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Abstract Prefabricated vertical drains (PVDs) are frequently used to decrease the
drainage path of water within soft soils to accelerate the time rate of consolidation.
In this paper, the settlement of PVD-reinforced silty-clay soil prepared at OMC is
determined using a model box of measures 33.90 cm diameter and 60 cm high to
evaluate the effectiveness of the PVD at OMC. For an increase of surcharge load, the
increase in the settlement is recorded every 10 days of an interval with the help of
dial gauges attached with it. Settlement of the PVD-reinforced soil bed is found to
be increased compared to the unreinforced one and is more pronounced in the cases
where higher surcharge loads are applied. But, the results of the settlement became
closer to each other at 6 and 8 kPa of surcharge load (stress). From these testing
results, it may be concluded that PDVs are effective around up to 6 kPa or it may be
said that PVDs can extract water from soft soils even when the soil is compacted at
OMC.
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1 Introduction

Prefabricated Vertical Drains (PVDs) are used in soft soils, over which any impor-
tant civil engineering structures can be constructed, to accelerate the consolidation
process of the soil and hence reduce the time required for the completion of the project
areas. Application of Prefabricated Vertical Drain (PVD) is a soft soil repairing
method that has been used for over 30 years replacing the conventional sand drain.
If a building is built on soft soil that can be compacted, it will automatically occur
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on the soil compaction that will obviously disrupt the stability of structures above it.
The timing of the compression that occurs may take place in a short time or tend to
be very long. The use of vertical drains is what will reduce the time of compression
that initially lasts a long time and then becomes much shorter. Before the 1970s,
compression of the soft ground using sand drain and the horizontal sand blanket
drain method was expensive and the corresponding processing time was very long.
Other than that, the pores of sand mass can be clogged by soil particles that have a
diameter smaller than the sand particles such that it can block the drainage of water
out of the existing field or ground. In the early 1980s, the production of prefabricated
vertical drains began to develop and was used as a substitute for the use of sand
drains. The installation of PVD is relatively faster and cheaper than sand drain such
that at the end of 1980, it began to grow and was widely used worldwide. Around
the year 1987, PVDwas used in conjunction with the Prefabricated Horizontal Drain
(PHD) in field projects. Because of these, today in every road construction project
such as airport, dam and toll road, PVD is always used to condense soft soil. Mostly,
settlement criteria are a matter of concern if any civil engineering construction is
to be built over soft soil deposits. This type of soil can be improved using vertical
drains such as sand drains, wick drains and prefabricated vertical drains. Nowadays,
PVDs are preferred compared to other types of vertical drains owing to their easy
and feasible installation methods. The time required for construction also decreases
while PVDs are used.Vertical drainswill reduce the time of compression that initially
lasts a long time.

Close horizontal spacing of about 1 to 3 m greatly accelerated consolidations of
the soil deposits [13]. In many projects of soil improvement throughout the world,
the well-known technique of preloading associated with vertical drains proved to be
effective in accelerating consolidation of soils, thus increasing the shear strength of
the soil and reducing post-construction settlement (e.g., [1, 11, 14, 15, 19, 22–24]).
Nowadays, popular methods to speed up the consolidation of soft soil are the utiliza-
tion of synthetic or polymer-based PVDs [12]. Certain operational problems, such
as clogging and bending, are inherent to PVDs but they accelerate [9] the consol-
idation process of soft soils and help to rapidly increase its strength and stiffness.
However, the soil displacement method with the compaction of granular material
may be the most effective construction method [21]. If the pores of the filter mate-
rials are clogged, reduction in the discharge capacity of the PVD is observed and
consequently, the consolidation process is impeded. Creep deformation of the PVD
filters decreases the long-term discharge capacities of four types of prefabricated
vertical drains (PVDs) confined in clay [20] that ultimately decrease the consolida-
tion settlement of the soil. The construction rate and spacingofPVDscan significantly
affect the degree of consolidation at the end of construction and the stability of the
embankment [18]. A relatively simple method for calculating the degree of consoli-
dation and the strength gain of the foundation soil during construction was evaluated
based on finite element results, and those were shown to be reasonably conservative.
Drain clogging and well resistance of long drains lead to reduced settlement [10]
compared with that which would be expected from ideal drains, and both analytical
and numerical modelling details are elucidated based on the authors’ experience and
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other research studies. Quality control tests for PVDs, selection of design parameters
and smear effect greatly affect the design of PVDs [10]. Using a higher surcharge is
a way to shorten the consolidation time of the soil. The smear zone develops around
vertical drains upon withdrawal of the pipe/mandrel that leads to reduced perme-
ability and increases compressibility [17]. In this study, no mandrel is used during
preparing soil samples.

The area of researchwhich remains to be explored is to investigate the deformation
of prefabricated vertical drain-reinforced soils prepared at optimummoisture content.

