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ABSTRACT: Vertical drains using displacement methods are extensively used for ground improvement in soft clay deposits. A major 

limitation of this method is the need of preloading to initiate consolidation process and reduction of permeability in drain vicinity 
due to remolding of soft clay. In order to accelerate consolidation, a novel concept of second driving at the same spot is adopted.  
During the second driving, drainage media installed initially gets penetrated into smeared zone formed during first drive and helps 
to improve permeability properties. This paper presents results of laboratory studies conducted to compare consolidation behavior 
with time for single and double driven columnar inclusion using river sand on preloading and application of double driving using 
hybrid mix formed with sand, coarse aggregate and fibers in field. Laboratory results shows that double driven columnar inclusion 
shows much enhanced performance. The concept is applied in field for construction of tank farm at Willingdon Island, Cochin. By 
adopting concept of double driving by fiber reinforced columnar inclusion and preloading using hydro testing the installation time 
of individual tank could be reduced to 55 days from 150 days and a saving of 32% in foundation cost was achieved. 

RÉSUMÉ: Les drains verticaux utilisant des méthodes de déplacement sont largement utilisés pour l'amélioration du sol dans 
les dépôts d'argile molle. Une limitation majeure de cette méthode est la nécessité d'une précharge pour initier le processus 
de consolidation et la réduction de la perméabilité au voisinage du drain en raison du remoulage de l'argile molle. Afin d'ac
célérer la consolidation, un nouveau concept de deuxième conduite au même endroit est adopté. Au cours de la deuxième co
nduite, le média de drainage installé initialement pénètre dans la zone maculée formée lors du premier entraînement et contri
bue à améliorer les propriétés de perméabilité. Cet article présente les résultats d'études en laboratoire menées pour comparer 
le comportement de consolidation avec le temps pour l'inclusion colonnaire à simple et double entraînement en utilisant du s
able de rivière lors du préchargement et de l'application de la double entraînement en utilisant un mélange hybride formé av
ec du sable, des agrégats grossiers et des fibers sur le terrain. Les résultats de laboratoire montrent que l'inclusion colonnaire 
à double entraînement montre des performances nettement améliorées. Le concept est appliqué sur le terrain pour la construc
tion d'un parc de réservoirs à Willingdon Island, Cochin. En adoptant le concept de double entraînement par inclusion colon
naire renforcée de fibers et préchargement utilisant l'hydrotest, le temps d'installation du réservoir individuel a pu être réduit 
à 55 jours à partir de 150 jours et une économie de 32% sur le coût de la fondation a été réalisée. 
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1  INTRODUCTION  

Soft marine clays cause numerous problems in constructions and 
often affect the safety and performance of the structures founded 
on them due to large scale consolidation. The soil encountered in 
this areas are very soft, highly compressible, exhibits low shear 
strength and are also more prone to settlement problems. Ground 
improvement techniques such as lime columns, sand piling, stone 
columns, band drains etc. are used to overcome the problems 
arising due to soft clay deposits. It is noted that the columnar 
inclusion as vertical drain by displacement methods can 
considerably improve the strength and settlement characteristics 
of soft clay deposits. One of the major limitations of columnar 
inclusion is the smeared zone generated due to relative 
movement of mandrel and soil around leading to reduce 
performance of drain. It is understood that the possible 
mechanism of smear phenomenon is affected by the installation 
process, equipment type and nature of the soil. It also depends 
upon the different types of drains to be installed and on the 
geometrical properties of drains such as spacing, diameter and 

the depth of penetration. It is noted that in case of very soft clay 
if sand or aggregate alone is used as drain media the diameter of 
the well get reduced due to the necking action and the clogging  
 
of the well is likely to be high. In order to reduce these effects 
and to increase the strength and maintain continuity 
characteristics of the drainage media a hybrid mix comprising of 
aggregate, sand and fiber reinforcements is developed through 
experimental model studies. Hybrid mixture is a composite 
material formed by adding discrete fibers to sand and coarse 
aggregate of size 12 mm down. The evaluation of the hybrid mix 
is done by conducting direct shear tests, permeability tests and 
slump cone test (Joseph et al. 2019). In this paper, results of 
laboratory studies conducted to compare performance of model 
bed without columnar inclusion, single driven columnar 
inclusion and double driven columnar inclusion by displacement 
method is presented.  Also the case study of ground 
improvement with multiple driven hybrid mixture as drainage 
media, used as vertical drains in order to strengthen the sub soil 
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for development of Oil tank farm at Willingdon Island, Cochin 
is presented. 
 
