AND LARGE IN-SITU PLATE TESTS IN LONDON CLAY

by A Marsland and M F Randolph

SUMMARY

Comparisons have been mede of the engineering properties of stiff
fissured London Cla.y determined from pressuremeter tests, using & 60 mm
~ diameter probe in a pre-drilled borehole with the operational values
 determined from deep in-situ loading tests on 865 mm diameter plates in
9OO mn diameter boreholes, The shear gtrengths de'l;ern&ned from the
pressuremeter tests are all higher than the operationé.l -streng’ch-.

The ratio between the two strengthé depends upon the method of inter—
prefaxion, thelin—ﬁitu lateral stresses, and the nature and sige %fﬂthe
clay fabric in relation to size of the probe. Strengths determined
from the pressuremeter tests range from 1.1 to greater than 3 times the
operajbional values determined from the large -iﬁ-situ plate ;ests. Tha
most reasonable end consistent values determined from the pref.sls..uremetc!r
tests are those obtained using elasto-plastic analyses incorporat.ing

good estimates of the limit pressures and the horizontal in-situ

pressures. In order to obtain operational strengths it ie necessary

continuedsssees to Vreduce

E'Crown Copyright 1976 ~ Building Research Establishment
Department of the Envirorment

November 1976

PD 144/76

This paper is being offered for publication in Geotechnique and will
appear subsequently as a Current Paper.
£99,10,1

. G17/71 -AM/MFR



&

to reduce these values by factors which depend mainly on the nature .
and spacing of the discontinuities in the clay and, to a lesser extent,
on the values of the effective normal stresses in the ground. For
fissured London Clay this reduction factor increases from 1.1 near the
surface to about 2.2 at a depth of 24.h. Shear strengths determined
using analyses giving the stress—strain curves for small elements
adjacent to the wall of the pressuremeter probe are apprébiably‘gfeéter

-than those determined from the limit pressures.

Moduli determined from the pressuremeter tests are appreciably lower
than the operational values determined from large in-éitu plate tests,
It is, however, considered that the values determined from the re-~load
cycles can be used as a reasonable basis for the design of foundations,
The dangers of using correlations between different types of smell

field or laboratory tests is pointed out.



RES WS

Les propriétds mécaniques de l'argile de Londres, raide et fissurde
sont détermindes par des essais pressiométriques a;::>;;nde de 60 mm
~ de diamétre en trou préforé, et en chargement 3 la plaque, de 865 mm

de diématre, en trous de sondage de 900 mm de diamétre. Toutes les

résistances de oisaillement détermindes par les essais pressiométriques

—— =

sont supérieures’;ﬁx valeurs opérationelles dStermindes par les essais
de chargement a la plaque. Le rapport entre les deux résistances dépend
de la méthode d'interprétation, des pressions horizontales naturelles

du sol et de la nature et de la dimension de la structure de 1%argile
par rapport & la dimension de 1a sonde. Les résistences d&terminges
par les essais pressiomé%riques varient de 1.1 jusqu'a plus de 3} foinm
les valeur opérationelles détermindes par les essais de chargement A

la plaque. Les valeurs les plus acceptables détermindes par eannin
pressiométriques sont obtenues par analyses Slasto-plastiquen M
évaluation Jjuste des pressions limites et horizontales naturelten,

Pour obtenir les résistences operationelles, les valeurs dojvent Atrn

" réduites par un facteur dependant du type et de l'eépacement den finguren
de 1%argile, et aussi, jusqu'd un certain point, sur les valeurs den
pressions naturelles géneralement présentes. Pour l'argile fimmurae de
Londres ce faoteur de réduction s'acoroit de 11 pres de la surfroe
jusqu?d environ 2.2 & une profondeur de 24 m, Leé résistances de
cisaillement détermindes par asnalyses donnant les courbes contrainte-
déformation pour petites iranches adjacentes & la sonde pressiomatrirqne
défevmindes

sont oconsidérablement plus importantes que les valeurs

!

des pressions Limibes,

Les moduli de oisaillement determines par essais preasiom;trique sont



considérablement infgrieurs aux valeurs opérationelles détermindes par
essais de chargement a la plaque 3 1templacement. Cependant, on
considére que les valeurs déterminées par les essais de rechargement
peuvent Stre utilisées pour 1'8tablissement des plans de fondations.

Les dangers associés avec ltutilisation de comparaisons entre diffe’rents
types dlessaist sur petité échelle & 1l'emplacement et en laboratoire,

sont soulignés.
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COMPARISONS OF THE RESULTS FROM PRESSUREMETER TESTS
AND LARGE IN-SITU PLATE TESTS IN LONDON CLAY

by A Marsland and M F Randolph |

INTRODUCTION

Measurements of the pressures required to inflate cylindrical probes installed
in boreholes and the corresponding volume changes have been used for more

than a decade to provide data for foundation design. Devices used for making
such measurements are known as pressuremeters., In France they have been used
in a wide range of soils and comprehensive semi-empirical rules have been

. developed for estimating both the end-bearing pressures and the allowable

» \(‘
side shear mobilised by piles and other types of foundations (Menmard, L F,

N
1957, 1963 and 1965).

In the United Kingdom the application of pressuremeter tests has béen more
limited and they have been used malnly to determine the properties of soft
rocks such aS'Marls, Mudstones, Sandstones and Chalk (Meigh, A C and

Greenland, S W 1965; Hobbs, N B and Dickson, J C, 1970). Some early tests

in the London Clay at a site near Bradwell, Essex, were analysed by Gibson, R E
and Anderson W F (1961)., These authors outlined a theory for the evaluation

of soil parameters from the results of pressuremeter tests following similar
lines to those adopted by Bishop, R F, Hill, R, and Mott N F (1945), and

Hill, R (1950). The values of shear strengths they determined from the pressure?

meter tests near the surface were in reasonable agreement with those obtained

A99/10/1 b
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from ttlax1al tests on 76 tmm high x 36 mm dlameter speclmenst .Atlienet leveis'
- the strengths they obtained from the pressuremeter tests were hlgher than

those obtained from-the triaxial tests, The ratio between the values determined
from the two types of test gradually increased with depth unt11 a value of

Is5 was reached at the ms mmum depth of 12 m, Glbson and Anderson’ suggested
'that these dlfferences mdy have been due to the in- 31tu 1atera1 effectlve

stress belng 1arger than the effective overburden pressures, or to the tr1ax1a1

ests giving lower values as a consequence of sample disturhance. More recent
studles on London Clay (Agarwa{L, K B, 1967; Bishop, A W and thtle, A L,

1967; Marsland; A, 1967, 1971(a) and 1971(b)) have shown thatﬂttiaxial tests
.on 76 mm high x 38 um diameter sPeeimens often give strengths uhieh are_eppreciably
higher than.those obtained ftom tests on larger samples and'from'lerge-in—sith
“tests, It has been shown that the ratio of the dimensions 6f the uslume of
the soil tested to the dimensions of the intact lumps of clay between the
flssures can seriously affect the measured shear strengths. As 4 consequence
empirical correlations based on comparisons between smalllin4situ'fie1d tests
such as the pressuremeter, vane and the cone penetrometer test (Marsland,_A,
|97A),.and laboratory tests may be misleading unless the possible scale effects
are taken into account, The present paper compares the.results of pressuremeter
tests with those obtained from loading tests on 865 nm,diameter.pletes installed

in 900 mm diameter boreholes to depths of 25 m,

LOCATION OF SITE AND PROPERTIES OF THE CLAY
. The tests described in this paper were made at a site located near the edge
- of. the flood plain of the Rlver Brent at Hendon approx1mate1y lO km to the

north—west of Central London. Here the London Clay extends to_the surface




v

and the top 25 m contalns 55 to 60 per cent of particles less than 2 um.:='

The 11qu1d limit of the clay varies between 60 and 80 per cent . and m051ture.-
contents are approx;mately equal to the plastic limit whlch ranges from 30

per cent near_the sﬁrface to 26 per cent at a depth of 25 m.

