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Several charts exist for evaluating soil type from electric cone penetration test (CPT) data. A new system is proposed
based on normalized CPT data. The new charts are based on extensive data available from published and unpublished
experience worldwide. The new charts are evaluated using data from a 300 m deep borehole with wire-line CPT. Good
agreement was obtained between samples and the CPT data using the new normalized charts. Recommendations are
provided concerning the location at which to measure pore pressures during cone penetration.
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Il existe plusicurs 2baques pour identifier le type de sol en partant des données d’essais de pénétration au cdne (« CPT »).
L'on propose un nouveau systeme basé sur des données CPT normalisées. Les nouveaux abaques sont établis en parzant
d’une quantité importante de données provenant de I'expérience publiée et non publiée & travers le monde. Les nouveaux
abaques ont é1é vérifiés en utilisant les données obtenues dans un forage de 300 m de profondeur avec un CPT 3 cible.
Une bonne concordance a été obtenue entre les échantillons et les données de CPT utilisant les nouveaux abaques.
L’on présente des recommandations quant 3 la position du point de mesure de la pression interstitielle durant la pénétration

au cone.

Mots clés : classification du sol, essai de pénétration au cdne, in situ, histoire de cas.
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Introduction

One of the primary applications of the cone penetration
test (CPT) is for stratigraphic profiling. Considerable expe-
rience exists concerning the identification and classification
of soil types from CPT data. Several soil classification charts
exist for CPT and for cone penetration testing with pore
pressure measurements (CPTU).

In this paper the limitations of existing CPT and CPTU
classification charts are discussed and a new system is pro-
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posed based on normalized measurements. A discussion is
also presented regarding the recommended position of
measurement of pore pressure during cone penetration.

Soil classification
Some of the most comprehensive recent work on soil
classification using electric cone penetrometer data was pre-
sented by Douglas and Olsen (1981). One important distinc-


Roger A. Failmezger
Reference Source: Canadian Geotechnical Journal, Vol. 27, 1990


CAN. GEOTECH. 1. VOL. 27, 19%0

152

3
o

a
[

TTrTm
M
2
o
(%)
e 1yl

CONE BEARING, q¢ (ber)

\

r ) 1
2 3 4
FRICTION RATIO, Rt (%)

o’k—-—‘u
(7]
-]
-3
- &

SOIL BEHAVIOUR TYPE
sensitive fine grained
organic material
clay
silty ciay to clay
clayey silt to silty clay
sandy siit to clayey silt
silty sand to sandy silt
sand to silty sand
sand
gravelly sand to sand
very stitt fine grained (*)
sand to clayey sand (*)

(*) overconsolidated or cemented

ZONE

11
|

N Y R LR

N0

Fic. 1. Simplified soil behaviour type classification for stan-
dard electric friction cone (Robertson er al. 1986). 1 bar =

100 kPa.

tion made by them was that CPT classification charts cannot
be expected to provide accurate predictions of soil type based
on grain size distribution but can provide a guide to soil
behaviour type. The CPT data provide a repeatable index
of the aggregate behaviour of the in situ soil in the immedi-
ate area of the probe.

In recent years soil classification charts have been adapted
and improved from an expanded data base (Robertson 1986;
Olsen and Farr 1986). An example of such a soil classifica-
tion chart for electric CPT data is shown in Fig. 1. The chart
in Fig. 1 is based on data obtained predominantly at depths
less than 30 m and is global in nature. Therefore, some
overlap in zones should be expected.

Most classification charts, such as the one shown in Fig. 1,
use the cone penetration ressitance, g., and friction ratio,
R¢, where

11 R¢= '!-‘- x 100%
4.

J; is sleeve friction.

Recent research has illustrated the importance of cone
design and the effect that water pressures have on the
measured penetration resistance and sleeve friction because
of unequal end areas (Campanella er g/. 1982; Baligh et a!.
1981). Thus, cones of slightly different designs, but conform-

SHIFTED TO
! THE RIGHT
v -
S AREA =a_,

, A, MANIEL AREA

OF SLEEVE

FRICTION
SLEEVE

SOIL SCAL
WATER SEAL

> AREA = A
POROUS _' & sb

ELEMENT

CONE

——

FIG. 2. Schematic representation of piezo-friction-cone
penetrometer (adapted from Konrad 1987).

ing to the international standard (ISSMFE 1977) and refer-
ence test procedure (ISOPT 1988), will give slightly different
values of g. and f,, especially in soft clays and silts.

For electric cones that record pore pressures (Fig. 2), cor-
rections can be made to account for unequal end area
effects. Baligh er al. (1981) and Campanella er al. (1982)
proposed that the cone resistance, g, could be corrected to
a total cone resistance, g,, using the following expression:

Rkl ¢¢=q¢.+(1 - au
where u is pore pressure measured between the cone tip and
the friction sleeve and a is net area ratio.
It is often assumed that the net area ratio is given by
dz
3] a=—
3] e

where d is diameter of load cell support and D is diameter
of cone. However, this provides only an approximation of
the net area ratio, since additional friction forces are devel-
oped due to distortion of the water seal O-ring. Therefore,
it is recommended that the net area ratio should always be
determined in a small calibration vessel (Battaglio and
Maniscalco 1983; Campanella and Robertson 1988).

