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continue to carry additional total stresses within confined zones
and pore pressures in thesc zones will continue to increase. In
the former case tha soll will continuc to deform plastically until
it reaches failure, showing, in gencral, different pore prussure
responscs in these two phases. Thus porc pressurc response at any
point in a soft clay deposit under increasing surface loading may
show two or three distinct phases, although in some cases the
plastic an.‘£§§&p;o responscs may be almost indistinguishable. ‘In-
this repo reo published field rocords,@re-examinedr—-One of—
these. a circular embankment loading on scensitlve clay, is studicd
in sotie detail and it is found that at the end of the initial elasH
tic phase, countained failure occurs with a disktinct change in pore
pressure rosponse with further loading. The plastic phase is
absent. In the second case, again a circalar cmbankment but on
soft clay of comparatively low sensitivity, the pore pressure
response under loading is distinctly three-phased. 1In the final
case record studied, a rnad embankment loading un Boston blue clay,
a distinct change in pore pressure responsec occurs at the cnd of
the elastic phase, followed by a phase in which plastic yielding
if it occurs is nok clearly distinguishable from the contained
failure response.
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FOREWORD

The investigation described herein was one phase of a
project, "Instrumentation of Embankmeonts and Foundations,"
spongozed by the Office, Chief of Engincers (OCE)}, under
CWIS 31189, The investigation was conducted during the
period January 1975 through July 1976,

The general objective of this study was to prosoant
the interprotatioa of £iecld records for the yleld conditions
associated with pore prassuxe responsces in soft soils under
surface loading. Work on this projcet was conducted and
the report was prepared by Professors R. H. G. P.rry,
Lecturer, University of Cambridge, England, and C. P. Wroth,
Reader in Soil Mechanics, University of Cambriage, England.

The contract was monitored by Mr. C. L. McAncar,
Chief, Soil Mechanics Division, under the goarora} super-
vision of Mr. J. P. Sale, Chief, Soils and Favements Labo-
ratory. Concracting QOfficer was COL G. H. Hilt, ~irector
of the Waterways Experiment Station.
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PORE PRESZIRES IN SOFT GROUND tHDER SURFACE LOADING

1. Introduction

In the first of this pair of reports, thecorics were
developed for the oxcess pore pressures that would be develuped
in soft clay as a rosult of surface loading. It was gshown that
most deoposits of soft clay will be in a lightly overconsolidated
state (as a result of degsiccation, lowering and raising of the
wateor table or delayed couwsolidation). For a typical clement, P
in Pig.l(a) at depth 2z in a deposit of gsoft clay, the existing
cffecetive stresses acting on the element are o¢, oﬁ - Koaé.

The total and effective stress states of the clement are shown
as points P and P' in Fig.l(b) in texms of the paramoters:-

the mean total principal stress p~ %(a,+a;+a,) ~ %(av+2uh)
the mean cffectlve principal stross p'= %(a{+bi+oi) r %(o;+20ﬁ)
the deviator stross q= (0,~0}) = (CARLAS

It wan zhown that the typical total and cffeetive stress
paths for the clement caused by some surface loading would bo
PQRS and P'Q'R'S' with the responge of the element displaying
three distinct phases. These phases would bhe:-

(3) an ‘clastic' response P'Q!
(1i) a plastic phase Q'R' and
(143) containecd failure R'S'.

The excess pore pressures which would be gencerated in the clement,
arc shown qualitatively in Fig.l(c) in which 4u has heea plotted
against the increment of total vertical stress on(local)
experienced by the clement as a consequence of the surface loading.
Expressions for the gradicnts of the three lincax portions of

the plot of Fig.l{c) are given in the first report.

In this sccond xeport, these theoreti~al ideas of pore
pressure development are applied to well documented field cases.
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The first case io that of axisymmotric loading of two circular
fills at Rsrum, in Norwvay, reported by HOeg, Andersland and
Rolfsen (1969). The other casc - are of an axisyrmetric loading
at Canvey Island, England reported by Pender, Parry and George
{1975) and of a planc strain casec of a long road cmbankment at
Boston reporled by D'Appolonia, Lambe and Poulos (1571).

]
2. Applfication to Fleld Cana of Axinymmetrie lLoading at Asrum

2.1 General Description

In oxder to study the problems of likely scttlement of
buildings on the quickclays in the arca around Oslo, the Norwesian
Geotechnical Institute carried out two ficld tests on a site at
xsrum. Esch test consisted of a circular £ill placed on the
cxicting ground surface,with carcful measurements being made of
cxcess pore pressures generated in the underlying clay, and of
scttlements of the £ill., Full details are given by Hdeg, Andersland
and Rolfsen (1969).

Profiles of the soil at the two ncighbouring sites, are
given in Fig.2a, and the in situ vertical stresses in Fig.2b
(loth diagrams being reproduced from the paper by Hdeg ct al.).
The upper 1 to 2 m connists of a fairly stiff fissurcd crust,
below which the very quick and soft clay extends to bedrock. The
natural water content of the clay ranges from ahout 55% to 70%
compared to a range of liquid limits of about 35% to 50%. 'The
undrained shear strength was measured by in situ vane tests and
unconfined compression tests on undisturbed somplas. Benecath the
surface crust the strength is as low as 0.5 tonne/m? (50 ki/m?)
and it increases with depth.

