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Abstract 

Deep cement mixed (DCM) soil columns have been widely utilized to improve soft soil and to 

form a composite ground to support embankments or seawalls. However, the influence of the 
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time-dependent behavior, such as creep, of the soft soil on the performance of DCM column-

supported embankments is not well understood, not yet considered in existing design methods. 

In this study, the finite element (FE) model was established to investigate the creep effects on 

settlements and load transfer mechanisms of the soft soil improved by DCM columns under 

embankment load.  Comparisons were conducted for the cases of the soft soil with or without 

creep. It is found that there is a further unloading process in the stress state of the soft soil 

caused by the creep. Therefore, stress concentration ratio for the soft soil with creep is higher 

than that for the soft soil without creep. At the same time, the DCM column is capable to reduce 

the creep strain rate of the soft soil, thereby it improves the creep behavior of the soft soil. The 

parametric analysis demonstrated that the area replacement ratio and Young’s modulus of the 

DCM column can largely influence the long-term behaviors of the DCM column-improved 

composite ground. For the larger value of area replacement ratio (>30%), the influence of the 

creep effect of the soft soil on loading transfer can be significantly reduced. The numerical 

results were also compared with the results calculated by German design method (EBGEO) 

and British design method (BS 8006). Regarding the vertical stress taken by the DCM column, 

EBGEO method provides a lower limit while BS 8006 method provides an upper limit.  

 

Keywords: Column-supported embankment, deep cement mixed soil column, soft soil, creep, 

settlements, load transfer 

 

Nomenclature 

ARR  Area replacement ratio (%) 

a  Equivalent size of the column (m) 



c   Effective cohesion (kPa) 

EOP  End of primary consolidation  

FE  Finite element 

D  Thickness of soft soil (m) 

DCM  Deep cement mixed 

50E   Young’s modulus (MPa) 

H   Embankment height (m) 

HKMD Hong Kong marine deposits 

gh   Arching height (m) 

J  Tensile stiffness (kN/m) 

columnk
 

 Coefficient of permeability of DCM column (m/day) 

soilk   Coefficient of permeability of soft soil (m/day) 

L  Length of the DCM column (m) 

vm   Coefficient of volume compressibility  

n  Stress concentration ratio 

p   Loading on the top of the embankment (kN/m2) 

peakq   Peak deviator stress (kPa) 

s  Column spacing (m) 

S   Settlement (m) 



et   Equivalent time 

   Strain 

   Unit weight (kN/m3) 

*   Modified swelling index  

*   Modified compression index  

1   Dimensionless parameter 

2   Dimensionless parameter 

*   Modified creep index  

   Poisson’s ratio 

z   Vertical stress (kPa) 

z    Effective vertical stress (kPa) 

   Effective friction angle (  ) 

    Dimensionless parameter  



1. Introduction 

In coastal areas, embankments for supporting transportation infrastructures are inevitable to be 

constructed over soft soils, marine clay in most cases. In order to solve the issues of excessive 

total and differential settlements or even failure of embankments owing to the high 

compressibility and low bearing capacity of the underlying soft soil ground, appropriate ground 

improvement techniques are required (Han and Wayne, 2000; Yapage and Liyanpathirana, 

2018). Among various techniques, the combination of pile support and geosynthetic 

reinforcement becomes one of the most suitable techniques for solving the abovementioned 

issue because of its economy and effectiveness. Therefore, the geosynthetic-reinforced pile-

supported embankments have been widely utilized and studied by numerous engineers and 

researchers (Han and Arkins, 2002; Han and Gabr, 2002; Gangakhedkar, 2004; Liu et al., 2007; 

Rowe and Taechakumthorn, 2011; Lai et al., 2014). 

 

Recently, the long-term performance of the geosynthetic-reinforced column-supported 

embankments has been paid attention. Yapage et al. (2013) simulated column-supported 

embankments considering the strain-softening behavior of DCM columns. The long-term 

viscous behavior of geosynthetic reinforcements was investigated by Liu and Rowe (2015). 

Although, the consolidation of subsoils was considered for simulating the long-term 

performance of DCM column-supported embankments (Huang and Han, 2010). The time-

dependent stress-strain behavior, such as creep, of soft soils, was neglected when studying the 

effect of DCM columns on controlling settlements. The post-construction settlements owing to 

creep might influence the load transfer and consolidation behavior of the composite ground 

treated by DCM columns under embankment load. This influence was not well studied and 

properly considered in the current researches and design methods. On the other hand, Sexton 



et al. (2017) found that the creep behavior of soft soils can be reduced by installing stone 

columns. The stone columns might be unsuitable for improving very soft marine clays since 

no enough confined pressure can be provided by those kinds of soils (Sexton et al., 2017). 

