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ABSTRACT

Knowledge of the soil profile ts necessary for ground engineering projects and
piezocones are widely used in situ test devices that can supply some of this knowledge.
This thesis describes an investigation of the performance of a specific piezocone when

used in thinly layered soil.

A miniature piezocone, with a cross sectional area of 1cm®, was driven at a speed
of 20mm/sec into artificial layered soil samples that were constructed in the laboratory
and consolidated under a vertical pressure in a 254mm diameter test cell. The layered
samples contained alternating layers of pre-consolidated Speswhite kaolin clay about
20mm thick and layers of more permeable, silty or sandy soil about 2mm thick. The
pore pressure filter of the piezocone was located either at the cone tip or cone shoulder.
During driving, the cone resistance and pore pressure responses were recorded at a rate
of at least 200 readings/sec. Once the piezocone was stopped, in a clay layer, the
dissipation of excess pore water pressure was monitored.

In terms of the pore pressure response, though not the cone resistance, the
piezocone was able to detect the more permeable layers located between the clay layers.
Both dilation and localised drainage in the more permeable layers, deformed during
penetration, could have significantly influenced the pore pressure responses. Despite the
proximity of permeable layers, values of the coefficient of consolidation obtained from
pore pressure dissipation at the piezocone tip agreed fairly well with values obtained
independently during unloading or reloading of the clay in one-dimensional
consolidation tests. At the cone shoulder, the permeable layers had some influence and
larger values were obtained.

The layered soil samples used for piezocone testing were also used for

investigating the effects of soil disturbance, or “smear™, caused by vertical penetration of
objects with difterent sectional shapes in the context of permeability measurement and
soil drainage. A mandrel carrying a vertical drain, either circular (23.5mm diameter) or
rectangular (50x6.5mm) in section, was driven into the centre of the soil sample at a
speed of Smm/sec. The effects of smear were evaluated by performing radial flow
permeability tests in which pressure distributions across sample were recorded.

The effect of smear increased substantially as the permeability of the more
permeable layers increased, but only when it exceeded the permeability of the clay by a

factor of about 100. For a given layer combination, the rectangular drain always

produced a significantly smaller smear effect than the circular drain.
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Introduction and Research Methods

CHAPTER 1

INTRODUCTION AND RESEARCH METHODS

1.1 Background

Natural soils in many parts of the world are layered or laminated. Most
commonly this 1s due to differential rates of settling of soil particles, with different
grain sizes, after transportation by wind or water. Layering can produce a variation
(1.e. anisotropy) 1n values of certain properties, e.g. shear strength and permeability.
The arrangement of layers having different particle sizes 1s part of the soil “fabric”.
The term fabric 1s used to describe the arrangement of the layers along with other
structural features.

It 1s important to record soil fabric during soil exploration. Rowe (1972)
stated that the fabric must be described because classification by index tests and
grading alone is not indicative of the engineering performance of natural deposits in
situ. Rowe also highlighted the significance of layered fabric to engineering, e.g. its
influence on the consolidation rate of soil beneath foundations and embankments, the
rate of swelling and effective stress change in soil around excavations, retaining
walls and cast 1n situ piles.

Steenhuis et al. (1990) stated that the way soil 1s layered affects how water
and solutes leaking from landfills flow down to the ground water. In open
excavations, water-bearing sandy or silty soils are particularly troublesome when
interbedded with layers of clay (Tomlinson, 1995). The silt or sand eroding from the

face can cause undermining and collapse of more stable clay layers. Ladd (1990)

suggested that most normally consolidated soils exhibit significant anisotropy of

undrained shear strength which generally becomes more important in lean clays.
Varved clays could present unusually low strengths on horizontal shear planes.
Soil profiling information is generally obtained by making shallow

excavations (trial pits) in the field or drilling boreholes to collect samples using tube
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samplers. The physical description of soils in trial pits or tube samples and the
determination of their engineering properties are both necessary for ground
engineering projects. However, a major problem of testing soil samples collected
from the field 1s the disturbance caused by sampling, transportation and setting up
the sample in laboratory. Furthermore, these procedures can also be time-consuming
and expensive. Therefore, in-situ testing has been developed for ground exploration
and there 1s now a wide range of such tests.

