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~ INTRODUCTION

Due to the comple# meehanicAl behavia#r’ofutea1 soil there
are considerable difficﬁlties in obﬁéining accuiate SQLutions
to the boundary value preblems Qf 8011 mechan;cs, The majority
of present day methods of solutlﬁn dﬁpend upan mathematlcal
idealisations of the soil stress strain behavioux to elther
perfectly plastic or perfectly elastlc.f For the majority of
problems both of these ideal;sations}are unrealistic,‘and as a
consequence the predictioné méde bY'chVentiehel métths of analysis
are prone to e:reﬁ. In'addition-ﬁe ﬁhe“diffiCQltieé ¢f idealising
the mechanical behaviour df tha sﬁil,'the prcbleﬁs themselves are’
usually of a complex nature, e.g. the problem of 3. pler foundation
rotating about its upper surface as portpayed Ln Fig 1l and dis-
cussed by Roscoe (l970) in the Tenth Ranklne Lecture.

Consequently experlmental.investigatxon;pﬁ phe load displace-
ment relationships for the bqundarY'valﬁe problems of 8qil mechanics
is essential. Teseing of full acéle prqtotypevstrthures, although
VerY necessary, is expensive and time consuming,ﬁand therefore
the incentive and need to perform representative model tests is
great. One may broadly classify model teeting, dependent upon the
prime objectives, into three distiﬁct,.but.interreiated; categories.

These categories will be referred to as Category I, II and III.

CLASSIFICATION OF MODEL TESTING
Category I model tests are defiped'as being concerned only
with predicting the behaviour of a speeific prototype structure
from that of the model, Any 5pe¢iel,ground conditione, i.e. soil
strata, water conditions etc., such as illustrated in Fig.2a for a

pad foundation problem, must be suitably simulated in the model,
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and so the results obtained do not have general appiicability.

In this type of que; test the .principles of similarity must be
satisfied before the results can be of practical_usa,(g.g.
Sutherland (i§65)); However, the general principles aiscussed

by Rocha (1957) ana Roscoe (1968) shguld"ensure wider application
of this type éf médel tég;, especially in the area of centrifugal
model testihQ'Wﬁich éllows the usé of 'prototype'’ sqil_at prdto-
type stress levels and under approximately ¢erect conditions of
stress and étfaih pathé. ?ossibly ane of the major_édvahtAges of
centrifugal model testing is that processes guch aé primary con-
solidation occur véry much faster in the ﬁodel thah in the_pero_
type, i.e. time'is'mbdelied as Né where N is the modelgscale.

Thus for a scale model 2+ hours iﬁ_the model is eguivalent

L
60 3
to 1 year in the prototype.

The second approach to modelling, defined as Categofy_II,
is to consider that the model is a small pfbtotype structure
itself and to,cémpare its behaviour with that predicted by some
method of analysis. For this approach to be useful it is of
utmost iﬁportance that the model conforms with the assumptions
inherent in the method of analysis adopted. 'Typical requirements
would be that the soil is in a uniform state and that the influence
of the boundaries of the container of the model may be ignored,
e.g. as illustrgted in Fig.2b for the bearing capacity problem.
From tHe resﬁlts qf §ugh tests it should be possible to assess
the accurécy of various me thods of analysis and also to confirm
thaﬁ the soil coﬁstants estabiishedvfrom fundamental testing

apparatus relevant to the stress conditions in the model can be

used to predict the performance of the model. The results obtained
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from such tests are not necessarily'of immediatg use in the
design of a complex full scale pfétoﬁype, but'ére.éf'great value
in establishing certain design principles. -Ekpé#imehts of the
above two types are inherently resfriqted by ﬁhe‘need'to simulate
real problems. This automatically leads to 3 thiﬁd type of model
test, defined as Category III, of which the full ﬁdale'need never.
exist, but which is designed specificalLy to reveél.detailed
stress and deférmation information about a probleﬁ.< The prime
objectives of this type of test are to-increasé.the un&erstanding
of the soil behaviour,?gﬁe'soil stxuéture interacﬁpon} such that
new methods of analysis may be developéd which‘ih‘tﬁrn will lead
to better design rules for use in the_fﬁture. -Such»é_model
experiment, a nafrow wall rotating abou£ its(ééé)iﬁto‘sand; is [ 13 PB
illustrated in Fig.2c. By employing such a 'thin' élane strain
model it is possible by radiography to obtain detailed information
on the soil strain behaviour not possible on wider plane strain
or 'three dimensional' models.

