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ground. This technique involves shortening the drainage 
path and taking advantage of the higher horizontal permea-
bility in the soft ground deposit. The hydraulic gradient due 
to the preloading generates a horizontal pore water flow into 
the PVDs. Then, the pore water can flow vertically along 

Introduction

Prefabricated vertical drain (PVD) is the cheapest and most 
widely applied method of soft ground improvement [1,2]. 
PVDs are artificial drainage paths installed vertically on soft 
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Abstract
This paper applies a modified vacuum-PVD system combined with the embankment surcharge and multiple field dis-
tributed air-water separation sub-tanks to improve soft Bangkok clay. The system efficiently generated and maintained 
vacuum pressures from − 80 to -90 kPa at the top of the embankment surcharge. The case study involved the construction 
of the third runway of Suvarnabhumi International Airport Thailand, which was built on soft Bangkok clay deposits. The 
back-calculation results of monitored data from the second improvement of the third runway extension were compared 
with the corresponding results of the first improvement of the taxiway extension, including the evolutions of settlements, 
excess pore pressures, and flow parameters. The second improvement with 29 kPa surcharge had lower settlements but 
recorded higher pore pressures and flow parameters. The first improvement with 34 kPa surcharge registered higher settle-
ments but indicated lower pore pressures and flow parameters. The unit weights, water contents, liquid limits, compression 
indices, and void ratios were reduced. The undrained shear strengths, maximum past pressures, and over-consolidation 
ratio were increased. Inward lateral movements perpendicular to the surcharge embankment due to higher vacuum pres-
sures than the lower embankment surcharge load were observed. The surcharge embankment combined with the modified 
vacuum-PVD system using an airtight membrane and horizontal prefabricated drain has been successfully applied to 
improve soft Bangkok clay.
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the drain toward the permeable drainage layers. However, 
the PVD installation using a mandrel causes disturbances or 
smears in the clay surrounding the PVD, resulting in lower 
horizontal permeability in the smear zone [1, 3]. PVDs 
with embankment preloading combined with vacuum pres-
sure (called vacuum PVD) have minimized the instability 
problem and accelerated the consolidation rate. Kjellman 
[4] first proposed vacuum consolidation in the early 1950s. 
Subsequently, the studies of vacuum consolidation contin-
ued up to the present [5−14].

Vacuum preloading can reduce the pore pressure and 
maintain constant total stress instead of increasing it because 
it utilizes atmospheric pressure as a surcharge load to accel-
erate soil consolidation. Preloading using PVDs with and 
without vacuum pumping is Southeast Asia’s most popu-
lar soft ground improvement method. The improvement 
method has been well developed over the years because 
of intensive research and field applications [7, 13−18], 
including clogging effects [19,20] and booster [21]. A dis-
advantage of using only vacuum preloading with PVD is 
that it may cause large cracks in the surrounding area due to 
inward lateral displacements of the ground induced by the 
vacuum pressures. In contrast, surcharge embankment pre-
loading can induce outward lateral displacements. Thus, the 
combined vacuum PVD and surcharge embankment method 
can control the magnitude of lateral displacements.

Vacuum preloading combined with surcharge embank-
ment and PVDs can consist of drainage systems, sealing 
systems, and vacuum pumps. Vacuum pressures generated 
at the vacuum pumps spread into the underlying soft clays 
along the drainage system, sucking out water and accelerat-
ing consolidation. The drainage system consists of an inter-
connected network of PVDs, horizontal drains, sand layers, 
and perforated pipes, forming a complete path for spreading 
the vacuum pressures and facilitating the water drainage. 

