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 For soft soil engineering, in many cases, the foundation directly 
on natural ground cannot satisfy the requirement, such as 
embankment on deep soft clay layer. Consequently, a 
technology of combining the float-type cement-treated columns 
and surface stabilization is developed for reducing the 
settlement and the construction cost. In order to apply this 
technology for practice, it is important to predict the total 
settlement of the ground in relation to the important factors. In 
this paper, in order to evaluate the consolidation settlement 
behavior, a time-dependent skin friction model for the column-
soil interaction is developed to describe the nonlinear 
relationship between column shaft shear stresses and effective 
vertical pressure in the surrounding soft clay. The time-
dependent equivalent skin friction length which treating a part of 
floating type improved ground with a length of αH1 as an 
unimproved portion can be obtained based on a homogenization 
theoretical method. The compression settlement of this 
unimproved portion can be computed using the properties of 
soft clay alone. For verifying the effectiveness of this method, a 
set of laboratory model tests were performed. Furthermore, the 
settlement behavior and stress distribution characteristics were 
investigated by image analysis. 
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1. Introduction 
 
In the past several decades, there has been an 

increasing recognition that the composite technology has 
significant contribution to the ground improvement 
construction. Composite method, such as those 
proposed by Balaam et al. (1977), Priebe (1995), 
Bergado et al. (1994), Poungchompu et al. (2010), Zhang 
et al. (2012), Maheshwari and Khatri (2012) and Ng and 
Tan (2014a) are commonly used to calculate the 

settlement of soft ground improved by column type 
inclusions. 

However, for deep soft soil layer, to reduce the 
construction cost and minimize the impact on the ground 
environment, a technology combined with ground 
improvement methods such as float-type cement-treated 
columns, surface stabilization, and lightweight 
embankment methods has been developed, which is 
perceived as one of the effective and acceptable 
methods for improving the soft clay ground.  
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Figure 1 shows the concept of floating type ground 
improvement. As shown in Fig. 1, this type of technique 
can be useful for deep soft soil layer considering that it 
can reduce the settlement. Consequently, in order to 
apply this technology for practice, several important 
aspects need to be discussed in advance. For this 
structural form, it is important to predict the total 
settlement of the ground in relation to the important 
factors. During consolidation, the skin friction between 
the columns and soft clay will occur (Randolph, 1983; 
Poulos, 1994; Jamsawang, 2009), which plays an 
important role in reducing ground settlement. 

In previous studies, several investigations for 
considering the influence of the improvement parameters 
have already been conducted by Lee (1993), Randolph 
et al. (1979), Miki and Nozu (2004), Pribe (1995), Ishikura 
et al. (2007, 2013) and Ng and Tan (2014b). A method 
for predicting the total settlement of this improvement 
ground has already been proposed by Ishikura et al. 
(2008, 2009). 

In this paper, in order to evaluate consolidation 
settlement in consideration to skin friction characteristics, 
a time-dependent skin friction model for the column-soil 
interaction is developed. In order to clarify the 
practicability of this model, a set of model tests in three 
different test conditions which is improved by using 
different number of model columns were performed under 
one-dimensional plane strain condition, respectively. 
Settlement behavior and strain distribution characteristics 
were investigated by image analysis. By comparing the 
test and calculated results, the influence of the skin 
friction and ground improvement ratio ap during the 
consolidation settlement were investigated. (ap means 
the ratio between the sum of cross-sectional area of all 
columns and total cross-sectional area of the improved 
ground). 
 
 
2. Methodology for predicting time-dependent 

consolidation settlement  
 
In this section, a method based on homogenized 

theory with a consideration of the stress distribution ratio 
ap is proposed. As mentioned above, the floating type 
column improved layer is composed of two types of 
compression portion. The compression of unimproved 
portion can be calculated by the properties of the soft soil 
alone, whose characteristics are treated as same as the 
subsoil layer (H2 in Fig. 1). The key point of the proposed 
method is to determine the length of time-dependent 
unimproved portion. 

 
 

2.1 Principles of homogenization method 
 

The main components of this improved ground are 
soft soil and improved columns. Aiming to obtain the 
compression of mixed ground, the improved portion is 
assumed as a homogeneous mass, which can be 
presented by the homogenized material parameters 
(Omine and Ochiai 1992; Omine et al., 1998), as shown 
in Fig. 2(b). In vertical direction, the average coefficient of 
volume compressibility of composite portion can be 
calculated as following: 
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where mvs and mv
* are the coefficient of volume 

compressibility of columns and surrounding soil, 
respectively, and n  is stress distribution ratio, defined as 
the vertical stress applied on improved column and 
surrounding soft soil within a unit cell consisting of a 
column and  soil (Chai and Carter, 2011), as shown in Fig. 
2(a): 
 

Fig. 1. Schematic diagram of improved ground by floating-
type columns. 
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Fig. 2. Schematic diagram of the homogenized composite 
ground. 
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will decrease in case of the column surface roughness 
increases. 

