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Abstract

The research was intended to enhance the understanding of
penetrometer behaviour in normally consolidated clay. The
effects of varying penetration rate and clay shear strength
were studied and the distribution of pore pressures determined.

To meet these objectives laboratory testing was undertaken.
Penetration tests were to be performed in tanks of clay con-
solidated from slurry and maintained under known stresses. An
initial series of tests examined the effect of stiff tank
walls. These showed unexpectedly high radial boundary stresses
were dgenerated with tank to probe diameter ratios of 50:1.
This finding dictated laboratory tests with small scale pene-
trometers in the largest practical size of tank. Field tests
with small scale and full size penetrometers demonstrated an
absence of scale effect in the penetrometer pore pressures and
total stress data.

Two consolidation tanks of 580mm diameter and one of 1000mm
diameter were built with the facility for maintaining constant
stresses on the top of the sample during penetration. Piezo-
cone penetrometers of 5cm? and lcm? cross-section were built.
Penetration tests were performed from 2cm/s to 3m/s with hy-
draulic insertion equipment.

At lower rates the total cone resistance factor Nk was shown
to be 10.34+0.9 in normally consolidated kaolin. The %orrespond—
ing pore pressure factor NA was 8.25+1.0 at the cone shoulder.
A hundredfold increase i®%he penetration rate increased the
N ¢ factor by 40% but the Nau factor was unchanged.

Various subsidiary points emerged. The type of strength test
used for comparison with penetrometer data is significant.
Major strength reductions occur on sample depressurization.
These were demonstrated with vane and triaxial tests.

Baligh and Levadoux's method for determining <ﬁ£ from pore
X

pressure dissipation around penetrometers matched perimental
data.

Ratios of excess pore pressures on the cone face and shoulder
show some promise in the evaluation of OCR.
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INTRODUCTION

l.l

The Historical Development of

the Cone Penetrometer

The cone penetration test (CPT) can be traced back to
the early years of this century. The Swedish State
Railways had developed a static sounding probe around
1917 (Terzaghi and Peck 1967) followed by the Danish
Railways in about 1927 (Godskesen 1936). In the early
1930's penetrometers of the now internationally
recognised standard shape had been produced by the
Delft Soil Mechanics Laboratory (Delft 1936) and the
Dutch Department of Public Works (Barentsen 1936).
These mechanical penetrometers were equipped with a
60° conical tip having a lOcm2 base area. The tip
was connected to a small diameter inner rod which was
sleeved within hollow "sounding tubes". The method

of operation of this device is shown in Fig. 1l.1.

During soil testing first the conical tip was pushed
into the soil using the inner rods. Then the sounding
tubes were advanced into the soil to reclose the
penetrometer. The résistance to penetration during

both stages was measured with a Bourdon Gauge.
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This simple design of penetrometer was prone to
jamming as soil was forced into the annulus between
the inner rods and the sounding tubes. A number of
modified penetrometers were developed and of these
the Delft mechanical penetrometer (Vermeiden 1948)
became a widely used standard instrument. In this
instrument the outside diameter of the leading sound-
ing tube was reduced for a length immediately above
the tip. The tip itself was fitted with a tapered
sleeve or mantle into which the waisted section of
sounding tube was fitted. Although this design
largely overcame the problems of jamming it may be
noted that problems associated with the joint between
the tip and shaft of the penetrometer persist even in

modern electric penetrometers.

The early mechanical penetrometers enabled good
predictions to be made for the end-bearing resistance
of driven piles (Boonstra 1936). However, the skin
friction of such piles proved to be considerably
greater that that scaled from the total friction on
the sounding tubes (Huizinga 1951). It also proved
impossible to use the instrument to determine the
localized skin friction of a given layer (Begemann
1953 and 1965). This shortcoming led to the next
major development of the cone penetrometer with the

inclusion of a "friction sleeve". The design was
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developed by Begemann in the early 1950s (Begemann
1963) and incorporated a sleeve of the same diameter

as the tip, with a surface area of 150cm2

and
located between the tip and the sounding rods (Fig.
1.2). With this penetrometer the inner push rods
first pushed the conical tip down 40mm. The sleeve
was then engaged and pushed down with the tip, the
combined load being measured for a further 40mm.
Finally the outer sounding rods were pushed down

telescoping the sleeve back into its original posi-

tion behind the tip in preparation for the next cycle.

The advent of the electric cone penetrometer heralded
the next significant advance. The early electric
cones measured only tip resistance by means of
vibrating wire or resistance strain gauges (Begemann
1963). By 1970 Fugro B.V. had produced a commercial
electric cone penetrometer capable of measuring both
tip resistance and sleeve friction continuously
during penetration (De Ruiter 1971). The external
geometry of the electric cone penetrometer was
standardized (ASTM 1977 and ISSMFE 1977) as shown in
Fig. 1.3. Although the tip resistances of the
mechanical and eleétric cones were very similar in
the same conditions, the electric penetrometer
recorded friction véiues of about half those measured
by the Begemann mechanical penetrometer (De Ruiter

1971). The major reason for this difference was the



Page 4

complex shape of the mechanical penetrometer which
resulted in the generation of large forces on the

bevelled leading edge of its sleeve during penetration.

Once the electric friction cone penetrometer had
become established it was 1logical to consider the
incorporation of additional sensors into the
instrument. Among these were inclinometers for
measuring penetrometer verticality (De Ruiter 1971),
thermocouples for detecting soil temperature (Marr
1981), geophones for assessing shear modulus
(Campanella et al 1985) and radio- active backscatter
devices for evaluating soil density (e.g. Nieuwenhuis
& Smits 1982). The most important sensor to be added
from the stand-point of assessing fundamental
geotechnical parameters from the CPT was the soil

pore pressure transducer.

The development of the cone penetrometer with pore
pressure measuring facilities (the "piezo-cone
penetrometer”) proceeded along two separate lines.
Firstly, probes were developed which had the capa-
bility of measuring only pore pressures during and
after penetration. VIn Sweden during the early 1970s
Torstenssen produced a probe of rather complex
geometry (Fig. 1.4) whilst in the U.S.A. Wissa and

his colleagues produced a similar instrument
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(Torstensson 1975 & Wissa et al 1975). The use of
these instruments on clay sites showed considerable
promise for the evaluation of undrained shear
strength, and the co-efficient of horizontal con-
solidation y (Battaglio et al 1981). The Norwegian
Geotechnical 1Institute (N.G.I.) developed a pore
pressure probe with the same shape as the standard
cone penetrometer in 1973. The results from this

device were combined with those from standard CPTs

(Janbu & Senneset 1974).

In a separate line of development, piezometric ele-
ments were fitted to early electric cones to measure
excess static pore pressures in sand strata beneath
the Dutch polders (Zuidberg et al 1982). By 1973 the
usefulness of measuring pore pressures during cone
penetration (dynamic pore pressures) was being rea-
lized (Schmertmann 1974 a & b) and a research pene-
trometer without friction sleeve was developed to
measure these values (Zuidberg et al 1982). 1In the
late 1970s and early 1980s a large number of piezocone
penetrometers appeared. The majority of these devices
conformed approximately to the standard cone penetro-
meter dimensions (Fig. 1.3) with the addition of a

single pore pressure transducer and attendant filter.
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Three main choices for the location of pore pressure
measurement emerged (Fig. 1.5) with commercial and
research penetrometers of each variety. Several
designs have been built with the filter at the apex
of the cone tip (Baligh et al 1981, Franklin & Cooper
1981, Rocha Filho 1982). A number of groups have
placed the filter at approximately mid-height on the
face of the cone (Jones and van Zyl 1981, Tumay et al
1981 and Zuidberg et al 1982). The third common
location for the filter is on the cone shoulder,
above the conical tip and below the friction sleeve
(Campanella et al 1981, Jones & Rust 1982, Muromachi

et al 1982, Smits 1982 and Torstensson 1982).

Some research has also been conducted with filters
mounted higher up the penetrometer shaft (Levadoux &
Baligh 1980, Roy 1981, Smits 1982, Sugawara & Chika-
raishi 1982, Torstensson 1975). The pore pressures
measured at these different locations show substantial
differences in magnitude and dissipation rate for
CPTs in clay soils. Despite the clear need for
standardization of the position(s) at which pore
pressure is measured no consensus of opinion has yet
emerged. Comment on this subject is given in Section

6.3.2.
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The Analysis of the Cone Penetration

Test in Clays during Penetration

The analysis of the CPT has been tackled using four
principal methods. The first two approaches are
quasi-closed form analytical methods using slip-
surface or cavity expansion theories. More recently
two numerical techniques have been employed, these

being the finite element and strain field methods.

The original work on bearing capacity in soil mecha-
nics was based on the slip line approach. Terzaghi
(1943) developed general bearing capacity equations
based on work by Prandtl and Reissner in the 1920s.

Considering the soil behaviour as rigid-perfectly
plastic the following solution was produced for a

surface strip footing on clay (4 = 0)

9, = N

where: a = ultimate bearing pressure
Nc = bearing capacity factor
o = undrained shear strength
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Terzaghi calculated the following values for the

bearing capacity factor:

2
il

1 +3(m/2) = 5.71 (Rough base)

Nc = 2+ mMm = 5.14 (Smooth base)

(The rough base calculation was incorrect)

For shallow circular footings Terzaghi introduced an
empirical shape factor and a surcharge term neglecting
any shear contribution from the clay above the base

thus:

q, = 1.3 Nccu + YD

£
=2
1)
~
1)
~<
L}

unit weight of soil above base

o
]

depth of base below surface

The slip line approach was extended to deep founda-
tions by Meyerhof (1951). For a strip footing he
calculated that the value of N, rose from 5.14 at the
surface to limiting values of 8.28 to 8.85 for smooth
and rough shafts respectively. In order to obtain
these values the slip surface was brought back to the
surface of the shaff although this is kinematically
inadmissible. For circular footings Meyerhof per-
formed an approximaté calculation which gave values
of Nc increasing from 6.18 at the surface to limiting

values of 9.34 to 9.74. These values incorporate the
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shape factor. Meyerhof's approach predicted that the
limiting values of N, would be reached at a depth
of two shaft diameters although he noted that experi-
mental data showed penetrations of 4 to 5 diameters

were required to reach peak values.

This form of analysis was further developed by Brinch-
Hansen (1961) in a semi-empirical fashion. He sug-

gested:

q, = (m+ 2) Cu (1 + 5, +dc)

where Sc = shape factor

= 0.2 for a circular base

dc = depth factor
= 0.4 tan" 1 (D/B)
B = footing diameter

This formula produces a limiting ultimate base resist-
ance of 9.4 Cyr

More rigorous solutions of the axi-symmetric bearing
capacity problem on rigid-plastic soils have been
produced by the numerical technique of the method of
characteristics. Cox f1962) produced solutions for a
flat surface footing and Houlsby (1982) extended this

work for conical footinés.
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However, attempts to use this solution technique for
deep bases have not been successful. The soil model
forces the zone of plastic behaviour to extend from
beneath the footing back to the soil surface with an
increasing radius of plastic behaviour with height
above the tip. Bearing capacity factors calculated
with this model increase indefinitely with ¢tip

penetration and rapidly exceed observed values,

as demonstrated by Houlsby and Wroth (1982).

An important alternative to the above plasticity
analyses was provided by the emergence of cavity
expansion solutions applicable to clays. In general
the advantage of the cavity expansion formulation is
that the shear modulus (G) of a clay is considered
together with its shear strength (cu). However, the
only cavity expansion cases to be solved are those
of spherical and «cylindrical cavit& expansion,
neither of which model very closely the case of cone

penetration.

The original work on the expansion of spherical and
cylindrical cavities in materials with a von Mises
yield surface was performed by Bishop et al (1945).
The formulae were applied to the deep penetration of
copper blocks by a pointed indentor. Bishop consid-
ered the cases of cylindrical and spherical expansion
to bound the pressure required for deep indentation
and demonstrated the importance of adding the frict-

ional forces acting on the tip onto the normal
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expansion pressure to obtain the penetration resist-
ance. Their experimental work showed that a pene-
tration of four to five probe diameters was required

before peak resistances were obtained.

Gibson (1950) suggested the application of this work
to pile tip resistances in clay. From the consider-

ation of spherical cavity expansion he derived:

Note: E = G = I for undrained conditions

where: E Undrained initial tangent modulus

of elasticity

—
0

Rigidity index

Skempton (1951) suggested a different formula for N,

but attributed it to Gibson (1950).

4 Es
N = _ [ 1n —+ 1 ]+1
3 Cu
where: Es = Undrained secant modulus at half the

peak deviator stress.
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Skempton suggested values of Es/cu of between 50
and 200 resulting in Nk values from 7.5 to 9.4. It
must be noted however that Skempton provided no
derivation of the above formula and that it appears
to lack rigour. While it is appropriate to consider

whether Eo or E_ is better suited to this analysis

s
the Gibson form of the equation is correct.

Vesic (1972) produced a full solution for a Mohr-
Coulomb soil with or without internal friction and
volumetric strain for conditions of both spherical
and cylindrical cavity expansion. Vesic's solution
for the spherical expansion under conditions of zero
average volumetric strain and zero internal friction

was:

-4 '
P, = (1n Ir + 1) c, * Pq
3
where: Py = ultimate cavity expansion pressure
p.' = 1initial isotropic effective stress

This result is equivalent to those of Bishop et al
(1945) and Gibson (1950) if a shear stress equal to
4 is added to the cavity expansion pressure to

model a rough footing surface. The equivalent
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result of «cylindrical expansion under the same

conditions was given as:

— L
Py = (1n Ir + 1) ¢+ p

which is identical to analysis of undrained pressure-
meter expansion in clay given by Gibson and Anderson
(1961). Vesic also produced solutions for the
excess pore pressures ( Au) generated by spherical
or cylindrical expansion. At the cavity wall these

expressions become:

_ 4 . .
Aumax = (0.943 a. + g In I Jc, (spherical cavity)
nax - (0.817 ag + 1n Ir)cu (cylindrical cavity)

where: ar is the Henkel pore pressure parameter

at failure.

This approach is semi-empirical as the pore pressures
generated due to pure shear are accounted for by the
empirical factor Qg Strictly, the linear elastic
perfectly plastic soil model would predict pore

pressures solely due to the change in mean stress, i.e:
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(spherical cavity)

(cylindrical cavity)

as described by Randolph and Wroth (1978). For

values of G/cu between 100 and 250 the above
expressions produce the values of pore pressure
shown in Table 1.1.
The range of ( ag = 0.8 - 2.0) chosen corresponds
to normally consolidated clays.
Aumax/cu Aumax/cu (ag=0.8-2.0)
G/cu Randolph & Wroth (1978) Vesic (1972)
Spherical Cylindrical | Spherical Cylindrical
100 6.1 4.6 6.9-8.0 5.3-6.2
150 6.7 5.0 7.5-8.6 5.7-6.6
200 7.1 5.3 7.9-9.0 6.0-6.9
250 7.4 5.5 8.2-9.3 6.2-7.1

TABLE 1.1 PREDICTED EXCESS PORE PRESSURES FOR SPHERICAL

AND CYLINDRICAL CAVITY EXPANSION IN CLAY

In addition to the simple 1linear elastic-perfectly

plastic soil models considered above, more complex

soil models have been analysed for spherical and

cylindrical expansion. Ladanyi and Eden (1969)

produced a closed form solution for a sensitive clay.
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The stress vs. strain curve was simplified into 3
straight lines as shown in Figure 1.6. For Canadian
Leda clay with a sensitivity of 2.2 an Nk in the
range of 5.9 to 6.7 was calculated while an equivalent
insensitive clay would have had an Nk value of between
8.2 and 9.2. Laboratory and field tests with an
enlarged tip Borros penetrometer were analysed against
vane test data in these clays. Good agreement with
the theoretical N, was obtained. However it should be
noted that the 1laboratory penetration rate was
0.059mm/s and the field rate was 3.3mm/s. Rate
effect measurements on these c¢lays are discussed

below.

Ladanyi (1963) proposed a more elaborate solution to
the cavity expansion problem using thelactual stress
vs strain curves measured in undrained triaxial
compression. The solution applied to deep circular

footings consisted of four steps:

a) obtain the unique strain field around a sphe-

rical cavity:

Y =2 tan ! (2 (rza) 3 -1
Where Y = shear strain
r = radius considered

a = cavity radius
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b) From the shear strain distribution and the
triaxial tests determine the radial distribution
of deviatoric and mean normal effective stresses

(@ and p').

c) Calculate the radial distribution of principal
total stresses by numerical integration of the

equilibrium equation.

d) Calculate the pore pressure distribution by
calculation of the mean normal total stress (p)
and subtraction of the corresponding mean normal

effective stress (p').

i.e. Au = p-p

This method bears considerable similarity to the more
recent strain field solutions mentioned below. The
results of the study produced Ny values lower than
those obtained by Gibson (1950) or Skempton (1951).
Using six normally consolidated stress vs strain
curves from three different clays a mean Nk of 8.8
was calculated. Recent developments in triaxial
testing have demonstrated that soil stiffness
increases dramatically at very low strains. Such
data were not available to Ladanyi but would have

increased his calculated values of Nk' Ladanyi also
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concluded that for normally consolidated clays the
pore water pressure reached approximately 75% of the
internal cavity pressure. On the basis of one
triaxial test he calculated a fall in Nk for a high

value of OCR.

Recently the Modified Cam Clay soil model has been
applied to cylindrical cavity expansion by finite
element techniques (e.g. Carter et al 1979, Randolph,
Carter and Wroth 1979). Details are given in the
second of these papers of the principal effective
stress and pore pressure changes for cylindrical
cavity expansion and subsequent consolidation using
Boston Blue Clay (BBC) soil parameters at OCRs
ranging from 1 to 32. For normally consolidated BBC
a value for the increase in mean total stress of 3.6
c, was calculated corresponding to a secant G/cu of
just over 30. The corresponding value of (‘Aumax/cu)
was 4.2. The low value for secant G/cu was justified
because, unlike the overconsolidated cases, the
normally consolidated clay lies on the yield surface
prior to cavity expansion and thus plastic yield
occurs even at very small strains. The idealised
stress paths prediéted are shown in Figqure 1.7.
Randolph et al considered that the rigidity index
would gradually rise with increasing OCR arguing that

G should be related to the maximum past value of the
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bulk modulus (Kmax)‘ A result of this relationship
is that ( Aumax/cu) only falls gradually with in-
creasing OCR (Figure 1.8). However the normalised
total cavity expansion pressure ( Ap/cu) rises with
increasing OCR. Opinion on the trend of G/cu with
OCR 1is divided with many authors suggesting the
opposite trend to Randolph et al. (e.g. Battaglio et
al 1981, Jamiolkowski et al 1979). If in fact the
rigidity index decreases with increasing OCR then
(Aumax/cu) will decrease more rapidly with OCR than

shown on Figure 1.8 and ( A;ch) will tend to de-

crease rather than increase with higher OCR.

As a development from the relatively simple case of
cylindrical or spherical cavity expansion Levadoux
and Baligh (1980) presented their strain field sol-
ution. The approach used by these authors considered
the soil flowing around an approximately penetrometer
shaped object as if it were a non-viscous incompress-
ible fluid. Their method consisted of four principal

steps: -

1. The first step was to determine the strain paths
followed in the soil. This was done by estima-
ting a velocity field and from this the deform-

ation field by integration along the streamlines
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(Figure 1.9). The strain rates along the stream-
lines were then calculated and by integration of

these rates the strain paths were obtained.

2. Having obtained the strain field which, as noted
by Ladanyi (1963) is independent of basic soil
properties (excepting bulk modulus), the devia-
toric stresses were calculated. Levadoux and
Baligh used a complex deviatoric stress soil
model for this purpose noting that the model had

to be capable of handling a stress reversal.

