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Abstract
In this paper, a simple but feasible approach is proposed to predict the time-dependent load carrying behaviours of jacked

piles from CPTu measurements. The corrected cone resistance, which considers the unequal area of the cone rod and the

cone, is used to determine the soil parameters used in the proposed approach. The pile installation effects on the changes in

the stress state of the surrounding soil are assessed by an analytical solution to undrained expansion of a cylindrical cavity

in K0-consolidated anisotropic clayey soil. Considering the similarity and scale effects between the piezocone and the pile,

the CPTu measurements are properly incorporated in the shaft and end resistance factors as well as in the load-transfer

curves to predict the time-dependent load carrying behaviours of the pile. Centrifuge model tests are conducted and the

measured load carrying behaviours of the model piles are compared with the predictions to validate the proposed approach.

The proposed approach not only greatly saves the time of conducting time-consuming pile load tests, but also effectively

avoids solving the complex partial differential equations involved in the consolidation analysis, and hence is feasible

enough to determine the time-dependent load carrying behaviours of jacked piles in clay.

Keywords Centrifuge model test � Corrected cone resistance � CPTu measurements � Load carrying behaviours �
Time-dependent

List of symbols
A;B Parameters for simplifying expression

A1;A2 Cross-sectional areas of the cone rod and

cone shaft

Ap Cross-sectional area of pile

As;i Area of pile shaft in soil layer i

a Net area ratio

ab tð Þ; as;z tð Þ Time-dependent model parameters of

the load-transfer curve for pile toe and

shaft, respectively

bb tð Þ; bs;z tð Þ Time-dependent model parameters of

the load-transfer curve for pile toe and

shaft, respectively

Cq tð Þ Time-dependent pile toe resistance

factor

ch Horizontal consolidation coefficient

Dpile;DCPTu Diameters of pile and piezocone

e Void ratio

Fsu tð Þ;Fqu tð Þ Time-dependent pile shaft bearing

capacity and pile toe capacity

fs Sleeve friction

fsu Ultimate shaft resistance

fsu;i tð Þ Time-dependent ultimate shaft

resistance in layer i

fsu;z tð Þ Time-dependent ultimate shaft

resistance at depth z

G Shear modulus

G0 In situ shear modulus

K0 Coefficient of earth pressure at rest

K0;b tð Þ Time-dependent initial stiffness of pile

toe
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K0;z tð Þ Time-dependent initial stiffness of the

soil column with unit length at the pile–

soil interface

kh Horizontal coefficient of permeability

L Length of pile

M Slope of critical state line

Nc Pile toe resistance factor

Nke Cone resistance factor

OCR Overconsolidation ratio

p00 Far-field geostatic mean effective stress

p0 tð Þ Mean effective stress of the soil adjacent

to the pile shaft during consolidation

p0f Mean effective stress of soil in the

vicinity of the pile immediately after pile

installation

Qu tð Þ Time-dependent total load carrying

capacity

qb tð Þ Mobilized resistance at pile toe

qbu Ultimate pile toe resistance

qbu tð Þ Pile toe resistance at any time after pile

installation

qc Cone tip resistance

qe Effective cone tip resistance

�qe Average effective cone resistance in pile

toe influence zone

qt Corrected cone tip resistance

Rf Failure ratio

r Radial distance from pile axis

rm Limiting radius beyond which shear

stress induced by pile loading is

negligible

rp Pile radius

cw Unit weight of water

ry Radius of plastic zone developed around

pile

su;tc; su;ps Undrained shear strengths of soil under

triaxial compression condition and plane

strain condition, respectively

T Non-dimensional time

Tpile; TCPTu Non-dimensional time for dissipation of

normalized excess pore pressure around

the pile and piezocone, respectively

tpile; tCPTu Real consolidation time of the soil

around the pile and piezocone

Upile tð Þ;Upile tð Þ Degrees of consolidation of the soil

around the pile and piezocone

u Pore water pressure

u1; u2; u3 Measured pore water pressures at cone

tip, shoulder and shaft

v0 Effective Poisson’s ratio

Wb Displacement at pile toe

Ws;z Pile–soil relative displacement at depth z

a Shaft resistance factor of total stress

method

ac tð Þ Time-dependent shaft resistance factor

b Shaft resistance factor of effective stress

method

Du Excess pore water pressure

Dupile;DuCPTu Excess pore water pressure around the

pile and the piezocone

Dut Limit excess pore water pressure

developed at the wall of an expanding

spherical cavity

g0 Initial stress ratio of soil

g�y Relative stress ratio at the elastic–plastic

boundary

j Slope of swelling line in e-ln p0 plane
K Plastic volumetric strain ratio

k Slope of compression line in e-ln p0

plane

t Specific volume

n Parameter for simplifying expression

qs Ratio of undrained shear strength at any

given time after installation to in situ

undrained shear strength

qG Ratio of shear modulus at any given time

after installation to in situ shear modulus

r0r; r
0
z Radial and vertical effective stresses

ru Limit expansion pressure

r0v0 Effective vertical stress

r0rf ; r
0
zf Radial and vertical effective stresses at

failure

srzf Shear stress at failure

ss;z tð Þ Mobilized shaft shear resistance

u0 Internal effective friction angle of soil

v Ratio of soil shear modulus at middle

depth to that of the pile toe

wf Stress-transformed parameter under

plane strain condition

1 Introduction

Installation of a jacked pile in clay inevitably causes severe

squeezing and shearing effects on the surrounding soils,

which not only changes the original state of the soil but

also generates larger excess pore water pressures in the

vicinity of the pile. After installation, the disturbed/re-

moulded soil recovers its strength with dissipation of the

generated excess pore water pressure. As a consequence,

the load carrying capacity of the pile increases with time

1936 Acta Geotechnica (2020) 15:1935–1952

123



and exhibits apparently time-dependent loading carrying

behaviour (referred to as ‘‘setup effect’’). In pile design and

construction, underestimation of setup might result in

unnecessary costs, while overestimation would bring great

peril to the upper structure supported by the piles as the pile

capacity never reaches its design value [18]. However,

because of the extremely complex changes in mechanical

properties of the surrounding soil during installation and

subsequent consolidation, the setup effects are occasionally

ignored in the current jacked pile design [6], although the

significance of setup has been widely addressed in the past

few decades (e.g. [2, 4, 6, 27, 28, 33, 56, 58, 70].

