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ABSTRACT

One of the most challenging parts of every project including prefabricated vertical drains
(PVDs) combined with vacuum and surcharge preloading for ground improvement is the
determination of the PVDs depth of installation and its configuration. In this paper Finite
element was used for modeling and verification of a full-scale test embankment (TV2)
which was constructed to study the effectiveness of PVDs combined with vacuum
preloading for accelerating the consolidation along with surcharge at Bangkok airport.
Different depths and scenarios were modeled and the results were compared and
analyzed. Since the ultimate goal of soft clay soils treatment is attaining pre-determined
settlement, the settlement curve under soil embankment was used for investigation of
the results. A new Finite Element Modeling (FEM) based procedure as "One and
Between Configuration” has been introduced. Based on the results, it was shown that; 1)
the inward forces of vacuum preloading in proposed configuration is greater than the
conventional method and lateral displacement reduced by 15 percent; 2) As a result of
the lesser penetration of the mid PVD, the disturbance of the soil and accordingly, the
smear zone becomes lesser; 3) Because of the "one and between" installation, in a case
that a percentage of the every PVDs become clogged in any possible length, which may
vary from PVD to PVD, the overall performance of the PVD itself, and in relation to
adjacent PVDs don’t diminish as much as common constant penetration method.
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1. INTRODUCTION

ost of the world’s essential infrastructure is soils up to significant depths. Soft alluvial and marine
built along congested coastal belts that are clay deposits have very low bearing capacity and
composed of highly compressible and weak excessive settlement characteristics, with obvious design
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and maintenance implications on tall structures and large
commercial buildings, as well as port and transport
infrastructure.  Stabilizing these soft soils before
commencing construction is essential for both long term
and short term stability. Pre-construction consolidation
of soft soils through the application of a surcharge load
alone often takes too long, apart from which, the load
required to achieve more than 90% consolidation of
these mostly low lying, permeable, and very thick clay
deposits can be excessively high over a prolonged
period. A system of vertical drains combined with
vacuum pressure and surcharge preloading has become
an attractive ground improvement alternative in terms of
both cost and effectiveness. This technique accelerates
consolidation by promoting rapid radial flow, which
decreases the excess pore pressure while increasing the
effective stress. Apart from the method of drainage and
PVDs combined with surcharge preloading, vacuum
pressure has been used to enhance the efficiency of PVD
when a desired degree of consolidation is required over a
relatively short time period. Negative pore pressures
(suction) distributed along the drains and on the surface
of the ground accelerate consolidation, reduce lateral
displacement, and increase the effective stress. This
allows the height of the surcharge embankment to be
reduced to prevent any instability and lateral movement
in the soil. Today, PVDs combined with vacuum
preloading are used more and more in practical ground
improvement all over the world [1]. Vacuum pressure
creates an inward force into the subsoil. As a result, there
is a slight chance of sliding failure. So, the influence of
vacuum pressure on adjacent structures is low [2-4]. The
vacuum suction decreases the atmospheric and pore
water pressure, thereby creating a pressure difference
between vertical drains and pore water in soils. The
pressure difference causes the pore water to flow
towards the vertical drain, resulting in soil consolidation.
Vacuum suction keeps taking out water and air and
accelerates the process of soil consolidation. Vacuum
pumps generate a vacuum suction that spreads into the
soil along the drainage system.

From its introduction by Kkjellman in 1942, vacuum
preloading has been used widely for soft ground
treatment, for example at the Philadelphia International
Airport, USA; Tianjin port, China; North South
Expressway, Malaysia; Reclamation world in Singapore
and Hong Kong, China; Suvarnabhumi Second Bangkok
International Airport, Thailand; Balina Bypass New
South Wales and the Port of Brishane, Queensland in
Australia and among many other projects [5-12]. [13]
showed that when a vacuum is applied in the field
through PVDs, the suction head along the length of the
drain may decrease with depth, thereby reducing its
efficiency. Laboratory measurements taken at a few
points along PVDs installed in a large-scale
consolidometer at the University of Wollongong clearly

indicated that the vacuum propagates immediately, but a
gradual reduction in suction may occur along the length
of the drain. The rate at which the suction develops in a
PVD depends mainly on the length and type of PVD
(core and filter properties). However, some field studies
suggest that the suction may develop rapidly even if the
PVDs are up to 30 m long [14, 15].

If the PVDs install with a mandrel, the mandrel would
change the characteristic of subsoil, especially in its very
near vicinity. This disturbed annulus that is called the
smear zone has a reduced lateral permeability and
increased compressibility. In varved clays, the finer and
more impervious layers are dragged down and smeared
over the more pervious layers, which in turn decrease the
permeability of the soil near the periphery of the drain
[1]. [16] suggested the concept of reduced permeability
by arbitrarily lowering the apparent value of the
coefficient of consolidation.[17] included a further
explicit smear zone with a reduced permeability near the
drain, surrounded by an outer undisturbed zone.[18]
introduced a three zone hypothesis defined by (a) a
plastic smear zone close to the drain where the soil is
highly remoulded during installation, (b) a plastic zone
where the permeability is reduced moderately, and (c) an
outer undisturbed zone where the soil is unaffected by
installation. For practical purposes, a two-zone approach
is generally sufficient. The effect of the smear zone
should be taken into account in any model and design by
proper parameters.

Finite element analysis (FEA) is a powerful method that
can be used to model very demanding cases such as
complex geometries, loadings and material properties,
even for the simulation of a large-scale radial drainage
consolidometer [13], where analytical solutions are hard
to obtain. Many literatures have attributed the difference
between the numerical predictions, and measured field
data taken at site to various factors such as soil
disturbance, smear zones, time-dependent load, well
resistance, and partial penetration of drains and
permeability. [19] predicted the field behavior of a full-
scale test embankment using the modified Cam-Clay
model. [20] introduced a numerical analysis model using
an elasto-plastic finite element program (FEM)
incorporating the SYS Cam-clay for soil, and water
coupled problems. In order to investigate the effect of a
combined vacuum, and surcharge load on lateral
displacement a simplified plane strain (2-D) finite
element analysis could be used [2]. [21] developed a new
plane strain lateral consolidation equation, which can be
applied to the exponential and linear correlation between
the hydraulic gradient and flow velocity, while
neglecting the well resistance of vertical drains. Finite
element analysis can predict the ground deformations
induced by a vacuum pressure and/or the combination of
a vacuum pressure and a surcharge load. However, the
accuracy of these predictions depends on the constitutive
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models used to represent the stress—strain behavior of the
soils in question. In many practical cases, there is often
not enough information to reliably define the parameter
values of sophisticated soil models. Two practical easy
to use methods have been proposed for calculating the
settlement, and lateral displacement of a soil deposit
induced by vacuum pressure [22, 23]. Imai’s method is
based on elasticity theory, and the method proposed by
[22] considers the elasto-plastic deformation behavior of
a deposit, and as such is considered more relevant for
clay soils. However, deformation induced by a vacuum
pressure is different from that induced by a surcharge
load [24]. A vacuum pressure will induce settlement, and
at the same time has a tendency to induce inward lateral
displacement of the ground. Consequently, for vacuum
consolidation, if inward lateral displacement occurs, the
settlement induced by a vacuum pressure will normally
be less than that induced by a surcharge load of the same
magnitude [25].

