Interaction effect of piles and prefabricated vertical drains in soft clay: A critical review
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ABSTRACT

Marine soft clay regions present significant challenges for railway infrastructure. Excessive pore water pressures and
differential deformations caused by train loads can result in track instability, increased maintenance costs, and reduced
operational efficiency. Addressing these challenges requires an in-depth understanding of the behaviour of soft soils
under train loading and the implementation of effective ground improvement techniques. Among various ground
improvement methods, pile foundations and prefabricated vertical drains (PVDs) can be adopted to enhance the
stability and load-bearing capacity of soft clay. Pile foundations transfer the load to deeper, more stable soil layers,
while PVDs accelerate the consolidation of soft soils by providing pathways for excess pore water to dissipate.
Despite their individual merits, the combined use of piles and PVDs has been minimally explored. This paper
highlights the potential of integrated pile-PVD systems to overcome the limitations of standalone methods, offering a
comprehensive solution for improving railway subgrades in challenging soil conditions. By synthesizing field tests

and past research, this study emphasizes the interactive benefits of pile foundations and PVDs.
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1 INTRODUCTION

Soft clays, commonly found in coastal regions of
Australia, are characterized by low bearing capacity and
significant compressibility under heavy loading,
necessitating appropriate improvement before serving as
subgrades for railways. When situated beneath railway
embankments, these soils are exposed to static and
dynamic loads from trains and embankment, which can
result in elevated excess pore water pressures, reduced
bearing capacity, and deformations. Poor drainage
conditions exacerbate these issues, leading to problems
such as ballast fouling, subgrade degradation, and mud
pumping (Attya et al., 2007b). Such issues can decrease

transportation efficiency and increase maintenance costs.

Thus, understanding the behavior of soft soils under
dynamic loadings and implementing preventative
measures are crucial for maintaining railway
infrastructure integrity. Effective strategies include
advanced ground improvement techniques, continuous
monitoring, and timely maintenance interventions to
mitigate the adverse effects of dynamic loads and ensure
the long-term stability and performance of railway
subgrades.

Under limited drainage, i.e. undrained conditions, the
application of railway loads increases EPWP, which in
turn reduces effective stress and induces upward fines
migration. Effective drainage facilitates volumetric
changes by dissipating EPWP, thereby mitigating
instabilities such as mud pumping (Abeywickrama et al.,
2021; Attya et al., 2007a)

Pile foundations and PVD-assisted consolidation are two
common methods for improving soft soils. Pile
foundations utilize rigid inclusions to transfer the load
from the superstructure to a stable bearing layer. PVDs
act as additional drainage channels for excess pore water
pressure dissipation. Despite the widespread adoption of
each technique, studies on the combined application to
highlight their advantages have been limited in the
literature (Bradshaw & Baxter, 2006; Holtz & Boman,
1974; Tefera et al., 2011). The paper discusses the
benefits of an individual method followed by discussion
of the combined system applicable for railway
embankments

2 APPLICATION OF PREFABRICATED
VERTICAL DRAINS

2.1 Overview

PVDs are commonly employed to reduce drainage
paths and expedite soil consolidation, often paired with
surcharge. To maintain the stability of embankments
under surcharge loads, staged construction is typically
implemented. However, as this approach can extend the
pre-consolidation period, vacuum preloading is
frequently adopted as an alternative. Vacuum preloading
creates negative pressure within the PVDs, causing pore
water to flow upward due to suction forces, making it
particularly effective for enhancing the consolidation of
deeper clay layers.

2.1.1 Smear effect
When PVDs are installed using a mandrel, the



process of penetration and extraction creates a disturbed
region around the drain, referred to as the smear zone.
During installation and withdrawal in layered soils,
impervious layers may be dragged down and smeared
over more permeable layers, forming an area of reduced
permeability near the drain. This effect, highlighted by
early studies, must be accounted for in theoretical
models. The smear zone is typically divided into two
regions: a disturbed zone close to the PVD and an
undisturbed zone farther away (Barron, 1948; Hansbo et
al., 1981; Indraratna & Redana, 1997). Some researchers
further refine this into a three-zone model(Onoue et al.,
1991), consisting of an inner smear zone near the drain,
an outer smear zone with moderately reduced
permeability, and an undisturbed zone beyond. Since the
variation of permeability in a radial direction is quite
complex, this three-zone hypothesis is difficult to apply
S0 in practice.

