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An analytical study of the effect of penetration rate on
piezocone tests in clay

Marcelo F. Silva®™*, David J. White® and Malcolm D. Bolton"

Engineering Department, University of Cambridge, U.K.

SUMMARY

Finite element cavity expansion analysis investigating the effect of penetration rate on piezocone tests in
clay is presented. A coupled analysis was performed, in which the rate of cavity expansion was linked to the
penetration rate of the cone and the cone angle, using the assumption that the deformation was wholly
radial, and took place only between the cone tip and the cone shoulder. The soil was modelled using
modified cam clay with two sets of parameters and varying values of overconsolidation ratio (OCR). The
influence of penetration rate on the stress and pore pressure distributions was examined. For slower
penetration rates, the excess pore pressure at the cone shoulder is lower since consolidation is permitted
coincident with penetration. The radial profiles of post-penetration voids ratio demonstrate that partially
drained penetration is permitted by volume change in the near field, in addition to radial movement in the
far field. The radial distribution of excess pore pressure after slow penetration differs from the undrained
case, with a relatively low radial gradient existing at the cone face. As a result, the dissipation curves after
slow penetration lag behind those following fast penetration. The cone velocity is made dimensionless by
normalizing with the coefficient of consolidation and the cone diameter. ‘Backbone’ curves of normalized
velocity against normalized tip resistance and excess pore pressure capturing the transition from undrained
to drained penetration are derived. The normalized pore pressure backbone curve is unique, whilst the
normalized tip resistance shows a small dependency on OCR. These backbone penetration curves are
compared with centrifuge model piezocone tests conducted at varying rates, and subsequent dissipation
tests. The numerical and experimental results suggest that the value of consolidation coefficient operative
during the dissipation phase is 2-4 times higher than the virgin compression value due to changes in the
operative soil stiffness, as demonstrated from the stress paths of individual soil elements. The use of multi-
rate penetration tests to deduce values of consolidation coefficient is discussed, in light of these differences.
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INTRODUCTION

Since its introduction as an in situ investigation device, the piezocone test has provided
information which practitioners use to estimate geotechnical parameters. These parameters
involve a range of physical and mechanical properties, such as shear strength, deformation, soil
state and permeability. Methods for estimating geotechnical parameters from in situ test results
are more reliable if based on analytical solutions that properly model the penetration process.
Investigation of the available methods for the analysis of cone resistance [1] showed that,
although various theoretical analyses have been proposed for the penetration process, none is
fully rigorous. In practice, most of the parameters have therefore been empirically correlated to
the piezocone quantities g. (cone resistance), f; (sleeve friction) and u (dynamic pore pressure),
for a given case. However, only when the drainage conditions during a piezocone test are fully
understood can the combination of the piezocone quantities be correlated to the soil properties.

During insertion, a zone of soil around the piezocone is significantly disturbed. Commonly,
this disturbed soil is divided into a plastically deforming region and, at a farther distance, an
elastically deforming region. Excluding a region along the piezocone—soil interface in which
intense shearing completely remoulds the soil, it is generally accepted that the modes of
deformation through which the surrounding soil is subjected during cone penetration are
equivalent to the creation of a cavity. It was shown [2] through a combination of strain path and
finite element analyses that, for cone angles greater than the standard 60°, the axial plastic
boundaries ahead of a piezocone advancing under undrained conditions were comparable with
spherical cavity expansion solutions. Recently, Lu e al. [3] showed that the radial variation of
the direction of computed major principal stresses in the soil surrounding a simulated piezocone
also agrees with spherical cavity solutions. Prior to this, Yu and Mitchell [1] had already showed
that, in most cases, cavity expansion solutions give the closest agreement between predicted and
measured penetration resistance.

Similarly, reviews of analytical methods to describe pore pressure distribution immediately
after penetration and during subsequent dissipation in clays [4,5] showed that pore pressure
generation can also be adequately predicted by cavity expansion methods (e.g. References [6,7]).
These methods compare well with computed analyses from more sophisticated two-dimensional
finite element and strain path methods (e.g. References [2,8]). Following penetration, the decay
of pore pressure is then mostly predicted on the basis of Terzaghi-Rendulic one-dimensional
consolidation theory with radial flow of pore fluid. However, Randolph et al. [9] pointed out the
inability of these solutions, commonly based on elastic-perfectly plastic soil models, to correctly
link the changes in soil strength with the current effective stress state during analysis. To
overcome this problem, effective stress constitutive models should be used for dissipation
analysis subsequent to penetration.

Based on a coupled cavity expansion analysis, this paper describes the results of the effects of
piezocone penetration at different rates on clays. The penetration process was simplified by the
assumption of axial symmetry and plane strain conditions, allowing the piezocone to be
modelled as the expansion of a cylindrical cavity. The expansion represents the soil deformation
occurring between the tip of the piezocone and the shoulder. This simplification allowed the
cone penetration velocity to be linked to the cavity expansion rate, and the predicted pore
pressure at the cavity wall to be linked to the dynamic pore pressure measurement at the cone
shoulder (u;). The cavity expansion finite element analysis used the modified cam clay
constitutive model. Concurrently with penetration, any generated excess pore pressure was
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allowed to dissipate. Changes in stresses and pore pressure distributions were assessed for
different rate of penetration. Limiting values of excess pore pressure were achieved after a
certain rate, which may be used to define the transition from partially drained to fully undrained
penetration conditions. Based on a new technique of speed-varying penetration tests [10,11],
methods for determining the coefficient of horizontal consolidation are discussed.

To conclude, a comparison is made between centrifuge piezocone tests at different penetration
rates and the theoretical analyses shown herein. It is shown that the coefficient of horizontal
consolidation relevant to the piezocone dissipation problem, which is analogous to pile set-up,
may be estimated from the velocity-dependent change in resistance associated with the
transition from undrained to drained behaviour, as well as in the more conventional manner
from the subsequent dissipation curve.

