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Physical model test of ground improvement using prefabricated vertical drain
incorporating vacuum pressure of Bangkok Clay
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ABSTRACT: The physical model was developed for consolidation test with using vacuum combined with surcharge
pressure. The excess pore water pressure, settlement and volume change during consolidation process were measured.
Before testing, Bangkok Clay was reconstituted with remolded water content at 1.3 times of the liquid limit. The
“experimental program consists of two different series of test: surcharge loading and combined surcharge with vacuum
loading. From test results, the vertical strain by combined vacuum and surcharge loading was less than those of
,surcharge loading. The prediction from finite element analysis was reasonably agreed with testing results from

surcharge loading.

KEYWORDS: Physical model / Vacuum loading / Prefabricated vertical drain.

1. INTRODUCTION

Ground improvement with preloading is a common
method to improve strength and deformation
“characteristics soft soil. To reduce time for preloading of
soft soil, prefabricated vertical drains (PVDs) can be used
together with preloading to accelerate consolidation
settlement. The PVD installation reduces the length of
drainage path and, consequently, time required to
complete the consolidation process. Under surcharge
loading, the excess pore pressure will firstly build up
from its initial state by the same amount surcharge. On
the other hand, under vacuum pressure, the pore water
pressure will reduce from initial state to the negative
_pressure with same amount of applied vacuum. The using
surcharge or vacuum pressure has different advantages.
The combined vacuum pressure and surcharge loading
may provide better over all ground improvement [8].
Currently, a number of researches on the behaviors of
PVD improved ground have been carried out 1y, 121,
(3], [4] and [5]).

The physical model test has been performed with
vacuum and surcharge pressure [8]. In Thailand, vacuum
preloading has been successfully employed to improve
soft ground of Suvarnabhumi Airport Project. The results
demonstrated that vacuum preloading with PVD was an
effective ground improvement method. However, there
was no research to perform a physical model test of
vacuum consolidation with PVD of Bangkok Clay with
fully instrumentation. Thus, in this research, the
consolidation test of Bangkok Clay under surcharge and
vacuum loading was conducted. Then, the numerical
simulation was performed to simulate the result of the
physical model tests.

2. PHYSICAL MODEL

The schematic diagram of a physical model test is
shown in Fig.1. The main body of the cell is made of
steel for resisting a vacuum pressure. The friction
between soil sample and cell was reduced by using
double plastic sheet method [10].

Data acquisition system

Vacuum regulater Vacuum gauge

Vacuum
chamber

PVD Cell

Vacuum Tank

O

)

Vacuum Pump

Fig.1 Schematic program of physical model



Fig.3 Point to measure excess pore water pressure at different
radial.

The invented physical model can apply both surcharge
and vacuum pressure. Surcharge pressure was applied by
- static load. Vacuum pressure was applied by vacuum
pump through water in vacuum chamber. The drainage
condition was radial direction only. The bottom of cell
was installed 3 locations of pressure transducer for
measuring pore water pressure at radial distance from
center of 2, 7.5 and 15 cm during consolidation process
as shown in Fig.3. Settlement during consolidation
process was observed by using LVDT at the top of cell.
The volume change during consolidation process was
monitored from level of the water in vacuum chamber.

-

3. TEST RESULT

Vertical settlement according to consolidation of
surcharge and vacuum loading is shown in Fig.4.
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Fig.4 Comparison of settlement between surcharge pressure
and vacuum combined with surcharge pressure versus time (a)
35 kPa and (b) 70 kPa.

For the result of first stage of surcharge loading (35 kPa),
settlement of surcharge case was larger than that of
vacuum combined surcharge pressure. However, for
second stage of loading (70 kPa), settlement of 2 cases
were approximately similar. The test results were similar
to the research reported by Chai [7]. If vacuum pressure is
larger than the stress required to maintain a k, condition,
there will be inward lateral displacement and vacuum
pressure will induce less settlement than surcharge
pressure.
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Fig.5 Comparison of.excess pore water pressures at different
radial distance versus time by surcharge pressure (a) 35 kPa
and (b) 70kPa.

The pore water pressures at different radial distance in
clay during consolidation process are show in Fig.s.
-Excess pore water pressure at point near PVD (pwp02)
was lower than these at point far from PVD (pwp01 and
pwp03).The excess pore water pressure of every point
tended to dissipate to zero with time [8].
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Fig.6 Comparison of excess pore water pressures at different
radial distance versus time by surcharge combine vacuum
pressure (a) 35 kPa and (b) 70kPa.

