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Title of the Thesis 

 

Consolidation by Dissipating Radial Seepage Flow using Prefabricated 

Vertical Geodrain - Reinforced Clay Beds 

 

a. Abstract 
 

The Indian Scenario reveals that Ministry of Surface Transport (MOST), Government of 

India utilizes total of 20% of budget revenue in Infrastructure developments in Road and 

construction sector in coastal areas having soft clays. Roads in soft clay face Road 

construction problems because of heavy compressibility of enormous salty water in the pores 

of the marine clays. 

Amongst various Ground improvement methods, the acceleration of consolidation by 

Primitive method of sand drain which is extended to Prefabricated Vertical Geodrain (PVD) 

is successful method. Because of the certain limitations of conventional Ground 

Improvement methods, the concept of PVD have entered into practice particularly for ground 

improvement of soft marine clay. Some of the cost effective & prefabricated Geodrains of 

natural materials seems to have not only expedited the rate of settlement but consequently 

accelerated the rate of gain in strength thereby increase in bearing capacity.  

The efficiency of the method is dependent on Proper Installation of Drain, Rate of loading, 

spacing of Drain and Pattern of Drain installation (square and Triangular), depth wise pore 

pressure distribution ( Isochrones) and depth wise gain in strength for increasing the bearing 

capacity. 

 In these contexts, the present investigation provides economical materials for 

preparation of Drain, comfortable operational Procedure, Effective results for improving the 

bearing capacity and relative cost effective solutions for spacing and patterns of Drain. 

 Theme of the research work comprises of consolidation of soft clay by radial 

drainage using PVD considering the effect of materials of drain, aspect ratio, size of zone of 

influence and strength of consolidated soil mass along with theoretical simulation. 

Post Terzaghi (1943) work of 3 dimensional consolidation equation was splitted into two 

parts: Vertical flow and Radial flow for design of prefabricated vertical Geodrains by Barron 

(1948). 

Hansbo (1981) delimited the theory considering nature of load, compressibility and structural 

viscosity of soil including permeability along with smear zone effect. Xie (1987) adopted 

Statistical concept of Probabilistic design approach and its application to increase accuracy 
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of results. 

 Scenario of experimental works comprise of fabrication of  experimental setup, method of 

installation, spacing of drains using synthetic and non-synthetic fibers ( Rowe Shields, Holtz, 

Hansbo(2004), Shroff et.al. (2006-07). The aim of this investigation is to explore factors:  

 New drain materials: Saw dust, Sawdust wick, Jute wrapped with Polyamide 

Polyester Geosynthetic including the conventional material sand. 

 Aspect ratio of Drain of Saw Dust – Cross shape and circular shape including 

Statistical simulation  

 Variation of Zone of influence – (a) Radial Thickness (b) n-Value ie. Ratio of 

diameter of Oedometer to diameter of drain 

 Strength Variation Radially and depth wise of clay bed reinforced with central PVD 

beds  

 Comparison of Experimental results with Barron‟s theoretical work for equal strain 

condition with all above factors. 

 Prototype model with Triangular and square pattern of Drain Arrangement in soft 

clay  bed and their effect on  parameters of Consolidation due to radial seepage flow 

Present work employed Rowe type Oedometer with modified arrangements of measuring 

pore pressure through three radial points of Oedometer by Bishop‟s Pore water pressure 

measuring setup and settlement by dial gauge. Convoluted rubber jacket connected with 

top plate of Oedometer and central stud is used to transmit the uniform hydraulic vertical 

consolidation pressure (∆P/P = 1) to the soil bed via Perspex rigid platen simulating 

equal strain condition to the bed. 

Prime factors affecting measurements are permeability of core material and its 

Geosynthetic jacket, Discharge capacity ie. hydraulic conductivity of drain in a confined 

condition of soil bed at various consolidation pressures. It is vital to note their effects on 

reduction in discharge capacity. Moreover, loss of stiffness indices under consolidating 

load with a surrounding equivalent soil pressure is of prime importance. Also it is 

necessary to satisfy filtration criteria as given by relevant Code. Homogeneity of the 

Kaolinitic soil with double liquid limit by Paddle mixture along with filling the deaired 

slurry by vibrating rod in Oedometer or in Prototype device is the requirement of 

formation of uniform soil bed. Consolidation pressure  ( ∆P/P = 1 )is made effective by 

Hydraulic/ Mechanical jack via proving ring to the soil bed underlain by set of small size 

deaired porous stones and overlain by rigid Steel plate to simulate equal strain condition 
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and one way drainage respectively. 

Experimental schedule comprise of performance of  tests for measurement of settlement 

for various time interval till 100% consolidation and beyond with simultaneous 

measurement of Pore water pressure to evaluate co-efficient of consolidation due to 

radial drainage (Cvr) and Degree of consolidation (Ur%) for settlement and porewater 

pressure under various consolidation pressure. Further compressibility by voids ratio 

deduction and strength measurement by vane shear were also included in the schedule. 

This schedule has considered all the parameters while drawing the plots of Ur% - Cvr, 

 Cvr – Pressure , Void Ratio- pressure and strength depth wise –pressure. 

Amongst various drains of different material considered in the investigation, Jute 

wrapped with Polyamide Polyster Geosynthetic (JPPG) seems to be efficient and 

appropriate to be used in the prototype model because of having good hydraulic 

conductivity and discharge capacity which has induced good compressibility and higher 

gain in strength at all radial distances from the drain. 

