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Abstract
A closed form analytical solution is proposed to analyze the one-dimensional consolidation 
behavior of structured saturated clay soils under continuous drainage boundary. Firstly, the 
soil structural properties and arbitrary loading conditions are taken into account in the 
established mathematical model. Using the finite sine Fourier transform and characteristic 
function methods, analytical calculation is conducted, and the solution effectiveness is 
evaluated against the degradation of solutions and the results of finite difference analysis. 
Finally, the influences of interface parameter, properties of soil structure and structural yield 
stress on consolidation behaviors are discussed. Results show that the larger the interface 
parameter is, the easier the soil structure enters the failure stage, and the smaller the 
consolidation degree is. Furthermore, the time for initiating the failure stage does not 
change, when the interface parameter and structural yield stress keep unchanged; in the 
meanwhile, the greater the consolidation coefficient is, the greater the consolidation degree 
of foundation becomes when the soil structure begins to fail, and the earlier the soil enters 
the complete failure stage. When the interface parameter is determined, the ratio of 
structural yield stress to load can accelerate the soil consolidation rate, but all consolidation 
curves coincide for the same ratio. 
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1. Introduction
Natural saturated soft soils not only have the characteristics of 
high-water content, high compressibility, and low permeability, 
but also have the structural features owing to the influence of 
geological environment in the deposition process [1-3]. The 
structural properties of soft soil have a significant influence on 
its consolidation behavior, especially affecting the permeability 
and compressibility of the soil. Therefore, saturated soft soils 
usually show the features of longer consolidation time, larger 
compression deformation and lower bearing capacity in the 
process of foundation treatment [4-7].

To characterize the mechanical properties of structural soft soil, 
linear segmented [8,9] and nonlinear models [10] have been 
proposed for modeling the variations of permeability and 
compression coefficients with effective stress based on the 
results from experimental studies. In terms of linear segmented 
consolidation models, An et al. [11] proposed an approximate 
solution for one-dimensional consolidation of single-layer soil, 
whereas one-dimensional semi-analytical consolidation solution 
of double-layer soils [12] and layered soils [13] have been 
derived. Furthermore, Hu et al. [14] carried out analyses for 
nonlinear one-dimensional consolidation of single-layer 
foundation under variable loads, and their model was further 
modified to account for one-dimensional nonlinear large 

deformation consolidation analysis of structural soils [15]. In 
terms of nonlinear consolidation models, a plenty of works have 
been conducted by many scholars. For example, Cao et al. [16] 
derived the one-dimensional nonlinear consolidation equations 
of structural soils under arbitrary load with nonlinear 
permeability and compressibility coefficients, and then obtained 
the numerical solution by using the Crank-Nicolson finite 
difference method. Considering the influence of self-weight 
stress and nonlinearity of compressibility and permeability of 
structural soft soil, Tang and Zhou [10] obtained a semi-
analytical solution for one-dimensional consolidation of layered 
soils. A semi-analytical solution for one-dimensional nonlinear 
consolidation of double-layer foundation, considering the soil 
structure characteristics, under variable loads was proposed by 
Cui et al. [17]. Furthermore, using the finite difference method, 
the one-dimensional large deformation consolidation behavior 
of marine soft clay was discussed by Li et al. [18]. Xia et al. [19] 
derived a theoretical solution for multi-layered marine soft clays 
considering large-strain rheological and natural structural 
characteristics.

It should be noted that all analyses mentioned above were 
conducted based on the fully permeable boundary conditions. 
Once the load acting on structural soft soil exceeds the soil 
structure yield stress, the soil will be damaged from the 
boundary. However, the drainage boundary of soil in practice 
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should be described as a semi-permeable boundary related to 
time, which is so-called the Neumann boundary condition. It has 
the disadvantage that it is not easy to obtain an analytical 
solution. In view of this, a time dependent continuous drainage 
boundary, which is essentially a Dirichlet boundary condition, 
has been proposed by Mei et al. [20]. However, there is no 
reference about the derivation of consolidation solution for 
structural soils under continuous drainage boundary condition.