The observed values of the excess pore pressures reccorded
by the piezomcters at depths of 3 m and 5 m bencath the two f£ills
arc shown in Figs.3a to 3d. It is at once .pparent that the
responses of the piczometors near the centreline show two well
defined phases, with a sharp break between the two phases. These
responses will now be interpreted in the light of the theories
developed in the first report.
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2.2 Asrum I : Plezoneter A at 3 m denth on tho contra line

The positions of the varxious piczometexs are indicated
in Pig.4a. In this secction the rasponse of plezumeter A at a
dopth of 3 m on the centre line of the £1ill is examined in
detail.

Sinca the piczometer is on the centre line, conditions of
axial symmetry apply threughout the test. Although the diameter
of the £ill reduces with height, for the purposes of the cal-
culations the surface loading produced by the £i)1 is assumed
to be a uniform circular vertical load of intensity Ag = yh
and of average radiug a = 6,25 m ag shown in Fig.4b,

For the initial analysis of the behaviour of the sofl
clay it is assumed that the clastic responsze is isotropic. From
the elastic streoss distributions for a uniform flexible circular
loud of radius a on an olastic half space tabulated by Poulos
and Davis (1974) the curxves of Fig.5 have boen produced. Using
these results the relevant values for piczometer A are as
follows:~-

x/a = 0, z/a = 0.48, on/Ao = 0.919, th/Ao = 0,391 ..(L)

A%, 0.301
Hence the ratio of increments of total stress ) = y v =

g, 0.919

= 0,425

and the factor %(1 + 22,) = 0.617. From eqn.(17) of the first
report the perfectly elastic responsa of piczometer A would be

.“}_;‘_v = (1 + 28;) = 0.617, (Fig.4c) veo (2)

In terms of the observed surface load Ao, (rather than the
unknown lecal increment of total vertical stress on) the

Ao
response is given by Au _ Au L . -
'KG' -Eo—v- . __AU 0.617 % 0.919 0.567 o (3)

(Fig.4d)
This gradient almost exactly matches that of the first

linear portion P'Q' of the relevant plot in Pig.3*. The polnt

Q corresponds to the change in behaviour from an elastic response

* Xt should be noted that the scales in Figs.3a to 34 for Au
and Ac¢ are unfortunately not the same.




-4-

to eoither & plastic responsc or contained fallure. This ocecurs
at an increrment of surface load of Ao « 2,84 tonne/m? (285 kN/m?)
for which the cexecoss pore preusure generated at plezomater A
based on an clastic response would be £rom eqn. (3)

tu = 0,567 Ac = 1.6) t/m®. This corresponds closely to the
value ohsecrved for point Q in Fig.J.

If tha clay behaves perfectly elastically in the first
phase then the coxcess pore presgure is given dircetly by the
increment of mean total principal stress 4p as shown below:

tp = Fldo, + 20)
ap' = ({80, = M) + 2(Ac, - bu))

. bp - 4p' = &u

In an isotropic clastic soll under undrained conditions (i.e. no
volume change) 4p' = O and the stress path on a q-p' plot is a
vertical straight line (sce p 10 first report).

Thus, if Ap' =0
du = Ap

Hence the result of eqn.(3) could be obtained directly from the
appropriate curve for Ap/Ac in Fig.5, without the need to calculate
the stress increments on and Auh. But evaluation of tho latter
has two adva tages:~ (1) it allows estimates to be made of the
total and effective stress paths and hence a fuller understanding
of the behaviour of the clay, and (ii) it allows an anisotropic
clagtic response of the clay to be used, if necessory, i.c. the

use of the expressions given in cqn.(l7) and table 1 of the first
report,

At the stagc represented by Q' the clay locally around
piczometer A yields. At yield, then, Ac = 2.84 t/m?, From

clastic theory &g, = 2,61, Auh = 1,11, 4p' E 0 (4)

4 = 1.50, Ap = 1,61 (all units : t/m?)

The total and effective stress paths for the stages PQ and P'Q'
can now be plotted if the initial in situ stress states are known.
Unfortunately the problem of the in situ lazeral stress is a
difficult one, and the best that can be done is to estimate this
from all the limited information available.

— —_—
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rxom the results of the consolidation tests and the
profile of stresses in Fig.2b, for the depth 2 = I m,
ayy =1 t/m? u, = 4.5 t/m* and the overconsolidation ratio
is 3. Making use of eqn.(6) in the first report for estimuting

tha vaiue of Ko for lightly overconsolidated solils
v'
Ko a OCR Rn'“. - F;| (OCR-I) ese (5)

ard taking x‘ c. ™ 0.65 and v' = 0.28 (for a soii with
plasticity index of 16%), then

= 1,26

v,.28 x 2
K°'3x0.65 . R

Adcpting this estimate for K, gives o) = 1.26 o} = 1.00 t/m?
q, = - 0.26 t/m?, Py = 1.17 t/mt and Po = 5-67 t/m*. ‘The

total amd effcctive stress paths PAQARA and PRQA for an clerent
of soil at poini A based on these estimated in situ stresses

are plotted iy Pig.€. From the position of the point Q‘, and
from the in situ vane shear strongths (plotted in Pig.2a) of
about 0.8 t/m? corresponding to qe = 1.6 t/m*, it is conciudea
that the clay has probably reaclhied failure at point QA. Th

will wmean that for the soil at this depth of 3 m thore will be no
sacond phase of plastic ylelding (i.e. R' in Fig.lc coincides
with Q') and that the bchaviour goos directly from elastic to
coniained failure.

