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Abstract
In practice, the consolidation of soil around the pile has a great influence on the time-
dependent bearing capacity of pile. However, most of the consolidation theory of soil 
around the pile neglects the disturbance effect of pile-driving on surrounding soil and 
regards the soil as homogeneous, which overestimates the consolidation efficiency of the 
soil, and obtains a higher pile bearing capacity. In view of this, a consolidation model of soil 
around a pipe pile considering soil disturbance effect is presented in this paper. Fourier 
transform and separation of variables are used to obtain the analytical solution, and then 
the solution is verified by degradation analysis and Finite Difference Method (FDM). Firstly, 
the radial and vertical distribution of excess pore pressure generated after pile-driving is 
analyzed. In the radial direction, the excess pore pressure decreases rapidly from the radius 
of pipe pile to the radius of the disturbed zone, then slowly decays to 0 fromthe radius of 
disturbed zone to the influencing radius of pipe pile. In the vertical direction, the excess 
pore pressure along the vertical direction grows linearly. Subsequently, the variation of the 
average excess pore pressure at the pile-soil interface with the permeability coefficient and 
radius of disturbance zone are analyzed. The permeability coefficient of disturbance zone 
has a remarkable negative effect on the excess pore pressure during the whole 
consolidation period. Increasing the radius of the disturbance zone will hinder the 
dissipation of the excess pore pressure in the intermediate and later stages. Finally, the 
validity of the proposed analytical solution is illustrated by comparing with the laboratory 
results.
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1. Introduction
Coastal areas are mostly soft soil foundation, which needs to be treated before construction. Static pile technique is a 
common method to deal with soft soil foundation, which has been widely used in the world [1-3]. Although the bearing 
capacity of the foundation can be improved by pressing the static pile into the soil by the static pile pressing machine, 
it is inevitable to squeeze the soil in the process of pile installation, resulting in disturbance of the surrounding soil 
around the static pile [4-6]. Further, pile installation could produce high excess pore pressure, which results in the slow 
development of pile bearing capacity [7]. High excess pore pressure could also cause some negative effects on the pile 
and surrounding soil, including deviation of pile and ground heave [8-10]. Therefore, it is necessary to put forward a 
set of prediction scheme to evaluate the excess pore pressure after pile installation, so that engineers can deal with 
the risks in advance.

Axisymmetric consolidation model is often used to evaluate the dissipation of excess pore pressure after pile-driving. 
Randolph and Wroth [10] first proposed an analytical solution of axisymmetric consolidation around an impermeable 
pile considering radial drainage through pile-driving test. Subsequently, in the theoretical study on the axisymmetric 
consolidation of the soil around the impermeable pile, Guo [11] proposed the analytical solution considering 
viscoelastic soil, and Gao and Shi [12] proposed the analytical solution considering both radial and vertical drainage. 
Recently, a permeable pile technique has been developed to accelerate the consolidation rate of foundation soil. 
Therefore, some scholars have further studied axisymmetric consolidation around a permeable pile [13,14].

It should be emphasized that all above-mentioned studies are limited to undisturbed soils. In fact, the existing field 
data and test data show that the disturbance effect on the soil around the pile is inevitable in the process of pile 
installation [15,16]. In general, in the process of pile installation, radial compression will occur to the soil around the 
pile, leading to the decrease of the radial permeability coefficient of the disturbed soil, which will lead to the decrease 
of the radial drainage performance of the soil. When the vertical drainage distance is long, the soil drainage path is 
mainly radial. In this case, the disturbance effect of soil should not be ignored.
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Similar to pile installation, the prefabricated vertical drains (i.e., PVDs) installation has been fully studied [17-20]. 
Compared with the smear effect by PVD installation [21-25], the disturbance effect induced by pile installation is much 
more significant due to its bigger radius. Thus, it is of significance to study the consolidation of soil around the pile 
considering disturbance effect. Additionally, the growth rate of pile bearing capacity could be overestimated by using 
the current consolidation model, which leads to some unknown risks (e.g., excessive settlement and insufficient 
bearing capacity) and reducing the accuracy of building’s reliability analysis [9,26,27]. Therefore, whether it is the study 
of consolidation theory of soil around pile or the subsequent analysis of pile bearing capacity, the study of 
consolidation theory considering disturbance effect is of great significance. Unfortunately, there is no an analytical 
solution to axisymmetric consolidation of soil considering the disturbance effect around a pipe pile.