Currently, numerous methods are available for deter-

mining the pile load carrying capacity. These methods can

be broadly classified into four categories: (1) total stress

methods (a method); (2) effective stress methods (b
method); (3) cone penetration test (CPT)/piezocone pene-

tration test (CPTu) methods; and (4) in situ/laboratory pile

loading tests. The total stress methods and the effective

methods are the two most commonly used approaches in

the pile design because of their simplicity [20]. However,

because the total stress methods and the effective stress

methods directly correlate the pile shaft and toe resistances

to the in situ undrained shear strength or effective stress of

surrounding soil through the empirical factor a or b, they
are incapable of properly considering the complex stress–

strain changes occurring during pile installation, equaliza-

tion and loading. As a result, they yield poor predictive

reliability when directly applied in the jacked pile design

[15, 29]. Moreover, the in situ soil properties used in the

total stress methods and the effective methods are hard to

be accurately determined from laboratory tests, which

makes the two methods less desirable than the CPTu

methods. Although the pile loading test, especially the

in situ test, is considered as the most reliable approach in

determining the pile load carrying capacity, it is pro-

hibitively expensive and time-consuming to conduct pile

load tests when the time-dependent behaviours are

involved [8, 53]. Compared with other methods, the CPT/

CPTu methods are robust, simple and reliable in predicting

pile load carrying capacity as the CPT/CPTu methods

directly or indirectly correlate the measurements to the pile

load carrying capacity, which effectively avoids the

uncertainties in determining intermediate parameters from

the conventional laboratory tests [11, 21, 42, 45].

As commonly reported, the direct method and indirect

method are the two main CPT/CPTu approaches for pile

capacity evaluation [11, 45]. In the direct methods, the

CPT/CPTu is considered as a mini-pile, based on which the

cone tip resistance and the sleeve friction are directly

scaled up or down via correlation factors to predict the pile

shaft and toe resistances. Since the correlation factors used

in the direct method are obtained from statistical analysis

of the relations between the CPT/CPTu profiles and the

corresponding pile load test results [11, 21], the predictive

performance of the direct CPT/CPTu method greatly

depends on the database utilized. Up to now, extensive

research efforts have been dedicated to calibrating the

correlation factors with different databases to improve the

predictive performance of the direct CPT/CPTu methods

(e.g. [1, 11, 14, 21, 22, 25, 42, 43, 46, 55, 57, 69, 72]. These

efforts have definitely improved the performance of the

direct CPT/CPTu methods. However, these proposed cor-

relation factors still need further calibration before they are

applied to other different soil conditions as they are

developed from specific regions and geologies. Moreover,

since the correlation factors are deduced from the pile load

tests at a certain time after pile installation, the setup

effects of the pile are still left unconsidered in the direct

approaches. Different from the direct methods, the indirect

CPT/CPTu methods first deduce the basic soil parameters,

such as the overconsolidation ratio, the undrained shear

strength, the effective stress, the lateral pressure coefficient

and internal friction angle, from CPT/CPTu measurements.

These parameters are then used as the inputs to evaluate the

load carrying capacity of the pile utilizing either empirical

or theoretical formulas [19]. Compared with the direct

methods, the indirect CPT/CPTu methods consider the

specific soil properties and hence are applicable to different

soil conditions. However, although the CPTu can record

the excess pore water pressure during sounding and the

corresponding dissipation process, the pore pressure data

are rarely applied to predict the setup effects of jacked piles

in clay. The rational approaches to predicting the setup and

long-term load carrying behaviour of jacked piles from

CPTu measurements are still not currently available.

This paper presents a rational and feasible CPTu method

to predict the time-dependent load carrying behaviours of

jacked piles in clay. The soil properties used in the pro-

posed approach are extracted from the corrected cone

resistance. The pile installation effects are evaluated by an

analytical solution to undrained expansion of a cylindrical

cavity in K0-consolidated anisotropic soil. The proposed

approach, which properly incorporates the installation

effects and makes use of the CPTu measurements, is then

developed based on the similarity of the piezocone and the

pile to predict the time-dependent load carrying capacity

and load–displacement behaviours of jacked piles in clay.

The proposed framework is validated by comparing the

predictions with the measured results from centrifuge

model tests conducted by the authors at Tongji University.

The proposed approach not only reasonably makes use of

the CPTu measurements, but also considers the pile

installation effects, the scale effects, the three-dimensional

strength and the stress anisotropy of the soil, and thus is

capable of yielding reasonable predictions for the time-
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dependent load carrying behaviours of jacked piles. It is

expected that the proposed approach could serve as a fea-

sible tool to incorporate the setup effects in the jacked pile

design.

2 Measured data from CPTu
and determination of soil parameters

2.1 CPTu measurements and penetration model

CPTu is an efficient way of inferring in situ geotechnical

parameters. In the penetration process, the piezocone can

continuously measure and record the cone tip resistance,

qc, the sleeve friction, fs, and the pore water pressure, u, at

the position of pore pressure transducer. Currently, the

position of the pore pressure transducer has not been

standardized for piezocone [39, 59]. As shown in Fig. 1,

the pore pressure filter can be placed either on the cone

face, or behind the cone shoulder or behind the friction

sleeve. For the piezocone with pore pressure filter at the

shoulder position, the measured cone tip resistance should

be corrected with the pore water pressure due to the

unequal area of the cone rod and the cone, as shown in

Fig. 2. In this study, the proposed framework is developed

based on the piezocone with pore pressure filter behind the

cone shoulder and hence the unit cone tip resistance should

be firstly corrected with the pore water pressure at the cone

shoulder before it is used in soil classification [35, 40]

qt ¼ qc þ 1� að Þu2 ð1Þ

where qt is the corrected cone resistance; a ð¼ A1=A2Þ is

the net area ratio; A1 and A2 are the cross-sectional areas of

the and the cone rod and cone shaft, respectively; and u2 is

the measured pore water pressure at the cone shoulder. For

a typical piezocone, the value of the net area ratio can be

usually taken as 0.8 in most cases.

Up to date, many approaches have been developed to

interpret cone penetration tests, and these approaches

mainly include: cavity expansion theory [9, 13, 63, 71],

strain path method [5] and finite-element method

[26, 61, 62]. Among these approaches, the cavity expansion

theory has been the most popular approach utilized in

interpretation cone penetration tests, because not only the

displacement field developed around an expanding spher-

ical cavity resembles that around the cone tip, but also the

soil properties, such as the undrained shear strength, the

rigidity, the overconsolidation ratio and the stress state of

the soil could be properly considered in the simple closed-

form solution [13, 71]. Hence, the solution to an undrained

expansion of a spherical cavity in modified Cam-clay soils

proposed by Cao et al. [12] is employed in this study to

model the piezocone penetration test. Following Cao et al.

[12], the limit expansion pressure, ru, and the limit excess

pore water pressure, Dut, developed at the wall of an

expanding spherical cavity can be given as

ru ¼
4

3
su;tc ln

G

su;tc
þ 1

� �
þ p00 ð2Þ

Dut ¼
4

3
su;tcln

G

su;tc

� �
þ p00 1� OCR

2

� �K
" #

ð3Þ
(a) (b) (c)

Fig. 1 Different locations of pore pressure transducer: a at cone face;

b behind cone shoulder; c behind friction sleeve

Cone rod

O ring

Fig. 2 Schematic of unequal end area of piezocone
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where G is the shear modulus; OCR is the overconsolida-

tion ratio; K ¼ 1� j=k is the plastic volumetric strain

ratio, the value of which falls in the range of 0.7–0.8 for

wide range of clays; p00 is the far-field geostatic mean

effective stress; k and j are the slopes of compression and

swelling lines in the e-ln p0 plane, respectively; and su;tc is

the undrained shear strength of soil under the triaxial

compression condition. In the critical state soil mechanics,

the shear modulus G and undrained shear strength su;tc are

defined as [68]

G ¼ 3 1� 2v0ð Þtp00
2 1þ v0ð Þj ð4Þ

su;tc ¼
1

2
Mp00

OCR

2

� �K

ð5Þ

where v0 is the effective Poisson’s ratio; t is the specific

volume; andM ¼ 6sinu0= 3� sinu0ð Þ is the slope of critical
state line; here, u0 is the internal effective friction angle of

soil.