CAVITY EXPANSION—FINITE ELEMENT APPROACH

To analyse the effect of penetration rate on the changes of stress and pore pressure distributions
in soils, a computer code including a coupled-consolidation formulation was used. This code,
referred to as CAMFE, was firstly developed at University of Cambridge, U.K., by Prof. Carter
[12], whilst the latest versions have been developed at the University of Sydney, Australia [13].
CAMFE has previously been used to simulate the expansion of a cylindrical cavity in a saturated
two-phase soil (e.g. References [9,14]). The coupled-finite-element formulation is based on the
response of the saturated soil element to an applied stress, which is coupled to the Darcy flow of
pore fluid through the soil. Details of the numerical formulation, based on the work of Small
et al. [15], are given by Carter et al. [14].

Taking advantage of this formulation, the degree of drainage can be investigated through the
variation of either the model permeability or penetration rate. By fixing the penetration rate at
20mm/s, Abu-Farsakh er al. [16] investigated the effect of soil permeability on the computed
gxcess pore pressure during cone penetration. A similar approach was also adopted by
Rangeard et al. [17] when analysing drainage conditions during pressuremeter tests. In contrast,
this paper studies the degree of drainage by imposing a rate of cavity expansion, so that at each
time increment dz, the cavity radius ry is increased dr in a strain-controlled analysis. Undrained
to partially or fully drained condition during the simulation of piezocone penetration is
therefore possible by adopting a stepwise finite element approach. If an undrained or a fully
drained simulation is needed, then the expansion rate applied relatively to the soil permeability
should be sufficiently fast or slow, respectively.

The rate of cavity expansion is related to the penetration rate by the apex angle of the cone.
Figure 1(a) shows that, for a vertical penetration rate of v,, the soil element in contact with a
frictionless cone tip surface displaces radially at a constant speed equal to v, = v, tan «, where
v,0 i the rate of cylindrical cavity expansion and « is half of the cone apex angle. For the
standard penetration rate of 20 mmy/s, the corresponding rate of cylindrical cavity expansion is
about 11.5mm/s over one cone tip length, if a standard 60°-apex angle cone is used. This
approach, however, does not account for the axial soil deformation, which accumulates during
the steady penetration. The axial strains below the cone tip are a function of the soil strength
and the cone angle. For the standard 60°-apex angle cone, for example, during undrained
penetration, significant compressive axial strain accumulates ahead of the penetrometer [2,18].
Conversely, a very sharp cone angle mainly displaces the surrounding soil elements in the radial
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Figure 1. Simulation of the penetration process.

direction. The chosen approach is therefore correct for low values of «, but may introduce
an error for higher a« values. The simplicity of this model for the penetration process
must be weighed against the possible error due to the assumption of wholly radial soil
movement.

In a penetration analysis by the cavity expansion approach, plane strain conditions are
assumed. The soil is hence considered as a surface of unit thickness in the axial direction. The
one-dimensional finite element mesh used in this analysis consisted of 199 nodes, where the ratio
of co-ordinates for adjacent nodes was taken as 1.025. Hence, the ratio of the outer boundary of
the soil to the penetrometer radius was 76.7. Also, the cavity boundary was considered
impervious, while zero excess pore pressure was maintained at all times at the outside mesh
boundary.

Singularity of circumferential strain as the cavity is first created is avoided by considering the
expansion of a pre-existing cavity of initial radius equal to aq, to a final cavity of radius a¢ [14].
Since cavity expansion is from a finite initial radius, it is necessary to push from aq to beyond the
radius of the penetrometer rq, so that the soil that was originally inside g, can end up at rg. To
match the stress field, Carter ez al. [14] suggested a relation between rq and af found simply by
considering constant volume radial movement. The area inside aq is soil that must be pushed
away to outside the cone radius rq, to the final cavity radius ar. So, naé=nat—nri. If (for
convenience) ag/ag=2, then rg = ao\/§ [14]. The penetration process of a cone penetrometer
may then be modelled as indicated in Figure 1(b). For a standard cone penetrometer of diameter
35.7mm, a cavity of 20.6mm initial diameter is therefore expanded to a final diameter
of 41.2 mm.
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SOIL MODEL

In this paper, the modified cam clay model [19] was adopted for the study of rate effects on
penetration in clays. This model, referred to as MCC, is capable of replicating features of
normally consolidated and lightly overconsolidated clays, in which penetration rate effects can
be observed. It also permits changes in the strength and density of the soil to be assessed during
both cavity expansion and subsequent consolidation.

Two distinct sets of soil parameters were used, representing two example clays: kaolin and
Boston blue clay (BBC). The choice of simulating kaolin is because of its wide usage in physical
modelling, though pure kaolin is a manufactured product. Parameters for kaolin were obtained
from Reference [20], while the BBC properties were chosen from Reference [9]. The numerical
values of the soil parameters are tabulated in Table I. In addition to these parameters, a full
description of the materials for analysis requires specification of the elastic shear modulus G, the
soil permeability &, the unit weight of the pore fluid y,, and the initial ambient stresses, including
the modified cam clay hardening parameter p [14].

Prior to the simulation of the piezocone penetrations, different starting stress conditions were
considered for each material. Due to the high dependency of cone penetration on the in situ
horizontal stress [21], the initial effective horizontal stress o/, was varied in relation to the initial
effective vertical stress ¢',. Following Randolph et al. [9], since the ratio of initial effective
horizontal to vertical stresses (Ko = ¢’y/d’y) can be estimated using correlations with
overconsolidation ratio (OCR), the K, values were linked to increasing OCRs (equal to 1, 2,
4, 8 and 32) as follows:

Ky = KoncOCR” €]

where Ko is the normally compressed coefficient of earth pressure at rest, and » is a constant.
Values of Ko and # equal to 0.69 [22] and 0.401 [23] were taken for kaolin, respectively. The
characteristics of BBC were chosen similar to that of Randolph et al. [9], allowing verification of
the analyses. For this reason, the initial voids ratio e, was considered constant before each
analysis, and equal to 1.16 in the case of BBC. For kaolin, the chosen initial voids ratio was
1.41. As pointed out by Randolph et al. [9], by adopting a unique initial voids ratio, each
material had the same initial plane-strain undrained shear strength s, prior to piezocone
penetration.

