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ABSTRACT: This paper interprets the results from field monitoring which was carried out during
vacuum-PVD improvement in a site located near an actively moving slope. Interestingly, the monitoring
results showed, among other things, mitigation in the outward lateral movements during and after the
preloading process indicating relative stability in the slope and the efficiency of vacuum to mitigate
lateral movements during the preloading period. Analyses were made on other field parameters such as
pore pressure and settlement, as well as back-calculation of flow parameters to be considered during
vacuum preloading design, such as permeability ratio (kh/ks) and horizontal consolidation coefficient
(Ch) due to vacuum-PVD, were carried out. Post improvement, appropriate geotechnical properties were
obtained from laboratory tests of clay specimens from borehole samples and undrained shear strengths
were measured from unconfined compression and field vane shear test. The obtained properties
indicated improvement in soft soil properties with a reduction in water content and an increase in
maximum past pressure, OCR and undrained shear strengths. The prediction made for final shear
strength using past literature, where applied additional incremental stress was reduced with depth,
matched well with the shear strengths recorded from field testing.
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movement
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1. INTRODUCTION

The development of infrastructure in Bangkok continues
at an unprecedented rate. The presence of soft clay layer in
Bangkok makes it difficult to utilize available land
without substantially improving its properties. Since soft
clays have low shear strength, high compressibility and are
sensitive to changes in water content compared to other
soils, there can be settlement problems if construction
works are carried out without suitable measures. The use
of conventional prefabricated vertical drains (PVD),
originally proposed by Kjellman (1952), with surcharge
preloading, is one of the widely-used techniques because
of its ability to reduce the consolidation time by short-
ening the drainage path and providing a better flow of
water to permeable drainage layers (Hansbo 1979, 1981;
Bergado et al. 1996, 2002; Abuel-Naga et al. 2015).

Nowadays, vacuum-PVD is preferred as it is a faster soft
ground improvement method, besides being environmen-
tally friendly and cost-efficient. (Chu et al. 2000;
Indraratna et al. 2005, 2010 2012; Chai et al. 2006, 2008
2013, 2020, 2021; Saowapakpiboon et al. 2009, 2010a
2010b; Shuwang et al. 2009; Lam et al. 2015; Long et al.
2015, 2016; Fang et al. 2019; Lei et al. 2019; Ni et al. 2019;
Wang et al. 2019; Anda et al. 2020; Bergado et al. 2020;
Hayashi et al. 2021; Zhang et al. 2021) including clogging
effects (Cai et al. 2018; Deng et al. 2019; Wang et al. 2020;
Xu et al. 2020; Zhou et al. 2021).
Many case studies on the application of the vacuum

consolidation method (VCM) have been published,
mostly concerning the improvement of naturally depos-
ited soft clays. Some of the backfilled and reclaimed areas
have also utilized the VCM soil improvement method
(Bergado et al. 1998; Choa et al. 2001; Bergado et al.
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2002, 2021 2022; Long et al. 2013; Alditra et al. 2020;
Phakdimek et al. 2020; Wu et al. 2020). It has been shown
that soft clays can be successfully improved by the
application of vacuum pressure in conjunction with
PVD. Even with a lesser amount of surcharge, the
preloading time can be reduced and the undrained shear
strength of soil can be increased by 1.5 to 2 times. Some of
the case studies reporting the use of VCM even showed
that the increase in undrained shear strength could be as
high as 2 to 4 times (Bergado et al. 1998; Shang et al.
1998; Chu et al. 2006). Even though the use of VCM with
surcharge has been demonstrated to be effective, its use
may not always be feasible. The application of surcharge
increases the total stress and the soil may be too weak to
bear the applied load, causing significant outward lateral
movement in the adjacent area. Such deformations have
also been previously reported (Tavenas et al. 1974; Qi
et al. 2020). In contrast, vacuum pressure alone induces
inward lateral deformation and isotropic consolidation, so
both types of deformations (outward or inward) are
expected during vacuum preloading (with or without
surcharge). The outward lateral deformations during
preloading by surcharge and vacuum combination are
also dependent on the magnitude of vertical settlement in
the soils and under large loading, there may be significant
vertical settlement causing substantial lateral deformation
(Zhang et al. 2021). Under the influence of vacuum
preloading, the induced inward lateral displacements are
maximum at the surface and they gradually decrease with
depth; larger lateral displacements lead to better com-
pression and consolidation in soils (Cai et al. 2018). There
is a decrease in the lateral displacement with depth which
is because of the increase in shear strength of the soils
along with depth in most of the cases (Ong and Chai
2011). Due to the application of vacuum, tension cracks
are also formed on the ground up to a considerably large
distance away from the vacuum consolidated area. For
instance, a recent study from Bergado et al. (2021)
reported ground cracks to be as far as 6 m from the
edge to the sealing trench. The effects of these phenomena
can be substantial in projects having structures adjacent to
soil slopes (Robinson et al. 2012; Liu et al. 2018).
Therefore, it becomes a crucial factor to be considered
during the design as well as the operational phase.
In the present study, the site location was not well suited