A similar correction can also be applied to the sleeve fric-
tion (Lunne er al. 1986; Konrad 1987). Konrad (1987) sug-
gested the following expression for the total stress sleeve fric-
tion, f::

4 fi=/f- (1 - Bbu



aooo: - 1ooo: l . ; . —
v - ot
s C » Yo u .
po o) o'} -
¢ - % - u- -
) Yo
W %
L2 100 3 <, 100 = 5
3 o 6 E 3
@ - - :
g y C ]
z - = -y
W
z L s - o
Q
8 10 = 10F
N - -
-l - -
< - e
= - -
g —
° -
g n
o B
1 RSN ENRE —r Ll 1L 1 1
.1 10 [} 0.4 0.8 1.2
° NORMALIZED ]
FRICTION RATIO, : x100% PORE PRESSURE RATIO. B,
8= 0w
- 1. SENSITIVE,FINE GRAINED 6. SANDS - CLEAN SAND TO SILTY
2. ORGANIC SOWLS - PEATS SAND
3. CLAYS - CLAY TO SLTY CLAY /- GRAVELLY SAND TO SAND .
«. SILT MIXTURES - CLAYEY snt & gf:; STIFF SAND TO CLAYEY
TO SITY CLAY .
S. SAND MIXTURES —SITY Sanp - VERY STIFF, FINE GRAINED
TO SANDY SILT
{*) MEAVILY OVERCONSOLIDATED OR CEMENTED
FiG. 3. Proposed soil behaviour type classification chart based on normalized CPT and CPTU data.
where caused by small variations in mechanical and electrical
A Ag u design features as well as small variations in tolerances.
= ;4—; c= A—; B = ” To overcome problems associated with sleeve friction
sb s measurements, several classification charts have been pro-

Ay is end area of friction sleeve at top, A4, is end area of
friction sleeve at bottom, A4, is outside surface area of fric-
tion sleeve, and u, is pore pressure at top of friction sleeve.

However, to apply this correction, pore pressure data are
required at both ends of the friction sleeve. Konrad (1987)
showed that this correction could be more than 30% of the
measured f; for some cones. However, the correction can
- be significantly reduced for cones with an equal end area
friction sleeve (i.e., & = 1.0).

The corrections in {2] and [4] are only important in soft
clays and silts where high pore pressure and low cone resis-
tance occur. The corrections are negligible in cohesionless
soils where penetration is generally drained and cone resis-
tance is generally large. The author believes that the cor-
rection to the sleeve friction is generally unnecessary
provided the cone has an equal end area friction sleeve.
Hence, classification charts use uncorrected f,.

Recent studies have shown that even with careful pro-
cedures and corrections for pore pressure effects the

measurement of sleeve friction is often less accurate and -

reliable than that of tip resistance (Lunne er al. 1986;
Gillespie 1989). Cones of different designs will often pro-
duce variable {ﬁcﬁon sleeve measurements. This can be

posed based on g, and pore pressures (Jones and Rust 1982;
Baligh et al. 1980; Senneset and Janbu 1984).

The chart by Senneset and Janbu (1984) uses the pore
pressure parameter ratio, B,, defined as

U = U
5] B, =
&l ¢ G ~ Oy

where u is pore pressure measured between the cone tip and
the friction sleeve, u, is equilibrium pore pressure, and o,
is total overburden stress. The original chart by Senneset
and Janbu (1984) uses g.. However, it is generally agreed
that the chart and B, should use g;.

Experience has shown that, although the sleeve friction
measurements are not as accurate as g, and u, generally
more reliable soil classification can be made using all three
pieces of data (i.e., q,, f;, and u). A first attempt at defin-
ing a system that uses all three pieces of data was proposed
by Robertson er al. (1986) and used g;, B,, and R;.

Normalized CPT data

A problem that has been recognized for some time with
soil classification charts that use g, and Ry is that soils can
change in their apparent classification as cone penetration
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Fi1G. 4. Summary of soil profile and geotechnical characteristics from 300 m deep borehole (after Belfiore er al. 1989).

resistance increases with increasing depth. This is due to the
fact that g, f;, and u all tend to increase with increasing
overburden stress. For example, in a thick deposit of normally
consolidated clay the cone resistance, g., will increase
linearly with depth, resulting in an apparent change in CPT
classification for large changes in depth. Existing classifica-
tion charts are based predominantly on data obtained from
CPT profiles extending to a depth of less than 30 m.
Therefore, for CPT data obtained at significantly greater
depths, some error can be expected using existing CPT
classification charts that are based on g; (or ¢ and R;.

Arntempts have been made to account for the influence
of overburden stress by normalizing the cone data (Olsen
1984; Douglas et al. 1985; Olsen and Farr 1986). These
existing approaches require different normalization methods
for different soil types, which produces a somewhat com-
plex iterative interpretation procedure that requires a com-
puter program.

Conceptually, any normalization to account for i mcrasmg
stress should also account for changes in horizontal stresses,
since penetration resistance is influenced in 2 major way by
the horizontal effective stresses (Jamiolkowski and
Robertson 1988). However, at present, without prior
detailed knowledge of the in situ horizontal stresses, this has

lirtle practical benefit. Even normalization using only ver-
tical effective stress requires some input of soil unit weights
and groundwater conditions.

