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Abstract 

 

A system of prefabricated vertical drains (PVDs) with a surcharge load is an effective 

method for accelerating soil consolidation by promoting radial flow. This study 

presents a three-dimensional (3D) finite element model for soft soil improved by a 

single drain.  In the finite element analysis, the actual rectangular PVD cross-section 

is considered, and the equivalent drain diameter is then back calculated based on the 

consolidation curves. The numerical predictions are then compared to previous 

studies. The settlements observed in the laboratory are subsequently compared with 

the three-dimensional finite element analysis incorporating the modified Cam-Clay 

model and Hansbo’s theory. 

 

Introduction 

 

A system of vertical drains with surcharge load is one of the most popular methods of 

soft ground improvement. Vertical sand drains having circular cross-sections were 

initially installed to accelerate the consolidation process by shortening the drainage 

path from vertical to radial direction (Nicholson and Jardine 1982). Recently, the 

utilisation of geosynthetic prefabricated vertical drains (PVDs) has replaced the 

original sand drains. This method has become an economical and viable option 

because of the rapid installation using simple field equipment (Indraratna et al. 1994). 

The PVDs are usually composed of a plastic core (protected by fabric filter) with a 

longitudinal channel. The most PVD sizes available in market have widths between 

90-100 mm and thicknesses of 3-7 mm (Chai and Miura 1999; Bo et al. 2003). 
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The behavior of soft soil consolidation improved by PVDs has usually been 

analysed either by analytical theories or by two-dimensional (2D) numerical models. 

Based on an idealized cylindrical single unit cell with an inner cylindrical drain, 

theories of radial consolidation have been originally derived by Barron (1948), with 

subsequent modifications by Yoshikuni and Nakanodo (1974), Hansbo (1979), Chai 

et al. (2001) and Indraratna and Redana (2000). The average degree of radial 

consolidation considering smear effect based on equal strain solution can be 

expressed by: 

   ( )µ/8exp1 hTU −−=        (1a) 

in which, 75.0ln//ln −+= skksn shµ      (1b) 

where, U  = average degree of consolidation due to radial drainage, µ = a group of 

parameters representing the geometry of the vertical drain system and smear effect, n 

= de/dw, s = ds/dw, de = equivalent diameter of cylinder of soil around drain, ds = 

diameter of smear zone, Th is the dimensionless time factor for consolidation due to 

radial drainage and dw = diameter of drain well.  In Eq. (1b), kh = average horizontal 

permeability in the undistrubed zone (m/s), and ks = average horizontal permeability 

in the smear zone (m/s). 

At a later stage, the use of an equivalent plane strain model for multi-drain 

simulation can be readily adapted to most field situations (Indraratna and Redana 

1997; Indraratna and Redana 2000). However, the consolidation around vertical 

drains is truely three-dimensional (3D), hence, in the field, a large number of vertical 

drains will each have their own independent influence zone. The discrepancy between 

the measured and predicted consolidation based on the approximate 2D modelling 

techniques can be found from previous studies (i.e. Indraratna and Redana 1997). 

Therefore, the complex behaviour of the PVD system is required to be analysed as a 

three-dimensional problem. 

In this paper, a more complex interpretation of 3D behaviour of a vertical 

drain system was initially investigated by a 3D finite element code (ABAQUS, Hibbitt, 

et al., 2004). In the numerical model, the actual rectangular PVD cross-section is 

considered. The equivalent drain diameter is back calculated based on the 

consolidation curves, and the current analysis is compared to the results from 

previous studies. Subsequently, the 3D numerical results are compared to the 

Hansbo’s analytical solution (1979) and laboratory observations. 

 

Background 

 

As illustrated in Fig. 1, rectangular PVDs are commonly installed in a square or a 

triangular pattern. It can be seen that shapes of PVDs are not the same as a simple 

circular cross-section considered in the conventional theory. Therefore, a band-

shaped drain with polygon shaped outer boundary needs to be converted to an 

equivalent cylindrical drain with a circular influence zone (Fig. 2). In the past, the 

approximate equations for equivalent drain diameter have been derived with various 

assumptions, hence the different results were reported by various studies. None of 

them considered the actual 3D geometry of the PVD system. The formulations for the 

equivalent cylindrical drain conversion available from previous studies are 

highlighted below: 
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( ) π/2 twd w +=    (Hansbo, 1979)   (2) 

