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Abstract. As a ground improvement technique, the new method 
composed by a cylindrical cavity expansion (CCE) combined with vertical 
drains (VD) greatly accelerates the consolidation of soft soil. In fact, the 
cylindrical cavity applies a radial displacement in the soil. Excess pore 
pressures will be consequently generated and the consolidation process 
will occur at the vicinity of the cavity wall. The dissipation of excess pore 
pressures can be enhanced in presence of VD installed at a radial distance 
rd from the center of the cylindrical cavity. Because of CCE installations in 
soft soil, surrounding soil properties are altered in such a manner that 
horizontal permeability of the soil in the smear zone reduces. The purpose 
of the present paper is to investigate the subsequent consolidation around 
CCE using the Finite Difference Method (FDM) by taking into account the 
CCE installation disturbance. Parametric analysis aimed to investigate the 
effect of the extent of the disturbed zone, the soil permeability reduction in 
the smear zone on the rate of consolidation around CCE. 

1 Introduction 
Construction on soft soils raises serious geotechnical problems, one of which is a 

consolidation settlement that lasts for a long time due to their low shear strength, highly 
compressibility and their low permeability. 

Several ground improvement techniques have been developed to accelerate soft soils 
consolidation process. These techniques mainly include stone columns, preloading method 
with vertical drains VD, vacuum preloading, etc. [1, 2, 3]. 

The technique of combining two ground improvement methods has been successfully 
used worldwide by geotechnical practitioners such as the combined Dry jets mixing 
technique with VD stone columns technique encased with geosynthetics [4, 5]. 
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The present paper aims to investigate the acceleration of consolidation of soft soil 
through a new method composed by a cylindrical cavity expansion (CCE) combined with 
vertical drains (VD) [6, 7].  

As a response of cavity displacement, excess pore pressures are generated in the soil 
and the consolidation process will occur at the vicinity of the cavity wall. The dissipation of 
excess pore pressures will be enhanced in presence of VD. Because of CCE installation in 
soft soil, surrounding soil properties is altered in such a manner that horizontal permeability 
of the soil in the smear zone reduces. In this paper, the subsequent consolidation around 
CCE using the Finite Difference Method (FDM) is analysed by taking into account the 
CCE installation disturbance. Parametric analysis is undertaken to investigate the effect of 
the extent of the disturbed zone and the soil permeability reduction in the smear zone on the 
rate of consolidation around CCE.   

2 Cylindrical cavity expansion around vertical drains 
In this paper, the new consolidation technique consists of combining cylindrical cavity 
expansion with vertical drains (VD) [6, 7]. Cylindrical cavity is composed of a radial 
expansible and impervious material and installed in a predrilled borehole surrounded by 
VD in a triangular grid pattern at radial distance rd as presented in Fig 1 and 2.  
     The cylindrical cavity is subjected to an internal pressure σ0. As a response to the 
internal pressure, an excess of pore water pressure is generated within the soil in the plastic 
zone of radius Rp. The acceleration of the dissipation of excess pore pressures with the 
presence of VD increase the rate of radial consolidation in soil. In fact, VD reduces the 
drainage path by providing radial drainage controlled by their dimension and their 
discharge capacity.

 
 

Fig.1. Cross section of the consolidation method  
 
 
 
 
 
 
 
 
 

 
Fig. 2. CCE in presence of VD 
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3 Installation disturbance around CCE  
Because of CCE installation in soft soil, surrounding soil properties are altered in such a 
manner that horizontal permeability of the soil at the vicinity of the cylindrical cavity in the 
smear zone reduces. [8]. The smear zone around the cylindrical cavity is defined by the 
radius s as shown in Figure 3. The variation of horizontal permeability k(r) with radial 
distance r counted from the center of the cylindrical cavity ranges from ks to ki (ks<ki). The 
value of ki is the initial horizontal permeability in the soil and, ks is the minimum value of 
horizontal permeability (Figure 3). 

Several researches have been conducted to characterize the extent of the smear zone and 
the reduction of horizontal permeability within this zone using the cylindrical cavity 
expansion theory. Different variation patterns of horizontal permeability within the smear 
zone can be considered: reduced constant permeability, linear and parabolic variation of 
permeability  [8, 9, 10]. 

Around a cylindrical cavity, the horizontal permeability of soil k(r) in the disturbed zone 
is assumed to have a linear variation in the present study: 

sf
f

si krr
rs
kk

rk )()(  (1) 

Where rf is the final radius of the cylindrical cavity after expansion. 
 