3. The shear induced pore pressures were then
calculated in a similar manner to the deviatoric

stresses using a separate model.

4. The final step was to use equilibrium consider-
ations to calculate the total, effective and
mean normal stresses. The excess pore pressure
was calculated by adding the shear induced pore

pressure to the change in mean normal stress.

Although the implementation of this method by
Levadoux and Baligh contains a number of serious
shortcomings (including failure to meet the stress
equilibrium requirement and use of a penetrator

shape with a "smoothed off" shoulder) their work



Page 20

represented a major advance in the understanding of
the penetration process. The absolute magnitude of
the pore pressures was not particularly well pre-
dicted by this method but the normalised distribution
of these pressures (Figure 1.10) is still the only
analytical solution available for a quasi-penetometer
shaped object. In order to predict values of total
cone resistance (qt) account had to be taken of the
frictional forces developed on the cone surface. The
qy values obtained from the smooth case were modified

as follows:-

qt(rough) = qt(smooth) + Tr/tané

Where: T = average shear stress acting on the
face of the cone
« residual shear stress

20 = cone tip angle

Using this method and making futher allowance for
OCR, cone resistances within 10% of those measured
were predicted in Boston Blue Clay.

Considerable further work is required on this prom-
ising form of calculation in order to produce reli-
able stress and pore pressure predictions for the
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cone penetrometer in clays with a range of signifi-
cant properties (e.q. I, Sgr Qg oOF equivalent etc).
Current work at Oxford including principally the

research of C.I. Teh is directed at this object.

Recent attempts have been made to use the finite
element method to obtain values for Nk in an elastic-
perfectly plastic soil. De Borst (1982) compared the
results of calculations performed with 15 noded
triangular elements with those produced by 8 noded
quadrilaterals (De Borst and Vermeer 1982). 1In both
sets of calculations the usual small strain formula-
tion was used and the rigid penetrometer was taken to
be initially embedded in the soil without disturbance.
The penetrometer was then advanced axially in finite
displacement steps until the tip loads reached an
arbitary failure criterion. Although the 8 noded
quadrilateral elements produced values of Nk=l8 for
G/cu = 125 and v =0.49, serious stress instabilities
were found when the rough shaft case was examined.
The more sophisticated 15 noded triangular formulation
gave stable stresses and produced a value of Nk=10.2.
Values of (ca/cuftof 0.8 and 0.5 were used for the
cone and shaft respectively. An important conclusion
from this study was that the 8 noded quadrilateral
elements with their associated reduced integration
technique were unsuitable for the analysis of this

type of heavily constrained problem.

* where c, is the adhesion between the soil and the cone face.
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Sloan and Randolph (1982) had earlier argqued the same
point demonstrating the superiority of the higher
order element with its possibilities of full inte-

gration in axi-symmetric problems.

A summary of the analytically predicted Ny factors
for undrained clays from the different approaches
discussed above is given in Table 1.2. It may be
noted that the different techniques show considerable
agreement with predictions of N, from 7.4 to 10.2 for

insensitive clays.

N, .
Type of (inclusgve of Significant Soil
Author Analysis shape factor) Parameters
Meyerhof (1951) | Slip Surface 9.3 Rigid-Perfectly Plastic
De Beer (1977) Slip Surface 9.9 Rigid-Perfectly Plastic
Gibson (1950) & Spherical 8.5 - 9.7 Eo/cu = 300-750
Meyerhof (1951) | Cavity Expansion
Skempton (1951) | Spherical 7.5 - 9.4 E_/c_ = 50-200
; . s Tu
Cavity Expansion
Ladanyi (1963) Spherical 7.4 - 9.3 Use of triaxial stress
Cavity Expansion vs strain curves
Ladanyi & Eden Spherical 8.2 - 9.2 St=l, Es/cu=200—500
(1969)
Cavity Expansion 5.9 - 6.7 St=16, Es/cu=250—500
De Borst (1982) | Finite Element 10.2 G/cu=125

TABIE 1.2 SﬂlmRY(]?ANNBﬂECNLNkE%CRI§;FORIEEP
CIRCULAR FOUNDATIONS
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Comparison of Field and Laboratory

Tests against Analytical Solutions

Tip Resistance

In Skempton's formative paper on bearing capacity
(Skempton 1951) he reported the experimental results
of Meigh and Yassin concerning the increase of
bearing capacity with depth of penetration. Using
circular plates they obtained limiting Nk factors at
a penetration equal to approximately 4 plate dia-
meters. The different clays tested gave slightly
different maximum N, factors with a value of 9.8 for
remoulded London Clay and approximately 8 in re-
moulded Horton Clay and undisturbed Shellhaven Clay.
Using a penetrometer with an enlarged tip Koumoto
and Kaku (1982) obtained reasonable agreement between
experimental results and their predicted combined
bearing capacity factor (Nk) of 9.8 (assuming o, =

03).

Bearing the above remarks in mind it would be of
considerable interest to compare the bearing capacity
of buried plates with the tip resistance of flush
sided penetrometers or piles. The 100mm diameter
self boring plate tests of Kay and Parry (1982)
provided such a comparison. These tests, on a
thoroughly investigated site in Cambridgeshire, were

conducted adjacent to conventional CPTs. The Nk

value from the CPTs averaged 20 while the bearing
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capacity factor for the plates averaged 9 when derived
from the mean undrained shear strength from triaxial
extension and compression tests. It may be noted
that the rate of penetration for the plate tests was
0.3mm/min compared with a rate of 1200mm/min for the
CPTs. In addition the cone resistance (qc) data
given was uncorrected for the effects of water pres-
sure acting in the groove above the tip, although
this correction is probably small for the overconsoli-
dated Gault Clay. It may be concluded that the
failure mechanisms in the soil around a vertically
loaded buried plate and a penetrometer are substan-
tially different and while 1limit analysis using
plasticity provides a reasonable method <for the
analysis of the plate it is inadequate for the analy-

sis of the CPT.

Despite this conclusion a plasticity derived formula
is almost universally used for the practical analysis

of the CPT. The equation is written:

qc = Nk cu + YD
where d, = cone resistance
Nk = empirical bearing capacity factor

A number of recently published values for the empir-

ical Ny are shown in Table 1.3.
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Author (s) Location/Soil Empirical Correlating Test for
Nk Undrained Shear Strength
De Beer (1977) Boom clay: "very soft" 20
"soft" 15 Field Vane
"firm 9-10
(overconsolidated) "
Kjekstad North Sea clays 15-20 Consolidated undrained
et al (1978) triaxial
Nash and Northern England:
Duffin (1982) Glacial till 19 Unconsolidated undrained
Laminated clays 12.5 triaxial
Lacasse and Onsgy Norway 12.4-19.4 Corrected field
Lunne (1982) Drammen Norway 12,6-17.3 vane
Toolan and Highly sensitive
Fox (1977) normally consolidated 6-8
clay: Mainly quick unconsolidat
Insensitive normally undrained (QUU) triaxial
and lightly over- 10-15 tests
consolidated clay:
Heavily overconsoli-
dated clay: 15-30
Thorburn Scottish clays:
et al (1981) Normally consolidated "High quality sampling and
to moderately over- testing" (thin walled pus
consolidated 12-20 sampling and QUU triaxial
(increas- tests)
ing with
OCR)
TABLE 1.3 EMPIRICAL N, FACTORS FROM FIELD TESTING

k
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It may be noted that Thorburn et al (1981) plot N,
against the projected cone resistance intercept at
ground level (qco). The value of d.o May be related
to the maximum past overconsolidation stress at
ground level. Although from a theoretical standpoint
it would be preferable to plot Nk against OCR or
even the rigidity index (Ir = G/cu), the plot of %0

against Nk has proved to be of considerable practical

use.

When considering the empirical Nk values shown in

Table 1.3 various points should be borne in mind.

1. Potentially the most serious short-coming of
this data is that the measured cone resistance
(qc) rather than the total cone resistance
(qt) has been used to derive Nk’ The dif-
ference between q. and qp arises from pore
pressure acting in the joint between the tip
and shaft of the penetrometer (Fig. 1.11).
The value of o corresponds to the total end
bearing capacity and is independent of internal
penetrometer design. This effect 1is most
severe in normally consolidated clays in which
the highest excess pore pressures are generated
at the cone éhoulder (see Schaap and Hoogen-

doorn 1983).
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The values of undrained shear strength used to
calculate Nk are of variable gquality and
fundamental nature. Concerning the quality of
results, different sampling techniques will
have produced differing degrees of sample
disturbance for the triaxial tests. The field
vane produces results that are rate sensitive
and may in any case be best interpreted as a
drained test due to the thin 2zone of soil
sheared (Wroth 1984) or as a strength index
test. Different vane designs introduce varying
degrees of so0il disturbance. Even 1if the
different tests were conducted without distur-
bance differences between the undrained shear
strengths would be obtained due to strength
anisotropy and the differing stress paths

followed by different tests (Wroth 1984).

Some variation in Nk factors may be expected
due to wvariations in soil properties not
considered by plasticity theory. Such proper-
ties include the shear modulus (G) the sensi-
tivity (St) and the soil response to the rate

of shearing (? ).
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The effect of failure to apply water pressure
corrections to 9 in order to produce 9 is that
empirical N, factors in normally and lightly over-
consolidated clays will have been underestimated.

However, sampling disturbance will tend to have
produced underestimates of the clay's shear strength
Cy° If 4 is wunderestimated then N is over-
estimated. Thus these errors are to some extent
compensating. When the field correlations presented
in Table 1.3 are compared to the theoretical N
values of Table 1.2 a considerable discrepancy is
apparent. Nk values from high quality field testing
are frequently twice the maximum theoretical values.

It is not credible that this magnitude of difference is
due to errors in assessing insitu elastic para-
meters. The rigidity index would have been increased
by three orders of magnitude from its maximum likely
value to obtain an Nk of 20 from Gibson's analysis

for example.

A fundamental reason for cone resistances exceeding
the theoretical values may be the effect of the rate
of shearing on the undrained shear strength. Leva-
doux and Baligh (1980) and Tumay et al (1985) have
predicted the distribution of shear strain rate
around a perfectly-émooth penetrometer advancing at

20mm/sec. (Fig. 1.12). This analysis suggests an

Y oct!

octahedral shear strain rate (
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1 and 500 hr™! around the tip

of between 100 hr
within 2 shaft radii of the <c¢one centre line.
Unconsolidated undrained triaxial tests are usually

1

conducted at an axial strain rate of 2% min — which

1

is equivalent to a of approximately 15 hr .

Y oct
Higher quality consolidated undrained triaxial tests

1

may be conducted with a of around 0.02 hr .

Yoct
The field vane however imposes a high rate of shear
strain on the soil which is difficult to assess
accurately due to uncertainty over the width of the
shear zone; From a consideration of the above range
of shear rates it seems probable that some correction

of the shear strengths produced by triaxial testing

will be required for comparison with the standard CPT.

Mitchell (1964) demonstrated that the rate dependence
of the shearing resistance of clay soils could be

expressed as:
¢ = a +b lne

where: a and b are constants

€ is the strain rate

Marayama and Shibata (1964) showed that this relation-
ship was a speciaI case of the more general sinh

relationship:
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9 = a+d sinh le

where: d is a constant

Triaxial test data from Mitchell (1964) and others
indicate that the logarithmic form of the relation-
ship adequately models the behaviour of most clays

at axial strain rates of 0.002% min 1

and above.

Applying the logarithmic approximation to the CPT
problem each tenfold increase in rate of shearing
could be expected to produce a fixed percentage
increase in shearing resistance. Limited data
suggests that the magnitude of shear strength in-
crease 1is commonly between 5% and 10% for each
tenfold increase in shear rate. Such a rate effect
suggests that QUU triaxial shear strengths might need
to be increased by around 10% and CU triaxials by up
to 40% for use in CPT correlations. Such increases
would lead to proportional decreases in the value of
Nk’
The evidence for a rate effect of Mitchell's form
from cone penetration tests run at varying rates is
somewhat ambiguous. Lacasse and Lunne (1982) report
increases in cone re;istance of between 5% and 10%

for an increase in CPT rate from 2mm/sec to 20mm/sec
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at Onsdy and Drammen. No change in the measured
pore pressures was observed. Campanella et al
(1981) show an approximate 4% increase in d for the
same increase in rate when testing a very silty
clay. As the penetration rate was reduced below
1lmm/sec noticable reductions in measured pore press-
ure began to be recorded, Figure 1.13 . Laboratory
studies on sensitive Canadian clays performed by
Ladanyi and Eden (1969) showed an average 7.5%
increase in tip resistance for tenfold rate in-
creases. Test rates of between 0.059 and 2.1lmm/sec

were used for a 15.5mm diameter flat ended probe.

Set against this evidence are the field tests of De
Beer (1977), Kerisel (1967) and the laboratory tests
Luger et al (1982). All of these authors failed to
find any change in d. for tests conducted at less
than about 20mm/sec. Bemben and Myers (1974) and
Roy et al (1982b) reported variable cone resistances
at rates of 1less then 20mm/sec (Figure 1.14).
Neither set of authors were able to offer satis-

factory explanations for the observed behaviour.

Bruzzi and Cestari (1982) published data from two
CPT's in Port Tolle clay that suggested a 30% in-
crease in q. for a decrease in rate from 20mm/s to
3mm/s. If this data is reliable it may fit into the

pattern of Roy et al and Bemben and Myers.
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The most reliable data on cone resistances at rates
substantially in excess of 20mm/sec was provided by
Luger et al (1982). Using a small scale penetro-
meter with an undersized shaft they investigated
penetration rates of up to 2m/s. Their results
showed a 17% increase in d. for each tenfold in-

crease in penetration rate above a rate of 10mm/sec.

The above evidence from field and laboratory CPT's
does suggest the presence of a rate effect on the
cone resistance and hence presumably also on the
shear strength of the different clays. However the
scatter in the data indicates that the effect of
rate varies in different deposits from quite 1low
values perhaps in very silty or overconsolidated
clays to higher values in normally consolidated or

sensitive clays.

Pore Pressure Response

Theoretical predictions of normalised excess pore
pressure ( Au/cu) range between 6.1 and 7.4 for
spherical expansion and 4.6 to 5.5 for cylindrical
expansion with Ir varying between 100 and 250.
(Table 1.1). Vesic's semi-empirical formulae produce
rather higher values of Au/cu for normally consoli-
dated clays. For spherical expansion a Au/cu of up
to 9.3 is calculated with a corresponding maximum of

7.1 for cylindrical expansion. As the Henkel pore
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pressure parameter at failure ( af) increases for
sensitive clays even higher values of Au/cu may be
produced here. However overconsolidated clays would
generate lower pore pressures due to reduced af
values. For the 1linear elastic perfectly plastic
soil model only the variation of G/cu alters the

generated pore pressure as a is zero for true elastic

behaviour.

It has commonly been assumed that the spherical
expansion solution is appropriate for the tip behav-
iour and the cylindrical expansion can be applied to

the pore pressures generated on the shaft.

Empirical correlations between excess pore pressure
and undrained shear strength are usually expressed
in the following form derived from the cavity expan-

sion model for a linear elastic-plastic soil:

where: NAu = the excess pore pressure factor.

The N Au factor is also a function of the location
of pore pressure measurement on the penetrometer
(Figure 1.15) and of OCR (or a related parameter).
Table 1.4 shows values for this factor at various
clays sites. Comparison of this data with the
theoretical values presented in Table 1.1 indicates

that high values of Ir (i.e. Ir>250) are required to
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match elasto-plastic theory to field data. Rigidity
indices of 100 to 250 may account for the field data if
the semi-empirical Vesic approach is adopted with the
incorporation of Qg However, the problem of selecting a

single value of Ir for each soil remains.

(1981)

(1981)

Roy et al Champlain Clay

Author Location of pore Nz:u Soil Correlating
pressure measurement test for <4
Baligh & Boston Blue
Vivatrat Clay Triaxial and
(1979). All on cone apex 8.2 OCR=6-7 Field vane
Baligh 11.1 OCR=3-4

16.9-17.9 { OCR=1.1~1.3

Lacasse & Onsdy

All on cone 6.6-9.3 | OCR=1.3 St5—7 CAU triaxial
(1982). shoulder Drammen
Lacasse 5.9-6.2 | OCR=1.5 St=7 CAU triaxial

(1982 a) | Cone face 7.4-9.5 | OCR=2.1-2.3 Field vane

Cone shoulder 6.3~8.0 | "Sensitive"

19 above shoulder 4,4-5.6

CAU = anisotropically consolidated undrained triaxial
compression
TABLE 1.4 PFIELD CORRELATIONS FOR EXCESS PORE PRESSURE

FACTOR N , o
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The Analysis of Pore Pressure Dissipation Following

Penetration.

The hydraulic characteristics of primary.interest to
the geotechnical engineer are the permeability of a
soil (kh and kv) and the coefficient of consoli-
dation (ch and cv). It has been suggested by
several authors that one or both of these parameters
may be determined from records of the dissipation of

excess pore pressures during a stop in penetration.
Two basic methods of analysis have been employed:

1. One dimensional radial consolidation (cylindri-
cal or spherical) usually with a logarithmic
initial pore water ©pressure distribution

derived from cavity expansion.

2. Two dimensional consolidation incorporating
the actual probe geometry and a more complex

initial pore water pressure distribution.

1) The earliest analysis of this problem was aimed
at the determination of set-up times for piles.
Soderberg (1962) and Ladanyi (1963) produced solu-
tions for the dissipation of pore pressure in a
homogenous soil after spherical or «cylindrical
cavity expansion. The cylindrical solution was seen

as applicable to the pile shaft while the spherical
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solution was suggested for the behaviour around a
pile (or penetrometer) tip. The use of this one
dimensional analysis for predicting the behaviour of
pile shafts has been advanced recently by a number
of teams working on the ESACC project (Kraft, 1982).
The most successful of these methods (Randolph,
Carter and Wroth, 1979) appears capable of predic-
ting shaft capacities to the same sort of accuracy

as more traditional empirical methods.

Torstensson (1978 and 1982) suggested that the
cylindrical and spherical analyses of Soderberg and
Ladanyi should be applicable to dissipation around a
pore pressure probe. Results of this analysis are
given in Fig. 1.16. Calculation of the coefficient
of consolidation was recommended at 50% dissipation.
Several authors have used these results. Roy et al
(1982b) applied them to their Canadian piezocone
field tests taking E/cu = 400. Assuming the
spherical solution to be applicable to the penetro-
meter tip and the cylindrical solution to the shaft,
Torstensson's values for the time factor T were 0.7
and 3.5 respectively. The measured ratio (t50
shaft/t50 tip) waé 4 for the field tests which

agrees reasonably well with Torstensson's (or Baligh
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and Levadoux's) analysis. However since independent
measurements of the hydraulic characteristics of the
deposit were not available the absolute accuracy of

the predicted values was not assessed.

Lacasse and Lunne (1982) have compared the results of
field and laboratory tests with Torstensson's dissi-
pation curves and Baligh and Levadoux's analysis
(see below). For a 60° probe they report that
Torstensson under predicts h by a factor of between
4 and 6 while Baligh and Levadoux's values "agree
amazingly well" with laboratory values from the
reconsolidation stage of 1loading. However Campa-
nella et al (1982) claim that predicted values of h
in the overconsolidated range "compare favourably"
with Torstensson's cylindrical solution at 50%

dissipation for a clay with an OCR of 2.