For combination of surcharge and vacuum case, the pore
water pressure initially positive value and gradually
changed to negative value with time. The excess pore
water pressures at different radial distance from PVD
during consolidation process are shown in Fig.6 Pore
water pressure at a point near PVD became negative and
(pwp02) was lower than the other.

4. FINITE ELEMENT ANALYSIS

PVD

I 15cm. l

Close y for C

Fig.7 Finite element mesh in axisymmetric stress condition

Tablel. Parameter for soil in FEM analysis

Soil model Soft Soil Model
Ysa (KN/m?) 18
¢ 23
A* 0.1
K* 0.02
ky (x10™* m/day) 1.5

The result of physical model test was simulated by finite
element method with axisymetric stress condition as show
in Fig.7. The PVD was simulated by drain element.
According to drainage condition, the drainage was
provided only at the PVD being similar to real condition.
The model parameters for clay are shown in Tablel.
being the same range of the previous research ([6]).
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Fig.8 Comparison of settlement between laboratory and
analysis results by FEM versus time by surcharge pressure (a)
35 kPa and (b) 70 kPa.
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pressure (a) 35 kPa and (b) 70 kPa.

The comparison between result space from the FEM and
actual settlement has shown in Fig 8 and 9. The computed
settlement was well agreed with testing data of surcharge
case. Fig.9 shows the comparison of excess pore water
pressure between the FEM and measured results. The
predicted maximum excess pore water pressure from
finite element was overestimated the actual behavior, but
the dissipation rate of excess pore pressure compared to
the actual one was identical.

5. CONCLUSIONS

Physical model for investigation of surcharge and vacuum
consolidation ~ behavior of Bangkok Clay with
prefabricated vertical drain was successfully invented.
From test result, the settlement of surcharge case was
more than those of the combined vacuum and surcharge at
low pressure. For combination of vacuum and surcharge
case, excess pore water pressure was initially positive
value and reduced to be negative value. For finite element
simulation, the predicted settlement well agreed with
measured data for surcharge case. However, the predicted
€xcess pore water pressure was overestimated the actual
case.
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This paper presents the effectiveness of vacuum preloading in accelerating the consolidation of PVD
improved soft Bangkok clay by comparing with the corresponding results without vacuum preloading.
Laboratory tests were conducted using a large scale consolidometer having diameter of 300 mm and
height of 500 mm with reconstituted specimens installed with prefabricated vertical drains (PVD) with
and without vacuum preloading. In addition, field data were collected from Second Bangkok Interna-
tional Airport (SBIA) site improved by PVD with and without vacuum pressures. Analyses were carried
out to compare the compressibility parameters (C, and kn/ks) by back-calculation of laboratory and field
settlements using Hansbo (1979) method. From the laboratory tests, the horizontal coefficient of
consolidation (Cy) values from reconstituted specimens were 1.08 and 1.87 m?/yr for PVD without and
with vacuum pressure, respectively and the k/ks values were 2.7 for PVD only and 2.5 for vacuum-PVD.
After the improvement, the water contents of the soft clay were reduced, thereby, increasing its
undrained shear strengths. Similarly, the field data analysis based on the back-calculated results showed
that the kp/ks were 7.2 and 6.6 for PVD without and with vacuum, respectively. The C;, values increased
slightly from 2.17 m?/yr for PVD only to 3.51 m?fyr for vacuum-PVD. The time to reach 90% degree of
consolidation for soils with vacuum-PVD was one-third shorter than that for soils with PVD only because
of higher G, values. Thus, the addition of vacuum pressure leads to increase horizontal coefficient of
consolidation which shortened the time of preloading. The PVDCON software was found to be useful to
predict the settlements of the PVD improved ground with and without vacuum preloading.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

applied over the soil surface to generate the necessary hydraulic
gradient needed for vertical drainage through the PVDs. Applica-

The main purpose of this paper is to evaluate the effectiveness
of PVD soft ground improvement with vacuum preloading by
comparing with the corresponding results with equivalent
surcharge preloading without vacuum pressure. One of the
cheapest soft ground improvement methods is by drainage using
prefabricated vertical drains (PVDs) to reduce the time required for
consolidation of soft subsoil. PVDs are artificial drainage paths
made of geosynthetics inserted into the soft ground to shorten the
drainage path, and thereby, shorten the consolidation time. Usually,
a surcharge load equal to or greater than the expected loading is

* Corresponding author. Tel.: +66 2 524 5512; fax: +66 2 524 6050.
E-mail addresses: bergado®ait.ac.th (D.T. Bergado), pnv@kmutnb.ac.th
(P. Voottipruex).