Schedule is also comprised of installation of square and triangular pattern drain in 

prototype device. Additional Small zone of influence with small diameter of the drain is 

also attempted to cover non influence zone of circular area to be treated. 

Consolidation rate depicts from degree of consolidations versus time having S- shape 

curve with respect to settlement and pore pressure at 50% consolidation is faster in Jute 

drain wrapped with polyamide Polyester, Saw Dust Wick and sand except saw dust 

showing initial hydrodynamic lag. Graphical relation of Cvr v/s Ur% shows the 

characteristic exponential curve faster upto 30% diminishing to asymptotic to horizontal 

axis for both settlement and pore pressure in the same chronological order mentioned 

earlier. Cvr is independent of all effective pressure and drain materials, shape, patterns of 

Drain (triangular & Square). The drain having good hydraulic conductivity (JPPG) gives 

higher compressibility (Cc) of soil displaying typical normally consolidated curve for e 

v/s log P relation irrespective of material, pattern of drain installation except in case of 

cross shape and Triangular pattern because of inherent shape and confinements of soil 

respectively. Statistical simulation to study the efficiency of the drain considering area, 

height and shape utilizing Random Number Table with r replicates to deduce the effects 

of these on co-efficient of consolidation due to radial flow is carried out. Statistical 

simulation indicates that Cvr is affected by area & shape and height & shape of PVD 

whereas no effect of other interaction. Barron‟s theory fits well with experimental results 

of JPPG compared to other drains. In case of Square type drain installation having more 
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uninfluenced Zone area in circular bed, percentage fitting of the theoretical curve with 

experimental curve is less compared to triangular one. But with additional small diameter 

drains having small zone of influence reverse is the behavior. Strength at various radial 

distances from PVD observed that mid-plane strength (r2) in all drain materials is higher 

compared to near (r1) and farthest radial point (r3). Empirical relation developed between 

strength and n-value help understand the compressibility criteria (Cc) of the soil bed. For 

any pattern of installation of drain for same height, as pressure increases strength 

increases. But the strength gained depth wise is higher in triangular pattern compared to 

square pattern. Circular bed with previous case of triangular and square, additional small 

diameter drains having small zone of influence, strength gained depth wise is observed 

more in square as compared to Triangular pattern. This is due to now increase in number 

of two way drainage paths. Comparison of Moisture content depth wise variation 

illustrates higher strength in triangular compared to square but with additional small 

diameter drains having small zone of influence reverse is the behavior because reduction 

in moisture content increases the strength. 

 The success of Ground Improvement project using PVD is dependent on ideal short 

and long term properties of drain, rate of loading, pattern of drain installation and 

uniform distribution of Pore pressure depth wise at any time (Isochrones) and rate of pore 

pressure dissipation. 

b. Brief description on the state of the art of the research topic 

Brief description on state of art comprise of the following: 

(i) Theoretical Development 

(ii) Experimental setup Development  

(iii) Materials of drain 

(iv) Factors affecting measurement &Patterns of drain installation in practice  

(i) Theoretical Development: 

Classical theoretical work of Terzaghi (1923)  &  Frohich (1936,1943,1948), Rendulic 

(1935), Biot (1941), Carillo (1942), Silveria (1953) of three dimensional process of 

Consolidation into plane radial flow have been resolved and gave solution by Barron (1948) 

considering “Equal strain” and “Free strain” conditions with and without peripheral smear 

and drain well resistance. Kjellman (1948), Takagi ( 1957), Crezer (1957), Schiffman 

(1958), Hansbo (1960.1981), Mc kinlay (1961), Aboshi (1961), Escario & Uriel (1961), 

Horne & Rowe (1964), Rowe and Barden (1966), Anand Krishnan et al. (1969),Sivareddy 
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(1969), Bery Wilkinson (1969), Simon and Tan (1971), Taytovich et. Al. (1971), Sills 

(1975), Yamaguchi etall (1974), chaput & Thoman (1975), Brenner et al (1983) , Davis 

&Poulos ( 1968) Olson et.al. (1977),Zen and Xie (1989), Holtz et al( 1991) ,J. C. Chai et.al. 

(1994,2001), Bo et al (1998, 2005 ),Xie( 1987), Zhou W, Hong H.P. and Shang Q. J., (1999) 

,Bergado et.al (1997, 2002), Leo. C. J (2004), Walker R.T. (2011) Chu et al (2004), Basu D 

(2009), B. Indraratna et al (2015) extended the analysis of above classical works 

incorporating several additional factors viz. magnitude and rate of loading, Permeability w.r.t 

stratification, accounting linear and nonlinear behavior with void ratio change and closed-

form solution for pore pressure distribution in three dimensional process of consolidation 

considering with and without stratification, effect of rate of loading on gain in strength, 

spacing of drain on the rate of consolidation, extension of Barron's work using FEM and 

FDM for free strain and equal strain Condition, numerical solution for variable permeability 

of smear zone with plain strain modelling and Probabilistic and Stastical Design approach 

and its application. 

(ii) Experimental set up Development: 

Some of the historic laboratory developments in consolidation of soft soils by using 

conventional setup and setup having facility of measurement settlement and simultaneous 

pore pressure dissipation either by peripheral or central vertical drain having sophisticated 

instrumentation including large scale laboratory study on smear effect, filter resistance, 

Consolidations of layered soils using vaccum method have been carried out by Barden et.al. 