[2] had numerically analyzed the effects of partially
penetrating vertical drains and vacuum pressure on the
corresponding settlement and lateral displacement. The
models showed that if the PVDs fully penetrate towards
the bottom of the soft clay layer and reach the underlying
pervious sand layer, then the resulting settlement at any
given time would become smaller due to the loss of
vacuum.[26] stated that under a vacuum pressure PVDs
have to be partially penetrated into the soft clayey
deposit to prevent the vacuum pressure losing from the
bottom drainage boundary. [27] proposed a method to

2. MATERIALS AND METHODS

determine the appropriate arrangement of PVDs based
upon multiple objectives, such as cost, safety, and design
robustness using Monte-Carlo simulation based on the
statistics of uncertain soil parameters. [28] have
considered the drain’s end as a permeable region, while
most of the current construction techniques use an
anchor plate element at the end of a PVD, which
prevents water flowing from beneath untreated soil, and
obtaining acceptable results.

Based on the previous studies, the 2D plane strain
condition would be used for finite element modeling of
soil treatments including PVDs, and surcharge and
vacuum preloading. The effect of the smear zone on soil
conductivity, and compressibility should be accounted
for in the model. As far different literatures had
investigated partial penetration refer to underlying
pervious layer or insufficient install depth but none had
investigated different pattern of installation lesser than
designed installation depth (base on empirical or
analytical methods) for a percent of PVDs, which can
reduce the final cost and related obstacles of the system
for soil remediation. As the depth of PVDs increases,
maintaining the vacuum pressure head would become
harder as [29] reported in Bangkok airport test
embankments. Shortening 50 percent of PVDs length
besides lowering the material and installation cost,
would decrease the possibility of clogging issues. After
verification of a case, the proposed method would be
applied in FEM and results would be analyzed to
investigate the efficiency of the method.

2.1. Test embankments TV2 stabilized with PVDs along with vacuum preloading and surcharge, Bangkok,

Thailand

The Second Bangkok International Airport or
Suvarnabhumi Airport is situated about 30 km from the
city of Bangkok. In the past, the site was occupied by
rice fields for agricultural purposes. The area is often
flooded during the rainy season and the soil generally
has very high moisture content. Therefore, soft marine
clays often present considerable construction problems,
which require ground improvement techniques to
prevent excessive settlement, and lateral movement [29].
Test embankment TV2 were built for investigating the
efficiency of vacuum, and surcharge preloading. Fig 1

illustrates the subsoil cross section of International
Airport, Thailand [30]. In each embankment, a vacuum
pressure up to 70kPa could be achieved using the
available vacuum equipment. This pressure is equivalent
to a fill height of 4m. After 45 days of vacuum
application, the surcharge load was applied in 4 stages
up to 2.5m high [29]. Figure 2 shows the Multi stage
surcharge loading for embankment TV2 [31] which is
exactly modeled by staged construction. Figure 3 shows
the Time dependent vacuum pressure [31].
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Figure 1. Cross section of an embankment with the subsoil profile, Second Bangkok International Airport, Thailand [30].
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Figure 2. Multi-stage loading for embankments TV2 [31]
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Figure 3. Time dependent vacuum pressure TV2 [31]

2.2. Equivalent plane strain consolidation model

As [32] states FEM simulations produced better results
than the analytical analyses, when the preloading was
not constant and the vacuum was not steady which is the
case in TV2. Most finite element analyses on
embankments are carried out based on the 2D plane
strain assumption [33, 34]. However, the consolidation

around vertical drains is mainly axisymmetric.
Therefore, to employ a realistic 2D finite element
analysis for vertical drains, the equivalence between the
plane strain analysis and axisymmetric analysis needs to
be established especially for hydraulic conductivity [29].
Because of the clay deposition process, the horizontal
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conductivity is higher than the vertical direction and the
flow is horizontal to the drains. The procedure proposed
by [35] and [30] used to convert an axisymmetric to

plane-strain conductivity. Table 1 shows the hydraulic
conductivities used in the model including the smear
effect zone.

Table 1. hydraulic conductivities used in the model for TV2 with 1 meter PVD spacing

layers Khorizontal

(miday)
Weathered clay 4.52e-3
Very soft clay 1.04e-3
Soft clay 4.54e-4
Soft to medium clay = 4.54e-4
Hard clay 4.54e-4

A component of Geostudio 2018 suite of software,
Sigma/W, was used to simulate the test embankments in
coupled state. The effect of vacuum pressure was
simulated by assigning the negative water head along the
drain boundaries. Since the top weathered clay was over
consolidated, for obtaining a better convergence, it was
modeled as linear elastic. The mesh used in the model
was quad and triangle which gives acceptable results for
coupled analysis including consolidation. Vacuum
preloading was modeled by boundary conditions with

Koplane-strain = Ksmear | Kblended
(m/day) (m/day) (m/day)

1.35e-3  1.02e-4 1.67e-4

3.1e-3 2.33e-5  3.83e-5
1.35e-4  1.03e-5 1.7e-5
1.35e-4 | 1.03e-5 1.7e-5
1.35e-4  1.03e-5 1.7e-5

respect to Fig 4 along the PVDs. The upper air bound
layer along with sand fill was modeled by a zero
pressure boundary condition to account for water and air
discharge true PVDs because of vacuum preloading._Fig
4 shows the geometry, and the mesh of finite elements
used for TV2 modeling. The FEM of soil treatment
including vacuum, surcharge and PVD is very complex
and more details regarding the detailed FEM procedure
that was done by the authors can be accessed from [34,

36].
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Figure 4. geometry and the mesh of finite element of TV2

2.3. Different scenarios and model verification of TV2 test embankment

2.3.1. Model verification and different scenarios

[29] and [30] despite incorporating the smear effect, had
neglected the well resistance and in modeling of PVDs
interface used a constant 12 meter pore pressure. In this
study in addition to the smear effect, the well resistance,

and the effect of clogging is also considered. As can be
seen from the fig 3 in the process of applying vacuum
preloading the pressure was fluctuating constantly, and in
none of the time laps a constant pressure couldn’t be
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maintained which nearly happens in most of the project
using vacuum preloading. One of the main issues
responsible for this is the clogging in PVDs, which
reduces, and sometimes diminishes the effect of vacuum
preloading. Different techniques were developed such as
ultrasonic waves or Electrokinetic Geosynthetics to
overcome this obstacle like reported by [37] and [38].
For investigation of the effect of well resistance and
clogging the following 3 models were numerically
examined (centerline) and compared with measured field
data as:

(@) FEM model with no well resistance, and no

clogging

(b) FEM model with well resistance, and no
clogging

(c) FEM model with both well resistance, and
clogging

The well resistance was modeled by a decrease of 2
meter of PVD head in applied time dependent vacuum

TIME (DAY)

pressure, and the clogging was modeled by a decrease of
1-meter pressure head after the day 75 based on fig 3
which shows a critical loss of pressure head in the
project. As it can be seen in fig 5, the model which
neglects both the well resistance and clogging has
overestimated total settlement in every step in
comparison to field measured data while the model,
which incorporates both the well resistance and clogging
matched best. The model with well resistance, and no
clogging, till the day 40, predicts the settlement as it was,
but as stated in previous section, when the clogging of
soils in vicinity of PVDs begans to occur, it
overestimates the predictions. Based on the results
obtained so far, the model, which includes both well
resistance and clogging and matches well with the field
measured data, that would be used for the rest of FEM
modeling.