to soil improvement using surcharge due to its proximity to
slopes and the consequent risk of soil failure. Vacuum
consolidation in flat grounds is a common ground
improvement procedure but research involving the use of
vacuum consolidation near slopes has been rare and its
effect on the slope movements has not been studied well. In
this paper, the results from VCM were analysed, such as
lateral movements, pore pressure, settlement and undrained
shear strength. The changes in these parameters were
monitored from the field data and the effect of vacuum
pressure on the adjacent slope movements is presented. In
addition, other factors were also investigated such as smear
effects due to PVD installation, Ch and the shear strength
increase after the soil improvement (Bergado et al. 1991;
Chu et al. 2004; Lam et al. 2015).

In summary, this paper presents the following: (i) the
effect of VCM on mitigating the lateral movement and
stability of slopes during and after the process; (ii) analysis
of settlements and pore pressures from VCM; (iii) back
analysis ofCh and smear effect of settlement data; and (iv)
before and after field investigation of soft soil properties
such as undrained shear strength, water content, OCRand
pre-consolidation pressures.

2. MATERIAL AND METHODS

2.1. Site location and condition

The housing project considered in the study was located in
southern Bangkok, on King Kaew Road, Samut Prakan
district near Suvarnabhumi Airport (Thailand), and the
area has a soft-soil deposition ranging from 14–18 m
depth below the ground level (Refer Figure 1). The site
was located adjacent to a slope and consisted of two
zones, namely: Zone 1 (3637 m2) and Zone 2 (3482 m2),
as shown in Figure 2.
Boreholes BH-1 (Zone 1) and BH-3 (Zone 2), as well as

Field Vane Tests FVT-1 (Zone 1) and FVT-4 (Zone 2),
were performed before VCM. Similarly, boreholes BH-2
(Zone 1) and BH-4 (Zone 2), as well as Field Vane tests
FVT-2 and FVT-3 in Zone 1 and FVT-5 and FVT-6 in
Zone 2, were performed after VCM (Refer Figure 2).
Some portion of Zone 2 initially had a shallow pond of
about 1.5 m depth which was later filled by soft clay
before the application of VCM.
Figures 3–5 show the site conditions during different

stages of VCM in sequence starting from the PVD layout
works to the operational stages. Figure 3 shows the site
after the completion of sand blanket works and PVD
installation. During the period of vacuum operation, the
site was submerged with awater surcharge in both Zone 1
and 2 due to water discharge. The site along with the
sealing trench adjacent to the slope is shown in Figure 4.
From Figure 5 it can be observed that there was a
formation of large tension cracks near the VCM zone
because of inward lateral pull from the application of
vacuum.

2.2. Borehole and soil properties

As shown in Table 1, the soil profile in Zone 1 was
uniform with the topmost 3 m comprising a weathered
clay layer with undrained shear strength values in the
range of 20–30 kPa. These values were higher because of
the upper layers being overconsolidated due to fluctu-
ations in the groundwater level. Approximately 10 m of
very soft to soft clay with low shear strength underlaid the
weathered clay followed by a medium-stiff to stiff clay
layer down to 18 m depth as shown in Figure 6. The
natural water contents, Atterberg limits and soil type
based on USCS Classification (ASTM 2017) are also
indicated in Table 1. The groundwater table was located
1 m below ground level.
The soil profile and properties in Zone 2 are tabulated

in Table 2. The topmost 1.5 m layer in Zone 2 consisted of
soft clay fill. Underlying this was approximately 9 m of a
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very soft to soft layer followed by a medium to stiff clay
layer down to 18 m depth, as plotted in Figure 7. Similar
to Zone 1, the natural water contents, Atterberg limits and
soil type are also indicated in Table 2. As for Zone 2, the
groundwater is located around 1.2 m depth.

