, is described separately
below.

For bonded materials, other complicating factors arise.

Bond failure may arise from stress corrosion, dislocation
L]
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migration, or other weathering effects in addition to local
stress and temperature regimes. The axial splitting |
mechanism may be continued after peak strength, but
inclined, throughgoing shear fractures are more commonly

the shear fractures, most likely they are a response to
bguﬁdary rest%aint conditions and the postpeak sfiffhess éf
the loading system (Bieniawski et.al. 1969). It is probable
that different microstructural histories, which evolve from
the axial splitting mechanism under<§ifferent;i§ading and
displacement conditions, may result in different postpeak
microfabrics and hence, different ultimate strength
characteristics (Krahn and Morgenstern, 1979). A particulate
shearzone is eventually formed if shear deformations
localize, the infilling material usually being referred to
as "gouge”. Behaviour of the gouge/bonded system is
dependent on the stiffness of the overall lééﬁing system
,gggger and Gay, 1974; Byerlee and Summers, 1976). Of
ﬁa;gicular interest, postpeak misfastructurai processes in’
gouge were observed directly by Syer1ee et.al. (1978).
Stick-slip behaviour was more noticeable at higher cgﬁfiﬁ{ng
presgzigs. and was caused by episodic slip on component
Riede! shears within the overall microstructural assembly gf’i;
the shearzone. In summary, the bonded materials undergo much

more substantial postpeak microfabric changes than do

nonuniqueness of the ultimate shearzone characteristics, but
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if essentially particulate gouge is formed, the general
conclusions for shearzones in granular or cohesive soils

still apply.

Postpeak Response Summary:

In the majority of materia]sj postpeak strain weakening
is accgﬁpanied by the‘develgpment of heterogeneous
deformation in shearzones (Cornforth, 1964; Lee, 1970). This
may be as much a response to the deformation and loading
conditions as to inherent microfabric characteristics, and
in bonded materials gives rise to nonunique ultimate,
conditions. The microstructure of the shearzones, however,
consists of shear surfaces inclined to the overall direction
of shearing. As?slippage takes place on these, other shear
sur faces are forced to develop and eventually principal
displacement surfaces are formed along the shearzone
boundaries. Within the shearzones, a compression texture is
developed with interparticle contact surfaces inclined
perpendicular to the maximum compression. The principal
shear surfaces are planes of maximum shear stress, not
Mohr-Coulomb rupture. Microstructural evidence tTchalenko,
1970) indicates a unique fabric development in cohesive
materials. Further evidence from plane strain tests (Oda
et.al. 1978) suggests that granular soils are also remou | ded
" to a unique fabric, and tﬁis is discussed further in Section

3.4.
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Ultimate, Residual, and Steady State Response:

Residual strength was established by Skempton (1964) as
the ultimate strength which can be mobilized along
initiaiiyrbéﬁded materials as noted above (Krahn and
Morgenstern, 1979). For particu1éte material, residual
strength is primarily a function of mineralogical
composition (Kenney, 1967). This is hardly surprising in
light of the unique microstructural fabric of principal
displacement shears which are, in practical efféct. discrete
sliding surfaces. Taylor’'s (1948) concept of critical void
ratio is realistic, for given stress conditions, because the
dilatant shearzone evolves in the limit té a condition of no
vo lume ehaﬁge;

Poulos (1981) introduced the term Steady state of
deformat ion to define, in addition to the static conditions
of microstructure fabric, the concept of constant velocity
of deformation of that Fabriéi The steady state condition is
thus continuous deformation of a flow structure, consistent

'gwith but not necessarily identical to a residual
microfabric. While it is a useful distinction for problems
involving flow, the steady state concept has no further
relevance here.

~ Tchalenko (1970) QFﬁFribed the evolution of postpeak
microfabric to the residuéi condition. The major changes

were the alignment of compression texture to the residual
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direction of maximum compression, and the dominance of the

principal displacement shears, parallel to the shearing
direction as shown on Figure 2.3. Because of strain
weakenihg, the residual condition involves a substantial
.realignment of the component shear structures. This is
.summ;}ized in Figure 2;4‘ adapted from Tchalenko's work. The
same general conclusions were obtained from granular

shearzones (Mand! et.al. 1977).

2.2 MECHANISTIC VIEWPOINT

Obviously there are two aspects of strain uéakening of
shearzones which have to be accounted for: localized
deformations, and postpeak yielding behaviour.
Time-dependent behaviour is an additional aspect beyond the
scope of this research.

Phenomenological and mechanistic viewpoints may be
 taken with respect to. localization and yielding. The
phenomenological viewpoint does not consider the geometrical
constraints and controls of the localization process, and
until proven otherwise (by application to field problems)
must remain limited in its practical applicability. However,
a brief review of excellent phenomenological models is
presented herg for completeness.

The mechanistic viewpoint stresses both the geometrical
and constitutive aspects of shearzone phenomena. The

constitutive aspect can be treated in a phenomenological
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FIGURE 2.4 EVOLUTION OF SHEARZONE MICROSTRUCTURE
FOR COMESIVE MATERIAL (after Tcholenko, 1970 )
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sense, and some useful examples are mentioned. The
geometrical aspect is difficult, but can be treated in a
number of ways which are reviewed below. Significant
developments of localization mechanics, which recognize the
inception and development of shearzones with yielding, are

discussed more compietely in Section 2.3.

Phenomenclogical Models:

No attempt is made to deal physically with
microstructural aspects of yielding. A suitable "black box"
provides insight into the external load deformation response ™
characteristics by employing suitable elementary analogues.
Kovari (1977 and 1979) developed such models to account for

observed strain weakening response of rock specimens under

elementary analogues. "Blocks® were constructed by
-assembling elementary analogues having continuously varying
properties, allowing smoothed response to be obtained.
Extending this approach, Kaiser and Morgenstern (1981)
included aspects of time-dependent deformation using
additional analogue elements. They were able to conclude
that, after failure initiation, deformation behaviour
depended on the loading rate. This implies that crack
initiation and propagation are time-dependent processes, and

laboratory test evidence supporting this view was discussed.

Fracture Mechanics Concepts:
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Fracture Mechanics deals with localized stress and
strain concentration points such as crack tips, notches,
dissimilar or geometrically complex boundaries. The basic

concepts surround criteria for growth or extension of flaws,

at the tips of such flaws. This approach enables a locally
unbounded stress field (for example, at a crack tip) to be
studied in terngycf effects rather than quantities . The
iﬁtr@éuct@ry text of Lawn and Wilshaw (1975) is an excellent
guide to the present state of this subject.

Three modes of fracture behaviour can be identified, as
shown in Figure 2.6. Any general response is a combination
of these modes. The effects of cracks are measured by Stress
vIﬁtéﬁSigy Factors which are scale-dependent and which can be
calculated for given materials, geometries, and loading
conditions. Fracture mechanics was originally deve loped in’
an elastic-perfectly brittle sense. chegzr, the development
by Rice of the path-independent d!lﬁtegEal for measuring the
work of virtﬁai crack extension has enabled general
applicatiaﬁ‘tc be made to problems of elastoviscoplasticity

(Rice, 1976: Landes and Begley, 1976).

fatigue and service-life in critical technologies of the
aircraft, power turbine, and nuclear industries. Ever since
Griffith’'s original analyses, fracture meshaéics has also
had potential application to rock mechanics. Mode | fracture

(axial microcrack growth) of granite was studied by
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. Holzhausen (1977) while Ingraffea (1977) studied mixed Mode
1/Mode 11 fracture of rock in the laboratory as well as by

numer ical analysis. Ingraffea’s work contains an excelient

description of modern theories of crack development and

extension, and is very clearly written.
All of the studies of classical fracture mechanics

ignore significant inferactions of the crack surfaces. The

Mode II (in-pl shear ) mechanism is, however, analogous to

a shearband it extra terms are introduced to account for the:

normal and she stresses acting accross3he band. Such

adaptations werg made by Palmer and Rice (1973) in a study

of progressive conditions in an idealized s lope cut
into overconsolidated clay. This study is reviewed in
Section 3.1 and is applied to a case history in Chapter 6.

] ~Solutions for str?ss intensity factors have been
obtained for a variety of simple loadings and geometries
(Tada et.al. 1973[, but closed- form analytic solutions are
not generally feasible. The finite element method has proved
to be a powerful tool for obtaining fracture mechanics
solutiogs by numerical means. Difficulties'which arise in
trying to apply such techniques to shearzone yield problems
lie not so mpch with the computational procedures as with
terminology :38 constitutive descriptions of the yielding
process. The writer remeins convinced about the pofential
applicability of fracture mechanics ideas. However, the

J-Integral, stress intensity factors, and fracture toughness

are not concepts immediately applicable to geotechnical
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ﬁrgblgmsi particularly in unbonded materials where the
existence of fracture is debatable. Therefore, until such
time as determined (and probably exhaustive) research
efforts.- bring fracture mechanics concepts closer to
geotechnical viewpoints, fracture mechanics remains a
tempting but inapplicable tool for studying shearzone yield

problems.

Constitutive Modelling:

The w{despread adoption of numerical analysis in
geotechnical engineering has spawned a treméﬁdéus variety of
nonlinear tonstitutive models capable of describing certain
‘features of soil behaviour. From a physical appreciation of
shearing behaviour, it is important to understand that no
path dependency, anisotropy, and natural statistical -
variability simultaneously. What is required for current
research purposes is a tractable model of the close
relationship between strength and shearzone microfabric
evolution. The Stress-Dilatancy theory (Rowe, 1962; Horne,
1965) is satisfactory for this purpose if certain features
are exploited in a manner consistent with observed
behaviour: this is discussed more fully in Section 3.4.

Some other pertinent models are reviewed here for
completeness. De Josselin de Jong {1959) demonstrated that
for constant-volume yielding, there was an indefiniteness in

-
the direction of subsequent plastic strain increments. The
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same conditions were more rigorously examined by Mandl and
Fernandez Luque (1970), who also supported restricted
noncoaxiality of principal stress and principal strain
increments. The indefiniteness has not been resolved by
subsequent research, so coaxiality has to be assumed until a
more suitable elaboration is established. ’
Experiments with truly-triaxial testing of sa%d have
provided some insight as to the role of intermediate
principal stress and general strain conditions. Green and
Bishop (1969) referred to the advantages of simple idealized
particulate models (Parkin, 1964) for interpreting
three-dimensional stress and strain é@ﬁéitiaﬂs. Such simple
models will be discussed below, for another reason. From
cubical triaxial tests, L;dé and Duncan (1975) were able to
verify the hehaviour of an elastoplastic model for sand.
This was modified to account for plastic all-around
compression by Evgin and Eisenstein (1980) and forms the
basis of a finite element analytical scheme (Evgin, 1981).
Arthur et.al. (1977) discussed qualitatively the performance
of a "double-hardening” model which could reflect both
pre-peak strengthening and postpeak weakening. Roscoe and
Burland (1968) introduced a two-component plasticity model
which accounted separately for shear and volumetric
yielding, and this was developed by Vermeer (1980) into a
tool for analysis of sand behaviour to include strengthening
and weakening under static and cyclic load conditions. Such

models are complex, and beyond the scope of immediate
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practical ihp}ementatiaﬁ; They require evaluation of a large
number of material parameters which are not yet meaningful
to geotechnical practice.

Many elastoplastic formulations have been developed to
include strain weakening. Nayak and Zienkiewicz (1972)
plasticity theory. Weakening was accomplished by using a
negative hardening modulus. Prevost and Hoeg (1875)
discussed a similar model and included a rigorous
justification for the violation of certain stability and
uniqueness postulates (Drucker and Prager, 1852). In neither
case was general, practical implementation of the weakening
procedures documented, and it is concluded that a simpler,
microstructural-mechanical approach may be more fruitful at
present.

Returning briefly to the subject of simple particulate
models, both Leussink and Wittke (1963) and Lee (1970)
utilized an elastic prepeak/plastic postpeak model based on
regular packings of spheres to investigate the causes of |
strength differences in plane strain and conventional
triaxial tesfingg The packings were assumed to undergo grain
slip after peak strength was developed, and the differences
in packing conditions and Kinematic freedom caused different
peak strength and postpeak weakening to develop. Lee’'s
predictions ;FE shown on Figure 2.7. It is obvious that, for
the same initial packing and equivaie?t prepeak elastic |

parameters, the plane strain test is both stiffer and
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stronger. In postpeak copditions. the plane strain test
weakens more rapidly and undergoes less overall dilation.
Laboratory tests validage the general conclusions regarding
pos tpeak response, but laboratory plane strain tests
indicate peak strength development at smaller strains than
for equivalent triaxial test conditions. This suggests that
the prepeak deformation parameters in these different tests
are not elastically equivalent.

These experiments were duplicated by the writer using
Rowe' s Stress-Dilatancy theory. It was found that the
constant-volume condition was obtained only after at least
80% plastic shear strain. Such large strains require
large-displacement and/or large-strain theory, as discussed

below.

Physical Representation of Shearzones:

It can be shown that small-strain small-displacement
mechanics leads tb errors in strain terms of greater than 5%
when maximum shear strains exceed about 30%, so that
rigorous study of shearzone strains should logically require
finite strain theory, as described by Cobbold (1977a,b).
Ramsay and Graham (1970) applied finite strain theory to
shearzones in rocks, ‘and were able to estimate magnitudes of
discrete shearing episodes in addition to all-around
compression. Finite-strain theory introduces geometric
nonlinearities into analysis énd so it was .decided that the

extra refinement gained in this manner would not be



wor thwhile, given other sources of error in analysis at this
stage.

Strain and displacement discontinuities in soil were
rigorously examined by Houlsby and Wroth (1980), who
developed a classification for Kinematic discontinuities
under plane strain conditions. These range from complete
continuity to complete separation, as shown on Figure 2.8.
The velocity discontinuity, type (c), is a shearband in the
usage of this thesis, while a rupture line, type (d), is the
limiting case of a shearband of zero thickness. One
troubiesome result of the application of plasticity theory
to geotechnical problems using classical mechanics has been
confusion in terminologies among "stress characteristics”,
"velocity characteristics™, "slip lines", and "rupture
surfaces”. The view has become widely held that a velocity
discontinuity (shearband) must form along a stress
characteristic (a trajectory line in the stress field
indicating a yielding stress state). Houlsby and Wroth

- pointed out that this is not necessary, and that inferences

constitutive-law limitations rather than geometrical
relationships. Considerable debate was also raised in the
past over the shearbands having to be lines of zero
extension. Again, this was shown to be a consequence only of
constitutive-law assumptions.

Hog}ﬁéy and Wroth also discussed dilatant shearbands,

pointing out the limitations of the classical mechanics
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approach by comparing real material (whose dilatancy rate
varies as a function of strain) with analytic model material
which (for tractability) must have a constant dilatancy rate
of zero. After considering possible effects of associated-
and and nonassociated-plasticity constitutive laws on the
equilibrium conditions across the shearband, they then
discovered that shearzones must have ditfereﬁt material
properties. Outside the band, peak strength and finite
dilatancy are possible. For analytic simplicity, inside the
band the strength should correspond to constant volume
shearing with zero dilatancy rate. The unfortunate aspect of
these studies is that closed-form analytic solutions require
such sweeping simplifications of material model behaviour.
The microstructural evolution of a shearzone during
weakening is profound, and in a field problem even as simple
as an idealized retaining wall, generalizations such as
Houlsby and Wroth proposed are too simplistic.

. It is concluded that nume;icai analysis, recognizing
the microstructural processes, is essential for further
understanding of shearband problems. The only reasonable
alternative is physical modelling, which is unrealistic for

practical reasons.
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Specific attention is now focussed on analyses which
predict the formation of localized yielding. The proc 'ei
followed is to specify constitutive response (if necestary,
different responses in different zones of material) and
Kinematic compatibility, and to write the full equations of
equilibrium. It can be demonstrated that under certain
kinematic and constitutive conditions, alternative
equilibrium deformation states are possible. The conditions
for this bifurcation of equilibrium can be examined in terms
of the material parameters specified. In simpie;t terms, it
is the negative incremental stiffness of the ;éaREﬁing Zone
which governs this behaviour. In physical terms, it involves
the interchange of strain energy and frictional work inside
and outside any such zones.

Localization phenomena are by no means confinéd to soil
and rock. Luders bands and necking in steel have been widely
observed, and prompted initial study of localization
mechanics by structural and mechanical engineers. The
frictionless plastic behaviour displayed simplified the
requirements FQE constitutive models used for these studieéi
Rudnicki and Rice (1975) adopted frictional, dilatant
“Msterial behaviour appropriate to rock in the prepeak stress
regime and derived conditions for bifurcation into a planar
shearband. This was expressed in terms of a modulus of
defcrﬁ;tian for the overall sample, at which localization

could occur. Although exact values depend upon the choice of
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frictional and dilatancy-rate parameters, the trend of

results is interesting because localization can be predicted
while in the prepeak overall stress regime. This is shown in -
Figure 2.9 as a plot of critical tangent modulus versus
Field‘stress conditions.

Some aspects of the localization solution require
careful examination. Firstly, a generally nonassociated flow
rule was adopted (an explanation of such constitutive terms
is assumed to be unnecessary for most readers here, but may
be found in Section 3.3). Nonassociated flow rules are in
much better agreement -ﬁ%h observed material behaviour than
the classically-preferred associated flow rules. 1f the
special case of associated conditions is assumed, the
critical modulus is everywhere negative (postpeak). If no
dilatancy takes place, localization is predicted in the
prepeak regime over a wide range of stress states. Secondly,
the microstructural evolution of rock results in a
stress-induced, highly anisotropic condition by the stage of
peak strength devéﬁsmeﬁt. This was incorporated into

Rudnicki and Rice's analysis by the construction of yield-

surface. Curve 4 of Figure 2.9 may be compared with curve 2
as being representative of realistic rock conditions, w;th
curve 4 showing the effect of incorporating “vertex effects”
into the analysis.

A number of tentative conclusions méy be drawn from

this analysis. Firstly, in agreement with experimental



49

)
t
] | T ¢ heon [ =
Locolization —_— ) n
occurs when Ptan * T35 70
Ptan = Periy ¢
; where h is e
plastic hardening maﬂum
Y
0.1 ] .
h erit o
¢
-0.1 4
-0.2 T T Y T S - -
trioxial pione strain pure plane strain triaxial
extension extension sheor compression compression
g=3"° , ho dilatancy

)

Curve |

LN

&+ 31" realistic dilatancy ( non ossocioted )
4

@ = 31°, maximal dilatancy ( associated )
as for 2 , including wvertex effects

-

FIGURE 2.9 PREDICTIONS OF LOCALIZATION

(aofter Rudnicki ond Rice, 1975)



50

observations in compression tests, localization is unlikely
to develop in an otherwise uniform isotropic mass until peak
strength haé been more-or-less obtained. Secondly,
localization seems to be relatively insensitive’ to strain
conditions (compression versus extension) if account is
taken of likely stress-fﬁapced fabric anisotropy. Thirdly,
localization can be predicied just prior to peak strength
deve lopment especially f( extensional strain paths are being
followed. There is some egperimental evidence for this in
the observations by Morgens¥ern and Tchalenko (1967a) of
minor precursory shear structures in direct shear tests, and
it is certainly substantiated by the early growth of "edge
structures” in their tests. “

The analysis of Rudnicki and Rice (1975) was confined
to continuous bifurcation solutions, that is, elastoplastic
deformations continuing both inside and outside the
shearband. Rudnicki (1977) extended the analysis to account
for inclusions, in otherwise elastic materiaf, which obeyed
similar elastoplastic behaviour. By flattening ellipsoidal
inclusions, he was able to describe the inception of
faulting in a weakened zone. Coupled with any dilatant
behaviour in fluid-saturated porous media is a diégassion of
the effects of pore-fluid behaviour. Stabilizing effects /
were examined by Rice and Simons (1976), and their analysis ;
was extended to weaké}ed zones by Rice and Rudnicki (1979). /
It was concluded that a range of observed earthquake

precursory events <ould be qualitatively explained in this
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manner. Of particular interest was the observation that,
sufficiently close to the tip of an advancing fault,
deformation always took place under drained conditions. This
has implications for the analysis of shearband pﬁbﬁ&gatian
under general conditions, and is utilized in the analysis
presented in Chapter 6.

Of further practical interest is the development of
discontinuous bifurcation solutions, where plastic yielding
is maintained in the shearband but elastic unloading takes
place outside. This is most relevant to rock testing and
behaviour since the recognition of the need for stiff
testing machines. An initial analysis (Rice and Rudnicki,
1980) showed that locelization first develops as a
continuous bifurcation, but for realistic geometries elastic
defgﬁmatigﬁ!autside the shearband may develop after an
infinitessimally small amount of continuous bifurcation. In
other words, the elastic unigading takes place after
development of localization by plastic deformations. This
concurs with the physical interpretation of postpeak
'microstructural response.

In a completely separate study of shearzones in sand,

bifurcation solutions were obtained for two overall

" deformation modes by Vardoulakis et.al. (1978). Fro
review of previous predictions of shearband orientation,
they concluded that bifurcation behaviour would depEﬁﬂ on
whether or not the principal stress axes were rotating

physically during yielding. Solutions were developed using
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hypoelastic-form nonlinear constitutive equations for the
homogeneous deformation state. The two dcformatﬁon modes are
shown on Figure 2.10. \

Mode C11 represents 1frotational coﬁpression. and the
bifurcation solution predicts an inclination for the
shearband equivalent to that predicted by Mohr-Coulomb
theory. The shearband boundaries represent planes of maximum
strength mobilization in this case. At the shearband
boundary, the deviation ang3e between principal stress and
principal strain increment axes is as predicted by de
Josselin de Jong (1959), but includes a correction for
nonzero dilytion at pedk strength. (Bifurcation was assumed

to develog/ at peak strength, to obtain this solution). In

order obtain the solution, geometric correction terms to

ac nt for finite strain and displacement compatibility had
o be introduced along the shearband boundary. The she;rband
mééhanism specifically requires that rotational strain
components be considered. This is not normally done using
small-strain and engiﬁeering-notation shear strains, which
ignore rotations by smearing them out.

Mode C12 represents uniform bending and. compression, so
that the principal stress axes are continuously rotated.
" Under these conditions, coaxial principal stress and
.principal strain increments are obtained for bifurcation at
peak strength, and the shearband boundaries are inclined in

the direction of zero extension, as discussed by Roscoe

(1970). Again, the solution depends on proper consideration
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of geometric nonlinearities which include rotations.

The theoretical findings were tested using a specially
ﬂevéﬁaped biaxial apparatus. Allowing for experimental l
error, measurements confirmed that shearzone initiation
occurred when peak strength was obtained, and that shearzone
orientation aﬁdrstraiﬁ conditions agreed well with
theoretical predictions for both modes. Shearzone
thicknesses varied between 3mm and 5mm, of about 10 times
the mean grain diameter (see Section 2.1). Shearband shear
strains required to complete the éﬂstpeak weakening process
were 60% to 100%. Finally, it was observed in these tests
that the residual strength depended upon the postpeak
weakening characteristics, and that in the initially dense
samples significant dilatancy still existed in the residual
condition. This is a contradiction of terms from the
microstructural vigup@inti and suggeéts that the‘%bserved
residual strength was more likely to be an effect of
limitations of the testing equY¥pment. Furthermore, the

=

residual state in the shearzone should be independent of the
e

initial grain fabric. It can be concluded that the study of
Vardoulakis et.al. is pertinent to inception of shearzone

response, but is not adequate to fully explain postpeak

)eakening behaviour. However, the different shearband modes
Niscovered for ﬂi%fereﬁt deformation conditions are a useful
inder that p@sfpéak shearzone thavigur is as mxch a
regponse to deformation conditions as it is to material
(cﬁaﬁa:tEF istics.

~
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2.4 MODELLING SHEARZONES AND PROGRESSIVE FAILURE
A number of aspects of previous investigations have to

be examined before modelling progressive failure or postpeak

shearzone behaviour, and these include:

1. General concepts of material behaviaur. and means
for expresggng these in engineering terms;

2. Models which recognize strain weakening, but not
necessarily localized shearbands;

3. Models which recognize localized shearbands, but not
necessarily adequate constitutive behaviour;

4. Attempts to apply any or all of the above aspects to

geotechnical problems.

General Concepts of Material Behaviour:

On the basis of elastic stress solutions for
embankments, Bishop (1967) showed that shear stresses were
maxi&ized along the middle pértion of failure surfaces,
whereas mobilized friction angles were maximized at the toe
and head of the slope. He pointed out that the index of

brittleness,

4

was an inadequéte description of the likelihood for
progressive failure to develop. He further listed four time

effects which he considered would influence progressive



56

failure. These were: swelling due to pore pressure
adjustment and changes in groundwater conditions;
weathering, delayed release of strain erergy in rebound; and
the existence or otherwise of a time-dependent component of
peak strength. .

Barton (1971) described an interestingﬁs?ﬁsequence of
designing rock slopes to account for prggﬁeséive failure. He
attributed weakening to the weathering of overstressed
joints and opening of tension cracks. Designing a portion of
the siope on the basis of ?esidual strength lead to reduced
face heights with respect ta design based on intact
strength. However, the conditions which lead to the
consideration of progressive failure do not exist when a
slope is designed to account for progressive failure. The
slope design process is therefore not a straightforward
matter unless accurate and reliable deformation analyses can
be made, and given uncertainties as to rock mass fabric at
depth, the analyses cannot be realistic anyway.

Lo (1972) addressed the questions of suitable
experimental techniqées for measuring strain weakening, and
suitable means fcr-applying laboratory test data to field
" problems. He found that it was possible to characterize the
postpeak weakening observed in laboratory tests using a
hyperbolic model developed after Kondner (1963). In order to
measure the extent of postpeak weakening in the field, he
found it necessary to use parameters which were not

sensitive to sample size or shearzone thickness. A postpeak
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shear modulus was identified and the ratio of this to the
intact (initial loading) shear modulus was found to be very
small for overall triaxial test strains greater than 6%.
Instantaneous strength drops from peak to residual were
therefore considered reasonable, and contours of shear
stress in a model slope associated with postpeak ueakening
could thus be found without difficulty. By using a
logarithmic- time law describing the decay ;f strength at
failure with time, he was able to plot the growth of a
failure zone in the slope with time. This is shown
schematically on Figure 2.11.

While Lo's approach is interesting, it can be
criticized on many points, and the degree of generalization
involved precludes application in design. For example, no
account was taken of the geometric constraints on shearzone
location or orientation, and it was assumed implicitly that
time-dependent strength parameters measured in laboratory
tests were directly applicable in the field. The most useful

contribution is probably the insistence on careful postpeak

strength and deformation testing. "Progressive failure”, by
Lo’s methodology, is more correctly “"delayed failure”, and a
more reasoned approach in this respect has been described by

Sk ton (1970) and Morgenstern (1979).
empton [ 4 9

Models of Strain Weakening:
EpfirequiFEMEﬁtS of acceptable constitutive mﬂdi{f for

strain weakening have been outlined by Gates (1972), ﬁg}ak
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and Zienkiewicz (1972), Hoeg (1972, Desai (1974) and Sture
(1976). Most of these procedures were designed specifically
for implementation in finite element analysis of field
problems. As a continuation of Lo's earlier work, Lo and Lee
(1973) presented finite element analyses of strain weakening
~ which used a stress redistribution procedure for p@stpéak
response. No consideration was given to the geometrical
constraints of weakening, and the resuits were again
combined with a model for strength/time-decay to predict the
times to failure of some slopes discussed in the progressive
failure literature. Hoeg (1972) predicted the behaviour of
footings on strain-softening clay, but used a model
appropriate to undrained yielding and also did not consider
geometrical constraints. Sture (1976) was able to reproduce
laboratory tests on coal using nonlinear elastic stress
transfer procedures, but only for cases where ﬁ@ localized
shear deformations developed. A similar approach (Pariseau,
91979) successfully reproduced laboratory test behaviour.
None of these analyses considered shearband modes. Had they
done so, the results would have been unsatisfactory because
of the lack of account for yielding pr@cesses'ané dilatancy
in shearzones. A

Sture (1976) observed a variety of fratturing patterns
during postpeak testing of coal. Although his finite element
analysis did not examine the geometrical constraints of the
fractures, Sture and Ko (1978) studied the stability of the

machine-specimen system and derived conditions for strain
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conclusively that the shearband mode could not be mode!led
as an overall homogeneous deformation. In order to carry out
an effective Fiﬁite element analysis, the actual size and
orientation of the shearband would have to be discretized.

More recent analysts have developed strain weakening
models with due account’ for the shearbands in which such
yielding occurs. Bazant (1976) referred to this problem, and
Bazant and Cedolin (1979) reported on progress in
calculating the propagation of blunt "crack-bands” in
strain-weakening concrete. This obviated the need for
special crack-band elements, but the computational details
were quite complex. Such procedures, while satisfactory for
Mode I crack extension, are much more difficult in Mode 11
or mixed Mode I/Mode Il conditions which exist in

geotechnical problems.

(Kawamoto and Takeda, 1978) is interestiné because of the
treatment of failed elements. Triangular elements which
attained the failure condition were substructured internally
to include the subsequént effects of a shearband of
appropriate orientation, and this is shown in Figure 2.12.
Unfortunately, the constitutive models employed did not
account for realistic strain weakening. Cramer et.al. (1979)
analysed direct shear tests on rock joints, using
appropriate shearband e1em3ﬁté but strain weakening models

which did not realistically match strength-loss and
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v
dilatancy characteristics. Iﬁ;a most interesting
application, Stuart (1979) demonstrated how strain energy
released from surrounding elastic matériai could cause
unstable slip along a fault plane, well after most of the
fault had aiready commenced weakening in a stable slip
fashion. Stuart's problem is shown schematically in Figure
2.13, and the antiplane shear mode represents a substantial
gn& successfully economic deviation from standard two- or
three-dimensional finite element methods.