DCM columns normally function similarly to the stone columns in the soil improvement, so 

the creep behavior of soft soils should also be influenced by installing DCM columns. However, 

there are very limited studies on the effects of DCM columns on controlling settlement, 

reducing creep behavior of soft soils, and transferring load. 

 

Nowadays, the third runway of Hong Kong International Airport (HKIA) is under construction 

over an area of contaminated soft marine clay. In order to control settlements and minimize the 

side-effects on the marine environment, DCM technique has been designed to improve the 

marine clay (Airport Authority Hong Kong, 2012). In load transfer platform (LTP) areas, the 

typical columns are 2.3 m in diameter and 4.8 m in spacing, corresponding to an area 

replacement ratio of 23%. Outside the LTP area, DCM columns form walls with different area 

replacement ratios in a range from 30% to 40%. The length of the DCM columns is normally 

from 6 m to 25 m depending on the profile of marine soil. Relying on this background of the 

DCM technique application, a finite element (FE) modelling is carried out for a DCM column-

treated soft soil ground under embankment load. The objective of this study is to compare the 

responses of the composite ground (the soft ground improved by DCM column)considering 

creep and those ignoring creep, instead of simulating and assessing the real project of the airport 

runway in Hong Kong. Furthermore, this study also aims to investigate the influence of 

different design parameters of DCM columns on controlling settlements and transferring load 

with considering creep of the soft soil, which will provide a valuable reference in the design of 

column- or pile-supported embankment. 



 

2. Description of finite element model and design methods 

2.1 Finite element model 

In this study, PLAXIS 2D (2015 version) was adopted to simulate a geosynthetic-reinforced 

embankment over a soft ground improved by a DCM column under axisymmetric condition. 

The embankment is 3 m in height and 10 m thick soft soil is under the embankment load, as 

shown in Figure 1. The soft soil involved in this study is the Hong Kong marine deposits 

(HKMD), which is regarded as weak soils for reclamation projects owing to its low shear 

strength, high compressibility, and obvious time-dependent behavior (Yin and Zhu, 1999). The 

embankment is supported by an end-bearing DCM column with a diameter of 2.3 m. The area 

replacement ratio of the composite ground of the DCM column-improved soft soil is 23%. 

Ground water table was set on the surface of the composite ground. The distance between the 

geosynthetic reinforcement layer and the bottom of the embankment is 0.3 m. The construction 

period was set as 30 days corresponding to a construction rate of 0.1 m/day in this study.  

 

The finite element model was meshed into 480 15-noded elements with the relative element 

size of 0.5. The soft soil was simulated by Soft Soil Creep model. Both the fill materials of the 

embankment and the DCM column were simulated by Mohr-Coulomb model (Huang and Han, 

2009; Voottipruex et al., 2011; Mun et al., 2012; Horpibulsuk et al., 2012; Jiang et al., 2014; 

Jamsawang et al., 2015a, b and 2016; Yapage and Liyanapathirana, 2018). The geosynthetic 

reinforcement was modeled by geogrid elements. Details of the models can be referred to 

Brinkgreve et al. (2015).  

 



2.2 Selection of parameters 

The main parameters of the Soft Soil Creep model are the modified compression index 
* , 

modified swelling index 
* , and modified creep index 

* . The values of those indices, which 

are consistent with those of Feng and Yin (2017) used in their FE modelling, were chosen in 

this study. According to Sexton et al. (2017), numerical difficulties occur in PLAXIS, when 

using 
* 0 =  to analyze the case of soft soil without creep. Therefore, a very low value of 

*  

was used (1% of the value of 
* used in the case of soil with creep). Figure 2 shows that this 

method can minimize the creep contribution very well. 

 

Yin and Lai (1998) and Yin (2001) investigated the stress-strain-strength behavior of cement-

treated HKMD with different water contents and cement contents by conducting a series of 

unconfined compression (UC) tests and consolidated undrained (CU) triaxial tests. For the case 

of cement-treated HKMD with 20% in cement/soil ratio and 100% in initial water content, the 

effective cohesion of the cement-treated soil is 87 kPa and the effective friction angle is 46 . 

These parameters were assigned to the DCM column in this numerical simulation. And the 

peak deviator stress 
peakq  of cement-treated soil under the abovementioned dosage is 455 kPa. 

The fitting result from Yin (2001) showed that the average Young’s modulus 50E  equals 89 

times the peak deviator stress 
peakq . Therefore, the Young’s modulus of the DCM columns of 

40.50 MPa was used in this study.  

 

Yin and Fang (2006) observed a rapid consolidation of a composite ground improved by a 

DCM column and regarded that the DCM column has a similar function of a vertical drain. 



