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ABSTRACT  

 
This paper concentrates on conducting a consolidation analysis for the determination of ultimate 
consolidation settlement and excess pore water pressure in the soft clay deposit overlain by stiff soil layer. 
The present case study is of Kheda district in Gujarat, India. The study site, is situated at Latitude 22°30'08 
"N & Longitude 72°41'48"E. The analysis and optimization were performed using prefabricated vertical 
drains at spacing of 3 m, 1 m and natural drainage conditions. The improvement technique was studied 
using “Modified Cam Clay model”(Roscoe & Burland 1968). Simulation was done using 3 meters spacing 
of the Prefabricated vertical drains (now onwards referred to as PVD) with the preload, with an alternative 
of closer spacing using 1 meter spacing of the PVD with same amount of preload and with the existing 
natural drainage of the soft clay deposit. The study results showed accelerated consolidation and quick 
pore pressure dissipation for 1 meter & 3 meter spacing as compared with natural available drainage when 
the full preload was placed. Furthermore , a trade-off relationship between the PVD spacing , smear effects 
and well resistance was developed in order to avail maximum benefits of PVD spacing on site.  
 
Keywords: : Soft clay deposit; preload; OverConsolidated Clay ; Modified Cam Clay Model ; accelerated 
consolidation settlement; excess pore pressure.  

 
 

1 INTRODUCTION 

Ground Improvement using suitable Preload 
with the PVD installed in the soft clay deposit 
proves to be a more cost-effective alternative when 
compared with other exorbitant ground 
improvement techniques. PVDs are typically 
installed in to the soft ground by a steel mandrel to 
accelerate consolidation process (Hansbo 1981; 
Nguyen & Kim 2018; Rujikiatkamjorn et.al.2013). 
However, it is crucial that PVD should be properly 
installed in the soft clay deposit throughout the 
entire depth.Typically PVD is a composite 
Geosynthetic material which is actually designed to 
have high permeability property (Nasiti Tiasundari ; 
Dandung S. Harninto et.al 2023).PVD has an inner 
core of a polymeric material such as Polypropylene 
with a jacket of non-woven Geotextile material.The 
most important step in the installation of the PVD is 
maintaining line and level while driving it through 
the depth. However, due to lack of workmanship 
,poor quality of PVD material or failure to abide to 
the specifications of the work, can result in 
increased smear effects and poor dissipation of the 

excess pore water pressure. This can lead to more 
or less “no significant ground improvement” in the 
existing soft clay.  

The PVD is often combined with Preloading. 
The preload may be in form of pile of Sand bags or 
in form of a Soil embankment constructed in ramps 
so as to prevent any stability issues.Generally 
Preload in form of earthen bund is preferred over 
Sand bags as it can become an integral part of the 
Bridge approaches. Also, the primary function of 
preloading is to apply a load equivalent to the main 
structure that will be built (Nasiti Tiasundari; 
Dandung S. Harninto et.al 2023). 

The correct design, spacing and installation of 
PVD are essential to ensure their long- term 
effectiveness in providing the desired results. The 
performance and behavior of the PVD is 
significantly influenced by the interaction between 
the soil and the PVD. Various factors, such as PVD 
spacing, smear zone and well resistance can 
influence the performance of the PVD composite 
system (Hansbo 1981).  
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The application of the 15 noded Plain Strain 
Finite Element Method (FEM) analysis enables 
projects to be simulated numerically and analyze 
the mechanics of soil-PVDs interaction with a high 
level of detail and accuracy .FEM allows for the 
creation of computational models that represent 
the soil-PVDs system, taking into account factors 
such as soil properties, PVD properties, smear 
zone, well resistance, boundary conditions, and 
various loading scenarios . 

The objective of this study is to carry out the 
consolidation analysis of the soft clay deposit by 
implementing PVD at different spacing of 1 meter, 
3 meter and without using PVD under natural 
drainage.Second objective is to develop a trade-off 
relationship between the PVD spacing and the 
parameters such as well resistance and smear 
zone effects so as to take site specific decision to 
use correct range of PVD spacing on site.  

2 CASE STUDY AND DESCRIPTION OF 
PROBLEM  

 The area for which the ground improvement 
proposed is,in the Mahi Command particularly the 
Nadiad Branch Canal in Kheda district of Gujarat, 
India as shown in Figure 1.The primary purpose 
was to construct a box culvert with earthen 
embankment type approches connecting two local 
villages. Geologically, the area consists of different 
layers, with the strata primarily comprising of soft 
clay deposit up to a depth of approximately 7.5 
meters, followed by a layer of stiff clay extending 
up to 2.5 meters depth .The water table was 
located close to the existing founding level where 
the Raft of the box culvert was intended to be 
built.The main reason behind such high 
groundwater table could have been the agricultural 
activity making the soil marshy and soft .  