The sealing system consists of geomembranes protected by 
geotextiles to create an airtight isolation system. The main 
advantages of preloading with vacuum pumping are lower 
surcharge, lesser lateral displacement, no need for a smaller 
counterweight berm, and shorter construction time. There 
are several methods for applying vacuum pressure to soft 
ground, such as using direct tubing, membrane and sand 
blanket, membrane and horizontal prefabricated drains, and 
membrane and flexible perforated tube. Long et al. [12] dis-
cussed these methods in detail. Bergado et al. [13] recently 
conducted a successful case study with a numerical simula-
tion of vacuum PVD combined with surcharge preloading 
using a modified air-water separation system. The air-water 
separation pump separates the water from the air that is 
sucked together from underground. The air is connected to 
the vacuum pump, and the water is pumped out by a sub-
mersible pump at the base of the air-water separation pump.

Construction site location, subsurface 
investigation, and vacuum-PVD system

The construction site was located in Samut Prakan province, 
approximately 30 km southeast of Bangkok, at the Second 
Bangkok International Airport, now known as Suvarnab-
humi International Airport, in the central plain of Thailand, 
with an area of 8 by 4 km (Fig. 1a and b). The present oper-
ating runways consist of the first and second runways. This 
project site was divided into different zones for the airport 
expansion into the third runway. This case study was con-
cerned mainly with zones 5, 7, 25, and 27 (Fig. 2). Zones 5 
and 7 were located in the third runway extension (North), 
which was partially improved (first improvement) using the 
conventional PVD method with 5 m embankment surcharge 
and 10 m length of PVD during the years 2005 to 2007. The 

Fig. 1  Locations of (a) Sumut Prakan province, Thailand, and (b) Construction site at Suvarnabhumi International Airport
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second improvement of the third runway extension (North) 
was necessary to increase the maximum past pressure to at 
least 120 kPa. Zones 25 and 27 within taxiway extension D 
were located in an unimproved area of soft Bangkok clay 
(Fig. 2). The first improvement of the taxiway extension D 
and the second improvement of the third runway extension 
(north) of the Suvarnabhumi International Airport used vac-
uum-PVD method combined with surcharge embankment 
as well as airtight membrane system, modified air-water 
separation tanks, and horizontal drains.

Figure 3a and b show the soil profiles of this case study 
in zones 5 and 7, as well as 25 and 27, respectively. Geo-
technical investigations consisted of boreholes BH-02, 
BH-08, and BH-09, as well as field vane tests (FVT-4 and 
FVT-5) for zones 5 and 7 in the third runway extension as 
shown in Fig. 3a. The sand blanket and crushed rock from 
the first improvement was excavated to the original ground 
level before placement of the new surcharge fill and PVD 
installation for the second improvement. The new surcharge 
fill consisted of a 0.5-m-thick sand blanket and 1.0-m-thick 
crushed rock. Figure  4a demonstrates the simplified soil 
profile of zones 5 and 7, indicating an uppermost layer 
of 1.5-m-thick new surcharge fill materials underlain by 
14-m-thick soft to medium clay followed by very stiff to 
hard clay layer and dense to very dense sand layer. A sum-
mary of soil physical and compressibility properties is tabu-
lated in Table 1. After the first and partial improvement in 
zones 5 and 7, the soil profile and properties are also plot-
ted in Fig.  3a, with the piezometric drawdown starting at 
12 m depth due to groundwater extraction from the underly-
ing sand layers for water supply. Vacuum preloading water 
extraction is only done from a shallow soft clay layer. After 
the second improvement, the soil properties were obtained 
from boreholes BH-1 and BH-2 and the field vane test 
(FVT-1) and compared for verification.

From boreholes BH-06, BH-22, and BH-24, as well as 
field vane test (FVT-16) for zones 25 and 27 in the unim-
proved area of the taxiway extension D, the simplified soil 

profile consisting of the topmost 2-m-thick weathered clay 
layer underlain by 14-m-thick of very soft to soft clay fol-
lowed by stiff to very stiff clay layer and dense to very dense 
sand layer as shown in Fig.  4b. The summary of the soil 
properties was tabulated in Table 2. A similar piezometric 
drawdown is also observed in this area, as shown in Fig. 4a.

