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ABSTRACT

A cavity expansion based solution is proposed in this paper for the interpretation of CPTu data
under a partially drained condition. Variations of the normalized cone tip resistance, cone factor,
and undrained-drained resistance ratio are examined with different initial specific volume and
overconsolidation ratio, based on the exact solutions of both undrained and drained cavity
expansion in CASM, which is a unified state parameter model for clay and sand. A drainage
index is proposed to represent the partially drained condition, and the critical state after
expansion and stress paths of cavity expansion are therefore predicted by estimating a virtual
plastic region and assuming a drainage-index based mapping technique. The stress paths and
distributions of stresses and specific volume are investigated for different values of drainage
index, which are also related to the penetration velocity with comparisons of experimental data
and numerical results. The subsequent consolidation after penetration is thus predicted with the
assumption of constant deviatoric stress during dissipation of the excess pore pressure. Both
spherical and cylindrical consolidations are compared for dissipation around the cone tip and
the probe shaft, respectively. The effects of overconsolidation ratio on the stress paths and the
distributions of excess pore pressure and specific volume are then thoroughly investigated. The
proposed solution and the findings would contribute to the interpretation of CPTu tests under
a random drained condition, as well as the analysis of pile installation and the subsequent

consolidation.

Keywords: CPTu, cavity expansion method, partially drained condition, excess pore pressure
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1 | INTRODUCTION

The cone penetration test has become one of the most popular and versatile in-situ soil testing
methods, owing to its simplicity, economy efficiency and the obtained continuous records. The
piezocone, usually terms as CPTu, was first invented in 1970s, and gradually becomes the
standard configuration for cone penetrometers, which measures the pore water pressure
typically behind the cone.! The penetration rate for a standard CPTu in practice is
approximately 20mm/s, and the dissipation data can also be obtained during the pause of
penetration. Together with the records of cone tip resistance, sleeve friction and pore pressure,
the interpretation of CPTu data is applied for the determination of soil stratigraphy based on

3

the Soil Behavior Type (SBT) charts, soil properties' and the equilibrium groundwater

pressures, although many empirical correlations are usually employed. Additionally, the CPTu

14,5

data is used for the assessment of liquefaction potential™, and for the installation of driven

piles®’ and suction caissons®.

However, the understanding of penetration in soils under different drainage conditions is
complicated by the formed large strains and high excess pore pressure, as well as the
subsequent dissipation. Both consolidation coefficient of soils and penetration velocity have
shown significant effects on the results of CPTu, based on field and laboratory tests, numerical
simulation and analytical solutions. Moreover, the diameter of penetrometer affects the
drainage distance that influences the profile of penetration-induced excess pore pressure and
the following dissipation in reconsolidation. The penetrometer rate effect has been extensively
reported by field experiments since the early penetration tests in clayey soils (e.g. Bemben and
Myersg; Powell and Quarterman'®; Lunne et al'!; Schneider et al'?; Kim!'?; Kim et al'¥).
Experimental data was also provided by centrifuge tests and calibration chamber tests to

identify the strong rate dependency of penetration resistance.'>!%!522 Drainage condition is
3
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dependent on both soil behaviour and penetration velocity, whereas the thresholds of
penetration rate for undrained and drained conditions seem to vary with soil types.?®> With the
increasingly developed numerical methods in geotechnical engineering applications, numerical
simulations have shown their ability to provide insights into the penetration rate effect.>*%
Owing to the complex process of penetration in soils, analytical methods for the interpretation
of CPTu data are relatively limited. Randolph and Wroth®° reported an analytical solution for
radial consolidation of soil around a penetrometer with a logarithmic distribution of excess
pore pressure, where rate effect was not included. Dislocation-based methods initially proposed
by Elsworth®! provided an alternative approximate method to accommodate the fluid pressure
dissipation under partially drained conditions, while a pseudo-elastic material was assumed
together with an incompressible flow field and a stress-decouple solution was employed to note

the influence of soil rigidity to the penetration rate responses.>?

As reported by Yu?3, cavity expansion methods in Geomaterials have been developed since
1950s°*%, and their wide implications lead to the cavity expansion theory as a useful and
simple tool for modelling many complex geotechnical problems, including in-situ soil testing
(e.g. Ahmadi and Dariani®*®; Mo et al’’; Vali et al*®) and tunnelling (e.g. Yang et al*’; Fang et
al*’; Mo and Yu*!; Wang et al*?). Numerous analytical and numerical solutions have been
proposed using increasingly sophisticated constitutive soil models by applying the principles
of continuum mechanics.****® However, most of the existing solutions are developed with

46-50

consideration of either fully undrained condition**>? or fully drained condition**'3. A more

general situation for a geotechnical problem, e.g. cone penetration test, is under partially
drained conditions, especially for tests within intermediate soils. Ceccato and Simonini®

provided a numerical study of partially drained penetration and pore pressure dissipation in

piezocone test, with a two-phase Material Point Method and the modified Cam-clay model.

4
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Spherical cavity expansion in various drainage conditions was conducted by Suzuki and
Lehane®® using finite element method to evaluate the effect of soil permeability on CPT end
resistance. Analytical solution of cavity expansion in terms of partially drained condition is

currently not available in the literature.

This paper aims to propose a semi-analytical solution of cavity expansion for soils under a
partially drained condition, to apply this solution for the interpretation of CPTu data with
various penetration velocity, and to analyze the dissipation of excess pore pressure after
penetration. The scenario of partially drained condition is taken as a general case between fully
undrained and fully drained scenarios. With the provided stress-paths of both extreme
conditions, a parameter of drainage index is proposed to indicate the partially drained condition
within the stress fields. The relationship between the drainage index and the normalized
penetration velocity is thus investigated to evaluate the drainage conditions during the cavity
expansion and the cone penetration. With consideration of the penetration velocity, the
penetration-induced changes of excess pore pressure, specific volume and their distributions at
the surrounding soil are examined during and after penetration, as well as the effects of

overconsolidation ratio.

