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Problems with interpretation of sand sta
from cone penetration test

J. A. SLADEN*
—F"'

Considerable attention has been given to the infer-
ence of sand density from indirect tests, particu-
larly the cone penetration test (CPT). Data from
tests performed in large-scale chambers have
demonstrated that for a gi there is an
approximately unique relationship between CPT
tip resistance, density (or void ratio) and effective
stress level. Data have been presented to support

the su.gg%iﬁon that CPT tip resistance, if normal-

ized by division by the %ﬁg_eﬂgﬂu_sgws, is
uniquely related to the difference between the
current void ratio and the void rati
state at the same mean stress level. The Paper pre-

sents a study of chamber test data for the Ticino
sand and demonstrates that there is _nﬁ sgﬂ unique
relationship for this sand. Use of pub correla-
tions that fail to r
tially important factors could result in
interpretations of sand _state that, 1l carried
through to design, could in some _circumstances be
catastrophic. A series of flow slides that occurred
during the construction of an hydraulically placed
subsea sand berm at Nerlerk, in the Canadian
Beaufort Sea,mgmﬁm e difficulties and pro-
vides an opportunity to compare field performance
with laboratory data.

KEYWORDS: cone penetration test; sands; state
parameter; liquefaction.
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On a beaucoup étudié la détermination de la den-
sité du sable a P’aide d’essais indirects, particuliére-
ment & partir de Pessai de pénétration au cone. Des
données obtenues au cours |d’essais effectués dans
des chambres de grande capacité ont démontre
qu’il existe une relation a peu prés unique entre la
résistance & la pointe du| cone, la densite (ou
Pindice des vides) et le niveau effectif des con-
traintes. On a présenté des données a Pappui de
Phypothése que si la résistance a la pointe est nor-
malisée en la divisant par la contrainte effective
moyenne elle est reli¢e de facon unique a la diffé-
rence entre Pindice instantané des vides et cet
indice pour Pétat stationnaire et pour le méme
niveau moyen des contraintes. Cet article étudie les
résultats d’essais effectués dans de telles chambres
sur du sable du Tessin et démontre qu’il n’existe
aucune telle relation dans le cas de ce sable.
L’emploi de corrélations publiées qui ignorent ce
facteur entre d’autres aspects d’importance poten-
tielle pourrait conduire a des déterminations de
Pétat du sable qui seraient catastrophiques pour la
construction dans de certajnes circonstances. Ces
difficultés sont soulignées par une série de glisse-
ments par liquéfaction qui eurent lien lors de la
construction d’une risberme mise en place sous la
mer par moyen hydraulique dans la Mer de Beau-
fort (Canada) et qui donnent Poccasion de com-
parer les performances sur place avec les données
de laboratoire.

INTRODUCTION

The behaviour of sand is_sensitive to s iffer-
ences in void ratio. The accuracy with which sand
void ratio can be measured directly in the field
can be low in relation W The
problem 1s that it is extremely difficult to recover
a sample of sand with any certainty that its void
ratio has not changed during the sampling
process. This is not a new problem and it has led
to many attempts to measure in situ density indi-
rectly by correlation to the results of in situ tests.
Early work concentrated on the standard pen-
etration test SPT (e.g. Gibbs & Holtz, 1957).

Discussion on this paper closes on 6 October 1989. For
further details see p. ii.
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Since then increased attention has been paid to
the use of the self boring pressuremeter (e.g.
Hughes, Wroth & Windle 1977) and the cone
penetration test (CPT) (e,g. Schmertmann 1970,
1977; Baldi, Bellotti, Ghionna, Jamiolkowski &
Pasqualini, 1982). This Paper deals with the CPT,
which is favoured by many workers because it is
widely available and standardized, it does not
rely on minimizing disturbance during insertion,
it provides a continuous profile of the measured
parameters, and there is a large body of literature
concerning its interpretation. '