Field monitoring instrumentations

The instrumentation plan layout is given in Fig. 5 for zones 
5, 7, 25, and 27, consisting of surface settlement plates, 
pushed-in, bored piezometers, extensometers, and incli-
nometers. The instrumentation arrangements, with depth for 
zones 5, 7, 25, and 27, are shown in Fig. 6. The surface set-
tlement plate was made of a 16-mm-diameter riser steel rod 
welded to a square-base steel plate with a size of 0.4 × 0.4 m 
and thickness of 3 mm. Optical leveling measurements to 
the top of the riser provide a record of plate elevations. 
Two types of GEOCON piezometers were utilized to moni-
tor pore water pressure induced by the vacuum pressures: 
pushed-in and bored piezometers. The model 4500DP 
pushed-in piezometer has the transducer inside a housing 
with a drill rod thread and removable pointed nose cone. 
The model 4500 bored standard piezometer was designed to 
measure fluid pressures such as groundwater elevations and 
pore pressures when installed inside boreholes and observa-
tion wells. The pushed-in and bored piezometers monitored 
the pore water pressures at -5 m and − 10 m elevations in 
the middle and bottom of the improved soft clay layer. The 
GEOCON digital inclinometer system was used to moni-
tor the lateral displacement profiles of the improved ground 
during the vacuum and surcharge preloading with PVD. The 
system includes a 6100D digital inclinometer probe, a reel-
mounted cable, and a readout data logger. The inclinometer 
casing used in this project was a 65-mm-diameter plastic 
pipe. Based on the practical work, the inclinometer casings 

Fig. 2  Locations of zones 5 and 
7 and zones 25 and 27 and cor-
responding bore holes in the third 
runway extension (North) and 
taxiway D extension, respectively
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to the vacuum pump at the ground surface to accelerate the 
consolidation process. The layout and pattern of the instal-
lations are indicated in Fig. 7. The 10-m-long PVDs with 
1.0 m spacing in the square pattern were installed from the 
0.5 m thick sand drainage blanket (equivalent to 9 kPa sur-
charge) through 1.5 m existing fill to -10 m elevation. The 
typical cross-section of the new vacuum-PVD system with 
a field-distributed air-water separation system is shown in 
Fig. 7. The PVDs were attached to the horizontal strip drains 
located within the 0.5  m thick sand blanket. The vacuum 

were installed up to the stiff clay layer at -18 m, sufficient to 
obtain a zero reading at this depth.

Modified vacuum-PVD system and improvement 
procedure

The soft ground improvement using vacuum-PVD with air-
tight membranes consisted of installed PVDs connected to 
the horizontal drains. It wrapped perforated pipes (wrapped 
around with non-woven geotextiles) within the sand blanket 

Fig. 3  Soil profiles of this case study
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Table 1  Soil properties after the first improvement using PVD with embankment surcharge for zones 5 and 7 obtained from BH-02, BH-08, and 
BH-09
Properties Symbol Unit Depth (m)

0.0 to −0.5 −0.5 to −1.5 −1.5 to −10.0 −10.0 to −15.0 −15.0 to −23.0
Crushed rock Sand blanket Soft to medium 

stiff clay
Medium stiff 
clay

Stiff to very 
stiff clay

Soil classification GW SM-SP CH CH CL
Unit weight (kN/m3) γ kN/m3 21 18 15–16 16−17 19
Natural water content (%) wn % 8 10 82.5 75 40
Liquid limit, LL (%) LL % 74−106 65− 80
Plastic index, PI (%) PL % 44−69 39−50
Pre-consolidation pressure σ′c kPa 78−118 100−110 300
Initial void ratio eo 2.233 1.723
Compression ratio CR 0.26−0.35 0.26−0.29 0.16
Recompression ratio RR 0.028−0.034 0.018−0.041 0.018
Vertical consolidation 
coefficient

cv m2/yr 2−3 3 5

Horizontal permeability k m/yr Permeable Permeable 0.024 0.059 0.025

Fig. 4  Simplified soil profiles of 
this case study
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Surcharge load and vacuum pressure loading