In order to better predict the dissipation process of excess pore pressure and the increase process of pile bearing 
capacity after piling, it is necessary to further optimize the existing consolidation theory. On the condition that the 
disturbance effect cannot be ignored, this paper presents an analytical solution to axisymmetric consolidation of soil 
considering the disturbance effect around a pipe pile on the basis of previous studies. Fourier transform and 
separation of variables are used to solve the problem, and the solution is calibrated by degradation analysis and FEM. 
Subsequently, the distribution of excess pore pressure along vertical and radial directions are analyzed by graphical 
interpretation. Moreover, the concept of the dimensionless average excess pore pressure at pile-soil interface is put 
forward and the influence of disturbance parameters on it is analyzed. Most importantly, the validity of the solution is 
demonstrated by comparing with test data.

2. Mathematical model

2.1 Model description

As shown in Figure 1, all involved parameters include the depth of foundation, H , the radius of pipe pile, r0, the radius 
of the disturbed zone, rd , and the influencing radius of pipe pile, re . In this model, the following assumptions are 
given:

(1) The soil around the pipe pile is elastic saturated soil, and the pipe pile is impermeable pile;

(2) The soil around the pile only has disturbance effect in radial direction;

(3) The soil parameters used in the model remain unchanged during the consolidation process.

Figure 1. Schematic diagram of consolidation model for the soil around a pipe pile

https://www.scipedia.com/public/File:Review_932178682507-image5.png
https://www.scipedia.com/public/File:Review_932178682507-image5.png
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2.2 Governing equations

According to the findings of Randolph and Wroth [10], the excess pore pressure generated during pile-driving will 
dissipate in both radial and vertical directions. Therefore, the following governing equations are established:

 
∂u1
∂t = Cd (

∂2u1

∂r2 + 1
r

∂u1
∂r ) + Cv

∂2u1

∂z2

∂u2
∂t = Ch (

∂2u2

∂r2 + 1
r

∂u2
∂r ) + Cv

∂2u2

∂z2

(1)

where u1 and u2 are the excess pore pressure of disturbed zone (i.e., r0 ≤ r ≤ rd ) and undisturbed zone (i.e., rd ≤ r ≤ re ), 
respectively; Ch  (i.e., kh / (γw mv ) ) and Cd  (i.e., kd / (γw mv ) ) represent the consolidation coefficient in radial direction of 
undisturbed and disturbed zones, respectively; Cv  (i.e., kv / (γw mv ) ) represent the consolidation coefficient in vertical 
direction of the undisturbed zone; kh  and kd  represent the permeability coefficient in radial direction of disturbed and 
undisturbed zones, respectively; kv  represent the permeability coefficient in vertical direction of the influencing zone; 
mv  is the volume compression coefficient of soil; γw  is the unit weight of water; r  and z  are the radial distance from the 
center of pile and the depth from the ground surface, respectively; and t  is consolidation time.

2.3 Initial and boundary conditions

The initial pore pressure distribution of soil around a pile after pile-driving can generally be obtained through 
numerical simulation or experimental test [28-30]. Here, the initial excess pore pressure is generalized expressed as

 u1|t =0 = u2|t =0 = u0 (r , z ) (2)

The pile is impermeable and the excess pore pressure outside the influencing radius re affected by pipe pile is ignored, 
it yields

 
∂u1
∂r |r =r0 = u2|r =re = 0 (3)

The interface between the disturbed and undisturbed zones needs to satisfy the flow continuity condition, that is

 u1|r =rd = u2|r =rd

kd
∂u1
∂r |r =rd = kh

∂u2
∂r |r =rd

(4)

The top of the ground is permeable, while the bottom is impermeable. Therefore, the vertical boundary can be 
expressed as

 u1|z =0 =
∂u1
∂z |z =H = 0u2|z =0 =

∂u2
∂z |z =H = 0 (5)