2 | ANALYTICAL SOLUTIONS OF CAVITY EXPANSION AND

THEIR IMPLICATIONS ON CPTU

It is widely accepted that critical state soil mechanics is an effective stress framework

describing mechanical soil response®*>°

, and serves as a milestone in the development of soil
elasto-plastic models contributing to the further considerations of effects of anisotropy, fabric,

and time-dependence, etc. (e.g. Nova and Wood’’; Dafalias®®; Kutter and Sathialingam®’;

Whittle®; Liu and Carter®!). After reformulate the Cam-clay models in terms of the state
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parameter, a unified critical state soil model for both clay and sand, CASM (Clay And Sand
Model), was proposed by Yu®?, together with the concept of spacing ratio and a non-associated
flow rule. The soil model has been verified to generally capture the overall behaviour of sand
clay under both drained and undrained conditions, while the simplicity of this model with easily
measurable model constants contributes to the further extensions and convenient practical

application (e.g. Sheng et al®: Khong64; Khalili et al®; Zhou and Ng66; Hu®).

Analytical solutions of cavity expansion in CASM have been proposed recently, including the
undrained scenario*® and the drained scenario®. The schematic of state parameter ¢ in Inp’ —
v space is shown in Figure 1a, which is defined as the difference of specific volume between
the current and critical state at the same mean effective stress: € =v + Alnp' —I', where v
is the specific volume, p’ is mean effective stress and I' is a critical-state parameter for
specific volume at unit of stress. The state boundary surfaces is describes as: (n/M)" =1 —
&/&r, where 1 is the ratio of deviator stress and mean effective stress, M is the critical stress
ratio; {g = (4 — k) Inr”, indicating the reference state parameter, A and k are conventional
critical state parameters; n is the stress-state coefficient and r* is the spacing ratio. The

shape of state boundary surfaces varies with n and r*, as also presented in Figure 1b.

With the provided analytical solutions, the stress paths during cavity expansion can be
calculated from an initial cavity size a, to an arbitrary cavity size a, as well as the
stress/strain distributions after the process of expansion. Both spherical and cylindrical cavities
have been considered within the solutions, together with the effective stress analysis for
consideration of the generated excess pore water pressure. In terms of the scenario of fully
undrained cavity, the volumetric strain remains zero for the soil around the cavity, and thus the
excess pore pressure is generated in association with the equilibrium equation for total stresses

(Figure 2a); whereas the stress paths of drained expansion are shown in Figure 2b, which also
6
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tend to approach to the critical state line with large expansion. More details on the derivations

and calculation processes can be found in Mo and Yu*®3.

Cavity expansion methods have been adopted for the interpretation of CPTu data, since
1940s.%8 For this study, the spherical cavity expansion analysis is used due to the reasonable
analogy of soil deformation around the cone tip (e.g. Mo et al®®). Considering the generated
excess pore pressure during penetration, a relationship between the spherical cavity pressure

and the cone tip resistance was provided by Suzuki and Lehane®®, as expressed by:
qc = Opc t+ \/§(0m — Au) tan & (1)

where o, . is the spherical cavity pressure at the cavity wall; § is the interface friction angle,
which can be assumed to be the constant volume friction angle of soil ¢.s; Au is the excess
pore pressure. Note that the correlation q. = 0, X (1 ++/3tan d)cs) proposed by Randolph

170

et al”™” could be recovered for fully drained tests of cohesionless soils.

3 | CPTU TESTS UNDER FULLY UNDRAINED AND DRAINED

CONDITIONS

Unless stated otherwise, the soil model parameters are chosen as: I' = 2.759,4 = 0.161,k =

0.062, 1 = 0.3,n = 2.0,7 = 3.0, s = 22.75° (i.e. M = ~22%es — 0888) for London

3—sin ¢¢g
clay; according to Yu®?, where I', A,k are the critical state parameters and u is the Poisson’s
ratio. Spherical cavity expansion for a/a, = 10 is conducted for calculation of the limit

cavity pressure, with the assumed initial water pressure u, = 0.
The normalized cone tip resistance is defined as:

__Gc—0Oyo — dcnet
Q B To Opo (2)
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where q. is measured cone tip resistance, g,y and o, are the in-situ total and effective
vertical stress respectively; q.pne: 1s referred to as the net cone resistance, following
Robertson and Caval'. For analysis of cavity expansion, the initial hydrostatic condition is

assumed, thus the in-situ stress is denoted as: pj = 0,9 = 0y -
Fully Undrained Tests

The undrained tests of cavity expansion were carried out for numerical examples of London
clay with various overconsolidation ratio (OCR), which were then correlated to the cone tip
resistance of CPTu tests. For the proposed solutions in CASM, R, = py,o/po represents the
isotropic overconsolidation ratio in terms of the mean effective stress, where p;,, is the
preconsolidation pressure; thus OCR = R,,. The series of tests include 8 groups with different
value of R, which varies from 1 to 50. Each group was conducted with various initial specific
volume vy , ranging between 1.4 and 2.6. Together with the soil parameters, the
preconsolidation pressure, initial mean effective stress and initial stiffness G, could be

calculated and estimated as:

P r'+(A—k)Inr*+2A InRy—v,
!
1 _ DPyo
pp =2 , (3)
0

G _ (@+m) (1-2 @) vo P
07 2[1+(m-Dpulk

where m is used to combine cylindrical and spherical analyses; i.e. m = 1 for cylindrical
scenario, and m = 2 for spherical scenario. Therefore, v, ranging between 1.4 and 2.6

represents the magnitude of Gy/p, varying from 10.4 to 19.4, for spherical cavity expansion.