Modern CPT equipment can make several
measurements. The primary measurement is the
cone tip resistance pressurg g.. Most instruments

also measure the friction on a sleeve located
above the cone tip. More sophisticated instru-
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ments allow the measurement of pore pressure
close to the tip and the lateral stress on the
instrument. Correlations between sand density
and CPT results have concentrated on the tip
resistance measurement. -

CPT—DENSITY RELATIONSHIPS

Various workers have used large-scale chamber
tests to determine relationships between sand
density, or void ratio, effective stress level and
CPT tip resistance (Schmertmann, 1977; Villet &
Mitchell, 1981; Baldi et al., 1982; Parkin, Holden,
Aamot, Last & Lunne, 1980). These test chambers
have ranged in size from 0-76 to 1-2 m dia. and
generally allow the lateral and vertical effective
stresses to be varied independently. Procedures
have been developed that allow samples of sand
to be prepared at various densities with reason-
able uniformity. The importance of chamber size
and boundary conditions has been recognized
(Bellotti, Bizzi, Ghionna, Jamiolkowski,
Marchetti & Pasqualini, 1979; Parkin & Lunne,
1982) and correction factors have been developed
to allow data from different sized chambers and
varying boundary conditions to be compared
with field conditions (Been, Crooks, Becker & Jef-
feries 1986). The larger the chamber the smaller
these correction factors, and intuitively, the more
reliable the chamber test results are likely to be.
Although different workers have used different
sands, almost all published chamber tests have
been performed on clean (no silt or clay size)
medium sands in a dry state. Data available for
the Ticino sand (Baldi, Bellotti, Ghionna,
Jamiolkowski & Pasqualini, 1986) were obtained
in a large chamber and are the most extensive
and complete set that have been published. For
these reasons, Baldi’s data have been adopted for
discussion purposes in this Paper.

For a given normally consolidated sand there
is found to be a reasonably unique relationship
between sand void ratio, vertical effective stress
and CPT tip quc. That 1s, in a plot of
any one of these thr¥€ parameters against a
second, contours of the third can be constructed.
Normally consolidated sand is defined as sand
that has been prepared to a given density and
then loaded under conditions of zero lateral

strain. Void ratio has traditionally been expressed §

in terms of relative density.

The value of K, increases with over-
consolidation ratio. For overconsolid sand
there is no unique relafionship between d.,
density an‘a-\"?l’ﬁ?:% effective stress. Depositional
mode can influence K, even in normally consoli-
dated sands. If mean effective sigss, p'= (o,
+ 20,)/3 is "used as the stress ‘parameter,

however, it has been shown that the relationship

Coneresistance g.:MPa
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Fig. 1. The relationship between g., D, and p’ derived
from chamber testing of normally and overconsolidated
Ticino sand, from Baldi et al. (1986).

between g, density and effective stress is approx-
imately unigue for a given sand whether normally
consoiléateg or overconsolidated (Baldi et al.,
1986). Baldi et al. have presented a relationship

between relative density D,, q. and p’ which can
be rewritten as

Il D.=383mg —2111np — 199 (1)

where D, is in percent and g, and p’ in kPa. This
relationship is shown in Fig. 1, in which contours
of relative density are shown in a plot of g,
against p’. nad Ky

There is some evidence that tip resistance is
more strongly dependent on horizonfal effective
stress  than mean stress (Baldi et al, 1986,
Houlsby & Hitchman, 1988). Neverthelessz for the
Ticin nd, the above expression, which was
3er1ve§ t%rough a regression analysis of experi-
mental data, correlates reasonably well with the
chamber test results. Values of relative density

predicted by the above expression are within

+14% of the actual value, pine times out of ten.
"That 1s within +0-05 in terms o void ratio. This

error band could Be considered to be the limit of
accuracy of any method of interpreting CPT data
that only considers mean effective stress and tip
resistance. For sands with less experimental data
than for the Ticino sand, greater potential error
could be anticipated.