The consolidation theory of continuous drainage boundary 
mainly includes linear and nonlinear aspects in the literature. In 
terms of linear consolidation, using Laplace transformation, 
finite Fourier sine transform, separation of variables and finite 
element method, scholars have developed solutions that can 
account for many factors, such as the self-weight [21,22], linear 
loading [23,24], variable loading [25,26], double-layered soils 
[27,28] , and layered soils [26,29]. On the other hand, research 
of nonlinear consolidation includes material nonlinear 
consolidation [30-33] and geometric large deformation 
nonlinear consolidation [34]. For instance, Zong and Wu [31] 
proposed analytical solutions for one-dimensional nonlinear 
consolidation, and Tong and Wang [32] derived viscoelastic 
analytical solutions on the basis of continuous drainage 
boundary under variable loading [35]. In addition, using 
separation of variables and Laplace transform methods, an 
analytical solution for one-dimensional large-deformation 
consolidation of soils was calculated by Jiang and Zhan [34]. 
However, it is worth pointing out that none of above research 
considered the influence of structural properties of soil on 
consolidation behaviors.

The objective of this paper is to establish a mathematical model 
for one-dimensional consolidation, considering the influence of 
soil structural properties, under continuous drainage boundary 
and arbitrary loading conditions. Subsequently, using finite 
Fourier sine transform and integral transform techniques, an 
analytical solution is derived, the correctness of which is 
evaluated by comparing with the results of boundary condition 
degradation and numerical calculation using the backward 
finite-difference method. Furthermore, the influences of 
interface parameters and soil structural properties on the 
consolidation process are discussed.

2. Model description

A schematic diagram of one-dimensional consolidation for 
structural soils is illustrated in Figure 1, where a uniformly 
distributed constant load q  is applied on the surface of soil with 
a total thickness of H . The upper surface is a continuous 
drainage boundary, and the bottom surface is an impermeable 
boundary. In the meanwhile, the coordinate axis z  originates 
from the top boundary, and the positive direction points 
downwardly.

The simplified segmental models [13] of permeability and 
compression modulus are shown in Figure 2, where kv1 and mv1 
are the permeability coefficient and compression modulus of 
structural in-situ soils, respectively, and kv2 and mv2 are the 
permeability coefficient and compression modulus of 
remodeled soils, and q ( t )  is the uniformly distributed load 
applied on the top surface of the structured soil. However, it 
should be noted that the permeability coefficient of the soil is 
changing during the consolidation process, and the model 
described in this study is valid under the classic Terzaghi 
hypothesis.

Figure 1. Sketch of one-dimensional consolidation of structured soils

Figure 2. Simplified model of structured soil. (a) Segmented 
pattern of permeability and compression coefficient. (b) 
Classification diagram (single-drainage situation)

 According to the process of soil structure failure, the 
consolidation behavior of structural soil can be divided into 
three stages (Figure 3(a)), including undamaged stage of soil 
structure, failure stage and complete failure stage [11]. 
Undamaged stage of soil structure describes the condition that 
the effective stress at the soil surface is less than the structural 
yield stress, and the soil parameters (e.g., compression 
coefficient and permeability coefficient) are equal to the values 
of undisturbed soils. Hence, the collapse of structure will not 
occur, and the soil consolidation process belongs to normal 
consolidation. Failure stage is defined when the soil effective 
stress on the upper surface exceeds the structural yield stress, 
and the soil structure begins to damage, forcing a moving 
boundary of the structural failure surface, as shown in Figure 3
(b). It must be emphasized that the permeability and 
compression coefficient of the soil above the moving boundary 
have been changed, being equivalent to the parameters of 
remodeled soil, The foundation soil can then be considered as a 
double-layer foundation at this moment. With the development 
of consolidation, the stage of complete soil structure failure 
denotes that the moving boundary of the structure failure 
surface has reached the bottom of the foundation, and the soil 
structure has been completely destroyed. The permeability 
coefficient and compression coefficient of the soil should be 
simulated with the values of remodeled soil in the stage of 
complete soil structure failure, and the soil is transformed from 
a double-layer foundation into a single layer foundation.

https://www.scipedia.com/public/File:Review_399419094854_1850_Fig.1.png
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Figure 3. Sketch of one-dimensional consolidation of 
structured soils. (a) Division of different soil structure failure 
stages. (b) Moving boundary due to the development of 
boundary failure