Wroth (1984) and Houlsby (1988) suggested that CPT
data should be normalized using the following parameters:
(1) Normalized cone resistance:

] Q=% T

Ovo

~ (2) Normalized friction ratio:

Nl = ‘f_ X 100%
G — Oy

(3) Pore pressure ratio:
Rl } Au
QG — 0w G = Oy

Using these normalized parameters and the extensive
CPTU data base now available in published and unpublished
sources, modified soil behaviour type classification charts
have been developed and are shown in Fig. 3.

The two charts shown in Fig. 3 represent a three-
dimensional classification system that incorporates all three
pieces of CPTU data. For basic CPT data where only g.

(8] Bq =
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FiG. 5. CPT and CPTU data from the deep borehoie plotted on the proposed normalized soil behaviour type classification charts.

and f; are available, the lefi-hand chart (Fig. 3) can be
used. The error in using uncorrected g, data will generally
oaly influence the data in the iower part of the chart where
normalized cone resistance is less than about 10. This part
of the chart is for soft, fine-grained soils where g, can be
small and « can be large.

Included in the normalized soil behaviour type classifica-
tion charts is a zone that represents approximately normally
consolidated soil behaviour. A guide is also provided to
indicate the variation of normalized CPT and CPTU data
for changes in (1) overconsolidation ratio (OCR), age, and
sensitivity (S,) for fined-grained soils, where cone penetra-
tion is generally undrained, and (2) OCR, age, cementation,
and friction angle (¢') for cohesionless soils, where cone
penetration is generally drained.

Generally, soils that fall in zones 6 and 7 represent approx-

imately drained penetration, whereas soils in zones 1, 2, 3,
and 4 represent approximately undrained penetration. Soils
in zones S, 8, and 9 may represent partially drained penetra-
tion. An advantage of measuring pore pressures during cone
penetration is the ability to evaluate drainage conditions
more directly.

The charts in Fig. 3 are still global in nature and should
be used as a guide for defining soil behaviour type based
on CPT and CPTU data. Factors such as changes in stress
history, in situ stresses, sensitivity, stiffness, macrofabric,
and void ratio will also influence the classification.

Occasionally, soils will fall within different zones in each
chart; in these cases judgement is required to correctly
classify the soil behaviour type. Often, the rate and man-
ner in which the excess pore pressure dissipates during a
pause in the cone penetration will significantly aid in the
classification. For example, a soil may have the following
CPTU parameters: g; = 0.9 MPa, f, = 40 kPa, 'and
Au = 72 kPa at a depth where 6,, = 180 kPa and g, =
90 kPa. Hence, the normalized CPTU parameters are
O = (@ ~ ow)/ow = 8 Fr = [/(g — o)} X 100 =
5.6%, and B, = Au/(g, - 0,,)= 0.1. Using these

normalized parameters the soil would be classified as a
slightly overconsolidated clay (clay to silty clay) on the
normalized friction ratio chart and as a silt mixture (clayey
silt to silty clay) on the normalized pore pressure ratio chart.
However, if the rate of pore pressure dissipation during a
pause in penetration were very slow, this would add con-
fidence to the classification as a clay. If the dissipation were
more rapid, say 50% dissipation in 2-4 min (2 min < ¢
< 4 min), the soil is more likely to be a clayey silt.

The manner in which the dissipation occurs can also be
important. In stiff, overconsolidated clay soils, the pore
pressure behind the tip can be very low and sometimes less
than the equilibrium pore pressure, u,, whereas on the face
of the cone the pore pressure can be very large due to the
large increase in normal stresses created by the cone penetra-
tion. When penetration is stopped in overconsolidated clays,
pore pressures recorded behind the tip may initially increase
before decreasing to the equilibrium pore pressure. The rise
can be caused by local equalization of the high pore pressure
gradient around the cone tip (Campanella er al. 1986).

Case history

To illustrate the advantage of using normalized data, a
case history involving a deep borehole with wire-line CPT
will be briefly presented. The deep (300 m) borehole was
performed as part of a research program to study the land
subsidence of Bologna in Italy (Belfiore ef al. 1989).
A hydraulic drill rig equipped with a wire-line system was
used for sampling and cone penetration testing. During the
boring 30 undisturbed samples were taken and 27 static
penetration tests were performed, using both electric CPT
and CPTU. At suitable elevations, dissipation tests were
carried out with the CPTU to measure equilibrium pore
pressures and the rate of dissipation of the excéss pore
pressures. Geophysical data were also obtained, including
electrical, seismic, and radicactivity logs. Full details of the -
test program are given by Belfiore er al. (1989).
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A summary of the soil profile and the CPTU data are pre-
sented in Fig. 4. From the results of the boring, a total of
14 well-defined compressible layers were identified and are
marked by a C in Fig. 4. The compressible layers consist
of approximately normally consolidated clayey silt and siity
clay, of medium to high plasticity. A total of 13 cohesionless
drainage layers were also identified and marked by a D in
Fig. 4.

glt can be seen from Fig. 4 that the points of minimum
q, represent the compressible layers and lie approximately
on a straight line corresponding to a normalized cone resis-
tance of about 2.8. The corrected g, range from 3.7 MPa
(37 bars) to 15 MPa (150 bars) at depths of about 65-280 m.
The calculated friction ratio values (Ry) vary from 3.3 to
1.3%. Hence, the predicted soil behaviour type using the
classification chart in Fig. 1 would change with increasing
depth from a clayey silt to a sand. However, using normalized
cone data and the proposed normalized charts, the compress-
ible layers (C) are more correctly classified as a clay soil
behaviour type throughout the depth range investigated.
A summary of the CPT and CPTU data from the deep
borehole plotted on the normalized charts is shown in Fig. S.