Down to a depth of 9 m the'eiey_is.weathered to a brown colour and consists

of hard lumpe set in a eoft'clay matrix, Near the surface the lﬁmpe heve
dimensions of only a few millimetres and are well separated by softened clay. .
The d1mens1ons of the hard 1umps gradually increase with- depth unt11 they

:have dlmen51ons of 6 to 50 mm at a depth of 9 m, At this 1eve1 there is

- only suff1c1ent softened clay to provide a small adhesion between the 1umps.
Below 9 mit is a Stlff "highly fissured grey-blue clay Whlch separates ea511y
along the flsSures. The spaclng of the flssures increases from 6 to 50 mm |

at a depth of 9 m te 75 to 325 mm at a depth of 25 m. The flsSurEé are 1nc1ineé
at - all angles, but there is a tendency towards a predomlnence of near-vertlcal
and near-horlzontal flsSures, partltularly at the deepest 1evels.__Be10w

;| depth of about 15 m small quantities of water Could be seen seeping from

the eides of the borehole a few hours after drilling. Inspection of the'.

clay below this level showed that there were traces of silt and fine sand

on some of the horizontal bedding planes, patticularly at depths of between

17 an& 22 m, Water levels ﬁeasured in Casagrande type piezometers imstalled

at depths of 12 and 24 n gave eqﬁilibrium piezometric levels about 1 m below -

ground level,

LOADING TESTS ON 865 mm DIAMETER PLATES IN 900 mm DIAMETER BOREHOLES

In-situ loading teets on 865 mm diameter plates were made in 900 mm diameter
Boreholes at depths of 6.1, 12,2, 18.3 and 24,4 m below ground leﬁei. -These
tests form part of an extensive investigation of in-situ and 1aboratoty tests

-on London Clay.



A general descr1ptlon of the equlpment and test procedures has.already beet: -
glven (Maraland A, 1971(b)) The equipment was deslgned w1th the object
3of keep1ng the tlme requlred to erect the loading and settlement measurlng.
systems to a‘mlnlmum.‘ A hellcal fllght auger was used to dr111 the 900 mm ':..
diameter borehole to within about 600 mm of the test 1eve1 and a flat~bottomed
_bucket auger was used to take out the remalnder S0 as to produce a flet-bottomed
- hole, Loose and protrudlng clay was removed from the base of the hole by

hand 1n all the tests and for some of the tests addltlonal clay was removed
from the. base u51ng a sharp spade and a hand scraper. As soon as_the removal
'of 8p011 from the base of the hole was completed a 15 to_ZQ nmlthick‘leyer
of a hlgh-strength Gypsum plaster mix was spread over thefbgge of'the botrehole
and the loadlng plate carefully bedded into pOSItlon. -The eVerege tlne.Between
: complet1on of the machlne borlng and the commencement of a loadlng test was -
~about 40 mlnutes for the tests in which only the loose mater1a1 was removed

by hand from the test 1evel For tests where add1t10ne1 clay was removed

_from the bottom of the borehole by hand dlgglng the average t1me 1nterva1
"was abOut 80 mlnutes. The settlement of the plate was trensferred to ground ,
level by means of an 1ndependent axial load-free referenCe cclumn bu11t up

. from lengths of 100 tim dlameter tube, Dial gauges flxed to a 1? m 1ong refercnce
:pbeam vere used to measure the settlement. The end of the reference beam rested
_fon rollers cast 1nto concrete blocks whlch in turn rested on.concrete pad”
{foundatlons Well removed from both the ten31on plles and the test borehole.
Durlng the loadlng test the Jack was extended at a constant rate of 24 5 mm

per mlnute ua1ug a multl—speed hydraulie pump1ng snit whlch ensured a very

:smooth penetratzon free from pressure pulses.‘



These tests gave load/settlement curves with reasonably well defined maxima

and a typical éxample is given in Figure 1. They did not show any obvious
 bedding errors which are common in smaller tests made in boréhﬁles which are
téd smail-to permit accéss for cleaning the test surface by hand. Slight
initial concavity of the load/settlement curve occurred in‘a.feﬁ of the tests
in which only the loose clay was removed from the base of the borehole prior

to setting thé plate in plaster. 1In testsrwhere additional clay was dug from -
the base of the borehole by hand there was no sign of iﬁitial conéévitj iﬁ-

the load/settlement curve,

PRESSUREMETER TESTS

;Description of equipment

The complete pfessuremeter'system is shown diagrammatically in Figure 2.

It consisted of two separate units: a radially expandable probe whicﬁ is ins;alled
in the borehole connected to a pressurising and volume measuring instrumeﬁt
(V91umeter) resting on the ground surface, Details of the measuring equipment
and probe used in the present series of tests are §h0wn in Figure 3. The

probe consisted of a hollow alluminium shaft surrounded by two rubber membranes.
The inner membrane which formed the measuring cell was 216 mm long and filled
withiwater. An outer membrane, 480 mm long, protected the inner membrane

and also formed the guard cells at both ends of the measuring ceil. Protection
of the outer membrane was provided by overlapping longitudinal strips made

of thin spring steel.

The water pressure was applied to the inner measuring cell of the probe via

‘the innet section of a coaxial tube which connected it to the pressurised



"*uwetef eyliﬁdEr-formiﬁg the volume measuring device. Expanslon of the ends
'3'of the outer membrane was achieved by pressurised gas pa831ng down the outer
.annular section of the connectlng tube. The pressire of thIS'gaS was kept
_IOWer than that of the water in the measuring cell to ensure that the measurlng
cell always remalned in contact Wltb the outer membrane,. The volumeter, whlch
had a capaclty of 800 cc, was split into 2 parallel tubes Wlth dlameters in.
the ratio of 10 to 1. . In normal operat1on the water was supplled from both
tubes, but for very small volume changes the outlet from the larger tube was.
closed. The water in the volumeter was pressurised by gas supplled from a.
h1gh-pressure cyllnder V1a a regulatxng valve, Gas to pressur1se the guard
'cells_et-a slightly lower pressure was tapped from the pressu:e‘eontrpl supply

‘to the volumeter via a second differential pressure valve. _

The external diameter of the probe in its deflated cond1t10n was 58 mm, prov1d1ng_
a measurlng cell w1th a length of approximately 4 times its dlameter. The.
guard cells helped to create a condition approaching plane straln in the reg1on

of the measur1ng cell by increasing the axial extent of the rad1a1 stress

fleld .

Test.procedures

A NX gize casing was drilled in to | m above the proposed test level using

a t:icoﬁe bit, Beloﬁ this, a test pocket 1.30Im deep having a diameter of
approximately 60 mm was drilled with a BX sized tricome bit. The pressuremetet -
was installed as quickly as possible into the test pocket leaving e gap of

about 0.15 m between the probe and the bottom of the pocket. . The elapsed

time between the end of drilling the test pocket and the commencement of



' [ . .
~ the teet was ebout 15 mlnutes. After completlng “the first test the borehole

was. advanced to w1th1n 1 m of the next test level using the NX srzed blt and‘oﬂ'.
casxng and the same procedures were followed as before, Water.was‘used as
_the flushing fluld_durlng the drilling of borehole l 'whileiihsborehole.Z

'3a drilling additive was added to the water. The ohJect of thls add1t1Ve wasg ;:.
- to produce a thln 1mpermeable mud cake on the . s1des of the pocket as drllllng;t

progressed and thus reduce ‘the ingress of water into the clay adJaeent to

-the Walls of the borehole.

