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STATE OF THE ART IN IN-SITU TESTING OF SOILS:
DEVELOPMENTS SINCE 1978

R.G. Campanella* and P.K. Robertson**
ABSTRACT

The measurement of soil properties by in-situ test methods has
developed rapidly during the last decade. This report comments
briefly on what is belteved to be some of the more significant recent
advances in fin-situ testing since the report by Mitchell, Guzikowski
and Villett (1978)., Comments are made about current research in in-
situ testing at the Civil Engineering Department at the University of
British Columbia, which includes extensive studies toward the develop-
ment and use of the piezometer-bearing-friction cone.

An extensive 1ist of current references relating to in-situ
testing in general and to specific test methods is provided.

INTRODUCTION

The measurement of sofl properties by fn-situ test methods has
developed rapidly during the last decade. Several conferences have
provided vast amounts of information about in-situ test methods and

thefir interpretation.

One of the most significant reports to appear in recent years is
that prepared by Mitchell, Guzikowski and Villett in 1978, Their
report was prepared for the U.S. Department of Energy and is available
from the Lawrence Berkeley Laboratory, University of California,
Berkeley. This 1978 report drew heavily on material presented at, and
contained in, the proceedings of two conferences; namely the European
Symposium on Penetration Testing (ESOPT 1), 1974 and the ASCE
Geotechnical Engineering Division Speciality Conference on In-situ
Measurement of Soil Properties, Raleigh 1975.

The report presented here shall be limited to discussions of
recent significant developments fin in-situ testing of soils in an
attempt to update the 1978 report by Mitchell et al.

In the time and s?ace available, it 1s not possible to discuss in
detail all recent developments. However, we have attempted to provide
the reader with a 1list of references to provide details of test
methods. The references have been compiled in sections under headings
related to test types with a special section for summary pubiications.

*professor.and Head; and **Predoctoral Killam Fellow
Civil Engineering Dept., Univ. of British Coiumbia, Vancouver,

Canada
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The list of references is not extensive since many of the summary
publications contain extensive reference lists and these will not be

repeated here.

In-situ test methods currently available can be divided into two
basic groups,

i) Logging methods,

i1) Specific test methods.

The logging methods are usually penetration type tests and are usually
fast and economic, and usually provide qualitative estimates, based on
empirical correlations, of various geotechnical parameters. Specific
test methods are usually more specialized and, therefore, often slower
and more expensive to perform than the logging methods. The specific
test methods are usually carried out to obtain specific soil para-
meters, such as shear strength or modulus. The two basic groups are
often complimentary in their use. The logging method is best suited
for stratigraphic logging and preliminary evaluation of soil para-
meters. The specific test methods are best suited for use in critical
areas, as defined by the logging methods, where more detailed assess-
ments are required of specific soil parameters, which of course may
include undisturbed sampling and laboratory testing. The logging
method should therefore be fast, economic, continuous and most
important, repeatable. Whereas, the specific method should be better
suited to fundamental analyses to provide the required parameter. One
of the best examples of a combination of logging and specific test
methods is the static cone and the pressuremeter.

Table 1 presents an updated version of the table presented by
Mitchell et al. (1978) of in-situ test methods and their applic-
ability. Each method is listed in approximate order of its cost or
complexity and with its suitability for determining various different
geotechnical parameters. The suitability of each method for determin-
ing various different parameters is indicated by a grade of A, B or C,
with A indicating high applicability, B indicating moderate applic-
ability, C indicating limited applicability and a blank indicating
little or no applicability. The grade {s based on a qualitative
evaluation of the confidence level assessed for each method in deter-
mining the various geotechnical parameters. The test methods listed
in the upper half of the table tend to be logging methods, whereas the
methods in the lower half tend to be specific methods.

It is not possible to comment here on all of the test methods
shown in Table 1. In fact one of the main objectives of this
Engineering Foundation Conference is the Up-date of many of the
methods in Table 1 as reported in the proceedings by authors with
current and direct first hand experiences. Hence, the conference
proceedings are really the State-of-the-Art.