(1960), Aboshi – Monden (1961), Rowe Shields (1965), Ramanjaneya (1969), Rowe et.al. 

(1970), Escario Uriel (1971),, Singh and Hattab (1980), I Juran (1987), Holtz & Christopher 

(1987), J. Blewett et.al (2002), Hansbo (2004), Indratna et.al. (1998,2001, 2008, 2010 

2012), Shroff- Shah (2006)  

(iii) Materials of drain and Factors affecting measurement: 

Singh et.al (1979), Brednv et al (1979) , Mc. Gown et al. (1981), Hansbo (1981), 

P.L.Newland(1982) , Dastidar S. Gupta (1982), Hansbo (1983), Kremer (1983), 

Jamiolkowski et.al (1984),Bergado et.al (1991), Koerner et.al (1994-2004), Chai. J.C. 

(1999), Sharma et.al. (2000), Hird et.al (2000,2002), J. Chu et.al (2003), J. N. Mandal et.al 

(2003) Indraratna et.al (1998, 2005, 2010), Chen Et al (2007) , Lee et.al (2007), Shroff et.al 

(2006, 2007), Indraratna et. al (2015), Holtz et.al (1991), , Madhav et al (1993), Ladd 

(1989), Nguyen & Hung (2010), Hazi (2014) have carried out experimental and field study 
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to assess the effect of various geometric shapes of mandrel, consolidation by means of band- 

shape drains, drain Installation methods, field application of sand wick, horizontal 

Oedometer test, laboratory test with jute coir, geogrid, quality control test of PVD viz. Rate 

of loading, Discharge capacity ie. Hydraulic conductivity of the drain, Filtration 

requirement, Bending/Kinking deformation of drain, drain spacing factor including 

disturbance factor, average drain resistance factor, uniformity of the treated mass 

considering various patterns of drains, etc  

Looking to the theoretical  and experimental development one so far in the field of 

consolidation through radial drainage using various vertical drains, almost all research 

workers have extended three dimensional consolidation theory into vertical flow and radial 

flow considering various theoretical parameters affecting both process of consolidation and 

rate of consolidation like magnitude and rate of loading, permeability with respect to 

stratification, change, accounting linear and non linear behavior with void ratio change and 

its variation along radial distances with and without stratification. 

Experimental setup which has been developed considering with and without horizontal top 

drainage layer, with and without pore water pressure measurements has been utilized. 

Installing drains of synthetic and non synthetic fibers using modified tri axial setup or 

oedometer or other physical models however it has been noted that no efforts have been 

made by researchers to measure pore pressure along radial distances to account sequence of 

consolidation at various time interval. Also none has checked the exacted lab parameters by 

adopting statistical simulation. None have used the shape and Patterns of Drains in 

Prototype model. Very few have studied the strength of consolidated soil mass along with 

fitting of experimental results with Barron‟s theoretical curve. 

c. Definition of the Problem  

Consolidation is the process of simultaneous dissipation of Pore water pressure and 

compression of soil skeleton due to either vertical flow or radial flow ( our case) which 

leads to volumetric strain resulting into  vertical settlement ( one Dimensional) of soil under 

static loading (∆P/P=1). The Central drain facilitates acceleration in dissipation of pore 

water pressure. The dissipation is faster and more because of inherent permeability of soil 

mass in horizontal direction is more than in vertical direction. Moreover central drain 

reduces the drainage path. In the practice under any pattern of installation of drain under 
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consolidating load drainage path can be reduced to four folds under embankment loading 

underlain by sand layer where sand layer is underlain by embankment and overlain by 

embankment to the soil mass and drains to be treated. 

The gain in strength of soil mass treated is due to consolidation of the soil (reduction in 

Voids) and due to lateral stresses transferred by central drain under consolidating load 

which is resulting into increase into the modulus of the soil mass (E- value), more nearer to 

the drain and least away from the soil mass thereby the soil / sample in the device / 

Oedometer/ prototype model is a reinforced mass. 

 

d. Objective and Scope of work  

 
The aim of this presentation is to explore the factors influencing the radial drainage using 

PVD and strength of consolidated Soil mass including Pattern of Drain Installation & 

Spacing. 

Parameters Considered  

1) Type of Drain Material – Sand drain, Saw Dust, Saw Dust Wick, JPPG   

2) Aspect ratio (including Shape) of Drain material Saw Dust – Cross shape and Circular 

shape along with theoretical fitting with Barron‟s Theory and Statistical simulation 

comprised of  regression analysis for different area and depth of the PVDs of circular and 

cross shape using Data Fit 9.1 version 

3) Variation of Zone of Influence ie. Radial thickness from periphery of drain to boundary of   

Oedometer and „n‟ value i.e ratio of diameter of Oedometer to the diameter of the drain. 

Moreover theoretical simulation with Barron‟s theory is attempted. 