The piezocone, a cone penetrometer with measurement of pore water

pressure, 1s one of the most widely used in-situ test devices. With an ability to
measure soll resistance and pore water pressure, normally at the cone tip (ul) or
shoulder (u2), simultaneously during penetration, the piezocone provides a profile of
so1l type and soil shear strength. From dissipation tests when penetration is halted.
consolidation properties of the soils can be determined. However, generally, the
ptezocone is used to explore stratigraphy or macroscopic features of the ground.
Determining fabric detail, in the form of thin layers or lenses, using the piezocone is
not prevalent.

Soil fabric does not only influence the behaviour of natural soil in situ but
also causes difficulties and uncertainties in soil property determination, both in the
laboratory and in the field. In laboratory tests, small samples collected from the
same region with variations of fabric can have very different performances in terms
of shear resistance and consolidation. In in-situ tests, installation of the in-situ
testing devices generally disturbs the soil to a degree. As reported by Tavenas et al.
(1986) and DeGroot & Lutenegger (1994), for in-situ permeability determination
conducted by installing a piezometer, the disturbed soil surrounding the piezometer,
known as the “smear zone”, can reduce the measured permeability of layered soil
significantly. During the penetration of a piezocone, disturbance, or smearing, of the
soil potentially affects the pore water pressure response, especially when the
measurement is taken at the cone shoulder where the surrounding soil is disturbed
more that at the cone tip. Disturbance of the soil could also affect dissipation test

results.

The smear zone does not only cause problems during in-situ tests but also
during ground improvement using vertical drains. For construction on soft soils,

consolidation time is an important design issue and vertical drains are often installed
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into the ground to speed up the consolidation of the soil. Once the ground is
subjected to load, the pore water flows horizontally to the vertical drains. This 1s
encouraged by soil layering which naturally causes the overall horizontal
permeability to be greater than the overall vertical permeability. In the vertical
drains, the water i1s then directed upwards to the ground surface and led away.
However, the smear zone surrounding the drains, caused by installation, can reduce

their effectiveness.

Despite the common occurrence of smear in layered soils, relatively little 1s
known about its effects in quantitative terms. One of the first systematic studies was
conducted by Moseley (1998) at the University of Sheffield and this provided a

platform for further research described 1n this thesis.

1.2 Research Aims

Building on previous work, Moseley (1998), the present research aims to:

a) 1nvestigate the performance of a miniature piezocone in detecting thin soil
layers with different permeabilities within clay deposits.

b) investigate the influence of more permeable layers on the measurement of
the coefficient of consolidation in clay layers using the piezocone .

¢) investigate the influence on smear of the relative permeabilities of the
clay layers and the more permeable layers.

d) investigate the effects of the sectional shape of the penetrating object on

smear 1n layered soils.

The last of these aims was in recognition of the fact that many vertical drains

are rectangular rather than circular in shape, and that the mandrels used to install

them vary similarly. Only circular penetrating objects were used by Moseley (1998).
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1.3 Research Methods

To achieve the research aims, artificial layered soil samples, containing layers
of consolidated Speswhite kaolin clay and more permeable soil, were constructed in
the laboratory. Three types of soil, with different gradings and hence different
permeabilities, were used to make the more permeable layers, though only one type
of permeable layer was used i1n each layered sample. The more permeable layers and
the clay layers were placed in a 254mm diameter test cell alternately in order to form
a layered sample. Before any test was carried out, the layered soil sample was
consolidated vertically to an effective stress of 250kPa.

