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Use of piezocone tests to predict consolidation yield stress
and overconsolidation ratio of lagoonal deposit soil
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Abstract: Existing empirical methods for interpreting the consolidation yield stress and the overconsolidation

ratio (OCR) in clays from piezocone tests are briefly reviewed. It can be seen that no universal correlation

exists for all worldwide sites. However, for a given clay deposit, there does exist a most appropriate method to

reflect the consolidation yield stress and the OCR based on piezocone test data. Three empirical methods are

compared based on the piezocone test data collected on Lixia River lagoonal deposit soil sites in the north of

Jiangsu province. The objective of this study is to evaluate the validity of the existing relationships linking the

consolidation yield stress to piezocone test data and identify the appropriate method for Lixia River lagoonal

deposit soil. It is shown that the correlation based on the net tip resistance has much higher accuracy for

estimating the consolidation yield stress of lagoonal deposit soil than other methods.
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The consolidation yield stress (o,) and the over-
consolidation ratio (OCR) of lagoonal deposit soil are
fundamental characteristics used for geotechnical de-
sign. They are generally obtained by laboratory oedom-
eter tests on undisturbed soil samples. However, these
parameters determined in the laboratory are influenced
by sample disturbance, test procedure, and the interpre-
tation method. If a near-continuous profile of the stress
history with depth is required, the conventional labora-
tory method becomes time consuming and expensive.

These difficulties may be overcome by using an in
situ testing device such as the piezocone penetration
test, which provides continuous profiles of the cone re-
sistance, sleeve friction, and pore water pressure. Piezo-
cone test data have been used in the past to estimate
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the stress history of cohesive soil deposits
pared to oedometer tests, piezocone tests are fast, eco-
nomical, and give continuous profiles of the stress his-
tory in depth.

Currently, numerous correlations, mostly empiri-
cal, have been proposed to predict these two parameters
from separate or combined piezocone measurements.
This paper briefly reviews existing methods of interpre-
ting the stress history of clays from piezocone tests.

Three empirical methods are compared on the basis of
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the piezocone test data collected in Lixia River ages-
old lagoon facies soft soils with the OCR ranging from
0. 8 to 3. 0. The objective of this paper is to investigate
the potential use of piezocone test data for determining
the stress history of lagoonal deposits and identify the
most appropriate method for Lixia River ages-old la-
goon facies soft soils deposits.

1 Review of Existing Methods

Mayne"” reported different methods of interpre-
ting the consolidation yield stress and the OCR of clays
from piezocone tests. Different researchers have given
different categories. Chen and Mayne'* divided exist-
ing methods into three groups: (1) Empirical approa-
ches; (2) Analytical models; (3) Numerical simulations.
Demers and Leroueil'™ divided those into three groups:
(D Methods based on tip resistance measurements
alone; (2) Methods based on pore water pressure meas-
urements alone; (3) Methods combining both types of
measurements. Kurup and Dudani gave the following
categories: (1) Empirical methods based on pore pres-
sure parameters; (2) Theoretical methods based on cavi-
ty expansion theories and critical-state soil mechanics;
(3 Analytical methods based on yield stress and bear-
ing capacity; (4) Artificial neural network (ANN) mod-
els. Due to length limitations, only a brief review of the
empirical methods is given here.

1.1 Methods based on net cone resistance

Mayne'® proposed an empirical relationship be-

tween the net cone resistance (¢, — o) and the con-
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solidation yield stress by introducing the parameter N,
and obtained a very good correlation between these two
parameters:

Oy =" ()

where N is an empirical coefficient and dependent on
soil properties and types, g, is the cone resistance cor-
rected for the unequal end area ratio and pore pressure
effects, and o is the total vertical stress. Mayne et al.
showed that there was a clear trend between (g, — o)
and o, based on 36 test sites around the world'".
Mayne'® proposed the normalized net tip resist-
ance with respect to the effective vertical stress by in-

troducing the parameter Q,:

g =1=T0 (2)
Tp
where o, is the effective vertical stress.

The analysis of world data by Chen and Mayne'®
gives a Q,/OCR value of 3. 1, but with a relatively low
coefficient of determination (7 =0. 67) for intact clays
and a great deal of scattering (7° =0.47) when fissured
clays are included.

1.2 Methods based on excess pore pressure

Mayne'® showed relationships between the nor-
malized excess pore pressure (Ng,) and the OCR, or
between the excess pore pressure and the consolidation
yield stress, using the following equations:

u-—1u,

Nipp = 7 (3)
o

V0
0'1,; = Kppp (0 — 1) 4
where K, is an empirical coefficient and dependent on

soil properties and types, u is the pore pressure reading
from various pressure transducer locations induced dur-
ing the penetration, and u, is the initial pore pressure.
Current correlations using the excess pore water pres-
sure gave more scattered results than those with the net
tip resistance.