2  LITERATURE REVIEW 

The theory of Consolidation via radial drainage was initially 
proposed by Carrilol. (Kjellman 1949) was the first to solve the 
theory of vertical drains based on “Equal Vertical Strain 
Hypothesis”. Soil improvement techniques by means of 
displacement sand drains with preloading are effectively used 
(Barron 1948). However, the installation of vertical drains by 
means of a mandrel by displacement system of columnar 
inclusion causes significant remolding of the subsoil, especially 
in the immediate vicinity of the mandrel (Hansbo 1979). Thus a 
zone of smear is developed around the columnar inclusion on 
withdrawal of mandrel leading to reduced permeability and 
increased compressibility and it has to be considered in the 
analysis and its effect has to be accounted for in the coefficient 
of consolidation values. The presence of smear zone significantly 
influences the horizontal consolidation rate (Onoue et al. 1991, 
Hird and Moseley 2000, Sathananthan and Indraratna 2006, 
Joseph et al. 2015). According to literature, two main hypotheses 
are proposed to characterize the disturbed soil surrounding the 
drain (a) two zones hypothesis (Indraratna and Redana 1998, 
Chai and Miura 1999, Redana 1999, Rujikiatkamjorn and 
Indraratna 2009), which divides the surrounding soil into the 
smear zone and the intact zone and (b) three zone hypothesis 
(Hawalader et al. 2002, Basu et al. 2006) considering three zones, 
which are the smear zone in the immediate vicinity of the drain, 
the transition zone and the undisturbed zone. Walker and 
Indraratna 2006, and Basu and Prezzi 2007, showed that the 
transition zone has a definite impact in slowing down the 
consolidation process and therefore must be considered in 
design. Moreover, the rate of consolidation can vary greatly 
depending on how the hydraulic conductivity varies within the 
transition zone. Case studies of ground improvement of 
embankments by multiple driven fiber reinforced columnar 
inclusions for vertical drains, leading to enhanced performance 
is reported (Joseph et al. 2016). Undrained shear strength of clay 
can be improved considerably by sand compaction piles (Asaoka 
et al.1994). The most effective construction method is the soil 
displacement method with compaction of granular material 
(Rangeard et al. 2016). From triaxial shear tests to study the 
behavior of soft soils reinforced with fiber- strengthened sand 
columns, it has been found that the column replacement ratio and 
depth of fiber reinforced sand layer inside column have a 
significant effect on load carrying capacity and settlement 
response of the reinforcement soft soil (Al-Refeai 1992). 

3  COMPARISON OF EFFICIENCY OF SINGLE DRIVING 
AND DOUBLE DRIVING 

In order to compare the efficiency of single driving and double 
driving (second driving conducted at the same spot), formed in 
Cochin marine clays due to displacement vertical sand drains 
formed with mandrel investigation was carried out in the 
laboratory.  

3.1  Materials 

3.1.1   Clay 
The soft marine clay used for the study was collected from a site 
opposite to Vallarpadam container terminal, Cochin. The clay 
was collected from a depth of about 8 to 9m. The properties of 
soil collected are given in Table 1. 

3.1.2   Sand 
The specific gravity, bulk density and grading of the river sand 
which is used as the columnar inclusion materials are given in 
Table 2. 
    