Equation (3) in fact is similar to the solution for the

limit excess pore pressure proposed by Burns and Mayne

[10] in the interpretation of piezocone test. The only dif-

ference is that the mean effective pressure p00 rather than

the effective vertical stress r0v0 is utilized in Eq. (3). Since

both the strength and shear modulus depend on the mean

effective stress of the soil, Eq. (3) could yield more rea-

sonable excess pore pressure when it is applied in inter-

pretation of piezocone test. As indicated by Burns and

Mayne [10], the first term on the right-hand side of Eq. (3)

represents the excess pore pressure induced by the changes

in the octahedral normal stress of the soil, while the second

term represents the excess pore water pressure resulting

from the change in the octahedral shear stress.

2.2 Determination of soil parameters

Theoretically, the cone tip resistance is composed of the

vertical components of limit expansion pressure and the

shear resistance of the soil along the cone surface, as shown

in Fig. 3. Based on the limit expansion pressure ru given in
Eq. (2), the corrected tip resistance can be derived from the

equilibrium condition in the vertical direction as follows:

qt ¼
4

3
su;tc ln

G

su;tc
þ 1

� �
þ p00 þ

ffiffiffi
3

p
su;tc ð6Þ

Combining Eq. (3) with Eq. (6), the overconsolidation

ratio of the soil, one of the significant soil parameters

affecting the soil behaviour, can be determined as

OCR ¼ 2
qe

p00 1þ 1:53Mð Þ

� �1=K
ð7Þ

where qe ¼ qt � u1 is the effective cone tip resistance and

u1 is the pore water pressure at the cone tip, the value of

which is generally larger than the measured pore water

pressure u2 at the cone shoulder. In most cases, u1 is in the

order of 1� 1:1ð Þ times u2 [54].

Since the strain field developed around the cone tip

resembles that around an expanding spherical cavity, the

two tangential stresses around the cone tip are equal to each

other, the stress state of which is similar to that under

triaxial compression state. Hence, substituting Eq. (7) into

Eq. (5), the in situ undrained shear strength in terms of

triaxial compression can be related to the effective cone

resistance as follows:

su;tc ¼
qe

Nke

ð8Þ

where Nke ¼ 2 1þ 1:53Mð Þ=M is defined as the cone

resistance factor.

It should be mentioned here that since the proposed

approach is developed based on the CPTu measurements,

the in situ shear modulus of the soil used in the proposed

approach still needs to be additionally determined from the

laboratory test. Hence, the seismic piezocone tests

(SCPTu) seems more suitable and should be considered in

future study for predicting the time-dependent bearing

performance of jacked piles, as both the shear strength and

the shear modulus of the soil could be determined from the

SCPTu measurements.

Fig. 3 Theoretical model for cone penetration and stress distribution

at cone tip
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3 Mechanical properties of soil around
jacked piles

3.1 Pile installation effects

Installation of a jacked pile generally causes significant

compression effects on the surrounding soil, which changes

the initial stress state of the soil and generates a large

amount of excess pore water pressure to accommodate the

squeezing effects. Appropriate assessment of the pile

installation effect is crucial for determining the time-de-

pendent load carrying behaviour of the pile after installa-

tion. Since the deformation mechanism of the soil around

the pile shaft is similar to the expansion of a cylindrical

cavity, the pile installation effects on the surrounding soils

could be properly assessed by the cylindrical cavity

expansion theory [23, 47, 51, 74]. Given the fact that the

initial stress state of most natural clay deposits is aniso-

tropic due to their deposition and K0 consolidation

[17, 60, 67], the elasto-plastic solution for cylindrical

cavity expansion, presented by Li et al. [32] based on an

anisotropic modified Cam-clay (AMCC) model, is

employed in this study to evaluate the pile installation

effects. Taking pile installation as undrained expansion of a

cylindrical cavity from zero initial radius to the pile radius,

the excess pore water pressure, Dupile, induced by pile

installation and the mean effective stress of the soil, p0f , in

the vicinity of the pile immediately after pile installation

can be approximately evaluated by the cavity expansion

solution of Li et al. [32], respectively, as follows:

Dupile ¼ p00
3K0

2K0 þ 1
þ 1ffiffiffi

3
p g�y �

OCR

2

� �K
" #

þ p0f nln
ry

r
� 1

2
n�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4M2 � 3n2

p
6

 ! ð9Þ

p0f ¼ p00
OCR

2

� �K

ð10Þ

where K0 is the coefficient of earth pressure at rest. If K0 �
1, Eq. (9) adopts the minus sign in the last bracket; on the

contrary, the minus should be used if K0\1. n is a

parameter used for simplifying the equation expression; ry
is the radius of plastic zone developed around the pile; r is

the radial distance from pile axis; and g�y is the relative

stress ratio at the elastic–plastic boundary. The expressions

of n, g�y, ry and qf are given as follows:

n ¼
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3 M2 2K0 þ 1ð Þ2�9 K0 � 1ð Þ2
h ir

3 2K0 þ 1ð Þ ð11Þ

ry

rp
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3

p
G0

p00g
�
y

s
ð12Þ

g�y ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
OCR� 1ð Þ M2 � g20

� �q
ð13Þ

where g0 ¼ 3 1� K0ð Þ= 2K0 þ 1ð Þj j is the initial stress ratio
of the soil; rp is the radius of the pile; and G0 ¼
3 1� 2v0ð Þtp00= 2 1þ v

0� �
j

	 

is the in situ shear modulus.

3.2 Consolidation of soil after pile installation

After pile installation, the disturbed soil reconsolidates

with dissipation of the excess pore water pressure gener-

ated by installation. As a result, the effective stress of the

soil adjacent to the pile increases with the elapse of time,

which is the primary cause for the time-dependent load

carrying behaviours of a jacked pile in clay [6]. Theoreti-

cally, the consolidation phase can be analysed based on

either the Terzaghi’s consolidation theory or the Biot’s

coupled consolidation theory. However, the stiffness dif-

ference in the soil around the pile caused by pile installa-

tion, which would result in significant relaxation in the

total stress during consolidation, is hard to be incorporated

in the consolidation analysis [47]. Hence, it is nearly

impossible or extremely complex to obtain an appropriate

analytical solution to evaluate the dissipation of the excess

pore water pressure.