0266-1144/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.geotexmem.2009.08.002

tion of PVDs method is widely used in soft ground improvement
(Shen et al., 2005; Chai et al., 2006a,b; Abuel-Naga et al., 2006;
Rowe and Taechakumthorn, 2008) The instability problem of the
surcharge embankment dictates the height and slope of the
embankment. The PVD improvement with surcharge embankment
can be combined with vacuum pressure to decrease the problem
of embankment instability, to reduce fill material, to accelerate the
rate of consolidation and to shorten construction periods. The
vacuum consolidation was first proposed by Kjellman (1952).
The studies of vacuum induced consolidation continued up to the
present (Holtz, 1975; Choa, 1989; Cognon et al., 1994; Bergado et al.,
1998; Tang and Shang, 2000; Indraratna et al., 2004, 2005: Chai
et al, 2006ab; Chai et al, 2005; Bergado et al., 2006; Ruji-
kiatkamjorn and Indraratna, 2007; Rujikiatkamjorn et al., 2007,
2008; Walker and Indraratna, 2006, 2009; Saowapakpiboon et al,
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2008a,b). Vacuum consolidation preloads the soil by reducing the
pore pressure while maintaining constant total stress instead of
increasing the total stress. The effective stress is increased due to
the reduced (less atmospheric) pressure in the soil mass. The net
effect is equivalent to an additional surcharge to ensure early
attainment of the required settlement and increased shear strength
resulting in increased embankment stability with subsequent rapid
improvement in the soft clay foundation.

2. Laboratory test using PVDs with and without vacuum
2.1. Test specimens

The soil samples used in this study were obtained from a site
located at the Second Bangkok International Airport (SBIA) or
Suvarnabhumi Airport which is located at Samut Prakarn Province
of Thailand, located 30 km southeast of Bangkok. The soft clay
samples were collected from 3.0 to 40 m depth and placed in
covered containers. Table 1 tabulates the physical properties of the
soft Bangkok clay samples. The PVD material used was CeTeau drain
(CT-D911). The PVD properties are summarized in Table 2.

The study was conducted on reconstituted clay specimens. The
reconstituted sample was prepared by applying a consolidation
pressure to the remolded sample. The remolded sample was made
by adding a sufficient amount of water until its water content
was greater than its liquid limit. The sample was then thoroughly
mixed in a mechanical mixer and transferred in layers into the
testing container. At each layer, the air bubbles were eliminated by
using a vibrator. The soil specimen was consolidated under 50 kPa
vertical stress in a large consolidometer until 90% consolidation
was achieved determined using Asaoka's method. The method of
Asaoka (1978) is commonly used to estimate the magnitude of final
settlement and the degree of consolidation.

2.2. Large consolidometer

The large scale consolidometer consists of a steel cylindrical
chamber 10 mm thick with an inner diameter of 305 mm and
height of 500 mm placed over circular steel base plate as shown in
Fig. 1. Silicon grease was applied to the inside of the cylinder
camber to reduce friction between inner surface of consolidometer
chamber and load transfer plate at the top. Geotextile was placed
on top of soil specimen. Vertical load was applied through a loading
piston at the top of soil specimen using load transfer plate thickness
of 50 mm which was connected to a loading arm of the con-
solidometer with ratio of 5. The schematic diagram of the apparatus
is shown in Fig. 2.

2.3. Vacuum generator

The vacuum pressures that were applied to the consolidometer
chamber were generated from two vacuum pumps and then stored
in a vacuum tank which has a maximum capacity of —120 kPa. The
tank consists of a controlling board (Fig. 3a) for adjusting the
vacuum pressure to the consolidometer chamber. The vacuum

Table 1

Physical properties of soft Bangkok Clay.
Liquid limit (%) 102.24
Plastic limit (%) 3955
Water content (%) ] 112.69
Plasticity index 62.69
Total unit weight (kN/m?) 14.70
Specific gravity 2.66

Table 2
Summary of CeTeau drain properties (CT-D911).
Drain body Configuration H+HHH
Material Polypropylene
Channels 44
Filter jacket Material Polypropylene
Colour grey
Weight (g/m) 78
Width (mm) 100
Thickness (mm) 35

pressure of —50 kPa was applied to the consolidometer chamber
through the top of the water container (Fig. 3b). The vacuum tank
has timer to control the time of pumping and control vacuum
pressure not to exceed the capacity of the vacuum tank.

2.4. Vane shear apparatus

A laboratory vane shear apparatus, capable of measuring shear
strengths at different locations and depths, was used to determine
the undrained shear strengths before and after the tests. The vane
blades, made of stainless steel, were 20 mm in diameter and 40 mm
in height. It was attached to an adjustable stainless steel rod that
can be adjusted to locate measurement points within the soil
specimen. The maximum torques were measured electronically for
each test point. The vane shear tests were done at radial distances
of 25 mm, 50 mm and 100 mm, respectively, at 3 different depths.