In summary, there has been a logical development with
time of procedures for generalized deformation analysis of
strain weakening in sheaﬁgandéi Little serious attention has
been devoted to the matéhi;g of models with physical
m§teria1 behaviour, as even without this step the analytical
requirements are very demanding. Indications from all of the
analyses reviewed are that no general, practically feasible
analytical techniques have been developed to date. The
Fiex;Eiiity and power of finite element procedures has,

however , been conclusively demonstrated.

Mode1s of Shearband Behaviour:
. Some of the analyses referred to above did ihclude
specific consideration of shearband geometry. Alternative
solution techniques, collectively termed 'Singular Integral
Equation or Boundary Integral Methods, have been developed
to analyse field problems in terms of Known conditions along

discontinuities (for example, ground surface, shearzones,
¢
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tunnel faces, and so on). The material away from such
surfaces is assumed to be elastic, and the solution is
constructed from influence functions for loads and
displacements at points on the surfaces. The techniques are
quite economical since only the surfaces need to be treated,
as distinct from the entire region of analysis required by
the f}nite element method, and are indicated in Figure 2.14.
Crouch (1976) presented details of such a method (which he
referred to as the Displacement Discontinuity Method),
including the principal influence functions used. Extra
nonlinear;ties. such as the constitutive relationship
enforced along the fault in Figure 2.14, can readily be
incorporated with the possibility only of convergence
difficulties as in any other numer ical technique.

Similar influence-function techniques were developed by
Rice and Cleary (1976) for modelling coupled
stress-diffusion of saturated porous media, but the
processes modelled in this case required substantially more
d;fficult solution techniques. They successfully applied the
method to the inception of hydraulic fracture around a
cylindrical borehole, and were able to explore the
relationships between wall-rock strength and permeabilit;.
stress state, and frac-fluid viscosity. In an extension of
this work, Cleary (1976) developed a procedure for modelling
shearbands in strain-weakeniEQ materials using the influence
functions for arrays of dislocatioqs and a concept of

shearband weakening based on the earlier work of Palmer and
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Rice (1973). Unfortunately, considerable difficulties were
gxégrianced in obtaining numerical .solutions for the
distributidns of dislocations.

Cleary and Bathe (1978) discussed some of the
difficulties which arise when trying to adapt classical
finite element. techniques and associated elastoplastic
constitutive laws to shearband problems. Representation of
the inception and propagation of shearbands is a difficult
task, but a potentially valuable marriage of finite element
and boundary integral techniques was suggested which may
ﬁﬁfter further development) prove quite practical in future.
The basic finite element mesh shown in Figure 2.15 is
analysed until shearbandi fﬁggptiaﬁ conditions are
identified. A hybrid element, equivalent to a substructure
SUFEf"g%Eﬁt (Aamodt and Bergan, 1975) then replaces the
yielding element. Embedded in the hybrid are the influence
functions for an appropriately oriented shearband, expressed
in terms of the element nodal parameters only. This approach
requires considerable development to rationalize the
criteria for orientation, length, and propagation conditions
for shearbands, and also presents difficult nonlinearities.
Potentially, it does héve the power to make shearband
inception solutions feasible. | '

As a Pirst step in this direction, Dong (1980) obtained
some solutions for shearband d&v?iﬁﬁﬁEﬁt during flow of
granuiar material in a hogper . Nédil relative displacement
constraints and ;u}tigfe constitutive laws éerezanfarggd
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FIGURE 2.15 MYBRID ELEMENT SCHEME FOR SHEARBAND
DEVELOPMENT (ofter Cleary and Bothe, 1979)
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along the shearband trajectory. The pracedure>rgquired

expensive iterative solutions using the ADINA program, with
many hand-calculated user interaction® with the machine ,
calcujations. Although obviously not a practical shearbnﬁé
analysis tool, this work represents a commendable step in

exploring the numerical options available to the analyst.

Applications to Engineering Problems:

Many analyses have been published with aﬁiy scant
regard for the difficult and exacting criteria for
representing shearband yielding and strain weaken{ﬁgi and it
is not intended to review this literature here. The
immediate impact of strain weakening behaviour is in
progressive failure problems, particularly with regard to
slope stability, and this is now reviewed briefly.

Muller and Malina (1968) obtained shear stress
distributipns along a planar slip surface, in pursuance of
the Bjerrum model for progressive failure. These solutions
were developed numerically. Similar one-dimensional models
detail in Section 3.1, and have been applied to the case
history of a slope cut in overconsolidated clay in Chapter
6.

Progressive failure of an example slope, using softened
and residual parameters, was discussed by Bishop (1971). In
addition to the factors he described in 1967, the influence
of prepeak stress-strain characteristics under appropriate
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stress paths, and the initial state of stress +n the slope
were emphasized. Obviously, the geometry and scale of the
slope become important in th}s light. Limit equilibrium
stability analysis cannot adequately account for
stress-change effects, and Bishop’s conclusions remained
largely qualitative. ‘ '

As discussed above, Lo and Lee (1973) undertook
‘postpeak weakening stress analysis of slopes, which were

/~‘—fﬁes coupled to a time-decaying strength law and limit
equilJibrium analysis in order to predict times to failure.
| The considerable simplifications of this approach are
appealing, but they ignore the vital influence of geological
controls on inception and propagation of shearzones, and the
subsequent geometrical constraints on shearbands +h
analysis.
Fur ther ]ihit equilibrium analyses were undertaken by
Law and Lumb (1978).-A brittle postpeak strength drop was
assumed and, in order to prepare stability charts, the
classical concept of the Factor of Safety in limit analysis
was overlooked in favour of a more convenient definition.
This example is included here as a case where insufficient
attention has been paid to the nature of the problem at the
outset. The relet has been a work which could easily be
misinterpreted and incorrectly applied by infprmed
" readers. ‘
One case history of a slope failure (Gudehus and
Wichter, 1977) has been found which presents many
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interesting points. The material was a marl, highly
structured and almost lithified. Slope failure appears to
have been initiated by excavations in the lower slope and
toe area. Investﬁgatiaﬁs revealed an ideal example of a
readily-familiar wedge mechanism, usually associated with
such materials (Figure 2.16). This has been described by
.Trollope (1973) in relation to progressive failure
development along sequential surfaces. Large-scale
labo;atory testing failed to reveal any postpeak weakening
although discrete shearzones were observed. The analysis was
not taken to its Fu]i conclusions since, at the time of
publication, details were ipccmﬁiete.

This example is curious and the data presented, to the
writer, are inconsistent. Because such large samples were -
tested (30cm diameter sample in a triaxial cell), a stage
loading technique was employed to define the peak strength
envelope from as few samples as possible. In stage loading,
each test is stopped when peak strength is obtained. The
authors mentioned that they were unable to prevent Sﬁéaﬁééﬂé
development . Shearzones could be expected to form at or
close to peak strength and the probable reason for not .
finding postpeak QEEHEhiﬁg was that testing was ﬁgt carried
over into posfpeaH straining. If this failure was a
first-time slide, considerable deformation would probably be
required to achieve the postpeak strength drop (if it
existed) in'the field. This case history raises the kinds of

questions to which this thesis is now addressed.
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First - Order Second — Order.

SEQUENTIAL MECHANISMS (after Trollope, 1973)

o) HODOGRAPH A b) SLIDING BODIES
0 X 20m
2 vz 0
Uxn
2-Uy;

— , - 290m
- = V1 929

OBSERVED SLOPE FALURE MECHANISM

FIGURE 2.16 WEDGE-TYPE SLOPE FAILURE MECHANISM
} (ofter Gudehus ond wichter, 1977)



2.5 SUMMARY OF THE MECHANISTIC VIEWPOINT

Physical and analytical aspects of postpeak shearing
and localized shearzone development have been discussed. In
considering progressive failure, it is difficult to avoid
becoming concerned with time-dependent failure processes as
well. The development and application of shearband models
incorporating postpeak strenéth weakening is the goal of
this research. From the general review of Chapter 1, and
details presented in this chapter, the following points can
be clearly identified in attempts to achieve the research
goals:

1. Shearzones are physical phenomena for which certain
natural controls can often be identified.

2. Complexity of geometry, difficulties iQ measurement
of parameters, and questions of scale all indicate that
numerical simulation of shearband behaviour must be a
principal part of future research.

3. The ﬁmér-‘ic;,ai approach faces great computational
difficulties because of the need to realistically represent
geometry, shearband initiation and propagation, and highly
nonlinean§material behaviour.

4. Interpretation of numerical analysis is just as much

an art as any other field of interpretation in geotechnical

histories of performance can the value of models be

realized.



5. A large research effort has already been expended on
the problems discussed in this thesis. Some efforts havei
probably been misguided. Because of the wide range of
factors whiéh need to be incorporated, it is very easy to
focus on one asgeqh to the detriment of other important

aspects.

6. To the writer ) practical nﬁmericai analysis is a

ma jor goal. This is ﬁQF intended to negate the many areas of
"impractical” research efforts which are to be drawn upon in
this gﬁasis. From the Jack of quantitafive studies of
progress} it is obvious that, at this time, it may

be possible to bring analysis closer to reality.

The Concept of éﬁﬁtréis:

Inception and propagation of shearzones are two areas
where the current state of research has not been developed
to a stage of ready practical implementation. Fortunately,

ge&iagica]rpr@cesses in the materials most susceptible to

materials are inherently anisotropic, and shear-induced
microstructures are equally séi A sound understanding of
depositional and pést-QEEQEitiaﬁai geological processes
provides the following controls on shearband development .
1. Slope failures are, inevitably, problems’ of
unloading and in particular, lateral unloading. Stiffnesses
are invariably higher parallel to bedding and hence, very

smai] deformations are required to cause complete unloading
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or to induce shear yielding along bedding surfaces.

the postpeak microstructural processes develop with less
deformation along bedding surfaces. This has been noted many
times in laboratory tests. |

3. Fissure opening and development associated with
' unloading allows more exposure of the weakening material to
weather ing agents, enhancing time dependent failure
processes.

4. Iﬁ summary, bedded deposits can be subjected to a
variety of post depositional processes which enhance
shearband development along bedding surfaces. To complete a
failure mechanism, much larger deformations, pgabably more
diffuse in occurrence, have to occur across bedding. Bedding
thus controls the development of failure. It is a relatively
straightforward matter té associate shearbands with bedding
and to treat them by appropriate material response as
failure develops.

As discussed by Morgenstern (1977 and 1979),

[ =

overconsolidation and unloading processes combine to make
almost inevitable the development of localized shear
yie?ding»iﬁ clay shales. To the writer’'s knowledge, no study
has ever been undertaken to determine the relationship
between small-scale, apparently discontinuous slickensiding
on local bedding surfaces and the long-term available
strength of a mass movement which develops along these

surfaces. There is a 1ack‘¥ﬁ field evidence in a suitably
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unambiguous form, confirming a cohesive strength component.
However, it can be assumed that the natural and
stress-induced controls of shearband orientation are bedding

surfacéé foremost, and other natural discontinuities ‘

more advanced, the modelling of uncontrolled shearband
yielding and strain weakening is a goal for future

endeavours.



3. ANALYTICAL MODELS

A mechanistic approach to shearzone behaviour and
progressive failure problems has been outlined in the first
two chapters of this thesis. This chapter describes
analytical models developed to evaluate the mechanistic
approach,

First, existing one-dimensional studies of progressive
shearzone failure are discussed. A simple generalization of
one-dimensional behaviour is thEﬂidESCFibeﬂ; The advantages
and Iimitﬁtians of the;e simple studies are discussed, and
~they are applied to a case history of progressive failure: of
a clay shale slope in Chapter 6.

Second, more generalized constitutive models amenable
to two-dimensional deformation analysis using finite element
techniques ére described. Both elastic and elastoplastic
models are described. Applications to case histories follow
in Chapters 6 and 7.

A brief review Gf.thé mechanistic approach to shearzone
behaviour, and the models developed to study such behaviour,
concludes this chapter. The finite element analytical 1
procedures are presented in more detail in Chapter 4, and
the béhaviéur:af the constitutive models is discussed in

Chapter 5.

76
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3.1 ONE-DIMENSIONAL ANALYTICAL MODELS

In continuation of the work of Skempton (1964) and
Bjerrum (1967), several researchers have developed simple
analytical models for idealized progressive failure DF‘E
simple excavation. Figure 3.1 illustrates the
one-dimensional behaviour typically modelled. Strength along
the shearzone is defined by peak and residual envelopes with
some simple means for desaribiﬁg the post-peak strength
transition. In comparison to more realistic slope behaviour,
typical approximations neglect the effects of
two-dimensional deformations associated with the stress
changes along the shearzome and oversimplify constitutive
response of the shearzone itself. Also, effects of pore
fluid response or drainage are not usually discussgd,

Christian and Whitman (1969) approached this problem by
developing the difféféﬁtié1 equation for displacement along
the band from equilibrium of an infinitesmal element. A
finite pre-yield elastic stiffness and instantaneous
strength dré@ from peak to residual were incorporated into
their model. Various slope angles were studied by modifying
the governing strength parameters to account for the normal

and tangential components of gravity loads on the shearband.

Factors of safety for peak and residual strengths were used
as parameters to express the condition of the slope. A

factor of safety for first yield was éeve]cped from peak
Yy

parameters. Results of their analysis are given on Figure

i
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3.2, where the model is described as the CW mode] fo;
subsequent usage in this thesis. Three classes of response:
no yielding, some yielding, and failure, are depicted on
this figure. The CW mode! demonstrates the interaction of .
strength and deformation parameters with initial stres§
conditions, and provides the me‘s for simple assessment of
these interactions in other problems. '

‘ The J-integral developed for fracture mechanits tRice,
1968) can be interpreted as the enerﬁy required for unit -
extension of a propagating fracture. Its usage has become
almost universal for Mode ! fracture analysis.'as a materi§1
measure of fracture Foughness. Palimer ;nd Rice (1973)
considered the simple slope probiem as a Mode 11 fracture.
By allowing for the energy absorbed by residual fr;ctionai
resistance, they developed solutions for propagation of the
shearzone in terms of strength and Beformation'pérameters,
The assumptions for their work included having a Qery small
Lend-region (the peak-residual transition region) in terms of
overall shearband length. However, the post.-peak tran;itian
was incorporate characteristic m:terial parameter to
represent the strength loss with accumulating slip.
Furthermore, the "dfiving force“\af elastic energy Telease
into the slipping band was explicitly defined. The principal
terms of the Palmer and Rice mode! (henceforth called the PR
model 1n this thesis) are shown in Figure 3.3. Scale effects
associated with the issumptions of their modé] were examined
for London Clay. Because of the material cherscteristic -

- 1
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length, the size of model slope required for studying
shearband propagation using their model would preclude .
laboratory-scale testing.

Paimer and Rice also examined the effects of porewater.
diffusion in response to stress changes, pointing out the
necessity of correctly interpreting the deformation models

to be uged. Guidance as to the size of their “end-region”
for typical material properties was also provided.

Both @k CW and PR models were examined by Chowdury
(1978), who made Feverai simple and practical extﬁafians £@
the earlier work. A finite slope was considered, the effects
of an arbitrary-sized "end-region” evaluated:‘ahdgé solution
similar to the PR solution was developed for a shearzone not

parallel to the slope surface. Chowdury also showed that the

F

appmximaiiﬂc:ﬁ of a small "end-region* in the PR mode! made a
significant difference when applied to simple stability X
problems. i
Simple models such as the CW or PR models are most
valuable for assessing the significance of the various
parameters interacting in a progressive failure problem. The
strength parameters can be assessed with some confidence.
The eFFe§t5 of pore f1uid drainage are not so easily
assessed, particularly for field problems. The deformation
parameters and initial stress conditions are partigular1yé
~difficult to assess in practical problems, and one or more
assumed values are normally required. There seems little

‘virtue in Chowdury’'s work in this light, since the extra
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details involve extra assumptions about unknown quantities.
However, one valuable exteﬁsicﬁ to the CW model would allow
_the effect of a finite "end region® to be evaluated, and
this'is-ﬂiseussed below.

The CW model provides a diSpIaéem3ﬁt solution for the
material above the shearband overriding a rigid lower zone.
The PR model, on the other hand, provides a "solution in
terms of relative slip motion across'the shearzone. These
two models are not directly cmt;:arat;]e, although the PR !
model gives identical results when the material isgperfectly=
brittle (as it is in the CW m@d;T)g Chowdury discussed Ehis ‘
but did not pursue it. Since the present research is
caﬁeerned’priﬁérily with the eneFaetics and mechamics of thei
post-peak transition, the extension of the CW model to a

less bnittler transition is now examined.

Post-peak transition of the CW model:

Figure 3.4 shows the configuration and material
idealization for which the CW model is extggded
(hereinafter, the CWX mﬂéel), Only the case of a horizontal
shearband is discussed here, but the extension to a general
slope could be accomplished in the manner of the original CW
model. The extension was undertaken with the primary purpose
of studgipg the effect of the additional energy expended.
shown by the cross-hatching on the stress-displacement curve
of Figure 3.4. Also, to facilitate more direct comparison of

the CW and PR models, the CWX model is re-expressed in terms
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of the rglat%;e shearband slip. Alsgi for convenience and
clarity, thé three zones of defarmatign‘(prg-pgak! post -peak
transition, rééiduai) are treated separately and completely
in the CWX model. Details of the derivation are given in .
Appendix A. The CWX,model is applied to the Saxon Clay Pit

//;che problem in Chapter 6.

- TN

4

3.2 NONLINEAR ELASTIC CONSTITUTIVE MODELLING
and deformatiqy characteristics parallel and transverse t
bedding or foliation. The clay shales of the North Americar
Great Plains are extreme examples: their
montméri11§ﬁijeﬁrich seams form potential shearzones of low
strength, yet the overall transverse s@rength may be high.
To some extent, such extremes of behav%aur may be modelled
using piecewise elastic theory.

A transverse-isotropic (sometimes misnamed orthotropic)
elastic material requires five independent parameters for
complete specification of behaviour (Poulos and Davis,
1974). Consider the transverse-isotropic material shown in
Figure 3.5. Properties are isotropic within the horizontal
plane but are anisotropic in all other planes. Material

, 2 . , ,
parameters necessary to fully describe behaviour are:
4

Ev = Young's modulus for V-direction,
n = Eh/Ev, ratio of Young's moduli for H and V

directions,



— R horizontal
_ — —_—_——
, —————

a horizontal

Transverse — Isofropc  Moateriol P

V-H Plane Behavior
(

H=H or Bedding - Plane Sheor

FIGURE 3.5 TRANSVERSE - ISOTROPIC MATERIAL



Yvh = Poisson's ratio for strain in V direction

associated with strain in H.direction,

Y hh = Poisson's ratio for strain in one H dfrection
. associated with strain in the other H direction,
Gv = Modulus for bedding-plane shear.

Because the Gv modulus can be spegified independent ly,
it is passibl; to simulate the differences in strength 7
mobilization for 1;265verse and bedding-plane shearing.
Orthotropic or isotropic transverse behAviour can be
specified whilst retaining a low Gv modulus in order to
restrict mabi1izaticﬂbaf Dédéiﬁg=p13ﬂe shearing. Therefore,
a‘stren;th Jimit for beddinéiplane shearing can be set by
adjustment of the Gv madylusi 1f necessary, iterative .
calculations may be made with automatic reduction of the Gv
mepdulus in order to maintain bedding-plane strength limits.

The transverse elastic mDﬁul{ may be allowed to vary
depending uppn the mobilized cross-bedding shear stresses. A
simple, widely employed, piecewise nonlinear elastic
formulation was published by Duncan and Chaﬁé (1870), based
on a hyperbolic approximation to a normal triaxial test>
stress-strain curve originally proposed byLKQﬂdﬁEF (1963)§
This enabled reasonable account to be taken of nonlinear
response up to peak strength, but cannot realistically be
extended to include post-peak weakening behaviour. Figure
3.6 indicates the form of stress-strain response possible.

Practical computational advantages are possible with

such a model, and its application to a problem of embankment
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ISpreading over weak foundation shgarzones is described in
Chapter 7. | ,
Details of the nonlinear elastic shearband/mode! are
described elsewhere (Simmons, 1980b). While the model has
general application, its use would normally be restricted to
thin elements, in order to simulate shearzone FESQ@ﬁSE_i
Suitable finite element procedures are discussed in Chapter

4,

= * i
h)

*=213.3 ELASTOPLASTIC CONSTITUTIVE MODELLING
| The terms elastic and plastic have always been uéeé in
describing sojl behaviour. éiastig deformations are
recoverable while plastic deformations are not.Elastic
behav iour can be readily understood whilst plastic be?gviaur
is a general .term which is often not sufficient to describe
clearly the processes intended. Hill (1950) established a
framework for desoribing the mechanics of irrec@verabje.
path-dependent defarm;tian for perfectly plastic materials,
that is, materials which yielded without plastic volume
change, without dependence on confining stress, and without
.strengthening or weakening. The terms yield surface and
plast ic potential, which Hill standardized, are now widely

used in theories of incremental plasticity for soils or

change and frictional behaviour.
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» In mﬁdeiling post-peak weakening, it is necessary to be
careful ahout the use of the terms elastic and plastic.
Elastic unloading releases strain energy ‘which may be
absofbeﬂ;iﬁ plastic work ér iiberated in a2 purely elastic
process. Elastoplastic is the correct term for simultaneous
existence of the two processes, while elastic-plastic can
and has been used to describe two separate phases of
behaviour. Most soil plasticity theories are elastoplastic
_in form, in the sense of allowing simultaneous existence of
elastic and plastic components of reépan*.

Many dif%erent eiastcplasfig Saﬁst%tutivé mode s have
been described in the geomechanics literature ®Most readers
will ‘be familiar with elastic theory and terms, and in %
particular be Famifinr with the ]imitaficns of elastic
theory for practical purposes. Yet how many readers are
prepared to deal with the the bewildering apgay of
elastoplastic constitutive models haw_avaiiaﬁie? Little
attempt is made in this thesis to review the available
literature: it is exgensive and can be sFudied at great
length. The Cambridge University approach (Roscoe anq
Burland, 1968: Atkinson and graﬁsby, 1978) has dealt
successfully in overview terms with the mechanicsééf
normally consolidated clays. The models proposed b& Lade and
Duncan (1975) and subsequently elaborated upon by:Evgin and
tisenstein (1980} have contributed much to the study of sand
behaviour. Neither approach has yet been widely §;C2pt8ﬂ as
an engineeringﬁtcal. although the Cambridge madei probably



comes closest in that regard (Evgin, '1981; Dang and Magnan,
1977} ..
No matter which elastoplastic formulation is adopted,

the complexity, of the mathematical details usually tends to

L confuse the reader. A éimple Hahr=§auiﬁﬁbvmatgriai, as -
illustrated fn Figure 3.7, is reviewed below. This is an
elastoplastic model which can readily be adapteé to msﬁer
complak behaviour. Some of the terms and concepts of this
mm?e] are géscribed at length in an a?Tempt to clarify the
principles involved. ,
Yield Functions and Flow Rules:

Thegyie?d function is a concept common.to most

plasticity theories. It is a mathematical formulation in

defines a current stress state of stress where yigidiﬁg
occurs. Negative values of the function imply no yielding, )
. and positive values define stress states which the.mafEFial
cannot attain without incremental eiastcgiaétic response. A
alue of the yield function can be assigned to any é;iﬁt of
body. Mathematically, the function may be visualized as a
surface in suitable stress-space within which only elastic
rbehaviour occurs. The most important properties of a yield
function are that it be mathgmatiééﬁ1y :@ntigugus and
differentiable (with provision for dealing with vertices of
the surface), because its primary purpose is to define

permissible stress increments when yielding occurs.
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Thé material parameters which describe the yield
function may be variables of stress state or strain state.
It is only important that their variation be defined so that
as yielding occurs the associated changes in the yield
sur face can be computeéi

Soil behaviour is dominated by stress-path or
sfrain-path dependency, therefore yield/;urface changes are
important constituents of most elastoplastic models.
Historically, the variation of these parameters has been
termad "hardening”™ or “softening”, so the terms hardening
Iaw'ornsoftenina law refer to expressions for strength-gain
or strength-loss during yielding. Mathematically, hardening
is associated with expansion of the yield surface, and vice
versa for softening. Criteria can be established
mathematically concerning the stability and upiqueness of
the hardening or softening processes (Drucker and Prager,
1952).

The deformation theory of plasticity has been found
inapprgpriate for application to soil mechanics because of \
the incremental patﬁldependency of soils, whereas the

incremental flow theory has become the mainstay of soil A
plasticity. It is necessary to predict, at a given yiéld{ng
stress state, the relatiénship between the components of
plastiq strain associated with an increment of plastic flow.
The means‘for predicting these strain increment components
is called the flow rule. In classigal%mgsal plasticity

{Hill, 1950) the flow rule was gbtained mathematically by
-~
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differentiation of an expression called the plastic

potent fal. The plastic potential provides a convenient means
for keeping'accodnt of the flow rule, and is no more than a
mathematical convenience.

In conbination,'the yield function, flow rule, and
hardening law provide a self-contained means of predfcfinq
plastic strains associated with Known stress chanqes‘auring
yielding, or vice versa. The mathematical formulation is
more complex than for nonlinear elasticity because-a far
more complex process is to be described. When frictional
soil behaviour was formulated by Drucker and Prager (1852),
care was taken to preserve the requirements for material
stability and solution uniqueness. (Equivalent requirements
in elasticity place bounds on allowable combinations of
material parameters). Mathematically, the stability and
uniqueness requirements took the form of restrictions on the
plasiic potential. }f this was identical in form to the
yield function (ie, with the yield function) the criteria
were met almost unconditionally. The criteria could not be
fully met for nonassociated flow rules, but as pointed out °
by Prevost (1974) and Prevost and Hoeg (1975) this does not
mean that nonassociated flow rules are unacceptable in soil
mechanics. Davis (1969) described simple and effective
associated and nonassociated plasticity theor ies which have
subsequent ly been widely used by researchers at the
University of Sydney. The Mohr-Coulomb material descr ibed

below is an alternative formulation of the Davis model. A
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Davis-type mode! will be discussed in detail below.

Separability of Strain Components:

It is reasonable intellectually (and convenient
mathematically) to assume that an increment of yielding
strain involves components of elastic and plastic behav(ﬁ&gi\

® E [

é = é; +

-

‘e \m‘ »

Equation (3.1)

where § is a v,e::tar of strain increment components
E,F superscripts denote elastic and plastic
cempﬂﬁghts respectively
This fundamental relationship cannot generally be evaluated
experimentally without assuming isotropy or otherwise of

material behaviour.

Mohr -Coulomb Nonassociated Elastoplasticity:

This simple and effective elastoplastic tool consists
of material which has a fixed yield function and constany
plastic dilatancy rate. A linear Mohr-Coulomb strength
relationship i§ﬁgigd as a strength criterion. The dilatangy
rate, or ratio of increments of plastic volumetric strain
and plastic shear strain, is a material constant which may
assume any reasonable value. Over a restricted range of
strains (of the order of 5%) this characterization agrees

with experimental observation. The means of expressing the
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dilatancy rate may vary. Davis (1969) used}a dilatancy angle
which, when equal to the frictioh angle, leads to identical
mathematical forms for the yield function and plastic
potential (associated flow rule). An alternative approach is
introduced here and will, it is hoped, clarify the
derivation of the elastoplastic model.

Figure 3.7A shows schematically the intended material
mode ] behaviour. This model will henceforth be termed the
Constant-Rate-of-Dilation ﬁohr-Coulomb hodel, or CRD for
short. Also shown on the figure ar& Mohr circles of stresses
and strain increments. The strain increment.cirqle uses the
engineering notation for shear strains and thus ignores the
possible effects of rotational motion (de Josselin de Jong,
1859) .

The ylield function is

e

.{= T’_ Cp -— o’*a\ QSP T, E'quation (3.2)

: Expressed in terms of global XY axis ccnthuywts, this
becomes
{ - {(6:,64, Tev, Cp, @p) ... Equation (3.3)

The yield function‘must remain equal to zero for sustained

yielding, this<sifurs when
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%& + Q’ + §'£ ?ﬂ ... Equation (3.4)
S Ca ‘

(The dot notation refers to a small incremental quantity,

not to differentiation with respect to time). For the CRD
model, the strength parameters are constants. Summarizing
equatkon 3.4,
T:
,‘29’ = S ... Equation (3.5)
y oA o A
whevre b = , =
~ <3& oO&t BT:"I'>
& = [«
v
Ter
A A,
omd S = r —2 #p
SE’ !@g

2.0 for the CRD model.

The flow rule has two parts. Firstly, referring to

Figure 3.7C, the dilatancy rate is a constant and is

expressed as
- *

é, ’ _
D = = ...Equa{j;(B.E)

\
which is a natural physiéa] property of the Mohr circle.

Secondly, it is assumed that the principal stress axes and

J



principal strain incremenY axes coincide in space so that

angles & and '6 are identical.

From the Mohr Circle of Strain Rates (Figure 3.7C),

.P ’ B
éé:l - gg?! (}) +-c08:¥<>

L = Tma(D — cos 2X) r

2
. N 4
a:: = "?2?* sin 2%

. Equation (3.7)

4

From the Mohr Circle of Stress (Figure 3.7B),

s 2 = -%;%
Sin 20( = %
and hence
&) ot k-]
4é2§*=4%{szm-o§+;4
I | 4% .
Mg =g

.. Equation (3.8)



Using equation 3.1,

L.

- - F
é = EE +

1 \m -

Pl¢ = [pléF + [F¢

where [I:)] is the elasticity mﬁtrix g“’: LD] gE

=

Therefore,
ple = ¢ + la[ﬂ]é

.. , T
Premultiplying by E gives

FPPleé = ¥ + g bl

In finite element calculations the total strain
increment (or a trial value of it) is always known, and g

has to be evaluated, so inserting equation 3.5 gives

- pPIE -S
P'Ple

Equation (3.9)

A1l of the gquantities of the R.H.S. of equation 3.9 are
known for the current stress state and given total strain

increment. Having obtained g, equation 3.8 can be used to
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evaluate the plastic strain increment and thus
A .
- I |,F—
o =[>] (£ -€ ) , ... Equation (3.10)

The significance of the parameter g is clear. It must
have a positive value and cannot be less than zero (Davis
and Booker, 1974) because it is a measure of the rate of
plastic work. It is also possible to describe the effect of
hardening or seftening via the parameter S. For the CRD
material S is Zero (no hardening or softening), but in more

general applications,

Te, 7 :
bple - s > o ... Equation (3.11)
which may be described as a stability criterion for’
_realistic yielding.