3. Solving procedures

3.1 Solution of excess pore-water pressure

3.1.1 Undamaged stage

The effective stress of soil at the upper boundary is less than 
the yield stress of the structure, when the consolidation time t  
belongs to the interval [0, t0 ] , at which the soil structure has not 
been damaged. Hence, the mathematical model described in 
Figure 1 is one-dimensional consolidation of single-layer soil 
with continuous drainage boundary under constant load. The 
governing equation of the system can be written as

 ∂u1
∂t = cv

∂2u1

∂z2  (0 ≤ z ≤ H ,  0 ≤ t ) (1)

where u1 is the excess pore-water pressure in the soil at the 
undamaged stage; cv is the consolidation coefficient; and 
parameters t , H  and z  represent the time, the thickness of the 
soil layer and the vertical coordinate, respectively.

Initial condition and boundary conditions can be expressed as 
follows:

u1(t , z )|t =0 = q (0) (2)

{u1 |z =0 = q ( t )e−bt

∂u1
∂t |

z =H
= 0

(3)

where q ( t )  is a uniformly distributed load applied on the 
surface of structural soil foundation, and parameter b  is the 
interface parameter.

By combining the solution conditions and using the finite 
Fourier sine transform method, the analytical solution can be 
expressed as follow:

u1 = ∑
n =1

∞

2
Nn

qb
βn − b

(e−bt − e−βn t )sinNn
z
H + qe−bt (4)

where Nn = 2n − 1
2 π, and βn = CvNn

2

H2  (n = 1, 2, 3…).

3.1.2 Failure stage

In the failure stage of soil structure, the time t belongs to the 
interval [ t0 t1 ] , and the soil structure begins to break down. 
Hence, the effective stress on the upper boundary of soil is 
greater than the yield stress of the structure, and the single-
layer foundation is transformed into a double-layer foundation 
(a remolded soil layer overlying an undamaged soil layer). 
Taking t′ = t − t0 as the time coordinate, the consolidation 
behaviors in this stage can be considered as a linear 
consolidation of double-layered foundation with non-uniform 
initial pore pressure under continuous drainage boundary 
conditions, and the initial pore pressure is u1 ( t0, z )  . Therefore, 
the governing equation and the definite solution conditions can 
be written as follows:

Governing equation:

∂u2
i

∂t′
= cvi

∂2u2
i

∂z2  ( i = 1, 2) (5)

where u2
1 and cv

1 are the excess pore-water pressure and the 
consolidation coefficient of soil element above the moving 
boundary, respectively; u2

2 and cv
2 = cv are the excess pore-water 

pressure and the consolidation coefficient of soil element under 
the moving boundary, respectively.

Initial condition:

u2
i (t′, z )|t′=0 = σ2 (z ) = u1 ( t0, z ) (6)

where σ2 (z )  is the surcharge stress in the soil at any depth z  in 
the failure stage.

Boundary conditions:

{u2
1 ( t′, z ) |z =0 = qe

−b (t′+t0)

∂u2
2 ( t′, z )
∂z |

z =H
 = 0

(7)

 Continuous condition of interlayer flow can be expressed as 
follows:

 { u2
1 |z =h1

= u2
2 |z =h1

kv1
∂u2

1

∂z |z =h1
= kv2

∂u2
2

∂z |z =h1

(8)

where kv1 and h1 are the permeability coefficient and the 
thickness of remolded soil, respectively; kv2 and h2 are the 
permeability coefficient and the thickness of undamaged soil, 
respectively.

For the homogenization of non-homogeneous boundary, let

 u2
i = vi + qe

−b (t′+t0) (9)

 Substituting Eq. (9) into the governing equation and definite 
solution conditions Eq.(6)~(8), it yields:

 
∂vi
∂t′

= cvi
∂2vi

∂z2 + R1(t′) (10)

where R1 ( t′ ) = bqe
−b (t′+t0),

{ v1 ( t′, z ) |z =0 = 0

∂v2 ( t′, z )
∂z |

z =H
  = 0

(11)

 vi (t′, z )|t′=0 = σ2 (z ) − qe
−b (t′+t0)=σ′ (z ) (12)

v1 |z =h1
= v2 |z =h1 (13)

kv1
∂v1
∂z |z =h1

= kv2
∂v2
∂z |z =h1

(14)

 For convenience, normalization is generally conducted to 
simplify the problem by eliminating the influence of measured 
units. In this paper, dimensionless variables are given as follow:
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(1) κ = kv2/kv1 represents the ratio of permeability coefficient 
between undamaged and remolded soils;

(2) η = mv2/mv1  means the ratio of consolidation coefficient 
between undamaged and remolded soils;

(3) ρ1 = Ht /H   and ρ2 = (H − Ht ) /H   are the ratio of thickness of 
remolded soil and undamaged soil, respectively, to total 
thickness of foundation;

(4) μ = η /κ  .