120
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~+FEM MODEL WITH WELL
RESISTANCE AND NO CLOGGING

#MEASURED FIELD DATA

FEM MODEL NO WELL
RESISTANCE - NO CLOGGING

+*FEM MODEL WITH WELL
RESISTANCE AND CLOGGING

SETTLEMENT (METER)

Figure 5. Settlement curve of (centerline) (a) FEM model with no well resistance, and no clogging (b) FEM model with
well resistance, and no clogging (c) FEM model with both well resistance and clogging vs. Field measured data
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Figure 6. Settlement curves of (centerline) (a) FEM modeling in the case of PVDs without any surcharge preloading and
(b) FEM modeling in the case of PVDs without any vacuum preloading vs. Field measured data
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Fig 6 shows the results of two cases of TV2 as (a) FEM
modeling in the case of PVDs without any surcharge
preloading and (b) FEM modeling in the case of PVDs
without any vacuum preloading. A system that consists
of only vacuum and PVDs would fail to reach the
required degree of consolidation (90 percent), while in
the model without vacuum preloading only the
settlement is delayed. In surcharge, and PVD systems
significant heaves occur in embankment toes because of

2.4. FEM modeling of different depths

The TV2 embankment was analyzed with different
percentages of penetrations, and the results of
settlements vs. time were obtained. Fig 7 shows FEM
modeling of TV2 test embankments  for
90,80,70,50,33,16 and 10 percent full penetration
corresponding to 10.8,9.5.8.3,6,4,2,1.2 meters. It can be
seen, as the depth of penetration decreases the resulting
settlement decreases as well. As it can be seen from the
fig 9 if the depth of PVDs wouldn’t be sufficient to

TIME (DAY)

outward forces beneath the embankment. In vacuum and
PVD systems major cracks occur in the toe and beneath
the embankment because of inward forces, beneath the
premier of reclaimed land [3, 4, 39]. A vacuum
application combined with a PVD system, and surcharge
can accelerate the consolidation process significantly
while minimizing the unexpected soil movements in the
project because of the counter-effect of forces.

mobilize the vacuum preloading, and dissipate the
resulted excess pore pressure from surcharge preloading,
the efficiency of the system decrease dramatically, and
the required percentage of degree of consolidation would
not be achievable. In penetration depth of 10.8, 9.5 and
8.3 meters despite the reduction of penetration the
settlement curve remained constant and the system had
an identical efficiency.
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=MEASURED FIELD DATA

FEM MODEL WITH WELL RESISTANCE
AND CLOGGING

~+FEM 10.8 METER PVDs 90%penetration

~+FEM 9.5 METER PVDs 80% penetration

-+FEM 8.3 METER PVDs 70%penetration
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Figure 7. Settlement curves FEM modeling of TV2 test embankments (centerline) for 90,80,70,50,33,16 and 10 percent
full penetration corresponding to 10.8,9.5.8.3,6,4,2,1.2 meter

Fig 8 shows the FEM modeling of TV2 test
embankments for 110,120,130,140 and 150 percent full
penetration corresponding to 13, 14.5, 15.6, 16.8 and 18
meters. The other test embankments, which were built at
Bangkok airport was TV1 which had 15 meter PVD
length, and the model with 130 percent of penetration is

somehow the same as TV1. As the depth of penetration
increases, the resulting settlement increases as well. In
full penetration of 120 percent to 150 percent despite of
an increase in penetration depth, the settlement curve is
somehow identical and the system has an identical
efficiency.
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Figure 8. Settlement curves of the FEM modeling of TV2 test embankments (centerline) for 110,120,130,140 and 150
percent full penetration corresponding to 13, 14.5, 15.6, 16.8 and 18 meter

3. RESULTS AND DISCUSSION

One of the most challenging parts of every project
including prefabricated vertical drains (PVVDs) combined
with vacuum and surcharge preloading for ground
improvement is the determination of the PVDs depth of
installation. Since the ultimate goal of soft clay soils
treatment is obtaining pre-determined settlement to attain
the required degree of consolidation, the settlement
curve under soil embankment was used for investigation
of the results. Two different scenarios were analyzed
using FEM modeling as PVDs penetration depth
increment/reduction from the original length of verified
case history (12 meter).

Fig 9 shows two regions of concentration in settlement
curves, which by decreasing/increasing of PVDs length,
the settlement curve don’t change noticeably. In the
specified length range any one of them can be taken
without affecting system overall efficiency. In one group
there are 14.5 to 18-meter depth and in another 8.3 to
9.5. From these groups 8.5 which represents 72 percent
penetration and 14.5, which represents 120 percent
penetration has been used for a new "One and Between
Configuration”, which was proposed in this paper as a
possible substitution of the common method which is
now in practice. Fig 10 illustrates the schematic of the
proposed method which in this case is Bangkok TV2 test
embankment. Fig 11 shows the settlement curve of "One
and Between Configuration” in comparison to field
measured data and FEM model which has full
penetration depth. Despite a minor reduction in total
length of a pair from 23 to 24, the proposed
configuration has even better performance in comparison

to the common constant full common penetration
method.

As it can be seen in fig 12 the lateral displacement curve
at embankment toe of proposed "One and Between
Configuration™ is 15 percent lesser than the verified
FEM model, and it clearly demonstrated that the inward
forces of vacuum preloading in proposed configuration
is greater than the conventional method. [40] reported
that if the applied vacuum pressure is larger than the
lateral stress required maintaining a ko, condition (no
horizontal strain), there would be inward Ilateral
displacement, and the vacuum pressure will induce less
settlement. Since the nature of lateral displacement
caused by embankment (outward), and vacuum
preloading (inward) is different, in general the
combination of them will not necessarily result in zero
lateral displacement. One of the great advantages of
"One and Between Configuration" is that without
increasing the surcharge preloading and fill height, the
overall lateral displacement has decreased.

The proposed method can be applied for any project
which is after constructing the preliminary FEM model
for the design based on special characteristic and
specifications of a ground (unique in every project),
different depth shall be modeled as the procedure
described in this paper for a case history, and then the
optimum depth for "One and Between Configuration"
would be computed. The process of try and error would
continue till the preferred outcome is found. FEM is a
very powerful tool for design of such problems as
complicated as soil treatment incorporating combined
vacuum and surcharge preloading.
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One of the obstacles of PVD installation in real the field
is partial penetration of a percentage of PVDs because of
mechanical malfunction of equipment or mandrel
inability to fully penetrate because of various varved
clay stratification of the ground. Because of that some
geotechnical designers tend to overdesign the length of
PVD penetration if it is possible. If a noticeable
percentage of the PVDs length in various locations
become clogged during the process of vacuum
preloading, or the equipment or the circuit of the vacuum
pump or drainage system wrecked for an unknown time
which are normal in such projects, another problem
arises that is uneven settlement. One way to overcome
the stated problems is instead of installing the PVDs in
full length all over the project, installing them with "one
and between" configuration. By this way of installation:
(1) Because of the "one and between installation™, in a
case that a percentage of the every PVDs become
clogged in any possible length, which may vary from
PVD to PVD, the overall performance of the PVD itself
and in relation to adjacent PVDs don’t diminish as much
as common constant penetration.