It is proposed to:

1. comment briefly on what is believed to be some of the more
significant recent advances in in-situ testing,

2. to briefly discuss current research and development in in-
situ testing in the Civil Engineering Department at the
University of British Columbia. and finally

R. G. Campaneila and P. K. Robertson
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SOIL TYPE
PROFILE

DENSITY (Dr)

ANGLE OF FRICTION (¢)

UNDRAINED SHEAR STRENGTH (c,)

PORE PRESSURE (u)
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CONSOLIDATION (ch
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Dynamic cone
Static cone:
Mechanical
Elec. Friction
Elec. Piezo
Elec. Piezo/Friction
Acoustic probe
Dilatometer
Vane Shear
Standard Penetration Test
Seismic CPT downhole
Ko Blade
Resistivity Probe
Borehole Permeability
Hydraulic fracture
Screw Plate
Seismic downhole
Impact cone
Borehole shear
Menard Pressuremeter
Selfboring Pressuremeter
Selfboring devices:
Ko meter
Lateral penetrometer
Shear vane
Seismic crosshole
Nuclear tests
Plate load tests
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TABLE 1 - Perceived Applicability of In-Situ Test Methods
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Dynamic cone (DCPT) C B - C C B - - - c - - C - C B A B B B
Static cone:
Mechanical B A - B [ B C - - C C C - - C - A A A A
Elec. friction (CPT) B A - B C B C - - B C C - - C - A A A A
Elec. Piezo. B A A B B B C A B B C B B - C - A A A A
Elec. Plezo/friction (CPTU) A A A B B B C A B B C B B - C - A A A A
Elec. Seismic/Piezo/friction A A A B B B C A 8 A B B B - C - A A A A
(SCPTU)
Acoustic probe C B - c C C c - - C - ¢ - - C - A A A A
Flat Plate Dilatometer (DMT) B A - C B c C - - B B B B - [ - A A A A
Field Vane Shear (VST) C C - - A - - - - - C B - - - - - B A B
Standard Penetration Test (SPT) A B - B C B - - - B - c - - C B A B C C
Resistivity probe B B - B c A C - - ¢ - - - - C - A A A A
Elec. Conductivity probe A B - ¢ C¢C A B - - B C C ¢ - - = A A A B
Total Stress Cell - - - - - = = -« - - 3 B - - = - - C A A
K, Stepped Blade - - - - - - = = - - B B - - - ~- B A A B
Screw Plate C C - C B B C (o} A C B - - - A A A A
Borehole permeability c - A - - - - B A - - - - A A A A A A B
Hydraulic fracture - - A - - - - C C - B B - B B C C B A ¢
Borehole Shear C c - B [ - - - - C - C - B B C B B C C
Prebored Pressuremeter (PMT) B B - C B C C C - A C C C A A B B B A B
Push-in Pressuremeter (PPMT) A B B C B C C A B A C C C - - - B A A B
Full-Displacement Pressuremeter C B B ¢C B ¢ € A B A € C ¢ - = - A A A A
(FDPMT)
Selfboring Pressuremeter (SBPMT) B B A A B B B A B A A A A - - - B A A A
Selfboring devices:
K, meter B 3 - - - - = - -« - A A - - - = B A A A
Lateral penetrometer B B - B 3 B - - - B ¢ ¢ ¢ - - = B A A A
Shear vane B B - - A - - - - - C B - - - - 3 A A A
Plate test B B - C B B B ¢c € A B A C - - - B A A B
Seismic Cross/Downhole/Surface ¢c ¢ - - - - - - = A - - = A A A A A A A
Nuclear probes - - - B - A - - - - C =~ C - = = A A B A
Plate load tests C C - C B B B C C A C B B B A B B A A A
= High Applicability For list of references see Ap

= Moderate Applicability
= Limited Applicability
= Not Applicable
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3. to discuss in detail our experiences concerning the design,
implementation, interpretation and application of what we
believe to be the most significant advance of the decade in
in-situ testing, namely, the Piezometer-Bearing-Friction
Cone.

The recent developments included in Table 1 since Mitchell et
al., 1978 include:

a) Piezometer cone,

b) Acoustic probe,

¢} Flat plate dilatometer,

d} X, (stepped) blade,

e) Resistivity probe,

f) Nuclear probe,

g) Seismic methods.
Details concerning the piezometer probe and the flat plate dilatometer
will be discussed later in this report.

Acoustic Emission - The acoustic probe and the acoustic emission
method is still very much in the development stage and has gained
interest in recent years in both North America and Japan. The ASTM
will soon issue Special Technical Publication 750, Acoustic Emissions
in Geotechnical Engineering Practice, early in 1982.

Ko Blade - The K, Blade or Stepped Blade Stress test was developed by

Professor Hardy. It can be pushed or driven into the soil and direct-
1y measures the horizontal total pressure at three locations on the
blade, each at a different blade thickness. By incrementally
advancing the blade the distance between the horizontal pressure
cells, it is possible to generate a plot of horizontal total stress
versus blade width at a point for the three blade thicknesses. The
curve is extrapolated to a 'zero' thickness blade to determine the at
rest stress. The generation of dynamic pore pressures during inser-
tion of the stepped blade complicates the interpretation of test
results. Dr. John Schmertmann has had good experience comparing
horizontal stress measurements by the K0 blade with other in-situ

devices like the flat-plate dilatometer at a given project site.