If this suggestion iz correct then the second lincar phase
of pore-pressure response in Fig.3a should have a gradient
Au/boc = on/Ao assuming that no post-peak softening occurs
(see section 9.3 of the firet report). Once the clay has yielded
or failed the assumption of an elastic stress distribution
throughout the elastic half-space is no longer valid. But most
cf tha soil, some distance from the region of containc" failure,
is still behaving elastically; inside the failing region the
total stress distribution must alter to some degrce to accommodate
tho plastic ctrains of the soll. There is limited evidunce to
show that the increments of total vortical stress oo, ramain as
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though they were given by elastic theory amnd the increments

of tokal hoxizontal stross Aah are larger than the corresponding
elastic values. I it is assumed for the sake of argument that
the elastic siress distribution for do,, is valid then for the

phaze R'S', tho expected reszponse is %% - %;! = 0.919.

Tha observed value is 1.03;, so that the above assumptions are

i{n reasonable agrecment with the fiead data, and certainly do

not conflict with them., It scems likely, in fact, that some post-
peak softening occurred,

]
2.) Asrum T : Plozomater E at 5 m dopth on the centre line

Adopting the same assumptions for piezomoter E as for
piezometer A the relevant valuus are as follows:-

r/a =0, z/a=0.8, Acv/Ac = 0.756, Auh/Ao ¢ 0.184 ... (6)

Therefore Ry = g*%%% = 0,243

by
t\Ov

and %% = 0.496 x 0.756 = 0.375

- %-u + 2,) = 0.496 vee (1)

This gradient should be compared to that of 0,45 for the observed
data of Fig.lb.

At yield Ac = 3.1 t/n? and from elastic theory
Ao, = 2.34 Ao, = 0.57 4p' =D :}
AQ = 1,77 Ap = 1.16 (all units : t/m?) (8)

An sstimate is row made of the initial in situ stress
state at E, on the same basis as for A in the last section.
From Fig.3, for a = 5 m, o} =1 t/m?, u, = 7.7 t/m®* and
OCR = 3, As before Ko is taken as 1.26 so that °ﬂo = 1,26 t/m?
q, = = 0.26 t/m*, p} » 1.17 t/n? and P, = 8.87 t/m*, The total
and effective stress paths PEQERB and Péoé for an element of
scil at E are plotted in Fig.6; the effective stress path starts
from the same point as for element A (by chance) and only differs
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from it by virtue of a sliyhtly larger value of Aq to cause
yield,

The same argumcnt as for eloment A is invoked to suggest
that clement E has reached failure at Qé, and that the bchaviour
of the soil changas dircctly from elastic to contained failure
without an intermediatc stage of plastic ylelding.

On this basis the gradient of the sccond stage would hao
Ao
cxpacted to be %% = KE! w 0.756; this comparcs with a measured
value of C.687 from Fig.3h.

2.4 Rsrum I : Piezometers not on the centre line

For the piezometers B,C,D at 3 m depth and F,G,H at 5 m
depth not on the centre line of the £ill conditions of axial
symmetry no longer apply. The simple expressions derived in
the {irst report are not valid, and the situation is much more
complicated becausa of the rotation of the principal axes of
stregs and stress incroment.,

However if the soil behaves in an isotropic elastic
manner wvhile undergoing no volume change, then Ap' = O and the
excess pore pressure is given (as before) by the increment of
wean total principal stress Ap. From the charts and functions
given by Poulos and Davis (1974) the ratios Ap/Ac have been
calculated for the six piezometers, and are compared in table 1
with the observed gradients of Au/A¢ taken dircctly from the
first phases of the responses plotted in Figs.3a and 3b. There
is reasonably good agresment between the two sets of values, which

supports the interpretation of the results in terms of isotropic

elasticity.
Y Computed Observed

Pilezometer z/a r/a Ap/Ac Au/Ao
A 0.48 o 0.567 0.600
B 0.48 0.4 0.532 0.546
C 0.48 0.8 0.396 0.342
D 0.48 1.2 0.186 0.105
E 0.8 0 0.375 0.45
F 0.8 0.4 0.347 0.315
G o.8 o,.r 0.266 0.276
H 0.8 1.2 0.162 0.150

Table 1 Compariscn between first phase of the observed excess
pore pressures and those compuied from elastic theory.




Tho consequences of the doparture from the simple case
of axial symmetry is illustrate.. for the case of plezometer G
in Fig.7. From Poulos and Davis (1974) it is possible to
calculate the increments of stress shown in perspective in Fig.7a
and in elevation in Fig.7b from elastic theory in terms of the
applied \circular) surface load Ac. They are Ao,/Ao = 0,504,
Ao:/Au = 0,185, AoG/Au = 0,109, Ar,r/Ao = 0,204, The Mohr's
circle of stress for the (r,z) plane is shown in Fig.7c, and
the principal increments of stress obh xcadily be calculated
to be

40)/80 = 0,603, Acy/Ac = Aoo/Ao = 0,109, Agy/Ac = 0,086

The principal axes of the stress incroments axe as shown in
Fig.7¢ and do not coincide with thcse of stress (the principal
directions of which depend on the ratio of Ac to the initial in
situ stresses at point G).