Figure 3a presents the normalized cone tip resistance Qyp (the subscript ‘UD’ indicates the

undrained scenario) against the normalized stiffness (G /p). Qup increases with both initial
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specific volume v, (i.e. Go/p,) and overconsolidation ratio R,. Although Qp increases
slightly with approximately 10% from vy, = 1.4 to 2.6; while overconsolidation ratio shows
a larger influence on the normalized cone tip resistance, that about 7.5 times larger Qyp is

obtained for Ry = 50 compared to that of a normally consolidated soil test.
The cone factor for tests in clay under undrained conditions® is defined as:

-0
Nc — dc—0ypo

Su

; “4)

where s, is the undrained shear strength, defined as s, = 0.5 M exp[(I" — vy)/A] after Mo
and Yu*. Note that the initial stress condition is assumed as hydrostatic, and K|, effect is not
included in this study, i.e. 0,5 = py. Figure 3b shows the relations between the cone factor N,
and the stiffness index (G,/s, ). Linear correlations between N, and In(G,/s,) were
proposed by previous researchers (e.g. Ladanyi and Johnson’!; Vesic’?; Yu’?; van den Berg’*;
Lu?). For this test series of London clay, the following correlation with 97% of the coefficient

of determination could be summarized as:

N,=axm2+b  wherea =132 b =3.75 . (5)

Su

Note that for soil with different overconsolidation ratio, the constants a’ and b’ vary slightly
with R, for granular materials, as depicted in subplot of Figure 3b. Comparing with the
relations proposed by Ladanyi and Johnson’!, Vesic’> and Yu’?, the N, —In(Gy/s,)

correlation is found to vary with different soil types.

In terms of the undrained tests of cavity expansion, the excess pore pressure Au is generated
at the cavity wall; whereas for CPTu, pore pressure sensors are installed just behind the cone
tip to measure the pore pressure u,. The analysis in this study assumes that the excess pore

pressure of cavity expansion is comparable to that measured in the corresponding penetration
9
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test (i.e. Au =~ u, — Uy, = u,). Robertson’® and Robertson and Caval' reported a normalized
CPT soil behaviour type (SBT) chart with Q — B, for identification of soft, saturated fine
grained soils, where B, is the pore pressure ratio, defined as By = Au/qcpner = Au/(q; —
0yo). Figure 4a presents the predicted Q — B, data on the SBT chart, assuming the fully
undrained cavity expansion for the CPTu tests. It shows that the soil behavior falls mainly
within the zones of clay to silty clay, which matches to London clay. The predicted trends with
increasing OCR agree well with the empirically summarized SBT chart, and the increase of

Q and B, with v, is also observed.

To estimate the overconsolidation ratio based on the CPTu data, Mayne’’ proposed an
analytical method based on Vesic’s cavity expansion solution and the critical state soil
mechanics, where OCR is related to a function of (q. — Au)/a,,. Based on the solution of

Mo and Yu“®, the correlation can therefore be modified and expressed as:

SR

1 qc—Au

(1+v3tan ¢Cs)(1+% M) Tho

OCR =71*X

(6)

where A = 1 — k/A, representing the plastic volumetric strain potential; 0.7 < A < 0.8 for

many clays of low to medium sensitivity’s.

Figure 4b shows the curves of OCR with (q, — Au)/o,,, for different parameter of the
spacing ratio r* (r* = 3.0 for London clay in this study). Note that the curve of Equation 6
for r* = 2.0 overlaps with that of Mayne’’ for the pore pressure behind the cone u, based
on modified Cam-clay model, since the modified Cam-clay model is recovered by choosing
r* = 2.0 in conjunction with a suitable n value®’. Therefore, the notable effect of spacing

ratio on the relation between OCR and (q. — Au) /0y, is provided in Equation 6.

10
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For in-situ tests, the undrained shear strength was predicted from the evaluated OCR. In this
study, s, can be expressed as a function of soil parameters, overconsolidation ratio, and initial

stress state (Mo and Yu*®), based on s, = q.s/2 (qcs is the deviatoric stress at critical state):

Su_su_ K(OCR)A ’ (7)

The expression of s,/0,, = 0.22 X OCR®8, can be recovered when setting A = 0.8, r* =
3.0 and ¢, = 26°; which was proposed by Jamiolkowski et al’”®, Ladd®’, and Ladd and

DeGroot®!, based on their comprehensive experimental work at MIT.
Fully Drained Tests

Similar to undrained tests, the fully drained tests were also carried out for numerical examples
of London clay using the corresponding cavity expansion solution (soil parameters were chosen
the same as the undrained tests) with various overconsolidation ratio R, (1~50) and initial
specific volume v, (1.4~2.6). Correspondingly, Qpr (the subscript ‘DR’ indicates the fully
drained scenario) increases at approximately 30% from vy, = 1.4 to 2.6,and Qpr for R, =

50 is about 3.1 times the normally consolidated soil test, as shown in Figure Sa.

The cone factor of drained penetration tests, typically for cohesionless soils, is referred to as:

Ny =& . (8)

Tho
Figure 5b presents the relations of cone factor N, with the normalized stiffness Go/pg. The

bearing capacity solution for CPT with an empirical shape factor was reported by Durgunoglu

and Mitchell®?, which was not able to include the effects of soil stiffness and volume change:

N, = 0.194 X exp(7.63 tan ¢s) . 9)

11
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Based on the spherical cavity expansion approach, Vesic’? related the cone factor with the

friction angle ¢.; and the reduced rigidity index I,.,-:

Ny = (2] exp [ (5 — es) tan des | x tan? (5 + 22) (1,,)° (10)

3-sin ¢,

where K, is the in-situ stress ratio (K, = 1 in this study); I, = I;/(1 + I €;,), in which the
rigidity index I; = Go/(p, tan ¢.s) and &, represents the average volumetric strain in the
plastic region; constant @ = 4 sin ¢.s [3(1 + sin ¢s)]. The curves based on Durgunoglu and
Mitchell®? and Vesic’? are also shown in Figure 5b, with comparable predictions of the current
results. However, the solution of this study has embedded the large strain analysis and the
critical state concept within the exact solutions of cavity expansion. Additionally, the effects
of overconsolidation ratio and initial specific volume are considered within the analysis, which

indicates the novelties of the proposed solution.