In the MCC model, the elastic bulk modulus X’ is dependent on the current pressure, whilst G
is fixed, resulting in conservative elastic behaviour [24]. In reality, G is not constant, but may be
expressed by a power function of the applied pressure p’ and pre-consolidation pressure pl
[25,26]. However, in order to allow comparison of the undrained case results with those of
Randolph ez al. [9], G was tied as a proportion to the maximum value of K’ (K] ,,) that was ever

Table I. Independent constitutive parameters.

Kaolin Boston blue clay
A 0.205 0.15
K 0.044 0.03
€cs 2.14 1.744
M 0.92 1.2
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Table II. Numerical analyses and derived parameters.

Case OCR K, G/su0 Gloly Glp
Kaolin

A 1 0.69 78 23 33
B 2 0.91 87 46 57
C 4 1.20 96 90 90
D 8 1.59 105 179 145
E 32 2.77 123 705 325
Boston blue clay

F 1 0.55 74 25 36
G 2 0.7 83 50 63
H 4 1.0 91 101 100
I 8 1.35 100 201 164
J 32 2.75 118 806 372

reached during the history of the soil, i.e.
G=pK.,. 2

For linear isotropic elastic material, §=3(1-2v")/[2(1 +V')]. For the kaolin, a v’ value of 0.25 was
assumed, and hence f=0.6, whilst §=0.5 was used for BBC [9]. It interesting to note that
Equation (2) indirectly connects G (and hence the rigidity index I.= G/s,0) to the OCR values,
implying that an overconsolidated soil is stiffer in shear than a normally consolidated soil with
the same density. However, it may lead to overprediction of excess pore pressures at high OCR
soils, as pointed out by Collins and Yu [27].

The permeability of kaolin was estimated as equal to 1.5 x 10~°m/s by using the power law
relationship of Al-Tabbaa [28], which links & with voids ratio e in the range 0.9-2.4. Due to the
anisotropic nature of BBC, a k value of 1.7 x 107" m/s, corresponding to the horizontal
permeability, was found from Reference [8]. For each soil, the permeabilities were held constant
at these initial values throughout the analysis. Hence, the consolidation analysis depended on
the value of the soil permeability k, which was assumed constant throughout the cavity creation
and subsequent dissipation. The advantage of assuming constant values of permeability at any
stress condition is that the changes in consolidation characteristics due to penetration rate are
linked only to changes in soil strength and stiffness, as captured by the MCC model. The details
of the numerical computations are given in Table I1.

RESULTS OF ANALYSIS

By varying the penetration rate v,, undrained to partially or fully drained penetration conditions
were simulated through cylindrical cavity expansion. Figure 2 shows expansion curves of excess
pore pressure Au, which was rendered dimensionless by normalization with s, [9,14,27].
Figure 2(a) shows Au/s,o as a function of the expanding cavity a/a, and the penetration rate v,,
for both kaolin and BBC with OCR = 1. When the cavity has doubled in size, Au/s,o has reached
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Figure 2. Excess pore pressures generated close to the piezocone face during expansion at different rates.

limiting value. In Figure 2(b), where the initial radial stresses are greater and related to
OCR =32, Au/s, follows a similar trend but with lower values.

Figure 3 shows the resulting values of Au/s,y obtained after expansion at different penetration
rates v,. It can be observed that, at higher values of OCR, a decrease in Au/s,q is obtained for
both soils. This decrease in the Au/s,o values for higher OCR arises since suppressed dilation in
high OCR soils creates negative excess pore pressure due to shearing, whereas in low OCR soils
the shear-induced Au is positive. For the soil parameters chosen for analyses, the induced excess
pore pressures due to isotropic compression always exceed the shearing components, so the net
effect is always a positive excess pore pressure.

As observed in Figure 3, identical values of Au/s, are developed at 10 and 100mmy/s,
indicating that negligible dissipation takes place during penetration. For each soil, this rate of
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Figure 3. Excess pore pressures close to the piezocone shaft (at »=1.15¢y) after cavity expansion, as a
function of penetration rate and OCR.

penetration defines the transition from partially drained to fully undrained penetration
conditions. For the kaolin, the Au/s,o values at 10 mm/s penetration rate are only 2% greater
than at 1 mmy/s, while for BBC this difference is 3.6%. However, there is no difference of Au
between 10 and 100 mm/s penetration rates. The penetration rate which defines the transition
between partially drained to fully undrained conditions is therefore in the range of 1-10 mmy/s,
and is dependent on the consolidation characteristics of the soil.

A higher OCR leads to dilation after failure, counteracting the positive pore pressure
generated in response to the increasing total stress. In Figure 3, the overall variation in Au/s,g
under undrained conditions is only 3.6-5.6, over a range of OCRs from 1 to 32, for two clays
(M=0.92 and 1.2). The parameter M affects the generation of excess pore pressure since it
governs the end point of the effective stress path during undrained shear, while the total stress
path is governed by the expansion process. As discussed by Randolph et al. [9], there is a small
influence of both stiffness and stress history of the soil on the excess pore pressure developed
under undrained conditions. Therefore, the generation of excess pore pressure is related
primarily to the current soil strength, and only marginally influenced by the initial strength and
stress history.

An alternative approach to examine the variation of the excess pore pressure (Au) with OCR
is to normalize Au by o/,. Figure 4 shows that the undrained values of Au/g/, are strongly
influenced by OCR. This trend is in agreement with data collected by Lehane [29] from
instrumented pile installation in various clays, from which Au/g’,, was found to vary with OCR
raised to 0.36-0.5 (for OCR up to 10), depending on the relative depth. However, for higher
OCR soils, Au/0’, tended to reduce, often to negative values, possibly due to soil dilation during
shearing along the pile shaft.

Distributions of excess pore pressure and radial stress are plotted in Figures 5 and 6, for
kaolin with OCR=1 and BBC with OCR =4, respectively (cases A and H of Table II). As
shown in Figures 5(a) and 6(a), a higher excess pore pressure is generated immediately after
cavity expansion at a higher penetration rate. For comparison, the closed-form solutions for
undrained cylindrical cavity creation suggested by Torstensson [30,31] are also plotted. While
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Figure 4. Variation of Au/s’, with OCR.

good agreement is found between the closed-form solution and the CAMFE simulation for BBC
(I.=91), Figure 6(a), the fast penetration distribution of excess pore pressure are greater than
the closed-form solution for the normally consolidated kaolin with I, =107, Figure 5(a).