2.4 Solving procedures

According to the boundary condition of Eq.(5), the finite Fourier sine transform is performed on the governing 
equation (i.e., Eq.(1)) and its remaining solving conditions (i.e., Eqs.(2)-(4)), which yields

 
∂ ū 1
∂t = Cd ( ∂2 ū 1

∂r2 + 1
r

∂ ū 1
∂r ) − Cv ( Nn

H )2
ū 1, r0 ≤ r ≤ rd ;

∂ ū 2
∂t = Ch ( ∂2 ū 2

∂r2 + 1
r

∂ ū 2
∂r ) − Cv ( Nn

H )2
ū 2, rd ≤ r ≤ re ;

(6)

 ū 1|t =0 = ū 2|t =0 = ∫
0

H
u0 (r , z )sin Nn z

H dz (7)

 
∂ ū 1
∂r |r =r0 = ū 2|r =re = 0 (8)
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 ū 1|r =rd = ū 2|r =rd

kd
∂ ū 1
∂r |r =rd = kh

∂ ū 2
∂r |r =rd

(9)

where ū i = ∫
0

H
ui sin Nn z

H dz , i = 1, 2; and Nn = (2n − 1)π /2.

According to the separation of variables method, ū 1 and ū 2 can be written as

 ū 1 = R1mn (r )T1mn ( t )
ū 2 = R2mn (r )T2mn ( t ) (10)

where R1mn  and R2mn  are functions of r ; T1mn  and T2mn  are functions of t .

Substituting Eq.(10) into Eq.(6), one can obtain

 

dT1mn
dt

Cd T1mn
+ Cv

Cd
αn

2 = 1
R1mn

(
d2R1mn

dr2 + 1
r

dR1mn
dr ) = − β1mn

2

dT2mn
dt

Ch T2mn
+ Cv

Ch
αn

2 = 1
R2mn

(
d2R2mn

dr2 + 1
r

dR2mn
dr ) = − β2mn

2

(11)

where αn = Nn /H ; and β1mn  and β2mn  are the separation constants.

It can be found that Eq.(11) is an ordinary differential equation, and the solution to Eq.(11) can be easily obtained as 
follows

 R1mn = a1mn J0 (β1mn r ) + b1mn Y0 (β1mn r )

T1mn = c1mn e
−(Cd β1mn

2 +Cv αn
2 )t (12)

 R2mn = a2mn J0 (β2mn r ) + b2mn Y0 (β2mn r )

T2mn = c2mn e
−(Ch β2mn

2 +Cv αn
2 )t (13)

where J0, Y0 are the zero-order Bessel functions of the first- and second- kind, respectively.

Combining Eqs.(12) and (13), ū 1 and ū 2 can be rewritten as

 ū 1 = ∑
m =1

∞

[A1mn J0 (β1mn r ) + B1mn Y0 (β1mn r ) ]e
−(Cd β1mn

2 +Cv αn
2 )t

ū 2 = ∑
m =1

∞

[A2mn J0 (β2mn r ) + B2mn Y0 (β2mn r ) ]e
−(Ch β2mn

2 +Cv αn
2 )t

(14)

Substituting Eq.(14) into the boundary condition of Eq.(8), it yields

 ū 1 = ∑
m =1

∞

A1mn R1 (β1mn r )e
−(Cd β1mn

2 +Cv αn
2 )t

ū 2 = ∑
m =1

∞

A2mn R2 (β2mn r )e
−(Ch β2mn

2 +Cv αn
2 )t

(15)

where χ1 (β1mn ) =
J1 (β1mn r0 )
Y1 (β1mn r0 ) ; χ2 (β2mn ) =

J0 (β2mn re )
Y0 (β2mn re ) ; R1 (β1mn r ) = J0 (β1mn r ) − χ1 (β1mn )Y0 (β1mn r ) ; and R2 (β2mn r ) =

J0 (β2mn r ) − χ2 (β2mn )Y0 (β2mn r ) .

