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ABSTRACT: A miniature piezocone, with a cross-sectional area o f 100mm 2 and a pore pressure filter either at its apex or at its
shoulder, was driven at the standard rate o f 20mm per second into models o f thinly layered soil. The models consisted o f regularly
spaced layers o f pre-consolidated kaolin clay and more permeable layers o f sand or silt, enclosed under a vertical pressure in a rigidwalled cell. The thickness, spacing and perm eability o f the more perm eable layers were varied in different models and the perform
ance of the piezocone in detecting these layers was evaluated. The evaluation was based on the pore pressure response, which was re
corded at the rate o f at least 100 readings per second (or one reading every 0.2mm o f penetration). It is concluded that, by increasing
the recording rate, much m ore effective use could be made o f miniature piezocones to determine the fabric o f soils such as alluvial
and estuarine clays.
RÉSUME: Un piezocone miniature, avec une section de 100mm 2 et un filtre à pression interstitielle placé soit à sa pointe ou à son
épaule (base du cône qui constitue la tête du piezocone), a été introduit à la vitesse standard de 20 m m par seconde dans des models
composés de fines couches de sol. Les models sont composés de couches d ’argile kaolin pré-compressées, régulièrement espacées et
alternées avec des couches plus perm éables de sable ou de vase. Le tout est enfermé sous pression verticale dans une cellule aux pa
rois rigides. L ’épaisseur, l’espacem ant et la perm éabilité des couches perméables ont été variés dans différent models et l’efficacité du
piezocone à détecter ces différentes couches a été évaluée. L ’évaluation a été basée sur la réponse en pression interstitielle, qui fut en
registrée au m oins à la vitesse de 100 lectures par seconde (soit une lecture pour chaque enfoncem ent de 0.2mm). On en a conclu
qu’en augmentant le taux des enregistrement l ’utilisation des piezocones serait beaucoup plus efficace pour déterminer la structure du
sol tel que les couches argileuses alluviales et estuaires.
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Piezocones are widely used to provide information about the be
havioural types and thicknesses o f the soils present at a site. This
profiling capability should be especially useful in alluvial and
estuarine deposits containing interbedded, layered or laminated
soils (clays, silts and sands) w here the layered fabric has a domi
nant effect on the overall perm eability or consolidation rate. The
rate of consolidation is o f fundamental importance for the safe
and economical design o f embankments or foundations and yet
is very difficult to quantify reliably.
Relatively perm eable layers within the profile may be only a
few millimeters thick but may, nevertheless, strongly influence
consolidation (Rowe 1972). It is therefore necessary to detect
these layers. However, although som e field experience o f de
tecting thin sand or silt layers in clay deposits using the pore
water pressure response o f the piezocone has been reported (e.g.
Hight et al. 1992), systematic studies o f this capability have been
lacking. Previous research on the effect o f layering on piezocone
response, summarized by Lunne et al. (1997), has been focussed
mainly on cone resistance rather than pore pressure. It must also
be appreciated that the level o f detail revealed by the pore pres
sure response depends critically on the rate o f data acquisition
and that conventional data logging rates are not sufficiently fast
to detect very thin layers adequately.
In this paper experiments are described in which a miniature
piezocone was pushed into models o f layered soil created in the
laboratory so that the profiling performance o f the piezocone
could be reliably assessed. A miniature piezocone was used,
rather than one o f conventional size (ISSM GE 1999), because it
was thought to offer better prospects for fabric determination. It
also allowed relatively small models to be used.

Two sizes o f model were employed: 252mm diam eter and
408m m diameter. In each case the model consisted o f regularly
alternating layers o f clay and silt or sand installed in a fixed wall
test cell. The clay layers were prepared by preconsolidating
Speswhite kaolin one-dimensionally from a slurry, at an initial
moisture content o f twice the liquid limit, under a vertical stress
o f 200kPa. The preconsolidated clay was extruded from the con
solidation cell, which had the same diam eter as the test cell, and
cut into layers. These layers, about either 20mm or 80mm thick,
were placed in the m odel using a suction pad. The silt or sand
layers, between about 1mm and 4m m thick, were formed under
water in an acrylic mould and then frozen so that they could be
placed in the model.
The test cell was fitted with a peripheral porous plastic drain
and a convoluted m em brane so that a vertical confining stress
could be applied hydraulically. Once assembled in the test cell,
the model was consolidated under an effective vertical stress o f
250kPa using a back pressure o f at least 200kPa to obtain full
saturation. The smaller models were then used to investigate the
effect o f smear around a 25mm diam eter central vertical drain
installed using a mandrel (Hird and M oseley 1998) or, alterna
tively, a band drain o f equivalent size. Upon completion o f this
work, piezocone investigations were carried out on the models
with both the peripheral and central drains still in place and with
the drainage valves open. The larger models were devoted en
tirely to piezocone investigations with the same peripheral
boundary condition.