Battaglio et al (198l1) have presented an analysis
similar to that of Torstensson but incorporating the
empirical pore pressure coefficient Af. These
authors report that the dissipation curves were
unsatisfactory , yielding different values for the

coefficient of consolidation (ch or c ) depen-

average
ding on the degree of dissipation at which the

theoretical and measured curves were matched.
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2) Results of two dimensional finite element analy-
ses of consolidation around penetrometers have been
presented by Baligh and Levadoux (1980) and Acar et
al (1982) (Fig. 1.16). These analyses have produced

several interesting results:

i) The initial distribution of excess pore press-
ures strongly affects the shape of the dissipation
curves. Baligh and Levadoux used a normalised
initial excess pore pressure distribution derived
from their strain path approach which, they suggest,
should be valid for any clay. Acar et al used a
different distribution without indicating how it was
derived. This results in rather different dissipa-

tion curves (Fig. 1.16).

ii) The rate of dissipation is primarily controlled
by the horizontal permeability. Parametric studies
by both groups conducted by reducing the vertical
permeability to 1/8th or 1/10th of the horizontal
permeability showed little change in the dissipation
curves. Acar et al found that the variation was

rather greater than Baligh and Levadoux however.

iii) As can be seen in Fig. 1.16, the location of the
porous filter significantly affects the predicted

dissipation curve. Both groups agree that filters
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located at the tip or at mid-height on the face of a

60°

cone will give essentially identical dissipation
curves, Filters located on the shaft of the penetro-

meter will give longer dissipation times.

Baligh and Levadoux emphasise that the values of
ch(probe) obtained from the dissipation record apply
to the recompression value of N i.e. overconsoli-
dated behaviour. They suggest the following steps
(requiring oedometer data) to evaluate C, in virgin

compression from , (probe) :

i) cv(probe) = ch(probe) kv/kh

The ratio kv/kh is difficult to measure with any
accuracy but Ladd (1976) gives estimates of its value

for various soil types.

ii) CV(N/C) = Cv(probe) [(RR/CR]

where CR

compression ratio = Cc/(l + eo)

RR

recompression ratio = CS/(l + eo)

For dissipation around penetrometers it 1is

2 2

suggested that RR = 0.5 x 10 < to 2 x 10

for many clays.

This method was used with some success to
determine normally consolidated values for Cy in Boston

Blue Clay.
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Baligh and Levadoux also emphasise the requirement
for the theoretical dissipation curve to produce the
same value for ch(probe) regardless of the degree of
dissipation at which the measured curve is.analysed.
If matching is only attempted at 50% consolidation
any "theoretical" dissipation curve (even one drawn
randomly) could produce some value for Che In
practice a consistent match over the range of 20% to
80% dissipaton would suggest a reliable theoretical
model as errors in measurement of the hydrostatic
pore pressure (uo) or the initial penetration pore
pressure (ui) tend to introduce uncertainties into

the beginning and end of field records.

Aims of the Present Research Work

The objectives of this research programme were as

follows:

1. The effect of variation in fundamental clay
properties on piezocone data was to be evalu-
ated. The following properties were to be

considered for normally consolidated clays:

a) Undrained shear strength <4

b) Hydraulic characteristics y, and kh

c) Soil stiffness G.
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2. The effect of variation in penetration rate on
piezocone behaviour was to be determined
experimentally. The range of rates to be

studied was 20mm/s to 2m/s.

3. The experimental results were to be compared
with existing theories. They were also to
provide a sound experimental data set against

which to evaluate new penetration theories.

As the majority of the experimental work was to be
conducted in the laboratory it became necessary to
evaluate the effects of radial confinement on the
CPT. This became a secondary aim and an experimental
programme was conducted to evaluate this effect
before the main experimental apparatus was con-

structed.

In conjunction with the work presented in this
thesis a number of separate projects have been
undertaken at Oxford University by others. A series
of studies have been performed to obtain an improved
theoretical model for cone penetration. A current
DPhil study on this éubject is being conducted by C.I.
Teh. Laboratory research into piezocone behaviour

in overconsolidated clay is also being performed.
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FIGURE 1.7 PREDICTED STRESS PATHS FOR CYLINDRICAL CAVITY EXPANSION
After Randolph,Carter and Wroth (1979)
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FIGURE 1.8 PREDICTED TREND OF (Aug,,/c, ) WITH OCR

After Randolph,Carter and Wroth (1979)
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INVESTIGATIONS INTO THE EFFECT OF TANK CONFINEMENT

Introduction

From the outset of the project it was decided the
investigation into cone penetration behaviour should
primarily be conducted in the laboratory rather than
in the field. The major advantages of a laboratory
investigation 1lie in the ability to control the
homogeneity and the stress history of the soil with
precision. Thorough and high quality sampling of the
soil for secondary testing (e.g. triaxial tests) is
also considerably easier from the laboratory clay

"cake".

However the drawback to laboratory testing as com-
pared to field testing lies in the imposed boundary
conditions. In order to maintain a clay cake (other
than a slurry) in a normally consolidated state
appropriate effective stresses must be maintained on
all its surfaces. This requirement dictates that the
clay cake must be enclosed in some form of cell. For
one-dimensional vertical consolidation of the clay
from a slurry it is Sf practical importance that the
top and bottom boundaries of the soil are inflexible
and that the radial boundary is rigid. The importance

of vertical drainage only is discussed by Nageswaran
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and Houlsby (1984). These boundary conditions are
only approximately met in the laboratory with con-
solidation cells of finite stiffness. However the
boundary conditions required to model field behaviour
during a CPT are much more complex. If the CPT may
be crudely modelled as a cylindrical cavity expansion
it may be seen that neither the vertical nor the
radial stresses remain constant during penetration.

The vertical stress is seen to increase only in the
zone of plastic behaviour around the cavity (or
penetrometer). This region may extend from 10 to 16
radii from the penetrometer centre line (with G/cu =
100 to 250). Outside this region 1lies the elastic
zone in which no increase in vertical stress is
predicted. The radial stress increases as the cavity
expands, this increase being proportional to the
inverse of the radius squared outside the plastic
zone. Thus the radial stress increase reduces rapidly
with increasing radius from the penetrometer but

remains finite.

For the top and bottom of the cake four types of
boundary are practical. These are a rigid no-
displacement boundary (Rnd), a rigid constant mean
stress boundary (Rcms), a flexible no mean dis-
placement boundary (Fnmd) and a flexible constant
stress boundary (Fcs). The practical choices for the
radial boundary are moge limited being either rigid

no displacement (Rnd) or flexible constant stress
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(Fcs). Not all the possible combinations of boun-
dary are practical as the cake requires vertical

stability.

Some of the different cells used for this type of
testing in clays are listed in Table 2.1. Where
doubt exists over the boundary condition this is
shown with a question mark. The cells used for the

present study are included for comparison.

Boundary Condition Cell diameter Nature
Authors of
Study
Top | Bottam | Radial | Probe Diameter
Almeida &
Parry Model
(1985) Rems? | Rnd Rnd 85.0 & 66.9 Penetrometer
Chandler Shaft friction
& Martins of drilled-in
(1982) Rnd Rcms Fcs 6.8 pile
Smits Full scale
(1982) Fnmd? | Rems Rnd l6.1 penetrometer
Steenfelt
et al
(1981) Fnmd Rems Fcs 13.2 Model pile
Present 51.4, 88.6 Model
Study Fcs Rnd Rnd & 39.6 Penetrometer

TABLE 2.1 BOUNDARY CONDITIONS OF CELLS

FOR PENETRATION TESTS
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From the table it may be seen that Chandler and Martins
and some researchers at Cambridge University have used
flexible radial stress control. In these instances
the clay cake has been consolidated from a slurry in a
rigid cell, removed from this cell and reconsolidated
in a second 'triaxial' cell to higher stresses 1in
order to minimise the disturbance. The preferable
method of consolidating the slurry into a membrane
through which radial stresses could be controlled does
not appear to have been perfected to date. The trans-
fer of clay cakes between cells imposes rather severe
limits on the maximum size of cake and this is

reflected in the cell to probe diameter ratios obtained.

Although radial constant stress boundaries were
considered for the present project the theoretical
and practical drawbacks led to the adoption of the
boundaries shown in Table 2.1. It was apparent
however that the effect of different boundary con-
ditions and the relative sizes of probe and cell were
not well documented. It was decided to evaluate the
effect of differing probe to tank diameter ratios on
rigid walled tanks by a small scale experimental
series together with numerical and theoretical

calculations.
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Small Scale Equipment

The principal objective of the small scale series
of tests was to measure the change in radial stress
at the cell wall due to probe penetration at the
centre of a cell. These values were then compared
with the radial stress increases predicted by
cylindrical cavity expansion. One size of cell was
used with a variety of probe sizes. Two forms of
end boundary were investigated, these being rigid
constant mean stress and flexible constant stress
boundaries both combined with rigid no displacement

boundaries on the opposite face.

The cell ( Figure 2.1 ) consists of a perspex
tube (138mm internal diameter x 6mm wall thickness)
inside which runs a dural piston. An O-ring pro-
vides a pressure tight seal between either side of
the piston. The perspex tube is sealed onto a base
plate at the bottom and at the top onto a retaining
ring and top plate assembly. The cell is held

together with three external tie rods.

The piston is desiéned to consolidate the soil by
upward movement. A port in the baseplate allows

fluid pressure to be applied under the piston and
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water 1is strongly recommended in favour of gas
pressure for this purpose. Drainage of the clay
above the piston is axial and from both faces. A
3mm Vyon filter lies on top of the piston and this
is drained through a port in the piston and out of
the cell via a flexible tube and a port in the

baseplate.

There are two designs of top plate and both provide
for sample drainage. The stress control top plate
can be used to produce either a no overall volume
change or a constant stress top boundary condition.

The conditions are imposed via a neoprene membrane by
water pressure in a cavity above. The cavity is
either connected to an air- water interface for
stress control or 1isolated by closing a tap thus
allowing no volume change. A flexible 1lmm thick Vyon
filter is located between the membrane and the soil.

Drainage from this filter is through a fitting in the
membrane into a flexible tube which runs through the
cavity and out through the top plate. The alternative
top plate is solid. Both plates have a central port
which accommodates a range of plugs. The plugs
either carry a total gtress transducer for use during
consolidation or sleeve the different sizes of probe

during penetration.
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A pair of Druck PDCR22 pressure transducers are
mounted in the cell wall at a position 75mm below the
top surface of the soil sample. One of these measures
the radial stress exerted on the cell wall while the
other measures pore pressure. Due td the 1limited
wall thickness the transducers are mounted on an
exterior dural split ring and sealed into the cell
wall with O-rings. For the radial total stress
measurements the transducer face should be mounted
flush with the inside of the cell wall. This creates
difficulty because the transducers have flat faces
while the cell wall is curved. In practice the
transducer is mounted so that the face is tangent to
the inner surface of the cell. On the opposite side
of the cell a small Vyon filter is mounted flush with
the cell wall and pore pressures are measured in a

saturated chamber behind it.

Four solid probes and a pore pressure probe may be
used in the cell. The solid probes have a 60° in-

cluded tip angle and the following diameters:

Probe diameter | Cell diameter
(mm) Probe diameter
11.11 (7/16") 12.4
7.94 (5/16") 17.4
4.76 (3/16") 29.0
3.18 (1/8™) 43.5

TABLE 2.2 SMALL SCALE PROBE SIZES
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The pore pressure probe (Figure 2.2) has a diameter
of 11.1lmm and a 60° porous tip. The porous tip is
machined from Aerolith 10 ceramic filter with a
mean pore size of 25um. The porous section of tip
ends just below the cone shoulder to avoid this
point. The pore pressure are measured with a
Gaeltec 3Ea pressure transducer mounted just above

the filter inside the body of the probe.

The probe is driven into the cell at a constant
rate by a heavy duty electric stepper motor. The
motor pinion drives onto a vertical rack. The
lower end of the rack has a Sangamo D95 500N load
cell attached to it measuring the total resistance
to probe penetration. The probes screw into the
base of 1load cell. Four penetration rates are
provided by the stepper motor controller between
6.5 and 20.0mm/sec. The majority of tests were

performed at 20mm/sec.

The output from the load cell, pore pressure probe
and wall mounted transducers are recorded against

time on a four channel chart recorder.

Small Scale Testing Procedures

The clay cakes used for the small scale testing
were consolidated from a slurry. This was mixed at

water contents of either 100% or 120%. The wetter
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slurry was more pourable and thus easier to load

into the cells but gave rather shallow samples.

Before loading the slurry into the cells the cell
walls were thoroughly greased with silicon grease
or water pump drease. The latter appeared to
reduce O-ring stiction. The importance of greasing
the cells well was demonstrated by two tests in
which the cells were not greased. Large vertical
variations in water content and shear strength were
produced in these tests. In well greased cells
excellent uniformity was achieved as shown by

detailed water content testing.

The drainage lines were flushed through with water
and a 5cm depth of water placed on top of the piston.
The Vyon filter was de—aired in water under vacuum
and placed on top of the piston. 1Initially a paper
filter was used on top of the Vyon to prevent filter
clogging but this proved to be unnecesary. The
slurry was then tremmied into the cell up to the

level of the wall mounted transducers.

The pore pressure housing was installed at this
point. The filterrand housing body had been satur-
ated in water under vacuum and the pressure trans-
ducer sealed into the housing under water. It
proved difficult to maintain a high degree of

saturation during the brief installation period
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using water as the saturating medium. 1In general
the dissipation of pore pressures during consoli-
dation appeared to be indicated accurately by the
unit but the response was too sluggish to follow
rapid changes during probe insertion. This diffi-
culty led to the use of glycerin in pore pressure

transducers on the larger scale tests.

Having mounted the pore pressure housing the cell
was now filled with the remaining slurry. The top
filter was positioned and the top plate fitted
without its central plug. The piston was then
generally raised until the air was expelled from
the top of the cell. The central plug complete
with total stress transducer was fitted. The vert-
ical pressure were increased to a maximum of 500kPa
in steps and primary consolidation was complete in
less than 24 hours. However the cells were norm-
ally left under pressure for five to seven days to
allow the rate of secondary consolidation to reduce
significantly. The consolidated depth of cake was

around 140-150mm depending on consolidation pressure.

At this stage the port in the top plate was removed
and an adapter plug screwed in to sleeve the probe
selected for the test. For the early tests a
clearance of approximately one probe radius was

provided by these plugs. However it was found that



Page 52

soil extruded into this annular gap during penetration
thus altering the intended boundary conditions and
significantly changing the radial stress response.
Adaptor plugs that were a loose sliding fit to their

probes were used for later tests.

Having fitted the adaptor plug the penetration unit
was bolted onto the top plate and the probe attached.
The boundary control conditions were checked. If a
solid top plate was used the piston was held at a
constant pressure to provide a rigid constant mean
stress boundary at the base of the cake. If the
pressure control top plate was used the pressure
inlet to the water beneath the piston was closed to
produce a rigid no displacement bottom boundary. The
pressure acting on the top plate was recorded with a
pressure transducer in-line to the water filled
cavity. This pressure was matched in an air-water
interface and the line between this and the top plate
opened. The use of a self bleeding requlator for
control of the air water interface enabled flexible
constant stress top boundary conditions to be imposed

during the penetration test.

For a number of tests the pore pressure probe was

used. The tip of ‘this instrument was left in
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deaired water under vacuum for 24 hours. The
pressure transducer was then screwed into the tip
under water in a small cap which was only removed
once the probe was screwed onto the 1load cell
immediately prior to penetration. Despite the care
taken to maintain saturation this was not always

successful using these procedures.

Results of Experimental Study on Confinement

Effects.

The tests described above were all performed on

Speswhite kaolin clay with the following proper-

ties:

Liquid Limit LL 66%
Plasticity Index PI 33%
Specific gravity Gs 2.65

Peak ' 23°
Coefficient of consolidation Cy, 0.5mm2/sec
Slope of virgin consol line 0.25

Slope of swelling line 0.05
Normally consolidated rigidity index Ir=G/cu 150-250*

*NOTE: These values were measured in standard CIU
triaxial tests from initial loading and unload-reload
loops. Displacements were measured external to the
cell on the loading ram.

TABLE 2.3 PROPERTIES OF SPESWHITE KAOLIN
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Test Cell Cell dia | Rate w/C p' Vane shear Notes
Number | Number | Probe dia [(mm/s) (%) (kPa) strength (kPa)

SC1 1 12.4 10.0 | 41.5 460 73 ab
SC3 2 12.4 6.5 |43.0 - 57 b
sc4a 1 12.4 20.0 | 42.9 375 58 b
SC5 2 12.4 20.0 |41.9 456 67 b
SC7 3 12.4 10.0 | 55.8 68 8.8

SC8 4 12.4 10.0 | 42.0 444 67

SC9 2 12.4 10.0 }41.0 463 78

SC10 1 12.4 20.0 | 43.0 460 61 a
SC12 3 12.4 20.0 | 40.7 488 80 a
SC15 2 12.4 20.0 |44.2 332 48 a
SC17 1 12.4 20.0 {50.2 138 24 a
SC18 1 12.4 20.0 |45.8 304 41 a
SC20 4 12.4 35.0 140.3 - 94 ac
SC22 1 29.0 20.0 | 45.8 284 38

SC23 1 43.5 20.0 - - - d
SC24 4 29.0 20.0 | 43.2 376 58

SC25 3 43.5 20.0 - - - d
SC26 1 43.5 20.0 |42.9 459 67

sCc27 3 43,5 20.0 |41.9 456 68

SC28 1 17.4 20.0 |41.7 488 73

SC29 3 17.4 20.0 | 51.3 175 25.3 e

TABLE 2.4 GENERAL DATA FOR SMALL SCALE
CONFINEMENT EFFECT TEST DATA

General notes to Table 2.4

All above series were performed on fully saturated normally

consolidated clay.

Cells 1 and 3 were equipped with radial stress transducers.

Cells 2 and 4 were used to provide extra penetration resist-

ance data.

Vane tests were all conducted immediately after depressur-

isation of cell and removal of top plate.

were reduced by approximately 25% on depressurisation

Section 4.3).

Vane strengths

(see
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Lettered notes to Table 2.4

Pore pressure probe used for this test.

Large diameter entry port.

Test unsuccessful due to pinion slippage on motor shaft.

Cell not greased.

Flexible constant stress top boundary.

Ten of these tests gave useful information on the
behaviour of the radial stresses during penetration.
Measured radial stress profiles with depth of probe
penetration are shown in Figure 2.3. The analysis of
this data is shown in Table 2.5. These results are
plotted in non-dimensionalized form in Figure 2.4,
together with the results from the larger scale tanks
(Section 4) and the results of a cylindrical cavity
expansion analysis in an unrestricted soil domain.

This analysis is described in Section 2.5.

The test performed with a flexible constant stress
top boundary (SC29) fits into the pattern of results
observed from tests with a rigid constant mean stress

lower boundary shown on Figure 2.4.
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Test | R/a Cui Aor Cui T s Acr Acr Acr
Number (kPa) (kPa) Syvo Ovo Sro Svo Cui
SC1 12.4 132 175 0.29 0.52 0.74 0.38 1.33
SC4 12.4 107 265 0.29 0.61 1.16 0.71 2.48
SC10 12.4 106 198 0.23 0.59 0.73 0.43 1.87
SC12 12.4 146 192 0.30 0.82 0.48 0.40 1.32
SC17 12.4 40 128 0.29 0.84 1.20 1.01 3.20
SC28 17.4 128 196 0.26 0.67 0.59 0.40 1.53
SC29 17.4 35 95 0.20 0.74 0.74 0.54 2.71
SC22 17.4 73 157 0.26 0.88 0.63 0.55 2.15
SC26 43.5 107 80 0.23 0.66 0.26 0.17 0.75
SC27 43.5 123 61 0.27 0.70 0.17 0.13 0.50

TABLE 2.5 ANALYSED DATA FROM CONFINEMENT EFFECT TEST SERIES

The symbols used in Table 2.5 are as follows:

R
a

oro

o-VO

Ao

r

ui

cell radius

probe radius

radial stress at end of consolidation

vertical stress at end of cdnsolidation

Increase in measured radial stress due to
probe insertion

In situ shear strength calculated from
water content and CIU triaxial data (see

Section 4.3).

