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a b s t r a c t

It has been observed in piezocone dissipation tests that the measured pore water pressure may initially
increase and then decrease with time. This phenomenon has been designated as ‘‘non-standard’’ dissipa-
tion. For cone penetrometers with the filter element used for measuring pore water pressure located at
the shoulder of the cone, the results of numerically simulated cone penetration and pore pressure
dissipation indicate that the ‘‘non-standard’’ dissipation curves are mainly caused by (a) shear-induced
dilatancy of overconsolidated clays or dense sandy soils around the cone and (b) possible unloading
effects for soil elements moving from the vicinity of the face to the shoulder of the cone. Using the results
of an uncoupled radial consolidation analysis, an empirical method has been established for interpreting
the field value of the horizontal coefficient of consolidation (ch) from ‘‘non-standard’’ dissipation curves.
The proposed method has been applied to the numerically simulated ‘‘non-standard’’ dissipation predic-
tions as well as the results of some field cases available in the literature. It is concluded that the values of
ch evaluated from the proposed method are more representative of the field values than those evaluated
using available alternative methods.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The piezocone test is now widely used as an efficient and eco-
nomical site investigation tool. From the results of piezocone
penetration and dissipation tests, the soil profile, the undrained
shear strength (su) of clayey deposits (e.g. [4]), the in situ hydraulic
conductivity (e.g. [7]) and the coefficient of consolidation of the
soil in the horizontal direction (e.g. [21]) can be estimated. How-
ever, for tests conducted in overconsolidated clays or dense sandy
soils, using a cone with the pore water pressure element located at
the shoulder of the cone (the most widely used configuration),
some field data show a dissipation curve with the pore water pres-
sure first increasing from an initial value to a maximum, and then
decreasing to the hydrostatic value [3,18,11], as illustrated sche-
matically in Fig. 1. This kind of dissipation curve will be referred
to as a ‘‘non-standard’’ curve. Most methods for evaluating the
horizontal coefficient of consolidation (ch) from piezocone dissipa-
tion tests are based on the assumption of monotonic excess pore
pressure decrease with time (e.g. [21]) and cannot be used directly
to interpret the results of tests like those illustrated in Fig. 1.
ll rights reserved.
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Several possible reasons have been suggested for the occurrence
of these ‘‘non-standard’’ dissipation curves, namely: (1) the effect
of shear-induced dilatancy in the zone adjacent to a cone in an
overconsolidated clayey deposit or a dense sand deposit [8]; (2)
volumetric expansion (a partial unloading effect) when a soil ele-
ment moves from the face to the shoulder of a cone [21]; (3) poor
saturation of the filter element [3,18]; and (4) redistribution of
pore water pressure within the soil from the face to the shoulder
locations of the cone [9,3].

Burns and Mayne [3] described the ‘‘non-standard’’ dissipation
curves as ‘‘dilatory’’ pore water pressure decay and proposed a
method to back-fit the field dissipation curves and then evaluate
the coefficient of consolidation. Their method combines cavity
expansion and critical state soil mechanics theories and the solu-
tion process requires a computer program to solve the radial con-
solidation equation, with iteration generally required to obtain a
good fit to the measured dissipation curve. During the curve fitting
process both the value of ch and the rigidity index (Ir) of the soil
may be varied. The rigidity index is usually defined in this context
as the ratio of the shear modulus of the soil (G) to its undrained
shear strength (su).

Sully et al. [18] proposed two methods to correct the ‘‘non-stan-
dard’’ dissipation curves and then to use these corrected curves
with existing methods of interpretation (e.g. [21]) to evaluate ch.
One of the correction methods involves shifting the origin of time
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Fig. 1. ‘‘Non-standard’’ dissipation curve.
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to that point where the measured pore water pressure is a maxi-
mum. Another fits a square root of time plot to the post-maximum
portion of the curve of pore pressure dissipation in order to back-
extrapolate the value of the initial pore water pressure. The meth-
ods proposed by Sully et al. [18] are simple to apply, but they do
not properly consider the mechanism causing the ‘‘non-standard’’
phenomenon. For example, shifting the origin of time ignores the
effect of pore water pressure redistribution in the vicinity of the
cone before the measured pore water pressure reaches its maxi-
mum, and this tends to over-estimate the time (t50) for 50%
dissipation of the measured maximum value, which in turn results
in an under-estimation of the value of ch.