Substituting Eq.(15) into the continuous boundary condition (i.e., Eq.(9)), it yields
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 R1 (β1mn rd )A1mn = R2 (β2mn rd )A2mn (16)

and

 { Cd β1mn
2 = Ch β2mn

2

R2 (β2mn rd )
R1 (β1mn rd ) =

kh β2mn P2 (β2mn rd )
kd β1mn P1 (β1mn rd )

(17)

where P1 (β1mn r ) = J1 (β1mn r ) − χ1 (β1mn )Y1 (β1mn r ) ; and P2 (β2mn r ) = J1 (β2mn r ) − χ2 (β2mn )Y1 (β2mn r ) .

Combined with Eq.(16), Eq.(15) can be rewritten as

 ū 1 = ∑
m =1

∞

A2mn
R2 (β2mn rd )
R1 (β1mn rd ) R1 (β1mn r )e

−(Cd β1mn
2 +Cv αn

2 )t

ū 2 = ∑
m =1

∞

A2mn R2 (β2mn r )e
−(Ch β2mn

2 +Cv αn
2 )t

(18)

β1mn  and β2mn  can be solved with Eq.(17). Then, using the initial condition of Eq.(7) and orthogonality of 
eigenfunctions, one can obtain

 A2mn ∫r0

rd
r [

R2 (β2mn rd )
R1 (β1mn rd ) R1 (β1mn r ) ]

2
dr + A2mn ∫rd

re
rR2

2 (β2mn r )dr

= ∫r0

rd
r

R2 (β2mn rd )
R1 (β1mn rd ) R1 (β1mn r ) ∫

0

H
u0 (r , z )sinαn zdzdr + ∫rd

re
rR2 (β2mn r ) ∫

0

H
u0 (r , z )sinαn zdzdr

(19)

According to Eq.(19), the coefficient A2mn  can be obtained. Applying finite Fourier inverse transform to Eq.(18), the 
general solutions can be written as

u1 = 2
H ∑

m =1

∞

∑
n =1

∞

A2mn
R2 (β2mn rd )
R1 (β1mn rd ) R1 (β1mn r )sinαn ze

−(Cd β1mn
2 +Cv αn

2 )t

u2 = 2
H ∑

m =1

∞

∑
n =1

∞

A2mn R2 (β2mn r )sinαn ze
−(Ch β2mn

2 +Cv αn
2 )t

(20)

The initial excess pore pressure is mainly distributed in the plastic zone. It decays along the radius direction and 
increases along the depth. It is also worthy to highlight the fact that the initial excess pore pressure is calculated after 
pile-driving, at which time the excess pore pressure of the upper part of surface soil has been completely dissipated 
[14]. So, the specific expression form of the initial excess pore pressure is given as follows

 u0 (r , z ) = a1 (z − h0 ) ln
rp
r (21)

where rp  is the radius of plastic zone; a1 and h0 are constant to be determined. The distribution range of the initial 
excess pore pressure is {z ≥ h0; r0 ≤ r ≤ rp } .

Then, the coefficient A2mn  can be specified as

A2mn =
a1 (sinαn H − sinαn h0 )

αn
2

R2 (β2mn rd )
R1 (β1mn rd ) δ1 + δ2

R2
2 (β2mn rd )

R1
2 (β1mn rd )

δ3 + δ4

(22)

where
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δ1 = 1
β1mn { 1

β1mn
[R1 (β1mn r0 ) − R1 (β1mn rd ) ] + rd ln

rp
rd

P1 (β1mn rd ) − r0ln
rp
r0

P1 (β1mn r0 ) } ;

δ2 = 1
β2mn { 1

β2mn
[R2 (β2mn rd ) − R2 (β2mn rp ) ] + rp ln

rp
rp

P2 (β2mn rp ) − rd ln
rp
rd

P2 (β2mn rd ) } ;

δ3 =
rd

2

2 [P1
2 (β1mn rd ) + R1

2 (β1mn rd ) ] −
r0

2

2 [P1
2 (m , n , r0 ) + R1

2 (m , n , r0 ) ] ;

δ4 = re
2

2 [P2 (β2mn re )2 + R2
2 (β2mn re ) ] −

rd
2

2 [P2
2 (β2mn rd ) + R2

2 (β2mn rd ) ] .