2.5. Consolidometer test program

The reconstituted specimen in the large consolidometer was
consolidated with PVD only under a vertical stress of 100 kPa.
Another reconstituted specimen was consolidated with PVD under
avertical stress of 50 kPa combined with —50 kPavacuum pressure.
The pressures were applied and vertical displacement was
measured immediately after PVD installation. The settlement of
both specimens was monitored until the 90% degree of consolida-
tion was achieved using the method of Asaoka (1978). Afterwards,
the undrained shear strengths and water contents were deter-
mined before and after PVD improvement with and without
vacuum at the radial distances of 25 mm, 50 mm and 100 mm,
respectively.

Fig. 1. Large scale consolidometer apparatus.
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Fig. 2. Schematic of large scale consolidometer.

3. Field test using PVDs with and without vacuum pressure
3.1. Site investigations and field construction

Both vacuum-PVD and conventional PVD system at Suvarnab-
humi Airport, Thailand were reported by COFRA (1996). The soil

profile at the site can be divided into 8 sublayers as shown in Table
3 and it consists of a 2.0 m thick weathered clay layer overlying
a very soft layer which extends from 2.0m to 10.0m depth.
Underneath the soft clay layer of 3.0 m thickness, a 3.0 m thick
medium clay layer can be found. The light-brown stiff clay layer can
be encountered at 15.0-30.0 m depth. The groundwater level was

Fig. 3. (a) Vacuum tank controller board. (b) Water container to collect water from consolidometer chamber.
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Table 3 Table 4

The stratigraphy. The compressibility consolidation parameters.
Present surface 0.00m Type Unit Compressibility POP  C,_theory
Water level -0.50m weight (kPa) (m?yr)

(kNjm?) RR (R G
Type Top layer(m) Bottom layer(m)
Top layer, 18.50 0035 0350 0014 45 -

Top layer, weathered clay 0.00 -2.00 weathered clay
“;‘"V ”2 g’y; ‘é% ‘53’80 Very soft clay 1 13.80 0050 0500 0020 37 079
S:‘;y d‘° ay o, Al ‘: o Very soft clay 2 14.00 0042 0420 0017 59 079
prac ay o3 “3'00 fr Soft clay 15.00 0040 0400 0016 100 079
S .ﬁ“;“‘ stitclay ‘}5'00 i Soft to medium clay  15.70 0030 0300 0012 110 079
S‘fﬂ, ‘l‘“’; P o - Stff clay 1 18.50 0008 0080 0.003 300 -
S‘?ﬂ‘;‘y . ‘10'00 5l Stiff clay 2 19.00 0008 0080 0003 500 -
Aificay —20. et Stiff clay 3 20.40 0000 0.000 0000 500 -

found at about 0.50 m depth. In Table 4, the maximum past pres-
sure (¢’'vm) is derived from the given OCR value taken as an average
value of each layer. The soil profiles within the site are relatively
uniform with some small variations in the soil thickness. The
typical soil properties along with soil parameters are summarized
in Fig. 4 taken from Bergado et al. (2002).

In the conventional PVD method, the PVD was installed to 10 m
depth with a spacing of 0.85 m and arranged in a triangular pattern.
This method had the embankment height in 4.3 m with loading in
2 stages. Typically, a 2:1 side slope was used for the low embank-
ment with height less than 2.5 m. However, a 4:1 side slope was
adopted for the high embankment to reduce the effect from erosion
due to rainfall. The high embankment is usually constructed along
with counterweight berms for stability purpose. Several types of
monitoring instruments were used, including settlement plates,
settlement benchmark, deep settlement gauges, piezometers,
inclinometers and observation wells as shown in Fig. 5b.

For the vacuum-PVD method, the PVD was installed into 10 m
depth with a spacing of 0.85 m and arranged in a triangular pattern.
The instrumentation equipments were installed to monitor the
field behavior. For the vacuum-PVD, similar instrumentation
equipments were installed to monitor the field behavior. The
locations of the inclinometers, piezometers and the settlement
plate are shown in Fig. 6b. The following boundary conditions were

used in the design of vacuum-PVD: installation time of drains of
2 months, maximum pumping time of 8 months, vacuum pressure
of —60 kPa at 5 m depth, depth or length of PVD of 10 m below
ground surface and 60% consolidation requirement. The embank-
ment was 2.8 m high with unit weight of 18 kN/m>. The embank-
ment was constructed in two phases, namely: Phase 1 (1.5m
height, day 0) and Phase 2 (1.3 m height, day 14). The load-time
relation of PVD improvement without and with vacuum are shown
in Fig. 7a and b.

