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Conventional PCC pile technique has been widely used as embankment piles for highway construction in China. To further
improve the PCC pile capacity, the expansive concrete technique has been applied to the PCC pile to replace the normal concrete
recently. The use of expansive concrete for the PCC pile could increase the pile diameter as well as the contact pressure at the
pile-soil interface due to the expansion process of concrete, which allows the improved PCC pile to provide higher capacity than the
conventional PCC pile. This paper presents a theoretical model for the new improved PCC pile using expansive concrete technique.
The model is formulated by assuming the PCC pile installation process as large strain undrained cylindrical cavity expansion and
the subsequent pile shaft expansion combined with soil consolidation process is simulated by the small strain cylindrical cavity
expansion combined with strain-controlled consolidation. Then, similarity solution technique is used to solve the problem of cavity
expansion in modified cam Clay (MCC) model, while the strain-controlled consolidation is calculated through the finite difference
method (FDM). Subsequently, the suitability of the cavity expansion solution in the interpretation of the PCC pile installation
is verified by comparing the calculated excess pore pressure with the measured value in an instrumented field test. The stress
changes and excess pore pressure during the PCC pile installation and subsequent pile shaft expansion are investigated by means
of parametric study. The proposed theoretical model first reveals and quantifies the fundamental mechanism of the PCC pile using
expansive concrete technique and it provides a theoretical basis for developing design methods of the new improved PCC pile in
the future.
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1       Introduction

A new type of displacement pile, the large diameter cast-in
situ concrete pipe (PCC) pile, has been developed and used as
embankment piles for highway construction in China [1–4].
A technical specification (JGJ/T213-2010), regarding the de-
sign and construction of PCC piles, has been issued by the
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department of construction, China. The PCC pile is a cast-in
situ concrete pipe pile of which the diameter is normally in
the range of 1.0 to 1.5 m. Because the PCC pile has relatively
large diameter and the side resistance of the PCC pile devel-
ops along both of the inner and outer surfaces, this new pile
could provide much larger shaft capacity than other embank-
ment piles, such as stone columns, lime or cement columns or
deep cementmixing piles. It also saves the amount of the used
concrete than the conventional piles. Two typical practical

Downloaded to IP: 197.1.54.150 On: 2017-10-31 01:26:17 http://engine.scichina.com/doi/10.1007/s11431-016-0250-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s11431-016-0250-3&domain=pdf&date_stamp=2016-12-28
http://tech.scichina.com
http://link.springer.com
http://dx.doi.org/10.1007/s11433-015-5649-8
https://doi.org/10.1007/s11431-016-0250-3


applications of the PCC piles were conducted in China. One
is part of the Yancheng to Nantong highway project in Jiangsu
province, China, the other is the using of PCC piles for the
improvement of the highway embankment over soft clay in
northern suburb of Shanghai, China. These two projects con-
firm the value of PCC pile in practice. The PCC pile offers
a relatively fast and cost-effective way for soil improvement
as compared with other existing soil improvement methods.
Therefore, it has potential great application prospect in the
future.
In order to satisfy the high requirement of the small post-

construction settlement in highway and high speed railway
construction, the PCC pile has been further improved to in-
crease the shaft capacity recently. A simple and effective
method is to use the expansive concrete to replace the nor-
mal concrete when installing a PCC pile. The expansive con-
crete is combined with the PCC pile method to forms a new
type of pile—The large diameter cast-in situ expansive con-
crete pipe pile. A review of the previous studies show that
the expansive concrete technique was originally introduced
to pile foundation by Sheikh et al. [5–7]. They used the ex-
pansive cement concrete to increase the capacity of the drilled
shafts (bored piles) in stiff clay. As pointed out by Sheikh
& Michaelw, the expansive concrete drilled shafts provide
50% higher unit side resistance and reduce the settlement by
about 50% than the conventional drilled shafts using normal
concrete. In fact, the expansive concrete develops additional
pressure against the soil due to the formation of the ettrin-
gite (3CaO · Al2O3 · 3CaSO4 · 31H2O) of expansive cement.
This additional pressure has many beneficial effects on the
pile capacity: (a) the pressure cause the water at the pile-soil
interface to diffuse into the surrounding soil, which results in
the dried and stronger soil or soil-concrete interface; (b) the
confining effect in the horizontal direction due to the expan-
sion effect could provide a compression stress state for con-
crete, which reduces the effect of strength reduction of con-
crete due to the horizontal expansion; (c) the additional pres-
sure from the expansion process increases the normal contact
stress at the pile-soil interface and thus will provide a higher
unit skin friction at the interface according to the Coulomb
friction principle; (d) the expansion process facilitates the dis-
sipation of the pile driving generated excess pore pressure,
which allows the pile to gain the shaft capacity more quickly
than the use of the normal concrete for conventional pile; (e)
the expansion process of concrete increases the diameter of
the pile, which increases the side surface of the pile and of
course the shaft capacity.
Actually, there are two types of expansive concrete. One

is the shrinkage-compensating nature and would not generate
the additional expansion pressure, which was used for reduc-
ing the cracks in the concrete in structural engineering [8].
Another type developed by Timusk and Sheikh could yield
a larger expansion than the previous one and thus will pro-

vide additional pressure [9]. The second type is more valu-
able in geotechnical engineering, and in particular to increase
the pile capacity. The expansion characteristic of this type
of expansive concrete has been extensively investigated by
Sheikh and O’Neill [7]. The results show that the concrete
expands slowly during the first week and then the expansion
rate rapidly increases in the next 7–14 d, after that the ex-
pansion rate tends to be constant value until to a stable state
and the expansion process will stop after 28 d when the fluid
concrete completely becomes solid. In addition, Sheikh &
Michaelw suggest that the amount of the radial expansion (ra-
dial strain at the pile-soil interface) of the expansive concrete
should not exceed 0.2% since plastic failure will occur in the
surrounding soil as pile shaft further expands and the concrete
may even occur cracks. Therefore, the percentages of expan-
sion components in cements should be controlled to maintain
a suitable amount of radial expansion.
The combing use of PCC pile and expansive concrete tech-

niques are new methods of which the fundamental mecha-
nisms are unknown. Particularly, since PCC pile is a type of
displacement pile, the installation effect (stress changes and
excess pore pressure during installation) and the subsequent
concrete expansion process combined with soil consolidation
should be understand. The influence of the use of the expan-
sive concrete on the PCC pile performance is also need to be
captured in a scientific way.

2       Objectives

This paper aims to investigate the fundamental mechanism
of the new improved PCC pile using expansive concrete, and
in particular to quantify the stress changes and generated ex-
cess pore pressure during the PCC pile installation, the sub-
sequent concrete expansion process combined with soil con-
solidation, and the influence of the use of expansive concrete
technique on the PCC pile performance in an analytical way.
An analytical model based on cavity expansion and consol-
idation theory is presented to simulate the whole physical
process (the PCC pile installation and the expansion of pile
shaft after installation) of the PCC pile during construction
stage. This model could capture the main physical features
of the PCC pile using expansive concrete and the presented
fundamental mechanism provides a theoretical basis for de-
veloping design methods of the new improved PCC pile in
the future.