2.3. Instrumentation and method

The VCM method used an air-tight sheet membrane
installed on top of a 0.3 m sand blanket placed over the
topsoil. PVDs with a length of 10 m were installed at a
spacing of 0.8 m in a triangular pattern. The total width

of the PVD installation was 18 m; a 1.5 m wide trench on
both sides was used for sealing the area as shown in
Figure 8. The detailed properties of PVDs are shown in
Table 3.
Instruments were set up on site to monitor the

parameters such as vacuum pressure, surface settlement,
pore water pressure and lateral movements in the slope.
The instruments were installed in a similar pattern and the
same order in both zones. A plan and sectional view for
Zone 2 are shown in Figures 8 and 9 respectively. The
instrumentation of each zone consisted of three settlement
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Figure 2. Contours and field investigation layout of Zone 1 and Zone 2
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plates and vacuum gauges each, 1 piezometer and 1
inclinometer. The vacuum pumps were kept submerged in
a water-filled trench as they were water submersible and
specifically used for vacuum preloading purposes. The
discharge capacity was 45 m3/h and they operated at a
frequency of 50 Hz, rated voltage of 380 V and current of
15 Å. A pipe of diameter 65 mm was connected to the

pump for creating a vacuum and the pump pressure was
monitored using vacuum gauges throughout the preload-
ing period. The average pressure during the vacuum
consolidation was in the range of 75–85 kPa except during
power outages.
The vacuum gauges used for monitoring the pump

pressure were capable of measuring a maximum pressure
of up to 100 kPa and were placed in the center of the
embankment along with the settlement plates. The
settlement plates were placed above the geomembrane
and connected to a riser rod and the level on the riser rod
was recorded to measure the settlements. The pore
pressure measurements were made using a push-in
vibrating-wire piezometer installed at a depth of 6 m
below the existing ground level. The piezometers were
made of stainless steel, had a body diameter of 27 mm and
were capable of measuring pressure up to 350 kPa. For the
lateral movement monitoring, vertical inclinometer
casings were installed down to 20 m depth, and the top
level of the casing was 0.5 m above the ground surface. An
inclinometer probe made of stainless steel having a body
diameter of 27 mm was inserted into the casing and
measurements of displacements were made in a down-up
sequence in the interval of every 0.5 m.

3. RESULTS AND DISCUSSIONS

3.1. Effect of VCM on lateral movement of the adjacent
slope

Generally, in adjacent areas surrounding the VCM zone,
inward lateral displacements were observed due to the
suction effect of the vacuum near the boundary. The
lateral movements in the slopes near the VCM zone were
monitored based on the inclinometers in Zone 1 and
Zone 2, as indicated in Figures 10a and 10b respectively.
The measurements made before the start of pumping
showed outward lateral movements in the slope in both
the Zones 1 and 2 because of the surcharge load from
vehicles and construction equipment.
In Zone 1 before the start of pumping on 30th January,

there was around 24 mm outward movement during the
interval of 2 weeks (see Figure 10a). Similarly, in the case
of Zone 2, there was 20 mm movement, as indicated in
Figure 10b. The slope movement was very substantial in
the upper 5 m of the soil profile and the movements
decreasedwith depth. The depth of very soft soil in Zone 1
was up to 13 m and the outward movements corre-
sponded closely to the soft soil depth.
During the VCM, the outward movements in the slope

substantially reduced and remained less than the initial
values after the termination of vacuum pumping.
Figure 11 indicates the rate of movement before, during
and after VCM in Zone 1. Figure 11a shows the lateral
movement before VCM. Figures 11b and 11c indicate that
during VCM, the outward lateral movements in Zone 1
were reduced throughout the top 5 m of the soil profile.
Similarly, in Zone 2, before the start of VCM on 23 July,
the outward movement was nearly 8–10 mm/week in the
top 4 m of the soil profile and during VCM, the outward

Figure 3. PVD Layout and installation in site (Zone 1)

Figure 4. Slope area in Zone 2

Figure 5. Tension cracks near slope (Zone 1)
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lateral movements decreased. Furthermore, the lateral
movement was high during 5 to 14 September as shown in
Figure 11b because of the loss of vacuum pressure in the
Zone due to an electrical power interruption.
The reduced outward movement in both Zones 1 and 2

could have been due to the inward lateral pull toward the
center of the preloading area caused by the effect of VCM
(Chai et al. 2005; Liu et al. 2018). The inward

displacement counteracted the outward movement in the
slope and made the slope relatively stable during and after
VCM, as shown in Figures 11b and 11c. The measure-
ments of lateral movements after VCM were lower than
the corresponding values before VCM as shown in Figures
11a and 11c. Comparison of the lateral movements after
VCM in these two zones shows that Zone 1 still
experienced outward movements while the corresponding
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Figure 6. Soil profile and properties in Zone 1