After yield has occurred, which is assumed to coincide
with the onset of contained failure, the local diaztribution of
stresses in the vicinity of G can no longer be elastic. It is
suggested for want of any experimental evidence that the dis-
tribution of the major principa: stress increment Ac; remains
largely unaffected and that Au = Ao,. If this hypothesis is
valid then the expected gradient in Pig.3a for the second phase

Au _ &u Ao
for piezcmeter G would be o = R KEL = 0,603, This should
be ccmpared with an observed value of about 0.5.

3. hpplication to Field Case of Axisymmetric Loading at
Canvey Islarnd

As part of a detailed site investigation for a major oil
refinery on a deposit of moft clay at Canvey Island in England,
two small circular trial embankments vere constructed to simulate
the behaviour of v.ie 0il tanks. The performance of the embankment
was monitored by observations of the settlement of the embankmont,

and of excess pore pressures recorded by piezometers placed in
the ground beneath.
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A deotailed description of the site and instrumentation
is given by George and Parry (1973). The pore pressure
rasponses have been interpreted by Pender, Parry and George (1975)
in the light of the thecories advanced in the first report. Those
papers arc appended to this report, and their main findings only
will be prescented briefly here,

undisturbed samples of the soft clay were subjected to
stress controlled drained triuxial tests with a variety of stress
paths in ordor to astablish the yield locus. The results are
shown in Figs.l3 and 14 of the first of this pair of recports.

The locations of four piezomcters, Pl, P5, P7 and PO
are given in Fig.8, Obscrved pore pressurc changes are plotted
in Fig.9 against changes in vertical total stress on at tip lavel
calculated by finite clement analysis using a bilincar model,
The responsc of cach piczometer shows the expected pattern of
three linear phases, with well defined points of change beiwoen
the phases. For the first phase of the pore-preszure response
the resulting valus of the ratio Au/Ap was 0.5 t2 0.6 whoreas
that predicted from isotropic elasticity would be 1, Howover
this discrcpancy may be due to any or all of the following
reasonss-

(1)  the soil may contain gas in the pore water due to
the organic matter present in a recent aliuvial deposit,

(11) the soil may behave anisotropically,

(111) the excess pore pressures will be dissipating
during the period of the construction of the embankment,

(iv) the finite element computations are only approximate
and are affected by the choice of boundary conditions and dis-
tribution of soil parameters within the mesh of elements.

4. Application to Field Case of Plane Strain Loading near

Boston, Mass.

A well documented case history for the plane strain
situation is reported by D'Appolonia, Lambe and Poulos (1971).
The paper reports the evaluation of excess pore pressures measured

.
\::"_ [
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under a long road embankment constructed near Boston as part
of the interstate lliighway system.

A cxoss section of the embankment is shown in Fig.l0a and
piezometer locations in Fig.lOb., Full details of the propertics
of the ground are given in the papor by D'Appolonia et al. A
selection of the observed values of excess pore pressure is
shown in Fig.ll where the results are plotted against the
elevation of the embankment.

All the piezometer readings show two distinct responses.
The end of the glastic phase is clourly defined in each case,
as the local element of soil (around the piezometer) yields
plastically or fails after bechaving elastically. It was pointed
out in Section 9.3 of the Zirst report that in some cases the
pore pressure responscs in phases 2 and 3 (i.a. plastic yielding
and failurc) would be difficult to distinguish. It can be seen
that some of the responses in Fig.ll could .be three phased,
although a third phase is not clearly distinguishable. It is
possible then that after completion of the elastic phase the
soil did progress through a plastic phase to contained failure
without any distinct change in pore pressure response.

D'Appolonia et al have made groat efforts to interproet
thesc results and they have considered four different distributions
of increment of total stresscs. They have ulso considered various
relationships between changes of total stress and of pore
pressures. They conclude that for the pre-yisld elastic phase
the best prediction of pore pressure is given by three-dimensional
elastic theory (as applied to the plane strain case) with Au = Ap,

A direct comparison of the ratio of measured to predicted
pore pressurces (which is directly prcportional to the gradients
of the first phases shown in Fig.ll) is given in Pig.l2a for
m2ny of the piezometers. Those piezometers near the upper sand
layer or near the till showed a substantial degree of dissipation
due to drainage and were discounted by D'Appolonia et al.

During contaired perfectly plastic failure it has been
showr that the change of pore pressure Au is expected to be

e
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equal to the (local) change of vertical total stress on {local).
Values of the ratio Au/on for the same sot of piczomcters ware
calculated by D'Appolonia et al, and are reproducad in Fig.12b,

The values are all greater than urdty, but generally closa to

it. The underpredictions indicate eithexr that, as suygested

above, the soil after local yield progresses through a plastic
stage bafore the onset of local failure (a response of Au/Aav > 1
is possibie in the plastic phase) or that a small degree of post
peak softening dccurring in the soil as discuszed in Section 9.4
of the first raport.