.'HaVihg'IOWeredethe'orobe to the correct level within the teEt'oocket{weter ;'
was allowed to flow from the volumeter to inflate the measurlng cell in . the
-_probe until the central section of the proble came into c0ntact w1th.the 51des
of the hole. Slnee the borehole was filled with ‘water or dr1111ng f1u1d the

- tests started at a total pressure equal to Yg2s where Yf is the den31ty of
the.drlllgng liquid, For tests at depths less than 10 m the'dlfferentlel
'presaure_valve was set so that the gas pressure applied to the guard cells

. was aphrbximately 2 kg/cm2 below that applied to the top surface of the water
in the voiumeter. For tests carried out at depths greater then 10 m the gas
preesure in the guard cells was increased until the presadre'wes sufficient

to atart-pushing the water back into the volumeter when the water in the volumater.
wds kept at atmospheric pressure. The gas pressure in the guard cells_was

then reduced by 1-2 kg/cm2 using the differential pressure’ valve. This enqured
that the gas pressure supplled to the guard cell throughout the test was kept

this much lower than the water pressure applied to the measuring cell in the

probe.,



. used in the upper levels of the clay, whlle increments of 1. 0 kg/cm and l 5 kgicm

- The size of the pressure increments was chosen to glve 15 or. 16 p01nts on'.
the pressure volume curve from the start of the test unt11 the probe reached
its maximum perm1s31b1e exten51on when the radial straln was'about 25 per

' fcenté‘ In practlce thls meant that pressure 1ncrements of 0. 5 kg/cm2 were o
5 -

:'tywere app11ed for tests at depths of 10 m and 20 m respect1ve1y.

1'fAIt took about.30 seConds to increase the pressure at each 1ncrement.z es soou
4as the 1ncrement had been applled a zero read1ng was taken for the new pressure_
ﬁ_and further readings taken at .15 seconds, 30 seconds, + mlnute and 2 mlnutes
“before app1y1ng the next’ pressure 1ncrement.‘ In thls Way the short—term creep
occurlng at each pressure was measured. The change in volume whlch occurted
between 30 seconds and 2 mirutes was plotted for each pressure to prov1de :.
'an 1nd1catron of the amount of creep tsklng place.' The total volume'change :
of the measurlng eell from ‘the beglnnlng of the ‘test to’ the end of each pressure
. 1ncrement was plotted on the same, graph‘ Curves for a typlcal test are shown
~in Flgure b, from whlch 1t cah be seen that the creep readlngs are relatlvely
' -small for pressure correspondlng to the llnear reglon of -the p -V eurve,
_and only 1ncrease_sub9tant1ally when the clay adjacent to the_test poeket
Astarts to-become plastie; This pressure is denoted byupfa When this stage
was reached the pressure was reduced 1ncrements11y down to a value approarhlnp
Y2 usrng the same pressure intervals as when the pressure.was belng 1ncreased;
 This unloadlng was followed by a re-loading cycle up to a pressure oorresponding
to pe. Creep read1ngs were not taken durlng the unloadlng and re*loadlng

‘processes wh1ch_were therefore substant;ally quleker than the 1n1tlal.1oad1ng



process,

Futther pressure increments were then applied, durlng which creep

measurements were taken, until the probe was expanded to its maximum permlsﬁlble "

size which was approximately twice its volume at the beginning of the testa

The field measurements were corrected as follows:

1)

to obtain the total pressure acting on the inside wall of the measuting

cell, the pressure due to the head of water between the water surface

" in the volumeter and the test level (v H in Figure 2) was added to

(ii)

the gas pressure applied to the top of the volumetet,

. the total pressure acting on the clay at the side of the test pocket

is the pressure given by (i) above less the pressure required to stretch

the rubber membranes and the metal protective sheath where this was

used. Calibration tests were made by expanding the probe in the unconfined .

state and plotting the changes in volume against pressure., Onhe reselt.
of this correction is that even though equal increments of gas pressure
were applied to the volumeter, the pressure increments acting on the
ground decreased as the applied pressure was increased. Towards the"
end of a test only about 10 to 20 per cent of the applied gas pressure

was transferred to the clay under test.

the increase of the volume of the measuring cell was smaller than

the measured value due to the expansion of the volumeter and the tube
connecting it to the pressure cell., Use of the coaxial connecting.
tube significantly reduced this effect and the corrections in the

present tests were only about 1 cc over the full range of pressure.



' ;The errors duelro ‘the expansion of the connecting tube en& the iﬁflueﬁtell'
\_of amell enclosed alr bubbles can be measured by pressur151ng the probe while
it is 1nserted 1nto a steel tube having an 1nterna1 dlameter Sllghtly larger“ |
1than the out51de dlameter of the deflated probe. This procedure dIBO enables

water levels in the volumeter to be related to the correspondlng volumes

of the measur1ng sectxon of the probe.

It is recommended that the calibration outlined in- (11) and (111) above should_

. -be made pr1or to eVery test and after the last test on a partlcular day.

It must Be stressed thar the procedures adooted in these'reets were thoseEH
Currentlj used in commercial practice in the UK, Whlle the procedures were |
reasonable in London Clay more attentlon could be glven to the methods of
._.cellbratlon.and pressure.control.- There is also a need for mmre_researoh

on the_influence'of the retesrof testing and the metﬁod:of_foroatioo of the

 test pookets.

EVALUATION OF SOIL PARAMETERS FROM PLATE TESTS AND PRESSUREHETER TESTS
Undralned shear strength

4D Plate loading tests

The theoretical relationship for the bearing capacity of a eeep foondation

in clay is given in terms of the undrained shear strength (Terzeghi, K, 1943)

q, = No.c & + Vgt (1)

10




LI,

\mere q, = ultimate base pressuse

; N u'”:the theoretical bearing capacity factor fdr"chéfpértiéﬁiaf o
“type of foundation
'”Y~2: =  total overburden pressure

¢. - = undrained shear strength.

Approxlmate values of N for a deep ecircular foundatlon can be obtalned 1n

'_terms of the shear modulus, G, of the soil and its undralned shear strength o

'by con31der1ng the base fallure of the foundatlon as belng analogous to the

expanslon of a spher1ca1 cavity, The limiting pressure at which contlnuous

iexpan31on of a spherlcal cavity occurs in a unlform.lsotr0p1c elastlc—plastxc

'materlal and in which no volume change occurs, can be determlned by the expre§31on N

obtalned by Blshop, R F, Hill, R and Mott, N F (1945): _
4, - G _ B
p_L - /3 1. -+ 10ge ry . cu + "(sz B - (2)

u

where Py = limit pressure

Yg2 = pressure in the ground prior to expanding the cévity

G =  undrained shear modulus of the soil;

G = Eu/3 where E, is the undrained Young's modulus,

This solution, for an expanding spherical cavity, was modified by Gibson, R E

(1950) to giﬁe an expression for the bearing capacity of a deép fbﬁndatiqn;.

11



'ﬂ:;'of a polnted plle.. For a flat base loaded to glve an undra1ned féllureilﬂ

 '7;c1ay a = &5 and

- He took 1nto account the dlfferences in the failure mechanlsm of the twb e

B eases and obta1ned the follOW1ng equations

9, ® -{g. [1039 !cu + l] . f cot a} e+ 'Y:?“;.f;;(a),ﬂ

fwhere the cot a term allows for the shear stress along the 1nterfaee of the;_"Q-'

elast1c—plast1c zone whlch forms under the foundatlon or along the surface:'

o {3 | [’“’ge oy

Compar1ng thxs expresslon Wlth eq (I), values of N are obtalned whmch range :

; from about 5 for a materlal with G/c ratio of 7 to between 9 and IO for-

" _ene w1th G/c ratlo greater than 150, The hlgher values are in agrEement

- w1th the apprdx1mate values of N for p11ea penetratlng lnto ‘an 1dea1 r1g1d

plaatlc medlum obtalned by Meyerhoff,'G G, (1951.and 1961}, For flatnbottomed

piles he obtaiﬁed.N = 9 34 when He~neglected the effects on’ the base re515tanrr'.'