Table 2. Soil properties in Zone 2 before improvement

BOREHOLE-3 OCR Max. past pressure (kPa) Cv (m
2/yr)

Depth (m) Soil type (USCS) Avg. Su (kN/m2) Avg. Wn (%) LL PL

0–1.5 Fill 9.1 44 91.9 41.4 2.1 53 0.27
1.5–9 CH (Very soft) 9.5 115.2 145.5 49.7 1 37 1.14
9–10.5 CH (Soft) 15.7 84.5 1.3 68.67 0.73
10.5–16 CH (Medium stiff ) 22.2 57.3
16.5–18 CH (Stiff-very stiff ) 51.9 32.0 54.0 20.3

Note: Undrained shear strengths are as per standard testing procedures form (ASTM 2013).
LL and PL are from samples at depths of 1.5 m, 6.5 m, and 19.75 m.
OCR, Max. past pressure and Cv from samples at depths of 1.75 m, 6.25 m and 9.25 m.

Table 1. Soil properties in Zone 1 before improvement

BOREHOLE-1 OCR Max. past
pressure (kPa)

Cv (m
2/yr)

Depth (m) Soil type (USCS) Avg. Su (kN/m2) Avg. Wn (%) LL PL

0–1.5 Top soil 27.2 50 86.0 34.9
1.5–3 CH (Medium gray) 24.1 55.2 1.25 50 2.26
3–13.5 CH(Very soft-soft) 11.7 102.0 113.2 43.9 1 63 0.41
13.5–18 CH (Medium stiff-stiff ) 29.3 57.3 1.3 105 0.74

Note: Undrained shear strengths are as per standard testing procedures (ASTM 2013).
LL and PL are from samples at depths of 1.5 m and 9.25 m depth.
OCR, Max. past pressure and Cv from samples at depths of 3.25 m, 9.25 m and 13.75 m.
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lateral movements in Zone 2 were almost negligible as
compared to the initial values. The initial high lateral
movements in Zone 1 could have been due to the pore
pressure rise and rebound effect in the adjacent VCM zone

after the termination of vacuum pressure, as shown in
Figure 12. The reductions in outward movement during
and after the operation of VCM indicated that it can be a
suitable method for soil improvement in adjacent areas
and where slope stability issues are critical. However, the
field monitoring data in this case only recorded the
movement and stability of the slopes during and, for a
short period after the soil improvement. The long-term
movement and stability of slopes due to VCM needs to be
investigated further.

3.2. Pore pressure behaviour during VCM

The pore pressures in both zones were monitored using
vibrating wire piezometers installed at 6 m depth. The
reduction in pore pressure with time corresponding to
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Figure 8. Typical plan of VCM instrumentation
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Table 3. PVD’s parameters

PVD parameters Unit Value

Type Alidrain
Nominal width mm 100
Nominal thickness mm 4.5
Composite tensile strength (Full width test) kN 2.8
Discharge capacity m3/s 150× 10−6

Apparent opening size of filter μm 75
Coefficient of permeability of filter m/s 1× 10−4

Tensile strength of filter kN/m 7.5

6 Soralump, Koirala and Phakdimek

Geosynthetics International

Offprint provided courtesy of www.icevirtuallibrary.com
Author copy for personal use, not for distribution



available vacuum pressure is plotted in Figure 12. In Zone
1, the initial pore pressure was 42 kPawhich corresponded
to the hydrostatic pressure considering the groundwater
level is 1.2 m below the ground surface. Under constant
vacuum pressure, the pore pressure gradually dissipated
and showed no fluctuations until the end of the preloading
period and the final value was −21 kPa. In vacuum
preloading research, the difference in initial and final pore

pressure is generally considered as available vacuum
pressure (Qiu et al. 2007). Considering this, at the depth
of 6 m, the available vacuum pressure was around 80% of
the applied vacuum pressure.
In contrast, in Zone 2, the initial pore pressure