Resistivity Probe - The resistivity probe used as a penetration cone
has been devélopéd and is in use by the Delft Soil Mechanics labora-
tory. It has apparently been successfully used in off-shore investi-
gations, most recently in the Beaufort Sea to determine relative
density. Another form of the resistivity probe has been developed at
the University of California at Davis by Prof. K. Arulanandan in
which a thin walled sampling tube is pushed into the soil at the
bottom of a drill hole and electrodes are symmetrically located in
the walls of the tube. Resistivity methods are complicated by the
need to obtain measurements on a pore water sample as well as a bulk
sample at a specific location,

Nuclear Probe - Nuclear techniques to detemine surface density of
compacted soil is now common place and gives repeatable accurate
measurements. Unfortunately, the use of nuclear techniques in a
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penetration probe is discouraged because of the requirement of
regulatory agencies to retrieve all lost and/or damaged radiation
devices. Thus, a broken probe can not be left in the ground and the
costs of such a possible course of action have limited its use to
usually very shallow depths.

Seismic - Seismic methods to determine soil properties like shear
moduTus have gone through rapid developments in recent years and is
the subject of at least two papers in the Conference. In the opinion
of the authors, one of the most significant recent developments has
been the development of the bore hole high energy impulse test which
allows the measurement of shear modulus as a function of strain. This
test was developed by Shannon and Wilson, Inc. and Agbabian Assoc. for
the U.S. Nuclear Regulatory Commission and uses the cross hole
technique at close spacing with a high energy impulse device jacked
against the sides of an uncased borehole. However, the high cost of
this technique may 1imit its wide use.

CURRENT RESEARCH AT UBC

A quick perusal of Table 1 indicates that the selfboring
pressuremeter is the most applicable specific test and the electric
piezometer-friction-bearing cone the most applicable logging method.
Following close behind are the dilatometer (logging tool) and the
screw plate (specific test). Of course the field vane is still the
most common way to find undrained strength and the Standard
Penetration test (SPT) the most used insitu test which has the virtue
of usually obtaining a specimen of soil. All of these techniques are
under active research at UBC including the newest development, a
seismic CPT downhole device.

SPT - The standard penetration test, with all its problems of repeat-
ability and reliability, is still the most commonly used in-situ test
today. However, with a better understanding of the dynamics of the
SPT (Schmertmann and Palacios, 1979) and the existence of a fairly
inexpensive and easy to use energy calibration unit, it is our belief
that all SPT results should be corrected for a given standard energy.
Kovacs et al. (1981) have shown that energies can vary from about 30%
to 80% of the theoretical maximum. Schmertmann has suggested that
based on limited data, an efficiency of about 55% appears to be the
norm for which it is believed that current correlations were devel-
oped. Hopefully, energy corrected N-values will soon become common
place and correlations may become more meaningful. It is hoped that
measured energy correction factors will lead to more repeatability and
reliability of N-values in the future.

Selfboring Pressuremeter - This specific test appears to give the most
accurate direct determination of the required soil parameters for
computer analyses. These soil parameters include insitu stress,
stress-strain response, effectiva stresses, volume change character-
jstics and shearing resistance. The pressuremeter must selfbore
itself into position without altering insitu stresses and disturbing
the soil.  The greatest problem appears to be the high cost associated
with installation with minimum disturbance and the need for highly
trained personnel. Still, it is currently being successfully used
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commercially.

Selfboring pressuremeter research at UBC is performed in
cooperation with Dr. John M.0. Hughes and Situ Technology Inc., and
the current objective is to provide quality insitu soil measurements
for correlation, comparison and interpretation of similar results from
other insitu tests under development such as the flat plate dilato-
meter, screw plate, CPT, SPT and the like. The selfboring pressure-
meter is, in essence, used as the 'primary reference' test and plays a
very important role in all insitu research at UBC.

Flat Plate Dilatometer - This tool was developed _in Italy by S.
Marchette and introduced into North America through his 1980 publica-
tion in the Geotechnical Division, Journal of the ASCE. The dilato-
meter has been in operation at UBC since May 1981. It is extremely
easy to use and provides an impressive range of empirically predicted
soil parameters from only two quick measurements at each depth. The
flat plate is only 14 mm thick by 95 mm wide with a flexible steel
membrane 60 mm in diameter on the face of the blade on one side. Only
the pressure for lift-off of the diaphragm and the pressure required
to deflect the centre of the diaphragm Imm into the soil are recorded
at each depth. Readings can be made every 20 cm in depth and the
dilatometer which has a sharpened edge is advanced with a cone
penetration rig or similar pushing apparatus. Correlations have been
developed between these readings and soil type, K,, OCR, undrained

strength, constrained modulus and if the pushing force is known, ¢
can be estimated.