2.1 Effect of PVDs under cyclic loading

When drainage is allowed, the cyclic load resistance
of normally consolidated clay can be significantly
improved (Yasuhara & Hirao, 1989). Furthermore, a
relationship to estimate undrained shear strength after
drainage following cyclic loading has been established,
enabling better predictions of soil behaviour under such
conditions (Attya et al., 2007a). The simultaneous
generation and dissipation of excess pore water pressure
(EPWP), as illustrated in Figure 1, reduces the overall
magnitude of EPWP, enhancing soil stability and
resistance to deformation under cyclic loading.
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Figure 1: Effect of PVDs on Generation of EPWP under cyclic
loading
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In pile foundations, when the surrounding soil settles
more than the pile itself, the soil exerts a downward pull
on the pile. This force, known as "Negative Skin
Friction," develops along the pile surface and reduces its
load-bearing capacity. In severe cases, this additional
drag force can compromise the structural integrity of the
pile, potentially leading to failure. To overcome this
force the common practice is to design piles with higher
capacities under higher costs. The development of

Negative Skin Friction (NSF) is inherently time-
dependent, as it correlates with the consolidation process
of the surrounding soil (Chen et al., 2009). Bozozuk
(Bozozuk, 1972) derived the following equation Eq.(1)
to express NSF based on his field testing.

Gn = Boy (M

qn — Negative Skin Friction

g, - Effective vertical stress

Table 1 summarizes the values for § given by other field
testings.

Table 1.Summary of the values given for

Reference B
(Bjerrum et al., 1969) 0.2-0.3
(Fellenius, 1969) ~0.1

(Indraratna, 1992) 0.1-0.2

Indraratna (1992) conducted an analysis of piles driven
into Bangkok subsoils using both short-term pull-out
tests and long-term full-scale measurements. Two
hollow cylindrical pre-stressed concrete piles were
utilized, one of which was coated with bitumen, to
examine the impact of the coating on negative skin
friction (NSF). Results showed that it took six months
for the uncoated pile to reach the maximum NSF, while
the coated pile achieved this in just three months. This
demonstrated that the bitumen coating effectively
reduced the development of NSF in the coated pile by
40% compared to the uncoated pile.

3 FACTORS AFFECTING PILE-PVD
INTERACTION

Under cyclic loading, soft clay subgrades experience
structural degradation, resulting in the generation of
excess pore water pressure at levels significantly higher
than those observed under static loading. This elevated
pressure poses a critical challenge, as it can lead to the
fluidization of the subgrades and, in severe cases, trigger
mud pumping.
providing additional radial drainage using PVDs prior to
piling can theoretically dissipate the excess pore water
pressure generated by piling and cyclic and or static
loading. Further, as the soft clay soil is settled due to
consolidation with PVDs, the down-drag force on the
pile shaft too can be minimized, enhancing smaller piles
in size and length aspects. Zhu (2018) conducted an
extensive field and laboratory investigation on the
combined use of piles and PVDs under static loading
conditions. The study demonstrated that PVDs could
effectively reduce drag loads on piles by providing
additional support within a relatively short timeframe.
Several factors can affect the effectiveness of this hybrid
method as follows:

3.1 Installation pattern
PVDs are mainly installed in the field in either a



triangular or a square pattern. But when it comes to a
combined installation, four patterns of installation can be
identified by referring to the combined installation of
PVDs and stone columns as shown in Figure 2.
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Figure 2: Installation patterns of the combined technique

As shown above, when it comes to different installation
patterns, the number of PVDs surrounding one pile can
be changed and spacing between the pile and PVDs is
also changed. Therefore, the installation pattern can
affect the dissipation rate of EPWP and result in the
solution's effectiveness.

Nazir et al., (2018) performed field testing using a much
similar square pattern (Figure 3) and concluded that
there was a noticeable difference in terms of differential
settlement compared to the conventional method and this
combination has reduced the post-construction

settlements.
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Figure 3: Installation pattern adopted by (Nazir et al., 2018)

3.2 Smear effect

As explained above in section 2, the installation
process of both piles and PVDs causes disturbance to the
surrounding soil causing a smear effect. Therefore, the
effect of smearing should be considered when it comes
to this kind of hybrid application. Saye (Saye, 2003) had
identified a minimum spacing for PVDs below which
there is no effect on increasing the consolidation rate.
Walker & Indraratna (2007) had incorporated the idea of

this minimal spacing and came up with a smear
overlapping concept when two installations are done
near each other. These findings confirm that this
smearing effect is based on the spacing between two
consecutive PVDs. This same combined effect should
be considered in this hybrid method as the distance of
PVD-PVD and pile-PVD can directly affect the
effectiveness of the system. Zhu (2018) had incorporated
the smearing from PVDs to his numerical solution by
changing the permeability using a unit cell analysis. He
converted the surrounding PVDs into a PVD ring (Figure
4) and modified the permeability inside the ring as Eq.2
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Figure 4: Conversion of representative element into a drain ring;
Modified after Zhu (Zhu, 2018)
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where,
kn — Horizontal permeability
kning  — Equivalent horizontal permeability inside
the unit cell
Kkns — Average horizontal permeability of soil in
smear zone
s — Spacing between two adjacent vertical drains
n — Ratio of influence radius (0.564s for square
pattern and 0.525s for triangular pattern) to drain radius
A — Area of unit cell around a vertical drain
A — Area of smear zone in a unit cell around a

