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This paper presents a review of literature related to the vacuum consolidation ground improvement technique,

focusing on issues affecting efficiency of performance and the application of the technique in peaty ground.

Although it is now widely considered to be effective for reducing post-construction settlement, studies on vacuum

consolidation in peat have, to date, mostly been limited to field trials. This paper offers an overview of the

development and theory behind the technique. Issues affecting the efficiency of vacuum systems and recent

advances in predicting the ground response to vacuum preloading are described. The application of the technique in

peaty soils is investigated; an overview is also provided of some geotechnical properties that distinguish peat from

soft mineral soils, highlighting lessons learned from relevant case studies.

Notation

a positive integer representing differential settlement

Cvh coefficient of consolidation for horizontal flow
condition

I rigidity index

k factor dependent on PVD installation depth and loading
period

kn horizontal permeability for undisturbed soil

ks horizontal permeability for disturbed soil

ky vertical permeability for undisturbed soil

diametrical ratio of soil element to central prefabricated
vertical drain
OCR  over-consolidation ratio

p mean effective stress

Da atmospheric pressure

r smear zone radius

Tm equivalent elliptical radius of mandrel
U average degree of consolidation due to radial drainage
u pore water pressure

yP plastic shear strain

€ engineering strain

n efficiency

o total stress

o' effective stress

1. Introduction

Soils having poor engineering characteristics now demand more
consideration in construction activity, especially in regions where

good quality ground (i.e. with adequate bearing capacity and low
compressibility) is in short supply. Surcharge preloading with
prefabricated vertical drains (PVDs) is one of the most popular
techniques for ground improvement involving soft soils (Beales
and O’Kelly, 2008; Indraratna et al., 2010a). The inclusion of the
PVDs into the ground artificially reduces the drainage path
length, thereby speeding up the consolidation process which may
otherwise take many years to achieve substantial completion for
soft soil deposits (Bo et al., 2003; Saowapakpiboon et al., 2010).
However, the surcharge loading required to ensure such deposits
undergo acceptably low amounts of settlement post-construction
are often so large that, in maintaining an adequate factor of safety
against slope instability, it may prove rather time consuming to
apply the necessary fill layers. In this regard, use of the vacuum
consolidation technique in conjunction with surcharge preloading
and PVDs can enhance the efficiency of ground improvement
works (Chu et al., 2000; Indraratna, 2010; Mesri and Khan,
2012). The vacuum preloading technique, originally proposed by
Kjellman (1952), has over the past three decades evolved to
become a viable, more cost-effective solution for ground im-
provement projects worldwide (see Table 1). This has been
largely due to improvements in geosynthetic/PVD and vacuum
pump technology.

Vacuum consolidation usually involves applying a vacuum pres-
sure into ground that has been protected from pressure losses at
its surface by a sealing membrane (Figure 1). The vacuum pump
produces a negative pressure (with respect to atmospheric
pressure) in the permeable soil cushion, located immediately
beneath the sealing membrane, and along PVDs installed within
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Reference

Treatment
area: m?

Vacuum

Vacuum pump

System

Soil type(s)

Project, country

pressure: kPa

(Chai et al., 2010)

3600 and
3782
NR

Membrane-less NR 80-90
1

Two test sections, reclaimed Reclaimed layer, clayey
soil

landfill, Tokyo Bay, Japan
Ballina Bypass, Australia

(Indraratna et al., 2010b)
(Osorio et al., 2010)

70-80

Membrane NR

Membrane

Clayey silt, silty clay

00

80 initially,

Jet pump, liquid
ring pump

NR

Pseudo-fibrous peat

Field test, Ballydermot raised

bog, Ireland

71 sustained

60-75

(Indraratna et al., 2011)

Two sections:
4305 and
10500

NR

Membrane

Clay, sand, dredged

mud

Port of Brisbane, Australia

(Ariyarathna et al., 2010)

55 initially,

NR

Membrane

Amorphous peat

Southern Expressway near

Colombo, Sri Lanka

averaging 35

Note: NR, not reported.

Table 1. (continued)

the ground under treatment. Vacuum pressures as high as 90 kPa
may be achieved in practice for soft clays, although a value of
80 kPa is typically considered for design (Chu et al., 2008).

1.2 Theory

The surcharge and vacuum preloading mechanisms can be
explained using a spring analogy (Figure 2). Since geotechnical
analysis is usually based on mean effective stress (p'), atmo-
spheric pressure (p,) tends to be disregarded in stress calcula-
tions. However, it must be considered for an understanding of the
theory underlying vacuum consolidation. When a vacuum pres-
sure is applied, the total stress remains the same but a decrease in
the pore pressure by p, causes a corresponding increase in the
mean effective stress (Ap') to occur. Accounting for vacuum
pump efficiency (1), normally 70—80% of atmospheric pressure
(Chu et al., 2008)

1. Ap = np,

The superposition principle can be applied when surcharging is
combined with vacuum preloading; that is the resulting pore
pressure equals the excess pore water pressure generated by the
surcharge plus the pore pressure reduction induced by vacuum
preloading. Hence the maximum induced pore water pressure is
smaller, compared with surcharge preloading alone.

Choosing vacuum-assisted preloading over surcharge preloading
alone can potentially reduce the cost of ground improvement
works by 30% (TPEI, 1995; Yan and Chu, 2003). There is also a
much reduced risk of slope instability occurring. The vacuum
technique is considered to be environmentally sustainable com-
pared to the alternatives, since (Indraratna et al., 2010c, 2012a)

B compared with surcharging alone, reduced surcharge loads
for vacuum-assisted preloading means less fill material must
be transported to site

B chemical residues are not introduced and left in the soil,
although the PVDs remain in the ground post-treatment

B carbon emissions are approximately 30 times smaller
compared with an equivalent pile foundation solution

B associated noise levels are acceptable; for example, in
contrast to works involving driven piles.