3       Formulation of the conceptual model for the
PCC Pile

3.1       Construction procedure for the PCC pile

To evaluate the performance of the new improved PCC pile in
a scientific way, the whole physical process including the in-
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stallation process and the expansion effect of concrete should
be considered. Conventional construction method for PCC
pile contains four steps:
(1) An annular casing with cutting edge of 30° is first

erected on the PCC piling machine (see Figure 1) and is
initially pushed and then vibro-driven into the ground;
(2) The casing is driven until to the design depth of the pile

and the expansive concrete is poured into the annular space
of the casing;
(3) Then, the casing is extracted from the ground by the

vibration technique (see Figure 1) and the expansive concrete
will stay in the ground, which forms the PCC pile body;
(4) The expansive concrete gradually mobilizes the expan-

sion characteristics in 7–14 d after casting and the pile diam-
eter will increase with the expansion process until to a steady
state (after 28 d). Note that the expansive concrete is made
by the way of mixing the conventional concrete with swelling
agent, which could provide expansion effect during the solid-
ification period of the concrete. The swelling agent has little
influence on the temperature of the concrete during the solid-
ification period.

3.2       Surrounding soil stress state changes during con-
struction

Figure 2 presents the whole physical process for construct-
ing a PCC pile using expansive concrete. Before penetrating
the annular casing, the soil is in an in-situ stress state with
the vertical and horizontal total stress equal to σv0 and σh0,
respectively. The initial pore pressure of the soil is defined
as u0. When the casing is pushed into the ground, the soil is
disturbed and the stress state is changed. The casing cuts the
semi-infinite soil into two parts (the inner and outer soil of the
casing). It is noted that the shape of the cutting shoe leads to
the outer soil mainly moves outwards and the inner  soil  are

Figure 1         (Color online) PCC piling machine.

only cut off without compaction during the penetration
process. In this case, it is reasonable to assume that the
inner soil is still in the in-situ stress state (radial stress at
the pile-inner soil interface almost does not change though
the shear stress varies), while the horizontal pressure (radial
stress) at the pile-outer soil interface is increased due to
the outward movement of the soil. The increased pressure
induced by the installation process is defined as Δp1 (is
equal to the sum of the generated excess pore pressure and
the effective stress). In addition, it is also assumed that
the vertical stress of soil during the pile installation is not
changed though the vertical stress indeed must varies since
it has to eliminate the unbalance of the vertical stress due
to the penetration of casing. This is rational since the PCC
pile shaft capacity is mainly influenced by the change of the
radial stress at the pile-soil interface and the effect of the
change of vertical stress on the pile shaft capacity can be
neglected.
During the fourth steps (pile shaft expansion), the gener-

ated excess pore pressure in the previous step (installation
process) gradually dissipates with the pile shaft expansion
process (the dissipation process of excess pore pressure is
actually the strain-controlled consolidation process), and the
effective stress at the pile-outer soil interface increases. It
should be noted that the expansion of the pile shaft results
in the increasing both of the effective stress and excess pore
pressure. Therefore, the increasing of the effective stress dur-
ing this stage actually contains two parts, one of which is in-
duced by the dissipation of the excess pore pressure and an-
other is because of the pile shaft expansion. After the sur-
rounding soil completely consolidated, the contact pressure
at the pile-outer soil interface will reach a value, of which the
increment is described by Δp2 (is equal to the increased ra-
dial total stress induced by the pile shaft expansion). Here
it is also assumed that the PCC pile expands mainly towards
the outer soil. Since the excess pore pressure mainly occurs
in the outer soil, the consolidation of the outer soil may leads
to the outer soil more easily to be compressed.

3.3       Conceptual model for PCC pile

The key of evaluating the stress change is to quantify the two
variables Δp1 and Δp2. Therefore, it is necessary to present
a rational conceptual model for the PCC pile which could in-
corporate the four steps of construction. In fact, the pene-
tration of the annular casing can be simulated as large strain
cylindrical cavity expansion with finite initial radius (finite
cylindrical cavity expansion). An initial non-zero cylindrical
cavity, with radius equal to the radius of the inner tube of the
annular casing, expands to another cavity, of which the radius
is equal to the radius of the outer tube (see Figure 3). Then the
process of pouring concrete and extracting the annular casing
may results in a slightly relaxation of the contact pressure at
the pile-soil interface. However,  this  effect  could be negle-
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Figure 2         (Color online) The whole physical process of formulating a PCC pile using expansive concrete.

Figure 3         (Color online) Conceptual model for PCC pile. (a)Modeling PCC pile installation as large strain undrained cylindrical cavity expansion; (b) modeling
the radial expansion process of PCC pile shaft as small strain cylindrical cavity expansion combined with strain-controlled consolidation.

cted since it is relatively small compared to the penetration
effect. It should be noted that the penetration process of the
casing should be regarded as undrained condition since the
PCC pile is mainly used for soft clay ground improvement
and the penetration rate is faster than the consolidation rate.
In this case, the undrained finite cylindrical cavity expansion
can be used for simulating the whole installation process of
the PCC pile.
After installing the PCC pile, the expansive concrete will

both have radial and vertical expansion, which increases both
of the pile diameter and length. Since the expansion veloc-
ity of concrete is usually very slow, the excess pore pressure
induced by the PCC pile installation will gradually dissipate
during the expansion process. Therefore, this process should
be simulated as small strain cylindrical cavity expansion com-
bined with strain-controlled consolidation. The pile shaft ex-
pansion velocity is defined as v0 (Figure 3(b)). The vertical

expansionmay have slightly influence on the contact pressure
as well as the surrounding soil properties and thus is neglected
in the analysis. In addition, after the expansion of concrete
stops (it may need 28 d), the consolidation process may still
not be completed and have further evolution until the excess
pore pressure entirely dissipates. In this paper, the radial ex-
pansion process of the pile shaft combined with consolidation
is more concerned, while the consolidation without pile shaft
expansion can be solved through Randolph’s closed-form so-
lution and will not be reported here [10].
Based on the large strain undrained cylindrical cavity ex-

pansion and subsequent small strain undrained cylindrical
cavity expansion combined with strain-controlled consolida-
tion theory, the stress state at the pile-soil interface for the
PCC pile could be evaluated in a scientific way and further
the shaft capacity of the PCC pile could be reasonably calcu-
lated based on the obtained stress state at the pile-soil inter-
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face. In addition, the construction of the analytical model is
based on the following assumptions:
(1) The soil around the PCC pile is described by the MCC

model, which is suitable for soft clay and the soil plug does
not happen during the casing penetration process;
(2) Plain strain condition is used for both of the large strain

undrained cylindrical cavity expansion and subsequent small
strain cylindrical cavity expansion combined with strain-con-
trolled consolidation process;
(3) It is assumed that the soil skeleton will deform elasti-

cally, only increments of stress (from the stress state imme-
diately after PCC pile installation) will be considered during
the small strain cylindrical cavity expansion combined with
strain-controlled consolidation process;
(4) The PCC pile shaft is assumed as impermeable body

during the consolidation process and the expansion velocity
v0 of PCC pile shaft is assumed as a constant value. It is equal
to a pb , where pb is the strain rate of pile shaft expansion at
the pile-outer soil interface (usually varies from 0.2%/28d to
3%/28d, namely 10–3/d to 10–5/d) [7].

4       Similarity solution for cavity expansion in
MCC model

Various analytical solutions have been presented for the prob-
lem of cavity expansion in the previous [11–28]. This paper
mainly presents a more general numerical solution for cavity
expansion in MCC model using the similarity solution tech-
nique. This numerical solution for cavity expansion can be
also extended to other soil constitutive models.