The mathematical details of the CRD model are given in
Appendix B, and some examples of the application of the

model to bearing-capacity problems are given in Chapter 5.

Effect of Dilation Rate:

The dilatancy rate is an important material
characteristic, both in physical modelling of behaviour and
in terms of numerical behaviour of elastoplastic
formulations. As the dilatancy rate increases, so the volume
of ylelding material is forced to expand to a greater extent

and elastic stress changes are likely to be greater. It can
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generally be stated that lower dilatancy rates lead to more

rapid numerical convergence.

3.4 ROWE’'S STRESS-DILATANCY MODEL
In previous sections the microstructural link between

adapting Rowe’'s Stress-Dilatancy theory for an elastoplastic
mode! include:

1. experimenta) justification of a microstructural

mechanism of yielding;
2. a theoretical basis in terms of internal energetics
of the yielding system; and

3. a simplicity which permits easy application.
Rowe's (1962) introduction of the Stress-Dilatancy
relationship was based upon gbservat{éﬁ of idealized
particulate material (uﬂiFGFm*Si;eﬁ ballotini) using
passiblyvinadequate testing equipment (inadequate provision
for reducing end-restraint to ensure uniform deformations).
Attempts to apply tﬁg theory to natural sand necessitated
the replacement of a2 material frictional ccnstaﬁt‘fﬂ with a
curve-fitting parameter F& that varied with the strain
history of-*the material. At large strains ﬁ%‘ approached a
material constant @&, at which no further dilatancy took
place. It was argued that a unique microstructural cagagtigh
developed during ccﬁstant;v31ume yielding and that this
corresponded: in principle with Taylor's (1948) concept of
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QFitiéél void ratio.

Subsggugntiyi a great deal of research effort has
Rowe (1963, 1969) and Rowe et.al. (1964) endeavoured to
explain the reasons for strength differences under different
test configurations such as triaxial campfessicni triaxial
extension, plane strain, and direct shear. This effort
neither clarified the value of the theory substantially nor
contributed much to its utilization in engineering practice.
The three. reasons for adopting the t%gary in this work are
now discussed and it is hoped that such discussion will

establish the value of the concepts of the theory.

Exper imental Justification:
The Stress-Dilatancy theory leads to a relationship for

plane strain of the form

R =D.K ... Equation (3.12)
B - . 3 P ) )
where R = 2  principal stress ratio,
= g:
é, |
D = :ga inverse principal strain increment ratio,
3

L]
K = a frictional parameter which at constant-volume
yielding becomes Kcv.
A tension-positive convention. is adopted for all

mechanical quantities, and Figure 3.8 illustrates the
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quantities used. Implicit in Equation 3.12 is the coaxiality
of principal stresses and principal strain increments. A
fundamental assumption in establishing this relationship is
the ratio of work increments of a stress system, therefore
the extension to non-coaxiality can be made if the work
increments are formed from coaxial components. .

The quantities D and R may e§5i1y be measured in a
triaxial or plane strain apparatus, assuming that
homogeneous deformations occur. The experimental parameter K
is the slope of a plot of R versus D. This may be found for
any number of tests reported in the literature. Rowe (1972)
discussed such experimental evideﬁcé at length, and
concluded that g is a curve-fitting parameter lying within
the bounds of 4 (interparticle friction) and @ . Figure
3.9 shows the variation of @f throughout a triaxial test.
However, in plane strain gf was shown to be essentially
constant at the value of g . This can be explained in
terms of the more restrictive Kinematic céﬁditians»gf the
plane strain test. (Cornforth,‘TSEQ)!

Rowe (1972) showed that a Strdts-Dilatancy relationship
could be found for a variety of strain conditions, provided
that }ﬁ‘ was allowed to vary somewhat during straining. For
example, Figure 3.9 shows an R-D plot for a conventional
triaxial compression test. The value of @&, was attained
only following extensive grain slippage and remoulding of

the material.
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Because the Kinematic conditions of the plane strain
test are more restrictive, much smaller overall deformafions
should be required to generate substantial remoulding. This
test udhla therefore be a better means of investigating the
influence of intergranular fabric characteristics on the
development of the R-D relationship. Such features as
anisotropy due to pre%erred grain orientation were studied
in this manner by Oda et.al. (1978). MarKédly different
strength -envelopes were obtained for different preferred
grain orientations with respect to the principal stress

\\k(es. The R-D plots for some of their tests are shown in‘
Figure 3.10. While the prepeak R-D paths vary in respbnse to
intergranular processes, the post-ﬁeak pafhs converge to a
unique value of K. This suggests that grain slippage and
reorientation and consequent fabric expansion ér;ated a
unique microstructural response as the constant volume state
was abproached. The observationsJof Morge"tern and
Tchalenko (1967 a,b) should be recalled a{ this point. They
observed the development of a microfabric during direct
shear of reconsolidated kaolin, that the shearzone of the
sample developed into particle-like domains of clay
material,.and that an essentially unique structural
arrangement of these domains developed as the constant
volume condition was approached. '

It can be concluded that variation of ;dt during
shearing reflects internal energetics during evolution of

the fabric to a constant volume condition. In plane strain,
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the value of @& is essentially constant in the post-peak
regime. This last conclusion has great significance for
modelling post-peak behaviour in plane strain.

The structure of shearzenes was clarified by Skempton
(1966) and a fine example of a large-scale fault-zone was
discussed by Tchalenko and Ambrayseys (1970). The common
features of shearzones ranging f®m microscale (direct shear
tests) to macroscale (regional faults) were summar {zed by
Tchalenko (1970). As a first apﬁrax%matign, it would seem
that equivalent fabric processes should be governed by
equivalent physical relatiaﬁships. ;t can then be concluded
that experiment and observation confirm the general
applicability of the Stress-Dilatancy relationship to
post-peak yielding of shearzones of any scale.

Theoretical Basis: J

Rowe' s original argument was that intergranular (or in

its extended context here. intrafabric) motion caqs1sts

is controlled by interparticle friction, but the incremental
work done by the slip between two adjacent surfaces cannot
be generalized to the aggregate slippage of an irregular
particulate assemblage without considering its volumetric
behaviour. The virtual work reiatiaﬁ§pi§ for simple
frictional sliding reduces to a force equation. The
equivalent virtual work relationship for the stress tensor

of the aggregate, on the other hand, requires equating
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coi!ponen,ts of stress and strain tensors. Rowe chose, perhaps
unfortunately, to explain his theory in terms of the ratio
of input to output work and this was not & satisfactory
physical basis for most of his contemporaries. However,
Horne (1965) went to some trouble to explain that Rowe's
concept was based upon a suitable frictional equilibrium
model. De Josselin de Jopg (1976) demonstrated by means of a
frictional sliding model identical to Rowe’s that the
Stress-Dilatancy felationship was in fact a correct
expression for the equilibrium of a dilatant aggfegate.
Experimental observation of sand fabrics sheared {ﬁ
triaxial tests lead Oda (1972b) to an alternative derivation
of the Stress-Dilatancy relationship based solely on
mechanisms of intergranular contact and slip. More
remarkably, Oda demonstrated firstly by theory and then by
experiment that two phases of intergranular frictional
mobilization can take place. lnitially, deviatoric stress
changes give rise to significant changes in the orientation
of intergranular contact areas without noticeable
rearrangement of the grains theméélves. The pre-peak phase
of shearing constitutes rearrangement of interparticle
forces to sustain deviatoric stress. Progre#sively, fu?{égr
deformation requires interparticle slip which occurs by
remoulding of the gra}n fabric, or by particle crushing and
- cleavage, or both.
Theoretical bases thus exist for the Stress-Dilatancy

relationship as an expression of equilibrium of a frictional
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system. Oda’'s experimental work is also valuable as a

clarification of the pg ak and post-peak shearing

processes in a granu' 'ﬁggregate! From an entirely
theoretical point of view, Horne (1965) studied assemblies
of uniform spheres, which enablied bounds to be placed on the
value of P¢ . fully in accordance with experimental
observation.

It 7s worthwhile to describe briefly other, parallel
studies of granular aggregates undertaken over the same
period as Rowe’'s work. Rennie (1959) considered the
equilibrium mechanics of an assembly of ideal particles and
developed bounds for the stress systems which could result.
Further elaboration was undertaken by Parkin (1964), and
Trollope (1968) formalized this work as an engineering
stress distribution theory which he called Clastic
Mechanics. Unfortunately, this work was not amenable to
generalizéd numérical ana]ysié and CQu1ﬂ‘ﬁDt be used to
.predict magnitudes of deformations. Recently, a numerical
elaboration was provided by Trollope and Burman (1980), but
it still remains difficult t? select material parameters
from test data in order to carry out practical engineering '
analysis using discrete particle concepts.

1

Simplicity of Concepts: )
A body of literature has been developed either in

support of or in opposition to Rowe’'s work, but from a

practical viewpoint these developments do not substantially .



111

affect the sigﬁifie;ﬁce of the original toncepts. Rowe
proposed a remarkably simple, approximate relationship and
verified it using test data which would probably be
considered inadequate by modern standards. For the purposes
of this research, Rowe’'s relationship is attractive for its
simplicity and its implicit recognition of the internal

The details of faithfulness to real material behayiaur can
temporarily be set aside until the significance of post-peak
weakening and dilatancy have been evalusted witH the simple
mode 1. }

Accepting the simple and approximate nature of the
model, its adaptation to elastoplastic numerical analysis
must be clarified. Considerable research effort has been
spent on this aspect of Stress-Dilatancy, rather fruitlessly
because of some fundamental misconceptions. Adaptation of

the model will next be clarified.

Adaptation to Elastoplastic Theory:

The twin concepts of the yleld surface and the plastic
potent ial were adapted to soil mechanics from classical
plasticity theory. Drucker and Prager (1952) established
that frictional yielding had to be accompanied by an
associated flow rgie in order to guarantee stabil}ty and
uniqueness on theoretical grounds. Critical State soil
mechanics was established using similar concepts to Drucker

and Prager’'s work.
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The Stfess-Dilatancy theory was naturally regarded as a
flow rule because it 1inked components of incremental strain
to the current stress state. In this research, the
miérostructural control of yielding has been emphasized, and
It Is more reasonable to regard the Stress-Dilatancy
relationship as a yleld function controlled by the
instanganeous strain rates. By integrating the strain rates,
the instantaneous volumetric strain establishes the current
"void ratio. Alternatively, the current void ;atic
establishes the available strain rate ratio, anqi as noted
by Taylor (1948}, the instantaneous yield function. It Is
therefore reasonable to establish a flow rule whereby
current strain rate increments are a function of cyrrent
"void ratio. g

One fur r piece of information is required: these
strain rate;szst be linked physically to the current stress
state. Roscoe et.al. (1967) showed clearly that principal
plastic strain increment axes teng to be coaxial with
current principal stress axes, although Drescher arnd de
which support a restricted amount of non-coaxiality. While
there may be phases of transition from the more elastic
pre-peak processes to fully developed plastic post-peak
behaviour, let the flow rule be completed by assuming the
unconditional coakfality of principal strain increment axes

and principal stress axes.
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If the coaxiality assumption is not made, further
information is required to specify the directional
relationship between the current stress axes and current
strain ‘increment axes. An axial deviation parameter might be
introduced, but theoretical and experimental justification
would need to be sought. '

De Josselin de Jong (1958) considered the critical void
ratio (constant—voluﬁe) frictional yielding of sand, and
established that there could be a restricted range of
non-coaxiality of the quantities adopted above. His research
was most elegant} and on t etical grounds deserves to be
extended to dilatant yielding. Thornton (1979) examined the
flow rules available for\yarious idealized packings of
spheres and did describe bounds on the "undefiniteness”
described by de Josselin de Jong. There is a large
literature on such theoretical models, and there have been
many fine experimental research efforts aimed at clarifying
flow rules. Arthur et.al. (1977) portrayed the development
of yielding in terms of hardening and softening
(densification and dilation) but did not appear to come any
closer to evaluating the importance of various elements of
response which they identified.

The purpose of the Stress-Dilatancy model is to
evaluate the role of microstructural dilatancy in overall
stress-strain response. Such a model is limited to the
shearband (that is, internal). The evolution of discrete

shearzones and non-uniform straining has been examined as a
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bifurcation problem by Vardoulakis et.al. (1978) and the
parameters used in their work are necessarily those
governing response at the boundaries of the shearband (that
is, external). With clarification of the impor tance of |
internal versus external characterizations of shearband
response as an aim of this thesis, the finer points of
plasticity theory and observed soil behaviour will not be
discussed further. It remains to evaluate critically a madel
which incorporates, in as simple a fashion as possible, a
reasonable representation of dilatancy. The mathematical
development of elastoplastic Stress-Dilatancy is described
in detail in Appendix C. Henceforth, the Stress-Dilatancy
model will be referred to as the SD mséel;

3.5 A POST-PEAK PLASTICITY MODEL <j§§

Real physical and numerical limitations to the adoption
of the Stress-Dilatancy model caused consideration to be
given to a simplified post-peak model. It can be argued that
non-uniform yielding may affect and control stress-strain
response of a material element of any scale. The pos t -peak
plasticity mode! was designed to be a simple continuum mode
reflécting the internal, perhaps non-uniform, yielding
processes affecting such an element. By this méaﬁs. a
large-scale continuum element could behave as if affected by
an internal, stress dilatant shearzone (or shearzones) of

arbitrary size and orientation. As a simple example, plane
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strain testing of dense sand generally shows a transition
from peak to residual behaviour over a few percent (axial)
strain. Application of tge Stress Dilatangy model typically
requires a total shear strain of at least 100% to accomplish
the peak-residual transition. Localized within the test
sample there must be a shearzone which is straining at a
much hi%her rate than the sample average.

The post-peak plasticity model was formulated in the
simplest possible terms. Linear Mohr-Coulomb strength
envelopes were assumed for peak and residual conditions,.

A schematic illustration of the model is given in
Figure 3.11. The accumulated plastic shear strain was chosen
as an indicator of available strength (Stroud, 1971) and to
measure the peahﬁresidual transition. The derlivable strength:
index, which may be a nonlinear function of accunulated
plastic shear strain, is used to interpolate strength and
dilatancy characteristics between peak and residual
conditions.

The elastoplastic form of the model is similar to the
CRD model, with extra terms to take account of the change in
:strength associated with an increment of plastic shear
strain. Mathematical development is described in detail in
Appendix D, and the post peak plasticity model will
henceforth be denoted by the abbreviation PPP.
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3.8 REVIEW OF ANALYTICAL CONCEPTS
This chapter has been devoted to the development of
analytical models for pur;uiﬁg the behaviour of post-peak
-eaken{ﬁg. In particular, known micromechanical attributes
of localized shearzones were chosen fQF.MQdelliﬁgg This

research poses the difficult problem of balancing exessively

of material response.

To start with, simple one-dimensional models for
progressive shearzone failure were reviewed and an extension
made to one analysis to account for the peak to residual
strength transition. A two-dimensional, nonlinear,
transverse-isotropic elastic constitutive model was then
developed as an analytical tool for practical analysis of
shearbands using finite element techniques. Together, these
elasticity-based models provide means for obtaining
stress-deformation solutions to shearband problems of known
geometry and with Known controls over shearband behaviour.

A review of elastoplasggic theory, as adopted for this
research, was given as a D?sis for ¥stablishing more
rigorous constitutive models for shearzone mechanics. As an
illustration, the familiar CRD model was derived. Models
specificakly capable of modelling post-peak weakening and
associated internal dilation were then devgiaped. The SD
model is theoretically more rigorous. However, the geometric
uncertanties associated with shearzone evolution and the
practical computational problems associated with modelling

E_J
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such geometry necessitated development of a simpler and more
phenomenological model, the PPP model.

The simple one-dimensional analytical models stand
alone. They may be adapted readily to superficial analysis
of shearzone problems of resticted geometry. In order to
solve more general problems, the more powerful and realistic
nonlinear elastic or elastoplastic models are required. This
demands the develqpment of suitable computational
procedures, which for the complex geometrical and stress
conditions of shearband problems require powerful,
state-of-the-art finite element ana1y;ical techniques.

The computational models and the analytical technique
cannot be considered separately. To a large extent the
selection of the analytical techniques must follow the

practical dictates of material models.



4. FINITE ELEMENT ANALYTICAL TECHNIQUE

A major portion of this research work involved
development of computer programs for analysing localized
deformations. It was important at the outset to define
design criteria in order to utilize SEEtEEGf—thEi!Ft
nunerical techniques, but so that development work could be
concentrated where it was most necessary. *

This chapter describes the development of computer
programs for finite element analysis of localization
problems. Design criteria and computational aspects are
discussed. Alternative, readily available programs are
reviewed. Two parallel déveigﬁmgnts. with elastoplastic and
nonlinear elastic capabilities respectively, are outlined.

VErifiGatiéﬁ of the accuracy and capabilities of tbe
adopted finite elements is provided using a classical

problem of linear elastic fracture mechanics.

4.1 REVIEW OF DESIGN CRITERIA
The critical elements of design, identified as a

consequence of nonhomogeneous yielding, are:

1. localized, nonhomogeneous deformations,
2. high deformation gradients,

stress concentrations,

k-3 L)

strength limits in shear,

119
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5. strength limits in tension.

Localized Deformations:

The development of discrete shegrzéﬁes as a consequence
of post-peak weakening was discussed in Chapter 2. The '
finite element used to model this behaviour muét not distfort
homogeneous deformation fields during elastic pre-peak
straining, yet it must be capable of reasonably representing
localized deformation when post-peak yielding commences. The
distortion-free criterion requires geometrical behaviour
iﬁdeaendent of the orientation and shape of the element.
This is not necessarily the case with the simple and popular
Constant Strain Triangle (CST), and therefore cannot be the
case with quadrilaterals composed of CST's (Yamamoto and
Tokuda, 1971; Desai and Abel, 1972; Bathe and Wilson, 1976).
Furthermore, stress equ%iibrium cén only be apprgximateé
along inter-element boundaries. Clearly, eiements should be
able to represent variations of stresses in aréer to meet
this equilibrium criterion as well as possible without
demanding excessive mesh refinement (Cook, 1974). A '
higher-order general purpose element is required to mee{
such objectives. - \\%

Research is presently being conducted into
- self-adaptation of finite elements (automatic internal
subdivision using non-nodal degrees of freedom) for solving

fracture mechanics problems (Peano et.al. 1978, 1979; Peano
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-and Riccioni, 1979) but this does not appear to ha@e reached
- the stage where cénfident application can be made to
localization problems. Figure 4.1 shows CST and multi-CST
elements, higﬁer—order_isoparametric elements, and
illustrates the seif-adaptive technique. It was decided to
examine higher-order isoparametric elements more closely.

»
High Deformation Gradients:

\

In Chapter 2, deformation compatability across a
shearzone boundary was discussed, and it became apparent
that very high local deformation gradients could be
expected. .-The finite element model of a shearzone is a thin
continuum or, in the 1imit, a displacement discontinuity.

In the case of a thin continuum element, displacement
compatability between elements is assured. However, strain
discontinuities between elements are permitted and stress
equilibrium along the boundaries is approximated. Higher
order (that is, duadratic order or higher) isoparametric
elements allow more accurate representation of stress
equiljbrfum in regions of high deformation gradient, and
thus are suitable candidates for appropriate repﬁesehtatién
of sHearband deformation fields.

Displacgment-discontinuity elements were first utilized
for modelling jointed rock (Goodman et.al. 1968) and have
been extended to include dilatancy and ﬁ@h]iqéar response to
Soth normal and shear stresses (Goodman and Dubois, 1972).

The behaviour of these elements is reduced to the
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relationship between stresses on the boundary and the
relative displacements along and across the boundary. The
element itself thus represents an Interface between pther
materials.

Many variations of the basic interface formulation have
been proposed (Ghaboussi et.al. 1973; Zienkiewicz et.al.
1970). Rowe and Davis (1977) used a similar element
iﬁterfage to introduce rupture lines into the analysis of
bearing capacity problems, and the study of pile/rock-socket
interaction has been addressed using the same approach (é;we
and Pells, 1980).

The thin continuum element creafes constitutive
problems only if large-displacement or large-strain
formulations are required to accurately represent the high
shearzone strains or strain gradients. On the other hand,
there are unresolved, scale-dependent constitutive pf@bTéms
associated with th; interface element. Ladanyi and |
Archambault (1970) and Barton (1975) described the nonlinear
strength cf'rgck Joints with referenceita the physical
mechanisms involved. However, the determination of an
appropriate scale fér representative measurement of
suffaCE*raughhess (Bruce, 1978; Tse, 1979) remains open to
debate. It is necessary to make semi-arbitrary assumptions
of stiffness parameter values when applying the interface
approach to shearzone problems, and these assumptions will
change somewhat with the scale of the problem being analysed

(shear -box shearband versus regional faulting, to cite



extreme examples). 'furthermore, no elucidation of the
microstructural constitutive response within the shearband
is possible using the interface approach.

A interface element was developed as part of this
research. It is illustrated in Figure 4.2, the midside nodes
being necessary for boundary compatability with adjoining
higher-order continuum elements.

At the stage when constitutive response was being
evaluated, the Qifficulties of accounting for
scale-dependent interface response were recognized and the
alternative of a thin continuum element was finally adopted.
Figure 4.2 also shows the adopted shearzone continuum
element. Studies (Pande and Sharma, 1979) have indicated
that this element should perform reliably for very high
aspect ratios (b/h=1000). High aspect ratios (b/h up to
6000) ware used in the studies described in Chapters 6 and
7.

Stress Concentratiods:

Stress concentrations at loaded or unloaded boundary
intersections pose mathematical difficulties for analysis
using elastic theory. Recognition of .the singularities that
develop in mathematical expressions for the stress ,
concentrations lead to the development of alternative means
for representing such phenomena. For real materials, the
problem is experimental in nature: determination of a

parametér which describes the effect of a stress
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concentration for a particular load and geometry. The
analogy in material strength theory is a stress
concentration or stress intensity factor, which must be
determihed mathematically or by numerical analysis.

The Key concept of progressive failure invokes
development of shear stress concentrations which exceed the
material strength. In order to study such behaviour
numerically, finite elements must be capable of resolving
the spatial extent of stress concentrations. In principle
this can always be done with increased mesh detail. However,
the spatial extent of a required level of detail cannot
always be predetermined and, in any event, excessive
refinement extracts a cost penalty. Higher order elements,
particularly those of the isoparametric family, can
refinement (Cook, 1974). [In particular, a special distortion
of the eight node quadrilateral (Q48) element, as shown in
Figure 4.3, allows accurate representation of the
singularity at a Mode | crack tip. (Barsoum, 1976 and 1977).

For the foregoing reasons, the Q48 element was adopted
as the basic tool for the numerical analysis described in
this thesis. The computer programs using this element were
developed using the cgﬁQEStg of Cook (1974) and Bathe and
Wilson (1976), and are described separately (Simmons,
1980a,b). The reasons for this development, rather than
adaptation from available program listings, are discussed in

Section 4.2 below. The Q48 element has become a basic tool
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of finite element research in solid mechanics since it
effectively combines accuracy and economy. Unfortunately, a
detailed evaluation of its reliability for Mode 11 or mixed
Mode 1/Mode Il stress concentrations has yet to be
published.

The stress and strain singularities may take different
- functional forms depending on the nature of loading and the
geometry of the crack or notch (Tada et.al. 1973; Tracey and
Cook, 1977). Best-known is the
inverse-square-root-of-distance singularity at a perfectly
elastic crack tip, which can be modelled using a special
distortion of the Q48 element as noted above. Generally, to
incorporate a Kknown singularity into a numerica) saiut;;n
such as a finite element scheme requires the embedment of
special shape function terms into the formulation of
designated crack-tip elements. This in turn requires
specialized coding and an anticipation of the correct
singularity form, disadvantages in general applications.
Also, the form of the singularity may change: for instance
frict;cﬁless yielding at an initially elastic crack tip
chang;s the Mode | singularity to an inverse-distance
relationship. This would be very difficult fo incorporate
into a specialized crack-tip element. Wherever possible, it
would thus seem that finer element subdivision, good mesh
design, and general-purpose EIEFEﬁtS such as the Q48 element
are the best means of generalizing numerical analysis of

stress concentrations.
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Strength Limits in Shear:

In most geotechnical problems there wiil be some region
where the material shear stresses approach their strength
Timit. If the strength limits are not respected, the
analysis may have little practical relevance unless the
yielded zone is insignificant with respect to the averall
structure. When material approaches a shear strength limit,
the deformations become predominantly irregoverable.

Strength limits and plastic deformations should
therefore be accounted for in analysis. Clough and Woodward
7%1967) attempted to do this by adopting very low shear
%adu]i in those elements where strength was exceeded, in an
otherwise piecewise linear elastic analysis'. Soon
afterwards, Duncan and Chang (1970) introduced the
hyperbolic nonlinear piecewise elastic model based upon
ear lier work by Kondner (1963). This model adopts tangent
moduli based upon a hyperbolic approximation to
work-strengthening triaxial compression stress-strain
curves. It has become quite popular on account sg its
Similar work by Krishnayya (1973) represented triaxial test
data in a more direct manner. More recently, Elwi and Murray
(1979) described a nonlinear piecewise orthotropic elastic
model which was applied to strain-weakening response of
concrete, but which could equally well be used for rock.

Many elastoplastic models have been inspired by earlier

rigid-plastic models developed for limit equilibrium
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analysis (Drucker and Prﬁger, 1952; Davis, 1969) but others
have been developed as completely as possible from cbserved
Burland, 1968; Lade and Duncan, 1875; Evgin and Eisenstein,
1980). It is not pgssiblg,té review the literature on this
subject here as such an undertaking would be immense given
the pubTtshed material now available. However, it is worth
mentianingvéame approaches which have been taken for the
representation of strain weakening.

Goodman et.al. (1968) modelled the post-peak yielding
of rock with a simple nonlinear secant modulus approach.
More realistic nonlinear elastic models were used by Lo and
Lee (1973) and Sture (1976) for studying progressive
failure, although no account was taken of the geometric
limitations of shearband formation in these studies. Sture
and Ko (1978) demonstrated that stable strain-weakening
could only occur in a continuous medium if heterogeneous
mechanisms (shearbands) were introduced into the medium.
Analyses by Hoeg (1973) and Prevost and Hoeg (1875)
demonstrated the more powerful potential of the
!elastaplastic ap@raachi but created controversy because the
original 5tabi1{1y and uniqueness postulates of Drucker and
Prager were violated. Concerns over the significance of
these postulates, and the debate on implications of '
non-uniqueness, continue to this day (Cleary et.al. 1979;
Dong, 1980). A study of the literature could easily leave

the impression that a model displaying suitable mathematical
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properties (associated fiﬁy rules) may bé more acceptable
than a model which can more reasonably reproduce soil or
rock behaviour.

| Iﬁipracticai terms there are many ways of representing
s0i.l shear strength and irrecoverable deformations. For
practical problem solving, a simple Mohr-Coulomb
representation of strength in combination with the
hyperbolic model appears to represent the current state of
the art. For research purposes, the fundamentally greater

significance of the elastoplastic models is attractive.

Tensile Strength: ‘

Soils and jointed rock masses are characteristically
weak in tension. Analyses in which significant tensile
stresses develdp are simply invalid except as crude
indicators of tensile rupture location. Zienkiewicz et.al.
(1968) introduced an iterative relaxation procedure to
remove excessive tension. While the concept of the technique
is sound and forms the basis for most elastoplastic
computational schemes, there is—_ a fundamental lack of
uniqueness in techniques for applying a tensile yield
criterion in this form. Experience has shown also that
numerical tension-removal procedures have poor convergence
charasteristjcs in practice. An alternative means of dealing
with tensile yield in elastoplastic analysis was developed.
Both schemes were implemented where appropriate in computer

programs written for this research.
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4.2 COMPUTATIONAL ASPECTS
i The only feasible means of modelling highly nonlinear
material behaviour are:

1. "piecewise loading using extremely small increments
and constantly updated stiffness: or !

2. piecewise loading using a few well-chosen
increments, suitable approximate stiffnesses, and
some jterative procedure which restores computed
behaviour to that specified by the material laws.

The first method generally is uneconomical in practice, and
numerical inaccuracies or instabilities are difficult to
control. The second method usually can be adopted
economically provided that sound and consistent numerical

* techniques are used. Only this second method will be
discussed.

Irrecoverable (or plastic) deformations d@miﬁage
nonlingar soil or rock response under load. Consider the
simple example of Figure 4.4, where ideal stress-strain
behavigur!is,ta be approximated using two fundamentally
different material models. The piecewise nonlinear elastic
mode]l can follow the portion of the stress curve where the
tangent stiffness is positive and the tangent volume change
rate is negative (compressive®loading). However, a direct
numerical solution cannot in general be achieved for the
dilatant volume change curve nor for the strain-weakening
stress curve. In practice, the achievable numerical solution

may or may not be adequate for the purposes for which the
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anslysis was undertaken. The elastoplastic model is in
principle capable of using some trial stiffness and then
formulating a correcting adjustment to maintain agreement
with specified behaviour. The nonlinear elastic (NLE) model
produces its results by direct calculation while the
elastoplastic (EP) model requires an iterative Ga[culitign
sequence. Computationally, the NLE model is more efficient
but less capable than the EP model. Therefore, sgmé ’
iterative process could in principle be built into the NLE
model to achieve‘Tore reasonable results for computational
effort equivalent to the EP model.