3.2. Settlement predictions of field test using PVDs with and
without vacuum

The final settlement was calculated using the Asaoka (1978)
graphical method. This method is based on the field monitored
data. The horizontal coefficient of consolidation, Cy,, was also back-
calculated at different periods depending on the time of PVD
installation. Before the PVD installation, the vertical drainage was
mainly assumed in the calculation of the degree of consolidation.
After the PVDs installation, the horizontal drainage mainly gov-
erned in the calculation of the degree of consolidation.

The computer software called PYDCON, based on one-dimen-
sional finite element analysis, was used to predict the consolidation
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Fig. 4. Soil parameters of SBIA project (Bergado et al., 2002).
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Fig. 5. (a) Cross-section of conventional PVD method. (b) Monitoring instruments of conventional PVD method.

settlement of PVD improved soft clay with and without vacuum
preloading (Chai and Miura, 2000). The PVDCON can handle the
problems related to multi-layered soil strata, and the computer
software settlement-time plot can be obtained at different depths.
For this settlement analysis, the subsoil was divided into 5 layers
(see Table 4 and Fig. 4) and the whole surcharge fill was divided into
different loading stages. The soil parameters at the site are
summarized in Table 5. The design parameters of PVDs with and
without vacuum for settlement analysis are tabulated in Tables 6
and 7, respectively.

3.3. Back-calculation Cp values

From the settlement observation, Magnan (1983) has modified
the observational method proposed by Asaoka (1978) to back

calculate the coefficient of consolidation. On the basis of settlement
plot, it was possible to evaluate that value. The horizontal coeffi-
cients of consolidation have been evaluated from the followings:

-DZ-F-In(8;)
G = —a (1)
where: D, =diameter of drain influence zone; F= An)+F+F;
Rn)=factor expressing the effect of drain spacing; F;=factor
expressing the effect of smear; F; = factor expressing the effect of
well-resistance; At = time interval for settlement plot according to
Asaoka (1978) method; f; = slope of the settlement plot in terms of
the settlement at time ¢; and of time t;_; in an arithmetic scale

The final settlement and G, values were back-calculated by
using the Asaoka (1978) graphical method. In addition, using the
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Fig. 6. (a) Cross-section of vacuum-PVDs method. (b) Monitoring instruments of vacuum-PVDs method.

method of Hansbo (1979), G is back-calculated from the following
relationships at Uy, = 90%.

Un(0) = 1~ exp(@) )

where U, is the degree of consolidation for horizontal drainage;
Ty is the time factor for horizontal drainage; F is the factor which
expresses the additive effect due to the spacing of the drains, Rn),
smear effect, Fs, and well-resistance, F;, as defined previously. The
values of A(n), Fs and F; are given by the following equations:

F(n) = ln[g—:] —% (3)
F = [%—1] l"[d_;] (4)
F = wz(L—z):—vhv (5)

where D is the diameter of the equivalent soil cylinder, d,y is the
equivalent diameter of the drain, ky, is the coefficient of horizontal
permeability, ks is the horizontal permeability of the smear zone,
ds is the diameter of the smear zone, z is the distance from the
drainage end of the drain, L is the length of the drain for double

drainage and twice the length of the drain for single drainage, gy is
the discharge capacity of the drain at hydraulic gradient of 1 (one).
The time factor, Ty, for horizontal drainage can be calculated using:

X Cht

T = 3

(6)
where G, is the coefficient of horizontai consolidation and t is the
time elapsed after the application of the load.

In PVDCON, finite element formulation considers the effects of
PVDs by modifying 1D continuity equation of consolidation as
follows (Chai and Miura, 2000).

k_v aZ(U — Pvac) _ 8k (U — pac) dey

= 7

Y 022 YwD2p at 2 )
. n kh 3 2’2kh

[l—ln;-’-ElnS—Z'f‘wm (8)

where vy, is the unit weight of water, z is depth, ¢ is time &, is
volumetric strain, u is excess pore water pressure, py,c is the final
vacuum pressures, ky is hydraulic conductivity in the vertical
direction, ky, is hydraulic conductivity in the horizontal direction,
l'is drainage length, D is the diameter of unit cell, gy, is discharge
capacity of PVD, n=D/dy (dy is the equivalent diameter of PVD)
and s = ds/dy, kp, ks and d; are defined previously.
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Fig. 7. The load-time of embankment improved with (a) conventional PVDs and
(b) Vacuum-PVDs.