At present, there is no well established and easy-to-use method
for interpreting ch values of the ground from tests displaying the
phenomenon illustrated in Fig. 1.

In this paper some of the more important mechanisms which
may give rise to dissipation curves of the form shown in Fig. 1
are investigated by numerical simulation of piezocone penetration
and dissipation employing the theory of contact mechanics. The
influence of the initial excess pore pressure distribution around a
cone on the dissipation process is subsequently investigated using
1.
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Fig. 2. Numerical model an
an uncoupled plane strain radial consolidation analysis. Based on
the results of these numerical analyses, an empirical equation is
proposed to ‘‘correct’’ the value of t50 determined from ‘‘non-stan-
dard’’ dissipation curves. The corrected time is used subsequently
in the interpretation of the value of ch using an existing method.
Finally, the proposed method is applied to the interpretation of
the numerically simulated ‘‘non-standard’’ dissipation results as
well as some results of field tests reported in the literature, in order
to demonstrate the validity of the method.
2. Numerical investigation of ‘‘non-standard’’ dissipation curves

2.1. Finite element model

In this study the process of penetrating a cone into the ground
was treated as a contact problem, in which the cone and the
ground are initially regarded as two separate bodies and the pen-
etration process is modelled as the continuous contact and defor-
mation of those two bodies [23,16,17]. The model ground was
considered as a cylinder of soil 0.6 m in diameter and 2.0 m in
height. The cone had a diameter of 35.7 mm and apex angle of
60� (the standard cone). The boundary conditions adopted were
as follows: at the periphery of the soil cylinder the horizontal dis-
placement was fixed; at the bottom the vertical displacement was
fixed; and separation from the axis of symmetry was permitted to
facilitate the penetration of the cone. At the ground surface the
pore water pressure was fixed as zero and the other boundaries
were regarded as impermeable (Fig. 2). Cone penetration into the
model ground was simulated using a coupled finite element
analysis.

In the finite element modelling, the soil was represented by 8-
noded axisymmetric elements with only the four corner nodes
used to describe the pore water pressure. Reduced integration
(2 � 2) was also assumed for these elements. To allow for the
7.2 mm6 mm

17.84 mm

d the size of the mesh.



Table 1
Parameters adopted for the MCC model.

e0 ct (kN/m3) m j k M K0 k (m/s) py (kPa)

2.0 15.5 0.33 0.05 0.3 1.4 0.5 10�8 56, 70, 84

Note: e0: initial void ratio; m: Poisson’s ratio; ct: total unit weight; k: slope of con-
solidation line in e � lnp0 plot (p0 is the effective mean stress); j: slope of rebound
line in e � lnp0 plot; M: stress ratio at failure, qf/p0 (qf is the deviator stress at
failure); K0: at-rest earth pressure coefficient; k: hydraulic conductivity; and py: the
size of the initial yield locus.

Table 2
Parameters adopted for the MC model.

Poisson’s
ratio m

Young’s
modulus E
(kPa)

Friction
angle /0

(�)

Dilation
angle w
(�)

Remark

0.33 500 35� 2, 5, 8 Values of e0, ct, K0, and k are
the same as for the MCC
model
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possibility of strain localization during the cone penetration pro-
cess, in the penetration zone a mesh with an element size of
6 mm (horizontal) by 7.2 mm (vertical) was adopted, which can
effectively simulate a shear zone about 3 mm thick. The cone itself
was modelled as an elastic body with a Young’s modulus of
200 GPa. The geometry of the model and a part of the mesh are
shown in Fig. 2. During the penetration process, the vertical
displacement at the top of the cone was prescribed. The overall
penetration depth of the cone simulated in the modelling was
1.5 m and the penetration speed was assumed to be constant at
20 mm/s. After reaching full penetration the process of excess pore
pressure dissipation was simulated for approximately 28 h. During
the dissipation process the position of the cone was held fixed.
These numerical simulations were conducted using a commercial
software package, viz., Abaqus Ver. 6.7-1.
2

Fig. 4. Distributions of su for MCC-1, -2 and -3.
2.2. Constitutive models and model parameters