Chai et al. (2006) and Horpibulsuk et al. (2012) had a different view that the consolidation was 

accelerated because of the higher coefficient of consolidation caused by high stiffness of DCM 

column instead of the permeability. Regarding the permeability of cement treated-soils, some 

scholars, such as Chew et al. (2004) found that it can be higher than the untreated soil, while 

the converse results were also reported by Kitazume and Terashi (2013). In this study, the 

permeability of the DCM columns was assumed to equal the permeability of the surrounding 

soil. 

 

High strength PET geogrids are selected as the geosynthetic reinforcements and simulated by 

geogrids elements with a stiffness of 5000 kN/m in this study. The interfacial friction between 

the geosynthetic and surround filling material was simulated by creating interface elements, as 

the red lines attached to the geosynthetic shown in Figure 1. van Santvoort (1995) suggested 

that a reduction factor, whose value may vary from 0.7 to 0.9 for different types of 

reinforcement, can be utilized to consider the interfacial friction angle between the filling 

material and geosynthetic. Following the assumption of Yapage and Liyanapathirana (2018) 

and Abusharar et al. (2009), the reduction factor was selected as 0.8 in this study. The values 

of the parameters in FE simulations are listed in Table 1.  

 

2.3 Design methods 

Embankments are normally supported by prefabricated concrete piles or soil columns 

(Ariyarathe and Liyanapathirana, 2015). Among different types of pile- or column-supported 

embankments, load transfer is a crucial and common concern. It is usually related to soil 

arching phenomenon, which was first studied by a famous trap door experiment conducted by 

Terzaghi (1943). Subsequently, plenty of experimental and numerical studies were carried out 



to deeply understand the soil arching and the load transfer mechanism in pile- or column-

supported embankments without and with geosynthetic reinforcements (Low et al., 1994; Deb 

and Basudbar, 2007; Chen et al., 2008; van Eekelen et al., 2012a, 2012b, 2013; Wu et al., 2019; 

Zhao et al., 2019). Many design methods, e.g. EBGEO (Recommendations for Design and 

Analysis of Earth Structures using Geosynthetic Reinforcements) method and BS 8006 (British 

standard) method, were proposed to consider load transfer in embankments and to calculate 

tensile strains in geosynthetic reinforcements (Guido et al., 1987; Abusharar et al., 2009; 

EBGEO, 2010; BS 8006, 2010). However, those design methods normally neglected the time-

dependent stress-strain behavior of subsoils. It is widely accepted that behavior of soft soils is 

time-dependent (Gragam et al., 1983; Augustesen et al., 2004; Yin et al., 2011). And the time-

dependent behavior could also affect the load transfer mechanism thereby influence the overall 

performance of pile- or column-supported embankments. 

 

In this study, the simulation results are compared with the results calculated by BS 8006 and 

EBGEO (2010). 

 

In BS 8006, the support of the subsoil is ignored so that all the embankment loading is taken 

by columns and reinforcements. The vertical stress on columns (or piles) can be calculated by 

Marston’s formula (Marston and Anderson, 1913) or Hewlett and Randolph’s method (Hewlett 

and Randolph, 1988).  In this study, Hewlett and Randolph method is used to calculate the 

vertical stress on the DCM column. The critical location where the arcing fails is assumed to 

occur on the top of the column (or pile cap), expressed as:  
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, s is the column spacing,   is unit weight of the embankment fill, H  is 

the height of the embankment, a is the equivalent size of the column,   is the friction angle 

of the embankment fill. 

 

In EBGEO (2010), the subsoil support is considered. The vertical stress acting on the soft soil 

is calculated as 
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zero in this study. The vertical stress taken by the column is calculated as 

, , ,[( ) ] E
z column z soil z soil

P

A
H p

A
     = + − +   (4) 

where EA is the unit cell area, PA is the cross-sectional area of the column.  

 

3. Finite element results analysis 

The results of the FE simulation focus on different responses of settlements and load transfer 

in the composite ground with and without creep. 

 



3.1 Creep effects on settlements 

The maximum settlements of the soft soil with and without creep are plotted in Figure 2. As 

expected, the maximum settlement of the composite ground with creep is larger than that 

without creep. Casagrande’s method (1936) (termed as the logarithm of time fitting method in 

BS 1377) is used to determine the time of end of primary (EOP) consolidation. This method 

was also adopted by Sexton (2014). For the case of soft soil without creep, primary 

consolidation takes approximately 500 days. While primary consolidation takes approximately 

800 days when considering creep. However, it should be noted that the EOP is utilized to reflect 

the consolidation rate of the soft soil instead of determining when creep happens in this study.  