Potential problems arise when applying
relationships such as equation (1) to field condi-
tions. Firstly, there is no direct evidence to prove
that data obtained in a large chamber are directly
relevant to field, conditions even lor the sand
studied in the chamber. Such factors as_deposi-
tional mode, fabric and ageing could affect CPT

Teld performance. Secondly, it is pot usually pos-
sible to measure the horizontgf] eﬂectlve stress.
Thirdly, it 1s not known 1if a re ationship, devel-

oped for_one sapd, is applicable to anv.other
sand, particularly to a variable deposit.
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There are two aspects to this latter problem.

( Can the relationship between D,, q. and p’ be
) expected to be unique for all sands and will two
\ different sands with the same relative density nec-
essarily behave in the er? While there
is some evidence to suggest that the D, q., p’
relationship may be reasonably umque for clean
medium grained quartz sands, it is not known
how this relationship is affected by fines content
and other natural variables. There is considerable
tive density

evidence to support the view that rela
1s not a reliable index of behavigur for comparing
various sands (e.g. Tavenas, 1973).

CPT-STATE RELATIONSHIPS

The state of soil in relation to the critical state
line is potentially more useful as anindex of soil
behaviour than is relative density. This state can
be represented on a plot of void ratio against the
logarithm of mean effective stress, although it is
_not known if mean effective stress is the appropri-
“ate stress parameter for comparing general stress
states. The soil state governs its propensity for
contraction or dilation dunng shear. On the sim-
plest level, soil whose initial state lies _above the
critical state line will undergo a net contraction
when sheared to the critical state, whereas if the
initial state lies below the critical state line, there
will be a net dilation. Roscoe & Poorooshasb
(1963) concluded that any two samples of a soil
will behave in a similar manner provided the dif-
ference between the initial void ratio and the void
ratio at the critical state at the same normal stress
is the same for each sample. Cole (1967) and
Stroud (1971) have presented considerable experi-
mental evidence to support this principle of simi-
larity of behaviour for dilatant sands.

“For practical purposes the critical and steady
states can be considered to be the same (STaden,
D'Hollander & Krahn 1985a). Techniques, to
measure steady state conditions, developed for
liquefaction analysis (Castro 1969, Castro, Enos,
France & Poulos, 1982) are the only well estab-
lished method of determining the critical state
line for sands. This involves performmg
undrained triaxial tests on_very loosg sa
whose initial state lies above the critical or steady
state line. Tests on sands that are denser than the

————
critical state can not generally be used because of
the tendency of dilatant sands to develop nonuni-
formities of void ratio.

The difference between void ratio and void
ratio at the steady state at the same mean effec-
tive stress has been termed the ‘state parameter’.
Been & Jefferies (1985) have correlated various
behaviours to the state parameter. Sladen et al.
(1985a) have shown that the behaviour of very
loose, potentially liquefiable sands, including

|
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undrained brittleness index, can be rationalized
by consideration of initial state in relation to the
critical state line.

n order to evaluate the state parameter of a
sand it is necessary to know its void ratio e and
the position of the steady state line. Steady state
lines are generally linear in e-log p’ space so 0 two

constants (e; and C,,) are necessary to define its
Tocation i.e.

e, —C,logp

€5 =

@

where e,, is the void ratio on the steady state line
at mean eﬁ‘ectlve stress p’. The constant C,, is the
slope of the steady state line and e, is the void
ratio at the steady state for unit p’. The state
parameter ¥ is given by

) ®

Provided that the void ratio is known, or can be
estimated from a relationship such as equation (1)
and that laboratory tests have been performed to
evaluate e, and C,,, then ¥ can be estimated.

Because of the importance of state parameter
to sand behaviour, the possibility of correlating
state parameter directly to CPT tip resistance is
of considerable interest and has been explored by
Been and his co-workers in a series of papers
(Crooks, Shinde & Been, 1985; Been et al. 1986;
Been, Jefferies, Crooks & Rothenburg, 1987b).
They have proposed that, for a_given sand, nor-
‘malized tip resistance is a unique function of state
parameter. Normalized tip resistance is defined as
(9. — p)/p’ where p is the mean total stress and
p = p’ for dry sand. Generally g. is much greater
than p so that normalized tip_ Tesistance is_nearly
equal to ¢./p’.