The surcharges consisted of a construction platform and 
sand blanket where the horizontal drains and perforated 
pipes to the vacuum pump were located. The surcharge 
loads used for the first improvement areas (zones 25 
and 27) slightly differed from the second improvement 
areas (zones 5 and 7). A 0.8-m-surcharge fill (16  kPa) 
on top of a 1.0-m-thick sand blanket (18 kPa) was used 
for the first improvement areas; meanwhile, a 1.0-m-high 
surcharge fill (20  kPa) on top of the 0.5-m-thick sand 
blanket (9  kPa) was used for the second improvement 
areas. Furthermore, the second improvement area also 
had an existing sand blanket and crushed rock fill from 
the previous first improvement after cutting to the origi-
nal ground surface. Vacuum pressures of approximately 
− 80 to -90 kPa were successfully produced at the sand 
blanket under the HPDE geomembrane. However, the 
surcharge pressures were small compared to the vacuum 
pressures; they affected the settlement values of the 
improved soft clay and were used in settlement calcu-
lation [13]. Vacuum pressures of approximately − 80 to 
-90 kPa were successfully produced at the sand blanket 
under the HPDE geomembrane. They were maintained 
effectively using field-distributed air-water separation 
tanks, and a combined loading of surcharge fill and 
vacuum was applied to all four zones. Vacuum pumping 
commenced in May 2021 for the second improvement 
areas, while pumping began in January to March 2022 
for the first improvement areas. After 183 to 222 days, 
vacuum pumping was terminated for each location, and 
surcharge fill was compacted to be used as runway pave-
ments. Figure 8 shows photos of the vacuum-PVD sys-
tem used in the case study.

pressures were consistently generated by vacuum pumps 
and efficiently assisted by the field-distributed air-water 
separation tank. The sealing layer HDPE geomembrane was 
laid out on the sand blanket. Three layers of geotextiles were 
also installed below and above the geomembrane as protec-
tion against puncture and below the sand blanket as a separa-
tion layer. The horizontal strip drains were connected to the 
wrapped perforated pipes and the vacuum pump. The pore 
water discharges can be observed. An additional 1.0 m thick 
surcharge fill equivalent to 20 kPa was added on top of the 
sand blanket after the completion of the PVD connections.

The modified air-water separation system (Figs. 7 and 8) 
utilized multiple air-water separations in the field connected 
to a large vacuum pump station. By separating the air and 
water at various locations in the field using subtanks (Fig. 8) 
with submersible water pumps, the turbulent flow can be 
minimized in all the water conduits, strip drains, collector 
pipes, and mainly all the hoses running to the pumps to gen-
erate high-efficiency vacuum-PVD system. The large vac-
uum pump station (Fig. 8) covers a 30,000 m2 improvement 
area. The vacuum pumps can reach incredibly high levels 
using an oil-lubricated rotary vane system with increased 
vacuum capacity. The pumps consisted of a large backup 
air-water separation system with tandem water tanks so 
the water could be pumped out while the other tanks were 
being filled. The vacuum pumps are computer-controlled to 
optimize energy consumption while maintaining the desired 
vacuum levels by switching between the five individual vac-
uum pumps inside the unit. Each 2,500 m2 sub-area was fit-
ted with a large meter and a field-distributed vacuum pump 
sub-tank assembly (Fig. 8) to monitor vacuum pressure and 
maintain efficiency. To pump out water, submersible pumps 
with a power of 1.0 kW were used at each sub-tank assem-
bly to provide maximum vacuum efficiency.