It is of interest to supplement the data obtained

from the 138mm diameter perspex cells with that

obtained from the 580mm and 1000mm diameter tanks

used in the main series.

Table 2.6 and plotted in Figure 2.4.

These data are given in
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Test cui AO’r Aor Ao‘r
Number (kPa) R/a (kPa) Sro Cui
A3-1 65 51.4 47 0.26 0.72
A4-1 114 51.4 60 0.25 0.53
A5-1 121 51.4 77 0.29 0.64
Bl-1 109 51.4 69 0.26 0.63
B2-1 66 51.4 55 0.29 0.83
B3-1 117 51.4 95 0.34 0.81
Cl-1 84 88.6 27 0.13 0.32
C2-1 87 39.6 87 0.33 1.00
TABLE 2.6 RADIAL STRESS MEASUREMENTS
FROM LARGE SCALE TANKS
Note: Undrained shear strengths in this Table refer

to in-situ values (i.e. prior to depressurization)

Calculations of Confinement Effect.

A fully satisfactory calculation for the effect of the
imposed laboratory boundary conditions during penetra-
tion has not been derived. 1In lieu of this, lower and
upper bound calculations have been performed which

give a degree of insight into the system behaviour.

An obvious lower bound solution is that of the cylindri-
cal cavity expansion for an infinite soil domain. For
this solution to correctly model cylindrical expansion
inside the tank the tank wall would have to have the
same rigidity as the clay from the radius of the wall
outwards.

In practice the steel or perspex wall is

much more rigid than this calculation assumes.
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The cylindrical cavity expansion solution developed
by Professor C. Sagaseta was used for this analysis.
This solution considers the soil to be linear elastic-
plastic with a Von Mises yield criterion. Anisotropic
initial stresses are incorporated together with shear
forces at the cavity wall. The following input

parameters were used for the present analysis:

1) Rigidity index Ir = 100 and 250 (see Section 2.4)
2) Initial stress ratio Ao = 946~ %o = 0 to 1
2cu

3) Adhesion factor at cavity wall a=9% = 0.3 to 0.

C
u

The results of this calculation are shown in Figure
2.4. Of the three variables the rigidityindex is the
only significant parameter in the analysis. The
effect of varying the initial stress ratio can be
plotted but 1is small and variations 1in adhesion
factor have very little effect on the radial stress
increase. The predicted radial stress increases
are less than those measured at the cell wall espec-

ially for larger tank to probe diameter ratios.

The upper bound calculation has been approached in
steps. The first step was to assume all expansion to
be radial and the seil to be incompressible. The
required radial displacement of the shell may be

calculated to accommodate the volume of the probe.
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From the elastic properties of the shell
the radial stress on the shell may then be deter-
mined. The radial stresses so calculated are

greatly in excess of those measured.

Two refinements of this calculation have been
performed. In the first a crude method to include
the actual soil compressibility was followed.
There the soil was taken to have a bulk modulus (K)
but no shear modulus (G) as if it were a £fluid.
Again the expansion was taken to be radial, con-
fined by the shell. The undrained bulk modulus of

the soil is given by

K = (1 + e) +K'

(e/Kw) + (l/Ks)

where e = void ratio
Kw = bulk modulus water
K, = bulk modulus soil solids
K' = drained bulk modulus of soil
skeleton
K' = 2 G (1 + V") where v' = drained Poisson's
3 (1 - 2v") ratio of approxi-

mately 0.3

The drained bulk modulus appears in the above equation because
soil skeleton deformation is initiated by differential volume
changes of the fluids and solids. As this movement is diff-
erent to that required by conventional drainage the K' term may
require some modification but its influence is small in the
overall expression.
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Taking G/cu = 200 and considering the range of shear
strength between 20 kPa and 100 kPa (e = 1.35 to
1.05), the calculated range of undrained bulk modulus

6 kpa to 4.3 x 10°

is from 3.6 x 10 kPa. The increase
in stress corresponding to a decrease in soil volume

is given by

Ao = AV X = (a2— r12 + roz)K (egqn 1)
— u u
Vo ro2
where a2 = probe radius
r, = original tank radius
r, = expanded tank radius

Consideration of the hoop strain in the shell gives

Aot = 2t B all (rl—ro) (egqn 2)
2ro r
where t = wall thickness

1
Ewall Young's modulus of wall
Equations (1) and (2) may be solved by eliminating
Ao& and solving the resulting quadratic for ry.
Substitution of ry back into either equation produces
AOE. This method of calculation produced the radial

stresses shown in Table 2.7
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r r A
Tank E,a11 | E 0 a R Or
Material (mm) { (mm) | (mm) a (kPa)
(GPa)
Steel 210 17 290 5.64 | 51.4 960
Steel 210 17 500 5.64 | 88.6 230
Steel 210 17 500 12.62 | 39.6 | 1170
Perspex 3.1 6 69 5.56 | 12.4 846
Perspex 3.1 6 69 3.97 1 17.4 432
Perspex 3.1 6 69 2.38 | 29.0 155
Perspex 3.1 6 69 1.59 | 43.5 69

TABLE 2.7 RESULTS OF BULK MODULUS EXPANSION

CALCULATIONS FOR Ku = 4 X 106

kPa

The results of this unsophisticated analysis are
interesting as the predicted radial stress increase
in the perspex cell with the smallest probe diameter
is rather closely matched (compare Tables 2.7 and
2.5). In the two tests concerned the top and radial
boundaries were fixed and the bottom boundary was
intended to be a rigid constant mean pressure
boundary. Tests with larger diameter probes in the
perspex cell and tests with the penetrometers in the
steel cells with their flexible constant stress top
boundaries produced much lower measured radial stress
increases than those Vpredicted in Table 2.7. The
probable reason for this difference in behaviour lies
in the detail of the rigid constant mean stress
boundary in the perpéx cell. This boundary is

provided by a piston sealed moderately tightly
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against the cell wall by an O-ring. It is 1likely
that the effects of static friction on this seal
combined with a rather 1low increase in vertical
stress due to a very thin probe penetrating the tank
to caused the piston to act as a rigid no displacement
boundary in this case. However in the case of larger
probes the piston acted as intended and the flexible
boundary was also able to respond effectively in both
types of cell. This observation sounds a note of
caution over the use of rigid constant mean stress
boundaries for this sort of problem especially in
view of the difficulty of checking their correct

operation.

The effects of confining a cylindrical cavity expan-
sion within a stiff (but not rigid) shell were studied
with the help of Dr. H. Burd. Use was made of his
large displacement plane strain program PLATEG6.
Details of the formulation of this program are given
in Burd and Houlsby (1985). A horizontal plate
(Figure 2.5) representing a quadrant of the tank in
plan was used. The plate consisted of 84 six-noded
plane strain triangles with 3 three-noded membrane
elements on the outgide of the mesh modelling the
tank wall. The soil model was linear elastic-plastic
and the shell linear—elastic. The mesh generating
program for this problem and the data plotting

routines were written by the present author. The
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cavity expansion was from an initial radius (ri) to a

final radius (rf) where:-
rf = 4ri

The case of the lcm2 penetrometer in the 580mm dia-
meter tank was specifically considered and the area
increase of the cavity set equal to lcmz. 400 dis-
placement steps were used to expand the cavity and a
3 point Gauss rule employed corresponding to 'full'
integration. The program was run five times with a
constant value of so0il Young's modulus but a Poisson's
ratio increasing from 0.30 to 0.49. The results of
these analyses are shown in Figures 2.6 to 2.8. It
may be noted that the value of Poissons ratio for
undrained shear strengths of 20kPa to 100kPa lies
between 0.4994 and 0.4977 approximatléy. However
such high values could not be used in the finite
element program due to resultant problems with numeri-

cal stability.

It may be observed from the results of the finite
element calculations that the tank wall has 1little
effect on a cylindrical expansion in a compressible
soil (v = 0.3). However as the compressibility is
reduced the effect of the wall increases, raising all

the stresses throughout the soil by an equal amount

for each given Poissons ratio. The magnitude of
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stress change (radial, vertical or hoop) from the cavity
to the wall remains almost unchanged by increasing Pois-
son's ratio. From Table 2.6 it can be seen that the
average measured value of Acrr/cu is around 0.7 for the
case being modelled. This corresponds to a Poisson's
ratio of approximatley 0.45 in the plane strain analysis.

A plane strain analysis with a compressible soil may not
be an inappropriate model for the radial behaviour in the
tanks as the vertical movement of soil in the prototype
can be seen as a loss of volume or "pseudo-compressi-

bility" in the radial direction.

The calculations were extended with the help of C.I. Teh.
Use was made of his finite element program FEM15. This
program has a large strain formulation and can analyse
axially symmetric ©problems with anisotropic initial
stresses. The mesh used for this exercise is shown in
Fig. 2.9. The so0il was modelled with 28 cubic strain
triangles and the tank wall with a further four of these
triangles. The soil model was linear elastic-plastic and
the wall linear elastic. As in the previous calculations
a four-fold radial expansion was used. Using this form-
ulation reasonable numerical stability was obtained with

a value of v = 0.495 (see Figs. 2.10 to 2.13).

A more satisfactory numerical model would result from the
application of a constant stress upper boundary to a
deeper mesh of the form shown in Figure 2.9. However,

this form of analysis has not been possible to date.
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Three main conclusions can be drawn from the work on
the effect of tank confinement on CPT behaviour in
clay. Firstly the measurements of radial stresses on
the tank wall produced stress changes that were
considerably greater than those predicted in the
field, even for large values of tank to probe radius.
This is probably due to the tank walls confining the
radial movement of the soil to a greater degree than
would have occurred under field conditions., However,
there is evidence that rigidity indices at low shear
strains are considerably higher than those used in
the above study. Use of high rigidity indices would
narrow the gap between the analytical and experimental
results. The magnitude of stress increase may be
influenced by the soil stiffness if the cell wall has

relatively low rigidity.

Secondly the numerical studies of plane strain cavity
expansion confined by a stiff (but not rigid) radial
boundary demonstrated that the radial stress increase
at the boundary acts in a similar fashion to a cell
pressure increase in an undrained triaxial test. All
the principal stresses within the soil are increased
by this boundary radial stress increment. However,
once this increase is subtracted the stress
distribution is practically unaffected by the wall.
Under field conditions some rise in radial stress

would be expected at any finite radial distance from
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a penetration event. However, the above studies
suggest that CPT results from radially confined
chamber tests may give a lower bound to the corres-
ponding field behaviour if the radial stress increase
measured at the cell wall is subtracted from the

penetrometer pore pressures and total stresses.

The third conclusion drawn from the small cells was
that both flexible constant stress boundaries and
rigid constant mean stress boundaries on one end of
the clay cake lead to similar measured radial stress
increases at the cell wall during penetration events.
This may indicate that the far field behaviour during
penetration is primarily radial expansion. Notwith-
standing this observation it was felt that a flexible
rather than a rigid pressure controlled boundary was
preferable for the main series of tests. This was
because the flexible boundary produces conditions
that are closer to field conditions than the rigid
boundary and the <correct functioning of such a

boundary is easier to check.

It is clear that the_relatively rigid tank walls do
alter the stress and strain fields around the pene-
trometer. However the known boundary conditions and
soil properties will énable the laboratory condition
to be modelled numerically and thus compared to field

conditions.
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LARGE SCALE EQUIPMENT AND TESTING PROCEDURE

3.1

Introduction

As the experimenal work into the effect of radial
confinement proceeded it became apparent that the
confining effect of the rigid tank boundaries could
not be entirely eliminated within a reasonable scale
of tank. It was therefore decided to produce tanks
which had the greatest practical tank to probe

diameter ratio (R /

). A diameter ratio of

tank Rpen

between 40:1 and 50:1 was chosen. In order to reduce
the physical size of tanks two sizes of small scale

2 and 1cm2 cross-—

penetrometer were used with 5cm
sectional areas. This led to the production of two

sizes of tank with diameters of 580mm and 1000mm.

The requirement for penetration rates of up to 2m/s
necessitated the use of a hydraulic system to drive
the penetrometer. The handling of a hydraulic ram
and associated hoses on top of the consolidation tank
required the maximum of clear working space. In
order to provide this the consolidation tanks were
designed with an internal piston which moved up the
bore of the tank, consolidating the sample from its

base.
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The high velocity of penetration also required a
rapid data 1logging system to record penetration

events.
The equipment system is shown schematically in Fig.
3.1 and is described in detail in the following

sections.

Consolidation Tanks

Three large consolidation tanks have been built.
Tanks 'A' and 'B' have internal diameters of 580mm
and heights of 1.1m. Tank 'C' (Fig. 3.2) has an
internal diameter of 1000mm and an outside height of

2.0m. Both sizes of tank operate in the same manner.

The tank shell is cylindrical with a machined bore.
The shell 1is equipped with ports that allow the
insertion of pore pressure transducers into the upper
portion of the tank and the measurement of total
radial stresses at the tank wall. At either end the
shell has a machined flange and rebate that enable
the top and bottom p;ates to be clamped on using a

Victaulic ring and seal (Fig. 3.3).
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The Victaulic ring is divided into three sections.
These are held together by three bolts lying tangen-
tial to the ring's circumference. As the joints
require so few bolts installation of the end plates
is considerably quicker than for a comparable bolted
flange. The moulded rubber seal is located in an
annulus between the ring and the tank. It seals
under positive pressures and vacuum pressures inside
the tank. In order to ensure the correct functioning
of the seal a 6émm gap is required between the shell
and the end plates. This is maintained by a series
of M5 socket head bolts tapped into the ends of the
shell.

The top plate of each tank contains five access ports
and supports a flexible membrane on its under side
(Fig. 3.4). The membrane is fabricated from a 1lmm
thick neoprene sheet stiffened at its edge and around
the port holes with thin sheets of glass reinforced
neoprene. The reinforcement is glued to the membrane
using an industrial adhesive "Chelsea 391" combined
with a chemical <cross-linking agent "Tridur KA".
This produces a flexible bond with high peel
strength. The use of the reinforcing material

enables the membrane to be clamped firmly to the
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spacers at the ports and edge of the plate without
extrusion of the membrane under pressure or tearing
of the membrane in service. The spacers hold the
membrane 35mm below the top plate. The gap between
the membrane and top plate is water filled and linked
to a pressure control and measurement system mounted
on the outside of the tank. This system enables
either constant stress or zero displacement conditions

to be maintained on the top face of the soil sample.

A Vyon porous plastic filter is located below the
flexible membrane to enable sample drainage from the
top face. To ensure maximum flexibility for this
filter it is only lmm thick and has a series of slits
cut through it radial to each port. Four brass
"buttons™ are 1located in the flexible membrane.

These contain a central drainage hole aﬂd accommodate
Lee-Instac flexible tube fittings in their upper
surface. The flexible tubes connect the buttons to
the underside of the top plate. Drainage holes are
provided through the top plate and the expelled pore
water is drained into a constant head tube mounted on
the outside of the tank. Drainage to a constant head
tube ensured that a known small positive initial pore
pressure condition could be maintained in samples

once consolidation was complete.

‘Each top plate has a central access port and four
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peripheral ports spaced at half the tank radius from
the -centre line. Each port has an internal diameter
of 25.3mm which provides a sliding fit for penetro-
meters with a Scm2 cross—-section. The upper po£tion
of each port is threaded M30 to enable brass plugs to

be screwed into the port. There are three types of plug:

1. Blank plug
2. Blank plug incorporating a pressure transducer

3. Penetrometer adaptor plug.

All the plugs end flush with the bottom of the mem-
brane retaining ring and incorporate an 'O' ring
seal. The penetrometer adaptor plug has an axial
hole of 11.3mm diameter running through it which
provides a sliding fit for penetrometers of lcm2
cross—-sectional area. On the upper face of the top
plate there are four M14 holes around each port.

These enable the penetration frame to be bolted onto

the top plate.

The base plate of each tank has the same thickness as
the top plate. The base plate has fittings which
enable pressurized wafer to enter the tank, expelled
porewater to leave the tank and the operation of a
pressure transducer énd a system to measure the

piston displacement.
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The piston itself is of hollow construction (Fig.
3.5). It functions by travelling vertically up the
bore of the tank under water pressure thereby applying
a consolidation pressure to the clay above the piston.
The piston depth is 320mm for the larger tank and
195mm for the smaller tanks. Each piston has four
circumferential grooves machined into its wall to
accommodate a pair of seals and a pair of bearing
rings. The seals are of 0.5" Quadring section. The
bearing rings are 1.5" wide by 0.125" thick and made
of a low friction fabric reinforced plastic, Tufcot
T100G. The bearing rings prevent the seals from
becoming nipped. The underside of the piston has
dished air traps machined into it. These are vented
through the piston and sealed with plugs screwed into
the piston face. These vents enable the air trapped
under the piston to be expelled during the filling of
the water system. In the centre of each piston is a
port designed to carry a PDCR 10DF pressure transducer.
This waterproof transducer has its face flush with
the top of a 3mm thick Vyon filter 1lying on top of
the piston. This enables measurements of the total
vertical stress on the base of the sample to be made
for comparison with the vertical stresses measured at

the top of the sample. Drainage from the bottom
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filter is provided through the piston. The expelled
pore water passes into an Enots 8mm diameter spiral
tube attached to the underside of the piston at one
end and the base plate at the other end. After
passing through the base plate the water is piped

into the constant head tube on the side of the tank.

The displacement of the piston 1is measured by a
multi-turn potentiometer and self winding cable drum
(Fig. 3.6). This system 1is bolted to the upper
surface of the tank base plate and is designed to
operate under 10 bar water pressure. A nylon sheathed
Bowden cable passes from the self-winding drum, round
a pulley and is attached to the underside of the
piston. As the piston moves so the drum unwinds or
reels 1in. The rotation of the drum is recorded by
the potentiometer which is located in a water-tight

housing.

The water pressure required to drive the piston in
each tank is produced by a Madan Uni-Cub Model 'A'
air driven hydraulic pump. A range of water pressures
between 270kPa and 1200kPa can be achieved depending
on the air regulator setting. The pump ratio is

approximately 3:1 and the output is 27.5ml per stroke.
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Optimum pump performance has been obtained by tapping
a pressure relief valve and reservoir return line
into the high pressure side of the system. This
enables the pump to maintain continuous operation and
total stress fluctuations on the sample are typically
2-3kPa. It has been found to be necessary to fit oil
mist lubricators into the pumps' regqulated air supply

lines to prevent pump seizure (Fig. 3.1).

Details of the tanks' dimensions are given in Table 3.1.

Tank 'A! Tank 'B' | Tank 'C'

Shell Height (w/o studs) (mm) 1012 1012 1850
Piston Height (mm) 195 195 320
Shell Internal Diameter (mm) 580.87 - 580.49 - | 1001.01 -

580.97 580.75 1001.27
Top Plate Thickness (mm) 47.25 47.85 65.68
Pressure Chamber (mm) 34.55 34.15 36.32

Thickness
Base Plate Thickness (mm) 48 48 66
Port 1 | 135 135 209.5

Depth of pore pressure
and total stress port Port 2 | 225 225 409.5
below shell rim

Port 3 | 315 315 609.5
Maximum initial sample .
depth (mm) 780 780 1495
Number of mixes to fill
tank 3 3 14

TABLE 3.1 TANK DIMENSIONS

S | SR
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Penetrometers

Two sizes of penetrometer were supplied by Fugro B.V.
The penetrometers are referred to by their cross-

2

sectional area as 5cm2 and lcm® piezocones. T™wo

penetrometers of each size have been built.