The miniature piezocone was manufactured by Fugro Engi
neers B.V., the Netherlands. It had a shaft diameter o f 11.3mm,
giving a projected area o f 10 0 mm2, and an apex angle o f 60 .
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EXPERIM ENTAL M ETHODS AND PROCEDURES

The instrument was designed for off-shore investigations and
could measure the vertical force on the cone up to a value o f 5kN
and the pore water pressure, either at the cone apex or ju st above
the cone shoulder, up to a value o f lOMPa. However, only small
parts o f the available ranges were utilized during the present
work. A friction sleeve was also incorporated, but not monitored
because o f the restricted depth o f the models. The apex filter was
made from sintered glass beads and the shoulder filter from po
rous plastic, the filters being respectively about 3mm and 2.5mm
high externally. A new filter was fitted for each test after it had
been freshly saturated with silicon oil by immersing it in the oil
under a vacuum. The piezocone was then reassembled under
silicon oil. In the tests on the smaller models the end o f the as
sembled instrument was immersed in the oil and subjected to a
vacuum for at least 6 hours. However, in the tests on the larger
models it was found that this stage o f the saturation procedure
could be omitted without significantly affecting the instrument's
response.

The miniature piezocone was pushed into the models in each
o f the positions shown in Figure la using one o f two electrically
powered (screw feed) driving systems. To achieve this, the
model was inverted so that access through the base o f the test
cell could be gained, Figure lb , and the cell and back pressures
were tem porarily reduced. A fter the piezocone had been inserted
a short distance into the model, the cell and back pressures were
restored to their original values and all the transducer readings
were allowed to stabilize. The piezocone was then pushed stead
ily downwards at a nominal rate o f 20mm/s. The actual penetra
tion rate varied slightly but was within + / -1 mm/s o f this value
on average. During penetration, the cone load, pore pressure and
apex position were each recorded at a rate o f at least 10 0 read
ings per second using a data acquisition system linked to a per
sonal computer. Sometimes the penetration was temporarily
halted and a pore pressure dissipation test was carried out. How
ever, no dissipation test data will be reported in this paper.
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Results from a test series on the larger models, in which the
perm eable layer thickness was varied, will be presented first.
Figures 2a, b and c show examples o f excess pore pressure re
sponses for the m odel configurations given in Table 1. The verti
cal distance scale refers to the position o f the middle o f the filter,
relative to a datum near the top o f the model, and the average
positions o f the more perm eable sand layers are indicated on the
right o f the diagrams. All the sand layers were m uch more per
meable than the clay (see Table 1) and were detected by the pore
pressure sensor, but the strength o f the detection increased sig
nificantly as their thickness was increased from 1 to 4 mm. As
the piezocone approaches each sand layer there is an increase in
pore pressure at the apex position over the ambient level in the
clay. This is m ost likely due to an increase in cone resistance
(total vertical stress in the clay) as the strength o f the sand is
mobilized below and consequently it is not observed at the
shoulder position. Dilation in the sand layer may generate nega
tive changes o f pore pressure in that layer and this may contrib
ute to the very sharp pore pressure reduction at the apex as the
layer is subsequently penetrated. By comparison, the detection at
the shoulder is less sharp but tends to be m ore regular. Localized
variations in the thickness or density o f the sand layers would be
expected to cause greater variations in the response at the apex
than at the shoulder where the filter area is much larger and the
soil layers are sm eared across the filter. As the piezocone pene
trates the next clay layer, the response in the clay is re
established. There is a slight change in the response in the clay
with depth due to the effect o f wall friction at the periphery of
the model, w hich reduces the effective vertical stress towards the
top o f the model.