Table 2  Soil properties for zones 25 and 27 from BH-06, BH-22 and BH-24
Properties Symbol Unit Depth (m)

0.0 to −2.0 −2.0 to −10.0 −10.0 to −15.0 −15.0 to −23.0
Medium stiff clay Very soft to soft clay Medium stiff clay Stiff to very stiff clay

Soil classification CH CH CH CL
Unit weight (kN/m3) γ kN/m3 17.5 15−16 16−17 18−19
Water content (%) w % 38−46 75−105 52−68 34−38
Liquid limit, LL (%) LL % 90−113 78−96 70−91
Plastic index, PI (%) PL % 60−77 49−60 42−60
Pre-consolidation pressure σ′p kPa 60 60−67 115−150 300
Initial void ratio eo - 2.58 1.54 -
Compression ratio CR 0.33 0.33−0.37 0.26−0.30 0.15
Recompression ratio RR 0.05 0.051 0.015−0.034 0.015
Vertical consolidation coefficient cv m2/yr 1 1 2.25 3.75
Horizontal permeability k m/yr 0.022 0.015 0.044 0.018
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Fig. 5  Instrumentation plan for Zones 5, 7, 25 
and 27
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Fig. 7  Details of vacuum-PVD system for zones 5, 7, 25, and 27

 

Fig. 6  Similar instrumentations 
for field monitoring in Zones 5, 
7, 25, and 27
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25, 33, 28, and 27 settlement plates in RA, RB, TA, and 
TB, respectively. The magnitudes and rates of measured 
settlements with time are shown in Fig. 9, where the dif-
ference in magnitudes can be clearly distinguished. The 
settlement measurements ended at a 90% degree of con-
solidation with a corresponding rate of settlements of less 
than 5 mm per day [12, 22]. As expected, the settlements 

Data analyses

Surface settlements and rate of settlements with time

The vertical settlements were monitored using 113 sur-
face settlement plates installed inside the improvement 
areas. As shown in Fig.  5, zones 5, 7, 25, and 27 have 

Fig. 8  Actual photos of the vacuum-PVD system
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Pore water pressures with time and depth

Monitoring the excess pore water pressures is essential to 
verify the effectiveness of the vacuum preloading system 
applied at the site. Two types of piezometers were used, 
namely, bored type and push-in type, and were installed 
at varied depths. The pushed-in type piezometers were 
installed only at 5 and 10 m depths. The excess pore pres-
sures were obtained by subtracting the piezometer readings 
from the initial piezometer readings (similar to the dummy 

were approximately 30% higher in zones 25 and 27 (pre-
viously unimproved soft ground) than in zones 5 and 7 
(already been partially improved). The magnitudes of 
measured settlements are tabulated in Table  3. Further-
more, zones 25 and 27 have higher settlement rates than 
5 and 7. However, 90% consolidation was achieved faster 
in the second improvement areas than in the first improve-
ment areas, implying that the previously installed PVDs 
in the partially improved zones 5 and 7 regions contrib-
uted to their higher permeability.

Table 3  Comparison of measured settlement (Sc) and predicted settlement (Sf), degree of consolidation (DOC), and coefficients of consolidation 
(ch)
Zone Observed Asaoka Hyperbolic ch (m2/yr)

Sc Sf DOC Sf DOC kh/ks = 3 kh/ks = 4
(mm) (mm) (%) (mm) (%)

5 665 731 91 724 92 4.27 5.40
7 731 811 90 806 91 4.41 5.77
25 1002 1112 90 1112 90 3.06 3.87
27 1047 1140 92 1149 91 3.13 3.96

Fig. 9  (a) Vacuum and surcharge 
(b) surface and (c) rate of settle-
ments versus elapsed time
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Lateral displacements with time and ground cracks