measured at 6 m depth was 70 kPa (Figure 12) which
was higher than the hydrostatic pressure, with excess
pore pressure of about 22 kPa (G.W.L is at −1.2 m)
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because of the generation of excess pore pressure during
installation and also due to the filling of topsoil. When
there was a reduction in vacuum pressure on days 40
and 80 because of a power shortage, the pore pressure
values fluctuated and then returned to a stable value once
the pumps were operating normally again. After releasing
the pump pressure, there was a gradual increase in pore

pressure in Zone 2, as compared to a sudden rise in
Zone 1. The difference in the trend of pore pressure
reduction between Zones 1 and 2 during VCM and
after the termination of vacuum pressure could be
attributed to many different factors such as the in situ
soil structure and the location of the piezometers with
respect to the PVD.
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In Figure 12, the pore pressures measured in Zone 2
were much lower than in Zone 1. However, the settlements
measured in Zone 2 were similar to Zone 1 (refer to
Figure 13). Zhang et al. (2021) reported that the pore
pressure variation is not directly correlated to the
settlement distribution but also the compressive charac-
teristics of the soil in the surrounding area. However,
besides this, it could also be because of a problem with the
piezometer that was installed in Zone 2. In addition, field
observations indicated that fluctuations in pore pressure
reductions in the clay layer were related to the magnitude
of vacuum pressure available during that time. Owing to
this fact, where there was an absence of external surcharge
loading to increase the pore pressure in the soil, the only
change in pore pressure was due to vacuum pressure.

3.3. Field settlement during VCM

The surface settlements during the preloading period are
shown in Figure 13. In both Zones 1 and 2, there was
uniform settlement throughout the zone from preloading.
The final settlement values recorded based on the
settlement plates placed in different locations are plotted
in Figure 13. The average rate of settlement per day was
plotted for the time during VCM and 2 weeks post the
VCM period. The settlement rates were the highest during
the first 20 days by as much as 6 mm/day after the pump
was turned on and gradually reduced with time
(Figure 14). Around the end of preloading, the settlement
rate had reduced to nearly 1 mm/day, indicating the end of
vacuum preloading. The reduction in settlement
rate towards the end of preloading can be explained
by the increase in effective stress and a considerable
amount of consolidation being achieved due to pore
pressure dissipation. After the termination of vacuum
pressures, rebounds in the improved groundwere observed
of up to 5 cm in 20 days as shown in Table 4. Table 4
presents the magnitude of final settlements from the field.

A higher settlement was recorded in Zone 2 compared to
Zone 1 because the soil in this area was relatively weaker
with lower undrained shear strength and higher water
content.

3.4. Estimation of the degree of consolidation (DOC) and
back analysis of consolidation parameters

The final settlement under primary consolidation and the
degree of consolidation (DOC) in the field were back-
calculated using the observational method proposed by
Asaoka (1978). The plots for final settlement based on
this method for Zones 1 and 2 are plotted in Figures 15a
and 15b, respectively. The final settlement under primary
consolidation was also calculated based on the 1-D
method and compared to the back-calculated values
from Asaoka’s method. The obtained final values are
presented in Table 5. The values obtained from both
methods were in good agreement and for both Zones 1
and 2, the DOC values were above 80%.
The horizontal coefficient of consolidation was then

back-calculated using the final settlement obtained from
Asaoka’s method and the equation proposed by Hansbo
(1979, 1981) for calculating radial consolidation by PVD
improvements:

Uh ¼ 1� expð�8Th=FÞ ð1Þ

F ¼ F nð Þ þ Fs þ Fr ð2Þ
where
The values of F(n), Fs and Fr are given by the following

equations:

F nð Þ ¼ ln
De

dw

� �
� 3
4

ð3Þ

Fs ¼ Kh

KS
� 1

� �
ln

ds
dw

� �
ð4Þ
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Fr ¼ 2
3
πL2 Kh

qw
ð5Þ

Th ¼ Cht
De2

ð6Þ

De = 1.05* PVD spacing= 0.8 m (for triangular
pattern) = 0.84 m, dm=0.0925 m

dw ¼ bþ t
2

¼ 100þ 5
2

¼ 0:052m

In practical use of PVD, the discharge capacity of
drains is generally very high (qw>50 m3/yr). Thus, the
value of kh/qw in Equation (5) becomes very small and the
value of Fr becomes negligible in calculating F as well as
the value of Ch.