2 Experimental Test Program and Setup

2.1 Objective of the Present Study

The aim and objective of the present study are to determine the settlement behaviour
of the locally available soft soil reinforcedwith PrefabricatedVertical Drain prepared
at Optimum Moisture Content, i.e., to find out the effectiveness of PVD in terms of
the settlement of the locally available silty-clay soil prepared at OMC.

2.2 Materials and Sample Preparation

2.2.1 Materials

The materials that were used for the experimental works are silty-clay soil and a
prefabricated vertical drain. The soil was collected from Ananda Nagar bypass road
of Khayerpur-Agartala, Tripura, India, and the PVD was bought from Maccaferri
PrivateLimited, India.Geotechnical properties of the soil and technical specifications
of the PVD are shown in Tables 1 and 2, respectively.

2.2.2 Sample Preparation

First, the soil bed is prepared atOptimumMoistureContent of the soil and then placed
in the model box in three layers. Without the insertion of any PVD, the experimental
tests are conducted and completed. Later on, another set of experimental tests are
conducted on the soil bed where a PVD is kept straight vertically at the middle of
the box before the placement of the soils into it. A mandrel is not used to eliminate
the effect of disturbance upon insertion and withdrawal of mandrel.
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Table 1 Geotechnical properties of the soil used

Physical properties Test results

Specific Gravity (G) 2.50

Grain Size

Sand (4.75 to 0.075 mm), % 4.86

Silt (0.075 to 0.002 mm), % 41.46

Clay (< 0.002 mm), % 53.68

Classification of soil Silty-clay soil with medium plasticity

Atterberg Limit

Liquid limit (WL), % 46.34

Plastic limit (WP), % 28.7

Plasticity Index (PI), % 16.49

Plasticity Medium plastic

Light Compaction

Optimum Moisture Content, OMC 22.43

Maximum Dry Density (MDD), (kN/m3) 16.76

Table 2 Specification details of the PVD

Properties Test method Unit Specified value Observed averagevalue

Width ASTM D 3774 mm 100± 100

Core thickness mm ≥3.5 4.2

Tensile strength (full
width)

ASTM D 4595 EN kN ≥2.5 2.7

Elongation at 0.5 kN
(Full Width)

ASTM D 4595 EN % ≤10 1.3

Discharge capacity
(300 kPa)

ASTM D4716 cm3/s ≥100 108

Thickness ASTM D5199 mm ≥4.0 4.1

Grab tensile strength ASTM D 4595 N ≥500 508

Wide width tensile
strength

ASTM D 4595 kN/m ≥7 8.1

Elongation at break ASTM D 4533 % 40–50 42

Permittivity ASTM D 4491 S−1 0.44 0.65

Permeability ASTM D 276 cm/s 2 × 10−3 2 × 10−3

2.3 Model Used in the Test Programs

The size of the model used in this study is 60 cm high and 33.90 cm in diameter
made of steel. It is shown in Fig. 1. After the preparation of the soil bed, it is covered
with a sand layer of 1 cm thickness. Then, a seating plate of 15 mm thick is placed
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Fig. 1 Model box and soil bed (prepared at OMC) without any PVD

over the top surface of the sand layer. Over the seating plate, a loading beam with a
groove is placed connected to a loading bar with a bearing ball through which dead
loads are applied that pass uniformly onto the soil bed. Loading bar, lever arm, dial
gauges and other parts of the model are shown in Fig. 1. Lever arm ratio (l2/ l1) is
10, where l2 = 100 cm and l1 = 10 cm.

2.4 Methodology

In the first case, the bed of the silty-clay soil is prepared at optimummoisture content,
i.e., at 22.43% and placed in the model at three stages by tamping. A sand layer of
10 mm thickness is placed. Thereafter, a seating plate of 15 mm thickness is placed
over the soil bed. Now, with the help of a lever arm, vertical surcharge pressure of
2 kPa is applied over the seating plate through the loading bar. After 10 days, another
vertical pressure of 2 kPa is added to the previous load, i.e., now the load is 4 kPa.
In other words, the increment of pressure is 2 kPa per 10 days. In this way, a total
surcharge pressure of 16 kPa is attained after long 80 days. Settlements are calculated
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with the help of two dial gauges placed at the opposite corner of the seating plate.
The same test procedure is followed for other surcharge pressures such as 4 kPa,
6 kPa and 8 kPa leading to final surcharge pressures of 32 kPa, 48 kPa and 64 kPa,
respectively, after 80 days. The test setup is shown in Fig. 1.