vertical drain

3.3 Degree of consolidation

The effectiveness of installing PVDs before piling
depends significantly on the degree of consolidation
(DOC) achieved prior to piling. Zhu (Zhu et al., 2020)
conducted field tests where PVDs were used to achieve
up to 95% consolidation before piling, demonstrating a
reduction in excess pore water pressure and the down
drag force on piles. Similarly, Nazir et al. (2018)
implemented a method where surcharged PVDs were
maintained for up to 6 months before piling. The
duration for which PVDs are left in place before piling
largely depends on site conditions and the shear strength
of the soil. Typically, in field applications, PVDs are
used until 90-95% consolidation is achieved, but this



process can take years, depending on the soil type.
However, when piles are used as part of the
reinforcement strategy, there may not be a need to wait
for such extended periods of consolidation, as the piles
can assist in strengthening the soil more efficiently. This
area requires further intensive research to optimise the
time and effectiveness of PVD and pile integration.

4 COMBINED USE OF PILE-PVD SYSTEM

Early investigations into combining piles with
Prefabricated Vertical Drains (PVDs) demonstrated their
potential to reduce excess pore water pressure during
pile installation. Holtz & Boman, (1974), as well as
Fellenius (1975), tested the effectiveness of nailing
PVDs to the pile shaft before driving. Their experiments
revealed that PVDs decreased the maximum pore water
pressure by at least 50%, highlighting their effectiveness
in mitigating installation-induced pressures.

4.1 Field Applications and Observations

In a practical application, PVDs were attached to pile
shafts during bridge construction in Drammen, Norway,
as studied by Tefera et al. (2011). While the objectives
were not explicitly stated as achieved, the recorded
excess pore water pressure values were significantly
lower than typical literature-reported values. This hinted
at the promise of PVDs in reducing pore water pressure
during construction.
Nazir et al. (2018)’s field case study in a rigid piled
embankment provided deeper insights. By incorporating
PVDs at transition and intersection zones, the study
evaluated settlement, differential settlement, cost, and
construction time. Conventional designs exhibited
significant post-construction settlement due to ongoing
consolidation in compressible layers, along with marked
differential settlement at piled and unpiled intersections.
In contrast, using surcharged PVDs accelerated
consolidation during the treatment period, resulting in
minimal post-construction settlement.

4.2 Trial Study in Australia

Further advancements were observed during a trial
field test by Zhu et al. (2020) at the National Field-
Testing Facility (NFTF) in Ballina, NSW, Australia.
Zhu’s observations confirmed that PVDs contributed to
achieving high levels of consolidation within a short

timeframe, accompanied by minimal lateral deformation.

This trial underscored the practical benefits of
combining PVDs with piles in challenging soil
conditions. Figure 5 shows the effect of PVDs on the
generation of maximum downdrag force on piles, and the
authors conclude that with the use of PVDs before piling,
many issues associated with pile driving could be
minimised.
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Figure 5: Downdrag force vs Surface settlement with and without
PVDs modified after (Zhu et al., 2020)

3 CONCLUSIONS

The combined use of piles and Prefabricated Vertical

Drains (PVDs) has proven to be an effective method for
enhancing soil shear strength and minimising long-term
deformations. Despite the widespread adoption of pile
foundations and preloading with PVDs as individual
geotechnical solutions, limited research has focused on
their combined application, particularly under cyclic
loading conditions. This innovative approach eliminated
undulating road problems often encountered on soft
ground and reduced the need for costly remedial work. It
also proved more efficient in terms of time and cost
compared to traditional methods, which heavily depend
on extensive piling or corrective measures. The findings
highlight the potential of the pile-PVD system to
transform ground improvement practices in challenging
soil environments.
This study highlights the critical role of pre-
consolidation in reducing excess pore water pressure and
mitigating subsequent soil deformations during piling.
Additionally, it confirms that surcharge preloading,
supported by PVDs, can effectively control down-drag
forces while facilitating consolidation within a relatively
short period. These findings provide valuable insights
into the consolidation and load-carrying behaviour of
soft clay, offering a practical and timely solution for
geotechnical practitioners addressing the challenges of
constructing infrastructure on soft soils.
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