In the past numerous workers have performed a variety of
experiments falling into the above mentioned caﬁégories. It is

not possible to mention all here, but a few examplés will be

given to illustrate the categories further. Good examples of i
Category I type tests are to be found in the field rather than

the laboratory and exist in the form of instrumented trial earth
structures, ie. test embankments. In certain cases nature has

already carried out full scale tests in the form of natural slope

failures, and in cases where careful site investigation establishes

the relevant soil parameters and ground water conditions these

tests produce valuable comparisons between theory and "experiment",

(e.g. Skempton and Hutchinson (1969)).
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Withcut a centrifuge it is in general extremely difficult
to perform representative small scale Category I type tests,
due to the diffiCulty of mepdelling the soil. .With the centrifuge,
however, thié major aifficulty may be overcome, sihCe providing
the soil grain sizés ére sufficiently small the prototype soils
may be used in the model. .Examples of such tests-are given by
Schofield and Lyndon (197Q) on the short term stability of slopes
in overconsolidated clay, and by Endicott (1971) on the settlements
of a granular fill embankment sited on a substrata of soft clay
and peat. Fig.3'shows the so0il strata beneath the embankment and
Fig.4 the displacements corresponding to 'end of construction' and
at a time correspbnding to 1.3 years later. 1In the main the above
mentioned tests were designed specifically to simulate real proto-
type behaviour and ﬁhus may be considered to fulfil the require-
ments of Category I tests.

There are numerous examples of Category II type tests,
since in general the majority of soil mechanics model testing falls
into this category. One good example in Europe is the 'large’
scale footing tests pérformed at Karlsruhe University reported
by Leussink, Blinde ana Abel. They tested insfrum ented foundations
up to 1.5 metres square, in a 9 x 9 x 3 metre pit filled with
uniformly compacted sand (see Fig.53). Due to the large size of
their model they were able to determine the normal pressure
distribution beneath their footing in great detail.

The work on passive walls reported by Rowe and Peaker (1965)
represents a classic example of Category II type tests. They
translated a vertical wall at various angles to the heorizontal into
sand, observing the mobilised angle of wall friction (8), the

normal pressure distribution, load displacement relationships and
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modes of failure. Typical results fofvtwo directibns of wall
movement into dense sand are reproduced in Figé.G(a)_and.(b).
Some of the sﬁress strain properties of the sahd gﬁployéd are
also shown in Fig.6(c). Study of these figures reveals three
important features: (i) the importance of the direction of
wall movement, i.e. the wall which was translated upwards at 45°
to the horizontal has a peak passive earth pressure goefficient Kp
of only 3.0 whereas the wall translated approxima£ely horizontally
generated a peak Kp of approximately 7.4. | v

(ii) the quite different load displacementrrelationships
for the two‘directions of movement, and o |

(iii) the peak value of mobilised ¢ obtained by back
analysis employing conventiocnal theory is considerably less than
the peak ¢ observed in the plane strain tests, i.é; ¢m observed
in wall experiments of between 35° and 37° whereas peak ¢ measured
in fundamental plane strain test is approximately 43°.

Rowe and Peaker explain this latter feature guyalitatively
Ly postulating the mechanism of progressive failure. I have
mentioned‘Rowe and Peaker's observations in some detail, since
clearly in order to describe guantitatively the mechanism of
progressive failure appropriate Category III experiments need to
be performed. |

Examples of Category III type experiments, with cohesionless
soils, are shown in the work of Brinch Hansen (1953) who observed
riupture modes for a wide variety of idealised wall propblems, and
more recently in the work of Butterfield, Harknessvand Andrawes
{1970) who have observed the detailed displacement fields associated

with the problem of the penetration of a sand mass by a rigid wedge.
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Soil mechahics has now reached a stage ih its'development
where the fundamental stress strain laws of enginéeriné $0ils
are beginning to be underétOQd. At the same time'éngiheers are
under pressure to préduce more economic designs and better pre-
dictions of sqil stxucture performance, A predictioh of whether
2 structure will stand up or fall down, although vital, i$”né
longer adequate. Therevis therefore great'heea‘fdr exéefiﬁents
wf the Category III type which should prove of greét assistance
in the development of more sophisticated methods of anaiysis
which may then be brought into general use via Category iI_and I

experiments.