Been and Jefferies®® was the first to define the state parameter, which is then widely used for
the interpretation of in-situ soil tests, especially for granular materials (e.g. Been et al®*%; Yu®®;
Schnaid and Yu®’; Huang and Chuang®. The initial state parameter &, is related to the initial
specific volume and the initial stress state, while the correlation between ¢, and
overconsolidation ratio R, can be derived based on the schematic in Figure 1la, shown as

follows:
fo=A=-n(%) . (11)

Thus for a given initial specific volume, the value of initial state parameter decreases
logarithmically with OCR . Figure 6 presents the variations of normalized penetration
resistance Qpgr (subfigure a) and Gy/q. (subfigure b) with the initial state parameter, for
tests with different values of initial specific volume. From the results, higher normalized

12
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penetration resistance is observed for test with a lower value of &, which indicates that the
initial soil state lies to the strong and dilating side of the critical state line in v —Inp’ space.
However, for tests with a constant value of OCR (i.e. constant &;), both Qpr and G,/q.
increase with v, , while larger value of v, represents a looser sample. Mathematically
speaking, this phenomenon indicates that d(Qpgr)/dvy >0 and d(G,/q.)/dvy > 0 for
soils with an identical state parameter. With the relation of py, = exp[(&y + T — vy )/A], the
decreasing rate of p; is obtained with dp( /dv, = py X (—1/4). Therefore, the rates of

penetration resistance g, and Qpg can be derives within the ranges, shown as follows:

—ge x5 << g x(3-=) <0
A dUo A Vo (12)
0 < dQpr < Qpr+1

dUo Vo

These inequalities indicate that for a given initial state parameter, the penetration resistance ¢,
decreases with initial specific volume, since higher v, gives larger initial void ratio but also
smaller initial stress condition. On the other hand, the normalized penetration resistance Qpr

increases with v, although larger void ratio represents a ‘looser’ sample.
Undrained-drained Resistance Ratio

The undrained-drained resistance ratio is defined as Q;p/@Qpg, Which represents the ratio of
normalized penetration resistance under fully undrained and fully drained conditions. This
series of tests show the decrease of the undrained-drained resistance ratio with the normalized
stiffness, as presented in Figure 7. The overconsolidation ratio has a significant influence on
the undrained-drained resistance ratio. It is seen that Qyp/Qpr increases exponentially with
OCR, and the undrained resistance is normally smaller than the drained one for Ry, < 50. The
results are also compared with previous research with normally consolidated clay (i.e. Yi et

al’® and Suzuki and Lehane”®). Based on the large-displacement finite element analysis using
13
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a non-dilatant Drucker Prager model, Yi et al*® proposed a linear relationship between
Qpr/Qup and G,/p}, which is independent of friction angle. Despite of the differences on the
ranges of normalized stiffness and constitutive models, the general trends from this study are

in agreement with the predictions of Yi et al*®

. Numerical simulation of spherical cavity
expansion in a non-linear Hardening Soil (HS) model® was conducted by Suzuki and Lehane®,
who provided a relationship between Qup/Qpr and G,/p, with the effect of friction angle
for normally consolidated kaolin clay. The relation agrees well with the result of this study for
normally consolidated soil (R, = 1), as shown in Figure 7a. Moreover, to investigate the effect
of friction angle (¢.; = 18,23, 27,30, 35°) for normally consolidated soil, Figure 7b provides
the predicted curves of the undrained-drained resistance ratio, with comparisons of Yi et al*®
and Suzuki and Lehane?®, and the discrepancies are attributed to the differences on material
parameters and state conditions. Relatively, the current analytical solutions show their ability

for the prediction of the undrained-drained resistance ratio with considerations of friction angle,

stiffness, stress state, and overconsolidation ratio.
4 | CPTU TESTS UNDER PARTIALLY DRAINED CONDITION

Penetration tests are normally conducted in a ground condition with mixed soil types, including
clays, silts, and sands. The in-situ drainage condition is thus neither undrained nor drained. A
partially drained condition leads to the consolidation effects during the process of penetration,
which typically increases the penetration resistance; i.e. higher penetration resistance for fully
drained tests has been observed in Figure 7. Therefore, the effects of partially drained
conditions with soil permeability is required to be incorporated into the interpretation of CPTu

data, with consideration of penetration velocity.
Effects of Penetration Rate

14
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The normalized penetration velocity V' for CPTu has been proposed by previous research (e.g.

Finnie and Randolph'®; Randolph and Hope!’; Lee and Randolph?'), which is defined as:

V=—, (13)

in which v is cone penetration velocity, D is the penetrometer diameter, and ¢, indicates
the coefficient of consolidation that governs the rate of pore pressure dissipation (the difference
between horizontal and vertical consolidation is not considered in this study). Note that the
normalized penetration velocity has included the effect of penetrometer diameter, as a larger
penetrometer increases the drainage distance, and thus leads to a more undrained condition.
According to Randolph®®, V > 30~100 typically represents the fully undrained penetration,

whereas fully drained penetration occurs at V < 0.03~0.01.

To consider the effects of partial consolidation, the trend of normalized pore pressure ratio with
variation of the normalized penetration velocity was proposed by DeJong and Randolph®!,

which can be expressed as:

S [ (14)

Auyp 1+(V/Vs0)$S ’

where Au is the excess pore pressure during penetration, Auyp is the excess pore pressure
from the fully undrained penetration which serves as a reference; Vs, represents the
normalized velocity at which half of Auyp is generated by penetration; and ¢ is the
maximum rate of change in Au/Auyp with V, numerically equals to 0.25¢/Vs, as noted by
DeJong and Randolph®! (the values of Vs, and ¢ will be discussed later in this article).