The above correlations for K, were derived for
normally to lightly overconsolidated clays and should
not be extrapolated to heavily overconsolidated depos-
its or fissured clays where the excess pore water pres-
sure is small or even negative.

1.3 Methods based on effective tip resistance

Senneset et al. proposed a resistance parameter
which represents the difference between the measured
tip resistance and the measured pore water pressure,
called “effective tip resistance”. Houlsby suggested that
the following factor, the normalized effective tip resist-
ance (L), could be a useful indicator of OCR" :

L=~ (5)

Ty
where g, is the cone resistance corrected for unequal

end area ratio and pore pressure effects, and u is the
pore water pressure reading from various pressure
transducer locations induced during the penetration.
Refs. [10 — 11] investigated the relationships be-
tween L and OCR, and between the consolidation yield
stress and the effective tip resistance. The latter rela-
tionship can be defined as
;4 U
F =N (6)

where N is an empirical coefficient and dependent on

o

soil properties and types.

For some deposits this method works well but, in
general, it is not recommended in estimating the con-
solidation yield stress using the “effective” cone resist-
ance. In soft normally consolidated clays , using the
excess pore pressure to interpret the consolidation yield
stress may therefore be more accurate.

2 Site Description and CPTU Results

2.1 Description of site

For this study, the piezocone test site was selected
in Huai-yan expressway at Yancheng city in the eastern
Jiangsu province. The ancient Lixia River lagoon is a
transgression and regression integrated barrier-lagoon
sedimentary system was reached, based on the previous
achievement on lagoon and through detailed investiga-
tion of the areal geology of Jiangsu. The Lixia River
lagoon soft soils developed under such a sedimentary
environment and was influenced by the alluvium of the
old Huanghe River; therefore, there formed the typical
lagoon facies soft soil with high water content, high or-
ganic matter content, high compressibility and inferior
engineering properties. The laboratory tests for this
study were done for the site. The soil samples were col-
lected by means of a stationary piston sampler 76 mm
in diameter before embankment construction at 1 m in-
tervals between the depths of 2 and 14 m. The consoli-
dation yield stress was interpreted using the Casagrande
method by conventional oedometer tests using a daily
load (every 24 h) increment of 0. 5. It can be seen from
the test results that the subsoil is lightly overconsolidat-
ed, with an OCR of about 1. 8. The plasticity index ran-
ges from 23.5 to 36. 9, and the natural water content of
the clay is about 83.3%, which is 25% to 35% of its
liquid limit. Tab. 1 gives the typical values of the prop-
erties of the soil layers studied.
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Tab.1 Typical properties of the soil layers studied

Layer Bulk density/ Specific Water Liquid  Plasticity
(KN- m~3) gravity content/% limit index
Clay 18.2 2.74 38.9 41.4 18.6
Muck 15.1 2.74 83.3 48.3 36.9
Mucky clay 17.5 2.74 46.6 46.4 23.5
Clay 18.7 2.74 26.7 39.2 19.6

2.2 Piezocone test results

The piezocone penetration device used in this
study was produced by Vertek-Hogentogler Co. of
USA. The equipment is the versatile piezocone system
equipped with advanced digital cone penetrometers fab-
ricated with 60° tapered 10 cm’ tip area cone which
provided measurements of ¢, f,, and u, with a 5-mm-
thick porous filter located just behind the cone tip. Wa-
ter pressures can act over a part of the base area of the
cone in a direction opposite to the resisting forces de-
veloped during pushing, thus the measured total stress
q. will be reduced. To obtain the actual total stress g, a
correction must be applied to account for the design of
the cone. This correction is done directly by the field
computer data acquisition system EAFCS during data
processing for each set of readings, using the following
equation'"':

q. =4, +0.2u, (7

The rate of penetration for all tests in this study is
2 cm/s. At this rate, one set of readings can be ob-
tained for every 5 cm of penetration.

The typical profiles of q,, f, and u, with depth for
the test is presented in Fig. 1. The water-table is also
indicated in the figure. Soil layers can be identified
from the piezocone reading profiles. The piezocone test
results from Fig. 2 indicate clearly the homogeneity of
the lagoonal deposit soil. The soil profiles show a sur-
face crust to a depth of about 2. 0 m in which the cone
tip resistance is about 1.0 MPa and decreases slightly
with depth. Two soft soil layers are detected below the
crust: the first, relatively thick, extends to a depth of
11.5 m and corresponds to a water content of about
83.3 % . Below this layer, the average water content is
about 46. 6% . In the mucky layer, the pore water pres-
sure generated during penetration increases dramatically
with depth, while g, increases slightly with depth be-
tween 2 and 12 m. Below 12 m, g, increases drastically
with depth; however, the pore pressure decreases re-
markably under the depth of 14 m. The soil boundary
between extremely sensitive and moderately sensitive
clay is found approximately at 13 m, which is in close
agreement with the boundary obtained from the explo-
ration drilling report.
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Fig.1 Typical results from piezocone tests
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3 Results and Discussion

Three different empirical correlations between the
consolidation yield stress or the OCR and the piezo-
cone measurement data are considered below. The re-
sults are presented in the same order in which the
methods are presented.