Given the fact that the geometry and the penetration

process of piezocone are similar to those of a jacked pile,

the relaxation effects and the dissipation of the excess pore

water pressure could be reasonably assessed from the

piezocone dissipation tests. As shown by Randolph [47],

the dissipation curves for piles with different diameters

nearly overlap each other if the curves are presented in

terms of the normalized excess pore pressure,

Du Tð Þ=Du T ¼ 0ð Þ, and the non-dimensional time,

T ¼ cht=D
2
pile

� �
, where Du Tð Þ and Du T ¼ 0ð Þ denote the

excess pore water pressure at any time after installation and

immediately after pile installation, respectively; Dpile is the

pile diameter; ch ¼ khG=cwð Þ is the horizontal consolidation
coefficient; kh is the horizontal coefficient of permeability;

and cw is the unit weight of water. Here, the horizontal

consolidation and permeability coefficients are employed

because both the field test and theoretical studies show that

the excess pore water pressure around the pile shaft van-

ishes predominately in the radial direction [23, 53].

Based on the above observation of Randolph [47], it can

be concluded that the non-dimensional time required for

dissipation of certain amount of normalized excess pore

pressure around the pile, Tpile, is equal to the non-dimen-

sional time required for dissipation of the same amount of
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normalized excess pore pressure around the piezocone,

TCPTu, i.e.

Tpile ¼ TCPTu ð14Þ

According to the definition of the non-dimensional time,

the real consolidation time of the soil around the pile, tpile,

can be expressed by the real consolidation time of the soil

around the piezocone, tCPTu, as

tpile ¼
D2

pile

D2
CPTu

tCPTu ð15Þ

where DCPTu is the diameter of the piezocone.

Utilizing Eq. (15), the degree of consolidation of the soil

around the pile, Upile tð Þ, defined as the percentage excess

pore water pressure dissipated at any time to the initial

excess pore water pressure to be dissipated, can be evalu-

ated through the excess pore water pressure measured from

the piezocone dissipation test as follows:

Upile tð Þ ¼ 1� Dupile tð Þ
Dupile t ¼ 0ð Þ ¼ 1�

DuCPTu D2
pilet=D

2
CPTu

� �
DuCPTu t ¼ 0ð Þ

ð16Þ

where Dupile and DuCPTu are the excess pore water pressure
around the pile and the piezocone, respectively.

Equation (16) indicates that the consolidation rate is

inversely proportional to the square of the pile diameter.

For a typical piezocone with a diameter of 36 mm, the time

required for full consolidation of the surrounding soil is

only one percentage of the time required for full consoli-

dation of the soil around a pile with a diameter of 36 cm.

Indeed, many in situ tests have shown that the excess pore

water pressure around the piezocone fully dissipates just in

several hours (e.g. [3, 10, 52], while the dissipation of the

excess pore water pressure around the pile lasts for several

weeks or even several months [53]. Hence, the dissipation

data from piezocone provide a quick and feasible estima-

tion for the consolidation of the soil around the pile, which

not only greatly reduces the time required to conduct pile

load test after full dissipation of the excess pore water

pressure, but also avoids solving the complex governing

equations involved in consolidation analysis.

After pile installation, the soil around the pile consoli-

dates approximately under a plane strain condition and the

mean effective stress, p0 tð Þ, of the soil adjacent to the pile

shaft during consolidation can be approximately given as

[49]

p0 tð Þ ¼ p0f þ
1þ v0

3 1� v0ð Þ Dupile t ¼ 0ð Þ � Dupile tð Þ
	 


ð17Þ

Combining Eqs. (15) and (17), the mean effective stress

p0 tð Þ can be related to the excess pore pressure measure-

ment from the CPTu as follows:

p0 tð Þ ¼ p0f þ
1þ v0

3 1� v0ð Þ 1�
DuCPTu D2

pilet=D
2
CPTu

� �
DuCPTu t ¼ 0ð Þ

2
4

3
5

Dupile t ¼ 0ð Þ ð18Þ

Since both the undrained shear strength and the shear

modulus, two key parameters governing the pile behaviour,

depend on the mean effective stress of the soil, Eqs. (17)

and (18) could be further utilized to assess the time-de-

pendent load carrying behaviours of the pile, which is the

major task in the following sections.

3.3 Soil properties after installation

The severe squeezing effect induced by pile installation not

only changes the stress state of the surrounding soil, but

also disrupts the preconsolidation stress history of the soil

around the pile, especially the soil in the vicinity of the

pile. Hence, after pile installation, the soil adjacent to the

pile can be approximately taken as the normally consoli-

dated soil with OCR = 1 [50]. Based on this approximation

and Eq. (5), the undrained shear strength of the soil adja-

cent to the pile at any time after installation, su;tc rp; t
� �

, can

be given as

su;tc rp; t
� �

¼ 1

2
Mp0 tð Þ 1

2

� �K

ð19Þ

The shear modulus, as shown in Eq. (4), also depends on

the mean effective stress. Hence, the shear modulus of the

soil adjacent to the pile at any time after installation can be

given as

G rp; t
� �

¼ 3 1� 2v0ð Þtp0 tð Þ
2 1þ v0ð Þj ð20Þ

Based on Eqs. (5), (16), (17) and (19), the shear strength

ratio, qs tð Þ, defined as the ratio of the undrained shear

strength at any given time after installation to the in situ

undrained shear strength, can be expressed as

qs tð Þ ¼
su;tc rp; t
� �
su;tc

¼ 1

2

� �K

þ 1þ v0

3 1� v0ð Þ
Dupile t ¼ 0ð Þ
p00 OCRð ÞK

Upile tð Þ ð21Þ

Similarly, based on Eqs. (4), (16), (17) and (20), the

shear modulus ratio, qG tð Þ, defined as the ratio of the shear

modulus at any given time after installation to the in situ

shear modulus G0, can be given as

qG tð Þ ¼
G rp; t
� �
G0

¼ OCR

2

� �K

þ 1þ v0

3 1� v0ð Þ
Dupile t ¼ 0ð Þ

p00
Upile tð Þ ð22Þ
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It should be noted that both consolidation and soil

ageing would result in the setup of jacked piles after pile

installation. Nevertheless, the setup is primarily

attributable to the increase in effective stress due to soil

consolidation, while soil ageing that refers to a time-de-

pendent change in soil properties at a constant effective

stress contributes little to pile setup compared with the

setup caused by consolidation. Hence, soil ageing, which is

beyond the scope of this study, is not considered in the

proposed approach.

4 Prediction of time-dependent load
carrying capacity

4.1 Pile shaft resistance

As shown in Fig. 4, the soil around the pile deforms in the

vertical annular plane without radial deformation during

pile loading, which is similar to the deformation under the

plane strain condition. Hence, the shear strength of the soil

around the pile can be approximately evaluated from the

shear strength measured in the simple shear test that is

under plane strain condition [50]. Since the soil exhibits

different strengths under different loading conditions [37],

the undrained strength determined from the cone tip

resistance by Eq. (8) in terms of triaxial condition should

be transformed to the shear strength under the plane strain

condition in order to predict the shaft resistance. In this

study, the spatially mobilized plane (SMP) criterion pro-

posed by Matsuoka [36], which appropriately considers

effect of intermediate principal stress and hence is capable

of reflecting the three-dimensional strength of the soil

under various loading conditions, is employed to model the

shear strength of the soil adjacent to the pile that deforms

approximately under plane strain condition. Following

Matsuoka et al. [38], the undrained shear strength under

plane strain condition, su;ps, can be deduced from the

undrained shear strength under triaxial condition as

follows:

su;ps ¼
3sinwf

M

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ sin2wf

q su;tc ð23Þ

Fig. 4 Deformation of soil surrounding pile and stress states of a soil element adjacent to pile shaft during loading
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where wf ¼ arcsin
ffiffiffi
2

p
M=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
9þ 3M

p� �
is the stress-trans-

formed parameter under plane strain condition.