17,2191

Similarly, the backbone-type of normalized function of penetration resistance was

defined as:
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Q _ Qpr/Qup-—1
Qup 1 14+(V/Vs0)$ ° (15)

where Quyp and Qpr indicate the normalized penetration resistance under undrained and
fully drained conditions, respectively; ‘Vs,” and ‘¢’ were suggested to be the same parameters

as Equation 14.
Cavity Expansion under a Partially Drained Condition

An example of spherical cavity expansion (a/a, = 10) with both undrained and drained
conditions 1s provided as a reference in Figure 8, with soil parameters for lightly
overconsolidated London clay; where original Cam-clay model is recovered by setting r* =
2.7183 and n = 1.0, the overconsolidation ratio Ry = 1.5, and the initial specific volume
Uy is 2.0. In Figure 8, the state ‘A’ represents the initial state before expansion with a
hydrostatic condition; the elastic stage ‘AB’ appears at the early phase of expansion with small
cavity deformation for both undrained and drained tests. As to the plastic stage, the effective
stress path of undrained expansion follows the path of ‘BC’, while the total stress is developed
following ‘BD’ (shown in Figure 8a; note that the initial pore pressure is neglected in this
study). Excess pore pressure is thus indicated by the horizontal distance of ‘CD’ (Figure 8a).
On the contrary, the stress path of the plastic stage for drained expansion tests goes through the

rout of ‘BE”’, with no excess pore pressure all along.

As both solutions are independent of time regarding to the quasi-static expansion, the soil
consolidation during and after expansion was not included. The undrained scenario represents
the extreme fast expansion in clayey soils with no pore pressure dissipation, whereas the fully
drained scenario indicates the slow expansion in sandy or dry soils with instant pore pressure
dissipation. However, the drainage condition of soils is normally neither fully undrained nor

fully drained, and the cone penetration test in practical situations is also not extreme fast or
16
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slow. When the soil is set to be partially drained, the existing solution is not available for critical

state soils, as well as the stress paths of cavity expansion.

Since the stress state after cavity expansion is between the states for undrained and drained
tests, we could assume that the critical state for a certain drained condition locates at ‘C’” on
the critical state line in Figure 8, whereas ‘C'D"’ represents the local excess pore pressure
(Figure 8a). The total stress state ‘D"’ is then demonstrated here to be located at the line of
‘DE”, following the work of DeJong and Randolph (2012). At first, a drainage index ‘y’ is

introduced to represent the partially drained condition, as defined by:

_ 1
T 1+(V/Vs)S

X (16)

which varies from O (fully undrained condition) to 1 (fully drained condition). In terms of the
thresholds for fully undrained and fully drained conditions, it is easy to define with 5% of
influence using the drainage index y (i.e. yyp < 0.05 represents fully undrained condition,
and ypgr = 0.95 refers to fully drained condition). According to Equation 16, the thresholds
of normalized penetration velocity are provided as Vyp, = 19Y/¢ - Vi, and Vpp < 0.0526/¢ -
Vso. Note that the same definition was referred to as a consolidation index by Lee and
Randolph?!, regarding to the consolidation conditions. Combining Equations 2, 14 and 15 gives

the following relations:

Au — Q_QUD — CIC_CIC,UD (17)
Auyp  Qpr—Qup  4cpR—4cuUD

x=1-

For the problems of CPTu, the drainage index also represents the ratio between drained and
undrained penetration resistances at a corresponding partially drained condition. Relating the

penetration resistance with the spherical cavity pressure following Suzuki and Lehane®®, we
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can have the ratio of cavity pressure at the cavity wall. Together with the total radial stress and

the critical state relation, the following repressions can be obtained:

o‘r.c—O'r,clUD — p'—-D'yp . (18)
C’r,c|DR—ffr,c|UD P'DR—DP'UD

X:

According to the effective mean stress and the excess pore pressure in Figure 8a, the geometry
relations lead to: y = C'C/EC = (CD — C'D")/CD, thus EC'/EC = C'D'/CD and ‘D"’ is
located at the line of ‘DE”. This phenomenon can also be verified by the numerical simulation
of cavity expansion in both kaolin and Boston blue clay, conducted by Silva et al**. Therefore,
the critical state is determined for a given drainage index; the effective and total stress paths
for this partially drained test are noted as ‘“ABC’’ and ‘ABD"’, respectively. A simple linear
mapping technique is adopted to predict the stress path based on the two paths of both
undrained and drained scenarios, which will be explained in the following section. This method
could then be incorporated into the solutions of cavity expansion for the analysis of CPTu data

interpretation in soils with partially drained conditions.
Results of CPTu Tests

The tests of fully undrained and drained cavity expansion, as shown in Figure 8, provide the
distributions of stress and specific volume within both elastic and plastic zones. The stress
paths show that the elastic stage overlaps for both undrained and drained tests, while the size
of plastic zone is not the same. The normalized sizes of plastic zones for the above example
tests are: cyp/a = 4.36 and cpgp/a = 3.21 respectively, where cyp is the size of cavity-
expansion induced plastic region for undrained test and cpg is the size of plastic region for
fully drained test. Thus the size of plastic zone for a partially drained test is assumed with a
linear relationship of drainage index, i.e. ¢ = cyp + x * (cpr — Cyp)- A virtual radius of soil

element in the plastic zone is scaled for the prediction of stress paths of partially drained test:
18
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c—a
bt (19)

Cpr—a

'yp —a = (ryp —a) x

r'pr—a = (rpp — a) X

where ryp and r'yp are the original and virtual radiuses of soil element in the plastic zone
for undrained test, and rpg and r'pg are the corresponding original and virtual radiuses for

fully drained test.

Therefore, the distributions of stress for both undrained and drained tests are obtained with the
identical virtual radius 7', and the stress path of partially drained test is predicted based on a

simple mapping technique, according to Equations 16-18. For instance, the effective mean

4

stress at ' is predicted as: p’' , = )(-(p'r,’DR - p'r,'UD) +p'yr yp. Figure 9a shows the

stress pathsin p'/p’ ~ —q/(M-p’ space under the conditions of drainage index y = 0.3
y0 y0

and 0.6, respectively. The critical excess pore pressure can be calculated based on Equation 14:
Au/Auyp = 1 — y, while the development of the excess pore pressure during expansion can
also be deduced from the stress paths in Figure 9a. The critical state of specific volume can be

derived based on

'
<p cs,DR_1>
p’cs,UD +1

P : (20)

Upes = Ug — A

and the stress path in Inp’ — v space as shown in Figure 9b is obtained after Mo and Yu>?,

following the expression of:

QZ_A%_(A_K)M(E_’””> ) (21)
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Correspondingly, the distributions of excess pore pressure and specific volume are presented
against normalized radius (r/a) in Figure 10, for undrained (y = 0), drained (y = 1), and

partially drained (y = 0.3, 0.6) tests.