The solution form of vi  is given as follows:

 vi = ∑
m =1

∞

gmi (z )e−βm t′ [Bm + Cm Tm ( t′ ) ] (15)

 where gm 1 (z ) = sin(λm
z
H ) , gm 2 (z ) = Am cos(λm μ H − z

H ) ,  and

 βm = λm 2cv1/H2 .

Substituting Eq. (15) into the interlayer continuity condition, it 
leads:

Am = sin(ρ1λm ) /cos(μρ2λm ) (16)

κη tan(ρ1λm ) tan(μρ2λm ) = 1 (17)

 Subsequently, substituting Eq. (15) into Eq. (10), it yields:

 Tm = ∫
0

t′
eβm τ R1 (τ )dτ (18)

 In the meanwhile, the undetermined coefficient Cm  should meet 
the constraint as given by:

 ∑
m =1

∞

Cm gmi (z ) = 1 (19)

 Using the orthogonal relationship of characteristic function 
system, it can be written as follows:

 ∫
0

Ht

mv1gm 1 (z ) ⋅ gn 1 (z )dz + ∫Ht

H

mv2gm 2 (z )gn 2 (z )dz =

{ 0            (m ≠ n )

1
2 Hmv1 (ρ1 + ηρ2Am

2 )  (m = n )

(20)

 By conducting orthogonal integration on both sides of Eq. (19), 
it yields:

Cm =
∫

0

Ht

gm 1 (z )dz + η ∫Ht

H

gm 2 (z )dz

∫
0

Ht

gm 1
2 (z )dz + η ∫Ht

H

gm 2
2 (z )dz

=

2
λm (ρ1 + ηρ2Am

2 )

(21)

 Based on the initial condition, the following formation can be 
derived:

 ∑
m =1

∞

Bm gmi (z ) = σ′ (z )   (zi ≥ z ≥ zi −1,  i = 1, 2) (22)

 Combining Eq. (22) and the orthogonality of the characteristic 
function system, Bm can be given by:

Bm =
∫

0

Ht

gm 1 (z )dz + η ∫Ht

H

gm 2 (z )dz

∫
0

Ht

gm 1
2 (z )dz + η ∫Ht

H

gm 2
2 (z )dz

=

2
λm (ρ1 + ηρ2Am

2 )

(23)

Hence, the solution of vi  can be written as follows:

{ v1 = ∑
m =1

∞

sin(λm
z
H )e−βm t′Bm + ∑

m =1

∞

sin(λm
z
H )e−βm t′Cm ∫

0

t′
R1 (τ )eβm τ dτ

v2 = ∑
m =1

∞

Am cos(μλm
H − z

H )e−βm t′Bm + ∑
m =1

∞

Am cos(μλm
H − z

H )e−βm t′Cm ∫
0

t′
R1 (τ )eβm τ dτ

(24)

 By substituting Eq. (24) into Eq. (9), the solution of excess pore-
water pressure of soil element can be expressed as follows:

{ u2
1 ( t′, z ) = ∑

m =1

∞

sin(λm
z
H )e−βm t′[Bm +Cm ∫

0

t′
R1 (τ )eβm τ dτ ] + qe

−b (t′+t0)

u2
2 ( t′, z ) = ∑

m =1

∞

Am cos(μλm
H − z

H )e−βm t′[Bm + Cm ∫
0

t′
R1 (τ )eβm τ dτ ] + qe

−b (t′+t0)

(25)

where Ht  is an unknown quantity related to t′, and its 
relationship can be obtained according to the effective stress at 
depth Ht  that is equal to the yield stress of the structure.