Whether or not the NLE or EP model is most suitable for
a given problem will depend very much on the nature of the
problem. If prepeak behaviour only is invoked, or if the
materials do not strain-weaken, obviously the NLE model has
economic advaqtages. 1f prepeak behaviour only is invoked
but a significant volume of the material dilates, the misfit .
of computed strains becomes important since to correct these L?
strains imposes significant volumetric expansion on the
mass. The solution to any field problem requires equilibrfum
and compatability of deformations. The displacement
formulation of the usual finite element procedure enforces
compatabiiity and apprd®ximates equilibrium. It becomes
increasingly important fo enforce the compatability of
correct deformations, as dilatant zone behaviour
increa#ingly dominates that of the mass. Since most

deformation problems are undertaken because of uncertainties

e
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about the size and role of nonlinear material zones, the EP
mgﬂé] has téé best potential for geometrical as well as
numeficglaaccuracyi Corrections to the NLE model to more
closely mimic true material response can be made, but there
is no fundamental significance to either the processes
invoked or the methods used, and therefore no guarantee as
to how well the correction process will perform under given
conditions. The path dependent naturgiaf nonlinear response
has been recognized for a long time, and piecewise EP
calculations would thus seem to have inherent advantagés
this research) that the NLE approach is an appropriate tool
for yielding which does not involve post-peak weakening and
dilatancy, but that the EP approach must be adopted if

In both models, a careful piecewise loading approach is
required particularly if fhere are changes in directions of
loads. The question éf identifying the volume within which

&

such processes operate is an entirely separate problem. In

this section the NLE and EP model computat\jonal approaches,
within a displacement formulated finite element scheme, are

now described.

Nonlinear Elastic Model:
In principle, the strain and stress increments for each

stage of loading follow the secant moduli for the material
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to predict whaé\{%e secants are, but the tangent moduli can
be evaluated readily. For typical nonlinear loading, shown
in Figure 4.5, fhe use of tangent moduli will not always
accurately predict the material response. In practice, the
load step is analysed iteratively, with some intermediate
tangent moduli, in order to approximate the secant
behaviour. The average stress approach (Kulhawy and Duncan,
1970) has been found to work well in practice. Within such
an iterative process other adjustments may be made to the
‘moduli. For example, tensile yield can be recognized and
direction-dependent, orthotropic elasticity used to weaken
the tensile zone in the appropriate direction (Sandhu,
1973). Shear yie}ding can also be accounted for.
Mohr-Couloumb yielding was treated by Clough and Woodward
(1967) by appropriate reduction of the shear modulus in an
isotropic elastic formulation. The transverse-{sotropic
formulation, which allows one shear modulus to be adjusted
independently of all other stréin components, was |
sucéessfully used to simulate the response of a weak
shea(band and this is described in Chapter 7. A schematic
flow diagram for an increment of a nonlinear elastic

analysis is shown Figure 4.5.

Elastoplastic Model:
There are many means for formulating elastoplastic
response. fFor displacement-method finite elements, results

at any computational stage are correct for deformations but
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incorrect for stresses unless the true secant moduli has
been used. The elastoplastic formutation should thus be a
means of correctly predicting stress response for a given —-
strain [increment. Use of the term elastoplastic implies that
strain response consists of elastic and plastic components.
A number of formulations are available (Desai and Abel,
1972; Desai and Christian, 1977) and for illustrative
purposes an initial stress method will be described here.
Figure 4.6 shows a typical incremental elastoplastic load
*stepi The unload/reload elastic stiffness is an appropriate
modulus choice since if the load step results in a stress
state within the yield surface, a reasonable response has
been guaranteed. Application of the load causes a first
trial elastic strain as given by the chosen moduli. The
material’s elastoplastic response. Out-of-balance forces’
equivalent to the stress discrepancy can be computed. The
displacements necessary to release the stress discrepancy
can then be found and added to the previous trial
displacements. This process is repeated until a converged
solution is obtained (an equilibrium stress state with
completely compatable elastoplastic strains). The likelihood
of divergence of theisalutién. implying possible structural
instability, has of course to be anticipated. This process
is shown schematically on Figure 4.6.

It should be noted that many documented elastoplastic
computer programs do not fully consider the equilibrium
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iterations referred to above. This was found to be the case
with three programs examined (Wong, 1978; Sandhu, 1973;
Christian et.al. , 1977). Only two analytical schemes (Nayak
and Zienkiewicz, 9972; Bathe, 1978) were known to the writer

to deal correctly with equilibrium iteration. For
reason, a primary concern of computer program c
for this research was the proper treatment of elastoplastic
caﬁverggnéei The next sections of this thesis document some
available computer programs, and indicate the subsequent
program designs undertaken.

4.3 COMPUTER PROGRAM CHOICES

There is an immense gulf between conceptual development
and successful impliementation of numerical techniques. ‘
Usually, research is undertaken to explore ideas well in
advance of practical serviceablility. Hence even the
present-day wealth of program material and instant
accessibility through modern telecommunications are no
guarantee that an alternative to the basic re-writing of
computer programs can be found by the researcher. Often,
there is a lack of knowledge or experience upon which to
base a choice between writing a program, mﬁdffyiﬁg an
existing program, or finding and proving suitable a publicly
available program. i

There is a mystical quality to large complex computer

programs which clouds their true character. Linear elastic
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finite element analysis can be performed reliably by
probably hundreds of programs. Every departure into
nonlinear behaviour carries not merely a cost penalty but
the many undefinable uncertainties of approximation and
assumption. There is no such phenomenon in existence as a
nonlinear finite element program which can be successfully
and reliably used without continued support by and
consultation with its originators. The claims often made for
program capabilities are without doubt based on author'’s
perceptions of the correctness of the principles proposed.
Nonlinear analysis is far more complex than it is often
taken to be, and author’'s perteptions are not always fully
substantiated by user’s experience. This is not to condemn
nonlinear analysts or their programs, but to point out that
it is naive and possibly dangerous to believé anything about
nonlinear computer programs which cannot be independently
tried and proven by the unaided user. It was, after all, on
this basis that linear analyses became acceptable. One is
therefore tempted to conclude that any development of new
nonlinear techniques requires a new computer program.

At the outset of this research the envisaged geometric
and material modelling problems made the development of a
new program seem unavoidable. A brief review is .given below
of the alternatives available when this decision was made.
Alternative facilities within the computing system at the
University and cammércially available outside the University

were examined.
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Program Facilities Available at the University of Aibuﬁté:”

Programs readily available through the Civil
Engineering facilities at the time when this thesis was
prepared include a group from Ohio State University
(designated OSU here, and described by Sandhu, 1973), FENA2D
and FENA3D (Krisﬁﬁayya. 1973) and NONSAPL(Eathe et.al. 1974)

Attempts to use the OSU programs were fruitless. Only
CST-pre elements were available, nonlinear procedures were
neither adequately described nor properly coded, and special
coding (for solving only the problems introduced in the
manual overview) was widespread. Some coding was obscure
enough tﬁat it was not possible to determine how the
material nonlinearities (for instance) could be modified for
current research purposes.

The FENA programs are adequately coded and documented
but would require extensive modifications to upgrade the
elements and incorporate different material models. The 0SU
programs were quickly abandohed and it was felt that
comparable energies would be absorhed either in modifying \
FENA or in writing a program from first principles. NONSAP
has never been a successful nonlinear analysis tool and is
now somewhat outdated (independent personal communications,
K.-J. Bathe and D.W. Murray).

Long after original program development was embarked

upon, Elwi (1981) developed the FEPARCS p ram for

post-peak behaviour of concrete shells. ¥ith minor

modifications to the material model (Elwi and Murray, 1979)



—

I = s/ 143

this program is potentially suitable for rock mechanics
research, but it cannot be used beyond the limitations of
nonlinear elasticity.

It- was concluded that there would be little difference
in the efforts required either to completely develop a new
program or to adapt an available program. Therefore, i
camputer programs were written specifically for
elastoplastic and for nonlinear elastic analysis. An attempt
was made to make various sections of these programs as
modular as possible. Ideally, a master management program
system would Ha§e been developed, allowing complete
modularity of material models, elements, and solution
algorithms. Commercial programs of this nature exist, ané,.
have great advantages when further modifications are
required.

Program Facilities Available Commercially: ’

The University of Aiberta computer system allows direct
incorporation of internal computing costs within an overall
operating budget. It is therefore difficult to justify
spending "real” dollars on u§jﬁg programs on outside
systems, let alone afford té; cost of developing programs on
these systems at commercial rates. However, some ngthe
programs available on outside systems have attra:t%ve
capabilities which are worthy of review here.

" Nonlinear and drained or undrained response of oilsand |
is simulated by the NEAT progr am (Thurber Consultants
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Limited, 1878). An updated version, OILSTRESS (Byrne and
Grigg, 1980), is installed on i computing system at the
University of British Columbia which is nearly identical to
that at the University of Alberta. OILSTRESS has a procedure
for incorporating dilatant weakening. Neither of these
programs were available when this research was undertaken,
and they do not incorporate the higher order elements
thought necessary in any evenf. ¢

A popular commercial nonlinear finite element program
is MARC (MARC Analysis Research Corporation, 1973). MARC was
written specifically to achieve either nonlinear elastic or
elastoplastic response, using many different families of
elements and a restricted number of material models and
solution algorithms. Only Drucker-Prager associated
plasticity is available for ‘frictional materials, and there
is no fagility for specifying other material models. MARC is
expensive and is generally used on a month-by-morrth lease
basis. Widespread usage for fracture mechaﬁic§ analysis and
design of metal structures has been reported (J. Swanson,
ANSYS program author, personal communication) but the
program is in a state of restricted support at present (P.
Patillo, Amoco Petroleum Company. personal communication).
It has been adapted and somewhat modified for geomechanics
research (Geertsma, 1976) but apparently large expenses were
incurred with rather unsatisfying results. |

Enlarged versions of NONSAP are available on most

commercial systems. There is no immediately available guide
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as to the usage pattern for the program but it is unlikely
to be significantly improved over the version at the
University of Alberta.

Large capacity, readily available finite element and
generalized'structural analysis packages include
MSC/NASTRAN, STARDYNE, GT STRUDL, SAPIV and ANSYS. Features
available with these programs include enhanced pre- and
post-processing, choice of solution algorithms, large
element libraries, selection of material models, and
large-strain or large-displacement formulations. The mos t
important factor to be evaluated uhe% choosing among such
program systems is the level of support offered by the
computer service organization being dealt with.

ANSYS, available through most service companies, is the
only commercial system currently undergoing intensive
research and develobment (R. Zirin, General Electric
Company, persohal communication 19739). SAP IV is |
satisfactory for linear elastic problems but lacks
significant #onlinear capacity. STARDYNE is a widely used
system which can per form economical static and dynamic
analyses, but it lacks support in nonlinear material model
options. MSC/NASTRAN is probably the largest and most
diversified of all systems in its capabilities, but there is
no documented experiepce with the MSC (MacNeal Schwendler
Corporation) material model enhancements to proper ly
evaluate capabilities in geotechmical plasticity. GTSTRUDL

is an extremely efficient program to use and includes
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geometric nonlinear analysis, but has no mate;iai mode 1s
suitable to geomechanics.

ANSYS has gained an excellent reputation amongst
pFECt%Ejﬁq engineers for its ease of use, interactive
sophistication, and nonlinear capabilities. However, it does
not yet support frictional plasticity and because of its
highly proprietary nature is unlikely to be enhanced for
ZQEQEEéhEﬁiES applications until suffie?Eﬁt demands arise
from its market. The originator of ANS?S. John Swanson,
recommended MARC as a tool for frictional plasticity as

recently as August 1979 (personal communication).

Technology has recently marketed ADINA/ADINAT. These
programs (structural analysis and thermal analysis
specifically embrace satisfactory iteration methods for
nonlinear analysis (Bathe, 1978) and repFéSEﬁt
state-of-the-art development in these areas. ADINA has
limited commercial support but has been widely adopted by
research groups. There is documented experience of its
application to a shearband problem (Dong, 1980). Costs for
this application were high (by university research standards
at any rate) and it does not possess non-associated
“frictional plasticity. A material model for concrete is
available and other material models can be "plugged-in®.

It was decided that a specialized program should be
developed to incorporate the geometric and material demands
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parallel progrdms were developed to deal specifically with
nonlinear elasticity and elastoplasticity. Much benefit was
gained from communications from and discussieﬁs with

Klaus-Jurgen Bathe and many Features of ADINA were adapted

4.4 REVIEW OF PROGRAM DESIGN _

This section describes the various aspects of the
finite element programs developed for this research.

Isoparametric Q48 elements were used, and appropriate
boundary conditions and loading schemes were developed.
Equilibrium equations were solved by direct gaussian
elimination and backsubstitution. Stress sampling and
averaging was carried out in a manner consistent with the
isoparametric formulation, and similar techniques for stress
initialization were deveiq?eﬂi These features are common to
both the nonlinear elastio program (NLCP) and the !
elastoplastic program (ESB) and are described in more detail
below.

Constitutive models as described in Chapter 3 were
incorporated into the programs, and appropriate nonlinear
algorithms for each class of material behaviour were

developed.

Element Design:
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The basic continuum element is a variable 4 to 8 node *
isoparametric quadrilateral (Q48) described by Bathe and
Wilson (1876). The optional midside nodes permit economy in
areas of low strain gradient and also provide the
quarter-point distortion enabling the crack-tip strain
singularities of linear elastic fracture mechanics to be
represented, as noted in Section 4.1. A matching 4 or 6 node
interface element, in an isoparametric formulation but based
upon the work of Goodman et.al. (1968), was also developed.
When the midside nodes are included, the Q48 elements may
have curved boundaries. Experience (R. Zirin, General
Electric Company, personal communication) has shown that
under certain configurations these elements do not perform
very well (Figure,4.7). When used to check various problems
of classical elasticity, the elements performed remarkably
well: comparative accuracy of the Q48 element was generally
much better than that achieved'uz,ng an equivalent number of
nodes but simpler eleﬁéﬁts.

A classical problem of linear elastic fracture
mechanics was used to test the capabilities of the continuum
element, and the results are discussed in Section 4.6.

The interface element "has so far been de&e]aaed only as
an elastic tool, ginse the constitutive requirements for its
nonlinear response were not investigated in this thesis. It
performed in a similarly excellent manner to the Q48 element

when tested on elastic problems.
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Boundary and Loading Conditions:

Both NLCP and ESB allow nodal constraint to be
specified in either of the global coordinate directions. It
would be a simple undertaking to extend capabilities to
include inclined roller supports but this was not undertaken
faf this thesis.

Both NLCP and ESB allow bodyforces to be generated from
global bodyforce densities (such as self-weight). Otherwise,
glabal force components may be specified at nodes.

There is no facility for accepting distributed forces °
directly, but an auxiliary program (WEBT) can generate the
required global force components at nodes for arbitrary
sur face tristia% distributions. This was not incorporated as
an sutomatic feature of NLCP and ESB: the correct
work-equivalent forces along a quadratic element edge (that
is, having a midside node) do not coincide directly with the
statically equivalent forces for any given traction
distribution. They méy. however, be easily computed using
WEBT, but such automatic features were not priorities for

the research program.

1!iabicn Solving:

Nonlinear problems are solved by a succession of linear
approximations. In nonlinear elasticity, the equilibrium
equations are Ferméd from the iﬁcrementai forces,
displacements, and incremental tangent elastic moduli.

Purely elastic stiffness equations are most efficiently
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solved by direct Gaussian elimination and backsubstitution
(Meyer, 1973 and 1975) and the main questions concern the
method of manipulating-equations and loads. If core usage
had been an important 1imiting factor, some form of |
out-of-core solver would have to have been developed,
particularly since the Q48 elements dramatically increase
the bandwidth of the equations. Core usage was not an issue,
so the entire symmetric bandwidth was stored.

For elastoplastic analysis thé tangent elastoplastic
stiffress leads to nonsymmetric stiffness equations, which
“have to be fully recalculated at every equilibrium
iteration. It is often more economical to use a constant
initial stiffness (for examﬁiei the elastic unload/reload
stiffness) and not have to perform so much stiffness
recalculation. However, more equilibrium iterations are
required with this :@ﬁstaht=stiffﬁess appr?ach and the
relative economy of one or the other stiffness approach
varies from problem to problem.

The constant-stiffness appraachﬁuas’aﬂaptedi It
performed quite well except for conditions near structural
collapse, or at first-yield in strain-weakening problems.
The option of one or the other stiffness approach would be
valuable if further program development occurs.

Thought was given also to using the Gauss-Seidel
iterative prccedLre for solving the equiiibriQm iteration
steps. This proved to be less economical than standard

Gaussian Elimination and Backsubstitution, and so was not
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Stress Sampling and Averaging:

The design of the Q48 finite element is based on
provision of a suitable displacement field. The derivatives
of the displacements (strains) can vary greatly within these
elements. The Gauss points of an element are defined by
natural geometry (Figure 4.8), and the isoparametric element
stiffness coefficients are obtained by numerically
integrating stiffness functions by sampling the functions at
these Gauss points. It has been g%@uﬁ (Hinton et.al. 1975;
Barlow, 1976) that the second-order (or 2x2] Gauss points
are positions within the element at which the strains
sampled provide a least-squares best fit to the element
strain field. Therefore, it is customary to sample the
strains and stresses at the 2x2 Gauss points and then fit a
§uitabie smoothing function to obtain suitable 5tres$es at
' efher element locations. Averageq nodal stresses are then
calculated from the smoothed stress values of all elements
contributing to the node in question.

Initial stress fields are most easily specified at the
nodal points. The smoothing process may be inverted in order
‘to interpolate suitable initial stress values at the Gauss
points.

A question arose with the use of these smoothing
functions. It is easy to specify a distribution éf boundary

tractions which satisfies (for example) a gravitational
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stress field. The assumed form of the interpolating function
leads to Gauss point stresses which reflect correctly the
gravity stress field, but mathematically the equivalent
forces at the element nodes do not agree with the statically
equivalent forces one might calculate as a check. The effect
of these minor but irritating paradoxes was not fully
explored and possibly deserves more attention, but did not

lead to any errors in subsequent calgulations.

Nonlinear Elasticity Algori{thm:

Figure 4.5 shows the operation of a nonlinear elastic
program. The initializing procedure used in N%;P to evaluate
moduli selects correct tangent values, or ﬂef§ult initial
tangent values, for starting the increment. Skress
increments are calculated using these_madu]i,\zhﬁ the
resultant overafl stresses form the basis of thé!ﬁext trial.
This leads (in theory) to moduli softer than required.
However, displacement finite element formulations lead to
over-stiff structural discretization, so the weaker modulus
to some degree compensates for discretization error.

The average stress approach'of Kulhawy and Duncan
(1970) is probably a more stable process than that used in
NLCP, but only minor modifications would be required to NLCP

to implement the average stress approach.

Elastoplastic Algorithm:
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Figure 4.6 shows a typical elastoplastic computational
procedure, with a constant stiffness iterative solution
technique. Central to plasticity theory is the concept that
one or more yield surfaces in stress space separate the
region within which deformation is elastic from that which
defines elastoplasticity. For any stress sampling point it
starts from a condition of elastoplasticity and whether or
not trial elastic stresses computed during an incremental
cycle result in an elastoplastic state. It is a misleading
simplification to visualize stress points and stress
iﬁcrmnt vectors in the manner of Figure 4.9, but the
following concepts are well illustrated in this manner.

Mathematically, the yield surface is conveniently
described as the locus of zero values of some yield function
"f". The initial stress point, "a" on figure 4.9A, must lie
within (elastic) or on (elastoplastic) the current yield
surface. Application of a trial stress increment may result
‘in a positive, zero, or negative value of the trial
resultant "b". Elastoplastic response occurs only when "f"
becomes positive at "b". (In more general terms than shown
on this figure, the yield surface will change as.a function
of the plastic work achieveé in yielding and of the change
in stress state).

Bearing in mind that a trial strain increment was
applied, the correct elastoplastic response has to be

computed. The proportion "ab’" of the trial strain increment
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which is elastic can be computed from the stress states "a"
and "b". The remainder °b’c" is elastoplastic and the
elastic and ﬁigstic portions can be computed from the
constitutive laws. In order to maintain numerical accuracy,
a subincremental approach is used in applying the laws, as
shown in Figure 4.9B. Generalized subincremental procedures
are discussed more fully by Bushnell (1977).

Numerically, there have to be many controls on the
process. Exact zero is a difficult quantity computationally,
therefore a tolerance is necessary on the "f" values which
constitute the yield surface. The number of subincrements is
accuracy, and stability. The stress difference "bc" at each
sampling point leads to compatible strain states which do
not exist in stress equilibrium with the specified loading
conditions. Sucse;sive application of the resulting
out-of-balance forces has to be ¢arefully controlled. In the
ESB program, tolerance levels are placed on the comparative
out-of-balance force and .incremental work magnitudes
(Simmons, 1980a).

Constitutive Models:

The common ancestor of all models is linear isotropic
elasticity, used in incremental form. Two programs were
develépedi NLCP for nonlinear elasticity and ESB for
elastoplasticity. The constitutive models incorporated into

these programs are described in Chapter 3 and {n Appendiceé
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B.C, and D. ‘t
In summary, tﬁe hyperbolic nonlinear isotropic and

transversely-isotropic shearband models were employed in the
NLCP program. This program was developed as a tool for
practical analysis and its application to a practical
problem is described in Chapter 7. The various elastoplastic
models: CRD, SD, and PPP; were incorporated into the ESB
program primarily for research purposes. In Chapter 5 the
application of the ESB program to simple test problems is
described, while Chapter 6 explains the analysis of a case
history which may have involved progressive failure~

,Effare embarking on the discussion of such highly

nonlinear problems, it is first necessary to establish the
accuracy capabilities of the Q48 element by comparison wit
closed-form solutions to an appropriate linear problem.
crack problem of linear elastic fracture mechanics was
chosen; this allows examination of the desired attrit

for resolving stress concentrations.

4.5 TEST PROBLEM: AQETRACY OF THE Q48 ELEMENT
A classical problem of linear elastic fradture

a Mode §

double-edge cracked plate. This problem was used by

5

mechanics is the stress intensity factor KI f

Ingraffea (1977) for similar checking purposes. Geometry and
loading conditions are shown in Figure 4.10, and are
identical to those given by Ingraffea.

L] 3
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The stress intensity factor KI is a scaling factor
which, for a given locading and geometry, describes the
strength of the singular stress and strain fields near the
crack t}p. The closed-form solution Fér'KI for the
aouble-edge-cracked plate problem is known. What is of
interest here is the derivation of KI from a numerical
solution to the problem. Figure 4.11 indicates the form of
the stress and strain solutions to the problem. The
displacements of the finite element solution provide a
simple means for back-calculating KI. Since the singular
field is influential only near the singularity source,
emp loyment of a fini:e element “imposes a fixed scale on the
approximating singular field of the shape functions. The
determination of an appropriate element size for most
accurate solution of the problem is thus the ﬁ?imaﬁy aim of
this exercise. It is a most important exercise in the
guidance it provides for mesh design for other problems .

With the Q48 element, two independent estimates of K]
may be made (Barsoum, 1977; Shih et.al. 1976). These are the
"C.0.D." (Crack.Opening Displacement) and “Shih" estimates
indicated in Figure 4.11. Results of a series of
calculations are shown in Figure 4.12, which also gives
Ingraffea’s results. Ingraffea used only the Shih estimation
while this study uses both estimates. It can be seen that
Ingraffea’s results were successfully reproduced.

The comparison betwegn the two estimates is

interesting. In both cases the minimum error was obtained
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for L/a approximately equal to 0.28, and in both cases
smaller L/a ratios indicate a lack of stiffness of the mesh.
The Shih method, which makes Fui] use of the guadratic
eiangﬂii is insensitive at higher L/a ratios, while thé
C.0.D. estimate becomes too stiff. (Both the "Shth" and
"C.0.D." estimates are defined in Figure 4.11).

It é;n be concluded that the Q48 element is a
potentially very accurate element for resolving stress
concentration effects, although the stress results will not
display the same order of accuracy as the displacements. By
making full use of the higher order mode, the effect of
stress concentrations is not critically dependent on the
size of element used to study the problem. Such size effects
have concerned other researchers (Bazant and Cedolin, 1979).

e



5. BEMAVIOUR OF COMPUTATIONAL MODELS

There are two basic aspects to the development of a
constitutive model “for numerical analysis. Firstly, the
physical concepts and necessary approximations have to be
established. %gcandly, numerical techniques for implementing
the model hgv; to be developed.

Simple material test configurations are used to
evaluate parameters for the model, and as a matter of
self-consistency the mode! must be capable of reasonably
reproducing such test behaviour. By this means, the physical
concepts and approximations are est;bfishgﬂ-

rNumerical techniques must be tested against proven
straightforward since a wide selection of problems ha?ing
closed-form solutions exists ( example, Poulos and Davis,
1974). For elastoplastic p:;ZTi:ia\he range of closed-form
solutions is far more restrictvigi;but the same;ﬁracedure
may be followed.

In this chapte%i deve lopment of the various
computational models 1is prese%tgdg Sections 5.1 to 5.3
discuss the constitutivégbehaviour aspect of the
verification process, by deriving parameters from test data
and simulating the testi'%he particular example chosen (the
plane strain tompression test) is shown to be dominated by

nonun i form pastépéak yielding, and an unresolved numerical

164
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iméasse was reached. In Section 5.4, two bearing capacity |
problems are compared successfully with established
computational mode! development are made.

]

5.1 DERIVATION OF MODEL PARAMETERS

Cornforth (1964) conducted plane strain egmﬁrgssicﬁ
tests on Brasted Sand (a2 river sand) over a range gf! .
densities. The influence of strain conditions was discussed
by comparison with triaxial compression and plane strain
extension tests on the same material. Other sources of plane
strain t;;st data are available (for example, Oda et.al.
1878) but Cornforth's presentation concentrates on the
measurement of strength parameters, dilatancy rates, and
development of ultimate strength assuming homogeneous
deformation. Cornforth also deséribéd clearly the
nonhomogeneous behaviour he encountered, so his tests are

particularly useful for the purposes of this discussion.

Constant - Volume Friction Angle:

Cornforth presented full stress-strain details for two
plane strain tests. One involved constant lateral stress,
axial compression while the other involved constant axial
stress, lateral extension. Since lateral deformations were
stress-controlled, no post-peak data were available for the

latter test. The R-D relationships for these tests are shown
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on Figure 5.1 and indicate similar pre-peak characteristics.
The single post-peak characteristic is consistent with a
constant-volume friction angle of 32°. Other plots of
Cornforth’'s show peak strength as a function of initial
porosity and are also consistent with a constant-volume
friction angle of 32°.

In Cornforth’'s plane strain aéparatus. the post-peak
geometrical evolution of the samples could not be observed.
After completing a test the failure zone was examined and
found to be always looser than elsewhere in the specimens.
The overall volume changes were always larger in comparable
triaxial tests than in plane strain. It was concluded that
there is less Kinematic freedom in the plane strain

| configuration, leading to a much more restricted zone of
post-peak weakening. Following these arguments, the overall
sample strain reqﬁired to reach ultimate conditions is less
in plahe strain tests and the overall volumetric expansion
correspondingly lower.

Assuming consistency in sample preparation, the
evolution of a dilating zone in Cornforth’'s tests was
simulated using the relationship between R and D at peak
strength for a number of samples of different initial

‘densitiesf Figure 5.2 shows the resulting R-D plot for both
plane strain and triaxial tests. It y %e concluded (after
Rowe, 1872) that the constant-volume friction angle for

plane strain is between 32° and 33°. For friaxial tests, the
value of ’% at peak strength (28.7°) lies between the

I
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mineralogical friction angle of quartz (26.2°) and the

constant volume friction angle. .

Ultimate strengths measured by Cornforth indicate e
A

friction angles of 32.3° and 33" for plane strain and
triaxial tests respectively. Since these conditions appear
to correspond to zero volume change, these values should
closely approximate the constant-volume friction angle.

In summary, all evidence suggests that the operational

constant-volume friction angle lies between 32° and 33°.

Variation of Dilatancy Rate with Void Ratijo:

Cornforth established maximum and minimum void ratios
of 0.792 and 0.475 respectively. Assuming no
stress-dependency of these values over the stress ranges of
interest here, these values may be adopted as limits of a
functional representation of dilatancy rate with void ratief
Figure 5.3 shows Cornforth’s peak dilatancy rate expressed

in terms of the parameter A . Peak conditions are assumed

values at different initial densities are assumed to
simylate the evolution of A with changing void ratio. A

suiWable curve-fitting function is shown in Figure 5.3.

Variation of Dilatancy Rate with Confining Stress:
There is assumed to be no varidtion of A with mean
compressive stress in Cornforth’'s tests. Any convenient

functional parameters may therefore be selected. Values
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ccnsistEﬂt with a convenient relationship are shown in
Figure 5.4. In other circumstances some variation might be
expected, For example the test data of Oda et.al. (1978)

presented in Figure 3.4C are consistent with smaller

Consistency Amongst Adopted Parameters:

The parameters derived above are consistent with

¥

Stress-Dilatant homogeneous deformation at peak strength.
Using the dilatancy data it should be possible to predict
the ‘measured values of peak strength or vice versa. Figure
5.5 compares predicted and measured peak strengths and
demonstrates a lack of consistency which becomes more
pronounced with increased density.

On theoretical grounds (Horne, 1965) the dilatancy
rates measured by Cornforth are very high. Also, conditions
at peak strength are more complex than the Stress-Dilatancy
relationship might indicate. Finally, the exact procedure by
which Cornforth arrived at his dilatancy data is not clearly
established, and elastic ccﬂp@néﬁts of strain have not been
fully accounted for (Rowe, 1872). It is best for the
purposes of this work to accept that the measured dilatancy
rate is an excellent indicator of material processes, but taﬂ
find a more acceptable dilatancy rate consistent with
measured strengths.

The measured friction angles can be used to

back-calculate values of dilatancy rate which fit the
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»
Stress-Dilatancy relationship. This is shown in Figure 5.6
The maximum dilatancy rate is then consistéent with Horne's
theoretical considerations, and the data of Figure 5.6 will

*

be adapted for the studies which follow.