According to the definition of drainage index, y is related to the normalized penetration
velocity using Equation 16. The parameters in Equations 14 and 16 are chosen as: V5o, = 3.0
and ¢ = 1.0, following DeJong and Randolph®!. The values were obtained through reasonable
agreement of Au/Auyp —V curve with experimental data for normally-consolidated kaolin
clay with Qpr/Qup = 2.5. The variations of parameters with the spread of published data were
reported tobe 0.3 < V59 < 8 and 0.5 < ¢ < 1.5, and the characteristic curve with V5, = 3.0
and ¢ = 1.0 was thus suggested due to the absence of sufficient site specific data’!. To avoid
obtaining Qpg with impractically slow penetration tests in clay, the parameter values of Vg
and ¢ were experimentally provided based on the Au/Auyp —V curves. Note that the
relationships between the parameters (Vsq, ¢) and soil properties are not provided by the

current solution.

Therefore, a certain penetration velocity corresponds to a drainage index y, and the stress paths
of spherical cavity expansion can be employed to predict the penetration resistance and induced
excess pore pressure. Eventually, the relationships between penetration velocity and (1) excess
pore pressure, (2) penetration resistance are then predicted through the semi-analytical solution,

as shown in Figure 11.

The results of this study include two sets of tests in both lightly overconsolidated London clay
and normally consolidated Speswhite kaolin clay, and their soil parameters and initial state
conditions are listed in Table 1 according to Yu®?. In addition, the predicted curves are also

compared with the available data from the literature. Centrifuge tests in kaolin clay were
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performed by Randolph and Hope!’, Schneider et al'> and Mahmoodzadeh and Randolph®?,
and predicted curves agree well with the experimental data (in which q.pr/qcup =
2.6,2.02,2.5 are used respectively). Numerical simulation of CPTu was carried out by

Ceccato and Simonini®’

, using modified Cam-clay model and the Darcy’s permeability for pore
pressure dissipation. The numerical results showed similar trends, while the parameters were
suggested to be Vs = 3.7,¢ = 1.1 for the excess pore pressure (Au/Auyp, —V curve in

Figure 11a), and V5o = 7.13,¢ = 0.95 for the cone tip resistance ((qC - qC,UD)/(qC‘DR -

qC,UD) — V curve in Figure 11b).

Table 1 Soil parameters and initial state conditions for London clay and Speswhite kaolin clay

M A K U r n r R, Vo

Londonclay [ 0.89 0.161 0.062 0.3 2759 1.0 2718 15 2.0

Speswhite
0.86 0.19 0.03 03 3.056 20 2718 1.0 20
kaolin clay

Based on the definition of Robertson’®, the normalized pore pressure parameter B, is
presented in Figure 12, with variation of the normalized penetration velocity. Centrifuge data
of piezocone tests in normally consolidated kaolin clay by Schneider et al'”> and Randolph and
Hope'’, has been provided to show a good comparison with the calculation of lightly
overconsolidated London clay, and slightly larger normalized pore pressure parameter is
observed for calculated results of normally consolidated clay. Additionally, a couple-

consolidation finite-element analysis with Drucker-Prager yield criterion, large deformation
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and finite sliding effects was reported by Yi et al*®, and the results with different normalized
stiffness show comparative trends. Ceccato et al’* proposed a two-phase material point method
for piezocone penetration under different drainage conditions using modified Cam-clay model,
and the results with different friction coefficient show similar value of B, to the calculation
of normally consolidated kaolin clay. Generally, the proposed semi-analytical solution of
cavity expansion shows its ability for the predictions of both excess pore pressure and

penetration resistance, with various normalized penetration velocity.

Correspondingly, the predictions of CPTu data in London clay with variation of penetration
velocity are presented on the SBT chart (Figure 13), where the penetration velocity v
increases from 0.001lmm/s to 20mm/s (i.e. the standard velocity of CPTu tests).
According to the normalization of penetration velocity (Equation 13), the penetrometer
diameter is set as the standard cone with D = 35.7mm, and the magnitude of c,, is estimated

based on:

_ 2k'Go(1-p)
“or ¥ Ty, (22)

where k' is the coefficient of permeability = 1.5 X 10™%m/s, ¥,, = unit weight of water;
which lead to the normalized penetration velocity ranging from V = 0.0278 (fully drained)
to V = 556.9 (fully undrained), respectively. The result shows that the normalized cone tip
resistance decreases with the penetration velocity, although the higher excess pore pressure is
generated around the cone tip for a fast penetration. In addition, Figure 14 shows the
distributions of excess pore pressure and specific volume with the variation of penetration
velocity, which also indicates the plastic zone increases with the penetration velocity for

London clay with R, = 1.5.
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5 | PORE PRESSURE DISSIPATION AFTER PENETRATION

Pore Pressure Dissipation

During the process of cone penetration under a partially drained condition, soil around the
penetrometer is pushed and squeezed with partial consolidation. The generated distribution of
the excess pore pressure is reduced compared to the undrained condition, and the pore pressure
dissipation after penetration is also termed as the reconsolidation. In order to obtain the realistic
dissipation curve, the pore water dissipation after penetration needs to start from the estimated
excess pore pressure. The error introduced from the conventional normalization of dissipation

data using the undrained assumption was discussed and corrected by DeJong and Randolph”!.