To 1nvestigate the effects of the sectional shape of a penetrating object on
smear 1n layered soils, a mandrel carrying a vertical drain, either circular or

rectangular in section, was vertically driven into the centre of the soil sample at a
speed of Smm/sec. After a sheath protecting the drain had been removed, pore water
pressure probes were 1nstalled in the sample at various radii. The effects of smear
due to the central drain installation were investigated by allowing water to flow

inwards from the sample periphery to the drain. The permeability of the sample was

determined from the measured flow rate, while the variation of pressure across the
sample was measured by differential pressure transducers attached to the pore
pressure probes. The effects of smear were evaluated by comparing the measured
permeability with the theoretical permeability of the undisturbed sample and also by
determining the head loss across the smear zone using the information from the pore
pressure probes. The influence of the permeability of the more permeable layers on

the degree of smear was observed by comparing tests on different layered samples.
After the flow tests, a mini-piezocone with pore water pressure measurement
at either the tip or shoulder was driven into the layered sample at a rate of 20mm/sec.

During the piezocone driving, the cone resistance and pore water pressures were
recorded. At a predetermined driving distance, chosen so that the pore pressure was
being measured in the middle of a clay layer, the piezocone was stopped and
dissipation of the excess pore water pressure was monitored. A coefficient of
consolidation was obtained from this dissipation test and compared with

independently measured values for the clay. Performances of the piezocone in the

various layered samples were compared.
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After all the tests on a given sample had been performed, the sample was

dissected. Deformations of the soil fabric due to drain installation were visually

observed to assist the understanding of smear.

1.4 Thesis structure

The following chapter, Chapter 2, reviews literature relating to the
permeability characteristics of sedimentary soils and some in-situ geotechnical
devices, including vertical drains, whose efficiency could be affected by smear. In
Chapter 3, sample building materials, experimental equipment, calibration of the
instrumentation and calibration errors are described. Chapter 4 describes the
methods and procedures used in the permeability tests in layered soil, the mini-
piezocone tests and supplementary tests to determine soil properties. Experimental
results obtained during the research are presented in Chapter 5. In Chapter 6, the
experimental results are discussed and compared with previous experimental or
theoretical work 1n order to draw conclusions. Chapter 7 summaries the main
findings of the research. Recommendations for the further work are also given 1n

this last chapter.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

As described in the Chapter 1, one of the aims of the present research is to
study effects of smear due to vertical penetration in layered soils. Sedimentary soils

are generally layered and therefore, this chapter reviews literature relating to the
formation and permeability characteristics of sedimentary soils, concentrating mainly

on the anisotropy of permeability.

Also in the first chapter, piezocones, piezometers and vertical drains were

indentified as in-situ geotechnical devices whose test results or working efficiency
could possibly be affected by the disturbance of the penetrated soil. Literature

relating to these devices is reviewed 1n this chapter.

In the last section of this chapter, an overview leading to the present research

1S presented.

2.2 Permeability Characteristics of Sedimentary Soil

A natural soil may be residual or sedimentary. A residual soil is formed 1n

place by the weathering of rock. The rate of rock weathering, involving both physical
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and chemical processes, 1s influenced by climate, time, type of source rock.

vegetation, drainage, animal activity and bacterial activity.

In sedimentary soil, the individual particles originate in one place but are

transported and deposited 1in another place by wind or water. Of course, particles can
be transported by 1ce and gravity too. to form glacial soils and colluvium.

Transportation may alter particle shape, size and texture by abrasion, grinding or

impacting. Transportation may also sort the particles.

Lambe & Whitman (1979) described the degree of soil particle sorting
occurring during transportation by air (very considerable sorting), water
(considerable sorting), ice (very little sorting) and gravity (no sorting). The mode of
transportation and deposition, especially in water and air, are obviously influenced
by fluctuation of climatic conditions. For this reason, most sedimentary soils found
extensively throughout the world consist of irregularly alternating layers of fine-
grained soil and coarse-grained soil. The alternating sotl layers have different
engineering properties such as permeability, compressibility and shear strength and

therefore the layered soil presents overall anisotropic behaviour.