4. CONCLUSION

TV2 test embankment at Bangkok was modeled as a
case history and the model was verified. Different
penetration lengths were analyzed ranging from 110 to
150 percent increment and 90 to 10 percent reductions
from TV2 field penetration depth. A new FEM based
approach as "One and Between Configuration” was
introduced. Based on the analysis results 14.5 and 8.5
meters were chosen as PVDs length in the proposed
model. The settlement (centerline), and displacement

(2) As a result of the lesser penetration of the mid PVD,
the disturbance of the soil and accordingly, the smear
zone becomes lesser, especially for the PVDs with iron
plates cap underneath.

(3) In the case of the "one and between", since its
configuration lessens the soil disturbance, the possibility
of the uneven settlement decreases.

(4) Because of 50 percent less deep PVD installation, the
cost of equipment and human resources would be
decreased.

Since until now, this proposed way of installation, "One
and Between Configuration" has not been executed
anywhere. More detailed investigation, especially full
scale tests are required to verify the performance and
efficiency of this method of installation. Although it
should be mentioned that like any geotechnical big scale
project because of distinct soil characteristic of clay
soils, and layers properties of any project and also the
complexities of such soil treatment methods, complete
investigation of full-scale test embankments and
modeling is needed, prior to finalizing the ultimate
design by competence geotechnical consultants.

(embankment toe) curves of the proposed model, despite
having lesser total length as a pair, has better efficiency
than the case with full penetration length. It was shown
that the inward forces of vacuum preloading in proposed
configuration is greater than the conventional method
and lateral displacement reduced by 15 percent. By
following the procedure stated in this paper, the process
of optimization of depth and configuration can be done
for any similar project.

148



J. Civil Eng. Mater.App. 2023 (September); 7(3): 139-150

FUNDING/SUPPORT
Not mentioned any Funding/Support by
authors.

ACKNOWLEDGMENT
Not mentioned by authors.

AUTHORS CONTRIBUTION
This work was carried out in
collaboration among all authors.

'ONFLICT OF INTEREST
The author (s) declared no potential
conflicts of interests with respect to the
authorship and/or publication of this

paper.

5. REFERENCES

[1] B. Indraratna, Recent advances in the application of vertical
drains and vacuum preloading in soft soil stabilisation, (2010).
[View at Google Scholar]; [View at Publisher].

[2] Indraratna B, Rujikiatkamjorn C. Effects of partially
penetrating prefabricated vertical drains and loading patterns on
vacuum consolidation. InGeoCongress 2008: Geosustainability
and Geohazard Mitigation 2008 (pp. 596-603)._[View at Google
Scholar]; [View at Publisher].

[3] Pardsouie MM, Mokhberi M, Pardsouie MH, Kariminejad M.
The comparison of the safety zone in the vicinity of marine clay
treatment areas with and without surcharge and vacuum
preloading. International Journal Of Coastal, Offshore And
Environmental Engineering. 2023 May 1;8(2):13-20._[View at
Google Scholar]; [View at Publisher].

[4] Pardsouie MM, Mokhberi M, Pardsouie MH, Ghate MR. The
Necessity of Consideration of the Safe Distance for
Infrastructures in the Vicinity of Weak Clay Soil Treatments
Including Surcharge. New Approaches in Civil Engineering. 2023
May 22;7(1):47-55._ [View at Google Scholar]; [View at
Publisher].

[5] G. Holtan, Vacuum stabilization of subsoil beneath runway

extension at Philadelphia International Airport, in: Proc. of 6th
ICSMFE, 1965. [View at Google Scholar]; [View at Publisher].

[6] V. Choa, Soil improvement works at Tianjin East Pier project,
Southeast Asian Geotechnical Society, 1990. [View at Google
Scholar]; [View at Publisher].

[7] Jacob A, Thevanayagam S, Kavazanjian E. Vacuum-assisted
consolidation of a hydraulic landfill. InProceedings of the
Conference on Vertical and Horizontal Deformations of
Foundations and Embankments. Part 2 (of 2) 1994 Jan 1 (pp.
1249-1261). Publ by ASCE. [View at Google Scholar]; [View at

Publisher].

[8] Bergado DT, Balasubramaniam AS, Fannin RJ, Holtz RD.
Prefabricated vertical drains (PVDs) in soft Bangkok clay: a case
study of the new Bangkok International Airport project. Canadian
Geotechnical Journal. 2002 Apr 1;39(2):304-15. [View at Google
Scholar]; [View at Publisher].

[9] Chu J, Yan SW, Yang H. Soil improvement by the vacuum
preloading method for an oil storage station. Geotechnique.
2000 Dec;50(6):625-32.. [View at Google Scholar]; [View at

Publisher].

[10] Yan SW, Chu J. Soil improvement for a road using the
vacuum preloading method. Proceedings of the Institution of
Civil Engineers-Ground Improvement. 2003 Oct;7(4):165-72.
[View at Google Scholar]; [View at Publisher].

[11] Feng S, Bai W, Lei H, Song X, Liu W, Cheng X. Vacuum
preloading combined with surcharge preloading method for
consolidation of clay-slurry ground: A case study. Marine
Georesources & Geotechnology. 2023 Feb 27:1-4._[View at
Google Scholar]; [View at Publisher].

[12] Sun J, Lu M. Analytical solutions for consolidation of soft soil
improved by air-boosted vacuum preloading considering
clogging effect. International Journal for Numerical and

Analytical Methods in Geomechanics. 2023 Apr 24. [View at
Google Scholar]; [View at Publisher].

[13] Indraratna B, Bamunawita C, Khabbaz H. Numerical
modeling of vacuum preloading and field applications. Canadian
Geotechnical Journal. 2004 Dec 1;41(6):1098-110. [View at
Google Scholar]; [View at Publisher].

[14] M. Bo, J. Chu, B. Low, V.J.P.V.D.T. Choa, Soil
improvement, (2003) 111-141. [View at Publisher].

[15] Indraratna B, Rujikiatkamjorn C, Sathananthan I. Analytical
and numerical solutions for a single vertical drain including the
effects of vacuum preloading. Canadian Geotechnical Journal.
2005 Aug 1;42(4):994-1014. [View at Google Scholar]; [View at

Publisher].

[16] Barron RA. Consolidation of fine-grained soils by drain wells
by drain wells. Transactions of the American Society of Civil
Engineers. 1948 Jan;113(1):718-42._[View at Google Scholar];
View at Publisher].

[17] Hansbo S. Consolidation of clay by bandshaped
prefabricated drains. Ground Engineering. 1979 Jul;12(5)._[View
at Google Scholar]; [View at Publisher].

[18] Onoue A. Consolidation by vertical drains taking well
resistance and smear into consideration. Soils and Foundations.
1988 Dec 1;28(4):165-74._[View at Google Scholar]; [View at
Publisher].

[19] Tarefder R, Zaman M, Lin DG, Bergado D. Finite element
modeling of soft ground with PVD under vacuum and
embankment preloading. International Journal of Geotechnical
Engineering. 2009 Apr 1;3(2):233-49._[View at Google Scholar];

View at Publisher].

[20] Shibata T, Murakami A, Fujii M. Prediction of embankment
behavior of regulating reservoir with foundation improved by
vacuum consolidation method. Soils and Foundations. 2014 Oct
1;54(5):938-54. [View at Google Scholar]; [View at Publisher].

[21] Sathananthan |, Indraratna B. Plane-strain lateral
consolidation with non-Darcian flow. Canadian Geotechnical
Journal. 2006 Feb 1;43(2):119-33._[View at Google Scholar];
View at Publisher].