1.3 PVDs

PVDs serve a dual purpose during vacuum consolidation in that
they aid in the balanced distribution of vacuum pressure over the
soil treatment depth while also discharging extracted pore water
up to the permeable soil cushion at ground surface level (Chu et
al., 2008). As they have become cheaper, flexible PVDs have
generally replaced sand drains and granular piles (Dam et al.,
2006; Indraratna, 2010). Although dynamic methods of PVD
installation such as vibrating or drop hammer techniques are
sometimes used, static methods are generally preferable since
they produce less disturbance to the surrounding soil (Ghandehar-
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Figure 1. Schematic diagram of typical membrane
vacuum consolidation system (Masse et al., 2001)
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Peripheral drain wall

ioon et al., 2010). Indraratna et al. (2011) observed that band
PVDs and circular PVDs exhibited similar performance in areas
under embankment surcharge alone. However, in vacuum pre-
loaded areas, circular PVDs were found to produce faster
consolidation rates, most likely due to their ability to transfer
vacuum pressures to great depths more effectively.

Design charts for vertical drains were developed by Rujikiat-
kamjorn and Indraratna (2007) in order to estimate an appro-
priate drain spacing, considering a larger range of soil
properties and drain installation patterns. In plan, vertical drains
are generally arranged in either a square or triangular grid
pattern. Drain spacing of 1-2—1-3 m is considered adequate for
design in highly compressible clay, with a reduction in the
consolidation rate possible for drains placed at closer spacing
on account of the intersection of smear zones (Indraratna et al.,
2011). The design drain spacing is a function of both the
vertical and horizontal drainage consolidation properties and
effective drainage lengths and also the time period targeted to
achieve the desired average degree of consolidation under
combined vertical and radial drainage.

1.4 Field investigation

Table 1 presents a summary of vacuum consolidation projects
reported in the literature over the past two decades, with a typical
set-up for a membrane vacuum consolidation system shown in

Figure 1.

When vacuum consolidation has to be performed over an
extensive area, the installation of the drain system can become a
significant challenge. This occurs because the vacuum treatment
would need to be performed consecutively for different sub-areas,
although this approach leads to inefficiencies (Chu et al., 2008).
This challenge may be overcome by connecting the vacuum line
directly to each individual PVD using a tubing system, such as
that proposed by Seah (2006) (Figure 3). Hence a sand blanket
and sealing membrane are not required since the connections
from the top of the PVDs to the vacuum line are completely
sealed. However, unless the system provides an airtight condition
for the entire treatment area, the efficiency may be quite low,
with vacuum pressures conceivably no greater than 50 kPa (Seah,
2006). Inter-bedded, more permeable layers can also produce
some practical problems. Wrapping an impermeable plastic
sleeve around each PVD, over the depth of the more permeable
layer, is one solution, but the adoption of this approach in
practice requires precise knowledge of the subsoil strata (Chu et
al., 2008).

Field monitoring usually encompasses measurements of the pore
water pressure and the vertical and lateral displacements at
different soil depths. Whether the average degree of consolidation
is evaluated based on settlement or pore water pressure data is
relevant and should be made clear in design work (Chu and Yan,
2005b). The average degree of consolidation achieved can often
be underestimated because instruments monitoring the pore water
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Figure 2. Spring and piston analogy of consolidation response
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pressure response are typically installed where the highest values
are likely to occur (Chu et al., 2008). For instance, pore pressure
transducers are usually installed equidistant from neighbouring
PVDs.

2. Factors affecting PVD performance

Prefabricated vertical drain efficiency is influenced by a number
of factors including smear effects and well resistance. The
development of an unsaturated zone close to the PVD following
mandrel withdrawal may also reduce the pore pressure dissipation
rate within the unit cell, until such time as the soil becomes more
saturated again. Discrepancies between prediction and perform-

ance of the vacuum consolidation technique arise from difficulties
in predicting the impact of the above effects, along with incorrect
assumptions regarding soil behaviour and the vacuum pressure
distribution achieved against depth over the treatment area.

2.1 Vacuum pressure distribution

Masse et al. (2001) reported that, in theory, vacuum pressure
should not vary with depth and should only be limited by the
depth to which the vertical drains can be installed. However, a
common concern is that vacuum pressures can only be effectively
applied to a depth of about 10 m below ground level (bgl),
regardless of drain length. For instance, Bergado ef al. (1998)
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Figure 3. Individual PVD and tubing arrangement for vacuum
consolidation (Seah, 2006). Reproduced by permission of
Southeast Asian Geotechnical Society

observed that the vacuum pressure achieved at 15 m bgl was only
25% of that applied at the ground surface, even though the PVDs
had extended to this depth. Choa (1989) noted that vacuum
consolidation diminished in its effect at 14 m bgl, despite the fact
that the vertical drains had extended to 20 m bgl. However, as the
technology advances, higher vacuum pressures and greater treat-
ment depths may be achieved. Chu er al. (2000) reported that for
a 20 m deep very soft clay deposit, the applied vacuum pressure
was fully developed to 14m bgl, with approximately 80%
achieved at greater depths. However, the uniformity of the
vacuum may also be affected if the soil profile is highly stratified
(Mesri and Khan, 2012).

For deposits open to two-way vertical drainage, the PVDs should
only partially penetrate the layer under treatment in order to
prevent vacuum pressure loss by way of the bottom drainage
boundary (Chai et al., 2005). Also, in the case of deep, soft soil
deposits open to one-way vertical drainage, it may not be feasible
to install PVDs over the full depth. In this case, Chai et al
(2009) reported that there may be an optimum depth ratio of
PVD installation to base of soil layer under treatment for which
the same average degree of consolidation may be achieved as for
a fully penetrating PVD. However, partial penetration makes
anchoring of PVDs during installation more difficult. A larger
anchor plate is required to secure the base position of the PVD
within soft soils, an action that causes significant soil disturbance.

