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Abstract. Three Embankments of different dimensions for the railway tract at 

contiguous locations are being constructed over soft soils using prefabricated 

vertical drains for connecting two cities; Agartala and Dhaka. Prefabricated ver-

tical drains were supplied from Maccaferri and the installation rig machineries 

were provided by IRCON. PVDs were installed in triangular pattern with three 

different spacing (0.7, 0.8 and 1.0 m) with according depths (15, 6 and 7.5 m). 

For conducting physical and engineering properties, soils were collected from 

different locations as well as from different depths using auguring and wash 

boring method at suitable intervals along with SPT tests. It has been observed 

that the natural soil profile was composed of three different layers of different 

thickness; sandy silty-clay at top, silty-clay in the middle and sandy silty-clay at 

bottom respectively overlying the hard stratum. A sand layer of thickness 0.2 m 

is being provided underlain by a strip drains made up of polypropylene, which 

accelerates and helps sand layer draining off the water from PVDs, over which 

paralinks were also laid that function as reinforcement to embankment soil de-

posits. Settlements predictions of the existing soils were made and determined. 

Different results were obtained at various locations. Without PVD, the settle-

ment of the soil strata at chainage Ch-03+900 to Ch-04+400 km is observed to 

be 2305 mm and the corresponding settlement time is 189306 days. While the 

design was made considering PVD the consolidation settlement and time gave 

as 1660 mm and 122 days respectively.  

Keywords: Prefabricated Vertical Drain, Stratified Soft Soil, Settlement. 

1 Introduction 

Preloading combined with prefabricated vertical drains (PVDs) has been used exten-

sively used in the construction of large-scale infrastructure for highways, railways, 

ports and airports (Indraratna et al. 2010; Karunaratne 2011; Cascone and Biondi 

2013; Arulrajah wt al. 2013; Watabe et al. 2014; Karim and Lo 2015; Vu 2014). Bar-

ron (1948) proposed the original analytical solutions to theoretically analyze the con-

solidation process of vertical drained ground. However, the performance of the PVD 
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system is still difficult to accurately predict because the consolidation rate of PVD-

improved foundation is controlled by several factors (Chai and Miura 1999; Bo 2004; 

Sathananthan et al. 2008; Abuel-Naga et al. 2012). Prefabricated Vertical Drains are 

commonly used to decrease the drainage path within soft soils to accelerate the time 

of primary consolidation. PDVs are displacement drains of small volume that exhibits 

considerably with fewer disturbances to the soil mass than the displacement sand 

drains. In this railway project there are three construction sites (under same project) 

for which settlements of soil mass due to installation of PVDs were predicted based 

on which the embankment shall be constructed. But, only one site is discussed in this 

paper. An analytical solution was proposed to predict the settlement and determined 

using IRC:75, IS:8009 (Part-1) and Bowles formula. Different settlements were ob-

served for different sites. Since, the three construction sites are consist of different 

types of soil layers, it has been observed that the proper knowledge of keep maintain-

ing spacing and depth to which PVDs are thrust into the existing soil are important 

factors for settlement evaluation for stratified field soils. The size of the installation 

mandrel and installation rig shall be kept same all through the project. Installation of 

PVDs and construction of embankments are under progress. Laboratory and numeri-

cal study are also being carried out to validate the field settlement and other mecha-

nism of reaction to soil disturbance and finding its solution. With this new approach, a 

modified effective drain spacing and depth of the PVD shall be evaluated for layered 

soil consisting of different type of soils. 

2 Importance of Prefabricated Vertical Drain 

It is very important to stabilize soft soil before commencing any major construction 

work to prevent out the settlement. Many soft clay strata contain thin bands of silt or 

sands which result in the instability of embankments due to the horizontal spread of 

excess pore pressure vertical drains relives these excess pore pressures and thus 

avoids the occurrences of instability. The time required to reach a higher degree of 

consolidation under preloading improved drainage should be used in the form of pre-

fabricated vertical drains. In order to expedite the settlement process and reduce 

building of pore water pressure it is necessary to restrain the flow path through the 

soil. This can be achieved by placing prefabricated vertical drains at a regular spacing 

in the soil. PVDs are selected over vertical sand drains for its feasibility in installation 

and its low cost. When a heavy load, such as a road embankment or other structure is 

placed on the top of clay or silty clay soil, considerable sudden settlement may occur 

due to squeezing out of excess pore water pressure, thus the soft soil consolidated. 

This kind of settlement often causes serious construction problems. But, when PVDs 

are installed before commencing any civil engineering construction and structure over 

the soil, the settlement takes place in gradual manner and thus no serious abruption of 

the soil and no consequent casualties are observed. 