[22] Chai JC, Carter JP, Hayashi S. Ground deformation
induced by vacuum consolidation. Journal of geotechnical and
geoenvironmental engineering. 2005 Dec;131(12):1552-61.
[View at Google Scholar]; [View at Publisher].

[23] Imai G. For the Further Development of" Vacuum-Induced
Consolidation Method"-Present Understandings of Its Principle
and Their Applications. INPROCEEDINGS-JAPAN SOCIETY OF
CIVIL ENGINEERS 2005 (Vol. 798, p. 1). DOTOKU GAKKAI.
[View at Google Scholar]; [View at Publisher].

[24] Pardsouie MM, Pardsouie MH. The effect of PVDs length on
the lateral displacement of embankments. Geotechnical
Geology. 2022 Jun 1;18(1):655-8._[View at Google Scholar];

View at Publisher].
[25] Chai J, Carter JP. Deformation analysis in soft ground

improvement. Springer Science & Business Media; 2011 Jul 14.
[View at Google Scholar]; [View at Publisher].

149


https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=B.+Indraratna%2C+Recent+advances+in+the+application+of+vertical+drains+and+vacuum+preloading+in+soft+soil+stabilisation%2C++%282010%29.+&btnG=
https://ro.uow.edu.au/engpapers/894/
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+B.+Indraratna%2C+C.+Rujikiatkamjorn%2C+Effects+of+partially+penetrating+prefabricated+vertical+drains+and+loading+patterns+on+vacuum+consolidation%2C+in%3A++GeoCongress+2008%3A+Geosustainability+and+Geohazard+Mitigation%2C+2008%2C+pp.+596-603.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+B.+Indraratna%2C+C.+Rujikiatkamjorn%2C+Effects+of+partially+penetrating+prefabricated+vertical+drains+and+loading+patterns+on+vacuum+consolidation%2C+in%3A++GeoCongress+2008%3A+Geosustainability+and+Geohazard+Mitigation%2C+2008%2C+pp.+596-603.&btnG=
https://ascelibrary.org/doi/abs/10.1061/40971(310)74
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.M.+Pardsouie%2C+M.+Mokhberi%2C+M.H.+Pardsouie%2C+M.J.I.J.O.C.+Kariminejad%2C+Offshore%2C+E.+Engineering%2C+The+comparison+of+the+safety+zone+in+the+vicinity+of+marine+clay+treatment+areas+with+and+without+surcharge+and+vacuum+preloading%2C+8%282%29+%282023%29+13-20.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.M.+Pardsouie%2C+M.+Mokhberi%2C+M.H.+Pardsouie%2C+M.J.I.J.O.C.+Kariminejad%2C+Offshore%2C+E.+Engineering%2C+The+comparison+of+the+safety+zone+in+the+vicinity+of+marine+clay+treatment+areas+with+and+without+surcharge+and+vacuum+preloading%2C+8%282%29+%282023%29+13-20.&btnG=
https://www.ijcoe.org/article_170631.html
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+M.M.+Pardsouie%2C+M.+Mokhberi%2C+M.H.+Pardsouie%2C+M.R.J.N.A.i.C.E.+Ghate%2C+The+Necessity+of+Consideration+of+the+Safe+Distance+for+Infrastructures+in+the+Vicinity+of+Weak+Clay+Soil+Treatments+Including+Surcharge%2C+7%281%29+%282023%29+47-55.&btnG=
https://www.jnace.ir/article_174664_en.html?lang=en
https://www.jnace.ir/article_174664_en.html?lang=en
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=Vacuum+Stabilization+of+Subsoil+beneath+Runway+Extension+at+Philadelphia+International+Airport&btnG=
https://www.issmge.org/publications/publication/vacuum-stabilization-of-subsoil-beneath-runway-extension-at-philadelphia-international-airport
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=V.+Choa%2C+Soil+improvement+works+at+Tianjin+East+Pier+project%2C+Southeast+Asian+Geotechnical+Society%2C+1990.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=V.+Choa%2C+Soil+improvement+works+at+Tianjin+East+Pier+project%2C+Southeast+Asian+Geotechnical+Society%2C+1990.+&btnG=
http://ptsldigitalv2.ukm.my:8080/jspui/handle/123456789/432739
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A.+Jacob%2C+S.+Thevanayagam%2C+E.+Kavazanjian%2C+Vacuum-assisted+consolidation+of+a+hydraulic+landfill%2C+in%3A++Proceedings+of+the+Conference+on+Vertical+and+Horizontal+Deformations+of+Foundations+and+Embankments.+Part+2+%28of+2%29%2C+Publ+by+ASCE%2C+1994%2C+pp.+1249-1261.+&btnG=
https://asu.elsevierpure.com/en/publications/vacuum-assisted-consolidation-of-a-hydraulic-landfill
https://asu.elsevierpure.com/en/publications/vacuum-assisted-consolidation-of-a-hydraulic-landfill
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+D.T.+Bergado%2C+A.+Balasubramaniam%2C+R.J.+Fannin%2C+R.D.J.C.G.J.+Holtz%2C+Prefabricated+vertical+drains+%28PVDs%29+in+soft+Bangkok+clay%3A+a+case+study+of+the+new+Bangkok+International+Airport+project%2C+39%282%29+%282002%29+304-315.+%5BView+at+Google+Scholar%5D%3B+%5BView+at+Publisher%5D.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+D.T.+Bergado%2C+A.+Balasubramaniam%2C+R.J.+Fannin%2C+R.D.J.C.G.J.+Holtz%2C+Prefabricated+vertical+drains+%28PVDs%29+in+soft+Bangkok+clay%3A+a+case+study+of+the+new+Bangkok+International+Airport+project%2C+39%282%29+%282002%29+304-315.+%5BView+at+Google+Scholar%5D%3B+%5BView+at+Publisher%5D.+&btnG=
https://cdnsciencepub.com/doi/abs/10.1139/t01-100?casa_token=sovuJVSAGeIAAAAA:JOQIOJ86ob0mGmFLkD-OSlDu1eI6SF8Zxc26xwcdi8IhYZiov1Ze8pPrjgWADJ2mz0FkTwSDgaFO1aw
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+J.+Chu%2C+S.+Yan%2C+H.J.G.+Yang%2C+Soil+improvement+by+the+vacuum+preloading+method+for+an+oil+storage+station%2C+50%286%29+%282000%29+625-632&btnG=
https://www.icevirtuallibrary.com/doi/abs/10.1680/geot.2000.50.6.625
https://www.icevirtuallibrary.com/doi/abs/10.1680/geot.2000.50.6.625
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=S.+Yan%2C+J.J.P.o.t.I.o.C.E.-G.I.+Chu%2C+Soil+improvement+for+a+road+using+the+vacuum+preloading+method%2C+7%284%29+%282003%29+165-172.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=S.+Yan%2C+J.J.P.o.t.I.o.C.E.-G.I.+Chu%2C+Soil+improvement+for+a+road+using+the+vacuum+preloading+method%2C+7%284%29+%282003%29+165-172.&btnG=
https://www.icevirtuallibrary.com/doi/full/10.1680/grim.2003.7.4.165?casa_token=cHQJJ5LcCjQAAAAA%3AnyCCpeHG40Vw0ShxMsrbaoqCsodqMqSXXeIwsl9Jwih0p3C3g1Q9MvgHoQZh2I_K_x35IslC2LJn
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=S.+Feng%2C+W.+Bai%2C+H.+Lei%2C+X.+Song%2C+W.+Liu%2C+X.J.M.G.+Cheng%2C+Geotechnology%2C+Vacuum+preloading+combined+with+surcharge+preloading+method+for+consolidation+of+clay-slurry+ground%3A+A+case+study%2C++%282023%29+1-14.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=S.+Feng%2C+W.+Bai%2C+H.+Lei%2C+X.+Song%2C+W.+Liu%2C+X.J.M.G.+Cheng%2C+Geotechnology%2C+Vacuum+preloading+combined+with+surcharge+preloading+method+for+consolidation+of+clay-slurry+ground%3A+A+case+study%2C++%282023%29+1-14.&btnG=