The 5cm2 piezocones have a diameter of 25.23m and are
intended primarily for use in the 1000mm diameter
tank. In this tank the probe to tank diameter ratio
is 1:39.6. The external configuration of the instru-
ment is shown in Fig. 3.7(a). Tip resistance and
sleeve friction are measured together with pore

pressure at four locations as follows:

1) Mid-height on the cone face
2) On the cone shoulder
3) Mid-height on the friction sleeve

4) Immediately above the friction sleeve

Inside the 5cm2 penetrometer are two strain gauged
loadcells. The loadcell nearest the tip measures the
force on the tip and the loadcell further from the
tip measures the combined force from the tip plus the
friction sleeve. Each loadcell contains four pairs
of orthogonal strain géuges equally spaced around the

circumference, together with temperature compensating

resistors. The gauges are a standard Micro Measurements
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type and comprise a full bridge with a resistance of
180 nn in each arm. In order to minimize heat gene-
ration in the gauges the input voltage is kept to 3V
D.C. Both load cells have a capacity of lOkN which is
equivalent to an end bearing of 20MPa. The measured
end bearing 1is typically only 5% of this wvalue.
Output for both loadcells is approximately 0.45mvV/V
FSO which 1leads to typical 1loadcell outputs of

70-150uV in the current experiments.

The pore pressures are measured with Kyowa PS-10KB
miniature strain gauge transducers. These have a 10
bar range with a 15 bar burst pressure. They are
powered at 3V D.C. and produce a full scale output of
approximately 3mV. The filters on the cone surface
are marked "1" to "4" (Figs. 3.7a). They serve as a
rigid interface between the pore water in the soil
and the saturating fluid (glycerin) inside the pene-
trometer in which the pore pressure measurements are
made. The filters are made from Aerolith porous
ceramic. Filter "1" has a width of 3mm, filter "2" a
width of 3.5mm and filters "3" and "4" a width of
4mm.

The 1cm2

piezocones have a diameter of 11.3mm. This
gives tank to probe diameter ratios of 51.4:1 and

88.7:1 for the 580mm and 1000mm diameter tanks
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respectively. There are two alternative configur-
ations for this penetrometer and these are shown in
Fig. 3.7(b). Tip resistance together with one pore
pressure measurement can be recorded. By changing
the tips pore pressure can be measured either on the

face of the cone or on the shoulder.

The filter widths are 2mm on the cone face and 2.5mm
on the shoulder. The load cell and pressure trans-
ducer are similar to those used in the 5cm2 design.
The load cell has a capacity of 10kN which is equiv-
alent to an end bearing of 100MPa. The measured end
bearing is typically only 1% of this value. However,
the load cell design is severely constrained by the
small diameter of the probe and the need to provide
sufficient volume of metal for adequate heat dissi-
pation. Thus it is difficult to improve the sensi-
tivity of these small penetrometers. When powered at
3V D.C. the typical loadcell output is approximately

75 pV in the current experiments.

The total length of .the 5cm2 penetrometers is 850mm.
This enables a maximum penetration of 670mm to be
performed in the largést tank. The lcm2 penetro-
meters have a length of 730mm. These have a pene-
tration of 350mm in thé smaller tanks and 550mm in

the 1m diameter tank.
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Hydraulic Driving System

Due to the requiremeht of driving probes into the
tanks at up to 2m/s an insertion system power output
of just under 100kW is required. To provide this a
hydraulic system was designed (Fig. 3.8). The system
makes use of an accumulator which discharges o0il at
high pressure to a double-acting ram via flow control
valves. The valves are pre-set to the required flow
rate and are internally compensated for pressure
changes. On completion of the test the ram is

instroked directly by the pump.

The pump is a Heypac air driven hydraulic power pack
(HP40-BN-R1-21). It is driven from the laboratory
compressed air supply and pumps oil from the reservoir
into the accumulator to a maximum pressure of 165 bar
(2400 psi). A pressure relief valve prevents over

pressurization of the accumulator.

The accumulator is a Fawcett Engineering 18 litre
capacity model. The nitrogen bag is precharged to
138 bar and this pressure rises to 165 bar when the
accumulator is fully pressurized. In order to out-
stroke the ram oil is released from the accumulator

through either of two flow control systems.
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For slow penetration in the range 20mm/s to 200mm/s
solenoid valve S2 1is operated. This activates the
rapid opening of the pilot operated relief valve R2.

0il then flows through a pressure compensated flow
control valve F3. This valve is a Fluid Controls
type 2F75 1/2" restrictive style two port model. If
rates of between 200mm/s and 3.5m/s are required
solenoid valve S1 is operated which opens the pilot
relief valve R1. The o0il flow is then divided and
passes through two flow control valves Fl1 and F2.

These Fluid Controls Type 2F77 values are larger

versions of valve F3 having 1" diameter ports.

The controlled flow of o0il passes to the ram through
two 1.5" diameter "flexible" hoses. 0il leaving the
ram is taken through two more of these hoses back to
tank. Hose of this diameter is required to reduce
friction losses and prevent turbulence. The hoses
are connected to the ram through swivel couplings to
aid manoeuvrability. The ram itself has a 2" (50.8mm)
bore with a 1" (25.4mm) diameter rod. It has high

speed seals and is cushioned at both ends.

The return flow to tank is controlled by a pressure
relief valve (R3) set to operate at 14 bar line
pressure. This valve prevents premature movement of
the ram on the outstroke and enables the ram to be

simply instroked by the operation of solenoid valve S3.
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Logging System and Instrumentation

The full instrumentation and logging system is shown

in

as

Fig. 3.9. The instrumentation may be considered

follows:

Measurement of pore water pressure in the soil
mass. Up to three Gaeltec type 3Ea transducers

may be installed in any tank.

Measurement of total stresses on the tank bound-
aries, Up to 6 Druck PDCR22 and PDCR1ODF trans-
ducers may be installed on the larger tank or 4

transducers on the smaller tanks.

Measurement of piston displacement. One potentio-

meter is installed in each tank.

Penetrometer instrumentation (see above). On
the 5cm2 probe two load cells (L1 and L2) and
four pore pressures (P1l-P4) require 1logging.

2

The lcm® penetrometer gives data from one load

cell (Ll1) and one pore pressure transducer (Pl).

Measurement of penetrometer displacement. A
Sakae 10 turn precision potentiometer mounted on
the hydraulic ramwperforms this measurement. It
has a linearity of better than + 0.02% giving a

displacement measurement accuracy of +0.2mm.
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The measurement of pore water pressures within bodies
of so0il is commonly accomplished with Druck PDCR81
transducers. However, experience at Oxford has shown
that these transducers are difficult to deair fully
and that they can be unreliable in operation. For the
measurement of pore pressure changes during rapid
events such as cone penetration it is essential that
the transducers are fully de-aired. To overcome
these problems an alternative transducer type has
been adapted for pore pressure measurement. The
design is based on the Gaeltec 3Ea tranducer with the
addition of a thread and shoulder on the front and a
spanner flat on the rear of the body. A Druck filter
mounted in a perspex holder is screwed onto the front
of the transducer under glycerin after having been
independently saturated. The transducers are of the
half bridge type. A Gaeltec «circuit board is
connected to each transducer. This board contains
the balancing and temperature compensation resistors,
transforms 10V D.C. into + 5V A.C. to power the trans-
ducers and provides offset and amplification facili-
ties to the output signal. The output of each unit
has been calibrated to produce 1lmV/kPa with =zero
offset. Transducers have been purchased in the 3 bar

and 5 bar ranges.
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The Gaeltec transducers with an output of around
300mv and the Druck PDCR22 and PDCR1ODF with outputs
of 75-100mV can be read into the data logger without
the need for additional amplification. The two
potentiometers in the system, measuring penetrometer
ram displacement and consolidation tank piston
displacement, 1likewise require no amplification
having a +10V D.C. output. However, the penetrometer
outputs are low and require stable front end ampli-
fication before being passed to the data logger.
Outputs from the pore pressure transducers are around
3mV. This is amplified x 100 using an Oxford Univer-
sity multi-channel amplifier system deéigned by Mr.
S. Oldham. The penetrometer 1loadcell outputs are
around 75-150 pV for the current experiments. A 1K
amplification of these signals requires a very stable
amplifier and the Fylde type FE-255-DA unit has
proved to have the required performance. The cali-
bration of the penetrometers is conducted with the
same amplifiers, cabling and power supply that are

used during actual laboratory penetration.

The outputs from the vgrious transducers and potentio-
meters are then connected to a 3D data acquisition
system. This unit, the "Analogue Express", 1is a 16

channel parallel analogue to digital converter with a
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memory mapped interface to a Commodore C-64 micro-
computer. The main features of the system are that
it combines high sampling rates, high resolution and
the simultaneous reading of all channels. The maximum
sampling rate is dependent on the number of channels
being read. For only one channel the maximum sampling
rate is 13.889 kHz. During laboratory experiments
between 7 and 16 channels are 1logged at maximum
rates of 4.63kHz to 2.31kHz respectively. (Table 3.2).
The sampling rate can be reduced for logging slower

penetration events.

The conversion resolution is full 12 bit which gives
a resolution of 0.025% of full scale. The signal
conversion itself is accomplished with separate
sample and hold amplifiers and A to D convertors for
each channel, thus enabling the simultaneous reading
of all channels. The Analogue Express passes the
data to the C-64 where they are stored in a pre-
assigned area of memory as channel number and value
pairs. In order to achieve the high sampling rates
required the storage of these data 1is performed
under the control of the Analogue Express rather than
under the C-64's own operating system.

The C-64 uses two é;ograms to control the data
logging, these being "BOBLOG" and "MMAPDRV.C-64".

BOBLOG is a BASIC program which controls the setting
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up of the logging system and the timing of slow
logging stages. MMAPDRV.C-64 1is a machine code
program which drives the A to D convertors. BOBLOG
enables any combination of channels from 0 to 15 to
be read. The delay between fast scans is selected
and may be any value between the minimum shown in
Table 3 to a maximum of 1.573 seconds. Likewise the
number of fast scans is selected at any value up to
the maximum shown in Table 3.2. In addition to the
fast scanning sequence, up to ten stages of slower
scanning may be selected with delays of between 1
second and 999 seconds per scan. Each stage of the
slow scanning takes ten readings of each selected
channel. BOBLOG also allows up to ten single shot
calibration scans before and after the experiment.
Once the data have been acquired they may be viewed
in digital form on the VDU, output to a chart recorder
and stored on disk for transfer to the Departmental

VAX computer for processing.

Correct triggering for the fast logging stage of the
experiment is important. This is achieved with an
external trigger linked directly to the Analogue
Express. The trigger may be activated by the
penetrometer ram potentiometer or by a hand-held

battery driven unit.
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Number of Minimum delay Maximum scan Maximum number
Channels logged time rate of fast scans
(ms) (kHz)

1 0.072 13.889 8072

7 0.216 4.630 1050

8 0.240 4.167 904

9 0.264 3.788 790

10 0.288 3.472 699

11 0.312 3.205 624

12 0.336 2.732 562

13 0.360 2.778 510

14 0.384 2.604 465

15 0.408 2.451 426

16 0.432 2.315 392

Table 3.2. LOGGING SYSTEM - FAST SCANNING PERFORMANCE

3.6

Tank preparation

The tank preparation is the same for both diameters
of tank. The apparatus is initally separated into
its main components, base plate with piston, shell
and top plate. The bore of the shell is cleaned of
old clay and grease. -A generous coating of Castrol
Water-Pump Grease is then applied, particular

attention being given to the lead-in at the base of

the shell.
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The Water-Pump Grease seems to be less prone to
setting around the seals than the alternative silicon

grease and is also less costly.

The connections between the piston and the base plate
are checked. These are the spiral drainage line, the
piston vertical stress transducer electrical connec-
tion and the connections to the piston displacement
transducer. The piston displacement transducer is
powered up and the zero displacement reading checked
to ensure that the potentiometer has sufficient turns
available to measure the full experimental piston
displacement. Once these checks are complete the

piston is located centrally on its base plate.

The lower Victaulic Seal is now lubricated with
Victaulic Lubricant and positioned below the rim of
the base plate. Grease 1is applied to the piston
Quadring seals and these are 1located 1in their
grooves., Care must be taken to use the correct pair
of seals for each tank. Lightning Banding (a form of
giant Jubilee clip) is now used to hold the Tufcot
bearing strips in the;r grooves on the piston. The
banding is positioned around the bottom edge of each
strip to facilitate removal in the next stage of

assembly.
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The shell is lifted on the overhead crane and lowered
over the piston, removing the Lightning Banding as
each bearing strip enters the shell. A lifting frame
has been built to facilitate the lifting of the 1m
diameter shell. With the shell in position the
Victaulic Seal is moved up over the joint between
shell and base plate, one lip of the seal being
located on each flange (see Figure 3.3). The three
sections of the Victaulic Ring are now bolted together
around the joint forming a pressure and vacuum tight

seal.

The water level in the appropriate header tank is
checked and topped up if required. The brass vent
plugs in the face of the piston are removed and the
space under the piston pumped full of water by the
Uni-Cub water pump. Then the pump is isolated from
the tank by closing the tank inlet valve. A vacuum
is applied to the water under the piston and trapped
air bubbles drawn out. The vent plugs are replaced

and the bottom Vyon filter placed ontop of the piston.

The constant head tube is bolted to the lifting lugs
on one side of the tank and the transducer supply
block and pressure bag control unit bolted onto the
opposite 1lugs. The Eotal stress tranducer(s) are
located in the shell wall and the pore pressure ports

are sealed. Finally the bottom sample drainage line
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is connected between the base plate and the constant
head tube. The tank is now ready to receive the clay

slurry.

Slurry mixing procedure

The clay used for all the laboratory experiments was
Speswhite kaolin from the English China Clay Co. To
obtain a uniform sample the kaolin was mixed in a
ribbon blade mixer. 1In order to remove air bubbles a
vacuum was applied during mixing. A water content of
approximately twice the 1liquid 1limit was used to
provide a pumpable slurry which could be placed
without the formation of shears and which would
exhibit no stress-history "memory" when consolidated.

Details of the mixer are given in Gue (1984).

The mixing procedure 1is as follows. The mixer is
washed out and the seals checked. The mixer drain is
then closed. Two bags of kaolin are weighed (approxi-
mately 50 kg). The weight of the empty bags (0.7 kg)
is subtracted and the volume of water to produce a
water content of 120§ is calculated (approximately
601). The volume of water is measured into the mixer
and the kaolin powder added ontop. The powder is
hand mixed into the wagér. A smear of slurry is then

placed round the 1id flange to aid sealing and the
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1lid is clamped down. After having closed the mixer
air vent, the vacuum pump is started. The safety
screw is wound in and the mixer started. When a
vacuum of 90 kPa (30 ft H20) has been reached the
vacuum line valve is shut and the pump switched off.
The slurry is mixed for 1% to 2 hours with the vacuum

maintained between 84 and 90 kPa. Higher vacuums

cause the water to boil at room temperature.

Once the mix is complete the mixer is stopped and the
vacuum gradually released. The 1lid is opened and a
water content sample taken. The mixer drain 1is
opened and the slurry pump started. The slurry is
initially pumped into a bucket to clear the line of
water and dilute slurry. Once uniform slurry is
being delivered the hose 1is transferred into the
tank. Optimum performance is obtained with the end
of the hose just submerged under slurry. Care has to
be taken at the mixer to prevent air from being
sucked into the mixer drain. When the full batch has
been pumped into the tank the mixer drain is closed
and further batches of clay mixed as above. Three
batches are required to fill the small tanks and 14

batches to fill the lafge tank.

In between pumping the-surface of the clay slurry is
covered with polythene to prevent evaporation. This

procedure was found to be preferable to leaving a layer
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of water on the slurry surface as this extra water
appeared to lead to the formation of softer zones at
batch interfaces in the consolidated samples. In
addition a spade was used gently to stir up the
sample after the placing of each mix, care being

taken to avoid air entrainment.

Top plate preparation and fitting

The top plate of each tank includes a flexible rubber
membrane on its lower surface (see Section 3.2). It
is necessary to ensure that the space above this
membrane is filled with water and de-aired prior to

fitting the top plate onto the tank.

It is first necessary to check that the four drainage
lines through the top plate are unobstructed. This
may be done by blowing through them. If the lines

are blocked this must be rectified before proceeding.

Using the lifting points on the top plate it is then
placed onto the membrane support former. The former
is clamped onto the top plate with G-clamps and
prevents the membrane from excessive stretching
during filling. The>top plate is now tilted to an
angle of approximately 30° from the horizontal so
that one of the pressure control ports is at the
lowest point of the plate and the other is at the

highest. The top plate is then filled with dyed
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water through the lower port. The water is dyed to
indicate any leakage into the top filter and to aid
observation of air bubbles in the translucent pressure
lines. Some water is allowed to flow out through the
tube connected to the upper port. The tap on the
line to the upper port is then closed and the plate
is rocked and tapped with a soft faced hammer to
dislodge any trapped air pockets. Once the air has
been expelled the tap on the input line is closed
thus sealing the cavity. The plate is now levelled
and the former removed. The plate is lifted and the
top Vyon filter fitted underneath the membrane with

aluminium fingers.

The top Victaulic seal is now lubricated and fitted
onto the top flange of the shell below the rim. The
top plate is lowered into position ontop of the tank,
the Victaulic seal 1located and the Victualic Ring
clamped up. The drainage lines are connected from
the top plate to the constant head tube and the
closest top plate pressure control line is connected
to its control system. The tank is now ready for

consolidation to commence.

Sample consolidation

Due to the use of pressure tight seals on the piston

the full required vertical consolidation pressure
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can be applied from the start of consolidation.
However if pore pressure transducers are to be in-
stalled only 80% of the final consolidation pressure
is applied 1initially, the presure being increased

after transducer installation.

Before loading is applied to the slurry the hydraulic
pump is started and the pressure relief valve on the
dumpline adjusted to provide the minimum pressure
fluctuation at the selected consolidation pressure.
Once satisfactory running is achieved on the pump the
tank inlet valve 1is opened and drainage from both
ends of the sample commences. The piston displace-
ment together with total soil stresses on the piston,
tank wall and top plate are recorded on a chart
recorder. On the top plate the water pressure behind
the flexible membrane is recorded together with the
vertical stress on one of the plugs in the rigid
penetration ports. The flexible membranes usually
exhibit very slight leakage with time (typically 5 to
10 ml/day). This leads to a transfer of stress from
the bag to the rigid ports if the loss is not correct-
ed. Such a condition produces uneven stresses on the
top of the sample and hence uneven consolidation. To
avoid this regular checks of the pressures are requir-
ed with careful use of‘the top plate pressure control

system to eliminate any out of balance pressures.
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Due to fluctuations in pumping pressure and rather
poor pump reliability when being used for long periods
large capacity air-water interfaces are used to
maintain consolidation pressure once the piston

displacement is virtually complete.

Pore Pressure Transducer Installation

Once piston movement is complete and the horizontal
total stress has fallen to approximately K, 0y the
installation of pore pressure transducers is possible.
It is important that the transducers are saturated
before installation. With the current design the
transducer filter in its perspex holder is first
placed under vacuum for a day. The filters are then
lowered into glycerin still under vacuum. The vacuum
is then released and the filters stored under glycerin
until required. The transducer body is placed into
the glycerin and a syringe used to remove any air
bubbles. The filter cap may then be screwed onto the
transducer. The output of the transducer is monitored
during this operation as it is easy to generate high
pressures on the transducer by excessively rapid

assembly.