It is interesting 10 note that the excess pore pressures dur-
ing cone penetration (Au = u — up) have high positive
values in clay layers, negative values in silty layers, and
values close to zero (i.e., equilibrium pore pressures) in

coarse-grained layers.

The proposed charts in Fig. 3 were developed before the

data from Bologna were available. Belfiore er al. (1989)
found that the proposed classification chart (Fig. 3) based
on normalized CPTU data showed good agreement with the
samples and other field data.

The Bologna data represent a somewhat extreme example

of a deep CPT sounding. Generally, most onshore CPT’s
are performed to a depth of less than 30 m and existing
charts using nonnormalized data, such as the one shown in
Fig. 1, often provide reasonably good evaluations of soil
behaviour type.
. Adxsadvantageofthechansshownm?g 3 is that an
estimate is required of the soil unit weights and equilibrium
pore pressures to calculate o,, and og,,. However, charts
using normalized CPT data are conceptually more correct
than previous charts such as the one shown in Fig. 1.

It is likely that the simplified chart in Fig. 1 will continue
to be used because of its simplicity and because the basic
field data can be applied without complex normalization.
However, with the increasing use of field computers, nor-
malized charts such as that presented in Fig. 3 should
become more frequently used.

Pore pressure element location for CPTU

The pore pressure ratio shown in Fig. 3 is based on pore
pressures measured immediately behind the cone tip and in
front of the friction sleeve. Much has been published in
recent years concerning the Jocations for recording cone
penetration pore pressures (Roy er al. 1982; Smits 1982;
Campanella ez a/. 1982; Battaglio ez al. 1986). Recommen-
dations concerning the location of the piezometer element
have generaily been based on considerations of either equip-
ment and procedures or interpretation methods. On the basis
of a review of existing experience, the following comments
can be made about pore pressure measurements during cone
penetration.
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In terms of equipment design and test procedures there
has been a trend towards placing the pore pressure element
behind the cone tip, usually in front of the friction sleeve.
This location has the advantages of good protection from
damage due to abrasion and smearing and generally easier
saturation procedures. The location behind the tip is also
the correct location to adjust the measured penetration resis-
tance (g.) to total resistance (g,) to account for unegual
areas.

In terms of interpretation it is generally agreed that pore
pressures measured on the face of the cone tip produce the
maximum values and provide excellent stratigraphic detail,
provided problems with filter element compression, load
transfer, abrasion, and smearing have been removed.

Interpretation of cone penetration pore pressures is gen-
erally limited to fine-grained soils in which penetration is
essentially undrained and is generally directed towards the
evaluation of undrained shear strength (s,) and stress his-
tory (OCR, o). To identify the preferred measurement
parameter (g. or u) to be used for interpretation, it is
necessary to distinguish between soft, uncemented fine-
grained soils and stiff, fine-grained soils with high OCR.
Figure 6 presents a summary of the main differences in
measurement parameters between soft, low-OCR and stiff,
high-OCR soils.

For cone penetration in soft, uncemented fine-grained
soils the measured g. is generally small, whereas, the pore
pressures on the face (¥,;) and behind the tip, on the shaft
{u,) are both large. Generally, for cone penetration in soft
soils, the pore pressure 4, is approximately 80% of the pore
pressure &,. However, both pore pressure locations (x, and
u,) provide large pore pressures and good stratigraphic
detail. The pore pressures further up the shaft away from
thenptendtobcsomewhatsmauerandpmvxdeal&
detailed response to changes in stratigraphy. Because g, is
generally small in soft, low-OCR, ﬁne-gramedsoxlsandthe
pore pressures are large the correction to g, is generally sig-
nificant. Hence, it is generally important to record the pore
pressure just behind the tip (¥,) so that the correct pore
pressure can be applied to obtain g, using [2]. Because of
a generally decreased accuracy in recording the small g,
values and the need to make significant corrections because
of unequal area effects, the preferred measurement for use
in interpretation in soft soils is the penetration pore pressure.
Because of equipment and procedural considerations
(saturation), the preferred location for the pore pressure
measurement is just behind the cone tip (i.c., to give uy).
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For cone penetration in stiff, high-OCR, fine-grained soils
the measured g, is generally large. The pore pressure u, is
also generally large, but problems with filter compression
are frequently encountered and pore pressures may be
unreliable (Battaglio et al. 1986). However, the pore pressure
u, is often small and can sometimes be less than the
equilibrium pore pressure. An exception to this can occur
in cemented and (or) sensitive stiff clays where large u,
pore pressures can be recorded due to the collapse of the
soil structure. Because the g, values are generally large and
the u, pore pressures are generally smali, the correction to
q; is often small and negligible. Hence, the penetration
resistance (g.) is often a more reliable measurement than
the penetration pore pressure and is preferred for interpreta-
tion when penetrating stiff, high-OCR, fine-grained soils.