4. Results and discussions

4.1. Laboratory results

The final settlements between the PVD improved reconstituted
specimen with vacuum preloading and the PVD improved recon-
stituted specimen without vacuum preloading are shown in Fig. 8.
The settlement of the specimen with the vacuum-PVD was
considerably faster in consolidation rate than the specimen with
only PVD. But the final settlement of both specimens was same
which were approximately 23 mm.

The measured and the theoretical (based on Egs. (2)-(6)) time
settlement curves for the reconstituted specimens are shown in
Fig. 9a and b for PVD and vacuum-PVD, respectively. The back-
calculated values of Cy, and ky/ks for the specimen with only PVD are
1.08 m?/yr and 2.70, respectively. For the specimen with the
vacuum-PVD, the corresponding values are 1.87 m?/yr and 2.50,
respectively. Consequently, the use of vacuum-PVD increased the
permeability of the smear zone resulting in the increase in G, by

Table 5
Summary of general of soil parameters at SBIA.

Table 6 .

Parameters related to PVDs with vacuum for settlement analysis.
Item Unit Values
Drain Type; CeTeau drain type CT-D911
Equivalent diameter of the drain, d,, = (b + )2 mm 51.75
Diameter of the equivalent soil cylinder, D, = 1.05S m 0.8925
Smear zone diameter, d; = 2d,, mm 191.49
Hydraulic conductivity ratio, kp/ks 2-10
Discharge capacity, q,, mjyr 100

70% and decrease in ky/ks of about 7%. As expected the horizontal
coefficient of consolidation of reconstituted specimen improved by
PVD with vacuum pressure was higher than specimen without
vacuum pressure due to higher rate of consolidation compared
with PVD only improvement. Thus, the construction rate can be
faster with reduction in consolidation time. The settlement
prediction (Hansbo, 1979) of laboratory result in the early stages of
the settlement, were underpredicted but after 60% of consolidation,
the predicted settlement yielded good agreement with the
observed settlements for both improvements using PVD with and
without vacuum pressures.

Fig. 10a and b show that the percentage of water content
reductions and percentage of strength increase were increased
with decreasing distances from PVD after PVD improvement with
and without vacuum pressure. The vane shear strengths after PVD
improvement with vacuum pressure was higher than PVD
improvement without vacuum pressure.

4.2. Field test results

The method of Asaoka (1978) for prediction of settlement
magnitude and Hansbo (1979) for prediction of settlement rate
were combined together to analyze the field observation data of
two stations of PVD improved soft ground by surcharge load and
the other two stations of PVD improved soft ground with surcharge
load combined with vacuum preloading. The measured settlements
of those stations were then compared with the predictions. The
comparison of settlement behavior using PVD without and with
vacuum is plotted with time in Figs. 11 and 12. The PVD with
vacuum clearly indicates faster rate of settlements. The values of Cj,
and kn/ks contributed to the time to reach 90% degree of consoli-
dation of PVD improved soft Bangkok clay. The reduction of time to
reach the 90% degree of consolidation using surcharge load
combined with vacuum pressure was higher than PVDs without
vacuum pressure by about 1.4-1.5 times due to the higher values of
horizontal coefficient of consolidation.

Fig. 13a shows the measured and predicted settlements at
station X=14012, Y=11567-12633 by using PVD with surcharge
load. The back-calculated G, value was 2.03 m?/yr with kn/ks values
of 7.0. The final settlement predicted from Asaoka method was
1485.89 mm. Fig. 13b shows the measured and predicted settle-
ments at station X = 13560, Y= 11567-12 600. The Ch value was

Depth 7, Wa @wu QR RR M OR G G

(m)  (kN/m’) (%) (kN/m3) (m?/yr) (m?yr)
0-2 1850 70 45 . 035 0035 12 331 1095 4380
2-5 1380 110 37 050 0050 09 131 1022 4088
5-10 1400 100 59 042 0042 10 132 1606 6424
10-13 1500 75 100 040 0040 12 159 1314 5256
13-15 1570 60 110 030 0030 12 143 1314 5256

Table 7

Parameters related to PVDs without vacuum for settlement analysis.
Item Unit Values
Drain type; CN (A1)
Equivalent diameter of the drain, d,, = (b+1)2 mm 515
Diameter of the equivalent soil cylinder, De =1.05S m 0.8925
Smear zone diameter, d = 2d,, mm 186
Hydraulic conductivity ratio, ky/ks 2-10