3 

3 Field Study 

In this project, prefabricated vertical drains are to be used in the construction of em-

bankments for broad gauge railway lines between Agartala (India) and Dhaka (Bang-

ladesh) at chainages Ch-03+900 to Ch-04+400 km, Ch-04+400 to Ch-04+700 km and 

Ch-04+700 to Ch-05+100 km, i.e., there are three different construction sites (under 

same project) in between 3.9 km to 5.1 km from Agartala railway station (Tripura) 

and only 0.7 km away from international fencing line (border between India and 

Bangladesh). The existing sites are consists of stratified soft soils covering vast area 

all around extending to great depths. Embankments of different heights, such as 6 m, 

6 m and 9 m high, are to be established at stages on these sites. Installation of prefab-

ricated vertical drains at chainage Ch-03+900 to Ch-04+400 km is under progress, 

and therefore only this chainage is discussed in this paper. The study of the soil pro-

file indicated that the top of the stratification contains the light grey soft sandy silty-

clay. The next layer observed in the stratification contains the silty-clay which is then 

followed by sandy silty-clay. The next layer of stratification is moderately weathered 

rock. Table 1 gives details of type of soil strata at the chainage Ch-03+900 to Ch-

04+400 km. 

Table 1. Type of soil strata at chainage Ch-03+900 to Ch-04+400 km 

Stratum Description Depth below ground level 

(m) 

Thickness 

(m) 

I Light grey soft sandy 

silty-clay 

0.8 0.8 

II Silty-clay 11.50 10.70 

III Sandy silty-clay 13.20 1.70 

IV Moderately weathered 

rock (in-situ rock) 

― ― 

3.1 Properties of the Soil Strata, Embankment Fill, PVD, Dainage Composite, 

Paralink 

The settlements of the existing soil stratums can be accelerated by using prefabricated 

vertical drains (PVDs) with surcharge. With the use of PVDs water flows out horizon-

tally as well as vertically, i.e. three dimensional consolidations occur while prefabri-

cated vertical drains are used. Therefore, on application of PVDs along with preload 

the time required for settlements can be drastically reduced. Based on the study of 

properties of existing soil, the ground improvement technique using prefabricated 

vertical drains (PVDs) was designed. The spacing of PVD was designed as 0.7, 0.8 

and 1.0 m for these three sites. At chainage Ch-03+900 to Ch-04+400 km the spacing 

and depth were kept as 0.7 m and 15 meter respectively with triangular patterns to 

achieve the expected settlement within the desired consolidation period. At this 

chainage the height of the embankments is 6 meter. The consolidation settlement is 

expected to be 1660 mm. A typical cross section of the embankment is shown (Fig. 

1). 
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     The details and properties of the soil strata, embankment fill, prefabricated ver-

tical drain, drainage composite, paralink and sand blanket are given in the following. 

 

Embankment Fill 

Earthen 

Drain 

2 

1 

In-situ strata-1 

In-situ strata-2 

In-situ strata-3 

6.0 m 

Paralink 

In-situ Rock 

1
5

.0
 m

 

PVDs 15.0 m depth @0.7 m c/c spacing 

 
Fig. 1. Typical cross section (a portion of the total embankment width of 106 m) of 

railway track (Ch-03+900 to Ch-04+400 km) 

 

 

The details of the soil strata are given in the Table 3. Properties of the Prefabricat-

ed Vertical Drains and Paralinks are tested as per ASTM and EN-ISO methods. The 

installing rig had been provided by IRCON (a central PSU of the Indian Government). 

The drainage composite are used in the field with the basis of pressure and discharge 

requirement and the type used in this project is Geocomposite MacDrain W1091 (hav-

ing a “W” configuration as longitudinal parallel channels) and Paralinks are also to be 

used as reinforcement to embankment. Paralinks is a high strength geogrid manufac-

tured from high tenacity polyester yarns. Locally available well graded sand shall be 

applied over the field soil bed as sand blanket to facilitate the drainage of water. Prop-

erties of geocomposite and Prefabricated Vertical Drains are given in the Table 2 and 

4 respectively. 

