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1 INTRODUCTION  

Embankments are usually built by compacted fill materials to construct the highways, railways, and airport 
runways. Due to the land limitation for infrastructures and other developments, geotechnical engineers have 
to face the challenge of the construction of embankments over soft soils. Inherent characteristics, such as 
high compressibility and low bearing capacity, of soft soils usually induce the excessive total and differen-
tial settlements or even failure of the embankments.  

Various techniques, such as replacing the weak soils with proper fill materials, preloading plus vertical 
drains, ground improvement by installation of piles, and applying geosynthetics, have been adopted to re-
duce settlements for many years (Hausmann, 1990; Magnan, 1994). Among different kinds of ground im-
provement techniques, the combination of pile support and geosynthetic reinforcement is the most suitable 
technique for the embankment construction over soft soil due to its effectiveness and economic efficiency. 
Therefore, the so-called geosynthetic-reinforced pile-supported (GRPS) embankments have earned much 
attention of lots of researchers and engineers (Han and Wayne, 2000; Han and Arkins, 2002; Han and Gabr, 
2002; Gangakhedkar, 2004; Liu et al. 2007; Rowe and Taechakumthorn, 2011; Lai et al. 2014.).  

After Terzaghi (1943) presenting the concept of soil arcing, plenty of numerical and experimental studies 
have been carried out to investigate the arching effect and loading transfer mechanism of pile-supported 
embankments without and with geosynthetic reinforcement (Low et al. 1994; Han and Wayne, 2000; Deb 
et al. 2007; Chen et al. 2008; Kang et al. 2009). Although, several design methods and guidelines have 
been proposed and modified in the latest version of the BS 8006 (2010), there are still some modifications 
can be investigated (Van Eekelen et al. 2011).  

Supports of embankments can be either achieved by installing prefabricated concrete piles or by using 
soils columns which are filled by aggregates or mixed with cement (Ariyarathne and Liyanapathirana, 
2015). Concrete piles have well-understood performance and easily ensured quality, while soil columns 
such as deep cement mixed (DCM) columns have complicated behavior and the performance of the DCM 
columns could be largely affected by the surrounding soil conditions. Since the DCM columns are usually 
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used for soft soil ground, the consolidation behavior and dissipation of excess pore water pressure of the 
surround soils are influenced by the columns. Huang and Han (2009) utilized FLAC3D to simulate the 
consolidation behavior of the geosynthetic-reinforced embankment DCM column-supported embankment.  
Yapage et al. (2013) simulated column-supported embankments with considering the strain-softening be-
havior of the DCM columns. Even though, the investigations of the loading transfer mechanism directly on 
DCM column-supported embankments are still limited.  

In this paper, a numerical analysis was carried out to investigate the loading transfer mechanism of 
geosynthetic-reinforced embankments over marine clay. The plane strain finite element model was estab-
lished to simulate both the stage of embankment construction and the stage of post-construction. The de-
velopment of soil aching in the embankment and the consolidation behavior of the underlying marine clay 
were discussed. The marine clay involved in this study is the Hong Kong Marine Deposits (HKMD). 
HKMD are regarded as the weak soils for reclamation projects in Hong Kong due to the low shear strength, 
high compressibility, and obvious time-dependent behavior (Yin and Zhu, 1999).   

2 FINITE ELEMENT MODEL AND PARAMETERS 

PLAXIS 2D (2015 version) was adopted to simulate a geosynthetic-reinforced embankment over HKMD 
improved by DCM columns under the plane strain condition. The embankment is 5 m in height and 10 m 
in crest width. The side slopes of the embankment are 1:1.2 (vertical: horizontal). The underlying marine 
deposits are 15m in thickness, as shown in Figure 1. The embankment is supported by DCM columns with 
a diameter of 600mm and a centre to centre spacing of 900mm. Rectangular pattern arrangement of the 
columns was adopted. The equivalent modulus of the columns based on the area replacement ratio along 
the direction perpendicular to the cross section is calculated as: 
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where 𝐸𝑐𝑒 is the equivalent modulus of the DCM columns under the plane strain condition, 𝐸𝑐 is the 
elastic modulus of the DCM column obtained from 28 days unconfined compression test, �̅�𝑠 is the sim-
plified average modulus of the HKMD which will be discussed later, 𝛼 is the area replacement ratio along 
the direction perpendicular to the concerned cross section. 
 