3. Degradation analysis and verification by FEM

The verification and subsequent parameter sensitivity analysis using the parameters defined below. The parameters 
not mentioned can be obtained in the graphical analysis.

mv = 10−2m2/kN γw = 10kN /m3 kv = 2 × 10−9m /s
r0 = 0.25m rp = 1.2 × rd re = 20 × r0

H = 20m h0 = 0.5m a1 = 5kPa /m

3.1 Degradation analysis

When kh  and kd  are equal, it can be seen from Eq.(17) that

 β1mn = β2mn (23)

and

 χ1 (β1mn ) = χ2 (β2mn ) (24)

β1mn  and β2mn  are obtained by solving Eq.(24). Substituting Eq. (23) and Eq.(24) back into R1 (β1mn r ) , R2 (β2mn r ) , 
P1 (β1mn r )  and P2 (β2mn r ) , it yields

 {R1 (β1mn r ) = R2 (β2mn r )
P1 (β1mn r ) = P2 (β2mn r )

(25)

Combining Eq.(16) with Eq.(25), one can obtain

A1mn = A2mn (26)

So, it is found that ū 1 and ū 2 in Eq.(15) are equal. Write them together as

ū = ∑
m =1

∞

Amn R (βmn r )e
−(Ch βmn

2 +Cv αn
2 )t

(27)

where Amn = A1mn = A2mn ; βmn = β1mn = β2mn ; χ (βmn ) = χ1 (β1mn ) = χ2 (β2mn ) ; and P (βmn r ) = P1 (β1mn r ) = P2 (β2mn r ) .

After finite Fourier inverse transform, the final general solution without considering disturbance effect can be obtained 
as

u = 2
H ∑

m =1

∞

∑
n =1

∞

Amn R (βmn r )sinαn ze
−(Ch βmn

2 +Cv αn
2 )t

(28)

which is consistent with of the solution proposed by Gao and Shi [12].
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3.2 Verification by FDM

In order to further verify the correctness of the proposed solution, the FDM is used for comparison. First, the solution 
domain {r0 ≤ r ≤ re ; 0 ≤ z ≤ H }  is discretized, as follow

{ri = r0 + iΔr Δr =
re − r0

I i = 0, 1..., I

zj = jΔz Δz = H
J j = 0, 1..., J

(29)

where ri  and zj  are respectively the radial distance and depth corresponding to point i  or j ; Δr  and Δz  are respectively 
radial mesh and depth mesh.

The governing equation (i.e., Eq.(1)) and solving conditions (i.e., Eqs.(2)-(5)) are discretized by using the forward-
backward implicit difference scheme as shown below

ui ,j
k − ui ,j

k −1

Δt = Ch i [ ui −1,j
k −1 − 2ui ,j

k −1 + ui +1,j
k −1

(Δr )2 + 1
ri

ui +1,j
k −1 − ui −1,j

k −1

2Δr ] +

Cv
ui ,j −1

k −1 − 2ui ,j
k −1 + ui ,j +1

k −1

(Δz )2

(30)

ui ,j
0 = u0 (ri , zj ) (31)

u−1,j
k = u1,j

k

uI ,j
k = 0

(32)

kh Id

uId ,j
k − uId −1,j

k

Δr = kh Id +1

uId +1,j
k − uId ,j

k

Δr
(33)

ui ,0
k = 0ui ,J −1

k = ui ,J +1
k (34)

where kh i = {kd , 0 ≤ i ≤ Id

kh , Id < i ≤ I
 and Ch i = {Cd , 0 ≤ i ≤ Id

Ch , Id < i ≤ I
. The above FDM solution is programmed with MATLAB, and the 

specific programming steps are as follows:

For i ∈ [0, I ] , j = 0

ui ,0
k = 0 (35)

For i = I , j ∈ [1, J ]

uI ,j
k = 0 (36)

For i = 0, j ∈ [1, J ]

u0,j
k = {1 − 2Δt [ Ch 0

(Δr )2 + Cv

(Δz )2 ] }u0,j
k −1 +

2Ch 0Δt
(Δr )2 u1,j

k −1 + Cv Δt
(Δz )2 u0,j −1

k −1 + Cv Δt
(Δz )2 u0,j +1

k −1 (37)