When z = Ht , the expression σ′ = q − u1 (z ) = σp′ could be meet, 
and it yields:

 q (1 − e
−b (t′+t0) ) − σp′ − ∑

m =1

∞

sin(ρ1λm ) [e−βm t′Bm −

Cm
b

βm − b
(e−b t′ − e−βm t′ ) ] = 0

(26)

 Eq. (26) is the corresponding relationship between Ht  and t′, 
from which the depth Ht  of the moving boundary can be 
obtained by an iterative method when the time is t′ fixed.

3.1.3 Complete failure stage

The effective stress of soil at the bottom boundary is greater 
than the structural yield stress when the time t > t1, and as such 
the soil structure has been damaged completely. Taking t″ = t −
t1 as the time coordinate, the consolidation model has been 
transformed from a two-layer foundation under continuous 
drainage boundary into a one-dimensional consolidation for a 
single-layer soil with non-homogeneous initial excess pore 
pressure, where the initial pore pressure is u2

1 ( t′, z )|t′=t1−t0. The 
governing equation and the definite solution conditions are 
given below:

Governing equation:
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∂u3
∂t″

= c′v
∂2u3

∂z2
(27)

 where u3 and c′v are the excess pore-water pressure and 
consolidation coefficient of soil element at the complete failure 
stage, respectively.

Boundary conditions:

{u3 ( t″, z ) |z =0 = qe
−b t1e−b t″ 

∂u3 ( t″, z )
∂z |

z =H
  = 0

(28)

Initial condition:

u3(t″, z )|t″=0 = u2
1 ( t′, z ) |t′=t1−t0=σ3 (z ) (29)

where σ3 (z )  represents the surcharge stress of soil at any 
depth z  in the complete failure stage.

In order to achieve the purpose of homogenization for non-
homogeneous boundary, the excess pore-water pressure of soil 
element at the complete failure stage is supposed as:

 u3 = v3 + qe
−b (t″+t1) (30)

 Substituting Eq. (30) into the governing equation and definite 
solution conditions, it leads:

∂v3
∂t″

= cv1
∂2v3

∂z2 + R2(t″) (31)

where R2(t″) = bqe
−b (t″+t1).

v3 ( t″, z ) |z =0 = 0,  
∂v3 ( t″, z )

∂z |
z =H

  = 0 (32)

v3(t″, z )|t″=0 = σ″ (z ) = σ3 (z ) − qe
−b t1 (33)

 Using the finite Fourier sine transform, the solution of excess 
pore-water pressure in the complete failure stage can be 
written as follows:

u3 = ∑
m =1

∞

2
Mm

sin ( Mm z
H )e−βm t″[Bm ′+∫

0

t″
R2 (τ )eβm τ dτ ] +

qe
−b t1e−b t″

(34)

 where Bm ′ = Mm
H ∫

0

H

σ″ (z )sin ( Mm z
H )dz ,  Mm = 2m − 1

2 π,  and 

βm = c′vMm
2

H2  .

Therefore, the average consolidation degree defined by excess 
pore-water pressure can be expressed as follows:

Up = { q ( t )H − ∫
0

H

u1dz
quH ,  0 < t ≤ t0

q ( t )H − ( ∫
0

Ht

u2
1dz + ∫Ht

H

u2
2dz )

quH ,  t0 < t ≤ t1

q ( t )H − ∫
0

H

u3dz
quH ,  t1 < t

(35)

3.2 Evaluation of the proposed solution

To demonstrate the effectiveness of the present solutions, 
comparisons between the analytical solutions with the results of 
degradation cases and numerical analyses calculated by the 
finite difference technique are carried out. Moreover, the 
dimensionless interface parameter α = bH2/Cv and time factor 
Tv = Cvt /H2 are introduced for facilitating the analyses.

3.2.1 Comparison against degenerated cases

Based on the analytical solution of consolidation process for 
non-structural soil with continuous drainage boundary derived 
by Mei et al [24], the structural soil parameters in this study 
have been transformed into the non-structural soil parameters, 
i.e., kv/k′v = 1 and mv/m′v = 1. The comparisons between the two 
approaches for different interface parameters (e.g., α =  3, 5 
and 10) are shown in Figure 4. It can be seen that the proposed 
solution matches with the solution calculated by Mei et al [24] 
well. Therefore, the correctness of the present solution is 
preliminarily demonstrated.