Using numerical analysis, Indraratna and Rujikiatkamjorn (2008)
studied the effects of partially penetrating drains on the average
degree of consolidation achievable. They found that reducing the
drain length below 90% of the compressible layer thickness
significantly affected the consolidation rate. Only a small number
of approximate or semi-analytical solutions exist for determining
the average degree of consolidation in a deposit partially
penetrated by PVDs, although a more accurate and practical
solution has been recently proposed by Ong et al. (2012).

2.2 Smear zone effects

Compared with undisturbed soil, reductions in pore pressure and
increases in shear strength under vacuum and (or) surcharge
preloading tend to be greater within the smear zone around the
PVD (Bo et al., 1998; Saowapakpiboon et al., 2011). Smear
effects are determined by the extent of soil disturbance and the
ratio of horizontal permeability within the undisturbed soil to that
within the smear zone (kn/ks); this ratio is dependent on soil
sensitivity and macro fabric (Indraratna et al., 2010c).

2.2.1 Size of smear zone

Studies on PVD installation in vacuum-consolidated soils have
produced different estimates for the smear zone radius, usually
ranging from a factor of 1-5 (Sharma and Xiao, 2000) to slightly
more than 3 times the effective radius of the drain (Ghandehar-
ioon et al., 2010, 2012). Sathananthan and Indraratna (2006)
predicted that the average radius of the smear zone would be
approximately 3-5 times the equivalent radius of the mandrel.
The concept of overlapping smear zones may explain why
consolidation rates generally do not increase below a certain
value of drain spacing. The extent of smear effects may be
reduced by using mandrels having different shapes and smaller
cross-sectional area (Bergado et al., 1991).

Ghandeharioon et al. (2010) proposed that PVD installation in
soft clays using a rectangular steel mandrel would produce an
elliptical cavity expansion, with a concentric progression in the
horizontal plane. The affected zone is characterised by the plastic
shear strain (y?), with the ratio of yP to rigidity index (/) often
providing a good indicator of the extent of the smear zone.
Hence, in practice, these soil parameters can be used to
approximate the extent of the smear zone, avoiding the need for
sophisticated large-scale trials. Based on the range of strains
identified, as illustrated in Figure 4, the smear zone radius was
determined as 3-07 times 7y,; where yP/I, = 0-135% is the average
value corresponding to the smear zone boundary.

One of the most common procedures used for simulating soil
behaviour in response to mandrel installation is an incremental-
displacement finite-element (FE) method, using either small- or
large-strain analysis. Ghandeharioon et al. (2012) developed a
modified oedometer and mandrel-driving machine to study the
soil response to PVD installation. Large displacements experi-
enced by soft clay in response to mandrel-driven PVD installation
necessitate the use of a large strain formulation for the frictional
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Figure 4. (a) Distribution pattern for different soil zones
surrounding PVD. (b) Relationship of plastic shear strain to rigidity
index ratio plotted against ratio of radial distance to equivalent
elliptical radius of mandrel (adapted from Ghandeharioon et al.,
2010)

contact between the soil and mandrel. Their results showed that
for a given soil type and installation rate, in situ effective stresses
increased as the extent of the smear zone reduced. They also
found that the extent of the smear zone decreased as the soil
over-consolidation ratio (OCR) increased.

2.2.2 Permeability and smear

For soft clays, the ku/ks ratio is generally in the range 1-8
(Rujikiatkamjorn and Indraratna, 2007). Saowapakpiboon et al.
(2011) performed a large-scale oedometer study of soft Bangkok
clay improved by surcharge preloading and PVDs, both with and
without application of vacuum. Although the final settlement was
the same for both scenarios, the vacuum—surcharge combination
was found to produce a much quicker settlement rate. Compared

with surcharge alone, the vacuum-—surcharge combination also
produced a greater reduction in water content and higher
hydraulic conductivity within the smear zone, resulting in a 10%
decrease in the kp/ks ratio from 3-0 to 2-7. They also found that
the coefficient of primary consolidation for the horizontal flow
direction (c¢y) was 16% greater overall for the vacuum—surcharge
combination. From a sensitivity analysis using the FE method,
they found that the magnitude of predicted settlement increased
as the kn/ks ratio decreased. Saowapakpiboon et al. (2010)
performed a similar study using soil from the same deposit and
under the same loading conditions. Again, the final settlement
achieved by both preloading techniques was the same, although
the use of vacuum preloading was found to accelerate the
consolidation process compared with surcharge alone. The hy-
draulic conductivity within the smear zone was also higher,
producing c,;, values 70% greater and kp/k; ratio values 7% lower
compared with surcharge alone.

2.3 Well resistance

Water flowing upwards along the vertical drain may be impeded
by well resistance, which is higher for drains installed to great
depths and of limited discharge capacity. Ideal drain theory, often
used in such analysis, assumes the drain permeability to be
infinitely high in relation to the permeability of the surrounding
soil and that the pore water can drain into the well (PVD) without
meeting any resistance (Deng et al., 2013). However, for more
highly permeable ground, the rate at which pore water under
excess pressure wants to enter the PVD is greater than its
discharge capacity, preventing free-flow conditions from occur-
ring (Hansbo et al., 1981). Mesri and Khan (2012) asserted that
the effect of well resistance should be considered in design,
particularly for deep drain installations.