During a stop in the penetration, any excess pore pressure
starts to dissipate and the rate of dissipation can be inter-
preted to evaluate consolidation characteristics of the sur-
rounding soil (Tortensson 1977). In soft, low-OCR soils the
pore pressure dissipation data are generally good for pore
pressure elemeant locations both on the face and behind the
tip. However, in stiff, high-OCR soils the dissipation behind
the tip can suffer from local equalization with the much
higher pore pressures on the face of the tip and interpreta-
tion can be difficult.

From the above observations it is clear that there is no
single location for pore pressure measurements that meets
all requirements for all soil types. Hence, the preference is
to record pore pressures at two or more locations simuita-
neously (to give u;, u,, etc). Cones presently exist that can
record pore pressures at two or more locations but satura-
don procedures are often complex. To avoid increased com-
plexities with equipment and saturation procedures it is
recommended to have flexibility in cone design so that pore
pressures can be measured either on the face of the cone
tip or just behind it. Many cone designs already exist that
enable the filter location to be easily changed in the field.

For general piezocone testing it is therefore recommended
to measure the pore pressure just behind the tip for the fol-
lowing reasons: (1) good protection from damage, (2) easy
saturation, (3) generally good stratigraphic detail,
(4) generally good dissipation data, and (5) right location
to correct g.. However, if a stiff, high-OCR, clay deposit
is encountered and measured pore pressures behind the tip
become very small, it is recommended to change the loca-
tion (in the field) and record pore pressures on the face of
the tip. For quantitative interpretation of the pore pressures
measured on the face of the tip during penetration in stiff
soils it is important to avoid, or be aware of, potential errors
due to filter compression.

. Summary

A new soil behaviour type classification system has been
presented using normalized cone penetration test para-
meters. The new charts represent a three-dimensional
classification system incorporating all three pieces of data
from a CPTU. The charts are global in nature and can be
used to define soil behaviour type. Factors such as changes
in stress history, in situ stresses, senmsitivity, stiffness,
macrofabric, and void ratio will also influence the classifica-
tion. A guide to the influence some of these variables have
on the classification has been included on the charts.

Occasionally soil will fall within different zones on each
chart. In these cases the rate and manner in which the excess
pore pressures dissipate during a pause in the penetration
can sx.gnifiqanﬂy aid in the classification. A case history
involving wire-line CPTU data from a 300 m deep borehole
has been presented to illustrate the usefulness of applying
norma_.hzed.data for soil classification.

A discussion has also been presented regarding the recom-
mended position to measure pore pressures during cone
penetration. No single location for pore pressure
measurements meets all requirements for all soils. Hence,
the ideal situation is to record pore pressures at two or more
loup?ns sqnultanqously. However, to avoid increased com-
plexities with equipment and saturation procedures it is
recommended to have flexibility in cone design so that pore
pressures can be measured cither on the face of the cone
tip or just behind it. For penetration into granular soils and
soft cohesive soils it is recommended to measure the pore
pressures just behind the cone tip. For penetration into stiff,
high-OCR clay or silt deposits it is recommended to change
the location (in the field) and record pore presures on the
face of the cone tip. However, for quantitative interpreta-
tion of pore pressures measured on the face of the tip dur-
ing penetration in stiff soils it is important to avoid, or be
aware of, potential errors due to filter element compression.
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The discussers were interested in the revised treatment of
soil classification from cone penetration testing (CPT) but
suggest that a significant factor has nevertheless been missed.
Although the case of evaluating CPT data in terms of dimen-
sionless ratios Q, F, and By is clear, the fact remains that
negative pore-water pressures are limited by an absolute
cutoff: cavitation. Such an absolute cutoff can confuse the
apparent generality of Q and B, in terms of soil behaviour.

As noted by the author, the proposed soil classification
charts are derived from primarily onshore data from depths
of 30 m or less. However, use of the CPT is not limited to
onshore applications, and indeed the CPT is often the prin-
cipal site investigation tool in the offshore. The proposed
dual Q-B, charts are a poor fit to offshore data, as can be
seen by some examples.

Soil classification and index data for two offshore sites
in the Canadian Beaufort Shelf have been presented in the

'Paper by P.K. Robertson. 1990. Canadian Geotechnical
Journal, 27: 151-158.
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literature. The two sites are Tarsiut P-45 and Sauvrak F-45,
and the required data can be found in Jefferies et al. (1985)
and Jefferies er al. (19872, 1988). Both sites lie in the
physiographic region known as the Kringalik Plateau
(M.J. O’Connor and Associates 1983) and, as such, are
examples of the behaviour exhibited by the stiffer silty clay
sediments encountered in the Arctic offshore. The key prop-
erties and summarized CPT data for several of the geologic
units at both the Tarsiut and Sauvrak sites are presented in
Tables 1 and 2, respectively. Hydrometer analyses are only
available for the Sauvrak site and show that the clay frac-
tion ranged from a low of 35% in unit B2 to a high of 60%
in unit A, with the remainder of the soil particles being essen-
tially silt sized. CPT data were obtained with the piezometric
transducer behind the tip. Full details of the CPT geometry
are given in Jefferies er al. (1987b).