6. Conclusions

The theoretical considerations of p&zo pressures gensrated
in soft ground by surface loading have been compared with three
well documented case histories.

In all three cases - two axially sysmetric, one plans
strain - the pore pressure responses recorded by piezometers
ware’ linearly related to the applied surface loading. As expected
the xesponse had two or three stages: an initial elastic phase
followed by plastic ylelding and/or contained failure.

Por the first case of the circular £ill at xlrum, which
was studied in detail, the total and effective stress paths were
estimated for the locations of two of the piezometers. These
paths confirmed that the clay was sufficiently overconsolidated
(albeit to a small degree) that the middle phase of work-hardeniny
plastic behaviour was absent.

The pore pressure responses from the Canvey Island tests
showed three¢ distinct phases while the responses from the road
smbankment test at Boston showed two distinct phases, but it is
possible that the second phase combines plastic yielding and
contained failure.

In dotail, the predictions of pore pressures based on
isotropic elastic theory generally appear to overestimate the
observed values for tha elastic phase by between 20-50\, Part
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of this discrepancy can be attributed to anisotropy, to
incomplete saturation, or to partial dissipation due to
drainage.

The predictions of the pore pressure after yleld appear
to underestimate the observed values by 10-20% sincze no allow-
anca has been made for strain softening after failurc has occurread,
In addition the assumption that the distribution of the total
vertical stress is unaffacted by inelastic behaviour is quaestion-
able, and is bascd on slender evidence. It is possible that
complex finite element computations could resolve this doubt.

The concept of a yield locus for undisturbed samples and
its use in the interpretation of pore pressures observed in soft
ground under surface loading has been confirmed. For engineering
purposes, adequate predictions of pore-pressures may be made by
applying the concepts and theories proposed in the first of this
pair of reports.
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Appendix: A

*"Ficld loading test at Canvey Island" by
George P.J. and Parrxy R.H.G.

"The xesponsc of a soft clay layer to embankment
loading™® by Pender M.J., Parry R.H.G. and George P.J.
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The Response of a Soft Clay Layer to Embankment Loading

by
M. J. PENDER, B.E. (Hons)., Ph.D,, M.N.ZI.E.
Geomechanics Enguneer. Ministey of Works & Uevelopment N2
R. H. G. PARRY, M A, Ph.D, M.I.E.Aust
Lecturer, University of Cambindge, Fngland

and

P. J. GEORGE, B.Sc.
Engis ze2, Uayds Regwter of Shipping, fomecdy with Dames & Moote, Lonaon, UK.

SUWAKY.  The psre pressute response of A saft clay Javer subjected to erbanhment loading In Intespreted.
Cood qualitative ajreemant ia found between the olwetved pore pressures and those exgacted on the basis
that & lightly averronaclidated clay will mitbit & vell defined Yield locius,  Thim concept leads to the
prediction of A 8! 1eeepart IPEponEe corresponding ro elastic behaviour, ylelding, and contained faflure.
The observwd Pore (esAu/es were compared vith tatal atresses calculated by & non-linesr elastie {inite

elemcnt amalysis.
1 INTROOOCT 3L1:

AL Canvey Island in Essex a major U.k. ofl
vefinery {n to Lo constructed At A site adfacent to
the mouth of the Kiver Thamn,  This peper
descridbes somm anpects of the Interpratation of the
betaviour of ong of two amall trial sebanksants
constructed As part of the site Investigation,

In particular 1t vas deaized 1o axaning tha
chserved pore prossure gesponse In terma of Joae
sodorn Ldcas alout the hwhaviour of saft clay.
Critical state 3~11 machanics pravides & coasiatent
set of concepits rulavant to the stresy=atrain
Mehaviour and pere pressure respesse of soil,
Schofleld and Mroth (kef, 1), These sake 1T
possible to predict the generel features of the
1mediste pore pressure respons~ in A fleld Joading
situation. The qualitative validity of this
prediction 1s investigated here,

The pore Fresaure behaviour vas meas, ed with
hydraulic piexowaters installed at Jeveral positions
beneath the esbankment., These olmerved pregsures
wvere ralated to the ralculated changes In vertical
stress At the plezomgter locations. This atress
distribution vas datermined with a finite elesent
prograa capable of performing non-lincar elastic
analysis. Moch of the input data for the computer
runs was obtained from in=sity tests with the
Cankometer, a8 described in a companion paper {Mf.
2).

Toundations for tha product tanks at the
refinery could be either pila oy earth supported,
As there were clear acunomic banefits fur the alter-
nstive without piles tvo trisl esbankments were
constiucted to simulate the task load, These vere
cireular with )0 m base diameter and 11l side
ulopes, and constructed from cuspacted gianular
£111. A wore detatled descrijtion of the site and
Instriment details is given by Georye and Parry
{Ref. 3}, aleng vith & useful diucussion of the
economice of such an Investigation and cCommonts on
the performance Gf the varivus instruments,

2 BACY.GROUND

A central feature of the present Interprotation
Ju the concejpt that a lightly vverconsolidated clay
will exhibit a yield locus.  Because of the over-
consolidation the snesitu stress state will bo with-
in the locus and hence, initially, the soil will

show an elastic response to aditional loading.
The locus Teprescnts the dboundery of &1l the stress
atates for vhich tha soil fa assused to dehawwe
elastically, As such 1L represents A generalisi=
tion bl the preconsolidation zowcept.