As mentioned earlier in the field monitoring instrumen-
tation, inclinometers were installed at improved areas 
in zones 5, 7, 25, and 27. The inward lateral movements 
towards embankments are plotted in Fig. 12, consisting of 
lateral movements measured at RA-02 in zone 5, RA-04 in 
zone 7, TA-15 in zone 25, and TA-18 in zone 27. Larger 
lateral movements of up to 200 mm were recorded in zones 
5 and 7 (second improvement). In comparison, lower lat-
eral movements of up to 60 mm perpendicular to the sur-
charge embankment were observed in zones 25 and 27 (first 
improvement) during the preloading stage due to the effects 
of higher vacuum pressures compared with the embankment 
surcharge load [15]. A maximum lateral deformation of 
500 mm was observed by Chu et al. [5] with a similar load-
ing of -80 kPa vacuum pressure and 2-m-thick surcharge fill. 
Similar investigations were also performed in other projects 
[23–25]. The maximum lateral displacement could amount 

piezometer readings as shown in Fig. 10. The data of excess 
pore water pressures with time in zones 5, 7, 25, and 27 
can be compared directly. Surprisingly, the zone within the 
first improvement (with higher settlements) demonstrated 
less pore pressures than the second improvement zone (with 
lower settlements) at 5 m depth in the middle of the con-
solidating clay layer. Moreover, the excess pore pressures 
were developed faster in the second improvement areas 
compared to the first improvement areas. The faster devel-
opment and higher values of excess pore pressures in zones 
5 and 7 than the corresponding values in zones 25 and 27 
were confirmed, as demonstrated in Fig. 11a and b, respec-
tively. The higher and faster developments of excess pore 
pressures in zones 5 and 7 showed that the previous partial 
soft ground improvement using PVDs with conventional 
surcharge contributed to the higher permeability of the clay 
layer. Lower values were recorded at 10 m depth, and the 
bottom of the improved clay layer had similar excess pore 
pressure readings for zones 5, 7, 25, and 27.

Fig. 10  (a) Vacuum and sur-
charge, (b) excess pressure at 5 m 
depth, and (c) excess pressure at 
10 m depth versus elapsed time
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pressure was greater than the horizontal stresses of soil, 
causing inward movement. The depth of ground cracks (zc) 
could be derived using the groundwater level, shear strength 
parameters, and active pressures, according to Rankine [28], 
as follows:

to approximately 10% of the vertical settlement observed by 
other investigators [18, 26–27].

As shown in Fig.  13, the ground cracks were located 
approximately 6 m from the edge of the trench of the seal-
ing membrane. The ground cracks indicated that vacuum 

Fig. 12  Lateral displacement profiles with time

 

Fig. 11  Excess pore pressure versus depth plots for zones 5, 7, 25, and 27
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zc =
2c′

γt

√
Ka

, for zc < zw� (1)

zc =
1

(γt − γw)

[
2c′

√
Ka

− γwzw

]
,

for zc > zw, for zc > z

� (2)

Where.

zw = groundwater level below the ground surface
γt = wet unit weight of soil
γw = unit weight of water
c′ = effective cohesion of soil
φ′ = friction angle of soil
Ka =

active earth pressure coefficient = tan2
(
45 − φ′

2

)

Assuming c′ = 10 kPa and φ′ = 23 degrees, γt = 15.8 kN/
m3, and zw = 0.5  m, Eqs.  1 and 2 predicted zc = 4.24  m 
from the existing ground surface. The depths and locations 
of cracks could correspond to the monitored lateral move-
ments in Fig. 12.

Predictions of settlements, degrees of 
consolidation, and back-calculation of ch values

As tabulated in Table 4, for zones 5 and 7 and 25 and 27, the 
Asaoka plots [29] to obtain the ultimate settlements are pre-
sented in Fig. 14. The ultimate predicted settlements were 
obtained as 0.731 m, 0.811 m, 1.112 m, and 1.140 m. These 
predicted ultimate settlements logically agreed with the 
corresponding observed settlements of 0.665 m, 0.731 m, 
1.000 m, and 1.047 m with respective degrees of consolida-
tion (DOC) of 91, 90, 90, and 92%. The first improvement 
has approximately 30% higher settlements than the second 
improvement. Also tabulated in Table  4 includes the pre-
diction of ultimate settlements using the hyperbolic method 
[30] as plotted in Fig. 15 with predicted ultimate settlements 
of 0.724, 0.806, 1.112, and 1.149 m corresponding to DOCs 
of 92, 91, 90, and 91% for zones 5, 7, 25 and 27, respec-
tively. The ultimate settlements and DOCs predicted from 
the Asaoka method generally agreed with the corresponding 
values predicted by the hyperbolic method.