The normalized CPT parameters Q and F for the above
strata are plotted against the authors’ corresponding classi-
fication chart in Fig. 1. Most strata are correctly identified
as clay to silty clay with the exception of two high-K,
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TABLE 1. Summary of soil characteristics

Geologic Liquid limit Plasticity index Legend for
Site unit (%) (%) Liquidity index OCR K, Figs. 1-4
Tarsiut P-45 A 49-55 22-28 0.3-1.1 ~7 ~2.7 a
(69°45'56"N; Bl 37-45 20-27 0.5-0.9 4-6 ~2.4 b
136°25' 04" W)
B2 40-58 27-29 0.2-0.6 ~3 ~1.5 c
B3 35-40 20-24 0.5-0.8 ~2 ~1.6 d
Sauvrak F-45 A 55-65 24-30 0.5-1.3 na na e
Bl 45-55 20-30 0.3-0.5 7-9 0.8 f
(69°54' 23"N; B2 32-42 12-20 0.2-0.8 48 2629 2
136°41'51"W) B3 35-48 15-25 0.1-0.4 3-4 1.5-2.2 h
TABLE 2. Summary of dimensionless CPT results
Geologic F Legend for
Site unit Q (%) B, Figs. 1-4
Tarsiut P-45 A ~33 ~4.5 -0.3+£0.03 a
Bl 32-28 ~2.5 -0.1+0.05 b
B2 18-14 34 -0.05+0.05 c
B3 8-11 ~2.5 +0.25 to +0.3 d
Sauvrak F-45 A ~30 ~8 -0.410.1 e
B1 ~25 8-8.5 +0.1+0.1 f
B2 10-18 6-6.5 -0.35x0.1 g
B3 7-12 4-5 +0.45+0.05 h
e e e e mma with a slight tendency to overestimate for the near-normally
- 3 consolidated B3 strata; again, the slight overestimation of
C 7 3 OCR is unsurprising given the greater than usual geostatic
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FIG. 1. Proposed soil behaviour type classification chart by
Robertson (1990) based on normalized CPT and CPTU data. Zones
are as follows: 1, sensitive, fine grained; 2, organic soils — peats;
3, clays — clay to silty clay; 4, silt mixtures; 5, sand mixtures;
6, sands; 7, gravelly sand to sand; 8, very stiff sand to clayey sand.

strata, which are identified as somewhat siltier than the other
strata, which is to be expected. The proposed chart also
closely estimates the over consolidation ratio (OCR) values

stress in these sediments. Overall, the correspondence of the
proposed classification chart to the data is excellent.

A very different pattern of behaviour emerges when the
data are compared with the proposed classification chart
using Q and B, parameters (Fig. 2). One-half of the data
plots off the domain of the proposed chart and nearly all
strata are misclassified to a greater or lesser extent. Overall,
the performance of the proposed soil classification chart
using Q and B, is very poor.

The reason for the poor performance of the Q-B, chart
lies in the phenomenon of cavitation and the bias of the chart
to shallow, wet clays. In fact, the Q-B, chart reasonably
identifies the two B3 strata with substantlal positive pore
pressures during sounding. The difficulty arises with the very
dilatant Recent and Transgressive sediments. The nature of
the dilatancy exhibited by these sediments can be observed
in the stress paths presented for these clays in triaxial com-
pression (Jefferies et al. 1985, 1988).

The occurrence of cavitation during cone penetration can
be observed on the CPT sounding previously presented for
the Tarsiut P-45 site (Jefferies et al. 1988). The occurrence
of substantial undrained dilation, and its cutoff by cavitation,
has two effects. First, the observed B, value is determined
by the cavitation pressure, not the undramed response of
the soil; thus, B, becomes decoupled from soil behaviour.
A decoupled parameter is obviously of minimal use in
classification. Second, if the piezometric response is con-
trolled by the cavitation pressure, then Q will also be con-
trolled by the cavitation pressure because of the effective
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F1G. 2. Proposed classification chart by Robertson (1990) using
Q and B, parameters. Zones as in Fig. 1.
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stress principle. The more negative the permitted B,, the
greater the value of Q will be, even for the same soil. More
negative B, values are encountered in the offshore because
the water depth at the site can provide a substantial to even
very great back pressure.

The effect of back pressure and cavitation can readily be
shown by example. Consider the Tarsiut P-45 site and
stratum A in particular. The CPT solidly cavitated between
the depths of 4 and 6 m, that is, the measured u. was
approximately — 100 kPa gauge. On land, the excess pore
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F1G. 4. Proposed classification chart using Q/(1 — B, ,/2) and
F parameters. Zones as in Fig. 1.

pressure would have been approximately — 150 kPa, assum-
ing the groundwater table was at the ground surface. How-
ever, at the Tarsiut site the water depth was 26 m, so the
excess pressure was approximately —400 kPa. Thus, the
suppression of cavitation by the water depth at the site
allowed a near tripling of the excess pore-water pressure and
consequently a tripling of the calculated B, value.

The effect of measured excess pore pressure on Q is more
difficult to calculate, since the pressure will vary with
distance from the CPT; a full boundary value problem must
be solved. In addition, at such high excess pore pressures,
the location, size, and nature of the piezometer element
becomes extremely important. Even at low excess penetra-
tion pressures, the piezometer geometry has a very signifi-
cant effect on measured response (as correctly noted by the
author). However, it would be reasonable to estimate that
a tripling of negative excess pore pressure at the CPT might
double the measured tip resistance. Interestingly, if an
‘‘onshore” equivalent of Tarsiut unit A is estimated as
B, = —0.3/3 and Q = 33/2, then it is found that the
“‘onshore equivalent”’ indeed correctly plots on the proposed
Q and B, classification chart.