AMrer the atreas path engages the ylield locus,
plastic stealn “ecomes dominant ard the pore
Pressure response wuch more significant. As the
streai path sovi. outvard the »oil work hardens and
the yleld locus Is expanded, These lduas Are
11lustrated in Flg. 1,

ABCD afleclive Stress
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0
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foaurs

work herdening
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pore premure, u

clestic
total strast, €

rig. 1 Yield locus and pore pressure response

The yield locus concept leads to the
suggestion that the pore prassure response of a
lightly overconsolidated clay undaer field loading
will exhubit threo distinct phases. Plrstly there
is an initial elastic response for stress paths
within the yield locus. tecondly when the stress
patb engages the yield lecus thera should be a
fairly sharp steepening in the pore pressure
response curve accompanying the plastic deformation,
rinally in undrained loading an element of s0il say
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reih contained fallute, so that no further ahear
stfess can be sustained by that particular plece of
soll,  Thus any additional stress Increnant mudt be
1s0tropic And balanced by An equal change In pore
Pressuro.  Thic swans that the pore pressute
increasa Juring contained fatlure vill be less

rapld than that vhen Ylwlding fa occurring. Mowe
avic, Wruth (Rel. 4) has swygested that thare may be
sose soils 1A vhich the rate of pore pressure build
up for the second stage 18 the sasg as that for the
1nal atage, 50 the vecond Kink §n the pore pressure
Tesponte curve may not alvays L observed. This
nght explain wvhy D'Appolonia at al (Ref. S} and
Hoeq ot al (Kef. &) cbserved a pore prussure
response With only one abrupt chiange in alope.

In Interpreting the responss & sultable
varlable must be chosan against vhich to piet
observed pore pressures, It was docided to uee
the calculated vertical stress (aduced by the
erbanimant 10ad,  This strass component was
nelected because anothet study, Hoeg at al (mael, 7)
has found that this strass cosponent Is not greatly
affected by non=linear miterial properties (at lsast
£or the casn Of uniform pressure loading). Alse
the vertical toral atress Increass has traditionally
baen Used A8 2 §ave Of POl Presaure TespoOnse.

3 SITE CONDITIONS AND 0I5 PROPERTINS

Tig. 2 gives & brief log of the soll profile
along vith the Atterbhary Linits and ia-situ water
content., More detalled information is qgiven in
Aef, 3. In-situ shear strength, horisontal
wtfective struss and undrained stiffness data, all
determined with the Camkomqtar, ate given in a
cospantion paper, Nughes =% al {mf, 2). Beneath
the cTust therw s & unflom {ncrease in strunglh,
hor.zontal eflective atrese and undratned stiffness
with depth.  This trand {s not apparently atfected
%y the change (n saterial type at a depth of
approxisately 6 m.
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rig. 2 Subsurface conditions

Dutch penetrometer probings show a very
substantial incresse in resistance at a depth of
10 m. Thus in the following analysis the soil
prcfile is idealised as & 10 m layer reatingon s
rough rigld base,

Undisturbed sampics, 5S¢ mm in diametar, were
taken with a Geonor piston sampler. A nusber of
triaxfal specimens, 54 rm in diameter, were prepared
from a sasple taken between 3 and 4 m depth. ‘These
were subjected to stress contrclled dralnsed triaxial

teats vith Alfferent strass paths so that the yleld
locus might be detarsined. Yielding vas prdsumd
to have occursed whan & break vas obegtved in the
atresgestrain curve. It I of Intergst 2o note
that the sane yield streas vas detemrmined with
respect to volusmatric and distortienal strains.
Swall atresn increments wvera applied and laft in
place until volume chango had almost onaned. Tor
preyield losd Increments this required 1 to 2 days
and for posteyliald Incremants 4 to 6 days. The
specisens had A hefght to diamster rativ of wailty
and lubricated end platens, Tha <ell (luld used
was & silicone oil, A back pressute of 290 kra
was applied to ensure vaturation. The results ot
one of tha tests and the rasulting yield locus are
9iven in Plge. ) and 4 respectively,

YELD STRESS

L]
(] T ) 4 K
strawn (%)
Fig. ) Result of conrentional dralned
triaxial tent
”1 effective siress path
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]
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[
S
~0
- -
(] iy v v
" ) \u 48 »

p kPe)

rig. 4 Yield locus fzom triaxial tests

4 PIELD MESULTS

The field results from four selected piezo-
meters (at locations indicated in Fig. 6) were
exanined and the undrained response (i.e. the
susmation of changes in plezosster readings on the
application of load-increments) is plotted egalnst
embankpent helght in Flg, 5. It i{s encouraging to
note that this piot suggests thrga separate phases
in the_pore pressure rerponse curve,
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S FINITY RLERINT ANALYSIS