In the second case, a prefabricated vertical drain is held vertically in the middle of
the model tank, and the soil bed prepared at optimum moisture content is place into
the model in three stages. Here, no mandrel is used in this study so the disturbance
around the drain due tomandrel insertion is eliminated. So, there is no question about
the presence of a smear zone. The top surface of the soil bed is smoothened thereafter,
and a layer of sand of thickness 1 cm is dressed over it. Then, a seating plate is placed
over the soil bed, and the same test procedures are repeated as mentioned in the first
case. Experimental works are kept under the observations for 80 days. Figure 2 shows
the test setup.
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Fig. 2 Model box and soil bed (prepared at OMC) reinforced with a PVD
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3 Result and Discussions

3.1 Effect of Time Period on Settlement

Various soil beds are prepared at OMC, and vertical pressures (i.e., 2, 4, 6 and
8 kPa) are applied on this bare soil, i.e., no PVDs are installed in these soil beds.
Changes in the settlement reading are recorded every 5 days, and loading is changed
every 10 days. In each case (vertical pressure), it is observed that gradual settlement
occurs with time up to 40 days and beyond this period the settlement becomes almost
constant. Up to 40 days, settlements of the soil are observed as 9.0, 10.50, 11.60 and
12.60 mm for 2, 4, 6 and 8 kPa vertical pressures, respectively, and no significant
change in settlements are observed between 40 and 80 days. In other words, when
no PVD is installed into the soil and vertical pressure 2, 4, 6 or 8 kPa is imposed, the
time periods between 35 and 40 days turn out to be crucial periods (after which the
settlement tends to be almost constant) for each vertical pressure. The difference in
the settlement between 8 kPa and 2 kPa vertical pressures is only 3.60 mm between
40 and 80 days. Here, the expulsion of water takes place in the vertical direction only
and this causes maximum pore water to remain onto the soil mass, so the settlement
of the soil mass also gets decreased. But when PVDs are incorporated into the soil,
the travelling distance of pore water gets decreased, i.e., pore water travels in both
horizontal and vertical directions. Maximum pore water reaches the PVD and it
drains off the water on the top surface. These phenomena expedite the consolidation
settlement of the PVD-reinforced soil. Hence, crucial time periods put up different
trends and change to 40 to 45, 45 to 50, 50 to 55 and 55 to 60 days for 2, 4, 6 and
8 kPa vertical pressures and the corresponding vertical settlement results are 18.80,
23.30, 28.20 and 30 mm, respectively. The time period versus settlement graph is
shown in Fig. 2.

3.2 Effect of Vertical Loading on Settlement

In the first case, no PVD is used with the soil bed. When vertical loading of 2 kPa
is applied, a rapid settlement of the soil bed is observed up to 40 days with 9 mm
settlement, but beyond this period it tends to be almost constant. The same trend is
observed at other vertical pressures such as 4, 6 and 8 kPa with 10.50, 11.60 and
12.60mm settlements, respectively, up to 40 days. In other words, with an increase in
vertical loading, settlement increases at a small rate. An increase in vertical pressure
could not increase significant settlement since no PVD is embedded into the soil
mass. In the second case, when PVD is installed in the soil, settlement results are
found to increase comparatively if surcharge loading is increased from 2 kPa to
6 kPa, i.e., an increase in vertical pressure increases settlement drastically as can be
seen from Fig. 3 and the results are shown in the previous section. After a few days,
settlements at all vertical pressures become almost constant due to likely clogging of



152 A. Saha et al.

Fig. 3 Time versus Settlement curve of the soil reinforcedwith PVDprepared at Optimummoisture
content (OMC) at different loading conditions

the PVD. However, the settlement results became almost closer to each other for the
cases of loading of 6 kPa and 8 kPa. Expulsion of most of the moisture contents is
completed within 50 to 55 days or the clogging of the PVD occurs, and/or these may
be the reasons for these graphs becoming closer. So, it may be concluded that even
though we increase vertical pressure settlement of the soil will not increase beyond
8 kPa vertical pressure.

4 Conclusions

From the testing results obtained from laboratoryworks, itmaybe concluded thatwith
the use of prefabricated vertical drain (PVD), settlement of silty-clay soils increases
very rapidly even though the soil is prepared at optimummoisture content. The higher
the load (stress), the greater is the settlement value. Time versus settlement curves
of the PVD-reinforced soil became closer to each other at the imposing load (stress)
of 6 kPa and 8 kPa. So, it may be concluded that a significant amount of settlement
may not be expected beyond 8 kPa of surcharge load (stress). That implies that PVD
is much effective up to 8 kPa even at OMC of the silty-clay soil (used in this study),
and its effectiveness diminishes gradually beyond this loading range. These results of
settlement may be used as a reference in the studies that use different water content of
the soil. Because, generally, settlements of soft soils are determined at water content
closer to their liquid limit. Therefore, this research may be a useful reference to the
academicians/researchers who work on PVD-reinforced soft soils.
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