4) Strength variation radially and depth wise with respect to drain 

5) Comparison of Experimental Results with Barron‟s theoretical curve for equal strain 

condition with all the drain materials  

6) Study of Triangular and Square pattern of drain arrangement in bigger size model and 

their effect on consolidation due to Radial drainage including uniformity of circular bigger 

size area to be treated 

e. Original contribution by the thesis 

 
Present Investigation considers consolidation of Kaolinite soft clay by radial drainage 

utilizing waste material& Environmentally friendly  and cost effective new materials and 

Geosynthetic for PVD, aspect ratio of drains, zone of influence, ratio of radius of Oedometer 
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to radius of drain(n-Value) and strength of consolidated soil mass radially &depth wise, 

suggesting an empirical equation between achieved strength and n-value. Moreover fitting of 

experimental results with Barron‟s theoretical curve has been displayed. Further error in 

Experimental and theoretical Tvr has been studied for various percentage of degree of 

consolidation with respect to various consolidating load on soil drain system adopting 

regression analysis. None have measured the pore water pressure and isochrones with these 

economical drains. None have used the Patterns of Drains in Prototype model.  Hydraulic 

conductivity of the drain at entry and exit of the drain soil system and stiffness indices of 

drain during consolidation process under various consolidating load and soil confinement are 

rigorously studied and presented with respect to the various drain materials. 

In these contexts, the thesis gives clue to the Practicing engineers regarding      provision of 

economical materials for fabrication of Drain, comfortable operational Procedure, Effective 

results for improving the bearing capacity and relative cost effective solutions for spacing 

and patterns of Drain. 

 

f.Methodology of Research, Results / Comparisons 

Methodology consists of following Experimental schedule: 
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Results: 

In all parameters results of following Tables are presented and discussed. 

Parameter:1: Type of Drain Materials 

Drain 
Material 

Pressure 

in  
kPa 

Time for 50% 
consolidation 
min. 

Cvr in 

 10-4cm2/sec 

JPPG 40 

80 

160 

320 

500  
190 

170 

160 

6.78 

1.78 

1.99 

2.12 

SAND 80 

160 

320 

1010 

460 

340 

4.25 

8.63 

11.82 

SD 80 

160 

320 

680 

600 

500 

4.35 

4.9 

5.9 

SDW 80 

160 

320 

910 

800 

450 

3.25 

3.7 

6.57 

Table shows that for lower pressures ranging from 80 kPa to 320 kPa the value of 

Coefficient of consolidation decreases with average degree of consolidation. The table also 
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reveals that JPPG needs less time to achieve 50% of consolidation compared to all other 

drain materials under all pressure.  

Coefficient of  consolidation due to radial Drainage remains more or less constant for all 

effective pressures and drain materials  except in sand drain ie. Cvr is independent of all 

Effective pressure.  

As the rate of consolidation based on pore pressure dissipation is a simultaneous 

phenomenon with rate of settlement, the pattern (“S”- Shape) of curve of different drains is 

almost similar. 

The rate of dissipation of pore water pressure of JPPG is coming in same group of Sand and 

SDW ie. this group shows faster rate of dissipation compare to Saw Dust alone. 

The graphs are of characteristic curve of normally consolidation soil for various drain 

materials like JPPG, Sand, SD, SDW, without any initial hump.  

The value of compression Index (Cc) for various drain materials is 0.352, 0.358, 0.44, 0.6, 

for drains SD, SDW, Sand and JPPG respectively.  It also fits with empirical equation of 

cassagrande. 

Parameter-2: Shape and Aspect of Drain Material (Saw Dust Drain) 

Shape of Drain P in KPa t (min)at 50% Ur  Cvrx10
-4

 cm
2
/sec 

Circular 

 

80 

160 

320 

680 

600 

500 

4.35 

4.9 

5.9 

Cross 

 

 

80 

160 

320 

1020 

800 

610 

2.9 

3.7 

4.85 
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The comparative table shows that Cvr value for any % of consolidation for Circular SD is 

higher than Cross SD. The above behavior reveals that Circular drain needs less time to 

achieve any % of consolidation compared to Cross Shape drain. Initially upto 10 to 15 % 

drop of Cvr is more for both the drains as physiochemical effect is predominant in initial 

percentage of consolidation. 

The behaviour of void ratio versus pressure indicates characteristics curve of normally 

consolidated clay for circular shape. The Cc value for cross shape is 0.3066 and for 

circular shape is 0.375 which shows that the compressibility of Circular drain is more in 

comparison to Cross shape drain. 

Though pattern of curve of circular and cross shape is similar but rate of dissipation is 

faster for circular drain for all the percentage of consolidation. Time for 50% dissipation 

of pore water in circular shape is 20 min while in cross shape it is 120 min at 160 Kpa 

load. 

For any shape for all pressure Cvr remains more or less same in which initially circular 

shape shows little increase while Cross shape shows downwards pattern. 

For all pressure the rate of compressibility is higher in circular shape than cross shape. At 

higher pressure the value of circular shape and cross shape is 5.9 and 4.85 x10-4 cm2/sec 

respectively at 320 kPa. At lower pressure the value of circular and cross shape is 4.39 

and 2.9 x 10-4 cm2/sec respectively at 80 kPa. 