Following Randolph and Wroth [50], the failure stress

state of a soil element adjacent to the pile shaft during pile

loading can be plotted in the r0 � s plane, as shown in

Fig. 5. In Fig. 5, the failure envelope passes through the

original of the coordinates since the soil after installation

could be taken as the normally consolidated soil. Due to the

severe squeezing effect caused by pile installation, the

radial effective stress r0r of the soil element adjacent to the

pile shaft is larger than the vertical effective stress r0z after
installation. Hence, the failure envelope is tangent to the

Mohr’s stress circle at point F r0zf ; szrf
� �

when the soil

reaches failure state [50]. The ultimate shaft resistance, fsu,

which is equal to the failure shear stress, srzf , could be

deduced from the geometrical relationship in Fig. 5 as

follows:

fsu ¼ srzf ¼ su;pscosu
0 ð24Þ

Combining Eqs. (8), (19), (21), (23) and (24), the shaft

resistance, fsu tð Þ, at any time after installation could be

related to the effective cone tip resistance as follows:

fsu tð Þ ¼ ac tð Þqe ð25Þ

where ac tð Þ is defined as the shaft resistance factor based

on CPTu data, which can be expressed as

ac tð Þ ¼ 3qs tð Þsinwfcosu
0

NKEM

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2þ sin2wf

q ð26Þ

It can be seen from Eq. (26) that the time-dependent pile

shaft resistance factor ac tð Þ is proportion to the degree of

consolidation and hence can be expressed by the degree of

consolidation as

ac tð Þ ¼ ac t ¼ 0ð Þ þ ac t ¼ 1ð Þ � ac t ¼ 0ð Þ½ �Upile tð Þ ð27Þ

Based on Eqs. (16) and (27), the time-dependent pile

shaft resistance factor ac tð Þ can be further related to the

dissipation data from piezocone as follows:

ac tð Þ ¼ ac t ¼ 0ð Þ þ ac t ¼ 1ð Þ � ac t ¼ 0ð Þ½ �

1�
DuCPTu D2

pilet=D
2
CPTu

� �
DuCPTu t ¼ 0ð Þ

2
4

3
5 ð28Þ

where ac t ¼ 0ð Þ corresponds to the shaft resistance factor

immediately after installation and ac t ¼ 1ð Þ denotes the

long-term shaft resistance factor.

4.2 Pile toe resistance

For jacked piles in clayey soils, the ultimate pile toe

resistance can be simply estimated as [64]

qbu ¼ Ncsu;tc ð29Þ

where Nc is the pile toe resistance factor, the value of

which is in the order of 9 for a wide range of clayey soils

[7, 66].

Combining Eqs. (8), (21), and (29), the ultimate pile toe

resistance at any time after installation, qbu tð Þ, can be

expressed as follows:

qbu tð Þ ¼ qs tð ÞNc=Nke ¼ Cq tð Þ�qe ð30Þ

where Cq tð Þ ¼ qs tð ÞNc=Nkeð Þ is defined as the pile toe

resistance factor based on CPTu data. Note that Cq tð Þ
proposed here appropriately incorporates the setup effect

and considers the scale effects between the piezocone and

pile and hence is more advanced than the resistance factors

that is incapable of reflecting the time-dependent pile toe

resistance; �qe is the average effective cone resistance in the

pile toe influence zone, which is in the range of about 4–8

times of pile diameter above and below the pile toe [45].

Here, the average effective cone resistance is utilized here

to accommodate the scale effect due to the difference in

piezocone and pile diameters.

Similar to the time-dependent pile shaft resistance factor

ac tð Þ, the time-dependent pile toe resistance factor Cq tð Þ
can be also expressed in terms of the degree of consoli-

dation as

Cq tð Þ ¼ Cq t ¼ 0ð Þ þ Cq t ¼ 1ð Þ � Cq t ¼ 0ð Þ
	 


Upile tð Þ
ð31Þ

Taking advantage of Eqs. (16) and (31), the time-de-

pendent pile toe resistance factor Cq tð Þ can be related to the
dissipation data from piezocone as follows:

Fig. 5 Failure stress state of soil element adjacent to pile shaft in

r0�s plane
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Cq tð Þ ¼ Cq t ¼ 0ð Þ þ Cq t ¼ 1ð Þ � Cq t ¼ 0ð Þ
	 


1�
DuCPTu D2

pilet=D
2
CPTu

� �
DuCPTu t ¼ 0ð Þ

2
4

3
5 ð32Þ

4.3 Total load carrying capacity

Based on Eqs. (25) and (30), the time-dependent total load

carrying capacity, Qu tð Þ, of a jacked pile in a layered soil

can be readily determined as

Qu tð Þ ¼ Fsu tð Þ þ Fqu tð Þ ¼
Xn
i¼1

fsu;i tð ÞAs;i þ Apqbu tð Þ ð33Þ

where Fsu tð Þ and Fqu tð Þ are the pile shaft bearing capacity

and the pile toe capacity, respectively; fsu;i tð Þ is the time-

dependent ultimate shaft resistance in layer i; As;i is the

area of the pile shaft in layer i; and Ap is the cross-sectional

area of the pile.

5 Prediction of time-dependent load–
displacement behaviour

5.1 Time-dependent load-transfer curves

Generally, pile is designed with sufficient safety factor and

the axial load applied on the pile is much smaller than the

ultimate load carrying capacity of the pile. In such cir-

cumstances, the load–displacement behaviour of the pile

becomes the major concern in the design of pile founda-

tions. In this study, the CPTu measurements will be applied

to develop the time-dependent nonlinear load-transfer

curve for the widely used load-transfer method, while the

algorithm of the load-transfer method itself, which can be

found from many well-stabilized publications (e.g.

[30, 31, 73], will not be discussed in this study.

Currently, there are a variety of load-transfer curves that

exist for the analysis of the load–displacement response,

such as the elastic perfectly plastic bilinear model [44], the

hyperbolic nonlinear model [30, 75], the exponential non-

linear model [65] and the softening nonlinear model [73].

Among these models, the hyperbolic-type and the expo-

nential-type nonlinear models, which can be fully deter-

mined by two model parameters, are the most widely used

load-transfer curves because of their simplicity and their

capability of incorporating the nonlinear soil behaviour.