In order to investigate this matter further, Been
et al. (1987b) have obtained samples of the
various sands for which chamber test data are
available, have carried out undrained triaxial
tests to determine steady state parameters (e, and
C,,) and have re-plotted void ratio-stress—q, data
from chamber testing conducted by others (after
correcting for size and boundary effects) as nor-
malized tip resistance against state parameter. As

Yy=e—e,=e—e, +C,logp

a result, Been et al. suggest that unique linear
relationships exist between the Io arlt%m of (4. }
erefore for any

—p)/p and state parameter.
l_given sand they suggest

@. — p)/p' = k exp (—my)

where k and m are constants. &,
Mean _relationships for various sands, as
published by Been ef al, are shown in Fig. 2.
Values of m (the negative gradient of the lines in
Fig. 2) are in a fairly narrow range of 9- -9—11-7.
Values of k (the intercept on the Y= =0 axis) vary

from sand to sand. Been et al. suggest that the

{

@ dv po.
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Fig. 2. The mean relationships between normalized tip

resistance and state parameter for various sands, from

Been et al. (1987) :
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values of k and m can be uniquely Telated to C.
fo @’ ands.
quation (4) essentially imposes a restraint, on

n, the form of the relationship between q., void
ratio and p'. It suggests that in a plot of void ratio
against the logarithm of p’, contours of normal-
ized tip resistance must be parallel to the steady
state line. The validity of equation (4) is investi-
gated in the next section.

1000F

UNIQUENESS OF CPT-STATE CORRELATIONS

Figure 3 shows a plot of (¢, — p)/p’ against
state parameter for the normally consolidated
Ticino sand. This figure is based on the raw data
of dry density, effective stress and tip resistance
from chamber tests published by Baldi et al.
(1986) and the steady state line for Ticino sand
published by Been et al. (1987b). Only data for
3-:57 cm dia. cones, the standard size, are present-
ed. Correction factors for boundary conditions
have not been applied because their absolute
value is speculative and for the Ticino data they
are always small and their application would not
significantly affect any of the conclusions drawn.
Also shown is the mean relationship (equation (4))
published for the Ticino sand by Been et al.
(1987b).

Considerable scatter is evident in this plot. For
some values ol (q, — p)/p’ the range of state
parameter is greater than 0-15. Recognizing that
the vertical axis is a logarithmic scale, the range
of (g. — p)/p’ for a given value of state parameter
varies approximately by a factor of 3. For
example, for a state parameter of —0-1 the range
of (g. — p)/p’ is about 30-100. This is a
scatter than can be observed in the raw data
values of g, for a given void ratio and mean
stress. This suggests that the scatter is not entirely

&ndom but is the result of some systematic trend
that is not directly obvious Irom the method of

data presentation adopted.

The data for the Ticino sand were obtained for
a series of vertical stress levels. The value of K,
varied from about 0-65, for loose states to about
0-45 for dense states. Hence the data can be
grouped into a series of fairly narrow ranges of
mean stress level as shown in Table 1.

50 ™
Meanline
200 (Beenetal., 1987b)
10 1 J
-0-2 0
State parameter y

Fig. 3. Normalized tip resistance against state parameter for
normally consolidated Ticino sand. Based on chamber test
data presented by Baldi er al. (1986) and the steady state line
for Ticino sand presented by Been et al. (1987b). Also shown is
the mean relationship for this sand from Been et al, (1987b)

eater -
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Table 1. Summary of chamber test data on normally consolidated
Ticino sand grouped according to mean stress level

Mean stress p’ Number of Best fit
chamber test
Group Average: Range: k m
kPa kPa
1 27 25-28 6 63 62
2 41 37-47 18 36 81
3 73 68-83 40 30 80
4 130 129-131 2 - -
5 199 189-237 22 34 61
6 329 316-368 9 24 69
7 451 442-458 5 16 83

It is informative to plot the data in Fig. 3
according to stress range group, and this is done
in Figs 4a) to 4(f). Also shown are the linear
regression lines for each group where there are
sufficient data for a trend to be well defined. Fig.
5 shows each of these lines and for comparison
the mean line for all stress levels published by
Been et al. (1987b). The following observations
can be made.