" of the shear forces actlng on the vertical sides of the p11e and N =9, 74

when the full effects of these shear forces were taken into account. -

“In the caee-of tﬁelloading‘teste en. circular plates in borehdlee, the sﬁeer
forces acting on the vertical sides of the plate are small, and the valie

of Nc = 9,34 is appropriete, provided that the plate has_the~sane-diaﬁeter'
as_the borehole, This value is alsoc in good agreement with vaiues'obtained

_from model tests in reconstituted London Clay (Marslend.'A' 1972). 'At‘preSent

. the- most reliable values of N for undisturbed London Clay are those deduced

from the u1t1mate bearlng capac1t1es measured in the 1oad1ng tests on. 865 fm

12



lfdrameter plates at a depth of 6.1 m at the present site and the correspondlngﬂ'ﬁ L

shear strengths measured in trlaxral tests on 98 mm dlameter samples. At.
"~ this depth, good - undrsturbed gamples were obtalned and the f1ssures are sufr"’
':.f1c1ent1y closely lpaced for strengths measured on 98 mm drameter specrmens
- to: prov1de a reasonable measure of the large scale strength. Values of N
- vary1ng from 8.7 to 9 65 W1th an aVerage of 9. 25 were obtalned from these_

 tests.

"In this paper the undralned shear strengths of the stlff London Clay have
been determlned from ‘the plate tests us1ng the relatxonshrp
Ao = Y % . : SR
Y SRR - 1 =
o N | L -
'where-qi - . total 1oad on the plate divided by the baéezareé-of the niete
1 NT'_é; 9.6 whlch is the relevant plate factor based ona theoretlcal
bearlng capacity factor of N = 9,25 with an allowance for adheeron
‘to the vertical sides of the plate, equal to 60 per cent of ;1
the shear strength of the clay (thlckness of plate =_0.15 X

: _d1ameter of plate).

- The values of c derived from the values of qp measured_bnhthe large plate

tests and using eq (5) are plotted against depth in Figure 5.

(2) Pressuremeter tests
In a pressuremeter test, the soil surroundlng the central cyllndrlcal measurlng
cell is deformed under conditions which correspond closely to plane Stralng

The equivalent relationship to eq (2) for the limiting prehsure reqnired

13



to expand ap infinitely long cylindrical cavity, derived by Bishop, R F,

"H_iii. R and Mott, N F (1945) and Gibson, R E and Anderson, W F (1961), is:

oto

u

where P, = horizontal in-situ stress prior to drilling.

The term (1oge A% + 1), which is analogues to Nc in e§ (l)g.will be defined
: u
as the pressuremeter constant Np.

The stress-strain curves for saturated clays in undrained shear depart froﬁ
the ideal elasto-plastic curve assumed in the derivation of eq (6) in that

they are continﬁous curves with no well defined yield point., The shear modulus,
defined either as a tangent or as a secant modulus does not remain constant

but decreases continuously with increasing strain. Ladanyi, B.(l963)_obtained
solutions for the expansion of cavities using the stress-strain curves obtained
from triaxigl tests on several clays. He showed that the limit pressure,

128 depended on the shape of the stress-strain curve as well as on the ratio
of the shear strength to some suitable shear modulus. However, on comparing‘
his solutions with those obtained from eqs (2) and (6), he concluded that
reasonable agreement could be obtained provided that the secant modulus over
the rangé of deviator stress 0 » } (0l - 03)f was used aé the value of the

- shear modulus, G, in these equatioms.

In order to determine the values of c, using eq (6), it is necessary to determine

. py, and also to have reasonable estimates of p, and G.

14
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1(3)7. Estlmatlon of pL

;The limit preesure pL cannot be determined d1rect1y by measurement 1n a pressureu

- _meter test since by deflnltlon it i8 the pressure at whlch contlnﬂous expansibn

--of the cavity occurs.

- The standard pressuremeter is inserted into en open borehole and as a'con—
*sequence the start of the test is at a lower presSure than the 1n-91tu horlzontal

”stress; Py Glbson, R E and Anderson, W F (1961) assumed that the volume

change wh1ch occurred during unloading from P to zero was dlrectly proportlonal

to the change of pressure. This implies that the P~ V curve is also 11near

during reloading from zeroc pressure to Py Us;ng this assqmpt1qn-and tak1ng

the start of the tests from a pressure p = 0, and the correSpnnding-vulume

Vo= Vi' they obtaxned an expression which gave the pressures in the later

stages of the tests when plaatxc deformatlon plays an ever 1ncrea81ng part .

m('t': :&

Mo > e B C\ \)5 2 X
. . : : o AV AV . 0] Ry SE " W
= + ¢ L — 1 = —— A , W 7 R .

¢ " 'ﬁﬁi Eﬁ?ﬁw
: M."ﬂ

where AV = the increase in volume from the initial volume V'b
| ‘,.Qb
V'o = initial volume at p = 0

V = total volume at pressure p. (V= AN AV, )

Unfortunately the p ~ V curves obtained from the pressuremeter tests on London
Clay (see Figure 4) show that the initial reloading curve is véry.non—linear
and this affects-the relationship given in eq (7). The effects of reduclng

the stress from p, to zero can be 51gn1f1cant1y reduced by taklng the startlnp

--po1nt of the test at a pressure p = Pye The correSpondlng startlng_volume

: VO can be read from the p = V curve and subsequent volume changes méasured-_

15



| from this nev initial volune, The new expression for p which replaces eq (7).

'“twheré V ;é total voluma at pressure p

'fVo # volume at pressure Py

' Th1B equatxon 1mp11es that the curve obtained by plottzng p agalnst 1og QXTng°
= should be essentially llnear for the later stages of a test, provlded that."
the aSBumptloﬂ of an_ elastoﬂplastlc mater1a1 is reasonable. vTh1s meansrthaﬁ .
,.extrapclatlon of the curve to log, é% = 0, which correépohdé to continuous
,expans1on of the cav1ty Q- ol asanuy v lie 1, whence AV =.m), W111 prOV1de

. SR +)

Car good estlmate of pL That thlS 15 the case for London Clay can be seen
' fr0m the curVes in Flgure 6. Values of pL determlned in thls way are g1ven'}

‘1n column (2) of Table I. Whlle this procedure requ1res the determlnaflon

of p 1t was found that pL varled by only about 1% for a 20% change of p ‘

by . Estimatéﬁ(§f ﬁo |

- It has alreadjlbéen indicated that a reasonable estimate of pé isJihportgnt-

-.in the deﬁermination of cu. _The value of p, can not Ee détermined;difectly-

from tests using a pressuremeter in a pre—drilled borehole, The.thbiéé 6f'

p must be made by inspection of the pressure volume curve bear1ng in m1nd

the following p01nts'

(1) pd should 1ie on ;ﬁe most linear part of the curve

k2)- Very.small pbsitive or neggtive increments of pressuré'froﬁ P, should
provide a éimilar magﬁitude of volume change and ?; Qill.lie'closa
:tq'the_pbint of inflexion (ie zero curvaturé)_df_this-esseﬁtiéli&”

linear portion of the pressure-volume curve.
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:(3)' Since in an eIastiﬁ?plastic material a pressure incréése of éu above
po causes plastic yield to occur in the clay adjé¢ent £o thé probe,

a marked increase of curfvature should occur when the pressure exceeds
P, * o It sho&#é.be noted that the value of c  at which this‘bécurs
is the peak valuéﬁ%%r the clay immediately adjacent to the probgkas

TR ,
given by the Palmer an#lysis outlined later in this paper.