 

In order to examine the effect of the DCM column on controlling settlements, the settlements 

of the untreated soft soil are also plotted in Figure 2. For both cases of soft soil with and without 

creep, the maximum settlements are reduced significantly when the DCM column is involved 

in. The consolidation process of the soft soil can be significantly accelerated by DCM column. 

The difference between the maximum settlement with creep and that without creep in the DCM 

column-treated case is less than the difference between the maximum settlements with and 

without considering creep in the untreated case. This reveals that creep behavior of the soft soil 

can be reduced by the DCM column.  

 

Figure 3 illustrates the relationship between   and log( )z   of point a at different situations. 

Adopting the concept of “equivalent time” proposed by Yin and Graham (1989), the untreated 

soft soil creeps to point 1, corresponding to the equivalent time 1et . For the DCM column-

treated soft soil, the combination of creep and unloading process makes the state of clay reach 



point 2, corresponding to the equivalent time 2et . Since 2et  is larger than 1et , smaller creep strain 

rate of the clay treated by DCM column resulting in a reduction in creep behavior of the soft 

soil. 

3.2 Creep effects on lateral deformations of DCM column 

The lateral deformations of the DCM column with and without considering the creep effect of 

the surrounding soil are plotted in Figure 4. The location of the observed lateral deformations 

of the columns are laid on and along the interface between the column and surrounding soil 

(x= 1.15 m, z= 0.2m ~9.6 m).  

 

For both cases with and without considering creep of the surrounding soil, the largest lateral 

deformation appears at the top of the DCM column. Near the top part of the column (say z <1 

m), the lateral deformation decreases with depth. As the depth goes deeper, the lateral 

deformation decreases after a slight increase (see 1 m <z< 2 m). When considering the creep 

of the surrounding soil, there is more lateral deformation of the column compared with the case 

ignoring the creep of the surrounding soil.  

 

3.3 Creep effects on load transfer 

The effect of the DCM column on controlling settlements can be interpreted by load transfer 

mechanism. Due to the difference in stiffness between the column and the surrounding soft soil, 

the majority of applied load concentrates on the DCM column resulting in a nonuniform stress 

distribution over the DCM column and the surrounding clay. With the development of the 

differential settlements between the column and the surrounding clay, shear stress is mobilized 

in the embankment to contribute transferring load. With respect to the clay, this process is 



similar to unloading (Madhav et al., 2010). Owing to the unloading, the soft soil tends to be 

over-consolidated. When considering creep of the soft soil surrounding the DCM column, a 

further load transfer owing to the creep settlements reduces the load taken by the soft soil 

resulting in a further unloading, as illustrated in Figure 3.  

 

The vertical stresses over the DCM column and surrounding soft soil are shown in the 

distribution profile in Figure 5. During construction of the embankment (within 30 days), there 

is no difference between the stress distribution with creep and that without creep. For both 

cases with and without creep, the maximum vertical stress appears on the edge of the DCM 

column. As the surrounding soft soil consolidates, the vertical stresses taken by the surrounding 

soft soil decrease and the vertical stresses taken by the DCM column increase correspondingly. 

When considering creep, the vertical stress on the DCM column increases significantly at 

Long termt − , and the maximum vertical stress tends to move toward the center of the column. The 

creep influences on transferring process of the vertical stress can be found in Figure 5. 

 

Stress concentration ratio (n), which is calculated as the ratio of the average vertical stress taken 

by the DCM column to the average vertical stress taken by the surrounding soft soil, is an 

important factor which has been generally accepted to reflect the load transfer mechanism (Han 

and Gabr, 2002; Liu et al., 2007; Chen et al., 2008; Abusharar et al., 2009). Figure 6 shows the 

values of n with and without creep of the soft soil on the location of z = 0. If the creep behavior 

of the soft soil is ignored, then no more apparent differential settlement occurs between the 

DCM column and surrounding soft soil after primary consolidation. Hence, no more load is 

transferred from the soft soil to the column due to which the value of n is limited to 

approximately 10.5 in this study. In contrast, the creep settlement of the soft soil would induce 



a further load transfer from the soft soil toward the column. Theoretically, if the vertical stress 

is not large enough to yield the column, the value of n will keep increasing.  