An ideal work-hardening soil model (i.e. modified Cam-clay) was adopted to perform the
undrained cylindrical cavity expansion and the subsequent period of reconsolidation by Carter
et al”® and Randolph et al®®, where the numerical results showed that the deviatoric stress keeps
almost constant during the reconsolidation. It is therefore convincing to assume that ¢ = 0

after penetration for CPTu tests. According to the equilibrium equation of cavity:
q=0,—0p == 2%, (23)

it might be deduced that the distribution of total radial stress is not changed during the

consolidation, which was also reported by Randolph and Wroth*® although the elastic soil was

used. Regarding to the definition of effective mean stress*®, the relation between p" and Au

can be obtained with elastic deformation assumption:

p'=——1ZAu . (24)
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Therefore, when the final state of soil around the cavity wall or cone tip after reconsolidation
is noted as ‘F", the distance ratio of ‘C'F"” and ‘D'F" in p’/p'yo —-q/ (M . p’yo) space is
that: C'F'/D'F' = [1+ (m — 1)v]/[k — (2m + 1)v], as represented in Figure 15a for both
x =0 and y = 0.3 in lightly overconsolidated London clay. In terms of the specific volume

during pore pressure dissipation, the stress paths can be obtained by the integration of Equation

21, leading to the following repression:

vdissi:I"—/lln(p'i)—Aln(%)—(l—zc)%(j\/j.pri)n< LI ,1n> .

P’ qissi Dy
(25)

The stress paths shown in Figure 15 can also be verified with the results of Carter et al*®, Silva
et al**, and DeJong and Randolph®!, showing that the changes of deviatoric stress during the

reconsolidation are arguably negligible.

The dissipation of pore water around the penetrometer is taken as a radial consolidation

1°°. However, as the

problem assuming that soil deforms elastically, following Randolph et a
penetration is treated as spherical cavity expansion around the cone tip and cylindrical cavity
expansion around the penetrometer shaft, it seems more reasonable to assume that both
spherical and cylindrical scenarios of radial consolidation are applied for the prediction of pore
pressure dissipation after penetration. When soil is assumed to be distorted by spherical cavity
expansion due to the pass-by of penetrometer, the horizontal pore pressure dissipation is taken
as cylindrical for soil around the probe shaft during the subsequent consolidation after

penetration. Therefore, according to Terzaghi’s one-dimensional consolidation equation with

respect to the Darcy’s law, the governing equation of radial consolidation is provided as follows:

0%Mu | maAu] _ 0Au

th'[ﬁ | = o (26)
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The normalized reconsolidation time for any particular degree of consolidation is defined by
Teh and Houlsby”’, as T* = (¢, - t)/(a? - /I;), where a is the probe/cavity radius and
I, = G,y/s, 1is the stiffness index. With the variable separate method, the distributions of pore
pressure before and after reconsolidation are shown in Figure 16a for y = 0.3. Note that the
spherical radial consolidation was adopted for the dissipation around the cone tip. It can be
found that the pore pressure in the plastic zone dissipates with time and also extends to the
elastic region. Correspondingly, the distributions of specific volume before and after
reconsolidation are predicted based on Equation 25, as presented in Figure 16b, for both y =
0 and y = 0.3. Compared to the drained test y = 1, the porosity of soil closed to the cone tip

decreases with the drainage index, even after reconsolidation.
Comparisons of Spherical and Cylindrical Scenarios

The excess pore pressure dissipation around a driven pile is normally considered as radial
consolidation in a cylindrical scenario (e.g. Randolph and Wroth®’; Li et al®®). While spherical
cavity expansion, assumed for penetration of the cone tip, generates the excess pore pressure
in associate with the dissipation under a spherical scenario, the stage of reconsolidation for soil
around the shaft is treated as the dissipation around a cylindrical cavity. Therefore, additional
to the typical pore pressure transducers (PPTs) around the cone shoulder, it would be useful to
install new PPTs at the probe shaft with some distance to the cone tip, and records of both
spherical and cylindrical dissipations could mutually confirm the interpretations. Further study
is required to validate this suggestion with more practical evidences. Thus the comparisons of
spherical and cylindrical scenarios are provided in this section. Figure 17 shows the stress paths
during penetration and the subsequent consolidation, with identical initial conditions and soil
parameters. The effective stress paths seem to be close during the cavity expansion, while about

13% larger value of effective stress is achieved by spherical scenario and the excess pore
25
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pressure is approximate 1.5 times the cylindrical scenario, at the critical state after expansion.
The results of reconsolidation show that the spherical scenario gains more radial stress during
pore pressure dissipation, and the specific volume of cylindrical scenario is relatively higher
after the subsequent consolidation. However, the influence zone in the surrounding soil appears
to be larger for cylindrical scenario, as can be observed from the distributions of specific
volume before and after reconsolidation for both spherical and cylindrical scenarios in Figure
18a. In addition, the changes of pore pressure and radial stress with reconsolidation time are
presented in Figure 18b, where Au; indicates the initial value of pore pressure after cavity
expansion and ¢, ¢ indicates the final value of effective radial stress after reconsolidation,
respectively. It is found that both dissipation of excess pore pressure and increase of effective
radial stress start earlier for spherical scenario. Li et al®® provided centrifuge data on the
increase of end bearing resistance of a driven pile with reconsolidation time, which shows a

good agreement with the increase of o', for spherical scenario.

Figure 19a provides the dissipation curves with different values of drainage index for both
spherical and cylindrical scenarios. Larger value of y indicates higher drainage condition with
lower cavity-expansion induced excess pore water pressure. Cylindrical scenario appears to
have lower Au; after cavity expansion, and cylindrical dissipation is typically slower, owing
to the undrained condition along the plane-strain axis. The variations of normalized effective
radial stress are shown in Figure 19b, validating the increase of effective stress during

reconsolidation.
Effects of Overconsolidation Ratio

The overconsolidation ratio has shown its influences on the results of both undrained and

46,53

drained tests of cavity expansion™°. The effects of R, on cavity expansion and the
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subsequent consolidation are presented in this section, for a partially drained condition. The
distributions of excess pore pressure are provided after penetration (¢ = 0) in Figure 20a,
showing that the normalized excess pore pressure at the cavity wall increases with
overconsolidation ratio, but the influence zone or plastic region is smaller for more heavily
overconsolidated soil. It is also noted that slightly negative pore pressure appears at 2.0 <
r/a < 2.5 for test with Ry = 10. Correspondingly, the distributions of specific volume is
shown in Figure 20b, and the porosity of soil adjacent to the cone tip is higher for tests with

larger value of Rj.