https://www.tandfonline.com/doi/abs/10.1080/1064119X.2023.2185843
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+J.+Sun%2C+M.J.I.J.f.N.+Lu%2C+A.M.i.+Geomechanics%2C+Analytical+solutions+for+consolidation+of+soft+soil+improved+by+air%E2%80%90boosted+vacuum+preloading+considering+clogging+effect%2C++&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+J.+Sun%2C+M.J.I.J.f.N.+Lu%2C+A.M.i.+Geomechanics%2C+Analytical+solutions+for+consolidation+of+soft+soil+improved+by+air%E2%80%90boosted+vacuum+preloading+considering+clogging+effect%2C++&btnG=
https://onlinelibrary.wiley.com/doi/full/10.1002/nag.3540?casa_token=WFzwXaXbetMAAAAA%3Aafm-nJXihO3eOTBACD2OO4fglRFPnISlTEzt4l9WJy48i5NGae1e0HzgDA7PxOkRsP24m7SI_VsqTSFa
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+B.+Indraratna%2C+C.+Bamunawita%2C+H.J.C.G.J.+Khabbaz%2C+Numerical+modeling+of+vacuum+preloading+and+field+applications%2C+41%286%29+%282004%29+1098-1110.+%5BView+at+Google+Scholar%5D%3B+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+B.+Indraratna%2C+C.+Bamunawita%2C+H.J.C.G.J.+Khabbaz%2C+Numerical+modeling+of+vacuum+preloading+and+field+applications%2C+41%286%29+%282004%29+1098-1110.+%5BView+at+Google+Scholar%5D%3B+&btnG=
https://cdnsciencepub.com/doi/abs/10.1139/t04-054
https://books.google.it/books/about/Soil_Improvement.html?id=9NMySvh6DuwC&redir_esc=y
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=B.+Indraratna%2C+C.+Rujikiatkamjorn%2C+I.J.C.G.J.+Sathananthan%2C+Analytical+and+numerical+solutions+for+a+single+vertical+drain+including+the+effects+of+vacuum+preloading%2C+42%284%29+%282005%29+994-1014.&btnG=
https://cdnsciencepub.com/doi/abs/10.1139/t05-029?casa_token=oSiOdZLos4AAAAAA:QwuN_v4MMwgocjI9wJW0VG1UnBeU2g1abM8AlxbEfHsC8bhit-Awy7L6lik_VMSA9Qp63JDqN7qyqzw
https://cdnsciencepub.com/doi/abs/10.1139/t05-029?casa_token=oSiOdZLos4AAAAAA:QwuN_v4MMwgocjI9wJW0VG1UnBeU2g1abM8AlxbEfHsC8bhit-Awy7L6lik_VMSA9Qp63JDqN7qyqzw
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=R.A.J.T.o.t.A.S.o.C.E.+Barron%2C+Consolidation+of+fine-grained+soils+by+drain+wells+by+drain+wells%2C+113%281%29+%281948%29+718-742.&btnG=
https://ascelibrary.org/doi/abs/10.1061/TACEAT.0006098
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=S.J.G.E.+Hansbo%2C+Consolidation+of+clay+by+bandshaped+prefabricated+drains%2C+12%285%29+%281979%29.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=S.J.G.E.+Hansbo%2C+Consolidation+of+clay+by+bandshaped+prefabricated+drains%2C+12%285%29+%281979%29.&btnG=
https://trid.trb.org/view/146387
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=A.J.S.+Onoue%2C+Foundations%2C+Consolidation+by+vertical+drains+taking+well+resistance+and+smear+into+consideration%2C+28%284%29+%281988%29+165-174.&btnG=
https://www.sciencedirect.com/science/article/pii/S0038080620317145
https://www.sciencedirect.com/science/article/pii/S0038080620317145
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=R.+Tarefder%2C+M.+Zaman%2C+D.-G.+Lin%2C+D.J.I.J.o.G.E.+Bergado%2C+Finite+element+modeling+of+soft+ground+with+PVD+under+vacuum+and+embankment+preloading%2C+3%282%29+%282009%29+233-249.&btnG=
https://www.tandfonline.com/doi/abs/10.3328/IJGE.2009.03.02.233-249
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=T.+Shibata%2C+A.+Murakami%2C+M.J.S.+Fujii%2C+Foundations%2C+Prediction+of+embankment+behavior+of+regulating+reservoir+with+foundation+improved+by+vacuum+consolidation+method%2C+54%285%29+%282014%29+938-954.&btnG=
https://www.sciencedirect.com/science/article/pii/S0038080614001073
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=I.+Sathananthan%2C+B.J.C.g.j.+Indraratna%2C+Plane-strain+lateral+consolidation+with+non-Darcian+flow%2C+43%282%29+%282006%29+119-133.&btnG=
https://cdnsciencepub.com/doi/abs/10.1139/t05-094
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=+J.+Chai%2C+J.+Carter%2C+S.J.J.o.g.+Hayashi%2C+g.+engineering%2C+Ground+deformation+induced+by+vacuum+consolidation%2C+131%2812%29+%282005%29+1552-1561.+&btnG=
https://ascelibrary.org/doi/full/10.1061/%28ASCE%291090-0241%282005%29131%3A12%281552%29?casa_token=26C48ehUaFYAAAAA%3AwYQiTt1ujze__WnMf5u7kUEULknOiRE-zW2cZohVA8bvI3r1DLOj8CPZnnmcgVpL2PnXrBXbUWcRCxU
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=For+the+Further+Development+of%22+Vacuum-Induced+Consolidation+Method%22-Present+Understandings+of+Its+Principle+and+Their+Applications&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=For+the+Further+Development+of%22+Vacuum-Induced+Consolidation+Method%22-Present+Understandings+of+Its+Principle+and+Their+Applications&btnG=
https://www.researchgate.net/publication/264825350_Methods_of_vacuum_consolidation_and_their_deformation_analyses
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.M.+Pardsouie%2C+M.H.J.G.G.+Pardsouie%2C+The+effect+of+PVDs+length+on+the+lateral+displacement+of+embankments%2C+18%281%29+%282022%29+655-658.&btnG=
https://sanad.iau.ir/journal/geotech/article_692680.html
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=J.+Chai%2C+J.P.+Carter%2C+Vacuum+Consolidation%2C+in%3A++Deformation+Analysis+in+Soft+Ground+Improvement%2C+Springer%2C+2011%2C+pp.+109-171.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=J.+Chai%2C+J.P.+Carter%2C+Vacuum+Consolidation%2C+in%3A++Deformation+Analysis+in+Soft+Ground+Improvement%2C+Springer%2C+2011%2C+pp.+109-171.&btnG=
https://books.google.it/books?hl=en&lr=&id=qdafz6kKXMQC&oi=fnd&pg=PR5&dq=J.+Chai,+J.P.+Carter,+Vacuum+Consolidation,+in:++Deformation+Analysis+in+Soft+Ground+Improvement,+Springer,+2011,+pp.+109-171.&ots=5kJcjqq97X&sig=iuk5zDdXZPkIY8tTC5R0DkjPSwg&redir_esc=y#v=onepage&q&f=false
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=.+Nabian+M%2C+Nabian+MA%2C+Hashemi+HN.+Torsional+Dynamics+Response+of+Shafts+with+Longitudinal+and+Circumferential+Cracks.+&btnG=

J. Civil Eng. Mater.App. 2023 (September); 7(3): 139-150

[26] Chai JC, Miura N, Kirekawa T, Hino T. Optimum PVD
installation depth for two-way drainage deposit. Geomechanics
& engineering. 2009;1(3):179-91._[View at Google Scholar];
View at Publisher].