Most ‘‘non-standard’’ dissipation curves occur in overconsoli-
dated clayey deposits or dense sandy deposits (i.e., in soils that di-
late on shearing). In the numerical study two main influencing
factors were considered, viz., the overconsolidation ratio (OCR)
and the dilatancy angle (w) of the soil. Each was considered in turn
by adopting a different soil model in each case. In considering the
effect of OCR, an overconsolidated clayey deposit was assumed,
and the Modified Cam Clay (MCC) model [15] was adopted to rep-
resent the stress–strain response of the overconsolidated clay. In
considering the effect of dilatancy, a clayey soil was represented
by the Mohr–Coulomb (MC) model with a non-associated flow rule
and a constant angle of dilation. The corresponding model param-
eters are listed in Tables 1 and 2, respectively. These analyses con-
stituted a limited parametric study, the main purpose of which was
to obtain qualitative predictions of the effect of OCR and w on pore
water pressure (u) distribution around the cone. In order to obtain
clear trends in predicted behaviour, only one parameter was varied
in each series of analyses.

For simplicity, the initial conditions of the model ground were
assumed to be the same for both cases. The groundwater level
was assumed to be at the surface of the finite element model,
and the initial stress state in the ground was assumed to be geo-
static, with the addition of a distributed vertical stress of 50 kPa
applied as a surcharge at the ground surface. The initial earth pres-
sure coefficient K0 was assumed to be 0.5 (any variation of K0 with
OCR was not considered). According to these assumptions and in
terms of the initial values of vertical effective stress, the cone
penetration was therefore simulated for soils located typically be-
tween 5 and 10 m depth from the ground surface.

2.3. Cases simulated

In total, six (6) different cases were simulated, three (3) using
the MCC model (MCC-1, MCC-2 and MCC-3) and three (3) with
the MC model (MC-1, MC-2, and MC-3). For the 3 cases with the
MCC model, only the size of the initial yield locus (py) was varied
with values of 56, 70 and 84 kPa being adopted. For the parameter
values and the initial stress conditions adopted the simulated
distributions of OCR and undrained shear strength (su) (assuming
triaxial compression conditions) with depth were as depicted in
Figs. 3 and 4, respectively. In the cases involving the MC model,
only the value of w was varied by adopting the values as given in
Table 2.

2.4. Results

The simulated total cone resistances (qc) are shown in Fig. 5. It
can be seen in this figure that the total cone resistance has in-
creased with the increase in OCR. It can also be seen there are some
oscillations of the qc values with depth of penetration. Detailed
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analysis indicates that this may be an artifact of the numerical
model, with each cycle of the oscillation corresponding to contact
and separation (slide away) of a node on the cone face and a node
in the soil. Taking MCC-2 as an example, the net cone resistance is
about 189 kPa (obtained by subtracting the initial total stress in
the vertical direction of about 71 kPa from the total cone resistance
of about 260 kPa). Using the predicted su value of 25.4 kPa (Fig. 4),
a cone factor (Nkt) of about 7.4 is estimated, which is in the range of
the theoretical values of about 7.0–10.0 [12], but lower than typical
Fig. 7. Contours of excess pore
field values of 10–14 [19]. It is considered that the slightly lower
Nkt value may be due to the simulated skin friction being much
smaller than in a real case. With a value of the coefficient of friction
l = 0.01 (in terms of total stress) adopted in this study, the simu-
lated friction resistance of the cone is only about 1 kPa, which is
about 5% of the value of su for the model ground. This smaller
friction resistance contributes to a smaller value of qc in two ways.
One is by directly reducing the shear force acting on the face of the
cone, and another arises from the smaller pore water pressures
induced by shear deformation in the soil surrounding the cone.
Admittedly, a larger coefficient of friction is desirable, but with
the analysis technique adopted experience has shown that in such
cases excessive distortion of elements will occur and the analysis
cannot be successfully completed using the solution algorithm
and software package adopted for this study.

The variation of the simulated values of qc during the excess
pore pressure (u) dissipation process is shown in Fig. 6. It can be
seen that there are initial reductions in qc in the early stages of
dissipation of u, and then qc gradually increased. This increase is
considered to be due the consolidation of the ground around the
cone, which is similar to the effect of negative skin friction on a
pile. Importantly, it should be recognized that a piezocone dissipa-
tion test is not a constant total stress process. Furthermore, as
discussed by Fahey and Lee Goh [10], during consolidation the soil
immediately around the cone tends to displace toward the cone,
but some unloading (or swelling) may also occur in the soil more
remote from the cone. This observation supports the view that a
piezocone dissipation test is a complicated boundary value
problem.