SOME TYPICAL RESULTS OF A CATEGORY III

EXPERIMENT AT CAMBRIDGE

I believe that the majority of the model work performed
at Cambridge in the past decade under the leadership of Professor
Roscoe would be classed as Category III. Roscoe's objectives
were alwéys to develop new and better theories via new experimental
observations., Poséibly the most important aspect of Category III
model experiments of today is the detailed observation of strain
phenomena. In order that such observations may be achieved it
is necessary to work with relatively thin (6" - 9" thick) plane
strain models cmploying test tanks with 'transparent' sides. Such
models allow the detailed observation of so0il diéplacements by
photography or radiography, however only at the expense of intro-
ducing side friction effects. These effects may be minimised by
suitable choice of matefials and lubricants, but they may never

Le completely removed. A typical test facility is shown in Fig.7
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which is a phdtograph of a model wall apparatu$l The wall is 13
high and the test tank dimensions 96" x 60" x‘7%".b With this
apparatus it is poésiblé, with various'm¢des Qf wall movement,
to observe wall pressure distributiocons (both normal and shear) and
the detailed soil displacemeht and strain behaviour. Typical

strain results for the case of wall rotation abont the top into
dense Leighton Buzzard sand are shown in Fig.8 fbr three staqges

of raotation, i.e. 6 = 0.5, 0,95 and 1,4° gorrespbhding to 58, 83

and 97% of the peak load measured on thé wall. The full line
contours represent values of maximum shear strain ahd the broken
lines trajectories of principal compressive’étrain. Considering
Fig.8c it is guite clear that there is a large concentration of
strain at the toe of the wall and that a substapt;al transition

zone of deformation originates from this ppint. Fig.9 shows the
corresponding observed trajectories of zero extension, i.e. 'slip
lines' indicating a well defined zone of 'plastic’ déformation.

It is clear from these figures that the mode of failure, termed
progressive, occurs in this experiment. Figs,l0 and 11 show simiiar
data for loose sand.

Typical stress ratio strain laws gbtained from the simple
shear apparatus for dense and loose Leighton Buzzard sand are
shown in Fig.12. Using these relationships in conjunctidn with
the strain data shown in Figs.8 and 10 it would be possible to
define the mobilised shear.strength throughout the deforming zones
at any stage of deform ation. Restricting sugch an exercise to
the centre line of the transiﬁion zone, i.e. to a line passing
through the peaks of the shear strain contoufs, it is possible to
deduce the mobilised shear strengtﬁ along the centre slip line.
This exercise has been carried out for the data on dense sand

presented in Fig.8 and the results are presented in Fig.1l3. 1In
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' R t ; ..
this figure the mohilised stress ratio = (= sin¢mob) is plotted
against the nonrdimensional distance along the ceptre slip line

The major point ¢f interest in this figuré is the curve OPQ

TN

corvesponding to 8 = 1.4%, i.e. at approximately peak load on
:he wall, Only the sand at point P has the fully mobilised peak
stress ratio. The sand to the right of P, i.e, éurve.PQ has vyet
oy mobilisg,its peak stress ratio,whereas the Sand to'the left of
i, i.e. curve OP, has passed beyond its peak strength and is
approaching the critical state strength. These curves indicate
the danger inheﬁent in constant ¢ analyses and the dubious nature
of ever assuming a fﬁlly mobilised ¢ in soils problems,

In orxder to throw more light on the strain hehaviouyr in
this problem it is useful to replot the data shown in Figs.B

and 10 as the reciprocal of shear strain, i.e. % against the non-

dimensional distanCe along the centre line cfvthz transiﬁion zone
i for each stage of rotation. The results are shown in Figs.1l4
and 15 fo; dense and loose sand respectively. These fiqures are
surprising in view of the apparently complex strain behaviour
~ccurring in this problem. It would appear'that the strain
l.ehaviour is adequately described at each stage of wall rotation
Ly simple linear relationships. By plotting the wall rotation 6
“4ivided by the shear strain, i.e. %M against % it is possible to
obtain single approximately unique relationships which are shown
in Figs.l6 and 17 for dense and loose sand respectively,

If one could apply a simple kinematic theory to the
wrublem under consideration and could predict relationships similar
to those observed, then in conjunction with an appropriate stress

ratio strain law one would also be able to estimate the load-

w11 displacement relationships. With this aim in mind a simplified
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approach to predicting the load~displacement relationship for
this problem will be made in the next section. However, the
observed strain distribution laws of Figs.l6 and 17 will be

employed rather than possible predictions.