[27] Sun HY, Wang J, Wang DF, Yu Y, Wei ZL. Optimal design
of prefabricated vertical drain-improved soft ground considering
uncertainties of soil parameters. J. Zhejiang Uni.-Sci. A. 2020
Jan 1;21(1):15-28. [View at Google Scholar]; [View at Publisher].

[28] N. Nghia, L. Lam, S.K.J.1.J.0.G. Shukla, G. Engineering, A
new approach to solution for partially penetrated prefabricated
vertical drains, 4(2) (2018) 1-17. [View at Google Scholar]; [View
at Publisher].

[29] B. Indraratna, C. Rujikiatkamjorn, Predictions and
Performances of Prefabricated Vertical Drain Stabilised Soft
Clay Foundations, (2006). [View at Google Scholar]; [View at
Publisher].

[30] Indraratna B, Redana IW. Numerical modeling of vertical
drains with smear and well resistance installed in soft clay.
Canadian Geotechnical Journal. 2000 Feb 1;37(1):132-45. [View
at Google Scholar]; [View at Publisher].

[31] Indraratna B, Rujikiatkamjorn C, Balasubramaniam AS,
Wijeyakulasuriya V. Predictions and observations of soft clay
foundations stabilized with geosynthetic drains and vacuum
surcharge. InElsevier Geo-Engineering Book Series 2005 Jan 1
(Vol. 3, pp. 199-229). Elsevier._[View at Google Scholar]; [View

at Publisher].

[32] Lam LG, Bergado DT, Hino T. PVD improvement of soft
Bangkok clay with and without vacuum preloading using
analytical and numerical analyses. Geotextiles and
Geomembranes. 2015 Nov 1;43(6):547-57. [View at Google
Scholar]; [View at Publisher].

[33] Pardsouie MM, Momeni M, Nasehi SA, Pardsouie MH. 2d
numerical investigation of the effectiveness of surcharge and
vacuum preloading along with pvds. In13th National Congress
on Civil Engineering Isfahan University of Technology, Isfahan,

IranAt: Isfahan, Iran, Esfahan, Iran 2022 (Vol. 5, p. 22)._ [View at
Google Scholar]; [View at Publisher].

[34] Pardsouie MM, Pardsouie MH, Zomorodian SM, Mokhberi
M. Numerical Study of efficiency of the Vacuum Preloading in
Weak Clay Treatment (a case study). Journal of Civil
Engineering & Materials Application. 2022 Jun 1;6(2). [View at
Google Scholar]; [View at Publisher].

[35] Hird CC, Pyrah IC, Russel D. Finite element modelling of
vertical drains beneath embankments on soft ground.
Geotechnique. 1992 Sep;42(3):499-511._ [View at Google
Scholar]; [View at Publisher].

[36] Pardsouie MM, Mokhberi M, Pardsouie MH. The Importance
of Incorporating Hydraulic Modifier Function versus Step
Loading in Ground Improvements Including Vacuum Preloading.
Advance Researches in Civil Engineering. 2022 Jun 1;4(2):54-
60._[View at Google Scholar]; [View at Publisher].

[37] Marques ME, Leroueil S. Vacuum consolidation and
vacuum consolidation with heating. InGround Improvement Case
Histories 2015 Jan 1 (pp. 537-554). Butterworth-Heinemann.
[View at Google Scholar]; [View at Publisher].

[38] Glendinning S, Jones CJ, Lamont-Black J. The use of
electrokinetic geosynthetics (EKG) to improve soft soils.
InElsevier Geo-Engineering Book Series 2005 Jan 1 (Vol. 3, pp.
997-1043). Elsevier._[View at Google Scholar]; [View at

Publisher].

[39] Pardsouie MM, Mokhberi M, Pardsouie MH. Numerical
Investigation Impact of the Spacing between Vertical Drains on
the Diameter of the Influence Zone. Advance Researches in Civil
Engineering. 2022 Sep 1;4(3):22-8._[View at Google Scholar];

View at Publisher].

[40] Chai JC, Carter JP, Hayashi S. Ground deformation induced
by vacuum consolidation. Journal of geotechnical and
geoenvironmental engineering. 2005 Dec;131(12):1552-61.
[View at Google Scholar]; [View at Publisher].