The transducer is installed into the tank without
reducing the consolidétion pressure. The appropriate
port on the tank wall is opened by unscrewing the cap
and removing the bung and plug. A horizontal hole is

then drilled radially into the clay cake to a distance
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10mm short of the final transducer location. The
pore pressure transducer is then removed from the
glycerin and pushed into the bored hole using a
purpose made inserting tool. The transducer is
carefully pushed to the required depth while the pore
pressures are monitored to prevent over-ranging. The
insertion tool 1is then removed a split bung fitted
onto the transducer cable and the port resealed.
Extra cable is introduced into the hole in this
operation thus minimising any tendency for the wire
to exert a pull on the transducer under further

consolidation.

Once all the required transducers have been inserted
the consolidation pressure is increased by 25%. This
increase is effective in closing the wire entry hole

and minimising the effects of disturbance.

Penetrometer Saturation

In order to obtain good gquality pore pressure data
from the penetrometers complete saturation of the
piezometric system 1is required. Poor saturation
leads to a sluggish response and some apparent
reduction in the magnitude of the pore pressure
recorded. Glycerin was used to saturate the pene-
trometers as saturation was easy to maintain with

this fluid.
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The saturation procedures differ for the two sizes of

penetrometer. The smaller lcm2

piezocone has a
detachable tip and filters. The tips and Aerolith
filters for this device are placed dry in.a vacuum
chamber and held under vacuum for approximately 24
hours. Without releasing the wvacuum the tips and
filters are transferred into a beaker of glycerin.
The vacuum is then released. In order to ensure
saturation the glycerin is heated to approximately
60°C and returned to the vacuum chamber for a further
30 minutes. The penetrometer, minus its tip, is
clamped vertically tip uppermost and a saturation cup
sealed onto its shaft. The cup is filled with gly-
cerin and a small syringe is used to remove all air
bubbles around the transducer face and threads. A
length of dental floss is used to expel air from the
groove behind the tip and ensure the groove is free
from dirt. The required tip and filter are now trans-
ferred with tweezers into the cup ensuring that a
thick film of glycerin remains over the items. The
tip plus filter is screwed onto the penetrometer. A
sheet of cling film is placed over the cup, elimi-
nating air bubbles, and the penetrometer inverted.
It is then submerged in a small bath of glycerin and
the cup is removed. The 1cm2 piezocone penetrometer

is now ready for use.
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The 5cm2

piezocone cannot be saturated in a similar
method as the filters cannot be removed without
exposing the straiﬁ gauged load cells. This means
that the penetrometer must be saturated in its
assembled form. The penetrometer is sealed into its
calibration and saturation chamber. This is then
evacuated over-night. The penetrometer is moved to a
vertical position, tip uppermost. Without reducing
the wvacuum warm glycerin is then sucked into the
chamber, flooding it from the bottom upwards. A
quantity of glycerin is allowed to flow through the
chamber to flush out any possible bubbles. The pene-
trometer is then subjected to a number of cycles of
vacuum followed by return to atmospheric pressure.

The penetrometer output during these cycles is moni-
tored on a chart recorder. If the output of one or
more channels is sluggish or creeps under constant
pressure conditions this suggests incomplete
saturation. When successful saturation is achieved
the penetrometer 1is removed from its saturation
chamber under glycerin in a transfer bath. It is

stored in this bath until required for testing.

Penetration Testing

Penetration testing in the laboratory is a fairly
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complex operation as a number of different items of

equipment need to be controlled.

The first step is to prepare the logging system. The
data channels to be read, together with the fast and
slow logging rates and duration, must be set. In
addition to being connected to the logger the pene-
trometer outputs are also connected to a Y-T chart
recorder. This serves as a back-up to the logger and
also provides the best zero output data for the

different transducers.

The driving system is now saturated by bleeding the
ram with the pump running and the main valves open.
Eye protection must be worn when bleeding the ram.
The performance of the system is checked by driving
the ram out at slow speed and checking the linearity
of the displacement vs time plot on the chart recorder.
The appropriate flow control valves are then set for

the required penetration rate.

The tank inlet wvalve is now closed isolating the
water filled space upder the piston. All drainage
lines from the sample are closed. The top pressure
boundary control system 1is checked to ensure the

appropriate valves are open and that the pressure is
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being controlled by a venting type regulator. The
required penetration port on the tank top plate is
now opened.

If a lcm2 penetrometer is being used a sleeve is
screwed into the port. The driving ram and frame are
now aligned over the port with a mandrel and bolted
to the top plate. A 25mm thick neoprene bush between
the frame and the top plate introduces some flexi-
bility into the system to prevent equipment damage
from imperfect alignment. A syringe is used to fill
the port with water. The piezocone is removed from
its bath and pushed into the port until the tip is at
soil level. The ram is advanced and the penetrometer

coupled to it.

A slightly different procedure is required for the

5cm2

penetrometer in the 1lm diameter tank due to head
room restrictions. This tank rests on heavy duty
shifting skates. These are used to position the tank
so that the ram will not foul on the overhead crane-
way. The required port is opened and the penetrometer
slid into it. The ram and frame are now positioned
over the penetrometer and bolted through the rubber

bush to the top plate as before. The ram is advanced

and the penetrometer coupled to it.
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All the valves on the driving system are now closed
and the accumulator brought up to full working pres-
sure (165 bar). At this point the appropriate
solenoid valve for fast or slow discharge is operated
and the logger trigger activated. The penetrometer
is now driven into the sample and dissipation of pore
pressures follows. O0il pressure on the ram is main-
tained throughout this period. Once dissipation is
complete the return solenoid valve is activated, the
outstroke valve is closed and the ram is instroked by

the o0il pump.

The penetrometer is uncoupled from the ram and removed
for cleaning and resaturation. Filters are cleaned
with a pressurized water spray and grooves with
dental floss. The ram and frame are repositioned and

the port plug replaced.

Post-penetration Soil Testing

Three CPTs are usually performed in each clay cake
leaving two ports available for vane tests. Work on
small scale cells demonstrated the importance of
performing vane tests before unloading the clay (see

Section 4.3). These tests are therefore
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performed in the larger tanks under the same total
stress conditions as the CPTs. A Pilcon hand vane is
used for these tests. This vane has been calibrated
against known values of torque and the readings
indicated on the instrument corrected accordingly.
The BS1377 formula has been used to convert torque

into shear strength:

_ 2

Torque = LS D“H 1 + E

2 3H
where
D = vane diameter = 19.2mm

Small Vane

H = vane height = 28.7mm
Cyy = Vvane undrained shear strength

This formula assumes the full shear strength to be

developed across the ends of the cylindrical shear

surface.

The head is rotated at a rate of 0.05 revolutions/s.
After each vane test the soil is augered out to the
depth of the test with a 3/4" diameter auger. The
shaft of the vane is then oiled before pushing the

instrument deeper into the soil for another test.
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Once the vane tests are completed the tank is
depressurized and the water under the piston drained
out. This allows the piston and clay cake to descend
onto the base plate. The lower Victaulic Joint is
then unbolted and the shell complete with top plate
is removed. Water content samples are taken from the
clay at this stage to give a thorough indication of

any sample variability.

In addition thin-walled oiled brass tubes of 38mm
internal diameter are pushed vertically into the soil
at selected elevations. These samples are waxed and
transferred to an incubator at 2°C prior to triaxial
testing. On each cake a number of unconsolidated
undrained triaxials are performed at varying cell
pressures. Additional samples may be used for iso-
tropically consolidated undrained triaxial testing.

Oedometer testing may also be performed.
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LARGE SCALE LABORATORY TESTING RESULTS

In this Chapter the parameters for the large scale labora-

tory testing series are presented. The quality of the

data

is then examined before presenting the detailed

laboratory testing results.

4.1

Large Scale Test Series

The large scale test series are shown on Tables 4.1

and 4.2. The designation of the tests is as follows:

Bl - 3

™

tank designation cake number

CPT number in given cake

The first test in each cake (e.g. A4-1, B2-1 etc.)
was always performed in the centre of the tank and
supplied the additional data for total stress and

pore pressure changes remote from the penetrometer.

The CPTs may be considered as comprising tests at low
penetration rates (20-50mm/s) and tests at high rates
(50-3210mm/s). The low velocity group consists of 15
tests with undrained shear strengths ranging £from
45kPa to 110kPa and OCRs of between 1.00 and 1.29.

The high velocity experimentation experienced consid-
erable difficulties with data logging. This led to a
reduction in the number of rapid CPTs and the loss of

data from some of those performed. The five successful
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high velocity CPTs were performed in normally consoli-

dated cakes over the full range of shear strengths.

The water content and shear strength profile of each
cake are shown in Figures 4.1 to 4.8. The cone
penetration profiles are shown in Fiqures 4.9 to
4.28. It should be noted that apart from Tests A4-3
(and the unsuccessful B3-2) all the tests performed
with the lcm2 penetrometers had the pore pressure
measurement on the cone shoulder (see Figure 3.7).

Factors affecting the quality of the penetration data

are discussed in Section 4.2.

Test Consolidation Vertical Horizontal Water OCR
Series Time Stress Stress Content o& max
(days) o_ . (kpa) o,. . (kPa) (%) -
Vo ho o

Vo

A3 28 300 181 46.1- 1.07
47.4

Ad 12 512 245 42.0- 1.00
42.9

A5 16 597 262 41.0- 1.00
42.9

Bl 17 446 268 42.0~ 1.29
43,2
46.1

B3 69 548 284 42,9- 1.03
43.9

Cl 78 325 214 44.0-

' 45.9

Cc2 102 376 268 44.0- 1.00
44.9
TARLE 4.1 GEOTECHNICAL DATA ON CLAY CAKES
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Test Cone Cone Penetration
Designation Siz§ Serial Rate Comments

(cm™) No. (mmv/'s)
A3-1 1.0 F1CW-001 44
A3-2 1.0 " 42
Ad-1 1.0 F1CW-001 27
A4-2 1.0 " 26
A4-3 1.0 " 26
A5-1 1.0 F1CW-003 31
A5-2 1.0 " 33
A5-3 1.0 " 313 No data obtained during

penetration
Bl-1 1.0 F1CW-003 33
Bl1-2 1.0 " 35
B1-3 1.0 " 32
B2-1 1.0 F1CW-004 101
B2-2 1.0 " 109
B2-3 1.0 " 48
B3-1 1.0 F1CW-004 250 Failure of data logging syster
B3-2 1.0 " 2500 Failure of data logging syster
B3-3 1.0 " 26 Failure of flexible membrane
- after test
Cl-1 1.0 F1CW-003 29 Raised pore pressure in soil
Cl-2 1.0 " 31 due to leakage below piston
Cl1-3 1.0 " 250 Failure of data logging systen
Cl-4 1.0 " 3210
C2-1 5.0 F2.5CW- 25
002
C2-2 5.0 " 238 Failure of flexible membrane
after test

TABLE 4.2 CPT SERIES - GENERAL DATA
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Data Quality

The quality of data obtained from the penetrometers,
the <c¢ell instrumentation and the post CPT soils
testing requires evaluation. The recording of data
from the pore pressure transducers on the penetro-
meters was generally more satisfactory than from the
load cells. The pore pressure transducers were
usually operating at pressures close to their rated
full scale output during penetration. The output
signal was ten times larger than that of the 1load
cells and hence the significance of electrical noise
on the signal lines was reduced. These transducers
proved insensitive to temperature changes of up to
30°C. The most significant factor affecting the
quality of the penetrometer pore pressure data was
the saturation of the piezometric system. The lcm2
penetrometers with their detachable filters were much
easier to saturate than the 5cm2 device. The
saturation of the 5cm2 assembled penetrometer was
accomplished by the more complex procedure described
in Section 3.11. The method worked well for an
initially completely dry instrument. However, it was
less successful inAthe resaturation of a partially
saturated penetrometer. It is suspected that this
was due to the difficulty of drawing trapped air

bubbles out of the glycerin. The degree of saturation
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of the piezometric system affects its response time,
better saturation being required for faster tests.
For well saturated CPTs the accuracy of the data

presented is better than + 1%.

The load cell data was of rather lower quality for
two main reasons, those of zero stability and signal
noise. The 1load cell zeros were affected by
temperature changes, the problem being particularly
severe for the smaller instruments. It was found that
powering the 1cm2 instrument at 10V produced a
temperature rise in excess of 15°C on the outside of
the instrument 1in air. In order to reduce this
heating the penetrometers were powered at 3V for all
tests except the A3 series. This reduced the measured
external temperature rise in air to less than 2°C,
but also reduced the load cell output voltages to 30%
of their former value. It may be noted that the heat
generation of the load cell should be proportional to
the square of the voltage while the output is directly
proportional to the input voltage. The reduction in
voltage improved the performance of the original 1cm2
penetrometer (F1CW-001) however significant =zero
changes were stillA experienced when the external
temperature was altered. A very careful rearrangement

of the temperature compensation by Fugro B.V. resulted
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in improved performance from subsequent lcm2 instru-
ments (F1CW-003 and -004). For these penetrometers
an external temperature change still produced a spike
in output but the original value was restored in less
than 0.1 sec. This response time may still be seen
as rather marginal for fast penetration in the smaller
tanks. The 5cm2 penetrometer had considerably better
load cell =zero stability than the lcm2 equivalent
although indentical strain gauges were used on both.

The reasons for this difference 1lie in the small
radius and low cross-sectional area of the cylindrical

2

load cell in the lcm™ instrument.

Due to the low output of the load cells during pene-
tration (typically 30pV to 50pV) difficulties were
experienced with noise levels on the signal lines.
At low penetration velocities the amplified output
was recorded on a 6 channel y-t chart recorder. This
system acted as a mechanical filter as the pens were
unable to respond to high frequency noise. However,
the data logger used for high speed tests and for up
to 16 channels of data had a very short conversion
time of 15Wus. Significant noise levels were captured
by this system. The use of electronic filters to
remove this noise was rejected in case significant
information was 1lost 1in fast penetration events.
Instead various numerical filters were employed in
the data analysis, thé most satisfactory proving to

be a simple averaging procedure.
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When the fluctuations in loadcell output at the start
of a test are excluded an accuracy of around +5% may

be assigned to the load cell data presented.

The quality of data obtained from the cell instru-
mentation was variable. The measurement of the
vertical stresses acting on the top plate of the
tanks was considered to be of high accuracy. The
Druck PDCR 22 transducer installed in a port in the
top plate uses a silicon diaphragm and strain gauges
which produce a high signal output combined with a
very stiff response. Applying a measured back
pressure to these transducers to produce a null
reading demonstrated a measuring error of less than
0.2% when recording soil normal pressures on a flat
surface. A similar transducer was used to record
fluid pressure behind the flexible membrane and the
balancing of these two pressures led to a highly
accurate assessment of the stresses acting across the

top surface of the tank.

A waterproof silicon diaphragm transducer was used to
record vertical stresses at the base of the clay
cake. The transducer was mounted into a button in
the centre of the piston face. The button was machined
to a 3mm upstand to match the surrounding Vyon filter

and the transducer. diaphragm was flush with the
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button surface. However, this transducer recorded
stresses that were rather higher than expected prob-
ably due to the mounting attracting some stress

concentration in the overlying clay.

The least satisfactory boundary stress measurements
were the radial stress transducers. As noted in the
small scale perspex cells, small radial displacements
of the transducer face substantially affect the
measured total stress. Limited evidence from tank C
suggests that the magnitude of the measured radial
stress increase (Acr) is less affected by small
variations in the 1location of the transducer face
than the initial measured radial stress ( oro)‘ Hence

the ratio (Aok/cu) has been used in preference to

(Acr/ oro) when considering this data.

The Gaeltec pore pressure transducers used for this
experimental series did not contain on-board temper-
ature compensation. This resulted in zero drift when
the transducers were installed in the clay cakes.
The absolute accuracy of pore pressure measurement
was typically +10kPa. However, the measurement of the
pore pressure increase during penetration was more
accurate with an error of around +2kPa providing the

system was well saturated.
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Shear Strength Measurements

The evaluation of piezocone data against soil shear
strength forms a major part of the present study. It
is therefore necessary to make a careful analysis of
the shear strength data obtained, considering the
relationship of the recorded data to the in-situ

shear strength and the uniformity of the results.

The radial and vertical uniformity of consolidation
achieved in the cells was determined by examining
water content distributions. Three samples were
consolidated in the 138mm diameter cells with varying
drainage arrangements and boundary types. All the
samples show a high degree of water content uniformity
with the extreme variation in water content being
+0.5% (Fig. 4.29). The provision of a flexible top
boundary with =zero overall displacement produced
samples of the same uniformity as the rigid top plate

cells.

This degree of uniformity is seen in the water content
profiles obtained in the larger tanks (e.g. Fig. 4.8).
For each cake water content samples have been obtained
from at least two vertical profiles atdififrentradii

from the centre. The results are as tightly banded

as those from the small cells.
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The uniformity of water content indicates uniformity
of void ratio as the clay was fully saturated. As
the total stresses applied have maintained normally
consolidated conditions (except for Sample Bl), the
uniformity of void ratio indicates the existence of

uniform shear strengths in the samples.

Three methods were used to evaluate soil shear
strengths. Vane tests were performed with a Pilcon
vane before and after depressurization of the sample,
"quick" unconsolidated undrained triaxial tests (QUU)
and isotropically consolidated undrained triaxial

tests (CIU) were performed.

The vane test is often regarded as a "strength index"
test rather than a fundamental shear strength test.
Uncertainties of interpretation exist due to
disturbance on vane insertion, the complex
distribution of shear resistance across the ends of
the vane, possible strength anisotropy effects, rapid
drainage of the very thin shear zone and marked rate
effects. In this report a simple analysis has been
used to convert the torque measured in the vane test

into a shear strength (cuv)

uv

T (38D2 + D3)
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(see Section 3.13) where T = torque
H = vane height
D = vane diameter

Vane tests were conducted on samples consolidated in
the small cells before and immediately after depress-
urization (Table 4.3). The results indicate a
reduction in shear strength of approximately 30%
within a few minutes of unloading. Similar results
are reported by Kirkpatrick and Khan (1984b). The
effect is probably due to the inability of the clay
to maintain negative pore water pressures of equal
magnitude to the in-situ mean effective stress before
stress relief. The data in Table 4.3 show that the
vane shear strength continues to fall with time.
Kirkpatrick and Khan noted the same effect over
longer time spans. These authors note that the
effect is particularly severe for Kkaolin and may be

rather less for smaller grained clays (e.g., illites).