For the hyperbolic-type and the exponential-type load-

transfer curves, the two model parameters can be directly

or indirectly related to the shear strength and the shear

modulus of the soil. Therefore, the model parameters could

be possibly determined by the CPTu measurements via the

developed shear strength and shear modulus. In this study,

the CPTu measurement will be utilized to determine the

two model parameters of the exponential-type load-transfer

curve. It should be noted that the proposed approach is also

applicable to the hyperbolic type and other types of load-

transfer curves provided that the model parameters can be

determined by the shear strength and the shear modulus of

the soil. The function of the time-dependent exponential-

type load-transfer curves, as shown in Fig. 6, for pile shaft

and pile toe can be given, respectively, as [34, 65]

ss;z tð Þ ¼ as;z tð Þ 1� e�bs;z tð ÞWs;z

h i
ð34Þ

qb tð Þ ¼ ab tð Þ 1� e�bb tð ÞWb

� �
ð35Þ

where ss;z tð Þ and Ws;z are the mobilized shaft shear resis-

tance and the corresponding pile–soil relative displacement

at depth z, respectively; as;z tð Þ and bs;z tð Þ are the two time-

dependent model parameters of the load-transfer curve for

the pile shaft; qb tð Þ andWb are the mobilized resistance and

the corresponding displacement at pile toe; and ab tð Þ and

bb tð Þ are the time-dependent model parameters of the load-

transfer curve for the pile toe.

5.2 Determination of model parameters

As shown in Fig. 6, the model parameters, as;z tð Þ and ab tð Þ,
represent the asymptotic values of the load-transfer curves

when the pile–soil relative displacements are sufficient

large. Hence, they can be related to the ultimate pile shaft

and toe resistance through a failure ratio, respectively, as

follows:

as;z tð Þ ¼ Rf fsu;z tð Þ ð36Þ

ab tð Þ ¼ Rfqbu tð Þ ð37Þ

where Rf is the failure ratio, the value of which is in the

range of 0.8–0.95 [16].

Fig. 6 Exponential type of load-transfer curves for pile shaft and base
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Substituting Eqs. (25) and (30) into Eqs. (36) and (37),

the model parameters as;z tð Þ and ab tð Þ can be determined

by the CPTu measurements, respectively, as follows:

as;z tð Þ ¼ Rfac tð Þqe ð38Þ

ab tð Þ ¼ RfCq tð Þ�qe ð39Þ

From Fig. 6, it can be seen that the product of as;z tð Þ and
bs;z tð Þ represents the initial tangent stiffness of the load-

transfer curve, the value of which is equal to the initial

stiffness of the soil column with unit length at the pile–soil

interface. Based on Eqs. (16), (20) and (22), the initial

stiffness, K0;z tð Þ, can be determined with consideration of

the installation effects as follows [32]:

K0;z tð Þ ¼

2pBG0;z

ln
A� Blnrp

A� Blnrm

� � ry � rm

2pBG0;z

ln
A� Blnrp

A� Blnrm

rm

ry

� �B
" # ry\rm

8>>>>>>><
>>>>>>>:

ð40Þ

where rm ¼ 2:5Lv 1� vð Þð Þ is the limiting radius, beyond

which the shear stress induced by pile loading is negligible;

L is the length of the pile; v is defined as the ratio of soil

shear modulus at middle depth of the pile to that at the pile

toe; and the coefficients A and B are used to simplify the

expression, which are given as

A ¼ OCR

2

� �K

þ 1þ v0

3 1� v0ð Þ
3K0

2K0 þ 1
þ 1ffiffiffi

3
p g�y

�

þ OCR

2

� �K

nlnrp �
n
2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4M2 � 3n2

p
6

� 1

 !#
Upile tð Þ

ð41Þ

B ¼ n
1þ v0

3 1� v0ð Þ
OCR

2

� �K

Upile tð Þ ð42Þ

Combining Eqs. (38) and (40) and considering the

definition of the product of as;z tð Þ and bs;z tð Þ, the model

parameter bs;z tð Þ can be determined by the CPTu mea-

surement as follows:

bs;z tð Þ ¼

BG0;z

Rfac tð Þqerpln
A� Blnrp

A� Blnrm

� � ry � rm

BG0;z

Rfac tð Þqerpln
A� Blnrp

A� Blnrm

rm

ry

� �B
" # ry\rm

8>>>>>>><
>>>>>>>:

ð43Þ

Similarly, the product of ab tð Þ and bb tð Þ represents the

initial stiffness of the pile toe. Following the framework

proposed by Randolph and Wroth [48] for analysing the

elastic displacement of axially loaded piles, the time-de-

pendent initial stiffness of the pile toe, K0;b tð Þ, can be

developed based on Eq. (22) as follows:

K0;b ¼
4qG tð ÞG0rp

1� v0
ð44Þ

From Eqs. (39) and (44) and the definition of the pro-

duct of ab tð Þ and bb tð Þ, the model parameter bb tð Þ can be

determined by the CPTu measurements as

bb tð Þ ¼ 4qG tð ÞG0

prpCq tð Þ�qe 1� v0ð Þ ð45Þ

It can be seen from Eqs. (38), (39), (43) and (45) that the

time-dependent load-transfer curves for pile shaft and pile

toe can be readily determined with the CPTu measure-

ments, and the only additional soil parameters required in

the approach are the friction angle and the slope of swelling

lines in the e-ln p0 plane, which can be obtained from the

laboratory tests or empirically estimated based on the

practical experience.

Figure 7 shows the flow chart of the procedures of the

proposed CPTu method corresponding to the above

derivations. It can be seen that the proposed CPTu method

Input Data
CPTu measurements: qc profile and u profile;
Soil properties: G0;
Geometries of pile and piezocone: L, Dpile, DCPTu

Correct cone tip resistance using Eq. (1);
Plot OCR profile with Eq. (7)

Output result
Time-dependent load carrying capacity 
Time-dependent load-displacement curves

Evaluate in situ shear strength su,tc using Eq. (8);
Deduce Upile (t) using Eq. (16);
Determine ρs(t) and ρG(t) using Eqs. (21) and (22)

Determine αc(t) and Cq(t) using Eqs. (28) and (32);
Calculate load carrying capacity using Eq. (33);
Determine load-transfer curves using Eqs. (38), (39),
(43) and (45) ;
Calculate load-displacement behaviour with load-
transfer method

Fig. 7 Flow chart for procedures of proposed method
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only requires the CPTu measurements, the friction angle

and in situ shear modulus of the soil and the geometry

information of the pile and the piezocone as the input data.

With these input data, the time-dependent load carrying

behaviours of the pile could be easily predicted by the

proposed method with the aid of a simple MATLAB code.

6 Centrifuge model tests

To validate of the proposed CPTu approach, centrifuge

model tests were designed and conducted in the centrifuge

facility at Tongji University, Shanghai, China. The tests

include two groups pile loading tests at different times after

installation and a piezocone penetration and dissipation

test. The dimension of the strong box used in the test is

600 mm 9 400 mm 9 500 mm in length, width and

height, respectively. The designed acceleration level of the

tests was 50 g. The scale factors involved in centrifuge

model tests are listed in Table 1.