Figure 3 shows typical excess pore pressure responses for a
test series on the sm aller models in which the perm eability o f the
more perm eable sand or silt layers was varied rather than the
layer thickness (see Table 1). In these tests the spacing o f the
perm eable layers was also reduced to about 20mm. Again, all the
permeable layers were detected, including 2 mm thick silt layers
only 40 to 80 times more perm eable than the clay. As before, the
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Table 1. M odel configurations
Model
Average
Average
Approxim ate
configuration
spacing o f
thickness o f
ratio o f layer
sand/silt layers
sand/silt layers*
perm eabilities
(m m)
(m m)
A
76
1
4000 - 8000
B
76
2
4000 - 8000
C
75
4
4000 - 8000
D
20
2
4000 - 8000
E
20
2
400 - 800
F
21
2
4 0 -8 0
G
U nlayered (all clay)
♦Nominal values; actual values m ay vary by up to 10% o f nom inal ones
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Figure 1. Schem atic diagram o f m odel test (a) plan (b) cross-section
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Figure 2. Profiles o f excess pore water pressure (a-c) and cone resistance (d) from tests on larger models
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Figure 3. Profiles o f excess pore w ater pressure from tests on sm aller m odels
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Figure 4. Influence o f logging rate on pore w ater pressure profile
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response at the apex provided stronger detection than the re
sponse at the shoulder. The apex response in a test without any
more perm eable layers, Figure 3d, showed a m inor fluctuation
which was attributed to variation in the clay caused by assem
bling the model from 20mm thick clay layers. The responses in
these smaller layered models show the same features as those in
the larger models, described above. For permeable layers o f
similar thickness and perm eability the m agnitude o f the response
in the vicinity o f the layer is also similar (compare Figures 2b
and 3a). However, because the spacing o f the permeable layers
was only about 20 mm, the response in the clay was only ju st re
established before the next sand or silt layer started to influence
the response. It is likely that if the spacing o f the permeable lay
ers were further reduced, interference o f the responses would
lead to a deterioration in detection o f the individual layers.
Space precludes the full presentation o f the cone resistance
data here but Figure 2d shows results from one o f the tests on the
larger models. Note that the cone resistance is not corrected for
the effect o f pore water pressure acting in the groove at the back
o f the cone (ISSM GE 1999). Although a correction could be at
tempted, it would be problematic in this instance since the apex
filter was being used for the pore pressure measurement rather
than the shoulder filter. In a layered model it is not possible sim
ply to estimate the pore pressure on the back o f the cone as a
fixed proportion o f the pressure measured at the apex. However,
in tests w here the shoulder filter was used and a correction was
made, based on the pore pressure measured close to the groove,
the form o f the response was not significantly changed. In Figure
2 d there is a clear indication o f an increase in resistance as the
sand layers were approached and penetrated, although this de
tection was hampered by the insensitivity o f the load sensor cou
pled with the electrical noise levels o f the data logging system.
Refinem ent o f the measurem ents would therefore be desirable to
improve the contribution o f the cone resistance to the detection
o f such thin permeable layers.
On the basis o f the pore pressure responses, the experiments
have clearly demonstrated a potential for the enhanced use o f the
miniature piezocone for fabric determination, providing data are
logged at sufficient speed. The logging rate need not, however,
be as high as adopted in the experiments. Figure 4 shows the ef
fect o f logging frequency by sampling from one o f the experi
mental data sets (shown in Figure 3a) for which the original log
ging rate was around 200 readings per second. In practice, a
logging speed o f about 10 readings per second would probably
suffice, assuming a standard rate o f penetration. The resulting
electronic files for drives o f up to 20 m ( 10 ,0 0 0 readings in total)
would then be easily managed by today's personal computers.
Figures 2 and 3 are representative o f results obtained when
the pore pressure response o f the piezocone was not affected by
clogging o f the filter or a lack o f saturation. However, in an ear
lier test series (M oseley 1998) far inferior results were obtained;
detection o f thin sand layers was achieved but was suppressed by
comparison with the present results. This is now attributed to an
inferior saturation technique, although in many o f those tests
there was no obvious evidence o f a lack o f saturation. This em
phasises the care that will need to be taken if the profiling capa
bility o f the piezocone is to be fully exploited.
In the models, the peripheral boundary was assumed to pro
vide at least as much drainage capacity as a perm eable layer o f
infinite lateral extent. It is uncertain how the piezocone would
respond when penetrating a perm eable lens o f limited extent
with no drainage at its outer boundary. Further investigation is
therefore required to ascertain the degree to w hich the piezocone
is able to distinguish between an extensive perm eable layer and a
permeable lens.
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CONCLUSION

An investigation o f the perform ance o f a miniature (100mm2)
piezocone driven into layered soil models has been described. In
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terms o f its pore pressure response, the piezocone was able to
detect individual sand layers as thin as 1mm spaced about 75mm
apart within a predom inantly clay soil. Silt layers about 2mm
thick and spaced about 20mm apart could also be detected. As
would be expected, the quality o f the detection increased as ei
ther the thickness or the perm eability o f the more perm eable lay
ers was increased. The detection o f separate permeable layers
would probably not be as clear if their spacing reduced below
20 mm.
The profiling perform ance o f the piezocone was favoured by
its small size in relation to the layer thicknesses. The use o f an
apex position for the pore pressure filter, rather than a shoulder
position, gave a better performance. The results show that, by in
creasing the data logging rate, much more effective use could be
made o f this type o f piezocone to determine the fabric o f thinly
layered soils, including alluvial and estuarine clays.
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