Higher values of total radial stress are also observed for fast penetration, but the variation
with penetration rate is much smaller (Figures 5(b) and 6(b)) when compared with the changes
in effective stresses immediately after expansion (Figures 5(c) and 6(c)). It should be noted that
ambient pore pressures were not included in any plot of total stress. Even though the
penetration rate of 0.0001 mm/s is relatively low, the corresponding cavity expansion rate only
allows partial consolidation, leading to a normalized excess pore pressure Au/s,q of 0.5 close to
the piezocone shaft immediately after expansion.

Figures 7(a) and (b) show the stress states immediately after cavity expansion for soil elements
adjacent to the cone tip for the cases shown in Figures 5 and 6, respectively. The Cambridge ¢-p'
space has been normalized by the initial undrained shear strength s,0. Point A is the initial
effective stress state for any rate of penetration. For the fastest penetration rate (= 100 mm/s),
the effective and total stress paths (not including the ambient pore pressure) during cavity
expansion are plotted as curves 4B and AY, respectively. The excess pore pressure immediately
after expansion is the horizontal distance BY. For all penetration rates, the final effective stress
states lie along the critical state line (CSL). The final total stress states are represented by the
curves YY'.

The changes in voids ratio with mean effective stress during cavity expansion for soil elements
close to the cone face are shown in e-log p’ planes (Figure 8), for the cases presented in Figure 7.
Only voids ratio changes for three penetration rates are shown; the fastest, intermediate and
slowest speeds, respectively. The points AB are only labelled for the case of the fastest
penetration rates. The initial voids ratio is indicated by point A. Like the final stress states,
all final voids ratios lie along the CSL immediately after cavity expansion. The reduction in
voids ratio increases with reducing penetration rate, as drainage and volume change occurs
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Figure 5. Distributions of excess pore pressure and radial stresses (kaolin, OCR =1).

concurrently with expansion. In a completely undrained penetration, the initial and final voids
ratios of the soil adjacent to the cone face are the same, as is evident for fast penetrations in both
clays.

During consolidation (points B—Z, Figure 8), the fast tests showed greater contraction, which
is to be expected due to the higher excess pore pressure available to drive consolidation.
However, this greater contraction during equalization to hydrostatic conditions after undrained
penetration left the adjacent soil less consolidated, and hence weaker than after the slower tests.

Figure 9 shows the profiles of voids ratio with radial distance from the penetration axis for
cases A and H, considering the fast (100 mmy/s) and slow (0.0001 mm/s) cases. For the slow
penetration tests, the final voids ratio profiles after dissipation are equal to the profiles of voids
ratio immediately after expansion, reflecting the low excess pore pressures after installation, and
hence the minimal subsequent consolidation. During undrained penetration, the voids ratio
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Figure 6. Distributions of excess pore pressure and radial stresses (Boston blue clay, OCR =4).

profiles immediately after expansion are the same as the initial voids ratio, but during
dissipation there is a decrease in voids ratio that reduces with distance from the cone face. This
is in agreement with field measurements of changes of moisture contents in the soil adjacent to
driven piles immediately after installation [32,33]. Figure 9 also shows that slow penetration has
a smaller zone of influence than fast penetration. The cone volume is partly accommodated by
consolidation in the near field, rather than wholly by radial displacement at constant volume as
is the case for undrained penetration.

Noting that undrained strength increases with decreasing voids ratio, slow penetration leads
to stronger soil within 4r, of the cone face and weaker soil beyond, compared to fast
penetration. A region of swelling is evident in the far field for BBC with OCR =4, into which
pore fluid is driven as excess pore pressure closer to the cone is dissipated, as noted by Fahey

and Goh [34].
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Figure 7. Stress states of adjacent soil close to the cone face during cavity expansion and
consolidation: (a) kaolin, OCR =1; and (b) Boston blue clay, OCR =4.

NORMALIZATION OF PENETRATION RATE EFFECT

For a coupled analysis, it is intuitive to normalize the penetration rate v, by a flow parameter,
such as the soil permeability &, as follows:
vV

“ ©)

Based on their finite element simulation, Abu-Farsakh er al. [16] evaluated the degree of
drainage during penetration using Equation (3). Partially drained penetration was considered to

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2006; 30:501-527




PIEZOCONE TESTS IN CLAY 513
15 ® TInitial 13 ® Initial
® End of expansion B End of expansion
141 A End of consolidation 1.2+ A End of consolidation
vy =100 mm/s | A
L 137 v 1.1 J v, = 100 mm/s
r 0.01
1271 1.0 7 0.0001
| ; i st 150
1.1 e PENIDNSO L L 0.9 N N
10 100 1000 10 100 1000
() p' (kPa) () p' (kP2)

Figure 8. Changes of voids ratio with mean effective stress for soil elements adjacent to the cone face,
during cavity expansion and dissipation: (a) kaolin, OCR=1; and (b) Boston blue clay, OCR =4.
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Figure 9. Profiles of voids ratio with radial distance from penetrometer axis, before and immediately after
cavity expansion: (a) kaolin, OCR =1; and (b) Boston blue clay, OCR =4.

occur for 10*< v,/k < 10°, though careful observation of the data implies a greater range for
the undrained and drained conditions.

However, the non-dimensional number v,/k does not adequately account for other factors
that govern the consolidation process, namely the soil stiffness and the drainage distance. It may
be shown [35] that the penetration of a foundation, or rather in this case a penetrometer [10,11],
may be normalized by a non-dimensional velocity number V of the form

vod

Ch

V= 4)

where v, is the penetration rate, d is the diameter of the penetrometer, and ¢y, is the coefficient of
horizontal consolidation. The dimensionless velocity V is equivalent to the ratio of the time for a
given fraction of diameter penetration (=v,t/d) to the time for (a given fraction of)
consolidation (= cnt/d?). The ¢y, values may be calculated as follows:

k(1 + e

. %)

Ch
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where k is the soil permeability (assumed constant), e and ¢/, are, respectively, the voids ratio
and effective radial stress of the soil adjacent to the cone face immediately after expansion, y,, is
the unit weight of water, and A is the slope of the CSL in e-Inp’ plane. The selection of A in
Equation (5) links the compressibility of the adjacent soil to the slope of the CSL, which is
parallel to the virgin compression line. However, this choice of stiffness value to calculate ¢, and
V' is arbitrary. The soil elements close to the cone are not directly following this path, and soil
elements further from the cone lie at a lower stress, so have a lower stiffness.