When the tip of the cone penetrated to a depth of 1.5 m the con-
tours of the excess pore pressure (u) in the ground for MCC-2 were
as shown in Fig. 7. The predicted distributions of u in the radial
direction, at the elevation of the shoulder of the cone, are shown
in Fig. 8 for the cases MCC-1 to -3. It can be seen that the value
of u at the periphery of the cone is smaller than values in the zone
adjacent to it. At about 10 mm away from the periphery u reaches a
maximum value (um). The larger the value of OCR, the higher is the
value of um. This distribution is obviously different from that gen-
erally adopted for the analysis of piezocone dissipation tests (e.g.
[21]). In the latter it is assumed that the value of u at the periphery
of the shoulder is largest and it then monotonically reduces with
radial distance.

To investigate further the mechanisms causing the initial distri-
bution of u, as seen in Fig. 8, the volumetric strain variations at
water pressure (MCC-2).



0 0.02 0.04 0.06 0.08 0.1
0

50

100

150

Distance from the periphery of cone (m)

E
xc

es
s 

po
re

 w
at

er
 p

re
ss

ur
e,

 u
 (

kP
a)

  OCR
1.69
1.41
1.13

Simulation

Cylindrical
cavity
expansion

Fig. 8. Radial distribution of u at the elevation of the shoulder of the cone.

1.2 1.3 1.4 1.5
-30

-25

-20

-15

-10

-5

0

5

Penetration depth (m)

V
ol

um
et

ri
c 

st
ra

in
 (

%
)

Point-A
Point-B

Cone tip passing 
the elevation

Fig. 9. Volumetric strain variations.

0 0.02 0.04 0.06 0.08 0.1
-150

-100

-50

0

50

Distance from the periphery of cone (m)

E
xc

es
s 

po
re

 w
at

er
 p

re
ss

ur
e,

 u
 (

kP
a)

ψ (o)
8
5
2

Fig. 10. Distribution of u predicted using the MC model.

10-4 10-3 10-2 10-1 100 101 102 103 104
0

50

100

150

  OCR
1.69
1.41
1.13

Elapsed time, t (min)

E
xc

es
s 

po
re

 p
re

ss
ur

e,
 u

 (
kP

a)

Fig. 11. Dissipation curves (MCC model).

J. Chai et al. / Computers and Geotechnics 41 (2012) 13–22 17
points A and B, as indicated in Fig. 2, are depicted in Fig. 9 (MCC-2).
Fig. 9 shows that when point A (initially located 1 mm away from
the centreline of the model) flowed through the face to the shoul-
der elevation of the cone, there was volumetric expansion with an
expansive volumetric strain (ev) up to about 25%. This value was
obtained at a single integration point of the corresponding element
and thus it is a localized value. As for point B (5 mm away from the
center), ev was almost zero as the cone passed through this eleva-
tion. It is acknowledged that oscillations in the value of ev which
can be seen in Fig. 9 may be a numerical problem and not entirely
representative of a true deformation mechanism.

The distributions of u in the radial direction for the cases using
the MC model are given in Fig. 10. It can be seen that with dilatant
soil behaviour, the value of u at the periphery of the cone shoulder
is negative, and the larger the dilatancy angle (w), the more nega-
tive the value of u at this location.

With the numerical results presented above, it is considered
that both shear-induced dilatancy and unloading effects, which oc-
cur when a soil element moves from the face to the shoulder of a
cone, are probably the main reasons for causing pore water pres-
sure distributions such as those illustrated in Fig. 8 (denoted as
‘‘Simulation’’) at the elevation of the shoulder of a cone. However,
it is acknowledged that there are results of field dissipation tests
conducted in lightly overconsolidated deposits that show mono-
tonic reductions of u with time. It is generally acknowledged that
when a soil element moves from the face to the shoulder of the
cone some unloading of soil elements (i.e., reduction in mean total
stress) generally occurs. But whether the value of u recorded at the
shoulder location is lower than that in the surrounding soil proba-
bly depends on the relative importance of the effects of unloading
and the effect of shear induced pore pressure generation at any
particular location.
The simulated curves showing the dissipation of the excess pore
pressure u at the shoulder location for cases MCC-1 to -3 are given
in Fig. 11. Due to the pattern of the initial distributions of u, as
shown in Fig. 8 (‘‘Simulation’’) at the beginning of the dissipation
process, the value of u increased to a maximum value (umax), and
then dissipated gradually and approached zero, so that the total
pore water pressure approached the original value of the hydro-
static pressure at this depth. For the cases simulated, the time for
u to reach the corresponding value of umax was only a few seconds.