4.1       Notations

Following ref. [16], it is convenient to define the two stress
variables p′ and q with respect to the radial and circumferen-
tial effective stress (σr′ and σθ′) according to

p k
k

= +
+ 1

,r (1)

q = ,r (2)

where k=1and 2 for cylindrical and spherical cavity expan-
sion respectively.
The corresponding strains εp and εq are written as

k= + ,p r (3)

k
k

=
+ 1

( ) .q r (4)

Based on the strain-displacement relation, the radial strain
(εr) and circumferential strain (εθ) are expressed as

u
r

= ,r
r (5)

u
r= ,r (6)

where ur is the radial displacement and r is the radial position.
Following ref. [13], the symbol ( ) is used to define the

material time derivative associated with a given soil particle
and it is expressed as

w r( ) = ( ) + () / ,• (7)

where w is the radial velocity component of soil particle, ( )• is
the local time derivative.
The radial and circumferential strain rates are then written

as

w
r

= ,r (8)

w
r= . (9)

Substituting eqs. (8) and (9) into eqs. (3) and (4) results in

w
r

k w
r

= ,p (10)

k
k

w
r

w
r

=
+ 1

+ .q (11)

4.2       Stress equilibrium equation

By ignoring the body force, the equilibrium equation in terms
of the two stress variables p′ and q can be written as

p
r

k
k

q
r

k
q
r

u
r

+
+ 1

+ + = 0,w (12)

where uw is the pore pressure.

4.3       Constitutive relations
The elastic constitutive relations for MCC model can be ex-
pressed as

K
k

k G

p

q
=

1 0

0 2( + 1)

,p
e

q
e

(13)

whereG p= 3(1 2 )
2(1 + ) is the shear modulus of soil; υ is the

specific volume; κ is the slope of unloading-reloading line in

υ-lnp′ plane; K G= 2(1 + )
3(1 2 ) is the effective bulk modulus

of soil; v′ is the effective Poisson’s ratio.
According to ref. [29], the elastic-plastic constitutive rela-

tions for MCC model can be written as
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where e is the voids ratio; M is the slope of the critical state
line; λ is the slope of normal compression line in υ-lnp′ plane.
Introducing eqs. (10) and (11), eq. (14) can be changed as

A p A q w
r

k w
r

+ + + = 0,p q (15)

B p B q k
k

w
r

w
r

+ +
+ 1

= 0,p q (16)
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p
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B A=p q (19)
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4.4       Consistency condition

The yield surface for an elastic-plastic model should satisfy
the consistency condition. The mathematical form can be
written as

df f
p p

f
q

q
f
p

p= + + = 0,
c

c (21)

where f q M p p p= [ ( )]c
2 2 is the function of the yield

surface for MCC model; p c is the yield pressure under
isotropic compression

f
p M p p= ( 2 ),c

2 (22)

f
q q= 2 , (23)

f
p M p= .2

c

(24)

4.5       Continuity equation
During the cavity expansion process, the solid phase of the
soil should satisfy the conservation condition, thus, one ob-
tains

w
r

k w
r

= = + .p (25)

4.6       Undrained condition
= 0. (26)

4.7       Similarity transformation
Based on the similarity transformation technique proposed by
Collins et al. [13], the above governing equations for cavity
expansion can be presented in non-dimensional form. The
following variable transformation is used as:

r
R

r
Wt

= = ,
b

(27)

where Rb is the radius of the plastic zone at time t, W is the
expansion velocity at the elastic-plastic (EP) boundary.
Introducing the transformation relation in eq. (27) and note

that a reference stress, p′r (=1 kPa) is used for normalizing
the stress variables, the above equations can be sorted out as
the following ordinary differential equations (ODE) (see eq.
(28)).
4.8       Governing equation for undrained cavity expansion
Similarly, the governing equation for the undrained cavity
expansion can be expressed as

k
k

A w A w

B w B w k
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q
p
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w
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k
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1
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0 1 0 0
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0 0 0

0 0 0 0 1 ( ) 1
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×

d / d
d / d
d /d
d / d
d / d
d / d

=

/
/

+ 1
/

0
/

0

.

p q

p q

c

w

c

(28)

4.9       Boundary conditions for the cavity expansion
To solve the above equations, the boundary conditions should
be given. Note that the elastic-plastic (EP) boundary and the
cavity wall of cavity expansion could provide enough infor-
mation for solving the governing equations.
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(1) At the EP boundary

p p p p= = / ,b r0 0 (29)

q M p p p= ( ) ,b c0 0 0 (30)

u u u p= = / ,w b w w r, 0 0 (31)
= ,b 0 (32)

G G
p

= =
3(1 2 )

2(1 + )
,b 0

0 0 (33)

w
q
G= 2 ,b

b

b
(34)

= 1.b (35)

(2) At the cavity wall

w= .c (36)

The above ODE can be solved through the function of
“ode45” in Matlab and a numerical solution can be calculated
with a few seconds, which is more convenient than the finite
element methods (FEM).

4.10       Transformation of the similarity solution into finite
cavity expansion solution

Note that the above similarity solution is derived for that
problem starting from zero initial radius. Therefore, the ob-
tained similarity solution should be transformed to the finite
cavity expansion solution. In fact, this problem has been
pointed out by Collins and Yu [14] that the response for the
expansion of a cavity from the finite initial radius a0 is con-
sistent with that for the soil in the region r ≥ a0 in the created
cavity problem (a cavity expands from a zero initial radius
cavity to a finite radius cavity). According to ref. [14], the
transformation relations for the similarity solution and finite
cavity expansion solution can be expressed as
(1) If a ≤ ac (elastic cavity expansion)

a
a

q
k Gln = 2(1 + ) .

0 0
(37)

(2) If a ≥ ac (elastic-plastic cavity expansion)

a
a

a
a

d
w

ln = ln + ln( ) +
( )

,
1

c

0 0
(38)

a
a

q
k Gln = 2(1 + ) ,c b

0 0

(39)

where ac is the critical value of the cavity expansion radius at
the start of the yield.

5       Comparison of the presented solution with
published analytical solutions

Before applying the presented similarity solution for cavity
expansion to the interpretation of the PCC pile installation

process, it is necessary to check the correctness and accuracy
of the solution. A simple way is to compare the presented
solution with the published analytical solutions. Collins and
Yu [14] derived analytical and semi-analytical solutions for
undrained expansion of cylindrical and spherical cavities in
critical state soils. Actually, this method is similar to the pro-
posed similarity solution. Collins and Yu’s solve the gov-
erning equations explicitly, while the proposed similarity so-
lutions are implicit by solving ODEs using the function of
“ode45” in Matlab and it is more general than Collins and
Yu’s method since the similarity solution technique can be
used for arbitrary constitutive model.
Figures 4 and 5 compare Collins andYu’s solution [14] with

the proposed numerical solution on normalized stress distri-
bution (the stress is normalized with the undrained strength
of soil su) around the cavity wall for the cases of np = 1.5
and 8 respectively (np is the isotropic overconsolidation ra-
tio, defined as p′c0/ p′0). Note that the variable of np is dif-
ferent from the conventional overconsolidation ratio (OCR);
the latter is defined in terms of the effective vertical stress.
The case studied involves undrained cylindrical and spheri-
cal cavity expansion in two types of London clay with R =
1.5 and 8. The soil parameters reported by Collins and Yu
were used in the analysis: Γ =2.759. λ =0.161, κ =0.062,
φ′ =22.75°, υ′ =0.3. It can be found that the predicted stress
solutions using the proposed method are identical to Collins
and Yu’s [14] solution. This indicates that the presented solu-
tion is correct and can be further used for analyzing the PCC
pile installation performance.