Statistical simulation 

A randomize Number table is worked out to decide the experimental work are carried 

out. Effects of area, height and shape of PVD on Cvr are analysed as follows: 
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Factor     Level 1  Level 2  Level 3  

A : Area  A1 : 3.14      

  

A2 : 3.20 A3 : 5.0 

B : Height H1 : 5.0 H2 : 5.5 H3: 5.06 

C : Shape S1: Circular S2: Cross   

The analysis of the data is carried out by treating the experiment as a two way classification 

with A . B . C treatments and r replicates. The tests for factor A, factor B and factor C are 

significant at both the levels. Two factor interaction, AC and BC are significant at both the 

levels. But two factor interaction AB is not significant at 0.05 and 0.01 levels. Similarly, 

three factor interaction together is significant. It is concluded that the variations in the area , 

height with shape of PVD affect the Cvr. Cvr is affected by interaction between area & shape 

and height & shape of PVD . Other interactions do not affect the Cvr . 

Parameter-3: Influence Zone 

3 (A) n Value i.e. Ratio of Diameter of Oedometer (de) to the Diameter of Sand Drain 

(dw) 

Diameter of Oedometer Diameter of Drain  n= Diameter of Oedometer to 

Diameter of the drain 

254mm 17.2mm n=14.76 

152mm 7mm n=21.71 

Faster rate of dissipation of pore water pressure is exhibited by sand from previous study 

hence for study of variation for n value and radial thickness sand drain is used.  

3 (B) Radial Thickness (Z) i.e. Variation in Radial Thickness of Soil from PVD 
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Diameter of Oedometer Diameter of Drain  z= Radius  of 

Oedometer 

minus  radius 

of the drain  

254mm 17.2mm Z=(254 -17.2) / 2  =118.4mm 

152mm 7mm Z = (152-7) / 2      =72.5mm  

 

Pressure 20Kpa 40Kpa 80kPa 160kPa 

 Time required for 50% consolidation in Minutes  

n=14.76 970 900 680  460 

n=21.71  2344 1737 1445 750 

The hydrodynamic lag is more or less same in n=21.71 and n=14.76. It shows that „n‟ 

increases the time required to achieve 50% degree of consolidation increases.The initial rate 

of dissipation is faster till 40 % degree of Consolidation and then gradually diminishes to 

constant for n=14.76 and the initial rate of dissipation is faster till 10 % degree of 

Consolidation and then gradually diminishes to  constant for n=21.71. 

Pressure 20Kpa 40Kpa 80kPa 160 kPa 

 Cvr in terms of 10 
-4

 cm
2
/sec  

n=14.76 4.16  4.48  5.93  8.77  

n=21.71 

 

0.8  1.11 1.34  2.57  

For any n value as Pressure increases the value of Cvr remains same almost. For a same 

pressure, n=14.76 exhibits more Cvr then n=21.76. 
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The void ratio Vs. Log P shows characteristic curve of normally consolidated soil. In 

both n values, linear relationship without any initial hump is observed. The value of Cc 

for n=14.76 is 0.44 and for n=21.76 is 0.431 which is also befitting with empirical 

relation of Cc with liquid limit and initial void ratio. Hence, there is not much variation in 

compressibility of soil for „n‟ value. 

Pressure 20Kpa 40Kpa 80kPa 160 kPa 

 

Cvr in terms of 10 
-4

 cm
2
/sec  

Z = 118.4 4.16  4.48  5.93  8.77  

Z = 72.5 0.8  1.11 1.34  

 

2.57 

The hydrodynamic lag is more or less same in z= 72.5 and Z = 118.4. The table shows that as 

Z increases the time required to achieve 50% degree of consolidation increases. The drainage 

path increases as the radial thickness (Z) increases. In turn it also affects the Cvr value ie. Cvr 

value shows higher value in more radial thickness. 

Parameter:4: Strength variation radially and Depth wise 

 

(i) Variation in Drain Materials : 

Effective strength (SE) is given by difference of Final strength &Initial Strength. 

Average gain in the effective shear strength is 92.15 kPa. 
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Comparing the effect of various drain materials, the effective shear strength ( SE) 

achieved at end of consolidation is observed that JPPG (101 kPa) and SDW (103 

kPa) exhibit more strength compared to sand and Saw Dust. The Sand and saw dust 

exhibit almost same effective strength of 82 kPa while SDW and JPPG exhibit same 

order of 102 kPa. 

It is observed that mid plane strength in every material is higher compared to near 

the Drain and at farthest radial point. Average percentage increase of shear strength 

from near the drain to mid plane is 46% while decrease of strength from mid plane 

to farthest point is 66%. 

(ii) n- value and strength of soil for same drain material  

Dia. of 

Oedometer 

Dia. of 

Drain(mm)  

n- value Shear strength in kPa  Cc -value  

254mm (10”) 17.2 14.76 100.76  0.44 

152mm (6”) 7 21.71 105.4  0.431  

For same drain material (sand) as n- value increases the shear strength value of soil 

increases to some extent. Table indicates that for variation of compressibility index of 2%, 

the strength value depicts 100.76 to 105.4 kPa ie. 5 % variation. Empirical relation can be 

developed between strength and n- value to evaluate Cc if more results are available. 

Parameter -5: Comparison with Barron’s Theoretical Curves for All 

Drain Material: 

Barron`s equal vertical strain theory with no smear and no well resistance has been used to 

carry out the analysis for radial consolidation.  

Figure shows the relationship between Tvr and Ur. Using this curve, the time factor, Tvr for 

50% percent consolidation is found out. 
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The theoretical Ur% and Tvr for settlement for SD circular drain is plotted. It is compared 

with experimental values at 80 KPa and it is observed that up to 20% degree of 

consolidation 5% variation is observed in experimental and theoretical value. Than from 20 

% to 94% of degree of consolidation, the theoretical and experimental curve for settlement 

is coinciding and again a 6% variation is observed after 99%. 