 

Figure 7 shows the stress paths of different points in the soft soil at different depths. The 

locations of point a, b, c, and d are shown in Figure 1. For the point a, which is located near 

the top of the soft soil, the stress path develops along the critical state line and following by an 

unloading process. When considering creep, the final stress state is lower than that of the case 

without creep. For the points located at deeper positions, the soft soil undergoes an unloading 

process owing to the load transfer when the DCM column is involved in. Therefore, the stress 

paths are shortened and flattened. When considering creep, the stress paths for both cases with 

and without DCM column treatment tend to move to the left side. This is mainly because creep 

of the soft soil induces more excess pore water pressure and resulting in less effective stresses 

taken by the soil particles. If DCM column is involved in, the unloading process owing to load 

transfer decreases both deviator and mean effective stresses. The effects of both increased 

excess pore water pressure and load transfer make the stress paths hook-shaped.  

 

3.4 Creep effects on excess pore pressure 

Point d in Figure 1 is selected for observing excess pore pressures at different cases. The excess 

pore pressure responses of the soft soil are plotted in Figure 8 with and without considering 

creep as well as with and without column improvement. If there is no DCM column in the soft 

soil, considering the creep of the soft soil will cause a significant increase in excess pore 

pressure compared with the case ignoring the creep. This increase in excess pore pressure can 

refer to the explanation given by Yin et al. (1994). If the soft soil is treated by a DCM column, 

only a slight increase in excess pore pressure is observed when considering the creep of the 



soft soil. The loading acting on the soft soil is reduced owing to the loading transfer 

corresponding to an unloading process discussed in Section 3.3. This unloading process takes 

the soil to an over-consolidated state with a lower creep strain rate, thereby moderating the 

creep effect on increasing the excess pore pressure.  

 

4. Parametric analysis 

In this section, a parametric analysis is conducted to investigate the influences of different 

parameters of the DCM columns on the settlements and loading transfer on the column-

improved soft ground. Area replacement ratio, cohesion, friction angle, Young’s modulus, and 

permeability of the DCM column are varied reasonably. Besides, the influences of the stiffness 

of the geosynthetic reinforcement is discussed as well. The values of the parameters are listed 

in Table 2. The FE modelling and procedures are the same as those mentioned above. The 

simulation results are completed with the results calculated by EBGEO (2010) and BS 8006 

(2010). Since there is no specific method to calculate settlements of embankments and 

underlying soft grounds. In this study, the average settlements on DCM column and 

surrounding soil are calculated by the following equations. 
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where *

, ,0.434 /v i v im  =  for normally consolidated soil (Das, 2010); ,v i   is the average 

value of the vertical normal stress during consolidation on the i-th sublayer of the soft soil; iD  

is the thickness of the i-th sublayer of the soft soil; L  is the length of the DCM column, as 

shown in Figure 9. 



 

4.1 Area replacement ratio 

Area replacement ratio (ARR) of the composite ground underlying the embankment is regarded 

as a variation to investigate the effect of the DCM column on controlling settlements and 

transferring load. The ARR of the DCM columns or DCM walls used in the third runway project 

of the Hong Kong International Airport is in the range of 20%~40%. It is recommended that 

the area replacement ratio should be larger than 10% (Rogbeck et al., 1998). Therefore, in this 

study, the values of the ARR are taken as 10%, 23%, 30%, 40%. 

 

Figure 10 shows the influence of area replacement ratio on the stresses acting on the soil and 

the stresses taken by the DCM column at different times. As the area replacement ratio 

increases, the stresses on soil decrease. There is no significant difference between the responses 

of the composite ground under embankment loading at 
EOPt  and the long-term responses when 

ignoring the creep effect of the soft soil. Therefore, only the long-term responses of the 

composite ground are represented for the case of no creep. Owing to the unloading process 

mentioned in Section 3.2, the stress on the soft soil when considering creep effect is smaller 

than that without creep effect at 
EOPt . A further reduction of the stress acting on soil occurs 

when considering long-term loading transfer. The method suggested by EBGEO shows an 

identical trend with the numerical results, while the BS 8006 is not able to calculate the stress 

acting on the soft soil. However, the EBGEO method overestimates the stress acting on the soft 

soil.  

 



As the area replacement ratio increases, the stresses taken by the column decrease. Both BS 

8006 and EBGEO can present the identical trend. The creep effect of the soft soil on the stress 

taken by the column decreases with increasing the area replacement ratio. When the area 

replacement ratio exceeds 30%, there is no significant difference among the stress at 
EOPt , the 

long-term stress, and the stress without considering the creep effect of the soft soil. The BS 

8006 method overestimates the stress taken by the column since the subsoil support is ignored. 

The EBGEO results are in close agreement with the numerical ones when the area replacement 

ratio is larger than 30%. However, the EBGEO method significantly underestimates the stress 

taken by the column when the area replacement ratio is less than 23%. 