Well resistance manifests as clogging of drainage channels,
reduction in drain cross-sectional area and also deformation of
the PVDs themselves, all of which cause considerable reduction
in discharge capacity. However, the influence of well resistance
on consolidation rate has received relatively little attention, often
resulting in an underestimation of the time period required to
achieve the desired average degree of consolidation. Using a
linearity assumption, Kim et al. (2011) simulated the influence of
a time-dependent well resistance factor, producing good results
but not a rigorous solution. Deng et al. (2013) assumed that the
discharge capacity decreased exponentially with elapsed time.
From a solution incorporating time-dependent well resistance,
they concluded that the unit cell method (i.e. cylindrical element
uniform soil cylinder with central PVD) tends to overestimate the
consolidation rate because it assumes a fixed short-term discharge
capacity. This discrepancy increases with increasing time during
the consolidation process.

2.4 Lateral displacement

The lateral displacement of a soil element under vacuum
consolidation depends on its relative depth below ground surface
level and distance from neighbouring vertical drains. In the
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central area of the ground mass under treatment, each drain only
affects the soil closest to that particular drain (i.e. no lateral
displacement occurs) and the unit cell method applies (Masse et
al., 2001). However, the influence of neighbouring drains on the
soil response is significant nearer the perimeter of the area under
treatment. In this region, surcharge loading alone induces shear
stresses in the ground, which may cause outward lateral displace-
ments (Figure 5(a)), potentially leading to shear failure. In
contrast, vacuum consolidation alone induces inward lateral
displacements (Figure 5(b)) since it introduces an isotropic
consolidation pressure to the soil mass. Hence, under vacuum
consolidation, surface tension cracks may develop around the
perimeter of the treated soil area, but without the potential risk of
shear failure occurring. Hence, for combined vacuum—surcharge
preloading, the net lateral displacement can be reduced (Indrar-
atna et al., 2011) and, in theory, prevented from occurring. For
clays, a combination of 60% vacuum and 40% surcharge preload-
ing stresses seems to maintain net lateral displacements of close
to zero (Indraratna and Rujikiatkamjorn, 2008).

On the basis of tests using a modified hydraulic consolidation

(Rowe cell) apparatus, Robinson et al. (2012) showed that
deformation of a soil element under vacuum consolidation is

Embankment surcharge

I Settlement ‘

| | Lateral
displacement
| f

(a)
Tension
crack
Vacuum surcharge area
— i —
= -
_—_ U
Settlement
Lateral
\ displacement

(b)

Figure 5. Lateral deformation of soil under (a) embankment
surcharge and (b) vacuum consolidation

isotropic and hence its vertical deformation is significantly less
than for one-dimensional (1D) compression occurring under an
applied vertical stress alone. This agrees with Chai et al. (2005),
who found that if the stress applied to a soft soil is greater than
its preconsolidation stress, the induced settlement is smaller for
vacuum consolidation than for surcharging. An empirical method
for estimating the lateral displacement profile against depth, on
the basis that a relationship exists between lateral displacement at
a particular depth and surface settlement, has been proposed by
Mesri and Khan (2012). It confirms the conclusion of Ong and
Chai (2011) that the amount of lateral displacement depends on
the compressibility of the deposit in addition to the loading
condition.

3. Numerical analysis

Mohamedelhassan and Shang (2002) proposed a 1D solution for
consolidation under combined vacuum-—surcharge preloading.
This solution was modified by Indraratna e al. (2005) to include
the effect of radial drainage allowed by PVDs. They also
developed analytical solutions for the plane-strain condition of a
single cell unit, following a conversion procedure from the
axisymmetric condition, which was implemented in an FE model.
A number of studies have presented three-dimensional (3D)
solutions to radial consolidation problems but the majority still
employ conversions to the plane-strain condition. This is mainly
because the time required to compute a full plane-strain simula-
tion is considerably reduced compared with a full 3D simulation
(Indraratna and Redana, 2000; Indraratna et al., 2004). Rujikiat-
kamjorn and Indraratna (2007) proposed a comprehensive solu-
tion incorporating vertical and horizontal drainage and that also
accounted for smear effects. Walker and Indraratna (2009)
produced a more rigorous solution to the consolidation problem
which can be applied to multi-layered deposits through the
spectral method — a mesh-less approach involving a series of
matrix operations. Indraratna er al. (2012a) subsequently pro-
posed a modified solution, again using the spectral method, which
accounts for variation in permeability with depth and produces
average pore pressure values across single or multiple soil layers.
Indraratna et al. (2012b) developed an analytical model for
vacuum consolidation under axisymmetric and plane-strain condi-
tions which simulates the consolidation of a unit cell incorporat-
ing a central PVD. This model invokes elliptical cavity expansion
theory and takes into account smear effects, non-Darcian flow
conditions and vacuum propagation along the PVD length. The
conversion procedure, based on permeability and vacuum pres-
sure transformations, ensures that settlement against loading
period curves for two-dimensional (2D) and full 3D analyses are
identical.

Unit cell analysis approaches are only of limited use in practice,
however, since ground-improvement projects require installation
of a large array of drains. As such, single drain analysis may only
be applicable within the central area of a uniform deposit under
vacuum-assisted preloading since it is reasonable to assume that
negligible lateral displacement occurs here (Indraratna et al.,
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2012a; Seah, 2006). However, the areas nearer the boundaries
may undergo considerable lateral displacement (Indraratna et al.,
2005). Indraratna et al. (2012a) proposed solving the multi-drain
problem using an equivalent plane-strain FE model and applied it
in analysing the ground response for construction of a new pier
on reclaimed land at Tianjin Port, China. Chu et al. (2000) and
Chu and Yan (2005b) have reported on this project in detail.
Indraratna et al. (2012a) produced similar predictions of the
ground settlement response from plane-strain and 3D FE ana-
lyses, which agreed with field measurements, although the
reduction in pore pressure predicted by the 2D analysis was
slightly higher during the initial 2-month consolidation period.