3.1 Methods based on net tip resistance

Fig. 2 shows the relationship between the net tip
resistance (g, —o,,) and the consolidation yield stress
measured in the laboratory oedometer tests on high-
quality samples, and »n is the number of data available.
The correlation is excellent (7 =0.87) for all of the
data in which the consolidation yield stress varies be-
tween 46. 5 and 201. 4 kPa for Lixia River lagoonal de-
posit soil. The equation defining the result of the corre-
lation is

, 40y

T 46 ()

Consequently, we can obtain the N, factor which

is equal to 4.6 in terms of the correlation relationship
for Lixia River lightly overconsolidated clay. It should
be noted that the correlation factor of 4.6 is greater
than that of Demers et al. for “Quebec” clays between
2.9 and 4.5 (3. 4 at average) " . Nearly 80% of the re-

sults obtained are within +10% of the laboratory
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measurement of o).

Since the relationship between (g, — o) and o,
is excellent, the correlation between the normalized net
tip resistance Q, and the overconsolidation ratio OCR is
equally so. Fig. 3 shows the relationship between the
OCR and Q,. It remains approximately linear regardless
of the value of the OCR, which varies between slightly
below 0. 8 and 3. 0.
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Fig.3 Relationship between the OCR and Q,

3.2 Methods based on excess pore pressure

Fig. 4 gives the relationship between the excess
pore pressures ( Epp,, =u, —u,) measured in the u, po-
sition and the consolidation yield stress measured in the
laboratory oedometer tests at the site. It is shown that
there is a well marked trend, but with a much lower co-
efficient of correlation (7* =0. 73). With the K, ratio
being a value of 0. 22, the equation defining the results
of the correlation is

ol =0.22(u, - up) (9)
»0r = Measured o},
200k — Predictive Eq. (9) .

n=12, r*=0.73
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Fig.4 Relationship between o, and Epp,,

The correlation factor of 0.22 is much smaller
than that obtained by Larsson et al. 1 between 0.3
and 0. 4, and that of Mayne et al.'" for “Champlain”
clays (0.4), and that of Demers et al. for “Quebec”
clays (0. 49 on average)'”'. It is also much smaller than
the value of 0.54 obtained from the data analysis of
sites around the world by Kulhawy and Mayne'"' .
There is greater scattering than that for the parameter

N

at?

and only 55% of the results are within an accura-
cy of +10% of the laboratory measurement of ¢,.

Contrary to what one might have expected given
the accuracy of each of the measured parameters, the
correlation with the Ey,,, parameter is much more scat-
tered than that obtained with the net tip resistance (g,
—-0y)- It can be concluded from this that the use of a
reliable penetrometer and a good method of calibration
makes it possible to obtain excellent data for tip resist-
ance'” .

It can be seen from Fig. 5 that the correlation with
the N, parameter is much more scattered than that ob-

tained by the normalized net tip resistance Q,.
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3.3 Methods based on effective tip resistance

It can be seen from Fig. 6 that there is a scattered
correlation (7 =0. 68) between the consolidation yield
stress measured in the laboratory and (g, — u,). The
equation defining this relationship is

O
P 5.88

The factor N_, with the value of 5. 88 is much higher
than the value of 0.50 obtained by Chen et al. '™ ac-
cording to the compilation of 84 worldwide sites, and

(10)

the value of 1.0 obtained by Larsson et al. """ and that
of Demers et al. for “Quebec” clays (1.83)".
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4 Conclusion

In this paper, some of the existing empirical meth-
ods for interpreting stress history in clays from piezo-
cone tests are briefly reviewed. It can be seen from this
review that no universal correlation exists for all world-
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wide sites. However, for a given clay deposit, there do
exist a most appropriate method to reflect the overcon-
solidation ratio based on piezocone test data.

Three empirical methods for correlating piezocone
measurements with the consolidation yield stress and
overconsolidation ratio were examined for lagoonal
clay deposits of Lixia River. In the examined case, it
can be seen that there are different scatters of predicted
consolidation yield stress values from the three empiri-
cal correlations as compared against those inferred from
oedometer tests. The excellent relationship (r* =0.87)
was obtained based on the net tip resistance (g, — o)
to relate the consolidation yield stress. A scattered cor-
relation (#* =0.73) was obtained with the excess pore
pressures measured at the shoulder ( position u,) . Final-
ly, the difference between the tip resistance and the
pore pressure, called the effective tip resistance, gives a
more scattered correlation (7° = 0. 68). Consequently,
among the three empirical correlations, the most relia-
ble and effective relationship is the one directly relating
the consolidation yield stress to the net tip resistance
with the factor N, and, accordingly, the one relating
the OCR to the normalized net tip resistance Q, in the
lagoonal clay deposits of Lixia River.
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