Discharge capacity, q,, mifyr 1000




8 J. Saowapakpiboon et al. / G iles and Gi b 28 (2010) 1-11
Time,l(day) a »
0 S 10 15 20 25 —@—PVD + Surcharge 100 kPa
0 —r—r——r+———+—tt T —t—PVD + Vacuum -50 kPa + Surcharge 50 kPa
—o— With Vacuum-PVD 5;
> —A— With PVD only S
5 s 18+
o
~~ Q
-
E [ £ 16
@ 10 [ :
=] [ 2 144
e | 3
.g |5 - b <
3 § A 12
20: |0.?53::3'.:6‘::;:':::.::‘.#::'
[ 0 20 40 60 80 100 120
2 i Radial Distance, r (mm)
Fig. 8. Settlement-time relationship from large consolidometer of reconstituted b 250
sample in the laboratory using PVDs with and without vaccum. —8—PVD+ Surcharge 100 kPa
. 240 1 —A—PVD + Vacuum -50 kPa + Surcharge 50 kPa|
53 230 4
2.31 m?/yr with kp/ks values of 7.4. The final settlement predicted go 226 ]
from Asaoka method was 1773.41 mm. g L
Fig. 14a shows the measured and predicted settlements at g 207
station X = 12 566.400, Y = 12 570.000 by using PVD with surcharge £ 200
and vacuum preloading. The Gy value was 3.21 m?/yr with kn/ks = " 1
. 1) l -
3
5 180 4
E -
Time, t (day) 170+
a 0 5 10 15 20 25 160 F——————+———————————————————————+
0 0 20 40 60 80 100 120
Radial Distance, r (mm)
——&— Measured data
5 —>X— Predicted curve Fig. 10. Reconstituted specimens treated with PVD with and without vacuum pressure
- after consolidation test of the consolidometer of (a) water content reduction and (b)
E r Ch= 1.08 m¥yr shear strength increase.
~ 1 -
il | ky/K,= 2.70
g [
E 51 values of 6.2. The final settlement predicted by Asaoka ( 1978)
e i method was 1356.62 mm. Fig. 14b shows the measured and pre-
@ dicted settlements at another station X = 12 566.400, Y = 11 683.50.
20 ¥ The back-calculated Cp, value was 3.80 m?/yr with kp/ks values of 7.1.
» I
Time, t (day) Time, t (day) .
b o 5 10 15 20 25 g 0 50 100 150 200 250 300 350 400
0 ; i = .
—4— Normal PVD
200 + ~&— Vacuun-PVD
5 —— Measured data
-~ —>— Predicted curve 400 +
- g
E i Ch= 1.87 m*/yr g
w 10 1 - 600 +
£ [ ky/k=2.50 2
< - g
g 15 i % 800 +
S [ wn
L 1000 +
20 s
[ 1200 4
s L 1400

Fig. 9. The observed and fitted curves for settlements to determine Gy, values for the
reconstituted specimen in large consolidometer (a) with PVD only and (b) with
vacuum-PVD.

Fig. 11. Comparison of settlement of PVD improvement with and without vacuum
pressure (Sta. X=14012, Y=12567-12600 for PVD without vacuum and Sta.
X=12566.4, Y=12570.000 for PVD with vacuum pressure).
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Fig. 12. Comparison of settlement of PVD improvement with and without vacuum
pressure (Sta. X=13560, Y=12567-12633 for PVD without vacuum and Sta.
X=12566.4, Y=12583.500 for PVD with vacuum pressure),

The final settlement predicted by Asaoka (1978) method of the
station was 1614.94 mm.

Regarding the settlement predicted by using PVDCON software,
the results show that the early settlement values were less than the
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Fig. 13. Back-calculated compressibility parameters of field observations of conven-
tional surcharge load in the field with PVD only (a) X = 14012 Y= 12567-12633 (b)
X=13560 Y=12567-12600.
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Fig. 14. Back-calculated compressibility parameters of field observations with PVD and
combined surcharge and vacuum preloading (a) station ZB 53 (b) station ZB 62.

observed field data because the settlements predicted by PVDCON
software may include elastic settlement but the observed settle-
ments included only the primary settlements. Thus, the sensitivity
analyses of settlement using PVD improvement without and with
vacuum are demonstrated by neglecting the elastic settlement
using PVDCON software as shown in Figs. 15-18. By varying the
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g

Fig. 15. Comparison of settlement between field observation data and predicted
settlement by PVDCON method with PVD only at SBIA site at station: X = 14012,
Y=12567-12633 (neglect elastic settlements).
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Fig. 16. Comparison of settlement between field observation data and predicted
settlement by PVDCON method with PVD only at SBIA site at station: X = 13560,
Y =12567-12600 (neglect elastic settlements).

ratios of kn/ks and Cy/Cy, using PVDCON software, the results of
sensitivity analyses are as follows:

(i) The ratio of horizontal permeability at undisturbed zone to
horizontal permeability at smear zone (ky/ks) affected the
predicted settlement, and by increasing kp/ks, the predicted
settlement reduced.