Figure 21 shows the stress paths of cavity expansion and the subsequent consolidation for tests
with variation of Ry and a given drainage index of y = 0.3. The initial condition with
identical value of specific volume represents the variation of the initial state parameter &,. The
overconsolidation ratio shows a significant influence on the stress paths during cavity
expansion, whereas the critical state is achieved with the decrease of stresses against R;.
Although the normalized pore pressure at the cavity wall increases with the overconsolidation
ratio, the dissipation of Au appears to be more significant for normally-consolidated soils with
a higher increase of effective mean stress. On the other hand, the porosity of soil after both
expansion and reconsolidation increases with the magnitude of overconsolidation ratio, as

shown in Figure 21b.

The dissipation curves against normalized time T* with variation of R, and a given drainage
index of y = 0.3 are provided in Figure 22a, as well as the increases of radial stress. Larger
R, value generates higher excess pore pressure, and the normalized effective stress increases
in a smaller ratio. After reconsolidation, distribution curves of specific volume tend to move

downwards with pore pressure dissipation, as depicted in Figure 22b.
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Due to the complexity of the analytical solutions using CASM, it is difficult to propose the
explicit relations with soil parameters for the evaluated values. However, the analysis for
various soil properties and initial conditions can be provided efficiently, which could also
contribute to the engineering practice effectively. Note that, besides of the consolidation effect

t99

during penetration, the viscous effect” would result in the increase of penetration resistance

for a high penetration velocity, which is out of scope of this study. In addition, the dilatory

dissipation'®

, caused by the decay in time and dilation of soils, is also not considered. Further
investigation is still required to study the effects of overconsolidation, initial state parameter,
spacing ratio, and stress state coefficient on the stress paths, the changes of excess pore pressure
and cone penetration resistance under a partially drained condition. In addition, the proposed

solution serves as a benchmark for a related numerical simulation, and could also be applied to

analyze problems of pile foundations and tunnelling.
6 | CONCLUSIONS

A cavity expansion based solution for the interpretation of CPTu data has been proposed under
a partially drained condition. Exact solutions of both undrained and drained cavity expansion
in CASM were combined as two extremes of penetration tests with a partially drained condition.
The variations of the normalized cone tip resistance and the cone factor were examined with
different initial specific volume and overconsolidation ratio for both undrained and drained
tests; whereas the prediction of the undrained-drained resistance ratio considered the effects of
friction angle, stress state, and overconsolidation ratio, in associate with good comparisons to
the existing research. A drainage index was proposed to represent the partially drained
condition, and the critical state of cavity expansion for penetration tests was verified for both
effective stresses and the excess pore pressure. A virtual radius of the surrounding soil for

undrained and drained tests was introduced according to the estimated plastic region, and the
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stress paths and the distributions of stresses and specific volume could thus be deduced for
different values of drainage index, which was also related to the penetration velocity with
validation by experimental data and numerical results. The subsequent consolidation after
penetration was also predicted with the assumption of constant deviatoric stress during
dissipation of the excess pore pressure. Both spherical and cylindrical consolidation were
considered for dissipation around the cone tip and the probe shaft, respectively. In addition, the
effects of overconsolidation ratio on the stress paths and the distributions of excess pore
pressure and specific volume were investigated. The proposed semi-analytical solution
contributes to the understanding of the CPTu tests under a partially drained condition, but also
serves as an effective method for the evaluation of installation and reconsolidation of pile

foundations and tunnelling.
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NOTATION

The following symbols are used in this paper:
ay, a = initial and current cavity radius;

B, = pore pressure ratio;
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qc,net

Yw
LAk, M

Au

size of plastic zone;

coefficient of consolidation;

penetrometer diameter;

in-situ stress ratio;

parameter for combining cylindrical and spherical scenarios;
stress-state coefficient;

cone factor for clay under undrained conditions;
cone factor of drained penetration tests;
overconsolidation ratio;

mean effective stress;

preconsolidation pressure;

cone tip resistance;

net cone tip resistance;

normalized cone tip resistance;

spacing ratio;

radius and virtual radius;

isotropic overconsolidation ratio;

undrained shear strength;

initial water pressure;

pore pressure at cone face and behind the cone;
cone penetration velocity;

normalized penetration velocity;

unit weight of water;

critical state parameters;

interface friction angle;

€XCESS pore pressure;
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k' = coefficient of permeability; 634

u = Poisson’s ratio;

635
v,vo = specific volume and initial specific volume;

636
&, &y, Eg = state parameter, initial state parameter, reference state parameter;
637

Orc = cavity pressure;
638
Opo, Oypo = in-situ total and effective vertical stress; 639

¢.s = constant volume friction angle of soil; and

x = drainage index.
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907 FIGURE 14 Distributions of (a) excess pore pressure, and (b) specific volume, with variation

908 of penetration velocity for London clay
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FIGURE 16 Distributions of (a) excess pore pressure, and (b) specific volume, before and after

reconsolidation
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FIGURE 17 Stress paths for both spherical and cylindrical scenarios in: (a) p’/p’yo —

q/ (M . p’yo) space; (b) Inp’ —v space
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FIGURE 18 Comparisons of spherical and cylindrical scenarios: (a) distributions of specific
volume before and after reconsolidation; (b) changes of pore pressure and radial

stress with normalised reconsolidation time
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FIGURE 19 Changes of pore pressure and radial stress with different values of drainage index
for both spherical and cylindrical scenarios: (a) normalized excess pore pressure

and (b) normalized radial stress
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FIGURE 20 Distributions of (a) excess pore pressure and (b) specific volume, after cavity

expansion with variation of R, for y = 0.3
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FIGURE 21 Stress paths of cavity expansion and reconsolidation in: (a) p’/p’yo —
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FIGURE 22 Changes of pore pressure and specific volume during reconsolidation with
variation of R, for y = 0.3: (a) normalized excess pore pressure dissipation and

(b) distributions of specific volume
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