 Fig. 1. Site Location 

 
 
 

In order to address the identified problem of 
mitigation of constructional settlements and quick 
dissipation of excess pore water pressure, an 
advanced solution was necessary. Various 
solutions were proposed such as dewatering, 
replacement of the soft clay with granular material, 
lime-cement stabilization, deep cement mixed 
columns, sand drains etc. However, the difficult 
site conditions and the need for quality control 
posed significant challenges.Final Solution has 
been proposed to install PVD with a preload and 
consolidate the soft clay deposit before the actual 
service load to be applied 

2.1 Numerical Modelling  
An endeavor was undertaken to simulate the 

actual field conditions and scientifically validate the 
effectiveness of the solution proposed.Since 
Consolidation being a large strain time dependent 
problem ,a critical state material model namely the 
Modified Cam Clay model (Roscoe & Burland 1968) 
was used for modelling the Soft clay and also the 
underlying stiff clay .The simple Mohr Coulomb 
material model was used for the ramp 
embankment loading (pre-loading). The PVD can 
be simulated as a drainage element in numerical 
analysis (Hird et al. 1992).The Pre-Consolidation 
Pressure (σp) of the soft clay deposit was 210 Kpa. 
Whereas the existing overburden (geostatic 
effective stress σ’yy) was about 106.8 Kpa. If the 
pre-consolidation pressure is greater than the 
vertical effective stress, the soil is 
over-consolidated and the horizontal stress σ’xx is 
greater than the vertical strress σ’yy in the initial 
stress state (Roman Melnikov and others et.al. 
2016). The increased confining stress and the OC 
state results in lesser settlements.The properties of 
the soil layers and the critical state parameters for 
Modified Cam Clay Model are summarized as:  

 
Table .1. Critical State Parameters  
Materials  E 

(Kpa) 
µ  k λ eo  

Stiff Clay  10000 0.3 ---- ---- 0.56  

Soft Clay  10000 0.3 0.06039 0.00539 0.55  

Embankment  10000 0.3 ---- ---- 0.5  

  

  Table.2. Soil Properties 1 

Γs 
(Kn/m3) 

Kh 
(mm/sec) 

Kv 
(mm/sec) 

Models 

20 
(Stiff Clay) 

9.25e-07 9.25e-07 Mohr 
Coulumb  

20.64 
(Soft Clay)  

1.05e-08 1.05e-08 Modified Cam 
Clay 

20.50 
(Embankment) 

0.6 0.6 Mohr 
Coulumb 
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2.2 Result and Discussion  
(A) Settlement and pore water pressures in 

natural drainage conditions : The insitu state of 
stress (initial state of the stress) known as the first 
stage (1st stage) is simulated in the model by 
prescribing a Pre-overburden Pressure(POP) 
equal to Iσp- σ’yy I which represented the real site 
conditions of OC State where neither PVD has 
been installed in to the soft ground nor the 
embankment pre-load has been placed. In this  

Fig. 2. Geometry 

state, the pore water pressure is hydrostaitc in 
nature . The in- situ state of the stress can be  
considered as the 0th day of the ground 
improvement. The typical geometry of the model is 
shown in Figure 2. The second stage(2nd stage) is 
modelled as “ first layer lift of the Embankment 
Preload ”. This stage is simulated for a total period 
of 2 days taking in to account the actual time 
required for execution of first lift in field. Then ,the 
leave period for the first ramp of the embankment 
known as the third stage(3rd stage) is modelled 
with a total simulation period of 20 days in order to 
allow stage wise settlement and pore pressures to 
dissipate . After simulating the third stage,the fouth 
stage(4th stage) of the preload “ second layer lift of 
the Embankment Preload” is simulated for a period 
of 2 days .Finally another leave period is simulated 
as fifth stage(5th stage) where the time required for 
the excess pore pressures to fall less than or equal 
to 1Kpa was found out. The total time required for 
the entire consolidation process was about 45 
years.  

(B) Settlement and pore water pressures by 
using 1 m spacing of PVD: The modelling of first 
stage was done in the similar way as it was done 
for Case 1 .In the second stage(2nd stage), PVD 
as the drainage boundary condition (@ 1 meter 
spacing) was applied alongwith the first layer lift of 
the Embankment Preload . The time for simulation     
was kept 2 days. Now since PVD was also 
installed , the leave period for the third stage(3rd 

stage) was kept only 2 days. Simulation of fourth 
stage(4th stage embankment layer lift ) with PVD 
was done for a period of 2 days. Finally, the fifth 
stage(5th stage) was modelled in similar way as it 
was modelled for the Case 1. The time required 
for the entire consolidation process was about 1 
year and 6 months. A typical deformed mesh after 
1.6 years period is elicited in figure 3 

(C) Settlement and pore water pressures by 
using 3 m spacing of PVD: The modelling of all 
stages of Case 3, were done in the similar way as 
done in case 2 except where the PVD boundary 
condition (stage 2nd & stage 4th) was applied @ 3 
meters spacing instead of 1 meter. The time 
required for the entire consolidation process was 
about 1 year and 1 month. 