6       FDM solution for strain-controlled consoli-
dation

Randolph and Wroth [10] presented a closed-form analytical
solution for the consolidation around a driven pile, assuming
that the soil skeleton deforms elastically. However, this an-
alytical solution cannot be directly applied to the PCC pile
problem. Since the concrete expands after the PCC pile in-
stallation, the pile diameter and the pile-outer soil interface
change during the consolidation process. Randolph’s solution
can only consider the case that the pile diameter after driving
does not change during the consolidation process. In fact, the
expansion process of concrete after the PCC pile installation
should be regarded as small strain cylindrical cavity expan-
sion combined with strain-controlled consolidation process.
It is found that no analytical solution has been proposed for
such a consolidation problem. Therefore, a modified analyt-
ical solution is proposed for the strain-controlled consolida-
tion based on Randolph’s solution. The difference between
the proposed modified solution and Randolph’s solution is
that the displacement at the pile-soil interface is zero during
the consolidation process for Randolph’s solution, while it is

778 Zhou H, et al.   Sci China Tech Sci   May (2017)  Vol. 60  No. 5

Downloaded to IP: 197.1.54.150 On: 2017-10-31 01:26:17 http://engine.scichina.com/doi/10.1007/s11431-016-0250-3



Figure 4         (Color online) Comparison of the proposed solution with Collins and Yu’s solution for undrained cylindrical cavity expansion (a) and undrained
spherical cavity expansion (b) for np=1.5.

Figure 5         (Color online) Comparison of the proposed solution with Collins and Yu’s solution for undrained cylindrical cavity expansion (a) and undrained
spherical cavity expansion (b) for np=8.

a function of the consolidation time t for the presented modi-
fied analytical solution. In addition, the consolidation process
will continue to develop until the pile shaft expansion process
stops, while the pile diameter does not change during this
stage, which can be captured using Randolph’s solution and
will not be considered here. In terms of such a physical back-
ground, the following derivations are given.

6.1       Randolph’s governing equation for radial consoli-
dation

The basic equations which govern the process of consolida-
tion were derived by Randolph and Wroth [10]. Randolph
presented two types of consolidation equation, one is ex-

pressed in terms of the variable of excess pore pressure
u, and another is written as the function of the soil radial
displacement ξ. They can be expressed as

u
t

c
r r

r u
r

g t= 1 + ( ), (40)

t
k du

dr
c

r r r
r

f t
r

= + 1 ( )
( )

,p

w

0 (41)

where u is the pore pressure, ξ is the radial displacement of
soil, kp is the permeability of the soil, γw is the unit weight of
water, u0 is the initial pore pressure after PCC pile installation
(it can be calculated through the proposed cavity expansion
solution), c is the same as the conventional one-dimensional
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consolidation coefficient cv=(kp/γw)(1/mv), mv is the volume
compressibility and is equal to 2G(1–ν)/(1–2ν),G is the shear
modulus of soil, ν is the Poisson’s ratio of soil, g(t) and f(t)
are two unknown functions about the time t and can be deter-
mined by the initial and boundary conditions.

6.2       Initial and boundary conditions
The initial and boundary conditions for the consolidation of
soil around a radial expansion, impermeable pile are
(1) ξ =0, at t =0, for r ≥a;
(2) ξ =v0t, at r =a+ v0t, for 0 ≤ t ≤ ts;
(3) ξ =0, at r =a+v0ts, for t ≥ ts;
(4) u =u0, at t =0, for r ≥ a;
(5) u→ 0, at t→ ∞, for r ≥ a+ v0t;

(6) u
r

0, at r =a+ v0t, for t > 0;
(7) u =0, at r =r*, for t ≥ 0;
(8) u =0, at r =Rb, for t =0.
The variable ts describes the total time of the pile shaft ex-

pansion. By applying the above initial and boundary condi-
tions, eqs. (40) and (41) can be further simplified as

u
t

c
r r

r u
r

= 1 , (42)

t
k du

dr
v c

r r r
r= + + 1 ( ) .p

w

0
0 (43)

In addition, following ref. [10], two parameters (Rb, r*)
are used to define the soil zone around the PCC pile after
installation (see Figure 6). Rb is the radius of the zone that
includes the critical state zone and plastic zone, r* is some
radius (> Rb) at which the excess pore pressures, by the time
they reach there, are small and may be ignored for r ≥ r*. The
value of r* can be chosen the same as ref. [10].

6.3       Finite difference form of the governing equations

It should be noted that the radial position at the pile-soil in-
terface changes with the time t (a1 =a+ v0t ). It is a moving
boundary value problem. Therefore, the conventional vari-
able separation technique is not suitable for solving such a
problem. In this paper, the finite difference method (FDM)
using Crank-Nicolson algorithm [30], as a relatively simplic-
ity numerical tool, is selected for solving the consolidation
equations. The key of FDM is first to define a mesh, which
is simply a series of spatial points where the pore pressure
function will be sampled. Figure 7 plots a basic line pattern
of uniformly spaced grid samples due to the one-dimensional
features of the boundary value problem. The value of △r is
the distance between each sample, and then the points that
situate on the mesh may be described by

r i r= ,i (44)

where i is integers.
Then the pore pressure at each point can be written as

Figure 6         (Color online) Soil around the PCC pile after installation showing
the typical features of consolidation solution.

Figure 7         (Color online) the mesh points for the FDM grid.

u u r t= ( , ) .i n i n, (45)

Similarly, the displacement component ξ(ri, tn) along the
same mesh is defined as ξi,n. Then, it is needed to expand the
two types of consolidation equations (eqs. (42) and (43)) by
explicitly showing the partial derivatives in the gird space

u
t

c
u
r r

u
r

= + 1 ,i n

i i

i n

i n

2
,

2

,

,

i n

n

, (46)

t
k

g r v c
r r r r

= ( ) + + + 1 1 ,p

w
i

i n

i i

i n

i i
i n0

2
,

2

,

2 ,
i n

n

, (47)

where g(ri) denotes the initial pore pressure gradient, which
can be determined form the large strain undrained cylindrical
cavity expansion solution.
Furthermore, the above equations can be transformed into

the finite difference form by approximating the derivative op-
erators. Based on the well-known Crank-Nicolson algorithm,
the difference form of the above equations can be written as

( )
( )

u u u

u u u

= 1
1 + 2

( + ) +

+ ( ) + + (1 2 ) ,

i n i n i n
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+ 1, + 1 + 1, , (48)
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Eqs. (48) and (49) show that the pore pressure and radial
displacement are only dependent on the derivatives of the
pore pressure, radial displacement components and their two
nearest neighbors. A graphical description of this is called
a computational molecule (three point star), and is shown in
Figure 6. The accuracy of eqs. (48) and (49) is then limited
only by the selection of grid spacing, Δr. As Δr→0, the nu-
merical solution may approach to the exact solution.

6.4       Finite-difference form of initial and boundary con-
ditions

The finite-difference form for the boundary conditions of
the proposed strain-controlled consolidation problem can be
written as:
(1) ξi,n=0, at t =0, for r ≥a;
(2) ξi,n =v0tn, at r =a+ v0tn, for 0 ≤ t ≤ ts;
(3) ξi,n =0, at r =a+v0ts, for t ≥ ts;
(4) u i,n =u0(ri), at t =0, for r ≥ a;
(5) u i,n→ 0, at t→ ∞, for r ≥ a+ v0t;
(6) u i+1,n =u i-1,n, at r =a+ v0tn, for t > 0.