Similar observations were reported between measurements from a
consolidometer apparatus and a 2D axisymmetric FE model
presented by Saowapakpiboon er al. (2011). The simulations
predicted the measured settlements quite accurately although
simulated excess pore pressures were greater than measured
values early on during the single load stage. Saowapakpiboon et
al. (2010) used a 1D FE model to predict the settlement—time
response for soft Bangkok clay, both with and without vacuum
preloading. This model underpredicted settlement occurring early
on during consolidation, although predictions for the final settle-
ment were more accurate. Geng et al. (2012) presented a 2D
numerical solution for soil having non-linear properties and also
considering smear effects, well resistance and vertical and
horizontal drainage. This solution showed that the average degree
of consolidation computed in terms of measured pore water
pressure was considerably less than that computed in terms of
settlement.

Modelling accuracy can be improved further by eliminating
approximations regarding the strain distribution pattern. Wu and
Hu (2012) proposed a radius-related strain distribution method, as
part of an axisymmetric model, which also assumed a linear
decrease in vacuum pressure with increasing depth along the
drain. Strain, &, was related to smear zone radius, 7, by

0k
2. 9t e

where £ is a factor dependent only on PVD installation depth and
loading period, #; a is a positive integer representing differential
settlement.

The equal strain hypothesis (i.e. 1D consolidation) applies
when the value of a equals zero. In the analytical model, the
average degree of consolidation due to radial drainage (U})
increases as the value of a increases. Hence, for a >0, the
equal strain hypothesis tends to underestimate the average
degree of consolidation. The numerical prediction of the Wu
and Hu (2012) axisymmetric model matches closely to differ-
ent analytical models at different stages of consolidation
(Figure 6). During consolidation, the strain distribution in the
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Figure 6. Comparison of average degree of radial consolidation
against elapsed time plots produced by different analytical
solutions and the numerical model (adapted from Wu and Hu,
2012)

radial direction changes, becoming more uniform, such that the
value of @ must decrease with elapsed time in order to
correspond with the numerical result.

4. Peat

4.1 Geotechnical properties

Peat deposits are composed of the fragmented remains of dead
plant vegetation that has accumulated under waterlogged condi-
tions (Hobbs, 1986). Peat material ranges from fibrous, showing
little or no humification, to highly humified (amorphous) peat
having an almost granular appearance (O’Kelly and Pichan,
2013). Its in situ water content can vary greatly, from a few
hundred per cent of dry mass to greater than 2000%. An increase
in fibre content creates a more open cellular structure, allowing
greater water retention to occur in the pore voids and within the
organic solids (Karunawardena, 2007). The botanical composition
of peat also has an important influence on its engineering
properties (Farrell et al., 2012).

Peat is considered as having among the poorest geotechnical
properties of any foundation material (Dhowian and Edil, 1980).
Heterogeneity and anisotropy usually mean that geotechnical and
hydraulic properties can vary considerably within a peat deposit,
even over short distances (Landva, 1980; O’Kelly and Pichan,
2013). Hence peat deposits present difficult ground conditions for
building roads, dykes, housing developments, storage facilities,
industrial parks, and so on, necessitating high initial (construc-
tion) costs and (or) frequent maintenance (Mesri and Ajlouni,
2007). They also generally have very low shear strength (typically
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<15 kPa) and hence very low bearing capacity, undergoing large
consolidation and creep settlements under loading. Relatively
small and localised increases in effective stress, either due to an
applied surface load and (or) reduction in groundwater level, can
impact over a wide area (O’Kelly, 2009). Geotechnical instability
can occur during construction of earthen embankments on peat
deposits if appropriate ground improvement measures are not
adopted. Some particular challenges can be seen, for example,
from recent failures of peat dykes at Wilnis, The Netherlands
(van Baars, 2005), canal embankments at Edenderry, Ireland
(Pigott et al., 1992), peat bunds and dams at Raheenmore bog,
Ireland (Mclnerney et al., 2006; O’Kelly, 2008) and also
excessive deformation in road sub-base/subgrade causing service-
ability failure of pavements (Osorio et al., 2008). Often surchar-
ging with PVDs is not adequate, particularly when dealing with
deep peat deposits, since the time period required to achieve
substantial completion of consolidation settlements can be ex-
cessive (Ariyarathna et al., 2010) and PVDs are unlikely to help
in accelerating the secondary compression (creep) rate during
preloading. Creep settlement is significant for peat, often account-
ing for the major portion of the overall settlement over the design
life.

4.1.1 Compressibility

Conventional evaluation of 1D settlement under embankment
loading based on the measured compression—time response may
result in an overprediction of the primary consolidation compo-
nent and underprediction of secondary compression, especially
for fibrous peats (Gofar and Sutejo, 2007). Such approaches are
generally based on the two-stage concept of consolidation, with
the primary consolidation stage terminating at a clearly defined
point and secondary compression continuing indefinitely (Mesri
et al, 1997; Vermeer and Neher, 1999). The problem of
identifying when primary consolidation is substantially complete
can be resolved, to some extent, by measuring the degree of
dissipation of excess pore water pressure. However, some
researchers (Hobbs, 1986; Robinson, 2003; Yun Tae and Leroueil,
2001) have argued that in the case of peat and other highly
organic soils, secondary compression occurs simultaneously dur-
ing primary consolidation. A laboratory study by Gofar and
Sutejo (2007) suggests that for fibrous peat, secondary compres-

sion commences when primary consolidation has reached 65%
completion. Hence the assumption of creep as a continuous
process, commencing early on during the primary consolidation
stage for peat, provides a more realistic approach to settlement
predictions (Karunawardena, 2007). Other important considera-
tions in settlement analysis are the large strain (deformation)
response and significant changes in geomechanical parameter
values under loading, even for a constant state of effective stress.