Table 1. Basic properties of marine clay 

Sl 

no. Properties Value 
Test Method 

1 
Natural moisture 

content,% 112 
IS 2720 Part 2 
1973, RA 2015 

2 Specific gravity 2.62 
IS 2720 Part 3 

1980, RA 2016 

 3 

  

 Grain size 

distribution 

  

%sand 2 
IS 2720 Part 4 

1985, RA 2015 

%silt 54 
IS 2720 Part 4 
1985, RA 2015 

%clay 44 
IS 2720 Part 4 

1985, RA 2015 

4 Liquid limit,% 156 
IS 2720 Part 5 

1985, RA 2015 

5 Plastic limit,% 34 
IS 2720 Part 5 
1985, RA 2015 

6 Plasticity index,% 122 
IS 2720 Part 5 

1985, RA 2015 

7 Shrinkage limit,% 10.71 
IS 2720 Part 6 

1972, RA 2001 

8 pH 7.53 
IS 2720 Part 26 
1987, RA 1997 

9 
Coefficient of 

consolidation (m2/s) 5.65x10-8 
IS 2720 Part 15 

1986, RA 2002 

10 Compression index 0.64 
IS 2720 Part 15 

1986, RA 2002 

11 
Unconfined compressive 

strength, kPa 4 
IS 2720 Part 10 
1991, RA 2006 

 
Table 2. Properties of river sand 

Sl 
no 

Properties Values Test Method 

1 Specific Gravity 2.576 
IS 2720 Part 3 

1980, RA 2016 

2 Effective Size, D10 0.18 
IS 2720 Part 4 

1985, RA 2015 

3 Uniformity Coefficient 3.5 
IS 2720 Part 4 
1985, RA 2015 

4 Coefficient of Curvature 1.08 
IS 2720 Part 4 

1985, RA 2015 

5 Max Void Ratio 0.961 
IS 2720 Part 14 

1983, RA 2006 

6 Min Void Ratio 0.652 
IS 2720 Part 14 
1983, RA 2006 

7 Average Particle Size, D50 0.5 
IS 2720 Part 14 

1983, RA 2006 
8 Void Ratio, e 0.837   

9 % Fines 0.04   

10 Classification SP 
IS 1498 – 1970, 

RA 2007 
 

3.2.  Experimental Set Up 

As it was not feasible to obtain an undisturbed sample for the 
large scale consolidation apparatus reconstituted marine clay was 
used to make large samples. The experimental setup consisted of 
3 circular tanks of 600 mm diameter and 600 mm height. The 
tanks were made in such a way that it can be removed into 6 
pieces, so that the cross section could be inspected visually at any 
depth and to extract samples from various depths. After the 
assembling of the tank by stacking the 6 pieces one over the other 
with keys tightened for locking, it was filled with soft marine 
clay with water content very close to liquid limit. The friction 
along the tank walls was reduced by placing 1.5 mm thick 
polythene sheet around the internal tank boundary. A thin central 
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drain of sand, 20 mm in diameter, was formed with filter paper 
at center of all beds to allow radial drainage.  
  Three model tanks were subjected to an initial pre-
consolidation pressure of 2.5 kPa. Once the reconstituted beds 
were stabilized, in tank no:2 and tank no:3, columnar inclusion 
of sand by displacement method was installed by using a pipe 
mandrel of 50 mm diameter and 2 mm thickness and bottom 
closed with steel flaps. Mandrel was driven vertically into the 
clay by a hammer of 26N falling from a height of 300 mm 
ensuring the verticality throughout the inclusion. River sand was 
poured into the mandrel and rodded at every 100 mm layer. The 
mandrel was then slowly withdrawn carefully maintaining the 
verticality and the flaps get opened on withdrawal. Light 
vibration was applied to the pipe and compaction was carried out 
using rod at specified intervals. The vertical drain thus formed 
can be regarded as a sand compaction pile. 
  For tank no:3 a second sand compaction pile was driven at the 
same point thereby pushing the initially introduced sand 
compaction pile into the smear zone. After installation of the 
sand compaction piles in the tank numbers 2 and 3, both the tanks 
along with the model bed were subjected to further consolidation 
of 5, 10, 15 and 20 kPa in 4 stages. Each load increment was 
retained for consolidation to be completed, which was ensured 
by time-settlement measurements. After the placement of final 
load, it is again left to consolidate for a period of 2 weeks and the 
variation of settlement with time was compared.  Procedure of 
installation of columnar inclusion is shown in figure 1 and 
preloading process is shown in figure 2.  