      Figure 1. Finite element model             Figure 2. Arrangement of the DCM columns 

 
The geosynthetic reinforcement layer is located at the level of 500mm from the bottom of the embankment. 
Two geotechnical stages which are the stage of embankment construction and the stage of the post-con-
struction were simulated. The stage of embankment construction was divided into ten steps in order to 
investigate the development of the soil arching during the construction, as listed in Table 1. Minimum 
excess pore pressure item was selected as the loading type for calculation in the PLAXIS 2D to ensure 
consolidation process is fully completed.  
 
Table 1 Steps of embankment construction 

Step 1 2 3 4 5 6 7 8 9 10 
Filling Height (m) 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0 
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The HMKD was simulated by soft soil creep model, the filling materials of the embankment was simulated 
by Mohr-Coulomb model. The DCM columns was simplified as an elastic material and the geosynthetic 
reinforcement was modelled by geogrid elements. The interfacial friction between the geosynthetic rein-
forcement and surrounding fills was considered by using interface elements. Based on the oedometer tests 
conducted by Fang and Yin (2007) on cement mixed soil columns, the coefficient of permeability of the 
DCM columns is 2×10-4 m/day in this study. The involved parameters are listed in the Table 2. 
 
Considering the compression modulus of the HKMD 𝐸𝑠,𝑧 varies with depth, the average value of the mod-
ulus of the HKMD �̅�𝑠 used for determined the equivalent modulus of DCM columns was calculated by 
Eq. 2: 
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where H is the thickness of the HKMD.  
 
By considering the consolidation analysis of the HKMD, the compression modulus 𝐸𝑠,𝑧 at depth z can be 
determined as: 
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where σzp

′  is the pre-consolidation pressure, 𝜆∗ is the modified compression index, 𝜅∗ is the modified 
swelling index. The same values of the modified indices as Feng and Yin (2017) used in the finite element 
modelling are chosen for this simulation. 
 
Table 2 Parameters used in the numerical analysis 

Material 
𝜸 

𝒌𝑵/𝒎𝟑 

𝑬 

𝑴𝑷𝒂 

𝑱 

𝒌𝑵/𝒎 

POP 

𝐤𝑷𝒂 
𝜿∗ 𝝀∗ 𝝁∗ 

𝒌𝒙 

𝒎/𝒅𝒂𝒚 

𝒌𝐲 

𝒎/𝒅𝒂𝒚 

𝒄′ 

𝒌𝑷𝒂 

𝝋′ 

° 

HKMD 14.5 - - 20 0.0217 0.174 0.0076 3.5 × 10−4 1.9 × 10−4 0.1 25 

Fills 20 12 - - - - - 1.0 1.0 5 30 

DCM col-

umns 
22 60 - - - - - 2 × 10−4 2 × 10−4 - - 

Geosynthetic - - 5000 - - - - - - - - 

 

3 RESULTS ANALYSIS AND DISCUSSIONS 

To investigate the loading transfer mechanism in the geosynthetic-reinforced embankment over marine 
deposits improved by DCM columns, the stage of embankment construction and the stage of post-construc-
tion were considered in this numerical analysis. One span of reinforced embankment was focused to under-
stand the vertical loading transferring and to neglect the influence of lateral deformation of the embank-
ment. 

3.1 Embankment construction 

3.1.1 Development of soil arching 

Figure 3 shows the vertical stresses distribution over the DCM columns and surrounding HKMD for dif-
ferent heights. The horizontal axis reflects the magnitude of the vertical stresses, the vertical axis reflects 
the heights of the concerned locations over the DCM columns and HKMD, and the tags in the yellow boxes 
are the fillings heights of the embankment with corresponding to the steps in the table 2. The distributions 
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of vertical stress over the DCM columns are denoted by black solid lines, while the distributions of vertical 
stress over the HKMD are denoted by blue dotted lines.  