4.1.2 Permeability

Reductions in void ratio of peat under sustained loading can
produce dramatic reductions in permeability. Peat tends to have
relatively high permeability initially, comparable to fine sand, but
its void ratio reduces significantly under modest loading such that
its permeability becomes similar to that of soft intact clay (Wong
et al., 2009). Peat, but particularly fibrous peat, tends to exhibit a
high degree of permeability anisotropy. For instance, the ratio of
the coefficient of permeability for the horizontal flow direction
(kn) to the vertical flow direction (k) typically ranges between
17 and 7-5 initially. However, after consolidation under a modest
applied load, the value of ky/k, ratio can be significantly greater
on account of the general horizontal alignment of the constituent
fibres (Cuddy, 1988).

4.2 Field application

The vacuum consolidation technique has been used quite exten-
sively, especially for soft clay deposits (Table 1). However, it has
taken rather longer for its application to peat and other extremely
soft soil deposits, to such an extent that, at present, reliable
predictions of post-construction settlements cannot be made for
these deposits (Masse et al., 2001). Some physiochemical proper-
ties of the peat deposits where vacuum consolidation treatment
has been applied are reported in Table 2.

4.2.1 Trial embankments for Sri Lankan highway

Vacuum consolidation treatment was applied to a highly compres-
sible amorphous peat layer during a highway construction project
in Sri Lanka (Ariyarathna et al., 2010). The construction and
monitoring of four vacuum consolidation field trials are described
by Karunawardena and Nithiwana (2009). The ground was im-
proved by combining stage-constructed surcharge embankments,

Project location (reference) Water content: Organic content:  Degree of humification, pH
% % von Post number

Colombo, Sri Lanka (Karunawardena, 2007) 110-470 60-70 Hg—H1o <30

Ballydermot raised bog, Ireland 650-1350 93-98 Ha—H7 4-5-6-2

(Osorio et al., 2010; Osorio-Salas, 2012;

Pichan and O’Kelly, 2013)

Ambes, France (Cognon et al., 1994) 430-860 NR NR NR

Sapporo, Japan (Hayashi et al., 2002) 200-700 10-60 NR NR

Table 2. Physiochemical properties of peat deposits prior to
vacuum consolidation treatment
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Figure 7. Schematic diagram of vacuum preloading set-up for Sri
Lankan trial embankments (Ariyarathna et al., 2010). Reproduced
by permission of The Institution of Engineers, Sri Lanka
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on average 8 m high, with the vacuum consolidation technique. A
schematic diagram of the set-up for the latter is shown in Figure
7. The PVDs were arranged in a square grid pattern at 1-0 m
centre spacing. The peat layer, which extended from 4-7 to 7-7 m
bgl, was underlain by loose to medium dense sand, with the
groundwater table located close to the ground surface. As a
general comment, in such a scenario, it is important to consider
the reduction in surcharge loading that occurs due to partial
submergence of the embankment following settlement of the
ground surface.

Although the vacuum pump was supposed to generate suctions of
approximately 90 kPa, the maximum vacuum pressure achieved
was only 55kPa, developed shortly after commencement of
pumping. Hence an additional 2-5 m fill depth had to be added to
the embankment surcharge. Under the average vacuum pressure
of 35 kPa actually achieved and final 10-5 m high embankment
surcharge, the thickness of the 3 m deep peat layer was reduced
by between 47% and 70% for the different trial areas. Note that
for these very large strains, any rational assessment of the
settlement response must be based on large strain theory. For
three of the four trial areas, the average degree of consolidation
predicted using the method proposed by Asaoka (1978) was in
agreement with measured laboratory and field data, from which
Ariyarathna et al. (2010) concluded that this method could be
reliably applied to other Sri Lankan peaty deposits. The vacuum-
assisted surcharge trials also demonstrated that 95% of the total
primary consolidation settlement could be achieved within an
economically viable time period of approximately 8 months.
However, adverse weather conditions and a shortage of fill
material at the site location were cited as reasons for some

delays. The measured undrained shear strength range of the peat
layer was found to have increased from 7-33 kPa initially to
38-79 kPa after the treatment.

4.2.2 Vacuum consolidation trial at the Ballydermot bog,
Ireland

A heavily instrumented vacuum consolidation trial was performed
by Trinity College Dublin at the Ballydermot raised bog (County
Offaly, Ireland), between November 2009 and October 2010, in
order to investigate the feasibility of implementing this technique
for use in road construction and widening of existing roads over
peat deposits (Osorio et al., 2010; Osorio-Salas, 2012). The
ground profile comprised a 4-0 m deep pseudo-fibrous peat layer
(having a water content of 650—1350%, reducing with depth),
overlying glacial till deposits. Full details on the geotechnical and
hydraulic properties of the test area have been reported by Osorio
et al. (2010), Osorio-Salas (2012), Pichan and O’Kelly (2012)
and O’Kelly and Pichan (2013). Figure 8 shows a schematic
diagram of the vacuum consolidation set-up. The sealing mem-
brane was secured at the bottom of a 1-0 m deep perimeter trench
by backfilling with the excavated peat. This also had the effect of
providing an airtight perimeter seal, with the natural groundwater
table just outside the treatment area located at between 0-25 and
090 m bgl, depending on prevailing seasonal and climatic
conditions. A peat layer approximately 0-5m deep was placed
directly over the sealing membrane to prevent damage caused by
weathering, prolonged exposure to ultraviolet light and animals.
The vacuum system initially incorporated a jet pump that
produced a maximum suction of 80 kPa. However, this value
could not be consistently achieved on account of chemical
incrustation problems and hence a liquid-ring pump was used in
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Figure 8. Cross-section of vacuum consolidation set-up for the
Ballydermot bog trial (Osorio et al., 2010)

combination with the jet pump to produce a more stable vacuum
during the later stages of the trial. Over the course of the trial,
the average suction achieved by the jet pump alone was 55 kPa,
with suctions of between 52 and 71 kPa achieved when used in
combination with the liquid-ring pump.