The purpose of normalized classification charts is that
such charts should provide a first estimate in any situation.
Clearly, the proposed Q and B, chart does not meet this
criteria, as there is a missed systematrc variable: initial
hydrostatic pressure.

Although it might be argued that the proposed chart is
‘“‘good enough’’ for most purposes, such an argument is
unsatisfactory for the simple reason that it presupposes all
users will have a working familiarity with its limitations,
which are significant. It is also unsatisfactory because if
something is not correct, then it is an error. If something
is erroneous, it should not be used. A correct solution should
be found. In fact, some steps toward a possibly correct
classification scheme have been taken.
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One complication of the proposed charts is the separa-
tion of the three groups Q, F, and B,. This separation is
not necessary Houlsby (1988) noteg that the grouping
(1 - By) — 1 might prove a useful indicator of soil type,
whereas %een et al. (1988) concurrently used a similar
expression (but defined in terms of mean rather than ver-
tical stress) to show the parameter grouping Q1 - By)
would be a quantitative measure suitable for sands, sxlts,
and clays. Use of Q(1 - B,) folds two of the independent
normalized parameter groups together.

The expression Q(1 — B)) is plotted agamst Fin Fig. 3,
and for those cases where B, is near zero it is similar to the
first universal classxficatlon chart proposed by the author.
However, there is an expansion of the silt and clay region
to permit greater differentiation of these soils. Nevertheless,
the revised interpretation chart still suffers from an inability
to correctly deal with negative B, values where the control-
ling factor is cavitation.

A combination of normalized ratios that compensates for
cavitation effects is the grouping Q/(l - B,/2). The
theoretical meaning of this combination is not at all clear,
and the term Q/(1 - B, +/2) is presently proposed only on
the basis of being an algebralc combination of permissible
dimensionless variables; the factor of 2 on B, is introduced
asa “dampmg” coefficient to prevent very soft clays pro-
ducmg sign changes in the grouping, which would be
inconvenient in logarithmic plots.

The grouping Q/(1 — B, ,/2) is plotted against F in
Fig. 4. As can be seen, the chart does improve the groupmg
of the data given in Tables 1 and 2. Whether the grouping
is universally acceptable remains to be seen.

It would be interesting if the author would plot some of
his data against Figs. 3 and 4 and extend them if possible.
If reliable classification is achieved, an extended version of
either chart would be an improvement on the authors pres-
ent proposal. If reliable classification is not achieved, it must
be concluded that soil classification should be limited to only
the Q versus F plot for the present. As noted by Houlsby
(1988), in comparison with other soil tests, the interpreta-

tion of the piezocone is still in its infancy. At this early stage
of development, it is essential that any interpretation
methods developed are based on sound principles that incor-
porate the observed behaviour of all soils.

BEEN, K., Cooks, J.H.A., and JEFFERIES, M.G. 1988. Interpreta-
tion of material state from the CPT in sands and clays. Pro-
ceedings, Institution of Civil Engineers, Conference on Penetra-
tion Testing, Birmingham, U.K., pp. 215-218.

HouLssy, G.T. 1988. Introduction to Papers 14-19. Proceedings,
Institution of Civil Engineers Conference on Penetration Testing,
Birmingham, U.K., pp. 141-146.

JEFFERIES, M.G., RUFFEL, J.P., CROOKS, J.H.A., and HUGHES,
J.M.O. 1985. Some aspects of the behaviour of Beaufort Sea
clays. In In situ strength testing of marine sediments. American
Society for Testing and Materials, Special Technical Publica-
tion 883, pp. 487-514.

JEFFERIES, M.G., CROOKS, J.H.A., BECKER, D.E., and HIiLL,
P.R. 1987a. Independence of geostatic stress from overconsolida-
tion in some Beaufort Sea clays. Canadian Geotechnical Jour-
nal, 24: 342-356.

JEFFERIES, M.G., JONSSON, L., and BEEN, K. 1987b. Experience
with measurement of horlzontal geostatic stress in sand during
cone penetration test profiling. Géotechnique, 371: 483-498.

JEFFERIES, M.G., Crooks, J.H.A., BECKER, D.E., and HiLL,
P.R. 1988. Independence of geostatic stress from overconsolida-
tion in some Beaufort Sea clays: Reply. Canadian Geotechnical
Journal, 25: 624.

O’CONNOR, M.J. AND ASSOCIATES. 1983. Development of a pro-
posed model to account for the surficial geology of the south-
ern Beaufort Sea. Geological Survey of Canada, Open File 954.