For normalization of effective radial stresses acting on the cone, a reference radial stress
(07 ) 1s conveniently chosen as the limiting effective radial stress after undrained penetration
(i.e. at v,>10mm/s) for each case. The resulting normalizations represent an analytical
‘backbone’ curve of penetration resistance against rate for a piezocone test, encompassing both
drained and undrained penetration (Figure 10). This curve is analogous to the experimentally
derived backbone curves for T-bar [10] and model piezocones [11]. There is agreement between
the curves for values of V greater than 10, arising from the use of the undrained penetration for
reference stresses. However, the curves diverge when V assumes smaller values. This divergence
is partly due to the parameters chosen to calculate the ¢y, values, for which e and ¢/, were taken
from the closest element to the cavity immediately after expansion. These parameters, however,
assume a different variation with radial distance during slow penetration compared with fast
penetration. Hence, the operative coefficient of consolidation at a given distance from the cone,
defined as k/m,y,, (Where m, is the coefficient of volumetric compressibility), varies radially and
is dependent on the rate of penetration.

The same normalization is adopted for the maximum excess pore pressure Aupy.,. For this
reason, the limiting excess pore pressures for undrained penetration are taken as reference
" (Auger). The resulting ratios Aug../Aucr are plotted in Figure 11 against the non-dimensional
velocity number V. The agreement between the curves for different OCR values, as well as for
the two soils, demonstrates the advantage of using ¥ and Au¢ for normalization. These results
indicate the proportional reduction in u, that would be measured in a decelerating piezocone
test for a given value of ¥, allowing ¢, to be deduced. It should be noted that these results rely
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Figure 10. Effect of penetration rate on effective radial stress.
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Figure 11. Effect of penetration rate on excess pore pressure.

on the assumptions implicit in this simplified analysis of the penetration process, and the
resulting values of ¢, correspond to the virgin compression stiffness of the soil at the cone face
immediately after cavity expansion (since it is the values of e and ¢/ at the cone face, combined
with A, that are used to calculate the value of ¢, used in V).

ESTIMATION OF ¢, FROM MULTI-RATE TESTS

It is conventional practice to estimate ¢, from a dissipation test for use, for example, in
predicting pile set-up. By using the normalized curves linking o/, /af.’ref and Aup,x/Augr to the
dimensionless velocities V it is alternatively possible to estimate the coefficient of consolidation
cp from the results of two single-rate piezocone tests inserted at different speeds. A value of
Aup,, can be found at the u, position in a slow test, and Aur is the undrained excess pore
pressure measurement from the u, position in a standard (undrained) 20-mm/s piezocone test.
Since v, for the slow test and d are known, ¢, can be determined. Alternatively, the corrected
cone resistance ratio ¢,/grer can be substituted for g, /0] ¢ by assuming that the friction ratio
Js/4. (and the cone—soil coefficient of friction, ¢/ /f;) are independent of penetration rate. This
approach permits Figure 10 to be used to determine ¥, and hence ¢y,

An alternative suggested by Randolph ez al. [10,11] is to perform a multi-rate penetration test,
where the velocity is successively reduced until the measured resistance or pore pressure has
entered sufficiently far into the partially drained region. Then, the results are tied to the
respective ‘backbone’ curve. For example, a piezocone test conducted initially at the standard
rate of 20mm/s, then pushed down 2 diameters at three dimensionless velocities (perhaps
around V=10, 1 and 0.1) within the partially drained region to identify the ‘backbone’ curve
would take T*=X(2/V)=22.2. This is comparable to the dimensionless duration of a
dissipation test taken to 90% completion, which is typically 7%=cpt/d*~20. It was shown
[11] that, though a greater penetration is required for ¢, to become steady, two diameters of
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penetration is sufficient for the u, measurement to change to a constant value appropriate for
the new velocity.

This type of multi-rate penetration test requires precise control of the penetration velocity
down to very low speeds, typically in the range of fractions of a mm/s. Rigs capable of these low
penetration velocities have been used during research into rate effects, as reviewed in References
[4,11] report model piezocone tests at these slow rates. If necessary, a slower cavity expansion
rate can be imposed by using a sharper cone angle. This modification to the cone geometry
would reduce the errors in this analysis associated with the assumption of wholly radial flow.

DISSIPATION FOLLOWING PENETRATION

After expansion, the analysis was continued to assess the stress changes during excess pore
pressure dissipation. As shown in Figures 5(d) and 6(d), the distributions of effective radial
stresses (o) are significantly altered from their initial state at the end of dissipation. The final
effective radial stress close to the cone is greatest for the slowest penetration rate. The differences
in effective radial stresses for different penetration rates are due to the allowance of partial
consolidation during penetration. As observed in Figures 5(b) and 6(b), the total radial stresses
immediately after cavity expansion are roughly independent of penetration rate, whilst the
effective radial stresses depend on the generation of excess pore pressure, which in turn is
dependent on the rate of penetration. During dissipation, there are changes in both total and
effective radial stresses [14]: while the effective stresses increase with time, the total stresses
decrease, such as observed in field measurements of instrumented piles driven into clays [36,37].
The net result is that drained penetration leads to a higher radial effective stress, lower voids
ratio close to the piezocone (or pile), and therefore higher strength in this region, compared with
undrained penetration followed by consolidation.