The soil sample used in the tests was the reconstituted

Shanghai silty clay. The homogeneous slurry, prepared by

stirring the mixture of the clay powder and water in a

vacuum tank, was consolidated under the K0 condition in

the strong box at a centrifugal acceleration of 50 g. The

consolidation lasted for 10 h, which is equivalent to

35-month consolidation time for the prototype clay sample

and is long enough to fully consolidate the soil sample. The

loading system, consisting of an electrical motor jack

equipped with a step motor to control the loading rate, was

installed at the top of the strong box for pile installation

and loading tests. Six close-ended hollow aluminium alloy

model piles: three with an outer diameter of 12 mm and

three with outer diameters of 16 mm, were used in the tests

to explore the time-dependent load carrying behaviours of

piles with different diameters. The load carrying capacity

of the pile was measured by a force transducer, which was

mounted at the top of the model pile through threaded caps,

as shown in Fig. 8. The piezocone used in the test was the

miniature piezocone with an effective length of 300 mm,

shaft diameter of 10 mm and apex angle of 60�. The

piezocone utilized could simultaneously measure and

record the cone tip resistance, pore water pressures at the

cone shoulder and the sleeve friction during penetration.

In the first and second group tests, one model pile was

firstly pushed into the soil sample at a constant rate of

90 mm/min under the centrifuge acceleration of 50 g until

it reaches the designed embedded depth of 200 mm. Sub-

sequently, the pile loading test was conducted 5 min after

installation by pushing the pile down at a relative slow rate

of 5 mm/min. After that, the other two piles were installed

and pile loading tests were performed successively fol-

lowing the same procedure, but the loading tests were

conducted 10 min and 60 min after installation, respec-

tively, to investigate the load carrying behaviours of the

pile at different times after installation. In the tests, every

pile was tested only once to avoid the repeating loading

effect impacting the load carrying behaviours of the pile.

During pile loading process, the loads imposed on the pile

were recorded by a force transducer, while the displace-

ment of the pile could be deducted from the loading rate

and time. It should be noted that in the test the minimum

space between the pile and the wall of the strong box was

135 mm and the minimum space between the individual

piles was 150 mm, which are larger enough to avoid the

boundary effect and the interaction effect between the piles

[24].

After the pile loading tests, the CPTu was conducted by

pushing the piezocone into the soil sample at a constant

rate of 90 mm/min under the acceleration of 50 g (20 mm/

Table 1 Scale factors in centrifuge modelling

Quantity Scale factor

Length 1/N

Gravity 1/N

Mass 1/N3

Force 1/N2

Stress 1

Moduli 1

Acceleration N

Time (consolidation) 1/N2

Model 
piles

Force transducer

CPTu

Fig. 8 Picture of model piles and piezocone used in centrifuge model

tests
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s under 1 g condition). When the piezocone reached the

prescribed depth of 240 mm, the penetration process halted

and the dissipation test was performed until the pore

pressure readings decay to the hydrostatic pore water

pressure under the acceleration of 50 g. The cone tip

resistance qt and the pore water pressure at the cone

shoulder u2 were continuously recorded in the whole pro-

cess, which will be utilized to predict the time-dependent

load carrying behaviours of the model piles.

Figure 9 shows the plot of the load–displacement curves

from the two groups of pile loading tests. The load–dis-

placement curves exhibit apparent time-dependent beha-

viour after installation. The stiffness of the load–

displacement curves increase significantly with the passage

of time, which is more pronounced for the piles with lager

diameter. It is also observed that all the load–displacement

curves show plunging failure, after which the displacement

increases significantly but the load increases little. For this

type of failure, the load carrying capacity of the pile can be

readily considered as the load at the onset of the plunging

failure [24]. Hence, the loads corresponding to the plung-

ing failure (Table 2) will be compared with the predictions

to validate the proposed method latter in the paper.

Figure 10 shows the profiles of the cone tip resistance qc
and the penetration pore water pressure u2 at the shoulder

of the cone during sounding. It can be seen that both the tip

resistance and the pore pressure increase almost linearly

with the increase in depth. This indicates that the soil

sample is homogeneous as it was prepared by reconsoli-

dation of the homogeneous slurry under the constant cen-

trifuge acceleration.

The measured dissipation data of the excess pore water

pressure at the shoulder of the cone are presented in

Fig. 11. As shown in the figure, the dissipation curve

decreases with elapse of time, and the time required for full

dissipation of the excess pore water pressure induced by

penetration lasts about 4000 s. At the beginning of the

dissipation test, the excess pore water pressure dissipates

rapidly, while the dissipation rate decreases significantly

with time due to the decrease in the pressure gradient.

Dissipation of 90% of the excess pore water pressure lasts

about 1400 s; after that, the pore water pressure nearly

keeps unchanged and gradually approaches the hydrostatic

pore water pressure.

7 Validation of proposed CPTu approach

In this section, the proposed approach is applied to predict

the time-dependent load carrying behaviours of the model

piles so as to show the application of the proposed CPTu

Table 2 Pile shaft capacity, end capacity and total capacity at different times

D = 0.6 m D = 0.8 m

t (days) Fsu (kN) Fqu (kN) Qu (kN) Fsu/Qu (%) Fsu (kN) Fqu (kN) Qu (kN) Fsu/Qu (%)

0 125.48 39.03 164.51 76.28 167.31 69.38 236.69 70.69

8.65 239.72 63.78 303.49 78.99 277.75 101.29 379.03 73.28

17.3 274.69 71.36 346.04 79.38 327.86 115.76 443.62 73.91

105 325.50 82.37 407.86 79.81 420.93 142.65 563.59 74.69

0.24

0.20

0.16
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0.04
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D = 12 mm; t = 10 min
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Load, Q (N)

Plunging failure

Fig. 9 Load–displacement curves measured from centrifuge model

test
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Fig. 10 Profiles of cone tip resistance and pore water pressure with

depth
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method. For clarity, the interpreted results and the com-

parisons are displayed in terms of the prototype. According

to the scale factors listed in Table 1, the dimensions of the

model pile are scaled up by a factor of 0.02, the time for

consolidation is scaled up by a factor of 4 9 10-4, while

the stress and strain were scaled up by a factor of 1. The

friction angle u0 and the shear modulus G0, the two addi-

tional soil parameters required in the proposed approach,

have been determined to be u0 ¼ 31:7	 and G0=p
0
0 ¼ 430,

respectively, from the laboratory tests on the soil sample

retrieved after the centrifuge tests.

Figure 12 shows the plot of the profiles of the corrected

cone resistance qt, the effective cone resistance qe, the

interpreted shear strength under triaxial condition su;tc and

the interpreted shaft resistance fsu with depth. Based on the

profile of the cone tip resistance shown in Fig. 12, the

profile of OCR along the depth can be obtained by making

use of Eq. (7). The resulting profile of the OCR is shown in

Fig. 13. It can be observed that the soil sample is a little

overconsolidated with OCR in the order of 1.1. This is

because the centrifuge facility was stopped after each pile

loading test to install the model pile on the electrical motor

for the next pile installation and loading test. Although the

duration of unloading periods lasted just about 10 min each

time, which was a relative short time period compared with

the spinning time, the soil sample was inevitably unloaded

during this process. Hence, the OCR measured from the

CPTu test conducted after pile loading test showed that the

soil sample is a little overconsolidated with OCR on the

order of 1.1.