Dilatometer research is currently comparing predicted parameters
with those measured by other insitu tests and lab tests at various
sites in the lower mainland of British Columbia in saturated deltaic
deposits. Because this simple device appears to be very applicable to
a varfety of needs, a research dilatometer is under construction in
order to more critically evaluate the stress measurements. The
research dilatometer has:

1. a pore pressure sensory element in the center of the

diaphragm,

2. a pressure cell in the tip,

3. ? load cell behind the blade to continuously monitor pushing

orce,

4. a strain gauged deflector arm attached to the center of the
diaphragm to measure deformation as well as pressure against
the diaphragm, and

5. au:;?pe sensor to measure the verticality of the blade during
p ng.

This research dilatometer is identical in size and operation to the
current device. It is hoped that the research dilatometer will allow;
a better understanding of the operational characteristics of this
dgvice, direct measurement of stress versus deformation of the
diaphragm, measurement of pore water pressures and pushing force
during and after stopping penetration. Factors such as rate of
penetration and rate of testing could be evaluated in silty soils. An
understanqing of these factors may greatly improve the interpretation
of the existing simple dilatometer. Results from this study will not
be forthcoming for at least 3-6 months.

BACK
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Screw Plate Test - This test is merely a small plate load test but

carried out at various depths in the ground. One of the reasons it
has not been used more is that it is normally installed by hand and
thus its effective depth is quite limited. Research at UBC has
implemented an automated installation and testing procedure making use
of the UBC Cone Penetration Research Truck. The equipment, procedure,
results and their interpretation have been described by Berzins and
Campanella, 1981, and a Master's Thesis should be completed on the
screw plate within the next 4 months.

It has been found that a 500 cm? area, double helix screw plate
can be installed to depths in excess of 0m through medium dense
sands. The torque required reached 17,000 in-1bs and the double helix
allowed symmetrical loading on the tip and easier advancement than a
single helix. Axial loading through the 10 ton penetration truck can
apply a plate bearing as high as 17 kgf/cm? or 17 bar (1 bar = 100
kPa). A variety of loading procedures can be applied depending on the
soil type and data required. Constant rate of load or deformation can
be applied and the load versus deformation plotted to obtain modulus
and strength, The load can also be maintained constant or applied in
increments to obtain consolidation data. Load tests are often carried
out at 1 m intervals in depth. Also, the installation torque is
continuously monitored and used as a log of soil types penetrated.
Dahlberg (1975) gives an excellent review of the application of screw

plate tests in sand.

Vane Shear - The field vane is still the most common way to directly
determine undrained shear strength of clays. The vane is particularly
suited to soft sediments where the sensitivity of cone measurements
are often lacking. A research project is underway to incorporate a
shear vane on the friction sleeve of an electric friction cone. This
design incorporates a torque load cell in conjunction with the
friction sleeve load cell of the UBC cone.

Seismic CPT Downhole - A new type of device is under development at

UBC which combines a bearing - pore pressure cone with a set of
minfature 28 Htz. seismometers built into the cone. The bearing and

pore pressures are used to log the stratigraphy of the site during
penetration and downhole (or crosshole seismic performed at
appropriate depths in the soil profile when the cone is being remoyed.
Tﬁis would allow the determination of shear modulus (G,,,) for various

soil types. This test is currently in the very early stages of
development.

CONE PENETRATION TESTING (CPT)

The use- of the Dutch mechanical friction cone is gaining wider
use in the U.S. Unfortunately, its initial low cost is more than
offset by its slow incremental procedure, ineffectiveness in soft
soils, requirement for moving parts, labor intensive data handling @nd
presentation, and generally poor accuracy and shallow depth capabil-
ity. While electrical cones have an {nitial higher cost they reap
benefits in terms of a more rapid procedure, continuous recording,
potential for automatic data logging, reduction and plotting, and
higher accuracy and repeatability.



BACK

252 UPDATING SUBSURFACE SAMPLINGS

In the recent ASCE Symposium on Cone Penetration Testing and
Experience in St. Louis in Oct. 1981 several important points emerge
from the 20 papers published. Improvements in soil classification
were proposed in two papers, and two others suggested improved equip-
ment and interpretation procedures. A significant contribution from
Politecnico of Torino, Italy extends the correlations on dry sands
from large chamber tests to vertical effective stresses approaching 8
bar. Also, five different papers were concerned with measuring pore
pressure during cone penetration.