(a) For a given stress level there is a reasonably
linear relationship between the logarithm of
(9. — p)/p’ and state parameter.

(b) The relationship is not unique for all stress
levels—rather it varies systematically with
mean stress level.

(c) The slope of the series of linear relationships
is reasonably constant and is always flatter
than that of the mean line.

(d) The intercept k of the projection of these lines
on the ¥ = 0 axis decreases with increasing
stress.

(e) Even for a given range of mean stress level
there is a scatter in experimental data that
may in some cases be significant.

(f) There is a dearth of experimental data for low
stress levels and high values of state param-
eter. Owing to this, the scatter of data for all
stress ranges (Fig. 3) may be misleadingly low.
For example, if the trends revealed by Fig. §
can be extrapolated to higher values of state
parameter, the range of state parameter for a
value of (g, — p)/p’ of 50 may be as great as
0-2 for stress levels between 25 and 450 kPa.

Based on the above, the parameter m in equa-
tion (4) is reasonably constant, for constant
values of p, for Ticino sand (albeit significantly
less than would be inferred from the mean line)
but the parameter k varies significantly and sys-
tematically with stress level. Best fit values of k
and m for the stress range groups are given in
Table 1. Values of m are in the range 6-1-8-3;
values of k are 16-63. These can be compared

with the mean values of m = 10-5 and k=17
published by Been et al. (1987b).

It can also be observed that the difference in
terms of state parameter between the mean lines
for the data for the lowest stress level and the
highest is about 0-15. This is close to the scatter
of data in Fig. 3. This scatter is not entirely
random but can largely be explained when differ-
ing stress level is taken into account. The system-
atic nature of this scatter is consistent with the
oB“Ervatlon that for a given void “Tatio and stress
fevel, the value of g, is reasonably umque Tndeed
it can be pointed out that an approximate
logarithmic relationship between (g, — p)/p’ and
¥ for a given value of p’ could be inferred directly
from inspection of equations (1) and (3).

In Fig. 6 the value of k is plotted against mean
stress. A clear trend of reducing k with p’ is
evident. The parameter k represents the value of
normalized tip resistance that separates positive
from negative values of state parameter. The
figure demonstrates that its value can vary by a
factor of about four times for a single sand,
within the mean stress range 25-450 kPa.

In Fig. 7, contours of normalized tip resistance,
calculated from equation (1), for the Ticino sand
are plotted in e — log p’ space. It is not necessary
to know the steady state line to draw these con-
tours, they are simply another representation of
the relationship showi in Fig. 1. Also shown is
the mean steady state line for the Ticino sand,
reported by Been et al. (1987b). If normalized tip

resistance were a unique function of state -
eter, these contours shou arallel to the
steady state line. This is not the case. .

ACCURACY OF THE DETERMINATION OF
STEADY STATE LINES

To estimate state parameter from a known l;
void ram&rﬁ-ﬁ'necessary to have
determined the stead te line for the sand. This
introduces ﬁee Turther potential proglf‘x_ns with
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Fig. 4. Normalized tip resistance against state parameter separated according to mean stress level

the state parameter approach to CPT interpreta-
tion. Firstly, there can be significant errors in the
determination of steady state parameters, particu-
Tarly Tor silty sands, i Standard techniques are
adopted (Sladen & Handford, 1987). Errors in the
estimation of void ratio and hence of state
parameter of up to 0-15 have been reported for a
sand with a silt content of 5~10%, smaller errors
are likely for cleaner sands. Secondly, there is
considerable evidence that the exact location of
steady state line is sensitive to_minor changes in
sand gradation (Poulos, Castro & France, 1988)
and particularly to fines content (Sladen et al,
1985a). Thirdly, it is not known if steady state
. S————

lines determined in the triaxial apparatus and
expressed in terms of mean elfective stress are
unique in general stress states, in which the inter-
mediate principal stress does not equal the minor
principal stress. Each of these factors should be

carefully considered before applying laboratory
data to design analysis.