In Zone 1, all the settlement plates had almost the same
rate of settlement and final settlement value at the end of
preloading. Thus, SP-1-01 was used for calculating final
settlement and Ch. The final settlement for SP-1-01 was
97.43 cm (Figure 15) and based on this, the value of
back-calculated Ch was 2.7 m2/yr for a corresponding
kh/ks value of 2. For SP-2-02 the ultimate settlement was
calculated to be 126.3 cm and for a kh/ks value of 2, Ch

was 2.43 m2/yr. Figure 16 compares the predicted and
observed settlements and can be seen to be in good
agreement. Furthermore, the obtained values of Ch from
the site agreed with previous research for similar preload-
ing cases. For example, Long et al. (2013) reported Ch

values from 2–4 m2/yr and Saowapakpiboon et al.
(2010a) obtained a Ch value of 3.51 m2/yr corresponding
to kh/ks values of 2 and 6.6 respectively, for the
Suvarnabhumi International Airport Project. Long et al.
(2013) further reported the values of Ch in the range
1.9–6 m2/yr for different ds/dm and Rs values and also
stated that the obtained values of Ch were directly
proportional to both ds/dm and Rs. Figures 17a and 17b
provide the back-calculated values of Ch following the
method of Hansbo (1979, 1981), and in this case, the Ch

values were between 1.9–6 m2/yr forRs values in the range
2–5.
However, for kh/ks, other research for similar

vacuum-PVD schemes has shown that the values can
differ in a wide range, For example, Voottipruex et al.
(2014) obtained the values to be between 5–10 and Lam
et al. (2015) back-calculated the value to be 7. For
vacuum-PVD improvement, the kh/ks value is reduced
compared to conventional PVD improvement due to the
increased ks values caused by vacuum preloading.

3.5. Field stress state conditions and shear strength
increment analysis

The inclinometer readings showed that the slope was in an
active condition and the isotropic vertical incremental
stress due to vacuum application could be expected to
reduce with depth which would affect the final effective
stress and shear strength. FVT and borehole tests were
carried out in both zones before and after vacuum
preloading. The initial effective overburden stress at a

Table 4. Observed field settlement

Settlement
(cm)

Rebound
(cm)

Post rebound final
settlement (cm)

SP-1-01 80.1 3 77.1
SP-1-02 84.6 2 82.6
SP-1-03 86.6 5 81.6
SP-2-01 76.3 2.5 74.4
SP-2-02 111.9 3.1 108.8
SP-2-03 110.3 1.8 108.5
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depth of 6 m was around 37 kPa, if the additional stress
due to vacuum was assumed to be 80 kPa, then the
expected final undrained shear strengths using total stress
and effective stress envelopes from the CU were 28 kPa
and 40 kPa, respectively. The corrected final shear
strength from FVT showed improvements but at a depth
of 6 to 10 m, they were lower than the expected value of
25 kPa. It was suspected that the shear increments were
not high because of the outward movement in the slope as
the induced vertical stress is reduced in the active case and
the soil might not gain the desired strength.

To check the validity of the assumption, the final shear
strengths were calculated based on the following equation
and then compared to the final values from FVT in the
field (soil was in a, NC within the improvement depth):

Tf ¼ To þ UZΔσztan1cu ð7Þ

The initial undrained shear strength values were
obtained from field vane shear tests, the final DOC
values were calculated from Asaoka (80% for Zone-1 and
90% for Zone-2), the total friction angle was taken from

Table 5. Final settlement and DOC values

Zone 1 Zone 2

Asaoka (Δt=7) 1-D Consolidation Asaoka (Δt=7) 1-D Consolidation

Sj (cm) 80.1 84.6 111.9 111.9
Sult (cm) 97.4 114.3 126.3 130.9
DOC (%) 82.1 70 88.6 85.4

Ch = 2.7 m2/year
kh/ks = 2

Ch = 2.43 m2/year
kh/ks = 2
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CU-testing (10–15°) and the vertical stress due to vacuum
loading on the equation was varied from 80 kPa at the top
to 50 kPa at 10 m depth at the bottom of the PVD. The
predicted final undrained shear strengths based on
adopted values are presented in Figures 18a and 18b.
The calculated shear strengths using Equation (7)
matched well with the values from FVT after
improvement.
From Figures 18a and 18b, it can be observed that the

average shear strength increments in the upper soil profile
were higher. Below the PVD (10 m depth), the improve-
ment in shear strength was lowest in both zones, as
expected.
The shear strengths increased by a maximum of