Fig. 1 Procedure of installation of columnar intrusion 

Fig. 2 Preloading process of model beds 
 

3.3.  Results and Discussions 

   The settlement vs time parameter was compared to evaluate 
the performance variation of model bed, single columnar 
inclusion and double columnar inclusion till the settlement 
stabilizes. Tank no:1 was model bed, in tank no:2 single sand 
compaction pile was provided and for tank no:3, double driven 
(second driving conducted at the same spot), sand compaction 
pile was provided. The variation of settlement with time for 
different pressure loading is shown in figure 3 to figure 6 and the 
variation of settlement with different pressures is given in figure 
7. 
 

Fig. 3 Settlement variation with days for single and double driven

 columnar inclusion from the model tanks for 5 kPa pressure 

Fig. 4 Settlement variation with days for single and double driven

 columnar inclusion from the model tanks for 10 kPa pressure 

Fig. 5 Settlement variation with days for single and double driven

 columnar inclusion from the model tanks for 15 kPa pressure 

 

Sl 

t 2 

t 3 

t 4 

t 4 

t 5 

t 5 

t 5 

t 6 

 26 

 15 

 15 

ive  10 

Sl 

3 

4 

4 

4 

4 

4 

4 

, 
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Fig. 6 Settlement variation with days for single and double driven

 columnar inclusion from the model tanks for 20 kPa pressure 

Fig. 7 Variation of settlement with pressure for single and double driven 

columnar inclusion for different pressures 

  It is noted from figure 3 that for the pressure application of 5 
kPa the maximum settlement noted for the tank without columnar 
inclusion was 2.16 mm, for single driven columnar inclusion it 
was 12.69 mm and the stability was attained within 9 days while 
for the double driven columnar inclusion the maximum 
settlement noted was 15.45 mm and the stability was attained 
within 6 days. From the settlement vs time parameter comparison 
studies to evaluate the performance variation of single columnar 
inclusion and double columnar inclusion, it is noted that the 
maximum settlement attained for tank with double driving are 
much higher indicating higher degree of consolidation 
achievement at a shorter time duration. From figure 3 to figure 6, 
on comparison of single driven and double driven columnar 
inclusion, it is noted that the settlement has increased from 21.7% 
to 44% for the different pressure intensities and the duration has 
reduced from 33% to 62% for achieving the stability. It is noted 
that the total settlement for tank without columnar inclusion was 
20.05 mm, with single driven columnar inclusion tank was 64.28 
mm and for the double driven columnar inclusion tank the 
settlement was 86.65 mm. It is found that an enhancement of 
220% and 332% was noted for single and double columnar 
inclusions respectively over the model tank with no 
improvement. The double driven columnar inclusion shows an 
enhancement of 34.8% over the single driven inclusion. 
 
4  CASE HISTORY – GROUND IMPROVEMENT FOR OIL 

TANK FOUNDATION AT WILLINGDON ISLAND, 
COCHIN 

The application of Multiple driven fiber reinforced columnar 
inclusion for ground improvement for development of 
foundation of oil storage tank in the area of Cochin port trust at 

Willingdon Island, Cochin is presented. The area proposed for 
the storage tank farm consists of recently dredged fill extending 
up to a depth of about 4m, below which very soft marine clay 
followed by medium dense sand is present. M/s Sarthak 
Industries has planned to come up with an oil tank farm 
comprising of about 40000 Tonnes of storage facility in about 8 
tanks for storage of edible and petroleum oil to be imported from 
Middle east countries and Malaysia. For the foundation of oil 
tanks, the initial design was to adopt DMC pile foundation 
terminating in dense sand strata at a depth of 45m. Since the cost 
component working out for foundation of the steel storage tanks 
within the leased area was much higher, it was decided to go for 
ground improvement technologies. For some of the tanks, 
rammed stone column in bored holes was adopted. But since the 
soil was extremely weak the lateral movement of material was 
quite high and there was about 250 to 300% of additional 
material consumption which was not working out to be 
economical. On hydro testing the settlement noted was also high.  
Hence it was decided to go in for ground improvement 
techniques using double driven fiber reinforced columnar 
inclusion technology. The typical subsoil profile in the area is 
shown in figure 8. 
 