 

 

Table 2. Details of the geocomposite (MacDrain W1091) used in this project 

Properties Test method Average value 

Thickness (mm) EN ISO 98631 9.00 

Tensile strength (kN/m) EN ISO 10319 18.00 

In plane flow capacity (l/s) EN ISO 12958 0.38 

Apparent opening size, O90 (µ) EN ISO 12956 110.00 

Note: All the data are collected from IRCON, a central PSU of the Indian Government, Agartala region 
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Table 3. Parameters of the soil strata at chainage Ch-04+100 km 
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Note: All the data are collected from IRCON, a central PSU of the Indian Government, Agartala region



Table 4. Details of the PVD used in this project 

Properties 

 

Test Method Typical 

Value 

 

Core configuration 

 

 

 

 

Core material ASTM D 276 PP 

Width (mm) ASTM D 3774 100.00 

Thickness (mm) ASTM D 5199 4.00 

Width-width tensile strength (kN/m) ASTM D 4595 ≥ 7.00 

Tensile strength (kN/m) ASTM D 4595 

EN ISO 10319 

≥ 2.50 

Elongation at 0.5 kN (%) ASTM D 4595 

EN ISO 10319 

≤ 10 

Discharge capacity, 300 kPa (i=1) (cm
3
/s) ASTM D 4716 ≥ 100 

Permeability (cm/s) ASTM D 4491 ≥ 1.4×10
    4 

Permittivity (s
   1

) ASTM D 4491 0.44 

Apparent opening size, O90 (µ) EN ISO 12956 < 85 

Note: All the data are collected from IRCON, a central PSU of the Indian Government, Agartala region 

3.2 Construction of the embankment 

After the completion of installation of Prefabricated Vertical Drains, preload (em-

bankment material) along with surcharge loading shall be placed over the existing soil 

bed in stages up to the required height as shown in the Table 5. The embankment 

material of which properties are different from the existing field soil shall be collected 

from other locations. In this project, 10 days interval for each 0.5 meter rise in the 

embankment shall be adopted up to 60 days. After that, the next 3 meter height shall 

be completed within 30 days and the other 3 meter to be within 32 days. When the 

expected consolidation period is over and the soil has consolidated up to the required 

extent same as evaluated from the design the surcharge loading has to be removed to 

arrive at the working level and the surface is to be properly rolled. Once this is com-

pleted commencement of construction of the railway lines may be carried out on the 

improved ground. 
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Table 5. Embankment stage construction details for Ch-03+900 to Ch-04+400 km 

Sl. No. Height of embankment (m). Total number of days for construction 

and waiting period for consolidation 

1 0.5 10 

2 1.0 20 

3 1.5 30 

4 2.0 40 

5 2.5 50 

6 3.0 60 

7 6.0 90 

8 9.0 122 

3.3 Estimation of settlement 

For cohesive soft soils, the consolidation settlements are of major concern as this is a 

long term phenomenon. Since the very first objective of PVD installation is to consol-

idate the soil bed, the total settlement was determined by using conventional method 

of settlement analysis before the installation of PVDs started. Total settlement of a 

soil bed is summation of elastic (immediate) settlement (Si), primary consolidation 

settlement (SP) and secondary consolidation settlement (Ss) as shown in the equation 

(2). In this project primary consolidation settlement was mainly focused barring initial 

and secondary consolidation settlement for the calculation of total settlement [a con-

ventional equation, (1)] and was determined using IRC:75, IS:8009 (Part-1) and 

Bowles formula. Primary consolidation settlement (Sp) and total settlement (St) are 

calculated as, 

 

                                           (1) 

          where, 

                      

                       q = Total pressure at the base of embankment 

                     Influence factor after Osterberg 

                      = Compression index 

                   = Initial void ratio 

 

     And, 

St = Si + SP + Ss                                                   (2) 

 

The results of various parameters and primary consolidation settlement of each layer 

are given in the Table 7. Embankment geometry and its geotechnical properties are 

shown in Table 6. Total primary settlements are observed as 2305 mm. After applying 

depth factor (IF), rigidity factor and pore water correction factor, the estimated total 

consolidation settlement was observed as 1660 mm. By adopting this settlement value 

the time required to reach the desired degree of consolidation was determined consid-
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ering with and without PVD. The best fitted design was opted for this project thereaf-

ter. 

Table 6. Embankment geometry and its geotechnical parameters 

Sl. 

No. 

Parameter Design 

value 

1 Embankment height (m) 6.00 

2 Embankment side slope (V:H) 1:2 

3 Embankment width at top (m) 106.00 

4 Embankment length at top (m) 106.00 

5 Embankment width at base (B) (m) 130.00 

6 Embankment length at base (L) (m) 130.00 

7 Horizontal projection of embankment side slope along width (a) (m) 14.50 

8 One half of the embankment width at top (b) (m) 53.00 

9 Unit weight of embankment material (γ) (t/m
3
) 1.90 

10 Total pressure at the base of embankment (q) (t/m
2
) 20.2061 

11 Location of settlement estimation in embankment Center 

 

Table 7. Results of various parameters and primary consolidation settlement 

L
ay

er
 N

o
. 