3. Proposed method for interpreting ‘‘non-standard’’
dissipation curves

3.1. Assumptions

In engineering practice, it is often necessary to interpret a value
of ch from a measured ‘‘non-standard’’ dissipation curve. In order to
develop a rational, easy-to-use method, the effect of the initial ex-
cess pore pressure (u) distribution on the dissipation curves was
investigated numerically. The following conditions and assump-
tions were adopted in this numerical investigation:

(1) Dissipation analysis method – an uncoupled consolidation
analysis assuming only radial drainage was used. The
governing differential equation was solved in the standard
manner using the finite difference technique.

(2) Initial distribution of excess pore water pressure (u) – the
assumed initial distribution of u is illustrated in Fig. 12. Line
r is from the theory of cylindrical cavity expansion (e.g.
[22,5]):

u ¼ 2su ln
r0ðIrÞ1=2

r
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Table 3
Summary of cases analyzed.

No. ch

(10�6 m2/s)
su

(kPa)
Ir rd

(mm)
m
(kPa/mm)

Du
(kPa)

Series-1 0.833 30 200 0 and 10 0–10 0–100
Series-2 0.833 30 200 0–28 0–25 50
Series-3 0.833 30 50 0–14 0–25 50
Series-4 0.833 30 500 0–14 0–25 50
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where Ir is the rigidity index (Ir = G/su, and G is the shear modulus of
the soil), r0 is the radius of the cone and r is the radial distance. The
dashed line s is assumed to take into account the effects of shear-
induced dilatancy and unloading when a soil element moves from
the face to the shoulder region of a cone. The magnitude of the
effect can be adjusted by varying the shear zone thickness, rd, and
the parameter m. The difference in excess pore pressure between
the maximum value (at distance rd from the cone) and the value
at the filter element shown in Fig. 12 is denoted as Du. For the
numerically simulated piezocone penetration cases, MCC-1, -2
and -3, Ir values of approximately 29.6, 24.3 and 20.6 were esti-
mated at about 1.5 m depth in the model, and the corresponding
values of u calculated from Eq. (1) are plotted in Fig. 8. In estimating
the values of Ir, values of su were predicted by the Modified Cam
Clay model for the corresponding initial effective stress, and the
shear modulus was calculated using the initial mean effective stress
(p0 = (1 + 2K0)r0v0/3) corresponding to the initial overconsolidated
state of the soil. It can be seen in Fig. 8 that for r > 5 mm, the values
of u obtained from Eq. (1) are smaller than the corresponding values
predicted by the finite element penetration analysis. These discrep-
ancies may arise because the cavity expansion theory ignores the
effect of vertical shearing that occurs during the vertical penetra-
tion of a cone into the soil. However, the shapes of the two different
distributions are similar and it is considered that for a comparative
study, using the cavity expansion theory for estimating the initial
excess pore pressure distribution in the zone where r > rd is
acceptable.

Compared with an actual field situation, the conditions assumed
in the analysis probably suffer from the following shortcomings:

(1) the dilatancy-induced non-uniformity of the coefficient of
consolidation and its variation during the consolidation pro-
cess are ignored;

(2) the vertical component of pore water flow is ignored; and
(3) the excess pore pressure variation is not coupled to the

effective stress changes and therefore, the deformation of
the soil mass.

Because of these shortcomings, it cannot be expected that this
uncoupled radial consolidation analysis will simulate the field
dissipation process exactly. However, the overall aim of the analy-
sis is to obtain an understanding of the relative importance of the
initial excess pore pressure distributions r and s (Fig. 12) and
how their difference affects the interpretation of the value of ch.
It is therefore considered that such shortcomings are tolerable as
a first approximation.

The cases that were simulated are listed in Table 3. Series-1 has
been used to investigate the effect of the amount of excess pore
pressure reduction (i.e., the value of m and therefore Du), Series-
2 investigates the effect of the thickness of the shear zone, rd (for
the same value of Du), and Series-3 and Series-4 investigate the
effect of rigidity index (Ir).
3.2. Effect of initial excess pore pressure distribution

Fig. 13 shows an example of the results of these analyses. It can
be seen that the initial excess pore pressure distribution has a sig-
nificant effect on the dissipation process. In all cases the time for
dissipation of 50% of the maximum excess pore pressure (t50) is
longer for distribution s than it is for r (Fig. 13a). Generally,
the larger the values of rd and m, the longer will be t50. If the value
of t50 indicated in Fig. 13b were used directly to evaluate the value
of ch, then the initial excess pore pressure distribution s will give a
lower value of ch than distribution r (see Fig. 13a), even though
the same value of ch is assumed in both numerical simulations.