Following Asaoka’s method [29], the ch values were 
back-calculated and plotted in Fig.  16 for zones 5, 7, 25, 

Table 4  Comparison of measured and predicted settlements, DOCs, and coefficients of consolidation
Zone Observed Asaoka Hyperbolic ch (m2/yr)

Sc Sf DOC Sf DOC kh/ks = 3 kh/ks = 4
(mm) (mm) (%) (mm) (%)

5 665 731 91 724 92 4.27 5.40
7 731 811 90 806 91 4.41 5.77
25 1002 1112 90 1112 90 3.06 3.87
27 1047 1140 92 1149 91 3.13 3.96

Fig. 13  Ground cracks due to vacuum pressure
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outside. Thus, instead of using kh/ks = 5 in conventional 
PVD improvement, as mentioned previously, kh/ks of 4 or 
3 can be used for Vac-PVD improvement. As also tabulated 
in Table 4, for kh/ks = 3, the ch values of zones 5, 7, 25, and 
27 correspond to 4.27, 4.41, 3.06, and 3.13 m2/yr, as well 
as for kh/ks = 4, the ch values of zones 5, 7, 25 and 27 cor-
respond to 5.4, 5.57, 3.87 and 3.96 m2/yr. Subsequently, it 
can be observed that the ch values at the second improve-
ment (zones 5 and 7) have higher values compared to the 
ch values of zones 25 and 27, which can be attributed to the 
presence of previously installed PVDs during the first par-
tial improvement of zones 5 and 7.

and 27. Previously, Bergado et al. [2, 31] obtained at ds/dm 
= 2 and kh/ks = 5, the average back-calculated value of ch 
= 3m2/yr at the Second Bangkok International Airport 
using conventional PVD improvement with embankment 
surcharge. However, previous publications [8−10, 13,14, 
22, 32] regarding the improvement of soft Bangkok clay 
with vacuum-PVD obtained a slight reduction in the kh/ks 
because of increased ks within the smear zone together with 
the slight increase of kh outside the smear zone. Bergado et 
al. [17] recently reported flocculated microstructures with 
a high degree of edge-to-face orientation within the smear 
zone and mixed flocculated and dispersed microstructures 

Fig. 14  Prediction of ultimate settlement by Asaoka method
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correction factor, a plasticity function. Thus, the field vane 
shear strengths for this project must be reduced by 20% to 
obtain the equivalent undrained strengths of the clay. The 
soil properties from laboratory tests and subsoil investiga-
tions after the first and second improvements in zones 5 and 
7 are compared in Fig. 17 and tabulated in Table 5 to evalu-
ate the effectiveness of the vacuum-PVD combined with the 
surcharge embankment method. The index properties, such 
as the wet unit weights, water contents, and liquid limits, 
were reduced. The undrained shear strengths increased two 
times after the first improvement and 1.5 times after the sec-
ond improvement. The maximum past pressures increased 

Comparison of soil properties before and after 
improvement

As indicated in Fig.  2, two boreholes (BH-1 and BH-2) 
and one field vane shear test (FVT-1) were done in zones 
5 and 7, as well as two boreholes (BH-4 and BH-5) with 
one field vane test (FVT-1) were performed in zones 25 and 
27 after improvement. The undrained vane shear strength 
increased by twice as much after improvement. As the plas-
ticity of soils increases, undrained shear strength obtained 
from vane shear tests may give unsafe results for founda-
tion design. For this reason, Bjerrum [33] suggested the 

Fig. 15  Prediction of ultimate settlement by hyperbolic method
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Conclusions