Since P, muéf be determined in order to estimate cy condition (3)'ab§vé
implies.some iteration whereby an initial estimate of P, is made, the value
of C, is calculated, and then a check is made to determine whether the value
-of P, + éu obtained corresponds to the pressure at which the curve beéomes
significantly non-linear. An example showing the successive stages of this
process for a typical test is given in Figure 7., An initial estimate of
po_ia made from available information on the consolidation History of the
.s0il, For highly overconsolidated London Clay it was expected that KO would
be substantially greater than unity and an initial value of Ko = 2.4‘was
used (taken from Skempton, A W, 1961) and this gave a P, = 452 kN/mz. A
volumé Vo corresponding to P, = 452 kN/m2 was taken from the measured p - V
curve and the corresponding p - loge AV/V curve was plotted (AV/V = AV/(V0 + AV)..
The value of the peak shear strength obtained from this curve was approximately
180 kN/mz. It can be seen, Figure 7a, that the p - Y, cufve for this value

6f P, is linear well past theipressure P, * c, (yI its the radial extension

of tﬁe borehole; see eq (12) below for definitioﬁ). This process was repeéfed
for other values of P, in Figures 7b and 7c, where the points at whiéh a

marked increase in curvature became apparent are marked with an asterisk.

The value of Py for which this point most nearly corresponds to the pressure

P, * ¢, vas éhosen as the correct Py In this case it was approximately

eqﬁal to 511 kN/m2 as shown in Figure 7b, Values of P, detgrmined in this

way are given in column 3 of Table | and plotted against dépth in Figure 8a.
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Values of p, can also be determined from laboratory measurements of K comblnéd

wlth measurements of in=-situ densities and pore water pressures u91ng the
l

relationship:

p. = K (yz=u +u Wy = (9) 2;)}?%:
o ''s %Z”“'

o

"Where Yéz = total overburden pressure
u = porewater pressure.

Values of KO have beeﬁ estimated from laboratory tests on London C;ay‘from ’
different locations by Skembton, AW (1961) and Bishop, A W, Webb, D L, and
Lewin, P I (1965). These values have been used together with measurements
of in-situ densities and pore water pressure made at the present site to

provi&e estimates of Po* The P, depth profiles determined in this way are
included in Figure 8a and it can be seen that they are very similar to those
determined by the iterative procedure., The Ko depth profiles are shown in
figure 8b.. Recent tests have been made down to a depth of Il m at the présent
site using a Camkometer, (Windle, D and Wroth, C P, 1977). These gave Valués

of K ranging from 2.0 to 3.5 which are very similar to those obtained by

the iterative procedure.

All these values of p, are significantly higher than those determined from
pressuremeter tests using the values of p at which the p - V curves become
reasonably linear and where the creep falls to a low constant value, as illuétrated
in Figure 4. Individual values of P, determined in this way showed a large
amount of scatter and in some cases gave values lower than the overBurden‘

pressure which is unrealistic for highly overconsolidated London Clay.
(c) Estimation of cy

Estimates of c, can be obtained from eq (6) by a simple iterative process

using Valﬁés of Py, and,po determined by'the methods described in (a) and
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(b) above, together with appropriate values of the shear modulus G. Values
of G have been determined from the linear portion of p - V curves obtained

in pressuremeter tests by the method outlined in a subsequent section of

this paper.

Estimates of cy using this procedure have been determined using values of

G obtained from the reload cycles of the pressuremeter and are given in column 6

of Table 1, However, estimates of G for stiff fissufed clays determined

from pressuremeter or other small field or laboratory tests can differ considerably

from those relevant to large scale loading conditioms.

This difficulty can be eliminated when comparing results of plate loading

and pressuremeter tests in an isotropic material by using the same value

;G

(?:")+1] +1}

. u
- in leq (4) to values of Nc obtained empirically., It should be pointed out

of G/cu in eqs (4) and (6), and by equating the termv{l'/3 log,

that this is only strictly true, even for isotropic soils, when both tests
deform a volume of ground which is sufficiently large to be ttuly representative

of the large scale properties,

In the present investigations, a reliable value of Nc = 9,25 was determined

and thus we have

l‘/3 [1°8e (G/cu) + IJ +1=09,25

giving

Np = loge (G/cu) +1 = 6,18 (10)
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=:'';:'Subxstl,t:a.tt::v.ing eq (10) in eq (6) glves, for the pressuremeter tésts 1n Lénddni
';'Clay, the expressxon.:3 |
”.p‘,; P S -
6 = 2 an
oo 618 i
. Values of'cﬂ determined'usinQZEQ-(ll)-are given'in cblumn 7 df=Tab1e'l.
- It can be seen that the Values deternuned u51ng thls equatlon are. much mbre

'conslstent than those glven 1n column 6 of Table 1, whlch were obtalned

o usxng.eq (6). In vxew of th1s and the 51mp11c1ty of eq (ll) 1ts ugse is’ con* ' : )

/ “,-§¢f

{ pi
sidered preferable vhen rallable empxrlcal values of N are avallable. The \\f
values of cy determlned uSLng eq (11) are plotted agalnst depth in F1gure 5,

where they are compared with values of <, determined from the large'ln-51tu

plate tésts.

The values of Cu deterﬁined from pressuremgter tests using3eq (il) ire greater .
~than the vaiueﬁ determiﬁed from large plate tests usging eq.(f)i Whiie agreement
is‘;easondble for tests in the brown weathered clay and the top of the blue
ﬁlay, the differences become large at greater depths. At a depth of 24 m

the values determined from the pressuremeter are approximately double those

- obtained from the plate tests. The magnitude of the difference between the
values dete;mined from the two types of test are closely related to the spacing
and_orientation of the fissures with respect to the direction of loading

and the size of the-ldading device, At shallow depths the fissures are closely
§paced with widely varying orientations, The spacing of the fissures increase
with depth and below a depth of about 20 m they tend to become more predominantly

" horizontal and vertical,
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Since'the horizontal stresses are greater than the verﬁigai;sffeésés a simpié ’
intuitivel approach based on sliding of frictional blocks would lead to an’
expéctétibﬁ of higher strengths from the pressuremeter'théh.the plate teéts.
To 111ustrate thls effect the undrained shear strengths are plotted agalnst
'fthe correspondlng effectlve normal stresses in Flgure 9. For the pressuremeter
the effectlve hor1zonta1 stress K (y z = u) has been used wh11e for the
_ plate tests a value mld-way between the hor1zonta1 and’ vertlcal effect1ve
i qtress lz(j + K (v z - u) has been used. The curves_fqr-therstgengths
' détermiﬁed fme both.the.pressuremeter and plate tests using‘elésﬁd;plas;ic:“
theories are very'close exéept at the lower levels, It:is.realiéed that
the closeness of the agreement may be somewhat fottuitqu§, $ut_if_suggésts:

a fruitful line of iﬁvestigation.

The values of‘cu détermined from both eqs (6)and (11) are affected by the
vélhe.of P, .--In the present case underestimates of the value offp could

have glven values of .y about 25 per cent greater than the values determlned_

uslng the correct Py

€:)) | Direct determination of the stress—strain curve and maximnm.sﬁéar
stress

 Over the last few years, several workers (Palmer, A C 15872, Ladanyl 2]

1972 Baguelin, ¥, Jezequel, J F, Le Mee, E and Le Mehaute, A, 1972) have

developed methods of deriving the stress-strain curves for clays from the

pressure volume curves measured in pressuremeter tests., Since tﬁese methods

~are very similar, the one outlined by Palmer, A C has been used in this

paper. The only assumptions he made were that the loading produces axi-symmetric

‘deformation in the plane at right angles to the axis of the borehole and
that the material is incompressible, The latter assumption 1mp11es that

the soil 13 fully saturated and that no drainage occurs durlng the test.
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Palmer, A C shows that the shear stress (T) in the soil immediately adjacent

“to the wall of the expandiqé borehole is given in terms of the radial extensioh

of the borehole (yl) and tﬂé corresponding pressure gradient dp/dy] by.

| o (7)) = 2r=y, (1 +y)Q2+7y) %1’;,—1 a2)

. Wwhere

“_ r‘inérgase in radius of borehole due to increase in pressure (p - po)
v ’

radius of borehole at reference state pP=9p)
)

' The reference state P =0, is the horizontal pressure in the ground prior

to boring the hole for the insertion of the pressuremeter, At small strains,

éﬁ (12) approximates closely to
dp

T =y dy (13)

which leads to a simple geometric method of calculating the shear stress

direétly from the curve of p against Y, (Wroth, C P and Hughes, J M O, 1973).