The stress states of elements of soil adjacent to the cone at the end of dissipation are
represented by the curves ZZ' in Figure 7. The effective and total stress paths for the soil
elements after being subjected to undrained penetrations are also plotted (curves BZ and YZ,
respectively). Immediately after expansion, all soil elements adjacent to the cone are on the CSL.
As the dissipation takes place, the soil elements close to the cone continue to yield as the stress
path moves relatively horizontally in ¢—p’ space. Meanwhile, the more distant soil unloads in
shear to stress states inside the current yield locus, as also observed in References [8,9]. This
unloading is reflected in the reduction in ¢/¢/s,o during consolidation in Figures 5 and 6 at high

In(r/rg).
NORMALIZATION OF DISSIPATION CURVES

Analytical solutions of radial consolidation problems usually normalize the decay of pore
pressure by a non-dimensional time factor 7 [38]

_ nt (6)

where ¢y, is the coefficient of horizontal consolidation, ¢ is the time decay at a specific degree of
consolidation, and ry is the radius of the penetrometer. As discussed earlier, there is no single
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value of ¢, to insert in Equation (6) to represent all of the deforming soil, since the soil stiffness
varies radially. Throughout the consolidation process, the voids ratios change as the
consolidation continues (see Figure 8, curves BZ). The slopes of the curves BZ in e-logp’
space are different for each previous penetration rate, and none necessarily follows the x or A
slope of the modified cam clay model. For this reason, an operative coefficient of horizontal
consolidation for the soil adjacent to the cone during dissipation has been defined as

_ k(l + eaVe)O’;‘,ave
WYy

(7

Ch

where e,y and o, .. are the average values of e and o, of the soil element adjacent to the cone
before and after consolidation, respectively, and w is the slope of the overall stress path during
dissipation in e-logp' space in Figure 8. After undrained penetration, w takes a value midway
between A and x, whereas decreasing the penetration rate the stress paths tend to follow x, as

shown in Figure 13.
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Figure 12. (a) Variation with time of excess pore pressure at r=1.15ry; and (b) dissipation curves after
penetration tests at different rates of penetration at r=1.15r.
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Figure 12 shows the resulting normalized dissipation curves for the cases A and H of
Table 11, when the time factor T is calculated using Equation (7). Only monotonic decay
takes place after cylindrical cavity expansion since the excess pore pressures are wholly
positive and decreasing with radius. The dissipation is faster following the fast penetration
tests, since these tests create a higher initial excess pore pressure gradient adjacent to the
cone face. The curves are compared with solution given by Teh and Houlsby [2], using the initial
rigidity index as given in Table II. The dissipation curves corresponding to the penetration
rates in the range 1-100mm/s agree well with those in Reference [2]. This matches
with the observation by Fahey and Goh [34] that ¢, values from dissipation tests reflect
a soil stiffness given by w, which is between the unloading and normal compression stiffness, x
and A, respectively. If ¢, is being determined to aid the prediction of set-up around a driven
pile, which has the same boundary conditions as piezocone dissipation, this value of ¢y, is
more appropriate than one derived from virgin compression Rowe cell tests, or from the
backbone curves presented earlier, which are tied to the virgin compression ¢, through the
definition of V.

For the slower penetration rates, the normalized dissipation curves are displaced to the right
of the curves corresponding to 1-100 mm/s penetration rates by up to an order of magnitude.
This variation cannot be wholly attributed to the operative stiffness, @, which lies within the
range A to k. The slower dissipation is partly due to the initial distribution of excess pore
pressure (Figures 5 and 7). After slow tests, the radial gradient of excess pore pressure at the
cone face is very low, so more distant excess pore pressure must dissipate before a hydraulic
gradient is present close to the cone. Therefore, ¢, estimated from dissipation curves after
partially drained penetration will not reflect the same operative soil stiffness as the following
undrained penetration if dissipation models such as those in Reference [2] or [6] are used to
back-calculate ¢, from 7.
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Figure 13. Slope of the overall stress path during dissipation (w) at »=1.15ry Vs penetration rate (v,).

Copyright © 2005 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2006; 30:501-527



PIEZOCONE TESTS IN CLAY 519

Table I1I. Kaolin properties [20].

Property Value
Liquid limit, wy_ 61%
Plastic limit, wp 27%
Soil particle density, G, 2.6

Angle of internal friction, ¢’ 23°

Slope of critical state line, M 0.92
Critical state voids ratio at 1 kPa, e, 2.14
Slope of normal consolidation line, A 0.205
Slope of swelling line, x 0.044

COMPARISON WITH CENTRIFUGE PIEZOCONE TESTS

In order to evaluate the validity of the partially drained cavity expansion analyses described in
this paper, the results are compared to recent centrifuge model penetration tests in normally
consolidated kaolin reported in References [11,39]. The programme of penetration tests
consisted of nine tests using a 10-mm diameter piezocone in a 650 mm long and 390 mm wide
strongbox. The penetration rates ranged from 0.005 to 3mmy/s. In a second kaolin sample, five
dissipation tests were performed at different depths after a steady penetration of 1 mmy/s. The
tests were conducted at a centrifuge acceleration of 100g.

The kaolin samples had an average height of 325 mm, and properties shown in Table III. The
coefficient of vertical consolidation (¢,), derived from results of Rowe cell consolidation tests,
varied from about 0.032 mm?/s at the sample surface to 0.127 mm?/s at an effective vertical stress
of 100kPa. The sample had an average effective unit weight of 6.5kN/m’, and a normally
consolidated strength ratio s,/0, of 0.185 was assumed following Stewart [20].

For numerical simulation of these centrifuge tests, the MCC parameters of Table I were used.
Since the initial voids ratio of the centrifuge model was similar to the previous numerical
simulation of kaolin, the same value of permeability was adopted. As previously, the K, value
was also assumed to be 0.69 [22]. As will be shown later, the excess pore pressure is correctly
estimated when G for the normally consolidated kaolin is calculated as follows [23]:

G =75 8)

UNDRAINED PIEZOCONE TEST RESULTS

The piezocone test results from the fast penetration tests reported by Randolph and Hope [11]
are shown in Figure 14, with numerical analyses conducted at various depths. The plotted
experimental resistance is the net corrected cone resistance, g, net (=¢,~0,0). The predicted
values of ¢/,, compared with the measured net cone resistance g, ner, imply a friction ratio of
7.5% assuming a cone—soil friction coefficient of 0.3; this is slightly higher than is typically
measured in normally consolidated clays. The predicted Au,., values compare well with the
experimental measurements, indicating that, in this case, the cavity expansion simulation
provided a good representation of the penetration process.
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Figure 14. Undrained cavity expansion compared with centrifuge test results from Reference [11].