Within the 10m X 10 m treatment area, two different PVD
spacings were investigated, namely 0-85 and 1-20 m. Both were
installed in a square grid pattern to a depth of 2:65 m bgl (i.e.
partially penetrating the peat layer) in order to avoid connectivity
with the underlying higher permeability glacial till layer. How-
ever, for these drain spacings, little difference was found in the
measured settlement or excess pore water pressure by the end of
the field trial. Maximum ground surface settlements achieved
after vacuum pumping over an 11-month period were 1-09 m and
1-10 m for the sub-areas with PVD spacings of 0-85 and 1-2 m,
respectively (e ~ 27-5%), with larger settlements occurring close
to the centre of the test area on account of the large boundary
effects. However, from data presented in Osorio et al. (2010),
approximately 78% and 60% of the final measured settlement was
achieved during the first 1-month vacuum period for the sub-areas
having PVD spacing of 0-85 and 1-2 m, respectively. This is to be
expected since, in theory, the average degree of consolidation
achieved is an inverse function of the effective drainage length.

Osorio-Salas (2012) described how a number of issues encoun-
tered during the trial may have been remedied. Considerable
tension cracking around the perimeter of the test area on account
of lateral inward displacement of the upper peat layer could have
been reduced or potentially avoided by applying a suitable
surcharge in combination with the vacuum. Vacuum pumping
commenced during the winter months, and early on in the trial,
the uppermost peat layer and groundwater froze due to inclement
weather. The water inside the vacuum lines also froze periodically
during this 11-week period, rendering the vacuum system inop-
erative. Adequate thermal protection applied to exposed hoses
and pipes may have prevented freezing of the vacuum lines,
allowing the system to remain in continuous service. A system of
parallel pumps was also recommended so that vacuum application
would not be interrupted should one pump fail or require
maintenance. For instance, ferric incrustation occurring inside the
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pumps required periodic cessation of pumping operations in order
to take appropriate remedial action.

4.2.3 Other field applications

Cognon et al. (1994) reported a vacuum-assisted preloading trial
performed in Ambes, France, for the construction of a highway
embankment over peat and highly organic clay deposits underlain
by muddy sand. The 1-7m deep peat layer, having a water
content of 430—860%, was underlain by a 2-0 m deep highly
organic clay layer with a water content of 140—210%. The trial
comprised a two-stage embankment surcharge followed by
vacuum preloading, with the settlement—time response shown in
Figure 9. For the first stage, a 0-8 m deep sand blanket was
placed on the ground surface, acting also as a drainage layer.
After 3-5 weeks, PVDs were installed in a square grid pattern at
1-4 m spacing. After 5 weeks, the second surcharge layer, a 0-5 m
deep granular bed, was placed. Vacuum pressure was applied
from the beginning of week 7. The 0-7 m settlement (e = 18-9%)
achieved for the initial 3-7m depth of highly compressible
material by the end of the 3-month monitoring period was
reported equivalent to that for a 4-5m high embankment
surcharge. An average degree of consolidation of 80% was
achieved in the peat layer and 50% in the underlying organic clay.
After removal of the vacuum, the ground surface heaved by
0-03 m within the first 48 h, before stabilising. Based on the
success of this trial, the vacuum consolidation technique was
chosen over embankment surcharging as the better solution for
preloading the highway foundations.

A point worth noting about the settlement response shown in
Figure 9 is that the installation of the PVDs appeared to have no
immediate or significant impact on the settlement rate. Referring
to Figure 9, a plausible explanation is that primary consolidation
settlement arising from the applied 0-8 m fill layer was already
substantially complete. Hence, although greatly reducing the
effective drainage length, PVD installation (without applying a
vacuum pressure) did not significantly affect the settlement rate,
since PVDs have no influence on the rate of secondary compres-
sion settlement. Another possibility observed for the Ballydermot
bog trial (Osorio et al., 2010; Osorio-Salas, 2012) was that
installation of the PVDs may cause some ground heave to occur
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Figure 9. Settlement response for trial involving two-stage
embankment surcharge followed by vacuum preloading in
Ambes, France (adapted from Cognon et al., 1994)

on account of (sub) artesian pressure in underlying deposits. This
may have essentially cancelled any increase in consolidation rate
arising from the reduced effective draining length.

Hayashi er al. (2002) reported on vacuum-assisted preloading
performed near Sapporo, Japan, for the construction of a high-
way embankment over fibrous peat deposits (water content of
200—700%) underlain by a clayey peat layer. PVDs were
installed in a square grid pattern at 0-8 m spacing. Negative
pressures achieved in the fibrous peat layer were 50 kPa, close to
the design suction of 60 kPa. However, vacuum pressures of only
20 kPa were measured in underlying deposits. The settlement
responses of the underlying layers were also delayed relative to
the fibrous peat deposit. It was found that the consolidation rate
was very sensitive to PVD spacing, from which Hayashi et al.
(2002) concluded that significant ground improvement could not
be achieved for PVD spacing greater than 0-9 m. In practice,
however, minimum spacing is more relevant as a design guide
since too close a spacing may result in overlapping of smear
zones, causing a decrease in the consolidation rate.