Using t50 for the dissipation curve s in Fig. 13b is effectively the
same as using Sully et al.’s [18] shifting time origin method. Sully
et al. also proposed a method to extrapolate the post-maximum
portion of the dissipation curve on a plot of excess pore pressure
versus the square root of time to obtain the initial value of u. The
appropriateness of this method is examined using the simulated
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dissipation curve s in Fig. 13b, and the result is given in Fig. 14. It
can be seen that the value of t50 evaluated in this way is smaller
than that given by the method involving shifting the time origin,
but it is much larger than that which would be obtained from
the dissipation curve r (Fig. 13b). This finding illustrates that
the method of Sully et al. is not suitable for the interpretation of
this particular problem.

3.3. Empirical equation for correcting t50

Based on the numerical results described previously, the follow-
ing empirical equation is proposed to correct the value of t50:

t50c ¼
t50

1þ 18:5 � tu max
t50

� �0:67
Ir

200

� �0:3
ð2Þ

where t50c is the corrected time for 50% excess pore pressure dissi-
pation, tumax is time for the measured excess pore pressure to reach
its maximum value, t50 is the observed time difference between the
maximum and 50% of the observed maximum excess pore pressure
(see Fig. 1 for the definitions of tumax and t50). For a given value of Ir,
the magnitude of this correction depends on the ratio of tumax to t50.
Also, the numerical results indicate that tumax is not greatly influ-
enced by Ir, but in contrast, t50 increases significantly with increas-
ing Ir. Therefore, a term related to Ir has been included in Eq. (2).
Once the value of t50c is calculated from Eq. (2), existing methods
for interpreting the results of piezocone dissipation tests can then
be used to evaluate ch.

Two parameters, rd and m, are used to define the initial distribu-
tion of u (Fig. 12), while only one parameter, tumax, is used to
correct t50. Two simulated dissipation curves with almost the
same values of tumax and umax but different values of rd and m are
compared in Fig. 15. This figure clearly shows that if the values
of tumax are almost the same, there is no obvious difference in the
post-maximum dissipation curves.

For the conditions listed in Table 3, comparisons of the values of
t50 (Fig. 1) and t50c (Eq. (2)) are given in Fig 16a–d. Fig. 16 shows
that Eq. (2) is applicable for a wide range of conditions. In all cases
the value of ch used in the numerical analysis was the same. From
consolidation theory, it is known that the degree of consolidation is
controlled by the non-dimensional time factor (T). For a given
value of T, reducing or increasing ch requires a proportional
increase or reduction in time (t). This means the ratio tumax/t50 will
not be affected by the value of ch, and therefore, Eq. (2) is also
applicable for other values of ch.

Among the methods available for evaluating the value of ch

from piezocone dissipation tests, the one proposed by Teh and
Houlsby [21] is probably most widely used [14]. Teh and Houlsby’s
[21] equation is as follows:

ch ¼
Cp � r2

0 �
ffiffiffiffi
Ir
p

t50
ð3Þ

where Cp is a factor related to the location of the filter element. For a
cone with a shoulder filter element, Cp = 0.245 [21]. Eq. (3) had been
developed for the condition of monotonic excess pore pressure
dissipation (i.e., ‘‘standard’’ dissipation curves) and strictly cannot
be applied to ‘‘non-standard’’ dissipation curves. In this study it is
proposed that the value t50c should be substituted into Eq. (3) in-
stead of t50, to interpret the ‘‘non-standard’’ dissipation curves.

4. Application to numerically simulated cases

For the numerically simulated cases in clay soils (MCC-1 to -3),
the ‘‘true’’ values of the coefficient of consolidation (c) and the esti-
mated values of ch obtained from the simulated dissipation curves
are summarized in Table 4. In calculating each value of c, the
appropriate initial value of the mean effective stress (p0) was used.
Although the three simulated cases had different sizes of yield
locus, the initial effective stresses were the same, and all three
samples were initially in an overconsolidated state, the same value
of j was adopted and hence the same value of c applied to the soil
in each case. It can be seen that if the value t50 is used directly in
Eq. (3), the estimated values of ch are smaller than the ‘‘true’’ values
of c, whereas using the deduced values of t50c results in estimated
values of chc that are much closer to the ‘‘true’’ values of c.