At larger strains, it is more convenient to express the shear stress in terms

of the increase in volume, AV, from the reference state and the current volume,

V, of the measuring cell at the measured pressure, Thus

T = —9P

(14)
dv(loge AV)
v

giving the shear stress as the slope of the curve of p against loge (é%).
The maximum slope gives the maximum shear stress or the peak shear strength

of the soil, By differentiating the curve at a number of points, a shear

. ca s Iy . :
- Btress—gtrain curve for the soil immeidately adjacent to the wall of the

~ probe can be obtained. Typical examples obtained from the present tests
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in London Clay are given in Flgur 9 dnd the peaked nature of the curves
is clearJ iVaiues of the maximum shear strengths determlned in this way
are g;venﬁln column 8 of Iable 1 and are plotted against the depth of the
tests in Figure 5. !%(

i

1

It can be seen that these values are appreciably higher than those determine&.
from the ultiméte bearing pressures measured on the 865 mm diameter plates
using eq (5). Theseblarge differences are due partly to the anisétropy‘and fnt
partly to the non representative nature of the clay in the small eleménts

 of clay immediarely adjacent to the probe., They are also significantly higherb
than the values determined from the limit pressures using eqs (6) and (ll);
These differences can also be explained in terms of scale effects since a

much larger volume of clay has been sheared by the time the probe is fully
inflated. The peak shear strengths determined from the stress-strain curves
'correspond to the small-scale strengths which approach the strengths of the
intact clay between the fissures. The same effect has been obserred iﬁ com-
parisons between the strengths determined from laboratory fésts on small
samples, standard static conme penetration tests and large in-situ loading

tests (Marsland A, 1971(a), 1971(b) and 1974). The relevant strengths for
estimating the stability of foundations in fissured London Clay arekrhe large
scale operational strengths such as those obtained bybback analyses of failures

or from loading tests on large diameter plates.

The peak values of <, determined from eq (14) are also sensitive to the values

of Vo’ (corresponding to po) used in calculating the values of loge AV/V where
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;{AV/V = AV/(V +'AV>;  Fer:the example given iﬁ Figurebf fhe perceﬁtage changen‘

- in the estlmated c Was abouq 50 per cent of the correspondlng percentage ‘

}‘ehange in po,' Slnce in thls case the total overburden pressure was 260 kN/m2
(ﬁo éorrespohdlng to K = 1) and P, = 510 kN/m the potential errors for

- overestimating the peak values of Cys which could result from underestimates

of p_, are considerable.

in overcensdlidated clays; not only the peak values but the complete strees-étfain-
curve éeuld &epend upon the scale and nature of the clay fabric relative |

 to the size and orientation of the pressuremeter probe. It is therefore
considered inappropriate to use values of 4 based on tﬁe peek and post-peak

values determined from these curves,

In spite of the limitations, correlations based on overall failure as given

by eq (11) are to be preferred, since these values are less sensitive to

variations in interpretation.

G?)Difecﬁ compa;ison of failure states of foundation and pressuremeter testé
An alternative approach, which bypasses the separate calculation of €y is
‘to relate the bearing capacity of a foundation directly to the limit pressure
measured by the preseurementer. Menard L F (1963) gives an empirical relationship:

G, = 9 * Ky -p,) - (15).

where q = 'uitimate'_bearing capacity of the foundation measured at a
settlement of 10 per cent of the width or diameter

q. = ‘vertical overburden pressure = Y 2

p; = average bresseremeter limit pressure at that depth

P = lateral in-situ earth pressure at the corresponding depth

K = the bearing factor dependent on the soil type and the shape

of the foundation,



For the base of a bored p11e in a cohesive 3011 Menard suggests a va1UE Jeatens

of K =1, 8. By comparlng eqs (4) and (6) w1th the appropriate values of,'

& e 9425 and Np'= (pL 'pd)/cu & 6,18, one'obtalng.

g m 2e23 -
u 6,18 by, = 75) * 9

. 1'_'.5 G, - o) » .. o ey

This ﬁalﬁe'of K= 1.5 is slightly lower than that sﬁggﬁgté&*by Ménafd évéh

' though the empirlcal value of N = 9,25 obtained from the 1éfgé piate tests
‘was based on maxlmum bearing pre95ures whlch occurred at settlements equlvalent

to about.!& per cent of the plate diameter, The values of K determlned from

the ratios of (qu'-'qo)/(pL ﬁ'po) determined from the plate and pressureméter

' tehts are even lhwer.' They decrease from 1,25 at a depth'bf 6,1 m fp;0;75

at a depth of 24,4 m. At the shallow depths the diffgreﬁée is'iargely due

to the fact that the pressuremeter measures the shear stremgth on a vertical

face which, for-a heavily overconsolidated clay is 1arger'than thé strength

© in other dlrectlons along which some of the shear strength is melllsed in

the plate test.' At the deeper levels the effects of the small size of the
diameter of the probe in relation to the spacing of the.flssures, is the

predomiuénﬁ'effect.

SHEAR MODULUS
Hn Plate loading tests

‘The settlement of a rigid punch loaded at the surface of an elastic half-space

has been giveﬁ_ae (Timoshenko and Goodier; 1953):
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i&//”
. P (- Vz) = P‘(l = V) ‘ (17)
= T ~2 BG ST
whére p = settlement of punch

/P: = total load applied to punch ! ri
- B = ‘diameter of punch

E = elastic (Young s) modulus of half-space

G = shear modulus of half~space, G=E/2(1 + v)

V = Poisson's ratio

For the case of a plate test conducted at the bottom of an open borehole,

o depth factor must be used (Burland, J B 1969; Marsland, A 1971(c)) to take -

into account the stiffening effect of the soil above the test level. Writing

‘the average pressure on the plate as q = P/(m B2/4) we obtain

o= % ; B% (1 = v).£(2) ' (18)

where i
P . (settlement of loaded plate at depth z
£(z) the depth factor (settlement of loaded plate .at surfage)

For undrained loading tests (v = 0.5) at depths greater than ten times the

plate diameter the depth factor is approximately equal to 0.85.

The shear modulus may thus be calculated from a plate test using the following

equation:

G=%.%.B(l-\)).f(z) (19)

Equation (19) is only strictly applicable to a linear elastic half-space.

In practice a shear modulus for non-linear materials, such as soil, may
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3Qbe obtained by chooslng a sen81ble range of the bearxng pressure q over” whieh

3;‘to measure the aettlement of the plate. It is common-practxce to take seéaut

'-7;} ;modu11 over the stresa range from zero to elther a third or bne half the

‘*ffftotal u1t1mate bearing capacities, g (11“9 OA in Flgure ')" Values of ¢

over the range of q from 0 q, /2 measured in large plate teets are plotted

"ﬁ{f :w1th depth in Fmgure i1, The values determlned from both the 1n1t1a1 loaﬂing

"iQ‘and the re*load1ng following tbe unloadzng from a bearing pressure equal

“?fto lq (line BC in Flgure l) show an approxlmately linear 1ncreeae with dEpth.