Figure 4. Calculation results of degenerated solution

3.2.2 Comparison against numerical calculations

To further assess the efficacy of the proposed analytical 
solution, numerical results calculated by the backward 
difference method (Figure 5) are adopted for derivation, in 
which the backward difference and central difference schemes 
are used for time and space, respectively. In addition, the space 
and time nodes of the soil layer are expressed as i  and j , 
respectively, and the space and time step lengths are Δz  and Δt . 
The space nodes of the soil layer are taken from top to bottom 
in the order of i = 0, 1⋯, I , where I = H /Δz . Finally, it is assumed 

https://www.scipedia.com/public/File:Revision.jpg
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that the node of failure surface for the moving boundary is i =
m .

Figure 5. Finite difference element mesh discretization

 When the space nodes of the soil layer i ≠ m  , the difference 
formula of the governing equation can be expressed as follows:

 {−ξ1ui +1
j + (1 + 2ξ1 )ui

j − ξ1ui −1
j = ui

j −1 ( i = 1, ⋯, m − 1)

−ξ2ui +1
j + (1 + 2ξ2 )ui

j − ξ2ui −1
j = ui

j −1 ( i = m + 1, ⋯, I )
(36)

where ζ1 = C′vΔt /Δz2, and ζ2 = CvΔt /Δz2.

When the space nodes of the soil layer i = m , the interlayer 
continuity condition is expressed as follows:

 kv2
um

j − um −1
j

Δz = kv1
um +1

j − um
j

Δz
(37)

 Substituting um −1
j −1  and um −1

j −1  in Eq. (37) into the left hand of Eq. 
(36), the difference scheme of the governing equation at point 
m  can be obtained as follows:

− νξ1um −1
j + ν (1 + 2ξ1 )um −1

j − [νξ1 + (1 − ν )ξ2 ]um
j + (1 −

ν ) (1 + 2ξ2 )um +1
j − (1 − ν )ξ2um +2

j = um
j −1 (38)

where ν = kv2/ (kv1 + kv2 ) .

Initial condition and boundary condition are written in the 
following forms:

ui
0 = q (39)

u0
j = qe−bj Δt ,  un −1

j − un +1
j = 0 (40)

 Determination condition of point m :

um
j = q − σ′p (41)

 The calculated results from the proposed method and the 
numerical technique are shown in Figure 6, where the 
calculation parameters are employed as follows: qu = 100 kPa, 
σ′p = 50 kPa, κ = 2, η = 0.5, H = 10 m, and three interface 
parameters α = 5, 10 and 20. As can be seen, the proposed 
analytical solutions (PAS) are in good agreement with the 
results of finite difference method (FDM), so that the reliability 
of the proposed solution in is further illustrated.

Figure 6. Comparison of consolidation 
between the proposed analytical solution 
(PAS) and finite difference method (FDM)

4. Results and discussions
In order to study the influence of interface parameter, 
structural properties and structural yield stress of soil on 
consolidation behaviors, the calculation parameters are taken 
as qu = 100 kPa, σp′ = 50 kPa, H = 10 m. The dimensionless 
consolidation coefficient ratio is defined as Ci = Cv/C′v, and the 
structural yield stress ratio is written as R = σp′ /qu. To be specific, 
the consolidation model is equipped with a continuous drainage 
boundary on the soil surface and an impermeable drainage on 
the bottom boundary. Other detailed computational parameters 
are shown in Table 1.

Table 1. Calculating parameters of structured soil

Case Permeabi
lity coeffi

cient
 (10−8 m ⋅ 

s-1)

Volume co
mpressibili

ty 
coefficient

 (MPa-1)
kv k′v mv m′v

1 1.25 0.75 0.75 0.75
2 0.7 0.75 1.4 0.75
3 0.5 0.75 2 0.75
4 0.4 0.75 2.4 0.75
5 0.3 0.75 2.7 0.75

4.1 Influence of interface parameter

Figure 7 illustrates the influence of interface parameter on 
consolidation degree for the case with a constant consolidation 
coefficient ratio of Ci = 4 (i.e., case 3) and different interface 
parameters of = 1, 2, 3, 5, 10, and 100. It can be seen that the 
larger the interface parameter is, the faster the excess pore-
pressure dissipates and the earlier the effective stress reaches 
the structural yield stress. Hence, the time in the undamaged 
stage becomes shorter and the consolidation rate becomes 
faster. Moreover, it can also be seen that the smaller the 
interface parameter is, the greater the degree of consolidation 
of structural soil is after entering the failure stage.

