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Abstract Vertical drains are often used to accelerate the consolidation settlement in
soft clays subjected to preloading. Even though there are a variety of ground improve-
ment techniques available, prefabricated vertical drains (PVD) in combination with
preloading have become a popular method for soft soil problems as it provides an
effective solution. Marine clay is one such type of soft soil which is highly compress-
ible and causes severe distress to the structure constructed over it. In this study, a
numerical investigation is carried out to explore a better insight into consolidation
behavior of Marine clay improved with PVD. A surcharge load of 25 kPa is applied
to accelerate the consolidation process. The analysis is carried out using the finite
element software ABAQUS, employing the modified Cam-Clay theory. The aim of
this study is to investigate the effect of smear on the settlement rate with different
drain spacing (Drain spacing ratio n = 10, 15, 20) and for two different thickness of
clay layers.
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1 Introduction

Due to the rapid increase in population and fast development of infrastructure
throughout the world utilization of low-lying marshy areas and reclaimed land is
the need of the hour. Most of such lands are composed of highly compressible and
weak soils up to significant depths. Soft marine clay and alluvial deposits have very
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low-bearing capacity and excessive settlement characteristics, which imposes serious
issues to the structures constructed over it. Therefore, it becomes essential to stabilize
the existing soil before commencing any construction over it for both long-term and
short-term stability.

Prefabricated vertical drains is one of the most widely used ground improvement
technique among the various available methods for improving the engineering prop-
erties of the soft clay deposit. Application of preloading combinedwith prefabricated
vertical drain is most popular and successfully adopted technique in many projects
including high-rise buildings, roads and railways [1–3]. PVDs are often preferred
over another method because of its low cost and lesser installation period [3, 4].

Preloading is the application of surcharge load on the soil before actual construc-
tion of the permanent structure over it until a major part of the primary consolidation
occurs. The time taken for consolidation settlement will be very long for soils having
very low permeability and high compressibility even with the application of fairly
high surcharge load. This makes it very difficult to achieve desired consolidation for
projects with tight construction schedule. Hence, a system of geosynthetic PVD is
often introduced to achieve a radial drainage and rapid consolidation. The PVDs are
installed in triangular, square or rectangular pattern [5] in the field with center to
center distance varying about 1–3.5 m [6].

A behavior of soft clay foundations treated with vertical drains can now be
computed with reasonable accuracy due to significant improvement in rigorous
numerical analysis in the past decades. A unit cell theory representing single vertical
drain surrounded by the influence zone of cylindrical soil by assuming equal vertical
strain was proposed by Barron [7]. Later, Hansbo [] modified the solutions developed
by Barron [7] with simplified assumptions including the effects of smear and well
resistance. Single drain analysis with small strain condition is limited to embankment
center line where zero lateral displacements occur. Predictions made based on this
analysis becomes less accurate toward embankment toe where large lateral displace-
ment may occur because of non-uniform surcharge load distribution. Hird et al. [8],
introduced an equivalent two-dimensional (2D) plane strain concept to predict the
performance of soft clay behavior improved with a system of vertical drains. Due
to common usage of plane strain concept in finite element analysis Indraratna and
Redana [9] extended unit cell theory to convert axisymmetric parameters such as
permeability coefficient to equivalent plain strain parameters and also considered
the smear effect caused by mandrel intrusion. However, this study is limited to finite
element analysis of a single drain placed at the center of the unit cell. The factors
affecting the drain performance such as smear zone and drain influence zone are
discussed in this paper.
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2 Drain Properties

2.1 Drain Influence Zone

The influence zone around the drain can be described as the maximum coverage area
of water movement around the drain. The influence zone varies based on the drain
spacing and the pattern of installation adopted in the field. Usually in the field, PVDs
are installed either in square or triangular pattern. Square pattern is easy for layout
and installation whereas, triangular pattern provides more uniform consolidation.
Diameter of influence zone can be determined by following equation.

De = 1.05 S(Triangular pattern)

De = 1.128 S(Square pattern)

where De is the diameter of influence zone and S is the drain spacing.

2.2 Equivalent Diameter

PVDsare generallymanufactured in rectangular cross section tomake easeof storage,
transportation and installation. As their shapes are not equivalent to the circular cross
section considered in the unit cell theory, PVDwith a polygon influence zonemust be
converted to a cylindrical drain with a circular influence zone. The formulations for
conversion to equivalent circular drain available fromprevious studies are highlighted
below [10–12].

dw = 2(a + b)/p

dw = (a + b)/2

dw = (0.5a + 0.7b)

where dw is equivalent PVD diameter and a and b are width and thickness of
PVD, respectively. Above all, the equation proposed by Hansbo [11] was used to
determine equivalent diameter of the drain in this study.
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2.3 Smear Zone

The installation of PVD by mandrel causes significant remolding of subsoil, espe-
cially in the immediate surroundings of the mandrel. This disturbed zone in the
vicinity of PVD is called smear zone. The permeability and compressibility of the
clay near the drains are changed because the installation process alters the structure
of clay. The combined effect of compressibility and permeability within the smear
zone causes distinctive behavior from the undisturbed soil. Many researchers have
studied the diameter of smear and its effect on consolidation [13–15]. There are two
parameters needed to evaluate smear zone effect, namely (1) smear zone ratio which
indicates the extent of smear zone (ds/dm) where ds and dm are diameter of smear
zone andmandrel, respectively, and (2) the hydraulic conductivity ratio (kh/ks) where
kh and ks are permeability of undisturbed zone and smear zone.