Figure 10 shows the effect of time on parameters. In 
this figure, αi and －nf   mean the initial unimproved layer 
thickness ratio and final effective stress distribution ratio 
under each test condition, respectively. It is obviously 
that the unimproved layer thickness ratio decreases with 
time while the effective stress distribution ratio increases 
with time. From this figure, however, the higher the 
improvement ratio, the faster the rate of variation of 
normalized parameters in both conditions, namely the 
rate of primary consolidation increased with the increase 
of improvement ratio. 
 
2.7 Settlement calculation of the composited ground  
 

Figure 11 shows the concept for predicting the total 
consolidation settlement of this improved ground. In this 
proposed model, the total settlement is calculated based 
on the summation of one-dimensional consolidation 
settlement of two layers, which comprising the equivalent 
foundation and unimproved layer. Several thicknesses of 
layers are determined using the time-dependent 
unimproved layer thickness ratio α(t) in relation to the 

improvement parameters, such as the improvement area 
and improvement length. 

The average distributive effective vertical pressure on 
the unimproved layer －  

σb'(t) , can be obtain by considering 
the effective overburden pressure －  

σ'(t)  at a time t based 
on the 2:1 method as illustrated in Fig. 11 (Bergado et al., 
1994): 
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Fig. 12. Calculation flow chart of proposed method. 
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Fig. 11. Concept for calculating the total settlement of the 
composite ground.  
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consolidation. The settlement at the top of the model 
ground and the pre-consolidation pressure were 
monitored during this stage. 

2) Unimproved ground consolidation. The vertical 
pressure was sequentially applied from 20 kPa to 80 kPa 
using LIR of one by using a bellofram cylinder, until the 
consolidation tests finished. Each pressure also lasted in 
24 hours. Consequently, the consolidation parameters 
were obtained. The main results were listed in Table 3 as 
following: 

3) Improved ground consolidation settlement. At the 
end of primary consolidation with the pre-consolidation 
pressure of 20 kPa, the test was stopped. The loading 
system and one acrylic plate were removed for cutting a 
groove, which was used for embedding the model column. 
An aluminum model column with size of 30 mm in wide D, 
100 mm in length and 200 mm in height H1, was 
embedded in the model ground. Then the apparatus 
were reassembled again, pre-consolidation pressure of 
20 kPa was applied firstly for 24 hours to ensure firm 
contact between the model column and the surrounding 
soil and to bring the model ground to a normally 
consolidation state, and then the vertical pressure was 
increased stepwise from 20 kPa to 80 kPa using LIR of 
one by using a bellofram cylinder, each pressure still 
lasted in 24 hours until the tests were finished. During the 
test, the settlement at the top of the model ground, the 
vertical load and resistance at the head and end of the 
column were monitored. Meanwhile, the ground 
deformation was recorded by a camera directed at rubber 
membrane’s grid lines.   
 
3.2 Test results and discussions  
 

The consolidation settlement will be discussed in 
detail in section 4 for comparison. The deformation 
mechanisms of this improved ground are mainly studied 
in this section. Figure 14 shows the deformation 
behaviors of the improved ground in two cases, 1 column 
(Case-1) and 3 columns (Case-2). The vertical pressure 
increased from 0 kPa to 80 kPa stepwise under the 
consolidation process. It is observed that vertical 
deformations occurred over whole area around the 
column for both cases. Meanwhile, it is also obviously 
displayed that the consolidation settlements decreased 
with an increase of the number of columns, manifesting 
that the deformation in Case-2 is smaller than that in 
Case-1, and a large deformation of the ground occurred 
at the bottom of column in Case-1. 

Utilizing the image analysis based on experimental 
results, Fig. 15 presents the vertical strain distributions 
after consolidation finished in the Case-1 and Case-2, 
respectively. According to these results, the vertical strain 
just below the column end increased significantly, and it 
decreased with the number of columns increasing. On 

the other hand, the vertical strain just below the loading 
plate is much smaller than that just below the column end 
in the both test conditions. This is mainly on account of 
the effect of surface stabilization, which can reduce the 
relative movement between the column and surrounding 
soil. According to the image analysis results, the 
improved ground can be divided into two layers, confining 
layer (upper portion with small vertical strain) and 
compressed layer (lower portion with large vertical strain), 
a phenomenon similar to that encountered in the problem 
of estimating the floating type column improved ground 
settlement (Terzaghi and Peck, 1967). Figure 16 shows 
the maximum shear strain distributions in Case-1 and 
Case-2, respectively. The maximum shear strain mainly 

Table 5. Forecast error of the model tests. 
Number 

of 
column 

Vertical 
pressure 
∆p (kPa) 

Ground 
improvement 
ratio ap (%) 

Forecast 
error 
∆ξ (%) 

1 20 12 4.72 
 40 12 8.83 
3 20 36 18.40 
 40 36 55.15 
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Fig. 17. Comparison between measured and calculated 

results (1 column). 
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pressure was just applied, and the tendency of which 
also can be observed in calculated results. 