With increasing the filling height during construction, the difference between the vertical stresses in the 
embankment over the DCM columns and the HKMD increases. Apparent bifurcation can be seen from the 
vertical stresses distributions. The point of bifurcation divides the embankment into two parts, which are 
the part with the soil arching effect and the part without the arcing effect. The height of the point is defined 
as the arching height in this study.  Below the arching height, the vertical stresses over the DCM columns 
exceed the surcharge loading provided by completed fill layer of the embankment, while the stresses over 
the HKMD are less than the loading related to the self-weight of the fill layer. Beyond the arching height, 
there is no difference between the two vertical stresses distributions. The red line with an arrow in the 
Figure 3 shows the development of the arching height. It is noted that the arching height increases at the 
beginning with the construction of embankment, after reaching a certain height (around 1.5m), the soil 
arching becomes stable.  

 
Figure 3. The distribution of the vertical stresses over the DCM columns and surrounding HKMD for different fill-

ing height. 

 
Figure 4. Arching heights for different spacings of the DCM columns 

The spacing of the DCM columns is one of the most important parameters to influence the development of 
the soil arching. In order to investigate the relationship between the arching height and the mean spacing 
of the DCM columns, three different spacings of 0.6m, 0.9m, and 1.2m were selected. The stable arching 
heights during embankment construction are shown in the Figure 6. For different spacings, the arching 
heights are around 1.67 times the mean spacing of the DCM columns in this study.  
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3.2 Post-construction 

3.2.1 Consolidation behaviour  

Five points, A, B, C, D, and E were selected to simulate the dissipation of excess pore water pressure along 
vertical direction and horizontal direction, as shown in Figure 4 (it is normally expressed as: as shown in 
Figure 4, as displayed in Figure 4). It is noted that horizontal drainage mainly happens at the beginning of 
the consolidation by comparing the excess pore water pressures of point B to point D and the excess pore 
water pressures of point C to point E. After 0.1 day, the vertical drainage is dominated while the effect of 
the horizontal drainage is negligible.  

Figure 5. The dissipation of excess pore water pressure versus time 

 
The average degree of consolidation U is defined by settlement and can be calculated as follows: 
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where 𝑠𝑡 is the settlement at the corresponding time; 𝑠𝑓 is the final settlement when the excess pore water 
pressure equals zero. The average degree of consolidation of HKMD and DCM columns are shown in the 
Figure 6. The degree of consolidation of the HKMD is larger than that of the DCM columns. Due to the 
difference in the consolidation process of the HKMD and the DCM columns, differential settlement be-
tween the HKMD and columns increases with time and tends to be stable, (as the Figure 7 shows). This 
differential settlement will influence the soil arching in the overlying geosynthetic-reinforced embankment.  

3.2.2 Development of soil arching 

It is noted that there is a further development of the arching effect within the stage of post-construction. 
Figure 8 compares the vertical stresses distribution in the stage of embankment construction (denoted as 
U=0), to the stresses distribution at the time when consolidation is completed (denoted as U=100%). The 
arching height increases to 2m from 1.5m which was developed in the stage of embankment construction. 
Figure 9 reveals that the stress concentration ratio between the DCM columns and HKMD grows with 
increasing the differential settlement in the stage of post-construction. The relationship between the stress 
concentration ratio n and differential settlement s can be fitted by an exponential function.  
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Figure 6. Average degree of consolidation of the DCM columns and HKMD versus time 

Figure 7. Differential settlement between the DCM columns and HKMD versus time 

Figure 8. The distribution of the vertical stresses over the DCM columns and surrounding HKMD during the stage 
of post-construction. 
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Figure 9. Stress concentration ratios of the DCM columns to the HKMD versus the differential settlement between 
the DCM columns and the HKMD. 

4 CONCLUSIONS 

In this study, a plane strain finite element model was established by PLAXIS 2D to simulate both the stage 
of embankment construction and the stage of post-construction of a geosynthetic-reinforced embankment 
over the HKMD improved by DCM columns. Based on the numerical analysis, the soil arching develops 
with increasing the filling height and the limit height of arching is 1.67 times the spacing of the DCM 
columns in the stage of embankment construction. In the stage of the post-construction, the soil arching 
undergoes a further development and the stress concentration ratio between the DCM columns and sur-
rounding soil increases exponentially with the differential settlement. 
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