A 'KINEMATIC' APPROACH TO THE SOLUTION

OF A PASSIVE EARTH PRESSURE PROBLEM

James and Bransby (1971) postulatéd a slip line field for
a constant dilatation rate material which with suitable boundary
conditions allows predictions of strain distributions throughout
deforming re§ions of a sand mass. The essential feature of the
slip line field was that the bounding slip line, i.e. the slip
line beyond which there was no movement, was a log spiral
originating at the toe df the wall with its centre at the top
of the wall, as illustrated in Fig.iS. The equation of the spirai

Ytanv

is r = r.e where r is the radius from the top of the wall

to a point on the spiral, ¥ the angle of this radius to the

vertical, and v the angle of dilatation, i.e. v = sin ' ¥ where
. . . . Y
v and Yy are the instantaneous volumetric and shear M

strain rates respectively. The spiral portion continues as far
as Y = 45 + % and the upper portion of the bounding slip line @
is assumed to continue as a straight line inclined at 45 - %
to the horizontal surface.

It will now be assumed that such a spiral and straight line
defines the centre slip line of the transition zone, i.e. the slip
line along which the experimental data indicate that the shear
strains are a maximum for the problem of passive rotation of a

wall about its upper edge. This assumption may be considered

reasonable since for the given mode of wall movement such a slip
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line represents the possible location of a 'kinematically admissible'*
strong displacement discontinuity, and hence also the location
of the largest strains. Since the strains are large, significant
mobilised shear strengths are also implied and hence, in order
that stress equilibrium be maintained, the material either sidé
of such a slip line must also suffer large strains in order tb
develop sufficient strength. Thus the slip line can be taken to
represent the centre line of a substantial transition zone. The
precise boundaries of the transition zone are not easily defined
since they are dependent not only on the kinematics of the problem
but also upon the stress-strain properties of the soil. However,
it is clear that the strains in the transition zone must be such
that stress equilibrium is maintained along any slip line within it.
For simplicity it will be assumed that a fan of slip lines originates
at the toe of the wall, with an included angle of 45 - % and

- that the fan be jnclined symetrically with respect to the centre
slip line. The outer slip lines of this fan are considered to be
the boundiné slip lines of the transition zone, i.e. as portrayed
in Fig.19. Thus the upper bounding slip line is defined by a v
log spiral with centre O,, the centre slip line of the transition

zone by a v log spiral with centre 0; and the lower bounding slip

line by a v log spiral with centre 03;. The above method of
defining the transition zone and the slip lines within it is

t somewhat arbitrary; however, for the problem under consideration
it produces a zone of slip lines similar to those observed
experimentally.

The soil within the transition zone may be arbitrarily

divided into triangular elements as shown in Fig.20. If the

angles of the resultant stress vectors on the three sides of each

* Both the log spiral and straight line portions of this slip line
are individually kinematically admissible for a constant v material,
however for the combination to be so the material above the slip
line must suffer some deformation.
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triangular element are known, then by considering the force
equilibrium of each element and commencing the calculations from
the uppermost triangular element, i.e. element 1 labelled HDJ

in Fig.20(a) it is possible to establish the magnitudes of the
resultant forces acting on every portion of the slip lines TABCD
and TEFGHJ. Subsequently the resultant forces acting on a
particular slip line may be summed vectorily and by consideration
of the force equilibrium of the 'block' of material above that
slip line the magnitude and direction of the resultant force on
the wall may be determined, i.e. as shown in Fig.20(b).

The advantages 0of such a method of calculation are (i) that
both magnitude and direction of the resultant wall force are
defined, whereas in most conventional methods the angle S has to
be assumed, and (ii) that different material properties may be
assumed for each triangular element specified in the transition
zone. In a conventional calculation method it is usually assumed
that lines of slip are also planes of maximum stress obliquity,
and thus the angles of the stress vectors along such a line are
usually assumed to be at ¢ to the normals. In the present cal-
culation since the slip lines are lines o©of zero extension the
stress vector will be inclined at 7 to the normal as shown in
Fig.20(b). The relationship between sin¢, the mobilised shearing
resistance, v, the dilatation rate (i.e. sinv = g Jand ¢ is given

by equation 1.
51n¢mcosv (1)

tan ¢ = 1l - sin¢msinv

which is obtained directly from Mohr's circles of stress and
strain rate by assuming that axes of stress and of strain rate

are coincident.
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Employing the empirical relationship Yy = 1.47 gﬁ

in the case of dense sand, it is possible to assess an average
magnitude of the shear strain appropriate to each triangular
element. 'Using these magnitudes in conjunction with a stress
ratio shear strain law, a value of mobilised shearing resistance
may be defined. Thus r, for each element, may be defined for any
specific angle of wal; rotation by inserting the appropriate
values of ¢m and v();sgzmed constant and equal to 20° for dense
Leighton Buzzard sand) into Equation 1. 1In the case of loose
sand the empirical relationship Yy = 1.16 gg and v = 0° have been
eﬁployed. The angle of the stress vector on those sides of a
triangular element which are common to two elements, such as
side DH (Fig.20(a)) is defined from the Mohr's circle of stfess
appropriate to the right hand element for the elements as drawn
in Fig.20. The results of a series of calculations using the
method outlined briefly above are given in Figs.2l and 22
together with experimental observations.