6.5       Iterative solution algorithm for governing equations

The well-known algorithm of successive over-relaxation
(SOR) is selected for the iteration calculation of the gov-
erning equation. The computation form of the SOR can be
written as

{
}
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where 0 < ω < 2.
This above computation process is repeated over much

iteration until the residual falls below some acceptable
error value. The iteration continues until the solution con-
verges, when the relative error is smaller than the tolerance,
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+ 1

, + 1

, + 1

+ 1
, for which a

value of 10–4 is considered sufficient.

6.6       Comparison of the proposed FDM solution with
Randolph’s closed-form solution

It is noted that the proposed numerical solution should de-
generate to Randolph’s closed-form solution when the ex-
pansion velocity v0 is selected as zero. In this case, the pro-
posed numerical solution can be compared with Randolph’s
closed-form solution to validate the accuracy of the numeri-
cal solution. The variation of the excess pore pressure at the
pile-soil interface (cavitywall) is chosen for comparison anal-
ysis. The initial excess pore pressure u0 is calculated using the
closed-form solution of cylindrical cavity expansion in elas-
tic-perfectly plastic soil [31]. This solution can be expressed
as

u s R r a r R
R r r

= 2 ln( / ), ,
0, ,*

u b b

b

0 (52)

where Rb/a=(G/Su)1/2, su is undrained strength of soil.
In addition, five typical values of the soil rigidity index

(G/su=25, 50, 100, 200, 400) are selected for analysis.
Figure 8 shows the variation of the normalized excess
pore pressure, u/su at the pile-outer soil interface with the
normalized time factor, ln(ct/a2), for soils with different
values of the soil rigidity index G/su. It can be found that
the proposed FDM solutions are consistent with Randolph’s
closed-form solutions. It indicates that the FDM solution
has sufficient accuracy for capturing the variation of the
excess pore pressure with time t and can be used for solving
the strain-controlled consolidation problem (the cavity wall
changes with the time t).

7       Validation of the theoretical model

To verify the suitability of the theoretical model in the in-
terpretation of the PCC pile performance, the predictions of
stress and excess pore pressure using cavity expansion so-
lution are compared with field test data. An instrumented
field test for the PCC pile using normal concrete was con-
ducted in deltaic deposits of the Yangtze river near the site of
northern suburb of Shanghai [2,32] It should be noted that the
PCC pile using normal concrete is used and the installation
effect of the PCC pile is investigated in this field test, while
the expansion process of the expansive concrete could not be
captured. Therefore, the applicability of the cavity expan-
sion solution in evaluating the PCC pile installation process
is checked through the field test data in this section.

7.1       Field test for PCC pile using normal concrete

The site stratigraphy comprised a 2 m thick layer of  coarse-

Zhou H, et al.   Sci China Tech Sci   May (2017)  Vol.60  No.5 781

Downloaded to IP: 197.1.54.150 On: 2017-10-31 01:26:17 http://engine.scichina.com/doi/10.1007/s11431-016-0250-3



Figure 8         (Color online) Comparison of the proposed FDM solution with
Randolph's closed-form solution.

grained fill overlying a 10 m thick deposit of soft silty clay.
The deposit is underlain by Pleistocene stiff clay. The prop-
erties of the three typical depth of soil are summarized in
Table 1. The soil sensitivity of the soft silty clay was about
4 to 5 based on field vane shear tests. The water level is typ-

ically at a depth of 1.3 m, with slight seasonal fluctuations.
The rigidity index (G/su) for the soft silty clay is selected as
an average value of 150 based on the CPT test results. The
stress ratio su/σ′v0 is 0.3 and the effective friction angle of the
soil φ′ is 25°. The other MCC model parameters for the cal-
culations are: Γ=2.759,κ=0.0144,λ=0.161,υ′ =0.3.
The PCC pile cross-section is controlled by two parameters

(the outer radius R and inner radius Ri). In practice, R =510
mm and Ri =372 mm (giving the equivalent radius Req =349
mm, Req=(APCC/π)1/2, APCC is the area of the PCC pile cross
section) are common used for a PCC pile. Figure 9 shows
a plan view of the instrumentation arrangement around the
PCC pile. This comprised three inclinometers, six piezome-
ters, and twelve earth pressure cells. As shown, the instru-
mentation was located at the radial distance of 1, 2 and 2.5 m
(inclinometers), 1 and 2 m (earth pressure cells), 1, 2 and 5 m
(piezometers), and 5 and 10 m (survey targets) along differ-
ent polar directions, and at depths of 6 and 9m (earth pressure
cells), 3 and 6 m (piezometers), and 0 m (survey targets). In
addition, the 70 mm diameter inclinometers were installed to
a depth of 14 m. The measured displacement data are not
presented in this paper, which focuses on the stress level de-
rived from the piezometers. Note that the measurements were
recorded directly after installation, which is consistent with
the assumption of  undrained  conditions.  In  addition,  two

Table 1        Properties of soil

Soil depth (m) Natural water content (%) Unit weight (KN/m3) CPT tip resistance (MPa)
3 55 16.5 0.2
6 45 17.5 0.4
9 55 16.5 0.5

Figure 9         (Color online) Plan view of instrumentation for PCC pile field test.
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PCC piles (pile A andB)were investigated in the field test and
thus two groups of data are recorded in the field test. These
data are used here for the validation from the field test and
some other reported test data [33] for the pile installation are
also included for comparison.

7.2       Comparison of predicted and measured excess pore
pressure

The normalized excess pore pressure measured in the field
test and predicted by the proposed cavity expansion solu-
tion, are plotted against the normalized radial distance in
Figure 10. A group of reported test data [33] of pile driving
is selected for comparison analysis. In addition, Xu et al
[32] gives a simple closed-form equation for predicting the
excess pore pressure of the PCC pile based on the elastic-per-
fectly plastic cylindrical cavity expansion method [32]. This
calculation result is also included in the analysis. Four values
of the OCR (1.1, 1.5, 2 and 3), which represents the slightly
overconsolidated or overconsolidated soil, are selected for
the calculations. It can be seen that the predictions using
the proposed cavity expansion solution are in reasonable
agreement with the field test data as well as the reported test
data when the OCR value varies from 1.1 to 2. Furthermore,
it is interested to be noted that the prediction for the value of
OCR=2using the proposed method is identical to Xu et al.’s
elastic-perfectly plastic cavity expansion method. This result
is consistent with the finding of Cao et al. [15]. Actually,
the elastic-perfectly plastic solution of cavity expansion is
the special case of the MCC model solution of the cavity
expansion when OCR=2. This also indicates the validity
of the proposed cavity expansion solution for MCC model.
However, the elastic-perfectly plastic cavity expansion so-
lution could only capture the case of OCR=2, while it is
not suitable for the heavily overconsolidated soil though the
elastic-perfectly plastic cavity expansion solution could give
a reasonable prediction for this field test due to the value of
OCR in this field test is closed to 2.
In addition, Xu et al.’s method could not well consider the

shear-induced pore pressure due to the use of the elastic-per-
fectly plastic soil model. However, the proposed new solu-
tion is derived based on the MCC model and could consider
the shear-induced pore pressure. Also, Xu et al.’s method
could not reflect the stress history of soil and is too rough for
predicting the stress changes induced by the PCC pile instal-
lation. Therefore, the proposed cavity expansion solution is
more suitable than Xu et al.’s simple method and can be used
for evaluating the excess pore pressure induced by the PCC
pile installation [32]. It is also found that the higher of the
value of OCR leads to the increasing of the excess pore pres-
sure at the cavity wall, while it develops lower value of the
radius of the plastic zone. This is consistent with the result of
Chen and Abousleiman [17]. In all, the proposed analytical
model  is  suitability  in  the   interpretation  of  excess  pore

Figure 10         (Color online) Variation of the normalized excess pore pressure
with the normalized radial distance.

pressure during the PCC pile installation. Therefore, the ex-
cess pore pressure after the PCC pile installation, which is cal-
culated through the large strain undrained cylindrical cavity
expansion, will be used as the initial state of the strain-con-
trolled consolidation process.