Piezometer Cone - The addition of pore pressure measurements during
static cone penetration testing has added a new dimension to the
interpretation of geotechnical parameters particularly in loose or
soft, saturated, deltaic deposits. The continuous measurement of pore
pressures along with bearing and friction has enhanced the electric
cone penetrometer as the premier tool for stratification logging of
s0il deposits. The purpose of this section is to discuss observations
of pore presure effects during penetration testing with a multichannel
cone. These effects include both dynamic pore presures during
penetration as well as their dissipation to determine consolidation
characteristics and equilibrium values.

A 5-channel cone has been developed at the Department of Civil
Engineering at the University of British Columbia that enables contin-
uous monitoring of bearing, friction, pore pressure, slope and temper-
ature. The dimensions conform to the European Standard for electric
cones. Full details of the cone and associated equipment are given by
Campanella and Robertson (1981).

Pore Pressure Effects on Measured Parameters - It has been observed
that when the cone is subjected to an all around water pressure there
is a shift in the zeros for both the friction and tip measurements.

The friction shift is due to unequal end area of the friction
sleeve (see Fig. 1) and is usually negative or opposite to the soil
friction but can be positive. Most friction cones in use today have
unequal end areas, but corrections are not usually made, perhaps
because dynamic pore pressure measurements are lacking. Friction cor-
rections are especially significant in deep profiles beneath the water
table and in low permeability saturated soils where very large dynamic
pore pressures are generated. High pore pressure zero shifts in
friction explain why some normally consolidated and sensitive clays
may give low friction ratios. A1l friction cones should be calibrated
and readings corrected for dynamic pore pressure effects, if one is to
develop confidence in its use. Of course, the best solution is the
design and use of a friction sleeve which has equal end area requiring
no pore pressure corrections such as the one described by Campanella
and Robertson (1981).

Sipce the bearing tip is a total stress element, it should record
a bearing stress equal to an all around applied pressure. To our
knowledge, this is never the case and the tip always records a stress
less than the applied all around pressure, again because of unequal
areas at the tip (see Fig. 1). Thus, every cone has a given net area
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Beoring Net Area Rotio = A, /Aq

Fig. 1 Influence of unequal end areas.

ratio associated with its design and dimensions. Most cones have net
area ratios of from about 0.6 to 0.8, but a 20 cm2 bulbous cone tip
Jike the one shown in Fig. 1 would have a net area ratio less than 0.5
and probably close to 0.4. It is strongly recommended that all
bearing cones be calibrated and when possible all bearing values
reported as total stress where

4 = qc* ur(1-a) (1)

and ap fs total stress, q. is measured bearing, uy 1is total

dynamic pore pressure and "a" is net area ratio. This correction can
not be eliminated except with a unitized, jointless design where the
sleeve is strain gauged to measure the tip load. Such a design is not

yet available.

1f the total tip resistance, , s used, the differential pore
pressure ratio, su/qr, can be expected to relate more uniquely to the
stress history of a clay deposit. Some researchers prefer to use the
ratio up/qp and this ratio can not exceed one.

Also, not using total bearing, aqp, may account for some of the

reported wide variations of the calculated bearing capacity factor,
N required to determine undrained shear strength from cone bearing.

Rate of Penetration - The standard rate of penetration for a static
cone test is 2 cm/sec. Traditionally cone penetration in sands have
been considered to be drained and penetration in clays undrained.
However, for mixed sofls such as silts and clayey silts, the drainage
condition during penetration is not well defined. Fig. 2 summarizes
cone data as a function of penetration rate in a clayey silt at our
research site. Our research site has a fairly uniform very deep
(>100 m) clayey silt overlain by dense sands at a depth of about 15 m
with the ground water table near the surface. Full details of the
research site were given by Campanelia and Robertson (1981). The




BACK

254 UPDATING SUBSURFACE SAMPLINGS
S oaer
Zrosfp N
<2 N
S A
s Oif S o e o
H o + 11 nnl L sl NEFEETIT
© X] ot ! 10
10 -
‘9 el - - e e O
s
22 of
_ - - Beoring corrected for temperature
3 + ond woler prassure aflecls
2 2t
(] 1 Illjllll 1 lJJIlIII L lllllJlJ
0.0 0.1 1 10
e 1o
& . 8- .
25 Effective bearing
g5 8 2 "9y - Vrorar
© o & g
2 e o
w 2
0 el Ll L]
0.0! 0.1 1 10
10
4
az s
e 8
. 3 r —a
H 54 e
; £ 2 __z_EnuHibrium pore prassure
° 0 s gl TSR ETIT Lol
0.01 0. ! 10

Penstrotion rate, cm/sec.