List of symbols
Q q — Oy

Ovo

S/ - Ovo)
(v — u)/(q - Ovo)

X ™
[

Soil classification using the cone penetration test:’ Reply

P. K. ROBERTSON
Department of Civil Engineering, University of Alberta, Edmonton, Alta., Canada T6G 2G7
Received October 4, 1990
Accepted October 16, 1990

Can. Geotech. J. 28, 176-178 (1991)

The writers of the discussion have correctly identified a
limitation to the proposed empirical soil classification chart
for piezocone data. For offshore investigations it is possible

'Discussion by M. G. Jefferies and M. Davies. 1991. Canadian
Geotechnical Journal, 28, this issue.
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to have large hydrostatic back pressures because of the depth
of water that can allow large negative pore pressures to
develop during cone penetration in some highly dilative soils
before cavitation occurs. The writers have also presented
some valuable additional data to assist in the modification
and improvement of the existing chart.
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The majority of data presented by the writers were correctly
identified using the normalized cone penetration test (CPT)
parameters Q and F; problems only occurred using the
piezocone parameter B,. Hence, the charts appear to have
provided a good first estimate of soil classification.

The domains shown in the Q-B, chart were based on the
author’s extensive experience with data from numerous
onshore and offshore projects worldwide. The fact that the
B, domain was limited in the negative region is based on
the observation that very little data have been obtained in
soils that are highly dilatant and where cavitation has not
restricted the response. The Q-B, domains were given
defined limits in an effort to guide potential users to recog-
nize potentially unusual data. Data that would fall outside
the defined zones should be checked for potential errors,
both measurement and calculation. Because of the extensive
volume of data produced during cone testing it is common
practice to use computers to process the results. Hence, the
charts have been designed in a deterministic way to facilitate
the application of computer processing. When limits are
defined based on previous experience the user is made aware
of potentially unusual data if these results fall outside the
limits. However, at present there is limited available expe-
rience for piezocone data, and the new data presented by the
writers indicate that some of the domains should be expanded
and adjusted somewhat in the region of negative B,.

Figure 1 presents a suggested modification to the original
Q-B, chart to incorporate the writers’ data. This modifica-
tion also provides a somewhat better fit to much of the pre-
vious experience. Additional data in the form of dissipation
rates are required to clarify some of the classifications. It
would have provided valuable additional information if the
writers had presented and discussed any possible dissipation
data. Also included in the modified Q-B, chart is zone 2
soils (organic soils and peat) that was missing in the original
published chart.

The original and modified charts have many limitations
in their effort to account for all the complexities of real soils.
The charts are proposed as a *‘guide,”’ knowing that they
may need some small adjustments to suit local geologic
conditions.

Offshore investigations can present special problems for
interpretation of CPTU data. For example, it is common
practice in deep-water (> 50 m) offshore investigations to
zero the CPTU measured parameters at the mud line and
hence record everything relative to the values at the mud
line. This procedure complicates the interpretation of the
data, since the large total stress overburden because of the
depth of water is removed. Fortunately, the shallow offshore
data presented by the writers did not appear to have this
added problem.

The writers also suggest that cavitation of the pore-
pressure measurement will control Q because of high effec-
tive stresses induced by the negative pore pressures. This is
not completely true because negative pore pressures are only
recorded immediately behind the cone tip. Figure 2 shows
a summary of data presented by Robertson et al. (1986).
These results illustrate that in highly dilative soils large
negative pore pressures can be recorded behind the cone tip,
but large positive pore pressures exist on the face of the tip.
The large positive pore pressures are strongly controlled by
the large increase in total normal stresses induced by cone
penetration. The large gradient of pore pressures existing
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FIG. 1. Proposed modified soil behaviour type classification
chart for CPTU data. Zones are as follows: 1, sensitive, fine
grained; 2, organic soils — peats; 3, clays — clay to silty clay;
4, silty mixtures — clayey silt to silty clay; 5, sand mixtures — silty
sand to sandy silt; 6, sands — clean sand to silty sand; 7, gravelly
sand to sand.

around the cone in dilative soils, as shown in Fig. 2,
illustrates the complexity of pore-pressure distribution dur-
ing cone penetration. Hence, it is not ‘‘reasonable to assume
that a tripling of negative excess pore pressure immediately
behind the cone might result in a doubling of the measured
tip resistance.”” The fact that the Q-F chart correctly iden-
tified the writers offshore soils illustrates that the measured
Q was consistent with similar soils (onshore and offshore)
where the measured negative pore pressures behind the tip
were generally smaller.

The writers have suggested modified charts based on the
complex combined parameters Q(1 — B,) or Q/(1 ~
B,/2). These new charts provide almost no improvement
over the existing basic Q-F chart and introduce unneces-
sary complication. This author is very reluctant to recom-
mend charts that require the measurement of pore pressures,
since there still remains some complications with these
measurements for some soil conditions. Also, the basic CPT
masurements of g, and f; are still the most common form
of data collected.

The author would like to encourage more people to pub-
lish their experiences with piezocone data so that the general
data base can expand and empirical charts, such as those
proposed, could be improved.

The writers comment rather strongly that the limitations
to the charts are significant and that *‘if something is
erroneous, it should not be used.’”” The data presented by
the writers show that the Q-F chart is very good and that
only minor modifications are needed to the Q-B, chart to
suit their data, as suggested in Fig. 1. If geotechnical
engineers in the past had taken the philosophy suggested by
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FIG. 2. Distribution of pore pressures around a penetrating cone (after Robertson ef al. 1986).

the writers, most of the well-established and well-used
empirical design rules based on simple tests would not have
been developed and their application by subsequent practising
engineers would not have been enjoyed. The author respects
the purity of thought expressed by the writers but suggests
that geotechnical engineering for real soils is not utopia.
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