The back calculations of monitored data of the second 
improvement of the third runway extension (North) are com-
pared with the corresponding results of the first improvement 
of taxiway extension D, including the settlement evolution, 
pore pressures, and flow parameters. Both sites have been 
improved using prefabricated vertical drains with vacuum 
preloading (vacuum-PVD) combined with surcharge, includ-
ing the field-distributed pumps with air-water separation to 
maintain efficiency in the vacuum system. The surcharge 
embankment combined with Vacuum-PVD using an airtight 
membrane and horizontal prefabricated drain has been suc-
cessfully applied to improve soft Bangkok clay. Based on the 
results, the following conclusions can be drawn:

from 60 kPa to 80 kPa after the first partial improvement 
and 130 kPa after the second improvement. The improved 
soil properties of the underlying soft ground layer were lim-
ited to the lengths of the installed PVDs at 10 m depth.

Similarly, the comparison of soil properties before and 
after the first improvement in zones 25 and 27 are plotted 
in Fig. 17 and tabulated in Table 6. As expected, there are 
reductions in water contents, Atterberg limits, and void 
ratios with corresponding increases in undrained shear 
strengths, OCR, and pre-consolidation pressures or maxi-
mum past pressures. Most importantly, the maximum past 
pressures increased almost two times (from 60 to 120 kPa) 
in the improved uppermost 10  m soft clay layer. Similar 
observations were obtained from other soft ground improve-
ment projects [2, 18, 22].

Fig. 16  Back-calculated ch values using the Asaoka method (After the first improvement)
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determined by the Asaoka method. The predictions of 
settlements using the Asaoka method agreed with the 
corresponding predictions using the hyperbolic method. 
Lower measured settlements up to 0.7 m were recorded 
in zones 5 and 7, while higher measured settlements up 
to 1.0 m were obtained in zones 25 and 27.

4.	 Combined with the embankment surcharge, the multiple 
air-water separation sub-tanks in the field that comprised 
the modified Vacuum-PVD system worked efficiently in 
generating and maintaining at least − 80 kPa to -90 kPa 
vacuum pressures at the top of the embankment sur-
charge. The build-up of pore pressures with time was 
monitored using bored and push-in piezometers. From 
the readings of the bored-type piezometers in the middle 
of the soft clay layer (5 m depth), higher pore pressures 
of up to -60 kPa were generated in zones 5 and 7, while 

1.	 The vacuum-PVD second improvement of previously 
partially improved soft Bangkok clay using PVD and 
embankment surcharge at the third runway extension 
(North) indicated lower settlements as expected, but, in 
contrast, higher pore pressures and flow parameters (ch 
values) were obtained. The previously installed PVDs 
increased the flow parameters and the evolution of the 
pore pressures.

2.	 The first improvement of previously unimproved soft 
Bangkok clay at the taxiway D extension showed higher 
settlements as expected. However, lower pore pressures 
and flow parameters (ch values) were obtained com-
pared to the improvement in the second runway exten-
sion (North).

3.	 The settlement observations were stopped at a 5 mm/
day rate of settlement and 90% degree of consolidation 

Fig. 17  Comparison of soil prop-
erties (before and after improve-
ment) of zones 5, 7, 25, and 27
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index properties, such as the unit weights, water con-
tents, and liquid limits, were reduced. The compression 
indices and the void ratios were also reduced. The und-
rained shear strengths increased by twice as much. The 
maximum past pressures and over-consolidation ratio 
were increased to more than 120 kPa.

7.	 From inclinometer readings, inward lateral movements 
were observed up to 200 mm perpendicular to the sur-
charge embankment due to higher vacuum pressures 
than the lower embankment surcharge load. Ground 
cracks were located approximately 6 m from the edge of 
the trench of the sealing membrane. The ground cracks 
indicated that vacuum pressure was greater than the 
horizontal stresses of soil, causing inward movement.
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