The permeability anisotropy of the layered soil 1s normally expressed as the
ratio (ry) of the coefficient of permeability for flow in the direction parallel to the soil

layers (kn) to the coefficient of permeability for flow in the direction perpendicular to
the soil layers (ky). Holtz et al (1991) estimated ri as 1 to 1.5 for clays with no
macrofabric or only slightly developed macrofabric or homogeneous deposits, 2 to 4
for clays with fairly well to well-developed macrofabric, e.g. sedimentary clays with
discontinuous lenses and layers of more permeable material, 2 to 3 for varved clays
and 3 to 15 for other deposits containing embedded and more or less continuous

permeable layers.

Kenney (1963) stated that in a repeatedly layered sediment, the materials 1n
individual layers are not necessarily homogeneous and their properties will probably
vary to some degree across each layer. The permeability ratio for the layered soil as
a whole is dependent on the limits between which the permeability coefficients of the

individual layers vary and the manner of the variation across the layers. It was
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concluded that the average permeability ratio of the deposit could vary from 3 to 300

when the ratio of the two limiting permeability values is 1000.

Kenney & Chan (1973) conducted a laboratory investigation of the
permeability ratio of New Liskeard varved soil. Cubic test specimens with
dimensions of 64 x64x64 mm were cut from 114mm diameter tube samples by a
vibrating-wire cutting tool. Then, for a given specimen, k, and k, were
independently measured. The results indicated that the permeability ratio, rx, was
less than 4. The authors attributed the small value of r; to the fact that the
permeability of the constituent soils within the varves varied by a factor of less than
6. By making eight additional cut surfaces in some test specimens and evaluating
their influence, the authors also reported that the decrease in ki, due to one cut surface
at right angles to the layers was approximately 1.5 %. The authors also investigated
ri of the soil in the field by using a “pressure-pattern” method. In this method, the
pressure pattern (pore pressure distribution) for a steady flow within the studied area

was determined by using piezometers. Then, using the three dimensional steady state
flow equation (Taylor, 1948), the measured pressure on the boundaries and an
assumed value of ry, the pore water pressure pattern within the boundaries was
determined analytically. By trial and error, comparing the measured and computed
water-pressure patterns, the most appropriate value of ry was determined. It was

reported that the maximum value of r; was less than $.

Little et al. (1992) performed some laboratory measurements of the
permeability of Bothkennar clay. In a first set of tests, the vertical and horizontal

permeabilities of the soil were determined indirectly using results from consolidation
tests. The samples used for the consolidation tests were collected by a 100mm

diameter piston sampler. Then they were extruded and oriented before specimens

were recovered in stainless steel oedometer rings so that vertical and horizontal
drainage during consolidation could be achieved. Furthermore, a remoulded sample
was also tested to find its permeability. By using an X-ray densimeter (Edge &
Sills,1989) to investigate the fabric of the soil, silt laminations with a thickness of

0.8-2mm and a spacing of 4.5-25mm were observed. By using the consolidation test

results and making the assumption that the silt and clay layers were 1sotropic 1n terms
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of permeability, the individual permeabilities of the silt and clay were calculated as

2.36x10° m/s and 2.25x10™ m/s respectively. For the overall permeabilities, it was
found that k, was 2.47x10” m/s and ks was 3.99x10” m/s (r = 1.62).

In a second set of tests, Rowe cells of 75mm and 150mm diameter were used.
The soil samples were consolidated with vertical or horizontal drainage. For vertical
consolidation, drainage was allowed at the top and bottom of the sample and, for
horizontal consolidation, drainage was allowed at the periphery and at a central drain
made of a porous plastic tube with a perforated brass rod as a core. Vertical flow
tests and horizontal flow tests were then performed on the samples. It was found that
at shallow depths, where the clay was described as rather homogeneous (Paul et al.,
1992), there was a small degree of anisotropy of permeability (r,=2.5). At 8m depth,
where the clay was recorded as laminated with significant silt and fine sand laminae,
there was a much higher degree of permeability anisotropy (ry=8). The clay

described as mottled at 10-15m depth showed a modest degree of anisotropy (ry=3).