From the estimated values of chc listed in Table 4, it seems that
the value of OCR has had some influence on the deduced values of
chc. Under the assumption that OCR does not significantly influence
the shear modulus, the larger the value of OCR, then the smaller
the value of Ir, and hence the smaller the plastic zone in the soil
around the cone and therefore the faster the pore pressure dissipa-
tion, i.e., the larger the deduced value of chc.

5. Application to field cases

There are some published data from piezocone dissipation tests
which exhibit ‘‘non-standard’’ excess pore pressure dissipation
curves for cases where the pore pressure filter is located at the
shoulder of the cone (e.g. [3,18]). Four (4) field cases with ‘‘non-
standard’’ dissipation curves are summarized in Table 5, in which
values of cv measured in laboratory oedometer tests and values
of ch estimated from piezocone dissipation tests are available.
The corresponding normalized excess pore pressure dissipation
curves are shown in Fig. 17a–d. In this figure, Dumax represents
the maximum excess pore pressure observed. Cases 1–3 in Table
5 are from Burns and Mayne [3], and the ch values estimated by
them using a technique to fit the measured dissipation curve by
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Table 4
Estimated ch and chc values from the numerically simulated ‘‘non-standard’’ dissipa-
tion curves.

Case Ir t50

(s)
tumax

(s)
t50c

(s)
ch

(10�6 m2/s)
chc

(10�6 m2/s)
‘‘True’’
c (10�6 m2/s)

MCC-7 29.6 332.0 4.5 209.5 1.28 2.02 2.30
MCC-8 24.3 237.9 3.0 156.0 1.62 2.46 2.30
MCC-9 20.6 177.0 2.5 115.0 2.00 3.08 2.30
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varying both ch and the rigidity index Ir are listed in the table. In all
cases, their values are much lower than those estimated by the
method proposed in this study. The values of ch estimated using
t50 (as defined in Fig. 1) by Teh and Houlsby’s [21] method (Eq.
(3)), are those in parentheses in the column labelled ‘‘This study’’.
These values are also larger than those reported by Burns and May-
ne [3]. Case 4 in Table 4 is from Sully et al. [18] and their reported
values of ch were estimated by using the technique of shifting the
origin of time to the point where the maximum excess pore pres-
sure occurs. The range of ch values quoted by Sully et al. [18] is for
the depth range from 1 m to 9 m. At a depth of 6.65 m, the ch value
obtained using the method of this study is close to the upper
bound of the range quoted by Sully et al. As discussed previously,
shifting the origin of time ignores any dissipation that occurs be-
fore the excess pore pressure at the filter element reaches a max-
imum and as a consequence the method tends to under-estimate
the value of ch. Basically, shifting the origin of time method should
provide the same values as those indicated in parentheses in the
column labelled ‘‘This study’’. Generally, the method proposed in
this study gives higher values of ch than the laboratory measured
values of cv. Normally ch is larger than cv because most soft clay
deposits contain horizontal stratifications formed during the depo-
sition process, which will increase hydraulic conductivity in the
horizontal direction [20,6]. There is no information about the ratio
of ch to cv for Cases 1–3 listed in Table 5, but for Case 4, this ratio is
noted as being from 1 to 2 [18].

Except for London clay at the Canon’s Park site (Case 1 in Table
4), the ratio between the values of ch deduced from the method
proposed in this study and the corresponding laboratory values
of cv is between 2 and 17. For the case of London clay, the labora-
tory cv value seems low. Although there is no information indicat-
ing whether the cv value given is for the normally consolidated
range or overconsolidated range, it appears that the value might
be for a normally consolidated sample. At the test depth, 5.7 m be-
low the ground surface, Burns and Mayne [3] reported an overcon-
solidation ratio (OCR) of 14 and a value of more than 20 has been
reported by Bond and Jardine [2]. According to Bond and Jardine [2]
the ground water level was about 1.0 m below the ground surface
and the water content was about 30% (a unit weight of about
19 kN/m3 can be estimated). At 5.7 m depth, an in situ vertical
effective stress of about 60 kPa can be estimated, and then using
an OCR value of 14 the maximum pre-consolidation pressure will
be 840 kPa. The maximum excess pore pressure generated at that
location was only about 380 kPa. Therefore, during the dissipation
test, most likely the soil was in an overconsolidated state and the
value of ch from the piezocone dissipation test probably represents
the field value of the soil in an overconsolidated state. Also, Bond
and Jardine [2] reported that the coefficient of volumetric com-
pression of the soil was 2 � 10�5 m2/kN. If a hydraulic conductivity
of 10�10 m/s (a lower value for a natural soft clay deposit) is as-
sumed, a value of cv of 0.018 m2/s is calculated, which supports
the higher ch value interpreted by the proposed method.