3 Numerical Modeling of Vertical Drain

A finite element program ABAQUS was used to simulate a unit cell of vertical
drain. Due to the circular shape of influence zone, axisymmetric model was used
for the analysis. The soft soil was modeled using the Modified Cam-Clay model
[16] to capture the inelastic behavior of the material whereas, the elastic part of the
deformation was defined by using the porous elastic material. The Modified Cam-
Clay properties are shown in Table 1. The soft soil is modeled for a depth of 12mwith
varying smear zone ratio and drain spacing ratio. All the analyses were carried out for
the surcharge load of 25 kPa. The displacement boundary conditions were as follows:
for the bottom boundary both vertical and horizontal displacements were fixed and
for vertical boundaries on right and left, horizontal displacement was fixed which
allows tomove freely in the vertical direction.Drainagewas allowed at the top surface
by setting up zero pore pressure at the surface. The bottom and vertical boundaries
weremade impermeable. The element chosenwas 8-node axisymmetric quadrilateral
element with bilinear displacement and bilinear pore pressure (CAX8RP). In this
study, diameter of drain was calculated based on the equation proposed by Hansbo
[11]. The diameter of the smear zone ds was taken as 2 based on the studies conducted
byBergado et al. [13]. From the laboratory studies on various clay sample, the average

Table 1 Modified Cam-Clay
properties used in the
consolidation analysis

Soil properties Value

λ 0.232

κ 0.073

Critical state line slope,M 0.727

Initial void ratio, e0 1.2

Poisson’s ratio, ν 0.4
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values of kh/ks varies from 1 to 5. Based on this study, the permeability ratio was
taken as 3.

4 Results and Discussion

In this study, finite element analysis is carried out to study the effect of smear. Two
models were created to simulate the conditions of with and without smear. Figure 1
shows the settlements at the surface and at depth intervals of 4 m with time. The
settlement at the surface shows higher magnitude and the settlement decreases with
depth, which supports the observation of Bergado et al. (1992).

The maximum settlement observed at a depth of about 8 m is 47 and 57 mm for
cases a and b, respectively, which is only 13 and 12.5% of the surface settlement.

Figure 2 shows the comparison of settlement observed at the ground surface for
both the cases. The maximum ground settlement was 425 mm and 375 mm for the
case with and without smear, respectively. The case with smear condition shows
lesser rate of settlement when compared to perfect drain condition. However, the
difference in settlement rate diminishes toward the end of consolidation.

As it is evident from the study that the smear zone influences the time period of
consolidation, a parametric study was conducted by varying the smear zone ratio.
Based on the various studies carried out by many researchers, smear zone was varied
from 2 to 6. Figure 3 depicts the settlement behavior of soft clay with varying smear
zone ratio. Higher settlements and faster rate of consolidation is observed for smear
zone ratio of 2. The consolidation rate decreases on increasing the smear zone ratio
from 2 to 3 and further reduces on increasing it to 4. For the smear zone ratios of
5 and 6, almost similar settlement behavior is observed. Hence, it can be concluded
that the smear zone influences the consolidation rate up to the smear zone ratio of 4.

Spacing is another factor which controls the rate of consolidation. Drain spacing is
determined based on required degree of consolidation to be achievedwithin particular
time. To investigate the effect of spacing and thickness of clay, three different drain
spacings were considered in the analysis. The analysis is carried out for perfect
drain condition for drain spacing ratio of n = 10, 15 and 20. Figure 4 shows the
settlement behavior for various spacing ratio. It is observed that the rate of settlement
decreases with increase in spacing ratio. For drain spacing ratio of 10, the settlement
occurs at faster rate and final settlement occurred in 18 days whereas the settlements
kept increasing for higher drain spacing ratio which required higher time for full
consolidation to occur because of higher spacing.

Figure 5 represents the settlement behavior of clay layers having two different
thickness of 12 and 15 m. It can be seen that clay layer having higher thickness
undergoes more settlement since the magnitude of settlement is proportional to clay
thickness.
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Fig. 1 Settlements for various depths of clay. a Without smear, b with smear
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Fig. 2 Settlement for cases of with and without smear

5 Conclusion

Finite element analysis has been carried out to study the effect of various factors
influencing the rate and magnitude of consolidation. It can be concluded that the
smear zone affects the rate of consolidation during the initial time period and its
effect diminishes with time. Also drain installed at closer spacing provides faster
consolidation when compared to higher drain spacing ratio. However, the problem
of overlapping of smear zone arises in the field when the drains are installed at closer
spacing. The analysis carried out with different clay layer thickness depicts higher
magnitude of settlement for thick clay layer.
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Fig. 3 Surface settlement for different smear zone ratio
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Fig. 4 Settlement curve for various drain spacing ratio

Fig. 5 Settlement plot for various thickness of clay layer
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