Rowe (1972) intensively reported the relevance of soil fabric to site
investigation practice. Influences of soil fabric on test data and the performance of
several sites were reviewed. It was reported, for example, that permeable fabric
increases the rate of swelling of “unloaded” soil, e.g. slope cuts, and allows rapid
softening of the soils leading to failure and that fabric causes uncertainties of results
obtained from determination of soil properties e.g. the coefficient of consolidation in
laboratory especially when small samples are used. Minimum sizes of undisturbed
samples of non-fissured, fissured and jointed clay were suggested for the

determination in the laboratory of the coefficient of consolidation, coefficient of
compressibility and shear strength.  Concerning fabric description, Rowe
recommended that a comprehensive soils report should contain photographs

(including x30 magnifications) of the fabric of the principal strata.
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2.3 The Piezocone

Cone penetrometers have been widely used in soil investigation and cone
penetration tests (CPT) have been performed since 1934 (Meigh, 1987). In the CPT,
as the penetrometer 1s pushed into the ground, the resistance at the penetrometer apex
and the drag on the side of the penetrometer body (friction sleeve) are measured and
used for soil identification. Early measurements were made by mechanical methods

but electrical transducers were later introduced.

After Janbu & Senneset (1974), Schmertmann (1974), Tortensson (1975) and

Wissa et al. (1975) had reported pore water pressure responses as piezometer probes
were driven into soil, Baligh et al. (1980) suggested that a combination of pore water
pressure data and cone penetration (CPT) data could provide a promising method for
soil i1dentification and an estimate of overconsolidation in clay deposits. Roy et al.

(1980) showed the first combination of pore water pressure and cone resistance

results from the same probe during driving.

A present day electric piezocone (CPTU) 1s composed of the cone body
incorporating the friction sleeve, the tip with a resistance sensor, and the pore water
pressure transducers which are connected to one or several filters located either at the
cone tip or along the cone body. Now, due to several advantages such as time and

cost effectiveness, good repeatability, suitability for use on a large range of sites

(including offshore), the piezocone 1s widely used 1n soil investigation.

The cone resistance (q.) 1s gained by dividing the total force acting on the
conical part of the instrument during driving by the projected area of the cone (A),

while dividing the force acting on the friction sleeve by the sleeve surface area gives

the sleeve friction (f;). Several types of piezocone with different pore water pressure

filter positions have been developed and used in soil investigation (Figure 2.1).

10
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2.3.1 Piezocone calibration

Before the piezocone can be used the cone resistance, sleeve friction, and

pore water pressure transducers must be calibrated

In ISSMGE (1999), 1t was recommended that, during cone resistance
calibration, the cone should be subjected to loading and unloading axially and the
calibration should be carried out for loading ranges which are relevant to the
forthcoming tests. For a new probe, the sensors should be subjected to 15-20
repeated loading cycles up to the maximum load before the calibration. For the
calibration of the pore water pressure measuring system, 1t was recommended that the

cone should be calibrated in a pressure chamber in which an incrementally increasing

pressure could be applied to the enclosed part of the probe.