For sand drain from 8 % to 90% of degree of consolidation, the theoretical and experimental 

curve for settlement is coinciding while in the beginning and at the end it is not fitting well. 

In case of JPPG the theoretical & experimental curve fit well with each other except at 

initial and final degree of consolidation ie at 4 % and 92%. 

The theoretical curve of (Ur/U0%) vs Tvr indicates that the nearest radial pore pressure 

measuring point has faster rate of dissipation of pore water pressure and the rate decreases 

for radial points far from the center.  

It is observed from the table given below that at 50% degree of consolidation there is 

variation of 1.4% with respect to theoretical curve for theoretical and experimental value of 

Tvr at radial distance r2 from the drain. Similarly, in the beginning (4%) and in end portion 

(5%) variation are observed. The theoretical and experimental curve for settlement is 

coinciding and again a slight variation is observed after 92%. 
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Ur % Tvr 

Theoretical 

For Saw dust drain, n = 10, 

Pressure = 80kPa 

Tvr Experimental at (Ur/U0)% 

Ur/U0 at r1 Ur/U0at r2 Ur/U0 at r3 

0.01 0.00246  0.423  0.988  1.116  

0.03 0.00745  0.412  0.963  1.088  

0.05 0.0125  0.402  0.939  1.06  

0.1 0.0257  0.376  0.878  0.99  

0.2 0.0545  0.325  0.759  0.856  

0.3 0.087  0.276  0.644  0.728  

0.4 0.125  0.227  0.532  0.601  

0.5 0.169  0.182  0.426  0.481  

0.6 0.224  0.137  0.322  0.364  

0.7 0.294  0.096  0.226  0.255  

0.8 0.393  0.567  0.137  0.155  

0.9 0.563  0.0025  0.0582  0.0658  

Isochrones indicates the distribution of pore pressure at different radial points for different 

pressure. It is observed that with the increase in radial distance from centre the isochrones 

becomes Asymptotic to the horizontal axis. Steep slope of isochrones near to drain indicate 

faster rate of dissipation of pore pressure near drain boundary. This behaviour is observed 

for all drain materials in present investigation. 

Parameter-6: Prototype Model Study- Spacing and Pattern of PVD 

From the previous study it reveals that JPPG  PVD  are efficient w.r.t rate of dissipation of 

pore water pressure concurrent with higher gain in strength along with good compressibility 

of the soil hence this drain is employed for study in bigger tank. Moreover the experimental 
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work fits well with the theoretical one. Over and above, the drain possess good hydraulic 

conductivity and discharge capacity. 

  

Square pattern in circular device  

( proto type tank), Tank Size is 900 cm 

with n-value of 12.09 

Triangular pattern in circular device  

( proto type tank), Tank Size is 900 cm 

with n-value of 12.09 

A smaller setup of PVC pipe for the measurement of strength by Vane shear apparatus & 

moisture content depth wise during preload & after the insertion of drain under equivalent 

load as applied in actual Prototype model was prepared.  

 

At outset, pressure increases strength increases. The moisture content decreases with 

increase in pressure. 

Drain Pattern Pressure(kPa) Time for 50% 

consolidation min. 

Cvr in 

 10
-4

cm
2
/sec 

Square  4 

8 

16 

440 

160 

100 

0.185 

0.509 

0.814 

Triangular 4  

8  

16  

180 

90 

60  

0.4735  

0.947 

1.42  
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The table shows that the value of Cvr for triangular is higher as compared to square pattern. 

Except initial load the value of coefficient of consolidation due to radial drainage remains 

constant for the higher load. For consolidation the advantage of square pattern is that it is 

more convenient to layout and manage in prototype model and in the field, however 

triangular pattern   seems to be more acceptable as it provides more uniform consolidation 

between drains then square pattern. 

Cvr decreases faster initially upto 40% degree of consolidation and gradually becomes 

asymptotic to x-axis in both patterns of the drain. Initial rate of dissipation of pore water 

pressure is faster in both the case. In case of Triangular, the value of Cvr for any % of 

consolidation is slightly higher than the previous one. 

The triangular pattern has compression index value of 0.67 and the value of compression 

index for Square pattern is 0.581. 

The table below shows that experimental Tvr closely fits with Barron‟s Theoretical Tvr in 

Triangular Pattern while in square pattern marked variation @10% is observed throughout 

the theoretical curve.  

Ur% TvrTheoretical Tvr (Exp.)Square Tvr (Exp.)Triangular 

0.01 0.0022 --- 

 0.03 0.007 --- 

 0.05 0.011 --- 

 0.1 0.023 0.030 0.023 

0.2 0.049 0.047 0.05 

0.3 0.078 0.089 0.076 

0.4 0.112 0.097 0.111 

0.5 0.152 0.137 0.151 

0.6 0.201 0.186 0.20 

0.7 0.265 0.193 0.258 

0.8 0.354 0.308 0.35 

0.9 0.506 --- 0.509 

1.0 0.988 --- -- 
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For any pattern for same height, as pressure increases, strength increases. For Triangular 

pattern, this increase is more compared to square pattern for any height. This may be due to 

uniform compressibility in soil mass throughout compared to square pattern. 