The apparent conflict between the Ballydermot bog trial (Osorio
et al., 2010; Osorio-Salas, 2012) and large-scale vacuum-assisted
preloading works near Sapporo (Hayashi e al., 2002) regarding
suitable PVD spacing for successful application of the technique
illustrates the difficulties in comparing projects on different types
of peat. If nothing else, the general success of these projects
demonstrates that the vacuum consolidation technique can be
applied just as effectively for peaty soils as for soft clay deposits,
where the technique has been widely applied. Each project
described above was justified in testing the feasibility of using
vacuum preloading as a viable ground improvement method for
peat deposits. The most salient matter to consider when testing
the effectiveness of the technique in peat deposits is the extent

of the residual settlements. Secondary compression settlements
anticipated over the design life of the structure can be reduced to
acceptable levels by sufficiently increasing the OCR of the
bearing strata. This was demonstrated, for example, at the
vacuum-consolidated Sri Lankan highway site (Ariyarathna et
al., 2010).

5. Recommendations for further research

To date, the majority of vacuum consolidation projects have been
performed on soft clayey soils, although a number of field
projects have also involved improvement of peaty soils. There is
significant scope for performing further experimental and numer-
ical studies on the behaviour of peat in response to vacuum
preloading, particularly towards addressing the following issues.

m s the settlement rate during the secondary compression stage
different for vacuum-assisted preloading than an equivalent
embankment surcharge? Applied loading causes rupture to
the fibrous peat structure (Mesri and Ajlouni, 2007) and
structural rearrangement of the solid particles (Hobbs, 1986;
O’Kelly, 2013) such that more water is released from
micropores within the organic solids (Berry and Poskitt,
1972; Hobbs, 1986) out to the macropores (i.e. the pore void
space between the solid particles) after secondary
compression commences. The additional pore water expelled
from the micropores on account of the particle rupture may
possibly drain more quickly with the aid of vacuum-assisted
preloading than for surcharging alone, as has been observed
by Saowapakpiboon et al. (2010, 2011) for the primary
consolidation stage. Field testing would require many years to
adequately investigate the secondary compression responses.
However, using physical models, such an investigation could
be performed in a much shorter timeframe. Furthermore, the
controlled stress, boundary and drainage conditions that
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laboratory testing can offer would allow more definitive
comparisons of the long-term deformation response of peat
under different applied vacuum and (or) surcharge preloading
scenarios.

® During vacuum consolidation, is inward lateral displacement
of the uppermost layer likely to be greater for peat on
account of its very high compressibility? According to Ong
and Chai (2011), the amount of lateral displacement not only
depends on the loading condition and magnitude but also on
the consolidation and deformation characteristics of the soil.
This is supported by the empirical relationship between
horizontal and vertical displacement developed by Mesri and
Khan (2012).

B Does the same ratio of vacuum pressure to embankment
surcharge stress produce the same net lateral displacement
against depth for soft clays and peat deposits? A specialised
large-scale apparatus based, for example, around the
operating principles of the hydraulic consolidation (Rowe
cell) apparatus could be developed and used to investigate
relative lateral deformations experienced by peat and soft
clay test specimens under the same loading and drainage
conditions. Also, the combination of surcharge stress and
vacuum pressure necessary to prevent any lateral deformation
from occurring could be investigated.

B Are smear effects and well resistance greater for peat than
soft mineral soils? Fibrous peat generally has a very high
initial permeability, although within the smear zone, this
reduces dramatically under remoulding during PVD
installation. Hence, it may follow that the ky/k; ratio will be
larger for fibrous peats than soft clays.

B Can the PVD installation depth be systematically reduced,
and by what amount, in moving closer to the centre of the
treatment area while still achieving just as effective but more
economical results than the same PVD installation depth
applied across the entire test area.

m There is also a dearth of knowledge regarding the relationship
between OCR achieved under different applied vacuum and
(or) surcharge preloading and subsequent creep settlements
under embankment loading.

6. Summary and conclusions

Much research has been performed on the response of soft clays
to vacuum preloading, giving rise to a better understanding and
the development of new laboratory apparatus and analytical
models in the process. As the technology has matured, the
benefits of vacuum consolidation over other forms of ground
improvement have become clearer and are now widely accepted.
The main issue around improving settlement predictions has been
in relation to evaluating the effect of soil disturbance arising from
PVD installation on the overall performance of the vacuum
consolidation system. Recent improvements in numerical simula-
tions have included modelling of non-Darcian flow conditions,
non-linear soil properties and the radius-related strain distribution
method. A plane-strain analysis is usually adequate for modelling
PVD arrays in ground under treatment and can be readily
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integrated within numerical analysis. Hence, numerical models
have achieved improved accuracy, although some remaining
discrepancies between numerical predictions and field measure-
ments for vacuum-assisted preloading require further attention.
These discrepancies arise from difficulties in predicting factors
relating to PVD installation (smear and well resistance) in
addition to incorrect assumptions regarding soil behaviour and
the vacuum pressure distribution achievable.

Vacuum-assisted consolidation is now widely accepted as a useful
and practical technique for reducing post-construction settlement.
However, to date, only a handful of investigations, most of which
are limited to field trials, have considered its use in peat and
other highly organic soil deposits. These investigations have
demonstrated that the technique can be successfully applied for
such difficult ground conditions, although the ground response
may be markedly different from that observed for soft clays. In
the case of highly compressible deposits including peat, large
settlements developed under vacuum consolidation may result in
significant lateral inward displacement occurring in the upper-
most layers. By combining surcharge and vacuum loading
techniques, net lateral displacements can be approximately
controlled for certain design applications. The secondary com-
pression response of peat under different applied vacuum and (or)
surcharge preloading scenarios also merits further investigation.
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To discuss this paper, please email up to 500 words to the
editor at journals@ice.org.uk. Your contribution will be
forwarded to the author(s) for a reply and, if considered
appropriate by the editorial panel, will be published as a
discussion in a future issue of the journal.

Proceedings journals rely entirely on contributions sent in
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Papers should be 2000-5000 words long (briefing papers
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