The measurement with vane tests of large strength
reductions due to stress relief is of significance
for the measurementsiof shear strength in the triaxial
apparatus. Kirkpatrick and Khan demonstrated that
the percentage strength reduction measured by triaxial
and vane tests 1is véry similar. The QUU triaxial
tests performed on specimens from each clay cake

would therefore be expected to yield values of
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Average
Time Vane Shear Strength Vane Shear Strength
(kPa) Initial Vane Shear Strength
Before depressurization 65 1.00
1 min after depressurizing 48 0.74
6 min after depressurizing 44 0.68

General data:

Vane : Pilcon, blade height 28.7mm

diameter 19.2mm

thickness 1.6mm
Sample : Height 140mm
Diameter 138mm

Water Content 45.4%

Initial cvf 433kPa

TABLE 4.3 : EFFECT OF CELL DEPRESSURIZATION ON VANE SHEAR STRENGTH

shear strength below the in-situ value (under active
stress conditions). In addition the triaxial samples
will have suffered a degree of sampling disturbance due
to the intrusion and extrusion of the clay into the thin
walled sampling tubes (see Hight et al 1985). The
combined effects of stress relief and sampling distur-
bance are partially "counteracted"” in the QUU test by
the high rate of shearing (2% axial strain/min). This
rate is 100 times that employed in the isotropically
consolidated undrained triaxial tests (CIU) and may
increase the QUU shear strength by up to 20%. Despite
this, the CIU tests yield higher shear strengths at

given water contents than the QUU tests.
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The vane, QUU and CIU shear strength data are plotted
on Fig. 4.30 against water content. The relationship
between log depressurized vane shear strength and
water content has been obtained by linear regression
through 21 data points. This technique was not used
to plot the relationship between pressurized vane
shear strength or QUU shear strength and water content.
This was because inconsistencies were introduced into
these data by partial depressurization, sample distur-
bance, variable sampling and storage effects. These
processes produced lower measured vane or QUU shear
strengths in some cases. The relationships have
instead been plotted through the peak shear strength
values parallel to the log depressurized vane shear
strength vs water content relationship. It should be
noted that adopting this approach implies a constant
ratio between the various shear strength measurements
at any given water content or void ratio. The peak
strength data from pressurized vane and QUU tests do
not contradict this assumption. The CIU data has
generally been obtained by consolidation to cell
pressures higher than the mean effective in-situ
pressures of the clay cakes (Table 4.4) and therefore
provideé data at rélatively high shear strengths.
Nevertheless the same straight 1line relationship

between water content and log peak shear strength
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1 1 ] |} t
Sample Clay %o Po Pe Pe Fo c w/c
Number Cake | (kPa) | (kPa) | (kPa) g B (kP (%)
Aa 394.0 0.76 0.56 | 128.0 41.8
A3b A3 300 221  [295.9 1.01 0.75 | 101.4 42.3
A3c 497.4 0.60 0.44 | 153.4 41.6
Qa 387.4 0.97 0.72 | 128.0 41.0
b o) 376 278 | 292.4 1.29 0.95 92.9 42.1
Qc 494.8 0.76 0.56 | 142.5 40.3

TABLE 4.4 SUMMARIZED DATA FROM CIU TRIAXIAL TESTS

would be expected to hold at lower shear strengths
as observed with the other types of strength test.
The work of Kirkpatrick and Khan (1984a) indicates
that the relationship of shear strength to water
content 1is close to the insitu behaviour for CIU
tests where the consolidation pressure pc' is at
least equal to the original vertical consolidation
pressure (i.e. CIU tests A3a, A3c, C2a, C2c). For
these samples the CIU strength may be around 6% less
than the in situ undrained shear strength at the
same water content. For CIU tests consolidated at
pressures less than the original vertical consoli-
dation pressure the discrepancy will be greater
between in situ and CIU shear strength - water content
relationships. Thus fests A3c, A3a, C2a and C2c may
be expected to give shear strength-water content

relationships' close to the normally consolidated
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in situ value. However, A3b with an OCR of 1.01 and
C2b with an OCR of 1.29 should yield a progressively
lower shear strength at their water contents. Refer-
ence to Figure 4.30 shows that this trend was observed.
The in situ shear strength has been taken to be equal
to the CIU shear strength at the measured water
content. In order to calculate in situ shear strengths
for the full range of clay cakes tested the water
content vs log in situ shear strength relationship has
been extrapolated from the experimental CIU data on a
line parallel to the depressurized vane shear strength

vs water content relationship (see Fig. 4.30).

The derived in situ strengths are compared to the

values from vane and QUU tests in Tables 4.5 and 4.6.

Clay Water Content OCR Undrained Shear Strength
v ]

Cake n;an Stdsdev S/X P, Cav S Cui

(%) (%) (%) SN (kPa) (kPa) (kPa)

A3 46.6 0.7 1.5 | 1.07 41.5 48.5 65

A4 42,5 0.3 0.7 |1.00 88.3 84.1 114

A5 42.1 0.5 1.1 |1.00 92.1 90.1 121

Bl 42.8 0.5 1.1 }1.29 81.0 70.3 109

B2 46.5 0.4 0.9 }1.03 43.1 - 66

B3 42.3 0.6 1.3 |1.03 80.3 59.5 117
70.2%

Q1 44.8 0.7 1.5 |1.00 65.7 61.8 84
53.7*

Cc2 44.5 0.4 0.9 |1.00 53.3* 52.3 87

* Vane tests performed after sample depressurization
TABLE 4.5 SHEAR STRENGTH AND WATER CONTENT OF CLAY CAKES
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NOTE: Pressurized vane test results
Cla OCR C C only have been used in this
Cake | g table.
ui ui
Cov = Pilcon vane shear

A3 1.07 0.64 0.75 strength

Ad 1.00 0.77 0.74 Cuu = QUU shear strength
A5 1.00 0.76 0.74

Bl 1.29 0.74 0.65 Cui = Calculated in situ
B2 1.03 0.65 - shear strength

B3 1.03 0.69 0.51

Cl 1.00 0.78 0.74

Cc2 1.00 - 0.60

TABLE 4.6 RELATIONSHIP OF STRENGTH
MEASUREMENTS TO CALCULATED
INSITU STRENGTH

4.4 Cone Resistance at Lower Penetration Rates

The experimental cone resistance data recorded at
penetration rates of 20mm/s to 50mm/s is presented in
Table 4.7. The data has been analysed in two ways to

produce a cone resistance factor (N, ). The first

kt
analysis uses the standard bearing capacity formula:

N - O

kt ~ 9t

vo
C

u
where q = total cone resistance (corrected
for pore pressure behind tip).

initial vertical stress.

Q
"

vo
undrained shear strength

. a
0
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The second analysis provides for an approximate
correction of the cone resistance measured in the

tanks to provide an estimate of the Ny, that would be

t
obtained in an infinitely large tank (i.e. in situ).
The correction is made by subtraction of the radial
stress increase at the tank wall (‘AOfb) from the
cone resistance. A discussion of the concept behind

such a correction is given in Chapter 2. The amended

equation is:

N, *(corrected) = q - (Aorb + o)

In order to provide the most reliable estimates of
th from the experimental data those sections of the
records in which d. varies substantially due to
electrical instabilities or localized variations in
soil properties have been excluded from the analysis.
The sections of each profile considered are given in

Table 4.7.

It should be noted that all correlations have used
the in situ shear strength calculated from the water
content as detailed in Section 4.3, rather than the

measured vane or QUU shear strengths.
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For convenience the nett cone resistance (qn) has
been used in Table 4.7 where:
9 = 9¢ 7 9o
Test Rate Penetration q o) C . N N, . *
n uu ui kt kt
No. | (m/s) (men) (kpa) | (kPa) | (kpa) | (in sitw) | (in situ)
A3-1 44 125 - 210 620 48 65 9.5 8.8
A3~2 42 135 - 200 625 48 65 9.6 8.9
aAd-1 26 20 - 290 1258 88 114 11.0 10.5
A4-2 26 80 - 290 1228 88 114 10.8 10.2
A4-3 26 175 - 325 1238 88 114 10.9 10.3
A5-1 31 100 1283 87 121 10.6 10.0
165 1353 94 121 11.2 10.5
250 1383 97 121 11.4 10.8
A5-2 33 130 - 200 1373 95 121 11.3 10.7
Bl-1 33 250 - 325 1304 84 109 12.0 11.3
Bl1-2 35 120 - 285 1314 84 109 12.1 11.4
Bl1-3 32 110 - 300 1344 84 109 12.3 11.7
B2-3 39 160 - 220 672 43 66 10.1 9.3
56 275 - 315 712 48 66 10.8 10.0
B3-3 26 80 - 205 1302 82 117 11.1 10.3
225 = 300 1382 88 117 11.8 11.0
Cl-2 31 65 ~ 215 866 67 84 10.3 10.0
215 - 343 866 67 84 10.3 10.0
462 - 550 857 67 84 10.2 9.9
C2-1 25 190 - 272 876 48 87 10.1 9.1
320 - 450 894 56 87 10.3 9.3
TABLE 4.7 SUMMARIZED CONE RESISTANCE DATA

FOR LOW VELOCITY SERIES

continued/..
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Pore Pressures During Penetration

at Lower Penetration Rates.

The pore pressure data obtained from penetrometers
advancing at rates of 20mm/s to 50mm/s has been

correlated against shear strength as follows:

N, u= Au
Cu
where = N¢5u = Excess pore pressure factor

Au

Excess pore pressure above

hydrostatic.

In similar manner to the analysis of the <cone
resistance data, a correction to the recorded pore
pressures has been made to account for the effect of

radial confinement.

The results of these analyses are presented in Table

4.8a.
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These data may be compared with the results obtained
from using the piezoprobe (Fig. 2.3 and Section 2.2)
in the 138mm diameter small scale perspex cells. The
methods used for these tests are described in Section
2.3. Data from these tests is given in Table 4.8b.
It is of interest to note that the values of Ny
recorded in these small cells (tank/probe diameter =
12.4) are of a similar magnitude to those recorded on

the cone face in the large scale tests A4-3 and C2-1.

The distribution of pore pressure along the cone has
been determined by the Scm2 multi-pore pressure
penetrometer (Test C2-1) and in a more limited fashion

for the 1cm2

exchangeable tip penetrometer (A4 series).
The results of these analyses normalized with pore
pressure at the cone face and above the friction

sleeve are shown in Fig. 4.31.

A further analysis has been performed to determine
the distribution of pore pressure in the clay cake
during penetration. Insufficient data has been
obtained to produce a complete distribution. However
contours of Au/c; have been plotted with the

available data on Figure 4.32.
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Test | Rate | Penetration | Sensor Au Au Au*
c . C .

No. | (mm/s) (mm) Location (kpa) ui ui
A3-1 44 125-210 Shoulder 545 8.4 7.7
A3-2 42 135-200 Shoulder 570 8.8 8.0
Ad4-1 26 150-275 Shoulder 1020 8.9 8.4
A4-2 26 100-260 Shoulder 920 8.1 7.5
A4-3 26 100-285 Cone Face 1140 10.0 9.5
AS-2 33 75-110 Shoulder 1110 9.2 8.5
300-350 Shoulder 1210 10.0 9.4

B1-1 33 125-200 Shoulder 892 8.2 7.6
260-330 Shoulder 1030 9.5 8.8

Bl-2 35 125-325 Shoulder 965 8.9 8.2
B1-3 32 150-275 Shoulder 985 9.0 8.4
B2-3 56 300-350 Shoulder 575 8.7 7.9
B3-3 26 70 Shoulder 930 7.9 7.1
190 Shoulder 1020 8.7 7.9

210-350 Shoulder 1050 9.0 8.2

Cl-1 29 100-280 Shoulder 630 7.5 7.2
410-480 Shoulder 630 7.5 7.2

Cl-2 31 200-360 Shoulder 605 7.2 6.9
C2-1 25 190-450 Cone face 853 9.8 8.9
305-440 Shoulder 730 8.4 7.5

265-520 Mid-sleeve | 580 6.7 5.7

240-495 Shaft 470 5.4 4.5

TABLE, 4.8a SUMMARIZED PENETROMETER PORE PRESSURE DATA FOR
LOWER VELOCITY TESTS.
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Test Rate Sensor w/c C.. Au Au
No. | (mm/s) | Location (%) (kB&) (kPa) 1
SC10 20 43.0 106 825 7.8
SC12 20 Cone face 40.7 146 1100 7.5
SC15 20 44.2 90 850 9.4
SC17 20 and tip 50.2 40 390 9.8
SC18 20 45.8 73 670 9.2

TABLE 4.8b SUMMARIZED PIEZOPROBE DATA FOR SMALL SCALE TESTS

Dissipation of pore pressures

Data obtained from the piezometric elements of the
penetrometers after completion of the penetration
stage of testing is shown on Figures 4.33 to 4.41.
During the dissipation stage the penetrometers were
held rigid with hydraulic pressure on the ram. Some
tests dissipated to the original hydrostatic pore
pressure while others dissipated to a slightly
elevated final pore pressure. This was due to no
drainage being permitted from the cake in the latter
tests while drainage was provided from both faces for
the remainder. The drainage conditions are shown in
Table 4.9. The tests which had free drainage condi-
tions at the lower cake filter showed the pore pres-
sures dissipating to the original hydrostatic values.

Where drainage was not permitted the final pore
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Test No. Drainage Test No. Drainage
A3-1 None B2~-1 Base
A3-2 None B2-2 Base
A4-1 None B2-3 Base
A4-2 None B3-1 Base & Top
A4-3 None B3-2 None
A5-1 Base & Top B3-3 None
AS5-2 None Cl-1 Base & Top
A5-3 None Cl-2 Base & Top
Bl-1 None Cl-3 Base & Top
Bl1-2 None Cl-4 Base & Top
B1-3 None c2-1 None

C2-2 None

TABLE 4.9 DRAINAGE CONDITIONS FOR CLAY CAKES
DURING AND AFTER PENETRATION

pressure was typically 60 kPa above hydrostatic.
However when the normalised excess pore pressure (U)
is plotted against logarithm of time no difference

between the two drainage conditions can be detected.

It may be noted that the normalized excess pore

pressure is defined by:

U = Au = u - ue
Au, - u
vy et £
where u = pore pressure

final pore pressure

Hh
N

pore pressure at start of dissipation

=
]
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Comparing the results of the dissipation analysis on
each cake shows that very similar behaviour was
observed at each locétion. The normalized data from
all the tests has been plotted on Fig. 4.42. Despite
the wide range of consolidation pressures and tank
sizes the data from the shoulder of the lcm2 pene-

trometer are fairly similar.

The tip dissipation is up to twice as rapid as that
from the shoulder. The dissipation times at the cone
face and shoulder locations for the 1cm2 penetrometer
were between five and ten times faster than those of
the 5cm2 device. Radial or spherical dissipation
theories suggest that the rate is dependent on the
square of the cone radius and thus the larger pene-
trometer would be expected to take five times as long

to reach any given degree of dissipation.

Of the methods proposed for the evaluation of the
horizontal coefficient of consolidation (ch) from
PCPT dissipation data, those due to Baligh and
Levadoux (1980) and Torstensson (1979) are most
widely used. The Baligh and Levadoux method has two
advantages over that éue to Torstensson. Baligh and

Levadoux predict the dissipation behaviour for a
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range of locations on the penetrometer surface. In
addition this method is not dependent on a value of
(G/Cu)’ This parameter is difficult to select due to
its strong variation with strain level.

The value of ¢ may be simply obtained by

h(probe)
matching the non dimensionalized graph of U vs log T

(Fig., 1.16) to the experimental graph of U vs log t.

As
T = (ch[probe] t)/R2
log T= logt - 1log (Ch(probe)/Rz)
or, log (c /R2) = log t - log T

hlprobel

Thus the displacement in the x direction required to
match the curves represents the logarithm of

(c /R?).

hlprobel

Using this method the following values of ch(probe)

were obtained:

lcm2 penetrometer 0.09 cmz/sec

?h(probe)

SCm2 penetrometer 0.07 cmz/sec

ch(probe)
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This wvalue of Ch is applicable to the so0il in an
overconsolidated state according toBaligh and Levadoux.
In order to obtain ch for the normally consolidated

soil the following correction is required:

x C
=s

Ce

‘h(n/c) = Sh(probe)

Restricted flow consolidation tests have been per-
formed on horizontally and vertically cut samples to
determine the ratio of CC/CS (Fig. 4.43). The
horizontal and vertical samples gave similar results
with CC/CS lying between 12.5 and 16.8 where CC and

CS have been taken as tangent to the curves at the

maximum effective stress applied. The calculated
value of ¢, is thus 7 x 1073 to 4 x 1073 cm?/sec with
a mean value of 5 x 1073 cm?/sec.

The value of c, will not generally be the same as

that of <y the relationship being approximated by:
¢ T %n Ev
h
where kV = vertical permeability

and kh horizontal permeability
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This assumes m, equals my . The oedometer data from
the horizontal and vertical samples suggests that

kh/kv may be taken as unity. Hence the calculated

value of c from the dissipation data is 5 x 1073

cmz/sec.

The value of Cy has been independently calculated
from the consolidation stages of the CIU triaxial
tests shown on Figure 4.44. The method of analysis

proposed by Bishop and Henkel (1962a) has been used

in which
t = 1 h2 for single ended drainage
100 -
v
where t100 = projected time to full consolidation on

a root time vs volume change graph

2h = sample height

This analysis produced the following range of values

for Cy {(Table 4.10):

T
v

Test h t100

no. (mm) (min) | (mm2/min) | (cm?/sec)
A3a 39.6 102 48 8.0 x 1073
A3b 38.1 100 46 7.6 x 103
Alc 38.2 154 30 5.0 x 103
C2a 37.4 142 31 5.2 x 1073
C2b 37.6 121 37 6.1 x 1073
C2c 38.0 137 33 5.5 x 10

TABLE 4.10 VERTICAL COEFFICIENT OF CONSOLIDATION
FROM CIU TRIAXIAL TESTS.
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The range of Cy from the triaxial tests agrees well
with that calculated from the penetrometer dissipation
data and thereby lends considerable confidence to

this form of analysis for normally consolidated clay.