Fig.21l presents a plot of passive earth pressure coefficient
Kp multiplied by sec 8§ versus angle of wall rotation 6. Fig.22
presents th. mobilised angle of wall friction versus 6.

In both diagrams the full lines relate to the theoretical
calculations and the broken lines to the observations.

Considering dense sand first, the degree of correlation
up to peak between observed and predicted mobilised earth pressure
coefficient is good. The correlation beyond peak is poor, i.e.
portions of the curves PQ and PR are quite unrelated; however,
this may have been anticipated since beoyond peak it is known

that strong discontinuities form within the sand mass and hence
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the empirical strain relationship (YM = 1.47 g@ ) employed for

dense sand is no longer applicable. When such strong discontinuities
form the strains become very large and the mobilised shearing
resistance will quickly drop to the critical state wvalue.

To some extent the good agreement between the theory and
experiment over curve portions OP must be considered fortuitous
since it is known that the experimentally determined passive
earth pressure coefficients include the effects of tank side
friction. Nevertheless, in view of the magnitude of the assumptions
made and the simplicity of the calculation procedure the degree
of correlation is encouraging.

Considering the results for loose sand the deéree of
correlation at large angles of wall rotation is good but deteriqrates
in the early stages of wall movement. 1In this case one would
expect good correlation at peak since strong discontinuities do
not form at large wall rotations. However, poorer correlation
would be expected at the smaller angles of wall movement since it
is known that the loose sand suffers substantial contraction
during the early stages of shear defqrmation (i.e. v < 0), whereas
for simplicity in the loose calculations v was assumed equal to
zero. The corresponding mobilised angle of wall friction data
presented in Fig.22 indicate a good correlation for the loose sand

and a much less satisfactory correlation for the dense sand.

CONCLUDING REMARKS

My primary objectives in this paper have been to classify
model testing dependent upon the immediate goals of the tests, and

to indicate the value of the more academic Category III test. It
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was stated that Category I tests, in general, are difficult to
perform within the laboratory due to problems associated with
modelling the soil. However, centrifugal model testing is
expected to increase the attraction of this type of test since it
allows the use of prototype soils at prototype stress levels.
From the point of view of advancing our knowledge and
developing new and better methods of analysis Category II and
Category III tests offer thevmost profitable approach. 1In the

long term it is anticipated that finite element analysis employing

laboratory determined soil parameters will be able to give accurate

predictions of the behaviour of complex full scale prototype
structures; however before that day can arrive model testing has
a vital rolg to perform by providing data for detailed comparison
between prediction and reality.

In the latter part of the paper it was shown how a
Category ITI type experiment could shed light on the phenomena

of progressive failure. Subsequently an empirical approach to

predict the load displacement relationship for the problem considered

was made. The results illustrate the limitations of the simple
approach; however they also illustrate the importance of taking
strains into consideration. There is a serious gap in our
theoretical and experimental knowledge of the kinematic behaviour
in soils problems which urgently needs to be filled. There are
numerous static stress field solutions to soils problems which
employ a constant ¢ idealisation,. but such solutions usually take
no account of the kinematics or the effects of strains (see

Davis (1968)). There are’precious few complete kinematié solutions

and solutions which satisfy kinematic considerations, static stress
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field requirements and the real stress strain laws of soil
are almost unknown. Only when all three requirements are
satisfied simultaneoﬁsly will satisfactory load displacement
predictions be possible.

Thus a more detailed theoretical and experimental study
of soil kinematics, via Category III type experimentation, is

f
likely to prove a rewarding and valuable exercise.
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Fig.7. Model earth pressure apparatus and recording

equipment showing instrumented wall OB.
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FIG.10. CUMULATIVE SHEAR STR’AINS FOR

TEST MD  (ey: O-70) LORD 1969.
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FIG. 10. CUMULATI\/E SHEAR STRA\NS FOR TEST MD -
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