https://www.scipedia.com/public/File:Review_399419094854-image102.png
https://www.scipedia.com/public/File:Review_399419094854-image102.png
https://www.scipedia.com/public/File:Review_399419094854_7427_Fig.6.jpg
https://www.scipedia.com/public/File:Review_399419094854_7427_Fig.6.jpg
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Figure 7. Influence of interface parameter 
on consolidation degree of structured soil

4.2 Influence of structural properties of soil

The influence of consolidation coefficient ratio Ci  for structural 
soils (i.e., cases 1-5), when the interface parameter is fixed at 3, 
is plotted in Figure 8. As seen from the figure, there is no 
inflection point in the consolidation curve when the 
consolidation coefficient ratio is 1, and it represents the 
condition that structural soil degrades to homogeneous 
nonstructural soil (i.e., undamaged stage throughout the 
analysis). It is interesting that structural soil enters the failure 
stage at the same time, since the interface parameter is 
identical. However, the greater the consolidation coefficient 
ratio (Ci ) is, the greater the consolidation degree becomes at a 
specific time in the failure stage, and the earlier the 
consolidation process enters the complete failure stage. It other 
words, neglecting the distinct difference in three failure stages 
for undamaged and remolded soils, consolidation analysis could 
lead to underestimation of degree of consolidation or 
overestimation of consolidation settlement, resulting in 
conservative design in ground treatment.

Figure 8. Influence of structural properties 
of soil on degree of consolidation

4.3 Influence of structural yield stress of soil

The influence of ratio between soil structural yield stress and 
load R  on the consolidation behavior is depicted in Figure 9(a), 
where the consolidation coefficient ratio is Ci = 4 and the 
interface parameters are α = 3 and α = 1 . It can be seen that 
the trends of consolidation curves under different interface 
parameters are the same. The larger the interface parameter is, 
the faster the consolidation rate is. When the yield stress is the 
same (e.g., the structural yield stress is 50 kPa), the soil 
consolidation rate slows down with the increase of load level, 
but the soil enters the failure stage earlier, which is caused by 
the smaller consolidation coefficient of remolded soil. In 
addition, the higher the yield stress is, the later the structure 
failure occurs and the faster the soil consolidation rate becomes 
for a fixed load (e.g., the value of load is 100 kPa). In summary, 
the consolidation rate increases with the increase of interface 

parameter and parameter R .

Moreover, Figure 9(b) shows the trends of consolidation curves 
with a fixed parameter R  under two groups of interface 
parameters. It is clearly seen that the consolidation curves are 
consistent when R  is taken to be the same value, which 
indicates that the ratio of structural yield stress to load is 
positively related with the consolidation rate.

Figure 9. Effect of yield stress on consolidation degree of structured soil

5. Conclusions
To fill the knowledge gap in consolidation solutions for 
structural soft soil foundation, the one-dimensional 
consolidation equation of structured soft soil foundation under 
continuous drainage boundary conditions with the 
consideration of soil structure is established. An analytical 
solution is then proposed by using finite Fourier sine transform 
and integral transform methods. The effectiveness of the 
present solution is discussed by comparing against 
degenerated cases and numerical results calculated by the 
finite difference method. Sensitivity analysis is carried out to 
study the influence of interface parameter, structural 
characteristics of soil elements and structural yield stress on 
consolidation behaviors of foundation soils. The main 
conclusions in this study are summarized as follows:

(1) The interface parameters are positively correlated with the 
time when soil structure failure initiates, i.e., the larger the 
interface parameter is, the earlier the soil enters the failure 
stage, and vice versa.

(2) Soil consolidation coefficient and failure time are positively 
correlated, i.e., the larger the consolidation coefficient is, the 
earlier the soil enters the failure stage and the greater the 
consolidation degree becomes.

(3) The ratio of structure yield stress to load, R , does not change 
the degree of consolidation curve.

(4) For remolded soil, without considering the three failure 
stages, the degree of consolidation can be underestimated, 
leading to extremely conservative design in practice of ground 
improvement.
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