The atreznes Induced in the sof) layer iy the
construction of the trial esbankmant were calculated
by finite elesent analysis. The program used was
that deacribed by liollingahead and Rayrond {(Raf, 8).
it perfotms & pun~linear elastic analysis by
modifying the clesent modulus o that a specificd
stress-strain curve 18 followed. The data input
allows for a variation {n Young'- modulus with
stress, but a conatant Pcisson's ratio. Any point
on the curve Is modelled by calculating an equiva-
lent secant padulus.  New element modull are
calculated betvean fterations and the analysis
repeated until an acceptable molution §¢ reached,
The streas on vhich the non-linearity ic based is
the maximum principal stress difference, any affect
of the intermediate principal stress is not
considered,

The finite eloment :esh 13 given {n rig. G.
The locations of the four plexomoters of faterest
are alsc shown in this diagram.  The wodelling of
the esbanisent bullding process was done by manually
changing the propertiss of successive rows of
exbarkmant elesents Latween runs of the prugrem,
The elesants above the current construction level
were present in the mesh but were allocated no
weight and very wsall stiffness.
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rig. 6 rinite element mash

The foundation material was divided into 10
equal layers with different properties, as set out
in Table I.

TAME 1
£ (kra)  §

Material x 305 '] (\ﬂfl'l C\; {ala)
Erbsankment 0.2 0.00] 14.7 -
Crust (0=~} m) 2,0 0.20 - pH)
Crust (1+2 n) 0.0 .42 - 2%
soft clay i
12-3 m) 0.6 0.48 15

linear linear
increane increase
Lo w
saft clay -
(510 =) 1.8 0.48 2

The uvadrained atiffness and fr-aitu atresgen
for the soft clay laysr used In deciding on the in=
put data for the computer calculations wara those
detemined with the Camkomater. The undrained
strengths vere derived from the vane s2rength
veaults.  There was no data avallalila for the
stiffness of the crust and cabankeent Raterjal,
Reasohable values were adopted for the modulus of
the vrust iterial, In the case of the embankment
some preliminary P.E. calculations suggested that
altost all of the material would Le av or near
faflure, thus a rather lov modulus was adopted.
The goft clay vas modalled as & bi=linear elastic
saterial. Sose inftial F.k. calculations
suggested that the scil banaath the embankment
first ylelds whan the shearing stress is about half
vay batween the in-aitu and falluxe valves, %hus
the initial modulus determined from the Camkomter
results was specified for sheszing stresses vp to
the mean of the in=situ and fallure values. Prrom
this point to fallure the modulus was reduced to
one third of thu initial value. This gives a
strain at fallure the same as that observed vith
the Caskometor. After reaching peak strength the
Camkomater tests shoved that the soil exhibitod
strain softening, but in the F.E, calculations thy
fallure shear stress vas asyumed to be maintained
indefinitaly once the elementg had reached fajlure.
The shape of the various stressestriin curves is
shova §n Fig. 7. The watcrtable was assused to be
At a depth of 1 m, hence the differing properties

cf the 2 layers of crust,

The fncompressibility

of the foundation materiil wvas podalled by sotting

roisson's ratio to ¢.48,

g v ‘%o
strein i
Embenkment Crust 0~im
g " £/
AL W2
. £;
srgin *
Ceust 1-2m Solt clay

rig. 7 Stress-strain curves for F.E. analysis
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In Fig. & the otwctved undralned pore presaute
response {or the {our plvacmaters under discuasion
15 plotted aqatast the caloulated total wertical
atiedn (nCrease die 10 the esbanhnent 10ad AL the
plezosster location. Kach response is seen to
consist of three vell delined lineac portions an
anticipated (n section 2,

00
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rig. 8 Ohserved pore pressures Mainet calovlated
vertical stress increase

In Tig. Y the stresa paths for plesometers 1P}
and 1PS are plotted. The path calculited by the
r.K. analysis gives total stress, the inferred
effective strese path is then found by plotting the
obseived pore pressure values on the diagran using
the total stress path as datum, Also included on
the diagran for pieacemtec 1Pl is the total atress
path for a linear elastic amalysis. A effective
stress failure envelope for ¢' = O and ¢' = 239 is
included I the dlagram, these values were obtained
(rom trianial tests o the soll.

Piszomater 1P §

@n-a3)  p2 %'(:.(‘.“)

| IR SR AN TGRS IR
» (APQ)

rig. 9 Stress paths at piesosmters 1Pl and 19S

[ DIACUSSION
The following polats marit briel commmat:

{a) The (inite elemnt calculations 41d not Attespt
10 elininate any Lensile stiesses Or L0 ensure that
atresses in the asbaninent mateclial lie within a
nohr=Couloss failure envelope. Zuanination of the
eleewnt stresses revealed that tansile stresens
vern sel wp In the foundation matarial, bt thete
were rather sealler than the In-sity stresnes. The
stresins Within the enbankmnt elevents were
generally found to lie vithin a fallure anvelope
dalined by ¢ = 10 k%, § = 45%, valums thought te
he ressonable for a cospacied granslar materinl,
The major enception 1o this wwre sosa sadial
tenslle strescns, wp 10 20 AFa, In tha hettom twe
satres of the srbanhment.