The moisture content bar graphs indicates that the moisture content in square pattern is 

higher compared to Triangular for any height. In general more the moisture content lesser is 

the strength. 

Parameter: 6 (A): Increase in the Uniformity of treatment (UTC) 

Additional small diameter PVD are proposed to install in both the tanks to covert the 

uninfluenced Zone into  zone of Influence, by installing additional smaller diameter drains in 

small zone of Influence with n-value 12.09. 
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Drain  Pattern P in kPa t50.in (min) Cvr - cm
2
/sec 

Square  without UTC 
4 

8 

16  

440 

160 

100  

0.185 x 10
-4

 

0.509 x 10
-4

 

0.814 x 10
-4

  

Square  with UTC 10 

20  

40 

70 

60 

25 

5.65 x 10
-3

  

6.596 x 10
-3

 

11.05 x 10
-3

 

Triangular without UTC 4  

8  

16 

180 

90 

60 

0.4735 x 10
-4

 

0.947x 10
-4

 

1.42x 10
-4

 

Triangular with UTC 10  

20  

40 

220 

80 

50 

2.02 x 10
-3

 

5.55 x 10
-3

 

8.89 4x 10
-3

 

In the above table by comparing the square UTC with triangular UTC, the values of Cvr are 

higher in Square with UTC as now square pattern with UTC has 16 number two way 

drainage path, while the triangular with UTC has merely 6 number of two way drainage path. 

The values of Cvr with UTC indicates faster rate of consolidation compared to without UTC 

irrespective of pattern. In general in all cases with or without UTC, Cvr drops initially more 

or less upto 30% to 40%. 

Compression index value of Square and triangular with or without UTC remains almost 

same. It lies in the range of 0.4 to 0.6 which fits nearer to the cassagrande empirical 

equation.  

The both square and Triangular with UTC experimental curve fits well with Theoretical 

Barron‟s Curve owing to reduced drainage path and uniform compressibility due to number 

of drains. 

g. Achievements with respect to objectives 

 

The present work can be used in Road construction on marine Clay, foundation beds of Oil 

tank as carried out in Assam by ONGC, foundation bed for different buildings in Coastal 

region viz. Kandla region, ground modification in coastal area as carried out by CRRI ( New 

Delhi), in Southern part of India and Assam and  foundation soil strengthening of Siphon 

aqueducts as carried out by Sardar Sarovar Narmada Nigam Ltd. in Canal Network of 

Gujarat. 
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Ministry of Surface Transport, GOI (MOST) utilizes total of 20% of budget revenue in 

Infrastructure development in Road Construction in coastal areas having soft clays. 

Roads in soft clay face Road construction problems because of heavy compressibility of 

enormous salty water in the pores. 

Amongst various Ground improvement methods, the acceleration of consolidation by 

Primitive method of sand drain which is extended to Prefabricated Vertical in., depth wise 

pore pressure distribution and depth wise gain in strength for increasing the bearing capacity. 

In these contexts, the present investigation provides economical materials for preparation of 

Drain, comfortable operational Procedure, Effective results for improving the bearing 

capacity and relative cost effective solutions for spacing and patterns of Drain. 

At the same time there is a dire need of economy in such infrastructure development. 

 Suggested effective guidelines mentioned in the previous paragraph may provide 20 

to 30% economy in construction of Roads by MOST in coastal area.   

h. Conclusion: 

One dimensional consolidation of soil by vertical flow is distinct from consolidation of soil 

by Radial flow. Time required to attain 50% consolidation by Radial flow as compared to 

vertical flow is less due to more horizontal permeability (Kh) of soil than the vertical 

permeability (Kv). Hence the time settlement curve (Degree of Consolidation) due to adial 

flow always lies below the vertical curve. 

Some conclusions of present work are drawn considering the parameters: 

(i)Type of drain material (ii) Aspect ratio (iii) Influence zone : n-value & z- value 

(iv)Strength variation depth wise and at different radial distances (v) Comparison of 

theoretical and experimental curve using Barron‟s theory.  Further, study of spacing and 

pattern of PVD installation (triangular & square) in bigger size tank is carried out. This 

study is extended further by additional zone of influence having small diameter drains to 

reduce untreated area of soil in the same tank. The experimental data obtained from series of 

tests performed during the present investigations are examined and concluded. 

 

 

Parameter -1: Type of drain material 
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 The rate of consolidation with respect to settlement at 50 % consolidation  is faster in 

the chronological order  (high to low) Jute Drain wrapped with Polyamide Poly  ester 

Geosynthetic  (JPPG), Saw Dust, Saw Dust Wick  and Sand. 

 Coefficient of consolidation due to radial Drainage remains more or less constant for 

all effective pressures. Hence, Cvr is independent of effective pressure for all drain 

materials. The curve of Ur % and Cvr shows that Cvr is reducing faster initially upto 

30% and thereafter diminishes to constant value. 

 The rate of consolidation based on pore pressure dissipation is faster in JPPG 

compared to other drains. 

 e v/s log P  graphical relationship follows normally consolidated curve pattern. Cc 

values are in the range of 0.6 to 0.35 for JPPG and SD. 

Parameter -2: Aspect Ratio ( Cross shape drain and Circular shape drain using Saw 

dust drain material) 

 In circular shape drain the rate of dissipation is faster at all degree of consolidation 

and under all loading. Cvr value for any % of consolidation for Circular SD is higher 

than cross shape drain. 