T
h

ic
k

n
es

s 
o

f 
la

y
er

 (
m

) 

C
en

te
r 

o
f 

la
y

er
 f

ro
m

 b
as

e 
o

f 
th

e 
em

b
an

k
m

en
t 

(z
),

 (
m

) 

α
 =
 t
an

-1
[(

a+
b

)/
z]

  
   
ta

n
-1

(b
/z

) 

β
 =
 t
an

-1
(b

/z
) 

I σ
z 

=
 (
1
/π
)×
[α
(1
+
b
/a
)+
β
] 

O
v

er
b

u
rd

en
 p

re
ss

u
re

, 
(t

/m
2
) 

T
o

ta
l 

p
re

ss
u

re
 a

t 
th

e 
b

as
e 

o
f 

em
b

an
k

m
en

t 
(q

),
 (

t/
m

2
) 

P
ri

m
ar

y
 c

o
n

so
li

d
at

io
n

 s
et

tl
em

en
t 

(S
P
),

 (
m

) 

I 0.80 0.40 0.002 1.563 0.500 0.240 20.206 0.192 

II 10.70 6.15 0.025 1.455 0.500 0.855 20.206 1.907 

III 1.70 12.35 0.048 1.342 0.498 1.935 20.206 0.206 

Total primary consolidation settlement 2.305 
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3.4                                                refabricated Vertical Drain 

When huge surcharges are imposed on a natural soil bed, the soil consolidates, i.e. 

three dimensional consolidations occurs but in a slow manner while no PVDs are 

used. The time required for three dimensional consolidation settlement onto this soil 

is calculated as, 

 

                                                         (3) 

 

     Laboratory test results revealed that the coefficient of vertical consolidation (cv) 

of the soil of layer II was 2.45×10
   4 

cm
2
/sec (0.772632 m

2
/yr.) and this value was 

adopted in the calculation of settlement time required. The expected degree of consol-

idation (U) was 99% and therefore the corresponding Time factor was obtained 

as 1.781 from the design curve. The length of the PVD to be embedded was 15 m 

long. And, the length of the drainage path was also taken as 15 m. Hence, using the 

equation (3) the consolidation time period to reach the required degree of consolida-

tion was observed to be 518.649 years (189306.97 days). This duration are minimized 

by multiple times by using PVDs that will reduce construction cost as well. 

3.5                                       Prefabricated Vertical Drain 

In order to accelerate the time of consolidation settlement prefabricated vertical drains 

are used. Triangular pattern was selected over square pattern for PVD installation. 

From design calculation, spacing (s) and coefficient of horizontal consolidation (ch) 

were opted as 0.7 m and 2cv respectively. And, the time required was calculated using 

Hansbo’s equation, as follows: 

 

                (4) 

        

where, 

          D = 2  = Effective diameter of area covered by each drain = 0.73511 m; 

                                       where, A = Area treated by single PVD 

                                                      = 0.866×s
2
 

                                                      = 0.866×(0.7)
2
 

                                                      = 0.42434 m
2
 

          d =   = Effective diameter of each drain = 0.0662; 

                                        where, b = 100 mm, t = 4 mm 

         U = Degree of consolidation settlement = 99%. 
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     It has been observed that the time required for consolidation with prefabricated 

vertical drains is expected to be shorter as compared to the time required for the pre-

loading alone without PVD. After putting values of all the parameters the time re-

quired for settlement was obtained from equation (4) as 122 days that is only about 4 

months of total consolidation period obtained without using PVDs and thus ultimately 

the construction cost will also be lessened that any civil engineer aims at. 

Conclusion 

All the results of the parameters required for PVD design are evaluated in the labora-

tory prior to commencement of the construction in the field. Installation of prefabri-

cated vertical drains at site Ch-03+900 to Ch-04+400 km is under progress that will 

be followed by the installation at Ch-04+400 to Ch-04+700 km and Ch-04+700 to Ch-

05+100 km. Without using PVD, the settlement of the soil strata at Ch-03+900 to Ch-

04+400 km is observed to be 2305 mm and the corresponding settlement time is 

189306 days. The PVD design revealed that the consolidation settlement of the exist-

ing soil strata is about 1660 mm when PVDs are used. The corresponding time re-

quired to obtain this settlement is 122 days. Thus, prefabricated vertical drains may be 

used to expedite consolidation settlement of the layered soft soils discussed in this 

paper. 
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