Schaap & Zuidberg (1982) stated that during penetration testing the
calibration factors can change either due to ingress of soil into the penetrometer
grooves or due to a change of the modulus of the penetrometer material with time.
The authors also stated that, in the load cell calibration, the accuracy of a
penetrometer tip cannot simply be expressed by a single number or percentage.
Several terms relating to accuracy were presented, (Figure 2.2). From inspection of
penctrometers used in regular soil investigation, it was shown that the soil ingress
contributes the major part of the calibration error, which could be limited to 0.4% if a
standard procedure of maintenance is followed. Furthermore, it was suggested that
hysteresis (the maximum difference between load cell output readings for the same

load) and ﬁon-linearity (the maximum deviation of the calibration curve from a

straight line drawn between no-load and full scale outputs) will be important when a
load cell 1s to be used in a practical loading range which 1s different from the

calibration range. Outputs at zero load before and after a test were recommended to
be compared. The zero load error may have several causes such as output instability,
temperature induced apparent load, soil ingress, internal friction and hidden loading
during zero setting. The authors suggested that the zero load error should not exceed

1 to 2% of the full scale output of the penetrometer.

11
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Lunne et al. (1997) suggested that the piezocone should be regularly
calibrated, by using high quality reference load cells and pressure transducers. under
exactly the same environment as applies in the real situation (i.e. when measurements
are made). All the same cables and data acquisition systems used in the real test

should be used during calibration and all the transducers should be calibrated

accurately over the real test load range.

2.3.2 Piezocone saturation

De-ainng the piezocone is a critical step of the necessary preparation before
driving. When the piezocone 1s dniven into the ground, changes in pore water
pressure will be transmitted by the incompressible fluid saturating the transducer
instde the cone. Effects of poor saturation have been reported by a number of
researchers (e.g. Lunne et al, 1997, Campanella & Robertson,1988). Lack of
saturation could seriously affect the measured maximum pore water pressure

pressures during penetration tests and the dissipation times which are normally used

to determine the consolidation properties of the soils.
Several saturation fluids have been used in previous research and practice.

(1) Glycerol Due to its high viscosity, glycerol can develop a high air entry

tension which can prevent loss of saturation when the piezocone is driven through the
soil above ground water table or unsaturated soils. Nevertheless, Campanella &

Robertson (1988) suggested that penetration through unsaturated clays can generate

very large suctions and saturation of porous element may not be maintained.

(11) De-aired water Kurup (1993) used de-aired water to saturate the filter

and the transducer cavity. However, Lunne et al. (1997) suggested two difficulties of

using de-aired water as the saturation fluid, namely that saturation could not be

maintained while the cone i1s above the ground water table and that the water has too
high a freezing point to be used as a saturation fluid for a piezocone test in cold

climates.

12
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(111) Silicon o1l With a viscosity higher than water, silicon o1l can provide a

high air entry value. Lunne et al. (1997) stated that 1f silicon o1l 1s used as a

saturation fluid, because it 1s immiscible with water, surface tension between the oil

and the water in the soil could yield small errors in measuring the pore water

pressure.

(iv) Alcohol With a freezing point well below —100°C, alcohol is used for
filter saturation when tests are performed in very cold conditions, e.g. Wissa et al.

(1982) used alcohol as a saturation fluid for a test at a temperature of —-34°C.

Procedures to assemble the cone have been reported by Robertson and
Campanella (1988), Larsson (1992), Kurup (1993) and Lunne et al. (1997). As
reported, the best results are obtained by assembling the piezocone under the
saturation fluid. The saturated filters are kept in airtight containers filled with
saturation fluid at all times before being assembled. During assembly, a plastic
syringe and hypodermic needle are used to flush the cavities between the filters and
the pressure transducers. Before testing, the piezocone filters are sealed with a

protective rubber membrane so that saturation is maintained.

2.3.3 Interpretation of cone load and pore water pressure responses

According to ISSMFE (1989) the rate of penetration for a CPT should be

20+ 5 mm/s. While the piezocone i1s driven into the ground, all the transducer
readings are recorded by the data acquisition system. The resistances, at the cone
tip and the cone sleeve, and the excess pore water pressure depend on characteristics

of the soils such as their type, state of stress and stress history.

Different locations of pore water pressure {ilter produce different excess pore

water pressure results during piezocone penetration. Effects of pore water pressure

element location have been studied and reported by many researchers as follows.