(ii) The ratio of horizontal coefficient of consolidation to vertical
coefficient of consolidation (Gy/C,) also effected the predicted
settlement. The higher Cp,/C,, the higher the rate of predicted
settlement.

For PVD only, at OCR of 1.2, the ky/ks of 4-6 and C}, = 2C, were
obtained where C, = 1.58 m?/year as shown in Figs. 15 and 16. For
PVD with vacuum pressure at —60 kPa, and OCR of 1.2, the kp/ks of
4-8 and G, = 3C, were obtained where C, = 1.58 m2/year as shown
in Figs. 17 and 18. The ky/ks values were slightly higher in the later
than the former due to slightly larger smear zone as shown in
Tables 6 and 7. In summary, the addition of vacuum pressure to PVD
seems to increase the coefficient of horizontal consolidation, Cy, as
expected. The other parameters may not be affected that much,
particularly, the permeability ratio, kn/ks, because the vacuum
preloading seems to increase both the permeabilities of the
smeared and the undisturbed zones.
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Fig. 17. Comparison of settlement between field observation data and predicted
settlement by PVDCON method using PVD with combined surcharge and vacuum at
SBIA site at station: ZB53; X = 12566.4, Y = 12570 (neglect elastic settlements).
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Fig. 18. Comparison of settlement between field observation data and predicted
settlement by PVDCON method using PVD with combined surcharge and vacuum at
SBIA site at station: ZB62; X = 12566.4, Y = 12583 (neglect elastic settlements).

5. Conclusions

Based on the data and results of the analyses, the following
conclusions can be made:

1) The back-calculated Ch values of reconstituted specimens in
the laboratory tests were 1.08 and 1.87 m?/yr for PVD only and
vacuum-PVD, respectively. The corresponding kp/ks values
were 2.7 for PVD only and 2.5 for vacuum-PVD.

2) Based from back-calculated results from the field test data, the
average Gy, values were 2.17 m?/yr and 3.51 m?/yr from the PVD
only and vacuum-PVD, respectively, and with corresponding
kn/ks values of 7.2 and 6.6.

3) The surface settlement prediction by Asaoka (1978) graphical
method yielded very good predictions for PVD without vacuum
preloading but for PVD with vacuum prediction, the predicted
settlements were slightly higher than the field observation data.

4) The settlement predicted by PVDCON yielded quite good
predictions of surface settlement at the final loading stage but
the predicted settlement at the early stage was less than the
actual settlement.

5) From sensitivity analyses of field data using PVDCON software, it
was found that increasing kp/ks values tends to decrease the
magnitude of predicted settlements. The values of kp/ks at
OCR = 1.2 from sensitivity analyses were 4-6 with G, =2G, for
PVD only. The corresponding values of kp/ks and OCR = 1.2 from
sensitivity analyses were 4-8 with C;, = 3C, for PVD with vacuum.

6) The PVD improved soft ground with combined surcharge load
and vacuum preloading reduced the time to 90% degree of
consolidation by one-third due to the consequent higher values
of the coefficient of horizontal consolidation and subsequent
rate of settlements.

Notations

a width of prefabricated vertical drain (L)

b thickness of prefabricated vertical drain (L)
(@ creep coefficient (dimensionless)

Ch coefficient of horizontal consolidation (L/T)
G coefficient of vertical consolidation (L%/T)
CR compression ratio (dimensionless)

De diameter of the equivalent soil cylinder (L)
d diameter of the mandrel (L)

dm diameter of the smear zone (L)

dw equivalent diameter of the drain (L)
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F factor which expresses the additive effect due to the
spacing of the drains, smear effect, and well-resistance
(dimensionless)

KRn) factor expressing the effect due to the spacing of the
drains (dimensionless)

Fs factor expressing the effect due to the smear effect
(dimensionless)

F factor expressing the effect due to the well-resistance
(dimensionless)

kn coefficient of horizontal permeability of the undisturbed
zone (L/T)

ks coefficient of horizontal permeability of the smear zone
(LfT)

L length of the drain for double drainage and twice the

length of the drain for single drainage (L)
POP effective overburden pressure (F/L?)

Pyac final vacuum pressures (F/L2)
discharge capacity of the drain at hydraulic gradient of 1
@m
RR recompression ratio (dimensionless)
S settlement at time, t (L)
s spacing ratio (dimensionless)
St final settlement (L)
Th time factor for horizontal drainage (dimensionless)
t time elapsed after the application of the load (T)
Up degree of consolidation for horizontal drainage (%)
Wy natural water content (%)
z distance from the drainage end of the drain (L)

vm maximum past pressure (F/L?)
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