Table 5
Laboratory cv and piezocone ch values from sites exhibiting ‘‘non-standard’’ excess pore pressure dissipation curves.

No. Site Depth
(m)

OCR cvlab

(10�2 m2/s)
Ir Diameter of

cone (mm)
ch from piezometer
test (10�2 m2/s)

References

Literature This
study

1 London clay at Canon’s Park,
UK

5.70 14.0 0.06–0.12 100 102.0 0.90 2.46
(1.74)a

Test data from Bond and Jardine [2]; piezocone
Ch from Burns and Mayne [3];

2 Crust of soft clay at St.
Lawrence Seaway, NY

6.10 3.5 0.90–2.88 50 35.7 1.08 6.18
(2.88)

Test data from Lutenegger and Kabir [13];
piezocone ch from Burns and Mayne [3];

3 Cemented clay, Taranto, Italy 9.00 26.0 0.36–0.90 200 35.7 1.44 6.18
(3.06)

Test data from Battaglio et al. [1]; piezocone ch

from Burns and Mayne [3]
4 Strong Pit clay, University of

British Columbia test site
6.65 4.0 OC:0.72–1.8

NC:0.24–0.36
200 35.7 2.16–

3.60b
3.78
(2.04)

Sully et al. [18]

OC: for overconsolidated range; NC: for normally consolidated range.
a Numbers in parentheses are ch values evaluated from t50 without correction.
b Values for 1–9 m depth.
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Fig. 17. Normalized excess pore pressure dissipation curves of other sites.
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From the above discussion, it is believed that values of ch

obtained from field piezocone dissipation tests using the method
of interpretation proposed in this paper are more representative
of the field values. It is suggested that the proposed method is
therefore useful for interpreting a value of ch from a ‘‘non-stan-
dard’’ piezocone dissipation curve.

6. Conclusions

Field piezocone dissipation tests in overconsolidated clay
deposits conducted using a cone having the filter element for pore
water pressure located on the shoulder of the cone, often show an
initial increase in the observed pore water pressure followed by
the expected decrease. This kind of the dissipation curve has been
referred to as a ‘‘non-standard’’ dissipation curve. Mechanisms
causing these ‘‘non-standard’’ dissipation curves were investigated
numerically, and based on the results of this analysis an empirical
method has been proposed to interpret values of the coefficient of
consolidation in the horizontal direction (ch) from these ‘‘non-stan-
dard’’ dissipation curves. The proposed equation has been vali-
dated using the numerically simulated results as well as the
results of some field dissipation tests reported in the literature.

From this study the following general conclusions may be
drawn.

(1) Mechanisms: the results of numerically simulated piezocone
penetration and dissipation tests indicate that the ‘‘non-
standard’’ dissipation curves can be caused by (a) shear-
induced dilatancy of overconsolidated clays or sandy soils
and (b) unloading effects for soil elements moving from
the vicinity of the face to the shoulder of a cone. Both effects
should result in a lower excess pore pressure at the filter ele-
ment at the shoulder than beyond it.

(2) Proposed empirical equation: using the results of an uncou-
pled radial consolidation analysis, an empirical equation
has been established for ‘‘correcting’’ values of t50, the time
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for 50% dissipation of the measured maximum excess pore
pressure. It was demonstrated that the corrected value of
t50, designated as t50c, can then be used successfully with
existing methods to evaluate the field value of ch.

(3) Validation of the method: the proposed method was applied
to the numerically simulated ‘‘non-standard’’ dissipation
results where the ‘‘true’’ value of the coefficient of consolida-
tion (c) was known, and some field cases reported in the lit-
erature. It is concluded that values of ch evaluated from the
proposed method are more representative of the ‘‘true’’ or
field values of the horizontal coefficient of consolidation
than those evaluated using alternative methods.
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