Lunne et al. (1997) described how, when the piezocone is driven into the

ground, the zone beneath the cone 1s subjected to a maximum compressive stress

13
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which always yields a positive pore pressure in saturated soils. They also described
that the pore water pressure response immediately behind the cone on the cone shaft

1Is dominated by large shear stresses which may induce either positive or negative

pore pressure changes depending on the dilatancy properties and stress history of the

so1l.

Due to the geometry of a cone penetrometer the pore water pressure can act
on the shoulder area behind the cone. The pore water pressure measured behind the

cone can be used to correct the total cone resistance, q., which is influenced by the

“unequal area effect”. The corrected total cone resistance is given by the equation

q, =q, +Uy(l=a)-mmmmemmmmmmneeas (2.1)
where qu =  corrected cone resistance
qQc =  measured cone resistance
u; = pore pressure measured at cone shoulder
a = cone arearatio

The cone area ratio can be determined by geometry or by calibration. By
geometry, 1t 1s the ratio of the area of the central stem of the cone probe to the overall
cross-section area (Figure 2.3). By calibration, as described by Nyirenda & Sills
(1988) and Lunne at al. (1997), when the cone is put in a calibration chamber filled
with saturating fluid and subjected to a uniform pressure, the value (1-a) is the
correction factor that makes the tip load cell response equal to the pressure in the
chamber. Nyirenda & Sills (1988) described that, when the cone is subjected to a

fluid pressure, an upward force will be transmitted to the cone stem by the o-ring seal

between the cone stem and the friction sleeve so the downward force acting on the

cone shoulder 1s reduced by the upward force on the cone stem. This reduction is
ignored in the geometric calculation of the correction factor. For this reason, it was

suggested that the cone area calibration factor should be obtained by the calibration

method and not by the geometric calculation method.

For clays, theoretical studies of the excess pore water pressure distribution

around the tip and shaft of the piezocone have been carried out by Lavadoux &

14
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Baligh (1980), Teh (1987) and Whittle & Aubeny (1991). Figure 2.4 illustrates some

theoretical pore water pressure distributions.

Stlls et al. (1988) used a Scm” piezocone with four filter elements (at the cone
face, at the cone shoulder and at 92mm and 157mm from the cone tip) to investigate
the excess pore water pressure distribution while the cone was driven into soft clay
with different over consolidation ratios (OCR) of 1, 1.3, 1.9 and 5. The test results
were plotted against the theoretical excess pore water distrnibutions proposed by
Lavadoux & Baligh (1980) and Teh (1987), Figure 2.4 (a). It was shown that the
experimental values fell closer to Teh's prediction on the shoulder but to Levadoux &
Baligh’s prediction on the friction sleeve. It was recommended that the pore water
pressure used for cone load correction should be directly measured by positioning a
pore water pressure filter element at the cone shoulder. Determination of the initial
excess pore water pressure distribution could be improved by using a piezocone with
pore pressure elements at three or four different positions but the interpretation could

be difficult if the tested soil 1s not uniform.

Jacobs & Coutts (1992) studied the effects of filter locations and maternals on
the test results at Bothkennar, Scotland. Standard Fugro-McClelland piezocones

with cross section areas of 10cm? and 15cm? were used. The location of the filter
was either on the cone face or the cone shoulder. The types of filter material used
were high density polyethylene plastic (HDPE), ceramic, sintered stainless steel and
sintered bronze. The thickness of the shoulder filter was either 6mm or 3mm. The
filter on the cone face was either sandwiched as an annulus between two metal
sections of the cone tip or embedded 1n holes on the cone face. It was reported that,
at both the cone face and cone shoulder, the different filter materials had little or no
influence on the measured pore water pressure. It was stated that, for the clay with

more detailed fabric, the thickness of the filter element in relation to the thickness of

the soil bedding may be significant. Furthermore, pore water pressures measured at
the cone face with the sandwiched filter were higher than those at the cone face with
embedded filters. It was postulated that the difference may be because of

compression of the sandwich type filter.