IMPLICATIONS FOR DESIGN

The potential error associated with applying a
single relationship, such as equation (4), to design
could be significant. The consequences of an error
will vary from project to project. If, for example,
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Fig. 5. Linear regression relationships between the
logarithm of (¢, — p)/p’ and ¥ for various mean stress
levels compared, from Fig. 4(a) to 4(f). Values of p’ cor-
responding to each line are: (a) 25-28 kPa; (b) 3747
kPa; (c) 68-83 kPa; (d) 189-237 kPa; (e) 316-368 kPa;
(f) 442458 kPa. Also shown is the relationship for all
data, published by Been et al. (1987b).

the CPT interpretation is being carried out to aid
assessment of static settlement of foundations, the
potential error may not be of major importance.
. If, conversely, the aim were to evaluate suscepti-

bility to liquefaction it could be potentially

_c_:g_astrophxc

"™ "The magnitude and direction of the error in
assessment of state, resulting from ignoring the
effect of mean stress level, would vary with stress
evel and density. For low stress levels and den-
sities, the tendency would be to underestimate

\state parameter, which is generally unconser-
vative. If the trend shown by Fig. 5 can be
extrapolated beyond the range of available data,
then Ticino sand exhibiting values of (g, — p)/p’
of as high as 50 could have positive state param-
eters (i.e. contractive) at mean stress levels up to
about 30 kPa, even without allowing for potential
errors in laboratory testing and other uncer-
tainties associated with the application of

chamber test data to field conditions. The mean
overall trend would suggest a negative state

x * N
20 \ -
——
[
Trend —T
0 1 Il
0 200 400

Fig. 6. k against mean stress level for Ticino sand

[ P

ottt i ¥

Steady state line

Voidratio: e

06 1 )
10 50 200 1000
Mean effective stress p’: kPa

Fig. 7. Contours of normalized tip resistance in

e — log p’ space, data replotted from Fig. 1; also, steady
state line for Ticino sand presented by Been et al. (1987b)

parameter, i.e. dilatant. The potential error in
terms of void ratio would be of the order of 0-1-
0-15. On the other hand, at intermediate stress
and density levels the mean re]atlonshxp  could ‘be
approximately correct while at high stréss “Tevels
afid “densities it would tend to overestimate state
parameter.

It is not possible currently to quantify the

likely magnitude of total error that could result
" from all uncertainties, but a total error in terms of

voxd ratio of about 0-2 could not be ruled out in
' 'some cases, that is more than 50%_in tc 0% erms of
relative density. There are few projects where an
error of this order of magnitude would be accept-
able.

Any engmeenng correlation based entirely on
laboratory testing, such as all of those dlscussed,
should be applied to design with caution until
there is field evidence to support or otherwise
calibrate it. Even where field evidence is available,
care should be taken in extrapolating beyond it.
For example, data obtained from medium dense
sands at intermediate stress levels could be mis-
interpreted as supporting the mean relationship.

NERLERK CASE HISTORY ¢ CPT
Opportunities for field calibration o —
density relationships are rare but one such has
provided by the Nerlerk case history
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(Sladen, D’Hollander, Krahn & Mitchell, 1985b;
Mitchell, 1984). Nerlerk was a subsea berm
intended to be used as a base for a hydrocarbon
exploration structure in the Beaufort Sea. It was
constructed with hydraulically placed sand.
Before completion, construction was abandoned
as a result of five large-scale liquefaction flow
dlides. rebiditans.- iy Robhtet e

"It is generally accepted that a state parameter
of +0:02 or gzeatcr 1S reﬂ uired for liquefaction
(Sladen et al, a; Been, in, Crooks,

Fitzpatrick, Jefferies, Rogers & Shinde, 1987a).