8       Calculation of stress and excess pore pres-
sure changes through the cavity expansion and
strain-controlled consolidation solutions

8.1       Stress and excess pore pressure induced by the PCC
pile installation

A series of parametric studies via the proposed cavity expan-
sion solutions are conducted to investigate the stress and ex-
cess pore pressure changes around the PCC pile after instal-
lation and it may be useful for understanding the potential
penetration mechanism of the PCC pile. The parameters of
the overconsolidated ratio OCR, soil rigidity index G0/su (G0
is the initial shear modulus of soil), the stress ratio of su/σ′v0
may have significant influence on the stress and excess pore
pressure distribution around the PCC pile. Therefore, three
parameters (the overconsolidated ratio OCR, soil rigidity in-
dex G0/su (G0 is the initial shear modulus of soil), and the
stress ratio of su/σ′v0) are used for the parametric study in this
section. The value of OCR varies from 1 to 10, which rep-
resent the typical normally consolidated, slightly and heavily
overconsolidated soil. The soil rigidity indexG0/su is selected
as 25 to 400 to cover the soft and strong soil. The stress ratio
su /σ′v0 ranges from 0.1 to 0.9. In addition, the other MCC
model parameters used in the analysis are: M=1.5,Γ=2.759,
λ=0.075,υ′ =0.3,κ=0.048. These parameters represent prop-
erties of the typical soft soil in deltaic deposits of the Yangtze
river near the site of Nanjing since the PCC pile is often used
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for the soft ground in these areas.

8.2       Excess pore pressure along the radial distance
around the PCC pile after installation

The excess pore pressure is a key factor in pile installation
problem and the distribution of the excess pore pressure
around the PCC pile after installation is thus selected for
analysis. Figure 11 plots the variation of the normalized
excess pore pressure, Δu/σ′v0, with the normalized radial
distance, r/Req, around the PCC pile after installation for the
values of G0/su =25, 50, 150 and 400. The stress ratio of
su/σ′v0 is chosen for 0.3. It can be clearly seen that the value
of OCR has significant influence on the distribution of the
excess pore pressure. A typical feature is that the increasing
of OCR leads to the decreasing of the zone of the generated
excess pore pressure (critical and plastic zones). In other
words, the plastic zone radius decreases with the increasing
of OCR. This phenomenon also indicates that the excess
pore pressure may vanish faster in the critical and plastic

zones for the soil with higher value of OCR. Furthermore, it
can be found that negative excess pore pressure may occur
around the PCC pile for the high value of OCR (heavily
overconsolidated soil). This finding is consistent with the
instrumented pile testing in heavily overconsolidated London
clay by Bond and Jardine [34] as well as Colins and Yu’s
[14] theoretical predictions. It is also very interesting to be
noted that the higher value of the soil rigidity index results
in the higher value of excess pore pressure, and in particular
the excess pore pressure at the pile-soil interface (r/Req ≈ 1.5)
will become positive value for the heavily overconsolidated
soil (high value of OCR) though the excess pore pressure, at
some radial distance away from the pile shaft, is negative.

8.3       Radial effective stress along the radial distance
around the PCC pile after installation

Besides the excess pore pressure, the radial effective stress
is also selected for analysis. Figure 12 shows the variation of
the  normalized   radial  effective  stress,  Δσ′r/σ′v0,  with  the

Figure 11         (Color online) Variation of the normalized excess pore pressure with the normalized radial distance around the PCC pile after installation. (a) G0/su
=25; (b) G0/su=50; (c) G0/su =150; (d) G0/su =400.
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Figure 12         Variation of the normalized radial effective stress with the normalized radial distance around the PCC pile after installation. (a)G0/su=25; (b)G0/su
=50; (c) G0/su =150; (d) G0/su =400.

normalized radial distance , r/Req, around the PCC pile af-
ter installation for the cases of G0/su =25, 50, 150 and 400.
The stress ratio of σ′v0/su is 0.3. Other parameters used for
the calculations are identical to the previous. The results
show that the stress state of the soil surrounding the PCC pile
can be separated into three zones: critical state zone, plas-
tic state zone and elastic zone. The critical state zone occurs
near the pile shaft, where the radial effective stress is constant
value. Then the plastic zone, where the radial stress decreases
rapidly along the radial distance, is close to the critical state
zone. The elastic zone is far away from the pile shaft in which
the excess pore pressure is zero and thus the radial effective
stress is equal to the radial total stress. The radial effective
stress in the elastic zone vanishes slowly with the increasing
of the radial distance. Furthermore, it can be found that the
radial effective stress surrounding the PCC pile after instal-
lation is very sensitive to the value of OCR particularly at
the region near the pile shaft (critical and plastic zones). The
higher value of OCR leads to the higher value of the radial

effective stress especially near the pile shaft. However, the
variation of the radial effective stress at the zone far away
from the pile shaft (elastic zone) with OCR is not obvious.
Additionally, it is seen that the size of the critical state zone
is actually dependent on the value of the soil rigidity index
G0/su. The strong soil with high G0/su surrounding the PCC
pile has larger size of critical state and plastic zones than the
soft soil with low G0/su. It is also worth noting that the radial
effective stress in the critical state zone is independent on the
value of G0/su

8.4       Radial total stress and excess pore pressure at the
PCC pile-outer soil interface after installation

The stress changes and excess pore pressure at the PCC pile-
outer interface is presented to provide a basis of the subse-
quent PCC pile shaft capacity analysis in this section. The
variations of the normalized radial total stress and excess pore
pressure with the three parameters (G0/su, OCR, su/σ′v0) are
given. Here, the radial total stress is chosen for analysis since
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the final shaft capacity depends on the total stress after the
consolidation is completed though some stress relaxationmay
occur during the consolidation process.
Figures 13 and 14 show, respectively, the variations of the

normalized excess pore pressure, Δua/σ′v0, and radial total
stress, Δσa/σ′v0, at the pile-soil interface with the overconsol-
idated ratio OCR for the cases of G0/su=25, 50, 150 and 400
(the stress ratio su/σ′v0 is chosen for 0.3). From Figure 12,
it can be seen that the normalized excess pore pressure de-
creases with the increasing of the value of OCR for the case of
G0/su=25 and negative excess pore pressure occurs under the
condition of high OCR. However, for G0/su=50, the normal-
ized excess pore pressure increases slightly with the increas-
ing of OCR and reach the peak value at OCR=2.5,then, it re-
duces as OCR increases. For the cases of G0/su=150and 400
(strong soil), the normalized excess pore pressure increases
nonlinearly with the increasing of OCR. It indicates that neg-
ative excess pore pressure may occur around the PCC pile af-
ter installation for heavily overconsolidated soft soil, while it
does not happen for strong soil even with high value of OCR.
Figure 14 demonstrates that, in all cases of G0/su, the ra-

dial total stress increases almost linearly as OCR increases.
Figures 15 and 16 plot the variations of the normalized ex-
cess pore pressure, Δua/σ′v0, and radial total stress, Δσa/σ′v0,
at the pile-soil interface with the stress ratio, su/σ′v0, for the
cases of G0/su= 25, 50, 150 and 400 (the value of OCR is
chosen for 1.5). It can be seen that both of the normalized
excess pore pressure, Δua/σ′v0, and radial total stress, Δσa/σ′v0
increase nonlinearly as the stress ratio of su/σ′v0 increases and
they have similar variation trend. Moreover, the normalized
excess pore pressure, Δua/σ′v0, and radial total stress, Δσa/σ′v0,
at the pile-soil interface are also plotted against the soil rigid-
ity index G0/su in Figures 17 and 18, with OCR ranging from
1 to 10 (the stress ratio of su/σ′v0 is 0.3). It is found that the
higher value of the soil rigidity index G0/su develops higher
values of the normalized excess pore pressure, Δua/σ′v0 as
well as the radial total stress, Δσa/σ′v0. This is consistent with
the conventional solution of cavity expansion in elastic-per-
fectly plastic soil. On the other hand, the excess pore pressure
and radial total stress are more sensitive to G0/su for the soil
with higher OCR.