( ) 2/twd w +=   (Atkinson and Eldred, 1981)  (3) 

twd w 7.05.0 +=   (Long and Covo, 1994)  (4) 

 

where, wd  = diameter of drain well and w and t = width  and thickness of the PVD, 

respectively. 
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Figure 1. Drain installation pattern (a) square pattern; (b) triangular pattern 
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Figure 2. Vertical drain and its dewatered soil zone (a) theoretical cylindrical unit 

cell; (b) unit cell with square grid installation and (c) unit cell with triangular grid 

installation 

 

Back-analysed equivalent diameter (dw) of rectangular drains 

 

A 3D finite element program (ABAQUS) was employed to simulate a unit cell with a 

rectangular vertical drain. In the FEM mesh, 8-node tri-linear displacement nodes 

with 8 pore pressure nodes (C3D8P) were employed (Fig. 3a). An elastic analysis 

was conducted with  mv=10
-3

 m
2
/kN and Poisson's ratio of zero,  to simulate the 

condition of zero lateral displacement in accordance with the 1-D consolidation 

assumed in Barron’s solution. The horizontal undisturbed soil permeability (kh) was 
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determined from 1-D consolidation tests to be appoximately 4×10
-10

 m/s (Indraratna 

et al., 2005). The dimensions of the cylindrical unit cell (see Fig. 3b) were 450 mm 

(influence zone diameter) and 850 mm (height). A total of 1008 3D elements were 

used in the finite element analysis (Fig. 3b). In the entire finite element mesh, the 

aspect ratio of elements was kept below 3. The top, bottom and outer boundaries were 

set as impermeable. The vertical loading pressure ( 1σ =50 kPa) was applied at the top 

of the cell. The displacement boundary in x and y directions was fixed (i.e. no 

movement in the horizontal direction), while vertical displacement in the z direction 

was permitted. In order to simulate the perfect drain condition (infinite discharge 

capacity and no smear), the pore pressures at the drain boundary were set to zero and 

the smear zone was excluded. Only one-fourth of the influence area was used in the 

model because of the two axes of symmetry. The width and thickness of the 

rectangular drain were varied to cover the commercially available sizes of vertical 

drains. It is noted that the finite element model (ABAQUS) using a circular drain 

cross-section in a cylindrical unit cell has been validated with Barron’s solution by 

Indraratna et al. (2005).   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Finite element discretization for 3D analyses of soil in unit cell, (a) Nodes 

and integration points for a C3D8P element; (b) Mesh discretization. 

The average degree of consolidation-time factor curves (U-Th) based on 

various drain sizes by FEM are compared to Barron’s solution. The equivalent drain 

diameter is then back-calculated using the curve fitting technique with a regression 

coefficient, 999.02 >R . Figure 4 summarizes the value of back calculated wd  with 

various drain sizes. The comparison of equivalent drain diameter obtained from 3D 

FEM and other methods is shown in Table 1. It can be seen that the drain diameter 

from 3D FEM is very close to Eq. (2), proving that the draining effectiveness of 

PVDs depends on the drainage perimeter.  

 

Laboratory simulation 

 

Large-scale laboratory consolidation tests were conducted to compare the laboratory 

results with the 3D numerical predictions. 

Experimental Setup. The schematic illustration of a large-scale radial drainage 

consolidation apparatus is shown in Fig. 5a. The details of the unit cell have been 

explained elsewhere by Indraratna and Redana (1997). The diameter and height of the 

Displacement and pore pressure node

(a)
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soil sample are 450 and 850 mm, respectively. The remolded alluvial clay was mixed 

and placed in the apparatus under vacuum condition to ensure full saturation. Two 

separate series of tests were conducted in the large-scale consolidation apparatus: one 

for obtaining the initial variation of soil permeability along the radial distance (Test A) 

and the other for obtaining the associated consolidation settlement (Test B).  In Test 

A, an initial preconsolidation pressure (p’c) of 20 kPa on top of the rigid plate was 

applied for 5 days. At the end of the preconsolidation stage, a prefabricated vertical 

band drain (PVD) of cross section 100 mm × 4 mm was installed using a specially 

designed rectangular close-ended mandrel. After drain installation, the mandrel was 

withdrawn by the hoist system, and a vertical preconsolidation pressure of 20 kPa 

was then reapplied until no further settlement. After installation of the vertical drain, 

horizontal specimens were collected from different locations within the cell at known 

radii (i.e. Sections A-A and B-B in Fig. 5b). Standard oedometer tests were 

conducted on these samples to establish the variation of soil permeability close to and 

away from the central drain. Figure 6 shows the variation of the horizontal and 

vertical permeability at different radii. In Test B, following the preconsolidation stage 

and drain installation, the subsequent surcharge load was applied instantaneously in 

two stages (50 and 100 kPa), with a duration of 15 days between each stage. The 

corresponding settlement behavior was recorded and plotted.  