PARTIALLY DRAINED PIEZOCONE TEST RESULTS

The numerical backbone curves from the finite element analysis are compared with the results
from the centrifuge tests in Figure 15. The numerical o, /6, .— ¥ curve is in broad agreement
with the g, net/grer— V curve for the centrifuge model, supporting the assumption that these stress
ratios may be compared, and that the friction ratio and cone-soil friction coefficient are
independent of rate. The reference stress from the numerical analysis corresponds to the value of
o, of a 100mmy/s-penetration rate test, which is fully undrained. The g, values were
normalized by a reference cone resistance (g,ef) corresponding to the average values of g, ,.; for
the centrifuge tests at 1 and 3 mm/s penetration rates at the same depth, which are considered
undrained. The ¥ values for the centrifuge tests were estimated using the values of ¢, from Rowe
cell consolidation test increments at the in situ vertical effective stress. The numerical analyses
were made dimensionless using ¢, estimated from Equation (5) using A to represent the soil
stiffness and the radial effective stress, ¢/, after cavity expansion. Since 4 is the operative stiffness
during a consolidation test, the values of ¥ are comparable, and relate to virgin compression.

Figure 15(b) shows the variation of normalized excess pore pressure with penetration rate.
The centrifuge test measurements of Au,,,, during penetration were normalized by the average
values of excess pore pressure of the 1- and 3-mmy/s penetration rate tests at the same depth
(Aur), and the same non-dimensional velocity number ¥ was used as previously. The numerical
and centrifuge results match down to a dimensionless velocity of 10mm/s. However, the
numerical simulation shows a gentle decrease of Aupax/Au.r below this value, while the Au,,,/
Aur from the model piezocone u, response drops sharply to zero over only two orders of
magnitude of ¥ [11]. The numerical analysis shows a variation in u, pore pressure over five
orders of magnitude change in V, which is comparable to strain path method solutions for
the u; position by Baligh (apud [40]).
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Figure 15. Backbone curves of stress and excess pore pressure compared with centrifuge
test results from Reference [11].

In Figure 15, a specific backbone curve for the centrifuge soil model was created using FE, but
Figure 10 shows that the backbone curve is relatively unaffected by soil properties. The velocity
axis of the backbone curves have been normalized using a ¢y, applicable to virgin compression
(i.e. from Rowe cell tests, or using A and ¢}). Therefore, the curves can be used to infer such a
value of ¢, from an undrained and a partially drained resistance during a multi-speed
penetration test. This value of ¢, is appropriate for a consolidation-settlement rate calculation
since it relates to virgin compression. In order for this value to be useful in predicting pile set-up,
it must be established whether the inferred ¢, should be modified to simulate the dissipation
phase.

It is important to note that there is no particular reason why a virgin compression value of ¢y
should be used to derive V when normalizing the backbone curve. The stress paths in Figure 8
show that the operative stiffness (and hence c¢;,) of soil at the cone face depends on the
penetration rate itself, and further variations will be present in the radial direction. If a different
value of ¢, were chosen, for example a value back-analysed from a subsequent dissipation curve,
the V axis would be shifted. In this paper, the virgin compression value of ¢, has been used to
allow comparison with the experimental backbone curves of Randolph and Hope [11], and to
produce a backbone curve suitable for back-calculating a ¢, relevant to a consolidation-
settlement analysis.

DISSIPATION TEST RESULTS

Model dissipation tests were conducted by Hope [39] at four depths after undrained (1 mm/s)
penetration (Figure 16). The model test results follow the form of the predicted dissipation
curves but with a time lag. In predicting pile set-up, dissipation solutions of the form given in
Reference [2] (also see References [6,41]) which assume a constant value of stiffness, and hence
¢, are often used. The dissipation approach given in Reference [2] has been used to deduce
operative ¢ values for the dissipation phase, for comparison with those inferred from the
backbone penetration curve.

The deduced values of ¢, are shown in Figure 17, assuming the rigidity index I; of kaolin
equal to 322 in the solution in Reference [2]. The /; value of 322 was estimated using the strength
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Figure 16. Predicted and measured dissipation tests at various (prototype) depths.
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ratio s,/a’,, of 0.185 and Equation (8). The deduced ¢}, values are similar to those obtained in
Reference [11]. The average values of ¢, inferred for the dissipation phase from Reference [2] are
greater than the values of ¢, from the Rowe cell tests by a factor of 2-2.5. Also, estimations at
different degrees of dissipation (at Au/Auy.x= 0.5 and approximately at the end of the tests, Au/
Avtpnax ~ 0.1-0.2) give different ¢, values. This difficulty was outlined by Battaglio et al. [42]
from results of field dissipation tests, in which each ¢, value corresponded to the stress state of
the surrounding soil for the corresponding degree of consolidation.

The profile of ¢, with depth deduced using the in situ vertical stress and a stiffness of 4 from
Equation (5) is also shown in Figure 17. This is comparable to the Rowe cell results at about
half of the operative ¢, during dissipation. The operative value of ¢, at the cone face during each
dissipation test, found from the analyses shown in Figure 16 using Equation (7), is also shown in
Figure 17. This curve shows good agreement with mean values of ¢, deduced for the dissipation
tests at 5 and 12m depth, for which the measured and predicted dissipation curves match.
Equation (7) is not useful for design since it requires the numerical analyses in order to establish
oj.,ave, eaves @, and hence the operative stiffness at the cone face. However, these results emphasise
that the operative ¢, back-analysed from constant-stiffness dissipation solutions is typically 2—4

times higher than the value found during virgin compression, and the corresponding stiffness lies.

between the virgin compression and swelling values.