Fig. 8 Typical subsoil profile at tank farm location 

 
  As a case study the improvement was proposed for a 5600 
Tonnes oil storage tank and 2000 Tonnes fire water storage tank. 
It was found that in case of very soft clay, if sand drain or coarse 
aggregate drain alone is provided, the diameter of the drain gets 
reduced and at certain times continuity of drain get broken, due 
to the necking action in the very soft clay. The clogging of well 
is also likely to be high in such cases. In order to reduce these 
effects and to increase the strength and maintain continuity 
characteristics of the drainage media a hybrid mix comprising of 
aggregate, sand and fiber reinforcements was proposed. Hybrid 
mixture proposed was a composite material formed by adding 
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discrete coir fibers to sand and coarse aggregate of size 20 mm 
down. Based on the laboratory testing, it was designed to go for 
a vertical drain with a hybrid mix comprising of 20 mm 
aggregate, 12 mm aggregate, river sand and coir fiber. The 
proportion of hybrid mix comprising of 20 mm aggregate, 12 mm 
aggregate and river sand in the ratio 4:3:7 with the addition of 
0.3 to 0.5% (50 to 75 mm long) coir fiber was adopted. For the 
ground improvement 150 mm diameter hollow M.S. pipe with 
bottom plugged with steel flap plates was driven initially to a 
depth of 8m by displacement method. The pipe was filled with 
the hybrid mixture in layers and was compacted using rods in 
stages of 1m and the pipe was gradually withdrawn.  After the 
installation of the first columnar inclusion second driving of 150 
mm diameter hollow M.S. pipe with bottom plugged with steel 
flap plates was driven to a depth of 4m by displacement method 
there by displacing the compacted hybrid drainage media into the 
initially formed smear zone. If the soil was found extremely weak 
a third driving was also carried out at the same spot. Double 
driven sand columnar inclusion were provided at a spacing of 
450 mm. Details of system adopted is shown in figure 9 and the 
layout of improvement is shown in figure 10.  

Fig. 9 Schematic representation of double driven fiber reinforced 
columnar intrusion 

 
Fig. 10 Layout of multiple driven fiber reinforced columnar intrusion. 

 
  Due to the double driving process as more hybrid mix which 
has got high shear strength is getting introduced into the weak 
soft clay layer the problem of smear zone formed due to 
remolding get reduces and the drainage path gets shorten as 
indicated in Figure 11. Theoretically the drainage path reduces 
from 150 mm to 119 mm during second driving and it further 
reduces to 96 mm in third driving thereby accelerating the 
consolidation process and imparting higher strength to the 
founding strata. Practically it was noted that only about 60% of 
material get consumed during second driving and only about 
40% of material get consumed during the third driving. During 
double driving high strength material introduction into the weak 
soil layer increased by 22 to 33% leading to reduction of drainage 
path by about 44%. The hybrid mix has got the benefits of higher 
shear strength, excellent resistance to lateral deformation and 
better load distribution along the depth. 

Fig. 11 Benefit of multiple driving predicted to shorten the drainage path 
  
 Over the improved strata, 400 mm filter blanket was provided 
using 40 mm downgraded coarse aggregate, as shown in figure 
12(a). During the process of rolling of aggregate filter blanket 
layer by 10 Tonnes vibratory roller, it was observed that water 
was gushing out with considerable pressure indicating release of 
pore pressure. Above the improved sand blanket, a mat 
foundation was formed using pre-stressed precast beam elements 
of 100 mm width and 100 mm depth in a grid of 500 mm center 
to center in 4 layers interconnected 3 dimensionally with 
concrete and anchored into reinforced concrete beams of size 400 
mm x 800 mm in grid formation at 5.4m spacing terminating in 
a ring beam of size 200 x 800 mm. Implementation of mat 
foundation is shown in figure 12 (c). Settlement monitoring 
gauges were installed in the R.C.C. beams to monitor the 
performance of the systems and the inclinometers were provided 
to monitor the lateral movements at different depths. The benefit 
of providing the pre-stressed precast elements with R.C.C. beam 
to form the base mat over the conventional R.C.C. raft slab is that 
faster construction is possible due to prefabrication, the rigidity 
of the mat can be controlled based on the number of layers of 
pre-stressing beam, the 3 dimensional formation with metal 
filling in between will permit better drainage, will give better 
distribution of contact pressure and the system will be more 
economical.  