 

The average settlements on both the soft soil and DCM column decrease with increasing the 

area replacement ratio. The difference between the long-term settlements with creep and those 

without considering creep also decreases with increasing the area replacement ratio, as shown 

in Figure 11. Since the EBGEO method overestimates the vertical stress on soil and 

underestimates the stress on the column, the average settlement on the soil is overestimated 

and the average settlement on the column is underestimated. When the area replacement ratio 

is larger than 30%, the settlement of the column caused by the vertical stress which is calculated 

by the EBGEO method is close to the long-term settlement with no creep, while the settlement 

based on the BS 8006 method is close to the long-term settlement with creep.  

 

According to the numerical results, it is necessary to consider the influence of creep when the 

area replacement ratio is less than <23% in this study. However, when the area replacement is 

as high as 30%, the creep influence is so small that it can be neglected. 

 



4.2 Young’s modulus 

The Young’s modulus of the DCM column might be another important factor to influence the 

efficiency of the DCM column on controlling settlements and transferring load. Yin (2001) 

presented the relationship between the Young’s modulus and the peak deviator stress of the 

cement-mixed HKMD, based on a series of consolidated undrained triaxial tests. For different 

dosages of the cement-mixed HKMD, the values of 50E  varies from 2.05 MPa to 84.55 MPa. 

In this study, the values of 50E  for the parametric study was selected based on the 

abovementioned range and listed in Table 2. 

 

Figure 12 shows the influence of Young’s modulus on the stresses taken by soft soil and the 

DCM column. As the Young’s modulus increases, the stress acting on soil decreases while the 

stress on the column increases. However, in the cases of high values of Young’s modulus, the 

stress responses are no longer sensitive to the Young’s modulus of the columns. It should be 

noted that the columns (or piles) mentioned in both EBGEO method and BS 8006 method are 

very stiff, such as concrete piles with a higher Young’s modulus than that of DCM columns. 

Therefore, the influence of the Young’s modulus of columns (or piles) is not considered in 

those design methods. Since the Young’s modulus of the DCM columns highly depends on the 

water content of the initial soils, cement content, and time, a good dosage of the DCM columns 

not only improves the bearing capacity of the composite ground but also affects the loading 

transfer. 

 

Figure 13 illustrates the influence of the Young’s modulus on average settlements of the soft 

soil and the column. As the Young’s modulus increases, the average settlements of both the 

soft soil and column decrease. The settlement on the DCM column based on the EBGEO 



method is close to the long-term settlement with no creep, while the settlement on the column 

based on the BS 8006 method is close to the long-term settlement with creep. Since the stress 

acting on the soft soil is overestimated by the EBGEO method, the result based on the EBGEO 

method should be the upper limit of the settlement on the soft soil. However, if consider the 

creep effect of the soft soil, the EBGEO method might also underestimate the settlement on the 

soft soil when the Young’s modulus of the DCM column is less than 5 MPa, as presented in 

Figure 13. 

 

4.3 Cohesion and friction angle 

The shear strength parameters of the DCM column, such as cohesion c and friction angle   

might influence the performance of the DCM column-improved composite ground. Based on 

a series of consolidated undrained triaxial tests, Yin (2001) reported the different values of 

those two parameters of the cement-mixed HKMD with different water and cement contents. 

The values of the cohesion and friction angle of the DCM column used in this parametric study 

are listed in Table 2. Other parameters are kept the same as those in Section 3. 

 

Figure 14 shows that the cohesion of the DCM column has no effect on loading transfer 

between the soft soil and the column. As the cohesion increases, the average settlements of the 

composite ground have a slight increase at EOPt . But the long-term settlements are not sensitive 

to the cohesion of the DCM column, as shown in Figure 15. 

 

Figure 16 shows that the stress acting on the soft soil decreases slightly with increasing the 

friction angle at EOPt . The stress taken by the column has a slight increase when increasing the 



friction angle at EOPt . However, the long-term stresses are not sensitive to the friction angle of 

the DCM column. When increasing the friction angle of the DCM column, the average 

settlement on the column has a slight decrease, as shown in Figure 17. 

 

For conservative consideration, columns (or piles) are supposed to be designed within their 

elastic range. Therefore, the shear strength of the columns (or piles), are not necessary to be 

considered in the existing design methods, especially for concrete pile-supported embankments. 

For the columns filled by granular soils, the friction angle of the granular soils can largely 

influence the behavior of the columns (Ambily and Gandhi, 2007). For the DCM columns, the 

friction angle would influence the performance of the composite ground if the columns start to 

yield.  