(d) Tha yinld locws was detarmined in triaatal
stress conditions whareas the Cield atress
conditions are more complax. A measura of the
duviation of the fiald stress conditions {rom tri-
anfal conditions is the angla, in the ¥ plane,
dutined as tan~! {/2ley = 0,)/(20; = 03 ~ wy}).
This gives-the angle betveen the 0) axis and the
peojection of the principal stress vector on the ¢
plane. Thin angle remained falrly comatant (with-
in X°) for a given elemsnt as the cshanhment helght
Increased, and also befere and after the non-1inear
analysis. At tha locetion of plesometer 1Pl (%t
wvea =19%, at 1P? ~20° and at 1710 =24° (the minue
sign algnifles that the angle was towerds the o,
anis from the o) anin), Thus the field atress
condltions {n the region of fnterest do not -Javiete
auch Zrom those for trianial compression and 50 the
yield locus deternined in the labocatery is of
relevence to the fisld dehaviour.

{c) The Cirst kink In the pore pressure resptnse
curve, Pig. 8, correaponis appronimately with the
intersection of the inferred effective stress pithe
and the yield locus, Ply, 9. Likewise for the om-
set of contained failure, Nowever the initial
part of the inferred e(fective Atress path swipests
that Mu/Mgce 18 0.5 = V.6 compared with 1.0 lor aa
isotropic eladtic sall, D'Appolomia et al (Kaf. $)
and Noey et al (Ref. ¢} found this value te by
about 0.8, This difference By wvell e dus te
aninotropy in the 30il and perhiaps to some exteat
the boundary conditions In the preseat problus.

The rather arratic behavicur of the finel part
of the infetrred af »*tive stress path may te 2
consequence of 3 ' - Lhet the F.&. analyals &ld
not consider * 4t ¥, “J.1 wndetgous acrala
softening off. 1 :h'  peak atrength. The
observed porc w--unily  LJponse no doubt reflects
the occurrence >~ suiinfiing, but the P.X. strecees
neglect this . rer stedict rethex highet
values of the &: 3 9. .iipal stress Zor the final
loading stages. 4y ‘could emplain why the finel
part of the alfectije atress path moves aay from
the fallure line, and also why the third stage of
the pore pressurs re curves in Pig. 8 does
not have a slope of unity as implied in section 2.

A fuzther aspect of this meglect of straim
softening in the F.X, analysis Is manifestad in the
decluion to use the vane strenyths rather thia the
Camkomater peak valuss. Some initial celculations
wers performed vith the Ceshometer atremgths, Dt
the resulting shape of the irferred offective
stress paths was not satisfactzcy,

{4) The esbankment load was applied gradually s¢
some consolidation, with consequeat changes in soil
propecties, sust have occurred. Enaminatioa of the
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amunt 6f dissipation A% the varicus plezosxters
reveals that (n tha suft clay layer letween 2 m and
6 B pore presseres dissipated rather slealy, vheres
as thase In the siltaor material leneath G i
dissifated meh nore rapidly.  Thus ar Jay 174
{vhen the eabskaent heltk? reatrhed 1 m) the
Qinsipation at plezomater 3] wad J3v and that at
IPS Q0N whilkt at day YO) (vhen 10 n war reached)
the dissiparions vere 40t and i\ respectively,
the fuur plezoaaters selucted fur the aAlaw
cooparienn ware levated in the clay layer with the
above rolatively slow rate of dissipation.

{e} The offert of the n.nelinearity and cinzained
fatlura on thd weruted strussen §8 of intereat,
rig. 10a has the Nohr circles of stress at the
position of 1Pl when the embankment height had
reazhed 10 m, it a linear elastic svlution snd
that with yield and failure inrluded. rig. 10b
has the same inframation at the position of 1PS
with the erbaskeeit Pefght at 7 m, It is seen
that the meat significant effect «f the non=linear
behavisur (s to subatantially ruduca the major
peinclpal stress, Qp, with a rather smaller
reduction in the othor princiy.al stresses,

linesr clattic nea-lincer

r Al Y v ) g 4 —
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ol piczometer 1P§, embankment height 10 m

60 70 » 50 $0 60 0 00
Stress  (kPa)

o piczometer 1PS, embepkmemt height Tm

rig. 10 Stress conditions at two piczomstors
7 CONCLUSIONS

The above cosparison between observed pore
pressure response and calculated stress changes
seens to justify qualitatively the validity of the
threa stage pore pressure response under field
loading of liyhtly overconsolidated clay. The
pore pressure rospohize curves, Fig, 8, show three
well daofined lincar porticns and the inferred
effeciive ntxess naths, Fig, 9, show an onset of
yiolding and contained failury that corresponds
¥roasonably well with the pore [zessure rosponse.

The varjous aspects of the back-figuring
process fit together falrly well, but qualitative
conclusions only can bo reached because so many
features of the stress calculation yre based ca

drastic sippliti-ations of the llkely respense of
the soll,  (uantitative cal¢ulations would reqéire
& ROra Affropriate eonstitutive relation for the
sail, fn which the yleld lucus and plantic
defoination vere vurreetly .cuunted for rather
than the crude bi=lincar elastic nolel. Alsu tha
softoning aftar poak atrength amd perhapa
consolidation Ichavicur wuld need to ba Includad,
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