From the pore water pressure dissipation curve mea-

sured from the centrifuge model test shown in Fig. 11, the

corresponding dissipation curve in terms of prototype and

the curves of degree of consolidation for the soil adjacent

to the piezocone and two types of model pile can be

deduced from the scale factors listed in Table 1 and

Eqs. (15) and (16), which are plotted in Fig. 14. Following

the empirical formula, K0 ¼ OCRsinu0 1� sinu0ð Þ, pro-

posed by Mayne and Kulhawy [41], the coefficient of earth

pressure at rest, K0, of the soil sample can be determined as

0.5. Based on the deduced degree of consolidation shown

in Fig. 14 and the interpreted soil parameters shown in

Figs. 12 and 13, the time-dependent shaft resistance factor

ac tð Þ and the pile base resistance factor Cq tð Þ can be readily
determined by Eqs. (28) and (32), respectively. The theo-

retically derived unit shaft resistances along pile shaft at

various maturities of the pile loading test are plotted in

Fig. 15, based on which the time-dependent load carrying

capacity of the pile can be determined by Eq. (33). Fig-

ure 16 shows the comparisons of the predicted and the

measured time-dependent load carrying capacities of the

model piles. Since the dissipation test lasted 100 days, the

predicted maximum time span for the model pile with a

diameter of 0.6 m is 144 days and for the pile with a
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diameter of 0.6 m is 256 days. As shown in the figure, the

predictions agree well with the results measured from the

centrifuge model tests, which indicates the proposed

approach is capable of providing reasonable predictions for

the time-dependent load carrying capacity of the pile based

on the CPTu measurements. It is also interesting to find

that the pile with lager diameter exhibits larger load car-

rying capacity but requires more time to reach the final

limit state. This means that it will cost more time to

determine the long-term load carrying capacity for the

large diameter piles from the pile loading test, which

indirectly highlights the significance and advantage of the

proposed approach.

It should be noted that the diameter of the miniature

piezocone used in the centrifuge model test is 10 mm,

which corresponds to a prototype piezocone with a diam-

eter of 0.5 m. Hence, the piezocone dissipation test lasts

more than 100 days in this study. For a standard piezocone

with a diameter of 3.6 cm in practice, it can be deduced

based on Eq. (7) that it only requires 0.5 day for full dis-

sipation of the excess pore water. Hence, the proposed

approach could provide a time-efficient and feasible way to

predict the time-dependent load carrying behaviours of the

jacked pile in practice, especially for the pile with larger

diameters.

Based on the developed load-transfer curves, the time-

dependent load–displacement behaviours of the model

piles can be predicted by the load-transfer method. Fig-

ure 17 shows the predicted and the measured load–dis-

placement curves for the model piles at different times

after installation. As shown in the figure, the predicted

curves match well with the measured curves, which again

demonstrate the validity of the proposed CPTu method.

Corresponding to the dissipation curve shown in Fig. 14,

the stiffness and the capacity of the pile shown in Fig. 17

increase rapidly at the beginning of consolidation, while

the rate decreases with passage of time. This sufficiently

manifests that the increase in the mean effective stress due

to consolidation is the primary cause for the setup of the

jacked pile in clayey soils.

The above comparisons indicate that the proposed CPTu

approach is capable of yielding reasonable predictions for

the time-dependent load carrying behaviours of the model

piles by making use of CPTu measurements. However,

since the diameter of the miniature piezocone employed in

the centrifuge model test is close to the diameters of the

model piles, the scale effects between the piezocone and

the pile may not be well reflected by the centrifuge model

test. Moreover, although the discrepancy of the displace-

ments to mobilize the shaft and toe ultimate resistances in

the centrifuge model tests is not pronounced as the diam-

eter of the model pile used in the centrifuge model test is

relatively small, the discrepancy in required displacements

to develop shaft and toe ultimate resistances has a pro-

nounced effect on the total bearing capacity for the actual

piles with a larger diameter. Furthermore, due to lack of the
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field data, the proposed CPTu method is only validated by

the centrifuge model tests conducted in the homogeneous

normally consolidated clay. Therefore, the proposed CPTu

method still needs further validation and calibration with

field data that cover a wide range of pile diameters and soil

conditions before it is applied in practical engineering.

8 Conclusions

In this paper, a feasible CPTu method is developed to

predict the time-dependent load carrying behaviours of

jacked piles. The corrected cone resistance, considering the

unequal area of the cone rod and the cone, is used to

determine the shear strength and the OCR of the soil for the

proposed approach. Based on the similarity between the

pile and the piezocone, the time-dependent pile shaft and

base resistance factors as well as the time-dependent load-

transfer curves are developed by making use of the cone tip

resistance, the pore water pressure during sounding and the

subsequent pore water pressure dissipation data of CPTu.

The three-dimensional strength and anisotropic initial

stress of the soil, the pile installation effects and the scale

effects between the pile and the piezocone, all of which are

of great significance to determine the load carrying beha-

viours of the jacked pile, are properly considered in the

proposed approach. The only additional soil parameters

required in the approach are the friction angle and the

in situ shear modulus, which can be easily obtained from

the laboratory tests or empirically assumed based on the

practical experience.

Centrifuge model tests, including two groups pile

loading tests at different times after pile installation and a

piezocone penetration and dissipation test, were conducted

for validation of the proposed CPTu method. The proposed

approach is then applied to predict the time-dependent load

carrying behaviours of the model piles using the CPTu

measurements so as to illustrate the application and validity

of the proposed CPTu method. The results show that the

proposed approach is capable of yielding reasonable pre-

dictions for the time-dependent load carrying behaviours of

jacked piles. The proposed provides a time-efficient and

feasible way to predict the time-dependent load carrying

behaviours of the jacked pile in clay, which not only

greatly saves the time of conducting time-consuming pile

loading tests, but also effectively avoids solving the com-

plex partial differential equations involved in consolidation

analysis. However, due to lack of field tests conducted

specifically to investigate the relation between the CPTu

dissipation data and the time-dependent load carrying

capacity of the jacked piles, the proposed approach is only

verified by the centrifuge model tests conducted by the

authors. The miniature piezocone used in the centrifuge

model test corresponds to a prototype piezocone with a

diameter of 0.5 m, which is much larger than the diameter

of the standard piezocone with a diameter of 3.6 cm in

practice. Moreover, the diameters of the two type model

piles in terms of the prototype are 0.6 m and 0.8 m,

respectively, which cover a limited range of pile diameter

and are close to the diameter of the piezocone. Hence, the

scale effects between the pile and the piezocone and the

discrepancy in required displacements to develop shaft and

toe ultimate resistances were not well reflected by the

centrifuge model tests. Therefore, filed tests that use the

standard piezocone and cover a wide range of pile diam-

eters and soil conditions are expected to be conducted for

further validation and calibration of the proposed CPTu

method before it is used in practical engineering. It should

also be declared that the proposed CPTu method is

developed for jacked piles, which may not be applicable to

other types of displacement piles as the installation effects

and time-dependent load carrying behaviour of other type

piles are more or less different from those of jacked piles.
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