All meosuremants at 20m depih

Fig. 2 Penetration rate effects in clayey silt deposit
(McDonald's Farm, Sea Island).

clayey silt has a permeability in the order of 8 x 10-7cm/sec. Fig. 2
shows that the penetration is essentially undrained down to a penetra-
tion speed of about 0.2 cm/sec. As the penetration speed is progres-
sively decreased below this speed the total pore pressure during
penetration decreases and a corresponding increase is observed for the
total cone bearing and friction; both corrected for zero shift. The
increase is particularly noticeable for the friction. The increase is
less noticeable for the bearing, in part, because the bearing also
records the water pressure. Thus, as the water pressure decreases the
bearing tends to decrease, but this is offset by the increase in
effective stress in the soil which increases the bearing. To

illustrate this behaviour the effective bearing is also shown on
Fig. 2. The effective bearing is defined as the total bearing
(corrected for temperature and all around pressure effects) minus the
total water pressure.
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It is interesting to note that this effective bearing data shows
how small an effective pressure (bearing) was required to penetrate
the soft clayey silt under undrained conditions; the effective bearing
was about 1/4 of the total bearing. These values are still extremely
small when compared to the almost two orders of magnitude larger
bearing values for the overlying dense sand which is being sheared
under drained conditions. The data also illustrates the marked
increase in the effective stresses around the tip as the rate of
penetration decreases and the pore pressures drop by over 15 m of
water pressure or about 1.5 bar (150 Kpa). The resulting change in
effective stresses due to partially drained conditions around the tip
produce an almost twofold increase in the effective bearing required
to penetrate the silt. This behaviour is analogous to observed
triaxial test behaviour of normally consolidated clays when comparing
undrained with drained strength results.

The proposed concept of effective bearing defined as the total
bearing stress minus the total water pressure represents a first order
attempt at interpreting cone results as an effective strength charac-
teristic. This may allow comparison of measured bearing stresses in
undrained and partially drained soils with those in drained soils. Of
course, the in-situ effective normal stress at the cone tip is still a
missing essential parameter and must be estimated if one is to attempt
a complete effective stress analysis. It is believed that the
friction sleeve measurement may correlate well with the lateral
effective normal stress and may provide the missing parameter. The
concepts of effective bearing and effective stress interpretation of
cone soundings are currently topics of intense research. It has
become apparent, however, that it is essential to continuously monitor
both pore pressure and bearing during penetration and to consistently
work with total bearing (corrected for net area) in undrained soils.

Dissipation of Excess Pore Pressure - Upon the arrest of penetration
high positive excess pore pressures generated during cone penetration
in cohesive soils such as the clayey silt at our research site,
immediately . start to dissipate. The rate of dissipation of the
positive excess pore pressure is well known to depend upon the
coefficient of consolidation of the soil., By monitoring the rate of
dissipation of the excess pore pressure, an estimate of the coeffi-
cient of consolidation of the soil may be obtained. Several
theoretical solutions are available to obtain the coefficient of
consolidation from the dissipation of excess pore pressures generated
by cavity expansion. The applicability and meaning of the solutions
is complicated by several phenomena. These phenomena include:
- the importance of vertical as well
as cylindrical diffusion,
~ the effect of soil disturbance, and
- uncertainty over the distribution,
level and change of total radial
stresses.
In spite of these limitations, the usefulness of the theoretical
solutions is encouraged by the repeatability of the test and the vast
range in the dissipation rates measured for various soils encoun-
tered.
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The influence of vertical dissipation was shown by Gillespie and
Campanella (1981) by comparing dissipations recorded at varigus
distances up the shaft from the tip. Dissipations immediately behind
the tip, as in the UBC cone, were similar to dissipations further up
the shaft. Also, horizontal dissipation appears to dominate the
consolidation process. Hence, a cylindrical dissipation solution such
as that by Torstensson (1977) was chosen in order to compare field
dissipation results to laboratory test results.

Constant rate of strain consolidation tests were performed on 76
mm diameter samples trimmed in horizontal and vertical directiors from
a 89 mm diameter undisturbed sample obtained adjacent to the location
of the pore pressure dissipations. In this manner, the predicted
value could be compared directly to the laboratory measured values for
the coefficient of consolidation.