For i ∈ [1, I − 1] , j = J

ui ,J
k =

Ch i Δt (2ri ,j − Δr )
2(Δr )2ri

ui −1,J
k −1 + {1 − 2Δt [ Ch i

(Δr )2 + Cv

(Δz )2 ] }ui ,J
k −1 +

Ch i Δt (2ri ,j + Δr )
2(Δr )2ri

ui +1,J
k −1 + 2Cv Δt

(Δz )2 ui ,J −1
k −1 (38)

For i ∈ [1, I − 1] , j ∈ [1, J − 1]
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ui ,j
k =

Ch i Δt (2ri ,j − Δr )
2(Δr )2ri

ui −1,j
k −1 + {1 − 2Δt [ Ch i

(Δr )2 + Cv

(Δz )2 ] }ui ,j
k −1 +

Ch i Δt (2ri ,j + Δr )
2(Δr )2ri

ui +1,j
k −1 + Cv Δt

(Δz )2 ui ,j −1
k −1 +

Cv Δt
(Δz )2 ui ,j +1

k −1 ,
I = 1, 2, ⋯I − 1
j = 1, 2, ⋯J − 1

(39)

The time step is divided into 90 segments uniformly by the time of each order of magnitude (e.g., the time step is 101s  
when t  between 102s  and 103s ). The grid of the model is uniform, and the grid size is Δr  (0.25m) × Δz  (0.25m) (Figure 2
(a)). Three positions (i.e., Point 1 at (r0, H ) , Point 2 at (3r0, 0.8H )  and Point 3 at (5r0, 0.6H ) ) of the excess pore 
pressure are selected to compare the FDM solution and the analytical solution. As shown in Figure 2(b), the proposed 
solution coincides with the FDM solution almost completely, which indicates the correctness of the proposed solution.

(a) (b)

Figure 2. (a) Mesh of the model. (b) Curves of relation between time and excess pore pressure

4. Results and Discussion
For convenience of analysis, the time factor, Tv , and the dimensionless excess pore pressure, ū  are defined as follows

Tv = Cv t /H2, ū = u /u0 (r0, H ) (40)

4.1 Parameter analysis

Figure 3(a) illustrates the distribution of excess pore pressure along the depth. The excess pore pressure increases 
with the increase in depth. After consolidation for a period of time (i.e., Tv = 10−3 ), the excess pore pressure at 
different depths in the disturbed zone was still higher than that in the undisturbed zone (i.e., r > rd ). Figure 3(b) shows 
that the excess pore pressure increases linearly with depth direction under different r . The growth rate of the excess 
pore pressure with depth is large in the disturbed zone (i.e., r ≤ rd ), while the growth rate of the excess pore pressure 
with depth is small in the undisturbed zone (i.e., r > rd ).

https://www.scipedia.com/public/File:Review_932178682507-image135.jpeg
https://www.scipedia.com/public/File:Review_932178682507-image135.jpeg
https://www.scipedia.com/public/File:Review_932178682507-image136.jpeg
https://www.scipedia.com/public/File:Review_932178682507-image136.jpeg
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(a) (b)

Figure 3. (a) Distribution of ū  along r  direction under different z . (b) Distribution of ū  along z  direction under different r

 According to the research works proposed by Li et al. [9], time-dependent bearing capacity is mainly affected by the 
dissipation of the excess pore pressure at the pile-soil interface. In order to study the influence of the soil disturbance 
induced by pile installation on the excess pore pressure at pile-soil interface, this paper introduces the dimensionless 
average excess pore pressure at pile-soil interface (uave ( t ) ) for analysis:

uave (t ) =
∫

0

H
2πr0u1 ( t , r0, z )dz

∫
0

H
2πr0u0 (r0, z )dz

(41)