8.5       Stress changes and excess pore pressure dissipation
induced by the radial expansion of expansive concrete af-
ter the PCC pile installation

It is very important to quantify the degree of the influence of
the pile shaft expansion on the consolidation process as well
as the final shaft capacity of the PCC pile. In this section, the
proposed new strain-controlled consolidation solution using
FDM technique, which allows the pile diameter to be changed
during the consolidation process and can be seen as an exten-
sion of Randolph et al.’s closed-form solution [10], is used to
capture the excess pore pressure distribution around the PCC

Figure 13         Variation of the normalized excess pore pressure at the pile-soil
interface with the value of OCR.

Figure 14         Variation of the normalized radial total stress at the pile-soil in-
terface with the value of OCR.

pile during the progressive expansion of pile shaft. Particu-
larly, the influence of the pile shaft expansion velocity v0 on
the excess pore pressure dissipation around the PCC pile is
investigated through parametric study. Note that the initial
excess pore pressure induced by the PCC pile installation is
calculated using the proposed cavity expansion solution for
MCC model. Unlike the closed form solution for the excess
pore pressure in elastic-perfectly plastic soil, the excess pore
pressure for MCC model has no closed-form solution and
has to be solved numerically through the similarity solution.
Moreover, the increments of radial total stress (Δσa =Δp2) at
the pile-outer soil interface due to the pile shaft expansion are
also presented.
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Figure 15         Variation of the normalized excess pore pressure at the pile-soil
interface with the value of su/σ′v0.

Figure 16         Variation of the normalized radial total stress at the pile-soil in-
terface with the value of su/σ′v0.

8.6       Excess pore pressure at the pile-outer soil interface
In this section, the dissipation of the excess pore pressure
at the pile-outer soil interface is investigated through the
proposed new FDM solution for radial consolidation process.
The influence of the pile shaft expansion velocity v0 on the
consolidation process is captured by means of parametric
study. The expansion velocity v0 is normalized as av0/c (a is
the initial outer radius of the PCC pile, c is the consolidation
efficient). Figure 19 plots the variation of the normalized
excess pore pressure at the pile-soil interface, ua/su with
the normalized time factor, ln(ct/a2), for the cases of OCR
= 1, 1.5, 3 and 10. It can be obviously found that the in-
creasing of the pile shaft  velocity will gradually accelerate
the consolidation process, which is true for all the cases of

OCR. However, it is worth noting that the consolidation
curves almost coincide when the normalized expansion
velocity is less than the value of 0.1. This indicates that the
influence of the pile shaft expansion on the dissipation of
the pile installation generated excess pore pressure could be
neglected if the expansion velocity is very small (av0/c<0.1).
When the normalized expansion velocity is larger than the
value of 0.1, the pile shaft expansion will have significant
effect on the consolidation process and one has to use the
proposed strain-controlled consolidation solution rather than
Randolph’s closed-form solution [10]. This finding is very
useful since it provides a reference for the analysis of the
consolidation problem of the PCC pile using expansive
concrete.

Figure 17         Variation of the normalized excess pore pressure at the pile-soil
interface with the value of G0/su.

Figure 18         Variation of the normalized radial total stress at the pile-soil in-
terface with the value of G0/su.
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Figure 19         (Color online) Variation of the normalized excess pore pressure at the pile-soil interface with the normalized time. (a) OCR =1; (b) OCR =1.5; (c)
OCR =3; (d) OCR =10.

For the typical PCC pile using expansive concrete, the
outer radius a is 510 mm, and the expansion velocity of
pile shaft can be simply evaluated as: v0 = (a1–a)/ 28 d =
3.57×10–2–5.64×10–1 mm/d (ɛa=1–a/a1 =0.2%–3%). Fur-
thermore, the permeability coefficient, ks, for soft clay varies
from 10–5 to 10–7 mm/s (namely 0.00864–0.864 mm/d) and
thus the consolidation coefficient c = ksG/γw (G is the soil
shear modulus, γw is the unit weight of water ) changes from
8640 mm2/d to 4.32 ´ 105mm2/d when the soil shear modu-
lus ranges from 0.01 to 5 MPa, which represents the typical
soft soil. Therefore, the normalized expansion velocity av0/c
varies from 4.21 ´ 10–5 to 0.33, which covers most cases. It
shows that the soft soil with low shear modulus may have
a relatively large value of normalized expansion velocity.
In other words, the effect of the pile shaft expansion could
not be neglected for soil with low shear modulus. This
also indicates that the use of expansive concrete for the
PCC pile may have significant influence on accelerating the

consolidation process for the case of low shear modulus soil.
Additionally, a very interesting phenomenon can be found
that the excess pore pressure at the pile-outer soil interface
dissipates with the time t and even becomes negative value
for the high OCR soil, though the initial excess pore pressure
at the pile-outer soil interface is positive. This may results
from the zero excess pore pressure gradients at the pile-outer
soil interface and the initial excess pore pressure of the soil
at some radial distance from the pile shaft is negative. (see
Figure 11(c) for the case of G/su=150).

8.7       Effective stress changes at the pile-outer soil inter-
face due to the small strain cylindrical cavity expansion

Since the soil is assumed to deform elastically during the
small strain cylindrical cavity expansion combined with
strain-controlled consolidation process, the increments of
stress (from the stress state immediately after the PCC pile
installation) can be simply calculated through the elasticity
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theory. The increased radial effective stress at the pile-outer
soil interface induced by the pile shaft expansion can be
calculated by means of the elastic solution of cylindrical
cavity expansion as follow:

G
a a

a G= 2 = 2 ,a pb,2
1

1
(53)

where Δσ′a,2 is the increased radial effective stress at the pile-
outer soil interface (=Δp2―Δu, Δu is the excess pore pres-
sure); G is the shear modulus of soil; ɛpb is the strain of pile
shaft expansion.
It should be noted that the shear modulus for MCC

model is a function of the mean effective stress
(G=[3(1–2v′)υp′]/[2(1+v′)κ]) and thus it may varies during
the small strain cylindrical cavity expansion combined with
the strain-controlled consolidation process. However, for
simplicity, the constant value of the shear modulus is used
for the calculations. In fact, note that the soil shear modulus
increase with the dissipation of the excess pore pressure and
hence a constant value of shear modulus, which is selected as
the initial value before consolidation, may underestimate the
soil stiffness and further underestimate the stress increment
Δp2. However, such an underestimation is favorable to the
PCC pile capacity calculations and is of course in reasonable.