14 kN/m2 at a depth of 7 m in Zone 1 as well as in
Zone 2. Some discrepancies in values of observed final
shear strength from FVT were observed in depths above
6 m in Zone 1 and in depths below 7 m in Zone 2, which
could have been due to variation in the soil properties
resulting from differences in the FVT locations.
The final undrained shear strength was also predicted

using the initial values from UC-testing using Mesri’s
equation. Even though undrained shear strengths from
UC-testing were comparatively lower than for the FVT
tests, this method has been applied in several case histories
and was applied in this case for soft-Bangkok clay, with
the results compared to those from the conclusions of past
research.
According to Mesri and Khan (2011), the increase in

undrained shear strength can be expressed as:

ΔSu UCð Þ ¼ Suo

σ′p
Pv � σ′p þ σ′vo
� �� � ð8Þ

Equation (8) shows that in the case of vacuum
preloading without any surcharge, the increment in
shear strength depends on available vacuum pressure,
pre-consolidation pressure, and initial effective undrained
shear strength. For the present case, the incremental
vertical stress Δσv due to vacuum loading corresponds to
the value Pv which was varied during the final shear
strength prediction. For predicting the final shear
strength, the value of vacuum pressure in the soils was
varied similarly as in the case of FVT from 100% at the
ground surface (80 kPa) to 60% (50 kPa) at a depth of
10 m. The predicted results with the use of the above-
mentioned assumptions matched well with the field
results. The UC test results of undisturbed soil samples
from Zone 2 showed that the shear strengths increased by
1.5–4 times the initial undrained shear strengths but were
below 30 kPa for most depths because of the increase in
overburden stresses with depth. At a depth of 4.5–5 m and
6–6.5 m, the soil strength increased by approximately
17 kN/m2 and 22 kN/m2 respectively. This increase of
22 kN/m2 shows an increment of 260% in the initial
undrained shear strength. In the lower depths, – that is
9–9.5 m and 12–12.5 m, the shear strengths increased by
approximately 9 kN/m2 which is around a 40–60%
increment in the initial undrained shear strengths at
those depths (Figure 19a). The increase in shear strength
from both the FVT and UC testing showed higher values
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in top regions and lower values at the bottom of the PVD
which implied that there was more effective vacuum
pressure in the upper soil profile and this reduced with
depth. In addition, the shear strength values from FVT
were already high in the lower regions, thus the strength
values before and after improvement were not much
different (Figures 19a and 19b).
For soft clays in which Suo or σ′vo increases with depth,

Su/Suo is expected to reduce and vice versa (Mesri andKhan
2011). Figure 19b illustrates a similar trend for a profile of
Su/Suo obtained in the field and for the predicted values. Up
to a depth of 4.75 m, Su/Suo increased as there was a
decrease in the initial undrained shear strength with depth.
With the increase in Suo from 4.75 m, the Su/Suo values for
both the field and predicted values decreased with depth.

3.6. Improvement in water content, over-consolidation ratio
and maximum past pressure.

Improvement in the water contents, OCR and pre-
consolidation pressures before and after vacuum consoli-
dation are presented in Figure 20, showing that there was
a considerable decrease in the water contents after VCM at
most depths. However, the initial water content in Zone 1
was lower than the final value, which could have been due
to the soil consisting of backfilled material. The initial
water contents in both zones were very high, even higher
than 100% for some depths. The reductions in water
content mostly fluctuated with depth and were the largest
mostly for mid-depths (4–9 m), as shown in Figure 20a.
For lower depths (10–12 m) the reductions were low
because there was no PVD. Overall, the water content
reduction was in the range of 6–50% in the PVD improved

zone. Consolidation tests were carried out in Zone 2
before and after VCM for samples at different depths
(1.5–2 m, 6–6.5 m and 9–9.5 m). Figures 20b and 20c
indicate that the maximum past pressure and OCRvalues
increased with depth. Figure 20b shows that the top fill
material was in an over-consolidated state and below that
depth, the soil was in a normally to slightly over-
consolidated state down to 10 m depth. In the upper
zone, OCR increased from 2.08 to 2.5 after improvement.
Also, initially, at 6–6.5 m depth and 9–9.5 m, the soil
samples were in a normally consolidated to slightly
over-consolidated state with an OCR of 1 and 1.28,
respectively; and after improvement, the OCR values
increased to 1.56 and 1.77, respectively.
At a depth of 6–6.5 m below the ground level,

considering the depth of the groundwater table to be
1.2 m below the ground surface, the effective overburden
stress was 37 kPa. In the absence of an external surcharge,
the final effective stress at the end of primary consolida-
tion in vacuum preloading can be written as:

σ′vf ¼ σ′vo þ Pvac

The additional load due to vacuum was 80 kPa, so the
final effective stress from the given equation will be
107 kPa. The average DOC obtained from the surface
settlement plates placed in Zone 2 was in an average of 87%
(refer to Table 4). With an achieved DOC of 87%, the final
maximum past pressure should be around 90 kPa but the
maximum past pressure obtained at this depth was 75 kPa.
This implies that the effective vacuumpressure at that depth
was considerably less. It can be further observed that the
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total pore pressure dissipation in Zone 2 was 37 kPa, which
as mentioned earlier is considered as the available vacuum
pressure during preloading, which further explains the
maximum past pressure obtained. In addition, the pre-
dicted undrained strength based on reduced values of
vacuum stress with the increase in depth also made a good
agreement with field measurements.

4. CONCLUSIONS AND
RECOMMENDATIONS

A soft clay site nearby a slope undergoing large lateral
outward movements was successfully improved using the
vacuum consolidation method, showing that VCM can be
efficiently applied near critical slopes. The field monitor-
ing data showed a reduction in movement rates in the
slope during and after the soil improvement, qualitatively
indicating the stabilization of slope and reduction in risk
of slope failure. Post improvement field investigation
results indicated reduction in water contents up to 50%
throughout the PVD improvement depth, the undrained
shear strengths showed increments up to 260% along with
an increase in OCR and maximum past pressures
indicating the efficacy of VCM use in improving soft soil.
From the analysis of field data, it was found that a DOC

up to 90% was achieved in the field, the back analysis
showed smear zones (zone of disturbance) around the
drains to be twice the mandrel diameter for soft Bangkok
clay and the correspondingCh values based on this were in
between 2–3 m2/yr, which are in good agreement with the
values from past literature.
The experience from the field showed that difficulties

might be encountered in reaching the desired maximum
past pressure because of a reduction in vacuum induced

overburden stress with depth. In addition to this, the
observed behaviour in slope is not representative of long-
term stabilization of slope but only the mitigation of lateral
movements during and for some time after the soil
improvement process. In soft soils, because their shrinkage
and swelling properties dominate the short-term behaviour
these are the critical aspects to be monitored and the results
showed that after VCM completion they had no immediate
significant impact on slope movement. However, the study
of the long-term behaviourof slopes under similar scenarios
is recommended to further strengthen the efficacy of VCM
use near slopes.
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NOTATION

Basic SI units are shown in parentheses.

Ch horizontal coefficient of consolidation (m2/s)
Cv coefficient of vertical consolidation (m2/s)
De equivalent diameter of the soil cylinder (m)
dm diameter of the mandrel based on width and

thickness (m)
DOC degree of consolidation (dimensionless)

ds smear zone diameter (ds = 2dm) (m)
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dw equivalent diameter of the prefabricated vertical
drain (PVD) based on thickness and width (m)

kh horizontal permeability in the undisturbed zone
(m/s)

ks horizontal permeability in the smear zone (m/s)
L drainage length (equal to the length of PVD for a

single drainage) (m)
LL liquid limit (dimensionless)

OCR over-consolidation ratio (dimensionless)
PL plastic limit (dimensionless)
qw discharge capacity of drains (m3/s)
Su final undrained shear strength after primary

consolidation (N/m2)
Suo initial undrained shear strength (N/m2)
Tf final undrained shear strength (N/m2)
Th time factor for horizontal drainage

(dimensionless)
To initial undrained shear strength (N/m2)
t time (s)

Uh degree of consolidation (DOC) for horizontal
drainage expressed in percentage (dimensionless)

Uz degree of consolidation (DOC) at the end of
preloading expressed in percentage
(dimensionless)

Wn water content of the soil expressed in percentage
(dimensionless)

Δσz additional change in stress due to vacuum
loading (N/m2)

1cu undrained internal friction angle from the CU
test (degrees)

σ′p pre-consolidation stress (N/m2)
σ′vo initial overburden stress (N/m2)

ABBREVIATIONS

CU consolidated undrained test
FVT field vane shear test

G.W.L groundwater level
NC normally consolidated state in soils

PVD prefabricated vertical drain
UC unconfined compression test

VCM vacuum consolidation method
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