 

Table 1. Comparison of equivalent drain diameters 

 

Drain size Drain diameter (mm, dw) 

w (mm) t (mm) Eq. (2) Eq. (3) Eq. (4) 3D FEM 

95 5 63.6 50.0 51.0 64 

98 4 64.9 51.0 51.8 65 

98 5 65.5 51.5 52.5 66 

94 4 62.3 49.0 49.8 63 

93 4 61.7 48.5 49.3 62 
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Figure 4. Equivalent drain diameter back-calculated from 3D FEM  

 

 



 6 

CL

l = 850 mm

specimen

vertical drain

smear zone

Horizontal specimen

Vertical band drain

de= 450 mm

(a)

(b)
A

A

B B

Smear zone

 

Figure 5. Schematic Diagram: (a) section of test equipment showing central drain 

and associated smear; (b) locations of specimens to determine permeability 

characteristics (Modified after Indraratna and Rujikiatkamjorn, 2004) 
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Figure 6. Lateral permeability along radial distance at 20 kPa vertical effective 

preconsolidation pressure (after Indraratna and Rujikiatkamjorn, 2004) 
 

3D Numerical modeling of the large-scale consolidation cell.  
The 3D finite element analysis employed to predict the settlement behavior of the soil 

was based on the modified Cam-clay model (Roscoe and Burland, 1968) The 

discretized finite element mesh of the soil cell was illustrated earlier in Fig. 3b.  The 

modified Cam–Clay properties of the soft clay are given in Table 2. The variation of 

permeability shown in Fig. 6 and the correct void ratio-permeability relationship (e-

logkh) that has slope of ck,were incorporated in the numerical analysis.  The finite 

element predictions are compared with Hansbo’s equation (Eq. 1), using dw = 

0.0664m, ds = 0.20m, de = 0.45m, kh/ks = 1.5 and ch = 0.60m
2
/year (Fig. 7). The effect 

of well resistance was ignored, as the discharge capacity of the drain was sufficiently 

large and also it was still enough to prevent ‘kinking’. As shown in Fig. 7, the 
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settlement prediction from Equation (1) slightly underestimates the laboratory results, 

whereas the finite element prediction incorporating the radial variation of 

permeability (Fig. 6) agrees very well with the laboratory measurements. 

 

   Table 2. Modified Cam–Clay parameters used in consolidation analysis. 

Soil Properties Value 

κ 0.05 

λ 0.14 

Permeability change index (ck) 0.45 

Critical state line slope, M 1.1 

Initial void ratio, e0 0.9 

Poisson’s ratio, ν  0.25 
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Figure 7. Comparison between measured and predicted results from 3D FEM and 

Equation (1); (a) stages of loading; (b) surface settlements 

 

Conclusion 

 

In this paper, a numerical model based on three-dimensional finite element model 

(FEM) was introduced to analyze the soft soil consolidation improved by 

prefabricated vertical drains (PVDs). The actual rectangular PVD cross-section was 

considered in the numerical simulation. The equivalent drain diameter was back 

calculated and compared to the results of previous studies based on the consolidation 

behavior. The study confirms that the equivalent drain diameter calculated on the 

basis of a drain perimeter is similar to that obtained from the FEM numerical results.  

The predictions from the 3D numerical model agree well with the laboratory 

measurements, obtained using large-scale consolidation testing. In the analysis which 

adopts the modified Cam-clay theory, the inclusion of smear effect, the actual 

variation of horizontal permeability along the radial direction and the void ratio- 

permeability relationship significantly improved the accuracy of settlement prediction. 
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However, the predictions based on the conventional analysis (Hansbo, 1979) slightly 

underestimated the laboratory data.  By using the 3D FEM analysis, one is able to 

analyse the time-dependent consolidation behavior of PVDs installed in soft clays 

considering the actual cross-sectional shape of band drains and the associated non-

cylindrical smear zone. 
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