150


https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=J.+Chai%2C+N.+Miura%2C+T.+Kirekawa%2C+T.J.G.+Hino%2C+engineering%2C+Optimum+PVD+installation+depth+for+two-way+drainage+deposit%2C+1%283%29+%282009%29+179-191.&btnG=
https://www.dbpia.co.kr/Journal/articleDetail?nodeId=NODE10233059
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=H.-y.+Sun%2C+J.+Wang%2C+D.-f.+Wang%2C+Y.+Yu%2C+Z.-l.J.J.o.Z.U.-S.A.+Wei%2C+Optimal+design+of+prefabricated+vertical+drain-improved+soft+ground+considering+uncertainties+of+soil+parameters%2C+21%281%29+%282020%29+15-28.+&btnG=
https://jzus.zju.edu.cn/iparticle.php?doi=10.1631/jzus.A1900227
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=B.+Indraratna%2C+I.J.C.G.J.+Redana%2C+Numerical+modeling+of+vertical+drains+with+smear+and+well+resistance+installed+in+soft+clay%2C+37%281%29+%282000%29+132-145.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=B.+Indraratna%2C+I.J.C.G.J.+Redana%2C+Numerical+modeling+of+vertical+drains+with+smear+and+well+resistance+installed+in+soft+clay%2C+37%281%29+%282000%29+132-145.+&btnG=
https://cdnsciencepub.com/doi/abs/10.1139/t99-115?casa_token=wonv5rAiuSwAAAAA:SKXD-4uio4URNEZwnXkIMnjLh0r_429ycNdP3pP40XZ6220eXOEALX7jMhSy6NRMrKs28sDHn8YJhbY
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=B.+Indraratna%2C+C.+Rujikiatkamjorn%2C+A.+Balasubramaniam%2C+V.+Wijeyakulasuriya%2C+Predictions+and+observations+of+soft+clay+foundations+stabilized+with+geosynthetic+drains+and+vacuum+surcharge%2C+in%3A++Elsevier+Geo-Engineering+Book+Series%2C+Elsevier%2C+2005%2C+pp.+199-229.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1571996005800102
https://www.sciencedirect.com/science/article/abs/pii/S1571996005800102
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=L.G.+Lam%2C+D.T.+Bergado%2C+T.J.G.+Hino%2C+Geomembranes%2C+PVD+improvement+of+soft+Bangkok+clay+with+and+without+vacuum+preloading+using+analytical+and+numerical+analyses%2C+43%286%29+%282015%29+547-557.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=L.G.+Lam%2C+D.T.+Bergado%2C+T.J.G.+Hino%2C+Geomembranes%2C+PVD+improvement+of+soft+Bangkok+clay+with+and+without+vacuum+preloading+using+analytical+and+numerical+analyses%2C+43%286%29+%282015%29+547-557.+&btnG=
https://www.sciencedirect.com/science/article/pii/S0266114415001168?casa_token=YkGXFRp1RY8AAAAA:10Kyjj4bTwhb73xaw1e9HmOsG4K80joO2bN82SikQ0iNTkgKhOCc0dLcqwrGv1BcaUpkMK8TXP4
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.M.+Pardsouie%2C+M.+Momeni%2C+S.A.+Nasehi%2C+M.H.+Pardsouie%2C+2D+Numerical+Investigation+of+the+Effectiveness+of+Surcharge+and+Vacuum+Preloading+Along+with+PVDs%2C+in%3A++13th+National+Congress+on+Civil+Engineering+Isfahan+University+of+Technology%2C+Isfahan%2C+IranAt%3A+Isfahan%2C+Iran%2C+Esfahan%2C+Iran%2C+2022%2C+pp.+22.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.M.+Pardsouie%2C+M.+Momeni%2C+S.A.+Nasehi%2C+M.H.+Pardsouie%2C+2D+Numerical+Investigation+of+the+Effectiveness+of+Surcharge+and+Vacuum+Preloading+Along+with+PVDs%2C+in%3A++13th+National+Congress+on+Civil+Engineering+Isfahan+University+of+Technology%2C+Isfahan%2C+IranAt%3A+Isfahan%2C+Iran%2C+Esfahan%2C+Iran%2C+2022%2C+pp.+22.&btnG=
https://d1wqtxts1xzle7.cloudfront.net/89163488/revised-libre.pdf?1659336639=&response-content-disposition=inline%3B+filename%3D2D_Numerical_Investigation_of_the_Effect.pdf&Expires=1708003880&Signature=RcNPeR7afiBLOvauKg-KeQAucaEgR4659kogzmaviD-0XK9TkXHLSeHxIx7S8PAnap65vyzJ1uqJO5rbSsV2Yg~SXXakSLGyIyrifDMnndnuR0os8A5BgdXkZ5KBMIeh2pZKudCOg55TlwWV2-37SWkn7HpoRfg23AjZJeNV6U7SHs2D7eJFaBInjhXKpf7JM9XJ~F6Dtrpigwdh9f1NxPZqkaMKxrjhBGiXqpfiP~kupwJqgXQlUQiIY1gwAg8yNslVHl37TM0n9ManSe1kIhZXz9S~DWl2aj27I72G7-gWYPvRpgTF5gfcNISXWshVvS74cqJSZ37kLjDGNra2wA__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.M.+Pardsouie%2C+M.H.+Pardsouie%2C+S.M.A.+Zomorodian%2C+M.J.J.o.C.E.+Mokhberi%2C+M.+Application%2C+Numerical+Study+of+efficiency+of+the+Vacuum+Preloading+in+Weak+Clay+Treatment+%28a+case+study%29%2C+6%282%29+%282022%29.+&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.M.+Pardsouie%2C+M.H.+Pardsouie%2C+S.M.A.+Zomorodian%2C+M.J.J.o.C.E.+Mokhberi%2C+M.+Application%2C+Numerical+Study+of+efficiency+of+the+Vacuum+Preloading+in+Weak+Clay+Treatment+%28a+case+study%29%2C+6%282%29+%282022%29.+&btnG=
https://www.researchgate.net/profile/Mohammad-Pardsouie-2/publication/362871900_Numerical_Study_of_efficiency_of_the_Vacuum_Preloading_in_Weak_Clay_Treatment_a_case_study/links/6304ed2a1ddd447021030a91/Numerical-Study-of-efficiency-of-the-Vacuum-Preloading-in-Weak-Clay-Treatment-a-case-study.pdf
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=C.+Hird%2C+I.+Pyrah%2C+D.J.G.+Russel%2C+Finite+element+modelling+of+vertical+drains+beneath+embankments+on+soft+ground%2C+42%283%29+%281992%29+499-511.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=C.+Hird%2C+I.+Pyrah%2C+D.J.G.+Russel%2C+Finite+element+modelling+of+vertical+drains+beneath+embankments+on+soft+ground%2C+42%283%29+%281992%29+499-511.&btnG=
https://www.icevirtuallibrary.com/doi/abs/10.1680/geot.1992.42.3.499
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.M.+Pardsouie%2C+M.+Mokhberi%2C+M.H.J.A.R.i.C.E.+Pardsouie%2C+The+Importance+of+Incorporating+Hydraulic+Modifier+Function+versus+Step+Loading+in+Ground+Improvements+Including+Vacuum+Preloading%2C+4%282%29+%282022%29+54-60.&btnG=
https://www.arce.ir/article_157273.html
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.E.S.+Marques%2C+S.+Leroueil%2C+Vacuum+consolidation+and+vacuum+consolidation+with+heating%2C+in%3A++Ground+Improvement+Case+Histories%2C+Elsevier%2C+2015%2C+pp.+537-554.&btnG=
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.E.S.+Marques%2C+S.+Leroueil%2C+Vacuum+consolidation+and+vacuum+consolidation+with+heating%2C+in%3A++Ground+Improvement+Case+Histories%2C+Elsevier%2C+2015%2C+pp.+537-554.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/B9780081001912000174
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=S.+Glendinning%2C+C.J.+Jones%2C+J.+Lamont-Black%2C+The+use+of+electrokinetic+geosynthetics+%28EKG%29+to+improve+soft+soils%2C+in%3A++Elsevier+Geo-Engineering+Book+Series%2C+Elsevier%2C+2005%2C+pp.+997-1043.&btnG=
https://www.sciencedirect.com/science/article/abs/pii/S1571996005800382
https://www.sciencedirect.com/science/article/abs/pii/S1571996005800382
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=M.M.+Pardsouie%2C+M.+Mokhberi%2C+M.H.J.A.R.i.C.E.+Pardsouie%2C+Numerical+Investigation+Impact+of+the+Spacing+between+Vertical+Drains+on+the+Diameter+of+the+Influence+Zone%2C+4%283%29+%282022%29+22-28.&btnG=
https://www.arce.ir/article_166338.html
https://scholar.google.com/scholar?hl=en&as_sdt=0%2C5&q=J.C.+Chai%2C+J.P.+Carter%2C+S.+Hayashi%2C+Ground+Deformation+Induced+by+Vacuum+Consolidation%2C+131%2812%29+%282005%29+1552-1561.+&btnG=
https://ascelibrary.org/doi/full/10.1061/%28ASCE%291090-0241%282005%29131%3A12%281552%29?casa_token=vxpjvlYKsCUAAAAA%3A6yfj-HgLxEoWDoJSV6KEvWQYleJUqEabZ0_KHX641ntK1qk9KpRnzSzvo4jGN84omvKVIw4DUZiPk-Q