A typical pore pressure dissipation, results of the laboratory
testing, as well as the predicted coefficient of consolidation from
the pore pressure dissipation, are shown in Fig. 3. The coefficient
of consolidation was predicted using the cylindrical solution of
Torstensson (1977) at the 50% level of dissipation. Comparison
between the predicted coefficient of consolidation and the laboratory
measured value reveals that the predicted value compares favourably
with the horizontal coefficient of consolidation in the over

consolidated state.

As well as predicting an accurate coefficient of consotidation,
to be useful, theories of pore pressure dissipation should predict a
coefficient of consolidation that is independent of the degree of
dissipation. Fig. 3 shows a reasonable comparison between the
measured pore pressure decay and the theoretical dissipation rate
plotted using the value for the coefficient of consolidation predicted
at the 50% level of dissipation. The results obtained to date support
the view that consolidation takes place in the recompression mode
after cone penetration testing in cohesive soils. Use of existing
theoretical solutions such as those by Torstensson (1977) would seem,
at least from the experimental results obtained during this study, to
be applticable for calculating the coefficient of consolidation in the
horizontal direction for soil in the slightly overconsolidated state
(0OCR = 2). Furthermore, a knowledge of the compressibility of the
soil during recompression would allow direct calculation of the
coefficient of permeability.

Piezometer Tip Saturation - It has previously been shown by Campanella
and Robertson, TIBT, that complete saturation of the piezometer tip is
essential. Pore pressure response was compared for saturated and
entrapped air piezometer systems. Both the maximum pore pressure and
dissipation times are seriously effected by air entrapment.
Furthermore, it was also shown that glycerin worked effectively as a
saturating fluid which is misible with water yet develops a high air
entry tension to prevent loss of saturation during use and penetration
through soils above the water table.

Unfortunately, it is not possible to check saturation before
penetrating the soil. Fig. 4 shows a system which allows easy:satura-
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Fig. 3 Measured and predicted coefficient of consolidation from
excess pore pressure decay and laboratory test results.

tion. The figure also shows the design of the UBC equal end area
friction sleeve cone and the 1interchangeable tip to relocate the
pordus filter. A simple cup was made to slip over the friction sleeve
and seal with an 0-ring. With the tip and filter removed, glycerin is
introduced into the cup and a hypodermic is used to flush air from
interior cavities. The presaturated filter and tip are assembled, the
engss glycerin poured off and the cup removed. This technique works
well,

Procedure Used While Recording Dissipations - There is very Vtittle
ITterature describing the procedure used while recording pore pressure
dissipations. Some report that they found it necessary to clamp the
penetration rods at the ground surface while recording pore pressure
dissipation. It appears that if the rods were not clamped that a drop
in the measured pore pressure would result when load was released from
the tip. In our studies varfations in the amount of load applied to
the tip was made during several dissipations. Only insignificant
differences in the decay response were observed when using cones with
pore pressure sensing element immediately behind the tip.

The location of the sensing element explains the sensitivity of
the decay response to the procedure used. When load is released, pore
pressures at the tip immediately drop in response to the decrease in
total stress. Whereas behind the tip, in the 2one of failed soil the
stress level does not change significantly when load is released. It
therefore appears that with the location of the piezometer element
behind the tip the test is much less sensitive to the procedure used.
This is an important point because the amount of load applied to the
tip, even with the rods clamped will change with time.
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Stratigraphic Logging - Fig. 5 shows a complete cone log to a depth of
almost 75 m at a B.C. Department of Highways test fill site before the
fill was placed. The site is located in the Fraser Delta about 30 km
east of Vancouver at the proposed Annacis Bridge on Lulu Island. Ffig.
5 serves to illustrate the vast amount of detail obtained in one
sounding which was completed in one long 10-hour day. An additional
day was spent at a graphics terminal digitizing the logs of pore
pressure, bearing, friction and slope for computer analysis and
plotting. Automatic digital data logging will soon be added to
overcome the tedious task of digitizing using a graphics tablet. Many
full dissipations were recorded and equilibrium pore pressures were
also digitized with depth. The computer program allows a matching of
peaks of friction and bearing. For example, at 29.2 m depth the peaks
were matched to determine the friction-bearing offset for calculation
of friction ratio. Both the friction and bearing readings are
corrected for zero shift due to dynamic pore pressures acting on
unequal end areas. The computer program also calculates the differ-
ential pore pressure ratio. And finally, the slope versus rod length
log is used to correct all depths to represent true vertical depth.
For the sounding shown in Fig. 5, the cone began deflecting at about
55 m depth and was inclined about 20° from vertical at full depth.
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Except for the interpreted soil profile, all of Fig. 5 was generated
by the computers digital plotter.