 

4.4 Permeability  

There is an argument that whether DCM columns have an identical function as stone columns 

or sand columns which can be treated as vertical drains (Yin and Fang, 2006; Chai et al., 2006; 

Horpibulsuk et al., 2012). The void ratio and permeability of cement-treated soils can be either 

larger or smaller than the untreated soils depending on the soil types, mixing methods, stress 

state of surrounding soil (Chew et al., 2004; Kitazume and Terashi, 2013). For the HKMD, 

there is no sufficient data to prove that the permeability of the clay is increased or decreased 

after mixing with cement. In this study, the coefficient of permeability of the DCM column is 

normalized by the coefficient of permeability of the surrounding soft soil to investigate the 

influence of the permeability of the column on controlling settlements, improving the creep 

and transferring load. The values of the normalized permeability are listed in Table 2.  



 

Figure 18 and Figure 19 show that the normalized permeability of the DCM only affects the 

stress and settlement responses of the composite ground at EOPt . No matter whether to consider 

or ignore the creep effect of the soft soil, the long-term stresses and settlements are not sensitive 

to the permeability of the column. Compared with the case of lower permeability, the case of 

higher permeability owns a smaller value of EOPt  resulting in a less creep deformation 

( *

0ln( / )creep EOPt t = , 0t  is the reference time corresponding to 0et = ), since the higher 

permeability of the DCM column accelerates the consolidation process of the soft soil.. 

Therefore, the total settlement on the soft soil at EOPt  decreases with increasing the 

permeability of the DCM column.  For the long-term settlements and vertical stress, the 

identical values of Long termt −  (100000 days) are selected, so that the creep settlements at the cases 

of different permeability are the same ( 0creep = , if no creep effect). Therefore, the 

permeability does not affect the long-term settlement and stress responses of the composited 

soft ground. 

 

4.5 Stiffness of geosynthetic reinforcement 

Geosynthetic reinforcements can also contribute to loading transfer from the soft soil to the 

DCM column owing to tensioned membrane effect (Han and Gabr, 2002). Based on a summary 

of several case studies of basal reinforced piled embankment done by van Eekelen et al. 2015, 

the values of the stiffness of the geosynthetic reinforcement are taken as 500 kN/m, 1000 kN/m, 

and 5000 kN/m in this study. 

 



Figure 20 shows that the stress acting on the soft soil decreases as the stiffness of the 

geosynthetic reinforcement increases, while the stress taken by the DCM column increases as 

the stiffness of the reinforcement increases. As a result, the average settlement on the soft soil 

decreases with increasing the stiffness of the reinforcement, while the average settlement on 

the DCM column increases slightly with increasing the stiffness, as Figure 21 reveals. It 

indicates that the tensioned membrane effect of the geosynthetic enhances with increasing the 

its stiffness. However, neither EBGEO nor BS 8006 can consider the influence of the stiffness 

of the reinforcement.  

 

4.6 Discussions 

EBGEO method is based on the multi-shell arching theory to calculate the vertical stresses 

taken by the columns and the subsoils. However, this method underestimates the stress on the 

column and overestimates the stress acting on the soft soil, since this method does not consider 

the loading transferred through the reinforcement to the columns, which is termed as “load part 

B” by van Eekelen et al. (2011).  The loads to the columns and subsoil are termed as “load part 

A” and “load part C”, respectively. In this study, the Hewlett and Randolph method suggested 

by BS 8006 was used to calculate the stress on the column. Since BS 8006 ignores the subsoil 

support (load part C =0), the stress taken by the column is overestimated. When calculating the 

stress acting on the soil, the EBGEO result is the upper limit while the BS 8006 result is the 

lower limit. When calculating the stress taken by the columns, the EBGEO result is the lower 

limit, while the BS 8006 result is the upper limit. However, both of EBGEO and BS 8006 

cannot provide good results in both stress response and settlement response, especially the 

long-term performance with creep effect of soft soil. New methods are needed in the future to 

solve this issue. 



 

5. Conclusions 

In this study, finite element simulations were carried out by PLAXIS 2D on a DCM column-

treated soft soil ground in axisymmetric condition under embankment load. The responses of 

settlements and load transfer were analyzed by comparing the results for soft soil with and 

without creep. A parametric study was conducted to study the influences of different 

parameters on the performance of the composite ground. In addition, the simulated results were 

compared with EBGEO and BS 8006 predictions. According to numerical results, analyses, 

and discussions, the main conclusions are drawn as follows: 

a) The DCM column exhibits good efficiency on controlling settlements and transferring 

load from soft soil to DCM columns. The load transfer can induce an unloading process 

on soft soil, resulting a higher stress concentration ratio on the DCM column compared 

with that for soft soil without creep, which makes the clay into the over-consolidated 

state with a smaller creep strain rate.  