Elastic Parameters:

Elastic parameters to fit the pre-peak part of the
models will vary both with density, confining stress, and
stress path. ;?Fﬁféﬁth did not include sufficient data to
make a study of variations uithrgcﬁfiﬁing pressure
worthwhile, and this aspect is ignored here. The variation
in Figure 5.7. The Young’'s modulus must be calculated from
the Plane Strain modulus using an appropriate operational

value of Poisson’'s ratio. Figure 5.8 shows detail of a plane

Poisson’s ratio is almost 0.5 at maximum density. These
values were used to calculate the Young’'s moduli shown in
Figure 5.7. A

Alternative estimates of Poisson’s ratio may be made by
assuming that isotropic elasticity governs stress response
in the zero-strain direction of Cornforth’'s tests. From
Figure 5.8, this zero-strain Poisson’s ratio assumes values
of 0.30 to 0.33, and such values are typical of operational
Poisson’s ratios in the very small strain regime much prigrg

to peak strengfh!
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While tﬁo quite djfferent Poisson’s ratio yalues seem
to be consistent with different aspects of Cornforth’'s
tests, it is necessary to_view all suéh elastic parameters
as convenient curve-fitting data only. It is acknowledged
' that the mechanics of stress-strain response in the region .

f peak strength are very complex and it is the role of this
rekearch to concentratg on realistic simulation of post-peak
response. Therefore, the more computationally converfient
zero-gtrain values of Poisson’'s ratio were finally adopted
as they lead to more stable elastoplastic JEsponse. These

values were used to reduce the measured Plain Strain moduli

to values of Bulk and Shear moduli for computation.

Tensile Strength: ,
Brasted Sand was reported to be a clean cohensionless
‘material and the appropriate tensile strength cutoff value

is zero. SN

Summary :

The foregoing analysis of Cornforth’s data can now be
assembled. Two conditions of densityswere chosen, dense and
loose-medium, having initial void ratios of 0.529 and 0.650
respectively.These correspond to conditions (a) and (¢c) of
Figure 5.7, while condition (c) is shown in greater detail
in Figure 5.8. |

Selection of the SD parameters was quite

straightforward. The CRD parameters had to be chosen with
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account taken of the elastic pre-peak deformations, in order
to match the peak SD conditions as well as possible. The PPP
parametérs are an extension of the CRD model, with account
for the observed strain required to obtain ultimate

conditions. All parameteﬁs are shown in Table 5.1,

5.2 SIMPLE PLANE STRAIN TEST SIMULATION

A sample @ving the same dimensions as Cornforth’'s test
configuration is shown in Figure 5.9. Homogeneous
deformation is assumédﬁ-sc that a siﬁglé element Féﬁ$EE used
in the analyses. Conventional deformation-contrdlled axial
céﬁﬂressiaﬁ was applied using a variable number of

\

Using b8th the Stress-Dilatancy (SD) and

displacement increments.

"é@nstant*RatEEé?iDiTati@ﬁ (CRD) Mohr-Coulomb models, axial

strain to a total of 16% was simulated. The results are
shown on Figures 5.10 and 5.11 for the!d;nse and
loose-medium samples respectively. Natuﬁa11yi the CRD model
did not recafd any strength change. It can be seen that the
assumption of homogeneous deformatipn in the test‘was not
correct becagse only about half of the strength drop from
peak to residual was accamplis%ed by the SD model. The sand
mugt have weakened in a (thin) shearzone where the local
dilatancy rate and accunulated volumetric strainéﬂeﬁe much .

higher.
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TABLE -5.|. PARAMETERS FOR SD,CRD,PPP ANALYSES BASED
‘ UPON DATA FROM CORNFORTH (1964)

MODEL CONDITION UNITS DENSE LOQSE -MEDIUM

ALL Bulk modulus K psi 8445 - 2841
Sheag modulus G psi 3238 : 1199
(Poisson's ratio, p) - (0.330) (0.318)
tenst psi 0.0 ‘ 0.0

SD ¢ cv degrees 328 T 325

- € max - 0.792 0792
Q & min 7 - 0.475 . 0.475%
/{L €. (initial) - : ?525 : 0.850
n - s IIS
A maxo - 0.38 / 0.38
Pe psi -10 : -0 .
Pev ! psi -10000 =10000
m = 0.0 0.0

: !
CRD e peak (approx) - : 05168 . 06385
PPP c' peak 7 psi 0.0 00
¢' peak o degrees 46.467 38959
D at 030743 0.13813

PPP ¢ ' residual degrees a2s 328

7 PR - - 0.043 0.063
De = 0.30233 o.mm
* DsIX - 1.0 1.0
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Legend
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‘There is a modest discrepancy between the computed S
peak strength and that obtained from the test, which tan be
gscﬁibed either to computational apﬂraximsticn or to
localized progressive failure in the test sample. A detailed
pursuit of the reasons for the discrepancy was not
under taken. pe

The PPP model was applied to the problem in the
following manner. The peak strength was chdsen equal to that
predicted by the SD datif The residual strength was chosen
equal to t?e constant -volume gricti@n angle. The dilatancy
rate from éeak\tc residual wasibased on appraximation to the
test data while the @iastic‘shear strain Féquired for
post-peak weakening was based on the shape of thettegt
stress-strain curve. The results of the PPP simuiatiaﬁlshau
excellent agreement with test data egseptfthat the dilatancy
rates in both dense and loose-medium samples were clearly
overestimated. This was due to the fact that all of the
test-sample dilatancy was assumed to be plastic, whereas a
significant portion of it is in fact elastic expansion
accompanying the drop in deviatoric stress. The dilatancy
rate parameter is an independent variable and so closer
agﬁeeﬁEﬂt with the volumetric strain data could have been
pursued in a straightforward fashion.

The void ratio changes computed during these tests are
shown in Figure 5.12. The limitations of the CRD mode! are
immediately evident. Firstly, no physical material can

continue to dilate indefinitely. Secondly., the post-peak
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strength is not influenced by the evolving dilatanqy. and by
approximately 15% axial strain the void ratios for two
materials of different. strengths are equal. OGVioysly the
most realistic application of the CRD mode| is to analysis
of ‘problems where shearzones already exist close to or at
.residual strength.

There is an apparent paradox in the dilatancy rates
imp]ied by Figure 5.12, caused by the interaoction of elastic
aﬁBEplast§c strain components. For either the dense or
}oose-medium case, the dilatancy rates chosen as materiaf
parameters are ésséntially the same fpr'all three models
(Table 5.1). The dilatancy rated shown in Figure 5.12
include both elastic and plastic volume change. The great(?
the rate of stress change, the greater the associated
elastic strain changes. Therefore, the overall SD dilatancy
rate is a little higher than for the CRD model at first
yield, but becomes smalle: as the effects of lower density
influence the material’'s plastic dilatancy rate. The PPP

-model dilates very/strongly. indicatiné that the elastic and
plastic volume changes are of abpfoximately equal;magnitude.

4 1t is necessary to recall that the material dilatancy rate
parameter affects only plastic components of strain.

The SD model shows a‘satisfactory trend of dilatant
weakening- However, it should only be used within the actual

~shearzone and must therefore be associated with a reasonable
shearband element configuration. On the other hand, the PPP

\ .
model provides a convenient phenomenological tool for
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us deformation

representing the effects of no G
within a larger volume which 'iﬁ'be treated as homogeneous.

-

models, attempts were made to analyge a plane strain test

configuration into which a shearband was iﬁtﬁéﬂuééd;

Insurmountable numerical difficulties were eventuale

eqFountered. but the aims and results w%l] now be discussed.
{

5.3 BEHAVIOUR OF A NONHOMOGENEOUS TEST

Figure 5.13 shows a simple plana strain test. The size 7
of the "specimen” is different from that used for the «
Ahomogeneous tests (fFigure 5.9), in order to study a wide
variety of shearband orientations and ghicﬁﬁgsses; The
configuration of elements imposes a severe ngmg!kéai test
because the shearband element (number 2) is known to be of a
shape which is'véry unfavourable to reliable numerical
per formance.

Figure 5.14 shows the stress sampling points (2 x 2
Gaussian quadrature points) for this problem. Stresses
calculated at these points formed the basis for all
elastoplastic computations.

Material parameters for all tests were those shown in
Table 5.1. A series of different tests were planned, as
follows: -

1. Elements 1,2,3 elastic, to test for ‘uniformity of

response under uniform conditions;
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2. Elements 1,2.3 elastoplastic, again to test for
uniformity of FéSpense for uniform CRD, SD, and PPP
conditions;

3. ‘E]EmEﬁtS 1 and 3 elastic, element 2 elastoplastic to
explore the relationship between overall sample
response and response of the shearzone:

© 4. Repeats of series 3 with different geometrical
configurations of the shearband. ¢
The first two series were successfully carried aut?ei

-

Using double precision computation, uniform behaviour was &\*

noted to 9-figure accuracy and response was identical to
that' described in Section 5.2. Samples were tested to 16%

axial strain without any numerical difficulties whatsoever,
despite the nonuniform element shapes and Gauss point
locdations. |

It was not possible to obtain any results for Series 3
and 4, because the elastoplastic algorithm would not
converge. A number of numerical control parameters are
employed in the alé@rithm and sensitivity analysis revealed
thaf none of these parameters had any significant effect on
the convergence process. Examination of the stress and
strain behaviour indicated that nonuniform stress
distributions were being computed when each iteration of the
yield algorithm was performed. Stress concentrations
deve loped at Gauss points Il and II! of elements 1 and 3
respectively, Stresses at Gauss points 1. and IV, 11 and 111

respectively of the shearband element (number 2) were
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identical but oscillated about the correct solution from
iteratign to iteration. Chaiiiteristigs of this process are
shown schematically in Figure 5.15,

The oscillatory behaviour of the yielding iterations
occurred regardless of the elastoplastic mode! employed,
although it was naturally more exaggerated in the post-peak
weakening models (SD and PPP). Ihe mechanism believed to be
responsible for this behaviour is as follows. The onset of
yielding effectively created a model whose stiffness is
highly nonuniform, whereas the equilibrium iterations were
berformed using a uniform incremental stiffness. Stress
concentrations developed as a Eéﬁsequéhce of the effectively
" nonuni form stiffness.rand the equiiibriﬁmﬁcarrecti@ﬁ
algbrithm. sensing this, overcorrected the response
behaviour. Couching the behaviour ;ﬁ different terms, the
computational procedure did not specifically account for the

details of equilibrium across the shearband (Vardoulakis

resolving the lack of local equilibrium computed with the

three-element model.

Typical details of the lack of convergence are also
shown in Figure 5.15. Two measures are employed for checking’
conQergence. One is a measure of the out-of-balance force
magnitude at each iterati@ﬁ, expreséed as a ratio of the
out-of-balance force magnitude at the first iteration. The
second is a measure of the incremental work at each
iteration, expressed as a ratio of the 1ncrémenta] work

=
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performed during the first equi]ibfﬁum iteration. For
uniform yielding, each of these values plots as a straight
line on a semi-logarithmic scale versus number of cycles.
Deviation from an essentially str;ight line indicates a
breakdown of the convergence process, and develcgﬁgnt of the
oscillatory stress state.

A number of possible remedies could have been pursued
but were not. Perhaps the best potential means for improving
convergence would have béeﬁ adoption of a tangent
elastoplastic stiffness rather thgﬁ the constant elastic
stiffness algorithm. Smaller 1oad increments and less
stringent performance tolerances had little or no effect. It

was decided to attempt a shearband stress averaging

and III, Il and IV were averaged at each step.

Shearband Stress Averaging:

This procedure averages the stress results across the
top and bottom of the shearband E]é%eﬁt and assigns the
average stress values to the Gauss point pairs [I-]V and
I-111 respectively. By this means it was hoped to avoid the
stress oscillation and subsequent out-of-balance force
cycling experienced above.

Initial numerical exper iments were carried out usi%g
the CRD m@ﬁel. and the stress averaging procedure was found
to allow satisfactory convergence to occur. Figure 5.16

shows the convergence characteristics for a set of
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experiments. Cases A and B show the advantage of the
averaging procedure, while Case C shows that convergence
could be obtained using an accelerator. Note that a very
large number of cycles were required to obtain satisfactory
convergence (to about 0.1% in terms of stress state). Figure
5.17 shows the deformed shape of the test as deformation
proceeded. :

Further experiments were conducted using the CRD model.
Firstly, the centre-top of the specimen was ﬁfEVEﬁtéd from
translating. This problem did not converge: it is a severe
test on the constitutive formulation since it demands
intense strain increment gradients in the shearzone and
should really be handled by further hesh refinement.
Convergence characteristics are shown in Figure 5.16 by Case
D. Secondly, stress averaging was carried out for all
elements of the mesh: more uniform convergence was achieved
as shown by Case E in Figure 5.16, but the deformed shape of
the end elements was not satisfactory. It was concluded that
Case C represented Ehe most effective result using the CRD
mode 1. ‘

The relationship between the elastoplastic behaviour of
the composite model and the overall (external) behaviour éf
the sample (ie, the behaviour which could be deduced from
measurement of external dimensions of the sample) was next
examined. For the configuration analysed (7z0.5 inches,
=60") the pjastic dilatancy rate in" the shearzone was

specified as 0.30233 (Table 5.1) whereas the overall
)
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elastoplastic di]gtaﬁcy rate wgs measured as 0.3019. This
near-coincidence seems fortuitous, but no detailed
investigation was undertaken to check whether other factors
may have dictated this result. It would be interesting to
pursue this point via a small parametric stﬁdyi This was not
"carried out because the CRD model was not seen as an
important aspect of this part of the research.

Attempts to -implement the SD model failed due to
numerical difficulties within the shearband. During the
eIa%tgﬁaastic calculations, trial elastic stress increments
tended to result in small, temporary tensile states which
prevented satisfactory performance of the SD model. It is
suggested that some reformulation of the SD model, or
perhaps some re1axatiqn of the numerical tolerances, could
have helped achieve convergence. The matter was not pursued-
at this stage because quite a far-reaching test program
would be necessary, and the matter would be best left for
another investigation. :

The PPP model produced similar behaviour to that of the
SD model. Convergence was not achieved. Stress oscillations
in the outer (elastic) elements indicated that very small
displacement increments would be necessary, yet attempts to
do this still resulted in very poor partial convergence

followed by divergence as tensile yielding occurred.

Conclusions from the nonhomog
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Numerical difficulties were encountered. Reasonable,
converged solutions were obtained only with the CRD model.
The post-peak weakening models would require more
scp%isti;ated solution techniques, or more elaborate and
sptcialized loading specifications.

The problems encountered with the nonhomogeneous test
are hardly surprising. To research the behaviour of the
computational technique and the various consititutive models
would be an end in itself, worthy of much time and effort.

T it was given to using the NLE model within the

sheaxband. This could be done without much trouble, but the

.value of the exercise was judged questionable for the
reasons. First1§. the hyperbolic stress strain
cu;ve would give no information on post-peak behavieur since
it specifically deals with pre-peak behaviour. Secondly,
numerical illconditioning could be expected as peak strength
was approached. Thirdly, the incremental elastic shearband
model, while readily allowing the shearband slip mode §§¥
develop, would not contribute any specifically valuable
insights into the influence (controlling or otherwise) of
the various parameters describing the process. This could be
handled just as adequately with a 2-rigid-block model with
the Mohr-Coulomb criterion governing interface slip. ThemE
shearband slip mode is viewed more as a convenient
computational procedure, when examining overall structural
response, than as an established model of material

behaviour.
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The only question worth raising at this point, in
relation to this research, is the role of the coaxiality
criterion in the plastic flow rule. There is variable
evidence (Drescher, 1976; Roscoe et.al. 1967; Stroud, 1972)
concerning the existence or otherwise of ncncgsxiality!
Numérica] experiments with discrete models (Trollope and
Burman: 1980; Thornton, 1979) suggest that de Josselin de
dong’'s (1959) conclusions regarding a restricted, indefinite
range for noncoaxiality are sound. The means by whieh this
mechanism could be incorporated into a numerical procedure
are not explored here, but perhaps this matter needs to be
examined quite carefully to see whether some clarifications
are in order.

Experience with this test configuration reinforces the
.apini@n that post-peak yielding poses delicate numerical
problems. The tools presently developed are clearly
inadequate and many avenues for further work have been
indicated. Clearly the tests are quite severe. However, the
following section demonstrates that despite the
computational difficulties experienced, the basic numerical

procedures are reliable.

5.4 BEARING-CAPACITY PROBLEMS

Section 5.3 described the numerical d1fficu1ties\
encountered when attempts were made to apply the
elastoplastic c@ﬁstitutive‘mﬂdéis to a problem of

¥t
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non-uniform deformation. In order to assess whether these
were due to characteristics of the constitutive models or to
the numerical solution algorithms, elastoplastic analyses
were carried out for problems having established solutions. ”
Onty the CRD model couid be tested in this way, as the SD
and PPP models were developed specifically for this
research.

Two problems were considered. Firstly, the ultimate
bearing capacity of a flexible strip footing on cohesive,
frictionless soil was evaluated. Secondly, the

q]cadsdefr;rm.;aticﬁ behaviour for a flexible strip footing on
cohesive, frictional soil was t:@ﬂ%:ared with a published

numerical solution.

Bearing Capacity of Cohesive, Frictionless Soil:

Figure 5.18 shows the finite element mesh used for
predicting the yield and collapse loads for a flexible strip
footing on an elastoplastic half-space. The known solutions
for this problem are:

T ... Equation (5.1)

first yield: qQ

collapse: Gr+2DCa ... Equation (5.2)

L0
"

The load-deformation behaviour for this problem is
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displacement under the centre of the footing as a function
of load level. A repeat analysis indicated the onset of
yield at the Gauss point shown in ngu;e 5.20, at a load
level within 0.2% of the theoretical value of Equation 5.1,
Further analyses, of load fgvels greater than the collapse
value given by Equation 5.2, failed to converge and indicate
collapse in accordance with the Known solution. Figure 5.20
also shows the Gauss-pcihts which were yielding at this load
level. Given the coarseness of the mesh and the lack of
special techniques for introducing rupture lines at collapse
(Rowe and Davis, 1978), these results demonstrate very
satisfying performdnce.

Figure 5.21 indicates convergence behaviour during an
eiaschlasti: load increment for this problem. A straight
line plot on a semi-logarithmic scale indicates uniform
behaviour. Aﬂ.acceierating parameter can be used in the
convergence process, and-this figure demonstrates the
numerical pgrfcrmancercbtaiﬁed by varying the accelerator.

.Firstly, curvature indicates the spreading of the yielded .
zone (more Gauss points yielding). Secondly, the oscillation
of the accelerated iterations demonstrates the potential
instabilities which may be introduced by this means. )
Thirdly, a rather large acceleration factor does ﬂgtziead to

a corresponding reduction in the iterations required for
convergence. In fact, the convergence rate becomes a little
slower for the highly accelerated iterations. Figure 5.21 is

important because it demonstrates proper functioning of the

W,
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elastoplastic algorithm. Details of the convergence plot, of
course, will vary from problem to problem. For a particular
problem, convergence will also vary somewhat with different

mesh details.

Load-Deformation Behaviour of Cohesive, Frictional Sofl:

Hoeg et.ak. (1968) published an analysis of bearing
capacity of a strip load on an elastoplastic soil which
utilized a finite difference solution procedure. They
examined effects due to load level, boundary roughness,
Poissons ratio, and location of lateral boundaries.
Subsequently Zienkiewicz et.al. (1975) examined associated
and nonassociated visco-elastoplasticity and included a
load-deformation result for a flexible strip footing on a
cohesive, frictional soil. The boundaries of the deforming
mass were chosen to be the same as those used in the
original work (Hoeg et.al. 1968).

A similar geometry was adopted by Christian et.al.
(1977) who analysed cohesive, frictional soil with variable
dilatancy rates. Their work provides quite a detailed
discussion of various incremental plasticity laws, but .
description of their computational technique suggests thatﬁﬁg
rather unsatisfactory procedure for equilibrium iteration
~ had been used.

It was decided to repeat the analyses of Zienkiewicz
et.al. (1975), although this was for a non-dilatant

(nonassociated) material. There was a reasonable assurance
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that the same basic elast tic model had been used and
that, therefore, the redi® should compare closely with
analyses using programs developed for this research. Figure
5.22 shows details of the mesh and gives relevant material
data. Figure 5.23 shows a comparison of thé present study
with that of Zienkiewicz et.al. (1975), and the agreement is
remarkably good. Also shown on this figure are indications
of the iterative effort required at each stage of the
analysés. Gauss points which were yielding at collapse are
shown in Figure 5.24 in comparison with the earlier study.
Convergence data for the writer’'s program ESB, used for
this analysis, are shown in Figure 5.25. The characteristics
are somewhat curved, indicating the spreading of yielding
during iterative solution of a load step. Small
discontinuities in the gradients of these curves represent
‘'some elastic unloading associated with spreading of the
elastoplastic zone. The convergence rate diminishes

noticeably as the collapse load is apprcacheé_

Discussion of Bearing Capacity Analyses:

The results of these two test problems demﬁnstrafe
unequivocably the accuracy and capabilities of the computer
program ESB written for this research. Considerable time
could have been spent in parametric studies of the problems,
particularly in order to obtain a feel for the éffect of the

plastic dilatancy rate on the load-deformation béﬁavicur;
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For the study of yield and collapse loads, a remarkably
coarse mesh was .used. The only numerical problem associated
with this analysis was the develdpment of some tension zones
underneath the footing. The material mode! has a tension
strength cutoff procedure, but a small tensile strength was
employed so as to avoid influencing the behaviour too much.
Use of a more refined mesh would have permitted sufficient
deformational freedom so as nét to generate any tension at
all.

As far as is understood, the Zienkiewicz et.al. (1975)
study used a time-stepping algorithm for visco-
elastoplasticity. This would be similar to the writer’'s work
| cﬁfy in its requirements for equilibrium iteration, but the
numerical results still indicate surprisingly good

correlations between two independently-developed procedures.

5.5 CONCLUSIONS CONCERNING COMPUTATIONAL MODELS

The analyses described in this chapter raise as many
questions as they answer. There is insufficient literature
describing experience with numerica) analysis, particularly
in describing numerical difficulties, and it is hoped that
in future authors will be less hesitant in describing these
difficulties. There is a desperate need to de-mystify the
subject of elastoplastic finite element analysis, in order
to encourage its acceptance as a tool for research and for

practical problem solving.



The success of the ESB program in reproducing
estibiished1eiastaﬁlastic behaviour implies that its basic
program design is satisfactory. Quite possibly, more
saphistisatgd procedures will be required to overcome some
of the numerical difficulties encountered. It is clear that
the nonhomogeneous deformation problem is an intrinscially
ﬂifficu{t one, to the point where it might best be pursued
by other means at present.

To this point, a class of physical problems involving
localized deformations has been described, and some means by
which these problems may be explored by numerical
experimentation have been developed. Chapters 6 and 7
describe application of the elastoplastic and nonlinear
elastic shearband ;Eaéls to two well-documented case
histories: the so-called prcgréésive failure of a siope cut
in overconsolidated clay, and the construction and operation
of an embankment dam on a'clay shale foundation. \\_



. 6. SHEARBAND PROPAGATION IN THE SAXON CLAY PIT WALL

involves the interaction of three principal elements:

1. strain-weakening strength parameters;

2. deformation parameters;

3. ground stress state.
Because there are mary parameters to be considered, it is
unlikely that a unique set can be found as a solution for a
progressive failure problem. More likely, a few sets of
parameters may all satis?y the conditions of the problem.
This lack of unigqueness must be expectéd. and unfortunately
it makes difficult the task of transferring experience from
one site to another. The limitations of the one-dimensional
progressive failure models (Chapter 3) are related to
deformations, because an adequate appreciation of the
deformation field surrounding the failure cannot be
obtained. The lack of uniqueness mentioned above could in
many cases be resolved if the surrounding deformation field
was better understood.

The response of the Saxon Clay Pit wall to full-face
excavation was carefully monitored by Burland et.al. 1977,
Details of the defermation field lead to the hypothesis of
true progressive failure, causing propagation of a shearzone
behind the toe of the wall. Only one-dimensional models were

available for analysing this hypothesis, and so the

214
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operational strength controls in the field remain somewhat
indeterminate.

This case-history provided much of the impetus for
development of the analytical approach of this thesis. At
the time of writing, certain analytical techniques still had
not been developed to the stage of routine app]1cat1an to
problems of the Saxon Clay Pit type. '

The case history is reviewed in this Chapter. Y,
Application of the one- d1mgnsn:>nal progressive Faﬂure //
models is described in grder to define a limited raﬁge af
parameters for detailed deformation analysis. The most
significant question. whether or not true progressive
failure did occur, is answered by the presentation of

deformation analyses which assumed the negative argument to
r

begin with. éj'
6.1 REVIEW OF FIELD BEMAVIOUR

The Saxon Clay Wi;sigsg;érated by the London Brick
Company at Whittles f&hggr Peterborough, England.
Overconsolidated clzz sh;\g is mined in a 25 metres high

face at a slope of 72¥‘b§ﬁé mobile continuous-face p]aﬁEF.:
‘The section of the pit wall described by Burland et.al. 1977
is about 200 metres long. The planer moved parallel to the
wall, removing 10m to 15m from the face., and campiitiﬁg~i
full traverse of the face in 3 to 6 months. Figure 6.1 is a

plan view of the studied pit wall, showing successive faces



o 216

of excavation. when the stuﬂy commenced, the face had
advanced approximately 650 metres. The field measurements

terminated when the planer was moved to another location.

Geological Conditiens:

Figure 6.2 is a cross section of the working face, ané
also shows a geological profile. Between 3 and 6 metres of
surficial deposits, collectively termed “callow”, overlie
the mineable clay shale. The callow consists of peat, sandy
gravel, and completely we;thefed clay shaie: and was
periodically stripped for some distance away from the pit
wall.

The clay shale consists of 8 to 10 metres of Middle
Oxford Clay overlying 17 metres of Lower Oxford Clay. The -
Middle Oxford Clay is moderately weathered at the top, with
F;equent oxidized fissures, and a homogeneous mass
appearance. Lower down, it becomes less fissured and
weathered and more blocky in appearance. It is summarized as
a grey-green, calcareous plastic clay. The Lower Oxford Clay
consists of two lithological types: dark brown-grey highly
bituminous strongly laminated shale and interbeds of paler
green-grey blocky clay. *

Underlying strata are 3.2 metres -of green-grey dense
clayey silt and fine sand, locally cemented for the top 0.6
metres, termed the Kellaways Sand (and "Rock"); 2.1 metres
of dark blue-grey plastic Kellaways Clay; 2.5 metres of

massive biolithic limestone: and then alternating clays,



(4461 "107}9 puojng sey0)

id AVIO NOXVS "30vd NOILVAVOX3 40 M3IA NvId 1’9 3HNOI4

1 h, . u,

{ i v

I

|
"

i o
. ,i.ﬁ,_,
T l————
L3 P Y
- [

s |
o,

L] :
L

I ————) . L
A S .
Tl O o . o
I Smea e oy )
——y L
——————e gy, L

b, B T._,

e 1

|
J,il,__

[
] E] ]
H H .



218

_ (4461 "10°}® puojsng Je40)
NOILI3S -SSOND NOILYAVOX3 ONV A901039 2°9 3HNDI4




| 219

/

e
-

e

limestones' and sands in a2 thick sequence. The minimum
estimated depth of burial of the Oxford Clay is about 330
metres.

Oxford Clay Fabric: There are two sets of major joints,-
of 100 metres or more lateral extent, forming near-parallel
S to 20 metre spacings. One set is approximately parallel
and the other approximately perpendicular to the face, as
indicated in Figure 6.1. These joints appear to die out
upwards in the middle Oxford Clay. The smaller-scale fissure
fabric is typical_of an overconsoliddted clay: a blocky
fissure fabric ranging from 10 to 300 millimeters in spacing

is displayed.

Geotechnical Properties:
| The unit weight was approximately constant, and
averaged 19.9-KNm'3. Average liquid and plastic limits were
55% and 24% respectively, denoting highly plastic clay and
clayi;hale. The averagé calcium carbonate content was 10% to.
20%, which is high and which probably caused local
cementing. Summary properties are shown on Figure 6.3. With
. depth, moisture contents  plot consistently below the plastic
limits, implying that brittle behaviour could be expected.
Laboratory undrained shear strength vaiués range from
50 KPa to more than 1200 kPa with depth. The strengths were
found to be strongly anisatrgpie; typically having a ratio
- of 1.7 between hogdmontally and vertically oriented

specimens. The r Eu/Cu shows no net increase with depth
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and averages about 100. The ratio Eh/Ev is approximately 2.
Peak strength parameters from triaxial tests are
scattered, but not in a consistent manner: average values

are c'p =80 kPa, @&, =28". Direct shear tests parallel to

bedding gave peak parameters Cpp =172 RPaigﬁi =27.5" and
residual parameters cp, =3.5 RPaigggsls‘i Figure 6.4
illustrates that typical shear stress/displacement curves
were very sharp and étPEﬁgths dropped to near resiﬂué] after
only 3 to 4 millimeters of shearing displacement.

Sampling of the Kellaways beds proved difficult and
testing indicated substantial disturbance. Therefore, little

reliable data was available for these materials.

Instrumentation:

A variety of instrumentation and measurement techniques
were employed, to measure ground mﬁvémEﬁt and groundwater
pressyre.

Piezometers: Casagrande-type standpipes were installed.

Groundwater pre;sures dropped as the excavated face
approached piezometers. Significantly, the lower piezometers
recorded the lowest water levels. %his could have been due
to pressure drops associated with dilatant shearing in the
basal shearzone. However, it may also have been due to
downward flow into the more permeable basgi Kellaways Sand,
which was exposed in drainage ditches in the floor of the

pit. Interpretation of the piezometric measurements was
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and subsequent stress relief and drainage. s .
Precise surveying: This was used to control surface
movement points., mapping, and photogrammetry. A grid of
sur face- movement points was monitored throughout the study.
Reference pillars were installed in the base of the pit, and
were affected by sudden, uncontrolled basal heaving due to
groundwater pressure in the underlying aquifer. Wherever
possible, subsequent measurements were corrected for this
occurrence.
Photogrammetry: The positions of the face, ?nd of major
joints, were recorded by a series of eight photogrammetric

surveys.