4,7 Rate Effects
In order to study the effects of rate of penetration
on the cone resistance and pore pressure data a
number of tests were performed at higher rates. Due
to various logging problems these were not all success-
fully recorded. The data obtained from tests at
rates in excess of 50mm/s is shown in Tables 4.11
and 4.12, The definitions of th, th*, NAu and NAU*
are the same as in sections 4.4. and 4.5. The calcu-
lated in situ shear strength (cui) has been used for
the correlations.
Test Rate Penetration q, Cui Ny th*
No. (mm/s) (mm) (kpa) |(kPa) |(in situ) | (in situ)
B2-1 101 100-190 682 66 10.3 9.5
250-300 717 66 10.9 10.0
B2-2 109 170-330 722 66 10.9 10.1
Cl-4 3210 90~-185 1225 84 14.6 14.3 j
300-500 1243 84 14.8 14.5 :
c2-2 | 238 420-860 | 956 | 87 11.0 10.0
TABLE 4.11 SUMMARIZED CONE RESISTANCE DATA FOR HIGH

VELOCITY TESTS.
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The N, * and NAu* data have been plotted against the

kt
rate of test in Fig. 4.45. From this figure it may
be seen that a substantial rise in th* is indicated
for an increase in rate of two orders of magnitutude,
although only one successful test was carried out at
the top penetration rate. If the data from Test Cl-4
is typical of the values obtained at this penetration
rate an increase 1in th* and thus in q, of 40% is
shown for a hundred fold increase in penetration rate
from 20mm/sec. Such an increase 1is approximately
double that expected from general observations of
strength increase with rate in triaxial tests. The
effect of a tenfold increase in rate on the increase
in shear strength is generally quoted as between 5%
(e.g. Bishop and Henkel, 1962b) and 10% (Richardson
and Whitman, 1963). However data produced by Luger et
al (1982) show a 17% increase in cone resistance for
each tenfold increase in rate between 10mm/sec and
2m/s. These researchers also used kaolin and although
detailed differences exist between their work and the
present study the results are clearly similar. It is
of interest to note that the rise in th* is not
matched by a similar rise in NAu*’ as measured on the
cone shoulder. The available data suggests a constant
N,  * at this 1location on the penetrometer with a

AU
value of 8.25 + 1.0.
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Test Rate Penetration Sensor C . N N *
X Au ui AU AQ
No. | (mm/s) (rorm) Location | ( poy | (kpa) |(in-situ) |(in-situw)

B2-1 101 100 - 175 Shoulder | 550 66 8.3 7.5
250 - 340 570 66 8.6 7.8

B2-2 109 150 - 240 Shoulder | 550 66 8.3 7.5
250 - 350 585 66 8.9 8.0

C1-4 | 3210 80 - 190 Shoulder | 690 84 8.2 7.9
300 - 400 730 84 8.7 8.4

400 - 555 725 84 8.6 8.3

-2 238 420 - 660 [Cone Face | 770 87 8.9 7.9
Shoulder | 655 87 7.5 6.6

TABLE 4.12 SUMMARIZED PORE PRESSURE DATA FOR

HIGH VELOCITY TESTS

If values of Ny ¢ and N,, are considered with varying
penetration rate the same trends emerge as noted for the
corrected factors. The magnitude of the uncorrected
factors is naturally somewhat greater than the corrected

versions.
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FIGURE 4.9 PENETRATION TEST DATA : TEST A3-1
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FIGURE 4.14 PENETRATION TEST DATA : TEST A5-1
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Tt Tt T3NS Ss3dd JdM0d ¥30TNOHS 3NQJO

tl||||.®.'l

® 9 © @ ¢ & & 5 O 06 B e ¥ ¥ 4 @

'l".l

® & & & 0 ¢ ¢ o =& 4

——e

Sjww GE  3Jey

3ONVL1SIS3dy 3INO0J
3INVLISISI™N INODI VL0l

e~ 8 1s3l

-0SE

~-0Q0€E

-0G¢e

002

0G5 |

=00 ¢

- 09

T T T T T
oogr 00g9r 00¥t 002F O00O0f ooe

(®d>)

T

3§NSS3vd

T T T
009 O0O0o¥ oo02

0

NOILlvd.L3INEd &Il

(Ww)

FIGURE 4.17 PENETRATION TEST DATA : TEST B1-2
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FIGURE 4.18 PENETRATION TEST DATA : TEST B1-3
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FIGURE 4.19 PENETRATION TEST DATA : TEST B2-1
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FIGURE 4.21 PENETRATION TEST DATA : TEST B2-3
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FIGURE 4.22 PENETRATION TEST DATA : TEST B3-3
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FIGURE 4.23 PENETRATION TEST DATA : TEST C1-1
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FIGURE 4.24 PENETRATION TEST DATA : TEST C1-2
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FIGURE 4.25 PENETRATION TEST DATA : TEST C1-4
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FIGURE 4.26 PENETRATION TEST DATA : TEST C2-1
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FIGURE 4.27 PENETRATION TEST DATA : TEST C2-1 (pore pressures)
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FIGURE 4.28 PENETRATION TEST DATA : TEST C2-2
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FIGURE 4.29 WATER CONTENT DISTRIBUTIONS FOR CLAY CAKES
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FIGURE 4.30 SHEAR STRENGTH vs WATER CONTENT RELATIONSHIPS
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FIGURE 4.33 DISSIPATION DATA : A3 SERIES
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FIELDWORK

5.1

Introduction

In Augqust 14th-16th 1986 fieldwork was undertaken
jointly with Oxford Research Assistant Mr. T. Henderson.

The aims of this work were as follows:

1. Investigate the possibility of scale effects

between different sizes of penetrometer.

2. Obtain dynamic pore pressures and cone resist-
ances in normally consolidated clay to compare

with laboratory data.

3. Obtain dynamic pore pressure distributions from
the multi-channel piezo-cone penetrometer to

compare with laboratory behaviour.

For this work Fugro Limited made available one of
their 20 tonne penetrometer trucks, a commerical
lOcm2 piezo-cone and an operator. Technicians
Mr. S. Hoare and Mr. R. Sawala completed the site

team.
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In order to obtain data comparable to the laboratory
series a normally consolidated clay site was required
with a stratum depth of approximately 10m. From
their extensive CPT records Fugro were able to identi-
fy a suitable site at Inchinnan to the west of Glasgow
and the Scottish Development Agency Kkindly granted

permission for its use.

Site Description and Geology

The site location is shown in Figure 5.1 and lies at
0.S. map reference NS680471. The surrounding area is
generally flat making it ideal for the location of
Glasgow's Abbotsinch Airport which lies just over lkm
to the south. Between the site and the airport lies
the Black Cart Water which flows North East into the
River Clyde approximately 3km distant. The site

elevation is +7m AOD.

The depth of Quaternery deposits at this location is
greater than that of much of the surrounding area
because it 1lies in the buried river valley of the
pre-glacial River Cart. Rock head is believed to lie
at approximately -lSﬁ AOD sloping gradually to -30m
AOD to the south and west (University of Strathclyde
1983). Overlying rockhead is probably a variable

thickness of glacial lodgement till (boulder
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clay). This has been observed by previous CPTs and
boreholes in the vicinity, although the present site
investigation did not penetrate to the base of the
overlying Clyde Beds. The Clyde Beds at this location
consist of grey and greyish-brown regularly banded
silty clay. They are of late Devensian age being
dated between 11,000 and 8,000 B.C. (Peacock 1981).
Deposition of these clays began as the Devensian ice
sheet retreated to the north during the Windermere
Interstadial. It is believed that the Clyde estuary
was initially dammed by the ice around Greenock and
Dumbarton downstream from Inchinnan. The relative
sea level at this time was around +25m AOD enabling
sea water access to the site through the Lochwinnoch
Gap to the south west. Initial deposition was thus
probably in brackish water due to the large volumes
of melt water flowing from the nearby ice-sheet.
Conditions became estuarine as the ice sheet retreated
further to the North-West and probably melted com-
pletely. Deposition slowed appreciably as vegetation
became established on low ground but increased again
after about 10000 B.C. during the final Loch Lomond
stade (glacial period). By this time relative changes
in sea 1level and érustal rebound had reduced sea
level to a few meters above present levels. The

increased deposition was due to solifluction, frost
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action and the effects of reglaciation. The Loch
Lomond glacier was halted at the Highland Boundary
Fault (Sisson 1967) about 16km NW of the present
site. There 1is a lack of post glacial deposits
(younger than 8000 B.C.) probably indicating that the
sea-level had fallen to approximately its present

level by this time.

Site Investigation Equipment

The first phase of the investigation was carried out

using the lcm2 and 5cm2

Oxford piezocones (see Section
3.3) and a 10cm2 Fugro piezocone (Figure 5.2). The
Fugro piezocone measured tip resistance (qc) and pore
pressure on the face of the cone. The full scale
range of the tip resistance load cell was 5 tonne
(equivalent to approx. 49MPa) and the maximum working
pressure of the pore pressure transducer was 5 bar
(0.5MPa). The filter stone for this penetrometer is
made of Aerolith porous ceramic identical to that

used in the O0Oxford instruments. The instrument has

an a factof*of 0.27.

For this series of tests the Fugro penetrometer was

connected to its normal signal conditioning and

%*

where a = groove cross-section area

penetrometer cross-section area
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recording system. The cone resistance and pore
pressure traces were recorded on a two pen chart

recorder,

The system used for the Oxford piezocones is shown in
Figure 5.3. The penetrometers were connected to
standard 10cm2 sounding rods using adaptors designed
by T. Henderson. The penetrometers' load cells and
pore pressure transducers were independently powered
at 3V D.C. Depth recording was by means of the Fugro
depth encoder and signal conditioning unit. The
output from this unit was routed through a step
counter and trigger which provided for a 6 channel
scan every 20mm. The penetrometer output was ampli-
fied and recorded on two systems. For the first of
these the signals were digitized by the Analogue
Express memory mapped data logger, the data being
stored in the memory of a Commodore C-64. On com-
pletion of a penetration profile this data was trans-
ferred onto disk. The amplified penetrometer output

was also recorded on a 6 channel Y-T chart recorder.

In the second phase of the site investigation Fugro
made a borehole at £he site using their hollow stem
flight auger drilling system. This was combined with
a push sampling technique using thin walled Shelby

tubes with an internal diameter of 72mm.
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Borehole and Piezocone Data

The detailed site plan is shown on Figure 5.1.

The borehole produced 13 consecutive samples giving a
complete recovery from 1.20m to 13.10m below ground
level. These were sealed with wax on recovery. The
samples were later tested at Fugro's laboratory under
supervision of the author. Details of the material
grading and Atterberg limits are given on Figure 5.4.

In situ stresses and overconsolidation ratios have
been determined from oedometer tests and density

measurements. These are shown on Figure 5.5.

Details of the type of penetration test performed at
each position are given in Table 5.1. All tests were
performed at a penetration rate of 20mm/sec. The
results of these tests are shown in Figures 5.6 to
5.8. On Figure 5.6 the combined values of q. and q;
are plotted for the three 5cm2 PCPTs. On Figure 5.7
the combined pore pressures are plotted for the 5cm2
tests. Figure 5.8 shows the pore pressure and cone

resistance data from the lOcm2 PCPTs.
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Test No. Cone Type Filter Saturating
Locations Fluid
Al Fugro 10cm2 friction - -
cone
A2 Oxford 5cm2 cone (002) | cone face
shoulder glycerin
mid-friction sleeve
above friction sleeve
Bl Oxford 5cm2 cone (001) | cone face
shoulder glycerin
mid-friction sleeve
Bl1A Fugro 10cm2 piezocone cone face water
B2* Oxford lcm2 cone (003) | shoulder glycerin
B3 Fugro 10cm2 piezocone cone face water
Cl Oxford Scm2 cone (001) | cone face
shoulder glycerin
mid-friction sleeve
Cc2 Fugro lOcm2 piezocone cone face glycerin
*NOTE: This test not reliable. Penetrometer lost in ground.

TABLE 5.1 FIELD PENETRATION TESTING DETAILS

5.5 Analysis of Field Data

The first aim of the field testing program was to
examine whether the size of the penetrometer affected

the and

measured pore total

2

pressures stresses.

Although the lcm® CPT cannot be regarded as reliable

due to the gross deviation of the tip from the verti-

2

cal, excellent data was obtained from the 5cm™ Oxford
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and 10cm2 Fugro piezocones. This data firstly allows
comparison between the cone face pore pressures for
the two sizes (Fig. 5.9). There was close agree-
ment between these pore pressures, the match being
particularly good between 3m and 5m penetration and

around 8m penetration.

The measured cone resistances (qc) are compared on
Figure 5.9. These show the data from the 10cm2
penetrometers to plot consistently higher than the

values from the Scm2 penetrometers,

Total cone resistances (qt) for the two scales of
instrument can be compared if pore pressures appro-
priate to the groove area can be calculated for the
lOcm2 piezocones. The similarity of pore pressures
on the cone face between 5cm2 and 10cm2 scales
enables the ratio of shoulder to cone face pore
pressures observed for the smaller scale to be applied
to the larger penetrometers at the same depths with
reasonable confidence. Using this procedure the
shoulder pore pressure values for the larger penetro-
meters have been calculated. The total cone resist-

ance may then be calculated from:

qt = 9 + aush



Page 140

where:

=
i

sh total pore pressure at penetrometer
shoulder

a = area of groove

total cone cross-sectional area

The results for both sizes of penetrometer are shown
on Fig. 5.9. It can be seen that the d; values

match well.

Figure 5.10a shows the normalised excess pore pressure
distribution along the penetrometer shaft to vary
considerably between 3m and 9m penetration. At the
deeper penetration the reduction in excess pore-
pressure up the shaft is rather more rapid. However,
the major reduction in excess pore pressure occurs at
the cone shoulder as was observed in the laboratory

tests (Figqure 4.40).

In Figure 5.10b this variation with depth is examined
in more detail. Here [ is plotted against depth

where:

Au
B =
Au

shoulder

cone face

The P factor is seen to rise fairly steadily with

depth of penetration.
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In Figure 5.10c B has been plotted against OCR.
This plot shows B to decrease with increasing OCR.
The laboratory value for B in normally consolidated
clay is also shown on this plot and appears to be

consistent with the field data.
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CONCLUSIONS AND RECOMMENDATIONS

6.2

Introduction

The conclusions from this work have been divided into
conclusions on fundamental piezocone behaviour and
practical aspects of performing PCPTs. Recommend-
ations for further analytical and practical work are

also included in this chapter.

Fundamental Aspects of Piezocone Behaviour

It should be borne in mind that the conclusions drawn
below relate primarily to PCPTs in normally consoli-
dated clay. These are as follows:

The values calculated for Ny and NAu are strong-
ly dependent on sampling disturbance effects in
the shear strength test used for the correla-
tion. Where c¢lays have undergone large changes
in total stress due to sampling stress relief a
considerable loss of strength may occur. This
strength loss appears to increase with time
between sampling and testing. Hence the shear
strength from QUU triaxial tests may substan-
tially under estimate the in situ undrained

compressive shear strength.
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Although this effect is particularly severe for
kaolin it 1is known to exist for other less
permeable clays. Consolidation of the clay back
to the in situ effective stress state largely
restores the in situ properties. It is therefore
concluded that PCPT results should be correlated

against CIU triaxial peak shear strength

calculated at comparable voids ratios or CAU tri-

axial peak shear strength for samples consoli-
dated to the in situ horizontal and vertical

effective stresses.

From the laboratory tests th has an upper bound
value of 10.6 +0.6 and a lower bound value of
10.0 +0.6 for normally consolidated kaolin and

penetration rates between 20mm/s and 50mm/s.

These values exceed those quoted by Almeida and
Parry (1985) in normally consolidated kaolin (th
= 6.9) but are lower than their value for nor-
mally consolidated Gault clay (th = 13.2). The

reasons for these differences are not clear.

The values from the present study are slightly
above those obtained from theoretical analyses
which lie in the range 7.5 to 10 depending on

the assumed failure mechanism and soil proper-
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ties. Two possible explanations for this are
that the CPT produces high rates of shear strain
around the penetrometer which may effectively
increase the soil shear strength and clay stiff-
ness (G) at small strains is much higher than

the values used in the above analyses.

The best estimate of N AU from the laboratory
pore pressure data on the cone shoulder is 8.25
+1.0 for normally consolidated clay. This
parameter is not apparently altered by increasing
the penetration rate from 20mm/s to 3.2m/s. The
ratio of the cone face to the cone shoulder pore
pressures is 1.2:1 for normally consolidated
clay but the field tests indicate that this
ratio increases with increasing OCR. The dynamic

pore pressures decrease up the shaft of the

penetrometer rather slowly.

Visual analysis of split samples around the axes
of penetration reveal a thin layer (less than
1lmm thick) immediately around the shaft and cone
face which probably represents a shear surface
in the soil.  Outside this zone appreciable
downward displacement of the soil 1is seen
extending some 2 radii from the shaft wall, the
greatest displacement 1lying adjacent to the

shaft wall and shear zone.
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The laboratory data demonstrates that the dissi-
pation of pore pressure on cessation of pene-
tration can be used to calculate values of c¢

h
that are in agreement with independent evaluations.

The method of Baligh and Levadoux has been shown
to be reliable for normally consolidated clays.
This method includes a correction to account for
the dissipation occurring under conditions of
recompression rather than virgin consolidation
which is not allowed for by other published
methods. The data also demonstrates that the
dissipation is most rapid on the cone face and
becomes progressively slower at points further

up the penetrometer shaft.

From the results of field tests no scale effect
on the penetrometer data can be detected between

2 and lOcm2 penetrometers. Although

5¢cm
different q. values were recorded values of q¢
and pore pressures matched well between the two

sizes.

The ratio of excess pore pressures on the cone
shoulder and face from the field data was shown
to be consistent with the laboratory value. 1In
addition a potentially useful variation in this

ratio with OCR was observed.
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Practical Conclusions and Recommendations

6.3.1

Field tests using penetrometers saturated with
glycerin and water gave identical results.
Penetrometer saturation is maintained with
glycerin for much longer periods on exposure to
saturated
air or in partially|soil and thus its use is
recommended for routine onshore PCPTs. It is
recommended that porous elements and other
cavities are dry before attempting to saturate
with glycerin. Pre-assembled piezocone penetro-
meters are more difficult to saturate satis-
factorily than designs which enable separate
saturation of filters and cavities. This fact
should be considered in the design of piezocone

penetrometers.

Following from 6.2.3 it can be seen that the
ratio of excess pore pressures on the cone face
and shoulder is likely to be a useful indicator
of OCR. It is therefore recommended that both

measurements be made in routine PCPTs.

Although strain gauged load cells are probably
the most convenient method for recording the
forces acting on the cone tip and friction
sleeve, poor quality data can be produced if

certain precautions are not taken. The small
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diameter cylindrical load cells of scaled down
penetrometers may be subject to appreciable
problems of =zero shift due to temperature
effects. These may be aggravated by poor dissi-
pation of the heat generated from the strain
gauges, It is recommended that the zero shift
of penetrometer load cells should be examined
both for conditions of external temperature
change (0° to 30°C) and for changes in external
thermal conductivity. The latter may be deter-

mined between air and water.

Care needs to be taken to avoid excessive noise
to signal levels on the load cell output lines
when measuring relatively 1low resistances in
soft clays. This is a particular problem for
penetrometers designed for field wuse which
require high capacities to measure resistances

in sands and prevent damage on stones.

Laboratory PCPTs in clay may be successfully

conducted if:

(a) The clay is consolidated one-dimensionally
from a slurry (without radial drainage).

(b) The consolidation stresses are not released
prior to the PCPT.

(c) Suitable boundary conditions are imposed.
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Rigid bottom and radial boundaries combined with
a flexible stress controlled top boundary was
found to be suitable provided that the tank
diameter was 40 to 50 times the probe diameter
and radial stress measurements were made for the
correction of measured pressures. The use of
smaller diameter tanks 1is liable to generate
excessive boundary effects unless the boundary

conditions are modified.

Recommendations for Further Analytical

and Practical Work.

The work presented herein is intended to be of
use as a data base against which the current
numerical modelling of the CPT can be compared.
The strain path analysis that is being developed
for cone penetration in clay uses a simple
elasto-plastic soil model. Due to the diffi-
culties of obtaining stress equilibrium through-
out the deformed region around the cone, this
soil model is undoubtedly the most suitable for
the analytical development. However, it is
recommended that two additional aspects of soil
behaviour be considered. These are the marked
variation in soil stiffness with strain and the
increase in undrained peak shear strength with

strain réte. In order to gauge the significance
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of these two aspects of clay behaviour it is
recommended that they initially be studied with
the simpler cylindrical cavity expansion tech-
nique before incorporation into a strain path

formulation.

In order to obtain data for the variation of
shear modulus with shear strain some careful
laboratory testing is recommended with use of a
small strain device such as a resonant column.
Shear modulus should be determined down to a
shear strain of about 10 %s.

It may be possible to obtain data on variation
of shear strength with rate from ring shear
testing or special vane testing at high rates of
shear. Although problems may exist in deter-
mining the thickness of the shear zone, and
therefore the precise shear strain rate the
trend at high rates of strain should be given

from such tests.

It is recognised that only limited data was
obtained at the higher penetration rates of
which the equipment was capable. It is therefore
recommended that one further cake of normally

consolidated kaolin be tested at varying rates
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between 20mm/s and 3m/s. Although such a test
series was planned in the final sequence of the
present work a laboratory accident damaged the
cell and cake before the start of penetration

testing.

As a continuation of the present series of tests
on normally consolidated clays, it is recommended
that the behaviour of overconsolidated clay be
examined with the present apparatus. It 1is
suggested that the majority of tests be carried
out at the standard rate of 2cm/s to provide
data directly comparable to routine PCPTs.
However, the effect of faster rates of penetra-
tion would be of interest to provide data
relevant to pile driving and other rapid pene-
tration problems. Although kaolin is a conven-
ient material for such testing due to its high
permeability and short consolidation times, it
is suggested that a few normally consolidated
and overconsolidated tests be carried out using
a clay of different mineralogy. This would
enable the broader relevence of the results to

be demonstrated;
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