 
Fig.3.The smear zone around cylindrical cavity expansion 
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Fig.4.Variation of horizontal soil permeability around cavity expansion. 

4 Consolidation around CCE  
 

Under undrained condition and based on the Tresca yield criterion, the generated excess 
pore pressures Δu, at radial distance r from the center of cavity expansion is given by the 
expression: 

 
r

R
Cu p

u ln2                      (1) 

where Cu is the undrained cohesion and Rpis the elastic plastic boundary given by: 
                     (2) 

Δʋ/ʋ0and G denote, respectively, the expand cavity volume and the shear modulus of soil. 
By considering ΔU=Δu/Δumax, R=r/rf, T=Cht/rf

2 and K(R)=k(r)/ki, the governing equation 
for the subsequent radial consolidation by taking account of the variation of horizontal 
permeability k(r) is written as: 
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Where Δumaxis excess pore pressures at the border of the cavity after expansion, i.e., for 
[R=1] (r= rf, i.e final radius of CCE) at [T=0], (t=0) (initial condition), Ch= radial 
consolidation coefficient of the soil.  
At the border of the cavity expansion (r=rf), the rate of variation of Δu due to symmetry is 
equal to zero. 
The calculation process of the governing equation of the dissipation of excess pore pressure 
around CCE (Eqs. (3) is detailed in Figure 5. The governing equation was solved with a 
FDM using MATLAB software. The following analyses were made with an initial radius 
r0= 0.2m, G/ Cu = 20 and a volume variation Δʋ/ʋ0 =2. 
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Fig.5. Calculation process [6] 

5 Effect of the soil permeability reduction in the smear zone on 
the consolidation around CCE 
For a given ratio s/rf=2, the influence of soil permeability reduction ki/ksin the smear zone 
on the degree of consolidation U (%) with time factor T calculated at the cavity wall is 
analysed as shown in Figure 6. The range of the permeability ratio ki/ks of 1 to 20 was 
analyzed.  
In the case where ki/ks =1, i.e., (without variation of soil permeability), total dissipation 
occurs at T= 19. On the other hand, considering the reduced permeability in the disturbed 
zone ki / ks> 1, total dissipation of excess pore water pressure occurs at time factor T 
always greater than 19 (T>19). It can be seen that, the required time of total dissipation 
increases as horizontal permeability in the disturbed zone ks decreases. When ki/ks =2 and 
5, total dissipation occurs at T=26 and T= 36, respectively. Whereas, when ki/ksis greater 
than 5 (ki/ks=10 and 20), the end of consolidation is reached for final consolidation time 
factor T of around 40. It, can be seen that the ratio ki/ks has no significant effect on the 
variation of the degree of consolidation U (%) beyond ki/ks =5. 
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Fig.6. Effect of ki/ks on the variation of the degree of consolidation U (%) at the cavity wall 

6 Effect of the extent of the smear zone on the consolidation 
around CCE 
    For a given permeability ratio ki/ks =2, Figure 7 shows the effect of the extent of the 
smear zone s/rf on the variation of the degree of consolidation U (%) with time factor T. As 
shown in Figure 4, s/rf varies from 1 (without considering the disturbed zone) to Rp/rf (the 
plastic zone Rp generated after CCE is entirely disturbed).  
Referring to the Eq. (2), Rp/rf is then equal to 3.65. Consequently, the range of the ratio s/rf 
is of 1 to 3.5.  
   As presented in Figure 7, for the case where s/rf=1 (without considering the disturbed 
zone) the total dissipation of excess pore water pressure occurs at a time factor T= 19.  On 
the other hand, with the presence of the disturbed zone s/rf>1 (s/rf=2 and 3.5) the end of 
consolidation occurs at T=26 and 35, respectively. The presence of the disturbed zone 
reduces the pore water pressure dissipation around CCE. 
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Fig.7. Effect of s/rf on the variation of the degree of consolidation U (%) at the cavity wall  

7 Conclusion 
In this paper, the subsequent consolidation around cavity expansion in presence of vertical 
drains was investigated. The governing equation for the dissipation of excess pore pressure 
induced by cavity expansion, has been solved with a Finite Difference Method (FDM) 
using MATLAB software. By considering installation effect of cavity expansion, slower 
rate of dissipation is observed with larger smear zone and reduced horizontal permeability 
within this zone. This effect reduces the time required for full dissipation (U=100%) by 
50%. 
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