b) The stress acting on the soft soil and the stress taken by the column decrease with 

increasing the area replacement ratio. The settlements on the soft soil and the column 

decrease with increasing the area replacement ratio. 

c) The influence of the creep effect of the soft soil on loading transfer can be largely 

reduced when the area replacement ratio is high enough (ARR > 30% in this study). 

d) The stress acting on the soft soil decreases with increasing the Young’s modulus of the 

DCM column, while the stress taken by the column increases with increasing the 

Young’s modulus of the column. Settlements on the soft soil and the column decrease 

with increasing the Young’s modulus of column. 



e) Cohesion and friction angle of the DCM column have a little effect on the performance 

of the composite ground. This is mainly because the column is still within the elastic 

range. 

f)  The tensioned membrane effect of the geosynthetic reinforcement increases with the 

stiffness of the reinforcement. 

g) EBGEO method can provide an upper limit of the stress acting on the soft soil and a 

lower limit of the stress taken by the column, while BS 8006 method can provide an 

upper limit of the stress taken by the column. 
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Table 1. Parameter values used in the numerical analysis  

Material 
  

kN/m3 
   50E  

MPa 

J 
kN/m 

OCR *  
*  

*  xk  

m/day 

yk  

m/day 

c  
kPa 

  

  

Soft soil 16 0.15 - - 2 0.0217 0.174 0.0076 
3.5 

×10-4 

1.9 

×10-4 
0.1 30 

Fills 20 0.3 12 - -  - - 1.0 1.0 0.1 34 

DCM 

column 
20 0.2 40.5 - - - - - 

3.5 

×10-4 

1.9 

×10-4 
87 46 

Geosynth-

etic 
- - - 5000 - - - - - - - - 

 

Table 2. Values of parameters 

Parameters Unit Values 
ARR - 10%, *23%, 30%, 40% 

c  kPa 50, *87, 130 

  ° 20, 30, *46 

50E  
MPa 5, 10, 20, *40.5, 80 

/column soilk k  - 0.1, *1, 10 

J kN/m 500 1000 5000* 

* Values used in the reference. 

 



 

Figure 1. Schematic diagram of the finite element model
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 1 

 2 

Figure 2. Comparison of soft soil ground settlements versus time (a) treated by DCM column; 3 

(b) without DCM column (No creep: 1% of the value of 
* used in the case of soil with creep) 4 
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 6 

Figure 3. The relationship between   and log( )z   of point a in soft soil ground  7 
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 9 

Figure 4. Lateral deformation of the DCM column 10 
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 11 

Figure 5. Horizontal distribution of z  taken by DCM column and surrounding soft soil (z=0) 12 

 13 

Figure 6. The relationship of n versus time 14 
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 16 

Figure 7. Stress paths of different points in soft soil with and without creep (for comparison, 17 

lines in grey colour are the cases without DCM column treatment) 18 
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 20 

Figure 8. Excess pore pressures at point d in different cases 21 
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 22 

Figure 9. Schematic diagram for settlements calculation of DCM column and surrounding 23 

soil 24 
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 25 

Figure 10. Average vertical stresses on (a) soil, (b) DCM column for different area 26 

replacement ratios 27 
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 28 

Figure 11. Average settlements on (a) soil, (b) DCM column for different area replacement 29 

ratios 30 
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 32 

Figure 12. Average vertical stresses on (a) soil, (b) DCM column for different values of the 33 

Young’s modulus of the DCM column 34 
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 36 

 37 

Figure 13. Average settlements on (a) soil, (b) DCM column for different values of the 38 

Young’s modulus of the DCM column 39 
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 40 

Figure 14. Average vertical stresses on (a) soil, (b) DCM column for different values of the 41 

cohesion of the DCM column 42 
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 43 

Figure 15. Average settlements on (a) soil, (b) DCM column for different values of the 44 

cohesion of the DCM column 45 
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 48 

Figure 16. Average stresses on (a) soil, (b) DCM column for different values of the friction 49 

angle of the DCM column 50 
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 51 

Figure 17. Average settlements on (a) soil, (b) DCM column for different values of the 52 

friction angle of the DCM column 53 
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 54 

Figure 18. Average stresses on (a) soil, (b) DCM column for different values of the 55 

normalized permeability 56 
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 58 

Figure 19. Average settlements on (a) soil, (b) DCM column for different values of the 59 

normalized permeability 60 
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 61 

Figure 20. Average stresses on (a) soil, (b) DCM column for different values of the stiffness 62 

of the geosynthetic. 63 
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 64 

Figure 21. Average settlements on (a) soil, (b) DCM column for different values of the 65 

stiffness of the geosynthetic. 66 
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