Horizontal Extensometers: A horizontal multiple point
extensometer was installed on the upper surface of the clay

behind the wall, to measure surface strains and to indicate
the influence of the major joints on the surface

. displacements.

Inclinometers: Five vertical inclinometers were <

installed to measure lateral movements with depth. An
'overall accuracy of less than 10 millimeters in 30 metres
was achieved. The surface collars were surveyed using the
precise survey grid.

Vertical Extensometers: Following early site

experience, it was found necessary to measure the
distribution of vertical displacements with depth thoughout
the height of the face and to a certain depth below it. Two

multipoint magnet extensometers with accuracies better than
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#
er were installed.

1 mi?limgt
Obeerved Horizontal Movements: 7
The first instruments installed were the horizontal

extensometers. Little or no horizontal strain was measured

for up to 31 metres from the face, even though significant

| >h§ri;cntai displacements were measured. This suggested block
movement towards the pit, and some discrete ovérthrusts were
found near the base of the wall, particularly one located
1.6 metres above the base. Micrometer slip gauge measurement
points were mounted at eight locations along the overthrust.
A typical slip episode (from immediately after passage of
the planar until its imminent return) is shown in Figure
6.5. Note that the slip movement accelerated when the planar
was close to the gauge location. These early measurements
indicated that the ground within a region of 1.0 to 1.5
times the wall height was sliding as a block on a horizontal
shearzone formed by a series of bedding planes near the pit
base. More instrumentation was then installed to study
ground behaviour during propagation of the shearzone.

Horizontal mgvemégis with depth, as measured by

inclinometers, showed that displacement at the base of the
excavation was always at least 70% of surface movement. Some
horizontal movement was observed down to 3 metres below pit
base level. The inclinometer tubes kinked near pit base
level as the face advanced. Examination of a tube, recovered

after the planer had passed, showed Kinking to have also
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developed just below pit base level. 'After the planer was
moved to a new location significant time-dependent

inclinometer movements continued to be observed.

Observed Vertical Movements:

Significant consolidation of the callow was observed to
result from the drawdown of the originally perched upper
water table.

There appeared to be somewhat of an :;:eler;ticﬁ of the
"settlement rate when the planer passed close to a
measurement point.

Movements recorded by a vertical extensometer are
summarized as a function of time in Figure 6.6. Settlements
are seen to decrease with depth until by mid-height of the
face they give way to heaving. Thus the entire sliding block

uﬁdé:ﬂéﬁt increased compression as horizontal movements
developed. Base heave amounted to just over 100 millimeters
in two years, during which the face was cut back 60 metres.

l’k
—

Overall Displgcamént Pattern:

Summary surface displacements at points on the top of
the moving block are shown in Figure 6.7. Typical
ﬂisp]aceme§t trajéctcries as a function of distance from the
face are shown in Figure 6.8. Some influence of the callow
was noted from the measurements. When the excavated face

passed close to the callow (that is, prior to another cycle
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of stripping) extra movement was noted, presumably as a

result of the extra wall height.

Inferred Shearzone Propagation:

By understanding the excavation to be a
quasi-continuously advancing face, a model for the observed
behaviour was developed as shown on Figure 6.9. As the face
apptroached a g'iven surface point, the tensile strain at
first increased slowly. A sudden increase in tensile strain,
with the face between 20 and 30 metres away, was inferred to
mark the end-region of the shearzone. Following this,
nonextensional block glide occurred.

In conclusion, some stick-sli§\§he1#;0ﬁe movements were
also interpreted. Although the overall mechanism of movement
was clearly identified, the propagation of the shearzone was
inferred to be sensitive to such matters as local variations
in strength, drainage conditions, presence Qf ma jor joints,

and rate of face excavation.

6.2 APPLICATION OF ONE-DIMENSIONAL MODELS ‘

A brief review of one-dimensional progressive fai]Q}e
models was presented in Chapter 3. Each of thése mﬂdeis was
applied to the Saxon Clay Pit problem in order to determine ~
relat%onships among the three brincipal elements (described

at the beginning of this chapter).
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In order to apply these models, the problem geometry
had to be simplified, and appropriate strength and
deformation parameters selected. Although a substantial
geotechnical testing program was under taken, there was a
shortage of data on which to base refinements to the
selection of these parameters.

The relationship between the initial ground stress
state, the unloading modulus of the sliding block, and
reasonable strength parameters was explored. Conments are -
made about, the advantages and disadvantages of various
models, and the applications of more detaiigd deformation
analyses are discussed. |

Geometry and Material Parameters:

The actual pit wall stood 27 metres high on a 72° -
slope, with 3 to 6 metres of overlying callow stripped off
for some distance back from the face. An idealized vertical
wall 27 metres High. shown in Figure 6.10, was used as a
model for all analyses.

szaratary tests gave vertical Yaunﬁ's moduli averaging
about 100 MPa, and the horizontal Young’' & moduli were
generally higher by a factor of two. Conseguently, . a Young's
modulus of 200 MPa was chosen as a standard. However, it {s
generally recognized that field moduli are substantially
higher, and a Young’'s modulus of 400 MPa was also adopted as
a reserve value. The drained direct shear strength

parameters (parallel to bedding) notéd on Figure 6.4 were
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adopted.

As noted e;riier. it is difficult to be precise about
the operational pore pressures along the sliding surface.
Use of the average pore pressure coefficient r, was decided

upon. The average maximum value of this parameter was 0.2,

with dilatant shearing in the sliding zone. Calsuiaticﬁs
were therefore made for a range of r, between 0.0 and 0.3.
An alternate and much more rigorous approach (Cleary, 1976)

will be discussed at the conclusion of this chapter.

Application of the PR Model:

The PR model (Palmer and Rice, 1973) relates the work
done in lateral elastic unloading of the sliding block,
energy release during thé peak-residual transition, and
energy absorbed in friction along the shearband. As an
approximation, no relative slip occurs along the shearband:
until peak strength is attained. It is also assumed that the
physical end-region in uﬁich:the peak-residual transition
occurs is negligible in proportion to the length of
shearband where sliding occurs with residual resistance
only. A characteristic material length § obtainable from
direct shear tests measures the energy density of the
peak-residual transition. For the Saxon Clay Pit tests an
essentially constant value of 8 =2.85 mm was measured at

the different normal stress levels quoted.
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Figure 6.10 also indicates the relationship between the
uniform far-field horizontal stress assumed in the model and
the standard coefficient of lateral pressure at rest, Ko.
The app.lication of the model yields a linear relationship
between the value of Ko and L, the shearband length. Results
are presented in Figures 6.11 and 6.12 for a range of r, and
for the two assumed values of the Young’'s modulus. Clearly,
as the effective stress on the band decreases, the value of
Ko necessary for forming a given band length also decreases.
Also, longer band lengths require larger Ko values, for the
same effective stress conditions. What is not so obvious is
the relationship between Ko and the Young’'s modulus. All
other things being equal, less strain energy density is
stored in the stiffer material, and hence a higher Young's
modu lus reduires a higher Ko to form a shearband of a given
length. »

for a shearband between 20 metres and 30 metres in
extent, the PR model predicts Ko values within the range
0.85 to 1.15. In contrast, the suggested Ko range based upon
plasticity index and overconsolidation ratio (Brooker and

Ireland, 1965) is 1.4 to 1.7. This will be discussed below.

Application of the CW Moé§1:

The CW model (Christian and Whitman, 1969) relates the
work done in lateral elastic unloading of the sliding block
to energy absorbed in frictional sliding along the band. The

loading stiffness for siiding was considered, but a



E = 200000 kPo
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FIGURE 6.1 ONE DIMENSIONAL MODEL PREDICTIONS , E =200 MPa.
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E = 400000 kPo
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— CW, model (residual)

FIGURE 6.12 ONE-DIMENSIONAL MODEL PREDICTIONS, E = 400 MPa.
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perfectly brittie drop froﬁ peak to residual resistance was
assumed. Relative slip along the base zone occurs at all
stages of deformation, and the shearband is considered to be
that portion where maximum strength has been attained. The
model can be applied with equal facility to cases which do
not involve strain-weakening. : 7

In order to evaluate the CW model for the Saxon Clay
Pit, representative shearband stiffnesses had to be
determiped for both peak and residual sliding. Referring to
the dir;ct shear tests of fFigure 6.4, the slip stiffnesses
in the direct shear tests were measured as:

(peak) K,=900 MPa.m-' (average)
(residual) kg=125 MPa.m-' (for 7th shear)

- The model was applied in two forms. Firstly, a full
peak-residual transition was assumed with peak stiffness.
Sécondly, only residual resistance was assumed, with
residual stiffness. The CW mode! also leads to a linear
relationship between the values of Ko and L, and these
results are also shown on figures 6.11 and 6.12. The same
trend of individual results holds, except that the effect of
changes in Young's modulus is not so marked.

Of particular note is the close correspondence of the
strain-weakening and residual cases. This is a result of the
choice of slip stiffness parameters obtained from the direct
shear tests: combinations of peak stiffness and strength,
and residual stiffness and strength, lead to the same

relationship between shearband lendth (L) and Ko. Clearly,
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more detailed test information might make it easier to have
faith in the use of different strength/stiffness
combinations. However, If these mode! parameters and
calculat ions are representative of field conditions, It may
occur In the Saxon Clay Pit.

There is a substantial difference in the predictions of
the PR and CW mgdels: The calculated Ko values from the CW
model represent a greater divergence from the empirical
values presented by Brooker and Ireland (1965). This could
be due to differences between laboratory-scale and
field-scale shearband slip stiffness (as described by Palmer
and Rice, 1973). The shearzone was observed in the field to
consist of a number of surfaces of Hiscrete slip, over a
thickness of at least 1.6 metres and probably extending
below the base of the pit. The previous conclusions
regarding progressive failure versus r%siéuai slip would *
only be altered if the field relationship betweeén the slip
stiffnesses was different from that observed in 1§bGFEtEFyA

testing.

Application of the CWX Model:
g:e CWX model is an extended version of the
deve lobe

for this research to include finite
stiffress. It is described in Chapter 3 .and detailed in

Appendix A.



The assumed shearband slip response is indicated in
Figure 6.13. The post-peak characteristic of the direct
shear tests is highly gurvéd; and some simple and consistent
means had to be developed for selection of an appropriate
value of the post-peak stiffness R. The shaded area on
Figure 6.13B represents the energy density available for
post-peak release in the PR model. [t was decided to choose
R so that the energy density available for post-peak release
in the CWX mode! was the same as that used in the PR model.
This is represented by the shaded area on Figure 6.13C. The
values of R caiculated on this basis ranged from 65.0 KPa to
53.5 kPa as r, was varied between 0.0 and 0.3. The
stress-slip curve of Figure 6.13A is drawn to scale to
represent conditions at an r, value of 0.0.

Resplts of the CWX model are quite surprising, as the
predictions are almost indistinguishable from those of the
CW model. (The relationship between Ko and L is almost
linear). It is concluded that the behavlour of the
@ne§éimensléﬂai CN models s not sensitive to the details of
post-peak response. On a more detailed level, there will of
course be a difference in stress distribution and slip
distribution along the shearband. However, it is only tge
fnitial slip stiffness (be it peak or residual) which
sig%ificahtiy affects the interaction with the unloading of

the stiding block above the shearband.

Summary :
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Application of the one-dimensional models has helped
clarify the interaction between the principal elements of
the progressive failure problem. Differences between the PR
and CW mode! predictions can be explained in t;rms of
different assumptions. Parameter differences arising from
test data also contribute in this regard. )

The lack of contrast between the CW and CWX predictions
is surprising and perhaps deserves further attention.

) If the direct shear test stiffnesses are representative ‘
of field behaviour, then the contrest between peak and
residual stiffnesses leads to almost identical CW
‘relationships between Ko and shearband length L. Perhaps,
thenh, progressive failure'need not have occurred at Saxon
Clay Pit. Only a more detailed deformation analysis :culd;
test this hypotﬁésis.

The empirically-obtained values of Ko (Brooker and
Ireland, 1965) are much higher than any of the models
predicted. Predictions of higher values of Ko could be made
under any of the following conditions:

1. Higher operational Young's modulus;
2. Higher slip stiffnesses (CW models): -

3. Lower pore pressures (sﬁctions) as a result Gfi

» dilatant shearband slip.
More attention could perhaps be focussed on these matters' at

a later date.
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6.3 FINITE ELEMENT ANALYSIS PROCEDURES -

During the original site investigation, the possibility
that only residual strength was mobilized in the field was
not precluded. Experience with the one-dimensional models
also raised the %uestieﬁ of whether or not progressive
failure need have occurred in the Saxon Clay Pit. The
minimum estimated overconsolidation ratio of 10 for the
Oxford Clay deposit at the site suggests that insitu-
preshearing could have éeveigp§§ by flexural slip during
stress relief. ¥;5_

Detailed deformation analysis is required to address
the quesfion of progressive fdilure; the one-dimensional
models lead to a number of feasible combinations of
controlling parameters bgt the deformation patterns, it may
be expécted. should yield a unique set of parameters
compatible with field deformation measurements. Numerical
difficulties were anticipated with the finite element.
analysgs. and it was therefore decided to investigate in
detail only the case of residual strength mobilization. For
comparison, the case of softened (cohesion intercept set to
zero) peak strength mobilization, with no pos tpeak
weakening, was also considered.

A number of non-routine matters had to be considered in
designing and carrying out the finite element analysis.
These included:

1. overall dimensions of mesh;

2. simulation of excavation procedures:



selection of material models and parameters;

selection of shearband thickness;

W

a
mesh detai1in§ in the critically stressed and

wn

" deforming notch region.

Overall Dimensions of Mesh:

The simplified vertical notch shown in Figure 6.10 was
adopted for finite element modelling. With a 27 metres high
fg:e, and a shearband with stress concentrations possibly
extending 40 metres behind the face, lateral and bottom mesh
bcﬁndaries had to be chosen to minimise any effects of
boundary constraints. Distances from the face to the left
(excavated) and right boundar ies were chosen as 110 metres
and 330 metres respectively. A series of preliminary
discretizations were undertaken, since it was critically
important to provide sufficient mesh detail while
_maintaining the greatest possible computational economy. The
final design was not made until the simulation of excavation
was decided upon and the final shearband thickness

determined.

Simulation of Excavation Procedures:

It is standard practice in simulation of excavations to
assume an initial Ko stress distribution and then remove
excavated material. This is done by physically eliminating

the excavated portion, and applying equal and opposite
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tractions along the excavated boundary to create stress-free
surfaces. The situation at the Saxon Clay Pit is more'
comp lex because a long history of incremental excavation had
been carried out prior to the commencement of the field
measurement program. This is illustrated by part (A) of
Figure 6.14.

The finite element stmulaton of a long sequence of
small excavation increments was not feasible. A two-stage
scheme was therefore designed, and is illustrated in pari
(B) of Figure 6.14. Firstly, the bulk of the excavation was
achieved by removal of a large amount of material. This
created a pit wall isolated from boundary effects, and
subjected to an appropriate stress field corresponding to a
"history" of sma {1 excavation steps. Secondly, a 10 metre
section of wall was removed by the usual procedures, in
order to study the incremental and final displacement and
stress fields resulting from a typical pass of the planer.
Selection of these stages had an important influence on mesﬁ -

' discretization close to the walll(s).

Selection of Materjal Models and Parameters:

It was assumed that a reliably convergent etastoplastic
analysis could be carried out éﬁiy!fer non-weakening
material response, following the experiences outlined in
Chapter 5. In practical terms, this implies a
pseudo-undrained strength. For residual strength
mobilization along a shearband of constant depth below
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ground surface, pseudo-undrained strenbth is realistic if no
pore pressure changes ocayr during shearing. On theoretical
grounds (Rice and Rudnickif, 1879) the use of a
pseudo-undrained strength equivalent to the ambient shear
strength under pre-existing effective stress conditions has
been shown to be realistic. Therefore, the CRD elastoplastic
mode | and thektransverse-isotropic shearba&d non]inear
elastic models could be adopted directly for deformation
analysis under residual strength conditions. The CRD mode 1
was also used for analysis of.the sof tened peak st;ength
case: a pseudo-undrained stréﬁgth equivalent to the shear
strength under ambient effective stresses was chosen and any
strength loss due to weakening was assumed to be offset by
dilatant pore pressure reductions (Rice and Rudnicki, 1979).

By assuming'undrqined behaviour, the question of
detailed processes near the shearband was partly
circumvented. Undrained behaviour over the time-scale of an
excavation step is probably a reasonable assumption, exéeptn
perhaps for local processes in the\shearband. This '
assumption leads to better numerical performance of the
nonli models, which in turn leads to greater confidence
in model predictions. Model predictions could thus be
compared to field measurements with a much better cognizance
of the similarities and differences .involved.

Prior to performing nonlinear analyses, several elastic
tests‘bfd to be undertaken. The nature and extent of the

stress concentrations at the notch had to be established,
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and an o&timum shearband thickness chosen.

The notch was first analysed with uniform isotropic
elastic properties, and for this the Young's modulus used in
th; one-dimensional studies was adopted.

A nonuniform isotropic elastic analysis was also
carried out to assess the effect of monuniform elastic
properties on the nature and extent of the stress
concentrations at the notch. High modulus contrasts are
Known to be associated with strain cﬂﬂce;tratiaﬁs along
interfaces of different materials. Therefore, the shearband
and overlying Oxford Clay were assigned elastic stiffnesses
three times less than the basal materials. It was expected
that this would realistically simulate base stiffness
without introducing noticeable material-contrast effects
into the results.

- Undrained behaviour in principle requires ap isotropic
Poisson’s ratio approaching 0.5. There is considerable
experience to suggest that as this’limit is approached,
numerical instability and in;Ecuracies may be %ntr@duseﬂ.,ﬂ
Poisson’s ratio of 0.35 was therefore chosen for the uniform
elastic analysis .to ensure reliable performance. For the
nonuniform elastic analysis, a higher Poisson’'s ratio of 0.4
was selected. The Young’'s modulus was chosen to be
considerably smaller tpan for the previous case, in_arder to
replicate laboratory measured values. (The insights of the

ohe-dimensional analysis allow the effects of higher modulus

values to be assessedf.
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For subsequent nonlinear elastic analyses, the ,
transverse-isotropic shearband mode! was assigned inifiaiiy
isotropic elastic parameters. When shearband yield was
initiated, the Gv modulus was automatically reduced as
required. This prevented any prejudicial assumptions about
shearband behaviour from being introduced.

Appropriate undrained shear strengths were assigned to
all materials. The values chosen for the shearband reflected
residual strength and "softened” peak strength (cohesion set
to‘zero), at an r, value of 0.0. Again, insights into the
effect of varying r, are possible usi;; the one-dimensional
model predictions.

Table 6.1 shows the material parameters used in the

finite element analysis.

Selection of Shearband Thickness:

The observed shearzone consisted of a éerigs of
disérete sliding surfaces, extending for at least 1.6 metres
above the base of the pit. Discrete sliding surfaces
possibly also developed in the Kellaways clay down to 3
meESes below pit base level, according to some field
measurements. The finite element shearband consisted of a
singie layer of Q48 elements whose lower surface coincided
with pit base level. A sérigs of uniform isotropic elastic
analysés were undertaken to examine the.effects of shearband
thickness @n‘behaviaur of the stress concentrations.

Thicknesses of 0.005, 0.01, 0.1, 1.0, and 2.0 metres were
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tried: For a 10 metres long element near the notch, the
element aspect ratio (Chapter 4) varied from 2000 to 5,
| while for the 60 metres long element at the right boundary
of the mesh, aspect ratios of 12000 to 30 resulted.
Behaviour was assessed in terms of the horizontal
displacement of the pit wall 5 metres above the base,
interpolated from nodal displacements. The* average maximum
compressive stress for the shearband Gauss points nearest
the excavation was also examined. These results are shown in
Figure 6.15. It was decided that a shearband 0.01 metre
thick, or greater, wauld be satisfactory, but a final
thickness of 1.0 metre was chosen so as to reasonably
reflect the field observations. Apart fraom some sensitivity
of the stresses at the shearband tip, the pattern of stress
concentration behind the face was essentially constant when

the shearband thickness was varied.

Mesh Detailing near Notbh:

ngure 6.16 shows a typical detail of an éarly mesh
design. The shearband tip element is an ordinary Q48 type.
The first stage of unloading produced severe stress
oscillations along the shearband. Even though the average
value of these stresses seemed satisfactory, nonlinear
analysis (which commences with elastic trials) would not
have been possible. The shear stress and normal stress
components were out of phase as well, resulting in severe

oscillations of mobiliked friction angle along the
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shearband. ‘ .

At first it was assumed that these stress oscillations
arose from the consequences of trying to fit the functional
form of the singularity (unknown, but probably
inverse-logarithmic) with the partially complete polynomials
of the element shape functions. As an approximation,
therefore, the midside nodes adjaEEﬁt to the tip were moved
to the quarter-points to represent the r-% singularity of
linear elastic fracture mechanics (Barsoum, 1976 and 1977,
see also Chapter 5). This is shown in Figure 6.168B. Minor
but ineffective smoothing of the oscillations resulted.

It was then assumed that the problem was caused by lack
of mesh refinement. A much more detailed mesh was devised,
but the only effect on the oscillating stresses was to make
the amplitudes of oscillation larger. Figure 6.17
demonstrates the oscillations in normal and shear stresses
along the upper Gauss points of the shearband adjacent to
the tip.

The oscillations in stresses were definitely related to
the element configuration. Upon re-reading of Barsoum
(1977), reference was found to a study of rectangular versus
triangular . -representation of the r- X singularity, using Q48
eiemEﬁts,’Hibbit {1977) demonstrated that the quarter-point
node distartion for a rectangular Q48 element leads to an
unbounded strain energy density integral, hence the element
stiffness becomes unbounded. He noted that in some cases

numerical results of reasonable accuracy might be obtained
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because the singularity in the strain energy field of the
element is weak. By collapsing one side of the Q48 element
to form a six-node triangle, the strain singularity can be
represented and the strain energy integral is always
bounded .

Remodelling of the mesh in the vicinity of the
shearband tip was undertaken, to triangularize the elements
where a strain singularity had to be represented. The tip
detail is shown in Figure 6.16C. Stress distributions for
the uniform isotropic elastic test using this mesh
arrangement are also shoggxon Figure 6.17 and the resgit is

-

most satisfactory.

" Summary: ,

» The final mesh design is shown in ngure 6.18. A total
of 233 nodes and 76 elements are represented, while 219
nodes and 70 elements remgin after the second-stage
excavation of 10 metres of the wall. The elementé below pit
base level have elastic stiffnesses three times that of the
shearband and wall elements.

" Elastoplastic analysis using the CRD model was
selected, and parameters were chosen to represent undrained
beha&iour. Nonlinear elastic analysis was restricted to the
automatic reduction of the Gv modulus to simulate shearband
yielding; the hyperbolic nonlinear elaséis models were not
invoked because they would only have introduced extra

complicating factors into the interpretation of resfits.
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6.4 SIMULATION OF EXCAVATION BEHAVIOUR

In principle, the objectives of the simulation of

‘excavation behaviour were twofold: -

1. _Examination of displacement, strain, and stress
patterns in order te evaluate the hypothesis that
only residual sliding occurred;

Generation of a set of relationships among the

[ %]

parameters controlling behaviour, to be presented in

a form similar to that shown in Figures 6.11 and

6.12. .
The first and most important aspect was to obtain solutions
for each of the two excavation stages. This proved to be
very c@étly in terms of égméutatian time and of effort
involved in evaluating the results. The elgstsplastie
analysis, in particular, iﬁvsked large cémputaticn costs.
The nonlinear e]ast%c analysis was much cheaper to perform,
as expected, but demanded a great deal of evaluation effort
because of the extreme sensitivity of results to variations
in the material parameters.

‘ Consequently, no effort was made to generate
relationships among the parameters controlling behaviour .
This objective is of great interest, but would be most
efficiently dealt with after refinements weré made to the
analytical procedures.

Initial ground stress é@ﬁditj@ﬁs were assumed to
correspond to a Ko value of 1.0. In light of the

one-dimensional PR analysis results, this would lead to a
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shearband between 20 and 30 metres long if r, = 0.0 and full
progressive failure developed. It therefore seemed to be the
most convenient starting point.

The various aspects of the excavation simulation,

treated in detall below, lr;D ‘3
ic ana

1. Stage | elastoplast
2. Stage ] elastoplastic anal sis.
. 3. Stages I and Il nonlinear elastic GMalysis.
o .

Stage 1 Elastoplastic Analysis:

An initial attempt was made to achieve a converged
elastoplastic solution in a single unloading step, but this
proved impossible. The geometrical and loading conditions at
the notch constitute a very severe test on the numerical
behaviour of ELE elastoplastic algorithm. A series of ten
partial unloadings, each constituting one-tenth of the
un]aadiné stop forces, was therefore decided upon.

 Yielding of the shearband commenced at the first load
step, due to the elastic stress concentraton. Once yielding
spread across the first shearband element (a "propagation®
of 10 metres), the convergence rate slowed down very
dramatically. This was caused by the initial elastic
stiffness adopted for the equilibrium analysis. In order to
improve the convergence rate, reductions had to be made in
the elastic stiffness parameters for yielded eieméntsi Under

general stress conditions this procedure is not advisable,
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because it alters the energy balance between the elastic and
plastic strain components. However it was suitable in this
case becagse the stress state in fully-yielding elements was
essentially constant (constant vertical §}ress and constant
maximum shear stress), hence the elastic éampcﬂgﬁt of
elastopiastis strain was negligible. Figure 6.19 shows
schematically the effects of reducing the elastic stiffness,
and shows the resulting 1m§rcvgm2ﬁt!iﬁ convergence when a
reduction to 10% of original stiffness was used.

Of interest at this point is a brief discussion of the

computational costs of the elastoplastic model. When the

solution for one load s}en typicaldy required 150 CPU
seconds on the University’'s Amdahl 470 V/7. This was for

‘ only weiding elements and an overall mesh of 76 elements,
and the ESB program convergence rates are samparabie with
the best commercially available programs. The tolerance <
levels and numerical controls on the yielding process also

A

deserve brief mention here. The tolerance level on the
- .
ouf:Q{:balanee force ratio was set at 0.05. In other words,

tolerance level on the yield surface was set at 0.1%. This
means that‘thg yield "surface”™ consisted of "f" values
between -0.001 and +0.001. An overcorrection of 15%
(oveﬂrela;;tign factor 1.15) was made in applying the
éQuilibrium iteration forces. Subincrements for computing

elastoplastic response were 10 at low levels of yielding,
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and 15 thereafter.

The convergence characteristics shown on Figure 6.19
have some irregular or changed curvatures. In step 8, thé
Kink in. the curve is due to propagation of yielding into; the
adjoifing shearband element. Propagation is detected in this
Gauss points. The decreased convergence rate jn step 10 (the
last portion of unloading) is due to tensile yielding which
developed in the upper region of the sliding block. This is
noticeable here because of the lack of mesh refinement. The
analogy in field behaviour would be the opening of a joint
sub-parallel with the excavation face.

Stage I of excavation was designed to set suitable
initial conditions for studying the response of the slope to
subsequent excavations. Results from Stage I were carefully
examined and Figure 6.20 shows the pattern of displacements
along the shearband. Other results will be presented and
discussed in relation to Stage Il of excavation.

Stage 11 Elastoplastic Analysis:

Figure 6.21 shows the stresses along the boundaries of
the Stage Il excavation, existing after Stage 1 was
completed. There is a sharp "peak"” in the value of & in
the shearband. This was ignored and a linear extrapalation
of the Ox distribution adopted instead, because boundary
stresses were obtained by a nodal averaging procedure, and

in the above instance the influence of higher stress levels
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below the shearband had to be filtered out.

Forces equal and opposite to these stresses had to be
;aacuiated for the Stage 1] excavation simulation. Six
elements were removed from the mesh. The quarter-point nodes
surrounding the previous shearband tip were moved back to
their midside location, and those midside nodes adjacent to
-the new shearband tip were moved to their respective
quarterpoints in order to represent the new position of the
singularity.

Stresses, strains, and displacements for the remaining
elements and nodes were saved from the Stage I analysis.
This resulted in unavoidable approximations in the Stage 11l
analysis. Some nodes would undergo incremental displacements

from different geometrical locations than they occupied for

Stage 1. Likewise, the Gauss points of distorted-node
elements are in different positions physically from their
undistorted locations. Strictly speaking, corrections aqd
adjustments should have been made to allow for these
geometrical problems. A more pragmatic approach was decided
upon: using a series of Stage 1] elastic tests, the errors
arisjﬁg Frggilack of correction far node-position chéﬁges
were evaluated. Only a localized region was affected and the
stress error in this region never exceeded 10%. Likewise,
the displacement errors were found to be less than 4%. Given
the local nature of the errors and their small relative
‘magnitude, it was decided to accept the approximations

without further concern.
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Stresses along the upper Gauss points of the shearband

the sliding block are shown in Figure 6.22. This figure also
shows these quantities at the end of the Stage | excavation.
Figure 6.22 thus summarizes the incremental response of the
pit wall and shearband to the passing of the planer. Note
that the horizontal strain increment is closely related to
the stress changes that occurred along the shearband.

The pattern of incremental horizontal displacements, if
plotted in a similar manner to those in Figure 6.20, show
the same essential block slip motion with discrete shearing
of the shearband. The relative slip displacements across the
! metre thick shearband were 25 millimetres at the new face
and 10 millimetres at a distance of 10 metres behind the new
face. .

Selected incremental displacem%nt vectors are plotted
in Figure 6.23. These show small settlement tendencies for
about 22 metres below the upper surface. Net heave occurred
along the base of tﬁe shearband, implying compression of the

5 metre zone above the shearband base. d

Stage I and Stage 11 Nonlinear Elastic Analysis:
Unloading procedures for the nonlinear elastic analyses

were the same as for the elastoplastic analyses, except that

controlling the shearband stresses in the yielded portion of

the band. The pattern of discrete shearing of the band, and
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block motion above the bahd, was maintained b;t smaller
displacements were computed. Similar unloading forces for
Stage Il excavation resulted.