9       Evaluation of the limit shaft resistance of the
PCC pile using expansive concrete

In this section, the presented stress mechanism in the previous
will be used here for investigating the limit shaft resistance of
the PCC pile using expansive concrete by considering both of
the pile installation and concrete expansion processes. This
will be useful for revealing the capacity performance of the
new developed PCC pile using expansive concrete. Based on
the framework of effective stress approaches [35], the limit
shaft resistance (τs) can be expressed as

( )u u= tan = tan ,s rf ri b0, (54)

where σ′rf is the radial effective stress at failure at the pile-
soil interface, δ is the friction angle of pile-soil interface. σri
denotes the radial total stress at the pile-soil interface, u0,b is
the initial pore pressure before the PCC pile installation and
Δu is the excess pore pressure.
For the PCC pile, the limit shaft resistance contains two

parts, one of which is the limit shaft resistance at the pile-
inner soil interface, which is defined as τs,i, another is at the
pile-outer soil interface as described by τs,o. Note that the
stress state at the pile-inner soil interface is assumed as in-situ
stress state since the inner soil is disturbed less compared to
the outer soil. In this case, one obtains (the initial excess pore
pressure before the PCC pile installation u0,b is assumed as
zero)

K= tan ,s i v, 0 0 (55)

( )p p u u

K p p u

= + + tan

= ( + + )tan ,
s o h b

v

, 0 1 2 0,

0 0 1 2 (56)

It should be noted that the increased radial total stress Δp1
+Δp2 at the pile-outer soil interface during the PCC pile in-
stallation as well as the pile expansion process can be also
expressed as

p p u+ = + + ,a a a1 2 ,1 ,2 (57)

where Δσ′a,1, Δσ′a,2 is the increased radial effective stress at
the pile-outer soil interface during the pile installation and
pile shaft expansion respectively; Δua is the excess pore pres-
sure at the PCC pile-outer soil interface after the PCC pile in-
stallation.
Introducing eq. (57) into eq. (56) leads to

( )K u u= + + + tan .s o v a a a, 0 0 ,1 ,2 (58)

After the surrounding soil completely consolidated, the ex-
cess pore pressure vanishes (Δu =0) and the limit shaft re-
sistance of the PCC pile at the pile-outer soil interface can be
expressed as (neglect the stress relaxation effect)

( )
( )
K u

K

= + + + tan

= + + tan ,
s o v a a a

v a a

, 0 ,0 ,1 ,2

0 ,0 ,1 ,2 (59)

where Δσa,1 can be evaluated by the large strain undrained
cylindrical cavity expansion solution and Δσ′a,2 can be calcu-
lated using eq. (53).
Eqs. (55) and (59) can be normalized as

s K
s

1
tan

= ,v

u
0

0s i

u

, (60)

s K s s s

K s s
G
s

1
tan = + +

= + + 2 .pb

0

0

s o

u

v

u

a

u

a

u

v

u

a

u u

, 0 , 1 , 2

0 , 1 (61)

Some calculation examples are presented here for the com-
parison analysis. Three cases including the shaft resistance
at the PCC pile-outer soil interface (using expansive con-
crete, Δσ′a,2 ≠ 0), the shaft resistance at the PCC pile-outer
soil interface (using normal concrete, Δσ′a,2 = 0), and the
shaft resistance at the PCC pile-inner soil interface (in-situ
stress state) are considered. The normalized shaft resistance
τs/(sutanδ) is plotted against the values of G/su, OCR, σ′v0/su
in Figures 20–22 respectively. It is obviously found that the
shaft resistance at the PCC pile-outer soil interface for the
PCC pile using expansive concrete is higher than the one us-
ing normal concrete. Furthermore, the higher shear modulus
develops more shaft resistance at the pile-outer soil interface
for the PCC pile using expansive concrete, which can be also
found from eq. (53). It is also noted that the expansion strain
of pile shaft ɛpb should not exceed the maximum yield strain
(the soil at the pile-soil interface yield). This value could  be
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Figure 20         Variation of the normalized limit shaft resistance with the soil
rigidity index G/su.

Figure 21         Variation of the normalized limit shaft resistance with OCR.

simply evaluated using the conventional cavity expansion
theory as: 1/(1–ɛpb) ≤ I I/ ( 1)r r (Ir =G/su). For the case of
G/su =250,the maximum expansion strain of pile shaft ɛpb is
0.2% and this value increases with the decreasing of the value
of G/su. Therefore, the value of 0.2% used in the analysis is
suitable. This simple relation can be also used in practice for
choosing an appropriate expansion strain of pile shaft ɛpb.
Moreover, the pile shaft expansion results in the increasing
of the pile diameter, and of course increases the pile shaft
capacity since the pile side surface is increased. This will no
longer be analyzed here because it can be easily calculated.
Additionally, it is found that the PCC pile installation process
also increases the shaft resistance (comparing

Figure 22         Variation of the normalized limit shaft resistance with the ratio
of σ′v0/su.

τs,i with τs,o) since the contact pressure at the pile-outer inter-
face is increased during this process. This is consistent with
the previous results for pile installation analysis [36,37].

10       Conclusions

In this paper, a theoretical model was proposed to investigate
the new improved PCC pile using expansive concrete tech-
nique. The theoretical model is formulated by assuming the
PCC pile installation process as large strain finite undrained
cylindrical cavity expansion and the subsequent pile shaft ex-
pansion is simulated by the small strain cylindrical cavity ex-
pansion combined with strain-controlled consolidation the-
ory. Similarity solution technique and FDM are used to solve
the cavity expansion problem in MCC model and strain-con-
trolled consolidation respectively. Subsequently, the stress
changes and excess pore pressure during the PCC pile in-
stallation and subsequent pile shaft expansion are obtained
through the theoretical model. The following main conclu-
sions may be drawn:
(1) A unified numerical solution for the large strain cav-

ity expansion in MCC model is presented based on similarity
solution technique and it is more general than the published
cavity expansion solutions and can be extended to arbitrary
soil constitutivemodels. The suitability of the similarity solu-
tion for cavity expansion in simulating the PCC pile installa-
tion process is verified by comparing the prediction of excess
pore pressure with the measured value in the instrumented
field test.
(2) A new FDM solution for the strain-controlled consol-

idation is derived for capturing the pile shaft expansion per-
formance due to the expansion of expansive concrete com-
bined with the dissipation of PCC pile installation generated
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excess pore pressure. This solution can be regarded as an ex-
tension of Randolph’s closed-form solution, which could not
consider the pile shaft expansion effect during the consoli-
dation process. The consolidation analysis using the FDM
solution shows that the pile-shaft expansion has significant
influence on the dissipation of the pile installation generated
excess pore pressure if the normalized expansion velocity,
av0/c, is larger than 0.1 and the pile shaft expansion will fa-
cilitate the consolidation process after PCC pile installation,
which allows the PCC pile to gain the shaft capacity more
quickly than the use of the normal concrete for conventional
pile. This effect is more obvious for the case of lower shear
modulus soil.
(3) A simple evaluation method for the shaft resistance of

PCC pile using expansive concrete by considering both of
the PCC pile installation and subsequent pile shaft expansion
processes is presented based on the proposed cavity expan-
sion and consolidation solutions. Simple calculations exam-
ples show that the PCC pile using expansive concrete actually
provides more shaft resistance than the one using normal con-
crete.

This work was supported by the National Natural Science Foundation of
China (Grant No. 51420105013).
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