 

Fig.3. Deformed Mesh for 1 meter Spacing  

 The ultimate consolidation settlement and the 

excess pore pressure at the end of fifth 

stage(5th stage) for 3 meter spacing are 

depicted in figure 4& 5. The graphical 

representation of the table no.3 is elicted in 

figure 6&7 . 
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Fig. 4. Ultimate Consolidation Settlement @ the end of 1.1 
years (3 m spacing).  

 

 

Fig.5. Excess Pore Pressure @ the end of 1.1 year Period 
(3 m spacing) 

 
Fig.6. Settlement Versus Time. 
 

Sr. 
No 

Stages Settlement 
@mid-depth 

(mm) 

Excess 
pore 

pressure 
(Kpa) 

Remarks 

 
 

Case  
(A) 

1st 
stage 

 

0 0  
 
 
 
 
 

45 years 
completion  
Time  

2nd  
stage 

4.63 31.24 

3rd 
stage 

4.80 31.24 

4th 
stage 

8.59 46.97 

5th 
stage 

22.47 0.02 

 
 
 
 

Case  
(B) 

1st 
stage 

 

0 0  
 
 
 
 
 
 

1 year &7 
months 
completion 
Time  

2nd  
stage 

10.57 28.89 

3rd 
stage 

22.26 19.62 

4th 
stage 

22.33 26.26 

5th 
stage 

22.47 0 

 
 
 

Case 
(C) 

1st 
stage 

 

0 0  
 
 
 
 

1 year &1 
months 
completion 
Time 
  

2nd  
stage 

6.78 31.68 

3rd 
stage 

19.25 31.46 

4th 
stage 

20.37 44.28 

5th 
stage 

23 0.05 

 Table.3. Summary of Results.  
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Fig.7. Excess Pore Pressure Versus TIme 
  

 

2.4 Tradeoff between PVD spacing, smear zone 
and well resistance: 

Hansbo (1981) defined a smeared hydraulic 
conducutivity considering the effects of PVD 
spacing,Smear zone and well resistance as 
follows: 

  
Where,  
Khp or Kph is the smeared hydraulic 

conductivity after the installation of the PVD; 
S is the spacing to the adjacent PVDs;  
Kh is the horizontal hydraulic conductivity of soil 

before PVD installation; 
 µ is the factor considering the effects of PVD 

spacing, smear zone and well resistance known as 
Disturbance coefficient (now onwards referred to 
as DC) .  

(khp / kh) is known as smear ratio. It can also 
be defined as the ratio of hydraulic conductivity 
after the installation of the PVD to the hydraulic 
conductivity of the soil before installation.The 
above equation can be expressed explicitly in 
terms of µ .Henceforth, a relationship can be 
developed to study the trade-off between the 
Spacing of the PVD and the DC. A Striaght line 
curve can be best fitted as shown in Figure 8. 

2.5 Conclusion 
This research aims to investigate the 

improvement of the soft clay deposit using three 
alternatives so as to understand the effectivness. 
The first is with natural drainage ,secondly with the 
PVD at the spacing of 1 meter and then with 3 
meter spacing of the PVD. The aforesaid 
improvement simulation was studied using Plain 

Strain (FEM) modeling, where the consolidation 
settlment and the excess pore water pressure 
were analyzed using Modified Cambridge Clay 
Model (Roscoe and Burland ,1968) .The study 
results showed that, it could take about 45 years 
(16496 days) to consolidate the OC clay deposit  
if Staged construction with natural drainage is 
adopted(settlement of 22.47 mm) .Whereas if PVD 
@ 3 m spacing is adopted , then the project could 
be completed in 1.1 years( 425 days) (settlement 
of 23 mm) as compared with PVD @ 1 m spacing 
which took 1.6 years time (settlement of 22.47 
mm). 

 

 
   Fig.8. PVD spacing versus DC  

 
 PVD @ 1 meter spacing took 1.6 years to 

achieve the consolidation whereas PVD @ 3 meter 
spacing took 1.1 year to achieve the same degree 
of consolidation .So, using PVD @ 3 meter spacing 
seemed to be a more benefical choice of on-site 
spacing as far as project economics & duration is 
taken in to account .On the flip side PVD @ 3 
meter spacing resulted in high excess pore water 
pressures compared to PVD @ 1 meter spacing 
which was actually not very significant paramter as 
far as the time-cost of the project is concerned.The 
project can be completed 6 months early . 
However, It was clearly visible from the graphical 
representation  of figure 8 , that when the spacing 
is adopted in the range of 1 - 3 m, for different 
smear ratios, the DC remained between 0.85 to 
7.For spacings more than 3 meters, there was a 
drastic increase in the DC thereby directly affecting 
the performance of PVD on field .So, as the 
spacing increased beyond 3 m the DC plummeted 
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drastically for varying smear ratios.Hence, it is 
strongly recommended to limit the spacing of the 
PVD between 1 m to 3 meters.  
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