Considerable difficulties were encountered in
controlling the stresses in the yielded portion of the
shearband. The results were very sensitive to the Gv values,
which were chosen automat{caliy for stress adjustment.
However , a deliberate effort was being made to obtain a
viable solution with a single load step, although some
atteﬁpts were made to use partial unloading steps as for the
elas{oplastic analysis. The everriding concern was to use
the nonlinear analysis as a direct ("one-shot") tool, ﬁaihly
to see how well it could be made to perform in ;elatisﬁ to
the sophistication, expense, and exaggerated preparation
time of the elastoplastic analysis.

Figure 6.24 shows the stress-deformation results
obtained using nbnlinear elastic analysis, which may be
cohpared directly with those of Figure 6.22 for the
elastoplastic analysis. The strains are almost 50% smaller
and the strain increment is not so sharply concentrated at
the zone of shearband yield propagation. The stresses are
not very satisfactory, but if the stresses for the zones of
shearband yielding ind{éatedtgy the elastoplastic analysis’
are averéged, the results‘gre quite satisfactory.

Selectedtincremental displacement vecfars are plotted
in Figure 6.25, which ma{>be compared directly with those of

Figure 6.23 for the eiastqglastic analyses. The displacement
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increments are generally a little larger and heave is shown
to extend for a distance of 7 or 8 metres above the base of
the shearband. Relative slips of 42 millimetres at the new
face, and 15 millimetres at a distance of 10 metres behind
the new face, were calculated.

For comparison, a typical nonlinear elaﬁiic load
increment required about 20 CPU seconds on the Amdahl 479_
V/7. This is at least an order of magnitude cheaper than one
partial load step of elastoplastic analyses. Given
comparable (large) preparation times, the computational

advantage of the nonlinear elastic approach is obvious.

\
6.5 CONCLUSIONS REGARDING BEHAVIOUR

A number of aspects Qf the field measurements deserve
detailed interpretation. Discussion here will be restricted
to those aspects whiqh can be addreséed with a minimum of
speculation. In order of importance, these are:

1. Proving or disproving the hypothesis that only

residual-strength sliding took place,
2. Examining the performance of the elastoplastic and
nonlinéar elastic models,

' 3. Assessing the influence of t ime-dependent processes.

Did Progressive Failure Occur?
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Figure 6.26A is a schézitic view of the interpretation
advanced by Burland et.al. (1977) on the basis of field
measurements. This interpretation was based on modelling the
excavation process as quasi-continuous, with the téfiifgﬂ
strains and stresses at any pa% being a reflection of the
effects of a continuously advancing face. The discrete zone
of large strain-rate was assumed to correspond to the
pos tpeak weakaning portion of the ;hg;rband yield model.
Super imposed on Figure 6.26A are the increments of shear
stress and horizontal extension strain nssggiéteﬂ with 10
metres of excavation of the face (this can easily be
calculated from the figure). In terms of increments of
stress and strain, it is not easy to explain a positive
change of strain with a negative ch:nggsgf stress. Therefore
the explanation advanced by Bur]an@ et;aig (1877), which

seems plausible in terms of total stress and strain patterns

and a quasi-continuous excavation process, does not appear

to be entirely consistent in terms of discrete increments of

. %

L)

response.
Figure 6.26B is an equivalent schematic view of the

predictions of the-residual strength finite element

analysis. The increase in strain-rate is associated with the

immediate prepeak elastic zone. Expressed in terms of shear

stress and horizontal extension strain increments, which iﬁ:)

also shown superimposed, there is a much more consistent
relationship of positive and negative increments. The

decrease in horizontal extension strain which can be ﬁét;ﬂ
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in Figure 6.22 close to the free face has been ignored in

Figure 6.26B because it is believed to have been caused by
horizontal stress concentrations in the first stage of the
finite element analysis. These would not exist with more

complex material models, nor in reality.

Figures 20 and 22 from Burland et.al. (1977) can be
reiﬁterpreteélin terms of deformation increments. Using the
displacement histories from points 28 and 29 of the field
study, differentiating to obtain strains, and then n@tiﬁg‘
the strain change with distance from the face, it lis
possible to represent the increment of horizontal ektensi@ﬁ'
strain measured in the field. It should be noted that only
twc.paints have been treated in this’FashiQ;; with more
field points the resultant data would be mote scattered but
more fully representative of field conditions. For the |
purposes herein,the data from these two points can be used
as a basis for representing field response since the
.differentiations of displacement were published for these

two points only, whereas for any Gtheﬁ points the
differentiations would have to be approximated from
published displacements. It is not thought that the sparsity
of utilized field data represents too great a lack of |
generality.

Figure 6.27 shows the resulting incremental horizontal
éxtension strain and shear stress patterns calculated by
finite element analysis assuming both residual and softened

peak strengths. Also shown are the incremental! strains
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derived from the field study. .

There is a surprising coincidence both in magﬁitudé,
form, and position with respect to the excavated face,
between. the measured and predicted behaviour. Of particular
note, however, is the relationship between the magnitude of
incremental sﬁear stress and incremental strain along the
shearband. Although a constant yield stress was used on the
sheag@and, the /ncrement of shear stress resembles the
fjﬁass1ca1 peak-residual strain weakening curve proposed in
the field 1nterpretat1an . » 1

On the basis of Figure 6.27, which presents the
- relationship betweeh Incremental shearband stress and
‘fncremental extensiené& strain In the sliding block above
thet shearband, the hypothesis of "residual strength" éﬁ‘f@i
. of béﬁsviauﬁ Is tentatively caﬁ%iﬁmed.

For t:c::rﬁ:amsan eqmva?em resu]ts are shown on Figure
6.27 for the elast@plastic analysis assumiﬁg an undrained
sheé?‘?trength equal to the softened peak strength. The
@atterﬁ of response is sufficiently different in detail that
there can ée little doubt that only residual-level strength
‘was being mobilized in the field.

‘ The overall extensional ﬁisp]acgment iﬁcremenis
calculated using the two strength assumptions are of
interest. Although the yielded zone in the softened peak
strength case was significantly smailer than in the residua!
strength case, the softened peak strength case lefd to

incremental displacements about five times larger. No
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variations in the elastic parameters can explain such
dif?eﬁeneesaaf displacement magnitude: the differences can
best be explained as a function of the diffgrfﬁt_stress >
fields above tﬁ; shearband. -

It"is concluded that, for a variety of reésans such as

did n@t an:c:ur in the Saxon Clay Pit wall.

Par%armiﬁeﬁ of the Finite Element Models:
LY

Camgar15@n of Figures 6.22 anqss 24 suggests that the
Y

eﬂgstcﬁlasf1c analysis can be accepted while the n@nl1near;f
elastic analysis cannot. This does not mean that nonlinear
elastic analysis is §Eﬁeréiiy inapplicable to such problems,
hGEEVEFi\UhEﬂ the analysis was carried out, the
elaﬁlcpigétic moder] was used first. Considerable effort was
involved iﬁ controlling numerical convergence by careful
examinaticﬁ'abdiinterpretatian of a large number of partial
’I?ad increm%ﬁtéi The preparation time involved was estimated
to be 2 man-months, not including 1 man-year of experience
obtained by the time the reported computations were
unaertaken. A very deliberate attempt was therefore made to
use the nonlinear elastic analysis as a “one-shot” .
convenience tool, to explore the practicalityiaf undertaking
detailed analysis of this class of problem cheaply. Even so,
about 3 man-weeks of preparation time was iﬁva1vgﬂ. not
including about 6 man-months of experience a]rgadyiﬁbtained

with the Gardiner Dam analysis (Chapter 7).
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_Giyen the differences in intended scope of the two \J
prgcedd;es. it is hardly surprising that the elastoplastic
results are more valuable. Some explanation of the -
limitations of the, analysis is in order, otherwise the
results of Figure 6.27 are too appealing. B g

Firstly, no Fae%4jty was available for é@ﬁsideri "
natural lithological variations, Ber were any ,time-cdependent
processeg explicitly included. Hﬁﬁé;EP. a successfu’
predictfon of a very limited portion of the field 0+ - wa:
under taken. One should conclude that some of the suc es- ¢
the predictions is tndeed fortuitous. On the other ha~~ a-
alternative and more easiiy understandable approach (¢
vindicated. The incremental shearband stress and ]
sliding-block strain Patterns are simple and GDHSiétEﬁti On
_an incremental basis; the "active zone" (a better term, at
this ﬁcinti than' "end region”) appears to be experiencing u
strain-weakening. ..

The greatest value of the finite gIEWEﬁ{ analysis, it
is concluded, is the capability it provides to quan&ify
processes. A sensitivity study of the various controlling
parameters of this problem, namely

1. strength parameters;
2. deformation parameters: and
3. ground stress state,
should be under taken at. this stage. It is suspected thét the

fﬁﬁng's modulus for the sliding block is too low, and for an
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equivalent shearband length a higher modulus would require a
higher value of Ko. The greatest uncertainty surrounds the
use of undrained shear strength, impi%cit]y assuming!a
constant material effective stress condition at yield. Time
and effort weigh very much against uﬁdertakiﬁg such a study.
K Perhaps of more imgmediate interest would be the
incremental shearband stress and sliding block strains
associated with a strain-weakening strength model'. The PPP
model (Chapter 3) could be used %ire&tiy_ but more difficult

numerical convergence problems are forecast unless a more

e

efficient equilibrium-iteration algorithm is employed. Some .

form of variable-stiffness procedure could be devised at

this point with little ‘additional diffﬁultn .
An observation from the one-dimensional studVies should

now be recalled. The CW and CWX models had quite different
- post<peakK characteristics, and undoubtedly produced
differences in the detail of strain destribution above the
shearband. However, they predicted essentially the same
re]atia&ships among the three components I%Etad above and .
the shearband length. -

Two conclusions arise..Firstly, the relationships among
the componts of a progressive failure probiem are complex.
Given the lack of precision in identifying material
parameters, it is difficult to imagine obtaining a unique
solution to any progressive failure problem. Secondly,
finite element analyses are essential to an understanding of

the detailed deformational response of any problem involving

=

£



discrete zones of localized sheari%g. It appears that
difficuft,and expensive elastoplastic te&hﬁiaues are
necessary if such analyses are to be carried out
realistjcally.
B o b

Influence of ;gmgigapﬁﬁﬂant Processes: ' |

Excavation of the S8xon Clay Pit wall was, in detail, a
three-dimensional time-dependent 6rccess. An incremental,
tuu*ﬂimen5%§n31 ana?y§ié appears to provide satisfactory
predictions of performance. Time-dependent processes set

aside'in the above studies include:

1. Detailed consideration of pore pressure chaﬁggsi both as
a function of position and time with respect to
excavation and also as a function of stress changes
associated with shearband propagaton;

Inéluence of strain-rate on the strength attainable by

[

material under the field conditions prevailing.
Pore Pressure Effects:’Alternative analytical
procedures have been developed for directly accounting for

coupled stress-diffusion problems (Cleary, 1976 and 1977},

These may not yet have sufficient detail to treat
elastoplastic shearbands adequately, but the potential
exists. The pore pressure changes which could be expected
included reponse to changes in hydrostatic and deviatoric
stress, unsteady drainage towards moving boundaries, and
diffusion of any excess pressures. The number of material

parameters required to describe these processes is large.
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4

Alsq. the desériptions are approximate in nature, and the
ringe of natural variability sufficiently great to make
pursuit of such details almost pointiess.

On this basis, there is much Simple common sense in
adopting undrained strength behaviour at tpis stage of
analysis. Ralmer and Rice (1973} referred to three time
scalee for diffusion effects. In the first case, the
shearband advances rapidly in comparison to any time scalgs
for dwffus1on This is true “"undrained” response which, 1s
coupled to induced negative pore pressure changes at the
shearband "end zone", implies a higher slip resisgance ‘and
stiffg;/elastic response than in a drained situ{f;bn. on
another time scale.’ the sp:.-ed of propagation is s Tow .enOugh
to alliow no ihduqed pore pressure éha s in the shearzone,
but still rapid enough to permit ovle?T "undrained”
response. Again, stiffer propagation results. Lastly, for
wholly drained behaviour, shearband responsé is softest.

Burland et.al. (1977) provided some consolidation test
data for theVO*ford clay, as well as for Kellaways sand and
clay (draft version of final paper). Typical Cv values for '
the Lower Oxford Clay were 0.5 to 1.0 m2/year. For the
Kellaways sand and'clay. values were 20.0 and 1.0 m?/year
respectively. For a shearband 1 metré thick directly
over lying the Kellaways sand, the longest drainage path is 1
metre and an estimete for 90% dissipatigg would be 6 months
to one year. 1f such a simple approach was representative,

then only partial drainage would occur during a typical
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excavation increment. There is no means by which tﬂé
laboratory values could be related to any field

measurements. . .

-

Strain-Rate Effects onq4Strength: Kaiser (1979)

~discussed how a strain-weakening material could display ;

different apparent strengths depending on the stress-history
as well as time-history of shearing. The strain rates
mobilized in the field are difficu]} to assess, because of
the uncertainty of relating multiple discrete slips to some
measure of strain. It is probably more appropriate to think .
of the ;hearzgne as a ccmplgx-mechaﬁism camﬁased_af
different elements which, u;der changing conditions, assume:’
or relinquish the role of "weakest 1inks®. This was alluded
to by Burland et.al. (1977) in their discussion of |
stick-s1lip phenomena observed within the Saxon Clay Pit
shearzone. There are, unfortunately, no means hy'which the
time-dependent Strength can be further quantified at

present .

Summary .
One-dimensional models and two-dimensional finite
element analyses have been applied to the behaviour of a

propagating shearzone at the Saxom Clay Pit.

relationships between the varipus components of progressive
failure, or even residual-strength shearzone slip. '

Diserepaﬁéies between-different models arose because of



different assumptions and the material parameters chosen.

-

These models were not capable of explaining the deformation
patterns observed in the field measurements.

Finite element analyses were carried out to test the .
hyﬁathesis that only residual-strength shearzane slip
developed. Incremental deformation patterns corresponded
remarkably well with field measurements. Although these -
aﬁalyggf may have been too 5im§1is‘ic. there is
circumstantial evidence from the one-dimensional studies to
suggest that the computed she!arbaﬁdﬂbehaviéur is insensitive
to the details of constitutive modelling of the shearing in
the band. Elastoplastic anaiyses'garry high overhead costs
(preparation time, development time) and are expensive
computationally. They are probably mqqf reliable to use,
however , than nonlinear elastic analyses. for equivalent
levels of detail in results, the material parameters
required for elastoplastic analysis are more practical and
meaningful.

The behaviour of Ehe Saxon Clay Pit shear:aﬁe was no
doubt influenced by a number of simultaneous time-dependent
processes. It is not possible to quantify the effects of
these to any degree. Until this becomes possible, no
analysis can confidently claim to have fully explained field
béhavicurg This research has identified an incremental
def@rmat?aﬁ mechanism which appears to be more reasonable
‘than that prcéésed by the arigiﬁal_investigat@rsi In no

manner does this reflect on the field study, for it
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represents the finest example available where progressive

failure processes have been considered.

_
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. 7. SHEARBAND BEHAVIOUR IN GARDINER BAM FOUNDATIONS
) i . * .
‘ s

/ |
Gardiner Dam was constructed on the South Sasktchewan

_River in south-central Saskatchewan, between 1958 ;ﬁd 1968.
Eedraak consists of overconsolidated clay shale and
sandstone, materials which were known to pose unusual and
difficult foundation and stability problems. Geotechnical °
pgr formance of the dam and associated works was described;byﬁ
Jaspar and Peters (1979), whose work forms the basis of the
review in th’lS Chapter. -

Continuing cyclic deformations of the. embankment and
foundation caused some concern, particularly as movements
were concentrated along foundation shearzones with a Ristory
of previous movements. A deformation analysis using the NLCP
nonlinear elastic finite element cémﬁuter program was
carried out by M@FQEﬁEtern and Simmons (1980) for the
Prairie Farm Rehabilitation Administration, the present
operators of the dam. This finite element study is also
reviewed in this Chapter.

The deformation analysis was able to clarify the nature
of the recurring load-deformation mechanism. Thi; has some
impor tant in¢iicaticns for stability design, which is

usually based on limit-equilibrium analysis.

286



7.1 REVIEW OF FIELD BEHAVIOUR
Geology:

Foundation materials consist of units of the late
Cretaceous Bearpaw Formation. Typical materials are fine
grained, weakly cemented clayey sandsiones; dark grey zihy
shale with bentonite layers and lenses; and clayey |
sandstones. The bentonite seJ;; are between 13 and 100 mm
thick. Upland areas are mantled with clay till,

- @laciolacustrine silts and clays, and glaciofluvial sands.
The river channel contains as much as 33m of alluvial sands
and silts. |

Postdepositional bedkock features include bedding-plane
shears thought to have been induced as a consequence of |
solution-subsidence faulting of deeper-seated evaporites.
Glaciai loading and unloading may have induced further
shears. (

Main valley slopes and side valleys display widespread
slumping. Disturbed slump material has undergone extensive
shearing and weakening.

Stress reduétion is known to produce the following
characteristics in the clay shale: shearzones (along
bentonite-rich seams), softening, slickensiding, and

shrinkage cracking. {

-Entuuﬂdnant Des ign:
Original design wds based upon site investigations and

experience from other sites having similar conditions. The
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structure consists of ' a main river valley embankment, and a
smallep subsidiary embankment across Coteau Creek, to the
west. The spillway, power tunnels, and outlet works are
situateq in the main west abutment, which forms the ridge
between the two valley embankments. A simplified view of the
layout is given in Figure 7.1. |

After constructiorm-ecommenced, it became necessary to
revise designs because of stability problems encountered.
with soft weathered shale. Embankment slopes had to be
substantially flattened. This proved to be satisfactory
.until coﬁstruction was well advanced. |

Foundation displacements were then experienced in weak
shale zones at threellocations: the r{ver section; main east
abutment; .and Coteau Creek section. Additional slope
flattening, closely controlled fill placementﬁ and more
extensive berming were required to complete the embankments.
It appeared that old shearzones had been reactivated under
the east abutment and Coteau Creek sections, but that a
previpusly unnoticed shearzone developed as a result of
construction of the main section. ‘

The final embankment cross-sections for the three areas

of concern are also shown in Figure 7.1.

Per formance Monitoring:
As a consequence of the foundation conditions, much
reliance was placed upon field observation of performance,

and a very comprehensive suite of monitoring instrumentation

N
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FIGURE, 7.| GENERAL LAYOUT OF GARDINER DAM
(ofter Jaspar and Peters , 1979) '
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was installed. Figure 7:1"a1so shows the location of some
instrumentation for monitoring embankment movements.

Piezometers were very widely installed. Those measuring
pore pressure response in the shale foundation, particularly
the shearzones, show a very high level of response and

virtually no dissipation since construction was completed.

Construction and Postconstruction Performance:

The detailed descriptions of Jaspar and Peters (1979)
deserve to be carefully read in this regard. Summaries of
deformation- and pore-pressure-time relationships were
provided for all three areas of concern. A pattern of yearly
incremental displacements was noted in all areas. These were
non-recoverabie shearzone slips related to the increase of
reservoir level as snowmelt runoff accumulated each spring.
‘The slips were definitely related to the water thrust
changes: creep movements at more-or-less constant reservoir
level were small in comparison with the slips associated
~ with change in reservoir level. Figure 7.2 is a summary of
postconstructibn movements for selected inclinometer
locations.

It is important to recognize two key issueg_concerning
the postconstruction Sehayiour. Firstly, no postimpoundment
defo;mation measurements ase available from the upstream
parts of the embankments. This means\that virtually no

inferences can be made about the overall embankment motions.

Secondly, the postconstruction movements are largest near
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the maximum embankment heights, and are much smaller beneath
the embankment toes. This implies some form of cumulative
compression of the d@iﬁstrem portion of the embankment.

From Figure 7.2, it is obvious that the Coteau Creek
shearzone slips are the only oneg showing no general
decrease with time. Mainly for this reason, the:Coteau Creek
embankment was chosen for detailed deformation analysis. It
was hoped that the indications of this study, at the likely
most critical part of the structure, could be extended to
the other locations. Figure 7.3 is a summary of performance
at the Eéteau Creek section. The average slip under the
embankment centreline is approximately 0.027 metres per

year .

7.2 FINITE ELEMENT ANALYSIS PROCEDURES

The purpose of the deformation analysis was to simulate
the ongoing displacement patterns of the prototype. These
patterns are known to result from highly localized nonlinear
ongoing behaviour, but also to reconstruct each and every
stage of behaviour as faithfully as ﬁcssibiei Failure to
"account for the full deformation history would invalidate
the analysis, because of the highly path-dependent ﬁafure of
nonlinear behaviour.

The stages of behavigur to be reconstructed were:

1. Foundation preparation;
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2. Eubam"construction;

3. First filling of the reservoir; and

4, Cyclié reservoir operation.
Each of- these stages presents analytical difficulties. .
Additionally, the long, low, flat geometry of the structure
provides difficulties for mesh discretization. Central to
all the analyses, however, is the problem of defining
.suitable dgformntion parameters for the various material
constitutive behaviours.

Each of these "general” aspects will now be discussed.
Subsequent sections of this Chapter describe the two basic
phases of the analysis: deformation-matching of constructfon
behaviour and simulation of load cycling.

Before any of these matters are discussed, however, it
is necessary to address the question of total and effective

stress analysis of the embankment and foundation.

Total Stress and Effective Stress Analyses:

Deformations should ideally be analysed oﬁ an effective
stress basis. This requires coupling of total stress and
pore pressure analysis (Law, 1975) but the processes are not
routine. Complexities are introduced which create
difficulties in obtaining representative material
parameters. |

Analysis in terms of total stresses is the only
practical alternative, and is reasonable here in light of

material behaviour. Other studies (Morgenstern and Kaiser,
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1980) suggest that in the core and foundation there have
been only minor pore pressure changes since the end of
construction. It was deemed satisfactory to carry out total
st%ess analyses, with appropriate shear strengtﬁs governing
the deformation response. Effective stress behaviour can be
inferred by reference to appropriate seepage analysis or

measured pore pressures.

Mesh design:

Figure 7.4 is a simplified cross-section of the Coteau
Creek embankment, and Figure 7.5 shows part of the finite
elament mesh. Noteworthy are the different material zones,
and the non-rectangular element shapes the necessitated.
The optional midside nodes were omitted wherever possible in
order to minimise the core storage requirements for the
overall mesh. Some detail of the distribution of nodes is
given in Figure 7.6.

The foundation boundary was chosen to be 50 feet below
the shearzone, since at this depth rigidity and fixity could
be expected. Lateral boundaries were dictated by the need to
Qisglate the upstream embankment from lateral strain effects
(1000 feet upstream was assumed to be satisfactory) and-
provision for the full extent of the dgnﬁstreamiQQegFZQne.
Since the shearzone cropped-out about 2000 feet downstream,
the total mesh comprised 622 nodes and 251 elements. Greater
mesh refinement would have been valuable in the critically

stressed region beneath the embankment centreline, but this
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would have been too expensive in terms of core storage and

computation procedures.

Select ion of ngtegiﬂ Mode1 Parameters:

At the outset of the analysis, it was expected that
significant zones of material would be at or close to
maximum strength mobilization. Therefore, adequate strength

and representative nonlinear deformaton parameters had to be

in Gardiner Dam, and it was therefore anticipated that
contrasts between cértaiﬁ materials in restricted portions
of the dam could dominate the outcome of the analysis. On
the other hand, only the hyperbolic nonlinear elastic
constitutive model (Duncan and Chang, 1970, see Chapter 3)
was well-proven enough to warrant adoption. Each of the
materials was examined in turn, to define material
parameters. Backgrownd experience (Duncan et.al. 1978) was
available to guide éarameter selection.

Shale Bedrock: The undisturbed shale is hard and stiff.
Mass strength was not known, and mass deformability could
only be esiimated from field rebound measurements.
Experience with similar materials elsewhere was a good guide
for selecting properties. ’
Material above the

shale Bedrock Above Shearzone:

shearzone was typified as weathered and weakKened, all or
much having at some stage been involived in mass movements.

It is probable that the foundation spreading experienced
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during construction created highly stressed zones and shears

oblique to bedding. The operational strength and
deformability were therefore assessed by initially assigning
"intact™ shale properties, and then reducing these until

suitable behaviour was observed in the analytigal mﬁéi)ffgiﬁi

Considerable judgement was required in this regard.
. The shearzone was idealized ‘as a 2 feet

thick shearband. Conventional nonlinear behaviour was -
simulated by assigning the same properties as for the shale
bedrock above the shearzone. The exceptional weakness and
low stiffness of bedding plane shearing was simulated using
the transverge-isotropic model (see Chapter 3). Considerable
exper ience was available for aséessiﬁg the parameters
governing bedding plane she;ring;

Compacted Shale: Oedometer test resulls were available.
However, this material was DﬂT%!Gﬁé csmécnent of the random
fill zones, whose behaviour is not fully characterized by
oedometer tests. No detailed attention was paid to caﬂpacg.ﬂ
shale within the random fill zones. \

Core and Upstream Blanket: These were formed from ti]fi
for which a variety of drained and undrained fest data were
available. A typical stress path in the core cc%respaﬁds
reasana?iy well to conditions in caﬁveﬁtianal triaxial
tests, for which the hyperbolic nonlinear elastic mode)
works quite well. Deéarmatian studies for other projects
(for example, Skermer, 1975, for Mica Dam} have demonstrated

that triaxial test moduli are usually lower than operational

N\



’ ’ | - 301

moduli. Considerable judgement was therefore required to
select deformation parameters, but strength parameters werée
Known reasonably well. E

Sand and Gravel Shells: Little test information and no ?
deformation properties were available. Construction reports
enabled reasonable estimates of strength and deformability
to be made. In the shells, stress paths typically are
proportional loading, for which the hyperbolic model is not
ideally siuted.
consist of variable and randomly placed spoil and other
materials. Little is known of their current composition,
strength, and deformation characteristics. Typical stress
paths involve proportional loading, but part of ihe
downstream zone may function as a zone of passive resistance
with theimaximum compressive stress rotating towards
h@riz@htéii Aﬁy suitably weak and nonlinear parameters could
be selected. |
Summary :

nomlinear del for non-triaxial stress paths (Eisenstein

and 1979) have been established, and no single
nonlinear technique seems preferable for embankment ana1;sis
(Cathie and Dungar, 1978), the hyperbolic model was adopted
generally because of convenience and experience with its use
(Soriano et.al. 1976). Initial strength and deformation

parameters were chosen, and embankment construction was

simulated in order to refine parameter selection.
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Foundat ion Preparation and Embankment Construction:
Simulation of construction behaviour was felt to be the

best means for checking performance of the finite element

In order to simulate construction of the embankment,
stresses and disp’'acements had to be evaluated in steps as
layers of fill were added. The initial stresses in the shale
foundation, and the effects of core trehc% excavation had
first to be specified, due to the nonlinear behaviour aﬁ§
expected stress concentrations under the embankment crest.
Overburden stress were calculated from the original ground
surface assuming a ratio of original horizontal to vertical
stress of 1.0 and a unit weight of 125 pcf. ldeally a large
number of fill layer additions would be made: in this case
one (initial) unload followed by three fill construction
1ifts were used, owing to economic and mesh refinement
constraints. The excavation and construction sequence is
shown in Figure 7.7. Details of the construction ana]ysis
are given fh Section 7.3.

First Filling of the Reservoir:

First filling of the reservoir to Full Supply Level
(FSL) is an incremental léading process similar to that of
adding fill. However, water impounded by the embankment has
a number of influences on the structure which had to be -
considered in the finite element model: .

1. Hydrostatic Forces: the water may be considered either
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as a mter:’g zero shear stiffness, very high
bulk stiffr and self-weight; or as a distribution of

surface pressures against suitable surfaces representing
flow barriers.

2. Infiltration and Seepage: material which offers little

barrier to water percolation is rapidly made bouyant,
resulting in weakening and stiffness reduction.

In the original structure, effective stress changes
accompanying first filling could be expected to have caused
significant deformations. The development of steady-state
seepage in the core and blanket may take many years during
which there is an adjustment of pore pressures, and again
the effective stress changes may cause significant changes
in deformation pagterﬁs (Squier, 1870). The time scale of
these processes may be considered undrained in some
materials and drained in others.

The sequence of effects of impounding has been examined
by many writers (Nobari and Duncan, 1971, Eisenstein, 1974;
Law, 1975; and Stewart, 1979). Analysis of the various
eFfeéts is complex ‘and there is a general lack of suitably
documented field experience.

For this study, the key élemEhf of reservoir filling to
be considered was the deformation pattern along the
shearband. Stress distributions in the embankment were not
likely to be critical unless zones of tensile stress became
too pronounced. The upstream random-fill zone consists of

rather ill-defined distributions of both pervious and
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relatively impervious materials. Appreciable infiltration in
selected zones might be realistic over the time scale of
impounding, elsewhere little water penetration would be
possible.

?igurg 7.8 shows two possible loading schemes to
simulate the effects of impounding. One considers the random
fill to be impervious and the other, pervious. The
"impervious” scheme was adgg}ed:faﬁ the following reasons:

1. extra complexity always tends to cloud

the interpretation of results;

2. Potential Numerical! Problems: introduction of the
"pervious” model, it was feared, might lead to
increased tension zones in the random fill.

A series of numerical experiments indicated that zones

fill. Displacement patterns obtained with the impervious

loading scheme were satisfactory even in this event.

Cyclic Reservoir Operation:

An essential aspect of the entire study was whether or
not an apparently satisfactory model could reproduce the
pattern of deformation response to cyclic reservoir
operation. Complete details of the reservoir and embankment
movement histories were available so that this loading
sequence could be evaluated with conf idence.