The soil profile interpretation was done without the benefit of
prior knowledge except that it was known that peat and organic silt
were near the surface. The friction ratio is used to distinguish the
peat from the organic silt. The sand layers are clearly identified by
almost zero pore pressure ratios. The relative density correlation
was obtained from recently reported chamber test results. Note that
the relatively low permeability silt layers can generate dynamic pore
pressures as high as three times the equilibrium value. Equilibrium
pore pressures clearly indicate a hydrostatic condition which is not
the case to the north and south where ground water discharge causes
pore pressures in excess of hydrostatic. Note the normally
consolidated nature of the silt from the minimum bearing values. The
subtle difference in character of the three layers beneath the sand is
immediately evident from the logs. The friction ratio of the clean
medium sand is of the order of 1/2 to 1%.

Continuous pore pressure-time recording allows pore pressure
dissipations to be evaluated at each rod addition and estimates made,
in this case, for the time for 50% dissipation. These are listed on
the right side of the interpreted soil profile.

The time to reach 50% dissipation or tgg fs a useful parameter

for distinguishing stratigraphic types and indicating drainage
conditions. For many soil types such as those shown in Fig. 5 the
time to reach 50% dissipation of excess pore pressure is often
achieved during rod breaks, with very little standby time. Similar
results can be obtained using a smaller degree of dissipation of say
25% in less permeable soils.

Differential Pore Pressure Ratio - Fig. 6 shows a piezometer cone log
in hydraulically placed sandy and silty soil at a test section before
and after treatment by dynamic consolidation. The sandy soil exists
to a depth of about 5 m and a silty layer lies between about 5 and 8 m
depth. It is interesting to note that before treatment the silty
layer generated high excess pore pressures as indicated by the large
differential pore pressure ratio values. However, after treatment,
there was a remarkable change in the pore pressure behaviour with
significant pore pressures below hydrostatic and some actually
negative or below atmospheric. A similar pore pressure behaviour was
observed for a second test section where treatment was by vibro-
compaction.

The very different pore pressure behaviour suggests that the
volume change characteristics of the silty layer have been altered
dramatically even though the bearing appears to have increased only a
small amount. Before treatment the silt was contractive and after
treatment dilative, at least, for the pore pressure element behind the
tip. From the standpoint of liquefaction resistance, volume change
characteristics are very important.
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Sandy soils tend to generate pore pressures, but they dissipate
almost as fast as they are generated and the high bearing in sands
gives differential pore pressures of essentially zero. Also, it has
been observed that because of their relatively low permeability, silty
solls can give significant pore pressures. Thus, the differential
pore pressure ratio gives an excellent indication of both the wvolume
change characteristics and relative permeability. Also, it should be
appreciated that the pore pressure ratio is sensitive to the bearing
net area ratio correction in poorly drained soils and ay must be

used if correlations are to be meaningful.

Recent results of both static and cyclic triaxial testing on two
silt samples at about 7 meters depth, obtained after compaction, show
that the silt is very dilative and had an effective friction angle of
38° to 40°. Thus, the pore pressure element behind the tip was giving
the correct indication of the true characteristics of the silt. It is
hoped to conduct additional lab tests on the untreated silt in the
near future.

Porous Filter Location on Cone - We take this opportunity to list here

the following advantages of having the pore pressure element imme-
diately behind the cone:
1. good protection and less prone to damage,
2. easier to saturate,
3. gives reasonably stable pore pressure response,
4. gives good range of dynamic pore pressures from negative to very
positive,
5. good location for use of cylindrical solution to obtain
consolidation characteristics from pore pressure decay,
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6. best location to apply net area correction to calculate actual
total cone bearing,

7. good location to apply pore pressure correction to friction if
end areas of sleeve are not equal.

The main disadvantage appears to be that the area behind the cone does
not record the dynamic pore pressure which exists in the zone of
maximum shear and total stress which is in front or on the face of the
cone. It has been demonstrated that the location of the porous
element immediately behind the cone encourages the measurement of low
or negative dynamic pore pressures in fine sands and silts which
reflects the actual character of the soil. In addition, it records
high positive pore pressures in clays which are close to the maximum
value.

Yery recent piezometer cone soundings at the same site depicted
in Fig. 6 but with a sensing element on the face of the cone (see
Fig.4) did not show much of a reduction in positive pore pressures in
the treated dilative silt. Furthermore, in the untreated area, the
pore pressure recorded for the cone with element on the face was only
slightly more than that for the element behind the tip. Also, the
element on the face wore quickly and was very sensitive to load
changes on the tip when dissipations were recorded.

Thus, recent results confirm that the pore pressure sensing
element is at its best advantage when located behind the tip.
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