These observations allow the operative ¢y, values inferred from the penetration phase to be
linked to the operative values during dissipation, or pile equalization and set-up. The
penetration backbone curves shown earlier use 4 and ¢/, (Equation (5)) to derive a value of ¢, for
defining V. The numerical dissipation curves after undrained penetration (Figure 12) match the
constant-stiffness solution [2] when @ and o,’.,ave are used to define ¢, (Equation (7)). The result
is a difference in operative ¢, by a factor of about 3 since o is lower than A by a factor of 2
(Figure 13), and o, ., exceeds g/ by a factor of 1.5.

The centrifuge tests provide comparable experimental evidence for the difference in operative
cn. The centrifuge dissipation curves shown in Figure 16 yield a value of ¢, greater by a factor of
2—4 than the Rowe cell values when back-analysed using a constant-stiffness solution.
Therefore, values of ¢, derived from backbone curves such as Figure 10, in which the velocity is
non-dimensionalized using a virgin compression ¢y, should be increased by this ratio before
being applied to dissipation analyses to estimate pile set-up duration. The use of an unfactored
¢ would give a conservatively high set-up duration.

CONCLUSIONS

A set of numerical analyses investigating the effect of penetration rate on piezocone test results
in clay has been presented. A coupled cavity expansion finite element method was used to
simulate the penetration of a piezocone. The rate of cavity expansion was linked to the
penetration rate of the cone and the cone angle, using the assumption that the deformation was
wholly radial, and took place only between the cone tip and the cone shoulder.

The soil was modelled using modified cam clay. The influence of penetration rate on the stress
and pore pressure distributions in soils with different initial conditions was examined. Two soils
were modelled, kaolin and Boston blue clay, at OCRs varying from 1 to 32. For a given initial
undrained strength, it was shown that the OCR has a significant influence on the generation of
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excess pore pressure during undrained expansion, with softer clay (lower OCR) generating
greater excess pore pressure.

As the penetration rate reduces, the excess pore pressure at the cone face reduces as
consolidation is permitted coincident with penetration. Even for the slowest rate of penetration,
0.0001 mm/s, a normalized excess pore pressure of Au/s,0 = 0.5 was present at the cone face
after installation. The radial distribution of excess pore pressure after slow penetration differs
from the undrained case, with a relatively low radial gradient of Au existing at the cone face.
As a result, the dissipation curves after slow penetration lag behind those following fast
penetration.

The total stress at the cone face is relatively uninfluenced by the rate of penetration, so the
reduced excess pore pressure leads to an increase in the radial effective stress. This can be
compared to the increase in cone tip resistance that is seen during slow penetration tests, if it is
assumed that the cone friction ratio and coefficient of sleeve friction are unaffected by rate. The
radial profiles of post-penetration voids ratio-demonstrate that partially drained penetration is
permitted partly by volume change in the near field, in addition to radial movement in the far
field.

‘Backbone’ curves of normalized velocity against normalized tip resistance and excess pore
pressure capturing the transition from undrained to drained penetration have been derived. The
normalized pore pressure backbone curve is unique for both soils over a range of OCRs, whilst
the normalized tip resistance shows a small dependency on OCR. The rate of penetration
required to observe a change in resistance due to partial drainage is achievable in practice: in a
typical offshore soft clay for which ¢, =0.5 mm?/s, a value of G1net/qrer= 1.5 would be detected at
V=2 (Figure 10), which corresponds to a cone velocity of 1.7 mm/min.

These backbone penetration curves are compared with centrifuge model piezocone tests
conducted at varying rates. Dissipation curves are also examined. Whilst good agreement is
observed between the curves of normalized velocity and cone resistance, it is interesting that a
significant discrepancy exists between the numerical and experimental backbone curves of
normalized excess pore pressure.

A complication of analysing drainage during penetration and subsequent dissipation is that the
operative coefficient of consolidation is different in each case. The numerical and experimental
results suggest that the value of ¢, operative during the dissipation phase is 2—4 times higher than
the virgin compression value due to changes in the operative soil stiffness. Stress paths followed
by soil elements close to the cone face illustrate the different operative stiffnesses during
penetration and dissipation. The penetration rate backbone curves have been made non-
dimensionless using the virgin compression ¢y, following Randolph and Hope [11]. In contrast,
when fitting the numerical and experimental dissipation curves to constant-stiffness dissipation
solutions such as those in Reference [2], a higher operative ¢y, is found. The use of multi-rate
penetration tests to deduce values of ¢, has been discussed, in light of these differences.

NOTATION
a cavity radius
ap initial cavity radius
ar final cavity of radius
Ch coefficient of horizontal consolidation
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c, coefficient of vertical consolidation
CSL critical state line
d penetrometer diameter
drg radius increment
dz time increment
e voids ratio
€ initial voids ratio
Cave average voids ratio
€cs critical state voids ratio
s sleeve friction
G elastic shear modulus
I rigidity index
ISO isotropic consolidation line
k soil permeability
K elastic bulk modulus
K pax maximum elastic bulk modulus
Ky initial ratio of effective radial to vertical stresses
Kone normally consolidated coefficient of earth pressure at rest
M slope of the critical state line in the g—p’ space
OCR overconsolidation ratio
V4 mean effective stress
P modified cam clay hardening parameter
gc cone resistance
Gref reference (undrained) cone resistance
q; corrected cone resistance
G net net corrected cone resistance
r radial distance from the penetration axis
o penetrometer radius
840 initial undrained shear strength
t time decay
T, T* time factor
u dynamic pore pressure
u; dynamic pore pressure at the cone tip
U dynamic pore pressure at the cone shoulder
Vo rate of cylindrical cavity expansion
v, penetration rate
V dimensionless velocity
Greek letters
o half of the cone apex angle
P unit weight of the pore fluid
Au excess pore pressure
Atax maximum excess pore pressure
Ather reference (undrained) excess pore pressure
K slope of the unloading-reloading line in the e-Inp’ plane
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A slope of the critical state line in the e—Inp’ plane

v Poisson’s ratio

ol effective radial stress

O, ave average value of o/,

Ol et reference stress

oy initial effective radial stress

o, total radial stress

G0 initial overburden pressure

w slope of the overall stress path during dissipation in the e-logp’ space
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