 In Figure 4, the influence of permeability coefficient ratio kd /kh  on the excess pore pressure under deep and shallow 
foundations, where kd /kh  reflects the disturbance degree of pile installation. When kd /kh = 1, this solution can 
degenerate into the solution of homogeneous soil around a pile [12]. Whether it's shallow foundation (i.e., case of H =
5m) or deep foundation (i.e., case of H = 20m), the dissipation rate of the excess pore pressure gradually decreases 
with decreases in kd /kh . That indicates that uave ( t )  could be overestimated at the anytime without considering the 
disturbance effect. The dissipation rate of the average excess pore pressure at pile-soil interface decreases obviously 
with the increase of kd /kh , which indicated that soil disturbance has a significant hindering effect on uave ( t ) . By 
comparing Case of shallow foundation and Case of deep foundation, it is clearly known that the disturbance effect has 
a greater influence on deep foundation than on shallow foundation. Moreover, the difference of drainage 
performance of deep and shallow foundations is gradually obvious with the increase of kd /kh .
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Figure 4. Influence of permeability coefficient ratio kd /kh  on the excess pore pressure

 Unlike kd /kh  which reflect the degree of disturbance, the radius of the disturbed zone, rd , reflects the disturbance 
range. The impact of rd /r0 on the excess pore pressure is introduced in Figure 5. This solution can degenerate into the 
solution of homogeneous soil around a pile when rd /r0 = 1 [12]. Additionally, compared with the case without 
disturbed zone (i.e., rd /r0 = 1), the dissipation rate of uave ( t )  decreases gradually with the increase of rd  in the 
intermediate and later stages. Moreover, it is found that the consolidation rate of the deep foundation is smaller than 
that of the shallow foundation with the increase of rd /r0.

Figure 5. Influence of the disturbance radius ratio rd /r0 on the excess pore pressure
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4.2 Test analysis

To demonstrate the validity of the proposed solution, a set of published laboratory test data is used for comparison 
[31]. As shown in Figure 6(a), the test box is a cube with a side length of 1000 mm, and the test pile is a PVC pipe with a 
radius of 30 mm and length of 900 mm (length of 700 mm in the soil). The literature suggests that re  is equal to 20 
times r0 [31]. Because the Piezometer 1-3 (i.e., P1-P3, at distance of r = 90 mm) are close to the pile, the measurement 
data fluctuates greatly, so only the data of P4 ~ P9 are used for analysis. P4-P6 are located at distance of r = 210 mm 
and P7-P9 are located at distance of of r = 330 mm. According to the initial excess pore pressures of P4-P9, the 
parameters of the initial excess pore pressure is determined as shown in Figure 6(b).

(a) (b)

Figure 6. (a) Schematic diagram of laboratory test for a pipe pile. (b) Distribution diagram of initial pore pressure by pile-driving

 The calculated and measured values of the excess pore pressure are shown in Figure 7 . It is observed that the 
calculated value is a good fit with the measured value. That indicates the proposed mathematical model has a good 
ability to predict the variation trend of the excess pore pressure.
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(a) (b)

Figure 7. Data of 6 measured points and corresponding calculated values. (a) P4-P6.(b) P7-P9

5. Conclusions
In this paper, an analytical solution to consolidation problem with disturbance effect in the soil around a pile is derived 
and its accuracy is verified by degradation analysis and the FDM. The influence of disturbance effect on the excess 
pore pressure dissipation of the soil around a pile under long and short foundation is analyzed. It was concluded that 
the excess pore pressure in the disturbed zone is more difficult to dissipate than that in the undisturbed zone; The 
dissipation rate of the average excess pore pressure gradually decreased obviously with the increase of permeability 
coefficient ratio, kd/kh, on the whole dissipation period at pile-soil interface; The impact of radius ratio, rd/r0, on the 
excess pore pressure is interesting. When rd/r0 is small, rd/r0 only impedes dissipation rate of excess pore pressure in 
the early and intermediate dissipation periods. But, with rd/r0 increases, rd/r0 can impedes dissipation rate of excess 
pore pressure on the whole dissipation period. Disturbance effect (e.g., kd/kh and rd/r0) has obvious negative effect on 
both shallow and deep foundation, and the negative effect on deep foundations is greater than that on shallow 
foundation. Finally, the proposed solution is used to predict a test case, which shows that the proposed solution has a 
good ability to predict the variation trend of the excess pore pressure. However, this model only assumes that the soil 
is elastic and ignores the effect of the external load, which will be the objective of subsequent research.
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