 The curve for circular shape in Cvr – Pressure relationship is above the cross shape 

curve. Hence for all pressure the rate of compressibility is higher in circular shape 

than cross shape drain. 

 Statistical approach comprising of Area (A), Height (B) and Shape (C) of PVD on Cvr 

is adopted. Cvr is affected by interaction between area & shape and height & shape of  

PVD. Other interactions do not affect the Cvr. 

 The rate of dissipation of pore water pressure at any radial distance is faster for 

circular shape drain compared to cross shape drain at same pressure which also 

reflects in Isochrones.  

 e v/s Log P relationship indicates hump shape initially in cross shaped drain, 

thereafter tends to linear similar to circular shape drain. This behaviour is due to 

inherent corners of the cross shape drains which delay the compressibility. 
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Parameter -3: Influence Zone: n-value (Ratio of Oedometer radius to drain 

radius) and z- Value ( difference of  Oedometer radius and drain radius) 

 As „n‟ increases (from 14.76 to 21.71) the time required to achieve 50% degree of 

consolidation increases owing to reduction in surface area and drainage path for the 

same. 

 Cvr and Pressure relationship indicate that for any n value as pressure increases the 

value of Cvr remains almost constant. 

 Irrespective of any n values, the Void ratio -  Log effective pressure relation bear 

linear relationship of normally consolidated soil 

 As Z increases the time required to achieve 50% degree of consolidation increases 

because of increase in the drainage path and therefore Cvr also increases. 

Parameter - 4: Strength variation depth wise and at different radial distances from 

central drain 

 Comparing the effect of various drain materials like SD, SDW, Sand and JPPG, the  

difference of final shear strength and initial shear strength achieved at end of 

consolidation is 101 kPa, 103 kPa 82 kPa and 82.6 kPa for JPPG , SDW ,SD and 

Sand respectively. Thus JPPG and SDW exhibit more strength compared to other 

remaining drains. 

 It is observed that mid plane strength in every material is higher compared to near the 

Drain and at farthest radial point. Average percentage increase of shear strength from 

near the drain to mid plane is 46% while decrease of strength from mid plane to 

farthest point is 66%. 

Parameter - 5: Comparison of theoretical and experimental curve using Barron’s 

theory  

 The Experimental  curve  of Tvr for settlement  fits well with Theoretical curve  for 

all drain  materials but for a JPPG Drain initial variation is merely (1.2%) and  5% 

only at the end portion. 

 The distribution of pore pressure at different radial points for different pressure 

indicates that with the increase in radial distance from centre the isochrones becomes 

asymptotic to the horizontal axis. Steep slope of isochrones near to drain indicate 
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faster rate of dissipation of pore pressure near drain boundary. This behaviour is 

observed for all drain materials in present investigation. 

Parameter - 6: Study of spacing and pattern of PVD installation (triangular & 

square) in bigger size tank 

 Triangular pattern takes less time compared to square pattern for 50% consolidation 

at all Pressure. Triangular pattern shows higher compressibility compared to square 

pattern. The value of Cvr for triangular is higher as compared to square pattern 

.Except initial load  the value of coefficient of consolidation due to radial drainage 

remains constant for the higher load. Triangular pattern   seems to be more acceptable 

as it provides more uniform consolidation between drains than the square pattern. 

 Smaller drain spacing suggest high dissipation of pore water with low rate of loading 

and it allows soft clay sufficient gain in strength. For consolidation the advantage of 

square pattern is that it is more convenient to lay out and manage in prototype model 

 The triangular pattern has compression index value of 0.67 and the value of 

compression index for Square pattern is 0.581 confirming Cassagrande empirical 

equation.   

 The experimental Tvr closely fits with Barron‟s Theoretical Tvr in Triangular Pattern 

while in square pattern marked variation about 10% is observed throughout the 

theoretical curve.  

 For any pattern for same depth of the sample, as pressure increases, strength 

increases. For Triangular pattern, this increase is more compared to square pattern for 

any depth. The moisture content bar graphs indicate that higher moisture content in 

square pattern compared to Triangular for any depth. In general more the moisture 

content lesser the strength. 

 In general, reduction in drainage path and the rate of consolidation both contribute in 

increasing the uniformity of treatment of given Circular area of tank .  

 Circular bed with previous case of triangular and square, additional small diameter 

drains having small zone of influence were installed to enhance uniformity of treated 

area (UTC) 

 Time required for 50% consolidation is less in square pattern with UTC as compared 

to triangular pattern with UTC , as number of two way drainage Path is more in 

square pattern(16 number)  as compared to triangular ( 9 number)  
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 Compression index value of Square and triangular with or without UTC remains 

almost same. It lies in the range of 0.4 to 0.6 which fits nearer to the Cassagrande 

empirical equation for preconsolidated soil. 

 The difference in initial and final shear strength of square Pattern and Triangular 

pattern with UTC are 54.14 kPa and 12.2 kPa respectively. Thus with additional 

small diameter drains having small zone of influence reverse is the behaviour . 

 The both square and Triangular with UTC experimental curve fits well with 

Theoretical Barron‟s Curve owing to reduced drainage path and uniform 

compressibility due to increase of number of drains. 

 

i. Copies of papers published and a list of all publications arising from 

the thesis-  

 

Attached as Annexure-1 

 

j. Patents (if any)- Not Applicable 
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