15
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Senneset & Janbu (1985) defined a factor By which relates cone resistance

and pore water pressure. The proposed factor is used in soil classification.

Uj _u[}

B,=—— -emmeee- (2.2)
4t =0
where B, = pore pressure coetficient
Ug = hydro static pore pressure
Cvo = total overburden stress

Sills et al. (1989) carried a comprehensive investigation of the correlation of

three parameters with OCR. These parameters were By, B (May, 1987) and Q
(Wroth, 1988)

u, —u
where B = —— e (2.3) and
ucf — uO
U = pore water pressure measured at cone face
-0
Q = L7% (2.4)
o.vﬁ o uO

The cone penetration tests were performed at three different sites by using a

Scm’ piezocone with four filter elements, as mentioned before. The results showed
that the variation of § with OCR was more consistent than the variation of B and Q

with OCR. It was considered that the inconsistency of By and Q occurred because

the term q, in these two parameters tends to be dependent on o, Which could vary
up to 50% for a given OCR and o,,. However, it was suggested that consistent

correlation of B with OCR could be achieved only when the two pore water pressure

values used in the calculation (u; and u¢f) are gained by direct measurement.

Robertson (1990) proposed soil classification charts, Figure 2.5, gained by

combining three parameters: the pore water pressure coefficient (B,) the normalised

cone resistance (Q) and the ratio of resistance at friction sleeve to cone resistance

(Fr)

16
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When a piezocone i1s driven into the ground, the reaction at the cone tip

directly indicates the bearing capacity of the penetrated soil. For clay soils, the

undrained shear strength, s,, can be calculated as

Su — (qt —J vu__)_
th

where Ny, 1s an empirical cone factor. As reported by Lunne (1997), ranges

of Ny, have been proposed as, for example, 8-16 (Aas et al., 1986), 11-18 (La
Rochelle et al., 1988) or 6-15 (Karlsrud et al., 1996).

Lacasse & Lunne (1982) performed piezocone tests in two soft Norwegian
marine clays, Ons¢y clay and Drammen clay. Using the steady penetration theory of
Baligh (1975), the undrained shear strength (s,) of the clay was predicted and
compared the earlier field vane test results. It was reported that the predicted s,

values fell within 10% of the tield vane results.

Meigh (1987) stated that, for a conventional CPT, a thin layer of sand within
a clay stratum may not be detected if it 1s less than about 100mm thick while the
CPTU can detect a sand layer as thin as 30 to 50mm. By continuous monitoring of
pore pressure during cone penetration, Lunne et al. (1997) reported that the response
time of a fully saturated piezocone is usually sufficiently fast to observe pore
pressure change for very thin layers (<5mm) and that the pore pressure measured on

the face of the cone provides the best stratigraphic detail.

2

Moseley (1998) drove a mini-piezocone with a cross section area of 1cm® into

layered soil samples which were made by combining layers of consolidated
Speswhite kaolin clay and silty sand in the laboratory. The permeability ratio of the
constituent soils and the consolidation stress were controlled. The rate of the data
logging during the piezocone penetration was at least 350 data/second or one reading
every 0.057mm of penetration. With this fast logging rate, better layer detection

could be achieved. By varying the constituent soil layer thicknesses, the capability of

the piezocone to detect the soil layers could be systematically investigated. It was

shown that, using the pore water pressure response, the piezocone could detect sand
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layers as thin as 2mm. The filter element used in the research was made from porous

steel and was located at the cone tip.

Van den Berg (1994) , by using a 30mm diameter piezocone (area = 7.1cm”)
with a pore water pressure element at the cone shoulder, performed tests with a
driving rate of 20mm/s 1n a two layer sample made from 500mm of consolidated
kaolin and 500mm of sand. In order to visually investigate the penetration<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>