;':,;The rat;os of the Valuea obtained from re-load cycles to thoae from the initial

~ff:10ad1ng cycle also increase with depth, 1nd1cat1ng that fissures and diaeontinngJ,

‘“?1n ‘the clay open much more rapidly at nhe lower leVels where the réliEf of

“"streas durxﬁg dr1111ng is greatest,

i As & cbnsedeence‘of the curved nature of the 1oedﬁeetefeaeﬁf'cUrves‘tﬁe valite~
t.of the modull depend upon the range of stress over wh1ch the SQttlemente

are measured. Values of the tangent moduli taken at bear1ng pressuree rhE-

reepond1ng to the existing OVerburden presures (llne DE 1n Figure 1) arn

: of partzcular interest when making comparisomns with the valies dpterminnd

lfrom pressuremetets. These values are also plotted in F1gure 1, A nhn11ﬁr"'

depths these tangent moduli are higher than_thelsecent.modUIi-kaEEn over

- the Searieg.p?essure range of 0 to.iqu. However, et gfeater7depths whete

,iarge £quhdatioeﬂ aregofEen founded; the values ere in elose égreementa

It is 4180 of interest to note that the tangent moduli taken at bearing pres:uves.




equal to the exlst1ng overburden are almost constant w1th depth.
' of the increase in strength with depth this is contary to expectatlons and

‘is a further 1nd1cat10n of the more rapid expansion of;the-clay-at the_lower

EE levels, during:thé period that the clay remainélunloéded..

. Secant moduli determined from the loading curves over the range of:béariﬁg

pressure from the existing overburden (q ) to a'pressufé coftéspondiﬁg to

' the overburden plus one third of the net bearing: preaaures

‘are also of interest in connectlon with pressuremeter tests and 90me foundatlon
problems, Values determlned in this way are also plotted aga1nst depth in
-'Figﬁre 1. As would be expected these values are generally lower than ‘those

_for the secant modull determined from the bear1ng pressure/settlement curves

over the range 0 to iq . There is also a tendency for the secant modull'

taken from d, + q + / (q - qo) on the 1n1t1;1 loadlng curve to_decrease

with depth; This is possibly the clearest indication that?the:moduli déterminev.
 froQ'the plate test at the lower levels are lower than they'shoﬁld bé as

a result of the expansion which takes place dﬁring.thé'period of-hﬁldading.

(2) Pressuremeter tests

For the case of the expansion of a cylindrical cavity in an infinite linear

elastlc medlum, the expre3510n for the shear modulus is given by Gibson RE

and Anderson W F 1961 as:
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where Ap énd AV are increments of pressure and cof?esﬁondiﬁg §Qiume Eﬁange
in the elastic region | |
Vm is the average volume of the cavity over the pfeséure increment
Ap.
For non-linear materials, the mathematical defiﬁi;ion of the sheat mdduiué

is the tangent of the shear stress-strain curve at the origin:

Sk (37> y=0 e 2

where © = shear stress

Y = shear strain

For the case of the expansion of a cylindrical cavity at small strains, the
change in shear stress in the soil adjacent to the probe is AT = Ap and the
correspbnding shear strain is y = 2y1. Substituting in eq (21) the tangent

modulus at the reference state where p = P, is given by

1, e
G = /Z(dyl)yl - 0 (22)
. ' . 1, AV
Since for small strains, y, = /2 7 e (20) and (22) are equivalent for
)

the tangent modulus,

For engineering purposes a secant modulus measured in the plate over the
appropriate pressure range is more relevant, Equation (22) may be re-written

in terms of increments of pressure p and strain y, to give a secant modulus

of : i
¢ = '/,GR) (23)

1
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where. Ap and AyI are measured over a suitable range. In order to select

a suitable range, it is necessary to consider the shear stress 1evels in

both the plate and pressuremeter tests.

The stresses under abloaded plate can be determined iﬁ the elastic range
using the Boussinesq solution, Tiﬁoshenko SP ahd Goodier J N (1951) héve
shown that the maximum shear stress occurs on the centre line below the plate’
and ié approximately equal to 0.3 times the average pressure (q) applied
“to the piate. Since for an elastic-plastic material plastid deformation
commences when the maximum shear stress exceeds ﬁhe shear strength c,ys @
plastic zone starts to develop when q = 3,33 c, It has already been shown
in‘ed (5) that for plate tests in London Clay the applied pressure at failure
(qﬁ - Ysz) is approximately equal to 9.6 C,e Thus a plastic zone will startv
to develop under the plate when

q =Ygz = 1/3 (a, = Y42) @y
In the.case of the pressuremeter the maximum shear stress occurs in the clay
immediately adjacent to the wall of the probe and is approximately equai
to the increaée in pressure from the reference state, ie T ‘ﬂ P - Py

It follows that a plastic zone starts to develop near the wall of the probe

when p = P, + Cy

Thus secant moduli obtained from plate tests over the range of bearing pressure

from 9, = ysz to q = q, + 1/3(qu - qo) correspond to secant moduli determined

from pressuremeter tests over the range of pressure from P, top

From the typical curves obtained from pressuremeter tests shown in Figure 12
it can be seen that the curves of p %gaihéﬂ yl, are reasonably linear over
this range and there is thus little difference between the tangent and secant

B
moduli, Values of themgingent shear moduli taken from the pressuremeter
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'cufﬁéé'atAp_Q P, are plotted w1th depth in Flgure 11. These falues are sﬁbstantxally

-lower than those der1ved from the plate tests. The theoretlcal studles of

:Hartman P and Schmertmann JH 1975 show that. much of thls may be attrxbuted
| ?'to remoulding of the clay at the wall of the borehole durlng drllllng. The
:ﬁi%re-loadxng cycles oF the pressuremeter tests appear to g1ve more reasonable
 f;va1uea of ‘the shear modulus, although many of . these are Btlll appreclably

; \“iower than those determined from the plate loading teats.

© CONCLUSIONS AND | REOOMNDATIONS
1;.Comparisops héve'beén made'of_the éStimates_of.undrained ﬁheér étrgﬁgths
f'{hhd.mq&uiilbeStiff fissurea Londdn_Clay determined”f£0ﬁﬁﬁrgsﬁufémgéer testd
‘ déing a. SO-mm'diamet;f proﬁe and loading tests on a 865 s diaﬁéter plate
“_ down to a depth of 24 m. The plate loading tests deformed a volume of soil
which contained suff1c1&nt fissures and other planes of weakness to be fully
_ representatlvé of the-full*scale. It is considered thatfthe estimates of
the undrained shear stfengkhs and shear moduli determinederbm these tests
are the operational valués.which are relevant for use in‘féundation design.
They have been used as a bésis in evaluating the pressuremeter as a design
tovol., These comparisons have shown that:

(i) undrained shear strengths determined from the limit pressures, extra-
polated from the p -'10ge é% curves obtained from pressuremeter tests,
using élasto—plastié theory give the best agreemént with the operaﬁional
Vaiues:determined.f:om-the large plate tests. Even so the strengths
determined ftom}the‘preséuremeter tests are higher than the operational
values. The ratio éf the pressuremeter to the ope:étional values
dEtefmined‘frbﬁftbeﬁpiéte tests increases with depgh from about I.1

at & depth of 6'm to' 1;5 at 18 m and reaches 2.0 at a depth of 24.
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It is considered that the large differences at the lower levels are f

mainly due to the small diameter of the pressuremeter probe in relation

to the'spacing of the fissures and other discontinuitiésa, Some of
the differenceé'could_also be due to the fact thatlin the highly over-

conéolidated London Clay the horizontal effectivéIStresses'are dppreciably

"% greater than the vertical effective stresses. As a Consequence the

undrginedfqtrengths mobi1ised along failure surfaces which are entirely

"in the hdfizontal_pléne; as in the pressurementer tests, are larger

than.tHOSe_mdbiliSed a1ong failure surfaces in other planes, A crude

allowance can be made for this effect by assuming that the undrained

shear strength is proportional to the in-situ normal effective stress
along the potentiai'éhear planes., The effect of scale, on the other

hand, can only .be qfercdme by the use of much larger diameter probes.