 
Fig. 12 Stages of construction of Tank farm after ground improvement 
with multiple driven fiber reinforced columnar intrusion 
   
  Above the mat, a 400 mm layer of aggregate was provided and 
above that well compacted red laterite soil was placed in layers 
extending up to the anticipated settlement levels. The dissipation 
of pore pressure from the drainage path above the mat foundation 
formed is shown in figure 12 (b). Above the formed formation 
the steel tank of 20m diameter and 20m height was erected. In 
the previously adopted system of tank foundation formation with 
stone column as foundation preloading was carried out after 
installing the stone column by providing quarry dust fill of 6m 
height imparting about 90 kN/m2 loading and further works of 
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steel tank erection and hydro testing were carried out after 
removing the fill once the stabilization is achieved. In the new 
system preloading was avoided and water loading was carried 
out in different stages with continuous monitoring allowing the 
settlement to be completed and strength gain of the improved 
founding strata is attained. 

The completed tank after hydro testing is shown in 
figure 12 (d). By adopting the new technologies of double driven 
fiber reinforced columnar inclusion, pre-stressed precast flexible 
mat foundation system and the preloading using hydro testing the 
installation time of the tank could be reduced to 55 days from 
150 days and saving of 32% noted in the foundation cost. 

5  CONCLUSIONS 

From the settlement vs time parameter comparison studies to 
evaluate the performance variation of single and double 
columnar inclusion, it is noted that the maximum settlement 
attained for tank with double driving is much higher indicating 
higher degree of consolidation achievement at a shorter time 
duration. It is found that an enhancement of 220% and 332% was 
noted for single and double columnar inclusions respectively 
over the model tank with no improvement. The double driven 
columnar inclusion shows an enhancement of 34.8% over the 
single driven inclusion. Due to the surface tension formed on 
withdrawal of the mandrel there won't be direct contact of the 
columnar material with the soft clay during single driving and 
unless a preload is applied drainage path to dissipate the pore 
pressure formed in the clay will not be activated. The improved 
performance of the double driven columnar inclusion may be due 
to the fact that the forceful penetration of the inclusion material 
into the smear zone of the soft clay has helped in the 
enhancement of permeability overcoming the problem of surface 
tension which leads to accelerated consolidation settlements and 
earlier strength gain for the clay. 
  Due to the double driving process as more hybrid mix which 
has got high shear strength is getting introduced into the weak 
soft clay layer the problem of smear zone formed due to 
remolding get reduces and the drainage path gets shorten. Hybrid 
mix has got the benefits of higher shear strength, excellent 
resistance to lateral deformation and better load distribution 
along the depth compared with sand or aggregate columnar 
inclusion alone. The benefit of providing the pre-stressed precast 
elements with R.C.C. beam to form the base mat over the 
conventional R.C.C. raft slab is that faster construction is 
possible due to prefabrication, the rigidity of the mat can be 
controlled based on the number of layers of pre-stressing beam, 
the 3 dimensional formation with metal filling in between will 
permit better drainage, will give better distribution of contact 
pressure and the system will be more economical. By adopting 
the new technologies of double driven fiber reinforced columnar 
inclusion, pre-stressed precast flexible mat foundation system 
and the preloading using hydro testing the installation time of the 
tank could be reduced to 55 days from 150 days and saving of 
32% noted in the foundation cost. The performance of the 
foundation of oil tank farms over the ground improved with 
double driven fiber reinforced columnar inclusion is found to be 
satisfactory.   
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