Figure 19 shows the comparison between formulation 
of upward skin friction (Ishikura, et al., 2009) and 
experiment results, －τ  is the average upward skin friction, 
p0 is the initial vertical pressure at each stage. The value 
of p0 is equal to the incremental vertical pressure ∆p, and 
L is the distance between two columns. As shown in this 
figure, the normalized average upward skin friction 
increases with consolidating time from calculations. It 
tends to a constant value when consolidation finished 
under different ratios between H1 and L. The experiment 
results are all within the consolidation process of 
calculation. They increase with incremental vertical 
pressure. 

 
 

5. Conclusions  
 

This article proposed a method for predicting 
consolidating settlement based on a time-dependent skin 
friction model. For certifying the effectiveness of this 
method, a series of laboratory model tests were 
performed. Meanwhile the image analysis of the 
settlement behavior during consolidation was conducted. 
The characteristics of time-depended skin friction, the 
tendency of consolidation settlement and skin friction of 
the improved ground, and the effects of improved column 
number are clarified. The following conclusions can be 
derived from this study.     

(1). Consolidation settlement. It increased initially and 
then converged to the constant value after applying 
vertical pressure. And the mainly settlement completed 
within a relatively short period when the pressure was 
just applied. The settlement decreased with the increase 
of column numbers. 

(2). Skin friction. Normalized averaged incremental 
skin friction ∆τ initially increased just applying on the 
vertical pressure, after reaching the peak, it began to 
decrease with time and later converged to the constant 
values. Meanwhile, it decreased with the vertical 
pressure increased under the same ground improvement 
ratio. For the reason that after static skin friction reaching 
the ultimate value, the relative slide between column 
surface and soil or soil interior occurred. Shortly 
afterwards, sliding friction decreased and later converged 
to the constant value. The interface roughness coefficient 
of the model test is around 0.3. 

(3). Vertical strain and Maximum shear strain. The 
vertical strain just below the column end increased 
significantly during consolidation settlement process. And 
it decreased with the ground improvement ratio increased. 
Meanwhile, by the effect of surface stabilization, the 

relative movement between column and surrounding soil 
was reduced. The phenomenon is that the vertical strain 
just below the loading plate is much smaller than that just 
below the column end. The maximum shear strain mainly 
generates at the bottom of column, and also decreased 
with the increasing of the number of columns. 
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Symbols and abbreviations 
 
A0 Cross-sectional area of the improved ground 
Ac Cross-sectional area of the columns 
ap Ground improvement ratio 
cu Undrained shear strength of soil 
Cv Consolidation index  
D Model column  wide 
H Depth of ground 
H1 Depth of improved layer (column length) 
H2 Depth of unimproved layer  
h Thickness of surface stabilization 
K Lateral earth pressure coefficient 
K0 In situ earth pressure coefficient 
L Loading width on the equivalent foundation 
L' Loading width on the unimproved layer 
－
mv  Average coefficient of volume compressibility    
                             of composite portion 
－
mvf  Average coefficient of volume compressibility  
                             of the confining portion 
mvs Volume compressibility coefficient of column 
mv

* Volume compressibility coefficient of soil 
mv

u* Volume compressibility coefficient of           
                             unimproved layer soil in the improved ground 
－
n   Stress distribution ratio  
－
nf   Final effective stress distribution ratio  
－  
n(t)   Stress distribution ratio during consolidation 
p0 Iinitial vertical pressure at each stage 
R Interface roughness coefficient 
S(t) Total settlement of the improved ground 
Se(t) Compression of the equivalent foundation 
Su(t) Settlement of the unimproved layer 
Tv Time factor for one-dimensional consolidation 
u(z,t) Excess pore pressure 
u0(z,t) Initial excess pore pressure 
α Unimproved layer thickness ratio 
α(t) Unimproved layer thickness ratio during  
                             consolidation 
αi Initial unimproved layer thickness ratio 
δ' Effective friction angle of column-soil interface 
σv' Effective overburden pressure 
σ'(z,t) Vertical effective pressure applied on the soft  
                             soil during consolidation 
σ*(t) Total vertical pressure applied on the soft soil 
σ'(t) Effective vertical pressure applied on the soil 
－
σ   Vertical pressure applied on the ground 
－
σvs  Vertical pressure applied on the column 
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－
σ*  Vertical pressure applied on the soil 
－  
σ'(t)   Effective vertical pressure applied on the  
                             ground during consolidation 
－  
σb'(t)   Average distributive effective vertical pressure  
                             on the unimproved layer 
τ Skin friction of interface 
τ(z,t) Skin friction of interface during consolidation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

－
τ   Average skin friction of interface 
－  
τ(t)    Average skin friction of interface during  
 consolidation 
ϕ' Effective friction angle of soil 
Δξ Forecast error 
Δτ Increment  of skin friction 
Δσ Increment of vertical pressure 