The peak ﬁndr;ihed shear strengths determined diredtly from the slope

of the p - 103,e é% curves, using the Palmer typej\analysis, are appreciably
higher than those determined from the limit pressures., The ratios

of these ﬁeak vaiues.to the operational strengths determined from

the plate tests increase from about 1.4 at 6 m to 2.0 at 20 m, and

below this depth are greater than 3.0, These gppreciably larger differences
reflect the very small volume of soil being sheared at the low strains

at which the peak shear strength is developed in the soil adjacent

to the probe, As_h consequence the peak values determined by this’

method tend towardsfthe strength of the intact material between the

- fissures which is not representative of the overall bulk operatiomal

strength.

32



Values of p, cannot be measured directly by pressuremeters installed

in pre-drilled boreholes, Even so estimates of P, in reasonable agreement

i with values determined indirectly from laboratory tests and by direct

measurements using self-boring pressuremeters (Windle D and Wroth C P

fk,,1977),have been obtained by a new iterative proceduré, The procedures

’A‘normally usedvfor'estimating values of 1 from the plﬁ V curves obtained

. from pressuremeter tests seriously underestimate the true values of

P, While the values of PL is not affected significantly by the values

. of p and the corresponding V_, the values of c¢_ detérmined by both '
AL o ‘ (o] u

- methods depend on good estimates of P, O V.

Cav

_vkvju

Invbrder to obtain good estimates of the limit pressure, Py it is

‘"ﬁgcéssafy to expand the pressuremeter probe to a volume approximately .

twice the,originai volume,

The limit pfessures measured by a pressuremeter can be related directly

to the ultimate bearing capacity of a foundation by chosing a suitable

factor of K. For a uniform isotropic stiff clay the theoretical value

of K is approximately 1,5. However, for stiff fissured clays the

. valuerof K depends upon the composition and fabric of the clay. TIn

the case of Londbn'ciay, the empirical value of K is about 1,25 near

the surface and decreases with depth to 0.75 at 24 m.

The shear moduli determined from the pressuremeter tests were sub~.

‘stantially lower than those obtained from the plate loading tests.

This was especially true for the values determined from the initial

loading. This,3t03§£her with the large difference between the value




5determined from-the:initial loading end the te—Ioadiﬁg cycles show
e that conaxderable softenlng had occurred at the slde of the boreholé
}dur1ng drllllng and insertion of the probe.' The modu11 determlned
from the re-load.cye;es are much closer to thetOperetioﬁal values
determined frem'the iarge plate tests. The impo:tatee of this effect
" has been:QOnfirmed.by the higher values oftG determined_from tests
fpsingfsélf—dtilling_ﬁressuremeters (Amar S, Baguelin ¥, Jezequal, J )

and Le Mehaute, A 1975; and Windle, D and Wroth, C P, 1977).

As a consequence of the fiﬂdlngs during the present 1nvest1gat1ons it 13

fecommended that.

z«f(i)' Shear strengths derlved from pressuremeter tests in: st1£f clays should

q

be'determlned from the limit pressures using elastoplast1c theory.
In order to obtaln the operational strength these Values must be reddced
by a. factor whxch depends on the nature and scale of the clay fabrlc

relative to the size and orientation of the pressureueter probe,

' (ii) .Detailed eempafisdeeiehould be made between pteSShtemeter and large
‘in-aitﬁ piate:tebtsiin a wide range of clays. it is,essential that

' these.éomparisOne‘ate made over the full depth of soil likely to be
ldaded by'foﬁndetions. Empirical relationships ottained from tests
_carried out in weethered clay at shallow depths seldom apply to the
jclay at greater depths. Comparisong between preesuremeter tegts and

other small in-situ and laboratory tests in 0vercoﬁsolidated clays

- can be extremely mlsleadxng since they are all SubJEcth to appreclable

'ecale effects.‘fJ
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Detailed investigation should be made into the effects of increasing

the size of probes in a wide range of clay fabrics: The use of latger
probes should reduce the differences between the values determined

from pressuremeter and large in-situ plate tests.

‘Consideration of scale effects due to discontinuities and higher effective

' horizontal stresses in over consolidated clays suggest that moduli

deféfmined from 'idéal' pressuremetér tests should_be higher than

the operational mbd#li determined from plate testé. When pressure-

meter tests are;c;rried out in pre-drilled boreholes in stiff clay

tﬁesé effects‘are mbre than balanced by the softeﬁing which occurs
during-drilliﬁé and‘insertion of the probe. 1In this case it is reasonable

to take values of modull determined from the reload cycles as a basis

- for design. As seif-drilling instruments causing less disturbance

are developed these balancing effects will be reducei/gnd»modull greater
than the operatlonal value may be anticipated. Tth11m1ted 1nvast1gat1ons
80 far carried out uslng a self-drilling instrument in théw;t1ff clay

at the present sxte ‘show that the moduli determined from the initial

load1ngs are comparable w1th_those determined from the large plate

tastsu

Since the rate of loading will effect both the pressuremeter and the

laige plate tests it is important to include tests to study this effect

in future investigations.
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Differential pressure valve

Gas pressure

. Gas pressure on water in volurmeter
in guard cells

Pressure regulator

)
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Guard cell
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Figure 2 Diagram of pressure meter system
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Undrained shear strength (C,,) kN/m?
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Figure 5 Comparison of undrained shear strengths determined from pressuremeter and large
' diameter plate tests '
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Undrained shear strength (C,,) kN/m?2
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Figure 9 Comparison of undrained shear strengths plotted against in-situ effective
normal siress



(T °10Yya10q) $189) 12jowraInssald WOIJ SOAIMD UTRILS - $8311G O 25081

- (4) uiens leayg

ot-0
1

SE-0 0g-0 5¢-0 0c¢-0 GlL-0 oL-0 S0-0
] | ] 1l

I | !

wo-L

wi-gl

we-6l

W g-G¢

105

&

2

—00¢

— 062

oot

- W /NY (4) $S041S Jesys



$359} SUIpeo] n}is-ur 33Ie[ pue HuuoEoH,smm_oE WOIJ PAUrWLIa)ep Inpouwr Jo uosuedwo)) | anSiy

(°b-"b)g; +°b 01 °b ynpow juedes =

%b je npow jusbue)]  a . og u,m Mo Mlml_o“ml._ow -
?UNA -0) lINpoW juedsg —v— - S1s8} oiejd abie7  ijnpow juabuey Lo | a0y aiog - Jolsw ainssald
8|9A2 Buipeo|ay (q) Buipeo| |enu| (e)
(] - -—
\s» S¢ o v \" o G
N | \
o \ °
% N | s . w/
3 \ —oz c \ —oz
(] ® \ o o (] / (o]
u
Muuu ] \ o “ \ O
< < \ o
o \ ° o e 2
\ ' =
—Gl \ 4l ©
\ @
\ ®o0 o\ o m
a B \ Ave \ Q
\ \ m
oe —{ot el o Ol 2
)
\ )
ﬂlm w ) // o) m M o \e =
m o A LI AR o2 a4 v \ 3
— M prt -~
b w \ g > J \ -G
O3 \ of A
2o o/ 283 [ Te}
| _ I | l
ov 0: 074 oL 0 o€ (074 ol o

N.E\ZS_ (D)sninpow tesys ; zW/NW (D) snjnpow 1eays

A



Total pressure (kN/m?)—

Total pressure (kN/m?2)—

7001

o

o

)
]

o

o

@)
|

400

300+
7/
/
200 / g
7
100 | ] | |
~-0-02 -0-01 0 001 002
(a) Depth 7:Om
1000
900+
800
700+
600
b0OoH
400 | | ] -1
-0-:02 -001 0 0-01 002
' V.| ——r

(c}) Depth 19:2 m

=== === Initial loading

800
700
600
500
400
300

200

1400
1200
1000

800

600

400

—002 =00

[ |
0 001 002

Yy

(b) Depth 13:-1m

200

| 1
-0-02 -0-01

| J
0 001 002

Yy =

(d} Depth 25:3m

—= Reloading

Figure 12 Smail strain p - y, curves from pressuremeter tests (borehole 2)
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