Loading at all steps prior to the reduction of

reservoir level consists of a general increase in confining
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Pressure Yw A Hw applied ,
perpendicular fo wetted surfcce £

BLANKET

~ FOUNDATION
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Yw = unit weight of water
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pervious  fill .
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fill before saturation n direction of gravity) of
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FIGURE 7.8 LOADING 'SCHEMES FOR SIMULATING
RESERVOIR  IMPOUNDING .
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pressure and proportional increase in deviator stress. In
the shearband, local regions were expected to be stressed to
yield, with substantial softening of deformation response in
order to accommodate induced shearing. Material response
during lowering of the water to the Low Water Level (LWL)
constitutes an entirely different stress-state change.
Unloading.consists of a reversal of forces due to
incremental water pressures on the upstream face. In the
embankment and foundation, the typical stress changes
associated with this would be pseudo-elastic uniocading. The
unload/reload cycle thus consists of two distinctly
different processes, with unloading being considerably
stiffer and more linear in nature.

Without any clear test information on the nonlinear
unloading response of the Gardiner Dam materials, a simple
acceptable unloading model was established by evaluating an
., initial tangent modulus at zero deviator stress, at the
avergge confining pressure in each material zone.
Expefimental evidence from elsewhere suggested thaf the
cyclic stress-strain response of relatively weak material
might be as indicated in Figure 7.9, which also illustrates
the response that the adopted model simulates. It should be
noted that this model does not stiffen with cyclic
behaviour. 7

Selection of appropriate parameters for reloading was a
contentious issue. On the one hand, field experienée

indicated significant, reproducible incremental deformations



€ox *
LOADING TRIAXIAL TEST

SCHEMATIC CYCLIC

L1 e

€
SIMULATED CYCLIC LOAD séﬂex'fcwn
USING CONSTANT HYPERBOLIC MODEL
PARAMETERS IN LOADING

1FDR THIS STUDY)

( ADOPTED

7613:
SMULATED CYCLIC LDAD BEHAVIOUR USING
VARIABLE HYPERBOLIC MODEL PARAMETERS
FROM TEST DATA FOR EACH CYCLE

FIGURE 79 SCHEMATIC LOADING/ RELOADING RESPONSE .

W
o



309

during loading. On the other hand, any elastic cyclic load
mode! would indicate reloading with no net incremental
movement over a cycle. Clearly, the process to be simulated
was a relatively stiff unloading and a progressively softer
. nonlinear reloading. This was handled conveniently using the
hyperbolic nonlinear elastic model, as shown in Figure 7.9.
The stiffness of the reloading cycle is most open to
revision should cyclic tests be carried ocut on the
materials. It was thought to be prudent in the analysis by
retaining the original loading stiffness and accepting
conservatively large deformations.

The model predictions for cyclic loading are thus not
intended to represent predictions of actual movements.
Rather, the predictions are consistent with a model
deve loped under reasonable and critically evailuated
circumstances. The expected deviation of such a model from
the prototype can be assessed Knowing that the model isias
complex as necessary without any unsubstantiated

modifications or changes.

7.3 SIMULATION OF CONSTRUCTION

During this phase of the analysis, material parameter
values were modified in a manner consistent with knowledge
of each material’'s likely response characteristics. This was
necessary in order to calibrate the model against ‘measured

field behaviour. Table 7.1 shows the parameter values
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selected, with the original choices shown in parentheses.
The various considerations which lead to these modifications

are now described.

Sequential Construction:

The core-trench unloading step was necessary in order
to approximate expected local stress concentrations adjacent
to the excavation. Weakenfyg and yielding of the shearband
was anticipated to start in this region, so it was necessary
to be as precise as modelling permitted.

During construction, the actual extent and character of
shearzone movement was not fully identified. However, using
three 1ifts was felt to represent a satisfactory compromise
between excessive computational costs and acceptable
numer ical results. The shearband had to experience shear
failure and siénificaﬁt rigid body motion of overlying
material dﬁring construction. Modelling by horizontal layers
did not exactly match constructed iﬁ:rafiigsi but ti‘.was not
felt to be a serious matter particularly regarding
postconstruction behaviour. o

Figure 7.10 shows hQFfZGﬁtéiFEﬁd vertical movement
patterns calculated using the originally selected
parameters.

The vertical displacements did not duplicate field
settiement data from crossarm gauges for the following
reason. Each fill iggremEﬁt was about 50 feet thick and so

large dgfﬂrmati@ﬁs occurred at the top of each added layer.
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However, crossarm gauge arms are zeroed at the time of
installation, so that the top of any fill increment
implicitly registers zero movement. The finite element
results can be corrected to coincide with the method of
field me:sufeméﬁg. and by doing so the deformations were in
reasonably good agreement w;th field data. As a general
rule, the corrections were not made subsequently because it

was the relative pattern of deformations, rather than close

actual comparison with field data, which was important.

The dominant rigid-body style of slip on the shearband
was not reproduced in the original analyses. The ma jor
material property controlling this response was found to be
the operational modulus of the foundation shale, above and
inclding the shearband. The magnitude of operational axial
straiﬁ necessary to accommodate the spreading of the
materials above the shearband meant that the operational
modulus had to be low and representative of yield. Since
yielding is controlted by the operating deviator stress, it
was found that the strength of the upper shale had ié be
reduced to about 17% of that of the lower shale in order to
modify response sufficiently.

It was decided to always specify undrained shear
strength as the operational strengthgcaﬁtrai in subsequent
analyses. This seemed appropriate in light of the field
behaviour of these magz:ia1s! Since the upper shale was more
weathered and had probably been incorporated in mass

movements in the past, it was quite reasonble to accept a
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significant reduction of operational strength in this

“material.

Tens ion Removal Praaiﬂur;g% .
The final gndééf—canséructian aﬁalysié did contain
locally excessive tensions in the random fill and shell
Zzones. It was necessary to accept this rafhef than to pursue
somewhat elusive refinements to the material response
parameters. A tension-reduction prccedﬁre was developed,
based upon the method of Zienkiewicz et.al. 1968. The option
of using this procedure was exercised ﬁhén‘feit necessary in

subsequent analyses.

End-of -Construction (EOC) Results:

Parameters for the final EOC analysis are also given in
Table 7.1. A tension-reduction adjustment was carried out.
Selected deformation profile lines were used as the basis
for assessment of deformations for this stage and subsequent
stages of the analysis. Locations of these lines are shown
in Figure 7.11,

Figure 7.12 shows the pattern of horizontal movements
at the selected profile lines. Comparison with Figure 7.10
demonstrates that the deéireﬂ patterns of discrete, intense-
shear along the shearband and ESS&ﬁtia]Ty rigid-body motion
above the shearband were successfully.simulated. A tendency
for upstream-directed movement of higher elevations of i1l

material may be noted: this is a consequence of the low

/
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values of (isotropic) stiffness adopted for the random fi11.
zones .

The shearband stress state at EOC is indicated in
Figure 7.13 by a plot of normalized shear stress as a
function of horizontal distance along the band. The
normalizing parameter Su is the bedding plane shear strength
of 1000 psf. There are two points at each X-location, i
representing upper and lower stress sampling points for the
shearband elements. Two such points having significantly
different stresses are a measure of numerical instability or
lack of mesh refinement.

Locally more severe numerical instability is indicated
in the region of greatest slip movement. The stresses arise
from differentiation of the element displacement field and
threrefore do not have the same order of accuracy. The points
are deliberately not connected in Figure 7.13 in order for
the reader to use individual best judgement in smoothing the
data. At one location, element stresses exceed the strength
by about 20%, which reflects a lack of detail in the mesh
and is not considered serious. While the numerical accuracy
of individual data points may be questioned, there is no
doubt in ceﬁgigﬂiﬁg that non-uniform spreading of the
embankment I[ncreased the tendency for downstream sllip
without any e#Fects of reservoir thrust.

Also noteworthy from Figure 7.13 is the fact that some .
downstream-directed shear stress was generated iq the

shearband upstream of the embankment axis. The reason for
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this is that load is transferred directly from the
embankment to the downstream foundation through stiff shell
material, whereas this does not occur upstream of the
centreline. The net result is a more direct downstream
thrust under construction loading. Other likely reasons for
this behaviour, such as full restraint of shearing at the
upstreaﬁ extremity of the mesh and reduced stiffness of
material above the downstream portion of the shearband,
proved not to contribute significantly.

In terms of mobilized total stress friction angles, the
maximum smoothed value is about 3°. Depending upon porg
pressures within the shearband at the time, this still
represents very low strength of the insitu shearzone.

Figure 7.14 shows the development of shearband s1ip
during construction. It Is obvious that the major proport ion
of all deformation up to EOC occurred during the last
.constﬁuctiaﬂ step, due to the addition of the relatively
small fill volume above elevation 1800 feet. This history is
consistent with that of the pretctypé, and can be expected
when weak materials are stressed close to yielding where

£
1ncrement§1 deformation moduli are very low.

7.4 SIMULATION OF OPERATION
Three phases of operation had to be considered:
1. Pirst Reservoir Filling;

. 2. Cyclic Reservoir Operation; and
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3. Mechanisms for Reducing Shearband Slip.
First Reservoir Filling:
the "as-is" and "tension-adjusted" EOC results. For the
"as-is" case, water loads were applied in two steps:
a. from EOC (water entry level, el. 1775 feet) to Low
Water Level (LWL, el. 1800 feet):
b. from EOC to Full Supply Level (FSL, el. 1827 feet).
For the 'tEﬁsicﬁiadjusted‘-ﬁaée. only the step from
EOC to FSL was recalculated.

Incremental embankment movements due to impounding (EOC
to FSL) are shown on Figure 7.15 for the "tension-adjusted”
case. A patlern of shearband slip with essentially
rigid-body motion of overlying material was obtained. Some
tendency for the upstream random fill zone to restrain
downstream movement of the higher fill zones upstream is
evident in the pattern for line E.

Figure 7.16 shows the incremental shearband slip during
impounding as a function of horizontal distance along the
band. Obviously, most of the slip occurs during the higher
reaches of water level, in accordance with field
measurements (Jaspar and Peters, 1979). The effect of the
tension adjustment is not large, but as might be expected
there is less upstream restraint and hence a tendency for
more slippage to occur upstream. '

Shearband strength mobilization is shown in Figure 7.17

for the "tension-adjusted” case. By comparison with Figure
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7.13,- downstream strength mobilization is somewhat higher
while upstream mobilization has been reduced significantly.
Without a rather exhaustive investigation it was not
possible to tell whether the EOC upstream shear was
transferred downstream entirely along the band or carried to
some extent by extra compression and principal stress
rotation in the upper foundation and fill.

The mobilized total stress friction angles have a
maximum smoothed value between 3° and 4°, not significantly
different from the EOC case.

It is concluded that impounding of the reservoir was
model led quite successfully despite local zones of

unsat isfactory tensile stress. There is é;ce]lgnt agreement
with measured field behaviour. Reservoir loading apparently
has little influence on the shearband beyond about 800 feet

downstream, as noted in the field studies.

Cyclic Reservoir Operation:

Careful and complete field records of seasonal
reservoir fluctuations and corresponding shearzone slip have
enabled a good correlation to be made between reservoir
level (expressed as hyéﬁgstatic thrust) and slip magnitude
(Jaspar and Peters, 1979). )

Cyclic response of the embankment materials was, .
simulated in the simplest reasonable manner by maintaining
nonlinear parameters during loading and constant liﬁeaf

parameters during unloading. The parameters for the loading
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£
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portion are given in Table 7i15§hile those for linear
elastic unloading are given in Table 7.2. This does not
consider incremental stiffening with cyclic loading, and
should lead to overestimation of cyclic slip. Four cycles
were analysed (FSL to LWL, LWL to FSL again constituted one
cycle). Both "as-is” and "tension-adjusted” calculations
were made.

The cunulative shearband slip over the four cycles is
shown in Figure 7.18 for the “"as-is" case. Each line refers
to a2 movement profile location as noted in Figure 7.11. At
load cycle 3, an attempt was made to control some excessive
stress oscillations in two shearband elements by specifying
_reduceﬂ stiffness. The results at cycle 3 thus represent a
sensitivity study and indicate a range of acceptable _
response. No reason could be established for thé behaviour
of line A at cycle 2. Incremental slips for the
"tension-adjusted” analysis were consistently near 80% of
those for the "as-is" analysis.

Typical slip increments during a load cycle are sgéwn
in Figure 7.19, and the average slip per cycle is presented
as a function of location along the shearband in Figure
7.20. The slip movements are quite consistent, apart from
the one anomaly noted at line A, and are of the same order
of magnitude as those experienced by the prototype. The
field data were averaged over many yearsﬂgf observation,’
because actual reservoir cycles were less regular than those

%

imposed on the model.

E
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LINEAR ELASTIC PARAMETERS FOR "UNLOADING" ANALYSES

MATERIAL 14 E(ksf) v K (kst) G{ksf)
LOWER SHALE 6625 0.4 11041 2366
UPPER SHALE 4424 0.4 7374 1580
SHE ARBAND 4424 0.4 . 7374 - 1580
(SLIP_MODE) ¥ (AS FOR LOADING)
CORE , BLANKET 1207 0.4 2012 43]
RANDOM FILL 1207 04 2012 43|
SHELLS 315 0.33 30354 H7
NOTE: 1 & The slip mode was introduced in soms uniocding onalyses
in on attempt to control sheor siress reversals which lead
to reloading. The materiol possessed a hyperbolic modulus
model for obtoining incremental K,G and the Qs factor was
ollowed to vary from 250 to control sheor siresses.
2. Bésed roughly on tongent moduli for stress -strain cur‘ves
ot overage confining pressure for eoch materiol.
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Numerical accuracy of the stresses deteriorated with
cyclic loading. Some effects of the accumulated deformations
on the stress state were expected, and ideally these wou 1d
serve to predict whether cyclic slip increments increased or
decreased with time for a given constitutive behaviour.
35e¢ause of the numerical difficulties encountered,
successful simulation was limited to four cycles. It would
not be reasonable to use the results In Figure 7.18 as a
basis for predicting longer-term movements, because of the
Increasing effects of inaccuracies in the stress
calculat jons. |

The numerical capabilities of the model were extended
as far as possible by the cyclic load analysis. It was
concluded that a more detailed numerical mode! wih a more
refined mesh would be necessary to extend studies of the
cyclic load mechanism.

The results show that a cyclic reloading mechanism was
responsible for cumulative slippage along the shearzone. It
may be inferred that If the reservoir were to fluctuate
between lower operational levels, similar slip movements
might be expected although the magnitudes would probably be
significantly reduced.

Mechanisms for Reducing Shearband S1ip:
An earlier stability study using limit-equilibrium
methods was carried out for Gardiner Dam (Morgenstern and

Kaiser, 1978). It was indicated that the Factors of Safety
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could be increased by excavation of portion of the crest and
upstream fill, as indicated in Figure 7.21.

It is normal practice to associate increases in Factor
of Safety with decreased movements. Dn&é the influence of
the soft random fill zone was observed in the finite element
analysis, the possible beneficial effects of replacing some
random fill with much stiffer material was also raised as a
matter for investigation.

Excavation of the crest zone. The removal of crest

— e — | e

material was achieved by removing the appropriate elements
and applying forces to neutralize the stresses along the new

crest surface. (The reservoir was first unloaded to LWL).

Cyclic loading was carried ouf on the modified crest, and

incremental slips are con Figure 7.22 with
incremental slips calculated for the cr}ginal profile. The
overall magnitudes are comparable but the patterns are
distinctly different. This can be explained as follows. The
incremental nonlinear elastic moduli in the shearband were
reduced when the confining stress was decreased by crest
Uﬁiaading; the effect being most pronounced in the
critically stressed regions. Thus, further slippage could
proceed most easily in the regions where yielding had
already Gcﬁurreé. This may not completely reflect field
behaviour but is consistent with previous assumptions and so
constitutes a valid extension of the model. It was conilwded
that the magnitude of shearband slip is primarily a function
of the magnitude of cyclic loading, caused by nonl inear and
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hysteret ic load-unload response. Unless cyclic loading were
to mobilize only the stiffest, initial elastic part of the
stress-strain curve, there would still be significant
cumulative deformations. The magnitudes of movements are
dictated by the level of strength mobilization during
loading.

Replacement with strong, stiff fill. The replacement of
the excavated zone (Figure 7.21) was simulated by replacing
the excavated elements but assigning sand and gravel (shel)
zone) material properties to them. It was expected that
shearband response would be stiffened due to the increased

confining pressure. Limit-equilibrium analyses would then

stronger material, possibly offset by decreases due to the
increment of driving force. As happened during original
construction simulation, the additional load produced
further shearband slip, with a maximum of about 1.5 feet of
slip predicted 90 feet downstream of centreline. Spreading
of the foundation occurred again, with some upstream slip
occurring upstream of sentreline, but predominantly !
downstream movements. Incremental shearband slip for
refilling the reservoir to FSL are also shown on Figure
7.22. Clearly, the pattern of incremental slip is unaffected
by the nature of the uppermost fill, except for some
restraint in thé upstream areas associated with QevelépMEﬁt
of localized tensile stress again. The model predicted

Incremental slips comparable in magnitude to those
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experlenced during original construction, when replacement
fil]l was added at the crest. These predictions are probably
of an unacceptable magnitude. ‘

7i5!5l.ﬁARY AND CONCLUSIONS .

This study has shown that a reasonable model of the
Coteau Creek embankment was capable of reproducing ‘
deformations similar to those observed in the prototype
under conditions of fill placement, impounding, and
rgsg;vair operation.

' Some numerical problems arose during the analysis.
Numerical instability of some critically stressed portions
of the shearband proved difficult to control. Zones of
tensile stress developed in the upstream random fill zone
and along some interfaces of shell and random fill.
Reasonable attempts were made to overcome these problems and
better performance would be Qﬁiﬂiﬁed with greater mesh
refinement and more detailed constitutive models.

Reliable prediction of d;farmatian behaviour over many .
load cycles proved to be beyond the capabilities of the
present analysis, so there is no indication that the
magnitudes of shearband slip would either increase or ,
decrease with time. However, the mode\l/was sufficiently
accurate to identify clearly the pattern of response to

cyclic reservoir operation.
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The primary cause of shearzone slip is incremental
reservoir loading acting upon materials which undergo
naniiﬁgar‘ hysteretic deformation at high levels of strength
mabi]iiatiani Field measurements correlating reservoir level
with s1ip magnitude have been confirmed by the model.

Simulation of crest unloading showed that cyclic
response was largely unaffected by such modifications. This
is at variance with the conclusions of 1imit equilibrium
~stability analysis. It was argued, with the stability
analysis, that cyclic deformations would be greatly reduced
if 5he modif ied structure had a Factor of Safety at FSL the
same as that for the original structure at LWL. This
argument is misleading, being based on the incomplete view
that since sustained movements did not occur at LWL, the-
Factor of Safety at LWL was sufficient to keep slip

movements small. When the overall Factor of Safe{; is low
and critical eiemenés of the soil mass have yielded, it is
not advisable to relate deformation patterns to Factor of
Safety on an empirical basis.

A strong correspondence was obtained between reservoir ’
level and shearband slip magnitude. This was supported by
field measurements. It is concluded that ﬂéSéQ[DiFiEyGIfﬁg
would cause some Incremental slip, no mattEﬁ.shat levels of
EESEFVQIF were Involved. Clearly, the magnitude of the
increments would depend very much on the actual limits of

reservoir water level.
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It is strongly suspected that the Coteau Creek
shearzone pinches out a few hundred feet upstream of the
embankment axis. This can bf inferred from an air photograph
(Jaspar -and Peters, 1979). Therefore, the maghitudes of
computed upstream movements may be much larger than is
realistic. It would be possible to model the shearband with
increasing strength upstream of centreline in order to pinch
it out at a given location, should such an investigation be

considered worthwhile in the future.

.



8. SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

The principal conclusion of this research is that
analysis of shearband yielding which involves controlled
location (béédiﬁg) and non-weakening stress-strain behaviour
is now feasible. Two -case history analyses have demonstrated
the numerical capability which now exists to predict
yielding of presheared surfaces.

Conclusions from this research concern four major

1. Comments on perfgmanze of the numerical models;
2. Discussion of the role of deformation analysis in
design for progressive failure problems: :
3. Conclusions as to areas most warranting further
research,; and

- 4. Recommendations resulting from this research.

S
g

8.1 PERFORMANCE OF THE NUMERICAL MODELS

Appropriate analytical procedures have been developed
only for non-weakening materials. As described in Chapter 5,
the postpeak weakening material models are fairly simple and
straightforward by themselves. The Stress Dilatancy model is
satisfastcry for processes within a defined shearzone; but
the Post Peak Plasticity model, being more phenomenological,
can simulate more generally a zone within which a shearzone

{
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is controlling response. However, the numerical procedures /,,—//“
for obtaining equilibr%um solutions for heterogeneous
deformation modes are immature.

Certain features of the numerical models are
unashamedly approximate, and it may well be that simpler and
more convenient means of stating and achieving the same
ocbjectives can readily be found. It was the intention of
this research to make the complexities of nonlinear analysis
as accessible as possible, and this has been a prime
motivation for all the procedures undertaken.

The elastoplastio approach is considered to be far
superfor to the nonlinear elastic approach for obtaining
stable numerical behaviour when shearband yield is
simulated. However the equili;fium iteration procedure is
expensive, making nonlinear elastic analysis a more

economical tool. '

One important conclusion stands out in connect?on with
the models. Numerical analysis is an art, and like any other
aEt demands p;tience. skill, and experience..P(actical
geotechnical engineering is usually far removed from the
realms of numerical analysis, and unfortunately this leads
to too great an emphasis on results rather than what is
involved in getting the results. There are difficulties in
"bridging the gap" from analysis to practice, and the
writer's efforts in developing the models have had this
concern always in mind. No apologies are therefore made to

the analytical purists or those whb deal solely with the
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results, as it is felt that this thesis contains much
material which bridges the gap.

8.2 ROLE OF DEFORMATION ANALYSIS

Speaking solely in terms of problems which involve
yielding of shearbands, the case history analyses in this
thesis illustrate the unique value of numerical analysis in
evaluating field performance. From a design point of-view,
it is nowvfelt that a controllied-location deformatian
analysis can assume the rightful role of informing designers
of the consequencef of varioﬁs options they may exercise.

The role of microstructural processes is so dominant in
shearband yielding tﬁat analysis must take ﬂﬁfg account all
of the known or suspected geological factor‘ applicable to a
given site Sr situation. The analyst must either be familiar
with geological processes, or be interfaced effectively with
others who are geologically aware. '

In many cases, lack of data or funding will preclude

-

full-scale deformation analysis. The simpler one-dimensional
modelsaallow for effective manipulation of the various
parameters at play, and are a necessary prerequisite to
deformation analyses in any event. There are still
difficulties in applying limit equilibrium analysis to
shearband problems. Deformation performance, and hence
tolerance to failure, is not simply related to the standard

means by which Factors of Safety are used in design, as



borne out by the Gardiner Dam analysis. Each form of
analysis is appropriate in its own context. The problem of
progressive failure is as much a probliem of human insight as
it is an unapproachable physical process.

There is still no satisfactory means for dealing with
shearzone development or progressive failure in uncontrolled
situations. The classical retaining wall problem is a prime
example of such a situation. Fortunately, analyses which do
not recognize shearband behaviour still appear to offer good
predictions of response (Evgin, 1881). It is temptiﬁg to
conclude that under uncontrolled conditions, shearband modes

do not dominate overall structural~deformations as they do
for problems of controlled locations. Were this the case,
however, there is no reason why shearbands should occur at »
all in uncontrolled conditfons. Clearly, much research work

still remains to ciarify this aspect of shearband behaviour.

8.3 AREAS MOST WARRANTING FURTHER RESEARCH

Numer ical ProCedures: 4
Quite obviously, improved convergence procedures have

is likely that the most satisfactory procedures would
involve tangential, rather than constant initial, stiffness

during equilibrium iteration.
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~ 'Localization inception and propagation are at present
"grey areas”". The mathematical prﬁbleﬁ% are formidable, and
it is not yet possible to simplify the present
state-of-the-art .to practically oriented techniques.

Tenslle yielding has long been recognized in analysis

of geotechnical problems. The pra%gdures for dealing with
tension reduction are crude and converge slowly. Amongst a
number of possible remedies, it is suggested that
" substructuring, with suitable orthotropic material @?deis.
be employed to prevent cyclic recurrence of tensile stress

in equilibrium {terations.

Progressive Fai lure: v

The progreésive failure problem is iﬁtimélely related
to conditions causing delayed failure. There is no field
evidence as yet for first-time slides involving true
progressive failure, but the evidence for gealcgical]y
controlled delayed failure has been found frequently. Case
Ristory experience must be developed both fé confirm present
understanding of these problems, and to further develop

rational design approaches to progressive failure.

Dilatancy:

Most dense-structural earth materVals dilate during
yielding, particularly when stress paths involve unloading.
Discussion in this thesis has been confined largely to
problemsuof progressive failure in slopes. It must not be

\

£
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problems exist, however. A prime example is the behaviour of
locked sands. The Stress Dilatancy model could be expected
to clarify many of the attempts made to evaluate In situ
strengths for such materials. However, such developments

await more stable computational procedures.

8.4 RECOMMENDATIONS FOR FUTURE WORK

Firstly, it is recommended that more attention be paid
to obtaining economical, converged numerical sotutions. This
should not involve substantial modifications to the computer
programs already available. )

Secondly, it is recommended that‘'a Stress-Dilatancy
model be used in conjunction with diffusion relationships to
enable the relationship between dilatancy and temporary
"locking” Qf yielding zones to be explored. This has ;
immediate goals in locked sand research, but longer-term
goals in developing understanding of tectonic faulting

wrocesses.

Thirdly, every possible effort should be extended in
applying the analytical methods outlined in this thesis to
field problems. This demands equal effort in describing and
documenting significant case histories. A wide variety of
problems, ngi‘mereiy progressive failure in clay shales,

demands more of such practically oriented numerical



analysis.
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APPENDIX B

CRD (Constant-Rate-of-Dilation) Elastoplastic Model
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C.3 Incremental Elasteplastic Response

- § + ér

) - & ape
e = & +gbkla
ey by B g .
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T s » o=’ L 1
o ¢ 9 - bpiflbj—sf?‘m ...Cr)
o = (Pla |
Ec:,‘q.d',;;ﬂ (c.12) nas?uu‘é en }}Q‘R‘It"g; solution since 3::11 s
not known in advemce. Severnl approximede d::fliv procedures
can be . uvsed ;
@) stard with ?;;., = O  and ilerdle
®) stad with Ve = Foax and ierate
@ assume 4@5‘;53 = 3;-: , he ‘teration,
mpr‘&wuget:ﬁ%kzmad has been found o be
iasensitive b The procedure uvsed, and () was adegted.

One (€.12) is evalvetled | qu@d«‘&n B.7) éPPlc':'a.

Féf [ 90) 5 mmetric analysis ) §SM¢‘1¥? giﬁumpﬁﬁ; were.
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APPENDIX D

PPP (Post-Peak-Plasticity) Elastoplastic Mode]
/
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(Refer o Seclon 3.5 and Fiaunzs 37, 3.1 of Ted)

| D.l Elastc Podion of Behaviour

Same as for the CRD maedel, Ap?endiva -

m Plastic Porfion of &ijr -

PIOSL(, lxhamour Cay\s.sfs o-f -)wo F““S /-
(a) Peak- Residual Transition, o< 3’ < GPR
& Residval S*v‘enj“\ 2’ 2 GPR -

Residyal '”S;In: r@fk Behaviour

This ks the same as ®r the CED medel with the
'po“owug pammdem

\: C = Cn ‘
£ = g } X))
D sa Cvp - O ’
y

Peak — Residual Transifion

Accumdaled Plastc Shear Shain  GPT = Z)::x,
Shear Strain for Rak-gesidunl Transidion GPR 5
- Derivable S‘frevv‘/k Index.
psT = (I — %)m D2
where DSIX is a suvitable exponew* '
Irstardaneous S‘i\rvv'"\ ‘
C - Cr + DT (Cp-Cr)
D.3
¢ =¢,.+D$I(¢p ¢r)} < D

.
P
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[nstardaneess !Dilgﬁmy Redte .
D = DI.Dy DD

Ingtantanecus Tensile ':-5‘?‘?!'545\
. ferst = DST. 1, : .08
) :
Yleld E)rﬁli@ﬁ:i - o 7
| %é’c; + %rc' + %;ﬁ =0
Hus b by B> ¢ = bé o+ b R ¢ X
" The . i_dd -pumzf}ian is 8:!!4\ Ey Eqsla‘hm (BZ){, Aﬁ&m:ﬁx B,
s0 " Wsirm The instantanesus valves of ¢ and @ gives
b, = 262 (1-sitg) = 269(] + si®B) +4c cnsing)
b, = 26 (I +sig) + 267 (| - SM@) +4c coeif singd
by = 8 Tur ; | :
@D

be = *% - ag(s;-ns?’)s;n;!.;g;é ~8cek'® ....(D.B)
bs = ‘% = 2 singcosd (& '+ o 42568 - 4<?)
+ 4c (&% +a§>(sin’¢ - .:55*;#) L9
The charges in ¢ and & are, {Pom Equedian (D.3),
¢ = DST(Co-Cr) |

g = DAL (-2 } TS

Now BRI = AWU) whee U= I-$B
and A is an @ev“d&r

(m1x-),p
D51 = “Ha(1-28) e .. .O
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D.3 Ineremental Badqplas?ic eesv}bnse.

Residual Strenghh Behauicor

This is the same as Yor the CRDmcdcl.,.wﬂ"\h
parameters  given in  Equalion (D.1)

Rk — Residual Transiion

¢ = &7
Me - &
FRIe - hethpe g

{roen which g = pIlé .. {D.12)

Henz, the ea'm"«‘ov\ for g is a ‘Qt\diu\ of the unlmcwnz
vale Jmax. An terdlive procedure. was vsed to calcolade
ax b\’ in'c"«‘ab assomivg Dex. = Jomenx .

Once (€.12) is evaluded , equcdion X)) amlies.

For axis:jmmefric ar\ddcis, similar assumplions were
made {or é;.
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