SLADEN

Back analysis of the failures led to the conclusion
that the state parameter before failure must have
been in the range +0-05-+0-15 to explain the
high undrained brittleness index exhibited by the
slides. Cone penetration tests had been performed
before failure. The mean normalized tip resistance
for the failed sand was in the range_40-200. The
mean stress level was in the range 0-100_kPa,

D v I YNV .
averaging about 30 kPa. Fig. 8 shows the profiles

of mean q. (9. — p)/p’ and p'. Generally lower
normalized tip resistances are associated with
higher mean stress levels.

0.0%
0.08 ge: MPa p':kPa (qepVp’
0 4 8 0 40 80 0 100 200
0 T T T T T T
- -
4= - -
E
g
Q.
QO
o
8 oo - -
12 = b~

Fig. 8. Profiles of mean g, (¢. — p)/p’ and p’ in Nerlerk sand at Nerlerk. This sand was involved in
5 major flow slides. Data replotted from Sladen ef al. (1985b)
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Fig. 9. Normalized tip resistance versus state inferred from the Nerlerk
slides. Mean effective stress was higher for lower values of normalized

tip resistance; values of p’

ing to the various values of

(9. — p)/p’ are shown at side of shaded box. Also shown for comparison
are the relationships developed for the Ticino sand, Fig. 5
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INTERPRETATION OF SAND STATE FROM CPT

In Fig. 9, the state of the Nerlerk sand inferred
from the failures and CPT data is compared with

Ticino sand. The same trend of reducing normal-
ized tip resistance with increasing mean stress is
evident. The data cannot be compared directly as
no_Ticino sand data with positive state parameter
are_available. In general, however, for a given
mean stress higher values of normalized tip resist-
ance are implied for the Nerlerk case history for a
given mean stress than for Ticino sand. This is in
no way surprising. There is no reason to expect
different sands to exhibit similar values of the
parameter k, as is illustrated by the mean lines for
various sands in Fig. 2.

There is also no evidence that linear regression
lines for the Ticino sand can be extrapolated into
the positive state parameter domain. Further it
may be that the values of k for the Ticino sand
are too low if a systematic error in the determi-
nation of the steady state line has been intro-
duced. There are other potential uncertainties in
the application of chamber test data to the evalu-
ation of in situ conditions.

the CPT-state relationships derived for the ;
i

CONCLUSIONS
The following conclusions can be drawn from
the points considered.

(@) There is an approximately unique relationship
between g, void ratio and p’ for a given sand
in_chamber tests; a_mean relationship can
predict void ratio for a given g, and p’ within
about +0-05, provided sufficient chamber test
data are available for the sand.

(b) A unique relationship does not exist between
‘ norm&z'éa CPI™ tip resistance and state

parameter, rather the relationship varies sig-
fificantly and systematically with stre 1.
ven allowing for vanations in stress level

there is scatter in the experimental data.

(¢) There is currently no reliable way of compar-
ing chamber test data for one sand to field
situdtions for a different sand.

(d) At the present state-of-the-art ani correlation : ,
between CPT tip resistance and sand state
shou treated with caution. The use of; t
some previously published correlations could
in some circumstances be potentially catastro-
phic. Particular care should be exercised
before extrapolating from the existing data
base.

(¢) If a_unique mean relationship between nor-
malized tip resistance and statg _parameter
were assuinied 10 design analysis, an error. in
the assessment Ol in m%u void ratio of more
than 0-2, that is more than 50% in terms of

relaflvgii&ensity, could not conhdently be ruled
out.

mn——————
T et s
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These conclusions may appear to be negative.
However, they show that there is a pressing need
to develop reliable methods of interpreting sand
state_from 1in_situ tests. In these circumstances

there is a natural tendency uncritically to adopt t

’ ag_%aren_tly simple solutions to a _complex

problem. It is hoped that the Paper will stimulate
a renewed research effort. Opportunities to
compare field and laboratory conditions, in par-
ticular, should be vigorously pursued. While the

CPT is ideal for providing a qualitative profile in
variable deposits, it may be that future research
should be directed towards other tools, better
suited to provide more direct quantitative mea-
sures of in situ density, such as advanced sam-
plers or nuclear methods.
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